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Abstract

Due to rapidly increasing contribution of information and communication technology
(ICT) industry to global energy consumption and increasing popularity of wireless commu-
nications, it is essential to further improve energy efficiency, cellular coverage, and network
capacity of emerging wireless networks. Moreover, these improvements must be achieved in
a cost-efficient manner. Various solutions are being considered to address these issues and
some of these solutions have already been deployed. Examples of these solutions include
small cell networks (SCNs), cell sleeping, and carrier aggregation (CA). Different services
transmitted over wireless networks have different quality of service (QoS) requirements in
terms of delay constraint and packet loss probability (PLP). In order to maintain these
QoS requirements, resource allocation mechanisms of radio resources such as power and
bandwidth play an important role. More importantly, analytical models, which enable the
system designer to compare data link layer QoS performance measures of different resource
allocation mechanisms and to determine various design parameters, are highly desirable.

In this thesis, we mainly focus on development of analytical models via cross-layer design
approach. In particular, we develop queuing analytical models that capture various aspects
of emerging wireless networks. These models assist the system designer to gauge data link
layer QoS performance measures beforehand for various operating and system parameters.
As such QoS requirements of user equipments (UEs) can be ensured by tuning/selecting

design parameters.
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Chapter 1

Introduction and Overview

1.1 Introduction

One key design challenge that the emerging wireless networks are facing is to meet
the rapidly increasing demand for high data rate and low latency services. For example,
current long term evolution advanced (LTE-A) specifications can support up to 1Gbps
peak data rate, 10Mpbs user equipment (UE) experienced data rate and 50ms latency
[1]. However, emerging wireless networks are expected to support up to 20Gbps peak
data rate, 100Mpbs UE experienced data rate and latency below 10ms [1]. So, peak
data rates are expected to increase 20 times, UE experienced data rates are expected to
increase 10 times and latencies are expected to reduce by a factor of 5. Another design
challenge is to reduce the contribution of information and communications technologies
(ICT) industry to energy consumption and global CO2 emission. It is estimated that
ICT industry today is responsible for 2% of global COy emission [2]. With the increasing
demand for high data rates and current energy efficiency trends, ICT based emissions are
expected to grow. Therefore, it is necessary to significantly improve the energy efficiency
of emerging wireless networks. Moreover, these improvements in the supported data rates
and energy consumption of emerging wireless networks must be achieved in a cost-efficient
manner due to flattening-out revenue per UE and revenue per bit [3].

One of the main features of emerging wireless networks that addresses the aforemen-
tioned challenges is the utilization of multi radio access technologies (multi-RATSs). For
example, low-power access nodes, also referred to as small cells, are densely deployed in
an unplanned manner forming so-called small cell networks (SCNs). These SCNs coexist
with the existing macrocellular networks, resulting in multi-tier cellular networks, which
are referred to as heterogeneous networks (HetNets) [4]. HetNets play an important role
to meet the ever-increasing demand for high data rates and to improve energy efficiency
with low deployment and operational cost [4].

Another promising technology that is implemented in emerging wireless networks is the
utilization of multiple component carriers to achieve high data rates, which is known as
carrier aggregation (CA). In CA, several component carriers are used simultaneously for

data transmission. These component carriers can be in contiguous band of the spectrum,
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or they can be in different bands. For instance, CA of up to five component carriers has
been discussed for LTE-A [5], [6]. CA can be classified into two types based on the UE
association criteria, namely, single-flow CA and multi-flow CA. In single-flow CA, a UE is
served by a single base station (BS) from a given tier using multiple component carriers,
whereas multiple BSs from different tiers using distinct component carriers serve a UE
in multi-flow CA [7], [5]. Multi-flow CA results in significant performance improvement
compared to single-flow CA [7].

In order to improve the overall power consumption, under-utilized BSs are inactivated.
This process is referred to as cell sleeping. Recent studies have shown that BSs can be
largely under-utilized as the traffic load varies over time and location. Traffic load remain-
ing below 10% is estimated to be 30% in week days and 45% at weekends [8]. Also, it
is estimated that BSs are responsible for 90% of the total energy consumption while UEs
consume only 10% [8]. Moreover, static energy consumption constitutes 60% — 80% of the
total energy consumed by a given BS [9]. In other words, most of the energy consumed
by a BS is independent of the traffic load. Therefore, cell sleeping can greatly enhance the
energy efficiency of wireless networks.

While the above mentioned solutions have great potentials to address above mentioned
challenges, the performance improvements using these solutions can be easily squandered
if quality of service (QoS) requirements are not ensured for networks’ UEs. In particu-
lar, different services transmitted over wireless networks have different QoS requirements.
In order to maintain these QoS requirements, resource allocation mechanisms of radio re-
sources such as power and bandwidth play an important role. More importantly, analytical
models that enable the system designer to gauge and compare data link layer QoS perfor-
mances of different resource allocation mechanisms are highly desirable. Moreover, these
models will provide an excellent opportunity to tune various design parameters in order to
meet QoS requirements.

Cross-layer design and performance analysis allow to measure and to improve perfor-
mances of wireless networks while accounting for interactions among different layers of
communication protocol stack. Data link layer is the second layer in the open systems in-
terconnection (OSI) model, which consists of seven layers, and it is concerned with packet-
level data delivery. The QoS parameters of the data link layer include delay constraint and
packet loss probability (PLP). Of particular interest is the investigation of data link layer
QoS parameters such as packet delay and PLP while jointly capturing various data link
layer and physical layer parameters such as link error, time varying nature of the channels,

channel scheduling mechanisms, channel quality feedback, and bursty packet arrivals.
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1.2 Motivation, Objective and Contributions

When implementing a resource allocation mechanism, it is important to understand the
relationships between different system parameters and the the resource allocation mecha-
nism, and the resulting system performance. This can be realized by leveraging analytical
models to derive these relationships in an accurate and readily verifiable way. Moreover,
these analytical models are very useful to tune/select design parameters in order to main-
tain QoS requirements of UEs. For example, as long as QoS requirements are maintained,
it is desired to maximize the number of served UEs in order to maximize revenue.

A common thread in this thesis is the development of innovative analytical models that
take cross-layer interactions between physical layer and data link layer into consideration.
These models can be used to evaluate QoS performances of UEs in the network and to
tune various system and operating parameters to maintain QoS requirements. We consider
following wireless networks: SCNs with non-line-of-sight wireless backhaul links, downlink
(DL) dynamic cell selection (DCS) in wireless networks with cell sleeping, and DL multi-
flow CA in HetNets. The resource allocation mechanisms include channel scheduling,
packet scheduling, and cell selection.

The key contributions of this thesis are as follows.

1. In Chapter 2, we develop a queuing analytical model that considers the channel
scheduling mechanisms in the backhaul and access links of SCNs, the time varying
nature of the channels, bursty packet arrivals as well as the network topology e.g.,

the number and the coverage of the small cells.

2. In Chapter 3, we consider a DCS transmission scheme for serving sleeping cell UEs
and develop a cross-layer analytical model that considers the time varying nature
of the channels, channel scheduling mechanism, partial channel quality information
(CQI) feedback, cell selection mechanism, bursty packet arrivals and packet schedul-

ing mechanism.

3. In Chapter 4, we investigate the cross-layer performance of multi-flow CA in Het-
Nets by developing a cross-layer queuing analytical model that takes into account
the time varying channels, the channel scheduling algorithm, partial CQI feedback
and the number of component carriers deployed at each tier of the HetNet. Our de-
veloped model also accounts for stochastic packet arrivals and the packet scheduling

mechanism.
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1.3 Background and Literature Review

In this section we provide the necessary background and literature review for various

state-of-the-art wireless systems that are considered in this thesis.

1.3.1 Small cell networks with non-line-of-sight wireless backhaul links

SCNs! are considered as one of the potential solutions for cellular coverage and network
capacity improvement. With small cells, traffic can be offloaded from the macrocells. Small
cell base stations (SBSs) are easier and cheaper to manufacture and maintain. Moreover,
they improve the energy efficiency of the networks and the networks’ UEs due to a relatively
shorter distance between the transmitter and the receiver [10]. In fact, small cells are an
integral part of future wireless networks and have already been deployed.

Backhaul link is needed to connect the SBSs to the core/global network [11]. Many
different wireless and wired technologies have been proposed as backhaul solutions for
SBSs. A detailed portfolio of solutions available for backhauling small cells for various
deployment scenarios has been provided in [11]. While fixed-line backhaul solutions provide
better capacity, operators are generally limited by the lack of copper and fiber availability,
as well as by the need to deploy SBSs on locations that have limited wireline access.
Moreover, a line-of-sight microwave backhaul solution requires a direct line-of-sight, which
is difficult to achieve in urban areas because of buildings and other structures. Also this
solution cannot be applied for indoor SBSs. As such non-line-of-sight (NLOS) wireless link
provides backhaul solution for cost-effective scalable small cell deployments [12].

Sub 6-GHz is of particular interest for NLOS backhaul solution due to its propagation
characteristics [11]. Although this band can be area licensed or unlicensed, operators
will often choose licensed spectrum to maintain QoS of the small cell UEs. Licensed
backhaul spectrum is also preferred to avoid external interference and to allow a scalable
high capacity backhaul network [11]. Licensed frequency bands in the sub-6 GHz range
vary by geography. Although a number of spectrum allocations in this frequency range is
fully occupied for mobile access services, there are many under-utilized allocations. These
include small fragmented unpaired allocations, as well as frequency ranges above 3 GHz,
which, due to higher propagation losses, are sub-optimal for providing mobile connectivity
to handsets in the access link. These spectrum allocations are ideally suited to NLOS
small cell backhaul [11]. A SBS, which is connected to the core/global network via a
backhaul link, serves the UEs of that particular small cell. Throughout this thesis, we
refer to the link between the SBS and the end UEs as the access link. While having

In the literature, microcells, femtocells and picocells are referred to as small cells. Throughout this
thesis, we use the term small cells in general.
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separate frequencies for NLOS backhaul link and access link can be expensive, using same
frequency for both links can lead to excessive interferences. If same frequency band is used
for both links, the operators need to have some frequency reuse plan such as frequency/time
division multiplexing to avoid interference between these links. In the literature, it has been
suggested to use different frequencies for the access and backhaul links [11]. The spectrum
allocated for access link can be shared by BSs from different tiers in two different methods,
namely, dedicated and shared spectrum access [13], [14].

NLOS wireless link typically uses a mutlicarrier, i.e., orthogonal frequency division
multiple access (OFDMA) transmission due to its high tolerance to multipath fading [11].
Also due to its inherent advantages, OFDMA based physical layer has been standardized
as access technology for many contemporary wireless systems. Due to fading in wireless
channels, channel qualities in both links can vary over time. In order to take advantage of
the varying nature of wireless channels, rate adaptive transmission scheme is employed in
practice. In such multi-carrier based dual hop systems, the channel scheduling mechanism
employed in the backhaul link and the channel scheduling mechanism employed in the
access link affect QoS parameters.

Recently research works have been done towards analyzing coverage and ideal capac-
ity /spectral efficiency of SCNs that coexist with the traditional macrocells [15]-[18]. These
works mainly focused on analyzing access link theoretical capacity, throughput and/or out-
age probability, and did not consider the impact of backhaul link in their studies [15]-[17].
In [18], authors have analyzed coverage and ideal capacity of the backhaul link without
taking the access link of SCNs into consideration. The joint impact of both links on the
data link layer performances of UEs in the small cells has been largely ignored in the

literature.

1.3.2 DL DCS in wireless networks with cell sleeping

Inactivating under-utilized BSs, also referred to as cell sleeping, has been recently con-
sidered for improving the energy efficiency of emerging wireless networks. However, main-
taining the QoS requirements of the UEs in a sleeping cell remains as a challenging issue.
Various techniques such as cell zooming and coordinated multipoint (CoMP) transmission
have been proposed to improve the performance of wireless networks with cell sleeping.

Recently, several works have been done towards analyzing cell sleeping performance
and investigating various BS inactivation schemes/patterns [19]-[24]. In [19], the optimal
density of sleeping cells to minimize the power consumption while maintaining certain
coverage constraints has been studied for homogeneous cellular networks. The optimal

density of sleeping cells to maximize the energy efficiency in heterogeneous cellular networks
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has been investigated in [20], [21]. In [22], a BS inactivation strategy with guaranteed
outage probability and call level QoS is proposed. Also, a distance-aware BS inactivation
scheme, where a BS with maximum average distance from its UEs as well as neighbouring
cell UEs is inactivated, is proposed in [23]. In [24], coverage and spectral efficiency of
cellular systems with cell sleeping have been studied while taking UE association criteria
and channel scheduling mechanisms into consideration. In previous works, user-centric
approaches to evaluate and maintain the packet level QoS performances of sleeping cell
UEs have been largely ignored.

DCS is a category of CoMP transmission that has been recently considered for im-
proving coverage in LTE networks [25]-[28]. In CoMP DCS transmission, at a given time
slot, a UE is served by a BS that is selected among a group of candidate BSs. The main
limitation of the state-of-the-art DCS approaches is the over utilization of backhaul re-
sources. In particular, as a rule of thumb, existing works assume that all data packets of a
particular UE are available at all candidate BSs. Hence, a duplicate of each packet is sent
to each candidate BS over the backhaul links. However, backhaul has been recently viewed
as the bottleneck of the wireless industry’s capacity crisis [3], [29]. It is estimated that the
demand for mobile backhaul has increased 10 times from 2011 to 2016 [3]. As a result,
the necessary backhaul infrastructure is increasing significantly, which leads to increased
capital expenditure. Also, backhaul operational expenditure constitute 30% of the overall
operational expenditure [3]. Therefore, packet duplication is cost inefficient for mobile net-
work operators, especially with the flattening out revenue-per-UE and revenue-per-bit [3],
[29]. In addition, the backhaul has a significant impact on the overall energy consumption
[29], [26].

In OFDMA-based cellular networks, opportunistic resource allocation schemes are em-
ployed to take advantage of multiuser diversity and the time varying nature of the channels.
For instance, opportunistic channel scheduling and adaptive transmission can be used to
maximize the overall throughput of UEs. However, this requires the CQI of all UEs to be
available at the BSs for DL transmission [30]. In order to avoid CQI feedback overhead,
partial CQI reporting, e.g., best-m in LTE systems, has been proposed in the literature
[31], [32]. Also, many current cellular systems are based on fractional frequency reuse to

maintain high frequency reuse while reducing the interference at cell edge UEs [33].

1.3.3 DL multi-flow CA in HetNets

In HetNets, cell range expansion (CRE) has been considered for open access small cells
to exploit traffic ofloading from the macrocells to the small cells [34],[7],[35]. This enables

small cells to serve not only small cell user equipments (SUEs) that are in the coverage area
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of the small cells, but also macro user equipments (MUEs) that are in the expanded range
(ER) of the small cells. This improves macrocell reliability, load balancing and overall
system performance [34].

Moreover, multi-flow CA can be utilized to serve MUEs in the ER of the small cells.
This can be achieved through dual connectivity, which was introduced in Release 12 of the
3GPP specifications. From a data plane prospective, two types of dual connectivity have
been standardized as follows: the first one with split of data in the core network and the
other one with the split of data at the macrocell [36]. While the former is useful when low-
latency high-throughput backhaul is available, the latter can be used for median-latency
backhaul and/or for supporting mobility [36].

Carrier deployment in HetNets can be done in a shared manner where the small cells
utilize component carriers that are also used by the macrocells, or in a dedicated manner
where the small cells utilize separate component carriers [5], [37]. While the former has the
advantage of full spectrum reuse by all BSs from all tiers, the latter eliminates cross-tier
interference. If the available bandwidth for network operators is large (> 20 MHz), dedi-
cated carrier deployment is the preferred option [7]. Moreover, multi-flow CA can provide
efficient means of utilizing the divided spectrum under dedicated carrier deployment while
still eliminating cross-tier interference. This can be achieved by allowing MUEs in the ER
of the small cells to be served by all tiers over the entire spectrum [7].

Opportunistic resource allocation algorithms such as adaptive transmission and max-
rate channel scheduling are utilized in most of the contemporary wireless networks with
OFDMA. Such algorithms can significantly improve the overall network performance through
exploiting the time varying channels and the multiuser diversity. For the DL transmission,
this requires the UEs to feed back their CQI to the serving BSs. In practice, partial CQI
feedback such as best-m in LTE systems is used to reduce CQI feedback overhead, espe-
cially in situations where UEs are served by multiple BSs [31], [32], [38]. Also, when a
UE is served by multiple BSs in the DL transmission, random packet scheduling can be
employed to randomly forward each arriving packet to one of the serving BSs. Then, each
BS transmits the forwarded packets to the corresponding UE [38].

In previous works, CRE has been studied to balance the load among the macrocells
and the small cells. In [34], [35], the performance of CRE and inter-cell interference co-
ordination (ICIC) techniques has been investigated for shared carrier deployment with a
single component carrier. In [5], a load aware model for single-flow CA has been studied
for various carrier deployment scenarios. Multi-flow CA with dedicated carrier deployment
for load balancing in HetNets has been proposed in [7]. Analytical models that assist to
offload traffic from the macrocells to the small cells while maintaining packet-level QoS

requirements of MUEs in the ER of the small cells under multi-flow CA have not been
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investigated in the literature.

In the literature, queuing analytical models to investigate packet-level performance of
traditional cellular networks (where UEs are served by a single BS) have been presented
[39], [40]. Also, queuing analytical models have been developed to study packet-level
performance of multi-hop cellular networks [41]-[43]. On the other hand, queuing analytical
models to investigate packet-level performance of parallel transmission schemes such as
multi-flow CA for MUESs in the ER of small cells and multi-RAT's have been largely ignored
in previous works. Developing such models is highly desirable to study the packet-level

performance of emerging parallel transmission technologies [44].

1.4 Queuing Models

Markov processes account for the fundamental theory behind queuing systems. Let
{Xo, X1, -+, X} denote the family of random variables defining a stochastic process. The
stochastic process is referred to as a Markov process if the conditional cumulative distribu-
tion function (CDF) of its random variable at a given time X,, depends only on its value
at the previous time X,,_1 [45]. A discrete time and discrete state space Markov process is
referred to as a discrete time Markov chain (DTMC). Also, a DTMC is characterized by its
transition probability matrix P which describes the one-step transitions between different
states (i.e., the transitions from time step n to time step (n + 1)). If P is independent of
the time step n, the DTMC is described as homogeneous.

For homogeneous DTMCs, a steady-state solution w can be obtained as follows:
TP =, (1.1)

7l =1, (1.2)

where 1 is a column vector of proper size and all elements equal 1. The one-step transition
probabilities given by the transition probability matrix P of the homogeneous DTMC have
no effect on the steady-state solution .

For some cases, it is possible to represent a DTMC by a quasi birth and death (QBD)
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process as follows:
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where the elements of P are generally sub-matrices. It is highly desirable to represent
DTMCs using QBD processes since one can apply the matrix-analytic procedure in [46] to
efficiently calculate the steady-state probabilities 7.

Wireless networks often operate in a time-slotted manner. The system state space of

such wireless networks can be defined as:

Q= {(qgn)aqén)a e 7t§n)atgn)7 o )}7

(n)

where ¢; "’ is a state variable representing the state of the ith buffer at time slot n and

£

variables of the systems under consideration are discrete and all these systems are time

is a state variable representing the state of the ¢th link at time slot n. All state

slotted. Therefore, each system can be represented as a DTMC with transition probability
matrix P. We develop analytical models to construct matrix P for each system under
consideration. There are several factors that affect the development of the analytical
models. For example, the arrangement of buffers in different systems has a significant
impact on developing the analytical models. Also, the dynamics of these buffers in different
systems greatly distinguish the analytical models for different systems. Moreover, links
states and link selection, which depend on the specifications of each system, are important
factors in the derivation of the analytical models. In each chapter, we show the detailed

derivation of the analytical models for the system considered in that chapter.



Chapter 2

Cross-Layer Performance of
Channel Scheduling Mechanisms
in Small Cell Networks with
Non-Line-of-Sight Wireless
Backhaul Links

2.1 Synopsis

We summarize the main contributions and outcomes of this chapter as follows.

1. We investigate the performances of various channel scheduling mechanisms for the ac-

cess link and the backhaul link in SCNs. For the access link we consider the so-called
max rate/opportunistic channel scheduling mechanism in order to exploit multiuser
diversity, while for the backhaul link we consider three different channel scheduling
mechanisms, namely, fixed channel scheduling, round robin channel scheduling and

access link dependent channel scheduling.

. We develop an elaborate cross-layer analytical model to analyze various data link
layer performances e.g., PLP and average queuing delay jointly capturing the time
varying nature of the channels in both links, channel scheduling mechanisms in both

links, stochastic packet arrivals, and network topology.

. Using numerical examples, we demonstrate how the developed cross-layer analyti-
cal model can assist network designers to measure and compare beforehand various
data link layer QoS performances e.g., end-to-end PLP and average queuing delay
of packets for the considered channel scheduling mechanisms. We also show how the
developed model can facilitate cross-layer design to select various design parameters

such that the data link layer QoS requirements of the small cells’ UEs are maintained.

10
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For instance, the developed model can be used to determine whether it is feasible to

deploy an additional SBS for given QoS requirements.

The rest of this chapter is organized as follows. In Section 2.2, we provide a detailed
description of the system model and various channel scheduling mechanisms under consid-
eration. While in Section 2.3 we develop the queuing analytical model and derive the data

link layer performance measures, in Section 2.4 we present some selected numerical results.

2.2 System Model and Operating Assumptions

2.2.1 Opverall system description

We consider a similar two-tier cellular network as considered in [15] with macrocells
laid out in the traditional grid-based model, and with SBSs arbitrarily deployed within
each macrocell as shown in Fig. 2.1. The SBSs are assumed to be of the same type with
coverage radius Rg while the coverage radius of the macrocells is Ry. As considered in
[15], we assume that the cell coverage in both tiers to be circular due to the analytical
tractability yet with a high accuracy of this model [47]. The network consists of T-layer of
neighbouring macrocells covering an area of radius Ry = Ry + 2T Ry, T =0,1,---.

We consider dedicated spectrum access between macrocell and small cells for simplicity.
However, our work can readily be extended for shared spectrum access by using appropri-
ate cross-tier interference model?. Since most practical systems today are multi-carrier
systems, we consider multiple channels in both links. We consider that N, channels are
dedicated to small cells’ UEs with full frequency reuse among SBSs.

As shown in Fig. 2.2, a typical SBS deployed within a macrocell serves a number of UEs
through its access link. Each SBS is connected to the core/global network and a connector
node (CN) (also referred to as a hub node) provides backhaul connection to the SBSs using
a number of backhaul wireless channels [48]. The CN is typically situated at a fiber point-
of-presence or where high-capacity LOS microwave link is available to connect the CN to
the core network. An existing macrocell can be such a site. Each CN can serve a number
of SBSs. A scheduler at the CN can allocate the backhaul channels among SBSs [12], [48].
Each group of SBSs (typically 2-10 SBSs) is served by a CN that can allocate the backhaul
channels among these SBSs [48]. Also, the backhaul channels can be reused by other CNs
to provide backhaul to other groups of SBSs. The interference in a particular backhaul

channel due to the spatial reuse of that backhaul channel by another CN is expected to be

?In [15], a detailed model to obtain the statistics of the total cross-tier interference for the uplink (UL)
transmission has been developed. Also, the authors have explained how that model can be extended to
obtain the statistics of the cross-tier interference for DL transmission (see, Remark 1 in [15]).

11
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Figure 2.1: An example of a two-tier cellular network with macrocells and small cells
(darker areas show the coverage of SBSs)

Tagged user's buffer at Arg )
----------- R (8)
- 3 _ Access Node

Macro User '

Figure 2.2: A typical SBS connected to the CN via NLOS wireless backhaul link. For
clarity the CN buffer and the SBS buffer of a particular UE are shown in this figure.

limited if an appropriate backhaul resource allocation approach is used. For example, in
[48], authors proposed a joint channel scheduling and power allocation mechanism in the
backhaul network that enables efficient resource allocation while limiting the interference.

Therefore, we do not consider interference in the backhaul channels due to the spatial reuse

12
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of backhaul channels. However, our developed model can easily incorporate interference in
backhaul channels using appropriate interference model. Let Ny ; denote the number of
backhaul channels assigned to SBS j.

We consider DL transmission scenario® and we analyze the performance of a typical UE
in a reference small cell [15]. For notational convenience, we drop the index for the SBS and
refer this typical UE as the tagged UE. Also, we assume that there are U UEs uniformly
distributed within this reference small cell. There are two packet buffers corresponding to
each UE served by the SBSs. The first buffer is referred to as the CN buffer and located at
the CN. The second buffer is referred to as the SBS buffer and located at the SBS. Packets
of a particular UE that arrive randomly from the core network are temporarily stored at
that UE’s CN buffer to be transmitted over the backhaul link to the corresponding SBS.
These packets arriving at the SBS buffer from the CN buffer are temporarily stored before
they are finally transmitted to the UE over the access link. We assume that all buffers

have finite length and we consider a time slotted system.

2.2.2 Channel model and adaptive transmission

The Generalized-K composite fading distribution, which has been recently regarded
for modelling shadowing and fading channels [49], can be approximated with the Gamma
distribution using moment matching method [50]. So, we use the Gamma distribution to
model channel fading gain in both backhaul and access links. For each channel in the access
link of a particular UE, we assume that the received signal-to-interference-plus-noise-ratio
(SINR) to be independent identically distributed (i.i.d) across time slots. Similarly, for
each channel in the backhaul link we assume that the received signal-to-noise-ratio (SNR)
across time slots to be i.i.d. We map the received SNR/SINR into a finite set of channel
states S = {0,1,--- , K — 1}. Therefore, the received SNR/SINR state of each channel in

both links at any time slot can take a value from the set § randomly. Let us denote the
(n) (n)

B i Ajm 18 used

channel state of the ith backhaul channel at time slot n by s,/ and similarly, s
to denote the channel state of the jth access channel of mth UE at time slot n. In order
to take advantage of the time varying nature of the channels, transmission rate in each
channel in both links is adjusted using adaptive modulation depending on the channel
state. The number of packets that can be transmitted in a particular backhaul/access
channel at any time slot is proportional to the channel state at that time slot and can be
written as follows:

r=0bk, 0<k<K-1, (2.1)

3The queuing model developed here can easily be extended to analyze packet level performance for the
UL transmission scenario.

13
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where b is an integer parameter that depends on modulation order, coding rate and time

slot duration.
The ¢th backhaul channel is said to be in state k at time slot n if v, < ’y](gni) < Y41,

where 'y(n) is the received SNR of the ith backhaul channel* at time slot n, and v, and

B,i
Yik+1 are the lower boundary thresholds of channel states k and k+ 1, respectively [51], [52].
Similarly for the access link, the jth channel of the mth UE is said to be in state k at time

gn])m < Yk+1, where ’y}(\n])m is the received SINR, of the jth access channel of

the mth UE at time slot n. The thresholds {’Yk}szo are set to the values such that a target

bit error rate (BERy) is achieved for each transmission mode, i.e., transmission rate [53].

slot n if y, <7

Since we consider the fading power gain in each channel to have Gamma distribution,
the probabilities that the ith backhaul channel is in state k£ at time slot n, Pr{sg?i) =
k},k =0,1,--- ,K — 1, can be calculated using the CDF of the Gamma distribution as

follows:

Pr{s{) =k} = Priy <700 < i)
_ Io(kyyks1/(398))  Tr(kk/(798))

I'(sB) I'(xkB) ’

(2.2)

where 'y (m, z) = [t exp(—t)dt denotes the lower incomplete Gamma function, I'(m)
= fooo t™ =L exp(—t)dt denotes the Gamma function, ry is the first parameter of the Gamma
distribution, 6y is the second parameter of the Gamma distribution, and % is the average
received SNR which depends on the distance between the SBS and the CN. Similarly,
the probabilities that the jth access channel of the mth UE is in state k at time slot n,
Pr{s(n) =k}, k=0,1,--- K — 1, can be calculated as follows:

A,J,m

Pr{s{"),, =k} = Pr{ye <7, < %s1)

A7j7m A7j7m

(2.3)
= Pth(’Yk#»l) - Pth(’yk)v k= 07 17 T 7K - 17

where Py, (z) is the probability that the received SINR, 'y(n) is less than the threshold x.

A7j7m,
This probability can be evaluated using the classical lemma presented in [54] as follows:

Po(z) = % 41 /OOO Im (‘PD(—J'W)CPIT(J'II?w)ejMW> . (2.4)

™ w

where o is the thermal noise power, ®p(—jw) is the characteristics function (CF) of the
received desired signal D, and ®r,(jw) is the CF of the total received interference. For

Gamma distributed channel with parameters kp and 6y, the CF of received desired signal

4For convenience we refer to the channels in the backhaul link as backhaul channels and channels in the
access link as access channels.
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82 F1[1, hry iy + 1+ 2, — 5]

Py (jw) 1= G
1 (Jw) = —
(7751 +2)(1 - (QJETI)n)“I
0 (2i—1)!2F1[17K1,/€1+1+¥7#91] ?
-3 — R (26)
5 200mil(1 — 442) (s + 20 + 3)(1 — o)
D can be written as [15]:
. 9 —2 ) (—jwp)?/ 1T (kp+2)1(=2HL)
Eplie) = 2Filko, 2, =51, dofp) - CROIREIES 29
where 7 is the path loss exponent and o F1[., ., .,.] denotes the Gauss hypergeometric func-

tion.

Since we consider dedicated spectrum access and full frequency reuse among the SBSs,
in a particular access channel, there will be interferences from other SBSs while macrocells
do not cause interference. The CF of the total interference, ®,(jw) can be obtained using
a similar approach as presented in [15]. In particular, assuming that all the interfering
signals have i.i.d Gamma distribution with parameters k; and 6;, the CF of I, can be
written as shown in eq. (2.6), where in this equation ¢ is the number of interfering SBSs
and ! denotes factorial operation. For non-identically distributed interferers, the CF of I

is the multiplication of the CF's of all interferers.

2.2.3 Channel scheduling mechanisms

For the access link, in order to exploit the multiuser diversity, we consider the so called
max-rate/opportunistic channel scheduling which maximizes the overall throughput of the
UEs [55]. According to the max-rate/opportunistic channel scheduling, the SBS assigns a
particular channel in the access link to the UE which can support the highest transmission
rate in that particular channel, i.e., the UE that has the highest channel state. If there
are multiple UEs with the highest channel state in that particular channel, the channel is
randomly assigned to one of these UEs. For the backhaul link multiuser diversity cannot be
exploited since the communication between the CN and the reference SBS using a given set
of channels is a one-to-one communication. However, since the CN has a certain number
of backhaul channels, different backhaul channel scheduling mechanisms can be employed
to transmit packets destined for different UEs over the backhaul link. For the backhaul

link, we consider three different channel scheduling mechanisms as described below.
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Fixed backhaul channel scheduling

According to the fixed channel scheduling, Ny backhaul channels are equally divided
for transmitting packets of the U UEs from the CN to the reference SBS. For example, if
Ng = 6 and U = 2, channels 1, 2 and 3 are scheduled to transmit the packets of UE 1
whereas channels 4, 5 and 6 are scheduled to transmit the packets of UE 2.

Round robin backhaul channel scheduling

According to the round robin channel scheduling mechanism, at a particular time slot,
all the Ny backhaul channels are scheduled to transmit the packets of a particular UE over
the backhaul link. For example, if Ny = 6 and U = 2, at time slot 1 all backhaul channels
are scheduled to transmit the packets of UE 1 whereas at time slot 2 all backhaul channels
are scheduled to transmit the packets of UE 2 over the backhaul link.

Access link dependent backhaul channel scheduling

According to this channel scheduling mechanism, the number of backhaul channels
scheduled for transmitting packets, in a given time slot, for a particular UE is proportional
to the number of channels assigned to that UE in the access link. For example, if the kth
UE in the SBS is allocated with NS’I}{) channels (using the max-rate scheduling) in the access
link at time slot n, Nétlk) = %—/‘i X Ni?k) backhaul channels are scheduled for transmitting
the packets over the backhaul link for this UE at time slot n. For this channel scheduling
mechanism, the number of channels in the backhaul link and the number of channels in the
access link require to satisfy mod (Ng, Ny) = 0 where mod is the modulus operator.
Throughout this chapter, for simplicity we consider the number of channels in both links

to be equal.

2.3 Development of the Queueing Model

2.3.1 Packet arrival and buffer dynamics

Random packet arrival process at the CN buffer of the tagged UE from the core
network is assumed to follow a batch Bernoulli process with probability vector @ =
{ag, a1, - .,az}, where a; denotes the probability of i packets arrival at a given time
slot and Z denotes the maximum number of packets that can arrive at a given time slot.
The assumed batch Bernoulli arrival model is very general which can capture different level
of burstiness in the traffic arrival process [39]. We assume that the waiting packets at a

particular buffer are transmitted in a first-come first-served manner.
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The number of packets arriving at the SBS buffer of the tagged UE at time slot n is
equal to the number of packets transmitted from the CN buffer of the tagged UE over the

backhaul link at time slot n, which can be written as:

A7) — min(r}gn), qén) ), (2.7)

where 7"](3") is the total number of packets that can be transmitted, at time slot n, over the
backhaul channels scheduled for the tagged UE and qén) denotes the number of packets
available at the CN buffer of the tagged UE at time slot n. It is obvious that the value of
r](g") depends on the employed channel scheduling mechanism in the backhaul link and the
states of the backhaul channels scheduled for the tagged UE.

We assume that when a packet arrives to a given buffer at time slot n, it can be

transmitted at time slot n + 1 the earliest. So, the buffer dynamics can be written as

follows: 1
qénJr ) _ qén) + o — )\(n)7 (2 8)
q/(;n,-‘rl) — qgn) + )\(n) — min(r&n), q./(kn))a

where r&n) is the total number of packets that can be transmitted to the tagged UE, at

time slot n, over the access channels assigned for the tagged UE. a(™ denotes the number
of packets arriving at the CN buffer at time slot n and qin) denotes SBS buffer state at
time slot n. Obviously, the value of r,ﬁ”) depends on the number of channels assigned to

the tagged UE in the access link and the states of these channels.

2.3.2 System’s state space and transition probability

The system can be viewed as time slotted and all state variables are discrete. As such
the system can be modelled as a DTMC with transition probability matrix P where the
elements of P are the transition probabilities of the system’s states. This transition prob-
ability depends on the channel scheduling mechanism employed at both links. Assuming
buffers with finite sizes Q¢ max and and Qa m.. at the CN and at the SBS, respectively, in
what follows, we develop the transition probability matrix for the system’s state space for

different channel scheduling mechanisms.

Fixed backhaul channel scheduling and opportunistic access channel

scheduling

For U UEs in the reference SBS, Np = % backhaul channels will be scheduled for
each UE at each time slot when the fixed backhaul channel scheduling is employed. Let
us define a new state variable, tg?gA(Np) = ZﬁVPl s 0 < tl(;bgA(Np) < (K —1)Np. Next,

= B,
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J J
kZO Z o )+ +fj(lw>Pr{SAZ =7}
=
U
Pr{c =jt=4¢ Il Pr{sAJ =k}, 1<j<K-1, (2.10)
= (n) _ . .
1- 21 Pr{c,; =34}, j=0.
]:

we show the procedure to obtain vector TFA (Np), whose elements denote the probabilities
Pr{tB FA(Np) =j},7=0,1,--- (K —1)Np. We start by defining a function f,(y) which is
equal to 1 if z = y and 0 otherwise.

Then, the elements of Tis (Np) can be calculated as follows:

K-1

Pr{t{)\ (Np) = j} :kzo"':{ilofj(’“ﬁ"'MNP)
R (2.9)

AL
[[Pr{s;) =k}, 5=0,1,---, (K —1)Np.
=1

Next, we define matrix Ty, (INVp) of identical rows, with each row equals TFA(NP) For
opportunistic scheduling in the access link, we define random variable v € {0,1} to
indicate whether the ith access channel is assigned to the tagged UE at time slot n. If
the ith access channel is assigned to the tagged UE, v(n) = 1, otherwise, v( 0. T hen,
we define state variable for the ith access channel c( ) v( RN < c(n) < K —1. The

Sa,io
probabilities Pr{cAﬂ- =j},j=0,---,K —1 can be calculated using eq. (2.10).

Next, we define state variable tf:_%s(NA) = ZNAl gnz), 0< tg’%s(NA) < Ny (K — 1) with
probability vector TOS(NA). Similar to the backhaul link, the elements of Tos (N,) can be
calculated as follows:

K-1

K—
PN =} = 5 oo 5 fylhi+ oot h)
a0 =0 (2.11)

T )
[[Pr{c,) =k}, j=0,1,--,(K—1)N,.
=1

We also define matrix Tog(N,) of identical rows, with each row equals Tos (N,). Note that
the transition probabilities of the state variables tg?gA(Np) and tg%s(N ») depend on the
number of channels. Moreover, we can write the transition probability matrix for the joint

state (té’?ﬁA(Np) tgn())s( N,)) of the tagged UE with the fixed backhaul channel scheduling

18
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and opportunistic access channel scheduling as:
W(NA+NP) - TFA(NP) ®T05(NA), (212)

where ® denotes the Kronecker product.

Now the transition probability matrix of the system P, whose elements are the transi-
tion probabilities of the system’s states Pr{qén+1), qinﬂ) , tgf;;l), tsfgsl) | qén), qu‘) ) tg?gA, tgf())s )
can be represented by its block sub-matrices in eq. (2.13), whereas eq. (2.14) further de-
fines the components of each block sub-matrix Ag‘iC)
be represented by a QBD process of the form shown in eq. (2.15). In egs. (2.13)-(2.15),
Y1 =bNp(K—1), Yo =bN,o(K—1), X = |Qcmax/Y1], and Z2 = min(qc, Y1). Also, a block
sub-matrix Ag‘f%’f’*) in eq. (2.14) represents the transition of the tagged UE’s buffers from

state (qc,qa) to state (go & 01, s £ 02).

. Also, as eq. (2.13) suggests, P can

o [cD
1 E F G
2 I, I I
P= 3 I I I : (2.15)
X -1 I, I, I
x | L' I |

In order to construct P, we need to obtain expressions to build block sub-matrices
A((S?C(S’QQA) in eq. (2.14). In order to obtain these expressions, we define matrices J; of size
(% +1) x (% +1) and J2 of size (% +1) x (% +1) whose elements are one. We also define

matrices Ogl) of size (41 +1) x (¥ 4 1) with all elements are zero except the elements of /th

(1=0,---, Y1) row are one. Similarly we define matrices Ogm) of size (%—i—l) X (%—1—1) with
all elements are zero except the elements of the mth (m =0,1,---, %) row are one. Then,

we proceed to derive block sub-matrices of P as shown in eq. (A.1)-(A.9) in Appendix A.
In these equations o denotes the Hadamard product, and B2gq22)(/\) represents the change
of the SBS buffer from state, g2 to state (g2 & d2) with A packets transmitted from the CN

buffer, which is shown in egs. (B.1)-(B.10) in Appendix B.

Access link dependent backhaul channel scheduling and opportunistic access

channel scheduling

For this mechanism, the number of channels scheduled for the tagged UE in the back-

haul link is proportional to the number of channels scheduled for this UE in the access
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e e
1 1 1 1
AlY Al Al AYl
(Yi-Z+1) (Yi—Z+1) (Yi—Z+1) (Yi—Z+1)
Avi-zi1) | Bri-2)- Ag’ A
Ay A1) A Ao
Ay~ A
Ay- Avi-z41)-
Ay-
Yi—Z+1
NS
A+ Ay
Ao S A
Ay, —z)- Az o+ | Ag+
Ay~ A~ Ay A+ Az

(2.13)
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J

J
ka=0 kUZ;o TR A = )

Pr{vi =h,s") = j} ={ ] Pr{s™ =k}, ifv=1, (2.16)
=2 '

Pr{sl(:z—] v(n>—1}

Pr{s\") = j}(1 — sy =0

(n) K?2-1 K?-1
Pr{tilp(N) = LEs(N) =} = 5 - & f([k1/K] + -+ + [k /K])
k1=0  kn=0 N (2.18)

fl((k‘l mod K)+"'+(l€N mod K)) l:llhkri-l'

link. From the previous subsection, we define state variable tg%S(N A) = ZfVAl cinz), 0 <
(n)
t

aos(Va) < Ny(K — 1) for the access link. Similarly, here we define state variable,
t]gngD(NB) = ZfVB ™ < tg”,lD(NB) < Np(K —1), where c(n) = vz(n)sg? for the backhaul

B 0
link. Our objective is to find the joint state probabilities Pr{tB AD(NB) =1, t,(fc),s(N NEFIT
We start by considering the joint probabilities Pr{v; ) —p, s = 7}, which can be calcu-

?TAn

lated as shown in eq. (2.16).

Furthermore, the joint probabilities Pr{vgn) =h, s/(:g =3,8 ](3 = [} are given by:
Pr{v{” = h,siB = j, sy = 0= (2.17)
Pr{vg = h, sAZ = ]}Pr{s =1} '

Next, we define vector H whose elements are the probabilities Pr{c ai = JiC B l = [} that

can be calculated by adding all corresponding probabilities from eq. (2.17). Then, we

define vector WOS(N a + Ng) whose elements are the joint probabilities Pr{t](;ﬁD(NB) =

l tf{%S(NA) = j}. Assuming N, = Ny = N, these elements can be calculated as shown in
q. (2.18), where in this equation h; is the ith element of vector H.

Finally, the transition probability matrix for the joint state (tl(gniD(N ), tgf())s(N )) of the
tagged UE with access link dependent backhaul channel scheduling and opportunistic access
channel scheduling is W (2N) with identical rows, and with each row equals Wg(2N). Now
the QBD process of the system, P, can be obtained using eqs. (A.1)-(B.10). For the access

link dependent backhaul channel scheduling mechanism, Y7 = Y5 = b(K — 1)N.
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Round robin backhaul channel scheduling and opportunistic access channel

scheduling

For this scheduling mechanism, for simplicity, we start by developing the transition
probability matrix of the joint system space for two UEs in the reference small cell, and
then the discussion is extended for any number of UEs. According to the round robin
backhaul channel scheduling mechanism, the packets of the tagged UE will be transmitted
from the CN to the reference SBS in alternate time slots with two UEs in the reference
SBS. Without loss of generality, let us assume that UE 1 is the tagged UE and its packets
are transmitted over all the backhaul channels at time slots n € {1,3,5,--- .}, while the
other UE’s packets are transmitted over the backhaul link at time slots n € {2,4,6,--- .}.
Based on the time slot index, there are two different cases as follows.

Case I-All backhaul channels are scheduled for the tagged UE: At odd time
slots, i.e., at n € {1,3,5,--- .}, all Ny backhaul channels are scheduled for the tagged
UE. So, in these time slots the packets of the tagged UE are transmitted over the Ny
backhaul channels from the CN buffer to the SBS buffer. We define the state variable
t&){R(NB) = Ef\i ) 31(37,11') . It is obvious that in this case, the system’s dynamic is similar to
that of fixed backhaul channel scheduling and opportunistic access channel scheduling with
all the Ny backhaul channels are scheduled for the tagged UE. As such the transition prob-
ability matrix of the state variables for this case corresponds to the transition probability
matrix of fixed backhaul channel scheduling and opportunistic access channel scheduling
developed in Section 2.3.2 with Ny = Ny backhaul channels, i.e., Trr(Ng) = Tpa(Ng).
The corresponding transition probability matrix for the joint state of (t](;%R(NB), tg%s (Ny))
of the tagged UE with round robin backhaul channel scheduling and opportunistic access
channel scheduling can be expressed as W(Ng + N,) = Trr(Ng) @ Tos(N,). Now, we de-
fine P; to describe the transition of the system from an odd time slot to an even time slot.
P, can be obtained using egs. (A.1)-(B.10), where Y7 = b(K — 1) Ny and Y2 = b(K —1)N,.

Case II-All backhaul channels are scheduled for the other UE: At even time
slots, no backhaul channel is scheduled for the tagged UE. Therefore, no packets are trans-
mitted from the CN buffer to the SBS buffer of the tagged UE, however, packets can be
transmitted from the SBS buffer to the tagged UE. Therefore, the dynamics of the CN
buffer and the SBS buffer are independent for this particular case. Let us use Py and
P, to denote the transition probability matrices of the tagged UE’s CN and SBS buffers,

respectively. The block sub-matrices of P, can be derived as follows:

B1; =0, (2.19)
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Bl(‘s‘licﬂ“ax*é” = Y aTes,0<6 < Z. (2.21)
61<i<Z

Block sub-matrices of Py can be calculated using eqgs. (B.1)-(B.10) by assuming no arrival
to the SBS buffer of the tagged UE, i.e., A = 0, and by multiplying these equations
by Tos using the Hadamard product. Then, we define the transition probability matrix
P,=P® I;g, which describes the transition of the system from an even time slot to
an odd time slot. Finally, we obtain the transition probability matrix for case II, Py, by
rearranging the rows of P’;; so that the desired order of state variables is achieved.

The transition of the system over a single time slot n is described by P; for n €
{1,3,5,--- .}, and by Py for n € {2,4,6,---.}. However, if we consider the transition of
the system over any arbitrary two consecutive time slots n and n+1, the resulting DTMC is
time-homogenous and describes the system partially. In order to fully describe the system,
we need to consider all possible transitions that can occur over two consecutive time slots.
Obviously, there are two possibilities, namely, the transition from an odd time slot to the

next odd time slot and the transition from an even time slot to the next even time slot.

(1)

n—(n+2) and

Now we define the corresponding two-step transition probability matrices P

PSL(n +2) which can be obtained using P; and Py; as follows:
1) _ _
Pn—)(n—i—?) =P/P,, n=135,, . (222)
P(2) — PIIPI7 n = 2,4,6,"'

n—(n+2)

In general, for U UEs in the reference small cell, U consecutive time slots should be
considered in order to completely describe the system’s joint transition probability. Let
us consider n, (n+ 1), ---, (n+ U — 1) as the U consecutive time slots. There can be
U possible scenarios and the corresponding U-step transition probability matrices can be

expressed in terms of P; and Py; as follows:

P = PP n=LU+L2 41

(2) _ U-2 _
Pn*)(rTFU) - PIIPIPII ) n = U7 2U7 3U7 P (223)
p = PUTP, n=2U+22U+2,- -

TL—>(7’L+U) - 11 I — 4 ’ I

Using these U-step transition probability matrices, the steady-state probabilities of the sys-
tem for round robin backhaul channel scheduling and opportunistic access channel schedul-

ing are obtained as discussed in the next subsection.
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2.3.3 Derivation of performance measures

We define s, Tos and gy as steady-state solutions of the DTMCs developed earlier
for the different channel scheduling mechanisms. For fixed backhaul channel scheduling
and access link dependent backhaul channel scheduling, the transition probability matrices
are developed in Sections 2.3.2 and 2.3.2 and represented as a QBD process. Therefore, we
can apply the matrix-analytic procedure in [46] to calculate the steady-state probabilities
Tra and mog. On the other hand, the average steady-state probabilities corresponding to

round robin backhaul channel scheduling wry are given by:

U ’

Mrr = (2.24)
where 7 is the steady-state solution of the ith U-step transition probability matrix
PS)_)(HJFU) and can be calculated by solving: ﬂ-(i)PSL(n—Q—U) =7, and 7(V1 = 1 where 1
is a column vector of appropriate size with all elements equal 1.

Using the steady-state probabilities, one can measure different data link layer perfor-
mance parameters, i.e., PLP and average queuing delay of packets for the channel schedul-
ing mechanisms under consideration as follows. A steady-state solution 7 can be organized
as follows: ™ = [T, 71, ;] TQq max)> Where Tj = [Tj0, Tj1,  + ,TjQu max) Lhe steady-
state probability of finding 7 packets in the CN buffer of the tagged UE, & (i) = m;1,
and the steady-state probability of finding j packets in the SBS buffer of the tagged UE,

- Q ,max
&(j) = S5 w41,

Packet loss probability

Packets are lost due to buffer overflow if they find the buffer full upon their arrival.
PLP due to buffer overflow can be measured from the steady-state probabilities of the
states leading to buffer overflow upon arrival of packets and the corresponding arrival
probabilities.

The average packet drop rate due to buffer overflow at the CN buffer is given by eq.
(2.25), where in this equation 7(7) is the ith element of a particular steady-state solution,
and x;j,,, depends on the buffer dynamics corresponding to that particular steady-state
solution. In particular, ;. = max(0,j — min(j,bh) + m — Qc max) for mps, mos, and
a1 and Zjhm = max(0,7 + m — Qc max) for 7, i # 1. The overall average packet drop
rate for round robin backhaul channel scheduling can be obtained by averaging the packet

dropping rate corresponding to different steady-state solutions. The PLP due to buffer
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QC,max QA,max % % Y, Y- Y; Y-
> > z O ((Qamas + DCE+ DR +1) +i(E + D +1)
= =0m=0

Pc= 2. 2
j=0 =0
h(2 +1) + D) nm-
(2.25)

QC max QA max % %
o= 2 5 0 (@ + C DG+ 1) +iCE +DCE + 1)+
i= 01=0
h(y2 + 1) 4+ 1) max(0, min(7, bh) + ¢ — min(, bl — Qa max))-
(2.30)

overflow at the CN buffer can be calculated as
7DC = /_)707
j2%6]

(2.26)

where [ic is the average packet arrival rate at CN buffer of the tagged UE and can be

obtained as: 4
fio =Y _ia. (2.27)
i=0
The steady-state probabilities of packet arrivals to the SBS buffer correspond to the
probability vector A = {\g, A1, A2, -+, Ay, }. These probabilities are given by:

QCmax T QAmax m
Z th (min(i, bj)) Z Zﬂ' h (2.28)
u=0 h=l

=0 7=0
Ly +1,and m =

where I = i(Qamax + DG + DF + 1) + (G + DO +1) + (5
(Qamax + 1)(% + 1)(% +1)+ u(% + 1)(% +1) —I—j(% +1) (% +1). Now the average

i 4
packet arrival rate to the SBS buffer of the tagged UE can be obtained as
Y1
(2.29)

The average packet drop rate due to buffer overflow of SBS buffer of the tagged UE is given

by eq. (2.30).
Finally, the PLP due to buffer overflow at the SBS buffer of the tagged UE is calculated

as follows: ~
P, =2 (2.31)
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Finally, the end-to-end PLP can be calculated using the PLP at both buffers of the
tagged UE and the PLP due to error in both links as follows [42]:

P =1-(1-7Pc)(1 - Ps)(1— PERp)?, (2:32)

where PERy is the average packet error rate corresponding to the target average bit error
rate, BERg. In particular, PERy = 1 — (1 — BERy)¢, where € is the packet size in bits.

Average packet queuing delay

The average queuing delay of a packet corresponds to the sum of the average queuing
delay at the CN buffer and the average queuing delay at the SBS buffer. This delay can
be calculated using the Little’s law as follows [42]:

S XEmia) | S 6)

D= el Pe) T Py (2.33)

2.4 Numerical Results and Discussions

The main objective of the analytical model developed here is to facilitate cross-layer
system analysis and design jointly considering the time varying nature of channels, bursty
packet arrival at the CN buffer, the channel scheduling mechanisms in both links and
the effect of network topology. In this section, we present selected numerical results. To
derive the numerical results, we coded, in MATLAB, the steps involved in the queuing
model developed in Section 2.3. We also validate the results via computer simulation using
MATLAB. We consider a two-tier network with the parameters in Table I unless other

values are specified. We assumed a target average bit error rate BERg = 1076 and b = 1.

2.4.1 Effect of number of interfering small cells

First, we investigate the performance of the considered scheduling mechanisms when
varying the number of interfering SBSs in the network. The PLP and the average queuing
delay versus the number of interfering SBSs are plotted in Fig. 2.3 and Fig. 2.4, respec-
tively. From Fig. 2.3 we can observe that the fixed backhaul channel scheduling mechanism
outperforms the round robin backhaul channel scheduling mechanism under any number
of interfering SBSs. On the other hand, it is obvious from this figure that the access link
dependent backhaul channel scheduling mechanism outperforms other backhaul channel
scheduling mechanisms as the the number of interfering SBSs increases. However this

comes at a certain expense of queuing delay as shown in Fig. 2.4. From Fig. 2.4, it is also
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Table 2.1: Summary of parameter values.

Parameter description Symbol | Value
Number of layers of macrocells T 1
Macrocell radius Ry 500 m
Small cell radius Rg 50 m
Number of UEs in the reference small cell U 3

Number of channels in the access link Ny 3

Number of channels in the backhaul link Ng 3

Number of channel states K 3
Transmit power D 25 dBm
Thermal noise power o —121 dBm
Average SNR in the backhaul link ~ 22 dB
Path loss exponent n 3.2
Shadowing and fading parameters in the backhaul link Kg,0p 2,2
Shadowing and fading parameters of interference in the access link | ki, 0; 1.5,3.5
Shadowing and fading parameters of desired signal Kp, bp 1.5,3.5
Packet size € 1024 bits
Probability vector of packet arrival at the CN buffer o {0.1 0.2 0.7}
Frequency reuse factor 1
Distribution of UEs in small cell uniform

obvious that the fixed channel scheduling outperforms other backhaul channel scheduling
mechanisms. The access link dependent channel scheduling has a higher average queuing
delay than the other scheduling mechanisms for a large number of interfering SBSs. From
the PLP and queuing delay performance plotted in Figs. 2.3 and 2.4, respectively, we
observe that the choice of a backhaul channel scheduling mechanism is not unique and
depends on the number of interfering SBSs as well as the QoS requirements of the UEs.

The developed model can assist the system designer to make such a decision.

2.4.2 Effect of the size of the small cells

Here, we investigate the performance of the considered channel scheduling mechanisms
when varying the coverage radius of the SBSs. Fig. 2.5 and Fig. 2.6 show the effect of
varying the radius of the small cells on the PLP and the average queuing delay, respectively,
in presence of 50 interfering small cells. To obtain the results presented in Figs. 5 and
6, we do not consider fixed UE locations within the cell. Rather, we consider that fixed
number of UEs are uniformly distributed within the cell irrespective of the cell size. These
figures show that the cell radius has a similar effect as the effect of the number of small
cells on the PLP and the average queuing delay. In particular, the fixed channel scheduling
mechanism outperforms other channel scheduling mechanisms in terms of queuing delay
performance for any value of Rg. Also, the fixed channel scheduling outperforms other

channel scheduling mechanisms in terms of PLP performance for small values of Rs. As
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Figure 2.3: Packet loss rate vs. number of interfering SBSs.

the value of Ry increases, the access link dependent channel scheduling mechanism offers
a superior PLP performance at the expense of higher average queuing delay with respect

to other channel scheduling mechanisms.

2.4.3 Effect of average SNR in the backhaul link

Next, we show the performance of the considered channel scheduling mechanisms for
different values of the average SNR in the backhaul link with 60 interfering small cells. In
Fig. 2.7 and Fig. 2.8, we plot the PLP and the average queuing delay, respectively. From
these figures, we observe that at lower values of the average SNR, all backhaul channel
scheduling mechanisms have almost similar PLP performance, however, the access link
dependent channel scheduling mechanism has a better average queuing delay performance
compared to the other mechanisms. From these figures, it is also obvious that as the
average SNR increases, the access link dependent channel scheduling offers a lower PLP
while the fixed channel scheduling provides a better average queuing delay performance.
So again the choice of a backhaul channel scheduling is not unique and depends on the
average SNR and the required QoS parameters. Our developed model can assist to readily
evaluate the QoS parameters for given system parameters and to make a decision for using

a particular backhaul channel scheduling mechanism depending on the QoS requirements.
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Figure 2.4: Average delay vs. number of interfering SBSs.

2.4.4 Effect of target bit error rate

Here, we investigate the performance of the channel scheduling mechanisms under con-
sideration for various values of BERy. As the value of BERy decreases, PER(y and con-
sequently PLP due to the link error decrease. However, decreasing the value of BERg
increases the SINR thresholds. This decreases the probability of transmitting at relatively
higher rates from both buffers and eventually, packet loss due to the overflow increases. As
such there exists a trade-off and there is an optimal target bit error rate that minimizes
the end-to-end PLP. Considering different number of interfering small cells in the network,
in Fig. 2.9, we plot the PLP versus BERgy. In Fig. 2.10, we plot the average queuing delay
for different values of BER( and this figure shows that as the value of BERy increases, de-
lay decreases for all the channel scheduling mechanisms. From this figure we also observe
that, depending on the range of BERg as well as QoS requirements, a particular channel

scheduling mechanism can be preferable.

2.4.5 Effect of varying the number of UEs

Figs. 2.11 and 2.12, respectively, plot the PLP and average queuing delay of the
channel scheduling mechanisms under consideration when varying the number of UEs in the
reference small cell. We consider 6 channels in each link, average SNR in the backhaul link

4 = 18 dB, and 65 interfering small cells. For small number of UEs, all channel scheduling
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Figure 2.5: Packet loss probability vs. the radius of the small cells.

mechanisms provide similar PLP performance as observed from Fig. 2.11. Fixed backhaul
channel scheduling provides slightly better average delay performance compared to other
mechanisms as observed from Fig. 2.12. These figures also show that as the number of
UEs increases, the access link dependent channel scheduling offers better PLP and average

delay performances than other channel scheduling mechanisms.

2.4.6 Example applications of the developed queuing model

In this section we provide some example applications of the developed queuing model for
the channel scheduling mechanisms under consideration. One application is that the system
designer can leverage our developed model to measure and compare beforehand various
data link layer QoS parameters of the small cell UEs for various system and operating
parameters. In particular, the system designer can implement the steps for the queuing
model developed in Section 2.3 that takes system parameters (e.g., packet arrival statistics,
number of channels, fading parameters, and number of interfering SBSs) as inputs and
provides QoS parameters (e.g., PLP and average queuing delay) as outputs for a given
channel scheduling mechanism. Eventually based on the QoS requirements and for given
system parameters, the system designer can decide to use a particular backhaul channel
scheduling mechanism. Another application is that the developed model can facilitate
cross-layer design to select some system parameters e.g., number of SBSs for given other

parameters and QoS requirements. For example, let us consider that the target average
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Figure 2.6: Average queuing delay vs. the radius of the small cells.

queueing delay and PLP are 5 time slots and 0.2, respectively. For given value of other
system parameters, these QoS parameters can be maintained if there are 32 SBSs in the
network in a given time as determined from Figs. 2.3 and 2.4. If more SBSs are added to
the system, the QoS will not be guaranteed.

The developed queuing model can be used to search for optimal values of some param-
eters such as the optimal value of BERy for given other system and operating parameters.
The developed queueing model can also be utilized by the call admission controller (CAC)
module at the SCNs. In particular when a UE requests a connection, the CAC module
at the SCNs can use the queueing model to make the call admission decision. The model
outputs can determine whether the required QoS of the new and existing UEs can be main-
tained if a new UE is admitted. If the QoS of the requested and existing UEs cannot be

maintained, the connection request may be refused. Otherwise it can be accepted.
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Chapter 3

DL Dynamic Cell Selection in
Wireless Networks with Cell
Sleeping

3.1 Synopsis
The contributions and main outcomes of this chapter are summarized below.

1. For a given BS inactivation scheme/pattern, we consider a CoMP DCS scheme for
serving sleeping cell UEs. According to this DCS scheme, each packet of a particular
UE in a sleeping cell arriving from the core network to the packet serving gateway
(PSG) is randomly forwarded to one of the potential active BSs and the UE in the
sleeping cell dynamically selects its serving BS from these active BSs. Unlike the
conventional DCS scheme, the considered packet scheduling/forwarding mechanism
does not require additional backhaul resources since a particular packet is forwarded

only to one particular active BS.

2. For the CoMP DCS scheme under consideration, we model the system as a fork/join
(F/J) queuing system and develop a cross-layer analytical model that considers the
time varying nature of the channels, channel scheduling mechanism, partial CQI feed-
back, cell selection mechanism, bursty packet arrivals and packet scheduling mecha-

nism.

3. The developed analytical model can be used to measure various packet level per-
formance parameters such as PLP and queuing delay while accounting for out-of-
sequence packet delivery. The model is also useful to tune the amount of CQI feed-
back and to find the optimal packet scheduling by the PSG such that the packet
level QoS requirements of the UEs in the sleeping cell are maintained. We validate
the accuracy of the developed analytical model via simulations. We compare the
performance of the DCS scheme under consideration with the conventional fixed cell

selection and with the state-of-the-art DCS. Presented numerical results show that
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the DCS scheme under consideration significantly improves the PLP performance.
Queuing delay performance, on the other hand, depends on the system and operat-

ing parameters.

The rest of this chapter is organized as follows. In Section 3.2, we present a detailed
description of the system model and the considered CoMP DCS scheme. In Section 3.3,
we develop the queuing analytical model and derive packet level performances. In Section
3.4 we present some selected numerical results and example applications of our developed

model.

3.2 System Model and Operating Assumptions

3.2.1 Overall system description

We consider a cellular network with traditional grid-based macrocell layout as shown
in Fig. 3.1. There are two different states that a macrocell can be, namely, a macrocell is
either active or sleeping. In this figure, a single tier of macrocells is shown with the sleeping
cell arbitrarily located in the centre®. Although we consider a single tier of macrocells, our
model can be readily extended for any number of tiers of macrocells by accounting for
interference from other tiers. We assume the coverage area of the macrocells to be circular
with radius R,;. We are interested in the DL transmission scenario and we consider a time
slotted system. We consider fractional frequency reuse in the active cells where each cell
is divided into an inner part with radius R; and an outer part with different frequency
sub-bands dedicated for UEs in each part. Moreover, the frequency sub-band of the outer
part is different for different cells within the same cluster, and the frequency sub-band of
the inner part is same throughout the network. Without loss of generality we consider
that the frequency sub-band used for the outer part of each cell is divided into N channels.
Furthermore, we assume that the UEs within a sleeping cell can only be served by the
frequency sub-bands of the outer parts of neighbouring active BSs. In contrast to [27],
[28], since UEs in the sleeping cell are served by different BSs using orthogonal channels,
coordination between BSs for channel scheduling is not needed in our considered DCS
scheme.

UEs in the sleeping cell are assumed to be uniformly distributed within the cell. Also,

UEs in the outer parts of active cells are assumed to be uniformly distributed within a

5The location of the sleeping cell does not affect the cell selection mechanism. However, the performances
of UEs in the sleeping cell are affected by the sleeping cell location. Our developed analytical model is
applicable for any location of the sleeping cell.
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3.2. System Model and Operating Assumptions

Figure 3.1: An example of first tier of a cellular network with a sleeping cell (green cell
corresponds to the sleeping cell).

circular ring with inner and outer radii R; and Ry, respectively®. The number of UEs in
the outer part of active cell h is denoted as Uy and the number of UEs in the sleeping cell
who are served by the BS of cell h is denoted as Ugy,. In this chapter, we are interested in

analyzing the packet level QoS performances of sleeping cell UEs.

3.2.2 Channel model and adaptive transmission

Composite shadowing and fading channels can be well approximated with the Gamma
distribution [49], [50]. So we use the Gamma distribution to model the received SNR
of all channels of all UEs in the network. Also, for each channel of a particular UE,
we assume the received SNR to be independent identically distributed (i.i.d) across time
slots. Furthermore, we map the received SNR into a finite set of channel states S =
{0,1,---, K —1}. Adaptive transmission is employed to exploit the time varying nature of

the channels, and the number of packets transmitted over a particular channel at a given

5This assumption is to restrict UEs locations to the outer parts of active cells when generating these
locations in simulations.
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time slot is proportional to the channel state at that time slot. Let x denote the number
of packets that can be transmitted over a particular channel at a given time slot. x can be
written as:

r=0bk, 0<kE<K-1, (3.1)

where b is an integer parameter that depends on the system resource allocation and k& is
the channel state [51].

Channel ¢ between BS h and UE j is considered to be in state k at time slot n if
Ve < 'yl(?,? i< Vk+1 where %(71)] is the received SNR of ith channel between the hth BS and
the jth UE at time slot n and 4 is the lower boundary threshold of channel state k [51],
[52]. The values of the thresholds {vj}& , are chosen such that a target average bit error
rate (BERy) is satisfied for each transmission mode (see for example [53]).

Let us denote the channel state of the ith channel between the hth BS and the jth
UE at time slot n by 857;3] Then, probabilities Pr{sgz)’j =k}, k=0,1,--- ,K — 1, can be
calculated as:

Pr{s{}); =k} = Priy <27, <1} = Pu(yers) = Pulw), k=01, K -1,
(3.2)
where Py, (x) is essentially the outage probability. When there is no interference, Py, ()
can be calculated as follows:

Po () = FL“jh%Sﬁh@jh”, k=01, ,K—1, (3.3)

where I'(m,z) = [ t™ ' exp(—t)dt and denotes the lower incomplete Gamma function.
Also, T'(m) = [ t™ ! exp(—t)dt and denotes the Gamma function. r;, and 6j;, respec-
tively denote the first and the second parameter of the Gamma distribution of the received
SNR between BS h and UE j. 7;, is the average received SNR which depends on the value
of transmit power p, thermal noise o, the distance between BS h and UE j and path loss
exponent 7.

In the presence of I interferers, P,,(vx) can be calculated using the classical lemma

presented in [54] as follows:

1 [ ; 1
Pth(fyk):; ; Im - dw—|—§,

, I
MY Dp(—jw) [T Pi(jyew)
=1

(3.4)

where ®p(—jw) is the CF of the received desired signal D, and ®;(jw) is the CF of the

received interference from interferer 7.
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Figure 3.2: A flow chart of the considered DCS scheme.

3.2.3 Channel scheduling and cell selection

We assume that all active BSs employ the so called max-rate/opportunistic channel
scheduling to take advantage of the multiuser diversity. According to this channel schedul-
ing mechanism, at every time slot, each channel is allocated to the UE having the highest
state at that particular channel. If there are multiple UEs with the highest channel state,
the channel is randomly allocated to one of these UEs.

We consider that, at a given time slot, a UE in a sleeping cell can select one of the
two closest active BSs, which we refer to as BS; and BSs. Both BSs consider the UE
in their channel scheduling and offer a sum transmission rate according to the employed
opportunistic channel scheduling. The sum transmission rate offered by a BS depends on
the number of channels allocated to the UE as well as the states of these channels. Then

the UE selects the BS offering the highest sum transmission rate. If both BSs offer equal
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sum transmission rate at a particular time slot, the UE selects either BS randomly as the
serving BS”.

Since two active BSs consider each sleeping cell’s UE in their channel scheduling, a UE
in the sleeping cell needs to feed back the CQI to both BSs. As the number of sleeping
cells in the network increases, the CQI feedback overhead becomes unbearable. However,
since a UE in a sleeping cell is relatively far from the two closest active BSs, many of its
channels will be at low states and thus the UE will have low probability to be allocated
with those channels. Therefore, to reduce CQI feedback overhead, we consider the so-
called best-m CQI feedback mechanism. According to this mechanism, the jth UE in the
sleeping cell can feed back its best mj; channels to BS; and its best mj2 channels to BSs,
where mj; € {1,---,N}. The amount of CQI feedback to each BS that is needed for
maintaining the QoS requirements of a particular UE depends on its distance from the
serving BSs as well as the traffic loads of these BSs. We perform the analysis for a tagged
UE in the sleeping cell, and we investigate the effect of the amount of CQI feedback on
the performance of the tagged UE. The DCS considered in this chapter is explained in the
detailed flow chart in Fig. 3.2.

For the considered DCS scheme, the information exchange between the jth UE in the
sleeping cell and the ith serving BS is explained as follows. First, the BS broadcasts a pilot
signal. Then, the UE measures its channel states and feeds back the states of the best m;
channels to the BS. The minimum number of bits needed to feed back the states of the
best mj; channels is mj;[logy(K)]. Next, the BS performs channel scheduling and offers
channels (and consequently a sum transmission rate) to the UE. The value of the offered
sum transmission rate is between 0 and m; (K —1), and the minimum number of bits needed
by the BS to notify the UE of the offered sum transmission rate is |logy(m;;(/K — 1))].

Finally, the UE notifies the BS of the cell selection decision using a minimum of 1 bit.

3.2.4 Packet arrival and scheduling

Packets of the tagged UE arriving from the core network to the PSG are assumed to
follow a batch Bernoulli process, which is a general model that captures different levels of
burstiness in the packet arrival process [39], [41]. The batch Bernoulli process is described
by probability vector & = {av, a1, - - - .,z }, where «; is the probability of i packets arriving
at a given time slot and Z is the maximum possible packet arrival at a given time slot.
Then, each packet is forwarded to one of the two closest active BSs (but not both). In

particular, a packet arriving from the core network to the PSG is forwarded either to BS;

"The DCS considered in this chapter can be employed using more BSs. This will increase the sum
transmission rates available for UEs in the sleeping cell at the expense of severe out-of-sequence packet
delivery, which can affect the delay performance.
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with probability 8 or to BSe with probability 1 — . The developed analytical model can
be used to find the optimal value of 8 for a given performance measure as demonstrated
later. Let v; ; denote the joint probabilities of ¢ packet arrivals to BS; and j packet arrivals

to BSy. These probabilities can be expressed as:

(‘+')! . s, . .

0, otherwise,

where ! denotes the factorial operator and factor (i + 5)!/(i!j!) is to account for all possible
packet forwarding scenarios with i packets forwarded to BS; and j packets forwarded to
BSs.

A particular BS is considered to have a packet buffer dedicated for each UE served by
this BS. The arriving packets are temporarily stored in the packet buffer until they are
transmitted to the UE. Since the tagged UE is dynamically served by two BSs, there are
two packet buffers at the two BSs, respectively, for the tagged UE as shown in Fig. 3.3.
Since packets of the tagged UE are randomly forwarded to one of the BSs and dynamically
served according to the considered DCS scheme, packets can arrive at the tagged UE out-
of-sequence. Also, we assume that packets at a given buffer are served in the same order
they arrive to that buffer. Moreover, we consider that packets arriving to a given buffer at
time slot n cannot be served until time slot n+1 at the earliest. The queuing system of the
tagged UE shown in Fig. 3.3 can be modelled as a discrete time F/J queuing system. In
particular, F'/J queueing systems are used to model parallel and distributed systems where
“jobs” are split upon arrival to multiple “servers” and then rejoined when they leave the
system. In our system, data packets of a particular UE are forwarded to two BSs upon
arrival according to the packet scheduling mechanism. Then, these packets are served by
the BSs according to the considered DCS scheme and rejoined at the UE. Therefore, the

overall system can be viewed as a F/J queuing system.

3.3 Formulation of the Queueing Model

3.3.1 Tagged UE’s joint cell selection and sum transmission rate

In this subsection, we develop an analytic procedure to account for the cell selection
mechanism and the sum transmission rate of the tagged UE while considering partial CQI
feedback and max rate/opportunistic channel scheduling. In particular, state variables to
jointly account for cell selection and sum transmission rate at a given time slot are obtained.
Let us denote the state of the ith channel between BSj and its jth UE at time slot n as
31(3.). Then, the probabilities Pr{sgz) =k}, k=0,1,--- K — 1, can be calculated using
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Figure 3.3: The resulting F/J queuing system.
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: i (gp (ka) oy () ) _
oy, min(L max(0, B Rt P {sng = k)

N
Pr{cl) =k} = _1:[2 Pr{s\) = ki}, 1<k<K-1, (3.6)
1= S P k=0
kzl r{cl,hj }7

eq. (3.2). Note that we drop the index of BSy, from the channel state since the channel is
between BS;, and its own UE.

We denote the state of the ith channel between BS;, and the jth sleeping cell UE which
is served by BS;, at time slot n as 5(7}? The probabilities Pr{s =k}, k =0,1,--- ,K—1,
can be calculated using eq. (3.2). Then, we define random Varlable vt h € {0,1} where

o™ =1 if the CQI of the ith channel between BS; and its jth UE in the sleeping cell

i,h,j
(n) (n)
i,h,j t,h,j

1)1(7,? j Z( h) 5 0= c( ) . < K — 1. Without loss of generality, for the first channel between BSy
and its jth sleeplng cell UE, the probabilities Pr{cth =k}, k=0,1,--- ,K — 1, can be

calculated using eq. (3.6), which is proven in Appendix D. where we define function f,(y)

is fed back at time slot n, and v = 0 otherwise. We also define state variable ¢

which is equal to 1 if x = y and 0 otherwise, and function g, (y) which is equal to 1 if x < y
and 0 otherwise.

Without loss of generality, we choose UE 1 in the sleeping cell as the tagged UE. Given
the channel state of ith fed back channel between the tagged UE and BSj (i.e., the ith
channel from the set of best my;, channels), we define random variable ug}il € {0,1} where

1(71?1 = 1 if the ith fed back channel between the tagged UE and BSj is allocated to

the tagged UE at time slot n, and UZ(TI?1 = 0 otherwise. Then, conditional probabilities

Pr{u%{l =a | 6521 = k},a = 0,1, can be calculated using eq. (3.7). The proof of eq.
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k k k k

)IEEED VD DEEEDY . : .
Km0 kg, =013=0 lUgh 01+fk(k1)+ + (kv )+ fr(l2)++fr(lug,)

HPr{s(")—k } HPr{c,hJ_z}
1_Pr{uzh1_1‘czh1_k}?

Priufy), =a| e}, =k} = (3.7)

(3.7) can be found in Appendix E. It is noteworthy that eq. (3.7) is based on max-rate
channel scheduling. Our work can be extended to other channel scheduling mechanisms
by modifying eq. (3.7) according to the considered channel scheduling mechanism. For
example, the conditional probabilities Pr{u = a | cl h , = k},a = 0,1, for proportional
fair channel scheduling can be calculated as shown in.

Next, the joint state space of the joint channel states of the best my, channels of the
tagged UE with BSj, is denoted as: Ap ;1 = {(sgrf}z’l, e 785::1)}17}171) |0 < s( ") | < K—1}. The
number of unique states in state space Ay 1 is simply the number of comblnatlons (with
repetition) of the states of the best myj; channels of the tagged UE with BS;,, which is

denoted as M and can be calculated as follows:

K+ my, —1)!
M=t = DY (3.8)
mlh!(K - 1)!
The probability of a particular state in state space Ay i, Pr{s%’l = ky,--- 75521)}“}%1 =
km,, }, can be calculated as follows:
ky ky ky
(n) s _ N!
Pr{sl,h,l =ki,--- mlh h1 — mlh} - Z Z T Z cilxxcg_q!
kmlh+1 =0kmqp,+2=kmq,+1 kn=kn_1
]._[ PI‘{SZ Sh, 1= }
(3.9)
where k; = min(ky,- -+, kn,,) and ¢;’s are to indicate the number of repetitions of a par-

ticular channel state across different channels.

Then, the joint state space of the channels allocation and the channels states of the best
(n)

miy, channels of the tagged UE with BSy, can be denoted as: Yp 1 = {(sgn,z 1 S bl
“(17,2,17 e ’ug:;l)hyh,l) |0 < 31(7;31 <K-1,0< “57;31 < 1}. The joint probabilities of elements

in state space Y ; can be calculated using the conditional probabilities in eq. (3.7) and

the corresponding joint probabilities in eq. (3.9). Moreover, we define state variable
mip

t;l ") = Z uZ I 135}1)170 < t( ") < < (K — 1)myp, to indicate the sum of the channel states of

all channels offered to the tagged UE from the serving BSy,. Let y; (y; C Y1) denote the
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set of states that result in tén) = t. The probabilities Pr{tgn) =1},0 <t < (K — 1)myp,

can be calculated as: Pr{tgn) =t} > Pr{w}. The sum transmission rate offered by BSy,
WEYt
to the tagged UE at time slot n can readily be obtained using eq. (3.1).

Following the procedure described above, one can obtain the probabilities of state
variables tg " and t( ") , which respectively represent the sum of channel states of the channels
offered by BS; and BSs to the tagged UE at time slot n. Now, we define state variables
R 1< h™ <2 andt™ 0<t™ < (K — 1)my,m), to jointly represent the selected BS
and the sum channel states of the channels offered to the tagged UE from the selected BS
at time slot n. The joint probabilities Pr{h(™ =i, t(") = j1 1 <i < 2,0 < j < (K —1)my;,

are given by:

J
M — 0 =y —pr®™ = ST L g
Pr{h it i} = Pr{t; ]}kzo” fj(k)Pr{ti k}, (3.10)

where 4 indicates the BS that is not selected at a given time slot i.e., i = 2 if i = 1 and
i = 1if i = 2. The proof of eq. (3.10) can be found in Appendix F.

3.3.2 System’s overall state space and transition probability

We assume that all buffers have finite sizes. The joint system s state space can be
defined as: Q = {(h(”),qgn),qé ") ™) |1 <h™ <20< ql < Q1,0 < q2 < Q2,0 <
t) < (K — 1)mypm) }, where q§ ) and qé n) represent the number of packets at time slot n
in the tagged UE’s buffers at BS; and BSs respectively, and Q1 and ()5 are the sizes of the
tagged UE’s buffers at BS; and BSs respectively. Since the system under consideration is
time discrete with discrete state variables, the system can be modelled as a DTMC. The
transition probability matrix of the DTMC is denoted as P and its elements represent the
joint transition probability Pr{h("+1) q(nH), qénﬂ),t(”H) | A, q%n) (n (M1, P can be

represented by its block sub-matrices as follows:

Pi1 P

P = , (3.11)

Poi Poyo

where block sub-matrix P;_,; represents the transition from all states with R = to all
states with A"t = Jj. Furthermore, the components of each block sub-matrix P;_,; are
defined in eq. (3.12), where Y; = b(K —1)my;. Moreover, the components of each block sub-
matrix Ag?l)(i, j) are defined in eq (3.13), where block sub-matrices A((;fl(’sf)(i, J) represent
the transition of the system from states (i, g1, ¢2) at time slot n to states (4, ¢1 + 91, g2 + 02)

at time slot n + 1.
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0 C D
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2 Io I Ip
P= 3 I I Io . (3.15)
X1 L I, I
x | L' I/ |

Next, we define matrix T, which is expressed in terms of its block sub-matrices as

follows:
Ty T2

To1 Too

T = (3.14)

where the elements of block sub-matrix T;; are the joint probabilities Pr{h(") = j,t =
k},1<j<2,0<k<(K-—1)my;, which can be calculated using eq. (3.10), and its size is
(% +1)x (% +1). Also, we define set of matrices Og-) of size (% +1) x (% +1) as follows:

og)(k,e):{ Tijlke) A k=0 oy

0 if k#1

The detailed derivation of block sub-matrices Ag?ff)(i, j) of each block sub-matrix
P;_,; is shown in Appendix C and P can be constructed accordingly.

By changing the order of state variables in the system s state space from 2 = {(h(”), qgn),
g 1) | 1 < W < 2.0 < g™ < Q1,0 < ¢V < Q2 0 < t™ < (K = 1)mym} to
Q = {(@™, ¢ ™ ™) |0 < ¢ < Q0 < ¢V < Q1 < B < 2,0 < ¢t <
(K — 1)mypm }, P can be represented as a QBD process as shown in eq. (3.15) where

= |Q1/Y1]. In the rest of this chapter we drop the tagged UE’s index from the number
of channels that are fed back by the tagged UE to one of the serving BSs, and hence the

number of channels that are fed back by the tagged UE to BSy, is my,.

3.3.3 Steady state solution and derivation of performance measures

The steady state solution of the DTMC developed in Section 3.3.2 is denoted as 7w and
can be calculated by solving: TP = 7w and 71 = 1, where 1 is a column vector with all
elements equal 1. Alternatively, since P can be represented as a QBD process, steady
state solution 7 can be obtained using the matrix-analytic procedure in [46]. Steady state
solution 7 can be written as: 7 = [#()) 7(?)], where #(") corresponds to states in which the

tagged UE is served by BS;, and can further be expanded as 7(") = ['"'Eg)o) . Eg)l Q2)]
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3.3. Formulation of the Queueing Model

Buffers’ length distribution

The buffers length distribution of the tagged UE’s buffers at BS; and BSs can be easily
obtained from steady state solution w. In particular, the marginal probability Pr{q; =
i,q2 =7},0<i< Q1,0 <j < Qo is given by:

2
Prig =i, =j} =) w4 s 1,0<i<Q1,0<j<Qs (3.16)
h=1

Delay distribution

Since packets are randomly forwarded to two BSs which in turn dynamically transmit
these packets to the tagged UE, it is obvious that packets can arrive at the tagged UE
out-of-sequence. For example, if the first arriving packet is forwarded to BS; and the
second arriving packet is forwarded to BSs, the second arriving packet can be transmitted
to the tagged UE before the first arriving packet depending on which BS is selected first.
In this chapter, we define the delay as the number of time slots that takes for a packet to
arrive at the tagged UE along with all packets ahead of it. Clearly, this definition accounts
for out-of-sequence packet delivery since a packet arriving at the tagged UE is considered
to be delayed until all packets ahead of it arrive at the tagged UE. Developing analytical
models to account for this out-of-sequence packet delivery is highly desirable and has many
applications in measuring delay for parallel transmission schemes such as the DCS scheme
considered in this chapter, the soft load balancing scheme proposed in [56] and the parallel
transmission scheme considered in [44].

In order to proceed to deriving the delay and other performance measures, we define
absorbing Markov chain P,ps, which can be derived by following the same procedure to
derive P while setting ag = 1 and «; = 0,1 < ¢ < Z. Then, we define my as follows:

7y = WP s, which can be expanded as wg = [7r(()1) 7r(()2)]. Also, ﬂ(()h) can further be expanded

(h) _ () (h)
as Ty = = [71'0(0,0) WO(Qth)]'

Next, we define w as the probability vector of the joint probabilities of the tagged UE’s

buffers states as seen by an arriving packet. w can be written as w = [w™ w®], where

w® can further be expanded as: w = [""Eg)o) “’Egﬁz Q2+Z)]. Then, probability
vector w&) g) €A1 be calculated as shown in eq. (3.17), where in this equation &;; can be

J
calculated as: &; = > fi(er) and function g,(y) is equal to 1 if < y and 0 otherwise.
k=1
The proof of eq. (3.17) can be found in Appendix G.

A packet arriving to one of the tagged UE’s buffers at BS; and BSs will be dropped
if that buffer is full. Note that the probability that an arriving packet will see overflow in
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h Z 2 2 & ey e, (G121622Y) - _ _
“(41,42) 21 21 21k2—:1 e ar e (01) 962 (42) (9g, (@1 + fr(ex)1k)
o Q
G0 (Q2 + Foer)ear)mi) e o e+ f (@ faler) > mo e (3.17)
i=Q1—§1k+1 ’
@il S Al )
+ 2)J1(ex wl ).
a2 P ey S 0(q1—&1%.J)

both buffers is 0. Therefore, all probabilities corresponding to overflow in both buffers are
discarded and the probability that an arriving packet is dropped due to buffer overflow is

denoted as P, and can be calculated as follows:

2 itZ Q2 2 Q1 Q247
Po=> Y. Zw 1+ZZ > w (3.18)
h=1i=Q1+1 j=0 h=11i=0 j=Q2+1

Since queuing delay is only experienced by packets admitted to one of the tagged UE’s
buffers, we define probability vector A of the joint probabilities of the tagged UE’s buffers’
states as seen by an admitted packet. A can be written as A = [A() A®)], where A()
can further be expanded as A(") = [AEQ’)O) Agg)l,Qg)} Then, probability vector AE )’qQ)
can be calculated by dividing the probabilities of the tagged UE’s buffers states as seen
by an arriving packet over the probability that an arriving packet is dropped due to buffer

overflow as follows:
(h)

(h) . w(q1#12)
A(qhqz) T1-P (3.19)

For an admitted packet, the states of the tagged UE’s buffers after d time slots is denoted as
x(d) and can be obtained as: x(d) = AP?_ . x(d) can be written as x(d) = [x"(d) x?(d)],

abs”

where x(")(d) can further be expanded as x(") (d) = [ng)o) (d) - xgg)l )(d)]. Let D denote
the queuing delay experienced by packets admitted to one of the tagged UE’s buffers, The

CDF of D can be calculated as:

2
Z X0 0) (3.20)
h=1

Note that eq. (3.20) accounts for out-of-sequence packet delivery since it considers not only
the arrival of a particular packet, but also the arrival of all packets ahead in both buffers

of the tagged UE. Moreover, the average queuing delay D can be calculated as follows:
dm

D =) d(Fp(d) — Fp(d— 1)), (3.21)
d=1
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Table 3.1: Summary of parameter symbols and values.

Parameter Description Symbol | Value
Macrocell radius Ry 600 m

Inner cell radius R; 450 m

Target average bit error rate BER 107°

Tagged UE’s buffers sizes Q1,Q2 30,30

Packet size € 1024 bits
Packet arrival probability vector for first scenario ay {0.2 0.3 0.3 0.2}
Packet arrival probability vector for second scenario as {0.2 0.1 0.4 0.3}
Number of outer band channels N 20

Path loss exponent i 2.8

Transmit power D 43 dBm
Thermal noise power o —121 dBm
Shadowing-fading parameters between BS;, and its UEs Ehhs Onn | 1.6, 2.3
Shadowing-fading parameters between BS;, and sleeping cell UEs | kg, Osp, 1.2, 1.8
Adaptive transmission parameter b 1

Number of channel states K 3

where Fp(dy,) = 1.

The delay CDF offers a more elaborate measure of the delay performance of the tagged
UE in the sleeping cell and is useful to guarantee statistical delay constraint. In particular,
rather than having only average queuing delay requirements, the delay requirements of the
tagged UE can be in the form Fp(d;) > ¢, where d; is a specific number of time slots and
( is the required delay guarantee probability.

Packet loss probability

Packets can be lost either due to buffer overflow or due to link error. The overall PLP

can be calculated as follows:

P=1-(1-"Po)(1 - PERy), (3.22)
where PERg is the average packet error rate. In particular, for given target average bit
error rate BER( and packet size €, PERy is given by: PERg =1 — (1 — BERy)".

3.4 Numerical Results and Example Applications

In this section, we provide some selected numerical results using the analytical model
developed in Section 3.3. We validate all numerical results via Monte Carlo using MAT-

LAB. We compare the performance of the considered DCS scheme with the conventional
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3.4. Numerical Results and Example Applications

fixed cell selection where the tagged UE is served by a single BS. The results for fixed cell
selection are obtained using the traditional queuing models developed in [39], [57]. We
consider full CQI feedback in the case of fixed cell selection with m; = N and my = 0 if
the tagged UE is served by BS;, and m; = 0 and mg = N if the tagged UE is served by
BSs.

We consider the first tier of a cellular network with the sleeping cell arbitrarily located
in the centre as shown in Fig. 3.1. Locations of all UEs in the system are generated
randomly. We randomly select UE 1 in the sleeping cell as the tagged UE and we label the
two closest active BSs to the tagged UE as BS; and BSs respectively. The numbers of UEs
who are served by BS;, BSs (or both) are: Uy =9, Uy = 10, Ug; = 8 and Uy = 10. Other
system parameters are shown in Table I unless other values are specified. We consider two

different packet arrival scenarios with probability vectors ey and ae as shown in Table 1.

3.4.1 Effect of the packet forwarding probability

0.5 ry T T T [——mi1=10,m2=10,al [T T T
8 ---ml=11, m2=9, al
--m1=12, m2=10, al
“““ m1=13, m2=11, al
—ml=14, m2=12, al
——m1=10, m2=10, a2
---ml=11, m2=9, a2
--m1=12, m2=10, a2
+m1=13, m2=11, a2
—m1=14, m2=12, a2

Packet loss probability
o
N
ol
T

® mi1=N, m2=0, al
02k y mi=N, m2=0, a2 i
¢ m1=0, m2=N, al
0.15F | ¢ m1=0, m2=N, a2 [
0.1F \ 1
0.05f 1

o

o

01 0.2 0.3 0.4

0.5 0.6 0.7 08 0.9 1
Packet forwarding probability 3

Figure 3.4: Packet loss probability vs. packet forwarding probability (markers correspond
to Monte Carlo simulation results. mo = 0 corresponds to fixed cell selection with BS; and
mi1 = 0 corresponds to fixed cell selection with BSs).

First, we investigate the performance of the considered DCS scheme when varying the
packet forwarding probability (3) for various CQI feedback and packet arrival scenarios.
The PLP and average queuing delay performances versus 5 are shown in Fig. 3.4 and Fig.

3.5 respectively. From these figures, we can see that the values of § that result in optimal
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Figure 3.5: Average queuing delay vs. packet forwarding probability (markers correspond
to Monte Carlo simulation results. mo = 0 corresponds to fixed cell selection with BS; and
my = 0 corresponds to fixed cell selection with BSy).

PLP and optimal average queuing delay are not necessarily the same and 3 can be set to a
value based on the QoS requirements as shown later through example applications. Also, it
is obvious from Fig. 3.4 that the DCS scheme under consideration significantly improves the
PLP performance in comparison with fixed cell selection for any packet arrival scenario.
On the other hand, for the first packet arrival scenario with corresponding probability
vector g, the average queuing delay of the considered DCS scheme is less than the average
queuing delay when fixed cell selection with either BS is considered. For the second packet
arrival scenario with probability vector ag, which corresponds to a higher packet arrival
rate, fixed cell selection with BS; outperforms the considered DCS scheme for the same
amount of CQI feedback. As the amount of CQI feedback increases, the DCS scheme
slightly improves the average queuing delay compared to fixed cell selection with BS;.

Next, we investigate the CDF of delay for various packet scheduling, CQI feedback and
packet arrival scenarios as shown in Fig. 3.6. In this figure, for a given CQI feedback
and packet arrival scenario, we plot the delay CDF using the value of § that minimizes
the average queuing delay. As expected, for a given packet scheduling and packet arrival
scenario, increasing the amount of CQI feedback improves the delay performance of the
tagged UE.

The value of 8 affects the inputs to the two buffers and the impacting factors of the
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Figure 3.6: Delay CDF of various packet scheduling, CQI feedback and packet arrival
scenarios (markers correspond to Monte Carlo simulation results).

optimal value of 5 are all parameters affecting the inputs or the outputs of the two buffers.
These include the packet arrival scenario, the distance of the UE from the serving BSs, the
number of UEs served by each BS and their locations, the number of outer band channels
and the amount of CQI feedback to each BS.

3.4.2 Effect of varying the number of channels

Next, we show the performance of the tagged UE in the sleeping cell when varying the
number of channels, N for various packet arrival and CQI feedback scenarios. The PLP
and average queuing delay performances versus N are shown in Fig. 3.7 and Fig. 3.8
respectively. In Fig 3.7, for given value of N, packet arrival and CQI feedback scenario,
we plot the PLP using the value of 5 that minimizes the PLP. Similarly, for given value of
N, packet arrival and CQI feedback scenario, we plot the average queuing delay using the
value of 5 that minimizes the average queuing delay in Fig 3.8. In the rest of this chapter,
we use the optimal value of 5 with respect to the PLP when showing PLP performance.
Also, we use the optimal value of S with respect to the average queuing delay when we
show the average delay performance or the delay CDF.

Fig. 3.7 and Fig. 3.8 also show the PLP and the average queuing delay performances
of the tagged UE under fixed cell selection with BS; and BSy for various packet arrival
scenarios. For the PLP shown in Fig. 3.7, it is obvious that the considered DCS scheme
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Figure 3.7: Packet loss probability vs. the number of outer band channels (markers corre-
spond to Monte Carlo simulation results. mo = 0 corresponds to fixed cell selection with
BS; and m; = 0 corresponds to fixed cell selection with BSs).

outperforms fixed cell selection for any number of channels and for all packet arrival sce-
narios. In contrast, the average queuing delay performance of the DCS scheme with respect
to fixed cell selection with BS; depends on the number of channels, N as well as the packet
arrival scenario. In particular, for the first packet arrival scenario, it can be observed from
Fig. 3.8 that fixed cell selection with BS; outperforms the considered DCS scheme for
N < 16. As N increases, the DCS scheme outperforms fixed cell selection for the same
amount of CQI feedback. Also, for the second packet arrival scenario, fixed cell selection
with BS; outperforms the DCS scheme for N < 20 for the same amount of CQI feedback.
For N > 20, the average queuing delay performance of the DCS scheme is improved by
increasing the amount of CQI feedback.

Delay CDF for various packet scheduling, packet arrival, number of channels, N and
CQI feedback scenarios is shown in Fig. 3.9. In this figure we observe that, for N = 16, only
slight improvement in the delay is achieved when increasing the amount of CQI feedback
for both packet arrival scenarios. On the other hand, for N = 21, increasing the amount of
CQI feedback significantly improves the delay performance for both packet arrival scenarios.
This is expected since the states of the best-my channels that are fed back by the tagged

UE to BSy, is improved as N increases.
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Figure 3.8: Average queuing delay vs. the number of outer band channels (markers corre-
spond to Monte Carlo simulation results. mo = 0 corresponds to fixed cell selection with
BS; and m; = 0 corresponds to fixed cell selection with BSs).

3.4.3 Effect of varying the location of the tagged UE

Here, we investigate the performance of the tagged UE in the sleeping cell when varying
its location. In particular, we consider locations of the tagged UE at various distances from
the centre of the sleeping cell along a fixed direction. We refer to the distance between the
centre of the sleeping cell and the tagged UE as r. Also, the locations of all other UEs in
the sleeping cell as well as the locations of UEs in the active neighbouring cells are kept
the same as the previous subsections. Fig. 3.10 and Fig. 3.11 respectively show the PLP
and the average queuing delay performances of the DCS scheme under consideration for
various packet scheduling, packet arrival and CQI feedback scenarios.

Fig. 3.10 and Fig. 3.11 also show the PLP and the average queuing delay performances
of the tagged UE under fixed cell selection with BS; and BSy for various packet arrival
scenarios. For the PLP shown in Fig. 3.10, it is obvious that the considered DCS scheme
outperforms fixed cell selection at all locations and for all the considered packet arrival
scenarios. On the other hand, the average queuing delay performance of the considered
DCS scheme with respect to the average queuing delay performance of fixed cell selection
with BS; varies significantly with distance. For example, it is observed in Fig. 3.11, for
the first packet arrival scenario, that fixed cell selection with BS; outperforms the DCS
scheme when 0 < r < 200 and 400 < r < 500 for the same amount of CQI feedback. The
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Figure 3.9: Delay CDF for various number of outer band channels, packet scheduling,
CQI feedback and packet arrival scenarios (markers correspond to Monte Carlo simulation
results).

DCS scheme under consideration outperforms fixed cell selection with BS; for the same
amount of CQI feedback when 200 < r < 400. Also, for the second packet arrival scenario,
fixed cell selection with BS; outperforms the DCS scheme under consideration for the same
amount of CQI feedback. As distance r increases, the average queuing delay of the DCS
scheme is improved when increasing the amount of CQI feedback.

Finally, Fig. 3.12 shows the delay CDF for various tagged UE’s locations, packet
scheduling, packet arrival and CQI feedback scenarios. It is obvious from this figure that
increasing the amount of CQI feedback does not improve the delay performance when the
tagged UE is close to the centre of the sleeping cell. However, some improvement in the
delay performance can be obtained by increasing the amount of CQI feedback at locations

that are further away from the centre of the sleeping cell.

3.4.4 Effect of varying the number of UEs in the sleeping cell

Next, we show the performance of the DCS scheme under consideration versus the num-
ber of UEs in the sleeping cell. Here, locations of UEs in the sleeping cell are independent
from the locations obtained in previous subsections. The PLP and the average queuing
delay performances of the tagged UE under the considered DCS scheme for various packet
scheduling, packet arrival, and CQI feedback scenarios are plotted in Fig. 3.13 and Fig.
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Figure 3.10: Packet loss probability vs. tagged UE’s location (markers correspond to Monte
Carlo simulation results. mo = 0 corresponds to fixed cell selection with BS; and mq = 0
corresponds to fixed cell selection with BSs).

3.14 respectively.

Fig. 3.13 and Fig. 3.14 also show the PLP and the average queuing delay performances
of the tagged UE under fixed cell selection with BS; and BSy for various packet arrival
scenarios. For the PLP shown in Fig. 3.13, it is obvious that the considered DCS scheme
outperforms fixed cell selection for any number of UEs in the sleeping cell and for all
packet arrival scenarios. In contrast, the average delay performance of the DCS scheme
with respect to fixed cell selection with BS; depends on the number of UEs in the sleeping
cell as well as the packet arrival scenario. As shown in Fig. 3.14, for the first packet arrival
scenario, the DCS scheme under consideration outperforms fixed cell selection with BS; for
small number of UEs in the sleeping cell. As the number of UEs in the sleeping cell exceeds
12 UEs, the DCS scheme and fixed cell selection with BS; have similar performances. For
the second packet arrival scenario, the DCS scheme under consideration outperforms fixed
cell selection with BS; when the number of UEs in the sleeping cell is less than 4. Otherwise,
fixed cell selection with BS; outperforms the DCS scheme.

Delay CDF for various packet scheduling, packet arrival, number of UEs in the sleeping
cell and CQI feedback scenarios is shown in Fig. 3.15. In this figure, only slight improve-
ment in the delay performance is achieved when increasing the amount of CQI feedback.

The numerical results in this chapter show that the considered DCS scheme provides
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Figure 3.11: Average queuing delay vs. tagged UE’s location (markers correspond to Monte
Carlo simulation results. mo = 0 corresponds to fixed cell selection with BS; and mq = 0
corresponds to fixed cell selection with BSs).

better PLP performance compared to fixed cell selection. There are two reasons, which are
explained as follows. First, two BSs are used in the DCS scheme while one BS is used in
fixed cell selection to store the same number of packets. Second, packets are transmitted
at a higher rate in the DCS scheme since UEs are served using the BS with higher sum
transmission rate. As a result, the probability of packet loss due to buffer overflow is less
for the DCS scheme.

On the other hand, queuing delay performance of the DCS scheme varies significantly
depending on the system and operating parameters. The reason is that, while packets are
transmitted at a higher rate in the DCS scheme, out-of-sequence packet delivery results in
extra delay. The tradeoff between these two factors depends on the system and operating

parameters.

3.4.5 Comparison with state-of-the-art DCS

State-of-the-art DCS schemes consider that all data packets of the tagged UE are
available at all candidate BSs and then one of the BSs is selected for transmission. On
the other hand, our considered DCS only forwards a particular packet to a particular
BS in order to avoid packet duplication. As such the bandwidth requirement and energy

consumption for backhaul transmission are reduced. Unlike the considered DCS scheme,
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Figure 3.12: Delay CDF of various locations, packet scheduling, CQI feedback and packet
arrival scenarios (markers correspond to Monte Carlo simulation results).

when a BS is selected at a given time slot with the state-of-the-art scheme, the selected
BS needs to notify the other BS with the number of packets that are transmitted at that
time slot. Then, these packets are discarded from the tagged UE’s queue at the other BS.
In LTE, the signalling between active neighbouring BSs is done using X2 interface. The
effectiveness of the state-of-the-art DCS scheme depends on the delay of the X2 interface.
Here, we compare the performance of our considered DCS scheme with the state-of-the-art
DCS scheme for various values of X2 interface delay.

First, we show the performance of the considered DCS scheme compared to the state-
of-the-art DCS scheme when varying the number of channels IV for various cases of packet
arrival and amount of CQI feedback. The PLP and average queuing delay performances
versus N are shown in Fig. 3.16 and Fig. 3.17, respectively. From Fig. 3.16, we can see
that the considered DCS scheme significantly improves the PLP performance compared to
the state-of-the-art DCS scheme. On the other hand, average queuing delay performance
of the state-of-the-art DCS scheme compared to the considered DCS scheme depends on
the X2 interface delay and the various system and operating parameters as shown in Fig
3.17. For X2 interface delay of 2 time slots, the state-of-the-art DCS scheme outperforms
the considered DCS scheme. However, for X2 interface delay of 5 time slots, the average
queuing delay of the state-of-the-art DCS scheme compared to the considered DCS scheme

depends on the number of channels and the packet arrival scenario. The average queuing
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Figure 3.13: Packet loss probability vs. number of UEs in the sleeping cell (markers
correspond to Monte Carlo simulation results. mo = 0 corresponds to fixed cell selection
with BS; and m; = 0 corresponds to fixed cell selection with BSs).

delay performance of the considered DCS scheme is significantly improved as N increases,
especially for the first packet arrival scenario, which has a lower packet arrival rate. This
indicates that the effect of out-of-sequence packet delivery is reduced in the considered
DCS scheme when the packet arrival rate decreases or when the sum transmission rate
increases due to increasing N.

The delay CDF of various packet arrival and CQI feedback scenarios are shown in
Fig. 3.18 for N = 21. Clearly, the queuing delay performance of the state-of-the-art DCS
scheme is significantly affected by X2 interface delay. Also, the queuing delay performance
of the state-of-the-art DCS scheme compared to the considered DCS scheme depends on
the value of X2 interface delay, the amount of CQI feedback and the packet arrival scenario.

Next, we investigate the performance of the state-of-the-art DCS scheme compared to
the considered DCS scheme when varying the value of X2 interface delay. The PLP and
average queuing delay performances versus X2 interface delay are shown in Fig. 3.19 and
Fig. 3.20, respectively. The considered DCS scheme provides better PLP performance
compared to the state-of-the-art DCS scheme except for very low values of X2 interface
delay as shown in Fig. 3.19. On the other hand, average queuing delay performance of the
state-of-the-art DCS scheme compared to the considered DCS scheme depends on the X2

interface delay as well as the packet arrival scenario as shown in Fig. 3.20. From Fig. 3.19
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Figure 3.14: Average queuing delay vs. number of UEs in the sleeping cell (markers
correspond to Monte Carlo simulation results. mo = 0 corresponds to fixed cell selection
with BS; and m; = 0 corresponds to fixed cell selection with BSs).

and Fig. 3.20, it is obvious that the performance of the state-of-the-art DCS scheme is
significantly impacted by X2 interface delay. This is expected since the delay in discarding
packets from a BS that is not selected at a given time slot is equal to the delay of the X2
interface. This delay in packet discarding results in increasing packet loss due to queue
overflow and increasing queuing delay.

Next, we show the performance of the considered DCS scheme compared to the state-of-
the-art DCS scheme when varying the distance of the tagged UE for various cases of packet
arrival and amount of CQI feedback. The PLP and average queuing delay performances
versus r are shown in Fig. 3.21 and Fig. 3.22, respectively. From Fig. 3.21, we can
see that the considered DCS scheme provides better PLP performance compared to the
state-of-the-art DCS scheme. On the other hand, average queuing delay performance of
the state-of-the-art DCS scheme compared to the considered DCS scheme depends on the
X2 interface delay and the various system and operating parameters as shown in Fig 3.22.
For X2 interface delay of 2 time slots, the state-of-the-art DCS scheme outperforms the
considered DCS scheme. However, for X2 interface delay of 5 time slots, the average
queuing delay of the state-of-the-art DCS scheme compared to the considered DCS scheme
depends on the distance r. As the sum transmission rate increases due to increasing r, the

considered DCS scheme provides better average queuing delay performance.
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to various CQI feedback scenarios and markers correspond to simulation results of the
considered DCS scheme)
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to various CQI feedback scenarios and markers correspond to simulation results of the
considered DCS scheme).
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Figure 3.23: Delay CDF for various locations, packet scheduling, CQI feedback and packet
arrival scenarios (Non-solid lines correspond to various CQI feedback scenarios and markers
correspond to simulation results of the considered DCS scheme).

The delay CDF of various packet arrival and CQI feedback scenarios are shown in Fig.
3.23 for r = 100. The state-of-the-art DCS scheme outperforms the considered DCS scheme
since these results are shown for a relatively short distance 7.

Finally, we show the performance of the considered DCS scheme compared to the state-
of-the-art DCS scheme when varying the number of UEs in the sleeping cell for various
cases of packet arrival and amount of CQI feedback. The PLP and average queuing delay
performances versus number of UEs in the sleeping cell are shown in Fig. 3.24 and Fig.
3.25, respectively. From Fig. 3.24, we can see that the considered DCS scheme provides
better PLP performance compared to the state-of-the-art DCS scheme. On the other hand,
average queuing delay performance of the state-of-the-art DCS scheme compared to the
considered DCS scheme depends on the X2 interface delay and the various system and
operating parameters as shown in Fig 3.25. For X2 interface delay of 2 time slots, the
state-of-the-art DCS scheme outperforms the considered DCS scheme. However, for X2
interface delay of 5 time slots, the average queuing delay of the state-of-the-art DCS scheme
compared to the considered DCS scheme depends on the number of UEs in the sleeping
cell and the packet arrival scenario. For a higher sum transmission rate due to smaller
number of UEs in the sleeping cell, the considered DCS scheme provides better average

queuing delay performance for the first packet arrival scenario. Again this indicates that
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Figure 3.24: Packet loss probability vs. number of UEs in the sleeping cell (Non-solid lines
correspond to various CQI feedback scenarios and markers correspond to simulation results
of the considered DCS scheme)

—Considered DCS, m1=11, m2=9, al
35— Considered DCS, m1=11, m2=9, a2 T T

State-of-the-art DCS with X2 delay=2, m1=11, m2=9, al
— State-of-the-art DCS with X2 delay=2, m1=11, m2=9, a2
30 [— State-of-the-art DCS with X2 delay=5, m1=11, m2=9, al
State-of-the-art DCS with X2 delay=5, m1=11, m2=9, a2

Average queuing delay
Ny nN
(=) o1
T T

=
(32
T

10F

o

0 2 4 6 8 10 12 14
Number of UEs in the sleeping cell

Figure 3.25: Average queuing delay vs. number of UEs in the sleeping cell (Non-solid lines
correspond to various CQI feedback scenarios and markers correspond to simulation results
of the considered DCS scheme).
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Figure 3.26: Delay CDF for various number of UEs in the sleeping cell, packet scheduling,
CQI feedback and packet arrival scenarios (Non-solid lines correspond to various CQI
feedback scenarios and markers correspond to simulation results of the considered DCS
scheme).

the effect of out-of-sequence packet delivery in the considered DCS scheme is reduced for
lower packet arrival rate and higher sum transmission rate.

The delay CDF of various packet arrival and CQI feedback scenarios are shown in Fig.
3.26. The queuing delay performance of the state-of-the-art DCS scheme compared to the
considered DCS scheme depends on the value of X2 interface delay, the amount of CQI
feedback and the packet arrival scenario.

From the above comparison between the considered DCS scheme and the state-of-
the-art DCS scheme we can see that the considered DCS scheme provides better PLP
performance mostly. On the other hand, queuing delay performance depends on the value of
the X2 interface delay as well as other system and operating parameters. Also, the state-of-
the-art DCS scheme suffers from a significant amount of additional backhaul resources due

to packet duplication, which results in significant increase in cost and energy consumption.

3.4.6 Example applications of the developed queuing model

In what follows, we provide some example applications of our developed model. Our
developed model can be used to gauge various packet level performance measures for the

considered DCS scheme. Also, the developed model can be used to select various parame-
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ters in order to achieve the QoS requirements of UEs in the sleeping cell. In particular, for
given other system and operating parameters, the network operator can use our model to
determine the values of 5, m; and ms needed to maintain packet level QoS requirements of
each UE in the sleeping cell. For example, for the packet arrival scenario with probability
vector ag, if the tagged UE QoS requirements are P = 0.1, D = 22, d; = 20 and ¢ = 0.42,
these requirements can be satisfied with m1 = 11, m2 = 9 and 8 = 0.7 as obtained from
Fig. 3.4, Fig. 3.5 and Fig. 3.6. Moreover, our model can be used to determine whether
a particular UE in the sleeping cell should be served using the considered DCS scheme or
using the conventional fixed cell selection based on the QoS requirements. For example, in
Section IV-C for the first packet arrival scenario with probability vector ey, it is obvious
that at distance r = 500 between the tagged UE and the centre of the sleeping cell, fixed
cell selection provides better average delay performance compared to the considered DCS
scheme while the PLP performance of both schemes is similar due to low PLP in both
cases. These can be observed from Fig. 3.10 and Fig. 3.11.

Also, our model can be used for cross-layer performance analysis with partial CQI
feedback. In this chapter we consider partial CQI feedback and we develop a systematic
procedure to incorporate this partial CQI feedback into the queuing analytical model.
Even though our queuing model is specific to CoMP DCS, the procedure developed here to
account for partial CQI feedback is comprehensive and can be used to analyze the cross-
layer performance of wireless systems with best-m CQI feedback. Specifically, using egs.
(3.1)-(3.9) and the analytic procedure described in Section ITI-A, the states of the best
my, channels that are fed back to BSy by the tagged UE, the probability that a particular
channel, which has been fed back, is allocated to the tagged UE and the sum transmission
rate allocated to the tagged UE by BSy can be calculated.

In addition, our model can be used for CAC. CAC based on the packet level QoS
requirements has been proposed in [58]. As shown in Section IV-D, our model can be used
to measure the packet level performances of UEs in the sleeping cell for various numbers
of UEs under the DCS scheme. So, based on these performances, the network operator
can determine if the packet level QoS requirements of existing UEs as well as new UEs
requesting service can be met if these new UEs are admitted in the system. If the QoS
requirements of UEs are satisfied, new UE’s request can be served. Otherwise, the request

can be rejected.
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Chapter 4

DL Multi-Flow CA in

Heterogeneous Networks

4.1 Synopsis

We consider multi-flow CA with dedicated spectrum access for serving MUEs in the

ER of the small cells. The main contributions and outcomes of this chapter are as follows.

1. We develop a cross-layer F/J queuing analytical model that takes into account the
time varying channels, the channel scheduling algorithm, partial CQI feedback and
the number of component carriers deployed at each tier. Our model also accounts
for stochastic packet arrivals and the packet scheduling mechanism. The accuracy of

the developed analytical model is validated through computer simulations.

2. The developed analytical model can be used to gauge various packet-level perfor-
mance parameters e.g., PLP and queuing delay of MUEs in the ER of the small cells.
For the queuing delay performance, our model takes out-of-sequence packet delivery

into consideration.

3. Using numerical examples, we demonstrate that the developed model can also be used
to select various system and operating parameters in order to offload as much traffic as
possible from the macrocells to the small cells while maintaining the QoS requirements
of MUEs in the ER of the small cells. For example, the packet scheduling parameter,
the amount of CQI feedback, the number of deployed small cells and the ER of the
small cells can be tuned to maintain the QoS requirements of MUEs in the ER of the

small cells as demonstrated in Section IV.

The rest of this chapter is organized as follows. In Section 4.2 a detailed description
of the system model is provided. Developing the queuing analytical model and deriving
packet-level QoS measures are presented in Section 4.3. In Section 4.4, selected numerical

results and example applications are presented.
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4.2 System Model and Operating Assumptions

4.2.1 Overall system description

We consider a two-tier cellular network with the small cells randomly deployed within
the macrocell following a uniform distribution as shown in Fig. 4.1. The coverage of the
macrocells and the small cells is assumed to be circular with radii Ry, and Rg respectively.
Also, the ER of the small cells is denoted as Ry and is shown in Fig. 4.1. We consider
dedicated carrier deployment where small cells utilize component carriers that are not
used by the macrocells. One can also consider shared carrier deployment by accounting for
cross-tier interference and employing a suitable ICIC technique, and then use the queuing
model developed in this chapter to measure the performance of the MUEs in the ER of
the small cells. It is noteworthy that this can result in performance degradation of SUEs
since they already share the component carriers dedicated for them with nearby MUEs.

Different component carriers have distinct propagation characteristics depending on
their frequency band. Without loss of generality, we consider that two component carriers
Fy, and Fy, are deployed at the macro base station (MBS) while one component carrier Fg,
is deployed at the SBSs. Moreover, each component carrier Fy; is assumed to be divided
into Ny; channels, where H € {M, S}.

We assume that MUEs are uniformly distributed within the macrocell and SUEs are
uniformly distributed within the small cells. MUEs that are not located within the ER of
a small cell are only served by the macrocell. Similarly, SUEs are only served by the small
cells®. On the other hand, a MUE that is located within the ER of a small cell is served by
both the macrocell and the small cell through multi-flow CA. We consider a time slotted
system and we are interested in the DL transmission. Our objective is to investigate the
performance of a tagged MUE ? in the ER of a reference small cell 9. For notational
convenience, we denote the number of MUEs as Uy, the number of MUEs in the ER of the
reference small cell as Ugy, the number of MUEs in the ER of any small cell as Uys and

the number of SUEs in the reference small cell as Us.

81t is also possible to consider multi-flow CA for SUEs, however, this can compromise the performance
of the MUEs as this offloads traffic from the small cells to the macrocell.

9The overall system performance can be obtained by averaging the performance of all UEs in the network.
However, this performance may not be interesting since the QoS requirements vary significantly among UEs
depending on their applications/service classes.

10The performance of SUEs and MUEs that are not in the ER of any small cell can be obtained using
traditional queuing models presented in [39, 40].
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Figure 4.1: An example of a two-tier cellular network with CRE of the small cells.

4.2.2 Channel model, adaptive transmission, channel scheduling and
partial CQI feedback

We model channel gain using the Gamma distribution, which is tractable, yet with a
high accuracy, for modelling composite shadowing and fading channels [50]. The received
SINR/SNR is mapped into a finite set of channel states S = {0, 1,--- , K —1}, and adaptive
transmission is utilized to take advantage of the time varying channels. In particular, let
denote the number of packets that can be transmitted over a particular channel at a given
time slot. x is given by:

r=0bk, 0<kE<K-1, (4.1)

where k is the channel state and b is an integer that depends on the network resource
allocation.

Channel ¢ from component carrier Fy; of UE [ is considered to be in state k at time
slot n if v, < ’yf(lnj)” < Y41, Where ’yl({nj)” is the received SINR/SNR and ~, is the lower

boundary threshold of channel state k [51], [52]. Also, the thresholds {4}, take values

that satisfy a target average bit error rate (BERg) for all transmission modes (see for
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4.2. System Model and Operating Assumptions

example [53]). We denote the channel state of channel 7 from component carrier Fy; of UE
[ at time slot n as 51({7,1])',@1’ and the probabilities Pr{sg}iyl =k},k=0,1,--- K —1, can be
calculated as follows:

Pr{Sf{Tf;,i,l =k} =Pr{y < %({”J)” < Vit1}

(4.2)
= Pth(7k+1) - Pth(%), k= 0, 1a to 7K - 17

where Py, (z) is essentially the outage probability. If no interferers are present, P, (7%) can

be calculated as follows:

e (kuj Yo/ (Va,5,1085))

Pth(Vk) = ]-_‘(K/Hj) )

(4.3)

where ', (y, z) = [tV L exp(—t)dt, T'(y) = [, t¥~ " exp(—t)dt, ky; and by; are respectively
the first and the second parameters of the Gamma distribution for component carrier Fy;
and 7y j; is the average received SNR. 7y j; depends on the distance between UE [ and the
serving BS, path loss exponent 7y; corresponding to component carrier Fy;, thermal noise
o and transmission power py. On the other hand, in the presence of I interferers, P, (vx)
can be calculated using the classical lemma presented in [54] as follows:
' I
/T b (—jw) 1 Pi(jvew)

Pun( )—1/ Im . dw—i—l
_ = _
th\VE 0 2’

(4.4)

where ®p(—jw) is the CF of the received desired signal D, and ®;(jw) is the CF of the
received interference from interferer i. Since the desired signal as well as the interfering
signals are modelled using the Gamma distribution, the CF of the Gamma distribution
can be used in eq. (4.4) to calculate Py, (k).

We consider that all BSs utilize max-rate/opportunistic channel scheduling to maximize
the overall throughput using multiuser diversity. Therefore, if there is a single UE that has
the highest channel state in a particular channel at a given time slot, this UE is allocated
with that particular channel. On the contrary, if multiple UEs have the highest channel
state in a particular channel at a given time slot, then one of these UEs is randomly
allocated with the channel. We also consider best-m partial CQI feedback for MUEs in
the ER of the small cells in order to reduce CQI feedback overhead, especially for MUEs
served by all component carriers through multi-flow CA. In particular, MUE [ in the
ER of a small cell is assumed to feed back its best m,; channels with the MBS, where
myg € {1, -, Nyy + Nuo b These channels could be from any component carrier deployed

at the macrocell. Similarly, MUE [ in the ER of a small cell is assumed to feed back its
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best mg channels with the SBS, where mg € {1, -+, Ng, }. In general, it is desirable to
reduce the amount of CQI feedback to the MBS by MUEs in the ER of the small cells in
order to offload more traffic to the small cells. The amount of CQI feedback to two BSs
from both tiers that is needed for maintaining the QoS requirements of a particular MUE
in the ER of a small cell can be determined using our analytical model. MUEs that are
not in the ER of any small cell and SUEs are assumed to fully feed back their CQI to their

BSs since they are served using only parts of the divided spectrum.

4.2.3 Packet arrival model and packet scheduling

We use the batch Bernoulli process, which is a general model that captures different
levels of burstiness, to model random packet arrivals from the core network to the PSG. This
process is specified by a probability vector & = {«ag, a1, .,az}, where the probability
of i packet arrivals at a particular time slot is denoted as «; and the maximum possible
packet arrival at a particular time slot is denoted as Z.

Then, packets of SUEs are forwarded to the SBSs and packets of MUEs that are not
in the ER of any small cell are forwarded to the MBS. On the other hand, similar to the
packet scheduling mechanism in [38], each packet of a particular MUE in the ER of a given
small cell is randomly forwarded either to the MBS or to the SBS.

For the tagged MUE, we denote the packet scheduling parameter, which is the proba-
bility that a particular packet is forwarded to the MBS, as 3. Therefore, the probability
that the packet is forwarded to the SBS is 1 — 8. Also, we denote the joint probability of
i packet arrivals to the MBS and j packet arrivals to the SBS at a given time slot as 1 j,

which can be calculated as follows [38]:

G il BV 5 S() i

0, otherwise,

where ! denotes the factorial operator. The analytical model developed in this chapter can
be used to find the optimal value of 5 with respect to a given performance measure. Also,
the model can be used to find the minimum value of 5 for which the QoS requirements of
the tagged MUE in the ER of the reference small cell are maintained while minimizing the
macrocell load due to the tagged MUE’s data packets.

We consider that each BS from either tier has a packet buffer dedicated for each UE
that is being served by this BS. Since MUEs in the ER of the small cells are served by
the macrocell as well as the small cells, each MUE in the ER of a small cell has two data
buffers. The first buffer is located at the MBS and the second buffer is located at the SBS.

Packets in a particular buffer are assumed to be served in the same order they arrive to
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Figure 4.2: The resulting F/J queuing system (for clarity only tagged MUE and its serving
SBS and MBS are shown).

that buffer. Also, a packet arriving to a given buffer at a given time slot can be served
at the next time slot the earliest. It is noteworthy that packets can arrive to the MUEs
in the ER of the small cells out-of-sequence since these packets are randomly forwarded to
one of the two serving BSs and delivered to the MUEs by each BS independently. Fig. 4.2
shows the two data buffers of the tagged MUE. This buffer arrangement is often referred
to as F/J queuing system.

4.3 Formulation of the Queueing Model

4.3.1 Tagged MUE joint sum transmission rate

The tagged MUE is allocated with a sum transmission rate by the serving MBS and a
sum transmission rate by the serving SBS every time slot. These sum transmission rates
depend on the number of component carriers deployed at each tier, partial CQI feedback
and the employed max-rate/opportunistic channel scheduling. Here, we develop an analytic
procedure to obtain the joint sum transmission rate of the tagged MUE from the serving
MBS and the serving SBS. In particular, we define state variables to account for the joint
sum transmission rate allocated to the tagged MUE by both BSs at a given time slot.

For the reference small cell, we denote the state of channel ¢ of SUE [g from compo-
nent carrier Fy; at time slot n as sglj)’i’ls. Then, the probabilities Pr{sg})ﬂ.ls =k} k =
0,1,---, K — 1, can be calculated using eq. (4.2). Also for MUEs in the ER of the ref-

erence small cell, channel i of MUE Igp from component carrier Fy; is denoted as s

Svjvi’lSE
and the probabilities Pr{sé"j)“SE =k}, k=0,1,--- ,K — 1, can be calculated using eq.
(4.2). Then we define random variable véZ)’i’lSE, where vg}{“SE e {0,1}. véZ{i’lSE =1if
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K-1 K-1 K-1 K-1

kzslzo kNSlzo k182:O kNSC =0
msigp ~(9k (bagy )+ 4k (kng, ) Hgn (kigy )+ gk (kng o )

(min(1, max(0, T Crag, )+ (orvg )+ T gy ) (v ) )

Pr{ S7171)ZSE = k} = CS NSJ (4'6)
Pr{ss 110ss = K Hl 2H Pr{ss”zSE kig,}), 1<k<K-—1,
gL
SR A0
b kz::1 Pr{csvl,leE = k}’ k=0.
( k k k k
SRS SRS >
ks1=0 ksUS:O keo=0 k)EUSMIO
( 1
Pr{uS]l L =a | C:(;,Lj),i,l _ ]{} _ 1+fk(k 1)+ +fk(k<US)+fk(kfe2)+ +fr(keugy) (4.7)
lH Pr{ss] ilg = éls}l H Pr{cs,] ilgg kelsE})v a=1,
s=1 SE=2

1—Pr{uszl 1|Cs“1_k}a a=0.

\

the CQI of channel 7 of MUE [s from component carrier Fg; is fed back to the refer-
(n)

ence SBS at time slot n while vg idsy = 0 otherwise. Moreover, we define state vari-
(n) _ 1 (n) E—=0.1.--

S7j7i7lSE - Svj7i7lSE S}jﬂ:’lSE’
carriers are deployed at the small cells. Without loss of generality, for channel 1 from

able ¢ -, K — 1. Let us consider that Cy5 component
component carrier Fy; of MUE lgg in the ER of the reference small cell, the probabilities
Pr{cg?’LlSE =k}, k=0,1,--- ,K — 1, can be calculated using eq. (4.6) as shown in Ap-
pendix J. In eq. (4.6), function f;(y) is equal to 1 if x = y and 0 otherwise, and function
92(y) is equal to 1 if x < y and 0 otherwise.

Without loss of generality, we refer to the tagged MUE in the ER of the reference small
cell as MUE 1. Assuming that channel ¢ of the tagged MUE from component carrier Fy;
is fed back to the reference SBS at time slot n, we define random variable U(snj)“ € {0,1},
where ué J)Z 1 = 1 if this particular channel is allocated to the tagged MUE in the ER of

(n)

the reference small cell, and us ] i,

1 =0 otherwise. Then, as shown in Appendix E, the
conditional probabilities Pr{usj i1 =0a \ c J il = k},a = 0,1, can be calculated using eq.
(4.7). The proof of eq. (4.7) can be found in Appendix K.

Then, we denote the state space of the joint channel states of the best mg; channels

of the tagged MUE with the reference SBS as Ag1 = {(323)17171,-~~ 73$’)m81,ms1,1) | 0 <
sénj)i ;1 < K — 1}, where index j; is to emphasize the fact that the best mg; channels could

be from any component carrier. State space Ag 1 contains Mg unique states, where Mg can
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(n) & & S
PI‘{SS J1,1,1 = ki, ’SsvjmslimShl - km31} - Z Z o Z
kmSl+1:O kmgi+2=kmg+1 kng=kng-1 (4.9)

cilxxep—1! XCK 1! 1:[ Pr{s S,Jist, 1}

be calculated as follows [38]:

M. = 4.8
T mal(K — 1) (48)
The probability of a particular element in Ag 1, Pr{ss ]1 11 =k, ’Sglj)mspm&,l = kmg, }

can be calculated as shown in eq. (4.9), where Ng = Z Ns;, which is the total number
j=1
of channels from all small cells’ component carriers, k; = min(ky, - - , kpg, ) and ¢;’s are to
account only for unique elements in Ag ;.
Next, we denote the state space of the joint channels states and channels alloca-
tion of the best mg; channels of the tagged MUE with the reference SBS as: Ys;1 =
(n) (n) (n) (n) (n) (n)
LS8 1000 88 g, msn 1 Us 110 0 Us g mgy 1) |0 <8550 S K =1,0 <ag g, <

1}. The probabilities of elements in state space Y1 can be calculated using eq. (4.9) along

with the corresponding conditional probabilities in eq. (4.7). Next, we define state variable

msi
tén) = > sT w0 < tén) < (K —1)mg1, which is the sum of the channel states of all

S,Ji6,178,445,1
i=1
channels allocated to the tagged MUE by the reference SBS. Let y; (y+ C Y1) denote the
set of all elements for which tén) = t. The probabilities Pr{tgn) =t},0<t < (K —1)mgi,

can be calculated as: Pr{tén) =t} = Y Pr{w}. Finally, we define probability vector Ts
wWEY

whose elements are the probabilities Pr{tén) =1},0 <t < (K — 1)mg;, and matrix Tg of
identical rows with each row equals Ts. The sum transmission rate allocated to the tagged
MUE by the reference SBS at time slot n can readily be obtained using eq. (4.1).
Although the procedure needed to obtain the sum transmission rate allocated to the
tagged MUE by the MBS is almost identical to the above, we include the details of this
procedure for the sake of completeness. We also rewrite all equations with the correspond-
ing state variables and parameters. At time slot n, we denote the state of channel ¢ from
component carrier Fy; of MUE [y that is not in the ER of any small cell as 31(\/[ i il . Also
at time slot n, the state of channel ¢ from component carrier Fy; of MUE [y that is in

the ER of any small cell is denoted as 51(\/[; iy Lhe probabilities Pr{sM Gidy = = k} and
Pr{sMJ i = k},k=0,1,---,K—1, can be calculated using eq. (4.2). We define random
variable UIE/I;” € {0,1}, where viﬂzllM = 1 if the CQI of channel ¢ of MUE [y from
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K—1 K—-1 K—-1 K—1

Favn =0 RN TOMIMe =0 Py, 0
m —(g9g (koy o )+ +ap (kN ) g (k1 )+ Hgg (kN )
(min(1, max(0, Mlllvff * )hfl NG )I\f; 0 )hf-w * M)CM )
{C _ k} _ k 2M1 k NMl k 1M2 Tk NMCM (4 10)
PO Line T - oM ( .
Pr{sM L = }71:[ 71:[ Pr{sM i, ZME Mj I3 1<k<K-1,
i,j#1
1- P =k}, k=0.
E r{CM 1L1IvE }
k. k k
Fm1=0 Ky —Upg) =0 Fe2=0  Feuy o =0
(157 o e
— (m) R DT 7% G (Ung —Upgg) ) TR Re2) T F Tk ey g
Pr{UM il = a | Cnjil = k} - (Un—Ums) o UMS . (411)
lMH=1 Pr{SM,j,i,lM = ksz} MH Pr{CM,j,i,lME = deE”’ a=1,
1- Pr{ul(&,)j,i,l =1] c{\;?jym =k}, a=o0.

(n)

M:j7i7ll\/[E

We also define state variable ™ —0 s k=0,1,--- ,K — 1. Assum-

Mjidve UM e SMg e
ing that C\ component carriers are deployed at the macrocell and considering channel 1

component carrier F); is fed back to the MBS at time slot n while v = 0 otherwise.

from component carrier ;1 of MUE [y in the ER of any small cell, the probabilities
Pr{cM Wl = k},k=0,1,--- K — 1, can be calculated as shown in eq. (4.10). We also
refer to the tagged MUE in the ER of the reference small cell as MUE 1. Assuming that
channel 7 of the tagged MUE from component carrier F); is fed back to the MBS at time

slot n, we define random variable “1(\4 z i1 € 10,1}, where “1(\[ ; ;1 = 1 if this particular chan-

nel is allocated to the tagged MUE in the ER of the reference small cell, and -

M7J7171 -

otherwise. The conditional probabilities Pr{uMﬂ L =a | cle , = k},a = 0,1, can be

calculated as shown in eq. (4.11).

The state space of the joint channel states of the best my;; channels of the tagged MUE

with the MBS is denoted as Ay, = {( 1\1,;1,1,17 e ’nglfg'li,li,l) |0 < s(nzw | <K -1}
and contains M,; unique states, where M,; can be calculated as follows:
(K + li - 1)'
My = 4.12
M li (K - 1) ( )

The probability of a particular element in Ag; can be calculated as shown in eq. (4.13),

M
where Ny = > Nyj. We then denote the state space of the joint channels states and

j=1
channels allocation of the best my; channels of the tagged MUE with the MBS as:
_ (n) (n) (n) (n)
Tua = {4 ,31,1,17"‘ N omggy a1 Ot L1 gy i) | 0SS S K =
1,0 < ul(wz i1 < 1}. The probabilities of elements in Y, ; can be calculated using eq.
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) K ki Kl
Pr{SM J1,1,1 — Ky, ’SM,ijl,li,l = kli} = > > T >

Emyp +1=0 By +2=Fmyq +1 Eny=Fny -1

Cl'>< XCK 1! ]:[ PT{S 7.71721}

(4.13)
(4.13) and eq. (4.11). Next, we define state variable tM Z s JM L NZ;M’I,O < tl(\?) <

(K — 1)my1, which is the sum of the channel states of all channels allocated to the tagged
MUE by the MBS. The probabilities Pr{tl(v?) =1t},0 <t < (K — 1)msgi, can be calculated

as: Pr{tl(\?) =t} = > Pr{w}, where v (y4 C Yy,1) denotes the set of all elements for
WEYt

which tl(v? — Finally, we define probability vector T\ whose elements are the probabil-
ities Pr{tl(\?) =t},0 <t < (K — 1)my, and matrix Ty of identical rows with each row
equals Ty. The sum transmission rate allocated to the tagged MUE by the macro BS at
time slot n can readily be obtained using eq. (4.1).

Finally, we define matrix W whose elements are the joint probabilities Pr{tl(v?) =
11,67 = 1,3,0 <t < (K — 1)ma1, 0 < ta < (K — 1)mg1. W is then given by:

W =T, ® Ts, (4.14)
where ® denotes the Kronecker product.

4.3.2 System’s state space and transition probability

Considering that all buﬁers have finite sizes, the joint system’s state space is denoted
as: Q:{(q&]),qé)t(n) tg )\0<q")<Q 0<q <Q 0<t() < (K — 1)myn,0 <
té") < (K — 1)mg1 }, where ql(w) and qé ") are the number of packets in the tagged MUE’s
buffers at the MBS and the reference SBS respectively at time slot n. Also, Q\ and Qg are
the sizes of the tagged MUE’s buffers at the MBS and the reference SBS respectively. The
system can be modelled as a DTMC since it is time slotted with discrete state variables.
We denote the transition probability matrix of the DTMC as P, Where the elements of P
(FHD) g4 () D) | o) o) ) (0]

are the joint transition probabilities Pr{q M

is represented by its block sub-matrices in eq. (4.15), where Yy, = b(K —1)my. Eq. (4.15)
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I A(()O) Aﬁ) A
1 1 1
AT AT AT AT
0% ;ZJrl) (YM;Z+1) (YmM—Z+1) (YmM—Z+1)
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(4.15)
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indicates that a QBD process can be obtained to represent P as follows:

o [c D |

1 E F G

2 I I; I

P= 3 I, I; Io , (4.16)
X -1 I, I Iy
X i I, I |
where X = |Qu/Yu].

(gm)

Furthermore, each block sub-matrix A is represented by its block sub-matrices in

oM
eq. (4.17), where Y5 = b(K — 1)mg1. block sub-matrix A((;Z/I[\f(’;ZS) represents the transition of
the system from states (g, gs) at time slot n to states (g + 0y, gs+9s) at time slot n+1. In
order to derive block sub-matrices AngNf(’;f), we define matrices J; of size (% +1) x (YTM +1)
and Jg of size (% +1) x (% + 1) whose elements are one. We also define set of matrices

oY of size (% +1) x (% + 1) as follows:

1 if k=1
0V (k,e) = . 0<1<Yy/b
o (k,e) {0 £ kel <I1<Y/

Similarly, we define set of matrices OL of size (% +1) x (32 +1) as follows:

Oél)(k,e): 1 if k:l’ 0<1<Yi/b
0 if k #1

Then, we proceed to derive block sub-matrices of P as shown in eq. (H.1)-(H.9) in Appendix
H, where o denotes the Hadamard product and B((;ZS)(Z') is shown in eq. (I.1)-(1.9) in
Appendix I.

4.3.3 Steady state solution and derivation of performance measures

We denote the steady state probability vector of the DTMC in the previous section
as m which can be calculated using the matrix-analytic procedure in [46]. Steady state
probability vector m can be written as: m = [m0) -+ T(Qy,Q¢)), Where m(; ;) is steady
state probability vector of states with qﬁ? ) =i and qén) = j. Using steady state probability

vector T, packet-level QoS measures can be derived as shown in the following subsections.
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Z 2 2
’l,b é z 5 z ~ ~ ~
W) = T 2, 5 5 3 PSS e (@) (09 G Qo+ (e

z=ler=1
Qm
Ggs (Qs + falex)&ar) x TO(gn—Erkogs —Eax) T Jar (@ue) f2(e) 2 T0(irgs—€2x)
o i=Qm—&1k+1
s
+fas (Qs) f1(er) > 7l'O(thffuwj))'
j=Qs—&x+1

(4.19)

Buffers’ length distribution

The marginal joint steady state probability of finding ¢ packets in the tagged MUE’s
buffer at the MBS and j packets at the tagged MUE’s buffer at the SBS can be written as:

Pr{gl) = i,q" = j} =7(51,0 <i < Qu,0 < j < Qs, (4.18)

where 1 is a column vector of proper size with all elements equal 1.

Delay distribution

In this chapter we define the delay of a particular packet as the number of time slots
that the packet takes to arrive at the tagged MUE along with all packets ahead of it in
both buffers. This definition takes out-of-sequence packet delivery into consideration in
parallel transmission schemes such as multi-flow CA, the DCS scheme in [38] and parallel
transmission in multi-RATs [44].

Then, queuing delay and other packet-level QoS measures can be derived as follows.
First an absorbing Markov chain P, is obtained by following the same procedure to
construct P while setting g = 1 and o; = 0,1 < i < Z [39]. Then, we define probability
vector my as follows: my = wP4hs. 7o can be written as: g = [71'0(0,0) WO(QMQS)]. We
also define probability vector w whose elements are the joint probabilities of the states
of the tagged MUFE’s buffers as seen by an arriving packet. w can be written as: w =

w0 - (QM Qs)]- Probability vector w can be calculated as shown in eq. (4.19),

aM,4s)
where &;; = Z fi(ex), packet k is considered to be forwarded to the MBS if index ey is
equal to 1 and to the SBS otherwise, and function g,(y) is equal to 0 if x > y and 1
otherwise.

A packet forwarded to one of the tagged MUE’s buffers at either tier is dropped if that
buffer is full. We denote the probability of dropping an arriving packet as p, which can be
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calculated as follows:

Qu+Z Qs Qu Qs+Z
p= D Dwaplty D wayl (4.20)
1=Qm+1 j=0 1=0 j=Qs+1

It is noteworthy that w represents the joint buffer states as seen by an arriving packet,
whether this packet is admitted to its respective buffer or dropped due to buffer overflow
at that buffer. Therefore w is not suitable for measuring queuing delay as queuing delay
is not experienced by packets that are dropped due to buffer overflow. Hence, we define
probability vector A of the joint buffer state of the tagged MUE’s buffers as seen by an
admitted packet. A can be written as A = [A ) -+ AQy,0s)], Where probability vector
A (gu.g¢) 18 given by:
w(QMyQS). (4.21)

L—p

After d time slots, the joint buffer states of the tagged MUE’s buffers as seen by an
admitted packet is denoted as x(d). Then, x(d) can be calculated as: x(d) = AP% . Also,
X(d) can be written as x(d) = [x(d)0,0) -+ X(d)(Qu,@s)]- The queuing delay experienced
by a packet that is admitted to one of the tagged MUE’s buffers at either tier is denoted
as D. The CDF of D is given by:

A(qm,qs) =

Fp(d) = x(d)0,0)1- (4.22)

Eq. (4.22) suggests that an admitted packet is considered to have arrived to the tagged
MUE only when all packets ahead of it in both buffers have also arrived. As such, this
equation accounts for out-of-sequence packet delivery. Finally, the average queuing delay

is denoted as D and is given by:

dm
D=) d(Fp(d)—Fp(d—1)), (4.23)
d=1

where Fp(d,,) = 1. The average queuing delay in this chapter can only be calculated using
the delay CDF since the Little’s law, which is used to calculate the average queuing delay
for traditional queuing systems, is not applicable for F/J queuing systems [59], [60]. Also,
the delay CDF is a more elaborate measure of the tagged MUE’s delay performance and
is useful to guarantee statistical delay constraint. In particular, in addition to the average
queuing delay requirement, the delay requirement of the tagged MUE can be in the form
Fp(d;) > ¢, where d; is a specific number of time slots and ( is a given delay guarantee

probability.
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4.4. Numerical Results and Example Applications

Table 4.1: Summary of parameter symbols and values.

Parameter Description Symbol Value

Number of interfering small cells 1 5

Macrocell radius Ry 500 m

Small cell radius Ry 50 m

ER of the small cells Ry 30 m

Target average bit error rate BERj 107°

Tagged MUE’s buffers sizes Qw, Qs 20,20

Packet size € 1024 bits
Packet arrival probability vector for first scenario (%1 {0.20.1 04 0.3}
Packet arrival probability vector for second scenario | g {0.10.20.3 0.4}
Number of channels in Fy; Ny 8

Number of channels in Fjy, Nuo 6

Number of channels in Fy,; Ng, 6
Shadowing-fading parameters of Fy; Ky Ot 1.6, 2.3
Shadowing-fading parameters of Fy, Kz, Ono 14,2
Shadowing-fading parameters of Fg, Ks1, Os1 1.5, 2.1

Path loss exponents Mty Mz, Ne1 | 2.8, 3.1, 2.9
Values of transmission power Pty Ps 43 dBm, 25 dBm
Thermal noise power o —121 dBm
Adaptive transmission parameter b 1

Number of channel states K 3

Packet loss probability

Packet loss can occur either due to buffer overflow or due to link error and the overall
PLP is given by:
P=1-(1-p)(1—PERy), (4.24)

where PERy is the average packet error rate which is given by: PERy =1 — (1 — BERg)¢,

where € is the packet size.

4.4 Numerical Results and Example Applications

In this section, using the analytical model developed in Section 3.3, we present some
selected numerical results. We validate all numerical results via computer simulations.
We also demonstrate some example applications of our developed analytical model. We
generate locations of small cells, MUEs and SUEs randomly at the beginning of simulations.
The number of MUEs U,; = 21 and the number of MUEs in the ER of any small cell
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Uus = 11. Also, the number of MUEs in the ER of the reference small cell Ugy = 3 and
the number of SUEs in the reference small cell Ug = 4. Two packet arrival scenarios are
considered with probability vectors @ and ag as shown in Table I. Other system parameters

are also specified in Table I.

4.4.1 Effect of the packet forwarding probability
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Figure 4.3: PLP vs. packet forwarding probability (markers correspond to simulation
results).

Here, the effect of varying the packet forwarding probability 8 on the performance of
the tagged MUE in the ER of the reference small cell is investigated for several cases of
packet arrival and amount of CQI feedback. Fig. 4.3 shows the PLP performance versus g,
whereas Fig. 4.4 shows the average queuing delay performance versus 8. In these figures,
for a particular case of packet arrival and amount of CQI feedback, there is a value of
that minimizes the PLP and a value of 8 that minimizes the average queuing delay. The
value of § that minimizes the PLP and the value of § that minimizes the average queuing
delay are not necessarily unique for the same case of packet arrival and amount of CQI
feedback as shown in Fig. 4.3 and Fig. 4.4.

Next, the CDF of delay is investigated for various cases of packet arrival and amount of
CQI feedback using various values of 5 as shown in Fig. 4.5. In this figure, for a particular
case of packet arrival and amount of CQI feedback, we plot the CDF of delay using the

value of 8 that minimizes the average queuing delay. As expected, the delay performance
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Figure 4.4: Average queuing delay vs. packet forwarding probability (markers correspond
to simulation results).

of the tagged MUE is improved for a particular case of packet arrival and packet scheduling

parameter when increasing the amount of CQI feedback.

4.4.2 Effect of varying the number of small cells

Next, we investigate the performance of the tagged MUE in the reference small cell
when varying the number of interfering small cells. The PLP and the average queuing
delay versus the number of interfering small cells are shown in Fig. 4.6 and Fig. 4.7
respectively. In Fig. 4.6, for a given case of packet arrival, amount of CQI feedback and
number of interfering small cells, we plot the PLP using the value of 8 that minimizes the
PLP. Similarly in Fig. 4.7, for a given case of packet arrival, amount of CQI feedback, and
number of interfering small cells, we plot the average queuing delay using the value of
that minimizes the average queuing delay. It is obvious from these figures that the PLP
and the average queuing delay vary significantly when varying the number of interfering
small cells. This is due to the fact that deploying additional small cells has several effects
on the performance of the tagged MUE. In particular, increasing the number of small cells
increases the interference at the tagged MUE, and hence the sum transmission rate offered
to the tagged MUE by the SBS decreases. However, traffic can be offloaded from the
macrocell to the small cells as the number of small cells increases, which increases the sum
transmission rate offered to the tagged MUE by the MBS.
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Figure 4.5: Delay CDF of various cases of packet arrival, amount of CQI feedback and
packet scheduling parameter (markers correspond to simulation results).

The delay CDF of various cases of packet arrival, amount of CQI feedback and number
of interfering small cells is shown in Fig. 4.8. In this figure, for a given case of packet
arrival, amount of CQI feedback and number of interfering small cells, we plot the delay
CDF using the value of g that minimizes the average queuing delay. Improvement in the
delay performance due to increasing the amount of CQI feedback varies significantly with
the number of interfering small cells. For example, for both packet arrival scenarios in Fig.
4.8, increasing the amount of CQI feedback significantly improves the delay performance
for I = 8 On the other hand, only limited improvement in the delay performance is

achieved when increasing the amount of CQI feedback for I = 3.

4.4.3 Effect of varying the number of MUESs

Here, we investigate the performance of the tagged MUE when varying the number of
MUEs. The PLP and the average queuing delay versus the number of MUEs are shown
in Fig. 4.9 and Fig. 4.10 respectively. In Fig. 4.9, for a given case of packet arrival,
amount of CQI feedback and number of MUESs, we plot the PLP using the value of 5 that
minimizes the PLP. Similarly in Fig. 4.10, for a given case of packet arrival, amount of CQI
feedback and number of MUESs, we plot the average queuing delay using the value of 8 that
minimizes the average queuing delay. It is obvious from these figures that the improvement

in the PLP due to increasing the amount of CQI feedback becomes more significant when
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Figure 4.6: Packet loss probability vs. the number of interfering small cells (markers
correspond to simulation results).

the number of MUESs increases. On the other hand, significant improvement in the average
queuing delay due to increasing the amount of CQI feedback is achieved for any number of
MUESs. The effect of varying the number of SUEs on the performance of the tagged MUE
can also be readily obtained using our model, however, we do not include numerical results
in this chapter for brevity.

The delay CDF of various cases of packet arrival, amount of CQI feedback and number
of MUEs is shown in Fig. 4.11. In this figure, for a given case of packet arrival, amount
of CQI feedback and number of MUESs, we plot the delay CDF using the value of g that
minimizes the average queuing delay. This figure shows that increasing the amount of CQI
feedback significantly improves the queuing delay performance for any number of MUEs in

the system.

4.4.4 Effect of varying the ER of the reference small cell

Here, we investigate the performance of the tagged MUE when varying the ER of the
reference small cell. The PLP and the average queuing delay versus Ry are shown in Fig.
4.12 and Fig. 4.13 respectively. In Fig. 4.12, for a given case of packet arrival, amount of
CQI feedback and ER of the reference small cell, we plot the PLP using the value of 5 that
minimizes the PLP. Similarly in Fig. 4.13, for a given case of packet arrival, amount of CQI

feedback and ER of the reference small cell, we plot the average queuing delay using the
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Figure 4.7: Average queuing delay vs. the number of interfering small cells (markers
correspond to simulation results).

value of 8 that minimizes the average queuing delay. We consider that the tagged MUE
is located at a distance Ry + Ry from the reference SBS. As such, the PLP and average
queuing delay performances shown in Fig. 4.12 and Fig. 4.13 are the worst case scenario
performances when varying the ER of the reference small cell.

The delay CDF of various cases of packet arrival, amount of CQI feedback and ER of
the reference small cell is shown in Fig. 4.14. In this figure, for a given case of packet
arrival, amount of CQI feedback and ER of the reference small cell, we plot the delay CDF
using the value of S that minimizes the average queuing delay. For both packet arrival
scenarios in Fig. 4.14, increasing the amount of CQI feedback significantly improves the
delay performance for Ry = 20. On the other hand, limited improvement in the delay

performance is achieved when increasing the amount of CQI feedback for Ry = 10.

4.4.5 Example applications of the developed queuing model

In what follows, we provide some example applications of the developed queuing ana-

lytical model.

o (Cross-layer performance analysis: Our model can be used to measure various packet
level performance parameters for MUEs served by multiple tiers through multi-flow

CA. In particular, the network operator can implement the steps for the queuing
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Figure 4.8: Delay CDF for several cases of packet arrival, amount of CQI feedback and
number of interfering small cells (markers correspond to simulation results).

model developed in Section III that takes system parameters (packet arrival statis-
tics, number of component carriers in each tier, coverage of BSs from different tiers,
number of interfering small cells, etc.) as inputs and provides QoS parameters (e.g.,
PLP and queuing delay) as outputs for a given case of packet scheduling parameter
and amount of CQI feedback.

e Parameter selection: Our model can be used to tune various parameters in order
to offload as much traffic as possible from the macrocell to the small cells while
maintaining the QoS requirements of MUEs in the ER of the small cells. For example,
for given other system and operating parameters, the network operator can use our
model to determine the minimum value of § and the amount of CQI feedback to
the MBS and the SBSs needed to maintain the packet level QoS requirements of
MUEs in the ER of the small cells. If the tagged MUE’s QoS requirements are
P =0.14, D = 18.5, d; = 20 and ¢ = 0.6 for packet arrival described by ay, these
requirements are maintained with m,;, = 8, mg; = 4 and 8 = 0.6 as shown in Fig.
4.3, Fig. 4.4 and Fig. 4.5. In this particular example, 40% of the tagged MUE’s
data packets are delivered by the reference SBS. Also, for given other system and
operating parameters, the network operator can use our model to tune the number
of small cells and the ER of each small cell based on the QoS requirements of MUEs
in the ER of the small cells as shown in Section IV-B and Section IV-D.
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e CAC: In [58], CAC based on the packet level QoS requirements has been proposed.
As shown in Section IV-C, the performance of the MUEs in the ER of the small cells
can be measured when varying the number of UEs using our developed analytical
model. Therefore, using our model, the network operator can determine whether the
QoS requirements of MUEs that are served using multi-low CA are maintained if
new UEs are admitted in the system. As for UEs that are served by a single tier, the
traditional queuing models developed in [39], [40] can be used to determine if their
QoS requirements are maintained. Then, based on the QoS requirements of all UEs
in the system (including new UEs requesting service), the new service requests can be
either admitted or rejected. Also, our model can be used along with the traditional
queuing models to determine if it is necessary to serve a particular MUE in the ER
of a small cell using multi-flow CA or if serving this MUE by a single tier is sufficient

to maintain its QoS requirements.
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Chapter 5

Conclusion

In this thesis, we have investigated QoS performances of resource allocation mech-
anisms in various state-of-the-art wireless systems by developing cross-layer analytical
models. These models are useful for gauging the QoS performances of UEs in emerg-
ing wireless networks and tuning various system and operating parameters to maintain
QoS requirements. The resource allocation mechanisms considered in this thesis include
channel scheduling, packet scheduling and cell selection and the QoS parameters include
PLP and queuing delay. The state-of-the-art wireless systems investigated in this thesis
are: SCNs with non-line-of-sight wireless backhaul links, DL, DCS in wireless networks with
cell sleeping, and DL multi-flow CA in HetNets.

In Chapter 2, we have investigated the channel scheduling mechanism for the access
link and the backhaul link in SCNs. For the access link we have considered the so-called
max rate/opportunistic channel scheduling mechanism in order to exploit multiuser di-
versity, while for the backhaul link we have considered three different channel scheduling
mechanisms, namely, fixed channel scheduling, round robin channel scheduling and access
link dependent channel scheduling. We have developed an elaborate cross-layer analytical
model to analyze various data link layer performances e.g., PLP and average queuing delay
jointly capturing the time varying nature of the channels in both links, channel schedul-
ing mechanisms in both links, stochastic packet arrivals, and network topology. We have
demonstrated through numerical examples how the developed cross-layer analytical model
can assist network designers to measure and compare beforehand various data link layer
QoS performances e.g., end-to-end PLP and average queuing delay of packets for the con-
sidered channel scheduling mechanisms. We also have shown how the developed model
can facilitate cross-layer design to select various design parameters such that the data link
layer QoS requirements of the small cells’ UEs are maintained. For instance, the developed
model can be used to determine whether it is feasible to deploy an additional SBS for given
QoS requirements.

In Chapter 3, for a given BS inactivation scheme/pattern, we have considered a CoMP
DCS scheme for serving sleeping cell UEs. According to this DCS scheme, each packet of
a particular UE in a sleeping cell arriving from the core network to the PSG is randomly

forwarded to one of the potential active BSs and the UE in the sleeping cell dynamically
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selects its serving BS from these active BSs. Unlike the conventional DCS scheme, the
considered packet scheduling/forwarding mechanism does not require additional backhaul
resources since a particular packet is forwarded only to one particular active BS. For the
CoMP DCS scheme under consideration, we have modelled the system as a F/J queuing
system and developed a cross-layer analytical model that considers the time varying nature
of the channels, channel scheduling mechanism, partial CQI feedback, cell selection mech-
anism, bursty packet arrivals and packet scheduling mechanism. The developed analytical
model can be used to measure various packet level performance parameters such as PLP
and queuing delay while accounting for out-of-sequence packet delivery. The model is also
useful to tune the amount of CQI feedback and to find the optimal packet scheduling by
the PSG such that the packet level QoS requirements of the UEs in the sleeping cell are
maintained. We have compared the performance of the DCS scheme under consideration
with the conventional fixed cell selection and with the state-of-the-art DCS. Presented nu-
merical results show that the DCS scheme under consideration significantly improves the
PLP performance. Queuing delay performance, on the other hand, depends on the system
and operating parameters.

In Chapter 4, we have considered multi-flow CA with dedicated spectrum access for
serving MUEs in the ER of the small cells. We have developed a cross-layer F/J queuing
analytical model that takes into account the time varying channels, the channel scheduling
mechanism, partial CQI feedback and the number of component carriers deployed at each
tier. Our model also accounts for stochastic packet arrivals and the packet scheduling
mechanism. The developed analytical model can be used to gauge various packet-level
performance parameters e.g., PLP and queuing delay of MUEs in the ER of the small cells.
For the queuing delay performance, our model takes out-of-sequence packet delivery into
consideration. Also, using numerical examples, we have demonstrated that the developed
model can be used to select various system and operating parameters in order to offload as
much traffic as possible from the macrocells to the small cells while maintaining the QoS
requirements of MUEs in the ER of the small cells. For example, the packet scheduling
parameter, the amount of CQI feedback, the number of deployed small cells and the ER
of the small cells can be tuned to maintain the QoS requirements of MUEs in the ER of

the small cells.
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Appendix A

Derivation of Block Sub-Matrices
of P in Chapter 2

AP = (001 @ B2{V(0) o W (A.1)

Afﬁ{;) (a5, d1 ©B2{Y(0) o W, 6 < Z (A.2)

[ Y (00 @ B2 (min(ge, i) o W
0<i<gc—1
i mod b=0
A(qg,qA) _ ) Fag > (Ogl) ® B2f;gA)(min(qc, b.i)) o W], if qo < Z (A.3)
0,02 [qc/b]<i<Y1/b
> (@0l @ B2 (min(ge, i) o W, if Z < ge < Qo
0<i<Z
7 mod b=0
QC IIldX:qA _ Z Z (ao(%) ® B2(QA)(Z)) oW (A 4)
052 1 d2 .
0<i<Z  0<I<i
[ mod b=0
, (L)
AG s = 2 Y (@O @B eWa <7 (A)
51<Z<Z[0<l<é 5610

For 1 < qc <Y — 1 we can write:

i+5q

[ Y (woy"
0<i<go—61—1
(i+61) mod b=0

+0ge—6 > (0 BZ((;ZA)(miH(qC, bi)) o W], if go = Z <61 < o — 1

' ® B2(qA)(min(qc,i +d1)) o W

(acqa) _ [ac/b]1<i<Y1/b
Ay = () ., Bl (4.6)
0y 102 ap > (0" ® B2£A (min(ge, b.i)) o W, if §; = qc
[qc/b]<i<Y1/b "
> (aioi P ® B2(QA)(m1n(qc, i+ 01)) o W, otherwise
0<i<Z

(i+61) mod b=0
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Appendix A. Derivation of Block Sub-Matrices of P in Chapter 2

i—3q

Y (0] 7 @ B2 (min(ge,i — 1) o W

51<3i< 61—1
AL = [ G5 ed o | L6 <Z (A7)
' tagers, > (0 @ B2 (min(ge, b.d)) o W
fac/bI<i<Yi /b

For g > Y] we can write:

i+
S (@O0 T @B (i+5)oW if 1< <Vi—Z
0<i<Z
(ga) (i+61) mod b=0
ot = () g . (A8
> (0O ®@B2;% (i 4 01)) o W if Yi—-Z<h <V
0<i<Y1—6; 2

(i+61) mod b=0

i—d8g
AW = N (0] 7 e B2 (i-6) oW, 6 < 7 (A.9)
v §1<i<Z
(i—01) mod b=0
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Appendix B

Derivation of Block Sub-Matrices

B2\7”()) in Chapter 2

B2 (\) = £1(0)3;
B27) () = f2(62)J2

BzéQA,max) ()\) — Z Oé%)

j  mod b=0
($)
B2EqQAA),max*QA)+()\) = Z OQb ’ 52 S )\
0<j<A—d2
7 mod b=0

For 1 < g, < A\ we can write:

B2 = S AGOY + i@y S of

0<j<ga—1 [aa/b]<j<Y2/b
7 mod b=0

For A < gy < Q4 max We can write:

PNEY
B2p(A) = O5°7[x mod b=0
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Appendix B. Derivation of Block Sub-Matrices B2§(§2)()\) in Chapter 2

For 1 < g, <Y, —1 we can write:

(

0<j<ga—62—1
(j+02) mod b=0

Fhlgm—06) X O, if gu-A<s<qi-1

Bz((sZ‘A)(A) B [qa/b]<j<Y2/b (B.7)
Aoy o) it 5= g0
[ga/b]<j<Y2/b
Atdy
05 " "|(A+62) mod b=0> otherwise
R VRRID SR N7 o SN PAS S B S ol LI
(5; ( )_ 52§j§qA+52—1 ’—QA/HS]SYQ/Z) 9 2 > ( . )

(j—02) mod b=0

For g, > Y5 we can write:

(2402) .
O, " [\ t62) mod b=0; if do <Yo—A
Jt0g
B2,, (N = S AMOS T i va-A<h <Y, (B.9)
0<j<Y>—02
(j+62) mod b=0
(252)
B25,1(A) =03 * "[A-65) modb=0, G2 <A (B.10)
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Appendix C

Derivation of Block Sub-Matrices
of P in Chapter 3

When a BS is not selected as the serving BS, tagged UE’s packets at that BS cannot be
transmitted. Therefore, for 6- < 0 (which is equivalent to decreasing number of packets

in tagged UE’s buffer at the non-serving BS):

(qlqu) —
A 0.5) =0 (C.1)

Increasing the number of packets at the non-serving BS by less than (Q; — ¢;):
for 0 <67 < (Qi—q)t, 05 < Z:

A§3q§+(z §)=vs.sTij, 0<6,<Z (C.2)

k
Y s O s Y OW g <z

(4i:3;) kOSdeqi;jo [q; /b] <k<Y;/b
Agr (17) = e (k) (C.3)
o Z wk(;* z‘] 71fZ<q’L<QZ
0<k<Z
k  mod b=0
0qGG) [ - (L)
Aé%fﬁ = > > v 0] (C.4)
o 0<k<Z 0<I<k
! mod b=0
Aggf;)ﬂg(iaj) = > > 5.0 ,] , 0, < Z (C.5)
' 5 <k<Z 0<i<k—&}
[ mod b=0
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Appendix C. Derivation of Block Sub-Matrices of P in Chapter 3

For 1 < ¢; <Y, — 1 we can write:

k+5;

(
Z wk,égoij b
0<k<g;—6;—1
(k+6;) mod b=0

s Y OW g —z<6<q-1

]
(@) (5 s [qi /b] <k<Y /b
A. _ Z, =
" ’5;( 7 Yo,5; > O'g?)v if 6; = ¢
[q:/b]<k<Y;/b
(5% .
Z ¢k,6goij s otherwise
0<k<Z
(k+d;) mod b=0
A (i, ) = ol o s <z
6F,67F (4,7) = Z Vk.5; ij + Vg, +6,,6; Z i 00 <
o pishsaitor 1 [4:/b]<k<Yi/b

(k—é;) mod b=0

For ¢; > Y; we can write:

k+3;
> 1/%,5;05]-1’ T 1<6; <Y, —Z
0<k<Z
i N k48, d b=0
Aé§?5f(l’j) - ( ) e (kt&;) )
Z 2. Vr,5;04; it Y,-Z2<46<Y;
0<k<Y;—6;
(k+9;) mod b=0
A(qz) (Z ) _ Z 1/} O(k*béi) 5 <7
éj,éf J k,0; %4 y U >

0, <k<Z
(k—6;) mod b=0

Increasing the number of packets at the non-serving BS by (Q; — ¢;):
for 6 = (Q; —qp)*, 0< 6 < Z:

A
0,g7) 1 -
A((sfr(i;__zr(%]) - Z ¢5i,eTz‘j> 0< 51 <Z
L e=0;3
3 %) ),
Z ( Z 7!%,@0” + ¢qi75 Z O’Lj )7 lf q; S Z
(¢:,47) e=0; Osksqi-1 [qi /b1 <k<Yi/b
AO:;;JFZ (i,7) = kE  mod %:0

i 5 .
>y YOy i Z<qi <@
e=6; 0<k<Z
k  mod b=0

(C.6)

(C.7)

(C.8)

(C.9)

(C.10)

(C.11)
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Z
i,q3 N (L)

A5 = S w0l (C.12)

o e=0; 0<k<Z 0<I<k

| mod b=0
(9i,47) Z (1)

Ao e ar :0) =2 D kO, 6 <7 (C.13)

e=06; 6 <k<Z 0<I<k—d;

[ mod b=0

For 1 <¢; <Y, — 1 we can write:

( 4 (Kt
Z ( Z wk,eoij b
e=0; 0<k<g;—0;—1

(k4+6;) mod b=0
+qu‘—5i,€ Z O( ))7 itg—2<6;<¢q—1

(]

(9i,97) [q:/b]1<k<Y;/b
A C.14
o 6+( j) ¢0,§; Z O’gf)v if §; = q; ( )
[q:/b]<k<Y;/b

Z (M)

) )y ¢k,eoij b 7 otherwise

e=6; 0<k<Z

\ (k+6;) mod b=0
Z k—3; .
Ac(i(il ?Jf)(l j) = Z( Z YOy " + Vgitsi.e Z Oz(‘j))’ 6; < Z (C.15)
e=0; Oisk<qi+d;—1 [qi /b] <k<Yi/b

(k—6;) mod b=0

For ¢; > Y; we can write:

Z k-»-ai)
> > VO if 1<6,<Y,-Z
e=d;  0<k<Z
. k+0;) mod b=0
AE;(T)(;-&- (Z7j) = (bds) k+5i) (016)

Z
> > e if Yi-Z<6&<Y;
e=d; 0<k<Y;—6;

7

(k+6;) mod b=0

Af;ﬁ(§+ (i, ) Z > O ) <z (C.17)

e=03 6;<k<Z
(k—6;) mod b=0
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Appendix D

Proof of Eq. (3.6)

o for0<k<K-—1:

The conditional probability Pr{c%’j =k | sénfzj = ko, -- ,sﬁ\rf’)}m = kn} can be

written as:

Pricyy ;= k| sy ;= koo s = k) = PY{S?}?{ = kol = 118 = ke,
. ,S%L’)h’j =kn} = Pr{s%’j = k‘}Pr{UﬁL,lj =1 Sg,Lh,j = ko, 755\?)}” =kn}.
(D.1)
Let k., denote the minimum state of the states of the best m;j; channels fed back

by UE j in the sleeping cell to BSy,. There are three different cases:

1. If &k > ke Pr{vﬁlj =1 sg?,z,j =ko,--- ,35\7;7) =ky} =1

hg —
2. If k < K Pr{ol) = 1] sy) = ko, sl = kn} =0.
3. Tf k = Ky

(a) The number of channels with channel state k is: 1+ fx(k2) + - + fru(kn).
(b) The number of fed back channels with channel state k is: mj;, — (gx(k2) +
o+ gi(kN)).

So, we can write:

(n) _ (n) _ (n)  _ _ min—(gr(k2)++gr(kn))
Pr{v]-?hmj - 1 | 527h7j - k27 o 7SN7h7j - kN} - J1h+fk(kk2)2++fk (kkNI)V
From the above three cases, we can write: Pr{vgngj =1 sé"}zj = ko, ’S%L)hj =

. R k k
/CN} = mln(17 max(07 ]{L—i-f(lf(kk(2)2-i)-++—}_lf(kk(N])\,))))

Finally, the probabilities Pr{cgiz,l ;= k} can be calculated by the sum of all conditional

probabilities as follows:

K-1 K-1

n . mjn—(gk (k2)++gx (k
Py =)= 2, 2 im0 )
2= N=

(n) a (n)
Pr{s; ; =k} '_| |2 Pr{s;; ;= ki}.
o Fork=0:

113



Appendix D. Proof of Eq. (3.6)

K-1
Pr{cg?}lj =0}=1- Pr{cgﬁid #0} = Pr{cy}z’j =0}=1- kz;l Pr{cﬁl}z’j = k}.

114



Appendix E

Proof of Eq. (3.7)

o Fora=1:

According to the considered channel scheduling mechanism, a particular channel is
allocated to the UE with the highest channel state. If there are multiple UEs with the
highest channel state, one of these UFEs is randomly selected and allocated with the
channel. In other words, the probability that a given UE is allocated with a particular

channel assuming that this UE has the highest channel state in that particular channel

1

at a gren time slot is: #of UEs having the highest channel state”

Therefore, the conditional probability Pr{ugrz)l =a | ¢ h) L= ke ET;L) U =
lw,,, sgﬁ) =ki,--- ,sggh = ky, } is given by:
P =y = s, = o =, = )
1
_ 1+fk(k1)+“+fk(kUh)+fk(l2)+"+fk(lUsh)’0 Sk ko bey s lug <K (E.1)
0, otherwise.

As a result, the probability Pr{uﬂ) =a] cl h 1 = k} can be calculated by summing

the conditional probabilities as follows:

k k k k
Priufiy =alci =k} =3 - ¥ Yo ¥ TR
1 syl K20 k0520 1y =0 1+ fi (k) 4+ fr(kuy, )+ fre(l2)++ fr (v,
o W T )
r{s = k;} H2Pr{ci’h7j =1}
j=1 J=

e Fora=20:

Pr{uglh)yl =a| 057;31 =k}=1- Pr{uz(.;il =1 cgf}?’l =k}.
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Appendix F

Proof of Eq. (3.10)

According to the considered DCS mechanism, the tagged UE selects the BS offering the
highest sum transmission rate at a given time slot. If both BSs offer equal sum transmission
rate at a given time slot, the tagged UE selects either BS randomly.

Therefore, the joint probabilities Pr{h(”) =4t = 73h1<i<2,0<j<(K-1)my,

are given by:

Pr{h(™ =it = j} = Pr{t"” = jH(Pr{t" < j} + SPr{t(” = j}).

(K — 1)ma;.
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Appendix G

Proof of Eq. (3.17)

Let us consider z packet arrivals to the tagged UE’s queues at time slot n. The prob-
ability of the joint tagged UE’s queues states as seen by arriving packet k,1 < k < z,
for a given packet scheduling scenario can be calculated as follows. Without loss of
generality, let h(™ = 1. Also, let q(nJr ) = mln(q( m () ,0). Then, the tagged UE’s
queues states at the next time slot before dropping packets due to queue overflow is:
q&nﬂ) = q((ffrl) + &11,0 < q§”+1) < Q1+ Z. On the other hand, qénﬂ) = qén) + &9,0 <
qgnﬂ) < @2+ Z. Note that for 0 packet arrivals to the tagged UE’s queues at time slot n,

the probability Pr{qlnH) =q1, q§n+ = @2} is given by:

Pr{g""" = q1,""V = g2} =wfi) 1. (G.1)

Now let q(k ) an nd q (k "D denote tagged UE’s queues states as seen by arriving packet

k. Iferp =1 (ie., packet k is forwarded to BS;), we define qik’nﬂ) and qék’nﬂ) as:

q%k,n—&—l) n+1)

(
a4y
gy = min(¢f"™, Qo).

(k,n+1)

On the other hand, if e;, = 2, we define ¢; and q(k m+l)

as:

kn+1 +1
qén ):qgrz )

qgk,n-i-l) _ min(qgnﬂ), Ql)

Next, we proceed to deriving the probabilities Pr{qgk’nﬂ) = q, qék’"ﬂ) = ¢qo} for a given

packet arrival and packet scheduling scenario. There are three different cases which are

explained as follows.

Q2
kil K, 1
1. If e, = 1 and q2 = Q2 Pr{qg ntl) _ ql,qé ntl) _ @t= > ﬂ(()(gh_&k,j),flk <
J=Q2—&,
g1 < Q1+ &k
Q1
ka1 ka1 1
2 Iffep =2 and g = Qu: Prig]""™ =g, =} = % ”é(z,qrm)’f% z
1=Q1—&1k
g2 < Q2 + &Sop,
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Appendix G. Proof of Eq. (3.17)

ken+1 ken+1 h
3. Ifep =1 and g2 < Qa: Pr{q§ ntl) _ ql,qé ") 2 ) = 7r(()(z)11—€1k7q2—f2k)’£1k <q <
Q1+ &1k

ko1 kot h
4 Ifer, =2 and < Q1: Prig{"™"V = 1,8 = g} = ré(;rglk,qﬁ%),&zk < g2 <
Q2 + Lok

Using functions f,(y) and g, (y) defined earlier in the chapter, we combine these different

cases in a single expression as follows:

Pr{q"" ™ = g1, a8 = 42} = G, (1) G (42) Gy (Q1 + Fr(en)érr)

Q1
G0 (Q2 + Paer) )Tl e ooy F @D f2ler) S wl)

1=Q1—&1,+1 (G'2)
fa(Q2) f1(ex) % o) )
+ €L T _ ).
2\%2)J/1 Qoo t1 0(q1—E1k,4)

In order to see that eq. (G.2) accounts for all the different cases, one can use the values
of e, ¢1 and g2 in eq. (G.2) to see that the resulting terms correspond to the particular
case. The same can be done for h(") = 2.

Finally, the probability vector of the joint probabilities of the tagged UE’s queues states
as seen by an arriving packet for any packet arrival and scheduling scenario (given that

there is packet arrival in that particular time slot) is given by:

hy 1 Z 2 22 Veq, 60, (§121€221) - - -
W) = Toap 2 Z_: e 0 2 e e (01) 9 (92) (90 (Q1 + filer)éar)

z=le;=1 e.=1k=1
i ) & (h)
9a2(Q2 + f2(ek)g%)ﬂh(fh—§1k7q2—§2k) + Ja (@) faler) 2 T0(i,q2—€or)
i=Q1—&11+1
Q2 (h)
+fQ2 (Q2)f1(ek) Z ﬂ-O(Ql_flkaj))7

J=Q2—E&2,+1

1
1—ag

(h)

(q1,92)
z # 0. Also, factor % is the probability of a given packet arrival and scheduling

where factor is due to the fact that probability vector w is calculated given that

scenario as evident from eq. (3.5).
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Appendix H

Derivation of Block Sub-Matrices

of P in Chapter 4

AL = (3, ©B(0) o W (H.1)
AG®) = (3, @B (04) oW, 8, <Z (H.2)
M98
(%) (as)(;
[ X Oy B§S (1)) o W
0<i<gm—1
i mod b=0
Al )+ (00 @B (q) o W, if gy < Z (H.3)
0.9 [an/b]<i<Ywm/b
> (0% @B (i) o W, if Z < gu < Qu
0<i<”Z
i mod b=0
L
Al — 3™ S o @ BE (i) o W (EL4)
0<i<Z  0<I<i
! mod b=0
1
ABE) = > (O @BP)oW, (Qu-qu)<Z (H5)

(@M —aqm)<i<Z 0<I<i—(Qnm—qm)
[ mod b=0
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Appendix H. Derivation of Block Sub-Matrices of P in Chapter 4

For 1 < qu < Yy — 1 we can write:

( i+9
x o
M
0<i<gnm—dm—1
(i+6m) mod b=0

@B (i) o W

Alanas) _ [an/b]<i<Yar/b .
5510 > (0 @B (0) oW, if 6y = gu
[an /D] <i<Ym /b
(i+5M) ( )
> (Oy ® ®B5(é (1)) o W, otherwise
0<i<Z

(i+0np) mod b=0

() (as)
> (Ow ®B5S (i) o W

om<i<gm+om—1

((2\47(15) — [ (Z*(SM) mod b=0 ]’61VI S Z
08 (@) (gs)
+ Z (OM ® Bgs (QM + 51\/1)) oW
[qn/b]<i<Ym/b

For ¢ > Yy we can write:

(M) o(as)
2 Ot eBE@) oW i 1<dy<Yi-Z
(gs) _ (i+0y) mod b=0
A(;, 5s = (i+§M) ( )
M > (Oy ° ®B5ZS (1)) oW if Yy — Z < 8y <Yy
0<i<Ym—déMm
(i+0p) mod b=0
(=g .
A =Y (0L @B e W.e, <2
SM<i<Z

(i—dM) mod b=0

+ Z (01(\? ® B((sgs)(QM - 51\/1)) © W]a ifgu—2<déu<qgu—1

(H.6)

(H.7)

(H.9)
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Appendix I

Derivation of Block Sub-Matrices

Bg%)(i) in Chapter 4

S

B (i) = ¢10J5

B (i) = Visds, 0:<7

i .
Y 1/Jz,joé”) + Vi gs > Oéj)], if s < Z

0<j<gs—1 [gs/b]1<j<Ys/b
(@s) 7 mod b=0
BO (Z) - (l) )
> i ;06" if Z < g5 < Qs
0<y<Zz
7 mod b=0

B((JQS)(i): Z Z ¢i,j0éé)

0<j<Z  0<I<y
! mod b=0

A
BEZ?SS)—QS)*'(i) - Z wl}joéb): (Qs —qs) < Z

(Qs—gs)<j<Z 0<I<j—(Qs—qs)
[ mod b=0

For 1 < ¢s < Y5 — 1 we can write:

J+0s )
[ Z ’(/}Z’]Oé ’ ) + wiv(fIS*5s) Z Oéj)L lf qS - Z S 55 S qS - 1
0<j<gs—ds—1 [qs/b]<j<Ys/b
(j+9s) mod b=0 ‘
B (j) = vio S OV if 6 = g
% las /61 <3 <Ys /b
(j+5s)
> 1; jOg * 7, otherwise

0<j<Z
(j+ds) mod b=0

(L1)

(L2)

(13)
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Appendix I.  Derivation of Block Sub-Matrices BgZS) (i) in Chapter 4

(59 0
(@s) ;) — > ¥ijOs * "+ Vi (gs+o > )
By (0= | JeSigerost T W) e Geray - <2
j—0s) mod b=
For g5 > Y5 we can write:
(.7+5S) )
> ¥;jO0s ° if 1<ds<Ys—2Z
0<j<Z
. j+0 mod b=0
B5§ (z) = (j+ds) mo (J'+5s)
> $ijOs * 1 if Ys—Z <85 <Yy
0<j<Ys—6s

(j+dés) mod b=0

- (I28)

Bég(z) = Z ; ;05 °
5s<j<Z

(j—ds)  mod b=0

758§Z

(1.9)
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Appendix J

Proof of Eq. (4.6)

o for0<k<K-—1:

_ s (n)
k | SS,I,Q lsp — k2517 U S’,LN lsp — kNSl7SS,2,1,lSE -

The conditional probability Pr{c
s

s, 1,1,lsp —

Kig, " SeCsNIgp = KNsog}t can be written as:
(n) _ (n) _ (O] _ _
PT{CS1 Aigg = Rls SlZlSE =hagsgy, NLSE =kNg S520,gn = Ml ’SS‘CS,N,ZSE_ICNSCS}_
(n) _ (n) (n) _ (n) — —
PT{ES)1115E k,v S,1(,1,)zSE 1ls S1 1zSE*k251‘ ’ SI(N)ZSE kNSl’SS,Z(,l,;SEiklAS?"H ’SS,CZS;N,zSE*kNSCS}*
n n _ n _ n _
PT{SS,I,LI,SE7k}PT{vS,1,1,lSE 1ls ,5‘1 Ligp =k2gs S,l,N,zSE7kNSl’SS,2,1,LSE7k152’ ’SS,CS,N,ISEkaSCS}'

(J.1)

Let k., denote the minimum state of the states of the best mg, channels fed back
by MUE lsg to the reference SBS. There are three different cases:

LIk > s Prolyy =118 = hag, oo o0y = g sin g, =
Kigy, - 73(576)'5,N,l5E = kNSCS} =1

2. If k < ks Pr{vl) =180 = kg, 8O = kg sl =
Kigy, -, SS}C)'S,N,ISE = stcS} 0

S Ifk =Fkn:

(a) The number of channels with channel state k is:
L+ filkog) + o+ fulbng) + fu(krg) + -+ fe(knge,)-
(b) The number of fed back channels with channel state k is:
Mgy = (Gr(k2g,) + -+ ge(kng,) + gr(krg,) + -+ ge(kngey))-

So, we can write:

(n) (n)

PT{US 1,1,lsg — =1 ’ Sl Llsg — k2Sl7 U 785,1,N,ISE = kNSl7SS,2,1,lSE = le27 Tt
Q) & - msigp (9 (k2g) )+ +gi (kng ) +gr (kg )+ 49k (kngo, )
55,Co,Nisp — "Nscgt = L fie (kg )+t Fe (b gy )+ i (kg )+ fu (ke )

From the above three cases, we can write:
_ (n) _ (n) _
1 | Ssl Llsg — k2sv U Sg1Nse T stuss,z,uSE - klsz’ 8506, N)igs
. sst*(gk(kzm)+“'+9k(kN51)+gk(k152)+"'+gk(kNSCS))
kng..} = (min(1, max(0, ).
SCg L+ fie(kagy )+t Fu(bng )+ fr(krgy )+ +fubnge )

Pr{v

s, 1,1,lsg —
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Appendix J. Proof of Eq. (4.6)

Finally, the probabilities Pr{c(n) =k} can be calculated by the sum of all condi-

Svl7lvlsE
tional probabilities as follows:

Pricg) ST TN =

e — k) =

S1.Ligp koo =0  kng =O0kio =0 k. =0
51 517" k1 scg

—(9p (kg q )+ tag(k g (k1 g )+t g (k ) Ng;
(min(1, maz(0, msszf ((g:( 2;11_)__” ::c( N)ilf) (ik( lff_)__ﬂ (ik( NS)CS )))PT{S(snf Lren =k} T‘[S l'S[J Prisy) L =kig D)
kP28, kNG /TR L gy kI Ngog LbisE it i1 DlSE J
e Fork=0:
Pr{c(n) =0} = 1—Pr{c(") #0} = Pr{c(n) =0} = l—Kz_l Pr{c(n) =
5,1L,Llsg o 5,1,1,lsp 5,1, 1Llsg o = 5,1,1Llsg

k}

124



Appendix K

Proof of Eq. (4.7)

o Fora=1:

According to the considered channel scheduling algorithm, a particular channel is
allocated to the UE with the highest channel state. If there are multiple UEs with the
highest channel state, one of these UFEs is randomly selected and allocated with the
channel. In other words, the probability that a given UE is allocated with a particular

channel assuming that this UE has the highest channel state in that particular channel

1
#of UEs having the highest channel state”

at a given time slot is:

(n) (n)

Therefore, the conditional probability Pr{uszl =a | c sqil = Ko eg i ey =
kEUSM7 ngj),i,]_ = ksla e 7327]‘)71'7(]8 - SUS} 1S glVen by
(n) B _ (n) _ n
Pr{u sl — @ ‘ Cs,4il = =k, CsjiUsm — keUSMv Ss.5i,1 = ksi, - »Ss.4,iUs — ksUs}
— 1+fk(ksl)+“+fk(ksUs)+fk(k62)+“+fk(keUSM) 0 < Ko, Rsugs ke, -+ s Ketgy < k(Kl)
0, otherwise.
As a result, the probability Pr{us Gin=al c J ;1 = k} can be calculated by summing

the conditional probabilities as follows:

k k k k

Priul’, =alc), =kl= > - X ¥ - %

ks1=0  ksug=0ke2=0  keygy,=0
1 Us UsMm
(e T e o) et T T o) ZH Pr{sl”); ). = Sls}l HQPI‘{CSMSE = Felgp, })-
S: SE

e Fora=20:

Pr{u (7]711—a\c7]711—k}:1 Pr{usﬂl—1|cszl k}.
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