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ABSTRACT

JOINT FREQUENCY/POWER UPDATE ALGORITHMS FOR
SELF-ORGANIZING FEMTOCELL NETWORKS

Heterogenous networks are resorted as one of the most promising ways for meeting the
rapidly increasing data demand. As the smallest members of heterogenous networks, femto
base stations also carry a huge potential for increasing the service quality in indoor areas.
However, their unplanned deployment by the end users increases the possibility of having
dense femtocell networks with unknown topologies. Therefore, self—organizing methods

have great importance in resource allocation of femtocell networks.

In this thesis, power and frequency allocation problems are studied for OFDMA fem-
tocell networks. First, we present a power update algorithm for the general wireless net-
works as an alternative for a well known power control algorithm from the literature. Then,
this algorithm and another power control algorithm from the literature are extended for the
OFDMA femtocell networks. As opposed to the previous versions, which are applicable only
in networks where each base station can have at most one user, the extended algorithms can
be used by base stations that have more than one user. Additionally, a frequency allocation
scheme is developed in order to increase the maximum achievable SINR in femtocell net-
works. Furthermore, by merging this scheme with the proposed power update algorithms, we
present two joint frequency/power update algorithms with increased performance. Conver-
gence and optimality analyses of all the proposed algorithms are carried out and illustrated

with numerical results.



OZET

OZORGUTLEMELI FEMTO HUCRE AGLARI iCiN TUMLESIK
FREKANS/GUC ATAMA ALGORITMALARI

Hizla yiikselen veri talebini karsilamak i¢in bagvurulan yontemler arasinda heterojen
aglar onemli bir yer tutmaktadir. Heterojen aglarin en kiiciik iiyeleri olan femto baz is-
tasyonlari, ev ve ofis gibi kapali yerlerdeki servis kalitesini artirmaya yonelik biiyiik bir
potansiyel arz ederler. Femto hiicrelerin kurulumu kullanicilar tarafindan plansiz bir sekilde
yapildigindan, femto hiicre aglarinin yogun ve bilinmeyen bir topolojiye sahip olmasi1 ka¢inil-
maz hale gelmektedir. Bu nedenle, femto hiicrelerin kaynak atama iglemini 6zorgiitlemeli bir

sekilde yapmas1 gerekmektedir.

Tez kapsaminda ilk olarak, genel kablosuz haberlesme aglarinda kullanima uygun bir
giic kontrol algoritmasi Onerilmistir. Bu algoritma, literatiirde iyi bilinen bir gii¢ kont-
rol algoritmasina alternatif olarak ortaya konulmustur. Devaminda, 6nerilen bu algoritma
ve literatiirden alinan onaylagim temelli bir bagka gii¢c kontrol algoritmasinin ¢oklu kul-
lanicilara sahip baz istasyonlarindan olusan OFDMA tabanli femto hiicre aglari icin uyarlan-
mas1 sonucu iki gii¢ kontrol algoritmasi gelistirilmistir. Gelistirilen bu algoritmalar erisilebi-
lir en yiiksek SINR degerini artiran bir frekans atama kuraliyla birlestirilmis ve iki farkl
tiimlesik frekans/giic atama algoritmasi elde edilmistir. Tez kapsaminda Onerilen algorit-
malarin yakin- sama ve optimalite analizleri yapilmis, yapilan kuramsal sonuclar benzetim

calismalariyla desteklenmistir.
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1. INTRODUCTION

Global mobile data traffic is expected to be five times higher in 2024 compared to
2018 [1]. Small cells, also known as low—power base stations, have been used as one of the
promising ways to meet this exponentially increasing data demand. From the largest con-
nection capacity to the lowest, these low—power base stations are named as micro/pico/femto
base stations. A network that includes low—power stations with macro base stations (MBSs)
is called a multi—tier network where each tier consists of the collection of all similar base
stations (BS). These type of networks, which include more than one type of BS, are also
classified as Heterogeneous Networks (HetNets). In terms of spectral efficiency, HetNets are
superior than conventional (homogenous) cellular networks which consist solely of macro

base stations [2]. An example of a three—tier HetNet is shown in Figure 1.1.

Femto base stations (which may be referred as femtocells in the rest of this thesis),
the latest and the smallest member of the low—power base stations, are designed to provide
service for the indoor areas (houses, offices, etc.). They are purchased and deployed by the
end users like the WiFi access points. A single femtocell can provide service up to 8 user
equipments [3]. Deployment of a new femto base station (FBS) into coverage area of an
existing macro base station can provide faster connection (higher data rate) for the users who
suffer from low service quality. Thanks to the decreased cell radius and the transmitter to
receiver distances, users can have high received signal strength. Ultimately, by using these
access points appropriately, the overall capacity and data throughput of a given network can

be increased.

Depending on the air interference technologies, different kinds of femtocells are in use
(e.g., 2G, 3G, and OFDMA femtocells) [4]. Among those, OFDMA (Orthogonal Frequency
Division Multiple Access) based femtocells are the ones that is suitable for LTE and WiMAX
technologies which are likely to be used mostly in near future. Before femtocell technology
becomes widespread, interference management (along with other issues like synchronisation
and security) still stands among the major technical challenges that need to be solved. In an

OFDMA based, two-tier femtocell network, interferences may occur between cells of the
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Figure 1.1. An example network with three tiers.

same tier (co—tier) or the cells of different tiers (cross—tier). Since a base station does not
assign a subchannel (subcarrier) to more than one user equipment (UE), by the orthogonality
of the OFDMA subcarriers (subchannels), interference between the users of the same cell is

eliminated.

Based on portioning the available OFDMA subchannels, a two-tier network can be
classified into two: split and shared spectrum setups [5]. In the split spectrum case, macro
and the femto base stations use different OFDMA subcarriers, and cross—tier interference is
almost completely eliminated [6]. However, reserving a certain part of available spectrum
just for the femtocells can be costly due to the scarcity of available spectrum. When all
available subchannels are used by both femtocells and macrocells (shared spectrum), we have
higher spectral reuse. As a trade off, the interference management problem now includes

dealing not only with co—tier interference but also the cross—tier interference.

Deployment of the femtocells is done by the end users with no cell planning of opera-
tors. The unplanned deployment of the femtocells makes the network have an unpredictable
dynamic topology with the unknown number of base stations and users. It is also highly

likely that distance between the femtocells of two neighbors may be less than a meter. The



possibility of having a huge number of agents with unknown locations, makes the network
almost impossible to be controlled by a central decision maker in real life applications. In
contrast, decentralized solutions, where the base stations control their own resources by us-
ing the information coming from their close neighbors, are much more realisable and require

less computational effort [7].

Different techniques have been proposed and used for interference management in
femtocell networks. Interference cancellation, which eliminates the interference after signal
is received, is one of these methods [4]. Interference management of an OFDMA femto-
cell network can also be done by the control of transmission power levels, by frequency

subchannel assignment, or by handover techniques.

In [8], a distributed frequency allocation algorithm is proposed for the OFDMA based,
two—tier networks, and the algorithm is proven to be decreasing the spectrum usage for a
desired quality of service. A macro user equipment (MUE) protective frequency allocation
scheme is proposed in [9], where the MUEs vulnerable to femtocell interference are placed
on a macro dedicated portion of the available spectrum according to the incoming Channel
Quality Information (CQI). In [10], game theoretical approaches are used for the power con-
trol of the two—tier femtocell networks. With the aim of maximizing the total throughput of
femto user equipments (FUESs), joint power/subchannel allocation algorithms were proposed
in [11] and [12], where non—convex mixed-integer optimization problems were relaxed into

convex versions.

A water—filling based power control algorithm has presented in [13] with the objective
of maximizing the throughput/energy ratio in two—-tier networks. With a similar objective
function, a joint power/frequency allocation algorithm has been proposed in [14]. In order to
make sure that cross—tier interferences experienced by MUEs are under a predefined level,
a distributed downlink power control algorithm is proposed in [15] by using two major as-
sumptions that there exists a unidirectional broadcast channel that carries information about

the locations of MUEs from MBS to FBSs, and that FBSs are aware of their location.



The issue of fairness has been addressed in the literature in different works. [16] is
one of the relatively early ones where the problem is regarded as a maximization of the total
system capacity with the constraints that ensures the proportional fairness. However, the
system model involves only a single base station, and the available OFDM subchannels are
assumed to be used by at most one user equipment (UE). Therefore, under this model, co-
tier interference does not exist. That makes the algorithm a little unpractical for the dense

femtocell networks.

The early studies of Foschini and Miljanic [17] can be considered as one of the earliest
autonomous power control algorithms that aim fairness. By imposing the same SINR target
to all user equipments, they aim to achieve fairness in the network. In recent studies of Senel
and Akar, such as [18] and [19], several consensus based power control algorithms have
been proposed with the objective of achieving fairness. In [18], the proposed power control
algorithm is analytically and numerically proven to be establishing the fairness among all the
users in the femtocell network in terms of their SINR (Signal to Interference plus Noise Ra-
tio) values. The other details of the algorithm given in [18], including stability, convergence

rate, and optimality analysis, can be found in [20,21].

1.1. Motivations of the Thesis

The power control algorithm proposed by Foschini—Miljanic [17] provides the same
predetermined SINR for all receivers in a given network. However, as the major drawback
of this algorithm, depending on the channel conditions, this predetermined target SINR value
may not always be feasible. In order to set a feasible target value, channel conditions of the
entire network should be known beforehand by a centralized unit. For the crowded networks,
implementation of such an approach may not be possible, and there arises the need for a

completely decentralized algorithm that erases the infeasibility issue.

In the study given in [18], Senel-Akar have presented a consensus based power con-
trol algorithm which has proved to be providing fairness among the receivers of a network.
However, in the network model used in this study, it is assumed that each base station has

only one user equipment, and that all users equipments get service on the same frequency



channel. Since real life OFDMA base stations serves more than one user equipments on

multiple subchannels, this algorithm needs to be modified for more realistic models.

Finally, the algorithms that are proposed as a result of the given motivations performs
only power updates. By using them with a proper frequency allocation scheme, we aim to

improve their performance.

1.2. The Contributions of the Thesis

Main contributions of this thesis can be listed as follows:

e A consensus based power update algorithm is proposed as a better alternative for the
well known algorithm of Foschini-Miljanic given in [17].

e Optimality analysis of the networks consisting of transmitter/receiver pairs is carried
out.

e A graph expansion method is proposed for the power control algorithm given in [18].
By using this method, 2 power update algorithms are presented for the OFDMA fem-
tocell networks.

e In order to increase the maximum achievable SINR of a given OFDMA femtocell
network, a frequency allocation scheme is derived. Additionally, by using this scheme,
2 joint frequency/power update algorithms are proposed.

e Itis analytically and numerically shown that all five algorithms discussed above ensure

fairness in the entire network when the underlying graph of the network is connected.

1.3. The Organization of the Thesis
The remaining chapters of this thesis are as organized follows: In Chapter 2, we first
introduce some definitions and results from graph theory and consensus algorithms. Then,

the background studies that inspired this thesis are briefly discussed.

In Chapter 3, a consensus based power update algorithm for the general wireless com-

munication networks is introduced. Some theoretical analyses regarding the convergence and



optimality of the algorithm are presented. Additionally, simulation results of the algorithm

are given.

For OFDMA femtocell networks, two power update algorithms are introduced in Chap-
ter 4. Convergence analyses of the algorithms are carried out. Theoretical analyses are also

illustrated with numerical results.

In Chapter 5, a frequency allocation scheme is proposed with the objective of maxi-
mizing the optimal SINR solution. Then, two joint frequency/power update algorithms are

presented with their theoretical and numerical results.

Finally, in Chapter 6, some concluding remarks are given with some possible topics to

be studied in future.



2. CONSENSUS PROBLEM AND PRIOR STUDIES

In this chapter, we first review basic concepts on graph theory and consensus algo-
rithms. Then, prior works of Foschini-Miljanic and Senel-Akar, which can be considered

as the background studies of this thesis, will be discussed briefly.

2.1. Graph Theory

A graph is defined as a pair G = (V,E), where V = {1,...,n} denotes the set of nodes
(agents), and the set of edges (links between the agents) is given by E. (i, j) € E if there is
an information flow from node i to node j. If the information links between the nodes are
mutual (i.e., (j,i) € E is satisfied for all (i, j) € E), then the corresponding graph is called
to be undirected, otherwise it is directed. Examples of undirected and directed graphs with
3 nodes are shown in Figure 2.1. The arrows used in Figure 2.1(b) represent the directed
information flow between nodes, where plain lines show bidirectional information exchange

between the nodes of undirected graph in Figure 2.1(a).

The adjacency matrix of a graph can be defined as A = [ai j} , where a;; > 01if (j,i) € E,
while a;; = 0 for all (j,i) ¢ E. The element a;; of the matrix A corresponds to the weight
of the edge (j,i). Also, for an equally weighted graph, non—zero g;; elements can be taken
as 1. With these definitions, the Laplacian matrix can be defined as L = [l,- j} € R™" where
li=Y j+iaij, and l;; = —a;; for all i # j. Then, sum of all elements in any row of a Laplacian

matrix is equal to zero.

An undirected graph (i.e., a;; = aj; for all i, j € V) is said to be connected if there
exists a path between any chosen pair of nodes. For an undirected graph, the following two

statements hold true [22]:

e L is symmetric positive semidefinite, and all of its nonzero eigenvalues are positive.

e ( is a simple eigenvalue of L if and only if the graph is connected.



(a) An undirected graph (b) A directed graph

Figure 2.1. Example graphs with 3 nodes

2.2. Consensus Algorithms

This section provides some brief information about a particular type of consensus algo-
rithm that will be used in the later chapters. The main motivation behind the consensus algo-
rithms is to make desired states of a given system converge to a common equilibrium point
when the given system can not be controlled by a centralized unit. Consensus algorithms
are widely used in various application areas like formation control [23], smart grids [24],
blockchain technology [25], wireless communication networks, etc. For a time—invariant

network, the most common continuous—time consensus algorithm can be given as [26]
n
%i(1) = = Y aij(xit) —x;(t), i=1,....n, 2.1)
j=1

where coefficient a;; is the element on row i and column j of adjacency matrix of corre-
sponding graph. When there is an information flow from agent j to agent i, a;; > 0 holds,
otherwise a;; = 0. By using the Laplacian matrix defined in Section 2.1, this equation can be

written in vector form as

x(r) = —Lx(z). (2.2)

When the corresponding graph of the network is undirected (i.e., a;; = aj;,i,j € V) and

connected, 0 is a simple eigenvalue of L with the corresponding eigenvector of 1, where 1 is



a column vector of ones with length of n. Then, X(¢) = 0 holds only when x(¢) = o1 for any
scalar o. Therefore, we can conclude that the system (2.1) is at equilibrium state only when

xi(t) = x;(t) holds for all i, j € V
2.3. Related Power Control Algorithms

In this section, we will discuss two power control algorithms proposed respectively
by Foschini—Miljanic and Senel-Akar. Both algorithms are designed to establish fairness in
terms of the data rate provided to the user equipments of a given network. These algorithms
constitute a basis for the algorithms proposed in this thesis where they are improved/extended

in terms of feasibility and practicality.
2.3.1. Power Control Algorithm of Foschini-Miljanic

The study of Foschini—Miljanic [17] can be considered as one of the earliest distributed
power control algorithms in literature. Their work considers the downlink case of a wireless
communication network with M transmitter/receiver pairs, where the set of all pairs is de-
noted by Z = {1,2,...,M}. If p;(t) denotes the transmission power of BS i, then the SINR

of its users can be calculated by

pi(t) pi(t)

Y hijpit)+n L)’
jeT i

Ti(r) = (2.3)

where h;j = g;;/gii and N; = 0;/g;;. Here, g;; is the downlink channel gain between UE i and
interfering BS j, 0; > 0 denotes the power of thermal noise received by UE i, and I;(¢) can
be considered as the value of normalized interference on UE i at time ¢. With this notation,

power control algorithm given in [17] can be written as

pi(t) =—B (1 - T%)pi(r),\ﬁ €. (2.4)

Here, [ is a positive update constant and ¥ is a predefined SINR value that is aimed by all

the BSs. By using the algorithm given in (2.4), BS i updates its transmission power until
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SINR of UE i reaches the predefined target value y (i.e., p;(t) = 0 when I;(r) = 7). When

this target value is reached by all UEs (i.e., I'; = 7, Vi € Z), (2.3) can be written as

iU
pilt) _ Y hijpj(t) +mi, (2.5)
Vo jeTj#i
which, in vector form, leads to
(;1-H)p" =1, (2.6)

where I is M x M identity matrix, H is an M-dimensional square matrix with zero diagonal
and positive [hi j] values on off-diagonals, 1 denotes an M-dimensional vector containing 7);

values which are non—negative.

In order to find a feasible (non—negative power vector) solution to (2.6) for all possible
non—negative 1) vectors, (71,1 —H) should be a monotone matrix. Since this matrix has non—
positive off-diagonal entries, being monotone equivalently means being an M—matrix [27,
28]. Thus, we can conclude that for (2.6) to have a feasible solution, ¥ needs to be set below
a upper limit such that %, > r(H), where r(H) denotes the spectral radius of the matrix H.
Note that it is hard to make the correct choice of ¥ in a distributed manner since the upper
limit of y depends on channel gains of the entire network. For a predefined ¥, the network
is not always feasible to have a solution. In Section 3, we propose a consensus based power

update algorithm (PUA-I) which eliminates this feasibility issue.
2.3.2. Power Control Algorithm of Senel-Akar (PCA)

Reconsider the downlink case of a wireless communication network model with M
transmitter/receiver pairs (base station/user), where Z = {1,2,...,M}. For this network,
where the SINR of UE i is given by (2.3), a consensus based power control algorithm (PCA)
has been proposed by Senel-Akar in [18] as follows:

pilt) = —&E@ FOT0) — Y f0T50)|. vieT. @.7)

l(t) JEN;
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Here, f3; is a constant that controls the update speed of p;(¢), where N; denotes the set of
close neighbors of BS i. Also, fj;(t) and f;;() are the defined as connection weights. When
the underlying communication graph is connected, it is proven that PCA converges to a fair
solution I'*, where I'} = F}k- holds Vi, j € Z. Detailed analysis of PCA, including stability,

convergence rate, and optimality analysis, can be found in [18,20,21].

PCA given in (2.7) is applicable for the networks where all BSs have a single UE to
serve. However, in real life OFDMA femtocell networks, there exist multiple subchannels
and a BS is more likely to have more than one UE. Also by its nature, a joint frequency/power
allocation problem should have multiple subchannels. In order to make the given PCA more
realistic for real life applications and more practical for joint resource allocation problems,
PCA is modified so that it ensures the global consensus in OFDMA femtocell networks
where BSs serve more than a single UE. This new power update algorithm (PUA-III) is

introduced in Section 4.3, with its details.

2.4. Chapter Summary

In this chapter, some important definitions and results about graph theory are presented,
and the equilibrium states of a particular consensus algorithm are investigated. Then, two
power control algorithms, which constitute the bases for the algorithms proposed in this
thesis, are discussed briefly. In next chapter, we propose a new power update algorithm that

stands as an alternative for the algorithm given in Section 2.3.1 in terms of feasibility.
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3. A DISTRIBUTED POWER UPDATE ALGORITHM

In this chapter, we present an alternative power update algorithm (PUA-I) for the well
known power control algorithm of Foschini—-Miljanic [17]. In Section 2.3, it is shown that
the algorithm of Foschini—Miljanic, given in (2.3), does require a predetermined target SINR
value which ensures that the network is feasible. In contrast, PUA-I does not necessitate any
preset SINR value, and does not face any feasibility issue. After introduction of PUA-I, its
convergence and optimality analysis, along with simulation results, will be presented in the

remaining sections.

3.1. Power Update Algorithm I (PUA-I)

Reconsider the downlink case of a wireless communication network model with M
transmitter/receiver pairs (base station/user), where Z = {1,2,...,M}. Note that the com-
munication network model can be represented by a graph denoted by G = (V,E), where V
represents the set of nodes (BSs, V =7) and E denotes the set of edges (communication
channels between BSs). If BSs i and j have mutual information exchange, then there exists
an edge between nodes i and j in G. This implies that j € N; (and i € N;), where N; represents
the set of BSs that have a mutual communication with BS i and |N;| denotes the cardinality

of N;. Throughout the thesis, the following is assumed to be satisfied:

Assumption 1. The underlying graph G = (V,E) of the communication network is con-

nected.

For a wireless communication network where the SINR of UE i is given by (2.3), the

distributed power update algorithm I (PUA-I) is proposed as follows:

ri,ref(t)
Fi(l‘)

pil) = —Bi(1- ==L ) pite), i€z G.1)
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where f; is a positive constant and I'; .. ¢(¢) is given by

Z Lj( (3.2)

According to the algorithm (3.1), BS 7 updates its transmission power by using SINR
of its own UE and the reference value (3.2) which is defined as the average SINR of its close

neighbors. Note that (3.1) can also be written in vector form as follows:
p(t) = —Bla(r)NLL(1), (33)

where p(t) = [p1(t), p1(t), -, pu(1)]7, B = diag ]}~ ,. T(t) = [T1 (1), T (t), - , T (1)),
Iq(r) = diag|], } , N = diag| | NI} , and L € R™*M 5 a symmetric positive semi-definite
Laplacian matrix. As opposed to the power control algorithm presented in [17], the above
algorithm does not have any feasibility issues since the use of a pre-determined target SINR

value v is not required.

3.2. Convergence Analysis of PUA-I

In this section, a detailed convergence analysis is provided for the power update algo-
rithm given in (3.1). In order to be able to carry out convergence analysis, we need to recall

the following lemmas.

Lemma 3.1. [29] Given a differentiable function f(t), if f(t) is lower bounded and non-

increasing (f(t) <0), then it converges to a limit.

Lemma 3.2. [29] If a differentiable function f(t) converges to a limit as t — o and f(t) is

bounded, then, f(t) — 0 ast — oo.

Using the properties given in Lemmas 3.1 and 3.2, the following result is presented:

Theorem 3.3. Under Assumption 1, the proposed power update algorithm given in (3.1)

converges to a fair solution I'*, where I'; = ij holds Vi, j € T.
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Proof. Consider the following function:

M
V(p(0)) =p" (B 'p(t) =} £pi (1), (34)

which is non-negative for all # > 0. Since we have p” (t) =7 (t)I4(¢) from (2.3), the deriva-

tive of V(p(¢)) with respect to time is expressed as

Vip(1)) = p"(&)B 'p(t)+p" ()B'p(r),
= 7 (t)LNI4(1)p(t) — p" (t)La(t)NLL(7),
= 27 ()Ig%(r)NLL(z),
= 27 (t)LI(1), (3.5)

where L = I4%(¢)NL is a non-symmetric positive semi-definite Laplacian matrix. Hence,
V(p(t)) <0 holds for all t > 0. Since V(p(t)) > 0 (lower bounded) and V(p(¢)) is non-
increasing, by Lemma 3.1, V(p(7)) converges to a limit as r — eo. This implies that p(z) is
bounded together with I'(z) and Iq(7).

Note that (3.5) can also be written as

V) = -2 pAn(1- D),

23 PO )1 0) (3.6)

Fi,ref(t)
(1)

(2pi()T(0) = Tu(e)pil0) (1= =252 ) 4 pi(0) (C(r) = T (1) |
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Using (3.1), (3.7) can be computed as

V@) =-2), 1118 [( = 2Bipi(t) (Ti(1) = Tiey (1)) ~ Ti(0)pi) (1 _ —FF(ft g”)

i) (F3e) — I y r,(z))], (3.8)

B = i<;19l,~(t)> _ Bit)i(t) — pi(1)Ii(r)

dt \ I;(t) (1)
= | AR O =T ) = i)
_ g ) = L) 5
= _Bz(rl(t> l,ref(t)) Ii(l‘) jeg#ihz]p](t)

1) je;j #ihﬁ’f@ﬁj (Tj(1) ~Tjrer(n). (3.9

Since it is already shown that [;(¢), p;(t), Bi, hij and I';(t) are bounded for all ¢ > 0,
which implies I'; . 7(¢) is also bounded, I(¢) is bounded for all # > 0. Furthermore, we have
i,j € Z, where Z has a finite number of elements. Hence, V (p()) is bounded for all # > 0.

From Lemma 3.2, we can conclude that V(p(t)) — 0 as t — oo. In other words, we have

lim T (L) =0 (3.10)
which implies LI'(#) = 0 when t — oo. Since the underlying graph of the communication
network is assumed to be connected (Assumption 1), the Laplacian matrix L has a simple
eigenvalue at zero [26]. Since f; > 0, ;(r) > 0 holds for all i € Z and for all + > 0, the
non-symmetric Laplacian matrix L has also a simple eigenvalue at zero, and its non-zero
eigenvalues have strictly positive real parts [30]. Hence, V(p(¢)) = 0 implies p(¢) = 0 and
we can conclude from (3.3) and (3.10) that I} = 1“;‘. holds for all i, j € Z.
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Remark 1. The proposed power update algorithm (PUA-I) given in (3.1) not only overcomes
the problem of an infeasible choice of pre-determined target SINR value 7, but also provides
fairness among UEs in the network by achieving the same SINR level for each user in the

network.

3.3. Optimality Analysis

In this section, optimality analysis of the PUA-I which is given in (3.1) is carried out.
For the theoretical analysis, the non—negativity of SINR and power vectors are first discussed

in the following Lemma and its corollary.

Lemma 3.4. Starting with any positive initial power assignment vector p(ty) > 0, transmis-

sion powers of all base stations always remain non—negative, i.e., p(t) > 0,Vt > 1.

Proof. For BS i to have a negative transmission power, there should exist an instant #; such

that p;(t;) = 0 and p;(;) < 0. By using (2.3) and (3.2), (3.1) can be rewritten as

piln) = —ﬁl-(pim)—rmfw(n))
IN! Y Tj(n), (3.11)

JEN;

which is always non—negative and becomes zero only when p;(t;) = 0,Vi € Z. Therefore,

pi(t1) = 0 contradicts with p;(t;) < 0. [

As a natural extention of Lemma 3.4, starting with an arbitrary initial power assign-

ment vector p(zp) > 0, SINR values always remain non—negative, i.e., [;(¢) > 0 for all r > 1.

With the given Lemma 3.4, the following two lemmas, where the second one is also

known as Perron theorem, are also required for the optimality analysis:

Lemma 3.5. (see 8.5.2 in [31]) If matrix A € R™™ is non—negative, then A is primitive if

and only if A" > 0 for some n > 1.
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Lemma 3.6. (Perron Theorem, [32, 33]) Let r(A) denote the spectral radius of matrix
A € R™M (e, r(A) = max{|A|,...,|An|}). For a primitive non-negative square matrix
A, there exists a positive real eigenvalue A = r(A) with algebraic multiplicity 1, where the
modulus of the other eigenvalues are strictly less than r(A). The corresponding right eigen-
vector of A, also known as the Perron eigenvector, is positive and it is the only non-negative

eigenvector of A.

Using Theorem 3.3, and Lemmas 3.5 and 3.6, we state the following result for the

noise free systems:

Theorem 3.7. When the system is assumed to be noise free (i.e., N, = 0,Vi € Z), the PUA-I,
given in (3.1), converges to a unique fair solution y* = ﬁ, where r(H) is the spectral radius
of H which is defined as an M-dimensional square matrix with zero diagonal and positive

hij = % values on the off-diagonals.

Proof. As stated in Theorem 3.3, the SINR values of the network converge to a fair solution
(i.e., I = v*, Vi € 7). In a noise free system, once the consensus is reached, (2.3) can be

written as

N=—2"  _yvier, (3.12)
Y. hijp;
JEL, j#i
which, in vector form, becomes
Hp* = Zp". (3.13)

Since H¢ > 0 for all ¢ > 2, by Theorem 3.5, the non-negative H matrix is found to be prim-
itive. As stated in Lemma 3.4, power vector p(¢) always remains non-negative. Then, by
Theorem 3.6, it can be concluded that the only feasible solution for (3.13) is y* = Th) and
p* equals to the corresponding eigenvector of r(H). [
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Remark 2. Since H matrix does not contain any variable related with initial transmission
power values, the final SINR value that every UE converges (Y* = Th) ), is the same for all

positive initial power assignment vectors.

In order to analyse the optimality of the system, in which thermal noise is not neglected

(i.e.,m >0 (n #0)), we need to recall the following theorem:

Lemma 3.8. [34] Let A € R™ ™ be an irreducible non-negative matrix. Then, A has a
simple positive eigenvalue A equal to r(A), and positive eigenvectors oo and @, associated

with A, such that Aot = Ao and AT & = A& Given the following valid vector norms ||-|| ()

; p 1/p
[Z aiai(%> ] ) f0r1§p<°°7 (3 14)

oy for p=o»,

weighted Holder norms of the irreducible non—negative matrix A € R™*™ can be defined as

Al = |\i\l|l£1 |Av||(,)- Then, ||All(,) = r(A) holds for all 1 < p < ee.

When the thermal noise in the system is not neglected (i.e., n >0 (n # 0)), the

maximum achievable solution can be found by the following theorem:

Theorem 3.9. For a network modeled by (2.3), given any € such that 0 < € < %H)’ there

exists a finite positive solution p* that satisfies I'; = ﬁ —¢& forallieT.

Proof. When all UEs have the same SINR value (i.e., [; = v*, Vi € 7), (2.3) can be written

as

pi * i
Ii= — =y.Viel, (3.15)
l Y hijpi+mi 4
JEL j#i
which can be represented in vector form as follows:
(FI-H)p* =n. (3.16)
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Here, I is the M x M identity matrix, H is an M-dimensional square matrix with zero diag-
onal and positive h;; = % values on the off-diagonals, ) denotes an M-dimensional vector
containing 7); values which are non—negative. In order to find a feasible p* (non—negative
power vector) solution to (3.16) for all possible non—negative 1) vectors, (%I — H) should
be a monotone matrix. Since this matrix has non—positive off-diagonal entries, being mono-
tone equivalently means being an M—matrix [27]. Thus, we can conclude that for (3.16) to
have a feasible solution, ¥* can not exceed an upper limit (i.e., v* < ﬁ). Since v* = ﬁ

makes (%I —H) singular, maximum achievable SINR value is defined by a strict inequality.

Given g, let o = er(H). Then, 7" becomes y* = (i(;lo)‘) , and the solution p* for (3.16)

can be written as

(U= -a)
o= (1S ) G4

Note that 0 < o < 1. Since (1 — ) < 1, the modulus of the largest eigenvalue of (i(_HO)C) H

is found to be less than 1, and we have the following equation [35]:

<I— %&{?H)l :1+i}(%ﬂ)i. (3.18)

By using (3.18), we can rewrite (3.17) as

L (e [ e N
P Tm ’”[g( r(H) H)] )
2 3

= S () e () wen e
l-a) (- [0-0_  (1-a\ . ((1-2)\ .,
() "*( () ) H’”( (M) ) ..

Hp*, (3.19)

H

r(H) r(H)

B (1-a) (1—a)
~ e T

Since H is an M-dimensional square matrix with zero diagonal and positive entries on off-
diagonals, it satisfies (I+H)Y~! > 0 and found to be an irreducible non-negative matrix

(Lemma 8.4.1. in [31]). By Perron—Frobenius (Theorem 3.9 in [32]), H has a simple eigen-
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value which equals to r(H), and the corresponding right eigenvector of r(H), denoted as v,
is the only strictly positive eigenvector of H. By using the weighted Holder norm described

in Lemma 3.8, the infinity norm of p* can be written as

(1-a) (1-a)
A\ T
(1—(X) *
= Il
(1-a)
r(H) r(H)
(1-a) (1-a)
o Il

(1-a)

= o M-+ =0l (3.20)

Hp*

Il = \

[

(1-a)

IA

.+ Hp*|l..

IN

]|, [Pl

Then, by using (3.19) and (3.20), lower and upper bounds for ||p*||.. can be expressed as

(1-a)
r(H)

1 (1-a)
‘o r(H)

Thus, using the vector norm definition given in (3.14), it can be concluded that p* is finite

forall0 < a < 1. [

3.4. Simulation Results of PUA-I

In this section, numerical analysis for PUA-I is presented. Simulation topology which
is given in Figure 3.1 consists of 8 transmitter/receiver pairs. Simulations are carried out for
the downlink case and each BS (transmitter) is assumed to be causing interference on the UE
of every other BS. Dashed lines represent the communication links, on which the required
information is carried between the BSs. The collection of all dashed lines represents the
underlying graph which is connected for this network. Simulations of the algorithm are done
by its discrete time implementation. Using Euler’s approximation, PUA-I can be discretized
as

Ui ref[k]

pilk+1] =pi[k]—7sﬁi(1—T[k])pi[k], ieT, (3.22)
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Figure 3.1. PUA-I simulation topology with edges.

where Ty = 10ms denotes the sampling period, and update constant f3; is chosen as 8 for all
BSs. All BSs start executing the algorithm with randomly chosen initial transmission powers
less than 33 dBm (2 Watt), where the thermal noise power is taken the same as —80 dBm
(10~ Watt) on all UEs. The channel gains are calculated by 8ij= x(i)d;ja, where d; ; 1s
the physical distance between UE i and interfering BS j. %9 value is generated randomly,
and taken as [1.1331 1.2070 1.5913 1.3960 1.5561 1.5399 1.5723 1.1704] for each BS/UE

pair. Path loss exponent is taken as ¢ = 3.

Simulation results are given in Figure 3.2. In the first 5s, UEs stand still in their first
locations as given in Figure 3.1. As theoretically expected, SINR of all UEs converges to a
common value in this period. Then, from ¢ = 5s to t = 10s, UEs are moved randomly with a
velocity of v = Im/s. Each of these motions is realised as a Brownian motion with constant
step size (i.e. Ad = v/T;) and random direction in each iteration. For this time interval,
SINR values are constantly changing due to the motions of the UEs. After t = 10s, UEs
stop moving and are seen to be converging to a common SINR again. In summary, by this

simulation result, we see that the PUA-I can be used in the networks with dynamic topology.
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Figure 3.2. Simulation results of PUA-I with mobility.

3.5. Chapter Summary

In this chapter, a distributed power update algorithm (PUA-I) is proposed as an alter-
native for the well known algorithm of Foschini-Miljanic. It is analytically shown that the
PUA-I is stable for connected networks and it converges to the optimal fair solution. These
results are also illustrated by simulations. In the next chapter, we extend this algorithm, and
the algorithm given in Section 2.3.2, for the OFDMA femtocell networks where BSs can

have more than one UE.
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4. DISTRIBUTED POWER UPDATE ALGORITHMS FOR OFDMA
FEMTOCELL NETWORKS

In the network model considered for PUA-I (proposed in (3.1)) and PCA (given in
2.7), all BSs are assumed to serve a single UE on the same frequency channel. However,
in real life OFDMA femtocell networks, BSs are designed to serve more than a single UE,
and the available spectrum is divided into multiple subchannels. Also by its nature, a joint
power/frequency allocation problem should include multiple number of subchannels. In
order to make the given power control algorithms (PUA-I and PCA) more realistic, and
more usable in joint resource allocation problems, they need to be modified in such a way

that they ensure the global fairness among all of their users.

In this chapter, we propose two new power update algorithms (PUA-II and PUA-III)
which are respectively the multi—user extensions of PUA-I and the PCA [18]. The modifica-
tions are made by expanding the corresponding graph of inter—base station communication
network in a way that each node splits into virtual nodes by the number of its active sub-
channels. As a result, each BS updates its transmission power levels by using information
coming from its neighboring BSs and its own users. Expansion of the corresponding graphs
can be visualised better in Figure 4.1. Figure 4.1(a) shows the underlying graph of an ex-
ample network consisting of 3 transmitter/receiver pairs. Here, the small and dashed circles
respectively represent the BSs and their coverage areas, where the straight lines represent the
communication links between neighboring BSs. When each BS has 4 active subchannel/UE
pairs, and PUA-II (or PUA-III) is used, the underlying communication graph expands as

shown in Figure 4.1(b).

In the rest of this chapter, first, the system model will be introduced. Then, the pro-
posed algorithms (PUA-II and PUA-III) will be presented. Next, before concluding the chap-

ter, the simulation results will be given.
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(a) Underlying graph for PUA-I and PCA (b) The expanded graph for PUA-II and PUA-III

Figure 4.1. Expansion of the underlying graph for a network with 3 BSs

4.1. System Model for OFDMA Femtocell Networks

System model considers the downlink case of a two—tier femtocell network. The first
tier consists of a single MBS and its UEs. Within the coverage area of the MBS, there exist
My FBSs each may have different number of UEs. These FBSs and FUEs constitute the
second tier of the network. The set of all BSs is denoted as M = {0,1,..., My} where 0
corresponds to the MBS and others to FBSs. K, and K, respectively denote the set and
number of UEs served by BS m, where m € M. The spectrum, which is divided into S
OFDMA frequency subchannels, is available for both MBS and FBSs. The set of available
subchannels is given by S = {1,2,...,S}, where a subchannel can be assigned at most to
one UE within a cell. Therefore, intra—cell interference is eliminated by the orthogonality of

subchannels.

Connection status between BS m and UE k on subchannel s, k € IC,;,, is denoted by
plj%k. If BS m provide service to UE k on subchannel s, p;j%k = 1. Otherwise, p,f%k =0. In
the model, it is possible for BS m to have more (or less) UEs than the number of available
subchannels (i.e. K, # S). Let the subchannels that are assigned to a UE in a given cell
be called “active”, then U, and U,, respectively denote the set of active subchannels of cell
m and that set’s cardinality. When we turn the set 4, into a vector by sorting elements in

ascending order, we obtain the u,, vector which has the information of active subchannels
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in BS m. For instance, U, = {1,4,7} and up = [1,4,7]" correspond to the set and vector of

subchannels that are in use by BS 2, respectively. Then, we can define U,, = |u,,| as follows:
Up = [Up| = min(S,Ky,). 4.1)

If we patch all the u,, vectors, starting from BS 1 to BS M, we get vector u which shows all

the active subchannels in the femtocell network:
w=luf,...,uy )" (4.2)

Then, the length of vector u, which is equal to total number of all active subchannels of the

entire femtocell network, can be calculated as

U= Y min(S K. (4.3)
ieM\{0}

At time instant ¢, transmission power of BS m on subchannels s is denoted by p3,(¢).
Then, we can define a vector p,,(¢), which has the identical order as u,,, such that it con-
tains power values assigned to active subchannels of BS m (e.g., for up = [1,4,7], p2(t) =
[PA(t), pPa(t), p3(t)]T). Then, the following vector, which has the length U, contains trans-

mission powers on all the active subchannels used by FBSs of the entire network:

(1) = [p1 (1), P2 (1), Py, (1)) (4.4)

For fixed channel assignment, SINR of the downlink signal from BS m to UE k on

subchannel s, where k € IC,,,, can be defined as

s s P(t) s Palt)
mk(t):pmk :pm.k ’ kEICM; (45)
v Y ) o /
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gs‘k o;
where ¥ .., =2~ and n’ , = &
(m.j)k ™ &ux nm’k Sk

does not serve UE k on the subchannel s, where k € IC,,,. Also, &, 18 the downlink channel

. P, ;, multiplier makes SINR value 0 when the BS m

gain between UE k and BS m on subchannel s, where 6; > 0 denotes the power of thermal

noise received by UE k on subchannel s.

A base station can assign an OFDMA subchannel to at most one UE. Therefore, for
the fixed m and k values, there will be at most one non—zero Fz17k(t) variable for all s € S.
That means, without loss of generality, we can eliminate the k term in I, (), and let I, (1)
denote the SINR on subchannel s in cell m, regardless of which UE is using that subchannel.
Then, the average SINR of the users served by BS m can be calculated as

Y L)

i€Un

U (4.6)

l_‘m,ave (t) —

4.2. Power Update Algorithm IT (PUA-II)

In this section, a consensus-based power update algorithm (PUA-II), whose objective
is to provide fairness among all femtocell users, is presented. Starting with random, but
feasible, p(0) vector, where subchannel assignment is assumed to be fixed, each femtocell m

in the network uses the following power update algorithm:

.5 s an,ref(t) s
pm(t) - _ﬁm 1— FS—O) pm(t)v (47)
where
1 .
;,ref(t) = 1 Z Ujrj,ave(t)+ Z F;n(t) y S € Uy,. 4.8)
Un—1+ Jg\, Uj | jem, i€l \s

Here, f3;, is a positive constant that determines the update speed of the transmission power
of BS m, on subchannel s. N, denotes the set of close neighbours of BS m. In order to

execute the PUA-II given in (4.7), BS m requires 2 external information from its neighbours:
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Average SINR values on their actively used subchannels (I'j 4 (¢), Vj € N;;,) and the number
of these actively used subchannels (U}, Vj € Ny). The other required information (i.e. U,
and I, i € S\ ) is already known by the BS m. It is also assumed that BS m does not
execute this algorithm on power update of subchannel s if there is no user assigned to that
subchannel. Instead, power on that subchannel is kept zero in order to prevent additional
interferences on other cells. It should also be noted that BS m needs to execute this algorithm

in a parallel fashion for each of its active subchannels.

In vector notation, (4.7) can be rewritten as

~ o~

p(r) = —BI4(¢)NLI(¢), (4.9)

where f‘(t) is the vector that contains the SINR values of active subchannels of entire fem-
tocell network. It has the same length (U) and identical order as p(z) given in (4.4). B and
T4(¢) are U x U diagonal matrices with respectively B2, > 0 and I}, = p°, /T, > 0 values on
the diagonals. N is also a diagonal matrix with positive entries. Finally, L € RV*U ig the

symmetric positive semi—definite Laplacian matrix.

Having described the overall system dynamics, the following result reveals the conver-

gence properties of PUA-II given in (4.7).

Theorem 4.1. Under Assumption 1, the proposed power update algorithm (PUA-II) given
in (4.7) converges to a fair solution T*, where ff* = I:j_* holds for all s € U;, § € U}, and
i,j € M\ {0}

Proof. Since the overall system dynamics given in (4.9) are exactly the same as the ones

given in (3.3), the proof directly follows from Theorem 3.3. [l

Remark 3. The proposed power update algorithm given in (4.7) does not require high com-
putational power, and the communication cost is minimized by keeping all the communica-

tion exchange in the network minimal.
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4.3. Power Update Algorithm III (PUA-III)

In this section, we present a new distributed power update algorithm (PUA-IIT) which
is the multiple subchannel/UE extension of the power control algorithm (PCA) given in (2.7).
A detailed study on PUA-III is also presented in [36]. PUA-III can described as follows:

Pult) = BB T30~ X o ne() = T FaOT(0) |5 L,

JEN, i€eS\s

(4.10)
Here, the term f3;, is a positive value and it determines the update speed of the transmission
power of BS m, on subchannel s. Please notice that a high update constant 3, may help us
to reach consensus more quickly, but it may also cause overshoots in transmission powers.
Ny, is the set of neighboring cells of BS m. I'j 4,.(¢) term, where j € N,,, denotes the average
SINR value of the UEs of BS j, and it is given by (4.6). The f,, ;(¢) terms stand for the inter—
cell connection weights between the base stations. fi (¢) terms are the intra—cell connection
weights between the same cell’s subchannels which are considered as imaginary nodes of
the underlying graph. f; () is the weight that determines the importance of I",(z) while
updating the transmission power of BS m on subchannel s. Some possible choices will be

shown in Section 4.3.1.

By using (4.10), BS m updates its transmission power on subchannel s in the following
way: BS m collects information of the average SINR values, which is denoted as I'; ;¢ (1)
where j € N,,, coming from its neighboring BSs. By the first summation sign inside the
bracket, BS m adds up these average SINR values after multiplying them by inter—cell con-
nection weights f,, ;. Then, by the second summation sign, it adds up the SINR values of its
own subchannels other than s, after multiplying them by intra—cell connection weights fi (¢).
These SINR values are represented by I", (¢), where i € S\ 5. Finally, these two summation

results are compared with I} (7) to decide the change in the transmission power p$, (z).

For better understanding of the PUA-III, it should be stressed that BS m does not update

its transmission power on s if there is no user assigned to that subchannel (i.e., p;, , =0, Vk €

Kom)-
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4.3.1. An Example Choice for Weights

The intra—cell connection weights f3 (¢) are predefined by the corresponding BS in cell
m. They represent the status whether the subchannel s is in use or not. An example choice,

where BS m gives equal priority to all of its UEs, can be as follows:

_ 1, s€Uy,
) = , s€S, me M\ {0} @.11)

0, otherwise.

Here, if the subchannel s is assigned to any UE by BS m, that subchannel’s intra—cell weight
is taken as 1, otherwise it is 0. It should be noted that instead of 1, we could also pick any
other positive number, which would change the weighted priority of the subchannel s among

the other subchannels, in the cell m.

The term f,, j(¢) denotes the weight of the inter—cell information link from BS j to BS
m. An example selection of these parameters can be done by cell j according to the number

subchannels that are in use. These choices are mathematically described as
fmj(t) =Uj, jE Ny, (4.12)

where Uj is defined in (4.1). According to this choice of parameters, each BS sends the total
number of its active subchannel to the neighboring BSs. It is important to see that all the UEs
in the network have the same priority when the intra—cell and inter—cell weights are chosen
as (4.11) and (4.12). The relative priorities between the UEs could be changed by another

choice of weight parameters.

For connection matrix L, which is defined later in Section 4.3.2, to be a Laplacian,
it should have zero row sums [22]. This can be satisfied by choosing the f;,(f) weights as

follows:

@)=Y @)+ Y fui). (4.13)

i€eS\s JENn
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4.3.2. Convergence Analysis of PUA-III

For the sake of simplicity, convergence analysis of the proposed algorithm (PUA-III)
is carried out by fixing the weights as given in (4.11), (4.12), and (4.13). By these weight
choices, PUA-III given in (4.10) becomes:

l—‘S t ) .
p(t)=—PB: ;"( ) (Um— 1+ ) U,-) Lo—- Y Y- Y T.0)|,.s €l
pi(t) JENn JENm iU, i€Uy\s
(4.14)
For later use, (4.14) can alternatively be simplified as
I 2(t) Finref(t)
» (1) = —B —>7, ——— |, s €Uy, 4.15
where Z,,, is defined as
Zn=Un—1+4 ) U, (4.16)
JENm
and I, -(¢) is given by
L Uiljae)+ E T(0)
/€N €U
OE L .17)
In vector notation, (4.14) corresponds to
p(t) = —BI; ' (1)LL(7), (4.18)

where f(t) is the vector that contains the SINR values of active subchannels of entire femto-
cell network. The length of f'(t) is U, and its has identical order as p() defined in (4.4). B
and Iq(1) are U x U diagonal matrices with respectively 5 > 0 and I, = p*, /T%, > 0 values

on diagonals. Lastly, L € RU*U s the symmetric positive semi—definite Laplacian matrix.
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For the specific choice of weights defined in (4.11), (4.12), and (4.13), we state the

following theorem for the convergence properties of PUA-III.

Theorem 4.2. When Assumption 1 is satisfied and the weights are chosen as described in
(4.11), (4.12), and (4.13), PUA-III given in (4.10) converges to a fair solution f*, where
Y =T holds for all s € U;, § € Uj, and i, j € M\ {0}.

Proof. Consider the following function:

VEO) = 0B B = Y Y p). 4.19)

ie M\{0} s€ld; Bis l

which is defined as sum of squares, meaning that it is non-negative for all # > 0. For fixed
subchannel assignment vector, from (4.5), we have p(7) = INd(t)fT(t). Then, the derivative

of V(p()) with respect to time is expressed as

VE@) = p OB ) +p (B D),
= TTOLL  Op()—p (T ()LT(),
= —2I7 ()LL), (4.20)

where L is a symmetric positive semi-definite Laplacian matrix. Hence, V(p(¢)) < 0 holds
for all ¢ > 0. Since V(p(t)) > 0 (lower bounded) and V (p(¢)) is non-increasing, by Lemma
3.1, V(p()) converges to a limit as # — oo. This implies that p(¢) is bounded together with
['(r) and I4(¢).

Note that (4.20) can also be written as

V@) =-2 ), Y ZTi() (i) —T},ef (1)), (42D

ie M\{0} s€l;

whose time derivative can be expressed as

V) =-2 Y Y Z2DO50) T O8, 1) T o0 | 422)
ieM\{0} s€ld;
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Using (4.5) and (4.15), I¥(¢) can be calculated by

o d (PO BB = PO ()
Fi(t) — E(Iis,k(t)>_ Iis,kz(l)
1 .
= 2 L B0 T ) =50
=[BT T 0) ) Y A 0]

Iis,kz(t) jeM\i
D0 -TLy ) g L) [ F ey (1)
Zi|1— L2 —

— : ez, [1- B
IR I ey o0

] (4.23)

Since it is already shown that I (1), p;,(2), B, 1 hfmd.)

which implies I}, ,(¢) is also bounded, I[¥,(t) is bounded V¢ > 0. Furthermore, we have
i,j € M\ {0}, where M has a finite number of elements. Hence, V (p()) is bounded V¢ > 0.

cand T, (t) are bounded V¢ > 0,

From Lemma 3.2, we can conclude that V(p(z)) — 0 as t — oo. In another words, we have

lim I’ (1)LL(t) =0 (4.24)
which implies if(t) = 0 when t — 0. Since the underlying graph of the communication
network is assumed to be connected (Assumption 1), the Laplacian matrix L has a simple

eigenvalue at zero [26]. In that sense, V(p(¢)) = 0 implies p(¢) = 0 and we can conclude

from (3.3) and (3.10) that I} =" holds Vv € U;, Yw € U}, and Vi, j € M\ {0}. O

Remark 4. As long as (4.13) is satisfied, with any finite choice of weights, the proposed

power update algorithm, PUA-III given in (4.10), converges to a fair solution.

4.4. Simulation Results of PUA-II and PUA-III

In this section, simulation studies regarding the proposed algorithms PUA-II and PUA-
III are carried out by considering the network topology depicted in Figure 4.2, which shows
the relative locations of all BSs and UEs. The setup consists of 8 FBSs, each having 3 ran-
domly placed UEs. There also exists a single MBS with 3 UEs, which acts as a constant

source of interference to all FUEs. All base stations are assumed to have access to the same
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Figure 4.2. PUA-II and PUA-III simulation topology with edges.

S = 3 OFDMA subchannels. Dashed lines represent the communication links, on which the
required information is carried between the FBSs. The collection of all dashed lines repre-
sents the underlying graph which is connected for this network. In simulations of PUA-III,
specific weights are chosen according to (4.11), (4.12), and (4.13). Simulations of the algo-
rithms are carried out by its discrete time implementation. By Euler’s approximation, PUA-II

and PUA-III (with given weight choices becomes (4.15)) can respectively be discretized as

S lk+1] = ps [k] — T, | Doerlk S k] (4.25)
Pm = Pm SMFm an[k] Pm ’ :
and
‘ ‘ L rerlKl | 5,2 [K]
S k4 1] = pb[K] — T Bz | 1 — —rel = | Zm L 4.26
Pulk+1]= p,[K] - T, [ T K] ]pfn[k] (4.26)

Here, sampling period 7y and update constant 3" are chosen same for all FBSs and subchan-
nels. While simulating PUA-II and PUA-III, they are respectively chosen as T;f35, = 0.48s
and Ty = 0.48us.

FBSs start executing the algorithm with randomly chosen initial power vector (p[0]),

where all powers are less than 30 dBm (1 Watt). Transmission powers of MBS are randomly
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Figure 4.3. Simulation results of PUA-II and PUA-III

chosen within the 43 — 50 dBm (20 — 100 Watt) interval, where the thermal noise power is
taken the same as —80 dBm (10~ ! Watt) on all subchannels. Initial assignment of available
subchannels are done randomly, and subchannel assignment is kept the same through the
simulations. The channel gains are calculated by g;% =X (S)dn:f,){‘, where d,,, i is the physical
distance between BS m and UE k. x(*) value is generated randomly by Rayleigh distribution,
and taken as [1.4127 1.0509 1.2092] for each subchannel. Path loss exponent is taken as

o =3.

Simulation results of both algorithms (PUA-II and PUA-III) are given in Figure 4.3.
As theoretically expected, at the end of each power update processes, all 24 FUEs reach
consensus on a common SINR value. As a superiority of PUA-II over PUA-III, this final
SINR value is found to be higher in PUA-II comparing to the PUA-III. Since the MBS is not
a part of the underlaying communication graph of the topology given in Figure 4.2, SINR
values of the MUEs are not expected to reach the consensus with the SINR values of FUEs.

Therefore, they are not shown in Figure 4.3.
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4.5. Chapter Summary

In this chapter, two new power update algorithms, namely PUA-II and PUA-III, are
proposed for the OFDMA femtocell networks where each FBS can have more than one UE.
It is analytically proven that both algorithms are capable of providing fairness when the
underlying communication graph is connected. Theoretical studies are also illustrated with a
numerical example. In terms of computational complexity, algorithms are easy to implement
and the required exchange of information are kept minimal for both algorithms. In next
chapter, we present two joint frequency/power update algorithms which can be considered

as the optimized versions of PUA-II and PUA-III.
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S. JOINT FREQUENCY/POWER UPDATE ALGORITHMS FOR
OFMDA FEMTOCELL NETWORKS

In OFDMA femtocell networks, frequency allocation plays an important role in in-
terference management and throughput maximization. In order to realize this importance,
consider a simple network with 2 BS/UE pairs each having access to the same 2 OFDMA
subchannels. When each UE gets service on the same subchannel, interference exposed by
each UE can be dramatically dropped by a simple subchannel change, which also results
in improved throughput. With a similar objective, by including frequency allocation in the
power update algorithms proposed in Chapter 4, the final SINR value that every UE con-

verges can be maximized.

In this chapter, we propose 2 suboptimal joint frequency/power update algorithms,
namely JFPUA-I and JFPUA-II, which are respectively one step optimized versions of the
PUA-II and PUA-III presented in Chapter 4. Each of these joint algorithms consists of con-
secutive usage of a frequency allocation phase and a power update part. In the frequency
allocation part, each BS updates its frequency assignment vector by solving an integer pro-
gramming problem. Then, the corresponding power update algorithm (PUA-II or PUA-III)

runs for the remaining time.

As the chapter organization, first, some preliminary definitions will be given in Section
5.1. Then, some important results about the infeasibility of noise—free network are presented
in Section 5.2. A frequency allocation scheme is derived in Section 5.3. Lastly, the joint

algorithms and their simulation results will be given in Sections 5.4 and 5.5, respectively.
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5.1. System Setup

Consider a femtocell network which is described in Section 4.1. When every active

UE has the same SINR value y*, the following holds:

Dok = Pok¥ (6.1

where I'} | is either O or y* depending on if BS m serves UE k on subchannel s or not. When
the fairness is achieved (i.e., I}, = y*,Vs € U,Vm € M\ {0}), by using (4.5) and (5.1), the

following can be written:

Pm = Y Z P;i,k( Z hfm,j)7kpj’+77;f1,k>v

kel JeEM\m

=y Z Z I)rsrl7khf,11,j)71<p§'‘4‘7/k Z an,krl,i,k,

kel je M\m kel

= 7 X P Pkl T L Pkl (5.2)
JeEM\m ke, kel

In vector form, (5.2) can be represented as

p=Hpy +n7". (5.3)

T T T . - . . .
Here, p = [p'",p* ,---,p5 ]T contains the transmission power information of the entire
femtocell network where p* = [p3, p5,-- -, pfwf]T. Also the vector 1) contains the normalized

. . T 5T T
noise values, and it is defined asn = [n'",n?",--- ;05" |7, where n* = [n{,n3,-- ,r[,{,,f]T

and each 77 term can be calculated as

n' =Y Pl (5.4)
kelC;



38

Finally, the block diagonal square H matrix can be defined as

HD 0 0
o H® ...
H=— , (5.5)
: : .0
0 0 HO

where HY) = [hl(]s)] is an My x My matrix with zero diagonal and non—negative elements on

off—diagonals. Then, the entries of each off-diagonal H®) matrix can be defined as follows:

)» Pis,kh‘zhj)’k; fori# j

h) = { ek (5.6)

0, otherwise

With the definitions given above, some results about the infeasibility of the noise free

network are given in the next section.
5.2. A Special Case: Noise Free System

When the thermal noise in the system is neglected (i.e., n = 0), by dividing each side
of (5.3) by y*, we obtain

Hp* = #p*. (5.7)

For a non-negative M x M matrix A to be irreducible, the necessary and sufficient condition
is (I++A)M=1 > 0 [31], where I is the identity matrix with appropriate size. Since H is a
block diagonal matrix as described in (5.5), any power of (I+ A) remains block diagonal.
Hence, we can conclude that H is reducible, and the Perron—Frobenius theorem is inconclu-
sive. However, by considering each off-diagonal H®®) matrix individually, we can draw the

following conclusion on the noise free system.



39

Theorem 5.1. For the system described by (4.5), when the thermal noise is neglected (i.e.,
N =0), and all subchannels are assumed to be actively used by each BS, there is no feasible

solution for (5.7) unless the spectral radius of HY) s the same forall s.

Proof. When all subchannels are actively used, the following holds:

Y Pl #0,VsViel. (5.8)
keK;

Since H®) is non—negative and H®" > 0 for all n > 1, as stated in Lemma 3.5, H®) is
a primitive non—negative matrix for all s € S. Therefore, by Lemma 3.6, the following

equation has its own unique feasible (y**, p**) solution for each s € S:

1
HY) p = —p*, (5.9)

r}/S
where % = r(H®)) and p** is the Perron eigenvector of H®). Since H is the block diagonal
matrix defined by (5.5), for (5.7) to have a feasible solution, P** = y* * should hold for all
s,5€ 8. O

Remark 5. Since each H®) matrix is constructed by different channels gain ratios, the pos-

sibility of them having the same spectral radii can be considered as zero.

Remark 6. Theorem 5.1 states the infeasibility of the network under the assumption that all
subchannels are actively used by each BS. This statement still holds for the relaxed assump-
tion that each subchannel is actively used by at least one BS. Theorem 8.3.1. of [31] can be

used to draw this conclusion.

5.3. A Frequency Allocation Scheme

In this section, we derive a suboptimal frequency allocation scheme with the purpose
of increasing the maximum achievable SINR in a given OFDMA femtocell network. Then,

this scheme will be used jointly with PUA-II and PUA-III.
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Consider a femtocell network which is described in Section 4.1. When every active

UE has the same SINR value, (5.3) holds. Dividing each side by y*, (5.3) can be written as

1
—I-H|p=n. 5.10
(Lt w)oen 510

In order to have a p > 0 solution for allm > 0, ( %I — H) should be a monotone matrix. Since
H has non—negative off—diagonal entries, being monotone for (%I — H) equivalently means
being an M—-matrix [27]. Hence, y* < ﬁ should hold, where r(H) denotes the spectral
radius of H. The SINR value y* that every UE converges to has an upper limit of ﬁ Since
H is made of the frequency assignment variables and channel gains, this upper limit can be

improved by a proper frequency allocation scheme.

By Gersgorin disc theorem [31], the following holds for the spectral radius of the off—

diagonal H®) matrix for all s € S:
r(H®)) <max Y A, (5.11)
l
J#

Defining the diagonal matrix D®) = diag( |2 I p;‘uf), where p? > 0, the H) matrix has
the same eigenvalues as D(s)_lH(s)D(s) [31]. Hence, the largest Gersgorin disc defined in
(5.11) can further be modified as

1 s
) < mas L4, 51
i

Since H, given in (5.5), is a block diagonal matrix composed of H*) matrices, by using

(5.6) and (5.12), r(H) can be defined as
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rH) = max r(H®)

< maxmax—Zhl] pJ

Pi J#i
= maxmax—ZpJ Z plk )k
! pl J#I ke
= maxmax—z Z plk kpj
l];élkelC
= maxmax— Z szk kpj
1% kelC; j#i
1
— s s s
= m;:lxmiax Z pi’kﬁ Zh(l,J),kp]
kek; I j#i
1
= maxmax Z Pik—s Zhii7j)7kpj~. (5.13)

i 5 kek; pl JFi

The proposed frequency allocation scheme is a discrete process which is performed
synchronously by each BS prior to the power update. Z, which is a predefined even number,
denoting the total number of iterations in frequency allocation scheme, all BSs set their
transmission powers to the random levels at each of the odd—numbered iteration steps z €

{1,3,...,Z—1}. Then, by using (4.5), we obtain

;1 Mik
P Z]; ij) kPJ ngm—m, (5.14)
where Ff «1z] denotes the SINR of the downlink signal transmitted by BS i to UE k on sub-
channel s at iteration z. In order to find the expression on the left hand side of (5.14), we
need to eliminate the unknown 77, term. When each BS halves its transmission powers in

the next iteration (i.e., pf[z+1] = %[Z}), (4.5) becomes

1 217
pild =p? _ ik (5.15)
ril Z]§; WP T BT 1] T Pl

Using (5.14) and (5.15), the i), term can be eliminated, and the following is obtained:

1 1

2
2 il = P Pk (5.16)
Pi[Z]; (4P ’kri,k[z] ’kri,k[z"‘l]
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Substituting (5.16) into (5.13), the spectral radius of the H matrix can be defined as

2 1
r(H) < maxmax ) p; ( - ) (5.17)
F k;;i YA T+ 1]

Note that an alternative scaling, such as pj[z+ 1] = cp}[z] where 0 < ¢ < 1, can be utilized
instead of halving the transmission powers.

Since y* < ﬁ, the maximum achievable SINR y* can be maximized by minimizing
r(H). A so called pseudo—optimal solution for minimization of r(H) can be achieved by

reducing the upper bound of »(H) defined in (5.17). Then, letting f(p) denote this upper

bound, the objective function that we want to minimize can be expressed as

2 1
f(p) = maxmax Zpik(N ) (5.18)

1 s kek; ,k[Z] l“f7k[z+1]

With the required constraints, the optimization problem that needs to be solved after iteration

z-+ 1 is defined as follows:

2 1
minimize f(p) =maxmax ) p; ( — = ) (5.19a)
prive S0 =maxmax b Pl 1y T e
subject to Y Pl <1, Vie M\{0},Vs€S, (5.19b)
kek;
Y pf <1, Vie M\{0},Vk € K, (5.19¢)
sES
pir €101}, ke K;,Vie M\{0},Vs €S, (5.194)
pf[z+1]:p’gz], Vie M\{0},Vs € S, (5.19¢)

where constraint (5.19b) ensures that a BS can assign a subchannel to at most one UE.
Constraint (5.19c) makes sure that a UE can be served on at most one subchannel. Also,
by (5.19d), we specify that the decision variables can take binary values. Finally, constraint
(5.19e), specifies that the transmission powers at iteration z -+ 1 should be equal to the half

of the transmission powers at iteration z.
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The SINR of the downlink signal transmitted by BS i to UE k on subchannel s at itera-
tion z is denoted by Fi ;[z]. Notice that, through an iteration step z, transmission powers on all
subchannels remain the same even though the frequency allocation gets changed. Therefore,
a frequency allocation change in BS j # i does not affect the SINR of the UEs of BS i. In
other words, I'}, [z] and I'} [z+ 1] terms do not depend on the frequency allocation choice of
the BS j # i. Also, the same subchannels are assumed to be available for every BS. Which
means that the set of feasible solutions to problem (5.19), is actually a combination of set
of identical feasible solutions for each BS. As a consequence of these facts, problem (5.19)
can be partitioned into the individual subproblems. As an alternative to the centralized so-

lution of the problem (5.19), each BS i solves its own subproblem in a distributed manner:

2 1
minimize fij(p;) = max } p; ( s = > (5.202)
b P & P\ B TR
subject to Y Pl <1, VseS, (5.20b)
keK;
Y pi <1, Vke K, (5.20c)
sES
i €{0,1}, ke Ky, Vs €S, (5.20d)
w1 =28 vies (5.20¢)

In order to solve the problem defined in (5.20), BS i needs the SINR information of
all of its UEs in all possible subchannel assignment scenarios at iterations z and z+ 1. Since
FBSs are designed to serve up to 8 UEs [3], BS i can easily obtain I'};[z] and I} [z+ 1]
values for all k € IC;, s € S. The problem given in (5.20) is an integer programming problem

with binary decision variables, various numerical tools such as [37] can be used to solve it.

Note that each BS sets its transmission powers to random values at odd—numbered
iterations (i.e., z € {1,3,...,Z—1}), and halves them in the next even—numbered iteration
z+ 1. After each even—numbered iteration step z+ 1 (i.e., z € {1,3,...,Z—1}), BSs solve
their individual subproblems defined in (5.20). If the iteration z+ 1 results in a better ob-

jective value than the iteration z — 1, BS 7 sets the solution of (5.20) at iteration z + 1 as
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its current frequency allocation vector p;. Otherwise, BS i continues with the next iteration

without changing its current frequency allocation vector. After Z iterations, where each BS

has solved the problem (5.20) Z/2 times, the frequency allocation algorithm stops.

1: The network starts with random p[0] and p|[0] vectors;
2: Set fi(p;[0]) to a large number, e.g. 109, for all i;
3: forz:=1to (Z—1) step 2 do

0 t0 ppax (€., 0 < pf[Z] < Dmax; Vi, Vs);

subchannel assignments;
6:  Each BS halves its transmission powers (i.e., pf[z+1] = %M?Vi,Vs);

possible subchannel assignments;

pilz+ 1] to the problem (5.20);
9: if fi(pilz—1]) < fi(pi[z+ 1]) then
10: pilz+1] < pilz—1];
11:  endif
12: end for
13: k< 0;
14: plk] < p[Z];
15 plk] < plZ;

16: repeat with a proper sampling period 7 and fixed p [k]

sk
7 phlke 1] ¢ pylk] — Ty [1 . ]]pfn[k];

18: k< k+1;

19: until p[k] converges

4.  Each BS sets its transmission powers to the positive random values in the range of

5. For p[z], each BS i acquires SINR information I'{, [z] from its UEs for all possible

7. For p[z+ 1], each BS i acquires SINR information I'}, [z + 1] from its UEs for all

8: Having I'}, [z] and I} [z + 1] for all k € K; and s € S, each BS i finds the solution

Figure 5.1. Joint Frequency/Power Update Algorithm I.
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5.4. Joint Frequency/Power Update Algorithms (JFPUA-I and JFPUA-II)

In this section, we present 2 joint frequency/power update algorithms (JFPUA-I and
JFPUA-II) for OFDMA femtocell networks. In terms of final SINR value that every UE
converges, these algorithms are one step optimized versions of the power update algorithms
proposed in Sections 4.2 and 4.3. The JFPUA-I and JFPUA-II are simply created by merging

the frequency allocation scheme given in Section 5.3 with PUA-II and PUA-III, respectively.

Detailed description of the JFPUA-I is given in Figure 5.1. Since JFPUA-II differs
from JFPUA-I only by line 17, it is not given as another figure. Instead, JFPUA-II can be
obtained by replacing line 17 of JFPUA-I by (4.26). In both JFPUA-I and JFPUA-II, each
FBS first updates its frequency allocation vector by solving the optimization problem defined
in (5.20). Then, it executes the corresponding power update algorithm (PUA-II or PUA-III)

for the remaining time.

As a natural extension of Theorems 4.1 and 4.2, the following corollary reveals the

convergence properties of JFPUA-I and JFPUA-II:

Corollary 5.2. Under Assumption 1, JFPUA-I and JFPUA-II converge to a fair solution Yy,
where I';* = y* holds for all i € M\ {0} and s € U.

Proof. Since PUA-II and PUA-III converge to a fair solution for all initial frequency assign-

ment vectors, the proof directly follows from Theorems 4.1 and 4.2. [

5.5. Simulation Results of JFPUA-I and JFPUA-II

In this section, numerical analyses of the JFPUA-I and JFPUA-II are presented. The
network topology used in the simulations is shown in Figure 4.2 where the locations of UEs
are randomly changed for each trial. It is assumed that there exist 8 FBSs each serving 3 UEs
where each FBS is assumed to have access to the same 3 OFDMA subchannels. The channel
gains are calculated by gi@k = )((S)d,;‘;c‘, where d,,  is the physical distance between BS m

and UE k. ¥ values are generated randomly before each trial. Also, the path loss exponent
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Figure 5.2. The outperformance of JFPUA-I relative to PUA-II

is taken as a = 3. Since the channel gains and the FUE locations are changed randomly,

different H matrices are used for each trial.

In the simulations, we first compared the performances of PUA-II and JFPUA-I in
terms of the SINR value reached by consensus. Comparison of the algorithms are achieved
by executing them on the identical networks. When this process is repeated 100 times, the
results given in Figure 5.2 are obtained. The frequency allocation part of the joint algorithm
is executed by 400 iterations (i.e., Z = 400). In the given 100 trials, JFPUA-I outperforms
PUA-II 90 times, where the average SINR increase is calculated as 0.78dB.

The effect of frequency allocation duration on the performance of JFPUA-I is also
investigated in the numerical analyses. Starting with Z = 2!, the iteration number is doubled
until Z = 2°. For each value of Z, JFPUA-I and PUA-II are compared 1000 times, and
the average SINR outperformance of JFPUA-I is shown in Figure 5.3. On the average of
1000 random trials, the performance of JFPUA-I gets better while the iteration number Z in
frequency allocation process is increasing. However, as Z increases, the performance of the
joint algorithm seems to have diminishing returns which can be observed by looking at the

slope of the curve.
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Figure 5.4. Performance comparison of PUA-II, JFPUA-I, PUA-III, and JFPUA-II

A more comprehensive simulation is carried out by running PUA-II, PUA-III, JFPUA-
I and JFPUA-II 50 times on the identical networks with the same initial conditions. Figure
5.4 shows the results of these numerical analyses. Recall that JFPUA-I and JFPUA-II are
respectively derived by merging PUA-II and PUA-III with the frequency allocation scheme
given in (5.20a). Similar to the results given in Figure 5.2, JFPUA-II outperforms the PUA-
IIT most of the times. It can also be seen in Figure 5.4 that, most of the times, JFPUA-I
results in a higher consensus value compared to the other algorithms. Lastly, the superiority

of PUA-II over PUA-III can also be observed in the figure.
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5.6. Chapter Summary

In this chapter, OFDMA femtocell networks where FBSs may serve more than one UE
are investigated. Under the SINR fairness constraint, it is shown that there is no feasible so-
lution for the noise free systems. Then, in order to increase the maximum achievable SINR
level, a frequency allocation scheme is proposed by using the Gersgorin disc theorem. Merg-
ing this scheme with the PUA-II and PUA-III, two joint frequency/power update algorithms
(JFPUA-I and JFPUA-II) are proposed. Finally, the performances of these joint algorithms

are illustrated with the numerical results.
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6. CONCLUSION

In this thesis, power and frequency allocation problems in femtocell networks are stud-
ied. Some preliminary information about graph theory and consensus algorithms, along with
the power control algorithms that constitute the basis of this thesis, are briefly discussed in
the first chapter. Then, we propose an alternative (PUA-I) for the well known power control
algorithm of Foschini-Miljanic. The PUA-I is theoretically and numerically shown to be
converging to a fair solution by overcoming the infeasibility issue that was present in the
algorithm of Foschini-Miljanic. Subsequently, PUA-I and the consensus based power con-
trol algorithm of Senel-Akar are adapted for the OFDMA femtocell networks where base
stations usually serve more than one user equipment. By theoretical and numerical analyses,
it is shown that these new algorithms, namely PUA-II and PUA-III, ensure the convergence

to a fair solution.

In order to increase the maximum achievable SINR in femtocell networks, a frequency
allocation scheme, which is based on the Gersgorin disc theorem, is proposed. Then, the
PUA-II and PUA-III are merged with this frequency allocation scheme for a higher conver-
gence level, and two new joint frequency/power update algorithms (JFPUA-I and JFPUA-II)
are proposed. By the numerical analyses, it is shown that the longer frequency allocation

part leads to the better performance of the joint algorithms.

In the future studies, the proposed algorithms are planned to be studied for cases where
the network model is time—varying in terms of the communication channels and topology.
Also, there still is room for improvement of the frequency allocation scheme proposed. Fi-
nally, the power control in partially connected networks stands as an interesting problem to

be studied.



50

REFERENCES

. Ericsson, Ericsson Mobility Report, November 2018,
https://www.ericsson.com/assets/local/mobility-report/documents/2018

/ericsson-mobility-report-november-2018.pdf, accessed on Feb. 25, 2019.

. Bendlin, R., V. Chandrasekhar, R. Chen, A. Ekpenyong and E. Onggosanusi, ‘“From
homogeneous to heterogeneous networks: A 3GPP Long Term Evolution rel. 8/9 case

study”, 45th Annual Conference on Information Sciences and Systems, 2011.

. Zhang, J. and G. D. 1. Roche, Femtocells: Technologies and Deployment, Chichester,
West Sussex, UK, Wiley, 2010.

. Zahir, T., K. Arshad, A. Nakata and K. Moessner, “Interference Management in Femto-

cells”, IEEE Communications Surveys & Tutorials, Vol. 15, No. 1, pp. 293-311, 2013.

. Saquib, N., E. Hossain, L. B. Le and D. 1. Kim, “Interference management in OFDMA
femtocell networks: issues and approaches”, IEEE Wireless Communications, Vol. 19,

No. 3, pp. 86-95, 2012.

. Lopez-Perez, D., A. Valcarce, G. D. L. Roche and J. Zhang, “OFDMA femtocells: A
roadmap on interference avoidance”, IEEE Communications Magazine, Vol. 47, No. 9,

pp. 41-48, 2009.

. Simsek, M., A. Czylwik, A. Galindo-Serrano and L. Giupponi, “Improved decentralized
Q-learning algorithm for interference reduction in LTE-femtocells”, Wireless Advanced,

2011.

. Chandrasekhar, V. and J. Andrews, “Spectrum allocation in tiered cellular networks”,

IEEFE Transactions on Communications, Vol. 57, No. 10, pp. 3059-3068, 2009.

. Wu, Y., D. Zhang, H. Jiang and Y. Wu, “A novel spectrum arrangement scheme for femto



10.

11.

12.

13.

14.

15.

16.

17.

51

cell deployment in LTE macro cells”, IEEE 20th International Symposium on Personal,

Indoor and Mobile Radio Communications, 20009.

Kang, X., R. Zhang and M. Motani, “Price-Based Resource Allocation for Spectrum-
Sharing Femtocell Networks: A Stackelberg Game Approach”, IEEE Journal on Se-
lected Areas in Communications, Vol. 30, No. 3, pp. 538-549, 2012.

Zhang, H., C. Jiang, N. C. Beaulieu, X. Chu, X. Wen and M. Tao, “Resource Allo-
cation in Spectrum-Sharing OFDMA Femtocells With Heterogeneous Services”, IEEE
Transactions on Communications, Vol. 62, No. 7, pp. 23662377, 2014.

Ngo, D. T., S. Khakurel and T. Le-Ngoc, “Joint Subchannel Assignment and Power
Allocation for OFDMA Femtocell Networks”, IEEE Transactions on Wireless Commu-
nications, Vol. 13, No. 1, pp. 342-355, 2014.

Davaslioglu, K., C. C. Coskun and E. Ayanoglu, “New algorithms for maximizing cellu-

lar wireless network energy efficiency”, Information Theory and Applications Workshop

(ITA), 2016.

Zhou, L., C. Zhu, R. Ruby, X. Wang, X. Ji, S. Wang and J. Wei, “QoS-aware energy-
efficient resource allocation in OFDM-based heterogenous cellular networks”, Interna-

tional Journal of Communication Systems, Vol. 30, No. 2, 2015.

Zahir, T., K. Arshad, Y. Ko and K. Moessner, “A downlink power control scheme for
interference avoidance in femtocells”, 7th International Wireless Communications and

Mobile Computing Conference, 2011.

Shen, Z., J. Andrews and B. Evans, “Adaptive resource allocation in multiuser OFDM
systems with proportional rate constraints”, IEEE Transactions on Wireless Communi-

cations, Vol. 4, No. 6, pp. 2726-2737, 2005.

Foschini, G. and Z. Miljanic, “A simple distributed autonomous power control algorithm

and its convergence”, IEEE Transactions on Vehicular Technology, Vol. 42, No. 4, pp.



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

52

641-646, 1993.

Senel, K. and M. Akar, “A Consensus-Based Coverage Algorithm For Self-Organizing
Femtocell Networks”, IEEE Communications Letters, Vol. 20, No. 1, p. 141-144, 2016.

Senel, K. and M. Akar, “A Distributed Coverage Adjustment Algorithm for Femtocell
Networks”, IEEE Transactions on Vehicular Technology, Vol. 66, No. 2, p. 1739-1747,
2017.

Senel, K. and M. Akar, “A fair downlink power control algorithm for femtocell net-

works”, 12th IEEE International Conference on Control and Automation (ICCA), 2016.

Senel, K. and M. Akar, “Performance analysis of a distributed power control algorithm
for shared and split spectrum femtocell networks”, Control Theory and Technology,

Vol. 14, No. 4, p. 314-322, 2016.

Ren, W., R. W. Beard and E. M. Atkins, “Information consensus in multivehicle coop-

erative control”, IEEE Control Systems Magazine, Vol. 27, No. 2, pp. 71-82, 2007.

Ren, W., “Consensus based formation control strategies for multi-vehicle systems”,

American Control Conference, 2006.

Binetti, G., A. Davoudi, F. L. Lewis, D. Naso and B. Turchiano, “Distributed Consensus-

Based Economic Dispatch With Transmission Losses”, IEEE Transactions on Power

Systems, Vol. 29, No. 4, p. 1711-1720, 2014.

Zheng, Z., S. Xie, H. Dai, X. Chen and H. Wang, “An Overview of Blockchain Tech-
nology: Architecture, Consensus, and Future Trends”, IEEE International Congress on

Big Data (BigData Congress), 2017.

Olfati-Saber, R., J. A. Fax and R. M. Murray, “Consensus and cooperation in networked

multi-agent systems”, Proceedings of the IEEE, Vol. 95, No. 1, pp. 215-233, 2007.

Plemmons, R., “M-matrix characterizations.I—nonsingular M-matrices”, Linear Alge-



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

53

bra and its Applications, Vol. 18, No. 2, pp. 175-188, 1977.

Zander, J., “Performance of optimum transmitter power control in cellular radio sys-

tems”, IEEE Transactions on Vehicular Technology, Vol. 41, No. 1, p. 57-62, 1992.

Slotine, J.-J. E., W. Li et al., Applied nonlinear control, Englewood Cliffs, NJ, Prentice
Hall, 1991.

Ren, W. and R. W. Beard, Distributed consensus in multi-vehicle cooperative control,

Springer, 2008.

Horn., R. A. and C. R. Johnson, Matrix Analysis; 2nd Edition, Cambridge University
Press, 2013.

Boyle, M., Notes on the Perron-Frobenius Theory of Nonnegative Matrices, 2015,
https:pdfs.semanticscholar.org/2321/c0d2df3b3427e746ec8c43fa4f633c88
fb9f . pdf, accessed on Mar. 12, 2019.

Pillai, S., T. Suel and S. Cha, “The Perron-Frobenius theorem: Some of its applications”,

IEEE Signal Processing Magazine, Vol. 22, No. 2, p. 62-75, 2005.

Albrecht, J., “Minimal norms of nonnegative irreducible matrices”, Linear Algebra and

its Applications, Vol. 249, No. 1-3, p. 255-258, 1996.

Kincaid, D. R. and E. W. Cheney, Numerical analysis: Mathematics of scientific com-

puting, American Mathematical Society, 2009.

Sevim, O. and M. Akar, “Consensus Based Power Update Algorithm for OFDMA-
Based Femtocell Networks”, 26th Mediterranean Conference on Control and Automa-

tion (MED), 2018.

Gleixner, A., L. Eifler, T. Gally, G. Gamrath, P. Gemander, R. L. Gottwald, G. Hendel,
C. Hojny, T. Koch, M. Miltenberger, B. Miiller, M. E. Pfetsch, C. Puchert, D. Rehfeldt,
F. Schlosser, F. Serrano, Y. Shinano, J. M. Viernickel, S. Vigerske, D. Weninger, J. T.



54

Witt and J. Witzig, The SCIP Optimization Suite 5.0, Tech. rep., Optimization Online,
December 2017.



