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Abstract of the Dissertation

Joint Adaptive Rate and Scheduling in Cellular

Wireless Networks

by

Hung-Bin Chang

Doctor of Philosophy in Electrical Engineering

University of California, Los Angeles, 2015

Professor Izhak Rubin, Chair

We consider adaptive-rate scheduling algorithms for multicast and unicast trans-

missions of data and messages and video streams across cellular wireless sys-

tems. To achieve higher spectral efficiency, small cells that are managed by micro

base station nodes are deployed. Often, both micro and macro cells are used,

forming heterogeneous cellular network layouts. We also integrate into the net-

working mechanisms that are developed effective methods for mitigating inter-

cell signal interference effects. For this purpose, we design optimized scheduling

mechanisms, including fractional frequency reuse (FFR) and Multicast-broadcast

single-frequency network (MBSFN)) methods.

For effective multicast message distributions, whereby a high fraction of user

mobiles must be covered, we determine the critical positions at which a cell’s

mobiles experience the lowest SINR levels. We consider a wide range of reuse-k

FDMA and TDMA based adaptive rate scheduling mechanisms, for k = 1, 3, 4, 7.

For such systems, we determine the joint modulation/coding set and spatial

scheduling mechanisms that maximize the system’s throughput capacity rate, un-

der prescribed user fairness coverage conditions. For effective unicast message

distributions, we propose optimal configurations of downlink and uplink FFR

scheduling mechanisms used by densely deployed (macro or micro) BS nodes in

cellular wireless networks under absolute and proportional fairness requirements.
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For this purpose, we propose an optimal intra-cell classification of interior and

exterior mobiles, coupled with optimal bandwidth allocation to each class to max-

imize the system’s spectral efficiency.

We develop and study adaptive rate scheduling schemes for downlink trans-

missions of multicast and unicast video streams over wireless cells. We consider

a service under which most mobile clients receive video streams at specified base

Quality of Experience (QoE) levels, even when these users experience low channel

quality conditions. We employ a proxy video manager and resource controller

which is placed at the base station facility. The manager classifies cell users into

two groups, based on their experienced communications channel conditions. Users

that experience higher quality reception states can be provided video streams at

higher video quality levels. We develop adaptive rate and scheduling mechanisms

that serve to minimize the average bandwidth per stream required for the sup-

port of video streams, hence allowing the support of a higher number of users.

To demonstrate the design of such a system, we consider a utility function that

accounts for the willingness of users to provide excess payments when they receive

a video stream at a sufficiently high quality level.
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CHAPTER 1

Introduction

The popularity of data message and multimedia streams over mobile wire-

less networks is expected to increase significantly. A large portion of multimedia

traffic is forecasted to consist of recorded videos (such as movies and YouTube

videos) [4]. Such flows induce high bandwidth requirements of limited radio re-

sources. To meet this demand, the high density deployment of base station (BS)

nodes has been undertaken. Such deployments are designed to increase the data

throughput capacity of cellular networks in a significant manner [5]. The dense

BS layouts result in systems that employ small cells, often identified as micro

cells that are managed by micro-BS (mBS) nodes. Yet, such a highly dense

transmission operation can lead to significant interference caused by the transmis-

sion signals issued by BS and mobile nodes in neighboring cells. Consequently,

efficient unicast/multicasting scheduling schemes that employ interference miti-

gating techniques for dense deployment of BS nodes are of crucial importance.

We develop and study such effective mechanisms in this dissertation. These

techniques involve the following operations: coloring-oriented scheduling tech-

niques1 [6], Fractional Frequency Reuse (FFR) methods2 [7], Multicast-Broadcast

Single-frequency Network (MBSFN)schemes3 [8–10], and Cooperative Multi-Point

1Under a coloring-oriented reuse-k scheduling scheme, for k > 1, neighboring cells are sched-
uled to be allocated distinct time/frequency resources. Under k = 1, resources are fully shared,
so that each BS node makes independent use of the globally shared resource set

2Under an FFR sharing scheme, the mobile units in each cell are divided into two groups.
Mobiles that belong to the internal group employ a reuse-1 scheme, while those that belong to
an edge (or external) group, employ a reuse-3 scheme

3An MBSFN operation can be employed to provide Multimedia Broadcast/Multicast Service
(MBMS). Identical data flows or video streams are simultaneously transmitted by multiple
neighboring BS nodes that are coordinated and tightly synchronized.
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(CoMP) schemes4 [11, 12].

We also study mechanisms for the effective transmission of video streams over

cellular wireless networks by using dynamic adaptations of the joint selection

of the video and communications encoding schemes. For example, Long Term

Evolution (LTE) [13] cellular wireless network systems provide mechanisms for

unicast and multicast transmissions of high rate video streams. Their future

expansions promise to support even higher video streaming rates and accommo-

date a much larger number of clients. Advanced wireless networking mechanisms

employ cross-layer adaptations. Their operations are dynamically adjusted to

yield high throughput rates by using adaptations of the radio transmission pro-

cess to variations embedded in Internet packet traffic flows, while also accounting

for fluctuations in channel gain states [14]. We consider a system that locates

a proxy video manager and resource controller at the BS node. The manager

stores multiple compressed replicas of each requested video stream, representing

video stream versions that account for receptions at different Quality of Experi-

ence (QoE) levels. The contents of each version is represented by a flow of video

packet chunks, produced at a specific bit rate [15,16]. By jointly setting the video

compression level and the proper modulation/coding scheme (MCS) for encoding

a video stream, the BS node can make efficient use of wireless spectral resources

by providing good video quality to users that experience good channel conditions

while maintaining basic video quality for streams that are sent to other users.

Accordingly, we study in this dissertation adaptive-rate scheduling mechanisms

for multicasting/unicasting data messages and video streams over cellular wireless

networks, incorporating inter-cell interference mitigating techniques.

In our first study, we develop techniques for the adaptive scheduling of multi-

cast transmissions of data messages. We consider mBS-aided reuse-k scheduling

schemes in a cellular system. Several mBS nodes are deployed in the edge of

each macro hexagonal cell. We consider pre-failure and post-failure layouts of

4Under CoMP operation, multiple points coordinate with each other in such a way that the
transmission signals from/to other points do not induce excessive interference effects, enabling
the simultaneous transmission of messages across (uplink or downlink) neighboring links.
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the cellular system, taking into account the possible failure of a macro-BS (MBS)

node [17–19]. Neighboring MBS and/or mBS nodes coordinate their operations

to optimally schedule multicast transmissions through the setting of their trans-

mission schedules, allocated (spectral and/or temporal) resources, and (at times)

the adaptation of their transmit power levels. We examine the use of micro BS

nodes for enhancing the system’s connectivity and throughput rate performance

following the failure of an MBS node. We show that the effectiveness of using

mBS nodes to multicast messages, in aiding such use by MBS nodes, depends on

the involved ISD5 levels. For short ISD levels, we show the use of mBS nodes to

not lead to a marked improvement in the system’s performance, whether an MBS

failure has occurred or not. In this case, the (energy and/or spectral) resources of

underlying mBS nodes should be dedicated for the support of unicast transmis-

sions. Under intermediate ISD levels, we show the coordinated and combined use

of mBS and/or MBS nodes to enhance the system’s performance, especially under

post-failure conditions. For longer ISD ranges, we show that such a heterogeneous

multicasting operation serves to enhance the system’s multicast spectral efficiency

(SE)6 ratio in a significant manner.

In our second study topic, we investigate adaptive scheduling mechanisms that

are used for the unicast transmission of data messages. We study the downlink

and uplink unicast throughput capacity rate attained by using reuse-k adaptive

rate scheduling schemes under absolute and proportional fair requirements, with

and without the use of an FFR mechanism, for k = 1, 3 [20]. Densely deployed

cellular wireless networks, which employ small cell technology, are being widely

implemented. Mitigating the impact of inter-cell and intra-cell signal interfer-

ence induced by the operations of these networks is a challenging yet essential

task. We consider adaptive-rate scheduling for a transmitting node, whether a BS

node or a mobile user. We aim to maximize the system’s throughput, through

the employment of FFR schemes. Each BS employs either an omnidirectional or

5ISD (Inter-site distance) identifies the distance between neighboring MBS nodes.
6SE (spectral efficiency) is measured in units of bps/Hz.

3



a directional antenna system. We derive the optimal configuration of the FFR

scheme and evaluate the ensuing system’s performance behavior under absolute

and proportional fairness requirements. To maximize the attained throughput by

mobiles, we determine the best method to use to classify cell users into interior and

edge mobiles. The bandwidth levels allocated for serving interior and edge mobiles

are optimized. We derive approximate closed-form mathematical expressions for

calculating the probability distributions of the interference signal levels measured

at the destined receivers. We account for the impact of the classification process

on inter-cell interference power levels. Under an absolute fairness requirement,

we show that optimally configured FFR schemes lead to much enhanced perfor-

mance. We show the optimally configured directional-FFR schemes to increase

the throughput capacity by a factor of about 60% relative to that obtained by

using optimal omnidirectional-FFR schemes. The analyses and simulation results

serve to characterize the performance behavior attainable by using such small-

cell deployed cellular wireless network systems when employing the underlying

configurations.

In our third study topic, we study schemes for the multicast transmission of

video streams over cellular wireless networks. We consider adaptive-rate multicas-

ting of video streams that are compressed by using scalable video coding (SVC).

BS nodes coordinate the scheduling of downlink transmissions to mitigate inter-

cell interference. We also consider arrangements under which BS nodes coordinate

their transmissions schedules so that they simultaneously direct multicast trans-

missions of the same video streams to a common group of clients. Such techniques

are employed by the LTE systems in utilizing MBSFN schemes. To enhance per-

formance, we study the optimal configuration of an FFR scheme. We classify cell

users into two groups, based on their experienced SINR (signal-to-interference-

plus-noise ratio) levels. Lower-SINR group users are offered streams at a lower

video quality level, while higher-SINR group members are provided streams at a

higher video quality level. Through the proper joint setting of the channel en-

coding rate, video encoding rate and the scheduling schemes, we calculate the

4



minimum bandwidth level that is required per stream. We demonstrate the opti-

mal design of such a system by considering a Willing-To-Pay (WTP)7 based utility

function. We show that, under a high cell coverage requirement, optimally con-

figured FFR scheduling schemes would offer a significantly enhanced performance

behavior. We also show that an optimally configured MBSFN scheme that makes

use of coordinated cooperation among three neighboring cells, combined with the

use of an optimally configured FFR scheme, outperforms a system that employs

a regular MBSFN operation that involves cooperative transmissions among seven

or nineteen cells.

In our fourth study topic, we investigate adaptive unicast downlink transmis-

sion of video streams over cellular wireless networks. We consider a service under

which most mobile clients receive requested video streams at a QoE level that is

not lower than a specified value, even when such users reside in locations at which

they experience low communication quality conditions. In turn, mobile users that

experience sufficiently high channel quality levels, may be provided video streams

at higher quality levels. For this purpose, we employ a proxy video manager and

resource controller at the BS node. A management entity is located at each BS

node. The manager classifies its current cell users into two groups, based on their

reported experienced CQIs8. The manager stores multiple compressed replicas of

each requested video stream, representing video stream versions that account for

receptions at different QoE levels. The manager intercepts a client’s video stream

request destined to the HTTP server, as produced, for example under a DASH

operation. It uses the captured status data to determine the user’s group classi-

fication. It then proceeds to select, adapt and transmit the proper (joint source

and channel) encoded version of the requested stream. To properly regulate inter-

cell signal interference, we examine the integrated and embedded use of a number

of different spectral reuse and FFR scheduling schemes. We calculate, for each

scheduling and user group classification scheme, the average bandwidth per user

7Under a WTP model, when a user’s experienced QoE level is higher than a QoE target
level, the user is willing to pay a premium rate for the reception.

8CQI (Channel Quality Indicator), reported by mobiles to its associated BS.
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stream that is required to provide user groups with their targeted QoE levels.

We demonstrate a user classification process that aims to optimize a WTP-based

based utility metric, using a WTP utility function. In particular, when users are

classified into groups by using the optimally determined settings, we show that

the newly developed FFR based schemes can lead to a significant enhancement of

the system’s performance behavior.

The organization of this dissertation is as follows. In Chapter 2, we present

and study mBS-aided failover mechanisms for multicast scheduling. We determine

the conditions under which the integrated use of mBS nodes can enhance the sys-

tem’s performance, under conditions of no failure or failure of the underlying MBS

nodes. In Chapter 3, we present adaptive scheduling, encoding and transmission

mechanisms that are used for the downlink and uplink unicast transmissions of

data messages. We study the optimal configuration of FFR scheduling schemes

that are used for this purpose, under absolute and under proportional fairness

metric requirements. In Chapter 4, we derive and study scheduling and joint en-

coding mechanisms for the downlink multicast transmission of video streams over

a cellular wireless network. We consider multicasts that can offer video streams

at variable QoE levels. We derive the optimal configuration of the corresponding

MBSFN and FFR schemes. In Chapter 5, we investigate schemes for the unicast

transmission of video streams over cellular wireless networks. We employ adaptive

channel and video encoding schemes, integrated with the use of proper scheduling

procedure for mitigating inter-cell signal interference. We study also the perfor-

mance enhancement attained under the use of optimal FFR scheduling schemes.

Conclusions are drawn in Chapter 6.
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CHAPTER 2

Micro Base Station Aided Failover for Multicast

Scheduling in Wireless Cellular Networks

I Introduction

Efficient multicasting of critical messages in cellular network systems is a task

of primary importance [21]. The distribution of such messages must be reached

by a high fraction of all client mobiles even under base station (BS) nodal fail-

ure. We consider a cellular network (e.g., an OFDM-based LTE) system that

provides multicast services to mobiles located anywhere within the area of opera-

tions. To enhance multicasting performance by mitigating inter-cell interference,

neighboring BS nodes coordinate their downlink transmissions across time and /

or frequency dimensions while using OFDM for downlink intra-cell multiplexing.

Coloring-oriented coordinated schedules are implemented by LTE cellular systems

by proper allocation of joint (frequency×time) resource blocks (RBs) and their

sharing by area BS nodes through the employment of reuse-k schemes [6,22]. The

OFDM-based TDMA and FDMA reuse-k schemes used in this chapter are thus

the fundamental components employed by such mechanisms.

Coordinated coherent combining schemes are part of the Multimedia Broad-

cast / Multicast Service (MBMS) over a synchronized single-frequency network

(SFN) provided by 3GPP LTE standard [8–10]. However, a Multicast-broadcast

single-frequency network (MBSFN) scheme requires the maintenance of a highly
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demanding symbol-level synchronization as well as and the ensuing coordination

required at BS nodes that send identical multicast messages. Additionally, the

combining operation enacted under the SFN scheme is only useful for mobiles

whose positions are within similar distances from the BS nodes whose signals

are combined. Recognizing the possibility that different cells may involve dif-

ferent multicast message flows and distinct multicast group structures, the use

of coherent combining operations would then not be as effective. Recognizing

the complexity involved in implementing a MBSFN structure to support coherent

combining for multicasting purposes, telecommunications carriers have to-date

preferred to not implement such a configuration and the control infra-structure

elements that it requires at mobile terminals and at BS nodes. Consequently,

when the need arises in these systems to support multicasting, they must engage

in the employment of scheduling mechanisms such as those investigated in this

chapter. Hence, our objective in this study is to investigate the effectiveness of us-

ing coloring-based scheduling schemes that are functionally similar to those used

for unicasting purposes. Our scheduling structures are also effectively employed

in situations under which different cells involve flows at different multicast rates

and provide support for different classes of multicast groups. Such an operation is

more accommodating of the needs of scheduling joint multicast and unicast flows.

In multicasting critical messages to mobiles, it is important to design an op-

eration that strives to deliver multicast packets well to high fraction of the client

mobiles. To achieve such a fair multicast delivery of packets to all client mo-

biles, we consider a throughput capacity rate metric that expresses the minimum

level of the throughput rate per mobile attained over all cells and all mobiles. We

then strive to maximize this metric. Equivalently, we note that in synthesizing

the system in accordance with this max-min objective, we effectively employ an

absolute fairness criterion for distributing messages to mobiles, so that all mo-

biles, independently of their location are guaranteed as high as feasible minimum

throughput rate. In comparison, under a proportional fairness criterion, as often

applied for the support of unicast flows, the designer aims to assure each mobile
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with an assignment of proportionally similar spectral resources [23]. We note that

if equal bandwidth resources are allocated to mobiles for the underlying multicas-

ting system, mobiles situated at higher interference locations may then experience

lower throughput rates, resulting in degraded and unfair delivery rates of critical

messages to such clients.

In this chapter, reuse-k scheduling schemes are considered, where k = 1, 3, 4, 7,

for coordinating downlink multicast transmissions among BS nodes. In particular,

reuse-1 and reuse-3 schemes have been often noted to lead to upgraded through-

put performance when it is desirable to guarantee successful receptions by a very

high fraction of mobiles [6]. Fractional frequency reuse (FFR) scheduling schemes

combine the advantages of reuse-1 and reuse-3 operations to enhance the per-

formance of edge users for unicast messaging purposes [24–27]. However, such

schemes do not yield a corresponding effective performance behavior for multi-

casting applications under the requirement of a high coverage scope level. To

provide higher throughput rate for unicast/multicast transmissions and failover

situations, a more affordable and energy effective layout is realized through the

additional deployment of micro-BS (mBS) nodes [28, 29]. We thus study here a

cellular system configuration whereby a layout of MBS nodes is supplemented by

such mBS nodes. Each MBS and mBS node is used to multicast packets to its

nearby (associated) mobiles. While the deployment of mBS nodes is undertaken

for the purpose of increasing the capacity level available for the support of unicast

transmissions, the performance effectiveness achieved, if any, by the deployment

of mBS nodes, when considering multicasting applications, has not yet been deter-

mined.

In [30, 31], we have studied the performance behavior of a cellular network

when relay station (RS) nodes are deployed under a BS failure scenario. RS

nodes tend to not be directly attached to the backbone network so that their

use induces multi-hop message distributions. Hence, such operations would often

lead to lower multicasting throughput rates when compared with those attained

by deploying mBS nodes. In [32], we have studied the corresponding adaptive
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rate/power TDMA scheduling problem, when mobiles are used as possible relay

nodes. In [17], we have examined a system that uses mBS-aid multicast mes-

sages in a cellular network. In turn, our objective in this chapter is to study the

spectral efficiency attained by mBS-aided adaptive rate/power FDMA or TDMA

scheduling operations under the failure of an MBS node. Our aim is also to

assure multicasting transmissions with reception (at low bit error rates) by all

client mobiles. Especially, our aim is to determine those scheduling mechanisms

that should be enacted under such failure event. To well clarify the impact on

system’s performance induced by the use of mBS nodes, we assume the heteroge-

neous system’s layout to consist of a symmetrically placed micro and macro BS

nodes. While, a realistic deployment pattern would obviously tend to be more of

a geometrically stochastic nature, the performance enhancement principles estab-

lished in this chapter provide important guidance for the design of such effective

mBS-aided multicasting systems. To the best of our knowledge, this is the first

study that investigates the use of mBS-aided cellular wireless layouts that employ

coloring-based coordinated schedules in aiming to achieve resilient high coverage

and high throughput multicasting operations.

The analyses presented in this chapter lead to the following key results. We

show that the effectiveness of using mBS nodes to multicast messages depends

on the involved ISD levels (i.e., the inter-site distances between neighboring MBS

nodes). We show that for short ISD levels, the use of mBS nodes does not lead to

a marked improvement in the system’s performance, whether an MBS failure has

occurred or not. It is however not a priori clear as to how to use this heterogeneous

cellular structure to best support the dissemination of multicast messages across

the area of operations, aiming to achieve high multicast throughput capacity rate

levels. In turn, under intermediate ISD levels, the coordinated and combined use

of micro-BS and/or macro-BS nodes enhances the system’s performance, espe-

cially under post-failure conditions. For longer ISD ranges, such a heterogeneous

multicasting operation can serve to enhance the system’s multicast spectral effi-

ciency ratio in a significant manner. In addition, we show that when propagation
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Figure 2.1: Topological layout with and without the use of mBS nodes.

across the communications channel is not dominated by shadow fading effects, it

is most effective to use an FDMA reuse-3 scheduling scheme for both pre-failure

and post-failure operations under typically employed ISD range values. In turn,

when shadow fading effects are prominent, and a high coverage probability (e.g.,

95%) must be guaranteed, the use of an FDMA reuse-7 coordinated scheduling

scheme leads a more effective performance behavior.

The chapter is organized as follows. The system model is presented in sec-

tion II. In section III, we analyze and evaluate the system’s throughput capacity

rate under both pre-failure and post-failure scenarios. In section IV, in consider-

ing FDMA oriented schemes, we present a solution for the optimal assignment of

bandwidth resources in executing the underlying scheduling scheme In section V,

we evaluate and compare the performance features of the system when regulated

by the derived candidate adaptive scheduling schemes under both pre-failure and

post-failure configurations. Conclusions are drawn in section VI.

II System Model

We consider two common configurations of cellular wireless networks that are

used in deploying base station (BS) nodes to serve mobiles in a given area of

operations. Under the first configuration, we assume the region to be covered
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by a homogeneous grid-based layout of macro-BS (MBS) nodes (see Fig. 2.1a) in

typical cellular network systems (e.g., LTE system) [8, 33]. Neighborhood MBS

nodes maintain time synchronization and often mutually align the time periods

that they use for downlink multicast transmissions [34]. Under the second config-

uration (see Fig. 2.1b), the layout is supplemented by deploying micro-BS (mBS)

nodes. To simplify our analyses and highlight the ensuing design conclusions in

examining such heterogeneous layouts, we assume that mBS nodes are symmetri-

cally placed. We thus place an mBS node at each vertex of a macro-cell, as shown

in Fig. 2.1b. In this manner, mBS nodes are tasked with covering their micro-cell

regions located around the edge areas of the macro-cells. Such a configuration is

motivated by noting that (as shown in Section III) under the homogeneous layout,

mobiles located in such edge areas tend to experience low Signal to Interference

plus Noise Ratio (SINR) levels.

We assume MBS and mBS nodes to use omnidirectional antenna arrays. We

set R and D to respectively denote the radius of each macro-cell and the inter-site

distance as shown in Fig. 2.1a. We note that D =
√

3R. Under the heterogeneous

layout (Fig. 2.1b), we set the effective radius of each MBS or mBS cell to be

equal to
√
3R
3

(i.e., RM = Rm =
√
3R
3

). The reason for this setting is explained

as follows. If Rm <
√
3R
3

, mBS nodes cannot cover the complete scope of the

edge area of the homogeneous cell. In that case, to attain full coverage, the MBS

node has to multicast its packets over the complete cell area, eliminating the

need to involve mBS nodes in the multicasting process. In turn, as shown in the

following, an effective mBS aided operation can be invoked when the radii of the

macro and micro-cells are set equal. As described in the 3GPP document [35],

MBS and mBS nodes generally have different capability features; especially, they

use different maximum transmit power levels. The maximum transmit power level

of MBS nodes is typically of the order of 20 - 40 W while the maximum transmit

power level of mBS nodes is typically equal to (or less than) 5 W. As an mBS node

operates at a lower power level than that used by an MBS node, we configure mBS

nodes to use lower code rates (and thus lower data rates) so that they are able
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to cover a region whose radius is equal to that covered by an MBS node (which

however is set to transmit messages at a higher data rate). In addition, once

the cell’s coverage region is set (in configuring, under the heterogeneous system

scenario, the radii of MBS and mBS nodes to be equal), it will not be impacted

by the transmit power level used by the BS node.

The total bandwidth allocated for multicasting service is set equal to B. Under

an OFDM-based system, this band may be segmented into N subcarriers, each

occupying bandwidth Bc, so that N =
⌊
B
Bc

⌋
. To simplify our analyses, we as-

sume that similar channel quality indicators (CQI) are observed in characterizing

the quality of downlink communications across each subcarrier. Each BS node’s

transmit power is consequently equally divided among employed subcarriers. The

transmit power levels used by MBS and mBS nodes are set equal to PM and Pm,

respectively, where PM ≥ Pm.

The employed communications channel model makes use of the channel link

gain factor

Gim =
K

dαi,m
, (2.1)

where di,m represents the distance between the transmitting BSi and an intended

receiving mobile m; α ∈ [2, 4] represents the path loss exponent; K is a path

loss factor that accounts for absorption and penetration losses. We have also car-

ried out analyses that incorporate channel shadow fading effects (e.g., by adding

a stochastic loss component that accounts for slow fading phenomena, which is

considered by typical LTE channel models to be governed by a Lognormal dis-

tribution [35]). Under such effects, wide stochastic variations in the SINR levels

monitored by mobiles induce designs that impose a coverage span probabilistic

target level. The latter represents the average fraction (over space and time) of

users in the area of operations that are capable of receiving the multicasts issued

by their associated BS nodes at a targeted SINR level. We aim to assure 100%

coverage of all mobiles when no shadow fading effects are incorporated, while
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assuring a prescribed coverage probability (e.g., 95%) when fading effects are in-

cluded [35]. When incorporating such shadow fading model and objectives, our

performance evaluations can be readily derived by extending the models described

in the following for non-fading processes. It has resulted in performance behav-

ior and design conclusions that are similar to those deduced when fading effects

are not incorporated, though they induce lower throughput capacity rate levels.

Hence, and due to space limitations, we do not incorporate fading effects in the

models and results presented in this chapter.

We assume that the region’s BS nodes distribute a burst of multicast packets

(carrying a total of L bits) to their mobiles (within a certain period of time).

An absolute fairness requirement is imposed in executing the delivery of such

critical packets. The throughput metric under consideration is determined by

the lowest (over all mobiles) delivery rate of the packets to a mobile. Under

a prescribed scheduling scheme, let T denote the total duration of the period

of time that it takes the scheduled BS nodes to deliver a packet burst to all

mobiles (at an acceptable error rate) located in the region of operation. The

resulting ratio, L
T

, then expresses the attained absolute fair throughput rate. When

assessing the different schemes under consideration, we determine the shortest

duration of time (Tmin) that it takes to multicast the burst packets to all clients,

yielding the fair throughput capacity rate ( L
Tmin

). This rate expresses the highest

attainable fair throughput rate, subject to conducting the optimization process

over the specified classes of scheduling schemes and operational conditions. To

highlight our main results and conclusions, we assume here a homogeneous spatial

distribution of mobiles belonging to multicast groups. Therefore, all BS nodes

that are engaged in the multicasting process are assumed to receive the same

packets from the backbone network for multicasting to all their mobile clients.

Clearly, the allocation can be readily extended to handle situations when multiple

heterogeneously loaded multicast classes are involved.
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III Throughput Capacity Rate Analyses

In this chapter, we assume base station (BS) nodes to coordinate their schedules

by using TDMA or FDMA reuse-k schemes, where k = 1, 3, 4, 7. Whether mBS

nodes are employed or not, a simplified geometrical model is assumed, so that

neighboring BS nodes that are scheduled to share the same resource segment (i.e.,

operating at the same color) are selected in a manner that sets them to be at

the same distance from each other. In Figs. 2(a) and 2(b), we show examples

of homogeneous reuse-k schemes, where neighboring MBS nodes are separated by

the distance level
√
kD, for k = 1 and 3, respectively. In Figs. 2(c) and 2(d),

we illustrate a configuration of a heterogeneous network, whereby mBS nodes are

placed at each vertex of each MBS cell. For these systems, we employ an mBS-

aided reuse-k (TDMA or FDMA) scheduling scheme under which each resource

segment is jointly shared by micro and macro BS nodes that are assigned the same

color, whereby we set k = 3, 4 for the corresponding figures. The hatched cells

identify those cells that will be activated upon the failure of MBS1. The BS nodes

that manage the remaining cells will be de-activated during the failure period.

We consider the separate use of TDMA or FDMA sharing structures. The anal-

ysis is similarly extended to the evaluation of a hybrid TDMA/FDMA structure.

To provide full coverage for downlink multicasting transmissions, we analyze the

locations of (and the performance attained by) critical mobiles (denoted as CMs)

that experience the lowest SINR levels over the whole region of operation.

We assume that, as typically done, frequency (or time) guard bands are used

to regulate the occurrence of fractional cross band (or fractional subframe co-

channel) interference under the employed FDMA (or TDAM) reuse-k plan. The

corresponding reduction in spectral efficiency, if any, could be accounted for in

our formulas through the inclusion of a guard band multiplication factor which

properly reduces the effective available bandwidth level. Assuming a homogeneous

layout, the following result identifies the locations of CMs with a cell. We note

that since typical models assume shadow fading variables to have zero means, we
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Figure 2.2: Homogeneous and Heterogeneous reuse-k scheduling schemes (the
shading identifies those cells that are activated in the failure case).
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Figure 2.3: Hexagonal disk CA(ρ), ρ-boundary (BC(ρ)) and relative coordinate
pair (ρ, θ) of a mobile residing in a cell.

find that, on average, CMs are determined to reside at the same positions within

each cell also under fading effects. To characterize these locations, we make the

following definitions.

Definition 1. The boundary of a hexagonal disk CA(ρ) that is located within the

cell area (CA = CA(1)) with a disk radius that is equal to ρR, is denoted as BC(ρ)

and is identified as the ρ-boundary, where 0 ≤ ρ ≤ 1. The boundary of CA under

ρ = 1 is denoted as BC (and is also identified as the 1-boundary BC = BC(1))

(See Fig. 2.3).

Definition 2. A position of a mobile on the periphery BC(ρ) of its associated

cell which is at angle θ with reference to the x-axis, is identified by the relative

coordinate pair (ρ, θ), for ρ ∈ [0, 1] and θ ∈ [0, 2π] (See Fig. 2.3).

The actual polar coordinates of the position in its cell of a mobile identified

by coordinate pair (ρ, θ), when considering its hexagonal cell area to have radius

q, is denoted as (r(ρ, θ), θ), where r(ρ, θ) represents the range between the point’s

location and the its associated BS node. Based on the geometry of the cellular

layout, we obtain the following result: r(ρ, θ) = ρq
√
3
2

sec(π
6
−θl), θ = θl+

π
3
(l−1) ∈

[π
3
(l − 1), π

3
l] and θl ∈ [0, π

3
], for l = 1, 2, . . . , 6, whereby the cell’s area is divided

into six equal sectors, l denotes the sector’s index. The following results apply to

a cellular system in which downlink transmissions by BS nodes are coordinated

by using a reuse-k schedule, with k ≥ 1.
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In the following, due to its symmetrical layout, we analyze the system in

reference to BS1. We assume BS1 to be positioned at the origin and the location

of BSi to be characterized by polar coordinates (ri, θi), where ri is the distance

between BSi’s position and the position of BS1 and, thus, ri ≥ D, for i ≥ 2.

Lemma 1. In considering all positions within a cell where a mobile may reside,

the lowest SINR levels are experienced by mobiles that are located on the cell’s

boundary.

Proof. See Appendix 2.A.

Lemma 2. In considering mobiles that reside on the hexagonal ρ-boundary

BC(ρ), the mobiles that are located at the vertices of this boundary (i.e., θ = π
3
l,

for l ∈ N) experience the lowest SINR levels, for each given value ρ ∈ [0, 1].

Proof. See Appendix 2.B.

Theorem 1. Consider a system managed by MBS nodes. Critical mobiles (CMs)

are located at the vertices of their associated MBS cell.

Proof. The result follows by using Lemmas 1 and 2.

In the following, we derive the throughput capacity rate of TDMA or FDMA

reuse-k multicast scheduling schemes (see Fig 2.2). Under a TDMA scheme, a

channel resource element consists of a time slot that is shared by a set of BS

nodes (macro or micro BS nodes or a hybrid of such BS nodes), occupying the

allocated frequency band B. Under an FDMA scheme, a channel resource element

consists of a frequency sub-band that is shared by a set of BS nodes, assigned to

occupy this frequency sub-band continuously in time. To avoid duplication, we

use at times a common model to evaluate both structures; we then refer to a

scheduling scheme that sets certain BS nodes to share a resource segment (which

is either a time slot or a frequency sub-band).
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III.1 Operations under no BS failure conditions (”pre-failure” state)

III.1.1 Operation 1: Multicast Scheduling without the Aid of Micro

Base Station (mBS) Nodes

To provide complete area coverage, we design multicast schedules that assure

acceptable performance at CM locations. When considering a multicast trans-

mission across a resource segment that leads to a specific SINR level measured at

the CM location, the code rate employed by the MBS that executes this trans-

mission is determined through the use of Shannon’s formula for channel capacity

(assuming additive white Gaussian noise channel model). We have also carried

out such rate calculations by applying the code rate parameters that correspond

to a specific suite of Modulation/Coding sets (MCSs), as used by LTE system im-

plementations [1,9], under commonly specified targeted link error rate levels. We

have obtained performance behavior that is similar to that presented here, and

have drawn similar system design conclusions. Hence, we limit the presentation

of performance results included in this chapter to those obtained under the use of

Shannon’s formula.

Under a TDMA (or FDMA) reuse-k scheduling scheme, each MBS node uti-

lizes a total of N (or Nk) subcarriers, where N =
⌊
B
Bc

⌋
(or Nk =

⌊
B
kBc

⌋
). The

throughput capacity rate that can be realized by MBS1 (and similarly, other MBS

nodes) is calculated as follows. Let the distance between MBSi and a CM be de-

noted as dic = R. The SINR (denoted as γ) level recorded at a CM per subcarrier,

under a TDMA or FDMA reuse-k scheduling scheme, is given as

γTk =
G1cPT∑

i∈Mk\{1}GicPT +N0Bc

, for TDMA;

γFk =
G1cPTk∑

i∈Mk\{1}GicPTk +N0Bc

, for FDMA,

(2.2)

where PT = PM
N

and PTk = PM
Nk

are the transmit power levels of an MBS node

per subcarrier under the TDMA and FDMA schemes, respectively, and Gic is the

channel gain factor associated with the propagation model described by Eq. (2.1).
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The product N0Bc represents the thermal noise power incurred per subcarrier [36],

N0 is the power spectral density of the ambient noise process and Mk is a set

that consists of MBS nodes that share the same resource segment with MBS1.

The system’s throughput capacity rates (per cell), normalized by the allocated

bandwidth (B), in units of bps/Hz/Cell, and measured at critical mobile (CM)

locations for the respective TDMA and FDMA schemes, are given as:

ηTk =
NBc

Bk
log2 (1 + γTk) , for TDMA;

ηFk =
NkBc

B
log2 (1 + γFk) , for FDMA.

(2.3)

We assume similar channel quality levels to be monitored across all subcarriers

over the underlying period of time and spatial segment. We note that when the

subcarrier channel quality features are different, a weighted sum is often used,

under which the MBS node’s power is distributed among the different channels in

accordance with an (inverse) water filling scheme (noting that different channels

may then involve the use of different modulation/coding schemes and ensuing

power/rate levels) [37].

III.1.2 Operation 2: Multicast Scheduling with the Aid of Micro Base

Station (mBS) Nodes

We deploy mBS nodes that are placed at each vertex of each MBS cell. We assume

an mBS-aided (TDMA or FDMA) reuse-k scheduling scheme under which each

resource segment can be jointly shared by a prescribed set of micro and macro

BS nodes, as depicted in Figs. 2.2c and 2.2d. In the following, we show that for

such an mBS-aided layout scheme, during a scheduled activity over an allocated

resource, the CM positions over the complete region of operation are characterized

as follows: a. When only macro or only micro BS nodes are scheduled to use this

resource segment, CMs are located at the vertices of macro-cell or micro-cells,

respectively. b. When the resource segment is shared by macro and micro BS

nodes, critical mobiles are located at the vertices of micro-cells.
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Theorem 2. Consider a system that deploys a heterogeneous layout of MBS and

mBS nodes, configured as described in a symmetrical fashion. The mBS nodes are

placed at the vertices of each macro-cell. Multicast transmissions are coordinated

by the use of an mBS-aided reuse-k scheduling scheme, for k = 1, 3, 4, 7. For any

value of macro and micro BS nodal transmit power levels satisfying PM ≥ Pm,

during a period of time that mBS nodes are scheduled to send their messages,

whether or not MBS nodes are also scheduled to transmit their messages during

this period, the lowest region-wide SINR levels are monitored by mobiles which are

located at the vertices of the micro-cells. In other periods, the lowest SINR levels

are detected by mobiles located at the vertices of the macro-cells.

Proof. See Appendix 2.C

By examining these CMs under such heterogeneous layout, the analysis then

proceeds by using a calculation method that is analogous to that employed in

section III.1.1. When using the s-th segment resources under an mBS-aided reuse-

k scheme, where s = 1, 2, . . . , k, active mBS and/or MBS nodes use the rate

determined by the lowest SINR level calculated to be monitored at the location

of a CM for the underlying shared segment resource. The BS nodes that share

a resource segment multicast their packets at a code rate that is dictated by the

latter lowest SINR. It is noted that when a resource is jointly used by micro and

macro base station nodes, the lowest SINR is detected by mobiles allocated at

the vertices of micro-cells, so that those located at the boundary of macro-cells

may detect higher SINR levels. Nevertheless, in this case, induced by our aim

to provide absolute fairness over the region (granting equal throughput rates to

clients), we set the code rate employed by an MBS node to a level that is equal to

that used by the micro BS node, to be equal to the lowest rate that is employed

within micro-cells. We show later that due to this setting, we are able to adjust

the transmit power levels at macro-cells, equalizing the SINR levels detected at

the vertices of macro and micro cells, and subsequently attaining a higher overall

throughput rate performance. Using thus this rate, we compute the period of time
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that it takes for the BS node to occupy its allocated (time or frequency) resources

as follows:

TTk,s =
L

NBc log2

(
1 + γTk,s

) , for TDMA;

TFk,s =
L

Nk,sBc log2

(
1 + γFk,s

) , for FDMA,

(2.4)

where Nk,s is the number subcarriers allocated to the s-th sub-band, is the cor-

responding receive SINR level monitored by a CM under an mBS-aided reuse-k

operation when sharing the s-th resource segment, and L represents the average

multicast packet (or burst) size. The SINR levels (γTk,s and γFk,s) monitored at

the corresponding CMs are given as:

γTk,s =
G′1cP

′
T∑

i∈Mk,s
G′icPT +

∑
j∈mk,s G

′
jcPTm + PN

,

γFk,s =
G′1cP

′
Tk,s∑

i∈Mk,s
G′icPTk,s +

∑
j∈mk,s G

′
jcPTmk,s + PN

,

(2.5)

where G′ic(G
′
jc) are the propagation gains (see Eq. (2.1) for the downlink chan-

nels connecting MBSi (mBSj) and the associated CMs. The sets Mk,s and mk,s

represents the collection of macro-BS and micro-BS nodes, respectively, that are

scheduled to share the s-th resource segment. Also, we set: P ′T = P
N

(P ′Tk,s = P
Nk,s

)

and PN = BcN0. As stated in Theorem 2, when mBS nodes are scheduled, the CM

nodes are located at the vertices of mBS cells. Thus, P is set as Pm. Otherwise,

P is set equal to PM . For an mBS-aided reuse-k scheme, the throughput capacity

rate (in units of bps/Hz/Cell), is expressed by the following:

ηTmk =
L

B
∑k

s=1 TTk,s
, for TDMA;

ηFmk = min
s

{
ηFk,s

}
, for FDMA,

(2.6)

where ηFk,s = L
BTFk,s

=
NFk,s

Bc

B
log2

(
1 + γFk,s

)
is the transmission capacity rate

attained under the mBS-aided FDMA reuse-k operation when using the s-th sub-

band.
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The minimum operator used in Eq. (2.6) (for the FDMA component) is ex-

plained as follows. To achieve an absolute fair operation, we assume that all BS

nodes are given the chance to complete the transmission of packets belonging to

a current burst before allowing stations to start the transmission of packets that

belong to a subsequent burst. Hence, among those BS nodes that operate at the

lowest transmission capacity rate will dominate the duration of the corresponding

transmission phase.

Lemma 3. Consider an mBS-aided reuse-k scheduling scheme, for k = 1, 4, 7.

The lowest SINR level experienced by a mobile over the area of operation (and

thus identifying the location of the regional CM) is detected by a mobile that is

located at a vertex of a micro-cell. This lowest SINR level is maximized when

the transmit power levels used by MBS nodes that share (at the same time) a

resource segment with mBS nodes are set equal to those used by mBS nodes (i.e.

PM = Pm). Under such a setting, the same per-cell multicast spectral efficiency is

produced at each micro and macro cell.

Proof. Using Theorem 2, when considering temporal sharing of a resource segment

by micro and macro BS nodes, the CMs have been shown to be located at the

vertices of mBS cells, for PM ≥ Pm. Examining Eq. (2.5), we observe that the

SINR values recorded by CMs residing in a micro-cell attain their highest values

when we set PM = Pm. Applying this power adjustment, we conclude that a

critical mobile that is located in either a micro or macro cell experiences the same

SINR per subcarrier, and consequently the same spectral efficiency distributions

are realized over each cell area.

III.2 Failover Mechanisms

In this section, we study the performance efficiency of each candidate scheduling

scheme under an MBS nodal (e.g., MBS1) failure event. In such a post-failure

system, one readily proves that a CM resides at the center of the failed cell. In the

following, we examine four different failover schemes (FSs). Under FS A (denoted
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Table 2.1: Configuration scenarios for multicasting failover.

Operation Usage of mBS Nodes

1 All MBS nodes

2 All MBS nodes and mBS nodes placed in macro-cell vertices

3 Half of MBS nodes

4 All MBS nodes and a backup mBS node in each cell’s center

5 Half of the mBS nodes placed in each macro-cell’s vertices

6 All MBS and mBS nodes, in each macro-cell’s center and vertices

as FS(A)), it is assumed that no mBS nodes are employed. To provide multicast

coverage of all mobiles that reside in the failed cell, we schedule neighboring MBS

nodes to cover such mobiles. Under FS(B), a backup mBS node is placed in each

cell close to the location of the cell’s MBS node. It is activated upon the failure

of the cell’s MBS node. Under FS(C), mBS nodes are deployed at the vertices of

each cell following the layout described above for the pre-failure system. We study

the use of these micro-BS nodes in contributing to the coverage of mobiles in the

failed cell. Under FS(D), we combine the latter two layouts, placing mBS nodes

at the center and at the vertices of each cell. The features of each configuration

are summarized in Table 2.1.

We aim to select those failure recovery mechanisms that yield higher through-

put capacity rate performance by adjusting code rates and transmit power levels

of BS nodes. It is not a priori clear how to best adjust the joint setting of the data

rate and transmit power parameter levels of the surviving neighboring BS nodes so

that all mobiles are covered and able to receive multicast packets. Our approach

is to develop and study failure recovery schemes that invoke coordinated adjust-

ments to the pre-failure (mBS-aided) reuse-k schedules and to the configuration

of the involved modulation/coding sets.

III.2.1 Operation 3 (or FS(A)): Post-failure Operation without Using

Micro Base Station (mBS) Nodes

In considering a failed MBS node in a homogeneous system that employs a reuse-k

scheme, for k ≥ 1, the following Theorem shows that the CM resides at the center
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of the cell (near the failed MBS node).

Theorem 3. Consider a system that employs no mBS nodes in which a single

MBS node has failed. MBS nodes coordinate their transmissions by using a reuse-

k scheme. A mobile that resides in the failed cell then associates itself with its

closest neighboring MBS node. In this case, the critical mobile is a mobile that is

located at the center of the failed cell.

Proof. See Appendix 2.D

In the following, we prove that under any reuse-k scheme under consideration,

under FS(A), a higher throughput capacity rate is attained for the homogeneous

system when only half of the (surviving) MBS nodes are tasked to engage in multi-

cast transmissions. The other MBS nodes are not used for multicast transmissions

and can thus incur reduced energy consumption levels.

Theorem 4. Consider a (homogeneous) system that employs no mBS nodes,

whose schedules are governed by one of the reuse-k schemes under consideration,

in which a single MBS node has failed. Under an absolute fairness requirement,

a higher post-failure throughput capacity rate is attained by using only half of the

MBS nodes to multicast packets. For example, for k = 1 and k = 3, only those BS

nodes that are identified by the shadowed icons depicted in Figs. 2.2a and 2.2b,

respectively, are activated.

Proof. See Appendix 2.E.

The TDMA or FDMA reuse-k schemes that employ only those MBS nodes

that are activated in accordance with Theorem 4 are denoted as partial reuse-k

schemes. Each mobile (including those located in the failed cell) is assumed to

associate with the nearest activated MBS node.

In analyzing these partial reuse-k schemes, we have followed the analytical

methods described in section III.1.1. The resulting post-failure performance is

calculated by using a formula that is a modified version of that expressed by
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Eq. (2.3), noting that the radius of a cell is now set equal to
√

3R since each

MBS node’s coverage must be properly extended. It is noted that this partial

activation process applies to the scheduling scheme used for downlink multicasting

transmissions and is enacted in the neighborhood of the failed cell. In fact, due

to the absolute fairness requirement (leading the multicast throughput rate to be

dominated by the lowest downlink rate), and the symmetrical character of our

analytical model, we assume here that the partial activation process applies to all

surviving MBS nodes located in the underlying region. In this manner, BS nodes

that are neighbors of the neighbors of the failed MBS node will also be activated

in a partial manner and will thus have to extend their range of coverage. Clearly,

such a model is assumed to simplify our performance calculations, noting that

often the operations of only those MBS nodes that are within certain range from

the failed MBS node will be re-configured.

III.2.2 Operation Schemes 4, 5 and 6 (FS(B), FS(C) and FS(D)): Post-

failure Operations aided by Micro Base Station (mBS) Nodes

We analyze the performance of post-failure scheduling schemes by using methods

that are similar to those used in sections III.1.1 and III.1.2. Under operation

scheme 4 (FS(B)), stand-by mBS nodes are placed at the center of each cell near

their MBS nodes. Such a backup node acts to multicast packets to users in the

cell once its MBS node fails. To obtain the system’s performance, we use Eq. (2.6)

to calculate the system’s throughput rate with the introduction of the following

modifications. One of the resource segments is now shared by the stand-by mBS

node and a specified set of MBS nodes; we set these BS nodes to use equal transmit

power levels (following the result expressed by Lemma 3), PM = Pm . For the

other resource segments, only MBS nodes are scheduled, so that the transmit

power level is kept equal to PM . The radius of each cell is kept equal to R.

The use of a stand-by mBS node entails an incremental increase in system

cost. Noting however that an mBS node would over time become much less
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costly than an MBS module, the issue that we aim to resolve here is whether this

additional cost penalty is rewarded in a sufficient measure in yielding a distinctly

enhanced post-failure system performance. We also note that in implementing

such a system, it is often possible to use a hot stand-by mBS node; the latter

may then be used to provide for the support of additional mobiles (including the

support of lower priority unicast messaging flows). It is also noted that when no

MBS nodal failure takes place, MBS nodes operate at higher power levels than

those used by mBS nodes, leading to higher throughput rate levels. As noted

above, in a pre-failure mode, stand-by mBS nodes can be employed to supplement

the throughput rate provided for the support of unicast traffic flows.

Under operation scheme 5 (FS(C)), we consider the same mBS-aided system

layout as that used in the pre-failure system as described in section III.1.2. By

following the approach presented by the statement and proof of Lemma 3 and

Theorem 4, we conclude that (the detailed proof is omitted), the throughput

capacity rate is enhanced by activating only a subset (as specified in the following)

of the mBS nodes and by not using MBS nodes for multicasting purposes. In turn,

when the latter lower bound on the transmit power level of an mBS node does

not hold, we show operation 3 (which employs only macro BS nodes) to yield a

higher throughput rate than that attained by the mBS aided operation 5 system.

For example, as shown in Figs. 2.2c and 2.2d, under the respective mBS-aided

reuse-3 and reuse-4 schemes, the mBS nodes that are activated are identified as

those nodes that manage the shaded areas. To calculate the performance of the

system, we make use of Eq. (2.3) by setting the following parameters: the power

level PM is replaced by the micro-BS Pm value; the radius of a cell remains equal

to R.

Under operation scheme 6 (FS(D)), a backup mBS and six mBS nodes are

placed at the center and vertices, respectively, of each cell. Since each resource

segment is shared by mBS and MBS nodes, induced by the results presented by

Lemma 3, the scheduled MBS and mBS nodes are set to use equal transmit power

levels, PM = Pm. The performance is calculated by using again Eq. (2.3), whereby
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the following substitutions are made: we set PM = Pm; the radius of a micro or

macro cell is kept equal to R√
3
.

IV Optimal Bandwidth Allocation under mBS-aided Reuse-

k FDMA Schemes

In this section, we derive an optimal allocation of the prescribed multicast band-

width to the underlying segments used by an mBS-aided reuse-k FDMA schedul-

ing scheme, for k = 3, 4, 7. (It is noted that under a reuse-1 FDMA operation,

no bandwidth segmentation is performed.) We observe from Eq. (2.6), that un-

der an FDMA scheduling scheme, the realized system’s throughput rate metric is

dominated by the minimum value attained when considering the corresponding

throughput rate levels achieved across the different sub-bands (or chunks). There-

fore, the best distribution of the system’s bandwidth under an mBS-aided FDMA

reuse-k scheme is obtained by solving the following optimization problem:

Maximize ηFmk (Nk,1, Nk,2, . . . , Nk,k)

subject to Nk,s ≥ 0,
k∑
j=1

Nk,j = N, ∀s = 1, 2, . . . , k,
(2.7)

where Nk,s is the number of subcarriers allocated for the s-th sub-band, and N is

the total number of subcarriers allocated for multicasting purpose. In the follow-

ing, we present a solution to this optimization problem under which we allow the

optimized Nk,s parameters to assume real values. The resulting optimal scheme

is then realized through the use of a joint TDMA/FDMA sharing procedure. To

obtain the desired result, we first prove the following.

Lemma 4. The spectral efficiency function ηFk,s(Nk,s) is a strictly increasing and

linear function of Nk,s, for s = 1, 2, . . . , k and k = 3, 4, 7.

Proof. Using Eqs. (2.4) and (2.6), we obtain ηFk,s(Nk,s) =
Nk,sBc
B

log2

(
1 + γFk,s

)
,

where γFk,s is the SINR level measured at a CM, per subcarrier, over the s-th
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sub-band, as expressed by Eq. (2.2). This SINR function does not depend on the

number of subcarriers Nk,s, for k = 1, 3, 4, 7, and s = 1, 2, ..., k.

The corresponding optimal solution is presented as follows:

Theorem 5. Under an mBS-aided FDMA reuse-k scheme, the optimal bandwidth

allocation vector is N∗k = {N∗k,1, N∗k,2, . . . , N∗k,k}, where N∗k,s ≥ 0, for k = 3, 4, 7

and s = 1, 2, . . . , k, satisfies

ηFk,1(N
∗
k,1) = ηFk,s(N

∗
k,s),∀s = 2, 3, . . . , k. (2.8)

We conclude the optimal bandwidth allocation scheme to assign the following band-

width levels, as expressed by the allocation of the following numbers of subcarriers:

N∗k,s =
B

Bc

∑k
j=1

log2(1+γFk,s)
log2(1+γFk,j)

,∀s = 1, 2, . . . , k. (2.9)

Proof. See Appendix 2.F.

To implement a non-integral N∗k,s value, time-sharing of a subset of sub-carriers

can be used.

In turn, when we wish the system to use a pure FDMA sharing scheme (i.e., a

physical layer implementation under which BS nodes do not time-share subcarriers

with other BS nodes), so that the parameters (Nk,s) under consideration must

assume integral values, we have obtained the following result, by using an approach

that is similar to that used for the proof presented in Appendix 2.F. The initial

optimal integer number of subcarriers allocated to the s-th sub-band is set to

be equal to
⌊
N∗k,s

⌋
, s = 1, 2, . . . , k and k = 3, 4, 7, where N∗k,s is calculated by

using Eq. (2.9). Following this allocation, if a residual number of un-allocated

sub-carriers exists, they are assigned to the different BS nodes in a manner that

results in an allocation that is closest to a uniform one.
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V Performance Evaluation

In this Section, we illustrate the performance of cellular wireless systems that are

managed by using our proposed scheduling mechanisms. For this purpose, we set

the transmit power levels for MBS and mBS nodes as PM = 20 W and Pm = 5

W, respectively. Each MBS and mBS node is able to adjust its code rate (and

thus transmit data rate). The noise power density level N0 is set equal to be

−174 dBm/Hz, as often assumed for LTE models [33]. The bandwidth prescribed

for multicasting service is assumed to be equal to 5 MHz, and each subcarrier

occupies 15 kHz, as often set for LTE systems [35, 38]. In order to evaluate

the system’s performance under different scenarios (involving interference-limited,

noise-limited and intermediate configurations), we consider three ISD levels: 433

m, 867 m and 1299 m. The path loss exponent (α) is set equal to 3.68 and the

path loss factor (K) is set to −40 dB (these parameters correspond to a version

of the urban COST Hata model [39] often used for LTE system analyses). The

shadow fading standard deviation level (when considered) is set as 8 dB and

the cyclic prefix length is set equal to 16.67 µsec [35]. We perform the optimal

bandwidth allocation scheme for mBS-aided FDMA reuse-k based on Eq. (2.8)

which allows sets of BS nodes may commonly share some disjoint portion of time

of some subcarriers. We have also executed the optimal bandwidth allocation

scheme when each subcarrier cannot be shared by sets of BS nodes. However, two

results are similar to each other.

The chapter considers the multicasting of messages across an area covered by

macro and micro cells, aiming to assure the correct reception of multicast messages

at any location. Hence, it is necessary to assure that the distribution of messages

takes place in such a manner that they are received correctly at critical locations

(where mobiles would experience the lowest SINR values). For this reason, it is

not necessary to engage in the configuration of complex simulation setups that

are used to statistically distribute mobile nodes across each cell, and throughput

the region, in a specific manner. Rather, we employ analytical models to establish
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the positions of critical locations and use these results to effectively calculate the

SINR levels that are induced, under various scheduling scenarios, at these critical

locations. Therefore, all of our analyses are based on the use of the presented

analytical models.

In the following figures, when presenting performance results for the FDMA

schemes, we assume the optimal bandwidth allocation scheme to allow for a mea-

sure of time-sharing of a certain set of sub-carriers, as explained in discussing

the results presented by Theorem 5. We have found the performance behavior

attained under such an allocation to be very similar to that exhibited by the

corresponding (above discussed) pure FDMA optimal sharing scheme.

V.1 System Performance Behavior

Performance results are presented in Fig. 2.4a. We observe that for each op-

erational scenario, the FDMA reuse-3 scheduling scheme (also denoted as F-3)

yields the best performance behavior under each one of the ISD levels that we

have considered. Hence, in the following, we focus on the results attained by F-3

scheduling scheme as shown in Fig. 2.4b.

When the ISD level is low (i.e., 433 m), under both pre-failure and post-failure

layouts, the use of mBS nodes does not lead to much improvement in the system’s

performance. Under post-failure layouts, neighboring MBS nodes are shown to be

then capable of providing effective cover of mobiles that reside in the failed cell.

Such coverage (which avoids the use of mBS nodes) limits the reduction in the

system’s throughput capacity rate to a factor that is lower than 10%.

Under the intermediate ISD level (i.e., 866 m), when no MBS nodal failures

are involved, the use of mBS-aided operation yields a performance upgrade ratio

that is around 5 − 10%. This is explained by noting that under such an ISD

level, the system operates in an interference-limiting mode and remains in this

mode even when mBS nodes are inserted. In turn, upon the failure of an MBS

node, a homogeneous system transitions into a noise-limiting operational mode.
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(a) Performance comparisons of adaptive rate scheduling schemes.
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(b) FDMA reuse-3 (F-3) scheme.

Figure 2.4: Throughput efficiency rates attained by adaptive rate scheduling
schemes vs. the ISD level.
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Hence, the post-failure use of neighboring MBS nodes alone is not sufficiently

effective, and a significant performance degradation level is incurred (as observed

by comparing the performance curves attained under the use of operation schemes

1 and 3). For instance, under the use of the F-3 scheduling scheme, the post-

failure system is noted to sustain a throughput capacity rate reduction of 29.52%.

In turn, by deploying micro-BS nodes, the operation point is driven closer to

an interference-limited mode, and consequently our results show that an mBS-

aided operation leads to a significant improvement in the attained throughput

capacity rate. We assess the performance levels attained under the post-failure

(mBS-aided) operational schemes 4, 5 and 6 in comparison with the performance

exhibited by the pre-failure homogeneous system (as described by Scheme 1). We

observe these three post-failure systems to attain throughput capacity rates that

are degraded by only 7.39%, 16.58% and 3.4%, respectively. We note that the use

of a standby mBS node alone (as employed under operational scheme 4) yields a

quite effective performance behavior.

Under the high ISD level (i.e., 1299 m), as is typical in many topological

layouts that do not cover a city center operation, an mBS-aided scheduling oper-

ation is shown to yield a much upgraded performance behavior. Such an upgrade

is attained under both pre-failure and post-failure layouts, noting that without

the incorporation of mBS nodes, the system operates in a noise-limited mode.

Consequently, the use of mBS nodes to effectively reach nearby mobiles, while

allowing MBS nodes to tune their code rate parameters to cover only closer mo-

biles, leads to higher received intended signal power levels at the mobiles. This

operation much improves the SINR levels recorded at the mobile clients of MBS

and mBS nodes. For example, under a pre-failure layout, the use of an mBS-aided

scheduling operation yields an increase of 15.83% in the throughput capacity rate.

Under post-failure layout conditions, the (significant) reduction incurred in the

throughput capacity rate level is equal to 57.43% when no mBS nodes are used

(i.e., under operational scheme 3). When mBS nodes are included, the throughput

rate is lowered by a factor of only 24.96% under operation 4 and by 39.01% under
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Table 2.2: Preferred operations per scenario under an FDMA reuse-3 scheme.
ISD Levels Pre-failure Configuration Post-failure Configuration

433 m (Low) Operation 1 Operation 3

866 m (Intermediate) Operation 1 Operation 4

1299 m (High) Operation 3 Operation 6

operation 5. In turn, if we use operational scheme 6, the system’s performance

attained is higher by 12.39% than that realized under operational scheme 1. Thus,

for longer ISD ranges, we conclude that, for a post-failure layout, the sole use of

a backup mBS that is located near the failed cell’s center (i.e., operation 4) is

not sufficient. A more effective operation is then realized by including mBS nodes

at the vertices of (or around) the macro-cell. The operational layouts that are

consequently preferred, under each scenario, are depicted in Table 2.2.

We have also carried out the performance analyses for the above described

systems under shadow fading effects. Under fading, we prescribed the target sys-

tem coverage rate c, assuring a fraction c of the users with acceptable coverage.

We have found that to provide high coverage probability (e.g., c = 95%-tile), we

need to use a higher scheduling reuse level (employing thus a reuse-7 scheduling

scheme). Under shadow fading effects and 95%-tile coverage probability guar-

antees, the throughput capacity rates attained by a reuse-7 scheduling scheme,

are obtained to be equal to a fraction of about 40% of those shown above to be

attained under a reuse-3 scheme (recalling the latter to involve no consideration

of shadow fading effects, and aiming to achieve 100% coverage level). Otherwise,

we have found the operational schemes outlined in Table 2.2 to be also applicable

when the system is subjected to shadow fading effects.

VI Concluding Remarks

We consider the downlink multicasting of messages in a cellular wireless sys-

tem. Adaptive rate reuse-k FDMA or TDMA based operations are studied, for

k = 1, 3, 4, 7. We examine the performance effectiveness of using micro base

34



station (mBS) aided coloring-oriented adaptive scheduling schemes that are co-

ordinated among neighborhood BS nodes. We study the system’s throughput

capacity rate behavior exhibited under the failure of an MBS node. We conclude

the following results. When the ISD (the inter-site distance between neighboring

MBS nodes) level is low, the use of mBS nodes in aiding the downlink broadcast-

ing of packets to all (or most) mobiles does not offer much performance benefit.

When the ISD ranges are at intermediate or high levels, the use of an mBS-aided

adaptive scheduling scheme can lead to significant performance improvement (in

packet multicasting) under both pre-failure and post-failure layouts. When no fad-

ing effects are considered, we show that an mBS-aided FDMA reuse-3 scheduling

scheme yields the best multicast throughput rate performance. Under limited cov-

erage scope, when shadow fading effects are incorporated, the use of an mBS-aided

FDMA reuse-7 coordinated scheduling scheme leads to improved performance be-

havior.

We have also studied such system operations when adaptive transmit power

operations are invoked, assuming each MBS or mBS node to be subjected to av-

erage power constraints. This is of interest when aiming to reduce the energy

consumption level. The results for such operations, which are not shown in this

chapter due to space limitations, indicate the utility of using an mBS-aided op-

eration in system layouts with ISD levels that are longer than a threshold ISD

value. This latter value is found to be even lower than the corresponding thresh-

old value obtained when operating under peak power constraints. In comparison

with the throughput capacity obtained by corresponding homogeneous systems,

even higher performance gains are realized by the heterogeneous system when

subjected to average power constraints.

2.A Proof of Lemma 1

Assume a mobile that is served by MBS1 and resides at a position that is char-

acterized by the polar coordinate (r(ρ, θ), θ), where θ ∈ [0, π
3
]. Hence, r(ρ, θ) =

35



√
3
2
ρR sec(π

6
− θ) for θ ∈ [0, π

3
].

During the time period that BS1 uses to transmit its message, assume that

BSi, for i > 1, share the same resource segment. Such a simultaneous transmission

induces interference at the receiver. We derive the formula for expressing the

Signal-to-Interference ratio (SIR) monitored by the mobile’s receiver:

SIRi(ρ, θ) =

PM
dα1,m
PM
dαi,m

=

(
di,m
d1,m

)α
=

(
b2i
ρ2

cos2(
π

6
− θ)− 2bi

ρ
cos(θi − θ) cos(

π

6
− θ) + 1

)α
2

= fi(ρ, θ)
α
2 ,

(2.10)

where bi = ri√
3R
2

and di,m denotes the distance between BSi and the mobile. For

convenience, we set τ = 1
ρ
, where ρ ∈ [0, 1] and τ ∈ [1,∞). We obtain f ′i(τ) =

2b2i cos2(π
6
− θ)τ − 2bi cos(θi − θ) cos(π

6
− θ), f ′′i (τ) = 2b2i cos2(π

6
− θ). We note

that bi ≥ 2 since ri ≥ D =
√

3R, for i > 1. In addition, we also observe that

bi cos(θi−θ) cos(π
6
−θ) ≤ 2 since

√
3
2
≤ cos(π

6
−θ) ≤ 1, for θ ∈ [0, π

3
]. Hence, we have

b2i cos2(π
6
− θ) ≥ 3. We conclude that f ′i(τ) ≥ f ′i(1) and f ′′i (τ) > 0. As a result,

minτ fi(τ) = f(1) and, thus, minρ SIRi(ρ, θ) = SIRi(1, θ) for ρ ∈ [0, 1]. The SNR

monitored at the mobile is equal to SNR(ρ, θ) =
P

dα1,m

PN
=
( √

3ρR
2 cos(π

6
−θ)PN

)−α
, where

PN is the noise power. We observe that SNR(ρ, θ) is a monotonically decreasing

function of ρ. Therefore, SNR(ρ, θ) ≥ SNR(1, θ), for ρ ∈ [0, 1]. Combining the

lower bound results of SIR and SNR expressions, we conclude SINRi(ρ, θ) ≥

SINRi(1, θ), for ρ ∈ [0, 1].

Thus, the interference signals cause the lowest SINR level to be monitored

by those mobiles that are located on the boundary of the cell under considera-

tion. Hence, we conclude that under a reuse-k schedule the lowest SINR level is

monitored by mobiles that reside on the cell’s boundary.
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2.B Proof of Lemma 2

Using Eq. (2.10), we can write:

SIR(ρ, θ) =
(∑

i∈Bk Ii(ρ, θ)
)−1

, (2.11)

where Ii(ρ, θ) = f
−α
2

i (ρ, θ) and fi(ρ, θ) is defined by Eq. (2.10), so that Ii(ρ, θ)

expresses the normalized interference power experienced by a mobile that resides

in cell 1, caused by a signal transmission generated by BSi; Bk represents the set

of the BS nodes (as well as their indices) that share the same resource segment

that is used by BS1. The first and second derivatives of Ii(ρ, θ) with respect to

θ are given by: dIi(ρ,θ)
dθ

= −ai(ρ)α
2

f
−α
2
−1

i gi and d2Ii(ρ,θ)
d2θ

= ai(ρ)α
2

(
α
2

+ 1
)
f
−α
2
−2

i g2i +

ai(ρ)αf
−α
2
−1

i (ai(ρ) cos(π
3
−2θ) − cos(π

6
−θi−2θ)), where gi =

f ′i
ai(ρ)

= ai(ρ) sin(π
3
−

2θ) − sin(π
6

+ θi − 2θ), f ′i = dfi(ρ,θ)
dθ

and ai(ρ) = bi
ρ

. Since ai(ρ) ≥ 2 and

1
2
≤ cos(π

3
− 2θ) ≤ 1, we conclude that ai(ρ) cos(π

3
− 2θ) ≥ 1. Hence, I ′′i (ρ, θ) ≥ 0,

for each i ∈ Bk. We note that when BSi is located on the x-axis (so that θi = π
6

or

7π
6

), then gi 6= 0, for any mobile located at angles θ ∈ [0, π
3
], and therefore g2i > 0.

We conclude that
∑

i∈Bk I
′′
i (ρ, θ) > 0. We deduce that I(ρ, θ) =

∑
i∈Bk Ii(ρ, θ) is

a strictly convex function of θ, for θ ∈ [0, π
3
]. Furthermore, I ′(ρ, π

6
) is equal to∑

i∈Bk −
ai(ρ)α

2

(
ai(ρ)2 − 2ai(ρ) cos(θi − π

6
) + 1

)−α
2
−1

sin(θi − π
6
) = 0. The equality

is proven by observing the symmetrical deployment of BS nodes. By substitution

of the angle θi = π
6

or 7π
6

, we observe that for a BSi located at polar coordinates

(ri, θi), we have I ′i(ρ,
π
6
) = I ′i(ρ,

7π
6

) = 0. Due to the symmetrical layout of assign-

ments in a reuse-k schedule, we note that for each transmission carried out by BSi

that is located at polar coordinates (ri, θi), where θi 6= π
6

or 7π
6

, there is always

another BS that is scheduled to share the same resource segment, denoted as BSj,

which is located at polar coordinates (ri,
π
3
−θi) such that I ′i(ρ, θ)+I ′j(ρ, θ) = 0, for

i, j ∈ Bk. Therefore,minθ I(ρ, θ) = I(ρ, π
6
) and, thus,maxθ SIR(ρ, θ) = SIR(ρ, π

6
).

Using these results, we conclude that maxθ I(ρ, θ) = I(ρ, 0) = I(θ, π
3
), by incor-

porating the following additional observations: a. A location with θ = 0 or π
3

identifies a position that is located farthest away from a position with θ = π
6
; b.
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SIR(ρ, 0) = SIR(ρ, π
3
) due to the symmetrical deployment of macro cells under

the homogeneous layout. Therefore, minθ SIR(ρ, θ) = SIR(ρ, 0) = SIR(ρ, π
3
).

Since the distance between the BS1 and the mobile that resides along BC(ρ)

attains its highest (lowest) value under θ = 0 or π
3

(θ = π
6
), we conclude that

corresponding mobile also monitors the lowest (highest) SNR, when compared

to those levels monitored by mobiles located alone this boundary. Therefore,

we conclude that a mobile that resides alone the boundary BC(ρ), monitors the

highest SINR level when it is located at the midpoint positions between any

neighboring vertices, while it records the lowest SINR values when it is located at

vertex point along this boundary.

2.C Proof of Theorem 2

The method used to prove this assertion is similar to that used in proving Lem-

mas 1 and 2, except that Eqs. (2.10) and (2.11) are modified to include the mBS

(if scheduled and active) transmissions that share the underlying resource seg-

ment. When the micro-to-macro transmit power ratio level (denoted as w = Pm
PM

)

is equal to 1, this operation is identical to operation 1, except that the radius of

each cell is now equal to R√
3
. Thus, the SIR experience by a mobile that locates at

a relative coordinate pair (ρ, θ) of a macro or micro cell is the same as that given

by Eq. (2.11). Therefore, the CMs are mobiles that are located at the vertices

of macro or micro cells. When the power ratio w ≤ 1, then the SIR levels expe-

rienced by the mobiles that reside at a relative coordinate pair (ρ, θ) of a macro
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and micro cell are given, respectively, by

SIRMBS(ρ, θ, w) =

1(
d1,m√

3

)α∑
i∈Mk

1(
di,m√

3

)α + w
∑

j∈mk
1(

dj,m√
3

)α

≥
1

dα1,m∑
i∈Mk

1
dαi,m

+
∑

j∈mk
1

dαj,m

= SIR(ρ, θ),

SIRmBS(ρ, θ, w) =

1(
d1,m√

3

)α
1
w

∑
i∈M ′k

1(
di,m√

3

)α +
∑

j∈m′k
1(

dj,m√
3

)α

≤
1

d′α1,m∑
i∈M ′k

1
dαi,m

+
∑

j∈m′k
1

dαj,m

= SIR(ρ, θ),

(2.12)

where Mk and mk (M ′
k and m′k) are the sets of MBS and mBS nodes that share

the same resource segment with the tagged source MBS (mBS) node, respec-

tively, and SIR(ρ, θ) is expressed by Eq. (2.11). The results above imply that

SIRmBS(ρ, θ, w) ≤ SIRMBS(ρ, θ, w) for w ≤ 1. We conclude that the SNR expe-

rienced by a mobile located at a relative coordinate pair (ρ, θ) of a macro-cell is

larger or equal to that monitored by a mobile that resides at the same relative

coordinate pair of a micro-cell.

By following the same methods used to prove Lemmas 1 and 2, we prove that

critical mobiles that are located at the vertices of a micro-cell’s boundary.

2.D Proof of Theorem 3

Consider a mobile that resides at a relative coordinate pair (ρ, θ) of macro-cell 1,

where ρ ∈ [0, 1] and θ ∈ [0, π
3
]. Following the failure of MBS1, and observing the

layout’s symmetrical configuration, we assume this mobile to now associate with

the macro or micro BS node that is at a location that is closest to its position

(e.g., MBS4 in Fig. 2.2). The SIR experienced by the mobile is calculated by

using Eqs. (2.11) and (2.10), where, for the illustration shown in Fig. 2.2, d1,m is

replaced with d4,m. Noting that MBS4 serves now as the (post failure) base station
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node which delivers packets to the targeted mobile. By applying methods that

are similar to those used in proving Lemmas 1 and 2, we readily prove that, given

any θ ∈ [0, π
3
], the post-failure SIR(ρ, θ) function is a monotonically increasing

function of ρ. This result is also shown to hold when the mobile residing in a

failed cell associates with an mBS node. In addition,a mobile residing at the

center of the failed MBS1 cell is located farthest from the new BS node with

which it associates. Hence, when examining all mobiles located in the failed cell,

the lowest SNR level is experienced by a mobile that is located at the center of

the failed cell. We conclude that the lowest SINR level is recorded by a mobile

that is located at the center of failed cell.

2.E Proof of Theorem 4

Under this configuration, by activating only those identified MBS nodes (i.e., the

shadowed MBS nodes in Fig. 2.2), we obtain a symmetrical layout of active MBS

nodes. We observe that the resulting configuration is identical to that represented

by the pre-failure homogeneous layout except the radius of the post-failure acti-

vated macro-cell is set as equal to
√

3R. Consequently, by applying the results of

Lemmas 1 and 2, we conclude critical mobiles to be located at the center of failed

and of deactivated cells.

In comparing the two activation cases, we note that under the partial activation

case since only half of the MBS nodes are activated, the SIR levels monitored by

critical mobiles are always higher than or equal incurred under the full activation

case, when all neighboring MBS nodes are activated. In noting this scenario,

we recall the result presented by Theorem 3 stating the centrally located mobile

to experience the lowest SINR level under the post-failure full activation case;

hence, such a mobile will be identified as the CM for both activation cases. In

addition, since the distances between a CM and its associated post-failure MBS

node are the same under these two activation cases, the SNR levels experienced

by the CMs under both of the cases are equal. We conclude a CM to experience
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a higher SINR level under a partial activation configuration when compared to

that incurred under the full activation case.

2.F Proof of Theorem 5

We consider an arbitrary bandwidth allocation schemeNk = {Nk,1, Nk,2, . . . , Nk,k},

whereNk,s ≥ 0 and
∑k

s=1Nk,s = N . We assume that ηFk,j(Nk,j) = mins ηFk,s(Nk,s).

Using Eq. (2.6), we have ηFmk (Nk) = ηFk,j(Nk,j). From Lemma 4, we conclude

ηFk,s(Nk,s) to be a linear function of Nk,s. If the efficiency levels attained un-

der the given bandwidth allocation pattern are not all equal to each other, we

show in the following that the efficiency level ηFmk (Nk) can be improved by ap-

plying the following bandwidth allocation scheme N ′k = {N ′k,1, N ′k,2, . . . , N ′k,k},

where N ′k,j > Nk,j and N ′k,l < Nk,l such that ηFk,j(N
′
k,j) = mins ηFk,s(N

′
k,s) and∑k

s=1N
′
k,s = N .

Then, we obtain ηFmk (N ′k) = ηFk,j(N
′
k,j) > ηFmk (Nk) = ηFk,j(Nk,j). we con-

clude that the best bandwidth allocation must provide for equal corresponding

efficiency levels (since otherwise, the efficiency can be improved; noting that an

equal efficiency allocation pattern results in a unique allocation scheme):

N∗k,1Bc

B
log2

(
1 + γFk,1

)
=
N∗k,sBc

B
log2

(
1 + γFk,s

)
, (2.13)

where s = 1, 2, 3, . . . , k. Consequently, we conclude the optimally allocated band-

width levels N∗k,s to be given by Eq. (2.9), ∀s = 1, 2, 3, . . . , k.
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CHAPTER 3

Optimal Downlink and Uplink Fractional

Frequency Reuse in Cellular Wireless Networks

I Introduction

Efficient scheduling and resource allocation for packet transmissions over dense

wireless cellular network systems, using small cell deployments, are tasks of pri-

mary importance. Fractional Frequency Reuse (FFR) schemes (see [7]) serve as

effective methods for mitigating the impact of inter-cell interference signals on the

reception of messages targeted to and originating by mobiles that reside near the

edge of a cell. FFR schemes are readily implementable, requiring no BS or mobile

modifications, in that they employ control procedures that are embedded with

current cellular system Standards based implementations. Such operations have

been made part of the ICIC (Inter-cell interference coordination) scheme that has

been introduced in 3GPP release 8 [33]. Under an FFR scheme, each cell is parti-

tioned into two zones, identified as interior and exterior regions. Mobiles located

in an interior (or exterior) region are scheduled by using a reuse-1 (or reuse-3)

scheme. For a dynamic FFR scheme, FFR parameters are controlled dynamically

by monitoring the cell’s channel quality and traffic loading conditions [40–42]. In

turn, under a static FFR scheme, system parameters are adjusted in accordance

with longer term statistics collected by a system’s management station [43].

In this chapter, we develop methods for the optimal configuration of the FFR
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schemes, and then study the long-term performance behavior for downlink and

uplink transmissions. We consider a static FFR scheme and optimally configure

it by classifying mobiles in each cell into interior and exterior groups and allocat-

ing resources to the mobiles. It yields high system throughput while maintaining

absolute or proportional fair allocation of resources among the mobile users. Un-

der an absolute fairness metric, the system manager guarantees each mobile (in

a cell) with a minimum level of quality of service (QoS). Such performance guar-

antees are made to a mobile independently of its location in a cell, and are of

essential importance when configuring the system to provide for the distribution

of public safety packets and critical message flows. In turn, under a proportional

fairness metric, the manager is able to guarantee each user with effectively the

same transmission dwell time across the allocated wireless channel. The modeling

and analysis of such systems are challenging tasks. In particular, it is essential to

develop the lower complexity of mathematical models that account for the impact

of downlink and uplink interference signals and enabling the use of analytical eval-

uations that provide for the optimal configuration of the FFR-based scheduling

system.

To provide the ultra-high throughput rates required today for the provision of

video streaming and high speed data flows, it is universally recognized that small

cells must be deployed. Such a configuration however leads to potentially high

inter-cell interference conditions, driving the system to operate at an interference

limiting mode. In this chapter, we examine the role undertaken by FFR schemes

in managing the sharing of system resources under such small cell deployment

scenarios. BS nodes are assumed to be equipped with either omnidirectional

or directional antennas. We assume the use of adaptive-rate scheduling schemes.

Base station (BS) nodes and mobile stations are assumed to not engage in transmit

power control adaptations. The use of power control methods can be useful for

mitigating interference problems, such as near-far or spectral leakage problems. A

mobile that is located closer to the BS tends then to lower its transmit power level.

In this chapter, for the scheduling schemes under consideration, a specific resource
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block (e.g., time × frequency) is assigned to a scheduled user. We assume perfect

orthogonality between resource blocks so that no cross resource block leakages

occur. For mitigating inter-cell interference, the use of power control to further

mitigate inter-cell interference can be added on top of the coordinated execution of

the FFR scheme to further enhance the system’s performance. Such a mechanism

is out of scope of the study carried out in this chapter.

For downlink transmissions, we prove in the following that the highest through-

put is attained by mobiles in the following manner. Each mobile calculates the

ensuing downlink spectral efficiency (SE) levels attained when it is scheduled (at

its current location) through the employment of reuse-1 and reuse-3 schemes. The

scheme that yields the higher SE value is then selected to characterize the user

as an interior or exterior mobile. In turn, for uplink transmissions, to reduce the

analytical complexity of the calculation that is performed to determine the corre-

sponding classification, we use a simple model. A mobile is assumed to determine

its classification based on its distance from its BS node. Consequently, we identify

this operation as a distance-based classification. The distance threshold level that

yields the highest system throughput is determined. Of course, a corresponding

SINR threshold level can then be computed as well. For both downlink and uplink

transmissions, we develop mathematical models that provide for the calculation of

expressions that approximate the probability distribution functions of the signal

interference levels experienced at the targeted receivers. We also study the im-

pact of the classification process upon the incurred level of inter-cell interference,

identifying its particular significant impact on uplink message transmissions.

The analyses presented in this chapter lead to the following key results. We

show the directional-FFR (denoted as D-FFR) system to display performance be-

havior that is distinctly better than that exhibited by omnidirectional-FFR (de-

noted as O-FFR) systems. In comparing the performance behavior of the system

under FFR and non-FFR schemes, for both antenna configurations, we deduce the

following key conclusions. Under an absolute fairness objective, the use of an opti-

mal FFR scheme leads to distinct performance enhancement, when compared with
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that exhibited by using a non-FFR scheme. In turn, under a proportional fairness

objective, reuse-1 scheduling schemes are shown to yield performance behavior

that is similar to that displayed by the optimal FFR schemes. A much higher

average throughput capacity is attained when imposing a proportional fairness

metric, as compared with that achieved under the absolute fairness objective. In

turn, when examining the 5%-tile throughput, the system provides a much im-

proved performance. The use of an absolute fairness constraint is particularly

suitable for communications that is used for public safety purposes. In turn, a

proportional fairness constraint is beneficially employed for the support of appli-

cations that are used for entertainment purposes (including such video streaming

scenarios).

In examining the calculated distributions of uplink interference signals induced

by employing the underlying FFR schemes, as they depend on the imposed clas-

sification process, we show the mean and standard deviation of the inter-cell in-

terference power values to be highly impacted by the coordinated scheduling of

uplink transmissions executed by interior mobiles in other area cells. In turn, dur-

ing the time periods in which exterior mobiles are scheduled, a much lower such

sensitivity is noticed. The mean and variance of the aggregate (interior and exte-

rior) uplink interference levels under O-FFR schemes are significantly larger than

those induced under D-FFR schemes. When a larger distance threshold value is

set for the classification of interior and exterior mobiles (so that a lower number

of boundary users are categorized as exterior ones), higher mean and variance

levels are observed for the resulting aggregate interior uplink interference signals.

In turn, the variation of the latter distance threshold does not impact in a sig-

nificant way the aggregate interference power that impacts uplink transmissions

by exterior users. For downlink transmissions, the induced inter-cell interference

levels are not as affected by the classification process.

The contributions of this chapter are summarized as follows:

1. We derive approximate closed-form mathematical expressions for calculat-
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ing the probability distributions of interference signal levels measured at

destined receivers. We account for the impact of the classification process

of the FFR schemes on inter-cell interference power levels.

2. We examine the system’s performance behavior, in terms of its attained av-

erage and 5%-tile throughput rates, under the use of omnidirectional and

directional antenna systems, considering both uplink and downlink trans-

missions, proportional and absolute fairness metrics, under reuse-1, reuse-3

and FFR scheduling schemes.

3. We study the performance effectiveness of FFR schemes for each configu-

ration, and determine the optimal configuration of such a scheme, for each

system configuration.

4. In comparing the performance of each scheme, we conclude the best config-

uration to be used in each scenario.

The chapter is organized as follows. Related works are discussed in Section II.

The system model is presented in Section III. In Section IV, we evaluate the

system’s downlink and uplink performance behavior, when subjected to per-user

absolute and proportional fairness objectives. In Section V, we derive mathemat-

ical expressions that we use for calculating the downlink and uplink interference

levels experienced at a mobile station and at a BS. The optimal joint bandwidth

division and classification assignment problems for the underlying FFR scheduling

schemes, under absolute and proportional fairness requirements, are formulated

and studied in Section VI. In Section VII, we evaluate and discuss the system’s

performance behavior when regulated by the derived scheduling schemes. Con-

clusions are drawn in Section VIII.

II Related works

Downlink scheduling schemes for cellular wireless networks that employ FFR

techniques have been well studied (see, for example, [24–26,42–52]. See also [43–
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45,50–53], where the authors study optimal FFR system configurations. The stud-

ies presented in [45, 50–52] use single threshold mechanisms, either SINR-based

or distance-based, to classify mobiles as either interior or exterior clients, where

SINR denotes the signal-to-interference-plus-noise ratio experienced at the mobile

and the corresponding distance measure accounts for the range between the mobile

and the associated BS. In [43], the authors propose an optimal FFR and power

control scheme to effectively coordinate transmissions in a manner that mitigates

signal interference. The objective of the paper is to maximize the sum of the long

term log-scale throughput realized by the cell users. In [44], aiming to classify

client mobiles into interior and exterior regions, the authors present a configura-

tion and a resource allocation method that is effective in the limiting case under

which the number of users and the system’s total bandwidth level tend to become

very high. No fairness metrics are imposed in guiding the allocation of resources to

cell mobiles. In [45], the authors strive to maximize the downlink average system

throughput by deriving an optimal distance threshold of an FFR scheme. The

paper considers a fairness objective in scheduling system resources that is based

on the use of a round robin (RR) scheme and observed maximum SINR levels,

assuming omnidirectional antenna systems to be employed. In [50], an optimal

distance threshold is determined, under observed values for the number of mobiles,

per location, and of the corresponding widths of allocated sub-carriers (frequency

bands). In [51], the authors assume prescribed bandwidth levels to be allocated to

interior and exterior regions, examining the system’s downlink throughput perfor-

mance under the setting of different boundary range levels. However, no fairness

constraints are imposed. In [20], we study the structure of an optimal configura-

tion of a downlink FFR scheme under the use of an absolute fairness constraint

by considering both directional and omnidirectional antenna modules. In turn, in

this chapter, we study the optimal configuration of FFR scheduling schemes based

on the use of proportional (as well as absolute) fairness objectives, considering

both uplink and downlink scheduling operations, and employing omnidirectional

or directional antenna arrays.
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Several papers have been published in addressing the configuration and per-

formance of uplink FFR schemes in cellular wireless networks (see, for exam-

ple, [53–56]. In [54, 55], the authors present analytical approaches to model the

aggregate uplink inter-cell interference. In [56], the authors analyze an uplink’s

worst case scenario, as it relates to the realized Signal to Interference Ratio (SIR)

levels. However, we note that these works do not characterize the distributions

of interference signal levels that are realized under the employment of directional

antenna arrays at the BS nodes. In [53], an analytical model for calculating the

system’s throughput and outage probability under uplink FFR schemes is pre-

sented. Yet, this model imposes no fairness constraints, no optimal bandwidth

allocation scheme is derived, and no directional antenna arrays are employed.

The mathematical models that we use in this chapter to derive approximate

expressions for the probability distributions of inter-cell downlink and uplink in-

terference power levels are based on using a fluid model approach. Such models

have also been used, for example, in [57–59]), whereby the deployment layouts of

BS and mobile nodes are described as continuums. Yet, we know of no published

studies that present closed-form expressions for the interference levels incurred

at the targeted receivers for systems that employ directional antennas, especially

when uplink transmissions are considered.

Published studies have not yet addressed the overall optimal configuration of

downlink and uplink FFR schemes, involving the joint setting of the bandwidth

levels allocated to interior and exterior regions, and the specification of the re-

gional boundary (and thus the mechanism to be used by a mobile to be recognized

as interior or exterior one), in striving to maximize the system’s throughput ca-

pacity, under the imposition of an absolute or proportional fairness metric. We

have also not identified chapters that study the distribution of the inter-cell up-

link interference levels as impacted by the setting of different directional FFR

configurations.
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III System Model

We consider a cellular network such as a LTE network whereby each cell is man-

aged by a BS node that employs omnidirectional or directional antennas [8, 33].

We assume the cellular network to be highly loaded, operating in a region that

involves highly active mobiles. At any time instant, there is always at least a

single mobile station that is expecting to send or receive packets to/from its asso-

ciated BS node. Hence, a dense deployment of BS nodes is undertaken, inducing

the system to operate in an interference-limited mode. We assume a model under

which, during a scheduling time period, mobile locations are held stationary. Yet,

to account for the stochastic variations of the positions of mobiles within each

cell, we assume that during such a period, a mobile is located at a random cell

position.

To simplify the underlying mathematical analyses, we assume BS nodes to

be situated in the region in accordance with a grid configuration. This model

allows us to identify in a clear manner the potential advantages in using FFR

schemes, without having to separately analyze those gain or loss components that

are induced by specific geographical location asymmetries. The use of a grid model

for carrying out such performance analyses is well accepted and has been widely

employed in evaluation and design studies (see for example [45, 46]) and in LTE

standard documents [8, 33]. We model each cell to span a hexagonal disk area,

whereby its radius R denotes the distance from the central BS node to each one

of the cell’s peripheral vertices. The coordinates of the location of the i-th BS

(denoted as BSi) in polar form are set as (ri, θi). BS0 is assumed to be positioned

at coordinates (r0, θ0) = (0, 0). Thus, ri represents the distance between BSi

and BS0 and θi is an angle that is measured in reference to the x-axis, where

θi ∈ [−π, π], for i ≥ 1.

Consider first the case under which BS nodes use directional antenna beams.

Each cell is then subdivided into Nsec sectors, whereby each sector is served by

a single antenna beam. The antenna gain (in units of dB) for the s-th sector is
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given (as specified in an LTE standard document [35]) as

As(θ) = −min

[
12

(
θ − θs
θ3dB

)2

, Am

]
+ 7 (dB), (3.1)

where the transmit angle θ ∈ [0, 2π] is measured in reference to the x-axis; θs =

(2s−1)π
Nsec

is the angle of the main beam for s-th sector; θ3dB = 7
18
π represents the

antenna’s 3dB beamwidth; and Am = 20 (dB) is equal to the highest attenuation

value for the sidelobe of the directional antenna. In turn, when an omnidirectional

antenna is employed, we set Nsec = 1 and the antenna gain (also see [35]) is set

as As(θ) = 5 (dB), for θ ∈ [0, 2π].

The transmit power levels used by each BS node and by each mobile are set

equal to Pb and Pm, respectively. No power control adjustments are assumed. The

prescribed bandwidth levels allocated for the downlink and uplink transmissions

are set equal to BD and BU , respectively. For each employed uplink or downlink

communications channel, the propagation gain function is commonly modeled as

Gi,j,s(θ) =
As(θi,j)Ki,j

dαi,j
, (3.2)

where di,j, θi,j and Ki,j represent the distance, transmission angle and path loss

factor (which accounts for absorption and penetration losses) involved with the

link connecting transmitter i to receiver j. The parameter α ∈ [2, 4] represents

the path loss exponent. To simplify our analyses in studying the performance

behavior of the FFR schemes under consideration, and in comparing their rel-

ative performance behavior, we do not account for the occurrence fading based

degradations across the wireless links. Such occurrences will induce additional

stochastic variations in the power of intended and interference signals that tend

to lead to further performance degradations. We however note that our analy-

ses can be modified to include fading factors (e.g., by adding a stochastic loss

component that accounts for slow fading phenomena which is often assumed to

be governed by a Lognormal distribution, as represented by typical LTE channel
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models [60,61]). Such evaluations are out of scope for this chapter. Our modeling

assumptions have resulted in simplified mathematical analyses that have allowed

us to focus on the relative advantages of using FFR schemes under a multitude of

system configurations and service fairness objectives. Clearly, fading occurrences

will induce additional stochastic variations in the power levels of intended and

interference signals, tending then to lead to further performance degradations.

It is noted that assigned uplink and downlink resources are distinct. Distinct

values are assumed in our mathematical models for uplink and downlink channel

gains. In comparing the values assumed by the components used in Eq. 3.2 to

calculate the channel gain, we note that uplink and downlink absorption factors

(Kij and Kji) may differ from each other. However, the latter coefficients will

be canceled under an interference limited operation, when calculating the SINR

level experienced at an intended receiver, whether across an uplink or downlink

channel. Hence, the corresponding mathematical analysis is equivalent to that

carried out under the assumption that G(n, 0, s) = G(0, n, s). The calculation is

readily carried out in the manner discussed in the chapter also when distinct uplink

and downlink channel gains are involved and the operational mode is impacted

by background noise.

For downlink traffic flows, we assume that each BS node receives packets from

a backhaul network and directs these packets to its client mobiles. We assume

each cell to serve NC mobiles, which are uniformly distributed across the cell’s

area. Relating to uplink transmissions, we assume cell mobiles to be active in a

statistically random and identical manner. To simplify our evaluations and clarify

the operational performance trends, we assume that each cell supports the same

uplink (downlink) flow rate as that carried by any other cell.

BS and mobile transceivers are assumed to employ adaptive-rate operations.

Once the SINR level experienced at a receiver is evaluated, the code-rate required

to attain a negligible bit error rate at the receiver is calculated by using Shannon’s

capacity expression for Additive White Gaussian Noise (AWGN) communications
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(a) Omnidirectional FFR.
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(b) Directional FFR.

Figure 3.1: Omnidirectional and directional FFR scheduling schemes.

channels. In turn, given such a SINR value, one can replace this calculation by

one that determines the code rate attained under a specified Modulation/Coding

Set (MCS), aiming to meet a prescribed Bit-Error-Rate (BER) target level, when

examining a system that provides a discrete set of such MCS schemes.

IV Throughput Capacity Analysis for FFR Schemes

In this section, we analyze the system’s performance under Frequency-Division

Multiple Access (FDMA)-based reuse-1, reuse-3 and Fractional Frequency Reuse

(FFR) schemes. 1. Under a reuse-1 scheduling scheme, BS nodes do not need

to coordinate the allocation of spectral or temporal resources for downlink (or

uplink) transmissions. Each BS nodes can make independent use of a shared (up-

link or downlink) resource set. 2. Under a reuse-3 scheduling scheme, (downlink

or uplink) resources are divided into 3 subsets; neighboring cells (or sectors) are

scheduled to use distinct resources; non-neighboring cells (or sectors) can reuse

the same resource sets. The scheduled synchronized use of resource subsets (in

the frequency or temporal domains) are conventionally coordinated among neigh-
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boring BS nodes (as accommodated by existing control signaling structures). 3.

Under an FFR scheme, user stations in each cell are divided (in accordance with

the methods described in the chapter) into two groups: mobiles that belong to an

internal group of a cell employ a reuse-1 scheme, while those that belong to an

edge (or external) group, employ a reuse-3 scheme (hence mitigating the impact

of interference signals for edge users) (see Figure 3.1).

The FDMA-based schemes are readily mapped into corresponding Orthogonal

FDMA (OFDMA)-based allocations that involve partitioning the frequency band

into several Physical Resource Blocks (PRBs) [6]. We assume BS nodes in the

area of operations to coordinate the transmission schedules of their interior and

exterior mobiles, so that common time periods are used for transmissions by

mobiles belonging to a single class, region-wide. In addition, a frequency division

duplex (FDD) operation is used to separate uplink and downlink transmissions.

The classification of a mobile under an FFR scheme is commonly based on its

measured SINR level. In turn, it can also be based on the distance (DS) between

the mobile and its BS node [50–52]. A mobile whose average SINR level is larger

than (or equal to) an SINR threshold level (or, in turn, whose distance from the BS

is determined to be lower than or equal to a distance threshold, denoted as Rth),

is classified as an interior mobile. Otherwise, it is classified as an exterior mobile.

We identify here this procedure as a mobile-SINR (or mobile-DS, respectively)

based classification scheme.

Definition 3. Under a fractional frequency reuse (FFR) method, interior users

are identified as members of user class-I and exterior users are set to be members

of user class-E. Each BS node schedules the transmission of messages of its class-

c mobiles, using a reuse-kc scheme. In this manner, a fraction of 1
kc

of the class-c

mobiles are scheduled to share a common frequency band, whose width is denoted

as Bc. A typical implementation is illustrated in Figure 3.1, where c = I, E, and

kI = 1 and kE = 3.

Due to the symmetric nature of the layout, the analysis carried out in the
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following is focused on a targeted message transmission across a single cell (i.e.,

the one that is managed by BS0 as shown in Figure 3.1). We first derive the

induced (instantaneous) spectral efficiency level (in units of bps/Hz/user). We

subsequently obtain the attained (spatially averaged) system throughput (in units

of bps/Hz/Cell), under the imposition of absolute and proportional fairness con-

straints, in using the underlying FFR schemes.

IV.1 Instantaneous Spectral Efficiency for FFR Schemes

IV.1.1 Downlink FFR Schemes

Under a downlink FFR scheduling scheme, the corresponding spectral efficiency

recorded at different locations across the cell that is managed by BS0 is calculated

as follows. When directional antennas are used for downlink transmissions, we

hereby assume that each sector is served by a separate radio transceiver, re-using

the same frequency band over each sector. The channel gain for a link involving

a signal transmitting source at BSi and a receiving mobile station n of class-c

(denoted as MSc,n) is denoted as Gi,n, for i = 0, 1, . . . , and is given by Eq. (3.2),

for c = I, E. We perform our analyses by considering a tagged mobile, identified

as MSc,n, which we assume to be located at sector-s of cell-0 (which is governed

by BS0).

The downlink SINR level recorded at MSc,n (denoted as γDc,n), for c = I, E,

is calculated as follows:

γDc,n =
G0,n,sPb∑

i∈MDc

∑Nsec

j=1 Gi,n,jPb +
∑Nsec

j 6=s G0,n,jPb
, (3.3)

where Pb is the transmit power level of each radio transceiver operating at a BS

node. The set MDc consists of the BS nodes that share the same downlink resource

segment used by BS0, under the employed reuse-kc scheme. The bandwidth level

allocated to class-cmobiles is denoted as BD,c; it will be calculated in the following.

The parameter Gi,n,j represents the channel gain that characterizes the link that
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connects the sector-j transmitter at node-i with destination MS node n. No noise

power term is included since the system is assumed to operate in interference-

limited mode. We note that the downlink SINR level depends on the resource

reuse level (along the spectral, temporal and spatial dimensions) that is employed

by the scheduling scheme and is not impacted by the applied classification method.

The spectral efficiency (SE) level realized at MSc,n is denoted as ηDc,n . It

expresses the data rate per unit bandwidth that can be achieved in conducting

such transmissions when using the underlying FFR scheme. It is given as:

ηDc,n =
1

kc
log2

(
1 + γDc,n

)
, (3.4)

where c = I, E.

IV.1.2 Uplink FFR Schemes

In this section, we consider the SINR and spectral efficiency levels induced by the

use of the uplink FFR scheduling schemes. To avoid severe intra-cell interference

effect that may occur when a directional antenna system is employed, uplink

transmissions that are executed within different sectors in a cell are assumed to

be allocated different radio resources (i.e., time or frequency).

We denote the distribution of the uplink inter-cell interference power experi-

enced at the receiver of BS0 from the scheduled class-c mobiles of the other cells

as Ic and Ic(x) = Pr(Ic ≤ x), for c = I, E. As the system operates in interference-

limited mode, the SINR level recorded at BS0, as it relates to the reception of an

uplink message transmitted by an MSc,n, when the corresponding uplink interfer-

ence power is equal to x, is expressed as γUc,n(x) ≈ G0,n,sPb
x

, for c = I, E.

Under an uplink FFR scheme, each sector of a cell is allocated an uplink

bandwidth level of BU
Nsec

. The corresponding spectral efficiency (SE) level (in units

of bps/Hz/user) achieved by a transmitting MSc,n is denoted as ηUc,n , c = I, E. It

is obtained by calculating the ratio of the user’s attainable uplink data rate and
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the total uplink allocated bandwidth level, and is thus given as:

ηUc,n =

∫
1

kcNsec

log2

(
1 + γUc,n(x)

)
dIc(x). (3.5)

In the following, we derive the system throughput (in units of bps/Hz/Cell)

that is attained by the FFR schemes under absolute and proportional fairness

requirements.

IV.2 Fairness Constraints under FFR Schemes

In each cell, the sharing of uplink and downlink channel resources among mobiles

that belong to difference classes (i.e., interior vs. exterior class mobiles) is per-

formed on a frequency division basis. Thus, such mobiles communicate in a time

simultaneous basis using distinct frequency bands. In turn, mobiles that belong to

the same class are assumed to share uplink and downlink communications channel

resources within each sector (or cell) on a time division basis. As described in the

following, the allocation of cell resources is regulated by using either absolute or

proportional fairness schemes.

IV.2.1 Absolute Fairness

Under an absolute fairness sharing objective, a BS node aims to maximize the

average throughput while allowing each active mobile a minimal level of service

rate for uplink and downlink communications. Such a fairness objective is often

also identified as maximum fairness (see [6]). To achieve this aim, we assume

active users in each sector (the number of which is equal to NS) to be equally

loaded, in considering traffic loading conditions that attain the highest feasible

throughput. Thus, we assume that each active user is permitted to receive (for

downlink transmissions) or send (for uplink operations) an equal number of L

payload batch bits per cycle (also identified as a super-frame). The time duration

of this cycle is equal to the time period that all user classes complete their single

56



batch communications. Since the service time per cycle of a class of users may

vary from class to class, we conclude the corresponding cycle time to be equal

to the duration of the longest such period. The corresponding attainable average

throughput (in units of bps/Hz/Cell) is denoted as E[RAF ]), which is calculated

as follows:

E[RAF ] =
Nsec

B′
NSL

maxc(
∑

n∈Sc
L

Bcηkc,n
)
, (3.6)

where Sc represents the set of class-c mobiles residing in a sector; B′ represents

the bandwidth allocated for message transmissions, setting B′ = BD for downlink

transmissions and B′ = BU for uplink transmissions; the corresponding bandwidth

allocation for class-c users is denoted as Bc, for c = I, E, so that BI +BE = B′.

Assuming user locations to be uniformly distributed across the cell area, we

conclude the averaged throughput to be calculated as:

E[RAF ] =
Nsec

B′

[
max
c

(
Cc
Bc

)]−1
, (3.7)

where Cc is given as

Cc =

∫∫
Ac

1
aS
rdrdθ

ηc(r, θ)
, for c = I, E. (3.8)

where Ac is the area where the set of class-c mobiles reside in a sector, ηc(r, θ) is

the SE level experienced by a class-c mobile that is located at (r, θ), and aS = NS
Ac

.

We note that metric Cc is proportional to the average of the aggregate time period

taken by active class-c mobiles to transmit or receive their allowed a unit data of

their message batches within a single cycle or super-frame, per unit bandwidth.

IV.2.2 Proportional Fairness

Under a proportional fair scheduling scheme, communications resources are al-

located among class-c active users of a cell (which share a common frequency
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band), for c = I, E, in a time-division manner that aims to maximize the average

of the aggregate of the logarithmic value of user throughput [6, 22, 59]. The cor-

responding optimization problem that is solved to determine the best fractional

time allocation is given as:

Maximize
N∑
n=1

log (Tnηn)

subject to Tn ≥ 0, for n = 1, 2, . . . , N,
N∑
n=1

Tn = 1,

(3.9)

where Tn is the fraction of time allocated to a mobile-n, and ηn is the SE experi-

enced at this mobile. The solution to this problem yields the following result:

Theorem 6. Under a proportional fairness criterion, mobiles are allocated across

the cell (over the uplink or downlink shared resources) equal dwell times. Hence,

the optimal fractional access time period assigned to user n (i.e., T ∗n), in sharing

the allocated resource among N users, is set equal to 1
N

, for n = 1, 2, . . . , N .

Proof. To maximize
N∑
n=1

log (Tnηn), one needs to maximize the term
N∏
n=1

Tn, not-

ing that
N∏
n=1

ηn is not impacted by the time period assignment that specifies Tn.

Since
N∑
n=1

Tn = 1, we note that the following lower bound applies: T1+T2+···+TN
N

≥

N

√∏N
n=1 Tn. Equality for this bound is achieved iff T1 = T2 = · · · = TN = 1

N
.

We conclude that the (spatially averaged) proportional fair throughput capac-

ity, per unit bandwidth, expressed in units of bps/Hz/cell and denoted as E[RPF ],

is given by:

E[RPF ] = Nsec

∑
n∈SI

BI
NI
ηI,n +

∑
n∈SE

BE
NE
ηE,n

B′
= Nsec

BIN
NINsec

DI + BEN
NENsec

DE

B′
,(3.10)

where Nc denotes the number of class-c mobiles residing in a sector and Dc rep-
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resents the following integral:

Dc =

∫∫
Ac

ηc(r, θ)
rdrdθ

aS
, for c = I, E, (3.11)

which conveys the spectral efficiency recorded by a class-c mobile, averaged with

respect to the spatial distribution of this class mobiles.

V Downlink and Uplink Interference Analyses for FFR

Schemes

The calculations of system’s spectral efficiency presented in Eqs. (4) and (5)

require the mathematical computation of the interference levels monitored by

nodes that receive intended messages across uplink or downlink channels. This is

a mathematically challenging task. Our approach here is consequently to develop

and study a method that is used to mathematically calculate approximate expres-

sions for the distributions of the involved interference signal power levels. For this

purpose, we proceed to calculate the first two moments of the related interference

signal levels and then incorporate these results into mathematical expressions that

are used to compute the ensuing SINR and spectral efficiency levels. Due to the

complexity of the involved formulas, the resulting integrals are computed through

the use of numerical integration procedures. The corresponding computational

complexity of the system’s performance metrics is noted to be low (and inde-

pendent of the number of user mobiles). Furthermore, through comparison with

simulation analyses, we show our mathematical models to yield highly accurate

results.

In the following, we present simplified procedures for these calculations. They

are based on the use of fluid process approximations. Fluid models have been

used in [62–64] for the calculation of interference levels that are recorded in Code-

Division Multiple Access (CDMA) networks for downlink transmissions. The

basic approach is to model the deployment of BS nodes as a continuum over the
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area of operations for downlink transmissions. The papers using such models for

downlink operations are noted to generally assume that omnidirectional antennas

are used at BS nodes. In contrast, the fluid modeling based analyses presented

in this chapter involve both uplink and downlink operations and also account for

the use of directional (sectorized) antenna modules.

V.1 Downlink Interference Analysis

For modeling the interference processes induced at mobiles when considering

downlink transmissions, we represent the locations of BS nodes as dictated by a

fluid process. Accordingly, BS nodes are assumed to be distributed over the area

of operation in a continuum manner, at a prescribed spatial density. This density

is denoted as ρb = 1
aC

, where aC is the effective coverage area associated with each

single cell. Under a reuse-k scheme, the density of scheduled BS nodes that are

assigned to employ a given resource is thus equal to ρb
k

= 1
kaC

. Under the fluid

model, each cell is assumed to cover a circular area whose effective radius is set

equal to RE =
√

3
√
3

2π
R such that the area of this circular region is equal to that

of a hexagonal cell with radius R.

We define RC =
√
3
2
R and set RN as the effective radius of the area of oper-

ations being examined, relative to the performance analysis carried out for com-

munications in cell-0. It is used as a parameter (for the underlying mathematical

analysis) that limits the range of operations within which active nodes have mean-

ingful impact on the aggregate interference level recorded at the receivers of nodes

residing in cell-0.

Consider a BS node that is assigned a prescribed resource segment used by BS0,

for spatial-reuse by downlink transmissions across each of its sectors. Assume this

BS node to be located at coordinates (r, θ) relative to the location of MSc,n that

is a class-c mobile and is located at coordinates (rn, θn) of sector-s in cell-0, for

c = I, E. Note that MSc,n is served by its associated BS0 under a reuse-kc scheme.

This BS node induces an interference signal at MSc,n whose power is equal to
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PbKA(θ)
rα

, where r ∈ [2
√
kcRC , RN ], rn ∈ (0, RE], θ ∈ [0, 2π] and θn ∈

[
(s−1)2π
Nsec

, s2π
Nsec

]
.

A sectorized cell consists of Nsec sectors; the corresponding antenna gain A(θ) is

noted to be a periodic function of θ, with an angular period that is equal to 2π
Nsec

(i.e., As(θ) = A(θ+ (2π−1)π
Nsec

)). The aggregate interference level recorded by MSc,n,

under a downlink reuse-kc scheme, is given as:

IDkc,n = IDkc,n,inter + IDkc,n,intra

≈
∫ 2π

0

∫ RN−rn

2
√
kcRC−rn

ρb
kc
PbKr

−αA(θ)rdrdθ +
Nsec∑

j=1,j 6=s

PbKr
−αAj(θ)

=
χρbPbK

[
(RN − rn)−α+2 −

(
2
√
kcRC − rn

)−α+2
]

kc(−α + 2)
+

Nsec∑
j=1,j 6=s

PbKr
−αAj(θ)

≈ χρbPbK

kc(α− 2)

(
2
√
kcRC − rn

)−α+2

+
Nsec∑

j=1,j 6=s

PbKr
−αAj(θ).

(3.12)

The first and second terms included in the first line represent respective inter-cell

(denoted as IDkc,n,inter) and intra-cell interference signal power values (denoted as

IDkc,n,intra). The expression included in the last line represents an approximation

that is induced by the relatively large value of RN . The constant term χ defined

as equal to
∫ 2π

0
A(θ)dθ. The latter formula for the aggregate interference power is

inserted into Eq. (3.3) to yield a mathematical expression for the downlink SINR

level monitored by MSc,n.

V.2 Uplink Interference Analysis

By using central limit theorem, we use a Gaussian distribution (see [57]) or,

alternatively, a Log-normal distribution (see [58]) to model the aggregate uplink

inter-cell interference power recorded at BS0. In either case, we set these distri-

butions to assume the same first two moments as those calculated through our

analysis. To assess system performance, we then proceed to use both distributions

in our performance evaluation models and analyses. We subsequently compare the

ensuing performance results with those obtained under Monte Carlo simulation
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to select the best fit.

Assume first the system to use directional antennas. To avoid intra-cell in-

terference signals when considering multiple simultaneous uplink transmissions

initiated by stations that belong to the same cell, (time or frequency) distinct

resources are allocated for such transmissions. The orthogonality of such allo-

cations can be attained spectrally or temporally. Accordingly, we consider two

such resource allocation schemes under a sectorized operation. The first scheme

(denoted as uplink D-FFR-1) is based on frequency-division scheduling, so that

different frequency bands are assigned over each sector. In each sector, a sin-

gle mobile (at a time) is scheduled to transmit its messages across the uplink

channel. The second scheduling scheme (denoted as uplink D-FFR-2) is based

on time-division scheduling, while the same frequency band is employed in each

sector. A single mobile is scheduled to execute uplink transmissions at a time,

independently of its sector’s location. When omnidirectional antennas are used,

the employed scheduling scheme is the one that corresponds to the second one

(denoted as uplink O-FFR). We note that we have examined systems that do

not employ such orthogonal resource allocations and have found them to exhibit

degraded performance behavior. We have thus not included such schemes in this

chapter.

V.3 Uplink D-FFR-1 Scheme

We first analyze the uplink D-FFR-1 scheme. Consider MSc,n that resides in

sector-s of BS0 and is scheduled to execute an uplink transmission. Consider a

class-cmobile-m (denoted as MSc,m) that is also scheduled to transmit its messages

over the same resource segment, and is located at sector-s of BSi whose coordinates

(ri, θi)), for i ∈ Mkc and m ∈ mkc . Mkc and mkc denote the set of BS nodes and

mobiles that employ the same frequency band as that used by MSc,n, under a

reuse-kc scheme. We set IUi,s,c , for i ∈ Mkc , to represent the corresponding inter-

cell interference recorded at the receiver of BS0 and caused by uplink transmissions
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generated by MSc,m.

Under the uplink D-FFR-1 scheme, each sector (within the same cell) is allo-

cated a frequency band that is different from that allocated to the other sectors.

Consequently, the BS node can schedule simultaneous uplink transmissions of

messages originating at distinct user stations, whereby each source station is lo-

cated in a separate sector. At a given time, we assume mobiles to be located at

random positions with their sectors, assuming their locations to be governed by

a uniform probability distribution function. Hence, the probability that a ran-

domly selected mobile is located in an infinitesimal region (whose boundaries are

described as spanning the coordinates from r to r + dr and from θ to θ + dθ) is

1
a

Nsec

rdrθdθ = Nsec
a
rdrθdθ, where a

Nsec
represents the area of each sector.

Recall that we assume that there is at least one such active mobile and that

its location is uniformly distributed over the sector. The l-th moments of IUi,s,c ,

for c = I, E, is calculated as follows:

E[I lUi,s,c ] =

∫∫
ASi,s,c

P l
mA

l
s (θi(r, θ))K

ldi(r, θ)
−lα rdrdθ

aS,c
, (3.13)

where

θi(r, θ) = tan−1
(
ri sin θi + r sin θ

ri cos θi + r cos θ

)
,

di(r, θ) =
√
ri cos θi + r cos θ)2 + (ri sin θi + r sin θ)2

(3.14)

are the relative angle and distance between MSc,m and BS0, respectively. We set

ASi,s,c to denote the class-c region of sector-s of cell-i. The variance of IUi,s,c is

subsequently calculated by computing E[I2Ui,s,c ] − E[IUi,s,c ]
2, for c = I, E. The

aggregate uplink class-c interference at BS0 is denoted as IU,c =
∑

i∈Mkc
IUi,s,I .

As the random variables IUi,s,c , over i ∈ Mkc , are statistically independent, we

write: Var[IU,c] =
∑

i∈Mk
Var[IUi,s,c ], for c = I, E. We have calculated these

first and second moments by using these expressions and employing a numerical

integration method. See, for example, the methods described in Chapter 2 of [65].
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V.4 Uplink D-FFR-2 and Uplink O-FFR Schemes

Under the D-FFR-2 scheme, the calculation of the first and second moments of

the aggregate uplink interference can be carried out through the modifications

of Eq. (3.13). This approach does not however result in closed-form expressions.

Instead, we present in the following a technique that leads to the derivation of

closed-form mathematical expressions for the approximate calculation of the re-

spective moments. Under the uplink D-FFR-2 and Uplink O-FFR schemes, the

same frequency band is allocated for transmissions in each sector. Consequently,

the BS node can schedule only one uplink transmission at a time cell-wise. Hence,

for this model, we set Nsec = 1.

We use IUt,c to denote the aggregate interference power caused by the class-c

mobiles that reside at cellular tier-t. The latter is set to represent the set of cells

that are t tiers away from BS0. We use IUt,i,c to represent the component of the

interference power that is induced by the class-c mobiles that reside in cell-i of

tier-t, for t = 1, 2, . . . , Ntier.

By the assumed symmetrical layout of cells over the area of operations, we

readily note that the tier-t of cells is approximately described as an area that is

characterized by an internal circular boundary with radius Rk,t,1 = (2
√
kt− 1)RC

and external circular boundary with radius Rk,t,2 = (2
√
kt + 1)RC), whereby

each is centered at BS0. Under a DS-based classification of the FFR scheme, the

distance threshold ratio is set as rth = Rth/R. Consequently, we obtain

E[I lUt,i,I ] =

∫ Rk,t,2rth

Rk,t,1rth

∫ 2π
Nt

(i−1)+ 2π
Nt,k

2π
Nt

(i−1)

P l
mA

l
s(θ)K

l

rlα
rdrdθ

ak,t,i,I

=
χt,k,l,iP

l
mK

lr−lα+2
th

ak,t,i,I(2− lα)

(
R−lα+2
k,t,2 −R−lα+2

k,t,1

)
,

(3.15)

where Nt = 6t and Nt,k =
⌊
6
√
kt
⌋

express the numbers of total cells and scheduled

cells, under a reuse-k scheme, in the t-th tier, respectively. ak,t,i,I is set to be equal

to πr2th(r2k,t,2−r2k,t,1)/Nt,k. χt,k,l,i is set equal to
∫ 2π
Nt

(i−1)+ 2π
Nt,k

2π
Nt

(i−1) Als(θ)dθ. For E[I lUt,i,E ],
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the range of r in Eq. (3.15) is from Rk,t,2−rthRC to Rk,t,2 and Rk,t,1 to Rk,t,1+rthRC .

ak,t,i,I is replaced by ak,t,i,E that is set to be π(1− r2th)(r2k,t,2 − r2k,t,1)/Nt,k. We use

these expressions to calculate (through numerically computations) the probability

distribution function of the uplink interference levels experienced at the receiver

of BS0.

We note that our mathematically based performance evaluation methods can

be also readily used when applied to layouts in which, in addition to the modeling

of induced interference signals, a channel noise component is incorporated. For

example, using our mathematical expressions for the calculation of the SINR level

recorded at an intended mobile, one can add a noise component (such as AWGN

noise which is characterized by a power spectral density N0 over a bandwidth

level B). We note that when such a component is included, the relative impact

of inter-cell interference is decreased. Consequently, boundary users monitor rel-

atively reduced interference levels. Such reductions are achieved through the use

of reuse-3 and FFR schemes. Hence, the performance advantage gained through

the use of FFR schemes under such conditions (whereby significant background

noise components are detected) is reduced. We also note that while urban cellu-

lar deployments will tend to require small cells, and will thus tend to operate in

an interference limited mode, rural layouts can involve larger cell and may thus

operate at times in a noise limited mode.

VI Optimal Joint Bandwidth Subdivision and Mobile Clas-

sification

In this section, we derive the optimal classification of interior and exterior mobiles

while jointly assigning bandwidth resources to the corresponding regions, aiming

to maximize the system throughput. We proceed by first assuming that mobiles

have been classified into interior and exterior classes, under a prescribed boundary

function. Accordingly, each sector-area is divided into the sub-areas AI and AE.

We derive an optimal bandwidth allocation scheme that serves to maximize the
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system throughput. The resulting assignment leads to the identification of the

respective interior and exterior sub-bands, which are denoted as {B∗A,I , B∗A,E} (or

{B∗P,I , B∗P,E}), when subjected to absolute (or proportional) fairness requirement.

As a second step, once the optimal bandwidth subdivision has been determined, we

solve for the optimal classification function, characterizing the cell’s FFR oriented

boundary that serves to maximize the system throughput.

VI.1 Optimal Bandwidth Allocation under a Prescribed Boundary

VI.1.1 Absolute Fairness

Under an absolute fairness metric, the system throughput is presented by Eq. (3.7).

The optimal bandwidth allocation problem, assuming a prescribed arbitrary clas-

sification, is formulated as follows:

Maximize E[RAF (BA,I , BA,E)] =
Nsec

B′max( CI
BA,I

, CE
BA,E

)

subject to BA,I , BA,E ≥ 0, BA,I +BA,E = B′.

(3.16)

The optimal bandwidth allocation is obtained by using the following result:

Theorem 7. The optimal bandwidth allocation scheme (yielding the optimal band-

width components {B∗A,I , B∗A,E}) that maximizes the (spatially averaged) absolute

fair throughput capacity E[RAF ] is determined by setting CI
B∗A,I

= CE
B∗A,E

. Hence,

B∗A,I = CI
CI+CE

B′ and B∗A,E = CE
CI+CE

B′.

Proof. The method used for the proof follows that used in the Theorem 1 of [20].

We first consider an arbitrary bandwidth allocation scheme B = {BA,I , BA,E}.

Assume CI
BA,I

≥ CE
BA,E

. Then we have E[RAF (BA,I , BA,E)] =
BA,I
CI

. In this case,

it is readily noted that the throughput rate is monotonically improved by in-

creasing the value of BA,I while still meeting the condition CI
BA,I

≥ CE
BA,E

. Then,
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E[RAF (BA,I , BA,E)] =
BA,I
CI

is upgraded. Such an enhancement is attained by

continuing to increase BA,I until CI
BA,I

= CE
BA,E

. Similarly, when CI
BA,I

≤ CE
BA,E

,

the throughput capacity rate is increased by increasing the value of BA,E until

CI
BA,I

= CE
BA,E

.

Since B∗A,I + B∗A,E = B′ and CI
B∗A,I

= CE
B∗A,E

, we conclude thatB∗A,I = CI
CI+CE

B′

and B∗A,E = CE
CI+CE

B′.

We thus conclude that the optimal values of the allocated bandwidth compo-

nents are proportional to the corresponding average transmission durations of a

fixed message payload, to/from respective interior and exterior mobiles.

VI.1.2 Proportional Fairness

Under a proportional fairness objective, by using Eq. (3.10), the optimal band-

width allocation problem is formulated as follows:

Maximize

NI∑
n=1

log

(
BP,I

NI

η1,n

)
+

NE∑
n=1

log

(
BP,E

NE

η3,n

)
subject to BP,I , BP,E ≥ 0, BP,I +BP,E = B′.

(3.17)

The optimal bandwidth allocation is achieved by using the following result.

Theorem 8. The optimal bandwidth allocation scheme (yielding {B∗P,I , B∗P,E})

under a proportional fairness constraint satisfies
B∗P,I
NI

=
B∗P,E
NE

. Hence, B∗P,I =

NI
NI+NE

B′;B∗P,E = NE
NI+NE

B′.

Proof. We observe that to maximize the objective function described in Eq. (3.17),

one needs to maximize BNI
P,IB

NS−NI
P,E , where NE = NS − NI . Hence, the optimal

bandwidth allocation scheme is obtained by solving
dB

NI
P,IB

NS−NI
P,E

dBP,I
= 0 for the best

value to be used for the internal bandwidth level, for each assumed value of the

external bandwidth. Consequently, we have
B∗P,I
NI

=
B∗P,E
NE

. Since BP,I +BP,E = B′,

we conclude that B∗P,I = NI
NI+NE

B′;B∗P,E = NE
NI+NE

B′.
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We note that the optimal levels of required bandwidth above allocated to

interior and exterior regions to be proportional to the number of users residing in

the respective regions.

VI.2 Optimal Classification of Mobiles

In this section, we obtain the optimal classification of mobiles, assuming that, for

each selected classification rule, the above derived optimal bandwidth allocation

scheme is employed.

VI.2.1 Absolute Fairness

Under an absolute fairness objective, using the results presented in Section VI.1.1,

we conclude the absolute fair throughput capacity to be given as:

E[R∗AF (AI , AE)] =
NsecB

∗
I

CI(AI)
=

NsecB
∗
E

CE(AE)
=

Nsec

CI(AI) + CE(AE)
. (3.18)

Consequently, the realized throughput under optimal bandwidth subdivision

is maximized by solving the following optimal classification problem:

Maximize
1

CI(AI) + CE(AE)

subject to AI ∪ AE = AS, AI ∩ AE = ∅,
(3.19)

where AS represents the sector-area.

VI.2.2 Proportional Fairness

Under a proportional fairness metric, we employ the optimal bandwidth allocation

scheme derived in Section VI.1.2. We, similarly, conclude the proportional fair

throughput capacity to be given as:

E[R∗PF (AI , AE)] = Nsec (DI(AI) +DE(AE)) . (3.20)
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The corresponding proportional fair throughput is maximized by solving the

following optimal classification problem:

Maximize DI(AI) +DE(AE)

subject to AI ∪ AE = AS, AI ∩ AE = ∅,
(3.21)

The optimal solutions (classification) for Eqs. (3.19) and (3.21) are discussed

in the following section.

VI.2.3 Optimal classification Method

For downlink transmissions, we examine a method for classifying mobiles that is

based on the calculation of a mobile’s spectral efficiency (SE) metric (denoted as

the mobile-SE ), rather than employing a DS or SINR-based threshold oriented

categorization approach.

Definition 4. The mobile-SE classification method is performed as follows: The

SE metrics are calculated by using Eq. (3.4). When the computed downlink reuse-

kI SE value (i.e., ηDI,n) is not smaller than the calculated downlink reuse-kE SE

level (i.e., ηDE,n), the mobile is classified as an interior mobile. Otherwise, it is

classified as an exterior mobile.

Theorem 9. For downlink FFR schemes, the optimal classification procedures,

under the respective absolute and proportional fairness metrics, as described in Eqs.

(3.19) and (3.20), and subjected to the corresponding optimal bandwidth subdivi-

sion assignments described in Theorems 7 and 8, respectively, are achieved by

using the mobile-SE classification method.

Proof. We note that for downlink FFR schemes, given that the classification of

mobiles remains unchanged, the realized SE levels, ηI(r, θ) and ηE(r, θ) (i.e., ηDI,n

and ηDE,n , respectively), incurred at a mobile (whether interior or exterior) do not

depend on the employed classification method. By using Eqs. (3.8) and (3.11), we
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obtain the following:

1

CI(AI) + CE(AE)
≤

∫∫
AS

1
aS
rdrdθ

max(ηI(r, θ), ηE(r, θ))

−1 ,
DI(AI) +DE(AE) ≤

∫∫
AS

max(ηI(r, θ), ηE(r, θ))
rdrdθ

aS
.

(3.22)

Thus, the upper bounds expressions given above for CI(AI) + CE(AE) and

DI(AI) + DE(AE) in Eq. (3.22) (thus the optimal FFR scheme) are achieved by

using the following classification process: A mobile located at (r, θ) whose SE level

satisfies ηI(r, θ) ≥ ηE(r, θ) (or ηI(r, θ) < ηE(r, θ)), is classified as an interior (or

exterior) mobile.

Based on the results derived in Theorem 9, we reach the following conclusion.

Theorem 10. The downlink FFR schemes that employ the mobile-SE metric as

the basis for their classification (for interior or exterior cell mobiles), coupled with

the optimal bandwidth allocation scheme prescribed by Theorems 6 and 7, yield

the respective optimal (spatially averaged) absolute and proportional fair through-

put capacity. In addition, under either absolute or proportional fairness metric,

the (spatially averaged) fair throughput capacity realized under the optimal FFR

scheme is higher than or equal to that achieved under a pure reuse-k scheme, for

k = 1, 3.

Proof. Using Eqs. (3.18) and (3.20), we conclude that the spatially-averaged ab-

solute or proportional fair throughput capacity attained under the joint opti-

mal downlink FFR scheme is higher than or equal to the respective capacity

levels obtained under the corresponding downlink reuse-1 or downlink reuse-3

scheme (i.e., E[R∗AF (A∗I , A
∗
E)] ≥ E[R∗AF (A, 0)],E[R∗AF (0, A)] or E[R∗PF (A∗I , A

∗
E)] ≥

E[R∗PF (A, 0)],E[R∗PF (0, A)]).

We note that the latter result does not necessarily hold if the FFR scheme is not

configured by using the joint classification and bandwidth allocation mechanism
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Table 3.1: Parameter setup for the performance evaluation of Downlink/Uplink
FFR schemes.

Parameter Description Value

α Path loss exponent 3.68 (urban COST Hata model)

K Path loss factor -40 [dB] (urban COST Hata model)

f Carrier frequency 2 GHz

As(θ) Directional antenna gain for s-th sector −min

[
12
(
θ−θs
7
18
π

)2
, 20

]
+ 7 [dB]

θs The angle of the main beam for s-th sector (2s−1)π
Nsec

As(θ) Omni-directional antenna gain 5 [dB]

specified by the optimal allocation scheme derived here.

For uplink FFR schemes, the inter-cell interference and SE levels observed by

an interior or exterior mobile would change if we vary the classification of other

mobiles. Hence, the Mobile-SE calculation method used in our downlink analysis

does not extend to the analysis of the uplink FFR scheme. Hence, we use hereby

the Mobile-DS method for classifying mobiles, when studying the performance

of the uplink FFR scheme. In Section V.2, we have proposed a mathematical

model to approximate the distribution of the aggregate uplink interference power.

Subsequently, we use a low complexity of numerical computational procedure to

determine the optimal distance threshold ratio rth that maximizes the average

throughput, by examining the following range of numerical values: rth = 0.1i, for

i = 0, 1, . . . , 10.

VII Performance Evaluation

In this section, we examine the attained average throughput capacity, which ex-

presses the maximum throughput attained by using the proposed optimal FFR

scheduling schemes. We also evaluate the 5%-tile throughput realized by the corre-

sponding schemes. The latter expresses the throughput attained by those mobiles

that experience the lowest 5% rate. We compare the system performance obtained

by using the analytical models presented above with those obtained through the

execution of Monte Carlo simulations. Downlink and uplink performance behav-

ior is presented in Sections VII.1 and VII.2, respectively. The key simulation
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parameters are listed in Table 3.1. Since the system is considered to operate in an

interference-limited mode, the received noise power levels are relatively negligible.

For the underlying system parameters, we have shown in [19] that, when the dis-

tance between neighboring BS nodes is smaller than 500 m, the system operates

in an interference-limited mode. For example, the inter-site distance of ITU-UMi

channel model [66] is set to be 200 m.

VII.1 Downlink Performance

VII.1.1 Average and 5%-tile Throughput Capacity

In Figure 3.2, we observe that the performance results obtained by the analytical

approximation formulas (presented in Section V.1) are close to those obtained by

using Monte Carlo simulations. The models employed in this chapter are thus

shown to be effective in well approximating the system performance behavior. In

addition, we note that when BS nodes are equipped with omnidirectional anten-

nas, FFR schemes yield an enhanced system performance (by margins of about

17% and 6% under absolute and proportional fairness metrics, respectively) as

compared with that incurred under reuse-1 schemes, as the latter induce higher

inter-cell interference signals. In turn, when BS nodes are equipped with direc-

tional antennas, downlink FFR schemes do not lead to much performance im-

provement since the employed directional antenna beams act to effectively mit-

igate inter-cell and intra-cell interference signals. The throughput capacity at-

tained under the use of a directional scheduling scheme are consequently noted to

outperform those obtained by employing corresponding omnidirectional antenna

based mechanisms. As expected, higher performance rate is attained under the

use of a proportional fairness metric.

In Figure 3.2b, the optimal omnidirectional FFR (O-FFR) scheme is shown

to yield a significantly higher 5%-tile throughput than that obtained by a reuse-

1 scheme (by margins of about 17% and 42% under absolute and proportional

fairness metrics, respectively). In turn, optimal directional FFR (D-FFR) schemes
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Figure 3.2: Average and 5% throughput capacity levels, per unit bandwidth, for
downlink transmissions within a cell under reuse-1, reuse-3 and FFR schemes with
absolute (Abs) and proportional (Pro) fairness constraints.
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are noted to exhibit similar performance behavior as that attained under the use

of a reuse-1 scheme. This result well confirms the ability of a directional antenna

system to effectively mitigate the impact of interference signal powers even under

the use of a reuse-1 scheme.

For downlink transmissions, the production of intra-cell interference signals

can be well mitigated through the use of directional antenna beams. We have also

examined the use of the D-FFR-1 (frequency-based) and D-FFR-2 (time-based)

schemes for the scheduling and allocation of resources to downlink transmissions.

In contrast, under the scheme presented in the chapter, the same (time and fre-

quency) resource blocks are allocated for downlink transmissions in each sector

(so that multiple simultaneous such transmissions can be executed along the sec-

tors). We have found (noting that the associated performance results are not

presented here due to space limitations) that the latter scheme leads to an en-

hanced throughput performance behavior.

VII.1.2 Throughput Capacity under Downlink FFR schemes with Al-

ternative Classification Metrics

In Figure 3.2, we show the variation of the throughput capacity achieved by using

the mobile-SINR (or mobile-DS) metric based classification scheme as a function

of the prescribed SINR (or distance) threshold level, for both omnidirectional

and directional antenna equipped systems, under absolute and proportional fair-

ness constraints. The involved SINR (or distance-ratio, relative to a cell radius

level) thresholds assume values that range from -10 dB to 15 dB (or from 0 to

1). We conclude that a mobile-SE metric based scheme yields superior perfor-

mance to that obtained when using the mobile-SINR (or mobile-DS) metric based

classification. However, we also observe that under the use of a mobile-SINR (or

mobile-DS) based FFR scheme, when the proper threshold values are set, the at-

tained throughput capacity performance level is quite close (within 5% margin)

to that exhibited by using a mobile-SINR metric.
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Figure 3.2: The throughput capacity attained under alternative FFR schemes
when using SE-based, SINR-based and DS-based classification metrics under ab-
solute (Abs) and proportional (Pro) fairness objectives for downlink transmissions.
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VII.2 Uplink Performance

VII.2.1 Mean and Standard Deviation of the Inter-cell Interference

For uplink performance, we consider a cellular network system whose area of

operations spans a range of 10 tiers of neighboring BS nodes. We have collected

3000 samples, involving realizations that represent aggregate interference power

levels caused by mobiles’ uplink transmissions as observed at a tagged BS node.

In Figure 3.3, we compare the mean and the standard deviation (SD) functions

for the aggregate uplink interference signal power variables obtained under these

simulations with those obtained by calculations that are based on Eqs. (3.13)

and (3.15). For comparison purposes, the interference power level has been nor-

malized relative to assumed set values for the Pm, K and R parameters. The

results confirm the precision of the analytical models, showing the calculated

mean and SD levels to assume values that are quite close to those obtained by

Monte Carlo simulations.

We observe that the mean and standard deviation values of the interior inter-

ference power levels (i.e., those that are induced by uplink transmissions executed

by interior mobiles) vary in a significant manner as the rth is changed. As rth is

increased, these interference levels increase as well, with a significant impact on

the resulting observed SD values. In turn, the corresponding exterior power levels

(induced by uplink transmissions carried out by mobiles that reside in other cells)

are noted to not vary much with rth. Since interior and exterior users are scheduled

by using reuse-1 and reuse-3 schemes, respectively, inter-cell interference power

levels tend to impact interior mobiles to higher extent than they impact exterior

mobiles. As the relative distance threshold rth level is increased, more internal

mobiles are located closer to the cell edge. Consequently, the variance of interior

interference power levels then increases in a significant manner. In turn, since the

distance ranges between a BS and interfering exterior users, which are scheduled

(in other cells) to execute uplink transmissions, are relatively long, with respect to

the rth range, exterior interference power levels are not as sensitive to variations
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Figure 3.3: Mean and standard deviation (SD) levels of the aggregate uplink
interference power variables induced by mobile uplink transmissions under the
FFR schemes.
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in the setting of the value of the threshold rth.

We also observe that, as expected, the interference power levels induced by mo-

bile transmissions when the system employs the D-FFR-1 and D-FFR-2 schemes

exhibit much smaller mean and SD values, when compared with those induced by

using the O-FFR scheme. In addition, the displayed results show that the inter-

ference power levels induced when the D-FFR-1 scheme is employed have lower

mean and SD values when compared with those realized under the use of the D-

FFR-2 scheme. The key contributor to this conclusion is that under the D-FFR-1

scheme, the interference signals are generated only by those mobiles that reside in

the sectors of other cells that are scheduled to be active simultaneously with the

underlying active sector of the tagged cell. In turn, under the D-FFR-2 scheme,

interference signals may originates by mobiles that reside in neighboring sectors.

VII.2.2 Average and 5%-tile Throughput Capacity

We compare the throughput capacity values computed by using our mathematical

models with those obtained by running Monte Carlo simulations. In modeling the

interference process, we set the aggregate uplink interference to follow a Gaussian

distribution with mean and SD values obtained by using the analytical results

presented in Figure 3.3. As exhibited by the results presented in Figure 3.4, we

conclude our mathematical models to yield performance results that are quite

close to those obtained under simulations.

In comparing the performance behavior realized under the D-FFR-1 and the

D-FFR-2 schemes, we note the following. Under the D-FFR-2 scheme, a single

mobile uplink transmission is executed at a time. It is allocated a broad fre-

quency band of global size W . In turn, under the D-FFR-1 method, each sector

is allocated a frequency band of size W
3

while three simultaneous transmissions

are scheduled. In Figure 3.4, we observe the D-FFR-1 scheme to exhibit supe-

rior performance behavior in comparison with that attained under the D-FFR-2

scheme. We also observe that the D-FFR-1 and D-FFR-2 schemes yield much
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(a) Average uplink throughput capacity.
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(b) 5%-tile uplink throughput capacity.

Figure 3.4: Average and 5%-tile throughput capacity attained by optimal uplink
DS-based FFR schemes under absolute and proportional fairness objectives.
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better performance behavior than that obtained under the O-FFR scheme.

In Figure 3.4a, we find that under the use of an absolute fairness metric, the

optimal values of the fractional radius factor are equal to about 0.7, 0.9 and 0.8,

when O-FFR, D-FFR-1 and D-FFR-2 schemes are used, respectively. In addition,

optimal O-FFR, D-FFR-1 and D-FFR-2 schemes yield an enhanced throughput

capacity (by margins of about 38.88%, 11.11% and 25%, respectively) as com-

pared with that achieved under reuse-1 schemes. In turn, when a proportional

fairness requirement is imposed, we find that it is most effective to use a reuse-

1 scheme (i.e., r∗th = 1). This is explained by noting that exterior mobiles are

granted transmission time periods that are about equal to those granted to inte-

rior mobiles. Consequently, the throughput realized for communication to/from

exterior mobiles are automatically set to be relatively lower than those associated

with interior mobiles. Hence, further interference mitigation attained by applying

a reuse-3 scheme becomes less effective, when compared with the use of a reuse-1

scheme. In turn, in Figure 3.4b, when we consider 5%-tile throughput attained,

we find that under the use of a proportional fairness metric, the optimal values

of the fractional radius factor under O-FFR, D-FFR-1 and D-FFR-2 schemes are

both equal to about 0.9. In addition, optimal O-FFR, D-FFR-1 and D-FFR-2

schemes obtain 5%-tile throughput levels by margins of about 38.88%, 7.6%, and

11.11%, respectively, as compared with those achieved under reuse-1 schemes.

A key parameter that affects the values assumed by the resulting approxi-

mation is the assumed path loss exponent (α). We have therefore studied the

precision exhibited by this approximation method by examining different values

for α, varying the values from 2 to 4, as commonly assumed for varying scenar-

ios of wireless communication network layouts. For an urban system, α is often

assumed to be equal to 3.68, as we have assumed in this chapter in illustrating

the system’s performance behavior. To assess the robustness of the employed

model, we have also examined other values of α, such as 2, 2.5, 3, 3.5, and 4. We

have not included the results for the latter parameter values in this chapter, but

have noted the precision of the derived approximations to be as good and to yield
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performance behavior that is similar to that presented for the selected parameter

values.

VIII Concluding Remarks

In this chapter, we determine the optimal structure of FFR mechanisms in a high-

dense wireless cellular network. The derived structures maximize the downlink

and uplink average throughput, while being subjected to absolute or proportional

fairness requirements. Closed-form mathematical approximate expressions are de-

rived for statistically characterizing the ensuing downlink and uplink SINR levels

and the throughput capacity. Under an absolute fairness criterion, we show the

optimal FFR system to yield the throughput capacity that is significantly higher

than that attained under the use of reuse-1 schemes. In turn, when subjected

to a proportional fairness metric, we show the optimal FFR scheme to exhibit

average throughput capacity that is similar to that attained by using a reuse-1

scheme. However, the 5%-tile throughput levels attained by optimal downlink and

uplink FFR schemes are noted to be much enhanced. Optimal directional FFR

schemes require a high demanding antenna system, in that they employ a three-

sector-based antenna configuration. They are however shown to lead to (average

and 5%-tile) throughput capacity levels whose values are equal to about 160%

of the values attained by optimal omnidirectional FFR schemes. The analysis

and simulation results shown in this chapter provide us with valuable benchmark

characterizations of the throughput performance of a densely deployed cellular

wireless network system when FFR schemes are employed.
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CHAPTER 4

Scalable Video Multicast for Multi-cell Cellular

Wireless Networks

I Introduction

Scalable Video Coding (SVC) schemes are combined with adaptive modulation

and coding schemes (MCS) in providing effective multicasting of video streams

over cellular wireless networks. Using the SVC multi-layered structure, the base

station (BS) controller is effectively configured to mutlicast a base layer to all cell

users, assuring them with the reception of basic video-quality streams. At the

same time, it multicasts additional encoded video-layers to a group of users that

experience better channel conditions, enabling them thus to receive the video at

higher video quality. The quality of a video stream is often expressed by using

objective and/or subjective metrics. The Peak Signal-to-Noise Ratio (PSNR)

metric is widely used as an objective measure. Subjective Quality of Experience

(QoE) metrics are often bases on a gathered Mean Opinion Score (MOS).

We consider a video steaming process that is integrated at the BS. The inte-

grated controller combines the operation of the BS’s (downlink channel) scheduler,

the Radio Access Network’s (RAN’s) resource allocation controller, the commu-

nications channel encoder and the video encoder. The controller can function

as a proxy HTTP in setting the selected video encoding process and/or video

layer combination, when connected with the use of an HTTP Adaptive Stream-
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ing (HAS) [15] scheme, or that of a Dynamic Adaptive Streaming over HTTP

(DASH) process [16]. In contrast, we note that one can readily accommodate

a group of users that do not wish their received video-quality to vary as they

roam around the cell. Multicast transmissions to such users is performed over a

portion of the system’s bandwidth that is calculated by using the lowest signal-

to-interference-plus-noise ratio (SINR) value recorded in the cell by any user in

this group, through the use of only a single base layer. We assume that other

users are willing to receive streams at a variable QoE level, provided those quality

levels vary over a prescribed range.

Coordinated combining schemes are employed for the support of the Multicast-

Broadcast single-Frequency Network (MBSFN) that is defined by the LTE stan-

dard [8–10]. However, to guarantee high coverage over an area of operation, the

classically configured MBSFN scheme, which uses 7-cell and 19-cell cooperation

(see [9, 10]), may not provide acceptable performance. The users located in the

edge regional of those cell may experience high interference power induced by the

transmissions of non-cooperative cells. It is noted that under the latter cooper-

ation cases, the neighboring BS nodes that reside in the first tier or both the

first and the second tiers, respectively, are actively engaged in the simultaneous

multicast transmissions of the same streams.

To resolve such interference issues, we configure in this chapter an operation

which uses a fractional frequency reuse (FFR) scheduling method that is inte-

grated with an MBSFN scheme which combines signals issued by kc-cell coop-

erative process, for kc = 3, 4, 7, 19. Under such a process, the area cells are di-

vided into groups, whereby each group consists of kc-cells. Under an FFR scheme

(see [7]), each region of the cooperative cells is partitioned into two zones, iden-

tified as interior and exterior regions. Mobiles located in an interior (or exterior)

region are scheduled (by coordinating neighboring BS nodes) by using a reuse-1

(or reuse-3) scheme. Accordingly, users are classified into two groups. Such a

classification can be based on the SINR levels experienced by cell users.
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We demonstrate the design of an integrated video streaming system with vari-

able video-quality levels over cellular RAN, by assuming the following metrics and

objectives. A prescribed value for the coverage probability is assumed. It specifies

the fraction of area users that are targeted to record an SINR level that is not

lower than a prescribed SINR threshold value. We classify cell users into two

groups, based on their experienced SINR (signal-to-interference-plus-noise ratio)

levels. Users that are members of the lower-SINR group will be provided streams

at a lower quality level, while members of the higher-SINR group will receive

streams at a higher video quality level. To quantify the advantage gained by

the service provider by offering higher quality video streams, we consider a utility

function based on the Willing-To-Pay (WTP) model (refer to [67]). When a user’s

experienced QoE level is higher than a QoE target level, the user is willing to pay

a premium rate for the reception. We aim to identify the system’s configuration

and settings that lead to the highest feasible system utility level. Such optimal

settings include the classification of users into cell groups (and the calculation

of the ensuing SINR threshold). Also, we study the integration, in each case, of

different scheduling structures, and the use of a multitude of groups and tiers of

cooperative cells.

The analyses presented in this chapter lead to the following key results. 1.

When combined with the configured MBSFN scheme, we calculate the setting

of the optimal FFR scheme that yields the minimum required bandwidth per

stream, under the prescribed QoE bounds and coverage constrains. 2. We show

this scheme to yield a much enhanced system’s performance behavior, when com-

pared with under the nominally employed MBSFN scheme (which uses a pure

reuse-1 scheduling arrangement). 3. We show that under a high area coverage

objective, the optimal combined FFR/MBSFN scheme that involves cooperation

among a group of 3 cells yields a significantly better performance behavior than

that attained under a regular MBSFN scheme with 7-cell or 19-cell cooperation.

4. To achieve the highest utility metric, we show that there exists an optimal

setting of system parameters and coverage levels, including the specification of
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the fraction of users to be targeted for receiving high quality video streams.

The chapter is organized as follows. Related works are discussed in Section II.

The system model, channel model and the rate-quality model involving scalable

video coding, are presented in Section III. In Section IV, we evaluate the system’s

SINR level recorded by a mobile in a cell under our proposed scheduling schemes.

We calculate the corresponding spectral efficiency (SE) level measured by a cell

user, derive the cell coverage probability and evaluate the corresponding video

quality behavior of the produced video streams. The underlying system design

optimization problem, which entails the determination of the required minimum

bandwidth requirement and the maximization of a service provider’s utility, is

formulated and studied in Section V. In Section VI, we evaluate and discuss

the system’s performance behavior when regulated by the derived (FFR-based)

scheduling schemes. Conclusions are drawn in Section VII.

II Related Work

Several papers have studied the allocations of resources in wireless cellular net-

works for the purpose of unicast/multicast transmissions of SVC encoded video

streams. Several such studies use objective video quality metrics; such as: PSNR,

outage probability, playback bit-rate and buffering ratio [68–73]. Other such

studies make use of subjective video quality metrics (e.g., mean opinion score,

MOS) [74–79].

In [68], the authors formulate the resource allocation problem as a system

utility maximization problem, subjected to the constraint of available radio re-

sources. The utility functions that are employed there are defined as logarithmic

functions of allocated rate and PSNR levels. In [69], the authors present a long-

term resource allocation algorithm that determines the scheduling policy and its

parameters in order to maximize a weighted sum of the PSNR levels associated

with the produced video streams. In [70], the authors propose a multicast video

delivery scheme through the use of a joint setting of optimal resource allocation
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and adaptive modulation and coding scheme in OFDMA-based 4G cellular net-

works. The delivery scheme differentiates video frames based on their importance

in reconstructing the video and incorporates an efficient radio resource allocation

algorithm to optimize an overall video quality metric (that is PSNR based) involv-

ing all users that belong to a targeted multicast group. In [71], the authors propose

a bandwidth allocation scheme that efficiently allocates bandwidth among multi-

cast/broadcast service (MBS) sessions and non-MBS traffic calls (e.g., such voice

and internet based calls). In [72], the authors consider an optimal real-time video

streaming process to decrease the wireless service cost, under high video streaming

quality requirements; the latter can include limits on the startup latency, playback

fluency, average playback quality, and playback smoothness. In [73], the authors

provide a framework for effective video multicast that serves heterogeneous user

demand over time division multiple access (TDMA)-based wireless mesh networks.

They present multicast routing, scheduling, and rate allocation algorithms, aim-

ing to obtain a minimum length schedule which satisfies prescribed user quality

requirements.

In [74], the authors propose two cooperative multicast schemes for scalable

SVC encoded video delivery, serving to enhance the outage probability, under a

given threshold bound on the required transmission rate. In [75], the authors

propose a QoE-based link adaptation scheme for H.264/SVC video streaming in

IEEE 802.11b/g networks. They consider different retry attempt limits for trans-

missions executed at different layers of an SVC video stream, striving to improve

the realized QoE metrics, involving the average playback bit-rate and buffering

ratio. In [76], the authors propose a cooperation-assisted scheme for multicasting

scalable video streams to a group of users with different QoE requirements. The

employed QoE metric is expressed there in terms of the incurred outage probabil-

ity under a targeted PSNR level. The scheme comprises multicast and cooperation

phases. During the multicast phase, a video stream with multi-layers is encoded

by using SVC encoding, and delivered to the targeted group of users. During the

cooperation phase, the user devices employ direct device-to-device (D2D) short-
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range communications as means to enhance the quality of the received stream.

In [77], the authors consider a QoE-aware directional beam scheduling scheme; it

is set to optimize an overall QoE (MOS-based) metric, in executing multi-rate mul-

ticast transmissions of SVC encoded streams. Different SVC layers are assigned

for transmission across different antenna beams. In [78], the authors propose a

multicast scheme that is used to deliver multiple SVC layers of video streams.

An MOS-based QoE metric is used. The purpose of that paper is to provide

users that record low quality channel conditions with lower quality (base level)

video streams; additional video components that contain SVC enhancement layers

are provided to users that experience higher channel quality reception conditions.

In [79], the authors consider a QoE-based cross-layer optimization framework to

efficiently allocate network resources for video delivery in LTE mobile networks,

under a prescribed average (MOS-based) QoE value.

However, we note that none of these papers consider the impact of inter-cell

signal interference, which depends on the employed scheduling scheme, on the

multicast performance of the system. In addition, these papers do not consider a

system optimization setting that is based on a ”Willing-To-Pay” (WTP) metric, as

considered in this chapter. For this purpose, we present a system utility function

that is used by a service provide to optimally configure the system in selecting

the fraction of users that should be provided higher quality video streams, in

preserving prescribed coverage and minimum video quality levels, and providing

cell users with a high throughput rate of multicast flows. In [80], we have presented

and studied an FFR scheduling method, in aiming to multicast video streams to all

active users that reside in an area of operations of a wireless cellular network. To

examine the incentives to be used by a service provider in offering certain groups

of cell users the reception of higher video quality streams, we have expressed the

revenue gained by a service provider to relate to the QoE level of the provided

stream. We studied there the setting to be used for multicast system operations

for achieving the highest performance, under a prescribed set of QoE target levels.

In this chapter, we further consider a fading channel model and the use of
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an MBSFN-type scheme by a group of kc cooperating cells; considering kc =

3, 4, 7, 19. Our goal is to provide each cell user with the ability to correctly decode

at least the base layer of an SVC encoded video stream. Users that experience

higher channel quality, are sent additional SVC layers, and are thus able to receive

streams at higher video-quality level. We provide for further system’s performance

enhancement by combining such FFR scheme with the MBSFN cooperative trans-

mission scheme. We show such integrated operation, when its configuration is

properly set, significantly to reduce the required minimum bandwidth per stream

and to optimize a WTP-based utility measure.

III System Model

III.1 Network Topology

We consider a cellular network such as a LTE network whereby each cell is man-

aged by a BS node that employs an omnidirectional antenna [8, 33]. We assume

that the cellular network is highly loaded, operating in a region that involves

highly active mobiles.

We model, for mathematical simplicity, each cell to span a hexagonal disk

area, whereby its radius R denotes the distance from the central BS node to each

one of the cell’s peripheral vertices. The coordinates of the location of the i-th BS

(denoted as BSi, for i = 0, 1, 2, . . . , NBS) in polar form are set as (ri, θi), where

NBS is the total number of BS nodes located in the area of operations under

consideration. BS0 is assumed to be positioned at coordinates (r0, θ0) = (0, 0).

Thus, ri represents the distance between BSi and BS0 and θi is an angle that is

measured in reference to the x-axis, where ri ≥ D and θi ∈ [−π, π], for i ≥ 1.
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III.2 Channel Model

For each employed communications channel, the propagation gain function is com-

monly modeled as

Gi,j = Kd−αij 10−
ξij
10 , (4.1)

where dij represents the distance from transmitter i to receiver j, K is a path

loss factor (that accounts for absorption and penetration losses); α represents the

path loss exponent; 10−
ξij
10 accounts for shadow fading, which is assumed to follow

a Lognormal distribution [35], as represented by typical LTE channel models.

Thus, ξij follows a normal distribution with zero mean and standard deviation

(std) equal to σij.

For downlink multicast traffic flows, we assume that each BS node receives

packets from a backhaul network and directs these packets to its client mobiles.

The radio transceivers of BS and mobile nodes use adaptive-rate operations, ad-

justing the code rate based on their experienced SINR levels. For an LTE system,

the MCS to be used by a BS node in communicating with a client mobile is de-

termined by the SINR level reported by the mobile in the following fashion. The

SINR level experienced by a user is mapped to a Channel Quality Indicator (CQI),

which is available to the BS node that manages the underlying client. The proper

MCS to be used for downlink communications with a user that reports a given

CQI level is calculated by assuming a targeted block error rate (BLER) that is

equal to 10%, an additive white Gaussian noise (AWGN) channel model, and the

range of modulation/coding sets implemented by the underlying technology. In

this manner, for each CQI level, a corresponding MCS is selected. The latter re-

alizes a downlink transmission operation at a corresponding SE level, as specified

in [2]. Figure 4.1 illustrates the corresponding SINR to SE mapping [1].
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Figure 4.1: The mapping functions from SINR to CQI under BLER = 10% (refer
to [1]) and from CQI and spectral efficiency (SE) (refer to [2]).

III.3 Scalable Video Coding Modeling

The quality of reception of a video stream is expressed by using objective and/or

subjective metrics. The PSNR metric is widely used as an objective measure.

As a subjective metric, a stream’s QoE reception is often measured base on a

gathered MOS. An MOS index score of 5 identifies an ”excellent” quality video

stream, an index of 4 stands for ”good” quality stream, while indices of 3, 2 and

1 stand for fair, poor and low quality streams, respectively. We use such a score

system in the performance illustration exhibited in a latter section. The system

design methods presented in this chapter are also applicable when using other

video quality models.

III.3.1 Modeling Subjective Quality of SVC encoded Streams

In [3,81–83], the authors studied the impact of frame rate (FR) and quantization

step-size (QS) on the subjective quality and bit rate of a scalable video stream

structure. Based on MOS measures obtained from subjective quality tests, the
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Table 4.1: The related parameters of scalable video coding model for different
video contents [3].

Seq. Name a b c d αv βv Rmax [kbps] Qmin

AKYIO 1.213 0.470 0.114 7.696 0.12 0.69 163.2 1.3568
CITY 1.194 0.484 0.130 7.512 0.14 0.69 658.3 1.2691

CREW 1.243 0.671 0.184 6.902 0.20 0.59 1381.4 1.0098
FOREMAN 1.149 0.570 0.149 8.236 0.15 0.68 805.5 1.2869
FOOTBALL 1.128 0.739 0.088 5.197 0.13 0.63 2154.1 1.0709

ICE 1.039 0.670 0.150 6.674 0.17 0.67 693.0 1.0887
WATERFALL 1.294 0.430 0.145 7.060 0.14 0.68 462.9 1.1556

paper notes that the impact of the settings of the FR and QS parameters on the

resulting MOS metric can be separated. They conclude that the video quality

measure can be quantified as the product of a metric that assesses the quality

of a quantized video at the highest frame rate, based on the employed QS, and

a temporal correction factor which depends on the actual FR that is employed.

They have shown the normalized subjective quality level, as calculated under the

employed QS and FR values, to be expressed as:

Q(q, f) =
e
−c q

qmin

e−c
e−d

f
fmax

e−d
, (4.2)

where c and d are content-dependent model parameters; qmin denotes the minimum

QS level; fmax denotes the maximum FR value. In this expression, the computed

quality level is normalized with respect to the quality achievable at (qmin, fmax).

Sample values of the parameters used in Eq. (4.2), relating to different video

contents scenarios, are given in TABLE 4.1 [3]. Thus, the video quality for the

base layer is Qmin = Q(qmax, fmin) = ec(1−e
−d
16 )

1−e−d as calculated in Table 4.1, where

q ∈ [64, 40, 26, 14] and f ∈ [1.875, 3.75, 7.5, 15, 30] are considered in [82].

III.3.2 Rate-Quality Modeling

A rate-quality model leads to the determination of a video quality function Q(R)

under each prescribed value of a stream’s data rate, R. Such a function is derived
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in [3] and is shown there to be given as:

Q(R) = exp

(
−αv

(
R

Rmax

)−βv
+ αv

)
, (4.3)

where αv and βv are given in TABLE 4.1. Consequently, the bit rate vs. quality

relation becomes:

R(Q) = Rmax

(
lnQ

−αv
− αv

)− 1
βv

[kbps]. (4.4)

Given a QoE level Q, we can use Eq. (4.4) to calculate the corresponding required

data rate of the video stream.

IV Multi-Layer Multicasting Scheme and its Performance

Analysis

In this section, we calculate the SINR level experienced a mobile and determine

the system’s throughput capacity IV.1. Then, in Section IV.2, we calculate outage

probability and coverage probability that are attained under an SINR-threshold

value that determines the classification of cell users.

IV.1 SINR and Throughput Capacity Analyses

We consider an area of operation of a wireless cellular network system which

is covered by multiple cells. Each cell is managed by a BS node. Each BS node

serves multiple users, whose locations are assumed to be uniformly distributed

over the cell. We classify the cell’s mobiles into two groups. We use SINR-based

grouping, so that mobiles are classified into a group based on their measured SINR

levels. Group-1 and Group-2 members experience SINR levels that vary in the

range [γ1, γ2) and [γ2,∞), respectively.
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The bandwidth level that is allocated over the area of operation for multicas-

ting purposes is set equal to B. The bandwidth levels assigned for Group-1 and

Group-2 users are denoted as B1 and B2, respectively, and B1 + B2 = B. We

assume video streams to be the SVC encoded, using L SVC layers (consisting of

a base layer and L − 1 enhancement layers). Each mobile decodes its received

video stream by using the aggregate set of SVC layers that are compatible with

its experienced SINR levels.

Assume the BS node to configure the video-quality level that it targets for

reception by Group-1 users to involve L1 SVC layers (a base layer and L1 − 1

enhancement layers). Group-2 users are able to properly decode all the configured

SVC video layers, including those decodable by Group-1 users, as well as an

additional set of L2 enhancement layers.

In the following, assuming a symmetrical cellular layout over the area of oper-

ations, we first calculate the attained SINR performance. When we do not employ

MBSFN cooperation methods, we focus on multicasting streams to users that re-

side in the cell that is managed by BS0, as shown in Figure 4.2. In turn, when

MBSFN methods are employed, we consider a center set of cell groups (identified

as MBSFN-groups), as shown in Figure 4.3, whereby cell in each group cooperate

in coordinating their multicast transmissions. Then, we derive the throughput

rate (expressed in units of bps/Hz) attained in multicasting to each SINR-group

of users. Then, we calculate the realized QoE values by users in each SINR-group,

by using Eq. (4.3).

IV.1.1 SINR Analysis under A Reuse-k Scheme (R-k)

Assuming a reuse-k scheduling scheme, denoted as R-k, scheme (as shown in

Figs. 4.2a and 4.2b for k = 1 and k = 3, respectively), the SINR value that is

recorded at mobile-n, denoted as γk,n, is calculated by using the following expres-
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(a) Reuse-1 scheme.
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(b) Reuse-3 scheme.

Figure 4.2: A reuse-k scheme, for k = 1, 3.

sion:

γk,n =
G0,nPT∑

j∈Mk
Gj,nPT +N0B

=
S0∑

j∈Mk
Sj + IN

, (4.5)

where PT is the total transmit power of a BS node, and B is the total prescribed

bandwidth level. Gi,n is the channel gain factor described by Eq. (4.1) between

BSi and mobile-n. N0B represents the total thermal noise power and IN = N0B
PTK

denotes the normalized noise power, where N0 is the power spectral density of the

ambient noise process. Mk is a set that consists of BS nodes that share the same

resource segment with BS0. Si is set as d−αi,n 10
−ξ0,n

10 , for all i. Thus, Si represents

the normalized transmit power induced by a BSi and is a random variable which

follows a Log-normal distribution.

IV.1.2 SINR Analysis under an MBSFN Scheme

Under an MBSFN scheduling scheme, the same multicast message is simultane-

ously transmitted, in a synchronous manner, by an MBSFN-group of kc cells.

Such MBSFN-groups are scheduled by employing a reuse-k scheme (denoted as

M-kc-R-k scheme). For example, in Figure 4.3, we illustrate an M-kc-R-k scheme,

for kc = 3, 4, 7, 19 and k = 3. Based on Eq. (4.5), the recorded SINR at a given
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(a) M-3-R-3 scheme. (b) M-4-R-3 scheme.

(c) M-7-R-3 scheme. (d) M-19-R-3 scheme.

Figure 4.3: MBSFN with kc-cell cooperation (M-kc) under a reuse-3 (R-3) scheme,
where kc = 3, 4, 7, 19.
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mobile-n located in cell-i under an M-kc-R-k scheme, denoted as γMi,kc,k,n, is cal-

culated as follows: follows [9, 60]:

γMi,kc,k,n =

∑
j∈MC,kc

Sjw(τj,n)∑
j∈MC,kc

Sjw′(τj,n) +
∑

j∈MN,k
Sj + IN

, (4.6)

where w′(τj,n) = 1− w(τj,n), MC,kc is the set of kc cooperative BS nodes, MN,k is

the set of non-cooperative BS nodes that utilize the same resource blocks as those

utilized by the tagged group of cooperating BS nodes. The weighting function,

w(τj,n), of the constructive portion of a received MBSFN-signal is given as:

w(τj,n) =


1, for 0 ≤ τj,n < Tc,

1− τ − TCP
Tu

, for Tc ≤ τj,n < Tc + Tu,

0, otherwise,

(4.7)

where τj,n =
dj,n
c

is the propagation delay between BSj and mobile-n, c = 3× 108

[m/sec] is the speed of light, Tc is the cyclic prefix length and Tu is the useful

signal frame-length.

IV.1.3 Throughput Capacity Analysis

The throughput rate levels (denoted as ηg) attained by a BS node in transmitting

messages to Group-g mobiles, under the employment of a R-kg or an M-kc-R-kg

scheduling scheme, where kg = 1, 3 and g = 1, 2, are calculated as:

η1(γ1, B1, k1) = B1S(k1, γ1),

η2(γ2, B2, k2) = η1(γ1, B1, k1) +B2S(k2, γ2),
(4.8)

where S(kg, γg) represents the Effective Spectral Efficiency (ESE) realized under

a R-kg or M-kc-R-kg scheduling scheme, under a prescribed SINR γg value that

is recorded by a mobile that is a member of Group-g, for g = 1, 2. The ESE

level is calculated by using the SINR-to-CQI and CQI-to-SE mapping functions
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shown in Figure 4.1. The CQI level is then denoted as CQI(γg), and the ensuing

ESE is calculated as: S(kg, γg) = η(CQI(γg))

kg
. The latter expression accounts for

effective bandwidth that is allocated to the underlying downlink transmission,

noting that the overall downlink frequency band is divided into kg equal sub-

bands, as illustrated in Figure 4.2, for kg = 1, 3. Using the above calculated per

Group data rate (η) and employing Eq. (4.3), we subsequently obtain the QoE

value attained by Group-g mobiles, for g = 1, 2.

IV.2 Coverage Probability Calculation

Noting that the power level of each received and interfering signal is governed by

a Log-normal distribution, we employ the approximation developed in [84, 85] to

model the aggregate received signal which combines multiple interference signals

or multiple primary intended signals (in case of an MBSFN operation) as random

variables that follow a Log-normal distribution. The SINR variable will then also

follow a Log-normal distribution.

A multicast transmission of a video stream to a group of users is executed

by the BS node selecting a proper communications code rate (corresponding to

the configured MCS).Yet, since the SINR recorded at a user is represented as a

random variable, users may at times not able to correctly receive the intended

message. Such users are said then to experience reception outage. Thus, the

outage probability at mobile-n, which is located at coordinate (r, θ) of cell-i, is

defined as the probability that the SINR level recorded by the receiver of this

mobile, relative to the intended signal, is lower than a prescribed target SINR

threshold value (γt). This outage probability is calculated as follows:

P (Γi,r,θ < γt) = 1− 1

2
erfc

(
γt,dB − µi,r,θ√

2σi,r,θ

)
, (4.9)

where γt,dB = 10 log10(γt), µi,r,θ and σi,r,θ are the mean and std of SINR level

recorded under a considered scheduling scheme, in units of dB, at the receiver of

mobile-n and erfc(z) = 2√
π

∫ z
0
e−x

2
dx, for z ≥ 0.
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The coverage probability expresses the (long term) fraction of users in the area

of operations that receive successfully the intended transmissions. The coverage

probability levels that are attained under a R-k and an M-kc-R-k schemes are

calculated in Sections IV.2.1 and IV.2.2, respectively.

IV.2.1 Coverage Probability under a R-k Scheme

Under a R-k scheme, the SINR level experienced by mobile-n is given by Eq. (4.5).

Using this relationship, we calculate the mean and variance values of the SINR

level recorded at mobile-n which is located at (r, θ) within cell-0 (i.e., µ0,r,θ and

σ2
0,r,θ). The coverage probability achieved under a reuse-k scheme is then calcu-

lated as follows:

P (Γk ≥ γt) =

∫ R

R0

∫ 2π

0

erfc
(
γt,dB−µ0,r,θ√

2σ0,r,θ

)
2

rdrdθ

acell
, (4.10)

where R0 is the minimum distance between a mobile and its associated BS node;

and acell = 3
√

3(R2−R2
0) is the corresponding effective cell area (excluding mobiles

from residing very close the to the BS node).

IV.2.2 Coverage Probability under an M-kc-R-k Scheme

Under an M-kc-R-k scheme, the SINR level experienced by mobile-n is given

by Eq. (4.6). We observe that the received signal power and interference power

random variables are correlated, noting the weighting function, w(τi,n), to impact

both variables. The outage probability of a mobile-n that is located in cell-i,

assuming a SINR target value γt, is thus calculated as follows:

P (Γi,r,θ < γt) = P (γMi,kc,k,n < γt) = P

(∑
j∈MC,kc

Sjδ(w(τj,n), γt)∑
j∈MN,k

Sj + IN
< γt

)
, (4.11)

where δ(w(τj,n), γt) is set to be w(τj,n) − γtw
′(τj,n). Thus, given the values of

γt and w(τj,n), the random variable represented by Sjδ(w(τj,n), γt) is noted to

99



also follow a Log-normal distribution. To calculate the outage probability, we

define S ′j = Sjδ(w(τj,n), γt), for j ∈ MC,kc , to express the intended signal level

under an M-kc-R-k scheme. Thus, the corresponding SINR level (at equilibrium

) recorded at mobile-n which is located at (r, θ), is equal to

∑
j∈MC,kc

S′j∑
j∈MN,k

Sj+IN
. Using

the values for the mean and variance of the SINR level, which are calculated in

the following section, the corresponding coverage probability attained under the

use of the M-kc-R-k scheme is computed as follows:

P (ΓM,kc,k ≥ γt) =
kc−1∑
i=0

∫ R

R0

∫ 2π

0

erfc
(
γt,dB−µi,r,θ√

2σi,r,θ

)
2

rdrdθ

kcacell
. (4.12)

In the following, we present mathematical expressions we use to estimate the

values realized for the mean and std (i.e., µi,r,θ and σi,r,θ) of the experienced SINR

level, as recorded by the receiver of mobile-n under a R-k or an M-kc-R-k scheme,

for k = 1, 3 and kc = 3, 4, 7, 19.

IV.2.3 Mean and Variance Estimate Values for the Experienced SINR

level at Mobile-n

The aggregate signal and interference power levels recorded at the receiver of a

mobile are modeled, as an approximation, to follow Log-normal distributions (fol-

lowing the method described in [84, 85]). The approximation method, whose cal-

culation technique is often also referred to as the Fenton-Wilkinson (FW) method

is presented in [84]. Another techniques is presented by Schwartz-Yeh (SY) [85].

We have carried out both methods to deriving the mean and variance parameters

of the Log-normal distribution to be used to approximate the distribution of the

aggregate interference power level received at a mobile node. The FW method

provides a simple closed-form expression for estimating the mean and variance

values of the sum of Log-normal random variables. However, for our problem,

in comparing the computed results with those obtain under simulations, we have

observed the SY method to provide more accurate results. Therefore, we have
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used in this chapter the SY method.

The basic approach used under the SY method is summarized as follows.

Mathematical formulas are derived and used to compute the exact mean and

variance levels for the sum of any two random variable components, each of which

is governed by a Log-normal distribution. Then, the sum of the two Log-normal

random variables is approximated as a Log-normal random variable, whose dis-

tribution is characterized by using the calculated mean and variance values. The

calculation proceeds iteratively in this manner, until all involved Log-normal ran-

dom variables are considered.

We consider two normalized received power levels induced by transmissions by

BS-i and BS-j (i.e., Si and Sj) in Eqs. (4.5) and (4.6). Each of the received power

variables follows a Log-normal distribution. Employing the SY method (see the

Eqs. (44), (47) and (50) in [85]), the mean and variance values of the sum of Si

and Sj are calculated as follows:

Z = ln(Si + Sj) = ln(eY1 + eY2);

ω = Y2 − Y1;mω = my2 −my1 ;σ
2
ω = σ2

y2
+ σ2

y1
;

mZ = E[Z] = my1 +

∫ ∞
−∞

ln(1 + eω)f(ω)dω;

E
[
Z2
]

= σ2
y1

+m2
y1

+ 2Eω
[
ln(1 + eω)[my1 − ρ2(ω −mω)]

]
+ E[ln2(1 + eω)];

ρ = E

[
(Y1 −my1)(w −mw)

σy1σw

]
= − σy1√

σ2
y1

+ σ2
y2

;

σ2
Z = V ar[Z] = E[Z2]− E[Z]2,

(4.13)

where Z is approximated as a Gaussian random variable; myi = E[Yi] and σ2
y2

=

V ar[Yi], for i = 1, 2; f(ω) = 1√
2πσω

e
−ω−mω

2σ2ω . Thus, Si + Sj follows a Log-normal

distribution with parameter ( 10
ln 10

E[Z], ( 10
ln 10

)2V ar[Z]). In [85], the authors pro-

pose simple polynomial expressions for the computation of: ln(1 + eω)f(ω)dω and

Eω[ln(1 + eω)[my1 − ρ2(ω −mω)]] + E[ln2(1 + eω)]; see the Eqs. (54)-(73) in [85].

The use of these expressions significantly reduces the computational complexity

of the calculations of the underlying moments.
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By using Eq. (4.13) iteratively, we estimate the mean and variance values

of the aggregate intended signal (e.g.,
∑

i∈MC,kc
S ′i under an M-kc-R-k scheme)

and the aggregate interference power (e.g.,
∑

i∈MN,k
Si under an M-kc-R-k scheme

and
∑

i∈Mk
Si under a R-k scheme) recorded at a mobile-n, which are denoted

as (mS,Z , σ
2
S,Z) and (mI,Z , σ

2
I,Z), respectively. Consequently, we obtain µi,r,θ =

10
ln 10

(mI,Z −mS,Z) and σi,r,θ = 10
ln 10

√
σ2
S,Z + σ2

I,Z , in characterizing the parameters

of the distribution for the SINR level recorded by mobile-n under a R-k scheme

or an M-kc-R-k scheme, for kc = 3, 4, 7, 19 and k = 1, 3.

Using the above Eqs. (4.9)-(4.13), and employing a numerical integration

method (see, for example, the methods described in Chapter 2 of [65]), we proceed

to calculate the coverage probability metrics of interest.

V Optimum Scheduling Scheme and Resource Allocation

In this section, we aim to maximize the system’s performance behavior. For this

purpose, we first derive the minimum bandwidth level required per stream, under

the coverage target levels that are specified in multicasting the video flows. We

then examine the system settings that should be made to maximize a system

utility measure.

To study the first design problem, we condition on the prescribed specification

of the coverage probability for each group. We assume a fraction cg of the users

are targeted to Group-g members, where cg ∈ [0, 1], for g = 1, 2, and c1 ≥ c2. In

Section V.1, we derive the minimum bandwidth level, under given targeted QoE

levels. In Section V.1.1, to further mitigate inter-cell interference, we present the

optimally configured FFR schemes that determine the best reuse level for each

group of users. To demonstrate the setting of the coverage (cg) parameters, we

present in Section V.2, a design process that is used to optimally configure the

system so that a WTP-based utility measure is optimized.
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V.1 Minimum Bandwidth requirement under Quality of Experience

(QoE) and Coverage Probability Requirements

Assume a system whose design must subscribe to given specifications of the (per

group) coverage probability levels (c1, c2) and QoE levels (Q1, Q2). We aim to

obtain the minimum value of the required bandwidth levels, for each layer, of the

video stream. Using Eqs. (4.10) and (4.12), we obtain the corresponding SINR

(threshold) target levels (say γt,kg ,cg) that are required to achieve the prescribed

coverage probability cg levels for Group-g users, under a reuse-kg or an M-kc-R-kg

scheme, for kg = 1, 3 and kc = 3, 4, 7, 19. This problem is formulated as follows:

minimize Br = B1 +B2

subject to Q(ηg(γt,kg ,cg , Bg)) ≥ Qr,g, g = 1, 2,

Bg ≥ 0, g = 1, 2.

(4.14)

By using Eqs. (4.4) and (4.8), the design problem is reformulated as the following

linear programming problem:

minimize B1 +B2

subject to B1 ≥
R(Q1)

S(k1, γt,k1,c1)
,

B2 +
B1S(k1, γt,k1,c1)

S(k2, γt,k2,c2)
≥ R(Q2)

S(k2, γt,k2,c2)
, Bg ≥ 0, g = 1, 2.

(4.15)

As a solution to a linear programming problem, we note the optimal solution

to be located at one of the vertices of the boundary of the feasible region [86].

Hence, we conclude the following result:

B∗1 =
R(Q1)

S(k1, γt,k1,c1)
, B∗2 =

R(Q2)−R(Q1)

S(k2, γt,k2,c2)
,

B∗r =
R(Q2)−R(Q1)

S(k2, γt,k2,c2)
+

R(Q1)

S(k1, γt,k1,c1)
.

(4.16)
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V.1.1 Optimal Fractional Frequency Reuse (FFR) Scheme

In this section, we consider FFR scheduling schemes. We determine the optimal

reuse-kg scheduling scheme to be employed for multicast transmissions that are

destined to Group-g users, for g = 1, 2. The result is given by the following

Theorem.

Theorem 11. Consider an FFR scheduling scheme which is designed to meet

a prescribed set of coverage probability levels; the corresponding SINR threshold

level is then calculated as γt,kg ,cg for Group-g, for g = 1, 2 under the employ-

ment of a reuse-kg scheduling scheme. The optimal selection of the kg values,

that serves to minimize the per-stream bandwidth requirement is determined as fol-

lows. The realized ESE value for transmissions destined to Group-g members (i.e.,

S(kg, γt,kg ,cg)), for g = 1, 2) is calculated by using the SINR-to-SE mapping func-

tion shown in Figure 4.1. For each group, we perform this calculation twice, by as-

suming first a reuse-1 scheme to be used and then by assuming a reuse-3 scheme to

be employed. The ensuing results are then compared. If S(1, γt,1,cg) ≥ S(3, γt,3,cg),

then Group-g users are scheduled by using a reuse-1 scheme. Otherwise, they are

scheduled by employing a reuse-3 scheme.

Proof. Using Eq. (4.16), we observe that

B∗r =
R(Q2)−R(Q1)

S(k2, γt,k2,c2)
+

R(Q1)

S(k1, γt,k1,c1)

≥ R(Q2)−R(Q1)

maxk2 S(k2, γt,k2,c2)
+

R(Q1)

maxk1 S(k1, γt,k1,c1)
.

(4.17)

The above obtained lower bound for B∗r is achieved when the determination of the

reuse level is based on the comparison of the corresponding reuse-1 and reuse-3

ESE values.
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V.2 Maximizing the Service Provider’s Utility Function

In this section, we demonstrate the overall design of the system in selecting the

fraction of users that are targeted to receive video stream at a lower quality level.

For this purpose, we define f1 as the fraction of supported users that belong to

Group-1; f2 denotes the fraction of supported users that are members of Group-2.

We define a system utility function (denoted as U) as follows. Accounting for a

Willing-To-Pay (WTP) incentive, we assume that users gain higher utility from

the reception of a video streams (and are thus ”willing to pay”) if they are able

to receive the video stream at a quality level that is higher to a quality threshold

level qt. However, since receiving a video stream at a higher QoE level entails

the use of a higher system bandwidth level, we set the system utility function

to express the overall utility gained per unit bandwidth (measured in units of

[dollar/user/MHz]). It is expressed as follows:

U =
f11(Q1 ≥ qt) + f21(Q2 ≥ qt)

B∗r
, (4.18)

where f1 = P (Γ < γt,k2,c2 | Γ ≥ γt,k1,c1) = c2−c1
c1

and f2 = 1 − f1 = 2c1−c2
c1

.

1(Qg ≥ qt) is the indicator function. If Qg ≥ qt, 1(Qg ≥ qt) = 1. Otherwise,

1(Qg ≥ qt) = 0.

To illustrate the ensuing design of the system, we assume that the service

provider aims to set a minimum coverage probability c1 and a minimum video

quality level Qmin. The SVC encoded operation is therefore designed in a manner

that assure a fraction of c1 of the users to receive correctly the base layer of the

video stream. The minimum QoE levels that are associated with the correspond-

ing illustrated video scenarios are noted in TABLE 4.1. In addition, the service

provider aims to provide a fraction c2 of the users with the ability to receive the

multicasted video streams at a higher video-quality value that is set to be not

lower than qt.

To demonstrate the dependence of the system’s utility measure on the setting

105



of the coverage probability levels, we calculate the utility metric for different

coverage probability values and then proceed to achieve the highest utility level.

For the illustrative scenario presented in the following, we consider the following

coverage set: c1 = x% and c2 = c1
10
i, for i = 0, 1, . . . , 10, where x = 90, 95, 99.

VI Performance Evaluation

In this Section, we illustrate the performance of multicasting SVC video streams

over cellular wireless systems that are managed by using the scheduling mecha-

nisms presented in this chapter. Each BS node is capable of adjusting its code

rate (and thus transmit data rate). Each BS’s transmit power is set to be 43

[dBm] (corresponding to 20 [W]). The noise power density level N0 is set equal

to be −174 [dBm/Hz], as often assumed for LTE models [33]. The bandwidth

prescribed for multicasting service is assumed to be equal to 5 [MHz], and each

subcarrier occupies 15 kHz, as often set for LTE systems [35,38]. The cell radius

is set to be 500 [m]. The path loss exponent (α) is set equal to 3.67 and the path

loss factor (K) is set to (22.7 + 26 × log10 fc [GHz]) [dB], where fc = 2 [GHz].

These parameters correspond to a version of the ITU-UMi model [35, 66] often

used for the deployment of micro BS nodes in LTE system analyses. We set the

MOS-based QoE threshold level for the ”willing to pay” model to be equal to 3, as

used in [67]. We consider the video streams associated with the AKYIO scenario.

We have obtained performance results that are similar to those presented here by

considering other video scenarios and therefore do not include these results in the

chapter.

VI.1 Coverage Probability under R-k and M-kc-R-k Schemes

In Figure 4.4a, we draw the distribution of the realized SINR levels, as recorded

by a mobile whose location in the cell is randomly selected. We observe that un-

der a given SINR threshold value (denoted as γth), the R-3 and M-kc-R-3 schemes

provide coverage probability levels that are significantly higher than those ob-
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Figure 4.4: Coverage probability under R-k scheme and M-kc-R-k Schemes, for
k = 1, 3 and kc = 3, 4, 7, 19.
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tained under R-1 and M-kc-R-1 reuse-1 schemes, respectively, for kc = 3, 4, 7, 19.

This is explained by noting that through the use of reuse-3 scheduling schemes

the inter-cell interference level is reduced. When employing MBSFN schemes,

we note that as the number of cooperative cells is increased, a higher coverage

probability value is achieved. This result is attained due to the reduction in the

intra-cooperative-group interference level induced by the cooperative process.

When γth is lower than -3 dB, we note that a R-1 scheme performs better than

M-3-R-1 and M-4-R-1 schemes, since at such low SINR levels the cooperation

process does not enhance the system’s performance as the operation is dominated

by inter-cell interference signals. A similar conclusion applies when considering

the M-19-R-1 scheme; its performance behavior is similar to that attained under

the M-7-R-1 scheme. In turn, in considering all examined reuse-3 schemes, in-

cluding the R-3 or M-kc-R-3 schemes, for kc = 3, 4, 7, 19, we find the M-19-R-3

scheme to exhibit the best performance. We also observe that the M-3-R-k scheme

outperforms the M-4-R-k scheme, for k = 1, 2, since the M-3-R-k configuration

represents a more symmetrical layout of cooperative cells than that exhibited by

the M-4 layout, leading to a more effective cooperation process.

By using the SINR-to-SE mapping given in Figure 4.1, we calculate the cover-

age probability levels attained under specified ESE levels as shown in Figure 4.4b

We conclude that, in general, under a low targeted coverage probability level, the

R-1 and M-kc-R-1 schemes perform better (yielding higher ESE values) than the

corresponding R-3 and M-kc-R-3 schemes, for kc = 3, 4, 7, 19. This is explained by

noting that under a low coverage level, one is mostly concerned with users that

are located in the central area of the cell (or cooperative region) and are thus less

impacted by inter-cell interference signals. In turn, to realize a high ESE level for

users located near the boundary, the use of a reuse-3 scheme is more effective, as

the operation is then dominated by inter-cell interference signals. Consequently,

we observe that the R-1 and M-kc-R-1 (or R-3 and M-kc-R-3) schemes are more

beneficial for users that are located closer to the center (or edge) of a cell and

cooperative (multi-cell) regions, respectively.
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Under higher targeted coverage probability levels, such as those ranging from

0.95 to 1, we observe that a R-3 scheme yields the highest ESE level, when com-

pared with the performance attained by using the M-7-R-1 and M-19-R-1 schemes.

The latter systems represent the commonly employed MBSFN schemes, as noted

in [9, 10,60,87]. This is the case since a reuse-3 scheduling approach is needed to

mitigate inter-cell interference at edge users and thus achieve the required high

coverage level.

For the same reason, we observe that under high coverage probability levels,

an M-3-R-3 scheme exhibits ESE performance that is superior to that attained by

the commonly employed the M-7-R-1 and M-19-R-1 schemes. Clearly, under the

use of the same reuse level, the use of an MBSFN scheme with higher cooperation

level will lead to enhanced SE performance level, at a cost of higher cooperation

processing computational cost. The excess performance that is then attained in

well demonstrated in the exhibited performance curves.

VI.2 The Minimum Required Bandwidth vs. the fraction of users

that receive lower quality video streams

In Figure 4.4, we exhibit the minimum bandwidth level per stream, as calcu-

lated by the mathematical expressions derived above, under a prescribed value of

f1. As expected, the required bandwidth level is lower when a higher f1 value is

set.

We note that although Group-1 users are only supported with the reception of

streams at lower quality level, their achieved ESE value is relatively low due to the

prescribed high coverage probability level. Consequently, the required bandwidth

used for transmitting streams to Group-1 users (i.e., B1) must be relatively high,

to realize the targeted data rate. In turn, the coverage probability level set for

the support of Group-2 users (i.e., c2) is lower than c1. Although Group-2 users

are supported with high-quality video streams, the extra bandwidth requirement
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Figure 4.4: The minimum required bandwidth versus different values of f1
given c1 = 90%, 95% and 99% under optimal FFR and M-kc-FFR schemes, for
kc = 3, 4, 7, 19.

for Group-2 users to receive the extra enhancement layers of the video stream is

not relatively as high since group-2 users tend to record higher SINR levels and

thus realize higher ESE values.

In observing the required values for the minimum bandwidth, as shown in the

same Figure 4.4, we note the following. We observe that under c1 = 90%, as shown

in Figure 4.5a, our proposed optimally configured M-7 and M-19 FFR schemes

outperform the M-19-R-1 and M-7-R-1 schemes, confirming the performance ad-

vantage gained through the use of the proposed FFR schemes. Especially, the

optimal M-3 FFR scheme yield a slightly better performance than that attained

by using the M-7-R-1 scheme. Under c1 = 95%, as shown in Figure 4.5b, the

optimal M-3 FFR scheme yields better performance than that achieved by using

the M-7-R-1 or the M-19-R-1 schemes. When setting f1 = 0 or f1 = 1, the opti-

mal FFR scheme slightly outperforms the M-7-R-1 and M-19-R-1 schemes. Under

c1 = 99%, as shown in Figure 4.4c, the optimal M-3 FFR scheme yields perfor-

mance behavior that is quite close to that attained by the M-7-R-1 and M-19-R-1
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schemes. Under f1 = 0 or f1 ≥ 0.45, the optimal FFR scheme achieves better

performance than that attained by the M-7-R-1 or the M-19-R-1 schemes.

We conclude that when a high coverage c1 is set, the commonly used reuse-1

MBSFN schemes do not attain much performance enhancement gains (when com-

pared to non-MBSFN FFR and M-3 FFR schemes) as the system’s performance

behavior is then dominated by the requirement imposed for the support of Group-

1 users. The latter induces an operation that is conducted at lower ESE levels.

The proposed FFR schemes induce significant performance gains.

VI.3 WTP Utility based System Design

We consider a utility function that can be employed by a service provider that aims

to video streams at different quality levels to different user groups, incorporating

the concept of ”willing to pay”, as expressed by Eq. (4.18). By considering dif-

ferent f1 values, we have used our mathematical formulas (as well as simulations,

to confirm our results) to calculate the utility levels. The latter are expressed in

units of dollar/Hz/user. The results are shown in Figure 4.4.

We observe that when a higher f1 value is set, the required bandwidth level is

lower, while the fraction of users that are willing to pay is also lower. Thus, we

observe the existence of a system design tradeoff in the selection of the best f1 or

f2 level. We observe that the optimally configured M-19 FFR yields much better

performance (i.e., a higher utility level) than that attained by the other schemes.

These performance curves well establish the superior performance effectiveness

exhibited by our optimally configured FFR schemes.

Under a prescribed coverage level of c1 = 90%, as shown in Figure 4.5a, the

optimal f1 levels to be selected under the use of the optimally configured M-7

FFR and M-19 FFR schemes, are noted to be equal to 0%. Thus, it is then most

effective to support all users with the reception of higher-quality video streams.

However, under the use of M-19-R-1 and R-1 schemes, the optimal f1 levels are

then equal to 11%. For M-7-R-1, M-3 FFR and M-4 FFR schemes, the optimal
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Figure 4.4: The utility over different values of f1 given c1 = 90%, 95% and 99%
under optimal FFR schemes and MBSFN with kc-cell cooperation and optimal
FFR scheme (M-kc-FFR), for kc = 3, 4, 7, 19.

f1 values are equal to 22%. For the latter reuse-1 schemes, the operation is

degraded by ensuing inter-cell or inter-group interference effects. For the latter

FFR schemes, the use of a lower number of cooperating cells in each group is not

as effective as that achieved through the use of larger cooperating groups.

Under c1 = 95%, as shown in Figure 4.5b, the behavior of the system is

explained in the same manner as that explained above for the c1 = 90% case. the

optimal f1 values to be used, under optimally configured M-3, M-7 FFR and M-19

FFR schemes, are noted to be equal to 11%. For the optimally configured M-4

FFR, M-7-R-1 and M-19-R-1 schemes, the optimal f1 values are equal to 22%. For

the optimally configured non-MBSFN FFR, the optimal f1 value is equal to 33%.

We also observe that the optimal M-3 FFR scheme exhibits performance behavior

that is close to that attained by the M-7-R-1 and M-19-R-1 schemes. Under

c1 = 99%, as shown in Figure 4.4c, we observe the optimal f1 values attained

under the use of the M-7-R-1 and the optimally configured M-19 FFR schemes

to be equal to 22%. The optimal f1 values for the other schemes are noted
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to be equal to 11%. We also observe that the optimally configured M-3 FFR

scheme significantly outperforms the M-7-R-1 and M-19-R-1 schemes. Optimally

configured non-MBSFN FFR schemes are shown to achieve utility levels that are

similar to those attained by the M-7-R-1 and M-19-R-1 schemes. The reasons for

exhibiting this behavior under a very high c1 level are explained by noting the

system performance to be then dominated by the support that must be provided

to Group-1 users.

VII Concluding Remarks

In this chapter, we consider downlink multicasting of SVC encoded video streams

over wireless cellular networks by combining FFR and MBSFN scheduling schemes.

We classify mobile users into two groups, based on their experienced SINR levels.

The SINR threshold level that determines the classification process is calculated

by aiming to meet prescribed user coverage levels. Mobiles that belong to a higher-

SINR group are targeted to receive video streams at a higher QoE level. Under

specified value for the targeted QoE and coverage level for each group of users,

we derive the minimum required per stream bandwidth level. To demonstrate

the design of the system in determining the optimal size of each group, we max-

imize a system utility metric that is based on the ”willing to pay” concept. We

observe that under high coverage probability levels, an MBSFN scheme that in-

volves the cooperation among 3 cells, combined with an optimally configured FFR

component, outperforms a system that employs a commonly employed MBSFN

operation (but does not employ an embedded FFR mechanism), which involves

the cooperation among 7 or 19 cells.
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CHAPTER 5

Joint Adaptive Rate and Scheduling for Video

Streaming in Multi-cell Cellular Wireless

Networks

I Introduction

Video streaming applications over cellular wireless network systems keep increas-

ing in a significant manner. Long Term Evolution (LTE) [13] systems provide

video streaming at high data rates. Their future expansions into advanced version

promise to support even higher video streaming rates and accommodate a much

larger number of clients. Advanced wireless networking mechanisms employ cross-

layer adaptations. Their operations dynamically adjust to yield high throughput

rate by using adaptations of the radio transmission process to variations embedded

in Internet packet traffic flows, while also accounting for fluctuations in channel

gain states [14].

We consider a system that locates a proxy video manager and resource con-

troller at the base station (BS) node. The manager stores multiple compressed

replicas of each requested video stream, representing video stream versions that

account for receptions at different Quality of Experience (QoE) levels. The con-

tents of each version is represented by a flow of video packet chunks, produced

at a specific bit rate [15, 16]. By jointly setting the video compression level and

the proper modulation/coding scheme (MCS) for encoding a video stream, the
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BS node can make efficient use of wireless spectral resources by providing good

video quality to users that experience good channel conditions while maintaining

basic video quality for streams that are sent to other users.

Our system model in this chapter is structured as follows. The BS manager

classifies mobiles into low-video-quality (Group-1) and high-video-quality (Group-

2) groups by using the users’ reported CQIs to calculate the effective spectral

efficiency (SE) levels. A user is then assigned to be a member of Group-2 if the

calculated effective SE level is higher than an SE threshold level. The latter is

calculated by aiming to optimize a system utility metric. To further mitigate inter-

cell signal interference, we examine fractional frequency reuse (FFR) scheduling

schemes. Under an SINR-based FFR scheme (see [7]), mobiles are assigned into

one of two classes (based on their monitored SINR levels), identified as interior

and exterior classes. Mobiles that experience higher (lower) SINR levels than

an SINR threshold value are assigned as members of an interior (exterior) class.

Neighboring BS nodes transmit to interior (exterior) users through the use of a

reuse-1 (reuse-3) coordinated scheduling operation. We propose an SE-based FFR

scheme, under which cell users are classified in accordance with their effective SE

levels. The latter are calculated under assumed reuse-1 and reuse-3 scheduling

schemes. If a higher such effective SE level is realized under a reuse-1 scheme,

the user is affiliated with an interior class. It is noted that these resulting FFR

user classes are generally different than the video quality based groups mentioned

above.

The analyses presented in this chapter lead to the following key results. When

all cell users demand the reception of video streams at a specified fixed QoE level,

we show that a reuse-3 scheduling scheme provides for the support of a larger

number of users. The average bandwidth per steam required under a reuse-3

scheme is shown to be lower than that required under a reuse-1 scheme. It is also

shown to exhibit similar performance to that attained under the use of an optimal

SINR-based FFR scheme. Yet, our proposed SE-based FFR scheme is shown to

outperform the examined reuse-k schemes, k = 1, 3, and the optimal SINR-based
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FFR scheme, enhancing performance by a margin of at least 50%.

In turn, when users that belong to different groups are willing to accept video

streams at different quality levels, we show that our proposed optimal SE-based

FFR scheme to outperform optimal reuse-k and SINR-based FFR schemes, for

k = 1, 3, by a margin of at least 20%. When considering the illustrative WTP

based utility metric, we show that, to achieve the highest utility metric level, the

fraction of mobiles that should be assigned as Group-2 members is approximately

equal to 30%, under the use of SE-based FFR scheme.

The chapter is organized as follows. The related works are discussed in Sec-

tion II. The system model is presented in section III. In section IV, we discuss the

flexible resource allocation scheme that is used by the proxy manager for mobile

streaming in LTE. In section V, we evaluate the system’s spectral efficiency and

the corresponding required bandwidth level under a prescribed set of quality levels

of a video stream. The illustrative service provider’s utility function is presented,

and the associated system optimization problem is formulated and studied, in

section VI. In section VII, we evaluate and discuss the system’s performance

behavior when regulated by the derived mechanism that configures jointly the

employed video encoding, channel encoding and scheduling schemes. Conclusions

are drawn in section VIII.

II Related Works

Several papers have presented studies involving resource allocations for unicasting

video streams by using HAS or DASH mechanisms [88–92]. In [88], the authors

consider a real-time adaptive resource allocation scheme that is based on the end

user’s QoE in the context of video streaming service. The QoE measure is based

on the use of a no-reference quality metric (i.e., Pause Intensity (PI)). In [89],

the authors present an optimal rate allocation and admission control mechanism

for adaptive video streaming sessions in wireless networks with user dynamics.

The authors aim to maximize an average rate utility per user metric, while min-
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imizing the temporal rate variability, and maximizing the number of supported

users. In [90], the authors propose a quality-fair adaptive streaming mechanism

to deliver fair video quality to HAS clients that may experience different channel

state conditions. In [91], the authors propose a DASH-friendly scheduling and

resource allocation scheme (DFSRA), intending to enhance the QoE reception

quality experienced by wireless DASH users. In [92], the a cross-layer Video-QoE

aware optimization framework for wireless resource allocation is proposed. The

system considers the underlying constraints imposed by the re-buffering process.

These papers, however, do not integrate into their models the impact of inter-

cell signal interference effects as regulated by the use of coordinated wireless cell

downlink scheduling schemes. Such interference effects impact in a significant

manner the spectral resources that must be allocated for the support of variable

video quality streaming flows. In this regard, the latter papers do not account for

the design of a system that uses effectively wireless channel resources when video

streams at variable quality levels are transmitted to different users. In [80], we

have presented and analyzed a variable video streaming operation that is used to

multicast a specified group of video streams to all cell users. Multi-tier Scalable

Video Coding (SVC) encoders have been used there to offer all users with base

layer video streams, while providing cell users that are experiencing better channel

quality levels with additional stream layers that enable them to experience higher

quality video reception. In contrast, in this chapter, we further consider a unicast

networking system, so that the structure of the video stream and the allocated

levels of associated channel resources must be determined specifically for each cell

client, based on its reported CQI. To demonstrate the overall design of a service

that is based on granting different users with video streams that offer different

video quality levels, we use a willing to pay (WTP) utility measure [67].
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III System Model

We consider a cellular network, such as an LTE network, whereby each cell is

managed by a base station (BS) node that employs an omnidirectional antenna [8,

33]. We model each cell to span a hexagonal disk area, whereby its radius R

denotes the distance from the central BS node to each one of the cell’s peripheral

vertices. The coordinates of the location of the i-th BS (denoted as BSi, for

i = 0, 1, 2, . . . , NBS) in polar form are set as (ri, θi), where NBS is the total number

of BS nodes in the area of operation under consideration. BS0 is assumed to be

positioned at coordinates (r0, θ0) = (0, 0). Thus, ri represents the distance between

BSi and BS0 and θi is an angle that is measured in reference to the x-axis, where

ri ≥
√

3R and θi ∈ [−π, π], for i ≥ 1.

The transmit power, as used by each BS node, is set equal to PT . For each

employed communications channel, the propagation gain function is commonly

modeled as

Gi,j = Kd−αij 10−
ξij
10 , (5.1)

where dij represents the distance from transmitter i to receiver j, K is a path loss

factor (that accounts for absorption and penetration losses); α represents the path

loss exponent; 10−
ξij
10 accounts for shadow fading, which is assumed to follow a

Lognormal distribution [35], as used in typical LTE channel models. ξij is modeled

to be governed by a Normal distribution with zero mean and standard deviation

σij.

The transceiver radios employed by the BS nodes use adaptive-rate operations,

adjusting their downlink transmit rate (and respective selected MCSs) in reaction

to the signal-to-interference-plus-noise ratio (SINR) power levels reported by the

destination user station. To illustrate, we assume henceforth in this chapter that

this selection is performed based on a version of the LTE standard recommenda-

tion. Accordingly, the MCS and ensuing code rates are selected to assure downlink
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Figure 5.1: The mapping functions from SINR to CQI under BLER = 10% (refer
to [1]) and from CQI and spectral efficiency (SE) (refer to [2]).

communications at a prescribed block error rate (BLER) that is equal to 10%,

assuming an additive white Gaussian noise (AWGN) channels model [1]. In [93],

a Block Error Ratio is defined as the ratio of the number of erroneous blocks re-

ceived to the total number of blocks sent, where an erroneous block is defined as a

Transport Block, the cyclic redundancy check (CRC) of which is wrong. The cor-

responding setting is summarized in [1] that presents a mapping function between

SINR and CQI. Such mapping function is shown in Figure 5.1. It identifies, for

each CQI level, which is specified in [2], the corresponding spectral efficiency (SE)

value achieved by the MCS that is then selected to provide for proper channel

coding in communicating with a user station that monitors SINR levels at the

corresponding range.
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IV Flexible Resource Allocation for Mobile Streaming in

LTE

In this chapter, we aim a video stream to be received at the destination user

stations at either one of two possible QoE levels, set as q1 and q2. In [94,95], one

of the QoE metrics, defined as part of the 3GPP DASH specification TS 26.247,

is based on the average throughput rate. The latter is defined as the total number

of content bytes accumulated per measurement interval. The operation is readily

extended when a larger number of video quality levels is used. To assess the

number of users that can be then supported, we calculate the average value of

the required bandwidth per stream. To conserve spectral resources, we reduce

the quality (and corresponding data rate) of a video stream targeted to a mobile

station that experiences low channel quality conditions, setting it to the lower

quality level q1. In turn, a higher rate video compression code is selected for a

stream that is sent to a user that records higher channel quality conditions, setting

the higher video quality level to q2.

Accordingly, a cell’s destination user station is assigned as a member of one

of two user groups. We consider a group assignment method that is based on

the user’s calculation of the spectral efficiency (SE) level that can be attained

by downlink transmissions that it receives. The corresponding effective SE level

that is realized by the BS in communicating with this user station is calculated as

noted in the following, to account for the underlying reuse level implemented by

the scheduling scheme that is employed for coordinating downlink transmissions

by area BS nodes.

For example, consider a mobile that reports to its associated BS that its CQI

level is equal to c. Assume area BS nodes to use a (spatial and spectral) reuse-k

scheduling scheme. The above mentioned mapping function in Figure 5.1 is then

used to map the reported CQI level to the achievable SE value. Let η(c) denote

the SE level attainable under a reported CQI-c, as deduced from Figure 5.1,

c = 0, 1, . . . , cmax, where cmax is set equal to 15 based on the 4-bit CQI-table
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specified in [2]. The Effective SE (ESE) level realized by the BS in transmitting

the video stream to this user node is set equal to ηk,c = η(c)
k

, as the BS node

communicates with this user by using a channel whose bandwidth is reduced by

a factor k. The SE-based group classification process then proceeds as follows. A

mobile user is assigned to become a Group-1 member if its calculated ESE level

is lower than a threshold level ηth. Otherwise, it is assigned as Group-2 member.

To receive a given stream at a video quality level q, a video stream average

rate of R(q) [bps] should be provided at the output of the TCP layer. The corre-

sponding average wireless downlink channel (DLC) rate, denoted as R(DLC) [bps],

is then calculated as R(DLC) = R(q)
β

, where β ≤ 1 is a factor accounting for the

aggregate overhead introduced at the TCP layer. For specific illustrative calcula-

tions, we assume an H.265/HEVC 10.1 encoded video with a spatial resolution of

1920 × 1080, whose traces are publicly available at [96]. The traces corresponds

to the movie ”Harry Potter”, and it is constructed by using 1799 encoded chunks.

The encoding process operates at a rate of 24 frames per second, and the resulting

Group-of-Picture (GoP) pattern is G24B7, where GaBb is used to denote the GoP

structure, a denotes the total number of frames in a GoP and b denotes the num-

ber of B frames between successive I or P frames [97]. The video is segmented

into packet chunks. Each chunk represents an encoding of a video segment of

duration τ = 2 [sec] (48 frames) corresponding to two GOPs. The quality of the

video is further determined by the quantization level that is used, considering 8

different quantization levels. We assume that 6 different QoE levels are observed;

each QoE level corresponds to an uninterrupted transmission of the stream at one

out 8 encoded video quality streams. We identify the associated QoE levels by

the index q, which ranges from 1 to 6, with 1 designating the highest QoE level.

We set the aggregate overhead efficiency of the involved layering process as

β = 0.64, accounting for 80% efficiency each at the TCP and IP layers (and

neglecting other efficiency factors). Encoder settings and resulting video rate R(q)

relevant to quality q are summarized in Table 5.1 [98]. As noted in the latter paper,

the corresponding required communications data rate is often further increased to
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Table 5.1: Quality Assignment for Different Video Encoder Setting.
Quality q Quantization Video Bit Rate R(q) [kbps]

1 20 3856.3
2 25 1192.11
3 30 527.7
4 35 273.65
5 40 150
6 45 81
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Figure 5.2: Reuse-3 (5.2a) and fractional frequency reuse (FFR) (5.2b) schemes.

prevent a high occurrence of buffer starvation (and corresponding stream stalls)

at the receiver. This rate adjustment factor can be readily added to the following

calculations and is therefore not included in this chapter. Clearly, the models

and analyses presented in this chapter readily apply as well when other video

compression procedures are employed.

V Performance Analysis

In this section, we analyze the system’s performance under reuse-1, reuse-3 and

FFR schemes. The latter two schemes are illustrated in Figure 5.2. It is noted

that the overall allocated frequency band B
k

is available for downlink transmissions
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under a reuse-k scheme, for k = 1, 3. Under an FFR scheme, users in each

cell are classified as belonging to either an internal class or an edge class. The

internal and edge class of users share total bands that are equal to BI and BE,

respectively, where BI + BE = B. In the illustrative calculations carried out in

the following, we assume cell users to be uniformly distributed over the cell. We

use this distribution, and the ensuing calculations of the distribution of the SINR

levels recorded at each user to determine the average bandwidth required by a

downloaded stream, when directed to internal and edge users. The calculations

thus also specify the bandwidth levels that should be applied for streaming to

each class of users, under each FFR scheduling scheme.

For an SINR-based FFR scheme, the classification is based on the use of an

SINR threshold level, γth. A user whose reported SINR level is lower than this

level is recognized by its BS node as a member of the edge class. Otherwise, it

is identified as a member of the internal class of cell users. For studies of SINR-

based FFR schemes, see [50, 51]. Under our proposed SE-based FFR scheme,

the BS node calculates for each destination user the corresponding levels of ESE,

identified as ESE-1 and ESE-3, which are achieved when it employs reuse-1 and

reuse-3 schemes, respectively. If ESE-1 > ESE-3, the mobile is recognized as an

internal class member. Otherwise, it is identified as an edge class member.

Due to the symmetric nature of the layout, the analysis carried out in the

following is focused on a video stream transmission that is carried out across a

single tagged cell (i.e., the one that is managed by BS0, as shown in Figure 5.2).

Under each scheduling scheme, we first derive the SINR distribution recorded at

the receiver of a randomly selected mobile. Then, we derive the probability mass

function (p.m.f.) of the CQI levels announced by a user, and consequently use

the illustrative Figure 5.1 to deduce the corresponding SE levels. We then apply

this derived distribution function for the user SE levels to calculate the average

bandwidth level required per video stream, under different specified video-QoE

levels.
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V.1 Spectral Efficiency (SE) Analyses

V.1.1 A Reuse-k Scheme

Assume a reuse-k scheduling scheme to be employed. The SINR level that is

recorded at mobile-n of cell-0, denoted as γk,n, is given by the following expression:

γk,n =
G0,nPT∑

j∈Mk
Gj,nPT +N0

B
k

, (5.2)

where PT is the transmit power level of a BS node, and B
k

is the total allocated

bandwidth level under a reuse-k scheme. Gi,n represents the channel gain function

characterizing the link connecting BSi and mobile-n; it is described by Eq. (5.1).

N0 is the power spectral density of the ambient noise process. Mk denotes a set

that consists of BS nodes that (simultaneously) share the same resource segment

used by BS0.

In Eq. (5.2), the SINR experienced by mobile-n is modeled as a random vari-

able; its distribution is impacted by the assumption that the fading process is

dominated by a shadow fading process; it is thus assumed to be governed by a

Log-normal distribution. The receive power level of the signal at an intended

mobile station thus follows a Log-normal distribution. The aggregate interference

power at a mobile station is represented as a sum of Log-normal variables. Using

the results presented in [84,85], the aggregate interference power variable, as well

as the SINR level, are both modeled as variables that are governed by Log-normal

distributions. We use the method developed in [85] to estimate the mean and vari-

ance of the sum of Log-normal random variables. Consequently, the cumulative

density function (c.d.f.) of the experienced SINR level, under a reuse-k scheme,

is given as:

P (Γk,r,θ < γ) = 1−Q
(
γ − µk,r,θ
σk,r,θ

)
, (5.3)

where γ is measured in units of dB, µk,r,θ and σk,r,θ are the mean and standard
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deviation (std) levels of the experienced SINR, measured in units of dB, at mobile-

n and Q(z) = 1√
2π

∫∞
z
e−

x2

2 dx, for z ≥ 0.

Under a reuse-k scheme, the set of feasible values for experienced ESE levels,

denoted as ηk,c, monitored at a mobile located at (r, θ), is given as: Hk = {ηk,c |

ηk,c = η(c)
k

, for c = 0, 1, . . . , 15} and k = 1, 3, where c is the index of reported CQI,

and η(c) is the corresponding SE level, as shown in Figure 5.1. When a mobile

experiences an SINR level in the range [γc, γc+1), then the mobile would report

CQI-c to its associated BS node. Thus, the p.m.f. of the experienced ESE level

by the mobile under a reuse-k and reported CQI-c is given as:

P (Hk,r,θ = ηk,c) = P (γc ≤ Γk,r,θ < γc+1)

= Q

(
γc − µk,r,θ
σk,r,θ

)
−Q

(
γc+1 − µk,r,θ

σk,r,θ

)
.

(5.4)

V.1.2 SINR-based FFR Scheme

Under an SINR-based FFR scheme, a threshold level γth is used to determine

whether a user is classified as a member of the internal or edge class. The set of

feasible values for experienced ESE levels by a mobile located at (r, θ), under an

FFR scheme, is given as: HF = {ηk,c | ηk,c = η(c)
k

, for c = 0, 1, . . . , 15 and k = 1, 3

}. Thus, the p.m.f. of the ESE level monitored by a mobile tha report a CQI level

c, is given as:

P (HSINR,r,θ = η1,c) = P (γc ≤ Γ1,r,θ < γc+1,Γ1,r,θ ≥ γth)

=



Q

(
γth − µ1,r,θ

σ1,r,θ

)
P (H1,r,θ = η1,c), if γth < γc,

Q

(
γth − µk,r,θ
σk,r,θ

)
−Q

(
γc+1 − µk,r,θ

σk,r,θ

)
, if γth ∈ [γc, γc),

0, otherwise,

P (HSINR,r,θ = η3,c) = P (γc ≤ Γ3,r,θ < γc+1,Γ1,r,θ < γth)

=

[
1−Q

(
γth − µ1,r,θ

σ1,r,θ

)]
P (H3,r,θ = η3,c).

(5.5)
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V.1.3 SE-based FFR Scheme

Under an SE-based FFR scheme, mobile-n monitors, across each internal and

external frequency band, its realized SINR and CQI metrics and reports them to

its associated BS node. The latter then calculates the corresponding ESE-1 and

ESE-3 levels, and selects the higher one as a basis to classify the user as a member

of an internal or edge class set. Consequently, the p.m.f. of the experienced ESE

level monitored at a mobile, under an SE-based FFR scheme, under a reported

CQI-c value, for c = 0, 1, . . . , 15, is given as:

P (HSE,r,θ = ηk,c)

= P (γc ≤ Γk,r,θ < γc+1,Γl,r,θ ≤ γl,min(ηk,c))

=

[
1−Q

(
γl,min(ηk,c)− µl,r,θ

σl,r,θ

)]
P (Hk,r,θ = ηk,c),

(5.6)

where γl,min(ηk,c) = γmin(l η(c)
k

), for k, l = 1, 3 and k 6= l, and γmin(η) is the

minimum SINR level required to support an SE level of η.

V.2 Average Bandwidth Requirement

Under an SE-grouping method with an SE threshold value, ηth, and set of two

QoE levels (q1, q2), the average bandwidth level required by mobile-n located at

(r, θ) of cell-0 under reuse-k and S-based FFR schemes, for S = SINR, SE, are

given as follows:

E[Bk,r,θ] =
15∑
c=1

RDLC(q)

ηk,c
P (Hk,r,θ = ηk,c),

E[BS,r,θ] =
∑
k=1,3

15∑
c=1

RDLC(q)

ηk,c
P (HS,r,θ = ηk,c),

(5.7)

where q is set equal to q2 if ηk,c ≥ ηth. Otherwise, q is set equal to q1.

In the following, for convenience, we denote E[Bk,r,θ] and E[BS,r,θ] as E[Br,θ].

Therefore, the overall average bandwidth requirement for the support of mobiles
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that are uniformly distributed over a cell, under considered scheduling schemes,

is given as:

E[Bave] =

∫ R

R0

∫ 2π

0

E[Br,θ]
r

acell
drdθ, (5.8)

where R0 and R denote the respective minimum and maximum distance levels

between a mobile and its associated BS node; acell = 3
√

3(R2−R2
0) is the cell area.

We calculate the overall average bandwidth requirement by performing numerical

integration (see, for example, the methods described in Chapter 2 of [65]).

VI Maximize Service Provider’s Utility Function

In this section, we demonstrate a system synthesis process by prescribing an illus-

trative utility function which can be interest for a service provider. It is assumed

that the provider wishes to provide all cell users with video quality that is not

lower than a base values, while Group-2 users may be provided streams that they

receive at a higher video quality level. A willing to pay model is applied, so that

Group-2 users would be willing to pay for the video at a higher rate if the system

provides them with video streams at a sufficiently high quality level. As consid-

ered in [67], we assume that if the video stream’s received QoE level experienced

by a mobile user is higher than a threshold target level (denoted as qt), the user

is then willing-to-pay (WTP) for video reception. The defined utility function

expresses the system’s performance metric as a ratio of the average gained pay

and the average required bandwidth per stream. It is a measure that relates

to the overall revenue gained by a streaming service provider. Maximizing this

utility function involves the streaming of high quality flows to a sufficiently high

number of paying users, while not inducing a too high required bandwidth per

stream. The latter assures a service under which a sufficiently high total number

of users can be supported, noting the limited availability of an overall frequency

bandwidth level.
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We define fg as the fraction of the group-g users that receive high quality video

streams (i.e., at video quality Qg), for g = 1, 2. The respective utility function

(denoted as U), is expressed as:

U(ηth) =
f1(ηth)1(Q1 ≥ qt) + f2(ηth)1(Q2 ≥ qt)

E[Bave(ηth)]
, (5.9)

where Bave(ηth) is the average required bandwidth under an SE threshold level of

ηth, f1(ηth) = P (H < ηth) and f2(ηth) = 1 − f1(ηth). 1(Qg ≥ qt) is an indicator

function, so that 1(Qg ≥ qt) = 1 if Qg ≥ qt; otherwise, we set 1(Qg ≥ qt) = 0. In

the following, we denote Hk,r,θ, HSINR,r,θ, and HSE,r,θ as Hr,θ. Under a prescribed

SE threshold value that is employed in determining a SE-based grouping method,

we obtain the fraction of the system’s group-2 users by performing the following

calculation:

f2(ηth) =

∫ R

R0

∫ 2π

0

∑
η∈H

P (Hr,θ = η)1(η ≥ ηth)
r

acell
drdθ, (5.10)

where H is the set of supportable SE values, H = HF for an FFR scheme and

H = Hk for a reuse-k scheme, for k = 1, 3.

We observe that when we set a higher value for the threshold ηth, the required

per-stream bandwidth E[Bave(ηth)] is lower, as the system contains fewer users

that would be supported with the reception of high video quality streams, so that

a lower f2 level ensues.

VII Performance Evaluation

In this Section, we illustrate the performance of the video streaming system under

consideration. Each BS node is capable of adjusting its communications (MCS)

code rate. Each BS’s transmit power level is set to be 43 [dBm] (corresponding to

20 [W]). The noise power density level N0 is set equal to be−174 dBm/Hz, as often

assumed for LTE models [33]. The cell radius is set equal to 500 [m]. The path
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Figure 5.3: Stream bandwidth requirement versus f2 (fraction of Group-2 users).

loss exponent (α) is equal to 3.67 and the path loss factor (K) is set to (22.7+26×

log10 fc[GHz]) [dB], where fc = 2 [GHz]. These parameters correspond to a version

of the ITU-UMi model [35, 66] often used in evaluating LTE system performance

under the deployment of micro base stations nodes. The corresponding targeted

video (QoE) quality levels are set to (q1 = 6, q2 = 2). We set the willing to pay

QoE threshold level to be equal to qt = 6. To illustrate the ensuing system design

options, we consider the video streams associated with the movie ”Harry Potter”.

The transmission data rate levels at which the streams must be transmitted across

the downlink wireless channel, under each targeted quality level q, are displayed

in TABLE 5.1.

VII.1 The Overall Average Bandwidth Requirement (Bave)

By examining all entries in the set H, we obtain the average bandwidth level that

is required, under a range of video-quality levels, versus f2 (i.e., the fraction of

Group-2 users). The results are exhibited in Figure 5.3. We observe that when f2

is lower, a higher fraction of users receive low-quality video streams. Consequently,

the required average per-stream bandwidth level is lower. Under f2 = 0 and
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Figure 5.4: The utility function versus f2 (fraction of Group-2 users).

f2 = 1, all users are provided video at the same quality level, whether low-quality

or high-quality, respectively. We show that a reuse-3 scheme outperforms a reuse-

1 scheme, as well as the performance attained under the use of an optimally

configured SINR-based FFR scheme (corresponding to an SINR threshold value

that is set equal to 5 [dB]). In contrast, our proposed SE-based FFR scheme

achieves the lowest average bandwidth level, under each set value of f2.

VII.2 Optimizing the Utility Function U∗

For the scenario under consideration, we have used the model presented above

to calculate the values attained by the underlying utility function, for different f2

levels, prescribing the fraction of cell users that are set to be Group-2 members,

and thus provided higher quality video streams. The results are shown in Fig-

ure 5.4. We observe that our proposed SE-based FFR scheme outperforms the

other schemes. The optimal setting of the SE threshold, ηth, is shown to be equal

to 2.4063 [bps/Hz]. It entails the provision of high quality video to about 30.85%
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of the cell users. The optimal SINR-based FFR scheme (for which we note the

SINR threshold value to be set at 5 [dB]) is shown to induce higher utility metric

values than those attained by using the reuse-1 or the reuse-3 schemes.

We also observe that under a fixed QoE level (setting f2 = 1), a reuse-3

scheme yields better performance than that achieved by a reuse-1 scheme and

exhibits similar performance to that attained by an optimally configured SINR-

based FFR scheme. Our proposed SE-based FFR scheme is shown to achieve

at least 25% performance enhancement as compared to the latter reuse-3 and

SINR-based FFR schemes.

VIII Concluding Remarks

In this chapter, we study a system that employs a proxy video manager and

resource controller that is placed at the base station facility. The system provides

downlink unicast transmissions of video streams over a wireless cellular network

under a reuse-k, for k = 1, 3, SINR-based FFR, and SE-based FFR schemes.

While we assume in this chapter the specified set of video quality levels to consist

of two QoE values, the same approach is readily applicable to the case under which

a multiple set of QoE values is employed. Cell users are classified into groups based

on the calculated effective spectral efficiency (ESE) levels. Mobiles that belong

to a group with higher ESE levels, are targeted to receive higher-quality video

streams. Through the adaptive joint setting of communications (MCS) and video

compression code rate levels, and the setting of selected scheduling schemes, we

develop a mathematical model to optimally configure system parameters and then

calculate the required average bandwidth level per stream. To further demonstrate

the configuration of the system, we define a utility level that incorporates the

willingness of users to pay when they receive a video stream at a sufficiently high

quality level. To maximize the system’s utility metric, we determine the optimal

SE threshold level that should be used for classifying users into targeted video

quality groups. We show that the proposed SE-based FFR scheduling scheme
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outperforms the other examined schemes, in enhancing the system’s performance

by a margin of at least 20%. We note the latter optimal operating point to target

high quality video streams to about the 30% of the cell users.
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CHAPTER 6

Conclusions

In this dissertation, we study efficient scheduling schemes that employ interference

mitigating techniques for the efficient multicast and unicast transmission of data

flows and video streams over wireless cellular networks.

In designing and analyzing a multicast transmission scheme, we determine

the effectiveness of using micro base station (mBS) nodes under coloring-oriented

scheduling schemes. In particular, we examine the effectiveness of properly schedul-

ing transmissions by mBS nodes to provide wireless connectivity to mobile users

that may lose connection with their failed macro BS node. We derive the struc-

ture of joint scheduling and channel encoding mechanisms that serve to maintain

high throughput efficiency levels under failure conditions. We show that the per-

formance behavior of such configurations critically depends upon the underlying

distance ranges (i.e., the Inter-Site Distances, ISDs1) between the macro BS nodes

that form the topological layout of the macro cellular infrastructure. Under rela-

tively intermediate or high ISD levels, we show such a heterogeneous multicasting

operation to enhance the system’s attained spectral efficiency (SE)2 ratio in a

significant manner.

Our studies of efficient adaptive scheduling and encoding mechanisms for the

unicast transmission of data messages over cellular networks focus on the devel-

opment and analysis of optimal configurations of downlink and uplink fractional

frequency reuse (FFR) schemes. These mechanisms are synthesized in a manner

that serves to maximize the attained average throughput capacity rate, under

1ISD (Inter-site distance) identifies the distance between neighboring MBS nodes.
2SE (spectral efficiency) is measured in units of bps/Hz.
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absolute and under proportional fairness metric constraints. We show the op-

timally configured FFR schemes to increase the attained (average and 5%-tile)

throughput capacity rate.

In studying adaptive channel and video encoded multicast transmissions of

video streams over cellular wireless networks, we propose and analyze the optimal

configuration of MBSFN and FFR schemes, when aiming to maximize a willing-to-

pay (WTP) based utility function. Users are offered the video streams at variable

video-quality levels. Under prescribed high coverage probability levels, an MB-

SFN scheme that involves cooperation among three neighboring cells, combined

with an optimally configured FFR component, is shown to outperform a system

that employs a regularly configured MBSFN layout, which typically involves the

cooperation among seven or nineteen cells.

In modeling and analyzing adaptive unicast transmissions of video streams over

cellular wireless networks, we synthesize an optimal configuration of FFR based

scheduling schemes, which are integrated with the setting of corresponding joint

channel and video encoding schemes. We demonstrate the setting of parameters

for such a scheme by prescribing a WTP-based utility function, offering higher

video quality reception levels to a selective set of mobile users. We determine the

optimal mechanism that should be used to classify mobile stations (identifying

thus those stations that will receive a video stream at a higher video quality

level) while simultaneously setting the proper scheduling schemes and encoding

rates. We show the resulting (SE-based FFR) scheduling schemes to enhance the

system’s performance.
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