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Abstract

The unprecedented growth in the number of wireless devices and applications, along with the
advent of machine-type communication devices, has constrained current wireless networks. Vir-
tualized wireless network (VWN) has been recently envisaged to allow multiple service providers
to efficiently share the physical wireless communications infrastructure from the network oper-
ator. In a VWN, each service provider expects to have its allocated slice of wireless communi-
cations resources of the various infrastructure components (e.g., base-stations) in order to sup-
port its own end-users with different Quality-of-Service (QoS) requirements. VWN, therefore,
presents unique challenges specifically related to user association, dynamic resource allocation,
slice isolation and resource utility that must be addressed to make it practically effective. The
overall objectives of this work are to study and develop computationally efficient algorithms for
user-association (UA) and resource-allocation (RA) in multi-cell VWN:Gs.

To improve the network spectral efficiency, we study and formulate a joint UA and RA prob-
lem that assigns users to base-stations (BSs) and allocates power and sub-carriers to users for
sum-rate maximization, while satisfying the minimum rate reserved for each service provider
(slice). By employing successive convex approximation (SCA) and complementary geometric
programming (CGP), we convert this non-convex problem into the convex form, and develop a
computationally efficient solution. We also study and develop an efficient solution for UA and
RA in a multi-cell VWN with the aim of maximizing the transmit power efficiency, while still
preserving the slice isolation requirements. Simulation results demonstrate the performance im-
provement of the developed solutions as compared to the conventional approach of associating
users to BS based on the received signal-to-interference-plus-noise power ratio (SINR). We fur-
ther explore the resource allocation in a VWN with massive-MIMO BS to assign antennas and
pilot duration to users in addition to sub-carriers and power for sum-rate maximization while
maintaining slice isolation. Simulation results verify that the proposed scheme significantly im-
proves the feasibility of the VWN leading to a higher spectral efficiency.

Dynamic resource allocation algorithms in a VWN require knowledge of the channel state in-
formation for all users across all slices and base stations which effectively requires co-ordination
among the base stations. One potential solution to address the need for the co-ordination is the
use of a cloud radio access network (C-RAN). A resource allocation scheme is developed for
a C-RAN-based VWN that jointly assigns users to remote radio heads and baseband units, and

allocates power and antennas with the aim of maximizing the total sum-rate. Numerical results
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compare the performance of the VWN in terms of the spectral efficiency in both perfect and im-
perfect channel estimation scenarios with the proposed scheme. Finally, in order to maximize the
power efficiency of the VWN, non-orthogonal multiple access (NOMA) is considered. Specif-
ically, we study and develop a resource allocation scheme that allocates power coefficients to
users in all slices with the aim of minimizing the total transmit power while satisfying the rate
reservations of the slices. Through numerical results, it is shown that the proposed NOMA-based
scheme provides a significant improvement in power efficiency, as compared to the OFDMA-

based scheme.
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Sommaire

La croissance sans précédent du nombre d’appareils et applications sans fil, avec I’ascension des
machines communicantes, a faconné les réseaux sans fil actuels. De ce fait, les réseaux sans fil
de nouvelle génération doivent augmenter leur capacité et maintenir une latence réduite et une
grande efficacité énergétique pour supporter I’augmentation des appareils a fort débit de trans-
mission et a puissance réduite. La virtualisation sans fil est I’'une des architectures clé envisagée
pour les réseaux de nouvelle génération afin de répondre a ces exigences. Un réseau sans fil virtu-
alisé (VWN) présente des challenges uniques spécifiquement liés a 1’association des utilisateurs,
I’allocation dynamique des ressources et L’efficacité énergétique qui doivent étre adressés avant
que tel réseau ne devient pratique. L’objective de cette thése est d’étudier et de proposer des
schémas d’allocation de ressources qui répondent a ces défis dans un VWN.

Dans le but de maximiser I’efficacité spectrale du réseau, un schéma d’association d’utilisateurs
et d’allocation de ressource est développé pour une VWN multicellulaires basée sur I’OFDMA
qui assigne les utilisateurs aux BSs et alloue la puissance et les sous-porteuses afin de maximiser
le débit atteint par I’ensemble des utilisateurs, tout en assurant la réservation du débit minimal
pour chaque fournisseur de services. Un algorithme est présenté qui emploie des approxima-
tions convexes successives et la programmation géométrique complémentaire pour convertir le
probléme non-convexe a une forme convexe. De plus, afin d’améliorer la faisabilité du VWN,
un schéma a allocation de ressource pour une VWN a MIMO massif est proposé qui alloue les
sous-porteuses, la puissance, les antennes et la durée des pilotes aux utilisateurs dans le but de
maximiser ’efficacité spectrale. Les résultats numériques vérifient qui les schémas proposés
améliorent signifidmes la faisabilité du VWN conduisant a une meilleur efficacité spectrale.

Les algorithmes d’allocation dynamique des ressources dans un VWN exigent la connais-
sance de 1’état du canal pour tous les utilisateurs dans toutes les tranches et les stations de base.
Une possible solution pour répondre a la nécessité de maintenir efficacement la coordination en-
tre les BSs est I'utilisation d’un réseau d’acces de cloud. Un schéma d’allocation de ressource
est développé qui affecte jointement les utilisateurs aux stations radio et aux unités de bande de
base, et alloue la puissance et les antennes dans le but de maximiser le débit total. Les résultats
numériques comparent les performances du VWN en termes d’efficacité spectrale dans les deux
cas d’estimation parfaite et imparfaite du canal utilisant le schéma proposé. Finalement, afin de
maximiser I’efficacité en termes de puissance du VWN, un schéma d’acces multiple non orthog-

onal est appliqué. Précisément, un schéma d’allocation des ressources est développé qui alloue



les coefficients de puissance aux utilisateurs and toutes les tranches dans le but de minimiser la
puissance de transmission totale tout en satisfaisant le débit réservé aux tranches. A travers des
résultats numériques, il est démontré que le schéma proposé offre une amélioration significative

en termes d’efficacité énergétique, comparé au schéma OFDMA.
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Chapter 1

Introduction

1.1 Motivation

1.1.1 Wireless Networks: Trends and Challenges

The tremendous increase in multimedia applications and high-end communication devices like
smart phones over the last decade has driven the capacity demand for the currently deployed
wireless networks. As such, the future generation of wireless networks need to address a number
of challenges. First, with the proliferation of the high data-rate applications that have become
ubiquitous nowadays, there should be a huge increase in the data rate supported by the next
generation network. Secondly, with the advent of machine-to-machine type communications
and the Internet of Things (IoT), the future network will need to support devices that are not
only remotely controlled in real time but will also communicate with each other. This presents
the requirement for ultra low latency, sometimes of the order of sub-milliseconds, as well as
higher reliability beyond what the current network can support. Moreover, as usual, there is
the requirement to increase the energy and infrastructure efficiencies. At a high level, these

challenges and requirements can be succinctly listed as:

e Supporting very high data rates with better Quality of Service (QoS) in order to accommo-

date the ever-increasing data-intensive applications,

e Provisioning stringent latency and reliability requirements in order to support the critical

machine-to-machine type communication devices and the IoT,
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e Enabling network scalability with flexibility so that wide range of devices can be supported

with higher energy efficiency,
e Reducing the infrastructure and operational expenditure of the network.

Various techniques and architectural enhancements have been proposed in order to address
these challenges. One of the key aspects that has been recently promoted is the idea of dense
heterogeneous network (HetNet), which consists of multiple types of small cells in addition to
the traditional macro cells and is likely to become the dominant theme in the next-generation
wireless network. With the deployment of low-power nodes with smaller coverage area, higher
capacity density can be provided for dense areas through traffic off-loading of the macro cell to
the small cells. Moreover, the small cell network can be used to serve the coverage holes that
cannot be otherwise accommodated by the macro cells. In addition, the energy consumption of
the network is significantly reduced as well due to the deployment of low-power nodes.

An important technique envisioned for the next-generation network that can potentially ad-
dress the above challenges is massive MIMO where the base station (BS) employs low power
antenna arrays consisting of potentially a few hundred antennas that simultaneously serves multi-
ple users by relying on spatial multiplexing. By aggressively exploiting the spatial multiplexing,
the capacity gains with massive MIMO systems has been shown to be more than 10 times the
conventional systems. Moreover, through the coherent superposition of the waveforms emitted
by multiple antenna terminals at the intended users, significant improvement in energy efficiency
is achieved with massive MIMO.

Another key aspect in the evolution toward the next generation network is the idea of virtual-
ized wireless network (VWN) where the service providers lease the underlying physical network
from the network operator and share the available resources in order to provide service to their
end-users. Unlike the traditional network, the resources (spectrum, power) in a VWN are not
allotted on a fixed basis but rather dynamically allocated to the service providers by consider-
ing their requirements and channel conditions that can result in better infrastructure and spectral
efficiency while lowering the capital and operating costs as well. However, unlike the tradi-
tional macrocell network, due to the additional requirement of maintaining the isolation among
the service providers, the user association and dynamic resource allocation schemes require co-
ordination among the BSs in a VWN.

Cloud radio access network (C-RAN) is another key enabling technology for the next-generation

network that can leverage the cloud functionality in the baseband unit (BBU) and allows for co-
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ordination among the BSs. Basically, with the baseband processing moved to the cloud of BBUs,
there is the potential for deploying a central resource allocation scheme that has access to the
channel conditions of all users in the whole system and can increase efficient resource utilization.
Moreover, deployment of C-RAN allows for simple front-end remote radio heads (RRHs) with
the complex processing moved to highly efficient BBU pool, which serves the dual benefit of
enabling both scalability and energy efficiency in the network.

With these key enabling technologies, the next-generation network will be able to support
high data rate, low latency applications over a wide range of devices with a better energy effi-
ciency. Moreover, by leveraging the functionalities of VWN, the service providers will be able
to quickly come up in the market and start service provisioning to the end-users without hav-
ing to set up the entire physical network, which in turn improves the service provisioning to the

end-users as well.

1.1.2 VWN: Requirements

Virtualization, in the general sense, means the abstraction and sharing of the available resources
by multiple virtual entities. In the wired networks, virtualization has already been successfully
implemented, e.g., virtual private networks (VPNs) and virtual LAN in wide area networks.
Recently, virtualization has been proposed in the context of wireless networks and has gained
considerable research interest. A virtualized wireless network (VWN) allows multiple service
providers (called slices, hereafter) to lease the physical infrastructure from the network operator
in order to support their end-users. [1]. By sharing the common physical infrastructure among
multiple slices, the physical network is, in effect, decoupled from the end-user service provision-
ing. This ensures the maximum resource utilization in the network [2]. It also allows new service
providers to quickly start the service provisioning without having to setup and maintain the phys-
ical network while the network operator can focus on the network efficiency improvement and

maintenance aspects. The basic requirements of a VWN can be described as below:

e Isolation among slices: The basic idea in a VWN is to allow multiple slices to utilize the
physical infrastructure in order to provide services to their end-users in a reliable manner
regardless of the other co-existing slices. Hence, variations in one slice caused by dynamic
channel conditions and mobility of users should not affect the services provided to users
in other slices. Effective isolation among slices is a prime requirement in a VWN and has

been discussed in the literature. For example, [1] proposes a VWN scheme with slices
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requiring either bandwidth-based or slot-based reservations from the network operator so
that there is isolation among the slices. Similarly, [3] considers an approach with slices

having minimum bandwidth as well as power-based reservations.

e Dynamic resource allocation: Unlike the wired networks, the capacity in a wireless net-
work depends on the dynamic channel conditions, and thus, the resources allocated for the
slice should be dynamically updated in order to guarantee QoS to the end-users. More-
over, since the ultimate goal of the service providers is to effectively utilize the available
resources in order to maximize their revenue, efficient resource allocation is at the core
of their interests. To this end, a computationally simple and effective resource allocation
algorithm that can adaptively assign available resources to slices in order to meet their

requirements is essential.

e Mobility among slices: Apart from the traditional mobility of users from one geographical
area to the other within the same service provider, a VWN should support mobility within
slices, so that users can experience reliable QoS, and also, the available resources can be
utilized to the maximum [4]. In order to support this, advanced user association algorithms
are needed that allocate users to BS by not only considering the received SINR but also

taking into account the slice requirements including per-slice resource reservations.

1.1.3 VWN: User-Association and Resource-Allocation Issues

As noted, although a VWN is an extension of the concept of virtualization in the wired network,
there are a number of challenges that are unique for the wireless network. By considering the
above basic requirements, there are specific issues that must be addressed in order to practically
realize a VWN which are described next.

User association in a wireless network basically describes how the users are assigned to BSs.
In the conventional wireless networks, the basic metric used for user-BS association is the re-
ceived signal-to-noise-plus-interference ratio (SINR) that a user receives from the BS. With this
technique, a user is associated with a BS if the received SINR over a certain time interval is above
a pre-defined threshold [5]. Though this criterion is intuitive and simple to implement in order to
determine the user association in current networks, in a VWN, there are specific issues with this
approach. Unlike the current wireless networks, in a VWN, the physical infrastructure, namely

the BS and the backhaul network will be shared among the slices. Moreover, each slice has a
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specific resource reservation from the network and by simply assigning users to the BS with the
highest received SINR, the constraints on other slices may not be met leading to an infeasible
condition. Also, with a dense network and in the high-mobility users scenario, the conventional
technique based on received SINR may result in frequent handovers that impose overheads and
additional delays [5]. Thus, a dynamic user association policy is required in the VWN that not
only takes into account the received signal strength but also considers the isolation constraints of
the slices in the system.

One of the key motivations in implementing a VWN is to improve the spectral and energy
efficiency of the network [2]. With the current wireless network, since the physical infrastruc-
ture and spectrum are owned and operated by the service providers and there is no provision for
sharing the resources, the allocated resources to a service provider may not be fully utilized at
all times. With a VWN, however, the slices should be allocated spectrum and other resources
dynamically so that the resources are efficiently utilized [4]. However, in order to realize this,
a dynamic resource allocation algorithm is of utmost importance. Unlike the current wireless
networks, in a VWN, the resource allocation policy should not only focus on the overall spectral
and energy efficiency, but also the resource reservations of the individual slices in order to pro-
vide reliable QoS to the users [3]. Implementing a dynamic resource allocation algorithm that
considers all these aspects is a challenging task given the complexity in the optimization problem
involving the resource allocation. Various optimization techniques to convexify the resource al-
location problems and relaxation techniques are required to formulate computationally tractable
approaches.

In order to implement the user association and dynamic resource allocation algorithms in
a VWN, co-ordination among the BSs is required so that the algorithms can present efficient
solutions by considering the dynamic channel conditions of all users in the system. Moreover,
due to the computational complexity of the algorithms, higher processing capability is required
in the BS to implement them practically. In order to realize these, one potential solution is to
maintain a centralized processing unit that can effectively implement the algorithms and has
control over all the BSs. This can be realized by leveraging the cloud functionality through the
C-RAN architecture where the processing modules of the BSs are located in the cloud of highly

efficient BBU pool [6,7] that has access to the dynamic channel conditions of users in the system.
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1.2 Literature Survey

The work presented in this thesis addresses the user association and resource allocation in multi-
cell VWNSs. In this section, we will briefly present the literature review of the various topics
considered in this thesis while further detailed literature survey on each specific topic will be

presented in the introduction section of the corresponding chapter.

1.2.1 User-Association and Resource-Allocation

User association and resource allocation in wireless communications have been hot research top-
ics in the last couple of years. However, most of the research works were performed in the context
of traditional wireless networks, as VWN is a recently proposed concept. A number of recent re-
search works have addressed the issue of user association specifically in a heterogeneous network
(HetNet). Since dense HetNets are likely to become the dominant theme in the next-generation
network, conventional max SINR-based approach is unsuitable due to the higher transmit power
of the macro BS that forces users to associate with only the macro BS. In order to address this
issue, [8] considers a biased user association in HetNets where the received power from the small
cell to users is increased by adding a bias so that more users are associated with small cells in
order to maintain load balancing. However, this scheme leads to sub-optimal performance as
demonstrated in [9] due to the high interference experienced by users associated with the small
cell. [10] considers the dynamic user association problem to maximize the total sum-rate of all
users in the HetNet and verifies the performance improvement compared with the max SINR
approach. Moreover, in [11], a user association scheme is proposed for maximizing the user data
rate related utility that tries to maintain the load balancing in HetNet and ensures user fairness.
The original problem is relaxed to a fractional association problem and the problem is solved
using convex optimization theory. Also, [12] formulates the user association policy from the
user-centric view in a stochastic game where the users compete with each other so that they can
be served by the BS with the highest bandwidth resources. The algorithm is formulated using the
Markov decision process that tracks the long-term reward for the users which leads to a reliable
performance in the dynamic channel.

The user association approaches followed in the aforementioned works do not directly apply
to a VWN due to a couple of reasons. First, the user association problem in a VWN is different
than the traditional network due to the isolation constraint among slices that ensures the QoS

guarantee for users in all slices. Moreover, the problems considered in these works generally
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deal with only the user association with the BS and do not impose the constraint on the sub-
carrier allocation. However, in a practical network deployment with OFDMA as the multiple
access scheme, the users need to be allocated sub-carriers from the corresponding BS which has
an extra complexity of exclusive sub-carrier constraint within a BS. As per our knowledge, the
issue of user association in a VWN with OFDMA has not been considered in the literature.
Existing works on resource allocation in traditional networks have considered the problem of
sub-carrier and power allocation in an OFDMA network with an implicit assumption that user
association is performed using the max SINR approach. For instance, joint cell, channel and
power allocation in multi-cell relay networks is explored in [13], where each user is assigned to
the BS with the highest channel gain. [14] proposes a proportional fair resource allocation in a
multi-cell OFDMA network aiming to maintain the quality of experience of users by considering
a utility function based on the mean opinion score. A similar problem in OFDMA cognitive
radio networks is studied in [15], where an iterative algorithm is proposed to solve the sub-carrier
and power allocation problem with the aim of maximizing the spectral efficiency of the system.
In [16], a resource allocation algorithm is proposed for a two-cell downlink OFDMA network

with a fractional frequency reuse scheme between BSs.

1.2.2 Massive MIMO

Recently, the application of massive MIMO has been proposed for the next generation wireless
network in order to increase the spectral and energy efficiencies by making use of the degrees of
freedom gained from the large number of antennas [17]. There have been a lot of works focusing
on the resource allocation in a massive MIMO system. For instance, [18] presents the energy
efficiency achievable by a massive MIMO system and discusses various implementation issues
related to channel estimation, detection and precoding schemes in a massive MIMO system.
Since pilot duration is a significant parameter in the resource allocation problem in a massive
MIMO system due to the pilot contamination effect, some research works have addressed the
issue of formulating the optimal pilot duration. In [19], an optimal resource allocation algorithm
is proposed in a conventional wireless network with massive MIMO that computes the pilot sig-
nal power, data signal power as well as pilot duration by considering different transmit power
schemes for data signal and training signal transmission. Moreover, in [20], the maximum num-
ber of admissible users in a downlink pilot-contaminated time division duplexing (TDD) massive

MIMO system is derived and an algorithm is proposed to achieve the maximum individual user
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capacity. [21] considers the user association problem in a massive MIMO network and proposes
a centralized algorithm based on the network utility maximization. Moreover, the performance
of the proposed centralized scheme compared with a decentralized scheme where users connect
to BSs with a higher promised throughput demonstrates the improvement obtained from the cen-

tralized scheme.

1.2.3 C-RAN

As the C-RAN architecture has been recently proposed to leverage the centralized high process-
ing power of the cloud BBU pool, a number of works have addressed the resource allocation
problem by considering the limitations in a C-RAN network. The basic challenges in a C-RAN
network involve the limitations imposed on the fronthaul link that connects the RRHs with the
BBUs, the user association problem with the RRHs and the limitations on the maximum num-
ber of users supported by the BBUs. For instance, in [6], a resource allocation algorithm in a
C-RAN with limited fronthaul capacity is proposed by considering a cooperative transmission
scheme. Specifically, an optimal resource allocation scheme to minimize the total transmit power
in the downlink by considering the QoS constraint of each user is analyzed. Similarly, in [7],
the potential performance improvement as well as energy saving benefits of the C-RAN archi-
tecture has been demonstrated. In [22], the authors have proposed techniques to improve energy
and spectral efficiency by considering a cooperative transmission in a HetNet. Specifically, a
computationally efficient precoding scheme has been proposed that tries to reduce the associated
power consumption in the network. In [23], an algorithm based on relaxed integer programming
(RIP) to jointly associate users to RRHs in a C-RAN is proposed in order to increase the energy
efficiency. Specifically, the authors have considered joint user association and beamforming to
coordinate interference in the C-RAN and propose an algorithm that tries to maximize the energy

efficiency in the network.

1.2.4 Power Allocation in NOMA

Non-orthogonal multiple access (NOMA) has been recently explored as the potential scheme to
increase the spectral efficiency and to support massive connectivity in the future network. For
instance, [24] proposes NOMA in the context of the next-generation network and highlights the
limitations of OFDMA in massive user connectivity and optimal spectral efficiency. Since users

are allocated different power allocation coefficients in NOMA, computationally efficient power



1 Introduction 9

allocation algorithms are significant for the practical implementation. [25] proposes a NOMA
scheme with SIC at the receiver as the baseline receiver for robust multiple access. Basically, [25]
considers two schemes for power allocation, namely the fractional transmission power allocation
(FTPA) and the tree-search based transmission power allocation (TTPA). FTPA is similar to the
brute-force search where the user sets are selected to maximize the scheduling metric of sum-
rate. In order to reduce the complexity of brute-force search, TTPA is proposed where instead
of searching for all possible power combination ratios, the redundant ones are discarded during
the tree-search. Similarly, [26] considers the dynamic user selection and power allocation for the
users in the NOMA with multiple antennas at the BS. The authors propose an iterative algorithm
that tries to find the optimal user set that can be served by each beam and then formulate the
power allocation algorithm. Moreover, [27] proposes another user selection and power allocation
algorithm in NOMA-based system with multiple sub-carriers where users in each sub-carrier are
superimposed upon each other. The authors consider the greedy algorithm to assign users to
sub-carriers and then use the difference-of-convex (DC) programming approach to formulate the

power allocation algorithm within each sub-carrier.

1.2.5 Resource allocation in VWN

Resource allocation in VWN, though being a recently proposed technique, has received signif-
icant interest in the literature. Some of the earlier works have focused on the architecture and
the design considerations [1], [4], [28]. [1] describes the design and implementation of a network
virtualization substrate (NVS) that enables virtualizing the BS resources into slices that can have
different policies of resource and rate reservations from the network. Moreover, a dynamic slice
provisioning algorithm based on the utility function that assigns a penalty for the slices based on
their resource reservations is proposed. In [4], different aspects of VWN including resource dis-
covery and allocation as well as the research challenges have been discussed. Similarly, in [28],
the concept of wireless virtualization is extended to the LTE network by formulating a resource
sharing algorithm to enable the provision of slices. Moreover, as discussed in [29], virtualiza-
tion can be extended to the wireless spectrum by the provision of a spectrum virtualization layer
(SVL) below the physical layer which enables the sharing of the same RF front end on different
parts of the spectrum. Furthermore, in [30], interactions among slices, network operator, and
users are modeled as an auction game where the network operator is responsible for spectrum

management on a higher level, and each slice focuses on QoS management for its own users. As
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the slice-based reservations may not be satisfied sometimes due to the dynamically varying chan-
nel conditions, a novel admission control policy is proposed in [3] by considering the channel
state information (CSI) of users in each slice to support the QoS of users. In order to guaran-
tee resources to the slices while still maintaining efficient spectrum utilization, [31] proposes an
opportunistic algorithm to allocate the resources to virtual operators by differentiating the re-
source requirements among operators as baseline and fluctuate requirements which ensures that
the minimum required QoS is achieved in each virtual operator. In [32], the advantages of full-
duplex transmission relay in VWN is investigated. In [33], another resource allocation algorithm
is proposed by considering both time and space division multiplexing so that effective isolation

is ensured between virtual operators, while the resource utilization is optimized.

1.3 Research Contributions and Thesis Organization

Although virtualization of wireless network has its potential benefits and improvements, its prac-
tical realization is possible only after addressing the various technical challenges. In this thesis,
we explore various techniques of user association and dynamic resource allocation in a VWN.
In particular, as the resource allocation problem in a VWN is inherently complicated and com-
putationally intractable, we use various mathematical tools and convexification techniques to
approximate and propose the following efficient algorithms and solutions in different scenarios.

As discussed, user association and dynamic resource allocation in VWN is a challenging is-
sue and is significantly more complicated than in the traditional wireless network. Chapter 2
deals with this issue in a multi-cell OFDMA VWN by formulating the resource allocation prob-
lem that jointly associates users to BS and allocates sub-carriers and power while maintaining the
minimum reserved rate per slice. By using variable relaxation and various techniques like succes-
sive convex approximation (SCA), complementary geometric programming (CGP), we propose a
computationally efficient algorithm to maximize the total sum-rate of the system under the given
constraints. In order to verify the effectiveness of the proposed algorithm, via simulation results,
we compare the performance against the conventional max SINR approach that is used for user
association in the traditional networks.

One of the main requirements of a VWN is to maximize the power efficiency of the system. In
order to do so, in Chapter 3, we extend the user association and resource allocation problem in a
multi-cell VWN with the aim of maximizing the transmit power efficiency, while still preserving

the slice isolation requirements. Specifically, we consider the resource allocation problem that
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jointly associates users to BS and allocates sub-carriers and power with the objective of minimiz-
ing the total transmit power. Numerical results demonstrate the performance improvement of the
proposed algorithm compared to the conventional approach of associating users to BS based on
the received SINR.

As the current trend of the increasing data rate requirement suggests, the future network needs
to support a tremendous increase in the capacity. As such, we extend the resource allocation
problem in a VWN where the BS is equipped with massive MIMO in order to utilize the degree
of freedom gained from the large number of antennas. However, with massive MIMO, there
is increased complexity in channel estimation, which is performed using the pilot signals from
the users. In Chapter 4, we focus on the case where the channel estimation is imperfect due to
pilot contamination effect and formulate a resource allocation problem to dynamically allocate
sub-carriers, power, antennas as well as pilot duration to users in order to maximize the total sum
rate of the system. An iterative algorithm based on the dual decomposition method is proposed
and the performance of the proposed algorithm is compared with the scenario where the users are
allocated with fixed pilot duration.

Unlike the traditional network, the user association and resource allocation algorithms in a
VWN need to consider the channel state information of users in all slices. This is only possible
with the collaboration among the BSs during the resource allocation. However, with the current
system architecture, it may not be feasible to have very low latency backhaul links to connect
the BSs. This has led to the consideration of C-RAN, where the baseband processing units are
located in the cloud. In Chapter 5, we explore the resource allocation problem in a C-RAN VWN
by formulating a joint user association and resource allocation problem that associates users to
RRHs/BBUs and allocates power and antennas to users, to maximize the total sum rate of the
system. The performance of the proposed scheme is evaluated in both perfect and imperfect
channel state information (CSI) estimation scenarios.

Since non-orthogonal multiple access (NOMA) has been recently proposed as a promising
scheme to improve the spectral and energy efficiencies of the next-generation wireless network, in
Chapter 6, we consider the resource allocation problem in the downlink of a VWN with NOMA.
We propose a power-efficient algorithm that allocates power coefficients to users in order to min-
imize the total transmit power, while ensuring the isolation among the slices in terms of the min-
imum reserved rate per slice. Numerical results demonstrate the power efficiency improvement
achieved with the NOMA scheme as compared to OFDMA.

Finally, Chapter 7 presents concluding remarks and potential extensions of the research works.
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Chapter 2

Bandwidth-Efficient Joint User-Association
and Resource-Allocation in Multi-cell
VWN

This chapter addresses the user-association and resource-allocation problem in a multi-cell VWN
where users belong to different slices with each slice requiring a minimum reserved rate from
the network. We formulate a bandwidth-efficient joint user-association and resource-allocation
scheme that assigns users to BS and allocates the sub-carriers and power to maximize the total
achieved sum-rate of the network subject to the rate reservation per slices. The original problem
is converted into computationally tractable form using variable relaxation and complementary ge-
ometric programming (CGP). The simulation results demonstrate the performance improvement
obtained with the proposed iterative algorithm compared to the conventional max SINR-based

approach for user association. !

2.1 Introduction

In a virtualized wireless network (VWN), the physical resources of one network provider, e.g.,
spectrum, power, and infrastructure are shared among different service providers, also called
slices [1,4]. Generally, each slice comprises of a set of users, and has its own QoS requirements.

To harvest the potential advantages of VWN, effective resource allocation is a major concern

!Part of this chapter has been published in [34].

2016/09/25
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which has been addressed in a number of works.

For instance, in [1], a resource management scheme is studied by introducing two types of
slices, including rate-based and resource-based slices, where the minimum rate and minimum
network resources are preserved for each slice, respectively. Furthermore, in [30], interactions
among slices, network operator, and users are modeled as an auction game where the network
operator is responsible for spectrum management on a higher level, and each slice focuses on
QoS management for its own users. To preserve the QoS of slices from wireless channel fading,
the admission control policy is proposed in [3] where the requirement of each slice is adjusted
by the channel state information (CSI) of its own users. To extend the feasibility condition of
VWN in order to support diverse QoS requirements, [35] considers the use of massive MIMO
where the access point is equipped with a large number of antennas. In [33], the combination
of time, space and elastic resource allocation for OFDMA system is considered. Advantages of
full-duplex transmission relay in VWN have been investigated in [32].

Generally, these works have focused on analyzing the resource allocation problem in a single-
cell VWN scenario. However, in practice, the coverage of a specific region may require a set of
BSs, in a multi-cell VWN scenario. The key question in such a multi-cell VWN scenario is how
to allocate the resources to maintain the QoS of each slice, while improving the total performance
of VWN over a specific region. In this chapter, we consider a multi-cell OFDMA based VWN
where the coverage of a specific region is provided by a set of BSs serving different groups of
users belonging to different slices. The QoS of each slice is represented by its minimum reserved
rate. Each user of each slice can be only served by one BS and this BS is not predetermined by
the distance or by measuring the average received signal strength of BSs. Consequently, in this
setup, the resource sets in the related optimization problem involve the set of BSs, sub-carriers
and power for each user belonging to each slice.

In the problem considered in this chapter, the objective of proposed resource allocation prob-
lem is to maximize the total throughput of VWN in the specific region subject to power limita-
tion of BSs, minimum required rate of each slice, and sub-carrier and BS assignment limitations.
Based on the limitations of downlink OFDMA transmission, each sub-carrier can be assigned to
one user within a cell and each user can be associated to only one BS. Since in this optimization
problem, the sub-carrier assignment and BS association are inter-related, we introduce the user
association factor (UAF) that jointly determines the BS assignment and sub-carrier allocation as
the optimization variable vector. Due to this user-association constraint and the inter-cell interfer-

ence, the proposed optimization problem is non-convex and NP-hard, suffering from high com-
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putational complexity [36]. We apply the frameworks of complementary geometric programming
(CGP) and the successive convex approximation (SCA) [37—40] to develop an efficient, iterative,
two-step algorithm to solve the proposed problem. For a given power-allocation, the first step de-
rives the optimum user-association solution, and subsequently, with this obtained user-association
solution, the second step finds the optimal power allocation. This 2-step optimization process is
repeated until convergence. It can be shown that the simplified problem of each step still involves
non-convex optimization problem. By applying various transformation and convexification tech-
niques, we develop the analytical framework to transform the non-convex optimization problems
encountered in each step into the equivalent lower-bound geometric programming (GP) prob-
lems, [39], which can be solved by available software packages, e.g., CVX [41].

Simulation results demonstrate that the proposed approach can significantly outperform the
traditional scenario where the BS assignment is based on the largest average SINR, and sub-
sequent sub-carrier and power allocation is derived for the users of each cell. The simulation
results reveal that considering UAF can increase the feasibility of resource allocation problem
(the required rate of each slice will be satisfied with a higher probability as compared to the tra-
ditional approach). Specifically, the proposed algorithm can significantly increase the probability
of achieving higher rates for the cell-edge users, resulting better coverage for the VWN.

The rest of this chapter is organized as follows: Section 2.2 presents the system model con-
sidered in this problem along with the problem formulation. The proposed algorithm is discussed
in Section 2.3 followed by Section 2.4 where we present the numerical results with concluding

remarks in Section 2.5.

2.2 System Model and Problem Formulation

We consider the downlink transmission of a VWN where the coverage of a specific area is pro-
vided by a set of BSs, i.e., L = {1,..., L}. The total bandwidth of W Hz is divided into a set
of sub-carriers, N’ = {1, ..., N} and shared by all BSs through orthogonal frequency-division

multiple-access (OFDMA). The bandwidth of each sub-carrier, i.e. is assumed to be much

w
b N 9
smaller than the coherent bandwidth, W, of the wireless channel so that the channel response in
each sub-carrier is flat. This set of BSs serves a set of slices, S = {1,...,5}, where the slice
s has a set of users s = {1,..., K} and requests for a minimum reserved rate of R®™ and
K =} . K, is the total number of users. An illustration of the system model with 3 BSs is

presented in Fig. 2.1.
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Let hy 1, » and P, ,, be the channel power gain (also representing the channel state informa-
tion (CSI))), and the allocated power, respectively, of the link from BS [ € L to user k; of slice
s on sub-carrier n. Due to the OFDMA limitation, each user is assigned to one BS, and to avoid
intra-cell interference, orthogonal sub-carrier assignment is assumed among users in a cell. The
binary-valued user association factor (UAF) a4, , € {0, 1} represents both sub-carrier alloca-
tion and BS assignment indicator for user k; of slice s on sub-carrier n of BS [, i.e., oy, ., = 1
when BS [ allocates sub-carrier n to user k;, and oy, ,, = 0, otherwise.

Consider P = [Plvk87”]Vl,s,k5,n and o = [alkam]VLs,ks,n as the vectors of all transmit powers

and UAFs of users, respectively. The rate of user k, at sub-carrier n of BS [ can be expressed as

B ol o
Rip,n(P) = logy |14 —=r=mett | -
Lken (P) Og?[ + a2+fz,ks,n} o

where

Lijon = E E E Py s nhi g

VI'EL I ALVSES VK, EK s k! #ks

is the interference to user k, in BS [ and sub-carrier n, and o2 is the noise power. Without loss
of generality, noise power is assumed to be equal for all users in all sub-carriers and BSs. From

(2.1), the required minimum rate of slice s € S can be represented as

C2.1: Z Z Z al,ks,an,ks,n<P) > R;SV,VS €S.

leL kseKs neN

We consider the maximum transmit power limitation of each BS as

C22: > Y N Pp.<P™, VieL

sES kseKs neN

where P"* is the maximum transmit power of BS [. Furthermore, the OFDMA exclusive sub-

carrier allocation within each cell [ can be expressed as

C23: > Y apa<l, VIEL VneN.

seS ks E’Cs

In this setup, due to the limitation of multi-cell OFDMA, we restrict the access of each user by
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= Useful signal

-------- » Interfering signal from B User in slice 1

other BSs
D User in slice 2

Fig. 2.1 [Illustration of a multi-cell VWN with BSs serving users of different slices

the following constraint

C24: [ ][ DD awra] =0, Vk €K, Vs€S, VIEL
neN VI'#£l neN

C2.4 implies that each user can be associated to only one BS. More specifically, C2.4 ensures
when any sub-carrier n is assigned to user ks by BS [, that user would not be assigned any sub-
carriers by other BSs /’.

The joint power, sub-carrier and BS assignment can be formulated as

Iglfllgiz Z Z Z kg n Ry n(P), (2.2)

leL seS kseKs neN
subject to: C2.1 - C2.4.

The optimization problem (2.2) has a non-convex objective function due to inter-cell interference
and involves non-linear constraints with combination of continuous and binary variables, i.e.,
P and «. In other words, (2.2) is a non-convex mixed-integer, NP-hard optimization problem
[36]. Therefore, proposing an efficient algorithm with reasonable computational complexity is

desirable.
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2.3 Two-step Iterative Algorithm for Joint User-Association and

Resource-Allocation

Algorithm 2.1 : Iterative Joint User-Association and Resource-Allocation Algorithm
Initialization: Set ¢ = 0, and P(¢ = 0) such as power in each sub-carrier of BS [ is P /K.
Repeat: Sett =1t + 1.

Step 1.A User Association:
Initialization for Step 1.A: Set t; = 0, «(t1) = a(t), P(t;) = P(¢) and set arbitrary initial
for sy, »(t1).
Repeat: Sett, =t + 1.
Step 1.A.1: Update Ay s, (t1), &5, (t1)s Voo (t1)s Mike,n (1) and @y, »(t1) using
(2.5)-(2.8) and (2.15)-(2.17),
Step 1.A.2: Find optimal UAF in (2.14) using CVX [41]?,
Until ||a*(t1) — a*(t1 — 1)|| <eq,
set a(t) = a*(ty).
Step 1.B Power Allocation:
Initialization for Step 1.B: Set ¢, = 0, a(t2) = a(?).
Repeat: Setty = t5 + 1.
Step 1.B.1: Update x; 1, ,(t2), ko(t2) using (2.22),
Step 1.B.2: Find optimal power allocation according to (2.23) using CVX [41,42]
Until ||P*(t2) — P*(tg — 1)H < &9,
set P(t) = P*(t2).
Until ||a*(t) — a*(t — 1)|| < e, and ||[P*(t) — P*(t — 1)|| < eo.

To tackle the computational complexity of (2.2), we adopt the iterative approach to iteratively
find the UAF and power allocation for each user in two steps as shown in Algorithm 2.1. In
the first step, for a given power allocation vector, the UAF is considered as the variable of the
user-association problem and solved by sub-algorithm 2.1.A (to be discussed in detail in Section
2.3.1).

This derived UAF is then used in in the second step to find the corresponding allocated power
as the solution of the power-allocation optimization problem by sub-algorithm 2.1.B (to be dis-
cussed in detail in Section 2.3.2). Both these steps are iteratively executed until both the current
UAF and power allocation vector solutions are not much different from their values obtained

in the previous iteration. In other words, the sequence of the UAF and power allocation vector

2CVX chooses its own initialize value for vector a [41], which is applied for our algorithm to check the conver-
gence condition.
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solutions can be expressed as

a(0) > P0)—...a*(t) = P(t) » o =P, (2.3)
Initialization Iteration ¢ Optimal solution

where ¢t > 0 is the iteration number and a*(¢) and P*(¢) are the optimal values at the itera-
tion ¢ from convex transformation of related optimization problems in each step. The iterative

procedure is stopped when
la*(t) — o (t = 1| < ey and [[P*(1) = P*(t = 1) < e

where 0 < gy < land 0 < g9 < 1.

Notably, both the user-association and power-allocation optimization problems are still non-
convex and suffer from high computational complexity. To solve them efficiently, we apply
complementary geometric programming (CGP) for each step [39] in which via different transfor-
mations and convexification approaches, the sequence of lower bound GP based approximation

of relative optimization problem is solved as described next.

2.3.1 User-Association Problem

At the iteration ¢, with given P(¢), we formulate the following user-association optimization

problem to maximize the sum rate,

max DD aknRika(P), (2.4)

leL sES kseKs neN
subject to: 62.1, C2.3,C24,

where R, ., »,(P(t)) is computed by (1) with P(¢) and

C21:) > > apalira(Pt) > R, Vs € S.

leL kseKs neN

In (2.4), the only optimization variable is «, and therefore, (2.4) has lower computational
complexity than (2.2). However, it still suffers from the integer optimization variable . In
addition, due to C2.4 and the objective function, (2.4) is still a non-convex optimization problem.

To overcome the computational complexity of (2.4), we follow the following steps: We first relax
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the UAF variable to be continuous as oy x, », € [0, 1]. Then, we apply the technique as described in
Proposition 1 to convert (2.4) into the GP formulation by transforming C2.4 into its related linear
constraints, and the objective function to the monomial function from Proposition 2. Specifically,
to have a standard GP formulation, the equality constraint in C2.4 should only involve monomial
functions. In the following, we first relax C2.4 and then apply iterative AGMA approximation
(as shown in (A.1.9) and (A.1.10) in the Appendix) to get the monomial approximation for C2.4.

Proposition 1: At iteration ¢, in solving (2.4), define x4, (t1) = > ,cp Qkon(t1) and
Uk (1) = D icr 2 onen Qkon(t1). C2.4 can be approximated by the following constraints.

C2.4.1: 2 () 4 2, () ye, () 2 (1) <1, Yk, €Ky, s€ S, VI €L,
—&1ks (1)
1 =1k (t1) {x?k(h)} Sks
C2.4.2: — () x| <1, VkseKs VseS, Vi,
Sy LI Ol vy .
Mkam (tl —V kg,n (t1)
C2.4.3: i (t) [ ] =1, Vk,eK,, seS,VleL,
nen LYK, n(t)
g (t1> —N1 kg ,n (t1)
C2.4.4: Yk, (t1) H [ > } =1, Vk, €K, seS,VvielL,
leLneN Mksm (tl)

where z; ., (t1) is an auxiliary variable, and,

1
Mg (t) = , 25
() o (b — 1) +1 )

2
iy, (1 — 1)
(1)) = —ths , 2.6
&k, (1) 2o D41 (2.6)
gt — 1)

(ty) = bk o 2.7
e ) = St~ 1) =7
W n(ts — 1) 2.8)

nl7kS7 (t ) Y
' Zleﬁ ZneN QA ks, ( 1= 1)
forall k, € K,, s € S,and VI € L.

Proof: From the definition of x;,(¢1) and v, (¢1), C2.4 can be rewritten as for all k, € I,
se€Sandl e L,

Ty g, (t1) [Yk, (1) — 218, (81)] = 0, (2.9)

which is not a monomial function. (2.9) can be rewritten as @y, (t1)ys, (t1) = 27, (t1) and by
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adding 1 to both the left and right hand sides, we have @y, (t1)yk, (t1) + 1 = 1 + 27, (t1) for all
ks € Ks, s € S,and [ € L. We define z;; (t1) > 0 as an auxiliary variable to relax and convert

(2.9) into the posynomial inequalities as follows [37]

T, (1) yk, (1) + 1 < 218, () < 142y (1), Yk €K, Vse S, Vel (2.10)
The above inequalities can be written as

ik, (T)yr, () +1 ZAGYES .
21k, (t1) T Itag () T

Now, the above constraints can be approximated using AGMA approximation as

C2.4.1: Zl s (tl) + HON™ (tl)yk (tl) (tl) 1 (2.11)
1 ik, {fz L } —ay g, (t1)
C2.4.2: 2z (t 2 2.12
l,ké( 1) [)\17]4;3 (tl)} k. tl ( )

z2 (t1—1)
where ;. (t1) = Wl—l)—i-l and ax, (t1) = Wil)ﬂ Now, C2.4 can be replaced by the

following constraints

C2.4.1:  zy (t) 4 xye, () e, (1) 2 (B1) < 1,
ik, (tﬁ}—al’ks "

C2.4.2: 2 (b)) [1/ A, (12)] () { <1,
i, (f1)
62.4.3 : €y, k Z Al ko n tl
neN
6244 : Yk, tl Z Al ko tl
leLneN

Note that via (2.10), the positive condition for the constraints of GP is met [43]. However, the
equality constraints in C2.4.3 and C2.4.4 are not monomial functions since we have Ty, (t1) —
D onen Qkon(t) = 0and yp, (t1) =D r en Qb n(ti) = 0, and, they have negative constraints.
To convert C2.4.3 and C2.4.4 to the monomial functions, we again apply AGMA approximation
as
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L, n(tl) —Vl kg (t1)
C243: . (t) [ ) =1, (2.13)
neN Visksn\t1

244y () ] [O‘”“é ((tl) =1

:|_77lksnt1)
teLmen L ks ty)

where vy i, »(t1) and 1k, »(t1) are defined in (2.7) and (2.8), respectively.
O

Based on C2.4.1-C2.4.4, C2.4 is transformed and represented by the approximated mono-
mial equalities and posynomial inequalities. Next, we show how we can transform the objective
function into the monomial function to reach the GP-based formulation for (2.4).

Proposition 2: Consider the auxiliary variable xy > 0 and =; > 1. The user association

problem (2.4) at each iteration ¢; can be transformed into the following standard GP problem

min xo(t1), (2.14)

a(t), zo(t1),21,ks (t1),21, ks (1)U, (t1)

subjectto: (C2.4.1-C2.4.4,
—co(t1) —Ckg,n(t1)

=, ro(tl)} 11 {Oél,ks,n(tl)Rl,ks,n(P(t))} -1

co(th) CLion(t1) -

1eL,sES ksELs,nEN

C n(t R n P(t —Pl ks (t1)
C2.1.1: R;SV > H [al,ks7 ( 1) 1,ks, ( ( )):| <1 vses.
leL kseKs,neN Spl,ks,n(tl)

C23.1: > > apalt) <1, VIELVneEN,

s€S kseKs

where

Prian(h) = st = 1) Ry, n(P(1)) |
B Y e Yokek, Sonew Aty — 1) Ri n(P(2))
Cpn(ty) = A gon(tt — 1) Ry, n(P(2)) |
s, Doty — 1) + D 1cr D ses 2omek, 2omens Wkan(tt — 1) Rig n(P(2))

co(t1) = Zolth — 1) :
oty = 1) + Xier Doses 2ok, 2anen Uksn(ts = 1) Rig, o (P(2))

Vs e S, (2.15)

(2.16)

(2.17)
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Proof: To reach the GP based formula for (2.4), we should have minimization over the objective

min 257 3 D" ~ons B (P)).

leL seS kscKsneN

function, i.e.,

Clearly, we have negative elements on the objective function similar to our general formulation
of Appendix (A.1.8). To meet the positive conditions of objective function in GP, we consider

=1 > 1 and rewrite objective function as

=Y ) YD augn(t) Rup a(P(2)

leL s€8 kseKsneN

[1]

which is always positive. Then, consider a positive auxiliary variable z(, and rewrite the objective
function with this new auxiliary variables
=1

< 1. (2.18)
To + Zleﬁ ZSES stelcs ZnEN al,ksm(tl)Rl,ks,n(P(t))

Now, (2.18) can be rewritten as the product of monomial functions based on the AGMA (dis-

cussed in Appendix A.1.2) as

Co(tl) Clk n(tl)
T Q. n(t1) Ry (P2 s
[ 0 :| | | [ Lk, ( 1) l,ks, ( ( )) < 1’ (219)

colt C
0( 1) 1€L,5€S ks s ,nEN Lks,n(tr)

where ¢; ., (t1) and ¢o(t;) are updated from (2.16) and (2.17), respectively. Therefore, the total
optimization problem can be transformed into (2.14).
]

Now, at each iteration, the optimization problem can be replaced by its GP approximation in
(2.14). Tteratively, (2.14) will be solved until achieving the optimal value of UAF value as shown
in Step 1.A of Algorithm 2.1.

Proposition 3: With AGMA, the above mentioned approach (Step 1.A) converges to a locally

optimal solution that satisfies the KKT conditions of the original problem.

Proof: In [38], it is shown that the conditions for the convergence of the SCA are satisfied and
guarantee that the solutions of the series of approximations by AGMA converges to a point that

satisfies the KKT conditions of 2.4, i.e., a local maximum is attained [44]. O
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2.3.2 Power-Allocation Problem

For a given set of UAFs obtained from Step 1.A, the optimization problem can be formulated as

max >33 Y akn®)Rig, o (P(t2)) (2.20)

leL s€S ks€KsneN
subject to:

C212: > Y ()R a(P(t) > R, Vs €S,

leL kseKs neN

C222: > > Pyt <P™, VIeL,

SES ks€Ks neEN

where ?, is the iteration index. Due to interference in the objective function of R, ,(P(t2)),
(2.20) is a non-convex optimization problem. In order to approximate it to the corresponding GP

form, first, we rewrite the objective of (2.20) as

max 11 Yikom (P(t2)) (2.21)

P(t
(t2) 1€L,sES k€ s nEN

where )
0% D n(t2) + Py n(t2) Mg n

2(P(t2)) = ’
Vi,ks, ( ( 2)) o2 -+ Il,ks,n(t2)

Iy n(t2) = Z Z Z P g n(t2) Mgy, -

VIELVALVSES Vi, EK s KAk

Now, using AGMA, kls,n(P(t2)) can be approximated as

-~ 0_2 —I‘Co(tZ) P[ ks n(tz)hl ks . _Rl,ks,n(tZ)
Vkon(P(t2)) = (0% + I n(t2)) <)) H ( e ) ) ;

K,o(tZ Viskon Kiks,n (t2)

where

— Plyk?s,n(t2 - 1)hl,k5,n
0%+ Zleﬁ,kselcs,ses Plvk87n(t2 - 1)hl,ks,n7

0.2

B 0-2 _'_ ZSE,C,ICSGICS,SES Pl7k57n(t2 - 1)hl7k87”’ .

(2.22)

Iio(tg)
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Consequently, (2.20) is transformed into the following standard GP problem

min 1T Ao (P(t2)) (2.23)
(¢2) leL,s€8 kses,neN
subject to:

c212: [  Awa®P) <27, Vses,

1L, ks€EKs,nEN

C222:3 > > Pualt) <P™, VieL,

s€S ks€Ks neN

The overall optimization problem is iteratively solved as described in Step 1.B until the power
vector converges, i.e., ||P(t2) — P(ty — 1)|| < g9 where 0 < g5 < 1. Note that Proposition IIT
holds for Step 1.B.

2.4 Numerical Results and Discussions

2.4.1 System Parameters

We consider a multi-cell VWN scenario with L = 4 BSs and N = 4 sub-carriers serving S = 2
slices in a 2 x 2 square area. The 4 BSs are located at coordinates: (0.5, 0.5), (0.5, 1.5), (1.5, 0.5)
and (1.5, 1.5). The channel power gains are based on the path loss and Rayleigh fading model,
ie, hyp.n = thsmdl_,,gs where ( = 3 is the path loss exponent, d;;, € [0.1, 1] is the distance
between the BS [ and user &, normalized to the cell radius and x; x, , is the exponential random
variable with mean of 1 [45]. We use the noise power in a sub-carrier bandwidth as reference
(i.e., normalized to 1 or O dB) and hence express transmit power or interference power in dB
relative to noise power. For all of the simulations, we set =, = 107 and &; = 107, g5 = 107°.
In all of the following simulations, for each realization of network, when there exists no feasible
solution for the system, i.e., C2.1-C2.4 cannot be hold simultaneously, the corresponding total
rate is set to be zero. The simulation results are taken over the average of 100 different channel
realizations. For all the following simulations, we set R = R>" for all s € § and P> = P™*
foralll € L.
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2.4.2 Reference Resource-Allocation Algorithm 2.2

For performance comparison, we take as reference, the traditional SINR-based joint sub-carrier
and power allocation algorithm as summarized in Algorithm 2.2. Under the SINR criterion, the
users are assigned to the BSs that yields the highest average received SINR. In this case, the

resource allocation problem is formulated as

IB%ZZ Z Z & o Bieen(P) (2.24)

1L sES kseKs nEN
subject to: C2.1 - C2.3,

where &' = [ ;. . Jvik.n and 7, shows the sub-carrier allocation of user k, on sub-carrier n
when it is allocated to the BS [. Clearly, (2.24) is still highly non-convex. In order to show the
importance and effects of defining UAF in this context, we apply the similar approach based on
CGP to solve (2.24). In other words, Algorithm 2.2 is based on CGP and similar to Algorithm 2.1,
except that, in Algorithm 2.2, (2.14) contains only C2.1-C2.3, i.e., C2.4 is removed, since BS-
user association is based on the highest average received SINR. When the sub-carrier assignment
is solved, the optimal power is derived from Step 1.B similar to Algorithm 2.1, for (2.24). This
iterative algorithm is terminated when the convergence conditions are met as summarized in
Algorithm 2.2.

Algorithm 2.2 Reference Resource-Allocation Algorithm
Initialization: Set t3 = 0, BS assignment: user k; is assigned to BS [ based on the average
received SINR.
Repeat: Sett3 = t3 + 1.

Step 2.A: Compute o' *(3) by using Step 1.A of Alg. 2.1 except that the BS is assigned based
on the signal strength.

Step 2.B: For a fixed '*(t3), find the optimal power allocation P’(Z3) by using Step 1.B of
Alg. 2.1.
Until || (t3) — a*(t5 — 1)|| < &1 and |[P*(t3) — P*(t5 — 1)|| < eo.

2.4.3 Evaluation of Algorithm 2.1 and Algorithm 2.2

Primarily, we evaluate and compare the total rates achieved by Algorithm 2.1 and Algorithm
2.2 versus the number of sub-carriers and maximum transmit power in Figs. 2.2a and 2.2b,

respectively. We set K, = 4 and the 8 users in 2 slices are randomly located in the 2 x 2 square
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area according to a uniform distribution. The results in both Figs. 2.2a and 2.2b indicate that
Algorithm 2.1 considerably outperforms Algorithm 2.2 for different values of 2", N and P"**.

From Fig. 2.2a, it can be observed that the total rate is increased by increasing the total num-
ber of sub-carriers, IV, due to the opportunistic nature of fading channels in wireless networks. As
expected, with increasing ™, the total achievable rate is also increased as shown in Fig. 2.2b.
Both figures indicate that by increasing the value of R[Y, the total rate decreases because the
feasibility region of resource allocation in (2.24) is reduced leading to less total average achieved
rate. However, from Fig. 2.2b, increasing R:" has considerable effect on the performance of Al-
gorithm 2.2 as compared to Algorithm 2.1. It can be interpreted as Algorithm 2.1 can efficiently
control interference between different cells compared to Algorithm 2.2. Therefore, the chance of

feasible power allocation for larger values of 27" is increased by Algorithm 2.1.
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1=0-" Alg. 2.2, R"™'=0
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Fig. 2.2 Total rate versus (a) number of sub-carriers, K, and (b) maximum transmit

power per BS, P™® (in dB)

Total Rate (bps/Hz)

To study this point further, we consider the rate-outage probability of C2.1, expressed as

Pr(rate-outage) :Pr{z Z Z agonBip.n(P,a) <R} VseS.

leL kseKs neN

Via Monte Carlo simulation, we compute Pr(rate-outage) of both Algorithm 2.1 and Algorithm
2.2 for the above-mentioned simulation setting, as depicted in Fig. 2.3a with N = 8 and

PP = 40dB for all I € L. The results demonstrate that as the rate reservation per slice

44



Bandwidth-Efficient Joint UA and RA in Multi-cell VWN 27

RYY increases, the rate-outage probability of both Algorithm 2.1 and Algorithm 2.2 increases.
However, Algorithm 2.2 has larger rate-outage probability compared to the outage probability of
Algorithm 2.1, implying that the feasibility region of Algorithm 2.2 is smaller than that for Al-
gorithm 2.1. On the other hand, Algorithm 2.1 can efficiently manage interference in the specific
region between different cells as compared to Algorithm 2.2. It is mainly because Algorithm 2.1
has more degrees of freedom to choose the BS and allocate the sub-carriers among users of dif-
ferent slices while the BS assignment is predetermined in Algorithm 2.2. Therefore, the achieved
rate of Algorithm 2.2 is less than that of Algorithm 2.1. With increasing R.Y, the rate reduc-
tion of Algorithm 2.2 is greater than that of Algorithm 2.1, since Algorithm 2.2 cannot manage
the interference between different BSs. Hence, Algorithm 2.2 cannot satisfy the minimum rate

requirements of slices, leading to reduced VWN efficiency.

B | | ‘ 14 _‘
‘== Alg. 2.1 e 22
-0 -Alg. 22
i I *-
_______ =
. | 5
g . : :
3 10 g2 —mimiml o= \\ 2
{wps e N :
N hS g
Y g
Y &=
\\/ 3
Yo
10 ‘ ; ‘ |
3 25 2 15 1 05

Rate reserved per slice, R

(a)

rsv

. rsv
Rate reserved per slice, R™

(b)

Fig. 2.3 (a) Outage probability, and (b) total rate versus R™Y

For the same setup, in Fig. 2.3b, the total rate of Algorithms 2.1 and 2.2 are plotted for
different values of IZ3V. Fig. 2.3b clearly shows that Algorithm 2.1 yields higher rate than
Algorithm 2.2. Note that in all the simulation results, when the problem is infeasible, i.e., there
is no power and sub-carrier vectors that can meet the constraint C2.1 for all s € S, the achieved
total rate is set to zero. These simulations highlight the importance of introducing UAF as the
joint BS assignment and sub-carrier allocation in the multi-cell wireless networks to manage and

control the interference between different cells.
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Fig. 2.4 Illustration of network setup to investigate the coverage of multi-cell VWN

2.4.4 Coverage Analysis

In any cellular network, the coverage can be measured by SINR or achieved total rate of users at
the cell boundaries. To study the performance of Algorithm 2.1 in terms of coverage, we consider
the simulation setup similar to Fig. 2.4 where the majority of users are located in the cell-edge
region, consequently, these users experience high interference from other BSs. Therefore, the
achieved rate of each user is decreased, which can be considered as the worst-case scenario of
coverage analysis.

The cumulative distribution function (CDF) of the total throughput of cell-edge users and cell-
center users are depicted in Figs. 2.5a and 2.5b, respectively, for both Algorithms 2.1 and 2.2. It
can be seen that Algorithm 2.1 outperforms Algorithm 2.2 for the cell-edge users where 50% of
users in the cell-edge achieve a rate of 2.5 bps/Hz by Algorithm 2.1, and around 1.5 bps/Hz via
Algorithm 2.2. However, the performance of both algorithms are similar for the cell-center users.
It is because via user-association in Algorithm 2.1, the interference among different cells can be
controlled while Algorithm 2.2 cannot control the interference through the connectivity of users
to different BS and it is pre-determined by the received SINR of reference signal. In other words,
Algorithm 2.1 can provide better coverage for cell-edge users for multi-cellular VWN which is

desirable from implementation perspective.



Bandwidth-Efficient Joint UA and RA in Multi-cell VWN 29

1 i i i T T e aaae 1 . . . . . P et ke

-’ | | | | en st T

09" e ] 09,,,,\,,,\,,,,\,,,\,,ﬂt‘i,,\,,,\,,,,
: ! - | | | XA | |
08 S ::‘ Ale. 2.1 0.8 | | | )r!-"" | | |

O S CO g. 2. £ e e
4 - - Alg.2.2 | | | ,':'\ | | |

0.7+ ’ 8. 2 0.7***4***\**7+'L,i7\77—+——__-Alg_z_l
. I I L3 | |
0.6l ! 0.6,,,J,,,\,,ﬁ'#';,,\,,,i,, - - Alg. 2.2

| | * il | | 1 1
= U 3 | [ | | | |

chal . SMIT T

) r 5
o oS -
+ § 4

03 |
¢ 4 | | | | | |

02 S 1 02—
S 3 | | | | | |

0.1 P 1 0.1**’4'%***\***f***\***T**ﬂ***t***
’ | | | | | | |
0 ey i i i i i i ; 0-1” | | | | | I I

0 05 1 15 2 25 3 35 4 45 5 2 4 6 8 10 12 14 16

Throughput (bps/Hz) Throughput (bps/Hz)
(@) (b)

Fig. 2.5 Rate distribution for (a) cell-edge, and (b) cell-center users

The performance is further investigated with respect to the number of users in the cell-edge in
Figs. 2.6a and 2.6b. Algorithm 2.1 can consistently improve the performance of cell-edge users
and maintain desirable rate of each slice regardless of the user deployment density as compared
to the Algorithm 2.2. For instance, with ' = 18, for the uniform user distribution, the total
rate is increased by 57% from 7 bps/Hz (by Algorithm 2.2) to 11 bps/Hz (by Algorithm 2.1) for
cell-edge users and by 33% from 24 bps/Hz (by Algorithm 2.2) to 32 bps/Hz (by Algorithm 2.1)
for cell-center users. For non-uniform user distribution, when K = 32, the rate is increased by
71% from 7 bps/Hz (by Algorithm 2.2) to 12 bps/Hz (by Algorithm 2.1) for cell-edge users and
by 50% from 18 bps/Hz (by Algorithm 2.2) to 27 bps/Hz (by Algorithm 2.1) for cell-center users.
These results show the efficiency of applying Algorithm 2.1 in increasing the coverage over the

whole network.

2.4.5 Optimality Gap Study

We investigate the performance gap between the optimum solution (by exhaustive search) and
the proposed Algorithm 2.1 for N = 2 sub-carriers and K = 4 users. Fig. 2.7 plots the total
rate versus P™* for both Algorithm 2.1 and the exhaustive search. As seen in the figure, the
performance of Algorithm 2.1 approaches the performance of exhaustive search as P™ increases
because the AGMA approach to convexify the rate is the best fit approximation for the high SINR

scenario.
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2.4.6 Computational Complexity and Convergence Analysis of Algorithm 2.1

In this section, we investigate the computational complexity and the convergence of Algorithm
2.1. First, we focus on deriving the computational complexity of Algorithm 2.1 analytically.
Since CVX is used to solve GP sub-problems with the interior point method in Step 1.A (User-
Association problem) and 1.B (Power-Allocation problem), the number of required iterations
18 % [42], where c is the total number of constraints in (2.14), t° is the initial point to
approximate the accuracy of interior point method, 0 < p < 1 is the stopping criterion for
interior point method, and & is used for updating the accuracy of interior point method [42]. As
previously discussed, the numbers of constraints in (2.14) are ¢; = S + LN + 4LK + 1 for Step

1.A and ¢, = S + L for Step 1.B.
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Fig. 2.6 Total rate for (a) uniform user distribution, and (b) non-uniform user dis-
tribution

Moreover, in Steps 1.A and 1.B, for each iteration, the number of computations required to
convert the non-convex problems using AGMA into (2.14) and (2.21)is i, = NL?*K +6NLK +
LNSK and is = SLNK + 2LNK, respectively. Therefore, the order of computational com-

plexity for each step is

. oglc 0
- Gy X % for Step 1. A,

. oglc 0
- iy X % for Step 1. B.
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Based on this analysis, the computational complexity of Step 1.A is significantly higher than
that of Step 1.B. Moreover, Step 1.A is more sensitive to /V and K than Step 1.B. Since Algorithm
2.1 is a type of block SCA algorithm [46], when (2.2) is feasible, the outer loop of Algorithm
2.1 is converged (Proposition 6 in [47] and Theorem 2 in [46]). For further investigation by
simulation, in Fig. 2.8a, the number of iterations required for convergence for Steps 1.A and 1.B
versus the total number of sub-carriers, /V, is plotted for X' = 8 and R = 2 bps/Hz. Similarly,
in Fig. 2.8b, the number of iterations required for convergence versus the total number of users,
i.e., K, for N = 4 sub-carriers is plotted in the case of Steps 1.A and 1.B. As NV and K increase,
the number of iterations required for convergence also increases. The computational complexity
of Step 1.A is higher than that of Step 1.B because the total number of constraints for Step 1.A is
higher than that for Step 1.B.
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Fig. 2.7 Total rate versus P™** for both exhaustive search and Algorithm 2.1

The major issue of Algorithm 2.1 is that (2.2) can be infeasible, e.g., due to deep fades and/or
high interference and C2.1 cannot be met. Therefore, a potential extension work of this chapter

could be to consider the admission control policy to adjust R".
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Fig. 2.8 Number of required iterations for lower-level iterative algorithms versus
(a) number of sub-carriers, NV, and (b) total number of users, K

2.5 Concluding Remarks

Joint user association and resource allocation problem for multi-cell OFDMA based VWNs was
considered in this chapter. In the proposed setup, we have considered a set of slices (service
providers), each has a set of their own users and require a minimum reserved rate. We formulated
the related optimization problem based on the new defined optimization variable, called user as-
sociation factor (UAF), indicating the joint sub-carrier and BS assignment. To solve the proposed
non-convex and NP-hard optimization problem, we followed an iterative approach where in each
step, one set of optimization variables is derived. However, in each step, the optimization prob-
lem is non-convex and NP-hard. To derive the efficient algorithm to solve them, we apply the
framework of iterative successive convex approximation via complementary geometric program-
ming (CGP) to transform the non-convex optimization problem into the convex one. Simulation
results reveal that, via the proposed approach, the throughput and coverage of VWN, especially
for the cell-edge users, are considerably improved as compared to the traditional scenario where

the BS is assigned based on the maximum value of SINR.
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Chapter 3

Power-Efficient Joint User-Association and
Resource-Allocation in Multi-cell VWN

This chapter addresses the power-efficient user-association and resource-allocation problem in a
multi-cell VWN. With the aim of minimizing the total transmit power from the BS, we formulate
a joint BS assignment, sub-carrier and power allocation problem subject to the slice isolation
constraints. This problem is inherently a non-convex optimization problem. To tackle its com-
putational complexity, we apply successive convex approximation (SCA) and complementary
geometric programming (CGP) to convert the problem into a computationally efficient formula-
tion and propose an iterative algorithm for solving the problem. Simulation results illustrate the
performance enhancement of the VWN achieved through our formulation for different network

scenarios.!

3.1 Introduction

Maximizing the power efficiency is one of the main goals of any communication network since
it directly relates to the operating expenses of the network. As such, there have been a lot of
research works done in order to maximize the power efficiency of wireless networks. As men-
tioned in Chapter 2, while user association and resource allocation is a challenging issue for the
practical realization of a VWN, the power efficiency problem adds another level of complexity in

the resource allocation problem.

"Part of this chapter was presented in [48].

2016/09/25
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As VWN is still an evolving structure, the existing research works have mainly focused on the
power efficient user association problem in the traditional wireless network. For instance, [49]
considers the user association problem in a relay network with individual user data requirements.
Specifically, the proposed algorithm tries to minimize the total energy consumption from the net-
work, including the physical circuit energy and dynamically associates the users to the macro
BS or the relay station depending on the user locations and the received interference. More-
over, [50] considers another the user association problem in a HetNet by using the game theory
approach. Specifically, the users are modeled as players and adjust and choose their BS selection
strategy while considering their own fairness and long-term payoffs. Similarly, [51] proposes
an energy-efficient user association algorithm in massive MIMO enabled HetNet based on the
Lagrangian dual analysis that maintains the user throughput requirements as well as the fairness
among users. [52] considers the user association problem in a network with coexistence among
human and machine-type communication devices and proposes a power efficient algorithm that
tries to maintain the QoS of the machine-type devices based on the dual decomposition theory.

The aforementioned works have focused on the user association problem with the objective
of maximizing the transmit power efficiency in HetNet. The proposed approaches are not directly
applicable to a VWN due to a number of reasons. First, due to the isolation constraint among
slices in a VWN, the requirements of the slices need to be met in order to optimally associate
users to BSs. Moreover, unlike the problems considered in the above mentioned works, the
power efficient user association problem in an OFDMA network is significantly different due to
the non-convexity of the problem and the OFDMA exclusive sub-carrier assignment constraint.

We consider a power-efficient user association and resource allocation problem in a multi-cell
OFDMA VWN in this chapter. Specifically, the objective of the proposed optimization problem is
to minimize the total transmit power of the VWN subject to the constraints. Due to the downlink
OFDMA limitation, one sub-carrier in each BS can only be assigned to a single user and each user
can only be allocated to a single BS. We use the variable user association factor (UAF) to jointly
determine the BS assignment and the sub-carrier allocation to a given user. From the constraints
on the UAF and the inter-cell interference, the resource allocation problem is non-convex and
NP-hard, which suffers from high computational complexity. To encounter this challenge, we
apply CGP and SCA to propose an iterative algorithm with two steps: Step 1 derives the UAF
for a given power allocation, and subsequently, for each set of UAF obtained from Step 1, Step 2
derives the optimal power allocation. In each step, we use different transformation techniques like

the AGMA to obtain lower-bound GP formulation, which can efficiently be solved by softwares,
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like CVX [41].

3.2 System Model with Problem Formulation

We consider the downlink transmission of a VWN, where the coverage of a specific area is
provided by a set of BSs, i.e., £ = {1, ..., L}. The total bandwidth of W Hz is shared between
the BSs through orthogonal frequency division multiple access (OFDMA) within a set of sub-
carriers N' = {1,..., N}. It is assumed that the bandwidth of each sub-carrier, %, is much
smaller than the coherent bandwidth of the wireless channel, therefore, the CSI in each sub-

carrier is flat. The set of BSs serves a set of slices, i.e., S = {1,..., S}, where the slice s has
its own set of users (denoted by Ky = {1,..., K}) and requests for a minimum reserved rate of
RrSV

oV

Let 1, » and P, ,, be the CSI of the link from BS [ € £ to user k; of slice s on sub-carrier
n and the allocated power to user k; of slice s on sub-carrier n, respectively. Due to OFDMA
limitation, each user is assigned to only one BS, and to avoid intra-cell interference, orthogonal
sub-carrier assignment is assumed among users in a cell. Furthermore, we assume that there is
no pre-allocated BS for users. The binary-valued user association factor (UAF), oy, » € {0,1}

is defined for user k; of slice s on sub-carrier n of BS [ as

1, if BS [ allocates sub-carrier n to user k; ,
Al kgn = .
0, otherwise.

From the OFDMA exclusive sub-carrier allocation within each cell [, we have
: <
C3.1: ZSES st% Qo <1, VIEL, VnEN.
Also, from multi-cell OFDMA limitation, we restrict the access of each user only to one BS as,

C3.2: [Zne_/\/ al,ks,n} [ZVl’;él Zne/\f al’,kw} =0,

Vk, € Ky, Vs €S, Vie L. LetP = [B’ksm]w,s,ks,n and a = [alvk&”]VLs,ks,n

all transmit powers and UAFs of users, respectively. The rate of user k&, of BS [ in sub-carrier n

denote the vector of
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18

P o nPi o
Ry n(P) = log, |1 4 —ekenlhen | 3.1
ks (P) ng[ +0,2+]l7ks’n (3.1)

where

Lijon = E E g Py s nhi g

VU ELVALVSES VK, EK o k!, £ ks

and o2 is the noise power assumed to be the same for all users in all sub-carriers and BSs. Now,

from (3.1), the required minimum rate of slice s € S is

C3.3: Z Z Z al,ks,an,ks,n(P) > R;SV, Vs e S.

leL ks€Ks neEN

Considering C3.1-C3.3, an optimization problem to jointly allocate the BS, sub-carrier and

power with the aim of maximizing the energy efficiency can be written as

mind Y>> aaPirn (3.2)

" leL s€S ks€Ks neN
subject to: C3.1 - C3.3.

The optimization problem (3.2) has a non-convex objective function due to inter-cell interference
and involves non-linear constraints with the combination of continuous and binary variables, i.e.,
P and «. Consequently, (3.2) is a non-convex mixed-integer, NP-hard optimization problem [36].
Therefore, an efficient algorithm with reasonable computational complexity is needed to solve the

resource allocation problem.

3.3 Proposed Algorithm

To solve (3.2), we propose the iterative Algorithm 3.1, where first, we calculate o based on a

given P, and then, use the derived a to calculate P as follows:

a(0) > P0)—...at) = PH) —» o =P, (3.3)

Initialization Iteration ¢ Optimal solution
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where ¢t > 0 is the iteration number, a(t)*, P(¢)* are the optimal values at iteration ¢. The iterative

procedure is stopped when
la*(t) — a*(t = 1)[] < 1 and [[P*(t) — P*(t — 1)[| < &2

where 0 < ¢; < 1 and 0 < g5, < 1. Note that the user association and power allocation
problems are still non-convex and suffer from high computational complexity. In developing an
efficient algorithm, we apply CGP via different transformations and convexification approaches
to solve the sequence of lower-bound GP-based approximations as discussed in the following

sub-sections.

3.3.1 User-Association Problem

For a given P(t), (3.2) is transformed into

min DD D kaPrald), (3.4)

IEL sES ks€Ks nEN
subject to: C3.1, C3.2, C3.3

Here, for iteration ¢, C3.3 is converted to,

633 : Z Z Z al,ks,an,ks,n<P(t>> > R;SV, Vs € S.

leL ks€Ks neN

In (3.4), a are the optimization (binary) variables. Thus, (3.4) has much lower computational
complexity than (3.2). Furthermore, we relax o, . ,, € [0, 1], and then use the AGMA to convert
C3.2 and C3.3 as follows. First, we rewrite C3.3 as, Vs € S,

~ Rrsv
C3.3: 5 < 1.
Zleﬁ stelcs Zne/\f O‘l,kstl,ksm(P(t))

Now, since the denominator in C3.3 is a posynomial, for each iteration ¢, of the user association

sub-problem, we approximate it and rewrite C3.3 as,

() Ry e (Pt — @ kg,n(t1)
C3.3: H R;sv |i05l,ks, ( 1) l,’fts, ( ( )) S 17 (35)
SEL ks nEN Puisn(tr)
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where, VI € L,Vs € §,Vks € Kg,Vn € N,

QA e n(t1 - 1)Rl ks n(P(t))
. t _ LD L) . 36
Phike, ( 1> Zleﬁ stelcs ZnEN O‘l,ks,n(tl - 1)Rl7k87”(P(t)) oo

Next, assuming ;5 (t1) = >, e Qken(t1) and i, (81) = D012 D0 cpn Qken(t1), C3.2 can be
written as

Tl ks (tl)[yks (tl) — Tk, (tl)] = O, Vk‘s - ’CS,VS € S,Vl e L. (37)

To convert (3.7) into a monomial function, we rewrite it as x;, (t1)yx, (t1) = 27, (t1), and by
adding 1 to both left and right hand sides, we get zx, (t1)yx, (t1) +1 = 1 + 7, _(1). Considering
21k, (t1) > 0 as an auxiliary variable, (3.7) can be converted into the posynomial inequalities
as, [37]

Tl ks (tl)yks (tl) +1< 2 ks (tl) <1+ l’iks (tl), \V//{?S € ICS,VS € S,Vl e L. (38)

The above inequalities can be written as

t t 1 t
Ty, (1) Yk, (1) + <1, and Zl,ksz( 1) <1
2k, (t1) 1+z7, ()

Now, by using AGMA approximation, the above expressions are transformed into

C3.2.1: zljljs (t1) + 2, (1) Ys, (tl)zlj,js (t)) < 1,
2
lv

L }_M’ksm)z (1) x {x ks(tl)rl”“s“”
Ak, (t1) PheA 1k, (1)

<1

)

C3.2.2: [

where

A (01) = 1/ (a7, (81 — 1) + 1], (3.9)

Eir.(t1) = (3.10)

Now, C3.2 can be replaced by the following constraints

C3.2.1,C3.2.2,



3 Power-Efficient Joint User-Association and Resource-Allocation in Multi-cell VWN 39

C3.2.3:  a(t) = Zne o Otk (tn),
C3.24: Uk, (t1) = Zleﬁ neN Ao (t1)-

Note that via (3.8), the positive condition for the constraints of GP is met. However, the equality
constraints in C3.2.3 and C3.2.4 are not monomials since we have ;3 (t1) — >, c s Qukon(t1) =
0 and yi, (t1) = D i pnen Qksn(t1) = 0, and, they have negative constraints. To convert C3.2.3

and C3.2.4 to the monomial functions, we again apply AGMA approximation as

C3.23: ay () [

neN

{O‘l,ks,n(tl)} —Vp kg, (t1) _1
Vikon(th) ’

C3.2.4: yp..(t1) H
leLneN

{M} k() 1

Mken(t1)

where v, i, ,(t1) and 7, x, ,,(t1) are given by,

alk\n(tl — 1) Qg n(tl - 1)
Vl7k37n t - = ) lvksvn t = — :
() D nen Qkon(ti — 1) (1) D ter 2omen en(ts — 1)

Hence, the problem for sub-problem 1 can be written as

3(12?) Z Z Z Z ey n(E1) Prien (1), (3.12)

leL s€8S ksckKsneN

(3.11)

s.t: C3.1,C3.2.1-C3.2.2,C3.2.3 — C3.2.4,C3.3.

Now, (3.12) belongs to GP and can be solved using CVX.

3.3.2 Power Minimization Problem

For given a, the power allocation problem is

{,I(lg)l Z Z Z Z Ay () P, o (t2) (3.13)

leL s€S kseks neN

subject to:
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C33:> > Y gt Ripa(Pt) > R, VseS,

leL kseKs neN

where ¢, is the iteration index. Due to interference in the objective function of R, . . (P(t2)),
(3.13) is a non-convex optimization problem. We again follow the AGMA approach to convert

(3.13) into the equivalent GP problem. First, we rewrite C3.3 as

H Yk (P(ty)) <2787 Vs e S,
l€L,ks€ELs nEN

where

02 4+ I on(ta) + Pron(t2)Pigan
(72 -+ Il,ks,n(t2)

Vi, (P(t2)) =

Y

and

D on(t2) = Zw;&z sz Zw{g#ks Pk n(t2) i g n- (3.14)

Now using AGMA approach, v, 1. »,(P(t2)) can be approximated as

52 —Ko(t2)
Tukon (P(t2)) =(0% + L, (82)) (mw) "

H <Pl,ks,n(t2)hl,ks,n) Kk (t2)
/{:l,k67n(t2) )

leL ks€ELs,nEN

where
P yon(ta — Dhy g n
K}[st’n t — shvsy yIVSy , (315)
( 2) 02 + Zleﬁ7ks€’C5786$ Plvksvn(t2 - 1)hl7k57n
o?
Iio(tg) =

0%+ e peka.ses Plken(ta = Dhig,n

Consequently, (3.13) is transformed into

wmind >, ) D vkt Pn(te) (3.16)

leL se8S kscks neN

subject to:
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C3.3: 11 Tkan(P(tz)) <277 Vs es.
leL,se€S,kseKsneN

The overall optimization problem is iteratively solved as described in Algorithm 3.1 until the UAF
and the power vector converge, i.e., ||a(t1) — a(t; — 1)|| < e; and ||P(ty) — P(t2 — 1)|| < &
where 0 < £1, 69 < 1.

Algorithm 3.1 : Power-Efficient Joint UA and RA Algorithm
Initialization: Set t = ¢, = t, = 1, a(t) = [1], where 1 is a vector C'*5 and P(¢) with power
of each sub-carrier of BS m as P/ K.
Repeat:
Step 1: Repeat: Set a(t; = 1) = a(t), P(t; = 1) = P(t) and set arbitrary initial for z; ;. (¢),
Step 1a: Update \; 1, (t1), &1, (1), Vigon (1),
Mk (t1) @and @k, o (t1) as per (3.6) - (16),
Step 1b: Find optimal UAF in (3.12) using CVX [41],
Until ||a*(t1) — a*(t1 — 1)|| < e.
Step 2: Repeat: Obtain «(t; = 1) = a*(ty).
Step 2a: Update k1, ,(t2) and k,(t2) from (3.15),
Step 2b: Find optimum power from (3.16) via CVX [41],
Until: ||a*(t) — a*(t — 1)|| < ey, and ||[P*(t) — P*(t — 1)|| < es.

3.4 Numerical Results and Discussions

We consider a multi-cell VWN with L = 4 BSs within a 2 x 2 square area with S = 2, N =4
and K = 8 users uniformly distributed within the area. The channel gains are derived from the
Rayleigh fading model as Ay, ,, = Xl,kmd;,i where ¢ = 3 is the path loss exponent, d; ;. > 0 is
the distance between the BS [ and user k; normalized to the cell radius and Y; , ,, is the exponen-
tial random variable with mean of 1. For all of the simulations, we set ¢; = 107> and g5 = 1079,
and R = R for all s € S unless otherwise stated. The results are demonstrated based on the
average over 100 channel realizations. To compare the performance of our algorithm, we use the
sub-optimal approach where the users are assigned to BS based on the received signal strength.

Hence, here, the problem is

min D20 D akaPin (3.17)

leL se8S kscks neN
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subject to: C3.1, C3.3.

The proposed Algorithm 3.1 can be applied for solving (3.17) except that all constraints related to

C3.2 are removed since the BS assignment is predetermined based on the received signal strength.

Fig. 3.1 shows the total transmit power of all BSs versus R>" and /N for both Alg. 3.1 and
the sub-optimal approach. As expected, due to the opportunistic nature of fading channels [45],
by increasing /N, the total transmit power decreases. However, the total transmit power required
by the sub-optimal approach is significantly higher than the one required by Alg. 3.1. This is
because the BS assignment is based on the highest received signal strength in the sub-optimal
approach. Therefore, more transmit power is required to support the rate reservation per slice.
Also, with increased rate reserved per slice, the total transmit power increases since the BSs need
to transmit at a higher power to support the reserved rate.

Fig. 3.2 plots the total transmit power of all BSs versus K for different R™". Clearly, the total
transmit power decreases with increasing K for a fixed k™ because, from the user diversity gain,

there is a higher chance of assigning the sub-carriers with less power while fulfilling the minimum
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rate constraint per slice. Also, similar to Fig. 3.1, the total transmit power of the sub-optimal
approach is higher than that of Alg. 3.1 with the difference becoming more distinguishable at
higher values of /. Moreover, the total transmit power increases with the increase in R™".

In Fig. 3.3, the effects of increasing the number of BSs, i.e., L, is investigated with K = 32.
It can be observed that increasing L does not have monotonic effect on the transmit power. For
instance, for R = 3 and R™Y = 4, the total required power at L. = 4 is lower than that for
L =9 and 16. It is mainly because the inter-cell interference will be increased by increasing the
number of BSs, which results in higher power requirement. However, large value of R™" such as
R™ = 5 bps/Hz, cannot be attained by L = 4. Therefore, the number of BSs should be properly

designed for a specific region to practically realize a power-efficient and feasible VWN.

3.5 Concluding Remarks

In this chapter, we consider a power-efficient user-association and resource-allocation problem

in an OFDMA -based multi-cell VWN where users belonging to different slices require minimum
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rate reservation in order to support the QoS of the users. We propose a novel constraint for the
joint BS and sub-carrier allocation and convert the highly non-convex optimization problem into
more tractable formulation via CGP and SCA. Simulation results reveal the performance gains of
the proposed algorithm with respect to different system parameters and indicate the importance

of efficient user association in improving the power efficiency.
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Chapter 4

Uplink Resource-Allocation in VWN with
Massive-MIMO and Dynamic

Pilot-Duration

In this chapter, we address the resource allocation problem in a VWN with massive MIMO at the
BS. Specifically, we focus on the imperfect CSI estimation scenario in a massive MIMO VWN
and formulate the resource allocation problem that jointly assigns sub-carrier, power, antenna
and adaptive pilot duration to users with the aim of maximizing the total sum-rate of the system.
An iterative algorithm is proposed that tries to dynamically assign these resources to users while
maintaining the isolation constraints among slices. The proposed iterative algorithm is compared
with the scenario where users have a fixed pilot duration to report their CSI information to the
BS. The numerical results demonstrate that there is a significant improvement in the spectral
efficiency of the VWN when using adaptive pilot duration compared to the situation with a fixed

pilot duration.'

4.1 Introduction

Virtualization of wireless networks, as discussed in earlier chapters, is a promising approach to
improve network bandwidth- and power-efficiencies wherein the wireless resources, e.g., power,

sub-carriers, and antennas are shared between different slices. Unlike the traditional wireless

'Part of this chapter was presented in [53].

2016/09/25
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network, in a VWN, each slice requires a minimum reserved resource (rate or power) from the
network in order to support the QoS of its users. Since the performance of a wireless network is
affected by the dynamic channel conditions, there may arise situations when the resource require-
ments of the slices cannot be met giving rise to infeasibility scenario. A number of techniques
have been proposed in order to extend the feasibility region of the VWN that could lead to better
spectral efficiency.

Application of massive MIMO in the BS of wireless networks has been recently proposed
to make extensive use of the degrees of freedom to increase the spectral and energy efficiencies.
Channel state information (CSI) estimation in a massive MIMO environment poses a serious
challenge and significantly complicates the resource allocation problem. Ideally, the pilot se-
quences transmitted by the users to assist the BS in estimating the CSI of the users should be
mutually orthogonal. However, accommodating a large number of users in the neighboring BSs
makes it necessary to reuse the orthogonal sequences among users, which creates an interference
and causes imperfect CSI estimation.

There has been a growing interest in the research community to address the issue of mit-
igating the pilot contamination effects recently. For instance, in [18], various alternatives for
precoding and cooperative methods have been presented to alleviate pilot contamination. In [20],
the maximum number of admissible users in a downlink pilot-contaminated time division du-
plexing (TDD) massive MIMO system is derived and an algorithm is proposed to achieve the
individual user capacity. In [19], an optimal power and pilot duration allocation algorithm is
proposed in a conventional wireless network with massive MIMO by considering different power
for data signal and training signal transmission.

In the context of VWNs, [35] has studied the benefits of applying massive MIMO on the
achieved network throughput and shown that the feasibility region of optimization problem is
considerably expanded and the overall system throughput is improved as a result. Both perfect
and imperfect channel estimation have been considered with fixed pilot duration in [35]. In this
chapter, we aim to investigate whether and to what extent adaptive pilot duration allocation can
improve the network performance.

The rest of this chapter is organized as follows: Section 4.2 presents the system model con-
sidered in this problem along with the problem formulation. The proposed iterative algorithm
is discussed in Section 4.3 followed by Section 4.4 where we present the numerical results with

concluding remarks in Section 4.5.
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4.2 System Model and Problem Formulation

We consider the uplink transmission of an OFDMA-based VWN with a single BS equipped with
an array of M = {1,..., M} antennas. The BS serves a set of slices, S = {1,---,S5}. Slice
s € S consists of a set of single-antenna users, Ky = {1,---, K} and requires a minimum rate

R™. The total number of users in the system is K = > _o K, and we assume K < M. An

sES
illustration of the system model is presented in Fig. 4.1 along with the uplink pilot model.

The total available bandwidth is divided into a set of sub-carriers, N' = {1,..., N} and for
OFDMA, each sub-carrier is exclusively assigned to at most a single user at a time. The sub-

carrier assignment indicator is denoted as

1, if sub-carrier n is allocated to user k&,

aksvn - .
0, otherwise.

We denote the sub-carrier assignment vectors for the BS, each slice, and each user as o =
oy, ag], ay = [aks]kK:’:l, and o, = [ag,1, -,k ), respectively. The uplink pilot
duration for user ks with sub-carrier n in slice s is denoted by 7y, ,,. Correspondingly, the pilot
duration vectors of the system, slice s, and user kg are 7 = |11, ,Ts|, Ts = [Tks]f;; ,» and
Thy = [Tho, -, Thy,N > TESPECtively.

Let My, ,, be the number of antennas allocated to user k; on sub-carrier n. The antenna

allocation vector of the system, slice s, and user k; can be denoted as M = [My,---, Mg],
M, = [Mks]kKS‘;l and My, = [Mj, 1, -, My, n|, respectively. Also, let P = [Py,--- ,Pg],
P, = [P.] ,If: cand Py = [Py, 1, , P, | be the allocated power vectors of the system, slice

s, and user k. respectively, where P, is the power allocated to user k; in sub-carrier nn. The
channel state information vector of user k; at sub-carrier n is denoted by hy, ,, € C*Mksn where

the channel amplitude coefficients are given by, [17],

hks,mm = Xks,n,m 51957 (41)

where X4, n.m represents the small-scale fading coefficient of the link from the user k; on the
sub-carrier n to the antenna m and [y, represents the large-scale link power attenuation due to
path-loss and shadowing. Note that [, is modeled as [, = wy, d,;f where wy, is a log-normal
random variable representing the shadowing and dj, € [0.1, 1] is the normalized distance of the

user k, from the BS with ( being the path loss exponent.
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Fig. 4.1 [Illustration of massive MIMO VWN and the uplink pilot model

In order to perform sub-carrier and power allocation aiming to maximize the transmission
rate, the user-link fading coefficients need to be estimated by using the uplink pilot signals. To
this end, all users simultaneously transmit orthogonal pilot sequences at a specific part of the
coherence time interval of 7'. Ideally, the pilot sequences transmitted from the users to their BS
and the neighboring BSs should be mutually orthogonal to allow CSI estimation for all the users.
However, since the number of orthogonal pilot sequences that can be used within a fixed 7" and
bandwidth is limited, reuse of the orthogonal pilot sequences is unavoidable in neighboring BSs.
Therefore, a BS will get the same orthogonal sequences not only from users in its coverage area
but also from users in the neighboring areas, causing pilot contamination. In this case, the BS
would be unable to accurately estimate the CSI of all users due to interference from users in
neighboring BSs.

Consider ﬁkn as the estimated channel vector taking into account the pilot contamination
error and f;_,, € CMrs.nx1 ag the precoding vector for user k, and on sub-carrier n. Also,
let zy, ,, denote the additive white Gaussian noise (AWGN) vector with zero mean and power

spectral density 0% assumed to be 1 for simplicity. The received signal at the BS along with the
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interference from the pilot contamination can be expressed as,

Yo =V Pron Wy nfie nThon + E E V Prt s o, n T n— 4.2)
SE€S L}l Ak,
\/ P E E er. nfi. ntr. o + 2, of
ks,n ses koK, ks,ntksntksn ks,nlks,ns

Note that the first term in the above expression represents the received signal from user £, at sub-
carrier n after precoding, the second term represents the interference received from other users
k! # ks, the third term represents the error in the CSI estimation from pilot contamination effect
with e, ,, = Hkn — hy, ,. The elements of e, , are random variables (RVs) with zero mean
and variance % [17], where, P,fﬂ‘,’f = Tk, Pk, n 15 the power used for the pilot signal by
user k, at sub-carrier n. Considering the properties of MMSE-based channel estimation, ey, ,, is
independent of Hks,n, Vks € Ks, and Vn € N. Thus, using MRC precoding where f;,_ ,, = Hks,n,

we get

v Pk37n E : E : ek57nfk57nzk57n =V Pk57nek57nhk57nxksvn
SES ks€Xs
Consequently, (4.2) can be written as
VP, h h, VP h h,
Ykon = V Pronbe oy Tp 0 + Tign + V P n€ig o, n T n + 2i, oy, (4.3)

~  ~H
where, I, = szes Zk#ks \/Jijks’nhkmhksmxkg’n. Thus, from (4.3), the received SINR at the
BS from the user k, at sub-carrier n can be calculated as

Pks,n Ek‘s,n 4

Vo = | ~HH — . 4.4)
([ kol|* + Prgnll€n,mbi, o ll* + [l

For mutually independent 1 xn vectors, p = [p1,...,p,] andq = [q1, . . ., ¢,] whose elements

are i.i.d with zero mean, unity variance random variables, it can be shown by the law of large
numbers, that lim %qu 2% 0 where =3 denotes the almost sure convergence. Now, from
n—oo

the law of large numbers for large My, ., ||Ii, n||> — 0 [17]. As a result, the received SINR

becomes,

Pkayn||ﬁkayn||4

~H ~ .
Bignller, mhy, 1% + [, |2

Ve = (4.5)
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~ Pllol
Substituting the variance of h;,_,, to be }ﬂ’i;‘;igmjﬂ [17] in the above expression yields the
received SINR, Vi, € K, Vn € N, "
PPllol B
2 5N S 2
Mg, o Pron (g, 1)
f}/ks n PPilot Pllol
’ 'S,7L6k5 S nB S S nﬁ S
Mk57nPk5,n(PI]€3iS];?;ZBkS+1)2(PP1]l€0t 6 k+1) + Mks,n(%)2
o M]i’npks,ans,n
- PPilo;lBks )
Mks,nPkS,ans,n(%)2 + Mks,ngks,n
PPllol Bk . . . .
where (. ,, (Ppl’fmigﬂ) . After some mathematical manipulations, we obtain,
Mk.s‘ynPPilOtP svnﬁzs (4 6)
f}/ks,n - Pksmﬁks + P110t5 + 1 :
By substituting ;"% = 7y, , Py, », We obtain, for all k, € ks and n € N,
2 2
T, B
Py nPls 4.7)

’yksﬂ? = Y
1 + (1 _'_ Tk57n)pks,n/8ks/ V Mks,n

where we substituted Py, = pk,n/\/Mp.n [17]. As My, , — 00, We 2t Vi, = Ty P, nPr. =
Tmp,fsmﬁgs M, ,,. Hence, the rate of user k; on sub-carrier n by considering the pilot duration

of 7y, , within the total uplink frame time 7" is

T
Ripn =~ 10y (14 T 0P BE, M) (4.8)

Thus, the total rate of user &, is

Rks (P7 a7 M7 T) = Z ak37ans,n
neN

which is a function of P, ¢, M, and 7. Now, we define the utility function of a slice s as

F,(P,a, M, T) :steKsR (P,a, M, T) Mkz;c Z;vakwans,n
sELs ne

P § § T § §
- CS ak57npk57n - CS ak57nTk87n7

ks€Ks neN ks€KCs nEN

4.9)
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where M, ¢f and 7 are pricing factors for the number of allocated antennas, the transmit power
and the uplink pilot duration for slice s, respectively. Considering these three pricing factors,
F,(P,a,M, 7) is an increasing function of total rate of VWN while it is a decreasing function of
the total consumed resource of the VWN for each slice, i.e., power, antenna and pilot duration,
which is novel in this context and can be considered as a total revenue minus the costs for each
slice. Since in an OFDMA system, a sub-carrier in a BS can be allocated to one user, we have

the following constraint:

C4.1: ay, € {0,1},and | . Zk o O S1 VneN.

The sum of the total transmit power for each user k, over all sub-carriers n allocated to it poses

another constraint, i.e.
C42: ) uPhn <P, Wk €K, VsES,

where P is the maximum transmit power of user k. Since the minimum rate reservation per

each slice s is 7", we have
. > SV .
C4.3: g -~ Ry, > RY, VseS

If M™n and M™> are the minimum and maximum numbers of antennas that can be allocated for

the slice s, then we have [54]
. min min+l max
C4.4: st% Z%N Qo My, € { MM pgminel o pmay
for each slice s € S. Finally, for each user, the uplink pilot duration 7y, ,, has a limitation, i.e.,
Ca5:0< 1, <T, ifoy,,=1
Therefore, the resource allocation problem is

max Fi(P,a,M, 1), (4.10)

P,a,M,7 seS

subject to : C4.1 — C4.5.
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Algorithm 4.1 : Iterative Resource-Allocation and Pilot-Duration Allocation Algorithm

Initialization: Set each element of 7(I = 0), a(l = 0), P,,,(l = 0), and N(/ = 0) to 0.37', 1,
P /K and N respectively, for all u; € U and s € S. Initialize [y, > 1,
0<e<1,A(=0),¥(=0)and (]l = 0).

Step 1: Obtain the optimum values of P}, (1), a*(), N*(I) using Alg. 4.1.A for fixed 7([).

Step 2: For fixed P}, (1), (), N*({), find the optimal pilot duration 7*(I) using Alg. 4.1.B.

Stop: if |[P;,_(I+1)—P;,_(I)|| < e, where ||x]|] is the norm of vector X, otherwise, set / := [ +1

and go to Step 1.

(4.10) is an inherently non-convex optimization problem involving four sets of optimization vari-
ables. Thus, finding optimal solution of (4.10) leads to high computational complexity. To tackle
this issue, in the next section, we propose a two-step iterative algorithm with a low computational

complexity.

4.3 Iterative Algorithm for Joint Resource and Adaptive Pilot Duration

Allocation

In the proposed Algorithm 4.1 to solve problem (4.10), we first apply the framework proposed
in [35] to derive the optimum values of P, &, and M for a fixed 7 in Step 1. Then, for the
obtained values of P, a, and M, we derive the optimal value of 7 in Step 2. The derived solution
of iteration [ is denoted as P*(1), a*(l), M*(l), and 7*(I) and the overall solution process can be

represented as

7(0) — P(0), a(0), M(0) — ...7*(1) — P*(1), a*(1), M*(I) — 7 — P*,a*, M*
Initizdz;ation Itera‘tgon l Optima?golution

Steps 1 and 2 are repeated until the convergence conditions are met. Also, to simplify the algo-
rithm, we just focus on the case that 7y, ,, 7. , dji My, > 1 which is a reasonable assumption in

massive MIMO context due to large value of Mj_.

4.3.1 Algorithm 4.1.A

For a fixed value of 7, (4.9) involves three sets of variables P, o, and M, which is still a combi-
natorial function containing both discrete and continuous variables. To simplify this problem, we

relax the sub-carrier assignment indicator to be continuous in the interval [0, 1] which will relax
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the constraints explained above. Considering the variable transformations xj, , = au, ,, I, » and

Ykon = Ok, n My, », the optimization problem of this step can be written as

13%256 (o, X,y), 4.11)
subject to :

C4.1: ay,, €[0,1], Zseszké%aké <1, VYneN,

C42:) wpa <P Vk €K, Vs€S,

C43: st% R, > R™, Vse&,

CAa: M <D™ 3" e S MIVsES,

C4.5: ag, nThom <T,Yn € N,Vks € K5, Vs € S

where Fs(a7 X, Y) = stelcs Rks (X7 &, Y) - cls\/[ stelcs Zne/\/ Yksn — Cls) ste]cs ZnGN Lhken —

€2 2o heeks 2omen ko Thom-
By assuming 7, , P; 07 My, > 1 and new sets of ., n, Yk, n and ay, . the total rate of
user ks, Ry , is a convex function [35]. Consequently, (4.11) is a convex optimization problem

which can be solved by Lagrange dual function, defined as

E(a,x, Y, )\ksa ¢S)987¢8) = - ZSES ﬁs Zk €K Z Themn — max (412)

neN

+ Z s ds(R™ — Zk . Ry,) + Zses 0,(N™" — Zk . ZneNyks n)
Z €S¢s stelcs Z eNykS — M) —O—Zk K. s Zozks nThom — 1),

neN

where the Lagrange multipliers are )\, ¢s, 05, , s and 7y, for the relaxed constraints C4.2,C43,
C4.4 and C4.5, respectively. To solve (4.12), we apply iterative gradient descent method intro-
duced in Alg. 4.1.A where [ is the iteration number. In Alg. 4.1.A, the dual variables can be

updated as

oL "
Ak, (ll + 1) = | Ak, (ll) + (5)%3% ,Vks € IC, (4.13)

oLl
¢s(l1 ‘l’ 1) = |i¢s(l1) + 5¢5 %} ) VS S Sa (414)
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Algorithm 4.1.A: Resource-Allocation Algorithm
Initialization: Set 7(; = 0) = 0.37, a(l; = 0) = «a(l), Pi,(I; = 0) = Py (1), and
M(l; = 0) = M(l) for all ks € K, and s € S. Initialize I > 1,0 < ¢ < 1,
A(ll = 0), ’l,[i(ll = 0) and 0([1 = O)
1: Update dual variables, \x,, ¢s, 05 and 5, by gradient descent method for all s € S from
(4.13)-(4.17).
2: Using the above updated parameters for iteration (/; + 1), compute Py  (/; + 1) and
M,jsm(ll + 1) for all k, € Ky, and n € N using (4.18) and (4.19), respectively.
3: Perform sub-carrier allocation for all k, € K, and for all n € A/ from (4.21).
Stop if ||[P(l; + 1) — P(l1)|| < e orly > I, otherwise, set [; := [; + 1 and go to 1.

oLt
‘95<ll + 1) = Hs(ll) -+ 59887 y Vs € 8, (415)
oL\’
ws<ll + 1) = ¢s(l1) -+ (Swsw s Vs € S, (416)
oc|"
Nk, (ll -+ 1) = | Nk, (ll) + 577/%5 W ,Vks S ICS. (417)
ks

where 0, , g, 0p,, 0y, and 0, are the small positive step sizes for their dual variables.
Now, to update the primal variables, P, ,,, My, ,, and oy ,,, differentiating (4.12) with respect
to each of the variables and setting them to zero, we get following expression for the updated

value in the iteration [ 4+ 1 as

(T - 1) [ 20460 1%
P, (1 1) = s> , 4.18
(b1 +1) T n(2) (A, + ) | (19
and,
(T = 7 n(0) 1+ ¢ e

M, (I +1) = s> , 4.19
el = ), — 6, e o

where [7]% = min{b, max{z, a}}. Differentiating (4.12) with respect to oy, ,,, we have

oL . (1 + 64)(T" = 7k, (1))

o= D, T+t PGl

(10g2(Tks,n(l)Pks,n(ll)%’iM’“S’"(h) B ln?2)) ’
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Algorithm 4.1.B: Pilot-Duration Allocation Algorithm

Initialization: Set a(l; = 0) = a*(ly), Py, (l = 0) = Py (I1), and M(l; = 0) = M"(l;) for
all ks € Ksand s € S, and I3 > 1, ag, n(lo = 0) = 0, by, n(lo = 0) = T,
0<e<1,cpn(lo=0)="1T/2, and compute fy_ ,(lo =0) = fi, n(Cr,n(la =0)

Iterative Bisection Method for all £, and n:

1) For ¢k, n(l2) = (ag, n(l2) + bi, n(l2))/2, calculate fi, ,(ck,n(l2)) and fi, n(ak, »(l2))

= If fron(ar, n(l2)) X fron(Cron(l2)) <0, b, n(l2) = ck,n(l2)
- Else, a, n(l2) = ck,.n(l2)

2) Consider ¢(ly) = [cx,n(l2)]vk, vn and £(12) = [fr.n(l2)]vk, 0,
Stop if:

o [c(ly) —e(la —1)[ <eor

o |f(lo) —f(ly —1)|| < corly > ™

e Otherwise [, = [y + 1, goto 1.

and hence, as shown in [54],

1, if ;25 >0,
ap, (b +1) = koo (4.21)
0, otherwise.

The iteration is repeated until ||P(l; + 1) — P(l1)|| < e or [y > I, where [T is the maximum

number of iterations for Algorithm 4.1.A.

4.3.2 Algorithm 4.1.B

For the derived values of P*(/), M*(!)and, a*({), the optimization problem for finding 7*({) is

max > B Fy (7). (4.22)

T,0<78 g n <T

where

Fy(T) = e B =AY D (DM (D)~ (4.23)

ks€Ks neN
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— Y Y P = Y Y araWmn,

kséKs nEN kselcs nEN
The optimum value of 7 from (4.22) can be obtained by setting %I:Z%(T) = 0where 0 <7, ,, <T.

To derive this optimal value, we apply the iterative bisection method where we consider

fk37n(7-ks,n> = - logZ(Tks,npgsz,n(oﬁlzs,anjs,n(l) -1- C;T,

Tks,n

and the iteration number [, as summarized in Alg. 4.1.B.

4.4 Numerical Results and Discussions

To study the performance of Algorithm 4.1, we simulate a scenario of a VWN with a single BS
serving two slices each with K, = 4 users per slice where P = 0 dB and R™ = R{Y =
bps/Hz. The users are distributed uniformly in the coverage area of the BS. The total number of
sub-carriers is N = 4 and the total transmission frame duration is set to 7" = 1 s. To study the
effects of changing pricing factors, we consider 3 scenarios: (1) Set 1 where ¢T = ¢ = ¢ =0,
(2) Set 2 where ¢] = 0.5, ¢/’ = 1, and ¢}’ = 0.07 and (3) Set 3 where ¢] = 1, ¢/’ = 2and ¢}/ =
0.09. Obviously, Set 3 has more restricted price parameters than Set 2 and Set 1, while Set 2
has moderate pricing factors compared to other sets. We compare Alg. 4.1 with the approach
using fixed T where 7;_,, /T = 0.3 for all k; and n. The simulation results are averaged over 100
different channel realizations and we set the total rate to zero when there is an infeasibility in the
solution.

Fig. 4.2 plots the total rate versus R™" for the three different sets by applying Algorithm 4.1
as well as for a fixed pilot duration. The results indicate that the total rate achieved decreases with
increasing R™" due to the fact that at higher R™", C4.3 cannot be fulfilled all the time. Since we
set the total rate to zero when there is an infeasibility, the average rate decreases with increasing

R™. The overall system throughput is improved by using adaptive pilot duration in Alg. 4.1.

T P
51 Cs

Moreover, the total rate decreases as the values of ¢ and ¢ increase. This is obvious since
the utility function (4.9) is defined as a non-increasing function of pricing factors.

From Fig. 4.3, the total rate increases with increasing M ™ as expected due to the multiplex-
ing gain of massive MIMO. Again, the overall system performance is improved by adaptive pilot

duration via Alg. 4.1 as compared to the approach using fixed pilot duration. Similarly, as the
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Fig. 4.3 Total rate versus M "

costs increase across Sets 1, 2, and 3, the total achieved rate decreases as expected by (4.9).
To get more insight about the effects of the pricing factors on the VWN performance, in Fig.
4.4 and 4.5, we plot the total rate versus ¢] and ¢ with c? fixed, and ¢ and ¢’ with ¢ fixed,

respectively. As seen in these two figures, the total rate is not a convex function with respect to
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Total rate (bps/Hz)

Total rate (bps/Hz)

Fig. 4.5 Total rate versus ¢} and ¢! for fixed ¢/

the pricing factors. Specifically, the values of ¢7 and ¢} have significant effects on decreasing
the total rate of the VWN.
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4.5 Concluding Remarks

In this chapter, we examined the resource allocation problem in a massive MIMO-based VWN.
In consideration of possible pilot contamination errors, we formulated an optimization problem
to adaptively assign uplink pilot duration, power, antennas and sub-carriers to users in order
to maximize the overall system throughput. We developed a low-complexity two-step iterative
algorithm wherein the first step finds the optimal power, antenna and sub-carrier allocation to
be used in the second step to optimize the uplink pilot duration. Simulation results indicate
a significant system performance improvement offered by the proposed scheme using adaptive

pilot duration as compared to the scenario with fixed pilot duration.
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Chapter 5

User-Association and Resource-Allocation
in a C-RAN-based VWN

Although user association and dynamic resource allocation are the prime requirements ina VWN,
the practical realization of these algorithms require co-ordination among BSs in order to obtain
the knowledge about the channel conditions of users in all slice. To that end, C-RAN has been
proposed to facilitate the collaboration among BSs by shifting the baseband processing of all BSs
into the cloud. In this chapter, we address the issue of user association and resource allocation
in a C-RAN-based VWN. Specifically, we formulate a resource allocation problem that jointly
associates users to RRHs/BBUs and allocates the resources (power, antenna) in order to maximize
the total sum-rate of the system. We evaluate the performance of the proposed scheme in both

the imperfect and perfect CSI scenarios.

5.1 Introduction

In order to practically implement the user association and dynamic resource allocation algorithms
in a VWN, the scheduler needs to know the channel state information of all users in all slices.
This is possible only through co-ordination among the BSs. Recently, a new concept called
C-RAN has been proposed where the signal processing functionalities of the BSs are moved
to a pool/cloud of BBUs while RRH units are deployed to provide the radio signals over the
mounted antennas. The transmission link between these two separate units is called front-haul

link requiring a high capacity media [55].The motivation for this is to create a very low latency

2016/09/25
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link between the BSs which will enable collaboration among the BSs as well as to increase energy
and infrastructure efficiency.

As C-RAN is a recently introduced concept, the research works have focused more on the
implementation issues and the challenges in integrating it into the current network. For in-
stance, [7,56] have addressed the issue of limited capacity front-haul links that poses a severe
constraint on the maximum number of served users over the coverage of interest. Specifically, [7]
proposes the design of an OFDMA-based C-RAN architecture which allows the RRHs to dy-
namically associate with the BBUs instead of performing a one-one mapping between RRHs
and BBUs. The simulation results performed there demonstrate that the one-one mapping is
clearly sub-optimal compared to the dynamic association. Similarly, [57] discusses the various
architectural considerations in a front-haul limited C-RAN including partial centralization where
the RRH not only implements the RF functionalities but also some layer 2 functions related to
baseband processing. Moreover, the challenges in implementing the resource allocation schemes
in a C-RAN is discussed and various techniques including Markov decision process (MDP) are
proposed. Similarly, [S8] proposes a joint power control and fronthaul rate allocation algorithm
in a C-RAN network by considering orthogonal sub-carrier allocation to users. Moreover, [59]
considers the downlink power minimization problem in a small network with C-RAN. Specifi-
cally, the authors use the approach of SCA to propose a resource allocation algorithm that tries to
minimize the total transmit power subject to the individual user admission control requirements.

Our proposed setup considers the uplink transmission of users of different slices in the specific
region. The coverage will be provided by a set of RRHs with massive MIMO, and the cloud of
BBUs which are connected to the RRHs through a limited front-haul capacity link. To provide
the isolation between slices, we consider minimum reserved rate and antennas for each slice. The
hardware limitation of C-RAN in our setup include maximum transmit power and antenna of
each RRH, front-haul capacity limitation and maximum load of each BBU. With the objective to
maximize the total throughput of network subject to the isolation and hardware based constraints,
we formulate the resource allocation problem which involves joint allocation of BBU, RRH,
front-haul, power, and antenna parameters. In this chapter, we propose a modified expression for
the throughput over C-RAN to establish the relation between the parameters related to RRHs and
BBUs.

The optimization problem is inherently non-convex and NP hard due to intertwined sets of
optimization variables called user association parameters (UAP), and a variety of constraints in

this setup. To develop an efficient algorithm to solve the problem, we propose a two-step iterative
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algorithm where 2 in the first step, joint BBU, front-haul and RRH allocation parameters are
assigned. Then, in the second step, the transmit power and the number of allocated antennas to
each user are determined by considering all the slice based constraints. The problem for each step
is still non-convex and NP-hard. To solve them efficiently, we apply the techniques of CGP and
SCA where via different relaxation and transformation techniques, in each step, the problems in
each step are transformed into the GP counterparts [37], [34] which can be solved very efficiently
by optimization packages like CVX [41]. Via numerical results, we demonstrate the effect of
pilot contamination error and the fronthaul limitation on the performance of the VWN.

The rest of this chapter is organized as follows: Section 5.2 presents the system model con-
sidered in this problem along with the problem formulation. The proposed iterative algorithm
is discussed in Section 5.3 followed by Section 5.4 where we present the numerical results with

concluding remarks in Section 5.5.

5.2 System Model

We consider the uplink transmission of a massive MIMO-based VWN with a C-RAN architecture
consisting of a set of S = {1,---, S} slices. Each slice s € S has asetof g = {1,---, K}
single-antenna users where the QoS of each slice s € § is presented by its own minimum required
ses Is, in the VWN, are provided by a set of RRHs,
L ={1,---, L} and each RRH is equipped with M > 1 antennas. Each RRH is connected to
the cloud of B BBUs to process the baseband signals for each of the RRH via front-haul link.

rate R™". The coverage for all users, K =

The system model is illustrated in Fig. 5.1.

Let f, » represent the association between the BBU b and the user £, such that

f 1, ifuser & in slice s is supported by BBU b,
ks =

0, otherwise.

We also assume that each BBU b can support at most o™ users [6]. This limitation can be

mathematically represented as

C5.1: Z Z wk&bfk&b < Ong, Vb € B,

sES kseKs

where wy, ; is the load balancing factor for the BBU b to the user k, and is a system parameter
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—_———

[ User in slice 1
B Userinslice 2

Fronthaul connection to BBU pool

P

BBU BBU BBU
Cloud BBU pool

Fig. 5.1 A multi-cell massive MIMO-based VWN with fronthaul limited C-RAN

assigned by the VWN to control the traffic and load of each BBU-user pair. We define F}_ as the
summation of the BBU allocation for each user, i.e.

C52: Fpy=> frp k€K, Vs€ES.
beB

We denote the user-RRH association factor as the user association factor (UAF) and denote it

as ay i, , where

1, if user k, in slice s is attached to RRH [,
ok, =

s

0, otherwise.

Since each user can be only attached to at most one RRH at a time, we have the constraint,

C53: ) g, <1, Vk €K, Vs€S. (5.1)
leL

To further control the load of C-RAN, we assume that each user is supported by only one
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BBU at each transmission instance and each user is assigned to the cloud of BBUs, if and only
if, it is assigned to at least one RRH. These two practical implementation concerns can be math-

ematically represented as

C5.4: Fy, =2, Y oup,, Yk, €Ky, Vs €S,
viel

where 2z, = 1 is chosen for the RRH load balancing.
Due to front-haul link limitation between the RRHs and the BBU pool [60], we consider

the case that each front-haul link between RRH / and BBU 0 has a maximum capacity of ¢,

represented as

C55: ) D froptun, <Y, VbEB, VIEL

SES ksels

In the up-link transmission with massive MIMO based RRHs, we denote h; 4, ,,, as the am-
plitude of the channel coefficient of user k, and antenna m at RRH [ and h; ;,, € C'*Muks as the
channel vector of user ks where M, is the total allocated antennas by RRH [ to user k5. More

specifically, hy i, 18

Rigesm = Xt ksm N Biks

where x; 1. represents the fast-fading coefficients from the user £, to the antenna m of RRH
l € £ and f3;, denotes the large-scale fading coefficient of user k, to RRH [ € £ [18]. Note that
Bk, includes both path loss and shadowing [18]. We model 3 i, as Bk, = wl,ksdz_,zi where wy
is a log-normal random variable representing the shadowing and d; x, € [0.1, 1] is the normalized
distance of the user k, from the BS [ with ( being the path loss exponent. Here, it is assumed that
Bk, has the same value for all antenna m of RRH [, since the distance between the antennas in a
RRH can be assumed to be negligible compared to the distance between the RRH [/ and user k.
Practically, the CSIs are estimated by the RRHs based on the up-link pilots with duration 7 at
the specific part of the coherence interval of 7' [17]. In this context, there exist two scenarios in

the network for estimating CSI values:

e Perfect CSI estimation where it is assumed that the orthogonality of pilot signals in the

multi-cell scenario of massive MIMO based networks are preserved. In this scenario the
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SINR of user k; in slice s and in RRH [ is
%P,if =B P My, VkseKsVseS, (5.2)

where p; ;. is the transmit power of user k; to RRH [ and the noise for all users and RRHs

is normalized to 1.

Proof: Without pilot contamination error, the uplink received signal from user &k, € g on
sub-carrier n at RRH [ is [17]

Perf
Y ks =v/Plk Ak Mk, T g, + E E NG VA VR e (N | T

Vel '+l s€S

where 1z, represents the transmit symbol, f; . € C'*Miks is the precoding vector, and
n, ;. is the corresponding noise coefficient vector. For maximum ratio combining (MRC)
detector, we have f; ;. = (h;;,)7, where v{ is the conjugate transpose operation of vector

v. Thus, the received signal vector is [17]

et =k () ez, + > > /e () e, +

VI'eLI'#IVseS

When M, . > 1, from the law of large numbers, the term ZWG LAl sze S
A/ PU ks (hl,ks)Thl’,ksl'l’,ks in (53) becomes zero [17] By considering DPik, = Elst/Mlst’
and assuming X x, m, VI, Vks, Vm, to have zero mean and unit variance, (5.3) can be trans-

formed into

1
M g,

s

yzp}irf = VE 1. Bir ik, + \/Bhkﬁz,ks, (5.3)

where 7, 5, represents the AWGN with power 1. Hence, for M;; > 1, the SINR from
user k; in slice s to RRH [ converges to (5.2).

]

o [mperfect CSI estimation where there exists the pilot contamination error and the achieved
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SINR of user k, in slice sto RRH [ € L is

,yImperf _ Tﬁl k l ks
Lks — 2 )
T D vees Dvires ZngeICS ﬁl’,k’spl’,kg My, +1

(5.4)

where the noise power for all users and RRHs is assumed to be to 1 for simplicity.

Proof: Let ® represent the 7 X K orthonormal pilot sequence matrix used by the users
where @7 ® = I and I is the unit matrix. With pilot contamination, the estimated CSIs
are [17]

. 1 _
hi gy m = (hz hom + ——— z) Biks s
pPﬂot

7k.5

where Bk, = Bk, (Qicr Doniex. 2oses Bk pf}',;" )~! and p} is the transmit power
for the pilot sequence for the user k; and w; represents the contaminated pilot sequence

received at the RRH /. Now, the received signal after using MRC at the RRH [ from user
kg 18

Imperf
Yee = b, (VPorhog e, + E E E VP g T g+ )

VI'EL VAL VSES VK, EK s K, #ks

Now, for MRC, the precoding vector is given by f; ;. = flzks, where fljk is the estimate

channel vector taking into account the pilot contamination error. Hence,

Imperf =T
Yk, — hz,ks(\/pl,kshl,ksxl,ks+ E 5 g \/pl',k;hl',kgxl',kg+nl,ks)

VI'EL AL VSES VR, EK s k! £k

Substituting p; s, = Ej . /v M, and ppﬂ"t = TPy i, in the above expression, we get,

Imperf V E A /El’ KL
Lk, h 5( 3/4 hlkxlk + E E g ~—r
VI'eLVF#IVseS VKL e s kL #ks U,k

“hy oy g 4 M)

(5.5)

By substituting the variance of h; ;. [17], and by using the law of large numbers for large

M, .., we get the simplified expression for SINR of the user £ as given by (5.4).
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[
Based on the expression for 75" and y}jzfe‘f, the rate of each user &, at the RRH [ is
Fy. g, logy (1 + et for perfect CSI,
Ry = ks QK g2( %,ks) p (5.6)

sivs

T2 Fr,on g, log, (1 + %I’IZE “", for imperfect CSL.

To provide the isolation between different slices, in the proposed VWN setup, both rate and
resource reservation strategy will be developed here where the minimum required rate, i.e., 27",
and the minimum number of antennas for specific region, i.e., M*¥, for each slice s are preserved,

respectively, [1]. These two isolation based constraints in VWN can be written as

C5.6: Z Z stal,ksRl,ks > R;SV, Vs € 8,

VieL VkseKs

C5.7: > > My, =M™, VseS.

VIeL VkseKs

From the hardware limitation, each user’s transmit power and RRH’s antennas are limited as

C5.8: Py, < P™, Vk, € K,,Vse SVl e L,
C5.9: ) > My, < MM™, ViecL,

SES kse€s

where P and M;™ are the maximum transmit power of user &, and maximum number of
antennas mounted on the RRH [, respectively, where we assume Zs cg MY < M™* to eliminate
the redundancy between C5.7 and C5.9 and feasibility issue of optimization problem.

With the objective of maximizing the total throughput of VWN, subject to all above imple-

mentation constraints, the resource allocation problem of this setup can be written as

Jax Z Z Z Fy o, Rig, (P, M), (5.7)

SES VIEL VEeKs
subject to: C5.1 - C5.9,

where o, F, P, and M are the vectors of all oy ., fi.p Pir,, and M,y , respectively, for all
ks € Ks, s € S, and | € L. (5.7) suffers from a high computational complexity due to its

highly non-convex and combinatorial structure. To overcome this issue, we first relax the integer
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variables to be continuous. Then, we solve the problem with a two-stem iterative algorithm by
resorting to SCA and CGP to transform the non-convex optimization problem into the GP-based

approximation.

5.3 Proposed Two-level Iterative Algorithm

In order to solve the above problem, we propose a two-level iterative algorithm which involves

two major steps:

e Association algorithm (Step 1) where UAF parameters, i.e., a, and BBUs association fac-

tors, i.e., F, are derived by assuming the fixed values of the power and antenna vectors, P,
and M,

® RRH adjusting algorithm (Step 2) where based on the optimal values of a* and F* from

the previous step, the RRH parameters, i.e., P, and M are derived.

The whole process is demonstrated as

a(0), F(0) — P(0), M(0) = ... ax(t)", F(t)" = P(t)" . M(1) — o, F* — P* M,

Initialization Iteration ¢ Optimal solution

where ¢ > 0 is the iteration number. Also, P(¢)* and M(#)* are optimal values at the iteration
t from convex transformation of the related optimization problems in each step. The iterative

procedure is stopped when
[P (t) = P*(t = 1)|| < &1 and [[M*(¢) — M*(t — 1)]| < e

where 0 < gy < land 0 < g9 < 1.

Notably, both problems in each step for finding optimal values are still non-convex opti-
mization problems and suffer from high computational complexity. To solve them efficiently, by
applying CGP along with various transformations and convexification approaches, the sequence
of lower bound geometric programming based approximation is derived. The sub-algorithms are

described in detail in the following sub-sections.
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Algorithm 5.1 Iterative Joint User-Association and Resource-Allocation Algorithm

Initialization: Set ¢ := 1 and initialize all power of each user by P, and all antennas by
(M ] K].
Repeat
Step 1: Derive a*(t) and F*(t) from (5.9) by considering fixed values of P*(¢ — 1) and
M*(t —1);

Step 2: For fixed values of a*(¢) and F*(¢), find P*(¢) and M*(¢) from (5.24) or (5.26);
Step 3: Stop if ||a*(t) — a*(t — 1)|| < ey, and ||[P*(t) — P*(t — 1)|| < 5. Otherwise, set
t:=t+1and go to Step 1.

5.3.1 Association Algorithm

For fixed values of P(¢ — 1) and M(¢ — 1), at iteration ¢, the resource allocation problem is

simplified into

méxzz > Fr(t)aus, () Ry, (P(t— 1), M(t — 1)), (5.8)

SES VIEL VhseKs
subject to: C5.1 — C5.6,

where the only optimization vectors are v and F. Notably, (5.8) has a less computational com-
plexity compared to (5.7) while it is still non-convex and NP hard problem. To reduce the com-
putational complexity, we first relax oy, from integer variable to the continuous variable as
ark, = [0,1]. To convert the resulting problem, we consider ¢; as the index of iteration for
sub-algorithm 1.

Proposition 1: In each iteration, the GP based approximation of (5.8) is

min l‘o(tl) (59)

a(t1),F(t1),81,k (t1),20(t1)

subject to:

Toll1) t1 —co(t1 % H st t1 Al ks tl)Rl ks( )}_Cl,ks(tl) <1
Co t1 . Lk, (th) -

k
C5.1: ) D frslt) <of™, WheB,

VseS ks=Ks

C5.2: Fy,(t1) x [ [

beB

xy
l

Wiy b frs b (t1)

—dpgb(t1)
=1, Vks €K, Vs €S,
i, b(11) ]
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C53:) oy, <1, Vk €K, Vs€S,
v
- 1 an (tl) —er ks (t1)
C5.4:st(t1)><—H [ } =1, Vk, € Ks,Vs € S,
ks 1 v ek, (1)
C5.5; Z Z fks7b(t1)al7ks(t1) < C?’lgx, Vb € B,
$ES Vko€Ks
~ Fi. (t t1) R t)-—
C5.6 : R;SVH [ ks( 1)0(1’]%( 1) l,k‘s< ):| 1,k (t1) < 17 Vs € S.
Lo, Puk, (t1)
where,
Io(tl — 1)
co(ty) = , (5.10)
olt1) zo(tt — 1) + X ecs Dovier Dvkaer, Fro (bt — Dang, (t1 — 1) Ryg (1)
Fir. (t1 — Doy (t; — DRy« (t
i, (h) = el Douf = Dl (1) . GID
zo(ts = 1) + X cs Dovier Dvkaer, Fro (B — Daug (t1 — 1) Ryg,(2)
Wi b frop(ts — 1)
di, p(t1) = S , Vks e K, Vs eS, (5.12)
kea(f1) > e Wb freo p(tt — 1)
F (t; —1 t1 — DRy . (¢
Pu.(tr) = lfn = Do [t = Dl () : (5.13)
ZV!GE ZVkSeKS Fy, (tl - 1)al,ks (tl - 1)Rl,ks (t)
Ak (tl — 1)
ek, (t) = = ., Vk, e K,,Vs e S, VIl e L. (5.14)
szeﬁ ak,(t — 1)
Proof: The objective function in (5.7) can be expressed as:
min=> > > Filt)owe ()R (t) (5.15)

se€S VIEL VEsEKs

Now, similar to (A.1.11), we apply z; > 1 as

T — Z Z Z F, (t)aug, (t1) Ry, ()

s€S VIeELVEkseKs

to satisfy the positive condition of objective function of GP. By considering t;, we use z(t1) > 0



5 User-Association and Resource-Allocation in a C-RAN-based VWN 71

to transform (5.15) into

min t 5.16
a(t1),F(t1),xo(t1) 'IO( 1) ( )
=Y Y Y F(t)oug, (t) R, (£) < xo(th). (5.17)

se€S VIeL VkseKs

Now (5.16) can be rewritten as

xy
<1,
To(t1) + Dses Dovier 2wk, exc, Lo (t1)awk, (01) Rk, (1)
and by using AGMA, we get
_c ) F (t1) Ry (t)—c, ..t
2 o(t1) o (t1) g, (t1) Rk, )} i) g (5.18)
lk5 i, (1)
where,
l’o(tl — 1)
Co(tl) s (519)
To(ty = 1) + X ses Dovier 2ovmer, Fro(tt = Do (fr — 1) Ry, (1)
Fp (t; —1 ti — )Ry (¢
Cl,ks (tl) — ks( 1 )alyks( 1 ) l7ks( ) . (520)
zo(ts — 1) + D es Dvier Dovkeer, P (Bt — Doug, (B — 1) Ryg, ()
By applying AGMA for C5.2 to reach monomial function, we get
o Wiy .S b (81) 1 ~diy p (1) _
C5.2: Fy,(t) x [ [—=5] =1, Vk,eK,VseS, (5.21)
s Gt
where, dj,, ,(t1) = Zv::; g{fsbfiil (; 5 ks € Kq,Vs € S. Similarly, C5.6 can be expressed as
RrSV
2 <1, VseS, (5.22)

> vier Dbk, Fro(t)our, (t1) Ry, ()
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wihch can be approximated as

65 G RrSVH [Fka (tl)ahks(tl)RLks (t)}_%,ks(tl) <1
S i Ouk. (t1) -

Y

where

o (t ) . st (tl — 1)0&1’]CS (tl — 1)Rl,ks (t)
Lk (T1) = )
’ > vier 2ovkeek, Fr(tt = Dy, (B — 1) Ry, ()

Also, for the constraint C5.4, we can approximate the equality constraint as follows:

. 1 g, (t1) —ep kg (t1)
C5.4 : Fy (t1) X H [ s } =1, Vk, e Ky, Vs €S,

Zs gy m L Elks (t1)

where, e; ;. (t1) = % So, the overall problem for sub-algorithm 1 can be written as

(5.9). ]

Consequently, (5.9) can be solved very efficiently via CVX at each iteration ¢;. The iterative
algorithm is initiated with an arbitrary initial value for s; ; (¢;). At each iteration, ax(¢;), F(¢;),
Si.k, (t1), 2o(t1), are derived and then, (5.10)-(5.14) are updated. The iterative algorithm will be
stopped if ||a*(t1) — a*(t1 — 1)|| < &1, and ||F*(¢;) —F*(t; — 1)|| < e where 0 < &1 < 1 and
0<ey 1.

5.3.2 RRH Adjusting Algorithm

For fixed value of o and F obtained from sub-algorithm 1, the resource allocation problem is

simplified into

I{}E&XZZ > Fu(t)aus, () Rix, (P, M), (5.23)

$ES VIEL V€K
subject to: C5.6 — C5.9.

Similar to (5.8), (5.23) has a less computational complexity compared to (5.7) due to the fact that
it just involves P and M. However, it is again non-convex optimization problem and NP hard. To
reduce the computational complexity, we first relax M ;. from integer variable to the continuous
variable between [0, M, then we apply CGP framework to convert (5.23) into its GP-based
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approximation as follows in the Proposition 2 where ¢ is the index of iteration for sub-algorithm
2.
Proposition 2: GP approximation of (5.23) is

e Perfect CSI

l 1 —wy kg (t2) y [51,1@31‘71,16‘8 (t2)Mz,kS (t2)]—jz,ks(t2)] ’ (5.24)
Wik, (t2) Jik. (t2)

min
P,M
L,ks,s

subject to: C5.8, C5.9

cs6: [ {[ 1 k) [ﬁz,ksﬂ,ks(tz)Mz,ks(m)}—jl,ks(tz)} Fis () o R yics
Lks L WLks (t2) ke (t2) - ’
657 s MY H [M] —ALks <1 Vs e S.
° ALk, (t2) -
Vsl ks
where
1
Wik, (t2) = (5.25)

L+ Bie, P, (ta — 1) Mg, (T2 — 1)’
B Pk, (ta — 1) My g, (t2 — 1)
L+ B, P, (ta — 1) My, (T2 — 1)’

Mg, (t2 — 1)

stelc Zleﬁ M, ks (t2 - 1)

Jik, (t2) =

ALk, (t2) =

e Imperfect CSI

1 —g1(t2
mlﬂ { 1+TZ Z Z Bi k’Pl’ ke (t2) My (T2)) X [—)} 91(t2) (5.26)
lks

VI'AL VK, #ks VSES

H [Tﬁlz,ks Pl?ké (t2>Ml,ks (t2) } —Gl,ks (fz)}
s Guk. (t2)

subject to: C5.8,C5.9

C56 H [ (147 Z Z Z B k’Pl’ o (t2) My gy (t2)) ¥ [ﬁ]_gl(m)x

VI AL VK, £ks VSES
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B2, Phy. (t2) My, (t2) Fiey (8
H |: 5l,ks l7k8( 2) l7k-5( 2)j| gl,ks(tQ) S 2_Rs , \v/S E S’
s 9uk, (L2)
R Mg (ta) 1=,
Cs.7: M ] Ml o g yses.
Ykl v, (2)
where
(t2) ! (5.27)
gi\te) = , .
L+ 73 e Dovkaeic, dvses Bin Fin,(ta — 1) My (t2 — 1)
p (t ) Tﬁlz,kspz?ks (t2 - 1)Ml,ks (t2 - 1) (5.28)
Lk (T2) = ) )
1+73 vier ZVksele > vses 512kplzk (ta — )M, (t2 — 1)
Proof: For the perfect scenario, the objective function of (5.23) is
i < 1 ) (5.29)
min ) :
BM o 1+ B, P, M,
which can be expressed as
1 w Py (o) My g (t2) 44,5
[ Jene(t2) [@,m l,kf,( 2) My, ( 2)}]l,ks(t2)’ (5.30)
Wik, (t2) ks (t2)
where,
(t2) ! and (5.31)
w = , .
PR 14 Bip, P, (ta — 1) M (t2 — 1)
‘ Bk Pk (ta — 1) My (82 — 1)
Jiks(t2) = :
14 Big, P, (to — 1) Mg, (t2 — 1)
Now, the objective function can be written as
1 —w P (to) M (ta)-—;
H |:|: ] 1 ks (t2) < [5l,ks l,ks( 2) l,ks( 2)} Jiks (t2) ) (532)

Wik, (t2) Jik. (t2)

l,kss,m



5 User-Association and Resource-Allocation in a C-RAN-based VWN 75

For C5.6, the AGMA approximation is

1 —w P t M t — st(t) TSV
Ts.6 H [ s (82) [5l,k5 z,k.s( 2) Mg, ( 2)} ks (£2) <2 yses
Lk, b Whks (t2) ke (t2)

Similarly for the constraint C5.7, we can approximate the expression into monomials as follows:

sV
M:

<1 (5.33)
stelcs Zzez Ml,ks (t2)
ral Mlk(tQ) —Al ke
C5.7 :M™ TRl TR <] Vs €S,
PIRSwaras

M gy (t2—1)
where, A\, (t2) = Srecr. e My, (a1

tion scenario for sub-algorithm 2 can be written as (5.24)

ik Hence, the overall problem for the perfect CSI estima-

The rate of user ks in RRH [ in the imperfect CSI scenario can be rewritten as

2 p2
Rip. = log ( L+ 73 vier 2ovkaer, 2ovses Bik e Mk, ) (5.34)
Ks T 2 . .
L+7 ZVl’;ﬁl Zng;ﬁks ZVSGS ﬁlz’,kg Pz%,kg My g,
Hence, the objective function of (5.23) can be rewritten as
2 2

min <1 T D w1 D vk, Dowses Bi vy 0w Mu i, ) (5.35)
M L+ 73 vier 2ovierc, 2avses Bin e Mik. )

Now, by considering ¢, as the iteration index, the denominator (5.35) can be transformed by
AGMA as

[ 1 }g1(t2) % H [Tﬂlk lks(tZ)Mlk (tz)]glk (t2 )’ (536)

g1(t2) h Guk, (t2)

yRsyS

where ¢ (t2) and g, (t2) are introduced in (5.27) and (5.28). Hence, the GP approximation of

objective function is

L ot
mln [ 147 Z Z Z 32 L P} ke (L) My (T2)) X [m} g1(t2) (5.37)

VI AL Yk, £ks VSES
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H [TBIQmPleé (t2) My, (tQ)}—guks (t2)
s Gk, (t2)

Consequently, (5.23) is approximated to its GP format in (5.26).
(]

At each iteration, problem (5.24) or (5.26) can be solved via CVX. The iterative algorithm
will be stopped if ||P(t2) — P(to — 1)|| < €3, [|[M(t2) — M(ta — 1)|| < &4, where 0 < e3 < 1
and 0 < g4 < 1.

5.4 Numerical Results and Discussions

5.4.1 System Parameters

We consider a multi-cell VWN with L = 4 RRHs connected to B = 3 BBUs in a 2 x 2 square area
serving users in S = 2 slices. The RRHs are located at coordinates (0.5, 0.5), (0.5, 1.5), (1.5,0.5),
and (1.5, 1.5) and the users are generated randomly based on the uniform distribution within the

area of interest. The path loss exponent for modeling the channel coefficients is taken to be
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¢ =3 [17]. Weset K = 8 and P = 0 dB, Vk € K unless otherwise stated. For all of the
simulations, we set 71 = 107, &y = g3 = 107°, &3 = 4 = 107% and M™>* = 150, for all I. We
assume each front-haul link has a maximum capacity of ¢;* = 10 baseband signals. In all of the
simulations, when there is no feasible solution for the system, i.e. any of the constraints given by

(5.7) does not hold, the total rate is set to be zero.

5.4.2 Performance Analysis

In order to evaluate the performance of the algorithm for the perfect and imperfect CSI scenarios,
in Fig. 5.2, the total rate versus RV is shown. From Fig. 5.2, the total rate decreases with
increasing 12" due to the reduction in the feasibility region by increasing R as demonstrated
in [34]. Moreover, the total rate obtained is more in the case of perfect CSI as compared to the
case of imperfect CSI due to the interference from pilot contamination from users in neighboring
RRHs in the case of imperfect CSI.

To study the effect of the BBU capacity on the system performance, o™, in Fig. 5.3, the total

max

rate is plotted versus op'™* for X' = 12. As observed in Fig. 5.3, the total rate is an increasing

function with respect to oy"®*. Similar to the previous observation, the total rate in the perfect CSI
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estimation is always higher than that of the imperfect CSI scenario which implies the importance
of CSI estimation in the massive-MIMO aided C-RAN. For o0;'™* > 6 the total rate does not
change even by increasing o}'™* since the system is able to support all the users at that value of
op™ and any further increase does not have any effect on the system performance. To investigate
the performance of Algorithm 5.1 with respect to the massive MIMO parameters, the total rate
versus M is plotted in Fig. 5.4. From Fig. 5.4, the total rate increases with increasing M"™
which is due to the spatial multiplexing gain obtained from the increase in the number of antennas.
Again, the total rate with perfect CSI is higher that that with imperfect CSI estimation, and the
total rate decreases with increasing 27" similar to Fig. 5.2.

To get more insight about the effect of pilot duration, in Fig. 5.5, the total rate versus 7/7" is
shown. From Fig. 5.5, the total rate keeps increasing as 7/7" increases up to 7/7" = 0.3 and then
decreases later. This is because at very low values of 7, the pilot contamination effect is more
pronounced. However, as 7 keeps increasing, there is less transmission time and more time is
allocated in sending the pilot signal. Hence, a proper design of the pilot duration is essential in
order to maintain high efficiency of the VWN and based on the simulation results, 7/7" = 0.3 is

optimal for this setup.
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Fig. 5.5 Total rate versus 7/7 for different M

In this chapter, we considered the resource allocation problem in the uplink of a C-RAN-based

VWN with fronthaul limitations. Specifically, we formulated the resource allocation problem
in a C-RAN VWN where the users are assigned RRHs as well as BBUs and allocated power

and antennas with the aim of maximizing the total sum rate of the system. we proposed an

iterative algorithm based on CGP and SCA that efficiently allocates these resources to users while

maintaining the resource reservation per slices in the VWN. The performance of the proposed

algorithm was compared for both perfect and imperfect CSI scenarios.
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Chapter 6

Resource Allocation in a NOMA-based
VWN

In this chapter, we consider a new multiple access technique and address the resource allocation
problem in a NOMA-based VWN. Specifically, we formulate a power-efficient resource alloca-
tion problem in a NOMA-based VWN to find the optimal power allocation coefficients to users
while maintaining the slice isolation requirements. By using various convexification approaches,
we develop a computationally efficient algorithm that tries to minimize the total transmit power
from the BS. The simulation results performed demonstrate that the proposed NOMA scheme

significantly outperforms the OFDMA scheme in terms of the power efficiency.!

6.1 Introduction

Non-orthogonal multiple access (NOMA) has been recently introduced as an effective approach
to increase spectrum efficiency and provide massive connectivity [24,62]. Compared to the ex-
isting orthogonal multiple access techniques such as OFDMA, via NOMA, multiple users share
the entire spectrum at the same time and frequency (and code), but with different allocated power
levels. Since the users share the time and frequency resources, sophisticated techniques for de-
coding the superimposed signal need to be implemented at the receiver. By implementing succes-
sive interference cancellation (SIC), the receiver iteratively subtracts the strongest signal from the

superimposed signal and decodes the intended signal [63]. In contrast, in OFDMA, the users are

"Part of this chapter is presented in [61].

2016/09/25
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allocated different sub-carriers, which effectively removes interference among users by exclusive
sub-carrier allocation within a cell. The important question in this scenario is whether NOMA
can improve the spectrum efficiency as compared to OFDMA.

There has been a significant research interest in this context. For instance, [64] compares
the system level performance of the NOMA scheme with different mechanisms for power allo-
cation including the user grouping based on their channel gains and equal power allocation to
all users. The authors propose a sub-optimal power allocation scheme called fractional transmit
power allocation (FTPA) that is similar to the transmission power control mechanism in LTE.
Similarly, [65] analyzes the performance of NOMA compared to OFDMA for the cellular up-
link setup. The optimization problem of this work includes the minimum required throughput
of each user as a constraint. The performance of the system in the cell-edge has been shown to
be significantly improved in the case of NOMA compared to OFDMA. Similarly, [66] proposes
an enhanced proportional fairness scheme based on NOMA and shows the improvement of cell
throughput by up to 28% compared to OFDMA scheme. In [27], a power allocation problem
for the downlink transmission of NOMA system is formulated and solved by applying difference
of convex functions (DC) programming. In order to develop the proposed algorithm, the greedy
user selection approach is used to assign users to sub-carriers, and then, DC approximation is
applied to allocate power for each user.

In this chapter, we investigate the use of NOMA in the VWNSs to improve the network per-
formance. The objective is to minimize the total transmit power in a VWN, while maintaining
the minimum required throughput of each slice. Since the original problem is non-convex and
computationally intractable, we use the approach of CGP and AGMA to convert it into an ef-
ficient algorithm. The simulation results demonstrate that NOMA is more power-efficient than
OFDMA in various scenarios. Specifically, the power efficiency is improved by up to 45- 54 %
with NOMA as compared to OFDMA.

6.2 System Model

Consider a VWN with a single BS that serves a set of slices (i.e., §), in which each slice s € S
has its own set of users denoted by K,. The total number of users in the system is given by
K =) s K. To provide the isolation among slices, the VWN should preserve a minimum
required rate per each slice s, denoted by R7'. We consider the following two transmission
modes for the VWN:
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e NOMA where the whole frequency band of interest is shared among users,

e OFDMA where the specific bandwidth is divided into a set of sub-carriers denoted by A/

and each sub-carrier can be allocated to a maximum of one user at a time.

In this chapter, our focus is to compare the power efficiency of these two approaches for
our system model. We assume that the bandwidth W is divided into a set of sub-carriers N/ =

{1, -+ N}, and the channel gain from the BS to the user k; in slice s and in sub-carrier n is

R = Xkomdys (6.1)

where yy, , is the fading coefficient, dy, € [0.1, 1] is the distance of the user k; € KCs to the BS

normalized to the cell radius and ( is the path loss exponent.

6.2.1 NOMA

With NOMA, the transmitter encodes the information for each user spread on the entire band-
width and transmits the superimposed signal. Hence, considering the transmission from the BS
to K users, the received superimposed signal plus noise at the receiver of the user k; in slice s at

sub-carrier n is given by
Yksn = hks,nx + Wy n» (62)

where, hy, . is the complex channel gain from the BS to the user k5 which is assumed to be
known to both the BS transmitter and the user ks, = denotes the superimposed transmitted signal
for all users and wy,, ,, is the noise component for the user &, at sub-carrier n. With the orthogonal
scheme, the upper bound on the capacity of the user k, can be achieved by allocating all the power
and degrees of freedom available to user k; with all the other users getting zero rate and is given
by

pks,nhks,n
7)7

o

(6.3)

where py_ ,, is the power allocation coefficient for the user k, at sub-carrier n and o2 is the noise
power spectral density and is assumed to be equal for all users. Thus, considering the case of
only two users, for simplicity, the capacity region consists of two extreme points where only one

user gets the maximum rate achievable at any instant while the other user gets zero rate.
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However, with SIC implemented at the receiver, the users iteratively subtract the signals from
users lying below the current user in the decoding order. More specifically, in the two-user
scenario, where |hy ,| < |ha |, user 1 treats the signal for user 2 at sub-carrier n as noise and can

hence achieve a rate of

P1 nhl n
R, =log(1 ” 6.4
1, og(1+ PRI ERS 0_2) (6.4)

(pl,n + p2,n)h1,n) “ 1o (

p2,nh1,n
- g(1+ )

=log(1 + p

Now, user 2 performs successive interference cancellation, it first decodes the signal for user 1,
subtracts the determined signal from the superimposed signal and extracts its data. Thus user 2
can achieve a rate of
2.2
Ry, = log(1 4 22220 (6.5)
In general, with the decoding order of |hy ,| < |hon| < -+ < |hg |, the user k,, with index
1, can successively remove the interference of all users with indices j < ¢ at sub-carrier n. For the

rest of the users, i.e., users with indices j > ¢, the interference cannot be removed. Consequently,

the received SINR at the user k,, with index ¢ at the sub-channel n, is given by

pi,nhi,n
WET?MA = — - ) (6.6)
0"+ hi,n Zses Zj:i—i—l Pin

Similarly, the rate of user k,, with index ¢, at the sub-carrier n is

RO = Ry = logy (1 + 7MY (6.7)

i\n

0-2 _'_ hi,n ZSGS Z]:Z—‘,—l p.]vn

Each slice s € S in the VWN has a minimum reserved rate of R>" in order to support the QoS

requirement of the users, which can be expressed as

Col: Y > ROM>RY, VseS.

ks€Kg neN
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6.2.2 OFDMA

We consider an OFDMA system where the total available frequency is divided into n € N sub-
carriers and if oy, ,, is the sub-carrier allocation indicator for the sub-carrier n and user k; in slice
s € S, then

1, if sub-carrier n is allocated to user k&,

aksvn - .
0, otherwise.

Due to the OFDMA exclusive sub-carrier assignment, we have a constraint on oy, ,, as

C62: Y > apa<1, VneN.

Vs Vksg

The received SINR at the user k; at sub-carrier n € A and in slice s € S is

OFDMA __ Pksﬂ”fhksvn (6 8)
ks,n - 0_2 ) .
Hence, the rate of user k, at sub-carrier n is
REMA = ay, plogy (147 M), (6.9)

In this case, the minimum reserved rate of each slice is represented as

C63: Y D> RYMASRY, VseS.

ks€Ks neN
Consider p = [py, ..., ps| as the vector of power allocation coefficients of all users in all
slices in NOMA, where p, = [pks],isz L and pr, = [pk.1,- -, ProN), Tespectively. Similarly,
for the OFDMA case, the power allocation vector of the system can be represented as P =
[Py, .- ,Pg], where P, = [Pks]f;; cand Py, =[Py 1, -, Py, n]. Also, the sub-carrier allocation
vector of the system can be represented as & = [y, . . ., ag], where oy = [aks]kKS‘; , and oy, =
[aks,17 T ,OékS,N]-

Now, for the case of NOMA, the optimization problem to minimize the total transmit power

can be expressed as

m}“ ZSES ste/cs Zne/\f Pk (6.10)
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subject to : C6.1.

For the case of OFDMA, the corresponding resource allocation problem is

min on P -
P,a ZSES stelcs ZHEN ks,ntd ks ( )

subject to : C6.2 — C6.3.

The proposed algorithm to solve the optimization problem is described in the subsequent section
for both NOMA and OFDMA schemes.

6.3 Proposed Algorithm

The formulated optimization problems in (6.10) and (6.11) are non-convex and solving them is
challenging. Besides, (6.11) involves binary integer variables. To develop an efficient algorithm
to solve (6.11), we deploy an iterative framework of successive convex approximation, in which
the non-convex function is transformed into a convex one in each iteration.

For this transformation, we apply the CGP and variable relaxation to convert (6.10) into the
GP formulation. For (6.11), we apply the dual approach which has been widely utilized for
solving OFDMA-based resource allocation problems [3, 67].

6.3.1 Iterative Algorithm for NOMA-based Resource Allocation

Let us first write RyOV™ = logy (1 4 yNMA) as

\n

K
o? + hi,n Zses Zj:H—l Pjn + pimhi,n

RNOMA
RIS S >
in 2useS 2uj=i+1 Pin

ks,n = 10g2 (

). (6.12)

From the above, C6.1 can be rewritten as

K
H H < 0'2 —+ hz’,n ESES Zj:i+1 Bj,n ) < 2(_R;SV) Vs eS

K
iEICS nEN 0-2 _'_ hi’” ZSES Z]:Z"rl /6.7’” _'_ /Bivnhiﬂq’

To apply the CGP, consider ¢; as the iteration number. In each iteration ¢, the non-convex

function should be approximated to its convex counterpart. Based on the structure of EESQ’IA, we
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Algorithm 6.1 : Iterative Algorithm Based on CGP for NOMA-based VWN

Initialization: Set ¢, = 1, p(t,) = [1], where 1 is a vector C'*¥.

Repeat:
Step 1: Update s, ,,(t1), gj.n(t1), 7i.n(t1), and 2; ,(¢1) from (6.14)-(6.15),
Step 2: Find optimal p*(¢;) from (6.16) via CVX [41],

Until: ||p*(t1) — p*(t1 — 1)|| < &1.

can apply AGMA approximation to propose the monomial approximation of RNOMA | At iteration
pply pPp prop pp ksm

t1, ﬁ}fﬁfm can be approximated to the following convex function, for all i,

K 2
ot
Zin(t1) =(0% + hipn Z Z Pin)( (tl)) on() 5

s€S j=it1 Sin
ﬁ <hi,nﬂj,n(t1) ) St (pi,n(tl)hi,n) e (6.13)
Vs jitl gin(t1) Tin(t1) ’
where for all i and n € N,
o? pin(ty — 1)h; Pin(ts — 1)h;
inltl) = ——, nlt1) = Sm J’n, inltl) = L Z’n, 6.14
Si, ( 1) Zi,n<t1> 93, ( 1) Zi,n(tl) Ty, ( 1) Zi,n(t1> ( )
K
zim(tl) = 0.2 + hi,n Z Z pj,n(tl — ].) + hi,npi,n(tl — 1) (615)

SES j=i+1

Considering (6.13)-(6.15), the optimization problem (6.10) at iteration ¢, is approximated to

the following convex optimization problem

K N
min y > pin(t) (6.16)
subject to: (6.13) — (6.15),
IT I] wint) <2079, vwses.

i€Ks neN

The overall iterative algorithm to solve (6.10) based on the convex function (6.16) is presented in
Algorithm 6.1.
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6.3.2 Dual Approach for OFDMA-based Resource Allocation

Since (6.11) involves binary variables c, we first relax ay, , € [0, 1], Vks € Ks,Vs € S,Vn € N.
Now, by considering vy, », = o, » %, n, the total rate of OFDMA can be rewritten as [3], [67],

yks,nhks,n

ROFDMA(
g, 02

a,y) = ag,nlogy(1+ (6.17)

Note that the above expression belongs to a class of convex functions with the format of f(a,b) =
alog(1 + b/a) [42]. Therefore, C6.3 can be written as

C6.3: Y > RY™MMa,y) > RY, VseS. (6.18)

ks€Kg neN

Consequently, (6.11) can be written as

I?ixn ZSGS ste/cs ZnGN Yksm» (6.19)

subject to: C6.2, C6.3.

Proposition 1: Problem (6.19) is convex and can be solved using the Lagrange dual method.

(3]

Proof: In (6.17), Ry, ,(cx,y) is of the form f(a,b) = alog(1 + b/a) which is a convex function
and can be solved by the Lagrangian method [42].
The corresponding Lagrange function for (6.19) is

L(gsvmy, ) = > g, n+2¢5 (R = DRI 4+ ()0 ek — 1),
Vn s ks

Vs,Vks,Vn Vks,n
(6.20)

where ¢,,Vs € S and v,,Vn € N are the Lagrange variables associated to C6.1 and C6.2,
respectively. Considering ¢ and v as the vectors of the Lagrange variables for ¢, and v,,, Vs, Vn,

respectively, the dual function for (6.20) is, [42]

D(¢p,v) = min L(p, v,y, ). (6.21)
Yy,
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Thus, the dual problem can be written as

max D(op,v) (6.22)

subjectto: ¢ > 0& v > 0.

Since problem (6.19) is convex, the duality gap is zero and hence, the solution of the dual problem
is equal to the solution of the primal problem [42]. Hence, by applying KKT conditions, the

optimal power allocation for user k in slice s and sub-carrier n, i.e., P, is

¢S 0_2 Pmax
P B 6.23
oo {111(2) heenlo o
where, [z]; = max{min{z, b}, a}. Also, the optimal sub-carrier allocation, aj ,,. is
0 LD, vn ¥, ) - (y
Xon
O = 4 €[0,1], AEmmre) g (024
3 aks,n
1 L(Ds vy, ) ()
ks,n
where,
AL (b, vn,y, ) Yo
; ) =, — b, lo ]_‘l‘ ) = 3 s VSGS
oo, O losa ) = (i)
and Yy, , = %’”@;L Now, from the KKT conditions, we have
Yko,n
sn — Ps lo 1+ sn) - ’VSES. 625
Chs, ¢ l g Vi) (1+ Vks,n)ln@)} ( )

To satisfy the OFDMA exclusive sub-carrier allocation, aj_,, is chosen such that (, ,, is maxi-

mum [68], mathematically represented as

17 k/ — HlaXVkSGKS V ES a(£(¢87:’n7y7a))
aj,, = ’ " 9ism (6.26)
0, ky# K.
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Algorithm 6.2 : Resource Allocation for OFDMA-based VWN
Initialization: Sett, = 1, a(t2) = [1], where 1is a vector CP*EN py (1) = 1,Vk, € K, Vs €
S,Vn € N, t5 = 5000.
Repeat:
Step 1: Update ¢.(t> + 1) = [¢a(t1) + 65, 25 ] Vs € S.
Step 2: Repeat: Set inner loop iteration index as ¢3 = 1.
Step 2a: Update P, (t3), Vk, € K, Vn € N, from (6.23),
Step 2b: Find (., ,(t3) from (6.25) and set ay, »(t3) = 1,if (i, n(t3) = max|Cx,nl, Vhs €
Ks,Vs €S8,
Until: ||¢8(t2) — ¢8(t2 — 1)|| < eg9,0rty > trznax

40

351 1
=) .- 9
= _——
£ 30 .-
z -
2 p,”
2 55 - —A— NOMA ||
2 -7 - © - OFDMA
E &
= 20f
=}
=

10 Il Il Il Il Il Il Il

1 1.5 2 2.5 3 35 4 4.5 5
R"™Y, bps/Hz

Fig. 6.1 Total transmit power versus R™Y

The overall algorithm is described in Algorithm 6.2. U

To solve the convex problem (6.19), the iterative algorithm based on the dual function can be
applied with a low computational complexity as demonstrated in [3], [67] which is summarized
in Algorithm 6.2.
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6.4 Numerical Results and Discussions

To study the performance of the proposed algorithm for NOMA and compare it with the OFDMA
scheme, we simulate a scenario of a VWN with a single BS serving two slices each with K, = 8
users, where K = ) oK, and R® = R}" for all s € S. The users are randomly located
(from a uniform distribution) within the whole area of interest unless otherwise stated. The total
number of sub-carriers is taken to be N = 64. The channel gains are derived according to
the Rayleigh fading model. More specifically, hy, , = stmd,;f where ( = 3 is the path loss
exponent, di, € [0.1, 1] is the normalized distance between the BS and user &, normalized to the
cell radius, i.e., cell radius is 1, and x4, is the exponential random variable with mean of 1. The
results are taken over the average of 100 different channel realizations.

In Fig. 6.1, the total transmit power versus R™ is depicted for both NOMA and OFDMA
schemes. From Fig. 6.1, it is clear that the total transmit power increases with increasing R™"
for both cases. It is because the BS needs to transmit at a higher transmit power to satisfy the
minimum reserved rate per slice. However, the total transmit power in the case of OFDMA
is higher than that in the case of NOMA, indicating that NOMA is more power efficient that
OFDMA. Specifically, the total transmit power has been decreased by almost 45% from 22 dB
to almost 12 dB at R®" = 1 bps/Hz and by 54% from 33 dB to 15 dB at R™¥ = 5 bps/Hz,
respectively, with NOMA as compared to OFDMA.

Fig. 6.2 plots the total transmit power versus K for different R*". From Fig. 6.2 and as
expected from the multi-user diversity gain [45], it can be observed that the total transmit power
decreases with increasing K for a fixed R™". Also, similar to Fig. 6.1, it is clear that the total
transmit power is an increasing function of R™', while it is higher in the case of OFDMA as
compared to NOMA. In Fig. 6.3, we study the effect of NOMA with non-uniform user distribu-
tion over the VWN for two scenarios, where in the first scenario, users are located close to the
cell-center, i.e., the normalized distance, dj, € [0.1,0.7] and in the second scenario, the users are
located close to the cell boundary, i.e. di, € [0.8,1]. Fig. 6.3 shows the total transmit power
versus RYY for both OFDMA and NOMA. Based on the results in Fig. 6.3, the total transmit
power with OFDMA is more than in the case of NOMA for both scenarios. Also, with increasing
RYY, the total transmit power sharply increases for OFDMA as compared to that for NOMA,
e.g., for RV > 3 bps/Hz. More importantly, via OFDMA, for the cell-edge scenario, there is no
solution for the resource allocation problem for R > 3 bps/Hz. However NOMA can reach the

feasible solution by increasing the transmit power. This indicates the effectiveness of NOMA in
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achieving higher energy efficiency while preserving the isolation based constraints of the slices
in the VWN.

6.5 Concluding Remarks

In this chapter, we investigated the power efficiency performance of NOMA compared to OFDMA
for a VWN. In particular, we formulated an optimization problem with the objective to minimize
the transmit power, while supporting the minimum reserved rate per each slice to ensure effective
isolation among users in the slices. Since the resource allocation problem is non-convex and suf-
fers from high computational complexity, we developed the CGP and AGMA approximation to
propose the computationally tractable iterative algorithm. Via simulation results, we investigate
the performance of the algorithm and compare it with the OFDMA scheme. Simulation results
reveal that the proposed algorithm outperforms the OFDMA in terms of the required transmit
power, specifically when most of users are located near the cell-edge and there is a diverse varia-

tion in the channel conditions.
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Chapter 7

Conclusion

7.1 Summary

In this thesis, the issue of user-association and resource-allocation in a multi-cell VWN was
addressed. We considered various aspects, including massive MIMO, C-RAN, NOMA in study-
ing the resource allocation problems in both the single-cell and multi-cell VWNSs. By applying
various optimization techniques and approximations, computationally efficient algorithms were
developed to allocate resources to users in slices under various scenarios while preserving the
slice isolation constraints of the VWN.

In Chapter 2, we considered a multi-cell OFDMA VWN and formulated a resource allocation
problem to jointly associate users to BSs and allocate sub-carriers and power with the aim of
maximizing the total sum-rate of the system. The original non-convex problem was converted
into the GP form using CGP and SCA was applied to propose a computationally efficient algo-
rithm. The performance of the proposed algorithm was compared with the conventional approach
of associating users to BS based on the maximum received SINR. Numerical results performed
demonstrated the improvement in spectral efficiency of the VWN with the proposed scheme.

Chapter 3 addressed the power-efficiency issue in a multi-cell VWN. Specifically, we ex-
tended the joint user-association and resource-allocation problem to minimize the total transmit
power of the VWN subject to the isolation constraints of the slices. Simulation results demon-
strated that the proposed algorithm significantly outperforms the conventional approach of as-
sociating users based on the maximum received SINR in terms of the power efficiency of the
VWN.

In Chapter 4, we addressed the resource allocation problem in a massive MIMO VWN.

2016/09/25
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Specifically, we extended the resource allocation problem in a VWN with BSs using massive
MIMO and considered adaptive pilot duration as an integral part of the resource allocation prob-
lem to maximize the total sum-rate of the system subject to the constraints on the VWN as well as
the pilot contamination effects. Simulation results have demonstrated that the application of mas-
sive MIMO at the BS significantly extends the feasibility region of the VWN and the performance
is improved with the adaptive pilot duration as compared to the fixed pilot duration.

The resource allocation problem in a C-RAN-based VWN was addressed in Chapter 5 where
we considered the joint user-association and resource-allocation problem in a multi-cell VWN by
applying the C-RAN architecture. Specifically, we formulated the resource allocation problem
to jointly associate users to RRHs/BBUs and allocate power and antennas to users. In order to
maintain the slice isolation requirement, we considered both minimum reserved rate and number
of antennas per slice in this setup. With the aim of maximizing the total sum rate of the system,
an iterative algorithm based on SCA and CGP was proposed. The simulation results have been
performed to compare the performance of the proposed algorithm in perfect and imperfect CSI
scenarios and demonstrated the effect of pilot contamination on the system performance.

Chapter 6 considered the power allocation problem in a VWN using NOMA where users
are assigned the same time-frequency resources but different power allocations while preserving
the isolation constraints of the slices. With the aim of minimizing the total transmit power of
the VWN, we proposed a power-efficient algorithm and compared the performance of the VWN
against the OFDMA scheme. The simulation results have demonstrated that NOMA is signifi-
cantly more power efficient than OFDMA in the VWN.

7.2 Potential extensions for future work

As VWN is still an evolving architecture and the requirements of the next generation network
keep changing, there are a number of possible extensions based on the works in this thesis. Some

of these are listed below:

e We considered resource allocation problems in a VWN in this thesis with the isolation
constraints mainly based on the reserved rate and number of antennas per slice, a possible
extension would be to consider the provision of admission control in the slices since due to
the dynamic channel conditions in the wireless environment, there may arise infeasibility

scenarios in the VWN when the constraints cannot be satisfied.
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e We considered power-efficient resource allocation problems in Chapters 2 and 6 for OFDMA
and NOMA, respectively, where the objective was to minimize the total transmit power
from the BS. Further studies can consider an energy-efficient scheme by taking into ac-
count the circuit power in the BS as well by using various power consumption models in
the BS.

e We considered the adaptive pilot duration allocation problem in a single cell VWN in Chap-
ter 3. Further studies can consider a multi-cell VWN where multiple BSs will serve users

in different slices in a location.

e Although the provision of minimum resource reservations per slice ensures that QoS of
the users being served is satisfied, due to the dynamic channel conditions, the resource
allocation problem might turn out to be infeasible. Future extensions could consider the
admission control policy that could limit the number of users and/or slices in the network

so that the QoS of users currently served is guaranteed.

e Further studies could consider various other interactions between the slices and the network

operator, such as pricing mechanisms and lease policies in the VWN.

e The resource allocation in NOMA VWN could be extended to consider a multi-cell sce-
nario with another sub-algorithm to consider the user association when the coverage of a

certain area involves multiple BSs.

e Although the resource allocation problem in the C-RAN VWN is highly non-convex and
involves a lot of variables, it could be extended to cover the OFDMA scheme in the multi-
cell scenario by relaxing some constraints or by assuming fixed number of antennas and/or

power per user.
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Appendix: Brief Notes on Geometric
Programming and Successive Convex

Approximation

A.1 Introduction to Geometric Programming

A.1.1 Monomial and Posynomial function

Let x = (21, ..., x,) be a vector with components z; where the components, x;, are real positive

variables, a monomial function g(z) is a function of the form

g(x) = carag? ... xim, (A.1.1)
where ¢ > 0 and q; are real numbers.
A posynomial is a function of the form
K
flz) = Z cpry g L ek (A.1.2)
k=1

where, ¢, > 0. from the definition above, a posynomial is a sum of one or more monomials.

A.1.2 Arithmetic-Geometric Mean Approximation

The arithmetic-geometric mean approximation (AGMA) is widely used in solving optimiza-
tion problems by converting the summation of monomials into the approximated product forms.

Specifically, if f(x) is posynomial function, i.e. f(x) =), gi(x) where gi(x) are monomials,

2016/09/25
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then, by AGMA, we have

ak(xo)

. 7 ag(xo)
f(fv)Zf(:v)zl_[(gk( )) , (A.1.3)
;

where the parameters oy (o) can be obtained by computing

ax(zo) = 9x(®o) \yp. (A.1.4)

f(zo)

In the above approximation, x is a fixed point with ; > 0 and is the optimal solution obtained

from the last iteration of the optimization. It has been proved that f (x) is the best local monomial

approximation of f(x) near x, [42].

A.1.3 Geometric Programming

Geometric programming (GP) is a class of non-linear optimization problems, which can be solved
very efficiently via numerical methods [38]. Various resource allocation problems have been
solved by converting them into GP problems to reach computationally tractable algorithms, e.g.,

[37,38,69-71]. A geometric programming problem is an optimization problem of the form

minimize fy(z) (A.1.5)
subjectto fi(z) <1, i=1,...,m, (A.1.6)
gi(x)=1, j=1,...,p, (A.1.7)

where f;(x) are posynomial functions, and g;(x) are monomial functions and z; > 0 are the
optimization variables. The above equation (A.1.5) describes the GP in a standard form where

the inequality constraints are posynomials and the equality constraints are monomials.

A.1.4 Complementary Geometric Programming

Although GP has been extensively studied in the literature and there are a number of efficient
tools to solve GP problems, the optimization problems in practical scenarios in communication
systems are not typically in the standard GP form. There are a lot of restrictions, for example, on
the equality and inequality constraints, which cannot be met for many practical problems related

to the resource allocation of wireless networks. For example, in some cases, the equality con-
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straints contain posynomial functions, inequality constraints present lower bound of posynomial
function or the posynomial functions contain negative coefficients. Depending on the nature of
the optimization problem, these types of problems belong to either one of classes of optimization
problems such as generalized GP, signomial programming or complementary geometric program-
ming (CGP).

A CGP problem can be presented as

min Fy(x), (A.1.8)
subjectto:  Fy(x) <1, i=1,.,1,
Gix)=1, j=1,.J,

where Fo(x) = ff(x) = fr (%), Fi(x) = &0 5 = 1, T and Gy(x) = 22 in which

fo7(x), fo (x), 5 = 0,1,---,.J, are posynomial functions, while g;(x) and f;(x) are monomial

and posynomial functions [43], respectively.

One approach to solve (A.1.8) is to convert it into a sequence of standard GP problems [39]
that can be solved to reach a global solution. In other words, successive convex approximation
(SCA) can be applied, where the non-convex optimization problem is approximated as a convex
problem in each iteration. Specifically, AGMA can be applied to transform the non-posynomial
functions to posynomial form, i.e., F;(x), and G,(x) to their monomial functions, respectively.

Using AGMA, at the iteration [, the approximated forms of f; (x) = Z{;; g, (x) and
K,
fi(x) = 2242, g1, (x) are

K &
9. (x(1)
H< 0 ) , (A.1.9)

k=
K; , A0
and, f;(x(1)) = [ (9;"(% )> , (A.1.10)

k=1
i~ (1) — 9k (x(=1) _ gl(x(-1) ol _ e
\jvvhere & (D) = f =T} and ((I) = T =1y Subsequently, Fi(x(1)) = o0 and
G;(x(t)) = % are posynomial and monomial functions, respectively [39], and the optimiza-
J

tion problem related to each iteration / of (A.1.8) becomes
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min =+ fo (x(1) = fo (x(1)), (A.1.11)

subject to:

Ex() <1,G,x(1) =1, i=1,..1,j=1,..J,

where = > 1 is a sufficiently large constant added to the objective function in (A.1.11) to keep it
always positive [39]. However, the objective function of (A.1.11) still cannot satisfy the posyn-
omial condition of (A.1.5). To reach the GP-based formulation for each iteration, we introduce

the auxiliary variable zy > 0 for a linear objective function and use it to transform (A.1.11) into

min zo (1), (A.1.12)
xo(t)
= +
subject to: M <1,
fo (x(1) + g
Fy(x(t)) < 1,G;(x(t) =1, (A.1.13)
i=0,1,... Lj=1,...J
where Xo(t) = [zo(1), 2, (1), -, zo(l)]. Similar to F;(x), term S D) be converted into

fo x(D)+zo
posynomial function via AGMA, and finally, the resulting optimization problem has a GP-based

structure and can be solved by efficient numerical algorithms, [39].

It has been shown that the solution obtained by the iterative algorithm based on the GP-
based approximation of problem (A.1.8) can offer a performance very close to that of the optimal
solution [39].

A.2 Multi-block Successive Convex Approximation

Successive convex approximation (SCA) is an iterative approach to solve general non-convex op-
timization problems where at each iteration of the algorithm, the non-convex problem is approx-
imated by its corresponding convex form by considering a set of variables while fixing others. In
other words, at each iteration, a locally tight approximation of the original optimization problem

is solved subject to the tight convex restriction of the constraint sets.
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Consider an optimization problem of the form

min  f(x) (A2.1)
st TEX, (A2.2)

where the feasible set X is the Cartesian product of n closed convex sets: X = X} X --- X &,
where X; C R™ and ZZ m; = m. Here, the variables, x € R™, in the original optimization
problem can be decomposed into subsets as = = (x1,Zs, ..., z,) Where z; € X;,i = 1,... n.
In the multi-block SCA approach, the algorithm updates a single block of variables in each
iteration, i.e. at iteration ¢, if the selected block is block i, then the global upper-bound ap-
proximation of the original objective function f(.) is formed at the point z'~!. Specifically, if
w;(x;, '71) is the convex approximation of the original objective function f(z) at the point 2™,

then, at the iteration ¢, the following sub-problem is solved,

min (2, 2'71) (A2.3)

Z5

s.t. x; €A, (A2.4)

The convergence and the complexity analysis of the SCA-based approach has been studied in
various works, for instance [46]. Moreover, with the arithmetic-geometric mean approximation,
the SCA approach converges to a locally optimal solution that satisfies the KKT conditions of the
original problem [47].
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