Interference Mitigation and Interference
Avoidance for Cellular OFDMA-TDD
Networks

Ellina P. Foutekova

A thesis submitted for the degree of Doctor of Philosophy.
The University of Edinburgh.
2009



Abstract

In recent years, cellular systems based on orthogonaldreyudivision multiple access — time
division duplex (OFDMA-TDD) have gained considerable papity. Two of the major reasons
for this are, on the one hand, that OFDMA enables the recéiveffectively cope with mul-
tipath propagation while keeping the complexity low. On dtlieer hand, TDD offers efficient
support for cell-specific uplink (UL)/downlink (DL) asymrmg demands by allowing each cell
to independently set its UL/DL switching point (SP). Howewell-independent SP gives rise
to crossed slotsin particular, crossed slots arise when neighbourings aede the same slot in
opposing link directions, resulting in base station (B&BS interference and mobile station
(MS)-to-MS interference. BS-to-BS interference, in parar, can be quite detrimental due to
the exposed location of BSs, which leads to high probalidlityne-of-sight (LOS) conditions.
The aim of this thesis is to address the BS-to-BS interfergmoblem in OFDMA-TDD cellular
networks. A simulation-based approach is used to demdedtra severity of BS-to-BS inter-
ference and a signal-to-interference-plus-noise ratlbliR® equation for OFDMA is formu-
lated to aid system performance analysis. The detrimefitalte of crossed slot interference in
OFDMA-TDD cellular networks are highlighted by comparingtimods specifically targeting
the crossed slots interference problem. In particular,jriteference avoidance method fixed
slot allocation (FSA) is compared against state of the aerference mitigation approaches,
viz: random time slot opposing (RTSO) and zone division (ZD). @tsaparison is done based
on Monte Carlo simulations and the main comparison metrgpéectral efficiency calculated
using the SINR equation formulated in this thesis. The sath results demonstrate that
when LOS conditions among BSs are present, both RTSO and #@@rmeworse than FSA for
all considered performance metrics. It is concluded fromrésults that current interference
mitigation techniques do not offer an effective solution to the BS-®iBterference problem.
Hence, new interferena@voidancemethods, which unlike FSA, do not sacrifice the advantages
of TDD are open research issues addressed in this thesis.

The major contribution of this thesis is a nowsloperativeresource balancing technique that
offers a solution to the crossed slot problem. The novel epficermedasymmetry balancing

is targeted towards next-generation cellular systemssaged to havad hocand multi-hop
capabilities. Asymmetry balancing completely avoids seasslots by keeping the TDD SPs
synchronised among BSs. At the same time, the advantagePbDfare retained, which is
enabled by introducing cooperation among the entitiesemitwork. If a cell faces resource
shortage in one link direction, while having free resouricethe opposite link direction, the
free resources can be used to support the overloaded lia&tidin. In particular, traffic can
be offloaded to near-by mobile stations at neighbouring ¢kt have available resources. To
model the gains attained with asymmetry balancing, a madkieal framework is developed
which is verified by Monte Carlo simulations. In additionyasmetry balancing is compared
against both ZD and FSA based on simulations and the resitt®uistrate the superior per-
formance of asymmetry balancing. It can be concluded trahtvel interference avoidance
approach is a very promising candidate to solve the crodségrmblem in next-generation
OFDMA-TDD-based cellular networks.
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Chapter 1
Introduction

About this work

The work in this thesis targets next-generation wirelesamanications. In particular, the
focus is on interference mitigation techniques, which agtk improved spectrum utilisation
in interference limited, full frequency reuse networks.eThterest in the topic is governed by
the need for enhanced wireless services. The user demaitpstoilss wireless connectivity
capable of high data rates and multimedia services. At theegane, for the service provider
it is important that the deployed network utilises the spentand energy resources efficiently

as a maximisation of both metrics ultimately increasesmageand decreases costs.

Motivation

It is recognised that severe interference is one of the nliajiing factors for the performance
of wireless cellular networks [1, 2]. In light of the high datates (up to 1 Gbps) to be offered
by 4" generation (4G) wireless systems such as LTE (long ternuteo) Advanced [3-5],

combatting interference is key.

An effective strategy envisioned to ameliorate a netwopéesformance without increasing
hardware cost is to make use of existing infrastructure anidttoduce cooperation among
the network entities. Naturally, such cooperation leadsitdti-hop cellular networks (MCN)
[6], i.e. cellular networks that have relaying capabititié relay station (RS) is an intermediate
node between a mobile station (MS) and the servicing batiers{@S) and the relay can be
either a dedicated transceiver or an MS. Multi-hop celluletworks exploit the flexibility of

ad hoccommunication while making use of the existing infrastauetof the cellular network

[71.

In order to enable efficient multi-hogd hoccommunication in the network, deploying time

division duplex (TDD) is recommended [1]. TDD is also benefidue to its efficient support
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for asymmetric uplink (UL)/ downlink (DL) traffic [1, 8]. Thefficient support for asymmetric
traffic is of paramount importance because demand in wsaleBular networks is not limited
to voice anymore. On the contrary, multimedia and Interraekpt data services are dominant
in current and future networks and these services usuallipidhigh peak-to-average asym-
metry demand ratio [1]. In addition, networks based on a donation of TDD and orthogonal
frequency division multiple access (OFDMA) have been askadged as advantageous due to
the beneficial properties of OFDMA [9, 10]. The main advartagf OFDMA are the ease of
implementation, robustness to multi-path effects and-syenbol interference [9, 10], multi-

user diversity, and flexibility of deployment [11] which aatt discussed in Chapter 2.

In the context of OFDMA-TDD-based networks, an importanestion currently open to re-
search is how to resolve the same-entity interference enolthat TDD poses. Same-entity
interference is a TDD-specific issue that arises when neigtifig cells have dissimilar traf-
fic asymmetry demands. As a result, while a cell is in UL, a lnietgiring cell may be in
DL and vice versa, resulting in crossed slots. During crdsets transmitting MSs interfere
with receiving MSs (MS-MS interference) and transmitting BSs interfere with reicgj BSs
(BS—BS interference). Same-entity interference can be quirintlental especially in the case
of BS—BS interference due to the locations of BSs (typically abmedtops) [2] which results
in high probability of line of sight (LOS) conditions amond@B.

Contributions

The main focus of this work is to tackle the same-entity fietence problem in OFDMA-
TDD-based cellular networks. The problem is approachedrafyaing the severity of the
major interference problem, i.e. BSBS interference, when LOS conditions among BSs are
in place. Such an analysis for OFDMA-TDD-based systems bebeen reported in literature
yet, to the best of the author's knowledge. The detrimerffakcts of BS-BS interference
in OFDMA-TDD cellular networks are highlighted by compayithe interference avoidance
method fixed slot allocation (FSA) against state of the adrference mitigation approaches
considered by IST-WINNER (Information society technotsgi wireless world initiative radio)
[12], viz: random time slot opposing (RTSO) and zone division (ZD). Phiaciple of FSA
is that the UL-DL time slot assignment ratio is kept fixed aotgstant across the cells in a
network (and usually allocates half of the resources to Ul Bh each) [13]. While FSA

is the most straightforward way to avoid crossed slots, ieshod compromises the support
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for cell-independent traffic asymmetry that TDD otherwiffers. In contrast, both RTSO and
ZD allow each cell to independently set its TDD switchingmdiSP). RTSO [14] is a method
which relies on randomisation. In particular, in order tdigate the same-entity interference
problem, RTSO randomly permutes the time slots within a &am this way persistent severe
interference is avoided, and in effect interference diteis achieved. In order to investigate
the effect of RTSO on crossed slots, this thesis formuléegtobability for crossed slots when
RTSO is employed. In contrast to RTSO, ZD [15] aims to mitgsame-entity interference
by reducing the transmission range during crossed slotgaiticular, during crossed slots
resources are allocated only to MSs which are located inrtheriregion of the cell. The
reduced transmission range in effect increases the sgpadigtance between transmitters and
vulnerable receivers and hence lowers interference as Wek comparison between RTSO
and FSA and between ZD and FSA is done based on Monte Carldagioms and the main
comparison metric is spectral efficiency that is calculatsithg a signal-to-interference-plus-
noise ratio (SINR) equation developed in this thesis. Furtiore, the comparison between
FSA and RTSO is done utilising the known OTA-SRR (optimungéamssignment - stepwise
rate removals) resource allocation algorithm which is falated for OFDMA in this thesis.
The simulation results demonstrate that in the presenceosfed slots when LOS conditions
among BSs are accounted for, both RTSO and ZD perform woeseRBA for all considered
performance metrics. The results suggest that currentfentémcemitigation techniques do
not offer an effective solution to the BSBS interference problem. Hence, a new interference

avoidancemethod is needed, which unlike FSA, does not sacrifice tharaeyges of TDD.

In light of the above, the major contribution of this thesisainovelcooperativeresource bal-
ancing technique that resolves the crossed slot problemndtel concept, termessymmetry
balancing is targeted towards next-generation cellular systemssaged to havad hocand
multi-hop capabilities. Asymmetry balancing completelpids crossed slots by keeping the
TDD SPs synchronised among BSs. At the same time, the adventd TDD are retained,
which is enabled by introducing cooperation among theieatih the network. If a cell faces
resource shortage in one link direction, while having fresources in the opposite link direc-
tion, the free resources can be used to support the oveddiafiedirection. In particular, traffic
can be offloaded to near-by mobile stations at neighbouritig that have available resources.
This novel concept of supporting cell-specific traffic asyetres while the network-wide TDD
is synchronised among cells is termédual SP. Asymmetry balancing works both when the

UL is overloaded (referred to ddL asymmetry balancing) and when tba& is overloaded
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(referred to as DL asymmetry balancing). This thesis fosusethe case of UL asymmetry
balancing. UL asymmetry balancing is deemed more int@iggtian DL asymmetry balancing
in light of the incorporation of multimedia and Internet gatservices in cellular networks.
In particular, as traffic is envisaged to be generally DLefaed, the network-wide TDD SP
will also be primarily DL-favoured (or occasionally symrmrie}. This means that there may be
cells that require UL-favoured SP and these cells will noabke to support the UL demand.
In such cases UL asymmetry balancing can be very benefioiminddel the envisaged gains
in employing asymmetry balancing, a mathematical fram&visodeveloped which is verified
by Monte Carlo simulations. In addition, UL asymmetry balag is compared against both
ZD and FSA based on simulations and the results demonstrateuperior performance of
asymmetry balancing. It is concluded that the novel interiee avoidance approach is a very
promising candidate to resolve the crossed slot problemturd cellular networks based on
OFDMA-TDD such as WIMAX (Worldwide interoperability for rafowave access) [8] and
LTE [4].

Thesis layout

This final section of the first chapter presents the layouhefrest of the thesis, organised into

five further chapters as follows:

Chapter 2 starts with a brief discussion of the history dii&i networks to put into perspective
current developments and future outlook. The cellular ephés also introduced, as well as
the concept of frequency reuse. In addition, an overviewupiek techniques and multiple
access techniques is given. Furthermore, the notion ofimoit networks is presented and a

comparison is drawn between multi-hop cellular networks single-hop cellular networks.

Chapter 3 treats the topic of capacity of OFDMA-TDD celluigtworks. The general notion of
capacity is defined in the context of cellular networks. Remnore, the first contribution of this
thesis is presented, which is a detailed SINR derivatiordBDMA-TDD cellular networks.
The SINR formulation considers a cross-layer approach @defast fading effects as well
as slow fading effects are accounted for. In addition, thetadice (in terms of number of
subcarriers) between an interfering subcarrier and thinvisubcarrier is taken into account
when calculating interference. Shannon’s capacity eguaind adaptive modulation are also

discussed. In addition, limitations to the capacity of OFBMWIDD-based cellular networks are
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reviewed.

Chapter 4 discusses interference mitigation techniquesdiular OFDMA-TDD networks.
First, an introduction to interference mitigation is pretegl. Afterwards, an overview is given
to fractional/soft frequency reuse techniques for OFDMasdxd cellular networks which are
techniques aiming to reduce inter-cell interference. T§decific interference mitigation meth-
ods are discussed next. In particular, RTSO and ZD are ceresidn detail and each is com-
pared to the FSA technique via Monte Carlo simulations. Téragarative analysis of FSA
with RTSO and ZD is the second contribution of this thesis thirdanalysis aims to expose the
adverse effects of BSBS interference. Two further contributions of this thegis presented
in this chapter. The first one is the analysis of the probigbdf crossed slots when RTSO
is employed. The second contribution is the formulationhef ©TA-SRR resource allocation
algorithm for OFDMA and this new formulation is used in thergmarison between RTSO and
FSA.

Chapter 5 discusses interference avoidance for multi-etiplar OFDMA-TDD networks and
presents the fifth and main contribution of this thesis whickthe novel asymmetry balanc-
ing method that completely resolves the-B8S interference problem. Asymmetry balancing
supports cell-independent traffic asymmetry via a novekcephtermed virtual SP, which is
the final, sixth contribution of this thesis. Two componeofshe asymmetry balancing are
identified,viz. resource availability and availability of relay stationéhe impact of these two
components on the functioning of asymmetry balancing imé&dly modelled by a mathematical
framework. The mathematical framework is verified by Montl@ simulations. In addition,

the performance of asymmetry balancing is compared aghmgterformance of ZD and FSA.

Chapter 6 presents the summary and conclusions of the thdsise limitations of the pre-

sented work are discussed and topics for further reseaectugigested.



Chapter 2
Background to cellular networks

2.1 Introduction

With the rapid headway of technologipiquitous wireless connectivity already within reach.
Ubiquitous wireless connectivitneansconvergencenf the Internet td*anytime, anywhere,
anything”. Here “anything” refers to the multitude of devices that emngisioned to be inter-
connected. For example, according to the concept of smareh@lmost any electrical device
in a house can be networked in one system to operate in avgaren@ach other and of the
environment [16]. In the particular context of mobile c&lunetworks, the convergence of
the Internet puts ever more zealous demands on the netwpdbitiies. Theanytimecon-
nectivity translates into the network being available &tiales, including busy periods. This
calls for smart ways of load distribution. Load distributtiis an issue of paramount importance
especially due to the envisaged high data rate multimegifications for mobile devices. Fur-
thermore,anywhereconnectivity means that the network should be capable dfat@ig the
requested services independently of whether terminaléndamrs, outdoors, or moving (in-
cluding movement at high speeds). Such ubiquitous mohilécgs are envisioned for the next
generation of mobile networks by the ITU (internationattalmmunication union), the body

which defines the requirements for each generation of mobilemunications systems.

However, a wireless cellular system which can efficientipdia all of the above-mentioned
requirements does not exist as yet. This is why improvingctygabilities of next-generation
wireless cellular networks is of special interest in therent thesis. This chapter first intro-
duces the basics of cellular networks. In particular, amoge of the cellular concept and
the frequency reuse concept is given. Next, duplex teclesigqund multiple access techniques
are reviewed. The chapter ends with a discussion on mutieetiular networks and their key

differences from the traditional single-hop cellular netiw
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2.2 Cellular networks

2.2.1 History and outlook

The history of cellular networks can be traced back to the g&2946, when the first commer-
cial mobile network was launched in St. Louis, USA by AT&T [1B]. AT&T did not build a
cellular network per se, rather, there was a single highgpamnsmitter with a coverage radius
of more than 80 km. The system had only three channels andtedquperators to manually
connect radio calls to the land-line telephone network. Vears later, in 1948, the first fully
automatic network was launched in Richmond, Indiana [1Te popularity of radio commu-
nications grew quickly and soon demand could not be met. Tolegbility of an unsuccessful
attempt to connect to the network rose to 65% [17] and it weardhat power and bandwidth
resources could be utilised more effectively. To this ehd, gellular concept was developed
at Bell Labs in the 1940s [17]. According to the cellular cept; the coverage area is divided
into cells where each cell has its own low-powered trangmitt took more than 30 years to
implement this idea and the first generation (1G) of cellml@iworks was launched in 1978
in Japan by NTT DoCoMo using the NAMTS (Nippon advanced teteye service) standard
[17]. At about the same time, 1G networks were deployed algbe UK, Scandinavia, and
Germany. They were all analog-based (raising privacy ssald also lacked interoperability
among them [17]. Four years later, in 1982, Europe respobgiddrming the GSM (Groupe
Speciale Mobile), which aimed to develop a pan-Europeandsta for cellular networks, as
well as to digitise the wireless cellular communication8, 0]. By the year 1987 there were
already 13 countries which had committed to employ GSM. 1811%he first GSM call was
made by Radiolinja in Finland which landmarked the first dgpient of a second generation
(2G) network [19]. One of the appealing features of GSM wasathility to roam, i.e. to use
GSM services seamlessly across countries. However, as @8lidess were limited to voice
and sending short messages, the next goal ahead was to iemlanwireless network capa-
ble of delivering multimedia services, such as video calfg] mobile Internet access. As this
meant that more bandwidth and higher data rates were negassdtimedia was targeted to be
a feature of the nexg8", generation (3G) networks. The first network to commergiptbvide
3G services was launched in South Korea by SK Telecom and l€xdm in 2000 and was
based on CDMA2000 (code division multiple access) tectgyl]@1]. The historical time-line

of mobile networks is presented in Fig. 2.1.

Now that a review of the history of mobile networks has beessented, it is interesting to
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First commercial mobile

telephone network 2G: GSM
AT&T, St. Louis, USA Radiolinja, Finland
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NTT DoCoMo, Japan  SK Telecom and LG Telecom,
South Korea

Figure 2.1: History of the deployment of mobile networks [17, 19, 21].

discuss future developments. So far mobile networks haee designed for voice services
mainly with addons which allow for multimedia services. Ngrneration systems, however,
will be optimised to carry packet-based data and voice trafiil be transported as VoIP (voice
over internet protocol) [3,22]. In addition, the ITU has sified the following requirements

for the 4G mobile networks:

¢ Ubiquitous mobile access [3].
¢ Worldwide functionality and roaming [23].
e Data rates of 100 mbps for high mobility and 1 Gbps for low ntigbusers [3].

e Heterogeneousnd integratedservices such that subscribers can use any system, any
time, anywhere to access a wide range of applications (basedice, multimedia (in-
cluding television), and internet [24]). For example, degieg on the required services,
the same device can access the local area network (LAN)Jobalgositioning system
(GPS), and the UMTS network seamlessly and transparentipéouser [3, 22].

e Personalisedervices for people of different locations, occupatioms} @conomic stand-
ing [22].

It should be noted that the 4G standard, termed IMT-Advarfredrnational mobile technol-
ogy) by the ITU, is still to be finalised. Currently there anottechnologies which are being
developed to meet the requirements for a 4G system. The fissisOLTE and specifically,
its enhanced version LTE Advanced. LTE is an evolution of @G&V/UMTS family of stan-
dards and will be backward-compatible with them [4, 24]. TDiieer technology is WIMAX
[8], which offers fixed “last mile” broadband access and sanvisaged to offer portable In-

ternet as a complement to the other mobile networks [25]edWiMAX (supporting static

8



Background to cellular networks

subscribers) is already commercially available, howetés,technology is 3G-certified by the
ITU [26]. Mobile WiIMAX solutions conforming to the 4G req@ments are currently under de-
velopment. Itis interesting to note here that there is afugiom technology, particularly aimed
for CDMA markets, called UMB (Ultra mobile broadband), whiis developed by Qualcomm
as the alternative to LTE. Just like LTE and WIMAX, UMB is bdsen OFDM and its network
architecture is IP-based [27]. However, in 2008 the projems halted, leaving WiMAX and

LTE the two major 4G technologies.

In the context of next generation technologies there is tamésting development called “green
radio”. “Green radio” is an initiative to make mobile netiwsrmore environmentally friendly

by minimising power usage and making power consumption rafireient. To this end, ac-

cording to [28] excess bandwidth needs to be exploited wherrmossible. As per Shannon’s
equation which will be discussed later in this work, an iasein bandwidth results in linear
increase in capacity, while an increase in power only resala logarithmic increase in capac-
ity. Therefore, exploiting underutilised bandwidth is woily a more effective way to increase
capacity, but also the “green” way. The novel asymmetryrmtey method presented in this
work fits perfectly in the vision of “green” communicationg btilising underused resources.

Asymmetry balancing is discussed in detail in Chapter 5.

2.2.2 The cellular concept & frequency reuse

Cellular networks are a manifestation of the attempt to Haxge service area coverage in an
interference-tolerable manner, as was briefly mentiondtédrprevious section. According to
the cellular conceptthe intended coverage area is divided into cells, each bavirelatively
low-powered BS. In addition, the concept allows for the eysbandwidth to besusedin dif-
ferent parts of the network. The cells are grouped togethelusters such that a cluster shares
the system bandwidth, part of which is assigned to each wdhe cluster. Such frequency
planning is particularly important as it controls the amioohinterference that cells using the
same frequency band cause each other (termed inter-oifargnce or co-channel interfer-
ence (CCIl)). The tolerable inter-cell interference detags the cluster size and typical cluster
sizes include four, seven, and twelve [18]. The cellularcegn together with the frequency
reuse mechanism for a cluster size of seven is illustratédgn2.2. Note that cell coverage is
illustrated as hexagonal-shaped, while in reality coverdgpends on propagation conditions.

However, hexagonal representation is usually used fotidgaEonvenience to illustrate full
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area coverage [17]. A group of cells marked A through G form daster and the cells marked
by the same letter use the same frequency bands (and aresofifeCl). Intuitively, the larger
the cluster size, the fewer times a given band is reusedmititiei system and hence the smaller
the interference that each cell experiences from co-chamalis. In contrast, smaller cluster
size causes a given band to be reused more often within teretwhich in turn means
better bandwidth utilisation but also higher interferenttence, there is a trade-off between
bandwidth utilisation and interference, which requireseisl frequency planning. This notion

is illustrated mathematically in the following [18].

Assume that there arg reusable channels available in a given system, which arecly the
cells in a cluster. The cluster is replicat&d times in the system, meaning that the total system

capacity, i.e. total number of channels that can be utilisgds given as:

o = ¢ - K. (2.1)

The number of channels per cluster depends on the numbeiooéid channels per BS,,

and on the number of BSs per clustB,, as shown in:

Cc = ¢p - Bx. (2.2)

Therefore, it can be easily seen that the total number ofradarthat can be utilised in the

system actually can be represented as:

Ct = Cp - Bk . Ks. (23)

The mechanism of the trade-off between bandwidth utitisatind interference that was dis-
cussed above can be observed from (2.3). The capacity cancteased if the number of

channels per BS is increased, while decreasing the numiig$®per cluster (and keeping the
total number of BSs in the system fixed). This, however, \e#d to more clusters in the sys-
tem and higher co-channel interference. The opposite aktshrue. Increasing the number
of BSs per cluster means fewer clusters in the system, dstezn-channel interference, and
decreased bandwidth utilisation. It should be noted thatrgoortant metric in this context is

thefrequency reuse factpy,, which is defined as:
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The frequency reuse factor essentially shows what fractidhe channels per cluster are used

by a single BS.

7-cell cluster
n " " replicated

‘ ‘ . > throughout
the network

cells using the
same freq. band

Figure 2.2: The concept of frequency reuse: frequency bands are reysgughlially separated
cells to reduce interference. A group of cells marked A thhoG form one cluster
and the cells marked by the same letter are co-channel cells.

Due to the high demand on bandwidth today and the envisiam@dase in resource demand,
next-generation networks will employ a cluster size oree,frequency reuse of one [1], allow-
ing each cell to use the whole available bandwidth. This iy Wls very important to have

efficient mechanisms to tackle the inter-cell interferepoablem, as is discussed later in this

thesis.

2.3 Duplex techniques

As mentioned in the previous section, in a typical wirelesdtutar network each cell has a BS
and each BS serves the subscribers (also referred to as MiSerg) which are in its respective
cell area. In this context, service means providing cornvigctin UL or DL or both. As

shown in Fig. 2.3, in the case of UL, traffic is directed frore 1S to the BS, whereas in the
case of DL, traffic is directed from the BS to the MS. There are duplex techniques, which
administer how UL and DL are coordinated: frequency divigioplex (FDD) and TDD. These

are explained in the next two sections, concentrating ofoll@ving specific points of interest:

e Way of UL/DL coordination

11
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(a) UL: MS—BS (b) DL: BS—MS
Figure 2.3: As shown in (a), during UL the MS communicates to the BS anddenoted by

an arrow pointed up, while as shown in (b), during DL the BScmicates to the
MS and DL is denoted by an arrow pointing down.

e Type of inter-cell interference experienced

e Main advantages and drawbacks

2.3.1 Frequency division duplex
Introduction

In FDD, UL and DL are allocated separate non-overlappingdemcy bands as shown in
Fig. 2.4. These bands are usually equal in bandwidth andeparated by a guard frequency

band. Having a dedicated UL frequency band and a dedicateftdguency band means that

( t )
( | J

Time

Frequency

Figure 2.4: FDD: a frequency band is allocated to UL and DL each.

the UL communication only interferes with concurrent UL coomication and, analogously,
the DL communication only interferes with concurrent DL commication. As a consequence,
there are two types of interference present in FBi, (1) from MS to BS (MS-BS) which

occurs during UL and (2) from BS to MS (BSMS) which occurs during DL. These two types

of interference are commonly referred toaker-entityinterference.

Advantages

The major advantages of FDD are outlined below:

12
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e FDD facilitates continuous and simultaneous transmissiddL and DL by dedicating
a frequency band to UL and DL each. This makes FDD partigukuitable for voice

traffic.

e Due to the fact that UL and DL take place on separate frequieangs, BSs do not inter-
fere with each other and MSs also do not interfere with ealsrofhis is a particularly
important advantage, because as will be subsequently iseEDD there is interference
among BSs and among MSs in addition to the FDD-specific ietterfce. The lack of

interference among the BSs makes cell site planning easimrapared to TDD.

Disadvantages

The major disadvantages of FDD are outlined below:

e The fixed channel allocation in FDD, which is advantageousdae (symmetric) traffic,
is a disadvantage when considering packet-based servichsas data traffic and the
Internet. These services can be largely asymmetric in @ab@nce, cannot be efficiently

supported by FDD.

e In order to minimise interference between UL and DL transioiss, FDD utilises a
guard band, which is typically two times either the UL or DLndg8]. While the guard
band spectrum can indeed be used for other applicationsfutdrequency planning is

necessary to avoid interference.

e The deployment of FDD requires higher hardware costs as amdpo TDD. This is
because due to the concurrent operation of UL and DL, at @ankdeiving unit a sepa-
rate receiver, a separate transmitter, and a duplexer gueed, in addition to RF filters

needed to isolate the UL and the DL signals.

e Future systems require large bandwidth (greater than 20 [Bfzand up to 100 MHz
[30]) and it might be difficult to find unoccupied paired spaot necessary for FDD due
to the fact that the frequency bands below 10 GHz are heatillgad worldwide by co-
existing systems. In some countries, however, spectruraiigldreed up. For example,
in the UK spectrum will be released for auction due to switghl'V broadcast signals to
a more bandwidth efficient digital format - the so-calleditdigdividend. Nevertheless,

this is still an issue worth pointing out.

13
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2.3.2 Time division duplex
Introduction

In contrast to FDD, TDD can adaptively allocate resourcesoggling UL and DL in time,
while both UL and DL are allocated the whole bandwidth (refeFig. 2.5). As a result, only
one frequency band is required. Hence, in comparison with Fdlearly TDD does not require
a guard frequency band. However, whenever there is a switdink direction (i.e. SP), a
guard time interval is needed because MSs cannot transthite@eive on the same frequency
at the same time [31]. In particular, there are two types afdtime intervals. The first type is
referred to as transmit/receive transition gap (TTG) amekiessary whenever there is a switch
from DL to UL [32]. The second type accommodates the revessels, from UL to DL, and

is referred to as receive/transmit transition gap (RTG).[3he TTG needs to accommodate
the round-trip delay, i.e. the time needed for the signatded from the BS to the MS and
back [32]. As all MSs at a given cell synchronously transmid aynchronously receive, the
TTG needs to accommodate the round trip delay associatédthgtMS that is farthest from
the BS. Hence, the TTG actually accounts for the round tripydef the signal travelling to
the cell edge and back [31]. In contrast, the RTG is the tinezlad for the hardware to switch
from UL mode to DL mode, and is hence much shorter than the T3RE Note that the TDD
frame may require one or more TDD SPs that switch between WLAntransmission (and
vice versa) depending on the UL-DL time slots allocationg. 2.5(a) displays a single TDD
frame, where the UL and the DL are allocated two separatégramis blocks. In this case only
one TDD SP per frame is needed (and one at the end or beginhaagl frame, which is not
shown in the figure). It is also possible to have the UL and Dietslots permuted in a frame,

resulting in the need for multiple TDD SPs. This case is shiowFig. 2.5(b).

TDD SP Multiple TDD SPs

nnnunEonnnn

Time Time

(a) Single SP per frame (b) Multiple SPs per frame

Frequency
Frequency

Figure 2.5: TDD: UL and DL are both allocated the whole bandwidth and aymamically
toggled in time. The TDD frame may require one or more TDD Sipedding on
the UL-DL time slots allocation.

In comparison to FDD, TDD suffers from two types of additibivgterference, referred to

14
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assame-entityinterference, namely: (1) MSMS interference and (2) BSBS interference.
Note that the latter is particularly detrimental due to tRpased location of BSs which causes
high probability of LOS. As mentioned in Chapter 1, samatgrinterference occurs during
crossed slotsi.e. whenever two neighbouring cells use the same timeislopposing link
directions, as illustrated in Fig. 2.6. In the case when thepbkt of the frame and the DL part
of the frame are allocated as two contiguous blocks (Figa2\5crossed slots can arise in two
situations [33]. The first situation is when the TDD frameoagBSs are synchronised. Then,
crossed slots occur if neighbouring cells have allocatedsirdilar number of resources to UL
and DL which means that the TDD SPs vary in time across celis.sEcond situation is when
the TDD frames among BSs are not synchronised and BSs stdrtfeane independently
of each other. In this case even all of the slots in a frame eaorbssed slots. However,
if the UL and DL time slots in a frame are not allocated as twatigmous blocks but are
randomly permuted instead (Fig. 2.5(b)), crossed slotbawnad to occur among cells. In this
situation, the number of crossed slots varies dependinheoratio of UL-to-DL slots per frame.
Ultimately it does not matter whether or not the BSs begirhdane frame in a synchronous

manner. A further discussion of this scenario is provide8ection 4.4.1.

BS—=BS
Line of sight!

Crossed slots!

(o)

Frequency
'
.

Time

Figure 2.6: Whenever a cell is in UL while a neighbouring cell is in DL, €3ed slots occur,
causing same-entity interference.

Advantages

The major advantages of TDD are outlined below:

e TDD can adapt to cell-specific asymmetry demands, which méast each cell can
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allocate UL/DL resources independently. It is of paramanngortance to be able to dy-
namically adapt to the traffic demand in the network becauseiot and future wireless
communications are packet-based and characterised bybajtito-average traffic ratio
[1,2,34].

e TDD obviates the need to feedback channel information (@e&déaor power control, etc)
because UL and DL share the same channel. This property ofi$D8ually referred to

as channel reciprocity [34].

e The hardware costs needed for TDD implementation can be aatigely lower than the
hardware costs needed for FDD implementation, because ltrentd the DL can share

the same oscillator and filters and, in addition, the need fduplexer is obviated [32].

e TDD supports multi-hop relaying capabilities within thetwerk at low cost, due to the
fact that each relay station (RS) needs only a simple traresceith an UL/DL switch

[35]. Multi-hop networks are discussed in Section 2.5.

Disadvantages

The major disadvantages of TDD are outlined below :

e The major drawback of TDD-based systems is-BBS interference due to the high
probability of LOS among BSs [1, 2, 31, 34].

¢ Inter-operator interference is another major issue in TOPerators which are allocated
adjacent channels may experience severe interference thesfact that adjacent channel
rejection is only limited (which is why in FDD guard frequenisands are used). Inter-
operator interference is difficult to avoid because opesateed to synchronise their
networks to a common reference and also to adopt the samerastyyn[36]. Both of
these requirements limit the flexibility that operatorsesthise have with respect to TDD.

This is a major reason as to why FDD is preferred to TDD.

e Even though TDD does not require a guard frequency bandgitires a guard time
interval. As was discussed in Section 2.3.2, the TTG shoeltger than the round-trip
delay in the system. Hence, for large cell sizes, this cad tessignificant efficiency

losses [32]. This is why usually TDD is considered for small sizes [2].
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Until now FDD has been primarily used in 2G standards (e.gMGB3]) because the major
mobile telephone service has been voice. However, due tauitserous advantages in the
context of future wireless systems, TDD is of particulaerast. This is why research is targeted

towards resolving TDD's disadvantages, and in partictitee,BS—BS interference problem.

2.4 Multiple access techniques

So far the discussion concentrated on the way BSs and MSdinate MS—BS communica-
tion. Another important point to review is how multiple MS®aoordinated in accessing the
joint network resources. This is referred tomasltiple accessThe most important multiple ac-
cess techniques are: frequency division multiple accd3M@), time division multiple access
(TDMA), CDMA, and hybrids thereof. While the first three (nidmsic) methods are briefly
introduced, the focus in this section is on the hybrid OFDMgéhnique. As already mentioned
in Chapter 1, OFDMA is of particular interest for future sysis such as LTE and WiMAX and

is therefore treated in detail.

2.4.1 Frequency division multiple access and time divisiomultiple access

In FDMA users who require radio resources are served at e $gne on different (non-

overlapping) frequency bands, as illustrated in Fig. 2.DMA can be combined with both

User 4
User 3
User 2
User 1

Frequency

Time

Figure 2.7: FDMA: users are served at the same time on different frequbaods.

TDD and FDD. In the case of FDMA-TDD, users who request servise the UL and DL
resources at different time instances [18]. This is in @sttto the case of FDMA-FDD where
users need to be allocated a pair of frequency bands, one.fand DL each, and UL and DL

communication is concurrent [18].

In TDMA users who demand access to the network are multigléretime, as shown in
Fig. 2.8, which means that users are allocated the wholesdtidat different (non-overlapping)
time instants. Similarly to FDMA, TDMA can be combined witbth TDD and FDD. In the
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Frequency
User 1
User 2
User 3
User 4

Time

Figure 2.8: TDMA: users are served using the whole bandwidth at diftetieres.

case of TDMA-TDD a user who requests service is allocatedviiiale bandwidth for a given
time duration in the UL part of the transmission frame andragethe DL part of the transmis-
sion frame. In contrast, in TDMA-FDD users share both the bdl the DL frequency bands in
a TDMA fashion, i.e. a user is allocated a TDMA time slot in thefrequency band and in the
DL frequency band. It should be noted that most 2G standangidoy FDD with a hybrid form
of TDMA and FDMA (e.g. GSM) [20]. An FDMA/TDMA architectureamnbined with TDD
has been employed by cordless systems across Europe anfBkidn addition, a hybrid
form of FDMA and TDMA is considered for all new technologies/isioned to be deployed as
next generation systems, such as WiMAX [9], LTE (includingE.Advanced) [4, 5], and the
IST-WINNER [30].

2.4.2 Code division multiple access

CDMA is fundamentally different from both TDMA and FDMA in & CDMA is a spread
spectrum technology. This means that the message signailliiplied by a spreading signal,
having a relatively large bandwidth. The spreading sigaal pseudo noise (PN) code and the
PN codes of different users are approximately orthogonala fesult, the transmitting entities
make use of the whole bandwidth at the same time. The basiciple of CDMA is illustrated

in Fig. 2.9. Each additional user increases the overalleniaigel seen by other users, which

User.4

User 3
User 2 N\

User 1 N\

Frequency

Time

4]
&

Figure 2.9: CDMA: users are served at the same time using the whole batiilwn different
PN codes.
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makes CDMA an interference-limited system [37]. Thus, fotirmum user experience, perfect
power control should be in place, i.e. the received powezllaeeds to be constant over the
users. A problem, which arises from lack of power controthisnear-far effect. This problem
occurs when the received power from an interfering usergbdr than the received power
of the desired user. As a result, users close to the BS overpasers that are further away
and prevent their signal from being properly received. Nibistanding, CDMA allows for a

frequency reuse of one (due to the fact that interferencebeaimeated as noise [38]) and is
the main multiple access technique used in 3G technologigs & UMTS (universal mobile

telecommunications system) [39].

2.4.3 Orthogonal frequency division multiple access
Introduction

OFDMA is based on orthogonal frequency division multipl&FDOM) which is a special case
of frequency division multiplex (FDM) [40]. In this sectidFDM and OFDM are introduced
first, and then OFDMA is discussed.

In FDM data is multiplexed onto equally spaced frequencigsrélation between the centre
frequencies is implied), separated by a guard band. FDMaslanique for multi-carrier (MC)
transmission, as opposed to single-carrier (SC) transmis$he difference between MC trans-
mission and SC transmission is that when the former is emeglog fast serial data stream is
transformed into a number of slower parallel data streants.idvparticularly advantageous in
light of the demand for higher data rates and, hence, lamgedwidths which makes SC trans-
mission vulnerable to channel effects. There are two maisaes why in comparison to SC
transmission MC transmission is considered more robusetdispersive nature of the channel,
both in time domain and in frequency domain. First, the tnsinsion bandwidth per channel in
the case of MC is decreased as compared to SC, and secondyalierd of the transmit sym-
bol in the case of MC is increased as compared to SC. This caxgressed mathematically
as follows: given that the data is transformed ifp parallel streams and that the SC signal

bandwidth isiV,., then the MC signal bandwidth 1§, = Vsz Furthermore, given that the

symbol duration in the case of SC transmissioffgs the symbol duration when MC trans-
mission is employed can be expressed@gs = T, - Ns. The longer symbol duration means
that there is little or no inter-symbol interference resigjtfrom consecutive symbols [18]. In

addition, having multiple carriers instead of a single oneans that by design the channel
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bandwidth can be made smaller than the coherence bandwigth Note that the coherence
bandwidth identifies the range of frequencies within whioh ¢hannel can be assumed “flat”.
(A flat channel affects all spectral components in the same)wdaving flat-fading channels

within a larger frequency selective bandwidth (where feggry selectivity means that different
frequencies fade differently) are beneficial in resourdacation in that different channels can
be assigned different data rates based on their individgih@) conditions. This topic is further
discussed in Chapter 3. The comparison of MC transmissi@Ctbransmission is summarised
in Fig. 2.10.

o ﬂc
8 ~— O" Tmc - Tsc * NS
= 2
&2
—
Wsc W
<t Wi = =
mc NS
Time Time
(a) Single carrier transmission (b) Multi-carrier transmission

Figure 2.10: Large transmission bandwidth results in short symbol doraas shown in (a),
while narrow transmission bandwidth results in long symthadation as shown
in (b).

OFDM, as its name suggests, is not simply an FDM techniqueDNDEan be considered a
method which is a hybrid of MC transmission and modulatiat.[4n particular, in OFDM the
serial data stream is divided into a number of parallel béashs, each of which is then mod-
ulated onto individual orthogonal frequency carriers.h@gonality among subcarriers means
that subcarriers do not interfere with each other, evenghdteir spectra overlap. This is
attained by setting the subcarrier frequencies to be integdtiples of each other, as demon-
strated in Fig. 2.12. As a result, in comparison to FDM, OFDdMes spectrum, as shown on
Fig. 2.11, and also power. Power is saved by reducing im@aré® among subcarriers, which

is discussed later on in this chapter.

Modulation in OFDM is achieved through the inverse fast kuransform (IFFT). In partic-
ular, in OFDM after the serial data stream is converted iri@llel data streams, the IFFT is
performed. The IFFT operation is very computationally imenxsive and significantly decreases
the receiver/transmitter complexity. An elegant way in ethOFDM maintains orthogonality

is by appending a cyclic prefix to each symbol. A cyclic prefixadded by copying the last
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Figure 2.11: OFDM saves bandwidth and power by making use of orthoggnafitong sub-
carriers.
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Figure 2.12: OFDM uses frequency carriers which are integer multiplestha centre fre-
quency.

x humber of bits of a symbol to the front part of the symbol. lis tlvay, an otherwise linear
convolution is “turned” into a circular one, which is of paraunt importance in order to be
able to restore the transmitted signal properly at the veceiThis concept can be expressed
mathematically as follows [41]:

Nioy—1
Z Sm(n) exp(jZﬂ'%t), nTy—Tg <t < (n+1)T, (2.5)

S

1

x(t) = T

m=0

wherez(t) is the transmitted signally is the symbol duration}V,. is the number of sub-
carriers; sy (n) is the modulated signall; is the duration of the cyclic prefix; andis the

imaginary unit. Due to the cyclic prefix,(t) is actually partially periodic with periodg, i.e.
.%'(t — tl) = .%'(Ts +t— tl), t—t <Tg.

In particular, without the cyclic prefix, performing FFT ¢faFourier transform) at the receiver
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means performing FFT on tHmear convolution of the channel response and the transmitted
signal. However, the FFT of this linear convolution doesallmw for the transmitted signal to
be properly extracted. This is only possible if the FFT iS@@ned on a circular convolution.
Appending a cyclic prefix to each symbol serves exactly thpgme of turning a linear con-
volution to a circular one. The received signal can be exasnathematically using vector
notation as:

r(t) = x(t) © h(t) + n,(t), (2.6)

wherer(t) is the received signal vectoki(¢) is the channel impulse response vectoy; ()
is the additive noise vector; ard denotes circular convolution. Because the FFT transforms

circular convolution into multiplication, the receivedsal at the receiver can be expressed as:

R(f) = S(/)H(f) + Nw(f),

whereR(f), S(f), H(f), andNy,(f) are the respective FFT pairs oft), s(t), h(t), and

nth(t).

However, even though it is a strict necessity, the cyclidiprpresents an overhead to the
system and also adds redundancy, which directly transiatie$oss of throughput. To justify
these drawbacks and to maximise the benefits of using a qysfix, the cyclic prefix is also
exploited to facilitate error correction and synchron@at For more information on the use of
FFT and the cyclic prefix in OFDM, the interested reader mégrre [42].

OFDM, similarly to FDM, has been used as a basis for a multjgleess technique and the
technique is termed OFDMA. In OFDMA each user is assignedoamof frequency carri-
ers, depending on the channel conditions. Such a techniqeffidient, because it can exploit
the frequency selectivity of the channel. In particularttes channel characteristics are gen-
erally dissimilar among users, the same frequencies fdttatitly for different users (which
is known as multiuser diversity). Hence, in OFDMA each subieacan be allocated to user
who experiences the best fading conditions for that sulecarfig. 2.13 illustrates an ex-
ample, where the channel transfer functions of three userstown. It can be seen that if
the whole bandwidth were assigned to a single user, therspeatould generally be under-
utilised, due to the multiple fades a single user would erpee. Additionally, the flat fading
of the OFDMA channels is beneficial as discussed previoaslyyell as the scalability of the

OFDMA system combined with its low complexity. These adegets and the disadvantages
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of OFDMA are reviewed below.

Channel transfer function [dB]

14
495 496 497 498 4.99 5 501 502 503 504 505
Frequency [GHz]

Figure 2.13: Frequency selectivity and multi-user diversity: diffardrequencies fade dif-
ferently and the channel transfer function has dissimilaaracteristics among
users.

Advantages

¢ One of the most important advantages of OFDMAgslability [11]. Scalability means
that an OFDMA system can be deployed using a range of barasvidthis is achieved
by keeping fixed the frequency separation between subraagewell the symbol dura-
tion. As a result, the dimension of the basic resource (i timd frequency) is fixed. In
order to support deployments with different bandwidth, B size is adjusted accord-

ingly. This means that the air interface stays practicalé/dame for different deployment
scenarios.

e OFDM provides dow-complexitysolution to one of the most detrimental problems which
exist in wireless communications, namely multi-path. Thétipath effect is a manifes-
tation of the surroundings. The transmitted signal boumdesbjects, buildings, trees,
etc, thus multiple copies of the transmitted signal arriviha receiver at different times
and with different power. This causes the received signddetalistorted and “spread
out” in time and the time duration of the spread is terrdethy spread The multi-path
effect also results inter-symbol interferenc@Sl), which is the interference between
consecutive transmitted symbols, which “leak” into eadmeat OFDM overcomes the

above-mentioned challenges, due to the longer OFDM symin@tion and the cyclic
prefix.
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Disadvantages

synchronisation In order to maintain the orthogonality among subcarrierd tanavoid ISI,
OFDM requires frequency and phase synchronisation. Asudtr&€3FDM is prone to
synchronisation problems occurring due to synchronipatiocors and movement, i.e.

Doppler shift.

PAPR High peak-to-average power ratios (PAPR) can occur bedies®FDM signal is an
addition of many sinusoid waves. When sinusoid waves addtagtively, high peak
powers are observed. In contrast, when sinusoid waves atididgvely, very low pow-

ers can result.

There are ways to address the above issues. For exampte;aili@rs can be used to facilitate
synchronisation, while a way to address the PAPR problenmdumeivia clipping the power to
the desired level. Clipping is advantageous because ofnitglisity, however, it has a major
disadvantage. In particular, clipping introduces disbmid and results in loss of orthogonality.
(For a detailed treatment of OFDM, the interested reader nef@y to [40, 42, 43].) In general,
it can be stated that the advantages of OFDM have the pdt¢mtaifset the disadvantages
in light of the requirements of future wireless networks.isTis demonstrated by the fact that
OFDM is already widely used for technologies such as digitdeo broadcast (DVB) and
digital audio broadcast (DAB) [44] as well as for WLAN (wiess local area network) [41].
Furthermore, OFDM and OFDMA in particular, have great po&ifior next-generation mobile
communication systems [45]. For example, technologieb asanobile WiIMAX [9] and LTE
Advanced [5] are based on OFDMA.

OFDMA-TDD

As previously mentioned, this thesis concentrates on misvMoased on OFDMA-TDD. This
is particularly because according to the ITU, systems aomifty to IMT Advanced need to

support both TDD and FDD [3] and TDD still poses open rese@msles, as already discussed.

A practical example from the LTE technology is used [29],vshan Fig. 2.14, in order to

illustrate how resources in OFDMA-TDD are organised. A feaimdisplayed, made up of eight
time slots such that four slots are allocated to UL and DL e&ansider an UL time slot as an
example. The slot is divided into chunks (resource blocR})[2vhere the duration of the chunk

is a number of OFDM symbols such that the chunk duration eqiine duration of the time
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slot. Note that the chunk is the smallest resource unit wbishbe allocated for transmission.
Furthermore, along the frequency axis, each time slot desuppe whole bandwidth, which
is subdivided into a number of chunks. Each chunk is furthdadivided into a number of
subcarriers. According to the LTE specifications, for theecaf UL a suitable number of
chunks per time slot is 12, the subcarrier spacing is 15 kHh witotal of 2048 subcarriers
(making the system bandwidth 30.72 MHz), and the number dDEKymbols/chunk is six
or seven, depending on the choice of cyclic prefix [29]. Femtiore, note that according to
the LTE specifications, there are a number of ways to arramgdJt. and DL time slots in
the frame. Generally, the UL and the DL slots are spread othiénsense that they are not
necessarily arranged in an UL block and a DL block, respelgtivHowever, it is possible
to have an UL subframe and a DL subframe as two contiguoukblas is the case in IST-
WINNER [13] and WIMAX [9]. It is also worth to note that whileSIT-WINNER follows
an analogous resource organisation as LTE, the case ofrecesotganisation considered in
WIMAX [9] is significantly different. In particular, therera two ways in which subcarriers are
grouped together to form a sub-channel. The first way is goal® to what has been defined
here as a chunk, i.e. a contiguous group of subcarriers. dtwnd way is to randomly choose
subcarriers from across the available spectrum which igoas to the concept of frequency

hopping. For more details, the interested reader may ref@j.t

2.5 Single-hop vs multi-hop cellular networks

The 2G and 3G wireless cellular networks currently deplogetian example of the so-called
single-hop cellular networks (SCN). The number of hops césléhe number of intermediate
nodes between a transmitter and a destination receivegleSiop transmission means that
the link between the transmitter and the destination recéss/direct, without any intermediate
nodes. SCNs are limited by the coverage of the BS, which migansf an MS is outside the
area in which any BS is capable of providing service, the MBvait be served. In addition,
a further limitation to SCNs is that a frequency band can teel wsly once within a given cell

area and if the demand for resources is high, congestion o@y.o

Upgrading cellular networks to MCNs is an effective way tealee congestion and improve
service coverage without significantly increasing infnastiure cost. In MCNs there can be
intermediate nodes serving as RSs between the transniitetha destination receiver. The

RSs can be either an MS or a stationary dedicated transceiki@h is usually replaced based
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Figure 2.14: Example for resource organisation of OFDMA-TDD as per th&lt&chnology
[29].

on traffic demand. Fig. 2.15 displays the main working ppies of MCNs and SCNs. The
advantages of both types of MCN are discussed below.

Advantages of MCNs with fixed relays

e The position of RSs is carefully planned such that conniggtivith the BS is ensured.
e The power budget of an RS is higher than that of an MS.

e As opposed to an MS, a dedicated RS does not have own datasoitawhich poten-

tially means faster relaying.

Advantages of MCNs with mobile relays

e No infrastructure is required. As a result, coverage anerqilly data rate, can be
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Figure 2.15: The principles of SCNs and MCNs are shown in (a) and (b), wsmdy. SCNs
use a single transmission path from the transmitter to th&tidation receiver
(i.e. one hop), whereas in MCNs it is possible to have meltggiquential trans-
mission paths, such that the data reaches the destinatimgiver in a number of
consecutive hops.

improved at virtually no cost.

e The network becomes partially self-organising, which israportant feature, as future

wireless networks are envisaged to be of a decentralisetlenat

e With the increase in popularity of mobile wireless servjdas number of idle MSs also
increases. This provides a tremendous relaying resouréehveannot be matched by

deploying fixed RSs.

Currently, the deployment of fixed RSs is easier for prodderhis is because even though
there is the need for investment, fixed RSs are easier to nsakefuy applying current know-
how gained from BS operation. After all, a fixed RS can be amrsid as a mini-BS. This is in
contrast to implementing RS functionality in MSs, which ui&gs not only new firmware for
the mobile phones to enable RS functionality, but also aafegiinancial rewards for the users
who agree to serve as RSs as well as security assurance REtheRegarding the latter, new
security protocols will be necessary to ensure that thenmétion of the RSs is protected. In
addition, the incoming data to be relayed by RS should alssafeguarded. To date, fixed RSs
are considered as extensions to the standard cellularyaeetd, e.g. WLAN and WiMAX
[46]. For next-generation networks, however, integratibfixed RSs in the cellular network
is indispensable (e.g. IST-WINNER [7] and LTE [35]). Thisady a major focus in this work
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is utilising the RS capabilities in MCNs. In particular,ghhesis concentrates on MCNs where
MSs serve as RSs because no investment in extra infraseustneeded and, in addition, there
is relatively little research on the subject [6]. MCNSs witlobile RSs are a promising way to

improve system performance in future networks, as is dimiié Chapter 5.

2.6 Summary

The fundamentals of cellular networks were provided in thiapter. The cellular concept, as
well as the frequency reuse concept and their importancellidar networks were introduced.
Duplex technologies were also reviewed. It was pointedimattéven though TDD suffers from
additional interference as compared to FDD, TDD has majeamtdges. For example, TDD
can efficiently support cell-specific traffic asymmetriesl @maddition, TDD is an enabler for
multi-hop communication. Furthermore, multiple acceshmégues were also discussed. It
was pointed out that OFDMA is a suitable candidate for nextegation systems due to its
robustness to multi-path fading effects, inter-symbatifgrence and delay, as well as because
OFDMA obviates the need for complex equalisers. Finallwds emphasised that MCNs are
of particular importance for next-generation networksawse with the help of RSs both the

network coverage can be improved and congestion can beeefficilleviated.

This chapter identified the promising technologies for rgaaeration networks, namely MCNs
based on OFDMA-TDD. In the subsequent chapters, the thesteatrates on OFDMA-TDD-

based cellular networks, focusing on MCNs, however, SCHsks0 considered.
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Chapter 3

Capacity of OFDMA-TDD cellular
networks

3.1 Introduction

This chapter focuses on the important concept of capacitiigrparticular case of OFDMA-
TDD cellular networks. Capacity is relevant as it faciisitthe evaluation of system perfor-
mance. In the context of capacity, three major topics areesdedd. First, the meaning of
capacity in the framework of cellular networks is discusdedparticular, different definitions
for capacity are presented applicable to the various ggoesaof cellular networks. Next, the
chapter discusses how capacity is calculated in the casé&DM&A-based cellular networks.
In this context, an SINR equation for OFDMA-based netwoskbrmulated, which is the first
contribution of this thesis. A detailed derivation of theN& equation is presented. The equa-
tion accounts for the effects of both small scale fading angd scale fading. Furthermore, in
the SINR model a cyclic sinc function is used to account ferghbcarrier spacing in terms of
number of subcarriers when calculating interference. Nedaptive modulation is discussed.
Both adaptive modulation and Shannon’s capacity equatiemfanterest to this work as they
contribute two alternative methods to calculate systerac@p Finally, the physical limitations

to capacity are addressed. In particular, bandwidth, tnitrEower, and fading are discussed.

3.2 What is capacity?

Generally, one of the dictionary meaningsaafpacityis capability to perform Indeed, when
talking about cellular networks, capacity is one of the iostthat are used to judge system
performance. However, the term capacity can be expresséifesent means, depending on

the particular system under study.

When a mobile cellular network is exclusively offering veiservices (2G networks), capacity

is measured as the number of duplex voice channels that ceimb&aneously occupied in the
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system [18]. As each user requires one duplex voice chamigl the number of supported
channels is equivalent to the number of users that can beigemtly served. This equivalence
holds true because only one type of service is offered, igcey which means that the de-
manded data rate per user is the same across all users. Ass#iddn the previous chapter, the
majority of 2G networks are based on either TDMA/FDMA techuds or CDMA techniques.
TDMA/FDMA and CDMA differ in the way capacity is estimateds @ the first case capac-
ity is primarily bandwidth-limited (i.e. depends on the riuen of channels available), while
in the latter case capacity is primarily interference-tedi as frequency reuse of one is to be
employed. The differences between bandwidth-limited amerierence-limited capacity are

discussed below.

When capacity idandwidth-limitedthis means that the maximum number of users that can
be simultaneously served by the network is fixed and is deteainby the system bandwidth
and the cluster size. If the cluster size is small (e.g. dYrée bandwidth is reused more
often within the system, however, the number of served ysersell is not likely to reach its
maximum. As discussed in Section 2.2.2, this is due to theliat small cluster sizes can give
raise to significant co-channel interference. Users deimgrakrvice might not be served (i.e.
are blocked) in order to ensure that the quality of ongoinits éa not reduced. This means
that the capacity of the system depends on the generatetemetece (and cluster size) and is
called soft capacity]47]. In contrast, if the network deployment uses large telusizes (e.g.
12), the number of available channels per cell is lower ingarnson to when the cluster size
is small. This means that interference from co-channes ¢égbmall enough such that users are
generally guaranteed to meet the demanded data rates. Aslg users are more likely to be
denied service due to channel unavailability, rather thantd interference issues. This type of

capacity is referred to dsard capacity[47].

Theinterference-limitedcapacity characteristic of CDMA systems can be considaeresbine
extent analogous to the case of soft-capacity discussedkali®ecause in CDMA each user
is assigned a PN code, the transmission of interfering wgmwears as noise. As a result, the
number of instantaneous calls the system can support isypdetermined by the tolerated
interference level. A key property of CDMA systems is that thuster size is one and this
property is enabled by the employment of PN codes. Some fdrimterference mitigation
mechanisms are still necessary in order to combat the C@rgtd among neighbouring cells

[18]. This is because CCI is the most dominant factor thattdiraser capacity in CDMA
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systems [48].

So far the discussion was focused on 2G networks, whereet$ imve the same data rate re-
quirement and the number of allocated channels in the syst@nbe equated to the number of
users served. However, the situation changes with theduttion of multi-media services (3G
and beyond), where users are likely to have dissimilar requeénts on data rate depending on
the utilised services. Furthermore, in OFDMA systems, f@meple, each subcarrier can be al-
located different data rate depending on the propagatiaditons. As a result, a metric, such
as the number of served users or the total number of occupathels, on its own does not pro-
vide a full system performance picture. Hence, usuallyl adita rate, i.e. system throughput,
is reported as well. However, due to the fact that the totsiesy throughput depends on the
system bandwidth, spectral efficiency is sometimes reganstead of throughput to facilitate
performance comparison among systems of different bantdw&pectral efficiency is defined
as the ratio of data rate (total system throughput) to baditwiFrom now on, capacity is used
interchangeably to mean spectral efficiency or data ratk aaigorous definition for spectral

efficiency in particular is presented in the next sections.

3.3 Calculating the capacity of an OFDMA-TDD cellular netwak

3.3.1 SINR for OFDMA

Both the data rate and spectral efficiency achieved on a djnkrare directly dependent on
the SINR that is achieved on that link. The next section $réa formal mathematical relation
between SINR and spectral efficiency while this section eatrates on modelling the SINR
[49].

As the term suggests, SINR is the ratio of the useful signalgpdo the received interference
power and the thermal noise. In conventional OFDMA systéhesSINR of linki (which can

be either in UL or DL) can be expressed as given in:

. 1 P HL|*G;
= Tl 2 . (3.1)
Sill ks, ZPHH;C’ "Gy + nn
l

where?¥; is the SINR achieved by link s; is the set of subcarriers belonging to linkand the

cardinality ofs;, ||s;||, is the number of subcarriers used by lihkvhich can vary from zero
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to N, (total number of subcarriers per BS); is the transmit power of subcarrigr(in Watts);
|H,i|2 is the channel transfer function of linkat subcarrietk; G; is the link gain of linki;
|Hi’,l|2 is the channel transfer function between the receiver dniland the transmitter on link
[ at subcarriek; G is the link gain between the transmitter on lin&nd the receiver on link
1; andny, is the additive white Gaussian noise power (in Watts) pecauler. It should be
pointed out that the summation in the denominator is oveadiVe links which use subcarrier
k, i.e. for whichk € s;. Equation (3.1) in effect averages over the SINR per sulszarr order
to obtain the SINR per link.

Note that the link gain is distance-dependent and refleetsaitt that the larger the separation
distance between the transmitter and the receiver, therlting attenuation of the transmitted
power will be. The link gain¢, is the inverse of the path losk,,, and the relationship between

G and L, is mathematically expressed as:
7LP
G=10T1, (3.2)

whereL, is defined as:
Ly, = a+ blogyy(d) + X, dB, (3.3)

and wherez is an antenna-dependent constant: 10 p with 1 being the path loss exponent;
d is the transmitter-receiver separation distance in me&ed X, is zero mean Gaussian dis-

tributed random variable with standard deviatioim dB to account for log-normal shadowing.

In order to gain insight into the factors that influence th&ll$] Fig. 3.1 displays a simple
example. There are two simultaneous links, Link1l and Linkh respective link gaingr;
and G, and the SINR of Linkl is of interest in this example. Assumat tthe sets; =
128,129,130,131 and s, = 130,131,132, 133,134, which means that subcarriers 130 and
131 are used by both links. Then, SIN&an be expressed as:

131 1 112
SINR; = 1 Z lPk |1[;’k2| G .
g Z PylH "7 Gra + nin
!
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Figure 3.1: Link2 interferes with Link1 because the set@nds, overlap, i.e. subcarriers 130
and 131 are used by both links simultaneously.

This expression can be simplified to yield:

129 131
SINR; = 1 Z P]3?|H]%|2G1 + Z PI§|H11|2G1
4 Mth k=130 Z P{HL?*G1a + na,

k=128
l

In a perfectly synchronised system, Linkl receives interfee from Link2 only on those

subcarriers, which are used concurrently by both links sudcarriers 130 and 131.

Note that in (3.1) the transmitted power is affected bothHayttansmitter-receiver separation
distance (i.e. path loss) and by the frequency-selectofitthe channel. In previous research,
usually only one of the above mentioned channel impairmemisnsidered [44, 50, 51]. In par-
ticular, in previous works the transmitted power is assutoexkperience either only frequency-
selective fading [44, 50], or only distance-dependentfgfbl]. However, when evaluating fu-
ture OFDMA-based systems such as LTE Advanced and IST-WIRINEs important to apply
the above-mentioned cross layer approach. This is becawesédhe envisaged large band-
width (e.g. 100 MHz [52]), frequency-selectivity can behet pronounced, resulting in deep
fades (refer to Fig. 2.13) and signal loss. Hence, in ordesbtain a holistic SINR model,
frequency-selectivity should be accounted for togetheh lie distance-dependent fading.
However, the effect of path loss on the transmitted signt#despredominant signal-degrading
factor [18]. As an illustration, consider a system with 10B#bandwidth and carrier fre-
quency of 5 GHz [52]. According to the WINNER C1 NLOS path lossdel [52] applicable
in urban areas, the path loss parameters (referring to)(@8x = 39.61 andb = 35.74,

while according to the free space path loss model [18] agblécin LOS conditionsg = 46.42
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andb = 20. In addition, consider a link with sixteen subcarriers. Hxperienced thermal
noise for this link can be calculated &8log,,(16k70;) = —144.96 dBW [52], wherek is
Boltzmann’s constanfl’ is room temperature (300 K), ardd is the subcarrier spacing, which
is 48.83 kHz according to IST-WINNER [52]. For illustratigirposes, log-normal shadowing
is not accounted for. As an example, consider that the trdesiis fixed and the destination
receiver gradually moves away until the transmitter-nemeseparation distance reaches 500 m.
Fig. 3.2 demonstrates how the received signal varies wétséparation distance and how the
received signal compares to the thermal noise level (itglithy the SNR (signal-to-noise ratio)
value). Furthermore, Fig. 3.2 also shows how the path lossedses with distance for the two
different path loss models mentioned above. Note the impllcOS conditions: when com-
paring Fig. 3.2(a) and Fig. 3.2(b) it can be observed thatetample, at separation distance
of 300 metres the SNR attained when using the free spacegsathmodel is more than 25dB
larger in comparison to the SNR attained when using the NL&B loss model. The impact

of LOS interference among BSs on system performance issfisclin detail in Chapter 4.
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Figure 3.2: Plots of distance vs. path loss and distance vs. SNR for tifereatit path loss
models: the free space path loss model (top plot) and WINNERath loss model
(bottom plot).

When considering SINR, however, there are further imporedfiects to take into account be-
sides path loss and frequency selectivity. In fact, (3.1Ddsan entirely accurate model of
SINR in OFDMA systems. The summation in the denominatoreasgnts the interference
term, assuming a perfectly synchronised system. Howeselescribed in Chapter 2, OFDMA
systems are prone to frequency offsets due to synchramisatiors and due to Doppler. As a
result, interference could result not only from the reusdatarrier, but also from subcarriers
neighbouring the reused one. Furthermore, when frequeffiegt @rrors are considered, it is
important to account not only for CClI but also for multiplecass interference (MAI), which is

the interference generated within the cell [53]. The reasahat the transmission on a subcar-
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rier used by one user might “leak” onto neighbouring subeesrused by another user. In the
case of point-to-multipoint communication (DL), transsii is easily synchronised, that is
why usually in DL MAI can be considered negligible. HowevarlJL, which is multipoint-to-
point communication, synchronisation among the diffecesatrs transmitting to a BS is difficult
to attain. This is why when modelling non-ideal conditioaspecially when users are mobile,
both MAI and CCI should be accounted for.

In the following, a detailed model of the SINR per subcarisgpresented, taking into account
all of the signal-degrading effects mentioned above, naiAl and CCI, considering offset

errors due to both Doppler shifts and lack of synchronisatithe SINR is considered per sub-
carrier due to the fact that the subcarrier is the most basi-frequency unit and the equation
can be straightforwardly extended to SINR per chunk or SIMRyser. First, expressions for
the desired signal power per subcarrier, the received MAlgrpand the received CCI power

are presented, which are then combined to formulate an SKgrRession.

The received signal power on subcarrigior link i, R:, is given by:

R}, = PLH[IG; [W]. (3.4)

The received MAI power on subcarrigrfor link i, PK/{AI,k’ is given by:

Pirp = @i Y PulHP|Chw(Af +ep +w)PGiy W], (3.5)
lep; k'es;
where
Chopo () 1 sin(7mx) . jrz(Ne — 1) (3.6)
(z) == X .
ok N. ) sin(mz/N.) P N, ’

andp; is the set of links belonging to the same cell as lirdndi ¢ 3;; w;; is defined as:

0, ifl e B;andlinkiisin DL
Wi, =
1, otherwise

andCy, i (Af + ep + w), given in (3.6), is a modified Dirichlet function to accouwt the
amount of interference subcarrigrexperiences from subcarriéf; j is the imaginary unit;
Af=k —kjep = f%—f’f‘" accounts for the normalised Doppler shiff; ax is the maximum

Doppler frequency and; is the carrier spacing (in Hz)y = {;—f is the frequency offset due
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to synchronisation errors between subcarrieendk’, with f. is the offset in Hz. The maxi-
mum Doppler frequency is defined ag) max = %—ch, whereuw,, is the speed of the mobile
(in m/s), v is the speed of light (in m/s)c is the carrier frequency (in Hz). Given the same
transmit power, link gain, and channel, with an increasg'in- k£ + p + w|, the interference
contribution decreases. This behaviour is expected, ashsynisation errors and Doppler ef-
fects are significant to neighbouring subcarriers and becoegligible when the subcarriers
are spaced relatively far apart. A derivation of the modifiedchlet function is presented in
Appendix A, while Fig. 3.3 illustrates ho\}, ;+| varies withA f assuming frequency offset
due to synchronisation errors. Note that in the case of gesfchronisation|Cy, /| = 1 if

k = k' and|Cj 1| = 0 otherwise. Fig. 3.3 also shows the effect of synchronisatizors due
to Doppler onCy, ;| It can be seen that the effects are rather minor and the stiapg ;| is
preserved wheay, is increased from 0 to 0.0039, where 0.0039 correspondis £0.x=190 Hz,
i.e. v, =8.3m/s. It should to be pointed out that.ifis chosen differently|C}, ;| need not be
symmetric. For example, it = 0.6 instead of 0.5, the functiofC}, /| is not symmetric, as

expected (ref. to Fig. 3.3.1).
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Figure 3.3: The modified Dirichlet function vs. the separation betwédeninterfering subcar-
rier and the victim subcarrier. For the calculations, it issumed thatV, = 2'!
[52], k = 1000, ¥ € [1,N.], andep is 0 in a) and 0.0039 in b). The plots are

zoomed around zero to demonstrate that abj@e- k| = 10 |Cj, | is O.

There are a couple of important points to discuss at thisstkgst, in calculating MAI, sub-
carrierk from link 7 does not experience interference fréme s;. This is because subcarriers
that belong to the same user can be assumed synchronisedlesgaf whether used as UL or

DL. Second, it is assumed that a BS always allocates a giverastier to only one link.

The received CCI power on subcarrigfor link i, P, ,, is modelled similarly to the received
MAI power and is given by (3.7), where it should be noted th@t €ontributions are expected
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not only from the reused subcarrier, but also from neighingusubcarriers, whesp and/orw

are non-zero:

Pécry =Y @it Y PulH PICuw(Af +ep +w)*Giy W), (3.7
1¢8; =
Note that in (3.7)w;,; is always 1 (becausk ¢ ;) and does not change the result of the
expression, however, it is used to show that the (3.7) arf) (Bffer only in the number of
subcarriers that contribute interference. When CCl isutated,! spans all links in the system,
that contribute significant interference (usually assuneede all the links served by the first

two tiers of cells surrounding the cell serving lifk

Now (3.4) through (3.7) are combined to formulate the aadeSINR on subcarrigkt for link

i, i, Written as:

PiH{G;

yi = — .
S win S PUH P |Crp(Af + ep +w)[2Gig + na
l k'es;

(3.8)

The next section uses the formulated SINR equation to déterthe transmission rate (per

link and for the total system).

3.3.2 Shannon capacity

When evaluating the spectral efficiency performance of OPEAsed cellular systems, two
approaches are used in this thesig, Shannon’s capacity and adaptive modulation. The first
approach is a purely theoretical method that provides aemipgund on capacity performance.
Shannon'’s capacity equation assumes infinite code lengtligiquely maps each SINR value
to a respective data rate value. In contrast, adaptive ratidalmaps quantised SINR values
to data rate values which have been predetermined using &ode lengths for various BER
requirements. Both of these approaches are discussednbepivith Shannon’s capacity in-

troduced in this section.

Given the SNR obtained on a channel, the maximum data ratecdmbe achieved while
guaranteeing almost error-free transmission is caladilaging Shannon’s capacity equation
[54], given in:

O, = Wy logs(1 + SNR) [bps], (3.9)
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whereC, is the data rate arld;, is the channel bandwidth in Hz. Note that (3.9) depends on the
channel SNR and furthermore, (3.9) is applicable to the cB&&/GN (additive white gaussian
noise) [18]. In wireless networks, however, accountingiriterference is of paramount impor-
tance when evaluating system performance. As an apprdesim&hannon’s equation has been
applied using the attained SINR (instead of SNR) [55], assgperfect error-correction codes
[18] to account for a best-case scenario and interferend® tahite Gaussian, independent
and identically distributed (i.i.d.). Equation (3.10) sl®wa modification of (3.9), using (3.8) to

obtain the spectral efficiency of subcarriein link i, UZ:
C}. = logy(14+~1) [bps/Hz. (3.10)

Equation (3.10) can now offer insight into ways to improve #ipectral efficiency attained by a
given network. It can be seen that, in fact, the spectralieffay can be improved by improving
74, i.e. the SINR. As a result, there are two ways to improve tspkefficiency — 1) to increase
the numerator of the SINR, which means to use more power; piocti2crease the denominator
of the SINR, which means to reduce interference. Both ofehresasures result in an SINR

increase.

An example is used to illustrate the effect of interferennd &ansmit power on SINR and
capacity. Fig. 3.4(a) displays a scenario where the link gmi-90 dB (corresponding to a
transmitter-receiver separation distance of about 150 theiffree space path loss model is
considered, referring to Fig. 3.2), the interference isdfita@-150 dBW and the transmit power
is varied from 0 to 30 dBm (equivalent to 1 mW and 1 W respelgtjve-ig. 3.4(b) shows the

same example, however, the interference is significantjizdri and is fixed to -100 dBW.

There are a few important points that these two figures makst, E can be observed that, for
both the cases of high interference and of low interfereasdhe transmit power is increased,
the SINR increases and capacity also increases, as exp8etenhd, when comparing the case
of low interference and the case of high interference, it lsarseen that in the former, the
relative increase in capacity achieved by increasing tningower from 0 to 30 dBm is 4.76-
fold. In comparison, in the latter case the capacity in@easulting from the same increase
in transmit power is significantly larger — 346-fold. Howewilie absolute capacity increase is
about 12 bps/Hz and about 3.4 bps/Hz for the cases of lowfénéerce and high interference,
respectively. This means that when interference is high) dB3n (1 W) increase in power

achieves a small absolute gain in capacity. In contrastnvrtiterference is low, the same gain
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Figure 3.4: Effect of transmit power on SINR and capacity: as transmierois increased,
both capacity and SINR increase.

in capacity can be achieved with significantly less powethWéspect to power efficiency, this
means that if the interference is high, the improvement atspl efficiency when increasing
transmit power is severely limited. In light gfeen radioone could argue that the best strategy
in such cases is to transmit with the minimum power that wgustl enable data transmission

(using the lowest possible modulation scheme).

Considering the same example, Fig. 3.5 displays the effantarference on SINR and capac-
ity. In this case the transmit power is fixed to 10 dBm (10 mWhjlevinterference is varied

between -150 dBW and -100 dBW. It can be observed that whenfénénce is basically zero
(-150 dBW to -140 dBW), capacity and SINR are almost constsexpected. However, when
interference is increased such that the SINR drops belowtdltdB, there is a sharp drop in

41



Capacity of OFDMA-TDD cellular networks

both SINR and capacity. This is an important observatiogabse it demonstrates that when
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Figure 3.5: Effect of interference on SINR and capacity: as interfegeiscincreased, both
capacity and SINR decrease.

interference is relatively low, even a large increase ierfierence does not have an effect on ca-
pacity. However, when the interference is high, a smalléase causes the capacity to decline
rapidly. For example, increasing interference by 10 dBnfrd20 dBW to -110 dBW, results in

more than 2 bps/Hz decrease in capacity.

3.3.3 Adaptive modulation

While the previous section discussed how to theoreticdltpio an upper bound on the achiev-
able capacity of a channel based on the attained SINR, tttissd¢ocuses on a concept actually
deployed in cellular networks, i.e. adaptive modulatio:DMA systems are considered, for
which adaptive modulation has been demonstrated to hawsdewable benefits [56]. Before

discussing adaptive modulation, the basic principles gitali modulation are briefly reviewed.

In digital communications the process of modulation is estimg a digital bit stream, i.e. the
message source, to an analog signal. There are a number ofatiod methods, however,
quadrature amplitude modulation (QAM) is most widely useavireless communications to-
day [18]. In QAM, the bit sequence is encoded into symbolsthadiumber of bits per symbol
is determined by the set of available modulation symbolsedanodulation alphabet. Fig. 3.6
shows the respective constellation diagram for 4QAM as amgke. Note that the diagram
is a 2-dimensional scatter plot and each symbol is repredeat a point in the complex plane

(the real and the imaginary part are plotted on the | axis armki® respectively). In encod-
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ing, the real and imaginary parts modulate a cosine and an&ixe, respectively, allowing the
whole symbol to be transmitted on the same frequency raguiti efficient use of bandwidth.

The used modulation alphabet depends on the channel quadityg fewer number of bits per

Q
@ @
00 10
I
01 11
@ @

Figure 3.6: The constellation diagram of 4-QAM, where each symbol ispas®d of 2 bits.

symbol results in smaller constellation sizes, whereagasing the number of bits per symbol
results in larger constellation sizes. Intuitively, anréase in constellation size means that the
distance between neighbouring constellation points @se® and this results in more error-
prone decoding. When considering an AWGN channel, the gegueobability of error per bit
for M-ary QAM, P, can be mathematically expressed as [57]:

1 1 3Ey log, (M)
A= (! m>Q< <M—1>No>’ (341

where( denotes th&)-function; £}, is the energy per bit in Vg; andV, is the thermal noise
power density in W/Hz. This implies that if the channel gtyais good, higher order modu-
lation (i.e. larger constellation size) can be employedileminfavourable channel conditions

call for lower order modulation.

The error probability per bit is referred to as bit error aaBER). Different network services
have different BER requirements that influence the choicaadulation scheme. For example,
for real-time multimedia services, such as video confeérgnthe necessary BER is abdit”

[10], while if voice service the required BER is abdt [10, 58]. Fig. 3.7 is generated using
the Matlab functiorber awgn which produces BER curves for uncoded AWGN channels. The
figure shows a plot of BER vz, /N, whereFEy, /N, (also referred to as the SNR per bit) and
the SNR are related as shown in (3.12):

Ey, Ry,
SNR = —— 3.12
i (3.12)
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where Ry, is the bit rate in bps [18]. From Fig. 3.7 it can be observed, tha theFE}, /N,

BER for QAM over AWGN channel

10°

0 5 10 15 20 25
EJ/N, [dB]

Figure 3.7: A plot of BER vd;, /N, for different QAM constellation sizes.

increases for a given BER, the modulation order that can ppasted also increases. This is
a very important property, as it means that if channel camttimprove, the data rate can be

increased by switching to a higher modulation order withinateasing transmit power.

The method of adjusting the modulation scheme based on theiped channel quality in order
to maintain the required BER is calledlaptive modulationThe channel quality measure can,
in fact, be SINR, SNR, or other quality indicators, hencesigéenerally denoted here ly
Given an adaptive modulation schemefofievels, anm-ary modulation is employed, where

c € [0, K — 1] and thec™™ modulation level is chosen based on the following rule:
Choosemn, whene, < ¢ < eqq1,

wheree. is a threshold value, belonging to the set= {¢.|c = [0, K — 1]}. After the modula-

tion level is determined, data is encoded prior to trangorssvhereby redundancy is added in
order to correct the effects of the channel upon receptiefeifred to as channel coding) [59].
Some of the main types of channel codes include block codesptutional codes, and turbo
codes and the interested reader may refer to [18] for a ddtaieatment of channel coding.
For demonstration purposes, here the focus is on the firsta@fgodes, block codes, where
information is encoded into blocks such that each blockaostdata bits and code bits. In
this context, an important metric is the code rate, defined ask. = r;/r., wherer; is the

information (data) rate and. is the raw channel rate [18]. For example, if the code raté3s 2

for every 2 data bits, there is 3-2=1 code bit.
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Note that in OFDMA systems, each subcarrier (or chunk of aufmrs) can be assigned a
modulation level individually based on propagation cdndi. A demonstration is shown on

Fig. 3.8, where = 9 and the channel quality metric of a single link is display&d.account

¢

€2
€14

modulation level 71
for shown subcarrier

a=0

frequency

Figure 3.8: Demonstration of the rule for modulation level assignmehie channel quality
metric experienced by a link is quantised and modulatioelleer subcarrier is
assigned accordingly.

for this degree of freedom, let the modulation level of subeak for link i be set tOchk
wherem/ , is the equivalent ofn. as described above, then the data rate achieved can be
calculated as shown in (3.13) [18, 60]:

.. M §7kRC

Ci = —%— [bps] (3.13)

whereM! , = log,(m’,, ) is the number of bits per symbdi; is the OFDM symbol duration

(including cyclic prefix).

An example is shown in Table 3.1, where adaptive modulasachieved with seven different
modulation schemes and a set of 2L-D trellis codes, assumBER of10~7 [61]. Note that
the crossandstar constellations are QAM-variations in order to ensure roess to interfer-
ence, as described in [62] and [63], respectively. To olteéndata rate, (3.13) is used and the
following parameters are assumed: a code rate of 2/3, batitwf 100 MHz, 2048 subcarri-
ers, and cyclic prefix of 20%. Furthermore, the data rateeaeki using Shannon’s equation
(refer to (3.10), multiplied by}Ts to obtain data rate from spectral efficiency) is also shown
for comparison. As expected, Shannon’s capacity is sigmiflg higher than what is achieved

using adaptive modulation.

45



Capacity of OFDMA-TDD cellular networks

Modulation 4 8 16 32 64 128 256

scheme QAM star QAM cross | QAM cross | QAM

SINR 9 14 16 19 22.2 25 28,5 | dB
| Datarate (AM) | 54.24 | 81.37 | 108.49] 135.61| 162.73] 189.86| 216.98| kbps |

[ Data rate (Shannon) 128.61] 191.53] 217.73] 257.56] 300.43] 338.11] 385.32] kbps |

Table 3.1: Adaptive modulation (AM) example for BER of 1Q61]

3.4 Physical limitations to capacity in cellular OFDMA networks

The previous two sections discussed two methods to evatateapacity of a system and this

section reviews the limitations to capacity and possibl¢hods for capacity increase.

The above discussions revealed that capacity (both in tefisyzectral efficiency and data rate)

depend on three main factors:

1. bandwidth
2. transmit power

3. interference

Of these factors, the first two (bandwidth and transmit ppwes scarce resources, in thatin a
system they are limited and fixed. The only way in which thesefactors can be manipulated
to influence capacity is by choosing how to distribute thes®murces among the users which
demand them. The methods of distributing scarce resournes@users are collectively re-
ferred to as radio resource management (RRM) [64]. CleRfRM techniques can also address
the issue of how to minimise interference. However, usualyfocus is on throughput maximi-
sation or power optimisatiofor throughput maximisation and only recently minimising powe
consumption has been of interest in lightgyeen radioinitiatives. This is why while there
has been a lot of research on RRM algorithms, e.g. [51, 65H&8]e is still research required.
This holds true especially considering the unresolved samtigy interference problem in TDD

networks.

In light of the above, the focus of this research work is osrif@rence. Questions such as how
to mitigate interference, and if possible, how to avoidrifeieence are relevant. These questions
are particularly important because of two reasons: 1) dsang the overall interference in the

system improves data rates and reduces the probabilityopped calls, and 2) decreasing the
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overall interference in the system allows for less energysamptions. The second reason is of
particular significance, considering recent researclatiies such agreen radiothat aim to

minimise the energy consumption of cellular networks.

3.5 Summary

This chapter discussed capacity in OFDMA cellular netwotksparticular, capacity was de-
fined as the data rate (or spectral efficiency) that a systenachieve. In a step towards cal-
culating capacity, the SINR equation for OFDMA was rigotigwdefined. Then, two ways for
capacity calculation were discussetzz. Shannon’s capacity equation, which is a theoretical
approach that provides an upper bound for the attainabkcigpand adaptive modulation that
is a practical method which when simulated can provide ebgolesystem performance results.
Adaptive modulation is of particular importance to OFDMAst®ms, as frequency selectivity
can be exploited. Finally, interference has been identifiedhe capacity limiting factor of

interest and is considered in this work.

In the next two chapters interference mitigation and ietenice avoidance techniques are dis-
cussed and the SINR equation derived in this chapter is ogaddel the systems under consid-
eration. Furthermore, both adaptive modulation and Shasmapacity equation are employed

to evaluate system performance.
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Chapter 4

Interference mitigation for cellular
OFDMA-TDD networks

4.1 Introduction

The focus of this chapter is on interference mitigation téghes for OFDMA-TDD cellular
networks. First, an overview of the general concept of fetence mitigation in cellular net-
works is given. The particular cases of interference mtitbgafor OFDMA systems and TDD
systems are also discussed. Second, the fractional/ss# @ncept is introduced as a means
to mitigate co-channel interference in OFDMA networks aadrfdifferent variations of the

concept are discussed.

Next, this chapter presents the second contribution othigisis [49, 69, 70], which is a demon-
stration of the severity of BSBS interference for networks based on OFDMA-TDD. The
demonstration is done by comparing two alternative TDDeHjmeinterference mitigation con-
cepts,viz RTSO and ZD, to the classical solution to same-entity ieterice, namely FSA.
The comparison is based on computer simulations and the ¢coaiparison metric is spectral
efficiency. The study of RTSO and FSA investigates the efie&S—BS interference on the
whole system, whereas the study of ZD and FSA focuses on dogni cell of interest. To

the best of the author’'s knowledge such studies have notgresented in literature before.

Two further contributions of the thesis are presented m¢hiapter. The first one is the analysis
of the probability of crossed slots when RTSO is employed, [#hile the second one is the
OFDMA formulation of the known OTA-SRR [72, 73] resourceoahition algorithm. The new
formulation [49, 69] is used in the comparison between RTSORSA.

4.2 Definition and importance of interference mitigation

Generally speaking, interference is an indispensablegbaypical wireless communications

where frequencies are spatially reused. Consider, for pb@naellular networks, which are
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of interest in this work. As was discussed in Chapter 2, tistadce between two sites that
reuse the same frequencies is dependent on the cluster®izelarger the cluster size, the
larger the distance between co-channel cells and hencsirthlder the interference. However,
with today’s ever increasing demands on data rate, ideadlyvmhole system bandwidth should
be reused in each cell. Such a reuse means that a given cellienges interference from
all of its immediate neighbouring cells (which are six, iikagonal cell structure is assumed).
Referring to the previous chapter, this increase in interfee (as compared to the clustered
design) ultimately results in capacity decrease. To reaapording to Shannon’s equation,
capacity is defined dsg,(1 + SINR). Hence, capacity decreases as the SINR decreases and
further, SINR decreases as interference is increased(tfieesame received power and noise).
Fig. 3.5 (refer to Chapter 3) demonstrates the effect offimtence on SINR and capacity. It
is fair to conclude that in order to meet the zealous demandsata rate of next-generation

systems such as LTE Advanced, striving to minimise interfee is imperative.

Because OFDMA, and in particular OFDMA-TDD is consideredrext-generation systems
such as LTE [74] and WIMAX [75], research is targeted towdadkling the interference prob-
lems that exist in these networks. The next two sectionsudssinterference mitigation tech-
niques which address the problem of CCl in OFDMA networkstaetiniques that particularly

target the issue of same-entity interference in TDD.

4.3 Fractional/soft frequency reuse

The concept of fractional/soft frequency reuse (FFR) isrtprove the capacity of users at the
cell edges in OFDMA systems with full frequency reuse. @elije users suffer most severely
from CCI because they are closest to interferers from neiglibg cells. The essence of FFR
is that the cell is partitioned into regions which have diskir reuse factors. In particular,
cell-edge regions have larger reuse factors than celleeagions as the areas at the cell edges
are generally exposed to stronger CCI than the centre ofgtheariations of this interference
mitigation method have been considered by LTE [76, 77] anBlXX [9]. In this section these
variations are presented and in addition, other proposesiovss of the method are discussed
[78-81].

The FFR method proposed by [78] and [79] suggests that themylsandwidth is split into

two parts — one part serves the cell-centre users, whilettier part serves the cell-edge users.
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Furthermore, the cell-edge bandwidth is split into threedsaand the cell-edge region is split
into three sectors, such that the three sectors are altboateogonal frequency bands. In this
way, the cell-edge region is served under frequency reutteed, while the cell-centre region
is served under frequency reuse of one. The method is gadlyhpresented in Fig. 4.1. Note
that here the notion of frequency reuse is more extendedwhahwas discussed in Chapter 2.
In particular, clusters sharing the available bandwidth ba formed not only by cells, but
also by own-cell sectors. For example, in this specific Gameof the FFR method, the whole
bandwidth is reused in each cell. The cells are sectoris@th, that in effect the sectors of each
cell form clusters, analogous to the cell clusters disaigs€hapter 2. Because the cell-edge
region of each cell is divided into three clusters that asigagd orthogonal frequency bands,

it is said that the cell-edge region is operated under frecgecuse of three.

available frequency band

e —— ——

frequency frequency
reuse 1 reuse 3

Figure 4.1: The available bandwidth is divided between the cell-cemters and the cell-edge
users. The cell-edge region is further split into sectoesyed by orthogonal fre-

quency bands.

A similar FFR scheme which, in contrast to the previous owmeids sectoring is proposed by
[76,77,80]. In effect, the system bandwidth is split intathands,viz a major bandand a
minor band The major band serves the whole cell area under frequenisg three, while the
minor band serves only the cell-centre region under frecqesuse one. This variation of the

frequency reuse concept is shown in Fig. 4.2.
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available frequency band

fr;q.
S——
minor band: major band:

frequency  frequency
reuse 1 reuse 3

Figure 4.2: The minor band serves inner-cell users under frequencyerens, while the major
band serves the whole cell area under frequency reuse three.

Fig. 4.3 displays the FFR method considered by WIMAX [9]. dtalmost the same as the
previously described variation of the FFR concept, howetercell-centre region is served by

the whole system bandwidth.

available frequency band:
frequency reuse 1 at inner cell

i —— ——

./;
N\ S

frequency reuse 3

Figure 4.3: The whole bandwidth serves the cell-centre region undejuiacy reuse one,
while the cell-edge region is served under frequency reuset

It is also possible to mix the two methods shown in Fig. 4.1 Bigd 4.3, and to allocate the
whole bandwidth to the cell-centre users, while the cefjeedkgion is split into sectors, served
by orthogonal frequency bands. This version of the FFR qairttas been proposed in [81] and
is graphically presented in Fig. 4.4.
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available frequency band:
frequency reuse 1 at inner cell

mmm— —

N\ S

frequency reuse 3

Figure 4.4: The cell-edge region is sectored and sectors are served thpgwnal frequency
bands under frequency reuse three, while the inner-ceibregs allocated the

whole bandwidth in each cell.

The FFR concept variations overviewed above target the Catilgm in OFDMA networks.
However, FFR does not address the particular issue of @@dsis in TDD systems, i.e. how to
handle UL/DL allocation in order to avoid or reduce samdtgimterference. The next section

addresses the specifics of interference mitigation for Ti2Bed networks.

4.4 TDD-specific interference mitigation techniques

The most straightforward approach currently consideragdolve the crossed-slot problem in
TDD is FSA [13]. The principle of FSA is that all BSs are frasyachronised and the UL-

DL time slot assignment ratio is kept fixed and the same adiessells in a network (and

usually allocates half of the resources to UL and DL each). [EBA is convenient because,
most importantly, same-entity interference is completelgided and in addition, the scheme is
simple to implement and there is no signalling overhead. Mbgr disadvantage, however, is
the lack of flexibility. In other words, one of the main adwags of TDD, namely the support

for cell-specific asymmetry demands, is not made use of.

In contrast, the TDD interference mitigation techniquesally allow each cell to set its own SP
based on the instantaneous asymmetry demand. Interfergtigation techniques either work
in a centralised or a decentralised fashion [13]. In [13]abetralised ZD and the decentralised

RTSO are discussed as a flexible alternative to symmetricar@lare also reviewed here. Both
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RTSO and ZD are compared against symmetric FSA.

441 RTSO
The work presented in this section is based on the work ghdadisn [71].

RTSO [14] is a method which relies on randomisation. In otdemitigate the same-entity
interference problem, RTSO randomly permutes the time slithin a frame once every time
interval At (where At is a network parameter) as illustrated in Fig. 4.5. The adioeeslot
permutation sequence follows a pseudo random pattern. ptisrn can be independently
generated at both ends (MS and BS). As a consequence, tradlisigreffort is almost negli-
gible since only a random code at link setup needs to be cedveRTSO avoids persistent
severe interference, and in effect achieves interfereieggity. Note that an analogy can be
made between RTSO and frequency hopping. In the latterfénégrce diversity is achieved
by hopping through different frequency carriers. RTSO teentpreviously applied to CDMA
systems [14].

Tlme slot Frame

(4 I&ITI%ITI*)

T ]A t

o~

(TITI*I%I#IT)

—
—
——

At

-

(%XfI+I+ITIT)

Time

Figure 4.5: For a given ratio of UL/DL resources, RTSO permutes the UL Bhdime slots
once every time intervalt¢ (greater than the frame duration) [14], keeping the
UL/DL ratio fixed. Upward-pointing arrow denotes UL, whild_[is denoted by a

downward-pointing arrow.

As RTSO avoids persistent severe interference by randognisie sequence of UL/DL time
slots per frame, it is interesting to see how the UL/DL asyrmmynimfluences the number of

crossed slots. The probability of opposite link assignnfenta given slot is dependent on
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the asymmetry rate per fram®s,m, defined asR,gym = % wherenyr, andnpy, are the

n

number of UL slots and DL slots, respectively. If the proligbof a cell being in an UL time

slot is M = Pyr, wherenrtor is the total number of slots per frame, then the probability

nTotr

of two cells being in UL at the same time (#y1,)?. By the same token, the probability of a
cell being in a DL time slot i% = 1 — Py, and that of two cells being in DL at the same
time is(1 — Py, )?. Thus, the probability of two cells experiencing at least orossed slot per

frame, P, (2), is given by:

Popp(2) = 1— (P + (1 - Pur)?) (4.1)
NULTDL

= 2 .
(nroT)?

Now consider a system of cells, such that there is a centre cell and 1 surrounding cells.
The probability of crossed slots from the view point of thatce cell is derived by expanding

(4.1) and is given hy:

Popp(n) = 1— (P, +(1— Py)")
= - (o) & (o) (4.2)
(nToT)"

A 16-slot frame (i.entoT = 16) and asymmetry rates (UL:DL) of 2:14, 4:12, 6:10, 8:8, 10:6,
and 12:4 are considered as an example. A system of up to-#iirtyeighbouring cells sur-
rounding the centre cell is considered (i.e. up to thres)jdrecause it has been demonstrated
that the significant portion of interference comes from thet three tiers of cells [82]. Note
that when a given asymmetry ratio is considered, all ceNe lthe same asymmetry. Although
this is not entirely realistic, such a scenario allows far gystematic analysis of the influence
of the number of UL and DL slots per frame on the probability dmssed slots. Results, dis-
playing the probability of crossed slots as a function of nbenber of surrounding cells, are
shown in Fig. 4.6. It can be observed that the results are strimwith respect taR,sym =
8:8. Moreover, the symmetric case exhibits the highestaiitity of crossed slots and as the

asymmetry is shifted to favour either UL or DL, the probaitbf crossed slots decreases.

Now the discussion focuses on a scenario which better moekgisy. In particular, the number
of UL time slots per frame is considered to be a random veagigtidt is uniformly distributed
between 2 and 14 and the distribution among cells is iddrdiod independent. The uniform

distribution is chosen as a general case, to account forattetliat each cell can have any
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Probability of a crossed slot
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Number of neighbouring cells

Figure 4.6: Probability of crossed slots as a function of the number afmgouring cells sur-
rounding a centre cell for various UL/DL ratios.

number of UL time slots with the same probability. This sitoi is simulated using the above
parameters. As shown in Fig. 4.7, the results are identi¢al tiwve symmetric case in Fig. 4.6,
which is as expected because the average number of UL tirtee mbo frame in both cases
is 8 and because of probability distribution function (psifimmetry. However, clearly, in the
case when the number of UL time slots is a random variablepribieability of crossed slots is

also a random variable. The distribution is not derived wiaally, but simulation results are

presented in Fig. 4.7 showing the cumulative distributionction (cdf) of the probability for

crossed slots. As examples, the cases ef 2, n = 5, andn = 10 are considered. It can be
observed that as the number of cells under consideratioaases, the cdf of the probability of
crossed slots gets steeper. This effect is expected beirameasing the number of cells under
consideration means that there is less variation in thegtity of at least one crossed slot.

This probability tends to 1 as the number of cells increases.

442 ZD

Unlike RTSO, ZD is a centralised scheme analogous to thédred frequency reuse concept
introduced in Section 4.3 and heavily relies on coordimatimmong BSs. The principle is pro-
posed in [15] as atime slot allocation based on region dikigor CDMA networks. ZD aims to
mitigate same-entity interference by reducing the trassion range during crossed slots. The
reduced transmission range in effect increases the sepadigtance between transmitters and
vulnerable receivers and hence reduces interference. lB&8s mformation about their TDD

SP and thereby have knowledge of which time slots are cradetd Each BS divides its cov-
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Figure 4.7: Probability of crossed slots as a function of the number afmgouring cells sur-
rounding a centre cell in the case of UL:DL=8:8. The cases mtie asymmetry
is constant and when the number of UL slots is a random vagial®# both consid-
ered. The cdf of the probability of crossed slots for the adenwhen the number
of UL time slots per frame is a random variable, uniformlytdimited betwen 2
and 14 is also displayed for three scenarios depending ontineber of cells sur-
rounding the centre cell.

erage area to an inner region and an outer region. Duringedaslots, resources are allocated
only to MSs which are located in the inner region (refer to. Bi@). The authors of [15] found
the radius of the inner region to be 52% of the cell radius.uAgag a uniform user distribution
and a cell radiugR, it can be calculated that onFﬂ}'(oﬁ%#f)2 ~ i of the users are in the inner
region. This means that whenever a large number of croseelislpresent in comparison to
non-crossed slots, the resources cannot be efficientigadil Note that in practice ZD requires
significant overhead. The division of a cell to regions nedd&s to report to their respective
BSs the received power of a reference signal (for exampéepilbt signal BSs usually send).
Based on the reported values, BSs tag MSs as being in théaoterregion. In addition, ZD
does not work unless tight DL power control is in place. Tigbtver control, however, is not
desirable in OFDMA systems, because it limits the use ofdvigitder modulation, which is
especially important for users experiencing good chanmdiitions (such as the users close to
the BS).
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during non-crossed slots
serve whole cell area

S—— time
during crossed slots
serve inner-cell region

Figure 4.8: During non-crossed slots users across the whole cell areabEserved, while
during crossed slots, users in the inner-cell region only ba served.

The next two sections present simulation results compdhied DD-specific interference mit-
igation techniques, RTSO and ZD, to FSA.

4.5 A comparison between RTSO and FSA

This section presents a comparison between RTSO and FSBJ}9,

45.1 Simulation model

The simulation model considers an OFDMA-TDD network withogat of 200 uniformly dis-
tributed users in a 19-cell region, where each cell has aagntocated BS. A best effort full
buffer system is in place, which means that all users demanice at all times and the qual-
ity of service (QoS) desired by a user corresponds to the mani data rate it can support.
TDD is modelled by assuming a single time slot, where eachsB&ssigned to either UL or
DL, and UL:DL ratios of 1:1, 1:6, and 6:1 are explored. In tlese of RTSO, the UL/DL
time slot assignment is asynchronous among cells and tignassnt of each cell is random
with probability depending on the asymmetry ratio studthen FSA is in place, all cells are
synchronously assigned UL or DL with probability dependimgthe asymmetry ratio studied.
Here it should be noted that UL/DL channel allocation anduese allocation are two disjoint
processes, so that after each BS has been assigned to eithmr DL, resource allocation
takes place. The employed resource allocation algorithiimeiOTA-SRR, which jointly allo-
cates rate and power [72, 73]. The OTA-SRR aims to maximisetim of SINR values of the
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users in a cellular system and does so in a fair manner inlbat is no power minimisation
constraint. As a consequence, all users are initially assignaximum rate. Rates are then
iteratively reduced based on achieved SINR until the sy$¢dma feasible steady state. Refer
to Section 4.5.2 for the details of the OFDMA algorithm folation. The simulated system
further employs a quasi-static model where the link gairts/éen transmitters and receivers
remain unchanged for a time slot duration. An BS-MS pair. (adink) is formed based on

minimum path loss.

The simulation employs adaptive modulation as follows: &achy!, 7, is assigned, where
7 is the target SINR of subcarridr, such thaty, < 7i and¥, € T = {1 < Jo < -+ <
Hr|}- Furthermore, it is assumed that there is a numbéf ef |T'| discrete transmission rates
available depending on the modulation alphabet, such-hat{r; < r, < --- < rx}, where

each SINR target element corresponds to each rate resggctiv

The system parameters used for the simulation platformbanersin Table 4.1. Note that be-
cause of the snap-shot nature of the simulation, MSs apfadar. $However, Doppler frequency
offset errors and offset errors due to synchronisation eceunted for by using constant off-
set values. In particular, a Doppler frequency offset apomding to a speed of 30 km/h and
50% synchronisation offset are used. The latter value isamdo reflect a severe interference
scenario (e.g. [44] report about 30% offset). Furthermorasalculating the SINR per sub-
carrier, in the case of UL both CCIl and MAI are considered,levin the case of DL perfect

synchronisation is assumed and only CCl is considered.

Number of BSs 19 Number of MSs 200

Cell radius 500m Bandwidth 100 MHz
Number of subcarriers | 2048 Root mean sq. delay spread 0.27us
Carrier frequency 1.9GHz Maximum Doppler frequency 190 Hz
Maximum power per link] 2W Freq. offset due to synchronisation0.5

Table 4.1: Fixed simulation parameters

The small-scale fading effects are simulated via a MontéoGaethod [83], which takes into
consideration the effects of Doppler shift and time delaypotver delay profile is used corre-
sponding to the specified delay spread in Table 4.1 [84].dss&aimed that a proper cyclic prefix
is in place such that ISl is avoided. The path loss model towrtcfor large-scale fading is of
the form presented in Chapter 3 and is modelled accordingt@ifi Category A [85] (subur-
ban), assuming uncorrelated log-normal shadowing of 10[di®. path loss is lower-bounded

by the free space path loss [18]. The employed system egHikiS conditions among BSs
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and worst case scenario in terms of interference is assuntled®% probability of LOS. The
path loss in the case of LOS is calculated using the free gmatbeloss model [18]. Non-LOS
(NLOS) conditions are assumed for the rest of the TDD interfee scenarios (i.e. MSBS,
BS—MS, and MS-MS). Adaptive modulation is achieved with seven differerddulation
schemes [61] given in Table 3.1, and repeated in Table 4.2dovenience. The SINR per

subcarrier needed to determine the modulation level isukd using (3.8).

Modulation 4 8 16 32 64 128 256
scheme QAM | star | QAM cross | QAM cross | QAM
Data rate 54.24 | 81.37| 108.49| 135.61| 162.73| 189.86| 216.98| kbps
SINR 9 14 16 19 22.2 25 285 dB

Table 4.2: Adaptive modulation parameters for BER of 10

4.5.2 The OTA-SRR algorithm

In this section, the OTA-SRR, previously considered for-@ffDMA systems [72, 73] is for-
mulated as a subcarrier, rate and power allocation algoritr OFDMA systems. OTA-SRR,
firstintroduced by [72], is particularly chosen to be usethia thesis as it is a fundamental rate
and power allocation algorithm which has not been applicOFR®MA yet. An essential part
of the new OTA-SRR formulation is the SINR equation presgimeSection 3.3.1. The equa-
tion enabled the direct application of the existing aldoritconstraints and derivations. The
modified OTA-SRR is summarised as follows: Initially eaclkerugets a number of subcarriers
(depending on the number of users in the cell) with maximuhiRStargets, out of a predefined
set, assigned to all subcarriers. Under the assumption afderately loaded or overloaded
system, not all users can support the assigned SINR tardetatively the subcarriers, which
experience maximum interference, are identified and tH&lRSarget is decreased in a step-
wise manner, in effect adapting the modulation scheme. elfSINR target of a subcarrier is
downrated below the minimum value from the target set, theauier is given to a different
user from the same BS, such that interference on the subcanminimised. If no such user
is found, the subchannel is not used. OTA-SRR is executdbthatsystem reaches feasibility

according to the constraints presented in this section.

The algorithm takes into account the interference effectsray all subcarriers, thus each sub-

carrier is given a unique identification (ID). The total nuenlof subcarriers considered in the

59



Interference mitigation for cellular OFDMA-TDD networks

algorithm isBIN. = N, WhereB is the total number of BSs considered to contribute signifi-
cant interference ant¥. is the number of subcarriers per BS. Hence, the subcarreatB in
the rangd1,2,..., Nio], i.e. subcarrier one used in cell one has ID 1, subcarrierirocell
two has IDN, + 1, subcarrier two used in cell two has IS, + 2, etc. Based on this, the
SINR equation given in (3.8) (and repeated below for conepless) needs to be reformulated

slightly, defining new variables, as discussed below.

PiH{*G;

> wis > PUlH PIChuw (Af + ep + w)|*Gig + nin
l k/esl

M =

whereP} is the transmit power of subcarrigr(in Watts);

H} |*is the channel transfer function
of link  at subcarriek; G; is the link gain of linki; w; ; is one only when there is MAI between
subcarriers: andk’ and zero otherwisey; is the set of subcarriers belonging to lihkand the
cardinality ofs;, |s;|, is the number of subcarriers used by likvhich can vary from zero to
Ng; |Hi’f|2 is the channel transfer function between the receiver d&land the transmitter on
link [ at subcarriek’; |Cy x(Af + ep + w)|? is the cyclic sinc function which determines the
amount of interference between subcarrierand &’ based on the subcarrier distancg;; is
the link gain between the transmitter on lihknd the receiver on link andny,, is the thermal

noise power (in Watts) per subcarrier.

Due to the fact that now is defined to have a unique ID across the BSs, the needre ide
tify to which link a subcarrier belongs is obviated, hencenswf the variables used in (3.8)
are redefined. Let; be the set of subcarriers belonging to the same link,axcluding k.

Furthermore, letoy, ;- be defined as:

0, Ke [([NAC} + 1N+ 1, [N + 1] and k is in DL,
Wk k! =
1, otherwise.

The above definition ofvy ;s is analogous to the definition ab; (refer to Section 3.3). In
essencewy, ;» determines whether subcarriercauses MAI to subcarrige. MAI is not con-
sidered when subcarriéris in DL and at the same time subcarrieandk’ belong to the same
cell. Furthermore, le€, = |H.[2G; andGy, pr = wi | H}' [2|Crar (Af + ep + w)[2Giy.
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Based on the above definitions and assumptions, (3.8) cawbitten as:

B PGy
> PG +nm
k¢ sy,

Vi (4.3)

Note that (4.3) and (3.8) differ in their representationyonBy dividing the numerator and
denominator of the right hand side of (4.3) By and transforming it into matrix notation,
(4.3) can be further rewritten as:

(I-®)P >n, (4.4)

wherel is the identity matrix,® is the normalised link gain matrix (with dimensiong,; x

Niot) defined as: 3
VG k'

Py 1 = , (4.5)
k
andn is the normalised noise vector, given as:
~ e
e = (4.6)

G

with 7, € T', Vk € Nit. The inequality in (4.4) holds as each subcarrier strivesctueve
SINR greater or equal to the target. The OTA constraints erathorithm are defined based on
the properties ofp and its dominant eigenvalug (real, positive, and unique, according to the
Perron-Frobenius theorem [86]). F@rit holds that it is real, nonnegative and irreducible, i.e.
the path gains and the SINR targets are real and nonnegatigehe path gains are assumed to
be uncorrelated. A solution for the system inequality giwe#.4) exists, only if the right hand
side ofP > (I — ®)~!n converges. The conditions for convergence of the modifiel-SRR

algorithm are presented in Appendix B and the algorithm ésshon Fig. 4.9.
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Figure 4.9: Flowchart of the modified OTA-SRR algorithm

4.5.3 System validity check results

Due to the complexity of the simulations used in this chaptés not possible to verify the

underlying model mathematically. This is why Monte Carlmsiations are used in order to
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verify the system behaviour against intuition. The resattspresented in this section.

In order to validate the system model, the system performanterms of spectral efficiency is
analysedSpectral efficiencis defined as the total system throughput normalised to thaugt

of the total bandwidth and the number of BSs. Note that tha tbtoughput is obtained by
summing over the subcarrier data rates and the subcart@&rata assignment is done according

to the adaptive modulation method described in the prevseaton.

The following systems are employed using UL:DL ratio of 1fdenchmark, “ideal”, FSA,
“NLOS”, and “LOS". All systems except the benchmark are dgeet according to the system
model outlined in Section 4.5.1. In addition, the charasties of each of the systems is out-
lined in Table 4.3. The model of tHeenchmarkscenario is as follows. The system considers
neither frequency offset errors nor Doppler errors, i.é@s @& purely orthogonal system where
the only source of interference is CCI. The resources aoeatitd randomly at the beginning
of each iteration and the SINR per subcarrier is calculaletthie SINR of a particular subcar-
rier is below the minimum required threshold (Table 4.2 $ubcarrier is discarded and not
utilised. The SINR of the subcarriers that can maintain @es&ful link are used to determine
their respective data rates and the spectral efficiencyebyistem. It should be pointed out
that theideal system is also a purely orthogonal system but, unlike thetmaark system, has

resource allocation and adaptive modulation in place.

Characteristiq "*. System— | Benchmark| “ldeal” | FSA | “NLOS” | “LOS”
RTSO, FSA RTSO FSA RTSO
Resource allocation No OTA-SRR

Adaptive modulation No Yes

LOS/NLOS among BSs NLOS N/A | NLOS LOS
MAI, CCI CClI Both
Frequency offset errors No Yes

Table 4.3: System characteristics

It can be expected that the benchmark system performs wiustfo the lack of a resource
allocation mechanism and the lack of an adaptive modulati@ehanism. In addition, the
“ideal” system is expected to perform best, because of thenagtion of pure orthogonality

among subcarriers and because both resource allocatiomdaptive modulation are used,
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while NLOS conditions among BSs are assumed. The FSA systeinthe “NLOS” system

should achieve about the same performance, however, thesiF8ém is expected to perform
better in about 50% of the cases, i.e. whenever the FSA syistémDL. This is because in

50% of the cases all cells in the FSA system are in UL simutiasky, hence the performance
is worse than the performance of RTSO. The reason stems freffatt that in RTSO there are
both UL and DL cells at any given time slot due to the time sotdomisation. Regarding the
“LOS” system, it can be safely envisaged that it performss@dhan the “NLOS” system. The
results are shown in Fig. 4.10 and it can be observed thatsimggort the reasoning outlined

above.
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Figure 4.10: Spectral efficiency attained by the OTA-SRR for UL:DL rafit:a.

A few comments are in order regarding Fig. 4.10. Firstlysiinteresting to note that the FSA
system exhibits better spectral efficiency than the idestiesy in about 5% of the cases. The
reason for this behaviour lies in the fact that the in thelidgatem there are both UL and DL
links at the same time, while in the case of FSA the systemtli®ein UL or in DL. Even
though the ideal system does not suffer from LOS among BSUthstill underperforms in
comparison to DL due to MAI. Therefore, it is observed thaabout 25% of the cases FSA
achieves about the same performance as the ideal systenugradforms it in about 5% as

mentioned earlier.

It is also worth pointing out that the ideal system exhibitsteeper cdf curve, meaning that
there is less variation in the achieved spectral efficienayy(about 0.75 bps/Hz difference be-

tween minimum and maximum spectral efficiency). In confraStA shows about 1.75 bps/Hz
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difference between the minimum and maximum spectral effasi@chieved, which means that
the quality of service varies more. This is the case due totlfeat the FSA system is either in
UL orin DL, while in the ideal system the UL and DL performansaveraged out as there are

both UL and DL links at the same time.

For the reasons outlined above, thé"5@ercentile comparative trends between the benchmark,
“NLOS”, “LOS”, FSA, and the ideal systems differ slightlyoim the 10" percentile compar-
ative trends. The basic trends are preserved, except fdath¢hat at the 10 percentile the
FSA system exhibits clearly inferior performance to both‘tNLOS” system and the ideal sys-
tem. Similarly to the ideal system, the “NLOS” system extsilain averaging out of the spectral
efficiency performance of UL and DL, resulting in a steeper @gve and more consistent

performance in comaprison to the FSA system as discusseg.abo

4.5.4 FSAvs. RTSO comparison results

The comparison between RTSO and FSA is based on spectradmtficsubcarrier utilisation,
and user outageSpectral efficiencys defined in the previous sectiosubcarrier utilisation

is defined as the ratio of the number of subcarriers used isybim to the total number of
subcarriers (number of subcarriers per BS times the numbB6s). User outageds defined
as the users not served (assigned zero subcarriers) asiarfraicthe total number of users in
the system. All metrics pertain to the whole system, i.e. dd BL combined, unless stated
otherwise. In addition, as mentioned in Section 4.5.1, a BEp&lem is simulated assuming a
single time slot which is either assigned to UL or DL traffichi§ means that for every time
slot a different user distribution is analysed. Since TDD easentially be characterised as a
half-duplex system, this is deemed a sensible approachdir ¢o obtain insightful statistical

results on essential system metrics.

The spectral efficiency results are shown in Fig. 4.11 foiovsr UL-DL asymmetries for FSA
and RTSO. In the case of RTSO, the results demonstrate tHitghmore resources to DL
results in more than 80% increase in spectral efficiencyetrtedian as compared to the per-
formance of the UL-favoured case. This effect is due to tlesemce of MAI in UL as well
as the fact that LOS conditions among BSs are accounted fachwnakes UL the perfor-
mance limiting factor. In particular, as MAI is only considd in UL, this means that as the
number of slots in UL decreases, the overall experiencexlference also decreases, resulting

in improved system performance. In addition, as the effé&t@S conditions among BSs is
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experienced by the cells in UL, a decrease in the number ofdlls means fewer affected BSs
and, hence, system performance improvement. In the cas8AfiFcan be observed that the
spectral efficiency of the DL-favoured scenario is only dtR09o better at the median than the
spectral efficiency of the UL-favoured scenario. This metias when employing RTSO the
improvement in spectral efficiency incurred by allocatingrenresources to DL is larger than
when employing FSA. This stems from the fact that while theitd RTSO is limited by MAI
and LOS conditions among BSs, the UL in FSA is only limited bgIM

Empirical cdf: spectral efficiency
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Figure 4.11: Spectral efficiency [bps/Hz/cell] attained by the OTA-S&Rvarious UL:DL ra-
tios. Spectral efficiency is the ratio of the total throughputhe system to the

product of the bandwidth and the number of cells.

In this context, a clear trend can be observed: with an iseréa the number of time slots
allocated to DL, the spectral efficiency increases and esaabout 75% and about 80% of the
theoretical maximum in the case of RTSO and FSA, respegtildle theoretical maximum can
be calculated a%% and equals 4.44 bps/Hz/cell, whéiig, is the bandwidth per subcarrier,
and 216.98 kbps is the maximum data rate per subcarrier ¥aa @i Table 3.1). It is worth
noting here that as shown in Section 4.4.1, RTSO resultsdarhtbhest number of crossed
slots in the case of asymmetry of 1.1 (the special case of m®&trg). Hence, it would be
expected that the symmetric case would result in worst sygerformance. However, the
results demonstrate that UL-favoured asymmetries perfoorse than both the symmetric case
and the DL-favoured case. This stems from the effect of MAl B®S conditions among BSs

discussed above.

66



Interference mitigation for cellular OFDMA-TDD networks

Fig. 4.11 also shows that for each of the asymmetries comsidthe FSA performs better than
RTSO. In particular, the difference (at the median) betwberspectral efficiency attained with
FSA and the spectral efficiency attained with RTSO is aboéb,486%, and 11% for UL:DL
ratios of 6:1, 1.1, and 1:6, respectively. In addition, thmmetric FSA performs better than
nearly all considered RTSO scenarios. In particular, dmrgig the case of UL:DL=6:1, it
can be observed that the symmetric FSA attains about 80%aserin spectral efficiency at
the median as compared to RTSO. In the case of 1:6 (UL:DL)elwew while the medians
of symmetric FSA and RTSO are almost the same, RTSO perfowaalb better than FSA
in about 60% of the cases. This is because in the case of RT8@ %%1 of the links are
in DL, while in the symmetric FSA half of the links are in DL. @heason why RTSO does
not completely outperform symmetric FSA is the fact that L&fditions among BSs are

considered.

The subcarrier utilisation results shown in Fig. 4.12 digpsimilar trends as the spectral ef-
ficiency results. In the case of RTSO, the subcarrier utiisaattained by the DL-favoured
system is about 33% better at the median in comparison wétlsubcarrier utilisation attained
by the UL-favoured system. In contrast, when the analogougparison is made for the case
of FSA, the difference between the subcarrier utilisatibthe DL-favoured system and the
UL-favoured system is only 13%. In addition, it can be obsdrthat FSA outperforms RTSO
in terms of subcarrier utilisation by about 36%, 35%, and ¥2#4JL:DL ratios of 6:1, 1:1,
and 1:6, respectively. Furthermore, the symmetric FSAgoet$ better in terms of subcarrier
utilisation than all considered RTSO scenarios. In padicihe symmetric FSA attains about
38%, 36%, and 6% better subcarrier utilisation (at the mgdlzan RTSO for UL:DL ratios of
6:1, 1:1, and 1:6, respectively.
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Empirical cdf: subcarrier utilisation
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Figure 4.12: Subcarrier utilisation attained by the OTA-SRR for variddis:DL ratios. Sub-
carrier utilisation is the ratio of the number of subcarriemn the system which
are utilised for transmission (i.e. the assigned data ratgreater than 0) to the

total number of subcarriers in the syste, x B.

The user outage results are presented in Fig. 4.13. Unlikespictral efficiency results and
the subcarrier utilisation results, the outage resultsvghat FSA does not always outperform
RTSO. In particular, for UL:DL ratio of 1:6 FSA achieves ab8&b (at the median) better user
outage than RTSO. However, the cdf curve demonstrateshbaiutage performance of FSA
is better than that of RTSO about 87% of the time. It can bedhibtat 87% corresponds th
which means that FSA outperforms RTSO when the system is irSbhilarly, for UL:DL ratio

of 1.1, FSA achieves better user outage than RTSO about 5@k& dime and the medians of
the respective cdf curves coincide. The case of UL:DL rati6: b is slightly different, and for
this particular scenario FSA completely outperforms RTS@levachieving about 3% better
user outage at the median. This is due to the fact that whetJthBL asymmetry is 6:1,
RTSO is predominantly in UL and the effect of BBS interference is the most significant as
compared to the rest of the considered asymmetry ratiofoltld be noted the outage metric
is a relative metric, used for comparison purposes only. |[dWvepercantage of served users is

due to the severe interference conditions considered.
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Empirical cdf: outage
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Figure 4.13: User outage attained by the OTA-SRR for various UL:DL ratidser outage is
the ratio of the number of users which are not served to trad tatmber of users

in the system.

An interesting observation can be made with regard to thetseefficiency, the subcarrier
utilisation, and especially the user outage results — th& §&heme exhibits a “plateau” be-
haviour (bi-modal distribution). This can be explained bg presence of MAI in UL, which,
as mentioned previously in this section, creates a signifigap between UL and DL perfor-

mance.

4.6 A comparison between ZD and FSA

This section presents a comparison between ZD and FSA, basgmmputer simulation results
[70] and uses a different approach to analyse the-BS interference problem as comapared
the approach used in the analysis of RTSO and FSA. In patidhis section studies the impact
of BS—BS interference on a single “victim” cell. To this end, alsaliasimilar simulation
platform is used (as compared to the platform used in theiguewsection), which is detailed

in the following.

4.6.1 Simulation model

A seven-cell OFDMA-TDD system (one cell at the centre angaixounding cells) is designed

and simulated adopting a Monte Carlo approach. Each of trenseells has a centrally-placed
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omnidirectional BS and full frequency reuse is assumed.nitywesers are distributed uniformly
in each of the seven cells at the beginning of each iteratimhaasnap-shot analysis is per-
formed. Similar to the envisaged traffic asymmetry in dataket services, traffic is on average
DL-favoured. The centre cell, however, is UL-overloaded aence generates UL-favoured
traffic in order to expose the effects of B8BS interference on the centre cell. The holding
time is the same for all users and equals one chunk duringesstion (5 OFDM symbols). Each
cell is given a mean offered load, which governs the respecetser mean inter-arrival times
and each user independently generates holding times wittnextially distributed interarrival
times. The traffic per user is stored in a buffer and served trstin-first-out basis. The
maximum waiting time per packet is 20ms [13] and should tinetbe exceeded, the packet
is discarded. Path loss is calculated using the IST-WINNHERp&th loss model (NLOS) for
urban environment [87] according to (3.3), wherandb are given in Table 4.4 (log-normal
shadowing is not considered). It should be noted that theegabfa andb depend on whether
MS-MS path loss, BS-MS path loss, or BS-BS path loss is el For the latter line-
of-sight conditions are assumed. MSs are associated wittngeBSs based on minimum
path loss. Perfect synchronisation is assumed and onlyaorel interference from all active
other-cell transmitters is taken into account. Time-fieaggy resources are allocated following
a score-based approach [88], where the score is evaluated ba buffer-size. In particular, a
given resource is allocated to the user with the largestgecbuffer size, monitored during a
time window of eight frames (the size of a superframe [13})e Tondition of choosing a user
to be allocated a resource can be expressed as:

t—1

1
u(r,t) = arg max o Z th,i(1), 4.7)
Ve I—t—8

wherew(r, t) is the user allocated resoureeat time instant; U, is the number of users per
cell; andy, ;(1) is the buffer length of userat framel. The simulation parameters are shown

in Table 4.4. For demonstration purposes, 16 OFDM subcaraiee considered.
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Carrier frequency 5GHz
Time slot duration 0.1152ms
Number of time slots/ frame 6
Number of OFDM symbols/ time slat 5
Transmit power/ link 251 mW (24 dBm)
Shortest BS-BS distance 1km
BS height 25m
MS height 15m
MS-BS: 39.61
Path loss parameter MS-MS: 32.49
BS-BS:41.2
MS-BS: 35.74
Path loss parametér MS-MS: 43.75
BS-BS: 23.8

Table 4.4: Fixed simulation parameters [52], [87]

It should be noted that in the case of ZD, each cell sets its $P[Rccording to the ratio of UL-
DL user demand. When FSA is employed, the<lDL SPs are synchronised across the cells
allocating half of the resources to UL and DL each [13], i $P is setat 1:1 (UL:DL). As the
SP is symmetric, both UL and DL are allocated 16 subcartiers/slot x 3 time slots/frame =

48 chunks/frame (as one chunk is one subcarrier).

A simplifying assumption is made, where the SINR values ateutated using (3.8), assuming
constant channel coefficients and perfect synchronisgtionMAI and offset errors). These
assumptions account for an ideal system. This is in corttrdlke system model discussed in the
previous section, which assumes worst case interferenea wdiculating SINR. Employing an
ideal model in this section provides a complementary amréa demonstrating the severity
of BS—BS interference.

A simple SINR-based power control is applied to all linkshwédn SINR target of 20dB
(32 cross constellation at BER ab~7 [61]) and thermal noise power per subcarrier of -

157.11 dBW [52]. The total power per link is limited by the nraxm transmit power given in
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Table 4.4. The capacity per chunk is calculated using Shaseapacity equation as follows:
C = logy(1 + ) bps/Hz, (4.8)

where~; is the SINR per chunk as defined in (3.8). Power control isiagph order to limit
power usage and interference in comparison to a fixed poverasio. The relatively high
SINR target aims to provide the well-placed links in termdik conditions with high data
rates. If the SINR target cannot be met on some links even wiepower control algorithm
has reached convergengéhe links are still allowed to transmit with their maximuravger as
per the power budget. The total spectral efficiency in théesyCy, is calculated as shown in
(4.9):

1 (&
C (Z 6k> bps/Hz, (4.9)

s pu—
C
tot k=1

whereM,, = ,WS%CM is the number of chunks allocated to UL as per the networlewid
SP; and’}; is the total number of resources per frame (gl = 48 x 2 = 96 as mentioned
before). It should be noted that the normalisation factgk is applied in order to account for

the resource utilisation in the frame.

The comparison between FSA and ZD is made based on a defimmtisgevhich allows for a
clear demonstration of the effect of LOS among BS on speeffiliency for the case of ZD.
The details of the scenario are as follows: The resource deérabeach of the seven cells is
shown in Table 4.5 for both UL and DL. Note that for the case afdd the first-tier cells,
0—40 means that the demand is systematically varied from 0% @&dmultaneously for all
six first-tier cells). This means that, as the UL demand is 1B first-tier cells start off with
UL-favoured SP. As the DL demand is increased, the SP istadjus accommodate it. When
the DL demand reaches 40%, all six first-tier cells have Diofmed SPs. The centre cell, i.e.
the cell of interest (Col), on the other hand, demands 100%eoframe to be allocated to UL
and as a result, the SP is highly UL-favoured. This scendrinapeasing DL demand of the
first-tier cells, while the Col has constant high UL demanakes the BS-BS interference
experienced at the Col vary from non-existent to severe,ithd&demonstrated in the next

section.

The defined scenario allows for the demand at all six firstetdls to be accommodated both by

!Convergence is reached when for all links it holds that theguovalue allocated to each link does not change
from one iteration to the next within some small valise
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ZD and by FSA. In contrast, neither FSA nor ZD are capable obamnodating the demanded
UL traffic at the Col. Furthermore, FSA allocates only 50%af frame resources to UL, while
ZD allocates up to five out of the six time slots per frame to BR][ It is then interesting to
see whether FSA can offset the loss incurred by not accomtiingddie demanded UL traffic

by avoiding BS—BS interference at the Col. The results are presented inekiesection.

Cell number— 1 213|4|5|6|7
Link direction| | (Col)
UL 100 15
DL 0—40

Table 4.5: Resource demand for UL and DL (in %)

4.6.2 ZD vs. FSA comparison results

The comparison between ZD and FSA is done based on the UL-&xuree allocation at the

Col and the UL spectral efficiency at the Col. The resourcacation is measured as the ratio
of the number of resources allocated to UL per frame to thal tmimber of resources per
frame. Spectral efficiency is calculated based on Shanmapacity equation as defined in the
previous section. It should be pointed out that UL specfifadiency is considered as a metric
in order to focus the results on the specific effect of BESS interference on spectral efficiency

and BS-BS interference is only experienced by links in UL.

Results on UL-DL resource allocation are shown in Fig. 4.TAe allocation by the FSA is
shown by the solid horizontal line at 50%. ZD, on the otherthatlocates resources depending
on the cell-specific demand. This means that at the Col astinewd in DL increases, the ratio
of the UL-to-DL demand decreases and as a result, the swifgidint shifts towards the DL to
accommodate the change. On the other hand, as expectedthvelieh demand at the first-tier
cell increases, there is hardly any effect on the resoutoeation at the Col both in the case
of ZD and FSA. For the case of ZD, the reason why there is atslighease in the resources
allocated to UL between the points of 0% and 10% DL demandeaCibl (for 20% and 40%
DL demand at the first-tier cells) lies in the way ZD functiofs particular, as the DL demand
becomes greater than zero, UL crossed slots are introddaetrding to ZD, introducing UL
crossed slots means that generally not all UL resources eatidrated because only users in

the inner cell region are served during crossed slots. Asudtréhe total UL buffer of users in
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the system increases. Consequently, as the SP allocatemdie on the size of the UL buffer

in relation to the DL buffer, the SP becomes more UL-favoured

UL-DL resource allocation

0o
ol Col DL demand:
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Figure 4.14: Fraction of the resources per frame allocated to UL at the.Col

It should be noted that in ZD the maximum asymmetry which aaupported is 5:1 in favour

of either link direction [52] (as seen on Fig. 4.14). This swwaint which is necessary for sin-
galling and synchronisation depends purely on the netwathitecture and the frame structure
it employs.

As previously mentioned, ZD and FSA are fundamentally dfi¢ in that in ZD crossed slots
occur. Hence, it is expected that when ZD is employed, irsimgathe DL load at the first-tier
cells will have a negative effect on the Col UL spectral efficiy. This is because an increase
in the number of time slots allocated to DL at the first-tielscwiill result in an increase in
the BS—BS interference per frame experienced at the Col (assurhin@ol exhibits an UL-
favoured SP). UL spectral efficiency results for the Col & in Fig. 4.15.
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Figure 4.15: UL spectral efficiency [bps/Hz] attained at the Col by ZD arf8A=for variable
DL demand at the Col and first-tier cells. The spectral efficieis the ratio of
the the total capacity (as defined by Shannon’s equatiomyeaCiol to the total

number of chunks (UL and DL) per frame.

Two main trends can be observed in Fig. 4.15 with respecte@#nformance of ZD. The first
one is observed when noting that the spectral efficiencyesas the DL demand at the Col
is increased. This is as expected because as the DL demapddas fewer resources are al-
located to UL within a frame, and the spectral efficiency isnmalised to the total number of
resources per frame. The second, more important, trenatisahation of UL spectral effi-
ciency at the Col as the first-tier DL demand increases. Fic ghows that as the first-tier DL
demand increases, which causes the-HS interference experienced at the Col to increase,
the Col UL spectral efficiency suffers tremendously. Forneple, for 25% DL load at the
Col when comparing the Col spectral efficiency at 0% firsté load with the Col spectral
efficiency at 40% first-tier DL load, it can be observed tha tlecrease in Col UL spectral
efficiency is about 2/3. This clearly demonstrates the seeffect that BS->BS interference

has on the UL spectral efficiency.

Regarding the comparative performance of ZD and FSA, natedb allocates more resources
to UL than FSA (referring to Fig. 4.14). However, Fig. 4.1%9wis that ZD significantly outper-
forms FSA only when the probability for crossed slots is itgle, i.e. in the case of 0% and
10% DL demand at all of the first-tier cells. This means thatrgBults in large inefficiency
in resource utilisation. Furthermore, in the cases of sevarssed slots (40% first-tier DL de-

mand) FSA consistently attains about two times the speetffigiency of ZD independent of
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the DL demand at the Col.

4.6.3 System validity check results

The following results will be used as a validity check in artte demonstrate that the system
behaves according to intuition and that, therefore, theltepresented above are reliable. Re-
sults for the DL spectral efficiency attained with ZD and F$Ah& Col are shown in Fig. 4.18
and resource utilisation results are shown in Fig. 4.16 dagd4=17 for DL and UL, respec-
tively. Note that Fig. 4.16 and Fig. 4.17 also show resultsésource allocation as displayed
on Fig. 4.14. (The graphs for resource allocation in DL argioled from the graphs for re-
source allocation in UL by using that the sum of UL and DL reseuwallocation equals 100.)
Considering the DL resource utilisation (Fig. 4.16), it d@ observed that, as expected, for
both FSA and ZD the resource utilisation and resource dllmtat the Col are independent of
the DL demand at the first-tier cells. The only exception ie thend is the case of ZD when
the Col DL demand is 0%. This exception was already discuisselation to the UL spectral

efficiency results.
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Figure 4.16: DL resource utilisation [%] attained at the Col by ZD and FS¥ fariable DL
demand at the Col and first-tier cells (shown by bar graph)e Téspective re-

source allocation is shown by lines with square markers.

While in the case of FSA the resource utilisation for both Wd ®L is independent of the first-
tier DL demand, as expected, the trend exhibited by the ZD é$iource utilisation results is

different from the trend of the ZD DL utilisation results.ckn be seen that as the DL resource
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demand at the first-tier cells increases, the UL resourdisaiion at the Col decreases due to
the increased BSBS interference. As ZD only serves MSs from the inner celiaegluring
crossed slots, an increase in the number of crossed slofssrasresource underutilisation, as
discussed in Section 4.4.2 and confirmed by the results idElg. By resource underutilisa-
tion it is meant that there is resource demand and resoureeslacated, however, the ratio of
non-crossed slots to crossed slots does not correspond tatth of the demand generated by
the whole cell to the demand generated by the inner cell negidy. This means that crossed

slots are left unoccupied.

Utilised and allocated UL resources at the Col
100
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Figure 4.17: UL resource utilisation [%] attained at the Col by ZD and FS¥ fariable DL
demand at the Col and first-tier cells (shown by bar graph)e Téspective re-

source allocation is shown by lines with square markers.

In relation to the DL spectral efficiency at the Col, it is exfmel that for a given DL demand
at the Col as the DL demand at the first-tier cells increasesPiL spectral efficiency at the
Col will decrease. This decrease is caused by the increatafierence which results from the
higher load. Observing Fig. 4.18 this trend is confirmed, asn@éxpected, holds for both ZD
and FSA. In addition, it is expected that for low first-tier Bemand, FSA exhibits better DL
spectral efficiency than ZD. This is because for the case ofd&M% and 10% DL demand
at the first-tier cells the SP is generally UL-favoured (hseathe UL demand is 10%), which
means that the DL at the Col is likely to experience crossets$,séspecially for DL demand
at the Col of 40%. Furthermore, as the DL demand at the festells increases, the DL at
the Col seizes to be exposed to crossed slots, that is why lthepBxctral efficiency attained

with ZD and FSA tends to be equal. It can be observed that fod&hand at the Col of 40%
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when the DL demand at the first-tier cells is 30% and 40%, ZDeaels slightly better spectral
efficiency than FSA. This result is intuitive because 30% 40% DL demand at the first-tier
cells means that the SP is DL-favoured (as the UL demand ysldff). As a result, more than
half of the frame is allocated to DL at the first-tier cells ishthe demand is less than half. This
means that, as compared to FSA which allocates half of tlouress per frame to DL, in ZD
the probability for a DL resource to be occupied at a firgtil is smaller. As a result of this
and because the SPs at the Col in the case of ZD and FSA do ndicsigtly differ (refer to
Fig. 4.16) the interference experienced at the Col is smaieompared to FSA. However, the
same effect cannot be observed for 25% DL demand at the Cpérticular, FSA outperforms
ZD for all considered first-tier DL demands (except for 0% =gl&ned previously). This is
because as compared to ZD, at the Col FSA allocates twice el regources to DL (refer
to Fig. 4.16), which increases the degrees of freedom faures allocation and hence, the

overall experienced interference is decreased.
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Figure 4.18: DL spectral efficiency [bps/Hz] attained at the Col by ZD arf8A=for variable

DL demand at the Col and first-tier cells.

4.7 Summary

This chapter highlighted the importance of interferencdigaiion techniques in OFDMA-
TDD-based cellular networks and demonstrated the sevefiBS—BS interference. Inter-
ference mitigation techniques targeted towards the CQblpro in OFDMA-based networks
were discussed, as well as techniques which specificallyeaddnterference resulting from

crossed slots in TDD. Pertaining to the first group of methedsations of the fractional/soft
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frequency reuse concept were reviewed. Pertaining to tter lgroup of methods, RTSO and

ZD were discussed and compared to FSA based on simulations.

It was shown that interference mitigation techniques, @&RTSO and ZD, are not able to
resolve the BS-BS interference in the case of LOS conditions among BSs. riticp&r, FSA
achieves up to about 80% spectral efficiency improvemetitrgipect to RTSO and up to about
100% spectral efficiency improvement with respect to ZD werere BS-BS interference is
present. The complete avoidance ofBBS interference is possible, when the TDD switching
points across cells are synchronised. However, such aagptimits the flexibility of TDD.
This constitutes an important open issue for research, lyahmsv to retain the flexibility in cell
specific UL/DL asymmetry assignment while keeping the SRifixehis issue is solved in the
next chapter through the introduction of a “virtual SP”. e best of the author’s knowledge,

such a virtual SP is proposed for the first time.
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Chapter 5

Interference avoidance for cellular
OFDMA-TDD networks

5.1 Introduction

It was demonstrated that avoidance of-BBS interference is of paramount importance to
OFDMA-TDD cellular networks as this type of interferenceeaely degrades the system’s per-
formance. This chapter introduces a novel method, terasgdhmetry balancin§r0, 89, 90],
which exploits the capabilities of MCNs in order to suppali-specific asymmetry demands
while completely avoiding BS:BS interference. A further novelty, introduced in this ctesp
is the concept of virtual SP. The concept refers to the céipabf the asymmetry balancing
method to serve cell-specific asymmetry demands even ththeghetwork-wide SP is syn-

chronised among cells.

This chapter is organised as follows. First, related wonkresented and the asymmetry bal-
ancing concept is introduced in detail. The discussion eptmates on UL asymmetry balanc-
ing in light of the envisaged dominance of DL-favoured or ayetric traffic (and therefore
DL-favoured or symmetric SPs), which may result in occaaiaignificant shortage of UL
resources. DL asymmetry balancing, however, can be stfaiglardly deduced. Next, the
concept of the virtual SP is introduced and a mathematiaatéwork is developed. The frame-
work has two main components, namely: resource avaibalifitl availability of relay stations.
Based on the available resources in a network, the matheah&tamework enables the calcu-
lation of the average number of resources which can beadilisr asymmetry balancing and
the “position” of the virtual SP in the frame. Finally, sinatibn results are presented. The
performance of asymmetry balancing is compared to the pedioce of ZD and FSA based on

UL resource allocation and UL spectral efficiency.
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5.2 Asymmetry balancing

5.2.1 Related work

An effective strategy to ameliorate the spectral efficigmesformance without increasing hard-
ware cost is to make use of existing infrastructure and tmdhice cooperation among the
network entities. As described in Chapter 2, such coomerdéads to MCNs [6]. For ex-
ample, in [91] Qiao, Wu and Tonguz describe a load balanciethod via mobile dedicated
transceivers, which can be replaced according to userctiddfinand, in order to divert traffic
using the unlicensed frequency bands. However, MCNs wieréiSs in the network serve
as RSs are of special interest. This is because mobile ssraie becoming increasingly pop-
ular which means that the availability of mobile terminads e exploited. This is especially
true at largely populated areas where network capacityrbesa@ limiting factor. Capacity im-
provement has been shown in [92-94], whac&vein-cell users cooperatively serve as relays
to form virtual antenna arrays. This is achieved by assigaipartner MS to each MS in the
network. The partner MS receives the data of another MS (ftarsame cell) and forwards
the data to the respective BS together with its own data.isnihy, the BS receives two copies
of the same information and these copies are affected byémitently fading channels. The
principle of this method is analogous to the principle of tiplg-input-multiple output (MIMO)
and allows for single-antenna MSs to exploits transmitgite (refer to Fig. 5.1). The method
is known asooperative communicaticend is shown to increase system capacity when applied
to CDMA systems [93] and OFDMA systems [94].
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data of MS; & data of MS,

data of MS,

data of MSy

Figure 5.1: In cooperative transmission, an MS receives the data oftemd¥!S from the same
cell and along with its own data forwards the received datahte BS, thereby

achieving transmit diversity.

The asymmetry balancing concept introduced here utillsesdoperation capabilities of MCNs,
however, asymmetry balancing is a very different type ofpewative communication as is de-
tailed in the next section. The core purpose of the asymnisttgncing method is tavoid
interference In Chapter 4, it was demonstrated that interference ntitiganechanisms, such
as ZD and RTSO, are not capable of tackling the-BSS interference problem whenever there
are LOS conditions among BSs, due to the significant intenfeg stemming from the direct
path between BSs. The proposed asymmetry balancing coocepiletely avoids BS:BS
interference by employing both FSA and load balancingadéhoccommunication such that

the advantages of TDD are in effect retained.

5.2.2 The asymmetry balancing concept

The essence of the asymmetry balancing concept is, as theswaggests, to balance the asym-
metry demand across the cells in a network. To this end, th® P is synchronised across
cells, which might result in a shortage of resources in aiqaar cell, while a neighbouring
cell might have spare resources (assuming cell-indepéndafic asymmetry demands). In
order to resolve any mismatch between resource availahititl resource demand, tad hoc
capabilities of an MCN are exploited. In particular, assuameMS which cannot be served in

either UL or DL by its associated BS due to shortage of regsur€hen this MS can be served
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by a neighbouring cooperating BS, which has spare resoundasth link directions. The es-
tablished MS-BS link is a two-hop link where the intermediate node is an M$baiated with
the cooperating BS. In this way, despite the fact that the/orlt maintains a synchronised SP,
cell-specific asymmetries are effectively supported. Ag ghage it is worth pointing out that
the asymmetry balancing does not suffer from the multi-hogdm because asymmetry bal-
ancing simply exploits free resources which would otheewie wasted, therefore increasing

spectrum utilisation.

It is assumed that cells are differently loaded at any giume twhich is a reasonable assump-
tion for future wireless networks which will mainly suppgecket-data traffic characterised by
a high peak-to-average load ratio. In addition, becaudgctia envisaged to be DL-favoured
the network-wide SP will be primarily DL-favoured (or oceasally symmetric), it is expected
that a cell which requires UL-favoured SP will not be ableupmort the UL demand. There-

fore, this study focuses on UL asymmetry balancing.

As the asymmetry balancing concept relies on cooperatigmimportant to identify the coop-
erating entities and when they can cooperate. If hexagalial are considered, each cell can
be treated as a Col, surrounded by six neighbouring cellghadre the potential cooperating
cells. Fig. 5.2 illustrates the aforementioned geometmyngua DL time slot. Assume that
there are only two frequency resources per cell per linkctiva per frame, which are marked
by boxes on Fig. 5.2. A black box signifies an allocated resmwvhile a white box signifies
a free resource. Let the Col suffer from shortage of UL resgsjrwhile it has a DL resource
available. The MS at the Col, which needs UL service and deso off-load traffic is marked
by a solid ellipse. The first-tier cells which are marked wdtished hexagons have spare UL
and DL resources and hence are the cooperating cells. Assdavith the cooperating cells
are the MSs which can serve as RSs (identified by dashededl)ipFhe tagged MS at the Col
can relay to any of the available RSs. The MRS link uses a DL resource, which is free
both at the Col and the cooperating cell which serves theeotise RS. Such resources are
referred to as common free resources (CFR). In additionpftleading MSs can fornad hoc
links to either idle MSs in neighbouring cells, or active M@sich are already receiving in DL
from their BS. The latter case exploits the fact that a DLgraission usually does not occupy
all subchannels, and this is accounted for by the use of TOMDMA in combination with
OFDM. It should be noted that in an OFDMA-TDD network the slestl resource unit that can
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Figure 5.2: The MSs in the centre cell, i.e. the Col, can off-load UL teatifi neighbouring
cooperating cells (marked by dashed hexagons) using freeeBurces (marked
by white boxes). As an example, the MS at the Col which needsivice (marked
by a solid ellipse) can form an ad hoc link with any of the aafalié MSs (marked
by dashed ellipses) at the cooperating cells. Active DLsliake shown as solid
arrows, while possible concurrent ad hoc links are shownashed arrows.

be allocated to a particular user is termed a chuing&. a number of subcarriers during one time
slot. Based on the above, the main steps of the UL asymmeamdiag technique for multiple

cell scenario are summarised as follows:

1. A Colis overloaded in UL and requires cooperation.

2. The set of first-tier cells surrounding the Col, which hggare resources both in UL and

DL, are the cooperating cells.
3. There are DL CFRs between the Col and at least one of theecatopg cells.

4. Utilise the CFRs to transfer UL load from the Col to the cerging cells. Usad hoc
communication to form MS:RS links between MSs associated with the Col and RSs

associated with any of the cooperating cells.

Similarly, if the Col suffers from DL overload, MSs at the Gzan be served indirectly by the

cooperating cells via near-by MSs (operating as RSs). Thiddhinvolve BS-BS communica-

1The terms chunk and resource are used interchangeablygtioouthis text.
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tion which could be done directly or via the backbone, sirhil#o the communication during

a handover.

From the above it can be concluded that the asymmetry balgmequires firstavailable re-
sourcesand secondavailable RSsThe next two sections will treat these factors in detailertv
though the analysis is performed for the case of UL asymmimigncing, it is valid for DL

asymmetry balancing as well.

5.2.3 Resource availability and the virtual SP concept

When the centre cell uses DL resources to off-load UL tradfioaoperating neighbouring cells,
“virtual” UL resources are in effect created, which allow &®ll-specific asymmetry demands
to be supported. In this way, with cooperation the UL resewapacity of the Col increases.
For example, if the network-wide SP allocates half of thenegto UL and half to DL, and 20%

of the DL resources are CFRs, the UL resource capacity of thiénCreases by 20%. Hence,
an UL-to-DL traffic ratio of3:2£0:2X8-2 j.e. 2, can be served at the Col, even though the actual
network-wide SP is set ak. This means that a “virtual” cell-specific SP can be estabdigh

depending on the network-wide SP and the DL CFRs.

It is of interest to quantify the UL-to-DL ratios that a vigluSP can support, for a given
network-wide SP and a given number of free resources at thaibits neighbouring cells.
Let the number of CFRs b&, whereN takes on values € [0, C,], andC, is the total num-
ber of resources per cell in DL. Since the SPs are synchmrisemss the networl(, is the
same for all cells. The problem of finding the distributionMdfcan be readily addressed by the
binomial distribution. In particular, consider that hayia CFR is a success, which occurs with
probability p and not having such is a failure, which occurs with probgbili— p. A success
occurs when a given chunk is free at the centre cell and attine sime, at at least one of the
neighbouring cells. A failure, on the other hand, occurs waechunk is busy at the centre
cell, or is free at the centre cell and at the same time is busy at afleoheighbouring cells.
Thus, the distribution of the number of common free churiks,is a function of the resource
occupancy probabilities at the Col and at the first-tiersceResource occupancy probability
is the probability that a chunk is occupied. The distribatad f is derived in this work is as

follows:
_ C
fN(n) :p(LC7Lt,17"' 7Lt,Bt7Bt)n . [1 _p(LC7Lt,17"' 7Lt,Bt7Bt)]CO " <n0>7 (51)
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where By is the number of cooperating cellg; ; is the probability that a resource is occu-
pied at a first-tier cell; L. is the probability that a resource is occupied at the Col; and
p(Le, Lt 1, - .., Ly B, Bt) is the probability of having a CFR and depending on the number
of cooperating cells and the resource occupancy. The equiati p(L., Lt 1, . .., Lt B, , Bt) is

formulated in this work as follows:
By
P(Le,Lua, -, Lipy, B) = (1= [ [ Lea) - (1 = Le). (5.2)
=1

The expected value of the binomial distribution in (5.1)lg8eE[N] = C, - p, hence the

expected value of the number of CFRs as a fraction of the tatalber of DL resources is
E[N] _
<. =D

o

Then at the Col, the expected value of the fraction of resmuiit the frame which can be used

for UL traffic including off-loading,R,, is:

nyL npr
Ry — npr+nuL Ciot +p npL+nuL Chot _ nuL tp NnpL (5 3)
ul — = y .
Chot NpL + NUL nUL + DL
actual SP virtual SP

wherenyr, andnp, are the number of UL time slots per frame and DL time slots pgmé,
respectively, as per the network-wide SP; @kl is the total (UL+DL) chunks per frame. This
means that at the Col the virtual SP divides the frame in artdJDL ratio of (nur, + pnpL) :
(npr, — pnpr). It can be observed that when— 0, i.e. when there are no available resources
for off-loading, then the resource allocation is accordimghe actual network-wide SP. When
p — 1, i.e. when all DL resources at the Col can be used to off-lohdrbffic, thenR,; — 1
and the whole frame can be allocated to UL. An illustratiorthef concept of the virtual SP
is shown in Fig. 5.3. Note that, while the network-wide SPedktes resources on the time
slot level, the virtual SP allocates resources on the chevéd.| Smaller granularity in resource
allocation actually means more flexibility and hence hetpmore efficient resource utilisation,
as will be later seen in this chapter. Fig. 5.4 shows a plakgfx 100% depending on the
actual SP, the number of cooperating BSs, and on the resoaotgancies at the Col and at

the cooperating BSs.

In order to study the effect of the virtual SP a best-case amtst-case scenario are considered.
The number of cooperating BSs is one for the worst-case soeaad six for the best-case

scenario. The resource occupancies in the case when akksxcan cooperate are kept the
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virtual SP:

u
+
time slot u+d pu +d

e
A \( e

chunk

frequency

..........

_u —_d_
UL_u—|—d ‘ DL_u+d
network-wide
SP

Figure 5.3: The virtual SP allocates additional resources to UL as coragdo the network-
wide SP. Furthermore, the virtual SP allocates on the chwevell unlike the
network-wide SP which allocates on the time slot level.

same {1 = Li2 = ... = L), while when only one cell cooperatdg ; = Ly = ... =
Lis =1andLis = L¢. The values foll are varied as shown in Fig. 5.4. Overall, it can be
observed that, as expected, when there are no free resgilgcagd/orL; are one), the virtual
SP is the same as the network-wide SP. Consequently, whenahe free DL resources, the
virtual SP exploits the resource availability to allocatielitional resources to UL. Furthermore,
when all DL resources at the Col are free, the whole frame eaallbcated to UL for low to
moderate loads at the cooperating cells when six cells catgpeEven in the case when only
one cell cooperates the same effect can be achieved@. As expected, when overall the DL
resource occupancy increases, the number of resourceatatioto UL by means of the virtual
SP at the Col decreases. In addition, when comparing the ghots in Fig. 5.4, it can be seen
that for low loads at the Col, the virtual SP is almost the séoneifferent network-wide SPs.
Overall, it is seen that asymmetry balancing offers fleitipih resource allocation and can
adaptively allocate resources based on availability anenpially can give all the resources in

a frame to one link direction.
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Network-wide SP at UL:DL=1:2
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Figure 5.4: The virtual SP allocates resources to UL, based on the acteatork-wide SP, as
well as on the resource demand at the Col and its neighbowrétig. The number

of cooperating BSs (c.BS) takes on values of 1 and 6.
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5.2.4 Relay station availability

The previous section determined the expected number ofiress, which are available for
off-loading and this section concentrates on the secondlentor asymmetry balancing, i.e.
availability of RSs. Given that there is a CFR, the CFR cantlised if RSs are available such
that a two-hop path can be found from the MS, which needs twaff traffic to the cooperating
BS. In other words, the MS RSad hoclinks are “opportunistic” in that they exploit CFRs and
available RSs, and also are managed in a decentralisedriaghow to find a two-hop path is
a matter of routing, and determining an optimum routingtetia is beyond the scope of this
thesis. It is assumed here that future wireless networKsbeikequipped with multi-hop and
relaying functionality in which case no significant addit# signalling overhead is required for

managing the MS-RS links.

In this study a simple path loss based routing scheme is mgiéed which is illustrated with
the help of Fig. 5.5: B&,1 faces shortage of UL resources and MSheeds to relay to RS
which is associated with the cooperating B&iven that there is a CFR, R$% chosen as an
RS during this CFR if two conditions;; andC,, are satisfied (not considering protection of

on-going links):

Cp: L > L™ 4+ Ay [dB]

Co: LA > LPr + A, [dB]

whereLg1b is the path loss between B§ and MS; L™ is the path loss between Mg and
RS:; Lgr is the path loss between B&nd RS; andA; andA, are path loss margins, which
are further discussed later in this text. The two conditiangve aim to ensure that the two-hop
link MSor, — RS, —BS; would be able to achieve better link capacity than the piksingle
hop MSy, —BSc.r link. MSor, and RS attain information abouLgllo andL'gr, respectively,
via the pilot signals that BSs typically send. In additidry;" can be calculated using the busy
burst signalling technique described in [95, 96]. Therecaiker transmits a time-multiplexed
signal upon successful transmission to reserve a resdartts study it is assumed that a time-
multiplexed signal is transmitted by all receivers, whicislwto reserve a particular resource.
This busy burst signal can be used by the receiver to “adegriis availability to serve as an
RS by means of piggy-back signalling. In addition, essémi@rmation, such asL‘gr, can

be readily obtained from the received busy burst signaletMBo;, given that the busy burst
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Figure 5.5: MSo;, decides whether to off-load to R8r not based on a comparison @fp“b
with L and LI with LPr.

power emitted from the RS is constant. As a consequenceyMSequipped to evaluate the
routing conditions quoted above in a decentralised fashiwh hence, is enabled to find a
suitable RS.

Considering the above, assume that a CFR is shared betwe@oltand a number of first-tier
cells, K;. Then, the probability that the CFR will be utiliseg,.s:, is the probability that at
least one user at the Col will be able to find at least one twogath that satisfies both; and

Cs. The probabilityp,.s; can be expressed as given in:
Pucir = 1 — (1 — Pr{Cy N Cy})VeEs, (5.4)

whereU. is the number of users per cell; aRd{C; N Cs} is the probability that botk’; and
C, are satisfied at the same time and can be determined usinijicoadprobabilities as given
in:

Pr{C; N Cy} = Pr{C; | Co}Pr{Cs}, (5.5)

wherePr{C; | Co} andPr{C,} are defined below:
Pr{Cy | Co} = Pr{LI™ < LI — Ay | LY" < LI — Az}, (5.6)

Pr{Cy} = Pr{L" < LI — Ao} (5.7)

The path losses are random variables and their distritmitan be derived by approximating
the hexagonal cell structure by a circular cell structuretamsvn in Appendix C. In particular,

both L‘gr andL;nb are BS—MS path loss distributions which are identicallyribsted and their
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pdf is approximated as follows (for the derivation pleadern® Appendix C):

qg—a

ful@) = 21025 In(10), ¢ < a+ blogyo(2), (5.8)

~ R?%

whereR is the cell radius. Similarly, the MS-RS path loss distribntZ'" is approximated by

the following pdf (again, for the derivation please refeApendix C):

R
fy() = /O £yl () de, (5.9)

wheref,(z) is the distribution of the distances [96]:

fa(z) = %, z <R, (5.10)

and f,(y|z) is path loss distribution for a given distance from the agntr

Based on the above, (5.6) can be further evaluated as follows

Pr{Li" < L — Ay | L) < L}® — Ay} =

m—2~As
/v /v Fy(m — Aq) fo(r) fg(m)dmdr, (5.11)

wherem andr are dummy variablesf, () is given in (5.8); and+, (m) is the cumulative distri-
bution function (cdf) according to the pdf in (5.9). The Iigof the integration are determined

by the cell dimensions and path loss models. In additiof) an be determined as :

Pr{L) < LI — Ao} = [ Fy(m— As)fy(m)dm, (5.12)
vm

whereF, (m) is the cdf that corresponds to the pdfin (5.8).

In order to obtain (5.4), (5.11) and (5.12) are numericallgleated. For ease of computation,
five users per cell are used and as an examfile= A, =3dB. First of all, the value for
1-Pr{C;NCs} is obtained. Via Monte Carlo simulation it can be found thaPr{C;NCs} ~
0.99958, while according to the circular approximation (i.e. nuioarevaluation of (5.11) and
(5.12)),1 — Pr{Cy N Cy} ~ 0.99765. Clearly, when using these findings in (5.4) to obtain
Puctr, the discrepancy will increase exponentially with the poeeU2K;. Hence, in order
to verify the mathematical model presented, a semi-amalyfipproach is taken. Namely, the

simulation result fol — Pr{C; N Cz} is used and applied to the formula far.s. The model

91



Interference avoidance for cellular OFDMA-TDD networks

#ofcoop| 1 2 3 4 5 6
BSs:

S-A: 0.010| 0.021| 0.031| 0.041| 0.051| 0.061
sim.: 0.009| 0.018| 0.032| 0.043| 0.051| 0.065

Table 5.1: Probability p,. that at least one two-hop link can be established for fiveuper
cellandA; = Ay, = 3dB.

for pucte IS successfully verified by simulation and a comparison betwsemi-analytical and
simulation results is shown in Table 5.1, denoted by S-A amd, sespectively. As expected,
when the number of cooperating BSs increases, the protyathitit at least one two-hop link
is found which satisfies both;Gand G increases. At this stage it is interesting to determine
how many users per cell are required in order for a two-hdpttirbe always available, i.e. for
Puctr 10 bECOMe one. It is important to point out here that bothadiéactive users can be RSs.
Because the simulation result for— Pr{C; N Cs} is closer to one than the theoretical result,
puctr When obtained via simulation will converge slower. Evemthiecan be easily calculated
using (5.4) and — Pr{C; N Csy} =~ 0.99958 that for 110 users per cell and just one cooperating
cell, puer is 0.994. Clearly, when more than one cooperating cell ifabla, convergence to
one is reached faster. For example, when six cells coopexateis already 0.982 &/, = 40.

In fact, for all practical purposes, for more than 150 usetsgell, p..t: is actually one. For a
cell radius of 500 m, the cell area is 0.87 sqg. km, which meaosial 70 users per sq. km. This

is a reasonable number, as even suburban areas have adDleasets per sg. km [97].

It is important to mention that the choice &f; and A; has a significant influence on the
performance of asymmetry balancing. First of All, andA influence how fasp,.s- converges

to one. For example, if\; is kept at 3dB, butA, is increased to 5dB, then according to
simulation around 200 users per cell are necessary (248 pseisq. km) fop,.s to become
one. In addition,A; and As control the choice of off-loading MSs and serving RSs. As an
example, Fig. 5.6(a) shows the distribution of the off-ibgdMSs and the serving RSs for
A1 = A, =3dB (using the path loss models specified in Section 5.2 b¢revthe 3 dB value
is chosen in analogy to the typical handover margin [18].ait be seen that as intended, MSs
at the cell edges off-load to better-placed MSs in terms tf fmss (log-normal shadowing is
not considered). Furthermore, as seen when comparing ei@)with Fig. 5.6(b), increasing
A, for a given A, will move the “belt” of RSs closer to their associated BSs.ctmtrast,
increasingA; for a givenA, will shrink both the “belt” of RSs and the “belt” of MSs, as can

be seen when comparing Fig. 5.6(a) with Fig. 5.6(c). Multpink optimisation strategies are
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Distribution of off-loading MSs and serving RSs
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presented in [98]. Because optimisationof and A, pertains to the particular routing strategy

in place, it is not considered in this thesis ahgd = A; =3 dB is used.

It can be seen from the above that users at the cell-edgesastdikely to use two-hop links.
Hence, asymmetry balancing can be combined with “smartue® allocation such that when
a given BS faces overload, it gives priority to users, whioh @oser to the cell centre, thus
encouraging users which are closer to the cell edges to us@dw communication. “Smart”

resource allocation for load balancing is beyond the scopigEthesis.
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Figure 5.6: AdjustingA; and A, changes the distribution of off-loading MSs and serving. RSs

5.2.5 Simulation model

A seven-cell OFDMA-TDD system (one cell at the centre andssistounding cells) is used
and simulated adopting a Monte Carlo approach. Note thasithalation platforms of the
current study and of the study presented in Section 4.6 aredadme. Hence, the simulation
model and parameters are presented in Section 4.6.1, argintikation parameters are re-
peated in Table 5.2 for convenience. It needs to be addedah#te two-hop links utilised
by asymmetry balancing, an SNR-based power control is eg@lt the first hop (MS:RS)
as it is assumed that the off-loading links are opportunstid interference information is not
available. The SNR target is 25dB (128 cross constellattdBER of 10~7 [61]). The link

capacity is calculated as specified in Section 4.6.1.

It should be noted that in the case of ZD, each cell sets its $P[@ccording to the user demand.
When FSA and asymmetry balancing are employed, the-DIL SPs are synchronised across
the cells allocating half of the resources to UL and DL ead@i.[IHowever, the model can

readily be applied to any asymmetry ratio.

5.2.6 Results

This section presents numerical results comparing asyrgrbatancing, ZD and FSA based

on UL/DL resource allocation and spectral efficiency. Theparison begins with a discussion
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Carrier frequency 5GHz
Time slot duration 0.1152ms
Number of time slots/ frame 6
Number of OFDM symbols/ time slot 5
Transmit power/ link 251 mW (24 dBm)
Shortest BS-BS distance 1km
BS height 25m
MS height 1.5m
MS-BS: 39.61
Path loss parameter MS-MS: 32.49
BS-BS: 41.2
MS-BS: 35.74
Path loss parameteér MS—-MS: 43.75
BS-BS: 23.8

Table 5.2: Fixed simulation parameters [52], [87]

on the way these systems allocate resources to UL and DL aedfigation of (5.3).

In Section 5.2.3 it was demonstrated that asymmetry balgngirongly depends on the re-
source availability both at the Col and at the neighbourigiisclt is impossible to simulate all
scenarios in terms of resource availability, hence two a&ges are defined: (1) a best case 6-
cell scenario, where all six first-tier cells cooperate; éjda worst-case 1-cell scenario where
only one first-tier cell cooperates. Different resourceilataity conditions are enforced by
varying the totauser demangber frame per cell (in %). In the formulae developed in the pre
vious sections therobability that a resource is occupiestas used rather than user demand.
Considering the case of UL, the mathematical relation betwbhe user demand}fL, and the

probability that a resource is occupied,”, can be expressed as follows:

pIb = Ul Clot (5.13)

© vM
u

wherel,, is the total number of chunks allocated to UL by the netwoiteaswitching point.
Note that for the case of DL, the probability that a resouscecicupied can be obtained analo-
gously to (5.13). As already mentioned in this chapter, wdsmmetry balancing is employed,
the synchronised SP is set to allocate half of the frame reesuo UL and DL each. As a re-
sult, using (5.13) the probability that a resource is oced@t a particular link direction for a
given cell, can be obtained by multiplying the respectiveremand by 2. The DL resource
occupancy probability both at the Col and at the cooperatitig is varied from 0 to 0.8, which

corresponds to a user demand that varies from 0% to 40%. &r twégccount for a worst case
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scenario in terms of interference experienced byatidhoclinks, the non-cooperating cells
are assumed to be fully loaded in DL (i.e. the demand is 50%}aBse the UL resource de-
mand of the first-tier cells would not influence the resultsh asymmetry balancing, it is
kept constant for all considered scenarios. (Clearly, asgtry balancing only works when the
UL at the first-tier cells is not fully loaded.) The UL and DLsmurce demands are shown in
Table 5.3.

The defined scenarios also aim to exhibit different interfiee conditions for the Col when ZD
is employed. Because each cell sets its SP according to yhenzetry demand at the given
cell, the Col has an UL-favoured SP in all cases. This meatgte 6-cell scenario allows for
the effect of increase in BSBS interference (from non-existent to severe) on the perdmice
of the UL at the Col to be observed as the first-tier DL demargysematically varied. The
1-cell scenario, on the other hand, exposes the Col to pmmsisevere BS:BS interference

due to the strongly DL-favoured first-tier traffic demand.

In terms of FSA, the defined resource demand scenarios airhibitethe performance of the
system when one of the cells (the Col) is overloaded. Duedddht that the load per link
direction per cell does not exceed 50%, all cells except thieatz able to support the traffic

demand even though the asymmetry per cell might vary.

Cell number— 1 2|13/4|5|6]|7
Link direction| | (Col)

UL 100 15
DL (6-cell) 0—40
DL (1-cell) 0—40 | 50

Table 5.3: Resource demand for UL and DL (in %)

Results for the UL-DL resource allocation at the Col achiewéth asymmetry balancing and
ZD are shown in Fig. 5.7 in terms of the percentage of ressurca frame allocated to UL.
For asymmetry balancing the theoretical results fr x 100% are also shown and it can
be observed that a perfect match between theory and siowlstiobtained. Fig. 5.7 shows
results for variable Col DL demand and for variable first-i. demand. In the 6-cell scenario
the demand is varied together for all six cells, whereas énltftell scenario the demand is
varied for only one of the six cells, while the rest have a tamsdemand of 50%. In the case
of asymmetry balancing, as expected, when overall the Daures occupancy increases, the

number of resources allocated to UL by the virtual SP at thied€oreases. It is interesting to
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note that due to the six degrees of freedom, when six cellparate, the number of resources
allocated to UL by the virtual SP decreases much slower vétitehse in resource availability
as compared to the case when only one cell cooperates, wieraiimber of UL resources
decreases linearly. On Fig. 5.7 it can be seen that asymrhataycing offers flexibility in
resource allocation in that it adaptively allocates resesirbased on availability. Whenever
there is little or no Col DL demand, the asymmetry balanciag allocate the whole frame to
UL, even in the case when only one cell cooperates. In addiisymmetry balancing actually
allocates resources on the chunk level, while ZD is limie@ltocating resources to UL and
DL on the time slot level according to the network design. AHar limitation to ZD is that
the maximum asymmetry which can be supported is 5:1 in fagbeither link direction [52]
(as seen on Fig. 5.7). Note that, as mentioned in the prexdbapter, this limitation is a
network parameter and if the network permits for the whodenfe to be allocated to a single
link direction, then the curve of ZD in the 6-cell scenario08b DL load at the Col would be
flat at 100%.

Fig. 5.7 also shows that for moderate loads (both at the Calaanhe first-tier cells) the re-
source allocation achieved with asymmetry balancing (6scenario) and ZD is similar, while
for higher loads (1-cell scenario), in most cases ZD allesatore resources to UL than asym-
metry balancing. This can be explained by the fact that ZDptsdits SP to the resource de-
mand at the Col, independently of the first-tier resourceatan In contrast, the virtual SP
is limited by the resource availability at the first-tierlselHowever, as the subsequent spec-
tral efficiency results demonstrate, the scheme that alecmore resources to UL does not

necessarily achieve higher UL spectral efficiency.

The spectral efficiency performance of the UL asymmetryrimafa scheme is compared against
that of ZD and FSA, based on (5.14), which is obtained by nyadif (4.9) to accommodate

the contribution of off-loading links:

]\/ju MOL

_ 1
Z logy (1 + 7 : (5.14)

C pu—
b Ctot

k=1

where C}, is the average spectral efficiency per chunk in bps/Bz;is the chunk spectral

efficiency as defined in (4.8} o1, is the number of DL chunks available for off-loading;
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UL-DL resource allocation (6—cell scenario)

Col DL demand
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Figure 5.7: Fraction of the resources per frame allocated to UL at the.Col

Moy, is the number of chunks actually utilised for off-loadindided in:

— n
Mor, = p———2—Cio; (5.15)
npr, + NUL

andy;.“h is the SINR of chunkj for two-hop links. Clearly, for systems which do not employ
asymmetry balancingy = 0, which means that the second term of the summation in (5.14)
produces a zero. In other words, the second summation asctamthe spectral efficiency
contribution ofad hoclinks and can be non-zero only whad hoccommunication is present.

In addition, it should be noted tha;“h is taken as the minimum of the SINR achieved at the
first and second hops for each two-hop link. Furtherm%}% is used as a correction factor. (It
should be noted that/qy, is obtained via simulation.) The reason is as follows: Avimesly
mentioned, due to simulation complexity, only twenty ugascell are simulated. As a result,
not all available CFRs can be utilised for off-loading viaeighbouring RS. The number of
available CFRs is only influenced by the actual load, i.ectioa of available resources, which
is independent of the number of users in the system. In csintnaw many of the available
CFRs can be utilised for MSRS links depends on user density (active and non-actives user
alike) because user density determines if and how often ahtyopath can be found. As

a consequence, the spectral efficiency results are als@mutia by the number of users in
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the system. Because, as was demonstrated in Section 5.2a&h be safely assumed that
in realistic scenarios all available CFRs can be actualijsetl, the correction factor aims
to obtain representative spectral efficiency performar®eth Mo, and Moy, are shown in

Fig. 5.8. As expected) oy, is always greater that/o;,. Note that the latter is obtained via

simulation, whilst the former is obtained according to 8.1

6—cell scenario

—e—o%, MoL

0 5 10 15 20 25 30 35 40 —a—25% Mor
First-tier DL demand [%)] —o—40%, M oL
1-cell scenario -0 -0w, Mot

a1
o

- o -25%, Mor
— O —40%, A/IOL

Normalised number of resources [%)]
N
o

0 5 10 15 20 25 30 35 40
First-tier DL demand [%]

Figure 5.8: Percentage of the resources per frame available for relgyitf o1,) and percent-
age of the resources per frame utilised for relayiddd{;,) assuming 20 users per
cell.

The Col UL spectral efficiency results for different DL resoel demands are presented in

Fig. 5.9 (top plot and bottom plot for the 6-cell scenario anckll scenario, respectively).
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Col UL spectral efficiency (6—cell scenario)
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Figure 5.9: UL spectral efficiency attained at the Col with asymmetryabeing (AB), ZD,
and FSA. The spectral efficiency of asymmetry balancing dhdszlotted by

bars, while the spectral efficiency of the FSA system is ddrint a solid line.

The solid line at about 2 bps/Hz shows the spectral efficiemtyeved by the FSA system. It
can generally be observed that when severe-BS interference is present (i.e. high first-
tier DL demand) such as is the case in the 1-cell scenario aredl 8cenario for more than
20% DL demand, simply synchronising the TDD SP thereby angithe BS—BS results in a
significant spectral efficiency improvement. Furthermasymmetry balancing attains spectral
efficiency amelioration of more than 100% with respect togpectral efficiency achieved by
ZD. ZD outperforms asymmetry balancing only in the case of DRedemand in the 6-cell
scenario, i.e. when none of the six first-tier cells has Dliffittawhich is a highly unlikely
situation. In addition, it is noted that in the 1-cell scendhe performance of ZD is relatively
constant. This is due to the fact that five cells already c@&eBS interference, and one
additional interfering BS does not produce significantatti#hce in the results. With respect to
the asymmetry balancing performance, it can be seen thheib-tell scenario, even though
there is a slight decrease in the number of resources dtifiseasymmetry balancing as the
first-tier DL demand increases (Fig. 5.7), the spectraliefiity performance at the Col actually

improves (Fig. 5.9 top plot). This effect can be attributedhe limited transmit power. When
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slightly fewer resources are used for transmission, theeredre power available per resource
and the attained SINR can compensate for the fact that lessinees are utilised. A similar
trend is observed in the 1-cell scenario (Fig. 5.9 bottom, @oomed area), but to a smaller
extent because the difference in the number of resourdésedtfor asymmetry balancing for

the varied first-tier DL demand is much greater (Fig. 5.7).

The demonstrated UL spectral efficiency amelioration reétiby asymmetry balancing is at
a slight loss in spectral efficiency for the first-tier DL tsamission as compared to an FSA
system. The loss is due to the off-loadiad hoclinks, which generate MSMS interference
to the concurrent BS:MS links. The results presented in Fig. 5.10 show that oléralloss in
spectral efficiency does not surpass 0.6%. It can be obseahagdven though the results for the
1-cell scenario and the 6-cell scenario are similar, the iloshe case of six cooperating cells is
slightly larger due to the fact that more resources are usetthé off-loadingad hoclinks and,
hence, more interference is caused to the first-tier DL tngsson. Furthermore, the caused
loss decreases with increase in the DL demand (both at thar@dirst-tier cells), as expected,
because less resources are used for off-loading. It sheuttbted that the spectral efficiency
loss obtained for twenty users per cell is representaties éor larger number of users for the
studied scenarios, because the maximum number of active asa given time slot using a

given chunk does not change and is equal to the number ofuedsr consideration.

Loss in DL spectral efficiency
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5
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Figure 5.10: Percentage loss in DL spectral efficiency caused by theoaffihg ad hoc links
when asymmetry balancing (AB) is employed as compared tg@nagent FSA

system.

The DL spectral efficiency results for asymmetry balancind ZD are shown in Fig. 5.11.
As expected, in the 6-cell scenario asymmetry balancingZihattain similar performance,

except for in the case of 0% DL demand at the first-tier cellee Tesults are analogous to
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what was discussed in Section 4.6 as asymmetry balancinthareSA attain almost identical
performance (refer to Fig. 5.10). It is interesting to ndt&ttin the 1-cell scenario ZD achieves
slightly better DL spectral efficiency than asymmetry balag for DL first-tier demand greater
or equal to 10%. This is because the DL at the Col does not iexquerany crossed slots and the
dynamic SP of ZD is able to accommodate any Col DL demand grdaan 50%, unlike the
asymmetry balancing. At first-tier DL demand of 0%, howeasymmetry balancing attains
slightly better spectral efficiency than ZD due to the preseof crossed slots caused by the
single first-tier cell that has UL-favoured SP.

Col DL spectral efficiency (6 cell scenario)
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L , ] h |
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Figure 5.11: DL spectral efficiency performance comparison between amtny balancing
(AB) and ZD.

In order to complete the analysis of the asymmetry balarsthgme, it is important to consider
what happens when there are no available resources favaudirlg. To this end, a fully loaded
system is studied (i.e. the total UL and DL demands add up ®&dlfar each cell), where each
cell has a different traffic asymmetry demand, as shown iteTald. For the Col two scenarios
are defined — UL-favoured and DL-favoured. The first-tieftscall have different asymmetry
demands, which range from highly UL-favoured to highly Cdvéuredin order to explore the

crossed-slots effects on the C@In average three of the first-tier cells require an UL-fagdu

SP, while the other three require a DL-favoured SP. Two systare comparedjiz. an FSA
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Cell number— 1 2134 |5|,6]|7

Link direction| | (Col)
15 | 90| 75|60| 45|30 15

UL

90

85 | 10| 25|40 |55| 70| 85

10

DL

Table 5.4: Resource demand for UL and DL (in %)

system, as the asymmetry balancing system becomes an F&fnsiysthe situation of full
network load; and ZD. Results for the UL and DL spectral efficly at the Col are presented
in Fig. 5.12 (top plot and bottom plot, respectively). Whelnspectral efficiency is considered
(top plot), it is observed that when the demand at the Col isféoured and crossed slots
are present, by avoiding crossed slots the FSA system Bcadiieves about 1.6 times better
spectral efficiency at the median than the ZD system. As egdeevhen the demand at the
Col is DL-favoured, the UL spectral efficiency at the Col imakt the same for a ZD system
and an FSA system. This is because the UL demand can be acdateddy both the ZD and
the FSA. However, the FSA system performs slightly better uthe fact that the occasional
crossed slots which occur in the case of the ZD system ras®&—BS interference for the
Col. When considering the DL spectral efficiency at the Cottim plot), for low DL demand
(i.e UL-favoured demand), the ZD system and the FSA systeimagtain similar performance,
with the FSA system exhibiting slightly better results. Hmer, when the DL demand at the
Col is increased (DL-favoured demand), the ZD system mantmerovide about 1.2 times
better spectral efficiency at the median than the FSA systefar(ing to the bottom plot of
Fig. 5.12).

Overall, the results for the fully-loaded network show thathe case of DL-favoured asym-
metries ZD performs better in terms of DL spectral efficietitgn the FSA system, while in
the case of UL-favoured asymmetries the FSA system exHikiter results for UL spectral
efficiency than ZD. The reason for this effect is that DL spdatfficiency suffers less when
crossed slots are present as-MBIS interference is not as detrimental in OFDMA-TDD sys-
tems with full frequency reuse as BSBS interference. This is because in order to have high
MS—MS interference two MSs need to be using the same chunks saithe time in very close
proximity to each other. In contrast, BS positions are fixed the whole bandwidth is reused
in each cell, which means that the total impact of CCIl on sggterformance is much greater.

The results demonstrate that FSA does not always work wheesytstem is fully loaded. This
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Figure 5.12: Spectral efficiency performance comparison between FSAZBndnder the as-
sumption of a fully loaded network.

is expected because if the different cells have differepnasetry demands, a synchronised SP
is not able to efficiently meet the demands of individualselowever, as was demonstrated
by Fig. 5.9, when the system is not overloaded, FSA is ableettopn much better than ZD
and, in addition, asymmetry balancing significantly oufipens both FSA and ZD.

The results presented in this section demonstrate thaviaticeach cell to set its SP indepen-
dently leads to suboptimum results in the majority of casdsle synchronising the SP across
cells improves spectral efficiency performance signifigafimploying asymmetry balancing,
i.e. keeping a network-wide SP and making use of inter-eddiying, ameliorates the attained
spectral efficiency even further. It is expected that oing the routing strategy will result in

even better system performance.

5.3 Summary

In this chapter, a novel method namagymmetry balancindpas been proposed. It allows
the support of cell-independent asymmetries in OFDMA-TDBRtrgeneration networks with

complete avoidance of the detrimental B8S interference. The key to solving this issue is
user cooperation in combination with inter-cell relayiny.general mathematical framework

for the assessment of the proposed technique has beenmedelo
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It has been demonstrated that in the case of shortage of duness a virtual cell-specific SP
can be established, depending on the system UL-to-DL asymmatio and the available DL
resources at the Col and its six neighbouring cells. Wheroonaore cells can cooperate, even
the whole frame can be virtually allocated for UL traffic. $Hiiexibility in resource allocation
comes at a relatively insignificant cost of less than 0.6% loDL spectral efficiency incurred
due to interference caused by the relaying. Furthermoiis,fdund that the asymmetry bal-
ancing technique significantly outperforms conventiongraaches where the TDD SPs are
synchronised system-wide as well as ZD. For the UL specffiagiency of the Col, the max-
imum gains with respect to the case of fixed SPs are up to al®8af Whereas the maximum
gains with respect to ZD surpass 100%. As expected;>BS interference avoidance leads to
tremendous spectral efficiency improvement. In additibhas been demonstrated that when
the system is fully loaded, the loss from allowing -B8S interference can be bigger than the

loss which results from not meeting DL demand by synchragishe TDD SP cell-wide.
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Chapter 6

Conclusions, limitations, and scope for
future research

6.1 Conclusions

The focus of this thesis was the same-entity interferenoblem (and in particular, BSBS
interference) in OFDMA-TDD-based cellular networks. Itsdemonstrated that current inter-
ference mitigation approaches do not work well when LOS itmm$ among BSs are present.
In particular, it was found that FSA achieves up to about 8@¥eb spectral efficiency than
RTSO. Furthermore, FSA achieved up to about 100% improveinespectral efficiency as
compared to ZD. While FSA was demonstrated to perform wetkims of avoiding BS-BS
interference, the scheme does not allow for cell-specifjonasetry demands to be supported

in the network.

In light of the above findings, this thesis presented a noveperativeresource balancing tech-
nique, termedasymmetry balancing Asymmetry balancing completely avoids crossed slots
and retains the advantages of TDD in allowing for cell-sfe@symmetry demands via the
novel virtual SPconcept. The thesis demonstrated that asymmetry balaabivays outper-
forms FSA and achieves more than 100% higher spectral effigieith respect to ZD. This
gain in performance comes at a relatively insignificant ob&ss than 0.6% loss in DL spectral
efficiency incurred due to interference caused byatidnoclinks. In addition, it was demon-
strated that when the system is fully loaded, the loss fréowitig BS—BS interference can be
bigger than the loss which results from not meeting DL demanslynchronising the TDD SP
cell-wide. Hence, the novel interference avoidance ambrgaesented in this thesis is a very
promising candidate to solve the crossed slot problem itrgeweration OFDMA-TDD-based

cellular networks.
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6.2 Limitations and scope for future research

The work in this thesis offered insight into the severity log BS—BS interference problem
in OFDMA-TDD-based cellular networks and presented a neyglroach to resolving this
problem. However, certain assumptions that have been mabisiwork leave room for further

worthwhile investigations.

Firstly, the OTA-SRR algorithm is centralised and requigkxbal channel knowledge to oper-
ate. Such channel knowledge is not available in practicéfeifnt, more decentralised algo-
rithms are necessary, especially in light of future trendisctv focus on distributed networks.
In addition, the chosen resource allocation algorithmlguras effect on system performance,
therefore, this is another reason to explore differentesoallocation schemes. However, it
should be pointed out that the study on RTSO seeks to exparsgstrather than study a partic-
ular resource allocation algorithm. The trends achievald @TA-SRR have been confirmed in
[49, 69] via a comparison with the trends achieved with tlsuece allocation scheme greedy

rate packing (GRP).

Furthermore, the asymmetry balancing method was only figaged based on an UL study. It

is important to analogously investigate DL asymmetry beilag as there are key differences
between UL asymmetry balancing and DL asymmetry balanckegan example, DL asym-
metry balancing relies on BSBS communication. Such issues need to considered, as well as

their implementation specifics.

Another interesting and important point to consider is edieg the asymmetry balancing study
to more than seven cells. While it was an adequate choiceutly st centre cell and six sur-
rounding cells when noting that each cell can offload trafiidts immediate neighbours only,
more cells are needed to test an entire system. To this ergoitweorth looking into DL

asymmetry balancing, which follows directly from the derstwated UL asymmetry balancing

concept.

Furthermore, it is worthwhile to investigate different medor choosing an RS and utilising
more than two hops per transmission. This study considangdome possible routing strategy
where MSs decide to which RS to transmit based on the regpdd®-RS path loss and two pa-
rametersA; andA,. Itis important to investigate the effect &f; and A, on the performance

of asymmetry balancing. Furthermore, it is interestingtiolg asymmetry balancing with other

routing strategies and find the routing strategy that resnlthe best system performance. In
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addition, this study limited the number of hops per transiois to two. An interesting point
is to research the effect of the number of hops and whethsbigmeficial to off-load not only
to immediate neighbouring cells, but also to second-tiéis.c&his, however, would require a
different system model and mathematical analysis. In teg@mthe number of utilised hops,
it is also important to investigate the delay performancasyimmetry balancing and how it is

affected by the number of hops.

Another worthwhile investigation would be to include shadtg in the mathematical formu-
lation and system model for asymmetry balancing to make theéefmmore complete and real-
istic. It is expected that shadowing will have a positiveeeffon the results as mobiles which
are otherwise far away from their respective RS would be t@hbbenefit from good shadowing

conditions and actually achieve better data rates tharad@liing were not considered.

An additional interesting point worth investigating is ffesource allocation method when em-
ploying asymmetry balancing. The resource allocation oathould be considered jointly
with the RS selection scheme. This is due to the fact thathbéee of a resource for transmis-
sion is influenced by the channel, which in turn is influencedhe position of the transmitter
relative to the receiver. Clearly, the resource allocatioeystems which employ asymmetry
balancing will induce some overhead as compared to resaliation in SCNs. In fact, the
overall signalling overhead incurred by the asymmetry gty method and the implementa-
tion specifics have not yet been investigated and both oéttsssies are important and need to

be considered before asymmetry balancing can be appliechatiqe.

Moreover, it would be worthwile to investigate the “smamtsource allocation concept briefly
mentioned at the end of Section 5.2.4. The principle of “shmasource allocation is to allocate
resources to users based on their locations when emplogymgraetry balancing. In particular,
as users at the cell edges are more likely to find suitable pisity to be served in a single-
hop fashion can be given to users closer to the cell centrahisnway cell-edge users are
encouraged to use two-hop (or multi-hop) links. It is engéexh that such “smart” resource

allocation will further improve the capacity performandeasymmetry balancing.

Finally, it should be pointed out that there are alternatiteethe chosen SINR-data rate map-
ping. For example, instead of using the mapping in [61], 8bais capacity multiplied by a
factor could be used. Clearly, the chosen mapping has aat effethe achieved capacities,

however, the focus in the studies presented in this thesibd®@n on comparative performances
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(FSA against RTSO and ZD) and the comparative performanoetisxpected to change when
the SINR-capacity mapping is changed. However, when thiesgsare analysed to attain
specific independent performance results, then differexpimg schemes are worthy of inves-

tigation.
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Appendix A
Modified Dirichlet function derivation

This Appendix presents a derivation of the modified Diritfilenction used in Section 3.3.1,
which accounts for the dependence of the interference ibation from subcarriek’ to sub-

carrierk on the|k’ — k.

Based on the IFFT and FFT operations, the received modnlayimbol on subcarrigk (with-

out noise),R;, can be written as:

1 Nc—1 [Nce—1 j27TZ'k:, —j27Tik‘
Ry = N Z [Z H; 1/ S exp( N >] exp( N > ; (A1)

i=0 Lk'=0 ¢
whereN, is the FFT sizeH; ; is the channel transfer function of subcarr/fnats*,{C is the transmit
symbol on subcarriek’; andj is the imaginary unit. If one contributing propagation path

assumed, the channel transfer function can be expressed as:

Y o
Hiyw = oxp(jé)exp <.%D+W>> exp <%>
o
= Hk’ exp (]—71-@(]5\]7) * w)> 5 (AZ)
C

where¢ is the phasegp is the normalised Doppler shifty is the the normalised frequency
offset due to synchronisation errors; ands the relative propagation delay. After substituting
(A.2) into (A.1) and reordering:

N.—1 N:.—1 . . . .
1 o < 2 omi(k! — k
Re = Y Y Hyexp <J7”<€—D+W>> Sy exp (%)

Ne i=0 k'=0 Ne Ne
Nc—1 Nc—1 . .
1 < - J2mi(k' — k +ep +w)
= — Hy/ Sy A.3
N, 2 s zp< v (A3)

geometric series

The geometric series in (A.3) can be simplified.ﬁw = (3, the geometric series
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Modified Dirichlet function derivation

representation yields:

Nc—1 .
N . 1— eXp(]/BNC)
ex kY = ———————~
kzzo p(jBk) (D)
e (L= 1)5) sin(*5%)
— exp ( 5 nd) (A.4)

Using the result from (A.4), the cyclic-sinc functi@r), (k' — k + ep + w) can be derived as:

L sin(r(k’ —k (k' —k N,—1
Chopr (K —k+ep+w) = Fsm(”( +éep +w)) exp <]7T( +éep + w)( )) |

c sin(iﬂ(klfivtmw)) Ne
(A.5)
such that (A.3) becomes:
Ne—1
Ry = Z Hk/Sk/Ck,k/(k:/ —k+eptw). (A.6)
k'=0

The received symbol in (A.6) includes both an interfererm®ponent and a useful component

and can be written in terms of desired signal power and ietentce power as:

Ne—1

Ri = Y. |HewlPuGrw|Crw (k' —k +ep +w)?
k=0, k'+k
interference
+|Hy|*PLGr|Crx(k — k +ep +w)* [W]. (A.7)

useful signal

It should be noted that Doppler offset and frequency symibation errors in the desired signal
are not considered as perfect synchronisation is assurarde fthe argument ¢€, . (k — k +

ep +w)|? is 0. Using (A.5) and noting that for smail sin(a) ~ a, it can be shown that as the
argument ofCy, . (k — k +ep +w)|? goes td), |Cy 1 (k — k +ep +w)|* goes to 1. Hence, the

useful (desired) signal power per subcartigris expressed as:

Ry = PyGy|Hg|> W), (A.8)
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Appendix B
OTA constraints and convergence

This Appendix briefly reviews the OTA constraints and thevevgence issues pertaining to the
OTA-SRR algorithm [73]. More detailed treatment can be fbim[73].

The conditions for convergence of the system equation @elputlined below:

(I—®)! I+®+ 0%+ ..

I4+@+®2+..)x = (1+A+X2+..)x, (B.1)

wherel is the identity matrix;® is the normalised link gain matrix; andis the eigenvector
corresponding to the eigenvalueof ®. The series in (B.1) converges if and onlyik 1 and

this holds for any eigenvalue @. Thus, (4.4) has a solution, when < 1.

In order to determine a feasible set of transmit power®lebe the eigenvector corresponding

to (1 — Ay), the eigenvalue off — ®). Then the system (4.4) becomes:
(1 - )\1)P1 Z n,

wheren is the normalised noise vector. Equation (B.2) is equidaien

P> . B.2
" (8.2)
If Pmax is the vector of maximum transmit powei3; must satisfy the following:
Pi < Poax. (B.3)
Thus, based on (B.2) and (B.3), it follows that:
n
Prox > ——, B.4
max 2 T (B.4)
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with 0 < A\; < 1. The system constraint can now be expressed by rearrargiapds:

1— )\ > max {@} (B.5)

1€Nwot | D
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Appendix C

Derivation of the pdf of MS—RS path
losses

This chapter presents the derivation of the path loss kligidn between MSs and RSs, used in
Chapter 5.

In order to determine the BS—MS and MS—RS path loss distoibsitthe cell geometry is ap-
proximated by circular geometry (Fig. C.1). The Col is aleinvith radiusR and the RSs are

outside this circle and within a circle with radi@® (due to the hexagonal cell geometry).

Referring to the small circle, the BS—MS path loss distidoutan be approximated using the
distribution of the distances between the centre of thdecand any point inside the circle as
shown in [99]. In summary, assuming uniformly distributeaints along the horizontal and

vertical axes, this distribution of the distancgs(z), is given in [96]:

2z

f2(2)
The respective path los§), is of the form:Q = a + blog,,(Z), hence using variable transfor-
mation [100], the pdf of) can be obtained as:

2 a—a
fqolg) = ﬁlqub In(10), g < a -+ blogy(z). (C.2)

Next, in order to determine the MS—RS path loss distribyttbe problem can be formulated
as finding the distribution of the distances between anytpoithe small circle to any point in

the ring. Then, variable transformation can be used to fiaditstribution of the path losses.

Given that a transmitter is [m] from the circle centre, the pdf, (z|z), of the MS-RS separa-
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Figure C.1: Hexagonal cell geometry, approximated by circular geosnetr
tion distancesX, is derived in this thesis as:

2 2 2
ﬁ(w—arccos(wwx, R—z2<z<R+z

2zx

fe(x]2) = ﬁx, R+2<z<3R-z (C.3)
#Warccos(wm BR—z2< 2 <3R+ z.

The next step is to convert the MS—RS distance distributiqmath loss distribution. The path
loss model used is of the forri = a + blog;,(X), henceX = 107", The path loss

distribution for a given distance from the centtejs derived as:

()'

Fy(ylz) = fala(y)]2)

fe1 = 7r£~22 (W—arccos (2 2110°'7 aR2)> 10%, R—2z2< 10" < R+z

2z10 b
= foz= 2105 R+2<10%" <3R—2
fe3 = W arccos(M)w 3R—2< 107 <3R+ 2.
2210 b
(C.49)

whereD = £10"%" In(10).
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Figure C.2: Pdf of the MS—RS path losses

Using (C.1),f,(y) is derived as (function arguments omitted for clarity):

R
fy() = /0 £l f-(2) d
R

R
foifsdz, z € [0,R] + / foifs dz, @ € [R,2R)
R—=x x—R

r— 3R—x
_ / Foof. dz @ € [R,2R] + / foaf. dz, @ € [2R, 3R]
0 0

R R
/ fz3f:dz, x € 2R, 3R] +/ fz3f-dz, x € [3R,4R)].
3R—x r—3R

(C.5)

The above equations are evaluated numerically and compaeesimple Monte Carlo simula-
tion for verification. The results are shown in Fig. C.2. Thidwing simulation parameters
(WINNER [87]) are used:R is 500 m,a is 32.49dB and is 43.75dB. In the system model
in this study, hexagonal cells are used. Thus, in order tifyvéirat the circular geometry is a
good approximation to the hexagonal geometry, simulatsnlts for the path loss distribution

in the case of hexagonal geometry are provided for compariso
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Publications

Publications included in this thesis

E. Foutekova, P. Agyapong, and H. Haas, “Channel Asymmei@eilular OFDMA-TDD Net-
works,” EURASIP Journal on Wireless Communications and NetworkIigCN) vol. 2008,
Article ID 121546, 14 pages, 2008.

E. Foutekova, S. Sinanovic, and H. Haas, “Traffic AsymmetiaBcing in OFDMA-TDD Cel-
lular Networks,”Journal of Communications and Networking (JCN), Specgldson Wireless
Cooperative Transmission and its Applicatipdane 2008, Vol. 10, No. 2, pages 137 — 147.

E. Foutekova, S. Sinanovic, and H. Haas, “Asymmetry Batapan OFDMA-TDD Cellular
Networks,”In Proc. of the Symposium on Personal, Indoor and Mobile &&dimmunications
(PIMRC), (Cannes, France), IEEE, Sept. 15-18, 2008.
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Traffic Asymmetry Balancing in OFDMA-TDD Cellular
Networks

Ellina Foutekova, Sinan Sinan@vand Harald Haas

Abstract: This paper proposes a novel approach to interference censed frequency bands. However, MCNs where the relays are
avoidance via inter-cell relaying in cellular OFDMA-TDD (orthog- MSs are of special interest due the wide availability of niebi
onal frequency division multiple access - time division duplex) sys- terminals, especially in highly populated areas, wherevaet
tems. The proposed scheme, termed asymmetry balancing, is tar- capacity becomes a limiting factor. Capacity improvemeag h
geted towards next-generation cellular wireless systems which are pagn shown in [3] and [4], where in-cell users act as relays to
envisaged to havead hoc and multi-hop capabilities. Asymmetry 0 virtyal antenna arrays and thereby exploit transmiedi
balancing resolve_s the detrimental base station (BS)-to_—B_S inter sity.
fﬁ;?ce 'proplem |_nherent to TDD networks by synchron_lzmg the The ad hoc capabilities in an MCN are actually enabled by
switching points (SPs) across cells. In order to maintain the o . .
flexibility of TDD in serving the asymmetry demands of individual TDD. In addition, t_he su_p_pc_)rt for cell-independent traﬁx;_/m'
cells, inter-cell relaying is employed. Mobile stations (MSs) in a cell Metry offered by time division duplex (TDD) together witheth
which has a shortage of uplink (UL) resources and spare downlink advantages of orthogonal frequency division multiple asce
(DL) resources use free DL resources to off-load UL traffic to o- (OFDMA) [5], make OFDMA-TDD a promising choice for next
operating MSs in a neighboring cell usingad hoc communication. generation wireless networks [6]. However, TDD suffergriro
In an analogous fashion DL traffic can be balanced. The purpose additional interference as compared to frequency divislan
of this paper is to introduce the asymmetry balancing concept by plex (FDD). In particular, TDD suffers from same-entityént
considering a seven-cell cluster and a single overloaded cell in theference, MS-MS and BS-~BS, which presents a major prob-
center. A mathematical model is developed to quantify the envis- |em in actual cellular TDD deployment when cell-indepertden
aged gains in using asymmetry balancing and is verified via Monte asymmetry is to be supported. Known solutions to interfegen
Carlo simulations. It is demonstrated that asymmetry balancing avoidance in TDD include the concept of zone/region divisio
offers great flexibility in UL-DL resource allocation. In addition, . . . g
results show that a spectral efficiency improvement of more than [7], which restricts crogsed slot operation only within alices
100% can be obtained with respect to a case where the TDD SPs’ around the BS. Op'Flmum performance has been found for
are adapted to the cell-specific demands. 7“:52% of the cell radius [7]. This strategy red_uces MBIS
interference, but does not solve the more detrimentabBS
interference problem. Moreover, it also imposes restiittion
the flexibility of TDD by compromising user demand. Further-
more, a strategy for same-entity interference mitigatgimilar
to frequency hopping, termed time-slot opposing, has been p
posed in [8]. The time multiplexed busy tone approach in [9]
With varying throughput, delay and traffic asymmetry realso mitigates the problem of same-entity interference.
quirements, the development of new solutions and concegts t In this paper a novel idea termagdymmetry balancing is pro-
allow for a flexible and dynamic radio resource allocation fqosed to entirely avoid the detrimental B8S interference.
the support of high peak-to-average transmission ratesthat  The essence of the asymmetry balancing concept is, as the nam
are able to be more spectrally efficient than conventionbl cguggests, to balance the asymmetry demand across thercells i
lular systems is a key challenge. An effective strategy thi@ network. To this end, the TDD switching point (SP) is syn-
is envisioned for next-generation wireless cellular nek8do chronized across cells, which might result in a shortageeof r
ameliorate the spectral efficiency performance withoutéas- sources in a particular cell, while a neighboring cell migave
ing hardware cost is to make use of existing infrastructungé aspare resources (assuming cell-independent traffic asymyme
to introduce cooperation among the network entities. Ndiyyr demands). In order to resolve any mismatch between resource
such cooperation leads to multi-hop cellular networks (MCNavailability and resource demand, the hoc capabilities of an
[1], i.e., cellular networks which have relaying capai@t A MCN are exploited. In particular, an MS which cannot be serve
relay station (RS) is an intermediate node between an MS @neither uplink (UL) or downlink (DL) by its associated BSelu
the servicing base station (BS) and the relay can be eithedia d to shortage of resources is served by a neighboring codpgrat
cated transceiver or an mobile station (MS). For exampl]in BS, which has spare resources in both link directions. The es
Qiao, Wu, and Tonguz describe a load balancing method ‘iblished MS-BS link is a two-hop link where the intermediate
mobile dedicated transceivers, which can be replaced ditwpr node is an MS associated with the cooperating BS. In this way,
to user traffic demand, in order to divert traffic using theiunldespite the fact that the network maintains a synchronizgd S
cell-specific asymmetries are effectively supported.

Index Terms:. Ad hoc, cellular, multi-hop, OFDMA, TDD.

I. INTRODUCTION

Manuscript received November 20, 2007.

The authors are with the Institute for Digital Communicatiahthe School of
Engineering & Electronics, The University of Edinburgh,iialirgh EH9 3JL,
UK, email: {E.Foutekova, S.Sinanovic, H.H3&ed.ac.uk.

It is assumed that cells are differently loaded, which is a
reasonable assumption for future wireless networks whiith w
mainly support packet-data traffic characterized by a higgikp
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UL In addition, the off-loading MSs can forad hoc links to either
LT IoL idle MSs in neighboring cells, or active MSs which are algead
Frequency receiving in DL from their BS. The latter case exploits thetfa
that a DL transmission usually does not occupy all subchanne
and this is accounted for by the use of frequency division-mul
tiple access (FDMA) in combination with OFDM. It should be
noted that in an OFDMA-TDD network the smallest resource
unit allocatable to a particular user is termed a cHurle., a
. UL number of subcarriers during one time slot.

Based on the above, the main steps of the UL asymmetry bal-
ancing technique for multiple cell scenario are summartzed

low:
¥ 1. AColis overloaded in UL and requires cooperation.
A BS 2. The set of first-tier cells surrounding the Col, which have
E Ms spare resources both in UL and DL, are the cooperating

cells.
Fig. 1. The MSs in the center cell, i.e., the Col, can off-load UL traffic to 3. There are DL CFRs between the Col and at least one of
neighboring cooperating cells (marked by dashed hexagons) using .
free DL resources (marked by white boxes). As an example, the MS th(? .cooperatlng cells.
at the Col which needs UL service (marked by a solid ellipse) can 4. Utilize the CFRs to transfer UL load from the Col to

form an ad hoc link with any of the available MSs (marked by dashed the cooperating cells. Ussl hoc communication to form
ellipses) at the cooperating cells. Active DL links are shown as solid MS—RS links between MSs associated with the Col and
arrows, while possible concurrent ad hoc links are shown as dashed . . .

arrows. RSs associated with any of the cooperating cells.

Similarly, if the Col suffers from DL overload, MSs at the

Col can be served indirectly by the cooperating cells viarnea
to-average load ratio. In addition, because traffic is egesl by MSs (operating as RSs).
to be DL-favored the network-wide SP will be primarily DL- From the above it can be concluded that the asymmetry bal-
favored (or occasionally symmetric), it is expected thael ¢ ancing requires first, available resources and secondableai
which requires UL-favored SP will not be able to support thRSs. The next two sections will treat these factors in detail
UL demand. Therefore, this study focuses on UL asymmetByen though the analysis is performed for the case of UL asym-
balancing. metry balancing, it is valid for DL asymmetry balancing adlye

The rest of the paper is organized as follows. Section Il ifyy replacing UL with DL.

troduces the novel asymmetry balancing idea and the siifoolat
model is presented in Section Ill, while the results areive A Resource Availability

Section IV. The paper concludes with Section V.
When the center cell uses DL resources to off-load UL traf-

fic to cooperating neighboring cells, UL resources are iectff
II. ASYMMETRY BALANCING VIA INTER-CELL created, which allow for cell-specific asymmetry demandseto
RELAYING supported. In this way, with cooperation the UL resourceacap
) ) ity of the Col increases. For example, if the network-wide SP
~ As the asymmetry balancing concept relies on cooperationgjigcates half of the frame to UL and half to DL, and 20% of the
is important to identify the cooperating entities and wheeyt | resources are CFRs, the UL resource capacity of the Col in-
can cooperate. If hexagonal cells are considered, eacka®ll oases by 20%. Hence, an UL-to-DL traffic raticgq?%,

be _treated asa .Ce” of interest (CO.I)’ surround.ed by S'Xm?'Q.e., % can be served at the Col, even though the actual network-
boring cells, which are the potential cooperating cellg. Ai

. . . ; wide SP is set as. This means that a “virtual” cell-specific SP
illustrates the aforementioned geometry during a DL tinot. sl can be establisr?ed depending on the network—widg SP and the
Assume that there are only two frequency resources per eell BL CERs

link direction per frame, which are marked by boxes on FigA 1. y

black box signifies an allocated resource, while a white bgx s Itis of interest to quantify the UL-to-DL ratios that a viell
o ' SP can support, for a given network-wide SP and a given number
nifies a free resource. Let the Col suffer from shortage of &L r bp 9 9

sources, while it has a DL resource available. Marked by id soEf free resources at the Col and its neighboring cells. Let th
ellipse is the MS at the Col, which needs UL service and d umber of CFRs beV, where N takes on values € [0, C,

: . o . . &nd C is the total number of resources per cell in DL. Since
sires to off-load traffic. The first-tier cells which are madkwith the SPs are synchronized across the netwrls the same for
dashed hexagons have spare UL and DL resources and henc

th i s, A iated with th i b aflls. The problem of finding the distribution &f can be
€ cooperating cefls. Assoclated wi € cooperalinig ce readily addressed by the binomial distribution, consiugthat

the MSs which can serve as RSs (identified by dashed ellips s(i, . . : >
. ing a CFR is a success, which occurs with probahiliand
The tagged MS at the Col can relay to any of the available R ot having such is a failure, which occurs with probability p.

The MS—RS link uses a DL resource, which is free both 8} ¢,ccess occurs when a given chunk is free at the center cell
the Col and the cooperating cell which serves the respeRit/e

Such resources are referred to as common free resource9.(CFRThe terms chunk and resource are used interchangeably tioatithis text.



and at the same time, at at least one of the neighboring cetésources, the virtual SP exploits the resource avaitgtidi al-

A failure, on the other hand, occurs when a chunk is busy latate additional resources to UL. Furthermore, when all DL
the center cellor is free at the center cell and at the same timesources at the Col are free, the whole frame can be allbcate
is busy at all of the neighboring cells. Thus, the distribotof to UL for low to moderate loads at the cooperating cells when
the number of common free chunkgy, is a function of the six cells cooperate. Even in the case when only one cell coop-
resource occupancy probabilities at the Col and at thetfest- erates the same effect can be achieveld it= 0. As expected,
cells. Resource occupancy probability is the probabiligtta when overall the DL resource occupancy increases, the num-

chunk is occupied. The formulation ¢f is given in (1): ber of resources allocated to UL by the virtual SP at the Col
’ decreases. It is interesting to note that due to the six degre
fn(n) =p(Le, Ly, -+, Ly,B,, By)™ of freedom, when six cells cooperat&,,; x 100% decreases

C much slower with decrease in resource availability as coetpa
> ) to the case when only one cell cooperates, wherex 100%

decreases linearly. Overall, it is seen that asymmetryrioaig

where B, is the number of cooperating cell§; ; is the prob- offers flexibility in resource allocation and can adaptyello-

ability that a resource is occupied at a first-tier cgllL. is cate resources based on availability and potentially ces gi

the probability that a resource is occupied at the Col; anlkle resources in a frame to one link direction.

p(Ley Lty -+, LB, , By), which is the probability of having

a CFR, depending on the number of cooperating cells and @.eRelay Sation Availability

resource occupancy, is given in (2):

1= p(Ee L B B

The previous section determined the expected number of re-
B sources, which are available for off-loading and this section-
p(Le,Lia,- L, B) = (1= [[ Lea) - (1= Le).  (2) centrates on the second enabler for asymmetry balancig, i.
i=1 availability of RSs. Given that there is a CFR, the CFR can be
The expected value of the binomial distribution in (1) yise|d““"ze? i RS are a"ﬁ."‘?‘b'e such th?ftla tWO'r;fc.’p pa:‘h can be
E[N] = C - p, hence the expected value of the number of CFFE%und rom the MS, which needs to off-load traffic to the coop-

erating BS. In other words, the MSRS ad hoc links are “op-
as a fraction of the total number of DL resourcef{ﬁ] =p. d P

h wid lit the f . bof ortunistic” in that they exploit CFRs and available RSsj an
Let the network-wide SP split the frame into two sub-framegq, are managed in a decentralized fashion. How to find a two-
such that their time durations are in ratio®f: d, where -

u+d  hop path is a matter of routing, and determining an optimum
of the time the frame is in UL an% of the time the frame routing strategy is beyond the scope of the current Studb{_alg;_
is in DL. Furthermore, let the total (UL+DL) number of chunksumed here that future wireless networks will be equippeti wi
available per cell b&',. Then at the Col, the expected valugnyiti-hop and relaying functionality in which case no siigmni
of the fraction of resources in the frame which can be used f@int additional signaling overhead is required for manggfire

UL traffic including off-loading,R.,, is: MS—RS links.
u d In this study a simple path loss based routing scheme is im-
Ry = wraCrot + P15 Ctor = _u pd ) 3 plemented which is illustrated with the help of Fig. 3: 8%
Ciot u+d u+d faces shortage of UL resources and {{eeds to relay to RS
actual SP virtual SP which is associated with the cooperating BRS. is chosen as

. ) . . an RS if two conditionsC; andC,, are satisfied (not consider-
This means that at the Col the virtual SP divides the fram@&in th protection of on-going links):

UL-to-DL ratio of (u + pd) : (d — pd). It can be observed that
whenp — 0, i.e., when there are no available resources for off-

. 7mb mr
loading, then the resource allocation is according to thaakc Cr: L7 > Lp" + A [dB]

network-wide SP. Whep — 1, i.e., when all DL resources at Co: LI > LY + Ag[dB]
the Col can be used to off-load UL traffic, thé&), — 1 and the _
whole frame can be allocated to UL. where LI is the path loss between B§ and MSyr; L3"

Fig. 2 shows a plot of?,,; x 100% depending on the actualis the path loss between M% and RS; Lgr is the path loss
SP, the number of cooperating BSs, and on the resource odsetween BS and RS; and A; and A, are path loss margins,
pancies at the Col and at the cooperating BSs. In order ty stwehich are addressed later in this text. The two conditiormvab
the effect of the virtual SP a best-case and a worst-case s@ien to ensure that the two-hop link Mg — RS. —BS. would
nario are considered. The number of cooperating BSs is ane i@ able to achieve better link capacity than the potential si
the worst-case scenario and six for the best-case scerfdr®. gle hop M, —BSce1 link. MSpp, and RS attain informa-
resource occupancies in the case when all six cells can coopien aboutLg‘b and L'gf, respectively, via the pilot signals that
ate are kept the samé.(; = Ly > = --- = L), while when BSs typically send. In addition[,{jnr can be calculated using
only one cell cooperateb;; = Lys = --- = Ly5 = 1 and the busy burst signaling technique described in [9] and.[10]
Ly = Ly. The values forL; are varied as shown in Fig. 2. There a receiver transmits a time-multiplexed signal upm s
Overall, it can be observed that, as expected, when themoarecessful transmission to reserve a resource. In this study it
free resourcesl{. and/orL; are one), the virtual SP is the samassumed that a time-multiplexed signal is transmitted byeal
as the network-wide SP. Consequently, when there are free Bxtivers, which wish to reserve a particular resource. Thsyb



—©—6C.BS, L =0
—g—6c.BS, L =0.25
—p— 6 C.BS, L =0.5

c

c

c
_e_ 6 c.BS, LC:0.75
—g—6cBS, L =1
-@-1cBS,L=0
-Bg-1cBS, LC=0.25
- % =1CBS, L =05
- e =-1c.BS, LC:O.75

Part of the frame allocated to UL [%)]

-q-1cBS L=l Fig. 3. MSqr, decides whether to off-load to RS, or not based on a
comparison of L with L™ and L™ with LB,

that the busy burst power emitted from the RS is constant. As
a consequence, Mg is equipped to evaluate the routing con-
ditions quoted above in a decentralized fashion and, héace,
enabled to find a suitable RS.

Based on the above, given a CFR is shared between the Col
and a number of first-tier cellds, the probability,py.s, that
the CFR will be utilized, is the probability that at least arser
at the Col will be able to find at least one two-hop path, which
satisfies botlC; andCs. p,.. can be expressed as given in (4):

—©—6CBS,L=0
—g—6c.BS, L =0.25
—p— 6 C.BS, L =0.5

c

c

c
——6CBS,L =075
—g—6¢BS,L=1
-©-1cBS,L=0
-B-1cBS,L=025
- % -1CBS,L =05
-9 -1CcBS,L=075
-q-1cBS L=l

Puctr = 1 — (1 — Pr{C; N Co})V¢K ()

Part of the frame allocated to UL [%)]

whereU. is the number of users per cell; aid{C; N Cy} is
the probability that botk’; andC,, are satisfied at the same time
and can be determined using conditional probabilities asmgi
in (5):

PI‘{Cl n CQ} = PI‘{Cl ‘ CQ}PF{CQ} (5)
wherePr{C; | C2} andPr{C,} are defined below:

Part of the frame allocated to UL [%)]

—©—6cBS,L=0
—g—6cBS, L =025
—»—6CBS, L =05

c

c

c
——6CBS,L =075
—g—6cBS, L =1
-@-1cBS L =0
-B-1cBS,L =025
- % =-1CBS,L =05
-¢-1cBS,L =075
-g-1cBS,L=1

Pr{Cy | Ca} = Pr{Ly" < Ly = Ar | L < Ly - o)
©)
Pr{Cs} = Pr{Ly < Ly" — As}. (7)

The path losses are random variables and their distribsitan
be derived by approximating the hexagonal cell structure by
circular cell structure as shown in the Appendix. In patacu
both L};r andL;nb are BS—-MS path loss distributions which are

identically distributed and their probability distribati function
(pdf) is approximated as follows (for the derivation pleaster
to the Appendix):

©

q—a

fqolg) = 1102 5 In(10), ¢ <a+blog,y(2) (8)

- R2

Fig. 2. The number of cooperating BSs (c.BS) takes on values of 1

and 6: (a) The network-wide SP allocates 33% of the frame to UL h is th Il radi . . i
(base line), (b) The network-wide SP allocates 66% of the frame to whereR is the cell radiusg Is an environment specific constant

UL (base line), and (c) The network-wide SP allocates 50% of the andb = 10 p with i being the path loss exponent. Similarly,
frame to UL (base line). The virtual SP can allocate additional re- the MS-RS path loss distributioh™" is approximated by the
sources to UL (up to 100% of the frame resources), based on the foIIowing pdf (again for the derivgtion pIease refer to W]p—
actual network-wide SP, as well as on the resource occupancies at . !

the Col and its neighboring cells. pendix):

R
fy(y) = / £y l2)fa(2) dz ©)

burst signal can be used by the receiver to “advertise” itslav . S . )

ability to serve as an RS by means of piggy-back signaling. W}hereﬂ(z) 's the distribution of the distances [9]

addition, essential information, such BE' can be readily ob- 22

tained from the received busy burst signal at thedylSjiven fo(2) =43, <R (10)



Table 1. Probability p,.f that at least one two-hop link can be

It is important to mention that the choice 4&f; andA, has a
established for five users per celland A; = Ay = 3 dB.

significant influence on the performance of asymmetry balanc

# of coop 1 2 3 4 5 6 ing. First of all, A; andA, influence how fasp,.; converges
BSs: to one. For example, if\; is kept at 3dB, buf\, is increased to
S-A: 0.010| 0.021] 0.031| 0.041] 0.051| 0.061| 5dB, then according to simulation around 200 users per cell a
sim.: 0.009 | 0.018| 0.032| 0.043| 0.051 | 0.065| necessary (240 users per Knfor p,.¢: to become one. In addi-

tion, A, andA; control the choice of off-loading MSs and serv-
ing RSs. As an example, Fig. 4(a) shows the distribution ef th
and f,(y|2) is path loss distribution for a given distance fron®ff-loading MSs and the serving RSs far = A, =3dB (us-

the center;. ing the path loss models specified in Section Ill). It can Ense

Based on the above, (6) can be further evaluated as follow$hat as intended, MSs at the cell edges off-load to bettezenl
MSs in terms of path loss (log-normal shadowing is not con-

Pr{L™ < Lglb — A | Lgr < Llronb — Ay} = si.dered). Eurthermore, as seen when cqmparing Fig. 4(&) wit
Ay Fig. 4(b), increasing\, for a givenA; will move the “belt”
/ / Fy(m — A1) fy(r) fy(m)dmdr (11) of RSs closer to their associated BSs. In contrast, inargasi
vm Jvr A for a given A, will shrink both the “belt” of RSs and the

. L _ _ “belt” of MSs, as can be seen when comparing Fig. 4(a) with
wherem andr are dummy variablesf, (r) is given in (8); and g 4(c). Multi-hop link optimization strategies are peeted
F,(m) is the cumulat_lvc_e dlstrlbutl_on func_tlon (cdf) accor_dlng t9, [13]. Because optimization ok, andA. pertains to the par-
the pdf n (). '!'he limits of the integration are detlelrmqu bticular routing strategy in place, it is not considered iis tudy
the cell dimensions and path loss models. In addition, () Ca8ndA, = A, =3dB is used.

be determined as : It can be seen from the above that users at the cell-edges are

. . most likely to use two-hop links. Hence, asymmetry balanc-
Pr{L)" < Ly” — Ag} = / Fy(m — Az) fg(m)dm  (12) ing can be combined with “smart” scheduling such that when
vm a given BS faces overload, it gives priority to users, which

whereF, (m) is the cdf that corresponds to the pdf in (8). are closer to the cell center, thus encouraging users whieh a

In order to obtain (4), (11) and (12) are numerically evasdat closer tq the cell edges to use 'two—hop communication. "‘S’mar
Five users per cell are used and as an exardple= A, —3 dB. scheduling for load balancing is beyond the scope of thigpap
First of all, the value foil — Pr{C; N Cs} is obtained. Accord-
ing to simulation,l — Pr{C;NCsy} & 0.99958, while according I1l. SIMULATION MODEL
to the approximationl — Pr{C; N Cs} ~ 0.99765. This means . .
that the circular geometry approximation appears to be @iow An OFDMA-TDD system, designed according to the UL

- - : ) ._asymmetry balancing model introduced in Section II, is simu
bound on the probability of not finding & suitable two-hogklin lated using a Monte Carlo approach. Each of the seven cedls ha

Clearly, when using these findings in the original formula fo trallv-olaced idirectional BS and full f
puctr the discrepancy will increase exponentially with the powé'j]' centrally-placed omnidirectiona and full lrequeneyse

of U2K. Hence, in order to verify the mathematical model pré§ assumed. Due to complexity issues only twenty users are di

sented, a semi-analytical approach is taken. Namely, the stributed uniformly in each of the seven cells. The users &e d

ulation result forl — Pr{C; N C} is used and applied to thetributed at the beginning of each iteration and a snap-stait a

formula forpy.s. The model fop,.s. is successfully verified by ysis is performed. For simplicity and demonsration pugs

simulation and a comparison between semi-analytical ane sithe L_JLHDL SPs are synchronized across t_he cells a'g the sym-
etric state. However, the model can readily be applied yo an

ulation results is shown in Table 1, denoted by S-A and sinf!

respectively. As expected, when the number of cooperatibg Bgs¥mmetl:y tratlo. _S|m|lf\rl¥f_to_the enwsagedérlim;flc asy(;mylet
increases, the probability that at least one two-hop lirfkisd ata-packet services, traffic IS on average DL-tavored.

which satisfies both Cand G increases. Itis interesting to de-Le" cell, however, is UL-overloaded and hence generates UL-

termine how many users per cell are required in order for a tW@vored traffic. The hc_:ldlng _tlme is the same for all users and
hop link to be always available, i.e., fgr.q to become one. equals one chunk during a time slot (5 OFDM symbols). Each

Because the simulation result for- Pr{C; N Cs} is closer to c_eII is imposed amean _oﬁ‘ergd load, which govemns the respec
one than the theoretical resuft,.;. when obtained via simula- tive user mean.mter—arnval' times and gach user mdepglyden
tion will converge slower. It can be calculated that for 15@us generates holding times with .exponen'qally distributetiar-

per cell and just one cooperating cell,.;, is 0.994. Clearly, r'v"_’ll tlr_nes_. Thetrafﬁc_ per useris stqred In abuffera_nd edren
when more than one cooperating cell is available, converge first-in-first-out basis. Path loss is calculateq using\HBal-

to one is reached faster. In fact, for all practical purpp$es ERC1 path.loss model (NLOS) for urban environment [14] as
more than 150 users per cell,.r, is actually one. For a cell ra- shown below:

dius of 500 m, the cell area is 0.87 knwhich means about 170 Ly = a+blogy(d) (13)
users per kri. This is a reasonable number, as even suburbaere L, is the path loss in dBg andb are given in Table 2,
areas have at least 100 users per*kand typically in the order andd is the transmitter-receiver separation distance in meters
of thousand (depending on the wireless provider markete3hashould be noted that the values©findb depend on whether
[11], [12]. MS-RS path loss, BS—-MS path loss, or BS-BS path loss is
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Fig. 4. Adjusting A; and Ag changes the distribution of off-loading MSs

and serving RSs: (a) A1 = Ay =3dB, (b) A; =3dB and Ay =6dB,
and (c) A; =6dB and As =3dB.

Table 2. Simulation parameters [14], [16].

Carrier frequency 5GHz
Time slot duration 0.1152ms
Number of time slots/ frame 6
Number of OFDM symbols/ time slot 5
Transmit power/ link 251 mW (24 dBm)
Shortest BS-BS distance 1km
BS height 25m
MS height 15m
MS-BS: 39.61
Path loss parameter MS-RS: 32.49
BS-BS: 41.2
MS-BS: 35.74
Path loss parametér MS-RS: 43.75
BS-BS: 23.8

score-based approach [15], where the score is evaluated bas
on buffer-size. In particular, a given resource is alloddtethe
user with the largest average buffer size, monitored duaitigne
window of eight frames. The simulation parameters are shown
in Table 2. For demonstration purposes, 16 OFDM subcarriers
are considered (subject to slow fading effects only). AsSke

is symmetric, both UL and DL are allocated 16 subcarriersgti
slot x 3 time slots/frame = 48 chunks/frame (as one chunk is
one subcarrier). The transmit power per chunk is fixed to the
maximum transmit power divided by the number of chunks per
time slot.

V. RESULTS AND DISCUSSION

In this study, the performance of UL asymmetry balancing
is investigated. Therefore, it is assumed that the UL in tbé C
is overloaded and two particular scenarios in terms of nesou
availability are defined: (1) A best case 6-cell scenaricergfall
six first-tier cells cooperate; and (2) a worst-case 1-a@hgrio
where only one first-tier cell cooperates. (Technicallg worst
case is if zero cells cooperate and will be considered )dDef-
ferent resource availability conditions are enforced byyirey
the totaluser demand per frame per cell (in %). In this paper,
the synchronized SP is set to allocate half of the frame ressu
to UL and DL each. As a result, in order to obtain tveba-
bility for resource occupancy at a particular link direction for a
given cell, the respective user demand should be multigdied
2 (because the user demand is defined on a frame basis). The
DL resource occupancy probability both at the Col and at the
cooperating cells is varied from 0 to 0.8, which correspotads
a user demand that varies from 0% to 40%. In order to account
for a worst case scenario in terms of interference expegénc
by thead hoc links, the non-cooperating cells are assumed to
be fully loaded in DL (i.e., the demand is 50%). Because the
UL resource demand of the first-tier cells would not influence
the results for UL asymmetry balancing, it is kept constant f

calculated. For the latter line-of-sight conditions arsuesed. all considered scenarios. The UL and DL resource demands are
MSs are associated with serving BSs based on minimum pattown in Table 3. In order to confirm the theoretic model pre-
loss. Perfect synchronization is assumed and only co-@lansented in Section Il, results displaying the virtual SP at@wol
interference from all active other-cell transmitters ikem into  for the 6-cell scenario and for the 1-cell scenario are shown
account. Time-frequency resources are allocated follgwan Fig. 5 and a perfect match between simulation and theory-is ob



Table 3. Resource demand for UL and DL (in %).

Cell number— 1 213|4|5|6|7
Link direction| | (Col)

Variable DL demand for 6 first-tier cells
T T

Spectral efficiency [bps/HZ]

UL 100 15
DL (6'Ce”) O*>40 Col DL demand:
DL (1-cell) 0—40 | 50
10 20 [ A8, 0%
First-tier DL demand of 6 cells [%)] [ a8, 25%
[ A8, 40%
‘ 6 coop. BSS = = =1 coop. BS ’:E s ‘ Variable DIT demand for 1 first‘—tier cell ‘ I'___I:zs 2"5/;D
2‘ 25 ,':':':llsp. 40%
L R g 2
'O\E‘ L % 15
= L.=0 el Points marked by x pertain s
O g5 > % to the analytically obtained data g ,’
g S - & os | 1
% 80r ,'\ (’i So First- Iler DL demand of 1 ceII [%]
o S
% 75% v . N
[4] ~ - . .. . .
E o1 *ell 8O Fig. 6. UL spectral efficiency performance at the Col achieved with
% 65l Lc.=0.5 Tt < Sso < asymmetry balancing (AB) as compared to an ISP system.
AN 5 - R x
Y AT S T
SN e T e x actual load, i.e., fraction of available resources, whilnde-
sl Le=08 : : : : : By endent of the number of users in the system. In contrast, how
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 p y * !

Ly many of the available CFRs can be utilized for M&S links
depends on user density (active and non-active users &lée)

Fig. 5. Frame resources allocated to UL at the Col by the virtual SP. Solid  cause user density determines if and how often a two-hop path
and da;hed lines show sim:JIfltion results, while analytically obtained can be found. As a consequence, the spectral efficiencytsesul
data points are marked by “x". . .

are also influenced by the number of users in the system. Be-
cause, as was demonstrated in Section Il, it can be safely as-

served. sumed that in realistic scenarios all available CFRs carche a

Next, the performance of the UL asymmetry balancinglly utilized, the correction factor aims to obtain repretsgive
scheme is compared against two systems: 1) An independeifctral efficiency performance.

SP (ISP) system where each cell independently sets its $ bas When the UL spectral efficiency performance of the Col

on the ratio of UL and DL resource demands; and 2) a syachieved by the asymmetry balancing scheme is compared to

chronized SP (SSP) system which is the same as the asymm#tgyspectral efficiency performance of an ISP system, tharadv
balancing system, but off-loading does not take place. Bhe-c tages of asymmetry balancing in avoiding-B8S interference
parison metric is spectral efficiency as given in (14), beeaubecome evident. The results, presented in Fig. 6, show thetw

it can capture not only user link conditions, but also how-effthe DL demand at the first-tier cells is increased, which faf

ciently resources in a frame are utilized: increases the number of crossed slots and, hence, theBSS
interference experienced by the Col, the spectral effigieaic
M w7 Mo the Col attained by the ISP system exhibits very poor perfor-
1 MOL mh : : : :
Cy = c Z logo (1 4+ ;) + 7 Z log, (1 + ) mance. Using asymmetry balancing results in a tremendous im
tot \ =1 OL 5 provement, and depending on the DL demand at the first-tier

(14) cells and at the Col, a spectral efficiency increase of maa th
whereCy, is the spectral efficiency per chunk in bps/Hg;is 100% can be achieved (referring to the 1-cell scenario wisi-fi
the SINR of chunk for single hop links;M = % Cio is the  tier DL demand of 0% to 20%). For the considered scenarios,
number of chunks allocated to UL as per the network-wide Ste ISP system results in better UL spectral efficiency fer th
Moy = pu%det, is the number of DL chunks available forCol only when crossed slots are absent. Such is the case in the
off-loading; Moy, is the number of chunks actually utilized for6-cell scenario when the DL demand is 0%, i.e., none of the six
off-loading; andy;?“h is the SINR of chunk for two-hop links. first-tier cells has DL traffic, which is a highly unlikely gition.
Clearly, for systems which do not employ asymmetry balagcinFor the spectral effiency achieved by the asymmetry balgncin
p = 0, and the second term of the summation in (14) producegstem, there is a common trend that as the DL resource demand
a zero. In addition, it should be noted thgt" is taken as the increases (at the Col and first-tier cells alike), the spéefi-
minimum of the SINR achieved at the first and second hops feiency at the Col decreases. This is as expected, becatmsanwit
each two-hop link. Furthermord% is used as a correctionincrease in resource demand fewer resources are used tbr loa
factor for the following reason. Dué to simulation comptgxi balancing.
only twenty users per cell are simulated. As a result, not all Next, the spectral efficiency attained by asymmetry batamci
available CFRs can be utilized for off-loading via a neighbois compared to that attained by an SSP system, where the SPs
ing RS. The number of available CFRs is only influenced by tla@e synchronized across cells, which is a common strategy fo
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Fig. 7. Spectral efficiency performance of AB as compared to an SSP  Fig. 8. Percentage loss in DL spectral efficiency caused by the off-

system. The spectral efficiency attained with asymmetry balancing loading ad hoc links as compared to an equivalent SSP system. As

is plotted by bars, while the spectral efficiency achieved by the SSP expected, for the 6-cell scenario at 0% DL demand at the first-tier

system is shown by a constant line as denoted on the plots. cells, the loss is zero, because there is no DL traffic at the first-tier
cells.

- . . Table 4. Resource demand for UL and DL (in %).
avoiding the detrimental BSBS interference. Results for the

UL spectral efficiency attained at the Col with asymmetry-bal| Cell number— 1 213]4]5]6]7
ancing are shown in Fig. 7 for different DL demand scenariog Link direction| | (Col)

(bar plots) and compared to the performance of an SSP systeny 15 | 90| 7560|4530 15
(solid line). As intuition suggests, when the SPs are symchr 90

nized, there is no difference in the Col UL spectral efficienc | o 85 | 10| 25|40 | 55| 70| 85
performance among the considered scenarios. It is integest 10

to note that in tackling the poor spectral efficiency atteibg
the ISP system, simply synchronizing the SPs results intabou
50% improvement in spectral efficiency for the cases of veBS—MS links. The results presented in Fig. 8 show that overall
BS—BS interference (as is the 1-cell scenario), which can ltiee loss in spectral efficiency does not surpass 0.6%. It ean b
seen by comparing the bottom plot of Fig. 7 and the bottoobserved, that even though the results for the 1-cell sezaad
plot of Fig. 6. Employing asymmetry balancing ameliorates t the 6-cell scenario are similar, the loss in the case of sbpeo
spectral efficiency even further and from Fig. 7 it can be olgrating cells is slightly larger due to the fact that moreotases
served that the system which employs asymmetry balancing ale used for the off-loadingd hoc links and, hence, more in-
ways outperforms the SSP system. In the case of 0% DL derference is caused to the first-tier DL transmission. Herrt
mand at the Col, an increase in the spectral efficiency with n@ore, the caused loss decreases with increase in the DL deman
spect to the SSP system of up4®0% is observed for up to (both at the Col and first-tier cells), as expected, becagse |
20% DL demand at the first-tier cells. When the DL demand sdsources are used for off-loading. It should be noted that t
the Col is increased to 25%, up4t25% increase in spectral ef-spectral efficiency loss obtained for twenty users per sakp-
ficiency is attained. In general, as expected, the more ressu resentative even for larger number of users for the studied s
are allocated to UL (referring to Fig. 5), the higher the spEc narios, because the number of active users at any given ke s
efficiency achieved by asymmetry balancing. Exception ® thusing any given chunk does not change and is equal to the num-
trend is the case of 0% DL demand at the Col (i.e., 100% bér of cells under consideration.
the frame resources are allocated to UL) for the 6-cell stena In order to complete the analysis of the asymmetry balanc-
(and a little less pronounced for the 1-cell scenario), wtibe ing scheme, itis important to consider what happens wher the
achieved spectral efficiency increases slightly with iase2in are no available resources for off-loading. To this end, Iy fu
the first-tier DL demand and then decreases again. Thistéffedoaded system is studied (i.e., the total UL and DL demands ad
caused by using fixed transmit power per chunk. When the trang-to 100% for each cell), where each cell has a differenti¢raf
mit power is fixed, the SINR decreases with an increase in theymmetry demand, as shown in Table 4. For the Col two sce-
number of simultaneously active users using the same resounarios are defined — UL-favored and DL-favored. The first-tie
The demonstrated UL spectral efficiency amelioration atells all have different asymmetry demands, which rangmfro
tained by asymmetry balancing is at a slight loss in spekighly UL-favored to highly DL-favored in order to explorke
tral efficiency for the first-tier DL transmission as comprecrossed-slots effects on the Col. On average three of the firs
to an SSP system. The loss is due to the off-loadidghoc tier cells require an UL-favored SP, while the other threguiee
links, which generate MSMS interference to the concurrenta DL-favored SP. Two systems are compané#, an SSP sys-



avoidance of the detrimental BSBS interference. The key to

[N
1

Zz solving this issue is user cooperation in combination witke -
g 08 cell relaying. A general mathematical framework for theesss
%06 ment of the proposed technique has been developed, and it has
g o4 R been applied to an UL study. It has been demonstrated tHain t
£ 02 SSP, UL-fav case of shortage of UL resources a virtual cell-specific SP ca
S SSP, DL-fav . .
© o ‘2 e be established, depending on the system UL-to-DL asymmetry
' ratio and the available DL resources at the Col and its sighei

Lo boring cells. When one or more cells can cooperate, even the
2 o8 - whole frame can be virtually allocated for UL traffic. Thisxle
é o6l ibility in resource allocation comes at a relatively indfgrant
¢ '47 —yT cost of less than 0.6% loss in DL spectral efficiency incurred
8% - = -ISP, DL-fav due to interference caused by thg hoc links. Furthermore, it
g 0.2+ SSP, UL-fav . . . . .
3 ‘ SSP, DL—fav is found that the asymmetry balancing technique signiflgant

% os 1 15 2 25 3 a5 4 outperforms conventional approaches where the TDD SPs are

Spectral efficiency [bps/Hz] synchronized cell-wide and where the TDD SPs are adapted to

' N _ ' the cell-specific asymmetry demands. For the UL spectral ef-
Fig. 9. Spectral efficiency comparison of an ISP system with an SSP ficiency of the Col, the gains with respect to the case of fixed
system, under the assumption of a fully loaded network. ’ . .
SPs are up to about 50%, whereas the gains with respect to the
case of cell-specific SPs surpass 100%. As expected; BS

tem, as the asymmetry balancing system becomes an SSP iygtference avoidance leads to tremendous spectraleeftyi
tem in the situation of full network load; and an ISP systeninprovement. In addition, it has been demonstrated thahwhe
Results for the UL and DL spectral efficiency at the Col are préhe system is fully loaded, the loss from allowing B8S in-
sented in Fig. 9 (top plot and bottom plot, respectively). whderference can be bigger than the loss which results from not
UL spectral efficiency is considered (top plot), it is obsetthat Mmeeting DL demand by synchronizing the TDD SP cell-wide.
when the demand at the Col is UL-favored and crossed sIdtdture work will focus on DL asymmetry balancing and the ef-
are present, by avoiding crossed slots the SSP system |yctufgqct of power control on thad hoc links as well as on the direct
achieves about 2.5 times better spectral efficiency atséie  links.
percentile than the ISP system. As expected, when the demand
at the Col is DL-favored, the UL spectral efficiency at the ol

the same for an ISP system and an SSP system. Similarly, when APPENDIX

considering the DL spectral efficiency at the Col (bottormt)plo  In order to determine the BS—-MS and MS—-RS path loss distri-
for low DL demand, the ISP system and the SSP system atthiftions the cell geometry is approximated by circular gemyne
similar performance. However, when the DL demand at the C@#ig. 10). The Col is a circle with radiug and the RSs are out-

is increased, the ISP system manages to provide about kg tigide this circle and within a circle with radiussR (due to the
better spectral efficiency at t150'" percentile than the SSP sysexagonal cell geometry).

tem. Here itis important to point out that M@MS interference  Referring to the small circle, the BS—MS path loss distribu-
is not expected to be a detrimental problem in OFDMA-TDRon can be approximated using the distribution of the distes
systems because in order to have high-M®S interference between the center of the circle and any point inside theecirc
two MSs need to be using the same chunks at the same tim@dnshown in [17]. In summary, assuming uniformly distriloute
very close proximity to each other. The situation is différ®  points along the horizontal and vertical axes, this distiin of

the case of BS:BS interference, as BS positions are fixed anghe distances is given in (15) [9].
the whole bandwidth is reused in each cell.

It can be summarized that overall the results demonstrate th £(2) = 2z
allowing each cell to set its SP independently leads to sub- N R2’
optimum results in the majority of cases, while synchramizi ) i
the SP across cells improves spectral efficiency performang® respective path losg)is of the form:Q = a + blog,(%),
significantly. Employing asymmetry balancing, i.e., keepa hgnce using variable transformation, the pdf(pfcan be ob-
network-wide SP and making use of inter-cell relaying, amel f@inéd as:
rates the attained spectral efficiency even further. It geeted 9 v
that optimizing the routing strategy will result in eventeesys- fola) = ﬁlOQT In(10), g <a-+blogy(z).  (16)
tem performance.

z<R. (15)

Next, in order to determine the MS—RS path loss distribytion
the problem can be formulated as finding the distributiorhef t
V. CONCLUSIONS distances between any point in the small circle to any paeint i
In this paper, a method namasgymmetry balancing has been the ring. Then, variable transformation can be used to fied th
proposed. It allows the support of cell-independent asymmdistribution of the path losses.
tries in OFDMA-TDD next generation networks with complete Given that a transmitter is[m] from the circle center, the pdf,



f=(z|2), of the MS-RS separation distancég, can be found as:

—ie (7r — arccos( )) x,

for R—z<z<R+z

z2+m2 —R?
2zx

X
fo(z]z) = § 47
(l2) for R+z2<x<3R-—z

2, 2 2
z°+z2“—(3R)
2zx )Sﬂ

for BR—z2<x<3R+=z

17)
The next step is to convert the MS—RS distance distribution t
path loss distribution. The path loss model used is of thefor Fig.
Y = a+ blogyo(X), henceX = 10°5*. The path loss distri-
bution for a given distance from the centey,can be obtained
as:

— e arccos(

fy(lz) = fa(a(y)]2)

dz(y) ‘
dy

y—a
22410277 —R? y;a

—a

D
f = TiRZ T — arccos 10
&5l m4R* ( ( 2z10° b ))

for R—2<10% < R+2z

y—a
_ Jra-nu .
for R+2<10% <3R-—z
_ D 24102 5 —(3R)2 \ 1 o Le
fr3= —1m= arccos( = )107®
2:10°0
for 3BR—2<10% <3R+=z

(18)

y—a
b

whereD = $10"% In(10).
Using (15), f,(y) can be obtained as (function argumentg,
omitted for clarity):

R
foly) = / £yl f(2) dz
R

fonfzdz, x € [0, R+
R—x

R

/ fr,lfz dZ, x € [R, QR}
r—R

z—R

3R—x [
/ far:,sz dZ, T € [QR, 3R]
0

R

/ f$,2fz dZ, T e [Ra 2R]+
0
[2
fz3fsdz, x € 2R,3R]+

/3sz
R

/ f:c,sz dz, x € [3R,4R] [3]
r—3R

(29) ]
The above equations are evaluated numerically and compared
to a simple Monte Carlo simulation for verification. The refl
sults are shown in Fig. 11. The following simulation paraengt
(WINNER [14]) are used:R is 500 m,a is 32.49dB and) is [6]
43.75dB. In the system model in this study, hexagonal cedls a
used. Thus, in order to verify that the circular geometrygead
approximation to the hexagonal geometry, simulation te$at

10. Hexagonal cell geometry, approximated by circular geometry.
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1. INTRODUCTION

In the recent years, orthogonal frequency division multi-
plexing (OFDM) has been a subject of considerable interest
for cellular systems of beyond third generation (3G). Wong
et al. [1] show promising results for OFDM as a multiuser
technique, focusing particularly on the gains in using
adaptive modulation. Results, presented by Keller and Hanzo
in [2], also highlight the solid benefits of employing adaptive
modulation in OFDM systems. Later, Yan et al. [3] propose
an adaptive subcarrier, bit, and power allocation algorithm
for a multiuser, multicel OFDM system, which shows
significant improvement in throughput when compared to
an equal power allocation algorithm. Limiting assumptions
include frequency reuse of four, no Doppler effect, no
own-cell interference. The gains in combining OFDM with
an adequate multiple access scheme have been thoroughly
described in [4], specifically emphasizing on the superiority
of frequency division multiple access (FDMA).

The combination of OFDMA with time division duplex
(TDD), which enables the support of asymmetric services,

is of special interest [5]. However, in a system where cell-
specific asymmetry demands are to be supported, TDD
suffers from additional interference as compared to fre-
quency divisionduplex (FDD), namely same-entity interfer-
ence (base station (BS)— BS and mobile station (MS) —
MS). A possible solution to the same-entity interference
problem is fixed slot allocation (FSA). The principle of FSA
is that the uplink-downlink (UL-DL) time slot assignment
ratio is kept fixed and constant across the cells in a network
(and usually allocates half of the resources to UL and DL
each). FSA is convenient because, most importantly, same-
entity interference is completely avoided, and, in addition,
the scheme is simple-to-implement and there is no signaling
overhead. The major disadvantage, however, is the lack of
flexibility. In other words, one of the primary advantages
of TDD, namely, the support for cell-specific asymmetry
demands is not exploited.

An interference mitigation technique, which retains the
advantages of TDD is random time slot opposing (RTSO)
[6]. In RTSO, each cell independently sets the number of
UL and DL time slots based on the cell-specific traffic
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Time slot Frame

Time

Ficure 1: For a given ratio of UL/DL resources, RTSO only
permutes the UL and DL time slots once every time interval At
(greater than the frame duration) [6], keeping the UL/DL ratio
fixed. Upward-pointing arrow denotes UL, while DL is denoted by
a downward-pointing arrow.

asymmetry demand. In order to mitigate the same-entity
interference problem, the time slots are randomly permuted
within a frame once every time interval At (where Af is
a network parameter) as illustrated in Figure 1. The actual
time slot permutation sequence follows a pseudorandom
pattern. This pattern can be independently generated at
both ends (MS and BS). As a consequence, the signaling
effort is almost negligible since only a random code at link
setup needs to be conveyed. RTSO avoids persistent severe
interference, and in effect achieves interference diversity.
Note that an analogy can be made between RTSO and
frequency hopping. In the latter, interference diversity is
achieved by hopping through different frequency carriers.
RTSO has been previously applied to code division multiple
access (CDMA) systems [6].

The purpose of this paper is to explore interference
aspects arising from cell-specific traffic asymmetry demands
in OFDMA-TDD cellular networks, while jointly considering
channel allocation and user scheduling. A multiuser, mul-
ticell OFDMA-TDD network with full-frequency reuse is
studied, assuming both LOS and NLOS conditions among
the BSs. RTSO and FSA are the considered channel allocation
techniques and the two alternative scheduling algorithms are
the fair optimum target assignment with stepwise rate removals
(OTA-SRRs) [7] and the greedy rate packing (GRP) [8].

The rest of the paper is organized as follows. Section 2
presents the system model, while the employed scheduling
algorithms are described in Section 3. The simulation model
and results are given in Sections 4 and 5, respectively.
Concluding remarks are presented in Section 6.

2. SYSTEM MODEL

A wireless cellular network can be modeled mathemati-
cally by the signal-to-interference-plus-noise-ratio (SINR)
expression in the sense that the SINR expression holds infor-
mation about the model assumptions on interference sources
and power fading alike. In terms of power fading, the system

model considered in this study takes on a realistic cross-layer
approach to reflect both small-scale fading and large-scale
fading in a typical time-variant frequency-selective channel.
Small-scale fading pertains to the received signal power
variations with frequency, while large-scale fading pertains
to the received signal power variations with distance [9]. In
previous studies [1-4], one of these impairments is usually
neglected. However, for cellular OFDM systems with increas-
ing channel bandwidth (100 MHz for beyond 3G networks
[10]), it is important that both fading effects are considered
due to the frequency selectivity and frequency granularity,
introduced by OFDM. In terms of interference sources,
this study considers contributions from own-cell links and
other-cell links, termed multiple-access interference (MAI)
and cochannel interference (CCI), respectively. Furthermore,
impairments such as frequency offset errors due to Doppler
and lack of synchronization are also accounted for.

In what follows, expressions for the desired signal power
per subcarrier, the received MAI power, and the received CCI
power are presented, which are then combined to formulate
an SINR expression according to the system model described
above.

Let subcarrier k € s = {aj,...,a,}, where a; € {1,...,
N.} and s is a set of subcarriers belonging to a single user in
cell i, and k does not experience interference from the set. The
cardinality of s, |s], is the number of subcarriers per user,
which can vary from zero to N¢ (total number of subcarriers
per BS). The received signal power on subcarrier k in cell i is
given by

RL = PLGLIH.I? [W], (1)

where P} is the transmit power on subcarrier k in cell i, Gi
is the path gain between the MS using subcarrier k and its
corresponding BS, and Hj is the channel transfer function
for subcarrier k in cell i between the MS using subcarrier k
and its corresponding BS. Here, it should be noted that the
path loss reflects the variation of the received signal power
with distance, while the channel transfer function reflects the
variation of the received signal power with frequency.

The received MAI power on subcarrier k in UL is given
by (2), where it should be noted that MAI in DL is not
considered, as perfect synchronization is assumed due to the
synchronous nature of point-to-multipoint communication:

Nc
Matk = O PhGip [Hp IPICL (A f +ep + @)]” [W],
kk”:sl
(2)
where
; (1 sin(7mx) jrx(Ne — 1)
Chr () = (Nc> sin(7rx/N¢) xp N ’ (3)

Gjj is the path gain between the transmitter on the link
using subcarrier k' and the receiver on the link using
subcarrier k, Hj;, is the transfer function of the channel
between the transmitter on the link using subcarrier k" and
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the receiver on the link using subcarrier k, Ci . (Af + ep +
w), given in (3), is a cyclic sinc function to account for
the amount of interference subcarrier k experiences from
subcarrier k', j is the imaginary unit, Af = k" —kand ep =
fo,max/0¢ accounts for the Doppler shift (where fp max is the
maximum Doppler frequency and Js is the carrier spacing),
w = f/& is the frequency offset due to synchronization
errors between subcarriers k and k', and f. is the offset in
Hz. A derivation of the cyclic sinc function is presented in
Appendix C.

The received CCI power per subcarrier is modeled sim-
ilarly to the received MAI power and is given by (4), where
it should be noted that CCI contributions are expected not
only from the reused subcarrier but also from neighboring
subcarriers, when ep and/or w are non-zero:

B N

Pioix =2, > PLGLu | HE PICL (Af +ep + w)|? [W],
I=1k'=1
1#i

(4)

where B is the number of cells under consideration (cells that
contribute nonnegligible interference).

The cyclic sinc function used in modeling MAI and
CCI controls the amount of interference subcarrier k'
causes to subcarrier k. Given the same transmit power, link
gain, and channel, with an increase in |k" — k + ¢p + wl,
the interference contribution decreases. This behavior is
expected as synchronization errors and Doppler effects are
significant to neighboring subcarriers and become negligible
when the subcarriers are spaced relatively far apart.

Based on (1) through (4), the achieved SINR on subcar-
rier k € sin cell i, y;, can be written as

PiGL

B N I A )
2= o PG () +n
if 1=K s

Vi = (5)

where Gi = Gi|H|? is the weighted gain on the “desired”
link for subcarrier k € s, Gk, (-) = Gi o |HL . |2ICL o (Af +
ep + w)|* is the weighted gain of the interfering link between
the transmitter on the link using subcarrier k" and the
receiver on the link using subcarrier k, and # is the thermal
noise power per subcarrier. As MAI in DL is not considered,
in the case of DL SINR calculation when i = [ and
k'¢s, Gip(-) =0.

It should be noted that this study assumes that adaptive
modulation is in place. For each y;, ¥, is assigned, where y,
is the target SINR of subcarrier k, such that y, < yi and
Ve € 91 < 92 < --+ < Pu}. Furthermore, suppose that
a number of m discrete transmission rates are available, r, €
{ri <r, <---<ry}depending on the modulation alphabet,
where each SINR target element corresponds to each rate,
respectively. Employing adaptive modulation, if a subcarrier
has high SINR, high data rate for the same bit error ratio
(BER) can be maintained on that subcarrier, simply by using
a high-order modulation scheme.

3. SCHEDULING ALGORITHMS

This section treats the GRP and OTA-SRR scheduling
algorithms and their adaptation to OFDMA based on the
SINR equation formulated in Section 2.

3.1. Modified GRP

GRP is a simple heuristic scheduling algorithm, which
formulates the problem of supporting different users with
different data rates into a joint power and rate control
scheme. GRP allocates high transmission rates to users
having high link gains, and hence can be considered a form
of water filling. The greedy nature of GRP is exhibited in that
the aim is to maximize throughput while minimizing transmit
power. As a result, users with the best link gains are identified
and served. Typically, these are the users close to the BS.

An extensive work on GRP for direct sequence CDMA
(DS-CDMA) systems is presented in [8], where it was
applied to a single cell, using fixed intercell interference. The
modified GRP is an iterative algorithm executed by each
BS in the network and accounts for both MAI and CCI
which are dynamically updated during each iteration. The
modified algorithm can be summarized as follows: initially,
all subcarriers are assigned maximum available transmit
power, then, an iterative procedure begins, where at each
iteration step interference is calculated and then the SINR
target, power target, and rate target are calculated for all
subcarriers and assigned accordingly. Subcarriers which are
assigned transmit power higher than the maximum allowed
power per subcarrier are blocked. Every single step of the
algorithm is first processed by each individual BS before
any of the BSs starts processing the subsequent step (pseu-
doparallel operation). This is repeated until convergence is
reached which happens when there are no significant changes
(defined as arbitrarily small changes within some interval
€) in a feasible SINR target and power target assignment
for a series of consecutive iterations. A feasible assignment
is an assignment where each assigned SINR target can be
achieved while maintaining the maximum power constraint
per subcarrier. It should be noted that convergence of
the modified GRP algorithm is tested via Monte Carlo
simulations, which demonstrate that the algorithm reaches
convergence in 50 iterations (not shown). As a safeguard,
it is assumed that the algorithm always converges after 100
iterations.

The formulation of the modified GRP utilizes the SINR
expression presented in Section 2 and slightly rearranges it
to suit the algorithm derivation. Given a vector of powers
with elements being the power on each subcarrier, P =
(Pl,Pz,...,PNC)T, the received SINR on subcarrier k, is
defined by (6) and (7) for UL and DL, respectively:

yeut = PGy |Hy|?
’ ff:], ksl Sk |2 Hige 12| Cepe (2)I* + Pecig +
(6)
PGy |Hg|?
VDL = & — (7)

Pecii+n’
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where yrur and yipr, are the SINR on subcarrier k in UL
and DL, respectively, z = Af +ep + 7, ISk > = PrGrys
and Pccy is the received CCI power on subcarrier k. Note
that all parameters belong to the same cell, thus superscripts
used earlier to indicate cell index are orgitted, and further,
Gl | HE o 12|Ch i (2)1? is used instead of Gy . (+).

Classical water-filling approaches have been intensively
studied in literature (e.g., in [11, 12] and the references
therein). However, in the light of the recent research
initiatives on green radio, an interesting question is to find
a method of throughput maximization while minimizing
total power, for which, to the best knowledge of the authors,
no closed-form solution exists. Hence, a heuristic algorithm
is employed that finds an SINR target assignment and a
power assignment, which results in maximum achievable
throughput realized with minimum power.

If it is assumed that subcarriers are allocated discrete
SINR targets from the target set I, many ways exist in
which these targets can be assigned, such that the same
throughput is maintained; however, it is interesting to
obtain an assignment which minimizes the total power. The
problem of minimizing the total power for a given sum rate
R can be expressed mathematically as given below, assuming
that p is the maximum power allowed per subcarrier and
using each y, corresponds to an r; belonging to the set of
rates, as defined in Section 2:

Nc
min » Py
k; (8)
subject to the following constraints:
?ker> I‘:{O),)\),h;Z)---)?m}) (9)
0<P.<p, (10)
Ne N
>re=R (11)
k=1

Now, assuming that there exists an SINR target assignment
which fulfills (9), (10), and (11), an important corollary is
used, which is proved for CDMA [8] and can be analogously
proved for an OFDMA system (proof not shown), viz.

Corollary 1. If the subcarriers are arranged at each BS
according to the weighted link gains, G\|H,|?> > G,|H,|*> >
-+« > Gn.|Hn.|? the total power in the cell is minimized for
a given throughput if the SINR targets are reassigned such that

YizVz =Yy

In other words, while maintaining a given sum rate,
minimum total power is used if the subcarriers are ordered
according to their link gains (best link gain first) and the
SINR targets are reassigned in descending order.

An interesting question now is to obtain the maximum
possible rate (or throughput) which can be achieved by the
system (i.e., taking a best-effort approach), while at the same
time ensuring that this is done with minimum power. This
problem is solved heuristically by the GRP, which assigns
the highest possible SINR target from the target set to each
subcarrier in order to maximize throughput, while power

is minimized according to Corollary 1. The details of the
modified GRP derivation can be found in Appendix A, while
the pseudocode of the algorithm is shown in Algorithm 1.

3.2. Modified OTA-SRR

The OTA-SRR is a scheduling algorithm which jointly
allocates rate and power. Zander and Kim introduce the
stepwise removal algorithm in [13]. Later in [7], Ginde
presents the OTA-SRR which is based on the stepwise
removal algorithm, and also includes optimization criteria.
OTA-SRR aims to maximize the sum of SINR values of
the users in a cellular system. The requirements for this
maximization are identified by the OTA, which is then
the basis for a linear programming problem, solved by the
SRR algorithm. The algorithm starts off with assigning all
users maximum SINR target out of a predefined set. Then,
the users, which experience maximum interference, are
identified and their SINR target is decreased in a step-wise
manner until the system satisfies the conditions identified
by the OTA. Unlike the GRP, which aims to maximize
throughput while minimizing power and hence serves the
best-placed users in terms of link gain, the OTA-SRR exhibits
fairness in that there is no power minimization constraint. As
a consequence, all users are initially assigned maximum rate.
Rates are then iteratively reduced based on achieved SINR
until the system is in a feasible steady state.

In this paper, the aforementioned scheduling scheme
is formulated as a subcarrier, rate, and power allocation
algorithm for OFDMA systems. An essential part of this new
formulation is the SINR equation. This enabled us to directly
apply the existing algorithm constraints and derivations. The
modified OTA-SRR is summarized as follows: initially, each
user gets a number of subcarriers (depending on the number
of users in the cell) with maximum SINR targets, out of a
predefined set, assigned to all subcarriers. Under the assump-
tion of a moderately loaded or overloaded system, not all
users can support the assigned SINR targets. Iteratively, the
subcarriers, which experience maximum interference, are
identified, and their SINR target is decreased in a step-
wise manner, in an effect adapting the modulation scheme.
If the SINR target of a subcarrier is downrated below the
minimum value from the target set, the subcarrier is given
to a different user from the same BS, such that interference
on the subcarrier is minimized. If such user is not found,
the subchannel is not used. OTA-SRR is executed until
the system reaches feasibility according to the constraints
presented in this section.

The algorithm takes into account the interference effects
among all subcarriers, thus each subcarrier (out of the total
considered in the algorithm, i.e., BN. = N) is given a unique
identification (ID) in the range [1,2,...,N] (i.e., subcarrier
one used in cell one has ID 1, subcarrier one in cell two has
ID N, + 1, subcarrier two used in cell two has ID N, + 2,
etc.). Based on this, the SINR equation given in (5) can be
rewritten as

_ PGy
oy PeG '
k=1, kgstk Gk + 1

Yk (12)
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()Y, =0and Py = p Vk
(2) Compute Pecrx Vk and Z

Nec
k' =1, k' &s

Sk 12| Higre 12| Cere (2)° Yk in UL

~

MAI
(3) for k = 1to N. do
(a) if subcarrier k is in UL then:

P Sk B | Cip (2) P (P +m)/(1+ 3, |G (2)1%))

T 2
_ _ Vi | Crp (2)]

= dmax(y,) : - <
Ve {5@er Ve gglla—yylchy(z)ﬁ

(1+y) PG Hel? — ¥, (Pacik + 1) }

P =
T (17, Gl He]?

(b) if subcarrier k is in DL then:

e [t 7, = | EOUE )
V= (et = Ve = Pccii +n
Vi
Pi= 25 (Peytn
k leHklz(chk )

(4) end

(6) if Py > p Vk then:

Block subcarrier k
(7) if SINR assignment feasible then:

Keep power assignment and SINR assignment
(8) else

goto2

Vi (Zﬁ‘l(yk, |Cir (2) 1 (Pecip +m)/(1+ 7, | Crp (2)17))
1= S0 (7 [Cop (2) /(1 + 7, | Cepe (2)17))

(5) Update the transmit power, SINR (and respective rate) assignment for all subcarriers

+ PCCI,k + }’l)

ArLcorITHM 1: Modified GRP.

Note that (12) and (5) differ in their representation only. By
dividing the numerator and denominator of the right-hand
side of (12) by Gy and transforming it into matrix notation,
(12) can be rewritten as

(I1-®)P =g, (13)

where I is the identity matrix, @ is the normalized link gain
matrix (with dimensions N X N), defined as

7Gx ()
Opp = %, (14)
K.k &
and 7 is the normalized noise vector, given as
Vit
==, (15
= w )

with y, € T, for all k € N. The inequality in (13) holds
as each subcarrier strives to achieve SINR greater or equal
to the target. The OTA constraints on the algorithm are
defined based on the properties of ® and its dominant
eigenvalue A, (real, positive, and unique, according to the
Perron-Frobenius theorem [14]). For @, it holds that it is
real, nonnegative, and irreducible, that is, the path gains
and the SINR targets are real and nonnegative, and the
path gains are assumed to be uncorrelated. A solution for
the system inequality given in (13) exists, only if the right-
hand side of P > (I— ®) 'y converges. The conditions
for convergence of the modified OTA-SRR algorithm are
presented in Appendix B and the algorithm is shown in
Figure 2.

4. SIMULATION MODEL

The simulation model considers an OFDMA-TDD network
with a total of 200 uniformly distributed users in a 19-
cell region, where each cell has a centrally-located BS.
However, a best-effort full-buffer system is in place, which
means that all users demand service at all times and the
quality of service (QoS) desired by a user corresponds to
the maximum data rate it can support. TDD is modeled
by assuming a single time slot, where each BS is assigned
to either UL or DL, and UL:DL ratios of 1:1, 1:6, and 6:1
are explored. In the case of RTSO, the UL/DL time slot
assignment is asynchronous among cells and the assignment
of each cell is random with probability depending on the
asymmetry ratio studied. When FSA is in place, all cells are
synchronously assigned UL or DL with the same probability,
thereby modeling symmetric traffic. Here, it should be noted
that channel allocation and scheduling are two disjoint
processes, so that after each BS has been assigned to either
UL or DL, scheduling takes place. A quasistatic model is
employed where the link gains between transmitters and
receivers remain unchanged for a time slot duration. A
BS-MS pair (i.e., a link) is formed based on minimum
path loss. The system parameters used in the simulation
are shown in Table 1. Note that because of the snap-
shot nature of the simulation, MSs appear static. However,
Doppler frequency offset errors and offset errors due to
synchronization are accounted for by using constant offset
values. In particular, Doppler frequency offset corresponding
to a speed of 30 km/h and 50% synchornization offset are
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F1GURE 2: Flowchart of the modified OTA-SRR algorithm.

used. The latter value is chosen to reflect a severe interference
scenario (e.g., [15] report ~30% offset).

The small-scale fading effects are simulated via a Monte
Carlo method [16], which takes into consideration the effects
of Doppler shift and time delay. A power delay profile is
used corresponding to the specified delay spread in Table 1
[17]. It is assumed that a proper cyclic prefix is in place such
that intersymbol interference (ISI) is avoided. The path loss
model to account for large-scale fading is chosen accordingly,

[18]—Terrain Category A (suburban), shown as follows:

47'[d0f
C

) + 10£log10(dio> +X, [dB],
(16)

P, = 2010g10(

where djy is the reference distance in meters, f is the
carrier frequency, ¢ is the speed of light (3 x 10®m/s),
& is the path loss exponent, d is the transmitter-receiver
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TasLE 1: Fixed parameters.

Number of BSs 19 Number of MSs 200

Cell radius 500 m Bandwidth 100 MHz

Number of subcarriers 2048 RMS delay spread 0.27 us

Carrier frequency 1.9GHz Maximum Doppler frequency 190 Hz

Maximum power per link 2W Freq. offset due to synchronization 0.5

separation distance in meters, and X, is a zero-mean
normally distributed random variable. The path loss in (16)
is lower-bounded by the free space path loss [9], ﬁL, given by

~

B = 201og10(@) +20log,,(d) [dB].  (17)

Results for a system with NLOS conditions for all TDD
interference scenarios (MS — BS, BS — MS, BS — BS,
MS — MS) are compared against results for an equivalent
system where LOS in the case of BS — BS interference
is assumed (and NLOS for the remaining scenarios). The
path loss in the case of LOS is calculated using the free
space path loss model, given in (17); and the worst-case
scenario is assumed with 100% probability of LOS. Adaptive
modulation is achieved with seven different modulation
schemes [19] given in Table 2, based on the received SINR for
a BER of 1077 (necessary for real-time services such as video
streaming). The corresponding data rates, Y, are calculated
using Y = MYco4e/Ts, where M is the number of bits per
symbol, Ycode is the code rate (here, 2/3), and Ts is the
symbol time (including cyclic prefix of 20%). Note that the
cross and star constellations are QAM variations in order to
ensure robustness to interference, as described in [20, 21],
respectively.

5. RESULTS AND DISCUSSION

The algorithms implemented in this study are evaluated on
the basis of three metrics, viz spectral efficiency, subcarrier
utilization, and user outage, described below. Spectral effi-
ciency is the achieved system throughput divided by the
total bandwidth divided by the number of BSs, subcarrier
utilization is the number of subcarriers used in the system,
divided by the total number of subcarriers (number of
subcarriers per BS times the number of BSs), and user
outage is defined as the users not served (assigned zero
subcarriers) as a fraction of the total number of users in
the system. All metrics pertain to the whole system, that is,
UL and DL combined, unless stated otherwise. In addition,
as mentioned in Section4, a TDD system is simulated
assuming a single time slot which is either assigned to UL
or DL traffic. This means that for every time slot a different
user distribution is analyzed. Since TDD can essentially
be characterized as a half-duplex system, this is deemed a
sensible approach in order to obtain insightful statistical
results on essential system metrics.

The variation of spectral efficiency with asymmetry and
LOS conditions for the BSs can be seen in Figures 3(a)

and 3(b) for the modified OTA-SRR and the modified GRP,
respectively. A clear trend can be observed for both schedul-
ing schemes. In particular, with an increase in the number of
time slots allocated to DL, the spectral efficiency increases
and reaches 90% of the theoretical maximum, which is
(Ymax X Ne X B/W)/B = Ypax/We = 4.44bps/Hz/cell,
where W is the system bandwidth, W, is the bandwidth
per subcarrier, and Yy, is the maximum data rate per
subcarrier (as given in Table 2). Moreover, Figures 3(a)
and 3(b) show that LOS conditions among BSs degrade
performance significantly. For an asymmetry of 6:1 (UL:DL),
the spectral efficiency at the 50th percentile for OTA-SRR
and GRP decreases by =~30% and ~50%, respectively. In
contrast, the systems employing DL-favored asymmetry are
more robust to LOS among BSs. The difference between the
spectral efficiency achieved by the NLOS system and the
LOS system for an asymmetry of 1:6 (UL:DL) amounts to
~8% and ~6% at the 50th percentile for OTA-SRR and GRP,
respectively. This observation is as expected, due to the fact
that in DL-favored asymmetries, the occurrence of BS —
BS interference is significantly limited. It is interesting to
note, however, that in terms of spectral efficiency, OTA-SRR
is considerably more robust to the detrimental BS — BS
interference during UL-favored asymmetries than GRP. The
algorithms’ “robustness” tends to equalize as the asymmetry
becomes in favor of DL. The fact that GRP is more sensitive
to interference can be explained by its mechanism: GRP
identifies the few best-placed users (in terms of path loss)
to be served with the highest achievable data rates. With a
deterioration in the interference conditions, there is a severe
reduction in the number of best-placed users and the data
rates that these users can achieve. In contrast, OTA-SRR
tries to serve all users, giving each user only the subcarriers
that they can utilize. Thus, OTA-SRR adapts to the overall
interference and that is why the degradation of performance
is not as severe as in the case of GRP.

The outage results shown in Figures 4(a) and 4(b) for
OTA-SRR and GRP, respectively, display a similar trend
in terms of the comparative performance of the greedy
and fair algorithms. Furthermore, the results demonstrate
that allocating more resources to DL improves the outage
performance and this result is valid for both scheduling
algorithms. A comparison between the outage and spectral
efficiency results suggests that the relative performance
degradation due to LOS is smaller in the case of outage than
in the case of spectral efficiency. This is due to employing
adaptive modulation, which allows for various SINR levels to
be used before discarding a subcarrier. As a consequence, an
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TaBLE 2: Adaptive modulation parameters for BER of 1077,

. 4 8 16 32 64 128 256
Modulation scheme
QAM star QAM Cross QAM Cross QAM
Data rate 54.24 81.37 108.49 135.61 162.73 189.86 216.98 kbps
SINR 9 14 16 19 22.2 25 28.5 dB
Empirical CDF: spectral efficiency (OTA-SRR) 1 Empirical CDE: spectral efficiency (GRP)
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F1GURE 3: Spectral efficiency [bps/Hz/cell] attained by the OTA-SRR and GRP for various UL:DL ratios for cases of LOS and NLOS among
BSs. The spectral efficiency is the total throughput in the system divided by the total bandwidth divided by the number of cells.

LOS system could serve approximately the same number of
users as an NLOS system (given that all other parameters are
the same), but with fewer subcarriers and significantly lower
data rates, due to the increased interference. Furthermore,
the outage results demonstrate that in the case of OTA-SRR
(at the 50th percentile), between ~57% and ~83% (at the
50th percentile) of the users are not served, whereas GRP
puts between =~80% and ~92% of the users into outage.
As expected, the fair algorithm offers service to a larger
population than the greedy algorithm. It should be noted
the outage metric is a relative metric, used for comparison
purposes only. The low percentage of served users is due to
the severe interference conditions considered.

The overall trends discussed above are also seconded by
the subcarrier utilization results presented in Figures 5(a)
and 5(b). In addition, it is interesting to note that at the 50th
percentile, OTA-SRR utilizes between ~65% and ~97% of
the available subcarriers, while GRP utilizes between ~40%
and ~90% of the subcarriers. The fact that OTA-SRR utilizes
more subcarriers is not surprising due to the algorithm’s fair
nature. As previously mentioned, OTA-SRR tries to serve as
many users as possible, while utilizing as many subcarriers
as possible, while GRP chooses only the “best-placed” users
with the “best” channels.

So far, the results have demonstrated superiority in the
performance of DL as compared to UL for all considered

metrics. In order to gain insight into the factors that influ-
ence the performance of UL and DL, the spectral efficiency
performance of UL and DL is studied separately. Results
are presented in Figure 6 assuming an UL:DL asymmetry of
1:1 for the following systems, employing RTSO: an OTA-
SRR system with NLOS conditions, an OTA-SRR system
with LOS conditions among BSs, an ideal OTA-SRR system,
and a benchmark system. The benchmark system considers
neither frequency offset errors nor Doppler errors, that is,
it is a purely orthogonal system where the only source of
interference is CCI. The resources are allocated randomly at
the beginning of each iteration and the SINR per subcarrier
is calculated. If the SINR of a particular subcarrier is below
the minimum required threshold (Table 2), the subcarrier is
discarded and not utilized. If all subcarriers, allocated to a
particular user, are discarded, the user is put into outage.
The SINR of the subcarriers that can maintain a successful
link is used to determine their respective data rates and the
spectral efficiency of the system. The ideal system is also a
purely orthogonal system but, unlike the benchmark system,
has resource allocation and adaptive modulation in place.
Figure 6 suggests that the spectral efficiency achieved with
the benchmark system is the worst, which is as expected
because the absence of a scheduling mechanism does not
allow for frequency selectivity to be adequately exploited.
Moreover, in all cases, DL performs better than UL.
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FIGURE 4: Outage exhibited by the OTA-SRR and GRP for various UL:DL ratios for cases of LOS and NLOS among BSs. Outage is the ratio
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This is expected due to the presence of MAI in UL and
the lack thereof in DL. In addition, in UL, there is BS —
BS and MS — BS interference, while BS — MS and MS
— MS interference is characteristic for the DL. For the
benchmark system, the difference between UL and DL is
about 0.5 bps/Hz/cell at the 50th percentile. In the case of
the ideal system, DL only marginally outperforms UL, which
is as expected, because frequency selectivity is adequately

exploited. However, the difference in UL/DL performance
gets more pronounced as LOS conditions for the BSs and
offset errors are introduced, that is, in the case of the
LOS system and NLOS system, respectively. DL is more
favorable in terms of interference, due to the synchronous
nature of point-to-multipoint communication and the fact
that as the MSs are the receiving units, the detrimental
BS — BS LOS effects are not present. Thus, the system
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Ficure 6: UL and DL spectral efficiency attained by OTA-SRR for
UL:DL ratio of 1:1.

performance is expected to improve as the asymmetry is
shifted in favor of DL, which is in line with the observed
results (Figures 3(a) and 3(b)). It is interesting to note,
however, that contrary to intuition, DL LOS performs better
than DL NLOS. The reason lies in the mechanism of the
OTA-SRR algorithm, which operates on all subcarriers (in
the cells under consideration) simultaneously. As already
discussed, the UL overall performs worse than DL; and
this performance gap is enhanced when LOS conditions
are considered. Consequently, in an LOS system, the SINR
targets of UL subcarriers generally get down rated before
the DL subcarriers. As a result, UL subcarriers are discarded
before the DL subcarriers. This means that the dimension
of the normalized link gain matrix is decreased, which
in turn makes the convergence of the algorithm faster.
Fast convergence means fewer iterations of step-wise-rate
removal, which in turn means fewer-rate removals. As a
result, higher data rate per subcarrier is achieved, and, thus,
a system is obtained which achieves better spectral efficiency
on the DL than an equivalent NLOS system.

In an FSA network, on the other hand, LOS conditions
among BS do not cause interference, due to the synchronized
UL/DL switching point across the network. Thus, intuitively,
it is expected that a symmetric FSA scheme exhibits better
performance than an equivalent RTSO system, since it avoids
the detrimental BS — BS interference, as well as the MS —
MS interference. However, it can be observed that neither of
the schemes is strictly better than the other. For instance,
assuming OTA-SRR (Figure 3(a)), it can be found that for
RTSO, the probability that the spectral efficiency is greater
than 2.25bps/Hz/cell is about 95%, whereas for FSA, this
probability is only about 75%. On the other hand, when
assuming a spectral efficiency of 3 bps/Hz/cell, it can be
found that the same probability for RTSO is 10%, whereas
the probability for FSA is 30%. As expected, their medians
generally coincide due to the fact that the rate of asymmetry

is the same, and, moreover, the FSA curve spans between the
1:6 (DL-dominated) NLOS and 6:1 (UL-dominated) NLOS
RTSO cases. The latter effect is attributed to the shifting of
more resources to UL (DL), which creates an interference
scenario (MS — BS (BS — MS)) similar to the UL (DL)
FSA. Furthermore, it can be observed from all results that
the cumulative density function (cdf) graphs for FSA are
generally spread out, whereas the cdf graphs for RTSO are
comparatively steeper. This means that RTSO offers a more
stable and robust QoS, while the QoS offered by the FSA is
with larger variation.

An interesting observation can be made with regard to
the outage results (Figures 4(a) and 4(b))—the FSA scheme
exhibits a “plateau” behavior (bimodal distribution). This
can be explained by the presence of MAI in UL, which
creates a significant gap between UL and DL performance.
Overall, it is observed that the RTSO can successfully exploit
interference diversity and thus outperform the FSA scheme
in certain scenarios for the same asymmetry. Moreover,
shifting more resources in favor of DL achieves better
performance than a symmetric FSA system. For example, at
a spectral efficiency of 3 bps/Hz/cell, the gain compared to a
symmetric UL/DL usage and FSA is about 20% (Figure 3(a)).

With respect to the comparative performance of the two
scheduling schemes presented in this paper, the results show
a similar trend in the explored metrics. However, GRP, which
allocates subcarrier, rate, and power in a greedy manner,
achieves only a marginal increase in spectral efficiency at
the cost of outage, as compared to the fair OTA-SRR. It is
interesting to relate these trends to a similar study done for
a CDMA system in [22] with the same cell radius, number
of cells, number of users as in the present study. In the
case of CDMA, the greedy GRP algorithm as compared to
the OTA-SRR scheme displays a twofold increase in terms
of total system data rate. At the same time, GRP serves
only 30% of the users which are served under the OTA-SRR
scheme. Thus, unlike CDMA, in an OFDMA system, the fair
OTA-SRR approach is more efficient than the greedy GRP
approach.

6. CONCLUSIONS

This paper explored UL/DL asymmetry interference aspects
in multicellular multiuser OFDMA-TDD systems consid-
ering both LOS and NLOS conditions among BSs, when
jointly applying channel allocation and user scheduling.
The results demonstrated that under RTSO, UL is the
performance limiting factor due to unfavorable interference
and the hazardous effect of LOS conditions among BSs. It
was, furthermore, shown that shifting more resources in DL
provides a system robust to these TDD-inherent problems,
which is particularly beneficial as future wireless services are
expected to be DL-dominated. Such a DL-favored scenario
attained up to 90% of the maximum spectral efficiency
achievable by the considered network. In addition, for the
same asymmetry, RTSO was found to offer a more stable
and robust QoS than FSA. The results also demonstrated
that, overall, the fair OTA-SRR scheduling algorithm was
more robust to the detrimental TDD-specific BS — BS
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interference than the greedy GRP algorithm. Furthermore,
the fair OTA-SRR served to up to ~20% more users, utilizing
up to ~25% more subcarriers, and still achieving spectral
efficiencies only marginally lower than those attained by
the GRP. Hence, RTSO when combined with OTA-SRR
fair scheduling allows the system to retain high spectral
efficiency while maintaining fairness in an OFDMA-TDD
cellular network with asymmetric traffic.

APPENDICES
A. GRP: TRANSMISSION AND POWER CONSTRAINTS

This section treats the derivation of the transmission and
power constraints for the GRP algorithm separately for the
cases of DL and UL.

A.1. DL transmission and power constraints

A power minimization problem subject to three constraints
was defined in Section 3.1. The first constraint is to choose
the SINR targets from the predefined target set I, the second
one is to limit the maximum allowed transmit power per
subcarrier to p, and the third one is a constraint on the sum
of SINR targets. Given the first two constraints, GRP aims
(1) to maximize the achieved throughput by always assigning
the maximum possible SINR target from the target set, and
(2) to minimize the total power by using Corollary 1. In
order to define the DL GRP algorithm, first, the DL problem
statement is formulated and then the power constraint and
the throughput maximization condition for the case of DL
are derived.

The required power, Pk, on a subcarrier k in the DL is
given by (A.1), which follows from making Pj the subject
of (7). Note that because in DL perfect synchronization is
assumed, there is no MAI:

Yk
"~ GilHi 2

(Pccrk +n). (A.1)

Hence, the sum of the powers in a cell can be computed as
shown below:

N Ne o
Zl Z .Gy \H E (Pccr + n). (A.2)
Now the objective function for DL can be expressed as
N T
mln{zG H, |2(Pcc1k+n)} (A.3)

The formulation in (A.3) is subject to a power constraint,
which can be expressed mathematically as shown below
using (A.1) and limiting the maximum transmit power per
subcarrier to p:

(Pccik +n). (A.4)

T
P = GlH 2

Next, system throughput needs to be maximized. To formu-
late this for the case of DL, first, the upper bound on y, can
be expressed by rearranging (A.4) as follows:

2
kalHk\ (A5)
PCCI kt+n

This effectively means that for given interference conditions
and channel state, the highest SINR target that can be
assigned (and achieved) is when the transmit power is
maximum. Hence, to maximize throughput, each subcarrier
must be assigned the maximum 7y, from the set T which
satisfies (A.5). Expressed mathematically, the condition for
throughput maximization is

(A.6)

The modified DL GRP algorithm is developed based on (A.4)
and (A.6) and is shown in Section 3.1.

A.2. UL transmission and power constraints

The approach used to formulate the UL GRP algorithm is
analogous to the approach used in the case of DL GRP in the
previous section.

The required power, Px, on a subcarrier k in UL is derived
using (6), where each side of (6) is multiplied by | Cy(z) 12
For simplicity, the following notation is used:

Xk = PeGi|Hi 12| Cr(2) 17, vk = Pecie + 1,

B 5 (A.7)
Ik = Y1 Gk (D)7,
and (6) becomes:
Xk
= ==—"7"—", A.8
£ Seesk + (A8)

with both y, and I fixed, and xi to be determined because
Py is of interest. Assuming that s is composed of only k, the
above equation can be rewritten as shown below. Note that
this is only a simplifying assumption and does not limit the
final result to a particular cardinality of s:

Xk
N. .
D Xk — Xk + Yk

By rearranging the abovementioned data, x; can be obtained
as

I, = (A.9)

(A.10)

Iy
-

Next, (A.10) is summed over k and the result is used to
substitute Zg‘:lxkr in (A.10) to obtain

Xk = (A.11)

I (Zkl(lk}’k/(1+lk)) )
T\ T — 3 (/1 b)) %)
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Now substitution for xx, yx, and lxand simplification yield

P - Yk
k= _ 2 P
(1491 Cek(2)17) Gy | H |

y (szf_l(yk, |Cie (2)|* (Pecip +m)/ (147 | Cip (2)17)
1 S0, e | Ciope (2) /(147 | Crope (2) 7))

+Pccrk + I’l) .

(A.12)

Note that (A.12) contains | Cyx(z) 12, which is the special case
of |Crx (2) | when k and k’ belong to the same user and are
the same subcarrier. (Technically, it could also be the case
that a subcarrier is reused at a given BS, but this situation
is not of interest, as reuse one is assumed here.) Whenever
that is the case, there are no errors due to Doppler and no
frequency offset errors, and in addition k — k = 0, hence z
is 0. It can be shown that as z — 0, [Cix (2)]*> — 1 (refer
to Appendix C). Therefore, using | Cy x(2) > =1, the required
power on a subcarrier k can be expressed as

Yk

P = A it 5
T +7,)Gr|Hy |2

S Fe | Cor (2) 12 (Pecip +1)/ (14, | e (2) 7))
X Ne — 2 — 2
1= >0 3 |G (D) 17/ (147, | Crpe (2)17))

+ Pccrk + n).
(A.13)

Now using (A.13), the objective function for UL is formu-
lated as

N —
. Yk
min e ——
' {é(uyk)leHkv

y (zﬁizlm, |G (2)1*(Pecre +1)/ (147, | e (2)17)
1= 33 P |Gk () 1/ (147 | G (2)17)

+ PCCI,k + I’l) }

As in DL, it is assumed that the maximum transmit power
allowed on each subcarrier is p, however, it should be noted
that p can be different for UL and DL. Then, the constraint
on the UL can be expressed as P, < p and using the
expression for Py in (A.13) and rearranging it, the UL power
constraint can be expressed as

(A.14)

N P |Crp ()1
k=1 1+ Vi |Ck,k/ (Z)|2

ez | G (2) P (Pecip +m)/ (147, | Ciope (2) )

<1 —
(1+9,) PGk | Hi |2 =y (Pccrk +1)

(A.15)

Now, note that for given y,, G, and |Hi |2, the expression in
(A.14) is minimized when 1 — Zg;l(?k,le,kr(z)IZ/(l +
Vi | Croie (z)/*)) is maximized which is equivalent
to minimizing the left-hand side of (A.15), that is,
Zg;l(?k,\Ck,k'(z)\z/(l + ?k,ICk,kr(z)\z)). This equivalence
holds because

N Pl Crr (2)I

e R, (A.16)
w11+ [Crr (2)]

due to the fact that y,, ICk,kr(z)I2 is always greater than or
equal to 0. Hence, the minimization of the left-hand side of
(A.15) can be expressed as

P |Cpe (2) 17
1+ Crr (21

1 - max { 7Sy (Z/(0+ 7 |G (D)) }
(1+9,)pGk|Hk|? = Y, (Pccrk + 1)
(A.17)

where Z denotes 3, | Cix (2)|*(Pccip + ).

The fraction on the right-hand side of the above
inequality is actually maximized when the largest possible y,
is chosen from the set T such that (A.17) is satisfied. Based
on (A.15) and (A.17), a rate packing algorithm is developed
for the UL, given in Section 3.1. Note that for the special case
where all subcarriers in a cell belong to one user, there is no
MAI and the UL GRP algorithm is the same as the DL GRP
algorithm.

B. OTA-SRR: CONSTRAINTS AND
ALGORITHM CONVERGENCE

This section briefly reviews the OTA constraints and the
convergence issues pertaining to the OTA-SRR algorithm [7].
More detailed treatment can be found in [7].

The conditions for convergence of the system equation
(13) are outlined below:

I-@) ' =1+0+®*+-- -,
(B.1)
I+®+®*+--)x=(1+A+A2+---)x,

where x is the eigenvector corresponding to the eigenvalue A
of ®. The series in (B.1) converges if and only if A < 1 and
this holds for any eigenvalue of ®. Thus, (13) has a solution,
when A; < 1.

In order to determine a feasible set of transmit powers,
let Py be the eigenvector corresponding to (1 — A;), the
eigenvalue of (I — @). Then, the system in (13) becomes

(1-M)P1 =y,
which is equivalent to
"
P, > . B.2

= (8.2)
If Ppay is the vector of maximum transmit powers, P; must
satisfy

Pl =< Pmax~ (B3)
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Thus, based on (B.2) and (B.3), it follows that

P>11

max = 1_7/11) (B4)

with 0 < A; < 1. The system constraint can now be expressed
by rearranging (B.4) as

1-XA > max{@}.
iEN p

The modified OTA-SRR algorithm is illustrated by the
flowchart in Figure 2.

(B.5)

C. DERIVATION OF THE CYCLIC SINC FUNCTION

The following is a derivation of the cyclic sinc (or modified
Dirichlet) function, which accounts for the dependence of
the interference contribution from subcarrier k' to subcarrier
k on the |k" — k|.

Based on the IFFT and FFT operations, the received
modulation symbol on subcarrier k (without noise), Ry, can
be written as

N Z [Nlezk Sk exp (J

2mik’ )] exp ( —jZnik)
C i=0 C NC ’
(C.1)

where j is the imaginary unit, Sk is the transmit symbol
on subcarrier k, and H;j is the channel transfer function
of subcarrier k. If one contributing propagation path is
assumed, the channel transfer function can be expressed as

Hise = exp(jg)exp (L7010 ) o (22K )
i2mi(ep + w
= Hj exp (%)’
(C.2)

where ¢, is the relative propagation delay, and ¢ is the phase.
After substituting (C.2) into (C.1) and reordering result in

R
~1 Ne— oy o
< j2mi(ep + w)) j2mi(k’ — k)
— Z ZH <7 Skrexp(7>
i=0 k'=0 N N
Ne-1 Ne-1 o
1°3 < j2mi(k’ — k+ep + w)
EZHkrSk[ exp( ) .
Ne k'=0 i=0 Nc

—
geometric series

(C.3)

The geometric series in (C.3) can be simplified. If 27 (k" —
k+ep+w)/N: = f, the geometric series representation yields

N-1 .
) 1 — exp(jBN)
exp(jpk) = ——
kgo P 1 —exp(jp) (C4)
_ J(N = 1)B sin(NpB/2)
- eXP( 2 ) sin(B/2)

Using the result from (C.4), the cyclic sinc function Cyp (k" —
k + ep + w) can be derived as

, _ 1 sin(n(k' —k+ep +w))
Clie (K =+ ep +w) = G Gk — K+ ep + @)/NO
(jrz(k’—k+sD+w)(Nc—1))
X exp >
Nc
(C.5)
such that (C.3) becomes
Ne-1
Ri = Z Hy S i (K" — k + ep + w). (C.6)
k=0

The received symbol in (C.6) includes both an interference
component and a useful component, and can be written in
terms of desired signal power and interference power (in
Watts) as

Nc—1

Ri= >

k=0, k' #k

| Hig 12Py Giop | g (K — k + ep + w) |

-

2s

interference

+ |Hg| 2P Gy | Cr(k — k + ep + w) %,

useful signal

(C.7)

However, (C.7) models a general case of MAI, which in
Section 2 is straightforwardly tailored to account for multiple
subcarriers per link and also to account for CCI. It should
be noted that Doppler offset and frequency synchronization
errors in the desired signal are not considered as perfect
synchronization is assumed, hence, the argument of | Cy.x (k—
k+éep + w)l is 0. Using (C.5) and noting that for small
a, sin(a) = a, it can be shown that as the argument of
|Cri(k —k+ep+ a.))l2 goesto 0, |Crx(k —k+ep + a.))l2 goes
to 1. Hence, the useful (desired) signal power per subcarrier,
Ry, is expressed as

Ry = PyGi|Hi|* [W]. (C.8)
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Abstract—This paper proposes a novel approach to interfer-
ence avoidance via inter-cell relaying in cellular OFDMA-TDD
(orthogonal frequency division multiple access - time division
duplex) systems. The proposed scheme, termed asymmetry bal-
ancing, is targeted towards next-generation cellular wireless sys-
tems which are envisaged to have ad hoc and multi-hop capabil-
ities. Asymmetry balancing resolves the detrimental base station
(BS)-to-BS interference problem inherent to TDD networks by
synchronizing the TDD switching points (SPs) across cells. In
order to maintain the flexibility of TDD in serving the asymmetry
demands of individual cells, inter-cell relaying is employed. It is
demonstrated that asymmetry balancing offers great flexibility
in uplink (UL)- downlink (DL) resource allocation. In addition,
results show that a spectral efficiency improvement of more than
100% can be obtained with respect to a case where the TDD SPs
are adapted to the cell-specific demands.

I. INTRODUCTION

An effective strategy which is envisioned for next-
generation wireless cellular networks to ameliorate the spectral
efficiency performance without increasing hardware cost is to
make use of existing infrastructure and to introduce coopera-
tion among the network entities. Naturally, such cooperation
leads to multi-hop cellular networks (MCN) [1], i.e. cellular
networks which have relaying capabilities. A relay station (RS)
is an intermediate node between a mobile station (MS) and the
servicing BS and the relay can be either a dedicated transceiver
or an MS. However, MCNs where the relays are MSs are of
special interest due the wide availability of mobile terminals,
especially in highly populated areas, where network capacity
becomes a limiting factor. Capacity improvement has been
shown in [2], where in-cell users act as relays to form virtual
antenna arrays and thereby exploit transmit diversity.

The ad hoc capabilities in an MCN are actually enabled
by TDD. In addition, the support for cell-independent traffic
asymmetry offered by TDD together with the advantages of
OFDMA, make OFDMA-TDD a promising choice for next
generation wireless networks [3]. However, TDD suffers from
additional interference as compared to frequency division du-
plex (FDD). In particular, TDD suffers from same-entity inter-
ference, MS—MS and BS—BS, which presents a major prob-
lem in actual cellular TDD deployment when cell-independent
asymmetry is to be supported. Known solutions to interference
avoidance in TDD include the concept of zone/region division
[4], which restricts crossed slot operation only within a radius

Parts of this manuscript appear in a research article accepted for publication
at the Journal of Communications and Networks (JCN), No. 10, vol. 2, Special
Issue on Wireless Cooperative Transmission and its Applications (to appear).
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r around the BS. Optimum performance has been found for
r=52% of the cell radius [4]. This strategy reduces MS—MS
interference, but does not solve the more detrimental BS—BS
interference problem. Moreover, it also imposes restrictions
on the flexibility of TDD by compromising user demand.
Furthermore, a strategy for same-entity interference mitigation,
similar to frequency hopping, termed time-slot opposing, has
been proposed in [5]. The time multiplexed busy tone approach
in [6] also mitigates the problem of same-entity interference.

In this paper a novel idea termed asymmetry balancing is
proposed to entirely avoid the detrimental BS—BS interfer-
ence. The essence of the asymmetry balancing concept is, as
the name suggests, to balance the asymmetry demand across
the cells in a network. To this end, the TDD SP is synchronized
across cells, which might result in a shortage of resources
in a particular cell, while a neighboring cell might have
spare resources (assuming cell-independent traffic asymmetry
demands). In order to resolve any mismatch between resource
availability and resource demand, the ad hoc capabilities of
an MCN are exploited. In particular, an MS which cannot be
served in either UL or DL by its associated BS due to shortage
of resources is served by a neighboring cooperating BS, which
has spare resources in both link directions. The established
MS«BS link is a two-hop link where the intermediate node
is an MS associated with the cooperating BS. In this way,
despite the fact that the network maintains a synchronized SP,
cell-specific asymmetries are effectively supported.

It is assumed that cells are differently loaded, which is
a reasonable assumption for future wireless networks which
will mainly support packet-data traffic characterized by a
high peak-to-average load ratio. In addition, because traffic
is envisaged to be DL-favored the network-wide SP will
be primarily DL-favored (or occasionally symmetric), it is
expected that a cell which requires UL-favored SP will not be
able to support the UL demand. Therefore, this study focuses
on UL asymmetry balancing.

The rest of the paper is organized as follows. Section II
introduces the novel asymmetry balancing idea and the simu-
lation model is presented in Section III, while the results are
given in Section IV. The paper concludes with Section V.

II. ASYMMETRY BALANCING VIA INTER-CELL RELAYING

As the asymmetry balancing concept relies on cooperation,
it is important to identify the cooperating entities and when
they can cooperate. If hexagonal cells are considered, each cell
can be treated as a cell of interest (Col), surrounded by six
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neighboring cells, which are the potential cooperating cells.
Fig. 1 illustrates the aforementioned geometry during a DL
time slot. Assume that there are only two frequency resources
per cell per link direction per frame, which are marked by
boxes on Fig. 1. A black box signifies an allocated resource,
while a white box signifies a free resource. Let the Col suffer
from shortage of UL resources, while it has a DL resource
available. Marked by a solid ellipse is the MS at the Col,
which needs UL service and desires to off-load traffic. The
first-tier cells which are marked with dashed hexagons have
spare UL and DL resources and hence are the cooperating
cells. Associated with the cooperating cells are the MSs which
can serve as RSs (identified by dashed ellipses). The tagged
MS at the Col can relay to any of the available RSs. The

g|luw
E |

Frequency

Fig. 1. The MSs in the center cell, i.e. the Col, can off-load UL traffic to
neighboring cooperating cells (marked by dashed hexagons) using free DL
resources (marked by white boxes).

MS—RS link uses a DL resource, which is free both at the Col
and the cooperating cell which serves the respective RS. Such
resources are referred to as common free resources (CFR).
In addition, the off-loading MSs can form ad hoc links to
either idle MSs in neighboring cells, or active MSs which are
already receiving in DL from their BS. The latter case exploits
the fact that a DL transmission to a user usually does not
occupy all subchannels, and this is accounted for by the use
of frequency division multiple access (FDMA). It should be
noted that in an OFDMA-TDD network the smallest resource
unit allocatable to a particular user is termed a chunk!, i.e. a
number of subcarriers during one time slot.

Based on the above, the main steps of the UL asymmetry
balancing technique for multiple cell scenario are summarized
below:

1) A Col is overloaded in UL and requires cooperation.

2) The set of first-tier cells surrounding the Col, which have
spare resources both in UL and DL, are the cooperating
cells.

3) There are DL CFRs between the Col and at least one
of the cooperating cells.

4) Utilize the CFRs to transfer UL load from the Col to the
cooperating cells. Use ad hoc communication to form

The terms chunk and resource are used interchangeably throughout this
text.

MS—RS links between MSs associated with the Col
and RSs associated with any of the cooperating cells.

Similarly, if the Col suffers from DL overload, MSs at the
Col can be served indirectly by the cooperating cells via near-
by MSs (operating as RSs).

From the above it can be concluded that the asymmetry bal-
ancing requires first, available resources and second, available
RSs. The next two sections will treat these factors in detail.
Even though the analysis is performed for the case of UL
asymmetry balancing, it is valid for DL asymmetry balancing
as well, by replacing UL with DL.

A. Resource availability

When the center cell uses DL resources to off-load UL
traffic to cooperating neighboring cells, UL resources are
in effect created, which allow for cell-specific asymmetry
demands to be supported. In this way, with cooperation the
UL resource capacity of the Col increases. This means that a
“virtual” cell-specific SP can be established depending on the
network-wide SP and the DL CFRs.

It is of interest to quantify the UL-to-DL ratios that a virtual
SP can support, for a given network-wide SP and a given
number of free resources at the Col and its neighboring cells.
Let the number of CFRs be N, where N takes on values
n € [0,C], and C is the total number of resources per cell in
DL. Since the SPs are synchronized across the network, C' is
the same for all cells. The problem of finding the distribution
of NV can be readily addressed by the binomial distribution,
considering that having a CFR is a success, which occurs with
probability p and not having such is a failure, which occurs
with probability 1 — p. A success occurs when a given chunk
is free at the center cell and at the same time, at at least one
of the neighboring cells. A failure, on the other hand, occurs
when a chunk is busy at the center cell, or is free at the center
cell and at the same time is busy at all of the neighboring cells.
Thus, the distribution of the number of common free chunks,
fn, is a function of the resource occupancy probabilities at the
Col and at the first-tier cells. Resource occupancy probability
is the probability that a chunk is occupied. The formulation
of fx is given in (1):

) =51 = 1 () .
where p = (1 — Hf;l L;) - (1 — L.); By is the number of
cooperating cells; L ; is the probability that a resource is
occupied at a first-tier cell ¢; and L. is the probability that
a resource is occupied at the Col. The expected value of the
binomial distribution in (1) yields E[N] = C - p, hence the
expected value of the number of CFRs as a fraction of the
total number of DL resources is % =p.

Let the network-wide SP split the frame into two sub-
frames, such that their time durations are in ratio of u : d,
where 1 of the time the frame is in UL and Tid of the
time the frame is in DL. Furthermore, let the total (UL+DL)
number of chunks available per cell be Clyt. Then at the Col,
the expected value of the fraction of resources in the frame
which can be used for UL traffic including off-loading, R,
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is:

4 Chot + P C
tot T D tot u d
Rul _ u+d u-+d = + p (2)
Otot u+d u+d
—— —
actual SP  virtual SP

This means that at the Col the virtual SP divides the frame in
an UL-to-DL ratio of (v +pd) : (d —pd). It can be observed
that when p — 0, i.e. when there are no available resources
for off-loading, then the resource allocation is according to
the actual network-wide SP. When p — 1, i.e. when all DL
resources at the Col can be used to off-load UL traffic, then
R, — 1 and the whole frame can be allocated to UL. In effect,
asymmetry balancing offers flexibility in resource allocation
and can adaptively allocate resources based on availability and
demand on a per-cell basis.

B. Relay station availability

Given that there is a CFR, the CFR can be utilized if RSs are
available such that a two-hop path can be found from the MS,
which needs to off-load traffic to the cooperating BS. In other
words, the MS—RS ad hoc links are “opportunistic” in that
they exploit CFRs and available RSs, and also are managed in
a decentralized fashion. How to find a two-hop path is a matter
of routing, and determining an optimum routing strategy is
beyond the scope of the current study. It is assumed here
that future wireless networks will be equipped with multi-
hop and relaying functionality in which case no significant
additional signaling overhead is required for managing the
MS—RS links.

In this study a simple path loss based routing scheme
is implemented, where an MS is chosen as an RS if two
conditions are satisfied. Namely, the path loss (minus an
offset) between the MS which needs to off-load traffic and
its servicing BS is larger than both: the path loss between the
tagged MS and the intended RS and the path loss between
the intended RS and its servicing BS. Note that the offset can
be different for each condition. As an example, the offsets
are fixed to 3dB in this study. The two conditions above aim
to ensure that the two-hop link MS—RS—BS would be able
to achieve better link capacity than the potential single hop
MS—BS link. The MSs which require to off-load traffic and
the intended RSs attain the information on the path losses
to their respective BSs via the pilot signals that BSs typically
send. In addition, the MS-RS path loss can be calculated using
the busy burst signaling technique described in [9]. Using the
busy burst technique, MSs needing to off-load are equipped to
evaluate the routing conditions quoted above in a decentralized
fashion and, hence, are enabled to find a suitable RS. In [10], it

TABLE 1
SIMULATION PARAMETERS [7], [8]

Carrier frequency 5GHz Time slot duration 0.1152ms
Time slots/ frame 6 OFDM symbols/ time slot 5

Tx power/ link 251mW || BS«BS distance 1 km
BS height 25m MS height 1.5m
a, MS-BS 39.61 b, MS-BS 35.74
a, MS-RS 32.49 b, MS-RS 43.75
a, BS-BS 41.2 b, BS-BS 23.8

has been demonstrated that for all practical purposes, for more
than 150 users per cell, the probability of finding a suitable
two-hop path, is actually one. For a cell radius of 500 m as
assumed in this study, the cell area is 0.87 sq. km, which means
about 170 users per sq.km. This is a reasonable number, as
even suburban areas have at least 100 users per sq.km and
typically in the order of thousand (depending on the wireless
provider market share) [11], [12].

III. SIMULATION MODEL

An OFDMA-TDD system, designed according the UL
asymmetry balancing model introduced in Section II, is sim-
ulated using a Monte Carlo approach. Each of the seven cells
has a centrally-placed omnidirectional BS and full frequency
reuse is assumed. Due to complexity issues only twenty users
are distributed uniformly in each of the seven cells (and
this limitation will be corrected for later). The users are
distributed at the beginning of each iteration and a snap-
shot analysis is performed. For simplicity and demonstration
purposes, the UL—DL SPs are synchronized across the cells at
the symmetric state. However, the model can readily be applied
to any asymmetry ratio. Similarly to the envisaged traffic
asymmetry in data-packet services, traffic is on average DL-
favored. The center cell, however, is UL-overloaded and hence
generates UL-favored traffic. The holding time is the same for
all users and equals one chunk during a time slot (5 OFDM
symbols). Each cell is imposed a mean offered load, which
governs the respective user mean inter-arrival times and each
user independently generates holding times with exponentially
distributed interarrival times. The traffic per user is stored in
a buffer and served on a first-in-first-out basis. Path loss is
calculated using the WINNER C1 path loss model (NLOS)
for urban environment [8] as shown below:

L, =a+blogy(d), 3)

where L, is the path loss in dB, a and b are path loss
parameters, given in Table I, and d is the transmitter-receiver
separation distance in meters. It should be noted that the values
of a and b depend on whether MS-RS path loss, BS-MS path
loss, or BS—BS path loss is calculated. For the latter line-of-
sight conditions are assumed. MSs are associated with serving
BSs based on minimum path loss. Perfect synchronization
is assumed and only co-channel interference from all active
other-cell transmitters is taken into account. Time-frequency
resources are allocated following a score-based approach [13],
where the score is evaluated based on buffer-size. In particular,
a given resource is allocated to the user with the largest
average buffer size, monitored during a time window of eight
frames. The simulation parameters are shown in Table I. For
demonstration purposes, 16 OFDM subcarriers are considered
(subject to slow fading effects only). As the SP is symmetric,
both UL and DL are allocated 16 subcarriers/time slot X
3 time slots/frame = 48 chunks/frame (as one chunk is one
subcarrier). A simple signal-to-interference-plus-noise ratio
(SINR)-based power control is applied to all single-hop links
with an SINR target of 20dB (32 cross constellation at bit-
error-ratio (BER) of 10~7 [14]). The thermal noise power per
subcarrier is -157.11 dBW [7]. For the two-hop links, a signal-
to-noise ratio (SNR)-based power control is applied at the first
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hop (MS—RS) as it is assumed that the off-loading links are
opportunistic and interference information is not available. The
SNR target is 25dB (128 cross constellation at BER of 10~7
[14]). If the SNR/SINR targets cannot be met, transmissions
still takes place using maximum available power. The total
power per link is limited by the maximum transmit power
given in Table 1.

IV. RESULTS & DISCUSSION

In this study, the performance of UL asymmetry balancing
is investigated. Therefore, it is assumed that the UL in the Col
is overloaded and two particular scenarios in terms of resource
availability are defined: (1) a best case 6-cell scenario, where
all six first-tier cells cooperate; and (2) a worst-case 1-cell
scenario where only one first-tier cell cooperates. Different
resource availability conditions are enforced by varying the
total user demand per frame per cell (in %). In this paper, the
synchronized SP is set to allocate half of the frame resources to
UL and DL each. As a result, in order to obtain the probability
for resource occupancy at a particular link direction for a given
cell, the respective user demand should be multiplied by 2
(because the user demand is defined on a frame basis). The
DL resource occupancy probability both at the Col and at the
cooperating cells is varied from 0 to 0.8, which corresponds to
a user demand that varies from 0% to 40%. In order to account
for a worst case scenario in terms of interference experienced
by the ad hoc links, the non-cooperating cells are assumed to
be fully loaded in DL (i.e. the demand is 50%). Because the
UL resource demand of the first-tier cells would not influence
the results for UL asymmetry balancing, it is kept constant for
all considered scenarios. The UL and DL resource demands
are shown in Table II.

In order to confirm the theoretic model presented in Sec-
tion II, results displaying the virtual SP at the Col for the 6-cell
scenario and for the 1-cell scenario are shown in Fig. 2 and a
perfect match between simulation and theory is observed.

Next, the performance of the UL asymmetry balancing
scheme is compared against that of two systems: 1) an
independent SP (ISP) system where each cell independently
sets its SP based on the ratio of UL and DL resource demands;
and 2) a synchronized SP (SSP) system which is the same as
the asymmetry balancing system, but off-loading does not take
place. The comparison metric is spectral efficiency as given in
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TABLE 11
RESOURCE DEMAND FOR UL AND DL (IN %)

Cell number — 1 2134|5617
Link direction | | (Col)

UL 100 15

DL (6-cell) 0—40

DL (1-cell) 0—40 | 50

(4), because it can capture not only user link conditions, but
also how efficiently resources in a frame are utilized:

Mo, ¥t
log,, (1 + AP
MOL J; gQ( ,Yj )

“)
where C}, is the spectral efficiency per chunk in bps/Hz; ; is
the SINR of chunk ¢ for single hop links; M = ﬁiclctot is
the number of chunks allocated to UL as per the network-wide
SP; Mor, = pﬁid Clot, is the number of DL chunks available
for off-loading; Moy, is the number of chunks actually utilized
for off-loading; and fy?lh is the SINR of chunk j for two-hop
links. Clearly, for systems which do not employ asymmetry
balancing, p = 0, and the second term of the summation
in (4) produces a zero. In addition, it should be noted that
fy;“h is taken as the minimum of the SINR achieved at the
first and second hops for each two-hop link. Furthermore,
%SE is used as a correction factor for the following reason.
Due to simulation complexity, only twenty users per cell
are simulated. As a result, not all available CFRs can be
utilized for off-loading via a neighboring RS. The number
of available CFRs is only influenced by the actual load, i.e.
fraction of available resources, which is independent of the
number of users in the system. In contrast, how many of the
available CFRs can be utilized for MS—RS links depends on
user density (active and non-active users alike) because user
density determines if and how often a two-hop path can be
found. As a consequence, the spectral efficiency results are
also influenced by the number of users in the system. Because,
as was mention in Section II and demonstrated in [10], it can
be safely assumed that in realistic scenarios all available CFRs
can be actually utilized, the correction factor aims to obtain
representative spectral efficiency performance.

The Col UL spectral efficiency results for different DL
resource demands are presented in Fig. 3 (top plot and bottom
plot for the 6-cell scenario and 1-cell scenario, respectively).
The performance of the system employing asymmetry bal-
ancing as well as the performance of the ISP system are
denoted by bar plots, while the performance of the SSP
system is denoted by a solid line. It can be observed that
the asymmetry balancing system always outperforms the SSP
system and achieves up to about 50% improvement (6-cell
scenario). Furthermore, generally, the asymmetry balancing
system exhibits better performance than the ISP system. In
particular, when severe BS—BS interference is present (i.e.
high DL demand at the first-tier cells) asymmetry balancing
attains an amelioration of more than 100% (in all cases in the
1-cell scenario and for 30% and 40% first-tier DL demand in
the 6-cell scenario). Exception to this trend is the case in the

M
1
Cp = — log, (14 ;) +
b= > logy (1 + i)

i=1
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6-cell scenario when the DL demand is 0%, i.e. none of the
six first-tier cells has DL traffic, which is a highly unlikely
situation. It can be seen that, in the 6-cell scenario, even
though slightly fewer resources are utilized for asymmetry
balancing when the DL demand at the first-tier cells is higher
as compared to when the demand is lower (ref. to Fig. 2),
the spectral efficiency performance at the Col is better when
the utilized resources are fewer. This effect is achieved, due
to the limit on the total transmit power. When slightly fewer
resources are used for transmission, there is more power
available per resource and the attained SINR can compensate
for the fact that less resources are utilized. This trend is not
observed in the 1-cell scenario, because the difference in the
number of resources utilized for asymmetry balancing for the
varied first-tier DL demand is much greater (ref. to Fig. 2).

Spectral Efficiency Performance (6-cell scenario)

ll Col DL demand:
1 |J ‘

Spectral efficiency [bps/Hz]
~

; [ AB, 0%
0 10 20 [C1AB, 25%
First-tier DL demand of 6 ceIIs [%] [ 1AB, 40%
Spectral Efficiency Performance (1-cell scenario) RN SP, 0%
T T T T T I _ _1ISP, 25%)
| _ _ ISP, 40%)

N

"B

Flrst tier DL demand of 1 ceII [%
Fig. 3.  Bar plots of the UL spectral efficiency performance at the Col
achieved with asymmetry balancing (AB) as compared to an ISP system. The
solid line shows the respective performance of an SSP system.

Spectral efficiency [bps/Hz]
£

The demonstrated UL spectral efficiency amelioration at-
tained by asymmetry balancing is at a slight loss in spectral
efficiency for the first-tier DL transmission as compared to
an SSP system. The loss is due to the off-loading ad hoc
links, which generate MS—MS interference to the concurrent
BS—MS links. The results presented in Fig. 4 show that
overall the loss in spectral efficiency does not surpass 0.5%.
It can be observed, that even though the results for the 1-cell
scenario and the 6-cell scenario are similar, the loss in the
case of six cooperating cells is slightly larger due to the fact
that more resources are used for the off-loading ad hoc links
and, hence, more interference is caused to the first-tier DL
transmission.

V. CONCLUSIONS

In this paper, a method named asymmetry balancing has
been proposed. It allows the support of cell-independent
asymmetries in OFDMA-TDD next generation networks with
complete avoidance of the detrimental BS—BS interference.
The key to solving this issue is user cooperation in combi-
nation with inter-cell relaying. It has been demonstrated that
in the case of shortage of UL resources a virtual cell-specific
SP can be established, depending on the system UL-to-DL
asymmetry ratio and the available DL resources at the Col
and its six neighboring cells. When one or more cells can

Loss in First-tier DL Spectral Efficiency
0.5 T T T

< Col DL demand:

:_. 0.4 [ 6-cell, 0%
Z 03 [ 16-cell, 25%
@ [ J6-cell, 40%
Qo2 _ : ; DI 1-cell, 0%
< il - Iy _ . T 2 Tii-cell, 25%
§ 0.1 : : : : : . : :: : - :I . L Z Zi1-cell, 40%

0 10 20 30 40
First tier DL demand [%]

Percentage loss in DL spectral efficiency caused by the off-loading
ad hoc links as compared to an equivalent SSP system. As expected, for the
6-cell scenario at 0% DL demand at the first-tier cells, the loss is zero, because
there is no DL traffic at the first-tier cells.

Fig. 4.

cooperate, even the whole frame can be virtually allocated
for UL traffic. This flexibility in resource allocation comes at
a relatively insignificant cost of less than 0.5% loss in DL
spectral efficiency incurred due to interference caused by the
ad hoc links. For the UL spectral efficiency of the Col, the
gains with respect to the case of fixed SPs are up to about 50%,
whereas the gains with respect to the case of cell-specific SPs

surpass 100%.
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Abstract—The purpose of this paper is to compare two
interference avoidance techniques for time division duplex (TDD)
wireless networks, viz.: a novel technique termed asymmetry
balancing and the known zone division (ZD) principle. Both
asymmetry balancing and ZD strive to reduce the same-entity
interference (mobile station (MS)-to-MS and base station (BS)-
to-BS) that occurs during crossed slots, i.e. slots which are
simultaneously used for uplink (UL) in one cell and for downlink
(DL) in a neighbouring cell. Asymmetry balancing eliminates
crossed slots by synchronising the TDD switching point (SP)
among cells. Cell-specific asymmetry demands are still main-
tained through cooperation among the entities in the network.
ZD, on the other hand, reduces same-entity interference by
decreasing transmission range. This study demonstrates that
asymmetry balancing achieves more than 100% higher spectral
efficiencies than ZD for the considered scenarios.

I. INTRODUCTION

An effective strategy which is envisioned for next-
generation wireless cellular networks to ameliorate the spectral
efficiency performance without increasing hardware cost is to
make use of existing infrastructure and to introduce coopera-
tion among the network entities. Naturally, such cooperation
leads to multi-hop cellular networks (MCN) [1], i.e. cellular
networks which have relaying capabilities. A relay station (RS)
is an intermediate node between an MS and the servicing BS
and the relay can be either a dedicated transceiver or an MS.
For example, in [2] Qiao, Wu and Tonguz describe a load
balancing method via mobile dedicated transceivers, which can
be replaced according to user traffic demand, in order to divert
traffic using the unlicensed frequency bands. However, MCNs
where the relays are MSs are of special interest due the wide
availability of mobile terminals, especially in highly populated
areas, where network capacity becomes a limiting factor.

The ad hoc capabilities in MCNs are actually enabled
by TDD, which is the envisioned duplex scheme for next-
generation networks, due to the offered efficient support for
cell-independent traffic asymmetry [3]. However, in TDD,
when neighbouring cells have different asymmetry demands,
crossed slots cause BS—BS interference, which is a partic-
ularly detrimental problem due to the exposed locations of
BSs and the high probability of line-of-sight (LOS) conditions
among BSs. Hence, the issue of crossed slots is the major
hurdle to be overcome before the advantages of TDD in
supporting cell-independent traffic asymmetries can be fully

Parts of this manuscript appear in a paper accepted for publication in the
Journal of Communications and Networks (JCN), No. 10, vol. 2, Special Issue
on Wireless Cooperative Transmission and its Applications (to appear).
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exploited. To this end, making use of the capabilities of MCNs
to balance traffic across the network can be particularly useful.

A novel concept, termed asymmetry balancing, is targeted
towards MCNs and utilises load balancing to completely avoid
BS—BS interference by synchronising the TDD SP among the
cells in a network. Entities which face overload as a result
of the synchronised SP can off-load to other-cell entities,
which have available resources. In this manner, the traffic
within a network can be balanced across cells, ultimately
balancing the asymmetry demand across cells. The asymmetry
balancing concept has been introduced in detail in [4,5],
where it has been demonstrated that asymmetry balancing
offers great flexibility in UL-DL resource allocation and can
efficiently support cell-independent asymmetry demands while
completely avoiding BS—BS interference.

The purpose of the current study is to compare the perfor-
mance of asymmetry balancing to another interference avoid-
ance approach, namely ZD (also known as region division, or
fractional reuse) [6], in the context of orthogonal frequency
division multiple access (OFDMA)-TDD. ZD is a centralised
interference mitigation technique considered by the Wireless
World Initiative New Radio (WINNER) project [7] for next
generation TDD networks.

The rest of the paper is organised as follows. Section II
briefly outlines the principles of asymmetry balancing and ZD.
Section III provides the simulation setup, while results are
presented in Section IV. The paper concludes with Section V.

II. ASYMMETRY BALANCING & ZONE DIVISION

In this study it is assumed that cells are differently loaded,
which is a reasonable assumption for future wireless networks
which will mainly support packet-data traffic characterised
by a high peak-to-average load ratio. In addition, traffic is
generally DL-favoured, in accordance with what is envisaged
for next-generation networks. It is expected that occasionally
a cell would have UL-favoured demand. This will result in
strong BS—BS interference experienced at the UL-favoured
cell. To study how efficiently ZD and asymmetry balanc-
ing mitigate BS—BS interference, the following scenario is
defined. A hexagonal cell of interest (Col) is considered,
surrounded by six neighbouring cells, where the Col has UL-
favoured traffic demand, while its neighbouring cells have DL-
favoured traffic demands. The paper compares UL asymmetry
balancing to ZD in terms of the UL spectral efficiency attained
at the Col and the UL-DL resource allocation at the Col.
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Before the comparison is carried out, asymmetry balancing
and ZD are briefly summarised in the next two sections.

A. Asymmetry Balancing

The asymmetry balancing concept exploits cooperation
among entities in the MCN and utilises free resources. Hence,
there are two enablers for asymmetry balancing, viz: availabil-
ity of resources and cooperating entities.

If hexagonal cells are considered, each cell can be treated
as a cell of interest (Col), surrounded by six neighboring cells,
which are the potential cooperating cells. Fig. 1 illustrates
the aforementioned geometry during a DL time slot. Assume
that there are only two frequency resources per cell per link
direction per frame, which are marked by boxes on Fig. 1. A
black box signifies an allocated resource, while a white box
signifies a free resource. Let the Col suffer from shortage of
UL resources, while it has a DL resource available. Marked
by a solid ellipse is the MS at the Col, which needs UL
service and desires to off-load traffic. The first-tier cells which
are marked with dashed hexagons have spare UL and DL
resources and hence are the cooperating cells. Associated with
the cooperating cells are the MSs which can serve as RSs
(identified by dashed ellipses). The tagged MS at the Col can
relay to any of the available RSs, which are potentially both
idle MSs and active MSs already receiving in DL from their
BS. The latter case exploits the fact that a DL transmission
to a user usually does not occupy all subchannels, and this is
accounted for by the use of frequency division multiple access
(FDMA). The MS—RS link uses DL resources, which are

Fig. 1. The MSs in the centre cell, i.e. the Col, can off-load UL traffic to
neighboring cooperating cells (marked by dashed hexagons) using free DL
resources (marked by white boxes).

free both at the Col and the cooperating cell which serves the
respective RS. Such resources are referred to as common free
resources (CFR) and in the case of OFDMA-TDD a resource
is equivalent to a chunk, i.e. a number of subcarriers per time
slot. When the centre cell uses CFRs to off-load UL traffic to
cooperating neighbouring cells, UL resources are effectively
created. As a consequence, cell-specific asymmetry demands
are supported while the SP is synchronised throughout the
network. This means that a “virtual” cell-specific SP can be
established depending on the network-wide SP and the DL
CFRs.

The cell-specific virtual SP can be quantified as follows. Let
the network-wide SP split the frame into two sub-frames, such
that their time durations are in ratio of u : d, where HL_M of
the time the frame is in UL and ;ia of the time the frame is
in DL. Furthermore, let the total (UL+DL) number of chunks
available per cell be Ciot. It should be noted here that there
is no fixed resource reuse in place, rather full frequency reuse
is assumed and all cells have all resources available. Hence,
according to the network-wide SP, the resources per frame

allocated to UL are expressed as 1 Cior. The virtual SP at
the Col allocates an additional of at most E%Cmt resources.
The expected value of the normalised number of resources
allocated to UL by the virtual SP, R, is given in (1):

B 725Ctot + P Clot _ v pd o
ul = Ctot, T owu +d u + d
actual SP  virtual SP

where p= (1 - HZ.B;I Ly i) - (1 — L) is the probability that a
given DL resource is a CFR; B; is the number of cooperating
cells; L ; is the probability that a resource is occupied at a
first-tier cell ¢; and L. is the probability that a resource is
occupied at the Col.

Given that there is a CFR, the CFR can be utilised if RSs
are available such that a two-hop path can be found from the
MS, which needs to off-load traffic to the cooperating BS. In
other words, the MS—RS ad hoc links are “opportunistic”
in that they exploit CFRs and available RSs, and also are
managed in a decentralised fashion. How to find a two-hop
path is a matter of routing, and determining an optimum
routing strategy is beyond the scope of this paper. It is assumed
here that future wireless networks will be equipped with multi-
hop and relaying functionality in which case no significant
additional signalling overhead is required for managing the
MS—RS links. In this study a simple path loss based routing
scheme is implemented according to [4]. Furthermore, in [4], it
has been demonstrated that for all practical purposes, for more
than 150 users per cell, it is fair to assume that the probability
of finding a suitable two-hop path is actually one (>0.994).
For a cell radius of 500m as assumed here, the cell area is
0.87sq. km, which means about 170 users per sq.km. This
is a reasonable number, as even suburban areas have at least
100 users per sq.km and typically in the order of thousand
(depending on the wireless provider market share) [8,9].

B. Zone Division

As opposed to the asymmetry balancing technique, ZD is
a centralised scheme, which heavily relies on coordination
among BSs. The principle is proposed in [6] as a time slot
allocation based on region division for CDMA networks. ZD is
a fractional reuse concept which aims to mitigate interference
by reducing the transmission range during crossed slots. The
reduced transmission range in effect increases the separation
distance between transmitters and vulnerable receivers and
hence reduces interference. BSs share information about their
TDD SP and thereby have knowledge which time slots are
crossed slots. Each BS divides its coverage area to an inner
region and an outer region. During crossed slots, resources are
allocated only to MSs which are located in the inner region.
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The authors of [6] found the radius of the inner region to
be 52% of the cell radius. Assuming uniform user distribution

and cell radius R, it can be calculated that only %}ﬁ = %
of the users are in the inner region. This means that whenever
a large number of crossed slots is present in comparison to
non-crossed slots, the resources could be ineffciently utilised.

It should be noted that ZD does not result in interference
avoidance, but rather in interference reduction. To achieve this,
in practice ZD requires significant overhead. The division of a
cell to regions needs MSs to report to their respective BSs the
received power of a reference signal (for example, the pilot
signal BSs usually send). Based on the reported values, BSs
tag MSs as being in the inner/outer region. In addition, ZD
does not work unless tight DL power control is in place. Tight
power control, however, is not desirable in OFDMA systems,
because it limits the use of higher order modulation, which is
especially important for users with good channel conditions
(such as the users close to the BS).

ITII. SIMULATION SETUP

An OFDMA-TDD system is designed according to the
model introduced in Section II and simulated using a Monte
Carlo approach. Users are uniformly distributed at the begin-
ning of each iteration and a snap-shot analysis is performed.
Each of the seven cells has a centrally-placed omnidirectional
BS. In the case of asymmetry balancing, for simplicity and
demonstration purposes, the synchronised TDD SP allocates
half of the frame resource to UL and DL each. However, the
model can readily be applied to any asymmetry ratio. In the
case of ZD, the SP is set according to the ratio of the demanded
UL and DL resources. Each user independently generates ex-
ponentially distributed interarrival times with mean, governed
by the offered load imposed on each cell. The holding time
is the same for all users and equals one chunk during a time
slot (5 OFDM symbols). The traffic per user is stored in a
buffer and served on a first-in-first-out basis. The maximum
waiting time per generated holding time is 20 ms [7]. Path loss
is calculated using the WINNER C1 path loss model (NLOS)
for urban environment [10] as shown below:

L, = a + blog,(d), )

where L, is the path loss in dB, a is an environment specific
constant, b = 10 4 with u being the path loss exponent, and
d is the transmitter-receiver separation distance in metres. It
should be noted that the values of a and b (given in Table I)
depend on whether MS-RS path loss, BS-MS path loss, or
BS-BS path loss is calculated. For the latter LOS conditions
are assumed. MSs are associated with serving BSs based
on minimum path loss. Perfect synchronisation is assumed
and only co-channel interference from all active other-cell
transmitters is taken into account. Time-frequency resources
are allocated following a score-based approach [11], where
the score is evaluated based on buffer-size. In particular, a
given resource is allocated to the user with the largest average
buffer size, monitored during a time window of eight frames.
The simulation parameters are shown in Table I. For demon-
stration purposes, 16 OFDM subcarriers per cell are considered
(subject to slow fading effects only). As the SP is symmetric,
both UL and DL are allocated 16 subcarriers/time slot X

3 time slots/frame = 48 chunks/frame (as one chunk is one
subcarrier). In addition, only 20 users per cell are considered
due to the fact that introducing more users in the system results
in cumbersome simulations. However, because this number of
users does not reflect a realistic deployment scenario (ref. to
Section II), a correction factor will be introduced in the next
section. The number of users is not expected to influence the
trends of the performance of the ZD system.

A simple signal-to-interference-plus-noise ratio (SINR)-
based power control is applied to all single-hop links with an
SINR target of 20dB (32 cross constellation at bit-error-ratio
(BER) of 10~7 [12]). The thermal noise power per subcarrier
is -157.11dBW [7]. For the two-hop links, a signal-to-noise
ratio (SNR)-based power control is applied at the first hop
(MS—RS) as it is assumed that the off-loading links are
opportunistic and interference information is not available. The
SNR target is 25 dB (128 cross constellation at BER of 10~
[12]). If the SNR/SINR targets cannot be met, transmissions
still takes place. The total power per link is limited by the
maximum transmit power given in Table 1.

TABLE I
SIMULATION PARAMETERS [7, 10]

Carrier frequency 5GHz Time slot duration 0.1152ms
Time slots/ frame 6 OFDM symbols/ time slot 5

Tx power/ link 251 mW || BS—BS distance 1km
BS height 25m MS height 1.5m
a, MS-BS 39.61 b, MS-BS 35.74
a, MS-RS 32.49 b, MS-RS 43.75
a, BS-BS 41.2 b, BS-BS 23.8

IV. RESULTS

The comparison of asymmetry balancing and ZD begins
with a discussion on the difference between asymmetry bal-
ancing and ZD in terms of the way resources are allocated to
UL and DL. In Section II it was demonstrated that asymmetry
balancing strongly depends on the resource availability both
at the Col and at the neighbouring cells. It is impossible to
simulate all possible scenarios in terms of resource availability,
hence two scenarios are defined: (1) a best case 6-cell scenario,
where all six first-tier cells cooperate; and (2) a worst-case 1-
cell scenario where only one first-tier cell cooperates. Different
resource availability conditions are enforced by varying the
total user demand per frame per cell (in %). As already
mentioned, in this paper, when asymmetry balancing is em-
ployed, the synchronised SP is set to allocate half of the frame
resources to UL and DL each. As a result, in order to obtain
the probability that a resource is occupied at a particular link
direction for a given cell, the respective user demand should
be multiplied by 2 (because half of the resources per frame
are allocated to the given link direction and the user demand
is defined on a frame basis). The DL resource occupancy
probability both at the Col and at the cooperating cells is
varied from O to 0.8, which corresponds to a user demand that
varies from 0% to 40%. In order to account for a worst case
scenario in terms of interference experienced by the ad hoc
links, the non-cooperating cells are assumed to be fully loaded
in DL (i.e. the demand is 50%). Because the UL resource
demand of the first-tier cells would not influence the results for
UL asymmetry balancing, it is kept constant for all considered
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scenarios. The UL and DL resource demands are shown in
Table II.

The defined scenarios also aim to exhibit different interfer-
ence conditions for the Col when ZD is employed. Because
each cell sets its SP according to the asymmetry demand at
the given cell, the Col will have an UL-favoured SP in all
cases. This means that the 6-cell scenario puts the Col in the
situation of relatively mild BS—BS interference due to the low
first-tier DL load, while the 1-cell scenario will cause severe
BS—BS interference for the Col due to the higher first-tier
DL load.

TABLE II
RESOURCE DEMAND FOR UL AND DL (IN %)

Cell number — 1 234567
Link direction | | (Col)

UL 100 15

DL (6-cell) 0—40

DL (1-cell) 040 | 50

Results for the UL-DL resource allocation at the Col
achieved with asymmetry balancing and with ZD are shown
in Fig. 2 in terms of the percentage of resources in a frame
allocated to UL. The graph shows results for variable Col
DL demand and for variable first-tier DL demand. In the 6-
cell scenario the demand is varied together for all six cells,
whereas in the 1-cell scenario the demand is varied for only
one of the six cells, while the rest have a constant demand
of 50%. For asymmetry balancing the theoretical results for
Ry1 X 100% are omitted due to space constraints, however, a
perfect match between theory and simulation is shown in [4,
5]. In the case of asymmetry balancing, as expected, when
overall the DL resource occupancy increases, the number
of resources allocated to UL by the virtual SP at the Col
decreases. It is interesting to note that due to the six degrees
of freedom, when six cells cooperate, the number of resources
allocated to UL by the virtual SP decreases much slower with
decrease in resource availability as compared to the case when
only one cell cooperates, where the number of UL resources
decreases linearly. On Fig. 2 it can be seen that asymmetry
balancing offers flexibility in resource allocation in that it
adaptively allocates resources based on availability. Whenever
there is little or no Col DL demand, the asymmetry balancing
can allocate the whole frame to UL, even in the case when
only one cell cooperates. In addition, asymmetry balancing
actually allocates resources on the chunk level, while ZD is
limited to allocating resources to UL and DL on the time slot
level according to the network design. Further limitation to
ZD is that the maximum asymmetry which can be supported
is 5:1 in favour of either link direction [7] (as seen on Fig. 2).

As was previously mentioned, when ZD is employed each
cell sets its SP according to the ratio of UL and DL buffer
size. This feature has an effect on the SP allocation as follows.
The number of crossed slots influences the overall buffer
size because as was explained in Section II only about a
quarter of the users belonging to a given cell can be allocated
during crossed slots. Hence, in general, the presence of crossed
slots in a given link direction would result in more resources
allocated to that link direction as compared to when there are
no crossed slots. This effect is clearly seen on Fig. 2 for both

the 1-cell scenario and the 6-cell scenario, where for 25% and
40% Col DL demand there is an increase in the resources
allocated to UL between 0% and 10% first-tier DL demand.
When the first-tier DL demand is 0% the Col UL does not
experience any crossed slots, while the Col DL experiences
crossed slots (ref. to Table II). In constrast, when the first-
tier DL demand is increased, the effect is reversed and the
probability for crossed slots in UL increases while in DL the
crossed slots probability decreases. The number of resources
allocated to UL does not increase further (beyond 10% first-
tier DL demand) because there is a limit on the maximum
waiting time a packet can tolerate before being discarded (ref.
to Section III), hence the UL buffer cannot grow infinitely.

Fig. 2 also shows that for moderate loads (both at the Col
and at the first-tier cells) the resource allocation achieved with
asymmetry balancing (6-cell scenario) and ZD is similar, while
for higher loads (1-cell scenario), in most cases ZD allocates
more resources to UL than asymmetry balancing. However,
as the spectral efficiency results demonstrate in the following,
the scheme that allocates more resources to UL does not
necessarily achieve higher UL spectral efficiency.

| ==2D, 25%

o | =€ =AB, 40%
: 2D, 40%

IS Byl e g

: ST

] = - -

2 3

2 : : Col DL demand:
2 S . 40| -©-AB,0%
: First-tier DL de.mand [%] ) ©—0,0%
E UL-DL Resource Allocation (1-cell scenario) - B - AB, 25%,
k]

=

o

o

First~tier DL demand [%)]

Fig. 2. Resources allocated to UL at the Col by asymmetry balancing (AB)
and ZD for various Col DL demand: 6-cell scenario (top plot) and 1-cell
scenario (bottom plot).

The spectral efficiency performance of the UL asymmetry
balancing scheme is compared against that of ZD, based on
(3), because it can capture not only SINR, but also resource
utilisation:

=7 Moo

M
1 Moy h
Elo 1+,~+——§lo 1447
Ctot g?( 7) MOL j=1 gz( 7] )

=1

Cy =

3)
where Cy, is the spectral efficiency per chunk in bps/Hz; «; is
the SINR of chunk ¢ for single hop links; M = 25Cioy is
the number of chunks allocated to UL as per the network-wide
SP; Mo, = p;d—dCtot, is the number of DL chunks available
for off-loading; MOL is the number of chunks actually utilised
for off-loading; and 'y;nh is the SINR of chunk j for two-hop
links. Clearly, for systems which do not employ asymmetry
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balancing, p = 0, and the second term of the summation in
(3) produces a zero. In addition, it should be noted that 'y;-"h
is taken as the minimum of the SINR achieved at the first and
second hops for each two-hop link. Furthermore, %O?JL‘ is used
as a correction factor. The reason is as follows: As previously
mentioned, due to simulation complexity, only twenty users
per cell are simulated. As a result, not all available CFRs can
be utilised for off-loading via a neighbouring RS. The number
of available CFRs is only influenced by the actual load, i.e.
fraction of available resources, which is independent of the
number of users in the system. In contrast, how many of the
available CFRs can be utilised for MS—RS links depends on
user density (active and non-active users alike) because user
density determines if and how often a two-hop path can be
found. As a consequence, the spectral efficiency results are
also influenced by the number of users in the system. Because,
as was mentioned in Section II and demonstrated in [4], it can
be safely assumed that in realistic scenarios all available CFRs
can be actually utilised, the correction factor aims to obtain
representative spectral efficiency performance.

The Col UL spectral efficiency results for different DL
resource demands are presented in Fig. 3 (top plot and bottom
plot for the 6-cell scenario and 1-cell scenario, respectively).
The solid line at about 2 bps/Hz shows the spectral efficiency

Col UL Spectral Efficiency (6-cell scenario)

4
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Fig. 3. Bar plots of the UL spectral efficiency performance at the Col

achieved with asymmetry balancing (AB) as compared to a ZD system.

achieved by a system where the TDD SP is synchronised. It
can generally be observed that when severe BS—BS inter-
ference is present (i.e. high first-tier DL demand) such as is
the case in the 1-cell scenario and 6-cell scenario for more
than 20% DL demand, simply synchronising the TDD SP
thereby avoiding the BS—BS results in a significant spectral
efficiency improvement. Furthermore, asymmetry balancing
attains spectral efficiency amelioration of more than 100%
with respect to the spectral efficiency achieved by ZD. ZD
outperforms asymmetry balancing only in the case of 0% DL
demand in the 6-cell scenario, i.e. when none of the six first-
tier cells has DL traffic, which is a highly unlikely situation. In
addition, it is noted that in the 1-cell scenario the performance
of ZD is relatively constant. This is due to the fact that five
cells already cause BS—BS interference, and one additional

interfering BS does not produce significant difference in the
results. With respect to the asymmetry balancing performance,
it can be seen that in the 6-cell scenario, even though there
is a slight decrease in the number of resources utilised for
asymmetry balancing as the first-tier DL demand increases
(Fig. 2), the spectral efficiency performance at the Col actually
improves (Fig. 3 top plot). This effect can be attributed to
the limited transmit power. When slightly fewer resources
are used for transmission, there is more power available per
resource and the attained SINR can compensate for the fact
that less resources are utilised. A similar trend is observed
in the 1-cell scenario (Fig. 3 bottom plot, zoomed area), but
to a smaller extend because the difference in the number of
resources utilised for asymmetry balancing for the varied first-
tier DL demand is much greater (Fig. 2).

V. CONCLUSIONS

This study focused on the comparison of UL asymmetry
balancing to the ZD interference avoidance approach. It was
demonstrated that ZD compromises user demand by serving
only about a quarter of the users during crossed slots, while
BS—BS interference is not avoided. Asymmetry balancing,
on the other hand, completely avoids BS—BS interference
and achieves more than 100% higher UL spectral efficiency
in comparison to the spectral efficiency attained with ZD for
the considered scenarios.
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Abstract—This paper studies the performance of orthogo-
nal frequency division multiple access — time division duplex
(OFDMA-TDD) cellular networks when jointly applying dynamic
channel allocation (DCA) and user scheduling under the assump-
tion of asymmetric uplink (UL)/downlink (DL) loads. Specifically,
a comparison between a fixed slot allocation (FSA) scheme,
where the uplink UL/DL switching is synchronised across the
network, and the random time slot opposing (RTSO) technique
is made. The RTSO resembles an opportunistic interference
mitigation technique. RTSO, however, does not obviate the
need for user scheduling algorithms, but the combined use of
RTSO and scheduling has not been studied. Therefore, two
different scheduling algorithms, greedy and fair, are adapted
to suit the OFDMA-TDD architecture. Their performance for
various channel asymmetries under RTSO and symmetric FSA
is evaluated, based on spectral efficiency and user outage. In
order to account for the exposed location of base station (BS)
antennas in a cellular environment, the effect of line-of-sight
(LOS) propagation among BSs is considered. The results show
that LOS among BSs in a system with unsynchronised switching
points strongly hampers the network’s performance. This effect,
however, is demonstrated to be substantially offset by DL-
favoured asymmetries (dominant in data-centric networks) in
combination with RTSO. Furthermore, it is shown that the greedy
algorithm only offers a marginal increase in spectral efficiency as
compared to the fair algorithm, while the fair algorithm exhibits
up to ~20% lower outage.

I. INTRODUCTION

Orthogonal frequency division multiplexing (OFDM) has
been a subject of considerable interest in the recent years
for cellular systems of 3G evolution and beyond. Wong et
al. [1] show promising results for OFDM as a multi-user
technique, particularly focusing on the gains in using adaptive
modulation. The gains in combining OFDM with an adequate
multiple access scheme have been thoroughly described in
[2], specifically emphasising on the superiority of frequency
division multiple access (FDMA).

The combination of OFDM with TDD, which enables
the support of asymmetric services, is of especial interest.
However, in an unsynchronised system, TDD suffers from
additional interference as compared to frequency division
duplex (FDD). One approach to overcome this drawback is to
synchronise the transmission states of all cells (synchronised
UL/DL switching points), as is the case in an FSA scheme.
The FSA, however, significantly hampers the key advantage
of TDD, namely to dynamically adapt to cell specific channel
asymmetry demands.

A technique, which exploits the inherent interference di-
versity in cellular TDD networks in order to decrease the
detrimental BS-BS interference, while retaining the channel

978-1-4244-1645-5/08/$25.00 ©2008 IEEE

asymmetry support, has been previously reported as RTSO and
tested on code division multiple access (CDMA) systems [3].
RTSO, i.e. the random assignment of UL/DL time slots,
when used in cellular systems, has been shown to result in
occasionally lower interference than that of an equivalent FDD
network.

This study is in the framework of a multi-user, multi-
cell OFDMA-TDD network with full frequency reuse. The
performance of a system employing RTSO under various
channel asymmetries is compared to the performance of a
symmetric FSA system. A fair and a greedy approach to
scheduling are studied and scenarios with LOS and non-line-
of-sight (NLOS) conditions among the BSs are considered.
The purpose of this paper is to get insight into the severity of
interference during various UL/DL channel asymmetries and
explore the extent to which RTSO mitigates this interference.
Furthermore, in the above context, we draw conclusions with
respect to the comparative performance of a greedy and a fair
approach to scheduling in an OFDMA-TDD system. The two
considered algorithms are the fair optimum target assignment
with stepwise rate removals (OTA-SRR) [4] and the greedy
greedy rate packing (GRP) [5].

II. SYSTEM MODEL

This section introduces the model of the signal-to-
interference-plus-noise ratio (SINR) and its interference com-
ponents: multiple access interference (MAI) and co-channel
interference (CCI). MAI is the interference experienced from
own-cell links, whilst CCI is the interference experienced from
other-cell links.

Let 7, be the target SINR of subcarrier k, such that
Y. € {71 < ¥ < --+ < Am} and suppose a number of
m discrete transmission rates are available, rp € {ry < ro <
-+« < Iyt depending on the modulation alphabet, where each
SINR target element corresponds to each rate respectively.
Employing adaptive modulation, if a subcarrier can support
a high SINR, high data rate transmission for the same BER
(bit error ratio) can be maintained on that subcarrier, simply
by using a high order modulation scheme.

In determining a subcarrier’s SINR both small-scale fading
and large-scale fading are taken into consideration. Let sub-
carrier k € s = {ay,...,am}, where a; € {1,...,N.} and s
is a set of subcarriers belonging to a single user in cell ¢ and k
does not experience interference from the set. The cardinality
of s,]s|, is the number of subcarriers per user, which can
vary from zero to N, (total number of subcarriers per BS).
The received signal power (in Watts) on subcarrier k in cell @
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is given by: i
i = PG| Hy| (D

where P,i is the transmit power on subcarrier k in cell , G?C
is the path gain between the MS using subcarrier k£ and its
corresponding BS, and H}, is the channel transfer function for
subcarrier k in cell ¢« between the MS using subcarrier k£ and
its corresponding BS.

The multiple access interference power (in Watts) on sub-
carrier k£ in UL is given by (2). It should be noted that MAI in
DL is not considered, as perfect synchronisation is assumed.

N,
Piary = Z PLG | Hy P |Ch o (Af +ep +w)P ()
i
where
: 1 sin(mx) jrx(N. —1)
OZ ’ - e 3
k.l (z) <N5> sin(mz/N,) SEP N, )

and G ,, is the path gain between the transmitter on the link
using subcarrier &’ and the receiver on the link using subcarrier
k, Hi ,, is the transfer function of the channel between the
transmitter on the link using subcarrier k' and the receiver
on the link using subcarrier k, Cli,k’(Af +ep + w), given
in (3), is a cyclic sinc function' to account for the amount
of interference subcarrier k experiences from subcarrier &/,
j is the imaginary unit, Af = k' — k and ep = }‘[’5%
accounts for the Doppler shift; where fp max is the maximum
Doppler frequency and d is the subcarrier spacing, w = f;—; is
the normalised frequency offset due to synchronisation errors
between subcarriers k and k', with f. is the offset in Hz.
The co-channel interference power is modeled similarly to
the MAI power on a subcarrier and is given by (4). Co-
channel interference contributions are expected not only from
the reused subcarrier, but also from neighboring subcarriers,
since synchronisation errors and Doppler are considered.

B N,

Péch = Z Z Plf:’ch,k’|Hllf,k’|2|Cllc,k’(Af +ep +w)f

I=1k'=1
I#i

“4)
where B is the number of cells under consideration (cells that
contribute non-negligible interference).

Based on (1) through (4), the SINR for subcarrier k£ € s in
cell ¢ can be written as:

Vi = B N, k kl A1 (5)
Y2 =y PLGh () +n
ifl=i k' ¢s
where G = Gi|H{|? is the weighted gain on the “desired”

link for subcarrier % € s,

Gl () = Gl |H] o PICL o (Af +ep +w)?  is  the
weighted gain of the interfering link between the transmitter
on the link using subcarrier &’ and the receiver on the link
using subcarrier k, and n is the thermal noise power per
subcarrier.

'Due to space constraints the derivation of the cyclic sinc function is
omitted.

III. SCHEDULING ALGORITHMS

The two alternative scheduling approaches, a greedy and a
fair one, are presented in this section, along with the mod-
ifications introduced by the authors to adapt the scheduling
schemes to the OFDMA architecture.

A. Modified GRP

GRP is a simple heuristic rate allocation scheme, which
formulates the problem of supporting different users with
different data rates into a joint power and rate control. It can
be interpreted as a practical form of water-filling, in the sense
that high transmission rates and low power are allocated to
users having high link gains and low interference.

An extensive work on GRP for direct sequence code division
multiple access (DS-CDMA) systems is presented in [5]
where it was applied to a single cell, using a fixed intercell
interference. In this paper, the GRP algorithm is formulated
for a multi-cellular TDD-based OFDMA system, where it is
shown that a similar water-filling mechanism can be employed.

Given a vector of powers with elements being the power
on each subcarrier, P = (Py, P,,..., Py.)T, the received
SINR of subcarrier k , is defined by (6) and (7), here slightly
rearranged to suit the purpose of the algorithm (all parameters
belong to the same cell, thus superscripts used earlier to
indicate cell index are omitted).

_ PyGr|Hp|? 6
UL = SR g RHy 0 2ICy p (2)P+ Pocr et ©
k'¢s
2
pr, = DeCulHE (7)
k,DL
Pocrx +n

where v;, 1, and 7y, pr, are the SINR on subcarrier k£ in UL
and DL respectively, z = Af+ep+w , | = Po G s
and Pccr,r is the co-channel interference on subcarrier k.

An interesting question is to find an SINR assignment which
maximises the throughput while utilising the minimum power.
If p is the maximum power allowed per subcarrier and I is
the set of discrete-valued SINR targets in ascending order, the
problem of maximising throughput using the optimum power
can be expressed mathematlcalj\y as

min ;<) P ®
such that
Fe €T, T ={0,71,%2, ..., 9|}
0< P <p ®

This problem is solved separately for DL and UL. An im-
portant corollary from [5] is used here: if the subcarriers
are arranged according to G1|H1|? > Ga|Hs|?> > -+ >
Gn,|Hn,|? the total power in the cell is minimised if the
SINR targets are assigned such that 7y > g > -+ 2 YN .

1) DL Transmission and Power Constraints: The required
power, P, on a subcarrier k in the DL is given by:

P, = (Pccrk +n)

Vi
Gl i (10)
This follows by rearranging (7). Using (10), the problem
statement for DL can | be expressed as:

IHHIZk 1 leHklg (Peerk + 1),

such that (9) becomes

= P GilHy|?
max(’}/k) < Pocr,k+n
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2) UL Transmission and Power Constraints: By expanding
and rearranging (6), the required power, P}, on a subcarrier k
in UL is given by:

T3t 10y, 1ot (D12 (P gor+m)

EkN/C 1 147 2
_ /= F . 1€ gt (2)1
% et + Pecrg +n
1—y Ne K Yk, k! ’
k=1 145,/10), 11 (2)]2
Py = TR (11
)| Hi|
Where s e |Chw (2)?
!
k , <1

S 1+ Ak Crn (2) P
If k and &’ belong to the same user, then |Cy x(2)|? = 0. For
the special case where all subcarriers in a cell belong to one
user, the required power is the same as the case for DL.
The equivalent problem statement for UL can be expressed
using (11) as:

= Ne Tt 10y, ot (D12 (P g +m)
k=1 147,/ 1Cy g (212

" oy Ne 1% p GO +Poork+n
: Ne TER =1 14,10, ()12
miny .5 G TH T2 )
such that (9) becomes
ZNL Tt |Cr i (2) 2
K'=1 145,/ [Cy p (2)[?
= 2
_ «Ne TG N (Pooy gr+m)
Vi Xy 147,/ 1C,, 17 ()12
< 1—max B Ek (12)

PG| Hy|?—7 (Pcct,k+n)

3) GRP Algorithm: Based on the DL and UL power
constraints, a rate packing algorithm is developed,
which aims to achieve the maximum rate possible
while using the minimum power. A main underlying

assumption is G1|H1|? > Ga|Ha|? > > Gy, |Hy,|?.
The modified GRP algorithm is shown below:
1) 7, =0Vk
2) for k=1 to N, do
a) if UL
Tt [ O, (2) 2

k
¥ = {max(v) erl: Z

o 1+ |Cr i ()

Zk Nt 1C 1o ()12 (Poop gy +1)
T 2ak=1 1+77,/ 1C, ot ()12

<1
PGr|Hy|? — v(Poct,k +n)

b) if DL

D
_ Pccr,kt+n
V= qmax(y) €Ty < | ———
{ Gr|Hy|?

3) end
B. Modified OTA-SRR

The OTA-SRR algorithm is a rate and power allocation
scheme for UL and DL. Results have been reported for a
2G system with seven-cell reuse and one user per cell [4].
In the current study the OTA-SRR scheduling scheme is
formulated as a subcarrier, rate and power allocation algo-
rithm for an OFDMA system architecture. The new algorithm
operates at the most basic level, i.e. at the subcarrier level,
as generalisation to a more efficient chunk-level operation

is straightforward. The mechanism of the modified OTA-
SRR is briefly introduced. First, all subcarriers are distributed
equally among the users and assigned maximum SINR targets
chosen out of a predefined target set. Iteratively the subcarriers,
subject to worst link conditions, are identified. Their SINR
target is decreased in a step-wise manner, in effect adapting
the modulation scheme. If the SINR target of a subcarrier is
downrated below the minimum value from the target set, this
subcarrier is given to a different user from the same BS, which
can make use of it with minimum interference. If no such user
is found, the subchannel is not used. OTA-SRR is executed
until the number of subcarriers in use and their respective
data rates can be supported. The criterion for convergence is
subordinated to the basic mathematical framework, outlined in
[4].

The algorithm takes into account the interference effects
among all subcarriers, thus each subcarrier (out of the total
considered in the algorithm, i.e. BN, = N) is given a
unique identification (ID) number in the range [1,2,..., N]
(i.e. subcarrier one used in cell one has ID 1, subcarrier one
in cell two has ID N, + 1, subcarrier two used in cell two
has ID N, + 2, and so on). Based on this, the SINR equation
given in (5) can be rewritten as:

PG

Zgzl Pk’Gk,k/ +n

k'¢s
Each subcarrier strives to achieve SINR greater or equal to
the target, thus (13) can be straightforwardly written as an
inequality. Further, by dividing the numerator and denominator
of the right hand side by GG and transforming it into matrix
notation, (13) can be rewritten as (I — ®)P > n, where I is
the identity matrix, ®, defined in (14), is the normalised link
gain matrix (with dimensions N x N), and 7 is the normalised
noise vector, also defined in (14).
By — FkGrw () _
k= —=——" = ——
Gk Gk
with 7, € ', Vk € N. The algorithm is defined based on the
properties of ® and its dominant eigenvalue \;. For @ it holds
that it is real, nonnegative and irreducible, based on (14), i.e.
the path gains and the SINR targets are real and nonnegative,

and the path gains are assumed to be uncorrelated. The
modified OTA-SRR algorithm is outlined below:

(13)

Yk

(14)

1) initialisation: iteration k=0; target

¥i(0) = max{T'} = Y|, Vi € N

2) while )\ >17max{@}
iEN P

a. find row j with maximum row-sum

N
j = ar maXZCD"
J g e 4 . ]
i=

used by user ¢
b. adapt the modulation scheme of subcarrier
Jj: reduce ¥; accordingly
c. if 7]' <"
i. take away subcarrier ¢ from user ¢
ii. if user ¢ has zero subcarriers left

i. block user ¢
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iii. find user r from the same BS as ¢ such
that the interference on j is minimised
(minimum row sum of P)

iv. if g=r
i. delete row j and column j of ®, 7;,

and 7; (i.e. block subcarrier j)

v. else assign subcarrier j to user r with

¥j =
d. recalculate ®;, 7;, and X\
g k=k+1

IV. SIMULATION MODEL

A 19-cell system (Table I) with 200 uniformly distributed
users is considered in this paper. Each cell has a centrally-
located BS, which can be either transmitting or receiving, with
a probability depending on the asymmetry scenario (modeling
a TDD system). UL:DL ratios of 1:1, 1:6, and 6:1 are explored.
The UL/DL time slots are randomly assigned and can be either
synchronised (FSA) or non-synchronised (RTSH) among all
cells. A quasi-static model is employed where the link gains
between transmitters and receivers remain unchanged for a
time slot duration. A BS-MS pair (i.e. a link) is formed
based on minimum path loss. It is assumed that the QoS
desired by a user corresponds to the maximum data rate it
can support. Furthermore, each receiving unit has full channel
information, enabling it to calculate the SINR. The signalling
overhead introduced is not a subject of this paper, however it
is envisaged that this overhead could be offset by the gains
in performance. Interference is calculated assuming constant
frequency offset and maximum Doppler frequency leading to
a worst case scenario. Moreover, it is assumed that proper
cyclic prefix is in place such that inter-symbol interference
(ISI) is avoided. A cross-layer approach is used to reflect

TABLE I
FIXED PARAMETERS

Number of BSs 19 Number of MSs 200

Cell radius 500 m Bandwidth 100 MHz
Number of subcarriers | 2048 RMS delay spread | 0.27 us
Carrier freq. 1.9GHz fD,max 190Hz
Max. power/link 2W w 0.5

small-scale and large-scale fading in a typical time-variant
frequency selective channel. The small-scale fading effects
for a typical outdoor scenario which includes the effects of
Doppler shift and time delay is simulated using a power delay
profile corresponding to the specified delay spread in Table 1.
The path loss model to account for large-scale fading is chosen
accordingly, [6] - Terrain Category A (suburban).

Results for NLOS conditions for all TDD interference
scenarios (MS-BS, BS-MS, BS-BS, MS-MS) are compared
to LOS for BS-BS interference (and NLOS for the remaining
scenarios). The path loss in the case of LOS is calculated
using the free space path loss model and worst case scenario is
assumed with 100% probability of LOS. Adaptive modulation
is achieved with seven different modulation schemes [7] given
in Table II, based on the received SINR for a BER of 10~7
(necessary for real-time services such as video streaming). The
corresponding data rates, Y, are calculated using T = M
where M is the number of bits per symbol, Y oqe iS the
code rate (here, 2/3), and T is the symbol time (including
cyclic prefix of 20%). It should be noted that the CROSS

and STAR constellations are QAM-variations in order to
ensure robustness to interference, as described in [8] and [9],
respectively.
TABLE II
FROM TOP TO BOTTOM: MODULATION SCHEMES (ROW ONE) WITH THE

RESPECTIVE DATA RATES (ROW TWO), AND THE RESPECTIVE REQUIRED
SINR VALUES (ROW THREE) AT BER OF 10~7

4 8 16 32 64 128 256 | units
QAM | STAR | QAM | CROSS | QAM | CROSS | QAM
542 | 814 | 1085 | 1356 | 162.7 | 189.9 | 217.0 | kbps
9 14 16 19 222 25 285 | dB

V. RESULTS AND DISCUSSION

The algorithms implemented in this study are evaluated on
the basis of spectral efficiency, and outage. Spectral efficiency
is the achieved system throughput divided by the total band-
width divided by the number of base stations and outage is
defined as the users not served (due to low SINR) as a fraction
of the total number of users in the system.

The variation of spectral efficiency with asymmetry and
LOS conditions for the BSs can be seen in Fig. 1. A clear trend
can be observed for both scheduling schemes — with an in-
crease in the number of time slots allocated to DL, the spectral
efficiency increases and reaches 90% of the theoretical max-
imum, which is XmadNexB /B — Twex — 4.44 bps/Hz/cell,
where W is the bandwidth, W, is the bandwidth per subcarrier,
and Y.« is the maximum data rate per subcarrier (as given
in Table II). Moreover, LOS conditions among BSs degrade
performance significantly; for an asymmetry of 6:1 (UL:DL),
the spectral efficiency (at the 50'" percentile) for OTA-SRR
and GRP decreases by ~30% and ~50%, respectively. The
systems employing DL-favoured asymmetry are more robust
to LOS. Only a slight decrease in the spectral efficiency is
observed when LOS condition among the BSs is introduced:
~8% and ~6% at the 50" percentile for OTA-SRR and GRP,
respectively. This observation is as expected, due to the fact
that in DL-favoured asymmetries, the occurrence of BS-BS
interference is significantly limited. The outage results shown
in Fig. 2, display a similar trend to the spectral efficiency
results.

Intuitively it is expected that a symmetric FSA scheme
exhibits better performance than an equivalent RTSO system,
since it avoids the detrimental BS-BS, as well as MS-MS
interference. However, it can be observed that neither of the
schemes is strictly better than the other. For instance, assuming
OTA-SRR it can be found that for RTSO the probability that
the spectral efficiency is greater than 2.25 bps/Hz/cell is about
95%, whereas for FSA this probability is only about 75%.
On the other hand, when assuming a spectral efficiency of
3 bps/Hz/cell, it can be found that the same probability for
RTSO is 10% whereas the probability for FSA is 30%. As
expected their medians generally coincide (due to the fact
that the rate of asymmetry is the same) and moreover, the
FSA curve spans between the 1:6 (DL-dominated) NLOS and
6:1 (UL-dominated) NLOS RTSO cases. The latter effect is
attributed to the shifting of more resources to UL (DL), which
creates an interference scenario (MS-BS (BS-MS)) similar
to the UL (DL) FSA. Furthermore, it can be observed that
the cumulative density function (cdf) graphs for FSA are
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generally spread out, whereas the cdf graphs for RTSO are
comparatively steeper. This means that RTSO offers a more
stable and robust QoS, whilst the QoS offered by the FSA is
with larger variation.

With respect to the comparative performance of the two
scheduling schemes presented in this paper, the results show
a similar trend in the explored metrics. However, GRP, which
allocates subcarrier, rate and power in a greedy manner, fails
to fully exploit the frequency selectivity of the channel by
allocating resources to the best placed user (in terms of link
gain). Thus, only a marginal increase in spectral efficiency
is achieved at the cost of outage. It is interesting to draw
a comparison of these trends to a similar study done for a
CDMA system in [10] with the same cell radius, number
of cells, number of users as in the present study. For the
case of CDMA, the greedy GRP algorithm as compared to
the OTA-SRR scheme displays two-fold increase in terms
of total system data rate but serves only 30% of the users,
which are served under the OTA-SRR scheme. Thus, unlike
CDMA, in an OFDMA system it is not efficient to allocate all
resources to one (few) user(s), due to the large bandwidth and
thus pronounced frequency selectivity, which can otherwise be
successfully exploited by user diversity.

Empirical CDF : Spectral Efficiency
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Fig. 1. Spectral efficiency results for various UL:DL asymmetries: GRP
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VI. SUMMARY AND CONCLUSIONS

In this paper, the effects of channel asymmetry on a multi-

user OFDMA-TDD system employing RTSO are studied and

compared to a symmetric FSA system. The analysis is done
based on two scheduling algorithms, following different ap-
proaches to resource allocation: greedy and fair. The results
demonstrate that UL is the performance limiting factor due
to unfavourable interference and the hazardous effect of LOS
conditions among BSs. Shifting more resources in DL provides
a system which is robust to these TDD-inherent problems,
irrespective of whether FSA or RTSO is employed. Such a
DL-favoured scenario attains up to 90% of the maximum
spectral efficiency achievable by the network. Furthermore,
the RTSO can successfully exploit interference diversity and
thus outperform the FSA scheme. In particular, for the same
asymmetry RTSO performs better than FSA in around 50%
of all the cases. The results further show that overall the
fair OTA-SRR scheduling algorithm is more robust to the
detrimental TDD-specific BS-BS interference than the greedy
GRP algorithm. Moreover, the greedy nature of GRP does
not allow for the frequency diversity, offered by the large
bandwidth, to be effectively exploited. In contrast, the fair
OTA-SRR makes use of the frequency diversity by offering
service to up to 20% more users and still achieving spectral
efficiencies only marginally lower than those attained by the
GRP. Hence, RTSO when combined with (OTA-SRR) fair
scheduling allows the system to retain high spectral efficiency
while maintaining fairness in an OFDM-TDD cellular network
with asymmetric traffic.
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Abstract—1In this paper, a semi-analytical approach for the
performance analysis of the random time slot (TS) hopping
(RTSH) algorithm applied to code division multiple access -
time division duplex (CDMA-TDD) systems will be given. TDD
systems are subject to two independent interference scenarios,
giving rise to interference diversity, which is exploited by the
RTSH algorithm. Depending on the actual slot assignment, the
system either experiences same-entity interference (MS (mobile
station)-to-MS and BS (base station)-to-BS interference) or other-
entity interference (MS-to-BS and BS-to-MS interference). The
RTSH algorithm results in a random switching between these
two scenarios, each of which will result in a different level of
interference. Thereby, constant severe interference is avoided.
It has been shown that the RTSH algorithm results in lowest
interference for channel asymmetries in favor of the downlink
(DL).

I. INTRODUCTION

The increase in demand for ubiquitous wireless services
necessitates improved wireless communication systems with
efficient utilization of the limited spectrum. Code division
multiple access-time division duplex (CDMA-TDD) efficiently
supports both real-time and non-real time traffic [1], by
multiplexing uplink (UL) and downlink (DL) into time slots
(TS) on the same frequency band [2]. As each user is assigned
a unique pseudo noise (PN) code in CDMA, multiple users
can occupy the same TS, which is especially beneficial for
packet data traffic, as it requires efficient support for a high
peak-to-average data rate ratio. Through TDD transmission,
asymmetric resource allocation between UL and DL can be
flexibly adjusted. This is advantageous, as multimedia services
have different and time-varying transmission volume demands
in each link. Trading the capacities in both links against
each other therefore maximizes resource utilization and the
channel reciprocity, characteristic of TDD, allows for accurate
and open-loop power control in transmission. Furthermore, in
contrast to frequency division duplex (FDD) systems, TDD
facilitates ad-hoc and multihop operation.

Interference, as a limiting factor in CDMA, is of particular
concern to TDD-based systems. The latter are subject to
additional same-entity interference in contrast to FDD systems.
This is illustrated in Fig. 1 - in the uplink transmitting MSs
interfere with receiving MSs and in the downlink transmitting
BSs interfere with receiving BSs if TSs are opposed.

The RTSH algorithm [3], [4] exploits the interference di-
versity, resulting of two independent and disjoint interference
scenarios, of which the effective one is determined by the

1-4244-0063-5/06/$20.00 ©2006 IEEE
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Fig. 2. Permutation of time frames after every period At [4]

Fig. 3. Interference scenario before (left) and after (right) TS-opposing; Size
of arrows indicates potential severity of interference [4]

actual slot assignment. The key principle of RTSH is that
after every time interval At, the order of the TS within one
frame is permuted randomly (Fig. 2). Note that, an analogy can
be drawn between RTSH and frequency hopping systems. In
the latter frequency diversity is achieved by hopping through
different frequency carriers.

In a TDD system, in order to produce high same-entity
interference, entities have to be of opposite slot assignment,
have to be experiencing high link gains between each other,
have high transmit power, and be active at the same time. As
shown in Fig. 3, the RTSH algorithm aims at reducing the time
that a particular entity stays in such a state of high interference.
As a consequence the expected value of interference decreases.
Moreover, further improvements are anticipated by combining
the RTSH algorithm with techniques that exploit time diversity
such as interleaving and channel coding. It is thus considered
an effective method to improve system performance and to
facilitate the possibility of different UL / DL ratios in different
cells to meet the varying user traffic profiles.

Performance evaluations via dynamic system level simula-
tion of the RTSH are published in [4] and [3]. This paper will
treat the question of how to model the RTSH analytically,
assuming equal asymmetries in all cells and activity of all
users that can be accommodated per TS. Such a model is
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of practical interest, as it facilitates the rapid performance
evaluation of a given system without the need of complex
simulations and could serve as a basic framework, which could
be further extended to, for example, various distributions of
channel asymmetries.

II. ANALYSIS OF INTERFERENCE COMPONENTS

Three main components determine UL and DL interference,
namely the probability that one cell is in DL and an adjacent
cell in UL in the same time instant, or vice versa; the
probability of a TS being active; and the interference received
from same entities and other entities. These three components
will be modeled in section II-A, section II-B, and section II-
C respectively. As already mentioned in the introduction, this
study is within the framework of equal channel asymmetries
for all cells.

A. Probability of Time Slot Opposing

In this section, the probability of users being of opposite link
assignment (in the following referred to as TS opposing), will
be derived. TS opposing introduces same-entity interference
to the system and is characteristic for TDD networks. The
probability of opposite link assignment is dependent on the
asymmetry rate per frame, R,sym, defined as the ratio of the
number of UL (nyr) and DL (npr,) slots. If the probability
of a cell being in an UL TS is n"T‘f)LT = Py1,, where ntor
is the total number of slots per frame, then the probability of
two cells being in UL at the same time is (Pyr,)?. By the
same token, the probability of a cell being in a DL TS is
H”T% = 1 — Pyr, and that of two cells being in DL at the
same time is (1— Pyy,)?. Thus, the probability of TS opposing
for two cells, Pypp(2), is given by (1).

1— (Pgy, + (1 - PuL)?) (0
nyLnpL
(nror)?

POPP (2)

Interfering Cell 1
NOT OPPOSING

cal & Interfering Cell 2
- @ - w OPPOSING
~
=

(b) Downlink

Interference caused in uplink and downlink

For n cells the probability of TS opposing is given by (2) and
is derived by expanding (1).

Popp(n) = 1—=(PiL+(1—-Pur)")
_ - (nuL)" + (npL) @)
(nTot)™
A 16-slot frame (i.e. nror = 16) and asymmetry rates

(UL-DL) of 2 : 14,4 : 12,6 : 10,8 : 8, 10 : 6, and 12 : 4
are considered. The results, displayed in Fig. 4, are symmetric
with respect t0 R,sym = 8 : 8. Moreover, the symmetric case
exhibits the highest probability of TS opposing and as the
asymmetry is shifted to favor either UL or DL, the probability
of TS opposing decreases.

== 2014
- = =412
G 6110 |
—8:8
O 106
O 124
O 1424

Probability of opposed TSs

0 5 10 15 20 25 30 35 40
Number of cells in service area

Fig. 4. Probability of TS opposing as a function of the number of cells in
service area for different UL:DL ratios.

B. Code Distribution

In this section the number of codes occupied per active
TS and the probability of a slot being active, i.e. used for
transmission, are analyzed. In order to determine the slot and
code activities, the number of users served needs to be known
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first. For different asymmetry rates, the number of voice and
data users that can be served can be calculated using the
equations and dependencies developed in [4]. In summary, the
total (UL and DL) number of resource units (RUs) (number
of codes per TS x number of TSs) for the favored link
direction,n,, can be calculated using (3).

K
K+1

where n,, is the total number of RUs available, and K depends
on the ratio of voice users to the total number of users (1) and
on the number of RUs required for a data link in the favored
link direction (u), as given by (4)

K=p+n-(1-p) “)

Both 1 and p vary with the asymmetry and have been
calculated in [4] for a system with 12 codes/TS and 16 TSs.
Moreover, (3) is valid under the assumption that the total
number of RUs required is exactly one for a data channel
in the less favored link direction and exactly two (one for UL
and one for DL) for a voice channel. Equation (5) shows the
total (UL and DL) number of RUs in the less favored link

direction, ny.
np = Ny 1 T 5

Given p and 1 and using (3) and (5), the total number of voice
channels, n; , and data channels, ngh, can be found by (6) and
(7), respectively.

3)

Ng = Nru

7 - Nch (6)
ng = (1—=1) ne (7)

where n., is the total number of channels available and its
value is the same as the total number of RUs available in
the less favored link direction (due to the aforementioned
assumption that in the less favored link direction both voice
and data channels require exactly one RU each). The number
of data channels is the total number of channels minus the
voice channels. Moreover, the number of active voice (n))
and data (nd) users in the system depends on the load factor
v as given by (8) and (9), respectively.

ny, v-ng, (8)
nd = uond, ©

The distribution of active codes and active TSs for different
asymmetries and load factors can thus be simulated, assuming
that the TS with least number of unoccupied codes is occupied
first and a user can use at most one TS. Fig. 5 illustrates the
results for code activity and shows that an asymmetry, which
favors the DL exhibits the same behavior as an asymmetry,
which favors the UL, provided that the same rate of asymmetry
applies. This characteristic behavior is as expected and has
been reported in [4]. A similar trend is valid for the slot
activity, thus results are provided only for the downlink
(Fig. 6).
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Fig. 6. DL slot activity: probability that a DL TS is used for transmission,
depending on the asymmetry and load parameter

C. Same- & Other-Entity Interference

So far it has been shown that for a given asymmetry and
load factor, the expected number of codes occupying a TS
(Fig. 5), the probability of a TS being active (Fig. 6), and the
number of users (given by (8) and (9)) can be determined.
These trends are cell-specific in the sense that the results
depend on the asymmetry and load in the particular cell,
and are independent of the neighboring cells. However, the
final interference component, namely the distribution of same-
(MS-to-MS, BS-to-BS) and other-entity (MS-to-BS, BS-to-
MS) interference, is not cell-specific, but rather is influenced
by the intercell interaction. In order to resolve this interference
component, a system with specifications given in Table I
is realized via a snapshot simulation, assuming an equal
asymmetry for all cells. For BS-to-BS interference, a worst
case scenario is in place, namely line of sight conditions (LOS)
without shadowing, as it is known that in TDD systems the BS-
to-BS interference is most detrimental. Further, one interfering
tier (six cells) is considered with a cell of interest (COI) in
the center and users in each cell are distributed depending on
a system-wide varied load and asymmetry. Equations (10) -
(13), give the expected values of MS-to-BS, MS-to-MS, BS-to-
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TS per frame 16
PN codes per TS 12
Frame length 10 ms
Cell radius 50m
Chips per slot 2560
Bandwidth 4096 kHz
Path loss model UMTS indoor [5]
Shadowing constant 8dB

TABLE I
SIMULATION PARAMETERS

BS, BS-to-MS interference respectively, coming from a single
interfering cell in any TS. It should be noted that the indices %
and j correspond to the according receiver-transmitter pairs in
the equations, such that for (10) G;; is the link gain between
BS; and MS;, for (11) - between MS; and MS;, for (12) -
between BS; and BS;, and for (13) - between MS; and BS;.

ny np
Ellus-ps] = Peode E[(D Gij +pa- > Gij)(10)
JjEV jED
G;\/IS—BS
ny np
Ellus-ms] = Peode B[ Gij+pa - Y Gij)(1D)
JjEV j€D
G{VIS*N[S
E[IBszS] = Pcode . Nc . E[ ng } (12)
~~
GBs-Bs
Ellgs—ms] = Peode  Ne-E[ Gij ] (13)
~
GBs—Ms

where P,qc is the maximum code power of 1.7mW; V' and
D are the sets of active voice and data users, respectively, in
the interfering cell, with according cardinalities ny and np;
G; is the link gain between the transmitter in the interfering
cell and the receiver in the COI; NC is the mean number of
active codes per TS (as illustrated in Fig. 5); p, is the number
of codes required by the data user for a link direction: p,
= 1 in the less favored link direction, and u, = g in the
favored link direction. For example, if MS-to-MS interference
is to be determined, the COI is in DL, while all other cells
are in UL and the total interference coming from each cell
is considered in order to resolve the MS-to-MS link gain
statistics (over a significant number of simulation events).
Similarly, the statistics for the rest of the interference scenarios
are determined and results are illustrated for an asymmetry of
8 : 8 and 50% load in Fig. 7. Fig. 8 displays graphically (10)
- (13) for a load factor of 0.5.

III. RESULTS

In section II, the three components used in this paper to
determine the system interference power, were modeled. To
obtain the final analytical model of interference power in a
TDD-RTSH system, these components need to be combined.
This section will unite the models of the interference com-
ponents, with the assumption that the different interference
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contributions can be approximated by a Gaussian distribution.
This assumption appears justified because the central limit
theorem can be applied.

If two cells are considered, the COI X in UL and an inter-
fering cell Y, there are two possible scenarios, i.e. either Y is
in DL (TS opposing) and thus there is BS-to-BS interference,
or Y is in UL and there is MS-to-BS interference (all MSs
in Y are interfering). Hence, when considering the whole first
tier of cells, the expected value of interference for a COI X
in UL, given that X is active, F{Iy|X = active}, is given
by

E{ly|X = active} =

Pr{X =UL}- > ()Pr{Y =DL}" -Pr{Y = UL}""-
=0
(Pr{Y = active]Y = DL} - i - E[Ips_Bs] +
Pr{Y = active|]Y = UL} - (n — i) - E[Ims—Bs))
14
where n is the total number of interfering cells; Pr{X = UL}

is the probability of the COI being in UL (depending on
the asymmetry); (") Pr{Y = DL}’ - Pr{Y = UL}"" is the
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probability of having ¢ out of n interfering cells in DL (TS
opposing) and n — ¢ out of n interfering cells in UL (in any
combination); Pr{Y = active|Y’ = DL} is the probability
of at least one active transmission in a TS, given that the
respective TS is used for DL traffic (depending on the load
and asymmetry).

In analogy to (14), for the COI X in DL and an interfering
cell Y, there are two possible scenarios, i.e. either Y is in
UL (TS opposing) and experiences MS-to-MS interference (all
MSs in Y are interfering), or Y is in DL and experiences BS-
to-MS interference. Hence, when considering the whole first
tier of cells, the expected value of interference for a COI X
in DL, given that X is active, E{Ipy|X = active}, is given
by

E{Ipp|X = active} =

Pr{X =DL}- Z (MPr{Y = UL} -Pr{Y =DL}" "
i=0
(Pr{Y = active]Y = UL} - i - E[Iys_wms] +
Pr{Y = active|]Y = DL} - (n — i) - E[Ips—ms))
15)

Fig. 9 and 10 illustrate the graphical representation of (14)
and (15), respectively, and show that with regard to both DL
interference (at the MS) and UL interference (at the BS) for a
given load factor the interference is generally highest when the
UL:DL ratio is symmetric. In other words, channel asymmetry,
regardless of whether it is in favor of the DL or in favor of
the UL, leads to lower interference both at the MS and at
the BS and thus to better performance. This can be attributed
to three main effects, the code and TS activity (Fig. 5 and 6
respectively), as well as TS opposing (Fig. 4), which have been
incorporated in (14) and (15). This is an important result as it is
generally assumed that channel asymmetry in cellular CDMA-
TDD systems degrades system DL performance due to high
BS-to-BS interference. A further important result is that DL-
favored asymmetries generally produce lower interference in
the UL (at the BS) than UL-favored asymmetries. In contrast,
asymmetry ratios in favor of the UL, e.g. 14:2, result in lower
interference in the DL (at the MS), compared to DL-favored
asymmetries. It is further worth noting that for a DL-favored
scenario, e.g. 2:14, interference in the DL is in general several
dB less than interference in the uplink. This trend is different
in the case of an UL-favored scenario, where interference in
the UL is always at least 10 dB higher than interference in the
DL.

IV. CONCLUSION

In this paper, a semi-analytical model of the interference
in a TDD-CDMA system employing RTSH was developed.
Using the model, the expected value of interference in UL
and DL can be computed. Equal asymmetries in all cells and
a worst-case interference scenario (e.g., line-of-sight between
BSs) has been assumed, where all possibly accommodated
users are active and interfering. First, it has been shown that
for all system loads, the RTSH algorithm effectively supports
channel asymmetry in a cellular CDMA-TDD system, i.e., the

Expected Value of Interference for an UL TS

-90 T T T T

=
o
koA
13
o
=
o
(7}
€
2
£
——v=1
—110} ——v=01 1
—&—Vv=05
y ——v-025
_115 i i i i i
2:14 412 6:10 8:8 10:6 12:4 14:2

Asymmetry [UL:DL]

Fig. 9. Expected value of interference power [dBW] for an UL TS depending
on v and Rasym
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Fig. 10. Expected value of interference power [dBW] for a DL TS depending
on v and Rasym

special case of assigning UL and DL equal number of TSs, has
resulted in highest interference. Second, lowest interference is
observed for channel asymmetries in favor of the DL. This
means that the use of the RTSH algorithm is very well suited
for future data-centric services which impose higher loads onto
the DL channel.
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