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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF PHYSICAL SCIENCES AND ENGINEERING
DEPARTMENT OF ELECTRONICS AND COMPUTER SCIENCE

Doctor of Philosophy

Digital Optical Fibre aided Virtual Multiple-input and Mul ti-output
in Multicell Multiuser Networks

by Xinyi Xu

Advanced communication networks are conceived by amalgagthe techniques of
distributed antennas (DAS) and fractional frequency réBB&), where the cell-edge area
additionally relies on FFR for the sake of reducing the carctel interference (CCI). Since
DASs rely on the availability of a backhaul, we consider diséa - rather than perfect
- optical fibre backhaul and develop a model for a compositeaipfibre and wireless
channel, which is capable of representing the effects ofibre-induced imperfections
imposed on the attainable throughput and the BER perforenafite entire system. More
explicitly, we demonstrate the effects of the fibre’s lind&persion and nonlinearity on
both noncooperative and cooperative DAS aided FFR schemes.

The proposed pervasive DAS/FFR scheme has a low complskiige it employs a
single omni-directional transmit element at each remoterara (RA) and a single re-
ceive element at each mobile station (MS). The resultartesyss jointly modelled as
a virtual multiple-input and multi-output (MIMO). Hencegiptly designing the transmit
pre-processing (TPP) matrix of all the cooperative RAs sn¢hse of the downlink (DL)
is shown to be beneficial. Similarly, the joint design of theltiuser detector (MUD) co-
efficients for all the active MSs transmitting in the uplinkl() is carried out by the central
processor of the base station (BS).

The dominant interference of our DAS/FFR scheme is causdtidyntra-cell inter-
ference (ICI) for both cases of DL and UL, especially in th@rst-case direction’ when
the MS is roaming near the angle halfway between two adjdRAst In order to mitigate
the ICI, the TPP matrix is designed for all the cooperativesR#\capable of achieving
an increased throughput for the entire cell-edge area inr&@jardless of the specific geo-
graphic distribution of the users. Our novel combined pbalisic data association (PDA)



multiuser detector is invoked by the mobile relays (MR) digervasive DAS/FFR archi-
tecture, which is capable of substantially reducing theehior ratio (BER) for the MS
roaming at arbitrary positions, especially in the 'worase direction’.

Practically, the generation of perfect Channel State médiron (CSI) remains an open
challenge, whilst having an imperfect CSI leads to a redymtormance. Hence, we
also investigate the impact of practical impairments ideig the effects of CSI estima-
tion errors, CSI quantisation errors as well as Orthogoreérency Division Multiplexing
(OFDM) signal timing and frequency synchronisation eriar®L scenario. We further
extended the Single-Input Single-Output (SISO) based audrerent 16StQAM scheme
to a Single-Input Multiple-Output (SIMO) system in UL sceiwawhen both the Turbo-
Coded 16StQAM and 16QAM schemes in the multicell, multiuggdmk system consid-
ered without the perfect CSI.

Finally, we consider a practical multiuser, multicell sagn, where a particular user’s
position is mapped to a specific Signal-to-InterferenecesyNoise-Ratio (SINR). This method
allows us to portray the geographic of the SINR across thieeecellular area. In the DL
of the cooperative DAS aided FFR scheme, a throughput ef 5bits/s/Hz may be
maintained for an imperfect optical fibre backhaul, regsssglof the specific geographic
distribution of the users roaming in the cell edge area. iHeml/that an idle MR may be
activated in the vicinity of the optimum relay position, metUL of the cooperative DAS
aided FFR schem®&0% of the cell-edge area exhibits a BER, which is better thamt,
while the remainin®0% has a BER value dfl0—* - - - 10~2]. Naturally, this BER perfor-
mance improvement is achieved at the cost of potentiallyihglthe throughput, because
the MR has to receive and retransmit its information in défe time-slots. When apply-
ing power control (PC), the BER recorded across the entitelaearea may be reduced,
below10~3 even without the assistance of MRs.
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Chapter 1

Introduction

1.1 Motivation

The fourth-generation (4G) wireless communication systame expected to support a
high performance for anyone, anywhere and anytime, preagmily relying on the Third
Generation Partnership Program Long Term Evolution (3GPE) [1]. The target of
3GPP- LTE is that of increasing the system'’s throughput eartstmission integrity across
the entire cell area [1] [2] [3] [4]. Hence, improving the feemance of the users roam-
ing in the cell-edge area becomes the main challenge [5§usecthe users’ Quality-of-
Service (QoS) perception is typically predetermined bywoest-case QoS. To elaborate
a little further, the perceived QoS is generally predetasdiby diverse metrics, such as
the delay, the signal-to-noise ratio (SNR), the throughthat Signal-to-Interference-plus-
Noise-Ratio (SINR), bit error ratio (BER), etc. One of themising solutions conceived
for mitigating the CCI is to invoke the FFR concept [3], albihiis results in a reduced
ASE [6] in comparison to the radical unity frequency reus&RY [5]. In this thesis,
we focus our attention on the interference management dfiusal, multicell scenarios.
Fig. 1.1a portrays two tiers dB cells invoking the above-mentioned UFR pattern, where
the users suffer from strong CCl imposed by all the activeB&ontrast, Fig. 1.1b shows
two tiers of19 cells relying on the FFR pattern, where the CCI is reducedesihe users
only suffer from the CCI inflicted by the active BSs in the segtier, which are allocated
the same frequency as the reference cell [7] [8].

The LTE standard (Release 8) [1] [2] has been further deeeldyy the LTE-Advanced
(Release 10) [9] initiative, which is capable of meetingliiternational Mobile Telecom-
munications (IMT) specification [10]. The LTE-Advanced [8]stems is expected to rely
on a bandwidth ol 00M Hz and potentially may support a rate bf:b/s for the down-
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(a) Unity Frequency Reuse (b) Fractional Frequency Reuse

Figure 1.1: The topology of two tiers of nineteen cells netyon a UFR and FFR
scheme

link (DL), whilst 500MBit/s for the UL. DAS [11], Coordinated Multicell Processing
(COMP) [12] regime and relaying techniques [13] are ativacin terms of further im-
proving the attainable system performance [14]. Hencectimeentional cellular network
relying on Centralized Antennas (CAS) at the BS may evolve BIAS architecture com-
bined with the FFR scheme, as seen in Fig. 1.2. In compar@stimetconventional CAS
used at the BS, the DAS may improve the coverage of the erdlldyg positioning the
Remote Antennas (RAS) of the DAS in both the cell-center aretthe cell-edge area. We
refer to this regime as a pervasive DAS/FFR scheme, whilB&simply plays the role of
the central signal processing (CSP) unit in our pervasiv& R#chitecture, which will be
studied in Chapter 4. More explicitly, our goal is to designaachitecture, which would
offer a high SINR across the entire cellular area [15]. Tisultant system is capable
of increasing the throughput for the entire coverage arélaowt requiring extra transmit
power. We will investigate a range of sophisticated techesj such as TPP for the DL and
COMP for the UL in the context of a practical system model, igheny particular user’s
position is characterised by a specific SINR.

1.1.1 Fractional Frequency Reuse

The concept of FFR was proposed first for the second-gearr@G) wireless communi-
cation systems also known as the Global System of Mobile Conications (GSM) [16].

This concept was then also invoked for 3GPP-LTE [1]- [2], ethis an attractive strategy
due to its low complexity and as a benefit of its significanhgaiAs demonstrated in the
Table. 1.1, the FFR concept has been proposed for diverseaaioation systems. There
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UFR CAS
FFR DAS
FFR + DAS

'

Pervasive DAS + FFR

Figure 1.2: Evolution of communication network architeetu

are two basic types of FFR, namedirict FFR andsoft FFR[17]. In case of strict FFR,
the total frequency band is partitioned between the celtareareaf, and cell-edge area
fe. The users roaming in the cell-center area of all cells doeated the same frequency
bandf., while the users roaming in the cell-edge area are allocspdrate subbands in
the adjacent cells with a reuse facirhence we have; + f» + f3 = f,. The primary
advantage of strict FFR is the significant reduction in itetemnce for users in the cell-edge
area as portrayed in Fig. 1.1b. By contrast, in soft FFR usetise cell-center area are
allowed to share their frequency band with users in theedgdle area of other cells. In
comparsion to soft FFR, strict FFR reduced the interferemgmosed on the users in the
cell-edge area at the cost of reducing the bandwidth avaitabboth the cell-center and
cell-edge users. Hence, we opted for using strict FFR foD#A8 aided FFR systems in
both Chapter 3 and Chapter 4.

1.1.2 Distributed Antenna Systems

The FFR regime is capable of reducing the CCI, as shown in Eid. However, the
pathloss of the distant users roaming in the cell-edge ditangproves a low SINR.

Hence, we configured our DAS to install RAs closer to the edtie area. The early
studies of the DASs [27] [28] and [29] exploited that the RA aapable of reducing the
pathloss and increasing the diversity gain. In [30] a coaipez technique was invoked for
mitigating the interference imposed by the DAS system. is tiresis, we first combined
the DAS concept with the FFR technique for mitigating the C&4 shown in Fig. 1.3.
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Figure 1.3: The topology of two tiers of nineteen cells netyon a FFR and DAS
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Figure 1.4: The topology of a pervasive DAS/FFR scheme taskisy a MR in a
two-tier, nineteen-cell scenario.



1.1.2. Distributed Antenna Systems 5

Table 1.1: Contributions to FFR in cellular networks

Year | Authors Contribution

1996 | Rivaet al.[18] Provided frequency planning techniques
such as the concept of fractional reuse.

2001 | Cardieri and Rappaport [19] Proposed the FFR concept relying on smart
antennas for mitigating the CCI.

2002 | Begainet al.[20] Investigated the FFR concept in the
context of GSM systems.

2003 | Sternacet al.[21] Advocated coordinated scheduling of the
cell-sector using FFR for OFDM systems.

2008 | Changet al.[22] Combined cooperative interference

mitigation with FFR.
2009 | Chandrasekhar and Andrews [23Proposed the FFR strategy for femtocells
in two-tier networks.

2010| Novlanet al.[17] Investigated the concept of strict FFR
and soft FFR in OFDMA systems.

2011 | Xu et al.[24] Proposed a DAS-aided FFR scheme for
multiuser multicell scenarios.

2012 | Xu et al.[25] Proposed the optimal threshold for FFR
schemes for OFDMA Cellular Networks

2013 | Novlan and Andrews [26] Analyzed the evaluation of FFR in UL.

More explicitly, Fig. 1.3 shows that in comparison to the wamtional FFR scheme of
Fig. 1.1b, the DAS-aided FFR scheme is capable of substigneaucing the CCI. The

CCl imposed by the first-tier cells is mitigated by invokiig tFFR, whilst the CCI arising
from the second-tier may be ignored, because the DAS schparates at a low transmit
power. Hence, it is possible for us to focus our attentiorefyuon the ICI, as seen in
Figure 1.3. Secondly, we also cooperative techniques folD&& aided system, which
may further reduce the ICI. On the other hand, although th& B capable of reducing
the CCI, when combined with FFR, but the cooperative diteigiin gleaned from the
adjacent cells may be eroded. Hence, as a further enhant&medantroduce MR into

the proposed pervasive DAS/FFR arrangement, as seen id.Bgyfor the UL, in order

to improve the achievable cooperative diversity gain atcthe of reserving an additional
time-slot for the MRs, as seen in Fig 1.4b.



1.1.2. Distributed Antenna Systems

Table 1.2: Contributions to DAS in cellular networks

Year

Authors

Contribution

1987
1996

2003

2005

2006

2007
2008

2009

2010

2010
2011

2012

2013

Salehet al.[31]
Kerpez [27]

Hairuoet al.[32]
Daiet al.[33]

Hanet al.[34]

Wan and Andrews [35]
Zhang and Andrews [28]

Parket al.[30]

Castanheira and Gameiro [2

Wakeet al.[36]
Xu et al.[24]

Parket al.[37]

Ozguet al.[38]

Proposed the DAS concept for indoor scenar
Conceived a radio access system relying on
multiple antennas spatially distributed
throughout each cell, instead of using a
single antenna for each cell.

Proposed a sub-optimal power allocation
strategy for a DAS relying on random RAs.
Investigated a DAS aided CDMA system.
Designed a transmit antenna selection schen
relying on a power- and rate- allocation
scheme for DAS systems.

Studied a DAS-aided DL multicell scenario.
Considered a DAS systems operating in the
scenario of random channel effects and
randomly positioned mobile users as well

as the RAs.

Proposed different cooperation strategies
for DASs.

OPemonstrated that the most important DAS
system property in multiuser scenarios is
the symmetric allocation of the RAs for
attaining the highest capacity gains.
Proposed Radio over Fibre aided DASs.
Proposed a DAS-aided FFR scheme and
studied imperfections of the digital
optical backhaul in a multiuser,
multicell scenario.

Proposed algorithms for determining the
antenna location of downlink DASs in both
single-cell and two-cell environments.
Characterize how the capacity of the
distributed MIMO transmission scales with
the number of cooperating users the area of

0sS.

the clusters and the separation between then




1.1.3. Coordinated Multipoint Transmission 7

1.1.3 Coordinated Multipoint Transmission

As highlighted above, the DAS aided FFR scheme significamijgated both the CCI
among the adjacent cells, as well as the ICI imposed by the iRAlse reference cell,
especially near the angle halfway between two adjacent R8s Despite these benefits,
the achievable performance still remains limited in spec#igions of the cellular area.
For the sake of mitigating these limitations, the COMP tégbe is invoked as an effec-
tive way of managing the intercell interference. The evoluiof the COMP technique
is summarized in Table 1.3. The COMP philosophy was first ickemed in 3GPP LTE-
Advanced in September 2011 as one of the core features oa$telel [40] [12], where
the two basic COMP schemes aimed for interference avoidavitée is relying on per-
fect CSlI [41]. In the case of the DL, there are three classit/®@ategories: coordinated
scheduling/beamforming, dynamic point selection andtjoemsmission [40]. More ex-
plicitly, in coordinated DL scheduling/beamforming schesj42] [43], either the BS or
the RA is selected to transmit its data to users. Dynamictpsailection [44] constitutes a
low complexity COMP scheme where the actived BS or RA trattemmay be switched
according to both the availability of wireless resourced #re channel quality [45]. In
the more complex joint transmission scheme of [46] [47], tipld transmitters are ac-
tived to transmit to a single user either coherently or nbecently. In coherent joint
transmission, the signal transmitted from multiple traitars is jointly preprocessed for
supporting coherent combining at the receiver [48]. ThiBT&hnique [49] is invoked for
our DAS-aided FFR scheme in Chapter 3, which belongs to thereant joint transmission
class. By contrast, in the noncoherent joint transmisdiassg the user would receive mul-
tiple transmissions individually precoded by each trart&rs without aiming for coherent
combining [50]. There are two typical coordinated techejior the UL, namely those
that create orthogonal channels for the individual usedslaose that create receiver algo-
rithms [40], such as MUD [51]. The optimum maximume-likeldebdetector is based on
the concept of “full search”, where the computational coerfty increases exponentially
with the number of users. Hence, near-optimal multiusesa&n has been widely inves-
tigated [52], including the probabilistic data associat{®DA) based MUD [53], where
the multiuser interference will be assumed to be Gaussiae 94]. More explicitly, the
received coordinated signals were treated as the inteder® be mitigated in [55] [56].
By contrast, we will treat the interference as desired sgyehich will be decoded at the
BS [57] [12] with the aid of our PDA detector designed for tl@inated cells [58]. This
PDA-aided detector is base on the philosophy of "knowledwgriag and data fusion”,
which will be invoked in the DAS aided FFR scheme of Chapter 4
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Table 1.3: Contributions to COMP in cellular networks

A

Year | Authors Contribution

1996 | Moshavi [51] Proposed the MUD concept for DS-CDM
systems.

1997 | Poor and Verdu [55] Designed the MMSE multiuser detector.

2000 | Wei and Qi [52] Conceived a near-optimal limited-search
based detector for CDMA systems.

2001 | Meureret al.[59] Proposed joint detection and joint
transmission in the CDMA downlink.

2007 | Koutsopoulos and Tassiulas [44Advocated joint optimal access point
selection.

2008 | Chaeet al.[42] Proposed coordinated beamforming for t
multiuser MIMO broadcast channel.

2010 | Sawahashet al.[60] Presented the CoMP among multiple cel
sites.

2011 | Papadogiannist al.[61] Investigated the selective feedback
concept in the context of COMP systems|

2012 | Annapureddyet al.[62] Studied the degrees of freedom in the
multiuser interference channel relying
on COMP.

2013 | Yanget al. [41] Gave an overview of state-of-the-art
approaches for solve the potential
limitations of COMP.

1.1.4 Optical Fibre Backhaul

The conventional backhaul is defined as the connection leenttee BS and the BS con-

trollers in cellular systems, which typically relies on pep, optical fiber or microwave

radio links. In the USA for example, copper represents agprately 90% of the back-

haul implementations, microwave links about 6% and opfibairs about 4% [63]. How-

ever, recently the backhaul capacity required has significancreased due to the in-

creasing number of mobile subscribers using high-speedstavices [64]. Hence, with

the ever-increasing penetration of the optical fibre trassion technique, optical fibre

may be used on a larger scale to meet the growing requirerfemtsgh-capacity back-

haul. The concepts developed for wireless communicatigtesys are increasingly in-

voked in optical fibre communication systems, such as Codésion Multiple Access
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Figure 1.5: The system structure of DAS aided FFR schemeduated in the
thesis.

(CDMA) [65] [66], Frequency Division Multiple Access (FDM#or Wavelength-Division
Multiplexing (WDM) [67], Time-Division Multiplexing (TDM) [68], OFDM [69] and Space-
Division Multiplexing (SDM) [70]. Originally the most domate optical modulation
scheme was On-Off Keying (OOK) [71]. However, in recent getlte modulation schemes
developed for wireless communication have increasingiynébtheir way into optical
fibore communication, including differential phase-shiftykng (DPSK) [72], as well as
multi-level modulation schemes constituted by a combamedif phase-shift keying (PSK)
and amplitude-shift keying (ASK), leading to M-ary Quadrat Amplitude Modulation
(QAM) (M = 2b,b = 2,4,6,---) [73]. In order to transmit the multi-level modulated
optical signal, two typical methods has been proposed, lware Digital Optical Fibre
(DOF) based technique [74] and the Radio Over Fiber (ROM)nigcie [75]. More ex-
plicitly, in the case of DOF, the wireless baseband signahissmitted through the optical
fibre, while in the case of a ROF system, the modulated wisgkdio frequency (RF) sig-
nal is conveyed directly through the optical fibre. A rudirtaag comparsion of DOF and
ROF will be provided in Chapter 2. The system architectutheDAS aided FFR scheme
used in the thesis is shown in Fig. 1.5, where the DOF linkvsked for connecting the
BS and RAs.
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Table 1.4: Contributions to optical fibre communications.

Year | Authors Contribution

1989 | Saleh [65] [66] Proposed CDMA for optical fibre networks.

1990 | Brackett [67] Conceived WDMA for optical fibre networks.

1996 | Barryet al.[68] Introduced the TDM into optical fibre networks.

2003 | Sinkinet al.[76] Proposed the split-step Fourier method for modeling
both the linear and non-linear distortions of
optical-fiber communications systems.

2005| Gnauck and Winzer [72] Invoked DPSK for optical fibre networks.

2007 | Saueret al.[75] Suggested the employment of ROF aided cellular
networks.

2009 | Nirmalathaset al.[77] Proposed the DOF-aided optical fibre networks.

2010 | Essiambreet al.[78] Estimated the capacity limit of optical fibre
communication systems.

2011 | Liu et al. [69] Proposed coherent OFDM for high speed long-haul
optical transmission.

2012 | Winzer [70] Proposed the SDM principle for optical communicatic

2013 | Dar.etal.[79] Presented a new fading MIMO mode, the Jacobi fadi
model, for optical fiber communication.

1.2 Organization of the Thesis and Novel Contributions

The outline of the thesis as shown in Fig. 1.6 is presenteabel

e Chapter 2: The DAS concept effectively moves the antennas from the B® s

tions distributed across the cell. Two typical optical fibackhaul techniques will

be considered for connecting the antennas to the BS, naime=p®OF link and the

ROF techniques. The DOF link relies on the classic optictdepropagation the-

ory. In our preliminary study of Section 2.3, a DOF link is dder connecting the

BS to a fixed relay. The so-called Wyner interference modglig@combined with a

FFR arrangement as well as with three different interfezandigation techniques,

namely the eigen-beamforming technique [81], the Redyweader based technique

of [82] and a hybrid technique of combining eigen-beamfoigniith the reduced-

power technique.

Chapter 3: Based on the preliminary study of a DOF link in Chapter 2, \Whic

is invoked for the Shamai-Wyner interference modellingwad tadjacent cells, we
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focus our attention on a more practical scenario in Chapterh&re a DAS-aided
combined FFR scheme is investigated in the context of a usdtimulticell net-
work designed for the DL. TPP techniques are invoked for oujmg the attainable
throughput across the entire cellular coverage area. The IR is modelled by
the classic Split-Step Fourier (SSF) method [83] which isatde of analysing the
effects of both the linear dispersion and of the nonlinganitposed by the optical
fibre link on the throughput of the wireless channel. We walbademonstrate that
increasing the number of DAS elements may not always lead improved cov-
erage in the entire cellular area and characterize the powrdrol effects on the
achievable system performance.

e Chapter 4: In contrast to Chapter 3, which dealt with the DL, Chapter Astders
the UL. More explicitly, the pervasive DAS/FFR scheme of.Higl, which was de-
signed for a multiuser, multicell network is investigatadcan UL scenario. In order
to increase the attainable cooperative diversity gainpecative relaying is invoked
in our pervasive DAS/FFR. Different COMP techniques, sietiha Minimum Mean
Square Error (MMSE) [84] based successive interferenceeati@tion combined
with optimal user ordering (MMSE-OSIC), maximume-likelidd MUD [84], proba-
bilistic data association (PDA) aided MUD [85] and our newAtBchnique specif-
ically designed for our mobile-relay aided scenario areked for improving the
achievable BER for the users roaming across the entire ezl aAgain, we will
also demonstrate the beneficial effects of power-controthenattainable system
performance.

e Chapter 5: Relying on the previous chapters, in this chapter we ingagtd the DL
of our DAS/FFR scheme by taking into account the effects atfical imperfec-
tions. More explicitly, the impact of CSI estimation erro@&SI| quantisation errors
as well as OFDM signal timing and frequency synchronisagioars are considered.
Naturally, the attainable performance of the COMP techaigll be degraded in
conjunction with imperfect channel knowledge for both tHedhd UL. As an attrac-
tive design alternative, we conceive a Turbo Coded (TC)el@ll Star-Quadrature
Amplitude Modulation (StQAM) scheme for supporting optiiber-aided coopera-
tive wireless transmissions, where the receiver does rvat teeestimate the channel
state information.

e Chapter 6: The main findings of the thesis are summarized and suggdsetituture
research are presented.
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The fundamental motivation and the rationale of the thesthat we design a supe-
rior communication network by intrinsically amalgamatitfte FFR, DAS and relaying
techniques for the sake of mitigating the CClI, for reducimgpathloss and for increasing
the cooperative diversity gain. The system’s architectales on the components seen
in Fig. 1.4b. Instead of simply varying the SINR of a singlerusze consider a more
practical multiuser, multicell scenario relying on pracai cellular parameters, where any
particular user’s position is mapped to a specific SINR. Théthod allow us to observe,
whether a particular communication architecture is capabf efficiently improving the
SINR across the entire cellular area. Then sophisticate® Téthniques are conceived
for the DL and COMP techniques are invoked for the UL in orderimprove both the
attainable throughput and the BER.

The novel contributions of the thesis are as follows:

1. We design a pervasive DAS/FFR-aided architecture fosdike of reducing the CCI
in the the cell-edge area. Our pervasive DAS/FFR scheme I@as eomplexity,
since it invokes a single omni-directional transmit anteah each remote antenna
(RA) and a single receive antenna at each mobile station.(M&)ointly model the
resultant virtual multiple-input and multi-output (MIM@ystem. Hence, we jointly
design the TPP matrix of all the cooperating RAs in case obthé our paper [24].
By contrast, Multi User Detection (MUD) techniques are iked for all the active
MSs in the UL by centrally processing all the received UL sighas detailed.

2. Rather than simply characterizing the achievable perdoice of a single user as a
function of the SINR, we consider a more practical multiusaslticell scenario re-
lying on practical cellular parameters, where any paréicuker’s position is mapped
to a specific SINR. This method is capable of demonstratieggrographic distri-
bution of the SINR across the entire cellular area. We detnatesthat although
the pervasive DAS/FFR scheme is capable of outperformiagtimventional net-
works, the so-called 'worst-case direction’ problem passas characterized in our
paper [86].

3. We aim for improving the entire system’s performance s€tbe cellular area, and
for mitigating the above-mentioned worst-case directimobfem. In the case of the
DL, the TPP matrix of all the cooperative RAs combined withRF&Ssists in achiev-
ing an increased throughput for the entire cell-edge aeg@rdless of the specific
geographic distribution of the users, as demonstrated irpaper [24]. By con-
trast, in the case of the UL, the above-mentioned MMSE-OS3i€Ctae PDA MUD
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techniques are unable to solve the 'worst-case directiooblpm. As a remedy,
the CPDA MUD invoked by our MR aided pervasive DAS/FFR aretiitire is ca-
pable of substantially reducing the BER for the MS roamingraitrary positions,
especially in the 'worst-case direction’ as demonstrate@hapter 4.

4. More explicitly, in the case of the UL, the intra-cell irference (ICl) is the dom-
inant problem of the pervasive DAS/FFR scheme, which mayaat be stronger
in the cell-center area than in the cell-edge area, sincentedering MSs tend to
be in a dense cluster in the central area, they are scatesediénsely in the outer
ring. Hence, the MSs roaming in the cell-center area mayadnifave a lower SINR.
Hence, an efficient Mobile Relay (MR) selection strategyequired by the Per-
vasive DAS/FFR scheme, which is capable of significantlyoaty the BER right
across the entire cell area, as quantified in Chapter 4.

5. The baseband DOF model relying classic optical pulsegmation theory is ap-
propriate for analysing the wireless system model consitleHence, we treat the
BS-RA-MS link as a composite channel, where the effects efitire-induced im-
perfections both on the attainable throughput and on the B&®rmance of the
wireless channel can be calculated, when applying diffengreless transmission
strategies, relying on diverse modulation scheme and catipe processing tech-
niques, as detailed in our paper [24].

6. We investigate the impact of practical impairments on GoMP aided DAS in
the context of a FFR arrangement in the case of the DL, inclyuthe effects of
CSI estimation errors, CSI quantisation errors as well aBi@ignal timing and
frequency synchronisation errors [87]. Furthermore, wermrded the Single-Input
Single-Output (SISO) based non-coherent 16StQAM schenj88jfto a Single-
Input Multi-Output (SIMO) system, which is capable of opgarg without any chan-
nel knowledge
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Chapter 2

Optical Fibre Backhaul

2.1 Introduction and Outline

The backhaul of a conventional cellular network is definethascommunication link be-
tween the Base Station (BS) and the associated Mobile Swigcbentre (MSC). Usually,
the physical medium of the backhaul is based on copper, mé&ire radio links and optical
fibre [89], [90]. Having a high capacity backhaul for the LMglvanced (LTE ReleasH))
system is highly desirable [91] and in this context usingagbfibre is more reliable than
copper and microwave radios. On the other hand, when cangjoe Distributed Antenna
(DAS) assisted communication network, which aims for inomg the coverage of the
entire cell area, optical fibre may be adopted for the compoatiun link between the BS
and the Remote Antennas (RA). Hence, the backhaul of a DA&Iaidmmunication net-
work is extended to the RAs, as demonstrated in Fig. 2.1, eviiier entire communication
network may be treated as an optical fibre network havinglesseaccess points. More
explicitly, in a DAS aided communication network, the BSysdhe role of a central pro-
cessing unit, where the extra complexity of multiple usansmission [92] and multiple
user detection techniques [93] [94] is affordable.

For the sake of maximising the attainable area spectralezifig, Multi-Carrier Code
Division Multiple Access (MC-CDMA) and Orthogonal FrequgrDivision Multiple Ac-
cess (OFDMA) [93] have been proposed, which may be capaloperhting without parti-
tioning the total bandwidth into cell-specific frequencyssalthough this so-called 'unity
frequency-reuse pattern’ is typically achieved at the odstn increased co-channel in-
terference level. This severely interference-limitedeléss access system often becomes
incapable of supporting a sufficiently high throughput,ezsally at the cell-edge. Hence,

a different form of frequency reuse has been adopted in thel Theneration Partner-
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Figure 2.1: An architecture of cellular network aided by B%S.The exact size
of the architecture is dependent on the realistic requirgme

ship Project’s (3GPP) Long Term Evolution (LTE) initiati{@5] and in the Worldwide
interoperability for Microwave Access (WIMAX) [96] systerboth of which rely on the
so-called Fractional Frequency Reuse (FFR). AccordingedsFR philosophy, the users
roaming near the cell-center occupy the total bandwidthleathe cell-edge users are al-
lowed access only a third of the total bandwidth, in orderltovathe creation of three
non-interfering frequency sets. More explicitly, the fuegcy sets of the cell-edge users
in the adjacent cells are arranged to be orthogonal in ocdienprove their Signal to In-
terference plus Noise Ratio (SINR).

Moreover, wireless relays may be employed in the cell in otdémprove the achiev-
able cell-edge SINR and throughput [97], which would otheearemain low, as a result
of the pathloss between the Base Station (BS) and the cgdlHeldbile Station (MS). As a
beneficial effect of the relay, the reception quality is ioy@d and an enhanced cell-edge
SINR is achieved. Despite the numerous benefits of wiretdags, the capacity of a wire-
less relay aided system is limited by that of the 'weakesK In the entire communication
chain [98], regardless whethamplify-forwardor decode-forwardelaying is used. On the
other hand, it is widely recognized that the capacity of@gifiibre links is higher than that
of the wireless medium. Therefore, the optical fibre back[@8] is eminently applicable
to the construction of the BS to relay link and the capacitthefresultant RoF based relay
system is essentially only limited by the ’last-mile’ wiesk link.
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The outline and contributions of this chapter may be sunsedras follows. In Sec-
tion 2.2, we introduce the optical fibre backhaul. More eiflli, we briefly compare the
digital over fibre (DOF) [100] and radio over fibre (ROF) [1@&¢hniques in Section 2.2.1
and introduce a range of fibre-induced imperfections invgloptical pulse propagation
theory in Section 2.2.2. In Section 2.3, a DOF link is comdinéth the Wyner inter-
ference model [102] of two cells, each having a radiukand relying on a fractional
frequency reuse arrangement. We consider the benefitsfefetit wireless interference
mitigation strategies and the effects of the fibre-induceplarfections.

2.2 Optical Fibre Backhaul

A substantial benefit of the LTE-Advanced system [91] is thatsignals transmitted and
received by the distributed antennas may be jointly pramessth the aid of the so-called
coordinated multipoint (COMP) [103] techniques relying arhigh capacity backhaul.
Hence, we focus our attention on the optical fibre link betwt#ee BS and RAs [104]

[105] [99] in our DAS assisted scheme, which is more relidgbin a wireless backhaul,
albeit it is also more costly.

2.2.1 Digital Over Fibre and Radio Over Fibre Techniques

The optical fibre based backhaul techniques may be clasgitiethe broad categories of
DOF and ROF [27] [106]. In the case of DOF backhaul aided systi¢ is the wireless
baseband signal that is transmitted through the opticad,filvhile in the case of a ROF
system , the modulated wireless radio frequency (RF) sigranveyed directly through
the optical fibre. In the recent literature, the concept efdb-called digitized-RoF sys-
tem [107] was proposed, where the modulated wireless RRakigmligitized by a high
sampling-rate analog-to-digital converter (ADC) befoegnlg transmitted through the op-
tical fibre. Naturally a high-rate digital-to-analog (DA€)nverter is required [108].

In contrast to the analogue-ROF family, the DOF subclassimune to the sideband
cancellation phenomendrwhich occurs in the ROF system [109] [110] and additionally
it is capable of avoiding both the inter-modulation distmis of the optical fibre as well
as the nonlinearity imposed by the optical components [1N3turally, these benefits
are typically achieved at an increased complexity and dd¥i][ Additionally, multilevel
optical signaling transmissiéniechniques [112] [113] may be applied, which are capable

1a fluctuation amplitude caused by the phase shift due to fispetsion.
2noncoherent multi-level amplitude and phase-shift keying
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Figure 2.2: The structure of DOF link and ROF link.

of reducing the complexity of the optical receiver at the Ri&nce in this study we rely on
a DOF link. As a further benefit, RoF techniques also allovwoysréprocess the DownLink
(DL) transmit signal for all the users in the central BS, befibis transmitted to the mobile
station (MS). Hence the RoF backhaul may also support treneiin of BS cooperation
techniques to DASSs.

The DOF and ROF system structures are shown in Fig. 2.2. Icatbe of the DOF link
shown in Fig. 2.2a, the transmitted baseband data modwaatEeam of Gaussian-shaped
time-domain (TD) optical pulses, where an ideal optical olatbr is assumed, which
does not impose any chitpn the optical pulse. Then the Gaussian-shaped TD optical
signalling pulses are transmitted through the optical filateich imposes both linear and
nonlinear distortions. At the RA, the optical signallinggas output by a photo-detector
are converted back to the corresponding baseband elecsigmals. By contrast, in the
case of the ROF technique shown in Fig. 2.2b, the transmitéesgband signal is first
upconverted to the analogue RF carrier and the resultamlsgthen used for modulating
a continuous-wave optical carrier. Hence, a simple RA maydszl, which converts the
signal from the optical carrier to the RF carrier for transsion over the wireless channel.

3a signal in which the frequency increases ('up-chirp’) ccréases (‘down-chirp’) due to the dispersion
as the signal propagates.
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However, the ROF scheme may suffer both from the sidebaraktdahon phenomenon
detailed in [109] [114] and from the inter-modulation digion imposed by the nonlinear-
ity of the optical components, as we mentioned above. Furtbes, the baseband DOF
model is appropriate for analysing the wireless systemidensd. Hence, we treat the
BS-RA-MS link as a composite channel, where the effects efittre-induced imperfec-
tions on the attainable throughput and the BER performahtteavireless channel can be
calculated, when applying both non-cooperative and c@tperprocessing techniques.

2.2.2 Characteristics of the Optical Fibre Channel

Based on our brief portrayal of the DOF and ROF techniquesiged in Section 2.2.1,
we opt for invoking the DOF aided backhaul for the followirggasons:

1. The up- and down-conversion of RF may be carried out wighaild of well- devel-
oped techniques at both the RA and the BS.

2. In the DOF link, the baseband signal is used for modulatiegGaussian-shaped
TD optical pulses. This technique may be able to avoid the@lnoentioned side-
band cancellation phenomenon and inter-modulation distoof the optical fibre as
well as the nonlinearity imposed by the optical componemthe case of the ROF
technique;

3. The baseband DOF model is appropriate for analysing theless system consid-
ered.

Despite the above-mentioned advantages, the system@peniice is affected by the
fibre-induced imperfections. Hence, in this section, weftyicharacterise the optical fibre
channel [83] [115]. Its linear effects are summarized in Bi§, while its nonlinear effects
are highlighted in Fig. 2.4, when optical pulses propagheit.

2.2.2.1 Linear Effects

1. Fibre Loss. Usually, we take into account the fibre loss, which is duééoettenua-
tion, absorption, reflections, refractions, Rayleigh eaig and optical component
insertion losse$.When the Gaussian-shaped TD optical pulses propagate tileng
optical fibre, the average optical powof a bit stream is governed by Beer’s law

4The insertion losses is usually independent of wavelendgibimare imposed by the insertion of optical
components, such as couplers, filters, multiplexers/dephesers, and switches [115].
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— Fibre loss

Linear impairments | Group —velocity dispersion

—» Polarization effects

— Amplifier spontaneous emission noise

Figure 2.3: Classification of linear effects in the optichréi channel.

formulated as [83HP/dz = —aP, wherex is the kilometric attenuation coeffi-
cient given by the ratio between the input powgr and the output powe?,,,; after
propagating over a length &f

Hence we have:

Pout = Pipexp(—al), (2.1)
10 P

agp = —-logio( I;”’f) ~ 4.343«, (2.2)
1

whereun ;5 is expressed in units @B / km. More explicitly, we havé% = exp(—al)
from Eq. (2.1) which is substituted into Eq. (2.2), where aeéw ;5 = (10log1pe)ax ~
4.343«. The lowest practical value of the fibre lossjg ~ 0.2dB/km in the wave-
length region of1.55ym5, which was first achieved in 1979. The effects of fibre
loss may become serious for long-haul transmissions, leytrtiay be substantially
reduced with the aid of erbium-doped fibre amplifier (EDFA3éxdrepeaters [116].

2. Group-Velocity Dispersion When Gaussian-shaped TD optical pulse propagates
along the optical fibre, the different spectral componehte®pulse typically travel
at slightly different group velocities, which leads the gad broadening. This phe-
nomenon is referred to as group-velocity dispersion (GMWidich is characterized

as [83]:
d L
AT = ﬁ(a)A/\ = DLAA,
d 1 27tc
D = ﬁ(v—g) = T2 ,32/ (23)

whereAT is the kilometic pulse broadening for a fiber of lend@th\ is the wave-
length,v, is the group velocityAA is the wavelength interval of the transmitted sig-
nal,c is the speed of light angh, is the GVD parameter. The dispersion paramgter
of Eq. (2.2) is wavelength-dependent and it is expressediis of ps/ (km - nm).
The effect of dispersion on the bit raBemay obey the criterioBAT < 1, which

SThe third-generation fiber-optic systems operated5fm
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may be substituted into Eq. (2.3), yielding:
BL|D|AA < 1. (2.4)

As an example, the wavelength-dependent dispersion p&eaheecomed ps/ (k -
nm), when a wavelength of.3um® is applied. Hence, if the bitrate times fibre-
length product oBL of a single-mode fibre (SMF) excee@&l'b/s) - km, the range
of wavelengtm®A may be reduced beloiv Hence, in high-rate future communica-
tion networks, the GVD may become considerable in the né&twbFig. 2.1. Usu-
ally the dispersion compensation technique [117] whiclsBasDL + D.Lc = 01is
applied for mitigating the dispersion effects. More exilye D. andL, are the dis-
persion parameter and fibre length of the dispersion conapiendibre. However, it
is difficult to find a dispersion compensation fibre, whichapable of compensating
the dispersion exactly. Hence, in this thesis we take intmact the effects of the
dispersion and model a composite channel of the optical &bceof the wireless

communication medium.

3. Polarization Effect®olarization is the term used for describing the orientaditthe
electromagnetic field, when the waves propagate in freeespatthirough the optical
fiber [83]. We may use orthogonal vertical and horizontabpahtion. Ideally, the
core of the optical fibre has a perfectly circular symmetidyeve the two orthogonal
polarizations travel at the same speed. However, the il@agas and imperfections
of the fiber, such as its non-circular, shape and its immg;itiesult in the two po-
larizations propagating at different speeds [118], whigltermed as Polarization
Mode Dispersion (PMD). There are three polarization modiegar polarization,
circular polarization and elliptical polarization. A SMFambe fed in a single po-
larization mode and in an ideal scenario its output is alsinénsame polarization
mode. However, again, realistic fibers are imperfect. Win@nsimitting light with
linear polarization over the fibre, it can be randomly chahigehe above-mentioned
other two states, since different polarization modes tratvéifferent group velocity,
which results in the input pulse broadening phenomenonicailp, the PMD may
be ignored for pulse widths o 10ps and only becomes a limiting factor, when
transmitting at a high bit rate over a long distance [83].

4. Amplifier Spontaneous Emission Noig#ptical amplifiers are widely used in state-
of-the-art optical fibre communication (OFC) systems, ey for long-haul sys-
tems, which can amplify the optical signal directly in thdiogl domain by stimu-
lated emission, rather than converting it back to electraignals for amplification.

5The second generation of fiber-optic communication opdrai.3m
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However, the stimulated emissions typically also genaatdom noise by the phe-
nomenon of amplified spontaneous emission Noise (ASEN).ASEN is usually
modeled as an independent complex-valued additive whitis§&an noise (AWGN).
More details about the physical mechanism of the opticalldierand ASEN noise
can be found in [83].

2.2.2.2 Nonlinear Effects

Self-phase Modulation (SPM)
Refractive Index Eﬁect>—E Cross—phase Modulation (XPM)
Nonlinear impairments| Four-wave Mixing (FWM)

Stimulated Raman Scattering (SRS)
Inelastic Scattering Eﬁects—[

Stimulated Brillouin Scattering (SBS)

Figure 2.4: Classification of non-linear effects in the oglifibre channel.

The fibre nonlinearity plays an important role, when desigriiigh capacity optical
fibre communication. Hence, an understanding of the vammminear effects imposed
by the optical fibre is necessary. The nonlinearity effecéy fine classified in two cate-
gories, as shown in Fig. 2.4. Specifically, the inelastatgring phenomenon of Fig. 2.4
is due to the optical signals being transmitted at high pdewesis which then interact with
the phonons of the fiber medium. This phenomenon induces nvpoitant stimulated
effects, i.e. stimulated Brillouin scattering (SBS) [1E9d stimulated Raman scattering
(SRS) [120]. The SBS effect generates coherent phononsieesinise to a macroscopic
wave in the fiber, while the SRS effect generates non-coh@temnons, but no macro-
scopic wave [115]. The main difference between the SBS argliStat acoustic phonons
participate in SBS, while optical phonos participate in §REL]. Usually the SBS and
SRS effects are considerd in high-rate transmission systéch use an external modu-
lator [121] and continuous wave (CW) laser source [122].

By contrast, the refractive index effects of Fig. 2.4 (aleorted as Kerr effect) pro-
duces three different kinds of effects, namely self-phasdutation (SPM), cross-phase
modulation (XPM), and four-wave mixing (FWM) defined as twoiis [83]:.

1. Self-phase Modulation On SPM is encountered, when an ultra-short optical pulse
traveling through the fibre will result in a time varying raftive index for the
medium [111] [123]. This temporally varying refractive mdfluctuation results
in a temporally varying phase change, leading to frequehayping. The effects
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produced by nonlinear SPM and the linear dispersion phenometroduced in
Section 2.2.2.1 are complementary in nature and may mytaalhpensate each
other by the appropriate choice of the pulse shape and irgweémp The resultant
technique is known as the optical soliton [111], which isatap of facilitating for
the optical pulse propagate through the optical fibre withtbstortions. We will
invoke the optical soliton technique for creating a perfidmte-based backhaul in
Chapter 4.

2. Cross-phase Modulation XPM occurs, when two or more optical channels are
transmitted simultaneously in the same optical fibre, wiileeentensity of the co-
propagating optical pulses result in a varying the refvacindex [111]. The to-
tal phaseshift caused by XPM depends on the total transmiepof all channels,
which ultimately impose interference on the optical sigsfahe neighboring chan-
nels, hence leading to pulse broadening [83]. The effecksRd can be reduced
by increasing the frequency-domain guard band, i.e. theevength difference
between the individual channels [124] and by selectingedtifit bit-rates for the
adjacent channels [115].

3. Four-wave Mixing. FWM occurs, when three optical signals having differentiea
frequencies propagate through the fibre simultanedusliich results in a fourth
signal having a fourth carrier frequency @fj, = w; + w; + wy [111]. In WDM
systems, the FWM may be avoided with the aid of sophisticdispersion man-
agement techniques [83] or by employing unequal channeispdor the sake of
ensuring that the undesired non-linear distortion prasldct not interfere with the
original signals [115].

2.3 The Composite Channel of a DOF-Aided Wireless Re-
laying System

By using the optical fibre for the BS to relay link, the relayypically closer to the cell-
edge MS, hence providing an improved signal quality. Naiyreelaying is capable of
reducing the pathloss owing to the reduced distance frometlag to the MS, but it will

consequently increase the interference imposed on theaadjaell’'s MSs roaming near

P =¢y(x" E+x%: EE+ x*EEE + - - - ), whereP is the total polarization induced by electric dipoles,
E is the electric fieldy/ is thejth order susceptibility which is a tensor of rdjik- 1) andeg is the vacuum
permitivity [111].
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the cell-center, which may use the same frequency as thenturell’s cell-edge MS in a
typical FFR arrangement. Against this background, in thigpter,we investigate three
different interference mitigation techniques designedfeealistically modeled optical fi-
bre based relay aided system in the context of the Shamae\Wwerference model [125],
where we aim for improving the attainable throughput of th® Maming at the cell-edge,
while minimising the interference imposed on the adjaceltitsdViS roaming near the cell-
center and using the same frequency-band. Recall that thedge MS will not impose
interference on the adjacent cell’s cell-edge users, wigam explicit benefit of the FFR
philosophy employed.

2.3.1 Optical Fibre Based Fixed Relay Aided System

2.3.1.1 Shamai-Wyner Interference Model

Let us focus our attention on investigating an optical fibmedul fixed relay aided system
using the Shamai-Wyner interference model of [125] seemgnZ5, which illustrates two
partially overlapping circular cells having a radiusif each of which consists of three
120° sectors, where the distance between the®BSand BSO, is 010, = v/3R. We
assume that the serving cell@y and a cell-edge MS is placed at position 'a’ of Fig. 2.5
with the polar coordinates denoted b, L,) = [0,v/3R/2], while the adjacent cell’s
near cell-center MS is placed at position 'c’ of Fig. 2.5 mayihe polar coordinates of
(6c,Lc) = (—m,R/2). For the sake of improving the throughput of the cell-edge MS
'a’, the relay is placed at position 'g’ described by the palaordinateg6, L). Hence,
the distances from the relay 'g’ to both MSs may be expressel,a= (L> + L2 —
2LL, cos0)'/? andD, = (L? + L2 — 2LL. cos 8)/2, respectively.

Having described the associated geometric propertiesislebw characterize the in-
terference generated in the context of this system modehimdet us assume that the
above-mentioned FFR regime is employed in the system, wthereell-center users of
both cells have access to the entire spectral resoudicesile the cell-edge users have
access to only a third of the total bandwidth and are mutwatlyogonal, hence we have
F, N F. = @. For the cell-edge MS ’'a’, relay aided transmission is regfjiwhere the
link from BS O to the relay is constituted by an imperfect optical fibre,lesthe last-mile
connection relies on wireless access. On the other hanthdaell-center MS 'c’, a direct
wireless link dispensing with relaying is established by BE O,. Hence, the transmis-
sions from the relay to the cell-edge MS ’a’ impose intenfieeupon the cell-center MS
'c’, and similarly, the transmissions from the B3 to its cell-center MS 'c’ also inflict
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interference upon the cell-edge MS 'a’.

Figure 2.5: Wyner interference model of two cells with raduand FFR arrange-
ment.

2.3.2 Analysis of The Interference Mitigation Techniques

2.3.2.1 Received Signal Strength

i

Transmitted

@ o Received
Baseband ; Baseband
Data O Optical fibre E Data

Optical RF Carrier
Gaussian Pulge RA
Source :

BS

Figure 2.6: System structure of DOF aided fixed relay.

Optical fibre channel: Before discussing the different interference mitigatieaht-
niques considered, let us first describe the received SINBehaf the link, where the
BS O, transmits signak via the realistic optical fibre aided relay 'g’ to the cell edglS

'a’. The system structure of DOF link aided fixed relay is shaw Fig. 2.6. The signal

received at the relay after passing through the ’lossy’aappfibre may be written as:

More explicitly, we havei; ~ CN(0,0¢) the complex-valued Additive White Gaussian
Noise (AWGN) isny. Furthermore, the so-callgalilse-broadeningffect of the optical
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fibre is also taken into account, where the pulse propagatdioe fibre is subject to both
the peak power reduction and the Inter-Pulse-Interfer€iiig as illustrated in Fig. 2.7.
The peak power reduction is given by a factorgf = To/ (T3 — ix?L2)1/2 [126], where

To = 10ps represents the Half-Width-Half-Maximum (HWHM) of the iiait Gaussian-
shaped TD signalling pulse, when the wavelength of light s 1.55um, x = 20 psZ/km

is a constant. The IPI is accumulated as a result of the putsebning and it is a func-
tion of the optical fibre’s lengtli, which may be modeled as a linear function of the
distance yieldind, = -yL, with the kilometric IPI taken into account having dimemsaf
WY/2 /km.

optical pulse
A(z,t)

transmit through optical fibre IPI

0 t

Figure 2.7: Schematic of the optical pulse propagationutinathe optical fibre,
where IPI may be imposed by the optical pulse-broadening.

Wireless channelThis noise-contaminated signg} in Eq(2.5) is normalised by a
power-scaling factox which compensates fir the fibre’s attenuation and then fateto
the destination, namely to the cell-edge MS through thelessechannel, where again the
power-scaling factox is employed in order to maintain a constant transmit powénet
relay. The signal received over the wireless channel atélsérthtion MS may be written
as

Ya = YeahgaXyg + Lo + 1, (2.6)

whereygg, heq, I, andn ~ CN(0,0p) represent the large-scale slow fading, small-scale
fast Rayleigh fading, the co-channel interference geedrhy cellO, of Fig. 2.5 and the
complex-valued AWGN, respectively. Furthermore, the stips(-);; denotes the channel
spanning from point:’ to point ’j’. More explicitly, we consider both the pathloss and
the shadowing component, which are giveniay, = (D, "10%/19)1/2 wherey and

os denote the negative-exponential power-decay factor amatdndard deviation of the
lognormal shadowing.

By definingA = A, andNy = I% + 2(7}% as the equivalent optical fibre attenuation
factor and equivalent optical fibre noise power, the SINR & ' in cell O; in Fig. 2.5
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is given by:

Yo = (‘Pga’hga\XA)z
a — V
208 + (PalhgalX)2Nf + (0,alh05al)?

where the second term and the third term in the denomingtoesent the noise generated

2.7)

by the components in the lossy optical fibre and the co-cHantezference generated by
the adjacent cell's transmission. On the other hand, MS é&arrthe cell-center oD,
receives both the signal transmitted frém via the wireless channel and the interference
imposed by the relay in cefD;. Hence the SINR at the input of the receiver of MS 'c’ in
cell O, is given by:

_ (¢Ozc|hozc|)2

a 207 + ($galhgalx)*Nys + (Pgelhge| xA)?

where the second term and the third term in the denomingtoesent the noise generated

Ye (2.8)

by the components in the lossy optical fibre and the co-cHantezference generated by
the transmissions of the relay.

Fig. 2.8a shows the average SINR of both MS 'a’ and of MS ’'c’ asiraction of
the position of relay 'g’ described by the distance ratiopof= L/R and the angular
rotation of@ = 0 and IPI of the optical fibre is ranging from = 0.2,0.5,0.7, where the
average was calculated for 1000 simulation runs using thenpeters listed in Table 2.1.
It can be seen in Fig 2.8a that all SINR curves recorded forcdleedge MS 'a’ are
monotonically increasing and saturate at high values ofits&ance ratip. On the other
hand, all SINR curves plotted for MS 'c’ are monotonicallycteEasing with the distance
ratio p. These two distinct trends indicate the complementaryaadtaristics experienced
by the two MSs, namely that increasing the SINR for one of ti8sMill inevitably impose
an SINR degradation on the other MS. When the accumulateid iRtreased, the SINR
of the cell-edge MS ’'a’ of Fig. 2.8a decreases dramaticalhyiJe that of the cell-center
MS ’c’ of Fig. 2.8a is slightly reduced. Since pulse-broadgns on the order of pico-
seconds, which is substantially lower than the signallimgrival typically being on the
order of nano-seconds, hence in this chapter we simply asshiat no IPI is observed,
namely that we have a kilometeric pulse-broadening ef 0.

2.3.2.2 Interference Mitigation Techniques

Intuitively, as detailed in the context of Fig. 2.8a, plaria relay close to the cell-edge
MS will improve its reception quality, while imposing in@ged interference upon the
neighbouring cell. Hence the natural design methodologg oflay aided system is to
improve the throughput of the cell-edge MSs, while minimgsthe throughput reduction
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Figure 2.8: SINR of both the cell-edge MS ’a’ and the cellteerMS 'c’ of
Fig 2.5. having different amount of IPI as a function of thetdnce ratiq in
Fig. 2.8a and employing different interference mitigatiechniques and assum-
ing no IPI that imposed by the optical fibre, i.e. we hgve- 0 in Fig. 2.8b.
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inflicted upon the neighbouring cell owing to the increaseérference. Let us now dis-

cuss three different interference mitigation techniquespely a beneficial reduced-power
transmission technique, the classic eigen-beamformictgnigue and a hybrid combina-

tion of them.

1. Reduced-power techniqueThe signal received at the relay after passing through
the ’lossy’ optical fibre of Eq. (2.5) is also written gs = Ax + N}%), where A
andNy are the equivalent optical fibre attenuation factor and thevalent optical
fibre noise power as defined in Eq. (2.5). This 'green’, redyoewer technique
refers to the arrangement, where the transmit power of tlag re scaled down by

the normalisation factor of
X =PB/(A*+ Np)'/? (2.9)

with B € (0,1]. The underlying principle of this technique is that the ifeéeence

imposed on MS ¢’ of Fig. 2.5 may be substantially reducedhgyreduction of the
relay’s transmission power. This technique becomes idaintd the classic direct-
relaying, when we havg = 1 in eq(2.9).

2. Eigen-beamforming techniquelt belongs to the family of smart antenna aided in-
terference mitigation techniques, transmitting a narr@arb towards the desired
user instead of the conventional omni-directional or s&mtd transmission. It re-
quires short-term or long-term Channel State Informat@8I§ provided by the MS
via a feedback channel, where the achievable performarteaigly dependent on
the accuracy of the CSI estimated at the MS, which is thenigteztiinto the future
at the relay. In this chapter, we stipulate the simplifyisgamption that the instanta-
neous CSl is perfectly known at the relay’s transmitter amég which is a uniformly
spaced linear array of four antenna elements, while the t8s &fe equipped with a
single receive antenna. Again, the eigen-beamformingnigale [81] is considered,
where the transmit antenna array weights are given by theneg@gtorv € C**1
corresponding to the largest eigenvalue of the spatialredlancovariance matrix in
the Multiple Input Single Output (MISO) system, considergdplicitly, this corre-
sponds tdHg, € clx4, whereHg, represents the channel matrix. As a result, the
equivalent fast-fading channels becomg = Hgav andhy. = Hgcv, respectively.
Hence the channel's magnitudle,,| is maximised, whilgh, | remains the same.
The underlying principle of this technique is that by traitsmg in the direction
associated with the maximum equivalent channel gaifhgf|, the received SINR
of the cell-edge MS ’a’ is improved at a given transmit powdrjle the co-channel
interference imposed on MS 'c’ remains unchanged.
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3. Hybrid technigue We may combine the benefits of the above two techniques, lead-
ing to a hybrid technique. Specifically, the co-channelrietence imposed on MS
'c’ of Fig. 2.5 may be mitigated by the above-mentioned redlspower solution,
while the resultant degraded SINR at the cell-edge MS 'a’igf E.5 imposed by the
reduced-power transmission may be compensated by the-kegenforming gain
of our directional technique, because it enhances the SiNReacell-edge MS 'a’,
while at the same time maintaining a reduced co-channefé@mnence.

Fig. 2.8b shows the average SINR of both MS ’'a’ and of MS ’c’ daraction of
the position of relay 'g’ described by the distance ratigpof= L/R and angular
rotation off = 0, while assuming that no IPI is imposed by the optical fibee, e
have a kilometeric pulse broadeningpt= 0. The SINR average was calculated for
1000 simulation runs using the parameters listed in Taldle\®hen comparing the
above-mentioned three interference mitigation techraquiéh respect to the classic
benchmarker curves represented by the solid lines of Fig, &.& clearly seen that
employing the eigen-beamforming technique representetidogashed lines of Fig
2.8b improves the SINR of the cell-edge MS 'a’, while maintag the SINR of the
cell-center MS 'c’. By contrast, employing the reduced-potechnique represented
by the dash-dot lines of Fig 2.8b, when transmitting at a tguaof the full power,
namely using8 = 1/2, substantially improves the SINR of the cell-center MS
'c’ by sacrificing the SINR of the cell-edge MS ’a’. By amalgatimg the benefits
of both techniques, the hybrid solution represented by tited lines of Fig 2.8b
leads to both a beneficial SINR improvement for MS 'c’ and taoéigeable SINR
improvement for the cell-edge MS 'a’. This figure has to betrasted to Fig. 2.8a,
where no interference mitigation was used.

2.3.2.3 System Throughput

Although different interference mitigation techniquesuk in different SINR character-
istics with respect to the relay’s position, the ultimatstsyn performance metric is the
achievable throughput. This is because an increased SINR wiat necessarily lead to
an increased throughput in the absence of adaptive tramessehence transmitting at a
power higher than absolutely necessary for achieving tipaired throughput is irrational.

The throughput of the system may be defined as the maximunessfodly transmitted

information rate, which is referred to as the systegusdputgiven by:

n(7) = RuRc[1 = Ph(7)], (2.10)
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whereR); and R denote the rate of the modulation scheme and channel cafeae
tively, while Pfl represents the BLock Error Rate (BLER) corresponding tg#récular
Modulation and Coding Scheme (MCS) employed. More expficihe goodput repre-
sents the fraction of error-free by received transmissiogKs. In this chapter, we as-
sume that Bit Interleaved Coded Modulation (BICM) [127] m@oyed, which relies on
high-throughput M-ary Quadrature Amplitude ModulationA[Q) [128], where we have

M = 2% andb = 2, 4, 6 represents the number of bits per QAM symbol, namely the rate
Ry = b.

Again, we employ M-ary QAM combined with Rate Compatible Bumned Turbo
Codes (RCPTC) [129] having six selected MCSs, namely Mgde. , 6 of

[Rat, Re] = [(2,1/2),(2,3/4), (4,1/2), (4,3/4),(6,2/3),(6,6/7)],  (2.11)

where the first number in the round bracket specifies the natidal scheme, while the
second the overall coderate.

In practice, obtaining the BLER curves for all the MCSs bywiation is time-consuming,
especially in our multicell multiuser system-level evdloas. Let us hence circumvent
this time-consuming process with the aid of a more efficiearhisanalytical process.
We commence by briefly highlighting the derivation of the BB, (b, y) of a2bt-ary
QAM aided BICM scheme based on the BLER (b = 1,7) of a BPSK modulated
BICM scheme transmitting over an AWGN channel, where dil\b = 1,7) is eval-
uated by simulation. To this effect, we first define the appadp base-lineSINR
as that of a binary BPSK scheme, at which we have the same BlsEdh arbitraryb-
bit/symbol modem, which would typically require an SINRpf> v, i.e. where we
havePy; (b, v) = Py (b = 1,70). We note that the above-mentioned BLER equality holds
only, when the mutual information per bit output by the demlatbr obeys the relation
of I(b,y) = I(b = 1,79). This is becausé serves as the input of the channel decoder,
and as long a$ remains the same, the ultimate BLER also remains the sameeiithe
mutual informationl per bit may be expressed as [127]:

2—b b
I(b,y)=1— 5 Y Ey X

i=1
{ln

b uj — i + W] — |w]?
1+ exp | ——2 , 2.12
L, op ( 7 (2.12)
wherew ~ CN(0,1/27) is the complex-valued zero-mean Gaussian noise process and

j=1j#i

u € A represents the constellation points in the QAM alphabet) thieith bit A being
represented by;,i € [1,b]. When fixing the mutual information per bit d¢b, y) =
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I(b =1, 70), we may find thebase-lineSINR -y, for b = 1, where this BPSK modulated
scheme achieves the same per-bit mutual information (Mi$ a higher-throughpat’-
ary QAM-aided BICM scheme. More explicitly, since the Ml pggt I(b = 1,7¢) is a
monotonically increasing function ofy, its unique inverse exists. Hence tliase-line
SINR 7 may be expressed as the inverse-functigr= I~'[b = 1, I(b, y)]. This reveals
the relation betweery andy,, hence allowing us to find the BLERy; (b, y) of a2t-ary
QAM-aided BICM scheme from that of the simulated BLER of a BRSodulated BICM
scheme, i.e. fron®,; (b = 1, 7¢), which may be formulated as:

Pu(b,y) = Py {b — 1,1 b= 1,1(19,7)]} . (2.13)

As a result, the BLERPy; (b, v) of the above MCSs may be obtained with the aid of
Eq (2.13), wheré®,; (b = 1, ) is obtained from the Monte-Carlo simulation of a BPSK
modulated BICM scheme employing the above-mentioned RGR® ¢ constituent code-
rates ofRc = [1/2,3/4,2/3,6/7] in an AWGN channel. Finally, the associated effective
throughput; () of Eq (2.10) expressed in terms of 'bits/s/Hz’ may be obtdimgassum-
ing a Nyquist roll-off factor of zero.

The associated throughput is illustrated in Fig 2.9 in teof’its/s/Hz’, assuming a
Nyquist roll-off factor of zero and’fl, b = 1is obtained by Monte-Carlo simulation of the
RCPTC of rateRc = [1/2,3/4,2/3,6/7] employing BPSK modulation in an AWGN

channel.

2.3.3 Performance Evaluation

The throughput calculation introduced in Section 2.3.2c8itates the throughput analysis
of different interference mitigation schemes as a funotifhe relay’s position ratip and

6 = 0, when assuming that no IPI is imposed by the optical fibre,we havey = 0,

as seen in Fig 2.10. The SINfR was averaged over 1000 simulation runs and then it
was substituted into Eq (2.10) and Eq (2.13), while the satioh parameters are listed in
Table 2.1.

2.3.3.1 Throughput of the Classic Direct-Relaying Scheme

The well-recognized SINR tradeoff between the cell-edge’®&nd cell-center MS 'c’

was demonstrated in Fig 2.8b for all three schemes of Se2t®2.2 employed for relay
aided transmission. This translates into the usual thrpugtradeoff, where increasing
the throughput of one of the MSs results in the throughputicgdn of the other. For
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Figure 2.9: The throughput of the BICM schemes employingrif1@AM com-
bined with RCPC having the MCSRy,, Rc]. These curves were extracted
from [127].

Table 2.1: Simulation parameters, which are based on th®3GE standard [1].

Optical fibre channel assuming IPty
Urban Macro BS to BS distance 010, =3 km
Inverse-power decaying pathloss factor u==4
Shadowing standard derivation o; = 8dB
Normalised optical fibre link SNR 10 dB
Normalised wireless link SNR 2dB
QAM M=2b=246
RCPC code [Rymi, Re]l =[(2,1/2),(2,3/4),
(4,1/2),(4,3/4),(6,2/3),(6,6/7)]

R,;, = b, R. is code rate
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the classic scheme using no interference mitigation thmutityput of MS ¢’ drops from

n = 2.7 bits/s/Hz toy = 0 bits/s/Hz, as the ratip increases along the x-axis. By contrast,
the throughput of MS "a’ increases from= 0 bits/s/Hz tor = 2 bits/s/Hz, attaining the
maximum throughput at the position ratio@t= 0.5.

2.3.3.2 Throughput of the Eigen-Beamforming Technique

As seen in Fig. 2.8b, the eigen-beamforming technique ialdepof increasing the SINR
at MS 'a’, when compared to the classic direct-relaying teghe. Hence we may ob-
serve a throughput improvement, when the position gat®low and hence the maximum
throughput ofy = 2 bits/s/Hz is achieved, provided that the relay is posittbfeather
away from the cell-edge MS, namely at the position ratip of 0.27. However, since
the total transmission power remains unchanged for thisigae, the co-channel inter-
ference remains the same as for the classic direct-relagahtmique and the throughput of
MS ’'c’ also remains the same.

2.3.3.3 Throughput of the Reduced-Power Technique

When considering the reduced-power 'green’ technique amaparing it to the classic
direct-relaying technique, we may expect a right shift eftitroughput curves of both MS
'a’ and of MS ’'c’, simply because the transmission power tuaed to one fourth of the
full power, namely we havg = 1/2. It can be seen in the third plot of Fig 2.10 that the
maximum achievable throughput of the cell-center MS 'c’draesy = 3 bits/s/Hz and

is kept constant, when the position ratio is in the range f0.4. The throughput is then
gradually reduced tg = 1 bits/s/Hz, wherp is increased. This substantial improvement
of the cell-center throughput compared to the classic tectens achieved at the cost of a
reduced cell-edge throughput for MS ’a’, which attains a masxn of 7 = 2 bits/s/Hz at

p = 0.6.

2.3.3.4 Throughput of the Hybrid Technique

All the above techniques are capable of attaining the sam&mian throughput of; =

2 bits/s/Hz for the cell-edge MS ’a’, while maintaining thersathroughput of; = 2
bits/s/Hz for the cell-center MS 'c’. The only differencecncs at the position of the relay.
In this respect, we must not conclude that the eigen-beanifigrtechnique or the reduced-
power technique is superior to the classic direct-relagicigeme. In fact, the employment
of both techniques may be viewed as redundant. This is whBIN& characterized in
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Fig 2.8b is not the ultimate performance metric.

When combining the benefits of both the eigen-beamformicgrigue and of the
reduced-power technique, the throughput of the cell-cellit® 'c’ is substantially in-
creased, similarly to the reduced-power technique, whiethroughput of the cell-edge
MS ’a’ is maintained, as in the case of the classic technidjhés is because the throughput
reduction of the cell-edge MS ’'a’ imposed by the reduced-gaechnique is compensated
by the eigen-beamforming gain, which does not impose auditico-channel interference.
Hence the hybrid technique is capable of improving the thhput of the cell-edge MS
upto its maximum of; = 2 bits/s/Hz, while at the same time maintaining the maximum
attainable throughput of the cell-center MS, which is seehérn ~ 3 bits/s/Hz in the
fourth plot of Fig 2.10 at the position ratio pf= 0.45. This justifies the superiority of the
hybrid technique compared to the other techniques.

2.3.3.5 Effects of IPI

When the IPI is taken into account and we hgve- 0.2, the throughput of the cell-edge
MS ’a’ is shown in the first plot of Fig 2.11, which obeys simikaends to the no IPI
scenario shown in the fourth plot of Fig 2.10. More particiylaat the relay position ratio
of p = 0.45, the throughput of cell-edge MS "a’ associated wjtk= 0.2 is slightly lower
than that of the no IPI scenario, i.e. we hayveC 2 bits/s/Hz. However, whety = 0.5 is
considered, as shown in the second plot of Fig 2.11, theetlgle MS ’a’ employing the
hybrid technique suffers from a dramatic throughput rednatompared to the fourth plot
of Fig 2.10. The reduction of the cell-edge throughput isasgx by the SINR reduction,
when IPI is encountered, evidenced by as shown in Fig 2.8acéjave may conclude
that as long as the IPI is not severe, e.g. we have 0.2, the hybrid technique remains
effective.

In conclusion, we considered both the SINR as well as thrpugtradeoffs between
supporting a cell-center MS and a cell-edge MS using a logsygal fibre based fixed-relay
aided and FFR assisted interference limited wireless systdere the Shamai-Wyner cel-
lular model of [130] was employed and three interferencegaiion techniques were in-
vestigated. Our simulation results demonstrated thatatieaed-power technique and the
eigen-beamforming arrangement are only capable of impgogither the throughput of
the cell-center MS or of the cell-edge MS, while the hybrichteique is capable of max-
imising the throughout of the cell-edge MS without imposamy throughput reduction on
the cell-center MS.
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Figure 2.10: Throughput of different interference mitigattechniques compared

to the classic technique relying on no interference caatiefi as a function of

the position ratiqp and assuming that no IPI is inflicted by the optical fibre, i.e.

we havey = 0. The system parameters were listed in Table 2.1, while the MS

positions were shown in Fig. 2.5. Subfigures from the top ¢dabttom represent

the classic no-cancellation based scheme, the eigen-beaimf, the reduced-

power and the hybrid schemes of Section 2.3.2.2, respéctive
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Figure 2.11: Throughput of the hybrid technique of Sectidh22 as a function of
the position ratipp and assuming the presence of IPl imposed by the optical fibre,
associated withy = 0.2,0.5. The system parameters were listed in Table 2.1,
while the MS position were shown in Fig. 2.5. The subfigurgsesent the hybrid
schemes of Section 2.3.2.2.

2.4 Chapter Conclusions

In this chapter, we proposed and characterized a netwatktacture relying on an optical
fibre backhaul supported by the DAS of Fig. 2.1. In Section12.@e briefly highlighted
two typical optical backhaul techniques, namely the DOF igf B.2a and the ROF of
Fig. 2.2b. We then dedicated our attention to the DOF linktha reasons detailed in
Section 2.2.1.

1. The Up-and down-conversion of RF signals relies on welletbped techniques,
which may be applied both at the RA and at the BS;

2. In the DOF link, the baseband signal is mapped to TD Gaushaped optical
pulses, which may avoid the sideband cancellation phenomamd inter-modulation
distortion of the optical fibre, as well as the nonlineanityiosed by the optical com-
ponents in the case of the ROF technique;

3. The baseband DOF model is appropriate for analysing theless system model
considered.
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More explicitly, we modelled the DOF link based on the ogdtmalse propagation theory
of [83], which suffers from a range of fibre-induced impetiecs, as summarized the
linear effects in Fig. 2.3 and nonlinear effects in Fig. Z16ection 2.2.2 as following:

1. Fibre loss;

2. Group-velocity dispersion;

3. Polarization Effects;

4. Amplified spontaneous Emission Noise;

5. Nonlinear effects: SPM, XPM and FWM;

Since a realistic fibre suffers from the above-mentioneddirand nonlinear imper-
fections, we will use the Nonlinear Schrodinger (NLS) egua[111], which takes into
account both the linear and nonlinear effects imposed whenptical pulse is propagating
through the optical fibre as discussed in Chapter 3 and Chépte

In Section 2.3, a DOF link was used for connecting the BS toeifrelay and the case
of Shamai-Wyner interference model of two cells was comthimgh the FFR arrangement
of Fig. 2.5. A fixed relay may be allocated close to the cefieedn order to reduce the
pathloss and to improve the signal quality, but it will comsently increase the interference
imposed on the adjacent cell’s MSs roaming near the celiecewhich may use the same
frequency as the current cell’s cell-edge MS in the FFR gearent of Fig. 2.5. Hence,
we jointly considered the DOF link aided fixed relay and theeleiss channel between the
relay and the MS, where the IPI characterized in Eq (2.5) addaed by optical pulse
broadening was also taken into account, as shown in Fig. ZHd three different interfer-
ence mitigation techniques considered in Section 2.3.212 wharacterized in Fig. 2.10.
The results are corresponding summarized in Table 2.2:

1. Eigen-beamforming may only improve the throughput ofdbié-edge MS;

2. The reduced-power technique may improve the throughptiteocell-center MS,
but reduces that of the cell-edge MS;

3. The hybrid arrangement of combing both eigen-beamfagrand the reduced-power
technique may improve the throughput of the cell-edge M&avit reducing that of
the cell-center MS;
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Table 2.2: Throughput of the MS in the cell-edge area andosgiter area, when
relying on the interference mitigation techniques of Setf.3.2.2. The the posi-
tion of the RA is arranged be close to the cell-edge area, lyeehé& = 0.7. The
topology is shown in Fig. 2.5 and the parameters are sumathiizTable. 2.1

“a” in cell-edge area “c” in cell-edge area

v=20

Classic 2bits/s/Hz 1 ~ 2bits/s/Hz

Beamforming 2bits/s/Hz 1 ~ 2bits/s/Hz

Reduced-powef 2bits/s/Hz 2bits/s/Hz

Hybrid 2bits/s/Hz 2bits/s/Hz
v =02

Hybrid 2bits/s/Hz 2bits/s/Hz
v =05

Hybrid 1bits/s/Hz 2bits/s/Hz

4. In the urban macro-cellular scenario, where the parasiate shown in Table 2.1
and the Relay is located close to the cell-edge arda-at0.7R, the effect of IPI is
not severe, when we have< 0.2.



Chapter 3

Distributed Antennas for the Fractional
Frequency Reuse Aided Multicell,
Multiuser Downlink

3.1 Introduction

Based on the composite channel model of the DOF aided waredtay system of Sec-
tion 2.3.1, which considered the linear distortion impolgdhe optical fibre channel and
the CCI of the two adjacent cells, in this chapter we use a wamgrehensive optical fibre
channel model, which calculates both the linear and noaltidéstortion imposed by the
fibre. Furthermore, we consider a more practical cellulpokogy of two tiers of nineteen
cells relying on the FFR and DAS arrangement of Fig. 3.1. Wequantity the through-
put of the entire cellular area. The classic UFR pattern gf Eila may be applied by
wireless systems in order to maximize the attainable areetisp efficiency (ASE), albeit
its employment is only feasible at the cost of increasingit¢ level, hence the UFR typi-
cally exhibits a low throughput at the cell-edge. As a reméuy FFR [131] philosophy of
Fig. 1.1b may be invoked, which reduced the CCI at the calleeat the cost of a reduced
ASE. Hence the FFR scheme is capable of improving the cgk-&INR [132]. As a re-
sult, FFR has also been adopted in the Third Generationdtahip Project’s (3GPP) Long
Term Evolution (LTE) initiative [95] and in the Worldwidet@roperability for Microwave
Access (WIMAX) [96] system.

By contrast, a DAS improves the cell-edge throughput by iptache remote an-
tennas (RA) [133] more close to the cell-edge terminals,caematurally reducing the
pathloss [134]. However, the reduced pathloss will inaeethe interference imposed on
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the cell-edge terminals served by the neighbouring RAsrdotce only those MSs can be
granted a high throughput, which roam in the vicinity of th&.RVhen the MS is roaming
near the angle halfway between two adjacent RAs [39], itsutphput is reduced, hence we
will refer to this as the 'worst-case direction’ problem. &potential remedy, cooperative
processing techniques which have been considered for Baserts (BS) [132] [135] may
be adopted for the DAS scenario considered in order to niitiee Inter-RA-Interference
(IR1), especially in the worst-case direction. The famifyBS cooperation techniques is
capable of efficiently mitigating the CCI, hence it was alsosidered as a candidate for
next generation wireless networks by the 3GPP organiz@tijorHowever, the family of
BS cooperation techniques still relies on the classic &gchire of a single centralized
BS covering the entire cell, where the pathloss-and shdddig induced problem of the
cell-edge users may not be readily solved. Hence, in ordach@eve a high throughput
for the entire cellular area, especially for the cell-edgreninals, we propose to combine
DASs with cooperative BS processing techniques.

For the practical application of DASs, the connection betwthe BS and RAs may
be coaxial cable, optical fibre or a radio frequency link [[Ld#05]. The Radio over Fi-
bre (ROF) [99] transmission technique may also be used c#mtral BS to RA links,
which is more reliable than a wireless backhaul, albeit #lg more costly. The ROF
techniques may be classified into the broad categories @htayer fibre (DOF) [136]
and analogue-ROF [108] [106]. In the case of DOF systemstita@swireless baseband
signal that is transmitted through the optical fibre, whildhe case of an analogue-RoF
system, the modulated wireless radio frequency (RF) sigr@nveyed through the opti-
cal fibre. In the recent literature, another type of so-cadligjitized RF-over Fibre (DROF)
system [107] was also proposed, where the modulated wir&Essignal is digitized by a
high sampling-rate ADC before being transmitted throughdftical fibre. More explic-
itly, the optical modulation depth of the digitized-RFoRpapach is 100% [107], while that
of the analog-RoF is lower [108]. In contrast to the anal@Ramily, the DOF subclass
is immune to the sideband cancellation phenomenon, whichredn the analog-ROF
system [109] [110] and capable of avoiding both the intedalation distortions of the
optical fibre as well as the nonlinearity imposed by the @gbttomponents, but this is typ-
ically achieved at an increased complexity and cost [10@[difdonally, optical multilevel
DOF signalling transmission techniques [112] [113] may peli@d, which are capable of
reducing the complexity of the optical receiver at the RAnErin this study we invoke
DOF techniques. As a further benefit, DOF techniques alsavalis to preprocess the
DownLink (DL) transmit signal for all the users in the ceht8&, before it is transmitted
to the mobile station (MS). Hence the DOF backhaul may algppaeu the extension of
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BS cooperation techniques to DASs. Furthermore, when giffuinsupporting Gigabit-

transmissions, which is the goal of LTE-Advanced (LTE Reédd) [91], these high-rate
systems may suffer from the effects of dispersion and neality imposed by the optical
fibre links of the DASs [36]. Hence jointly considering théeets of DOF and wireless
links becomes important, when analyzing the performand@A$ systems designed for
LTE-Advanced applications.

Our outline and novel contributions in this chapter may bmmarised as follows:

Against this background, in this chaptee quantify the attainable throughput across
the entire cellular coverage area in a multicell, multiuseenario, when employing coop-
erative techniques beneficially combined both with reigldity modelled imperfect optical
fibre aided DASs as well as with FFR. More explicitly, we idtroed the Split-Step Fourier
(SSF) method [111] to analyse how the dispersion and noatityeof the optical fibre link
affect the throughput of the cell-edge area

1. Although the dispersion of the optical signalling pulsaynbe viewed as an un-
desirable imperfection of a pure optical fibre system, icalty, it might result in
beneficial throughput enhancements in the cell-edge artee mion-cooperative RA
aided FFR system. This is because the dispersion-indutatlation of the optical
signalling pulses may be capable of mitigating the IRI in thelticell, multiuser
scenario. However, we will demonstrate that due to the wmase direction prob-
lem caused by the IRI, the non-cooperative RA aided FFR systay not always
lead to an improved attainable throughput in the entireegfje area.

2. We will also demonstrate that employing a single omnectional transmit antenna
at each RA and a single receive antenna at each MS, but joiesigning the Trans-
mit PreProcessing (TPP) matrix of all the cooperative RAmlmoed with FFR is
capable of achieving an increased throughput for the eceiteedge area, regardless
of the specific geographic distribution of the users. Furttoge, even though con-
ventional cooperative signal processing techniques ablano directly mitigate the
optical fibre receiver’s self-inflicted noise, the proposedperative RA-aided FFR
system exhibits a higher attainable throughput than cdiaegl non-cooperative
FFR aided systems, especially in the worst-case direction.

This chapter is organised as follows. In Section 3.2 we thioe the multicell mul-
tiuser topology considered, describe the imperfect opfibee model. In Section 3.3.1,
we outline the received signal model of the non-cooper&®8& combined with our FFR
aided system. In Section 3.3.2 we introduce several cobpeiimear processing tech-
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tier two

- tierone

F3

Figure 3.1: The topology of two tiers of nineteen cells netyon a FFR and DAS
arrangement, wherl, = 6 RAs are employed. The structure of the cells in tier
two is the same as the ones in tier one. This system is sigmiljcaore realistic
than the two-cell system of Chapter 2 seen in Fig. 2.5.

niques, while we present our link level results recordedfange of practical modulation
and coding schemes followed by our performance evaluatio8ection 3.4. Finally, we
conclude our discourse in Section 3.5.

3.2 System Description and Optical Fibre Modelling

3.2.1 Multicell, Multiuser System Topology

The multicell multiuser scenario based on the FFR schenli@ssrated in Fig. 3.1, which
consists of two tiers of nineteen hexagonal cells [137]@urding the central BBy,
whereBy is assumed to be located at the origin. We asssymemetrywhere every cell
has the same system configuration and focus our attentioelbBcof Fig. 3.1 without
any loss of generality. The frequency partitioning stratefjthe total available bandwidth
F is characterzed b¥. N F, = ©, whereF. andF, represent the cell-centre’s frequency
band and the cell-edge’s frequency band, respectivglis divided into three orthogonal
frequency bandg;, i € [1, 3], exclusively used at the cell-edge of one of the three adface
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cells.

To simplify the structure, we assume that the number of adtésN,, and RAsSN,
is the samel,, = N,), which implies that each RA may support a single MS. Thesiser
are assumed to be randomly distributed in the cell-edge areha total ofN,, MSs are
roaming at any poing;, as described by the polar coordinate§tf;, Ly;],i € [1, Ny].
A total of N, RAs are employed in each cell described by its polar cootdedenoted by
0ri, Lri] = [27t(i —1)/N,,d],i € [1,N,]. Likewise, the BSs in tier-one are described
by their polar coordinates dfs;, Lg;] = [27(j —1)/6,/3R],j € [1,6] and the polar
coordinates of the BSs in tier-two may also be readily ola@iinom the underlying simple
geometry.

Table 3.1: Topology parameters.

DAS aided FFR Location Polar coordinates
RA cell-edger; [0r.,Lr,] = 27(i —1)/N,,d|
i€l,Ny]
BS By origin
tier-one [0p;, Lgj] = [271(j — 1)/6, /3R]
je[16]
MS Z; 67, Lz.]

i € [1, Ny, roaming randomly

3.2.2 Imperfect Optical Fibre Model

Fig. 3.2 shows a single optical fibre link spanning from thetB$he RA. The transmit-
ted baseband data is used to modulate a stream of opticasi@aymilses, where an ideal
optical modulator is assumed, therefore it does not impogehirp on the optical pulse.
Then the optical signalling Gaussian pulses are transthtiit®ugh the optical fibre, which
imposes both linear dispersion and nonlinear distortiblesvever, when transmitting op-
tical Gaussian signalling pulses through the fibre, the D@fesn remains immune to the
sideband cancellation phenomenon, which persists in tHfe$y&tem [109]. Nonetheless,
some fibre-induced imperfections still persist in the DOBtesn, as is discussed late in
this chapter.

In order to investigate the system topology of Fig. 3.1 idtreed above, we assume that
the links from BSB, of Fig. 3.1 to the RAs are constituted by a realistic imperégatical
fibre, rather than simply assuming a perfect optical fibre.e Pphase rotation imposed
by the optical fibre link on the modulated signal constedlatiliagram is supposed to be
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Transmitted @) o Received
Baseband —— Baseband
Data ] Optical fibre ‘ E Data

Optical RF Carrier
BS Gaussian Pulge: RA
Source

Figure 3.2: System architecture of the DOF link, showingralg optical fibre
link spanning from the BS to the RA. The transmitted baselsatd is used to
modulate a stream of optical Gaussian pulses, where an agé¢iahl modulator
Is assumed, therefore it does not impose any chirp on theadpulse. Then the
Gaussian-shaped TD optical signalling pulses are trateutitrough the optical
fibre, which imposes both linear and nonlinear distortioAs.the RA, after an
ideal photo-detector, the optical signalling pulses amveded back to the cor-
responding baseband electronic signals, which was repdéae Fig. 2.2a for
convenience.

compensated, hence in this chapter we only considered tresifiduced imperfections
imposed on the modulated signal’s amplitude. Hence, theatigceived at the RAafter
passing through the realistically modelled optical fibreyrha written as:

Si = Ain—i—nf, (3.1)

whereAp, x; andny ~ CN (0, a%) represent the received amplitude of the optical pulse
after passing through the optical fibre having a total lergth, the transmitted signal and
the complex-valued Additive White Gaussian Noise (AWGMN})pectively. Furthermore,
the so-calledoulse-broadenindPB) effect caused by the fibre-induced dispersion [83]
may not impose a significant performance limitation in pupéaal fibre links, since the
Inter-Pulse-Interference (IPI) of Eq. (2.5) may be negligifor the transmission of the
relatively low-rate baseband signal through the DOF linkawidver, the PB additionally
imposes an attenuation of the optical signalling pulse,ctvimay affect the attainable
throughput of the cell-edge area, when considering our DIQ&daDAS combined with

FFR in a multicell, multiuser scenario.

In contrast to the IPI of Eq.(2.5), in this chapter we willl@@ate on our optical fibre
model a little further. Explicitly, we introduce the parat®eA, which takes into account
the fibre’s kilometric attenuation, its dispersion and tledis nonlinearity characterized
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by the generalized Nonlinear Schrodinger (NLS) equatidri] expressed in the form of:

8_A:([3383 iBy 2 oc)A

oz \608 202 2
b
: 2, 119,00, o 9AP
+iE <|A| +w0Aat(’A’ A) - Tk == )4 (3.2)

N

where A(z, t) is the Gaussian-shaped TD signalling pulse envelope, whiahfunction
of both the timet and of the propagation distange The termD characterizes the dis-
persion and fibre loss effects, whilé characterizes the nonlinearity effects, as the pulse
propagates along the optical fibre. Still considering EG)3n the termD, « represents
the fibre attenuations, is the group-velocity dispersion (GVD) parameter, #ads the
third-order dispersion coefficient, which becomes sigaificfor ultra-narrow signalling
pulses, as detailed in [83]. Considering the tekhin Eq (3.2),& describes the fibre’s
nonlinearity,wy is the angular frequency of the carrier wave dids related to the slope
of the Raman gain spectrum, as detailed in [111]. In the cd$mwang a pulse width
of Tp > 5ps which is typical for telecommunication fibres [111], thstfierm of D and
the last two terms ofN may be neglected [111]. These simplifications allow us tai$oc
our attention on the nonlinearity and dispersion effectbis chapter, hence the fibre loss
parameter is assumed to be= 0. Then Eq (3.2) may be further simplified to:
2 —_~ o~

%—’2 - <—i%§? + iC!A]Z) A=(D+N)a, (3.3)
where the term®’ andZ/\l\’ are the simplified forms of the dispersion charadbeand of
the nonlinear charactéy in Eq (3.2).

Dispersion Only Nonlinearity Only

i Az, t)

Figure 3.3: Split-Step Fourier Method

More explicitly, the general formula of Eq (3.2) or its sinfigd form in Eq (3.3)
describes the pulse propagation problem [111], but in trsfit is not directly suitable
for analyzing how the throughput of the wireless link is afézl by the parameters of the
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Table 3.2: Characteristics of the optical fibre channel

D dispersion characters and fibre lgss

3 fibre attenuation
B2 GVD

B3 third-order dispersion coefficient
N nonlinearity characters

¢ fibre’s nonlinearity
wy the angular frequency of the carrier wave
TR the slope of the Raman gain spectrum

imperfect optical fibre backhaul. The more practical SSF eyapplied for analyzing
the solutions of the NLS equation [111], which has been dmrsd for modelling the
family of optical-fibore communication systems [138]. Hemoe employ the SSF method
for jointly analyzing the attainable throughput of the Ratkl The SSF method delivers
an approximate numerical solution, where the dispersiverammlinear effects observed
in Eq (3.3) may be separated into independent phenomenaaraall segment-length
stretching fromz to (z + 1) in Eq (3.2), yielding:

A(z+1,t) ~ F;? {exp [lf)\'(—iw)] Fr [exp(ll/\]\')A(z, t)} }, (3.4)

whereFr andF ! denotes the Fourier-transform and inverse Fourier-toansbperation,
respectively. Firstly, the exponential nonlinearityateld terrnexp(ll/\l\’ ) of Eq (3.4) may
be taken into account directly in the time domain. Seconidfpre characterizing the
dispersive effects, we take the Fourier-transform of tmmtﬂp(ZI\A]’)A(z, t), since the
exponential dispersion-related teemp(lf)\’) may be evaluated in the frequency domain.
The Fourier-transform of the dispersion charad®is obtained by replacing the operator
d/dT by —iw in Eq (3.2). Then, following the inverse Fourier-transfoofrEq (3.4), we
obtain the time domain representation of the received saftex propagating through the
I-length fibre. The total optical fibre length satisfies= ml, which suggests that the
whole fibre length is decomposed intoconsecutivé-length segments. Hence the optical
pulse propagating through drlength fibre may be obtained by evaluating Eq (3.4) in
m consecutive steps, yielding a solution denotedas The characters of optical fibre
channel considered in this section are summarized in TaBle 3
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3.3 Received Signal of DOF Aided DAS Assisted FFR Sys-
tems

3.3.1 DOF aided Non-Cooperative DAS Assisted FFR system

Compared to the topology of Fig. 2.5 in Chapter 2 where a simgérferer was considered,
in this chapter we use the more practical topology of twaste@mineteen cells relying on
the DAS aided FFR system of Fig. 3.1, where multiple inte$eare considered. Focus our
attention on the ceB of Fig. 3.1, when non-cooperative DASs are employed, thestrat
power Py of the BS and the transmit pow&i of each RA should obey the total transmit
power constraint oPg + N, Pr = P, whereP is the full power of the conventional UFR
and FFR scheme at the BS..

3.3.1.1 Received Signal in the Cell-Centre Area

The interference at any MS located at paifitin the cell-center area is imposed by the
direct wireless links of BS41,..., N}, with N, being the number of BSs, which we
refer to as the Inter-BS-Interference (IBI). In contrasttte received signal of Eq (2.6) of
Section 2.3.2 which only takes in to account a single intewaile in this chapter multiple
interferes are taken into account. Hence, the receivedkigay be written as:

Np
Ye = v/ Peppohipoxo + Y /Peppihpix; + 1, (3.5)
=1

whereyg;, hgj, j € [0, Np] andn ~ CN (O, ag) represent the combined pathloss plus
shadowing based large-scale signal attenuation, smell-$ast Rayleigh fading and the
complex-valued AWGN, respectively. More explicitly, werdy consider both the pathloss
and the lognormal shadowing component, which is formulated

pp; = [01060)/ 10112 j € [0, N, ],

wherep denotes the pathloss that obeys a predefined pathloss m88¢|hileg denotes
a real valued Gaussian random variable having a standardtidevof c; = 8 dB [139].
Hence,Gp; = ¥p;|hp;| denotes the equivalent channel gain, while the SINR of arlief
MSs near the cell-center is given by:

2
yom ——B0'® (3.6)
2024y Ne G2 py '
0 j=1"Bj" B

In contrast to the Eq (2.7) and Eq (2.8) of Section 2.3.2 wihicly takes in to account a
single interfer, here in Eq. (3.6) multiple interferes aken into account.
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3.3.1.2 Received Signal in the Cell-Edge Area

When considering the cell-edge area, we assume that thedpiknning from the BB,
of Fig. 3.1 to the RAs are constituted by a realistic impdrégatical fibre, while the last-
mile connection from the RAs to the MS relies on the wirel@sk. | The signal received
at the RA: after passing through the realistically modelled optidaddiis introduced in
Section 3.2.2.

The noise-contaminated, faded sigsal € [1, N,] denoted in Eq (3.1) at the wireless
channel’s input is normalised by a power-scaling factor @nah forwarded through the
wireless channel to the destination, namely to the MS rognmithe cell-edge area, where
the power-scaling factgy is employed in order to maintain a constant transmit power at
the RAs. In contrast to the received signal of Eq (2.6) of ia.3.2 which only takes in
to account a single interfer, while in this chapter multiplierferes are taken into account.
As a result, the signal received by M&t any pointZ; in the cell-edge area in the absence
of any cooperative techniques, may be written as

N,
Yei = V PrYrilrixsi + Y,/ Pr¢richrixse + n. (3.7)
k=Tk£i

Let A = xAp andNy = 20%)(2 denote the equivalent optical fibre-induced amplitude at-
tenuation and the equivalent power spectral density of phieal fibre noise, respectively.
The details of the parametessand A; are introduced above in Section 3.2.2. Then, the
SINR at any MS roaming in the cell-edge area is given by:

G A?Pg
Ny Ny ’
203 + ¥, G%{iNfPR + Ll kot GRrA?PR

Yei = (3.8)
whereGg; = g;|hg;| denotes the equivalent channel gain. In contrast to the Ey&2d
Eq (2.8) of Section 2.3.2 which only takes in to account alsingerfer, here in Eq. (3.6)
multiple interferes are taken into account.

3.3.1.3 Idealistic Received Signal in the Cell-Edge Area

We assume the employment of perfect adaptive beamformi8p yéhere each MS is
served with the aid of a narrow beam. We also assume that tlseWd8ld be served only
by the nearest RAs and that their reception is not contaedhlay the other RAs, hence
no IRI is received by the MSs roaming in the cell-edge areaddéheir reception is only
contaminated by the noig€é; imposed at the optical fibre receiver. Then the interference
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free upper bound of the SINR can be rewritten from Eq (3.8) as:

203 + G&;NsPg

Yu (3.9)

In contrast to Eq (2.7) and Eq (2.8), which consider a singimidant interferer, in the
idealistic interference-free scenario of Eq. (3.9) noriiegience is taken into account.

3.3.1.4 Benchmarker Systems

Finally, when the classic UFR technique is employed, theived signal model is de-
scribed by Eq (3.5), but bearing in mind that the full powfeis transmitted by each BS
instead ofPg. When the FFR technique is employed, similarly to the ctakHtR, the
signal received in the cell-center area is also describdel{B.5). On the other hand, the
signal received in the cell-edge area both from the servi@@id from the cells using the
same frequency band in tier-two obeys Eq (3.5).

3.3.2 DOF Aided Cooperative DAS Assisted FFR

In a multicell, multiuser scenario cooperative DAS tecluais| may be used, in order to
provide a high throughput for the MSs roaming near the adifjecarea, especially for
mitigating the worst-case direction problem caused by TRIsimplify the entire system,
only a single omni-directional antenna is applied for eagh Ronetheless, when jointly
designing the TPP matriX, the Nz cooperative RAs operate in a concerted action as a
virtual multiple-input and single-output (MISO) or virtlmultiple-input and multi-output
(MIMO) system. On the other hand, only a single receiver amaes applied at the MS.
We will show that the proposed system architecture is capabdubstantially enhancing
the throughput achievable in the cell-edge area with thesstdef our cooperative TPP
aided FFR scheme.

3.3.2.1 Received Signal-to-Interference-plus-Noise-Ra

The principle of cooperative DAS schemes is essentiallystrae as that of cooperative
BSs [135], where the transmit signal destined for the MSpriead over all theV, cooper-
ative RAs. In the multicell multiuser scenario there kg MSs roaming in the cell-edge
area of Fig 3.1, which are simultaneously supported byNh®AS (N, = N,;,). Provided
that the different propagation delays of all the RA links measured with respect to all
the served\,, MSs can be pre-compensated, the vector of received signdearitten
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as:
y =HTXx +n, (3.10)

whereyy .1 andny,, <1 denote the received signal vector and the circularly symmet
complex Gaussian noise vector. Furthermare; [x1,x2, - -, xn,, |1, N, Xi is defined as
the signal transmitted from RAto MSi. More explicitly,x; = x;s;, i € [1, N;| represents
the signal passing through the realistic 'lossy’ opticatdibvherey; ands; is the same
as that defined in Section 3.3.1.2. If the central BS has ama# of the channel matrix
H = [h{,h],---,h{ 1§ «n, We can design a transmit matiTxfor mitigating the IRI,
whereT = [ty,t2,- - -, tn, ]N.xN,, iS uniquely and unambiguously determinedHby We
also have a dedicated TPP maffixwhich obeys the per RA power constraint of:
TivTiy < P ;]PB, (3.11)

7

whereT; v is the row vector of the matriX.

Furthermoreh; = [1hy, Yohy, - - -, PnhNJ1xN,, T € [1, Niw], represents the channel
of all the N, RA to MSi links, which takes into account both the large-scale sigtiahu-
ation and the small-scale fast Rayleigh fading channelyagandh; is the same as that
defined in Section 3.3.1.2. Hence, a unified discrete-timéatior the signal received by
MS i may be formulated based on Eq (3.10) as:

yi = Ihitillxi + ) 1hitellxe + n;. (3.12)
k#i
When we havé # i, x; is the IRl imposed by the transmit signal intended for k) ®ut

received at MS. Hence, the RoF links’ SINR encountered at Mia the cell-edge area

may be written as:

Yi = AzhititthlH X

203 + thititff hil + (A% + Nohi(Y titfHhH] 1, (3.13)
IRI k7
2 N ~~ /
IR

whereA andN; represent the equivalent optical fibre attenuation factdrthe equivalent
power spectral density of the optical fibre’ noise, respetyj as defined in Section 3.3.1.2.
It can be seen from Eq (3.13), that for MShe IRI is composed of two terms. Specifically,
the termIR[; of Eq (3.13) is the desired signal of MiS£ i that is also contaminated by
the optical fibre link’s noiseN, which can be mitigated by appropriately designing the
corresponding TPP matrix. The other term, namty, of Eq (3.13), is the optical fibre
link’s noise contaminating the desired signal of MSwhich is the self-inflicted noise,
hence the TPP matrix is unable to mitigate it.
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3.3.2.2 Linear Transmit PreProcessing

Again, we assume that there is only a single transmit antahm@ch RA and a single
receive antenna at each MS, hence our system is fully deschbip the number of RAs
N, and by the number of MSN/,, served. Hence our design is based on(tNg, x N;)-
element channel matril associated with the central BS and the TPP facilitates a low-
complexity matched-filter-based receiver design at each®A linear TPP matriX may
be written as:

T=G-W, (3.14)

whereWy «n,, IS a diagonal matrix representing the power [135] allocatedach RA
andGy, «n,, is the linear TPP matrix jointly designed on the basiblpfvhich is assumed
to be perfectly estimated and perfectly fed back by the faekllchannel [49]. The TPP
matrix G can be calculated with the aid of different linear prepreogs algorithms. In
this chapter we consider the minimum mean square error (MMM®EMformer [140] and
the eigenbeamformer (egBF) [81] as our design example.

The classic MMSE beamforming technique strikes an attrad¢tadeoff between the
achievable interference cancellation and noise enhandehmence it is attractive for prac-
tical applications. The TPP weight matr@sp = H7(HHT + %I)_l, which is
entirely based on the channel matH remains unaffected by the transmit signal. The
employment of the TPP matri& ;s mitigates thel RI; component in Eq (3.13), elim-
inating the interference inflicted on the desired signal.

In cooperative egBF, the TPP mat®gr = [0y, 9, - - - ,dy,,] is used, wherg;,i €
[1, Ny, is the right-hand-side singular vector Hf, which only achieves a power gain,
while the mitigation of the termiR[; in Eq (3.13) is dependent on the instantaneous ge-
ographic distribution of the users. Hence the mitigatiorthaf IRI; cannot always be
achieved by appropriately selecting the direction of ta@smitted beam, unless we em-
ploy an idealistic infinitesimally narrow beam for each M3®ieTassociated performance
will be characterized in Section 3.4.3.4.

However, in contrast to théR1I;, the link’s self-noise imposed by the optical fibre
receiver’s noise contribution, namely th&1, terms of Eq (3.13) cannot be mitigated by
the TPP matrix employed, regardless, whether the coopestMSE or the cooperative
egBF is used. In fact, the self-interference may even betbdpw/hen the desired signal
of MS i is amplified. Summarized as Table 3.3

As shown in Fig. 1.6 portraying the organization of the thegie focus our attention
on the design of the TPP matrix for the DL in this chapter. Bgtcast the MUD of the
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UL is designed in Chapter 4. Both in this chapter and in Chaptee will stipulate the
idealized simplifying assumption of having perfect CSI Wedge. However, in practice
the CSI has to be estimated at the receiver and then quariizbd receiver for feeding
it back to the transmitter. Hence, in Chapter 5 we will studly éffects of imperfect CSI
knowledge on the DL. Specifically, we will investigate théeets of the CSI estimation
error, of the CSI quantisation errors and of synchronisaéoors in Chapter 5. As a
further design alternative, we will conceive a non-cohedstection aided system for the
UL, which dispenses with CSI.

Table 3.3: Linear transmit processing configurations

Cooperative Weight matrixG | Terms of interference

MMSE HY (HpHE + Zo) ! IR # 0

egBF Ggp is the right-hand-side IRL isuptoZ;
singular vector oH IRI, 1

System Throughput may be characterised by the maximsoccessfully transmitted
information rate, which is referred to as the systegé®dputwhich is detailed in Sec-
tion 2.3.2.3. These SINR expressions may be mapped to tiheatdt system performance
metric formulated in terms of the achievable throughpas following which is repeated
of Eq (2.10) for convenience.

1(7) = RmRc[1 = Py(b, 7)), (3.15)

The SINRy may represent eitheyx, of Eq (3.6) ory,; of Eq (3.8) ory,, of Eq (3.9) ory;
of Eq (3.13),R; denotes the rate’ i.e. the throughput of the modulatioresod, whileR
is that of the channel cod@, (b, v) represents the BLER corresponding to the particular
Modulation and Coding Scheme employed which is the samefaseden Eq (2.10). We
haveM = 2" andb = 2,4, 6 represents the number of bits per QAM symbol. Hence the
modem’s throughput i&); = b. In this chapter, we empld3/-ary QAM combined with
Rate Compatible Punctured Codes (RCPC) [129] having secgad MCSs, namely Mode
[1,...,6]of [Ry, Rc] =[(2,1/2),(2,3/4),(4,1/2),(4,3/4),(6,2/3),(6,6/7)]. More
details would be found in Section 2.3.2.3.



3.4. Performance Evaluation 54

3.4 Performance Evaluation

3.4.1 Simulation Assumptions

The system topology considered is illustrated in Fig. 3iexe each hexagonal cell has a
radius ofR, and the distance between the two adjacent B$3 is v/3R, e.g. B,B; =
v/3R. We considered the Urban-Macro propagation scenario dd][A8here we have
D = 3km and the pathloss expressed in dB3i5 + 35log,,(do), with dy being the
distance between any transmitter and receiver in km. Wenas$urthermore that the total
transmitter power i = 46dBm and the noise power at the MS-is74dBm/Hz, when
an operating in bandwidth df0 MHz is considered [139]. Moreover, the optical fibre
link’s normalised Signal-to-Noise-Ratio (SNR) is assun@the 50dB and the length of
the optical fibre is assumed to be five times the distance leehiree BS and RA [141],
where we havé. = 5d, andd is the line-of-sight distance. We opted b= 0.7R, Vi.

The cell-center area’s radiusnay be defined as the maximum radius, where a through-
put of at least; = 2bits/s/Hz may be maintained in a conventional cellular system
employing the classic UFR technique, but beyond this c@eeradius it drops below
n = 2bits/s/Hz. When employing DASs in a FFR-based cellular system, thesinat
power of the BS should be sufficiently high to ensure that tre¥age throughput main-
tained at a distance efremains exactly as high as that of the classic UFR technigjiée
the rest of the power is evenly allocated to the RAs. Hencervdonsidering thé&, = 6
RAs operating in a non-cooperative DAS aided FFR scendrérdsultant power sharing
regime of all the transmitters obeys = 2P /5, while for the relay we hav&r = P/10.

By contrast, when considering tid¢. = 6 RAs operating in a cooperative DAS assisted
FFR scenario, the power constraint of Eq (3.11) is appli@thlfy, the ultimate throughput
is obtained by averaging the SINR over 4000 simulation rand,then substituting it into
Eq (2.10) and Eq (2.13). The simulation parameters are suinedian Table 3.4.

3.4.2 Propagation regimes in the DOF Link

Before detailing our performance results, the propagacemario encountered has to be
introduced. When the pulses propagate along the optica, filmth the nonlinearity and
the dispersion depend on the peak powWgrnd on the initial widthTy of the incident
pulse. The critical fibre-lengthEyx and Lp quantify the length of fibre over which ei-
ther the nonlinear, or the dispersive effects become damoharing the signalling pulse’s
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Table 3.4: Simulation parameters of the DL, which are basethe 3GPP-LTE
standard [1].

Urban macro BS to BS distance B;B; = 3 km
The pathloss expressed in dB 34.5 4 351log;(do)
Total transmitter power P = 46dBm
Noise power at the MS —174dBm/Hz
Shadowing standard derivation o; =8dB
Normalised optical fibre link SNR 50 dB
Line-of-sight distance of BS-RA d=0.7R
Length of the optical fibre L =5d
Number of RAs N, =6
Number of MSs N, =6
QAM M=2b=246
RCPC code [Rymi, Re] =1[(2,1/2),(2,3/4),
(4,1/2),(4,3/4),(6,2/3),(6,6/7)]

R,, = b, R, is code rate

Table 3.5: Propagation regimes

Curve Py To [ Lp Ly
1 10mwW 10ps 5m 5km  50km
2 160mW 10ps 5m 5km  3km
3 10mwW 10ps 10m 5km  50km
4 10mW 20ps 5m | 20km 50km
5 10mW 50ps 5m | 125km 50km

propagation. The relations betwekg andP,, Lp andT, are calculated as follows [111]:
1 T3
= 7 LD - —0
¢Po 2|
The typical values of the GVD paramet@s and the nonlinearity parametérat a wave-
length of1.55um are [111]|82| ~ 20ps? /km and& ~ 2W ~km~! for standard telecom-

munication fibres. For a given optical fibre lengthlgfwe have:

Ly = (3.16)

e if L < Ly andL < Lp, neither the nonlinear nor the dispersive effects impose a
significant performance degradation during the pulse’pg@gation.

e if L < Ly andL ~ Lp, the nonlinear effects may be ignored and the the dispersion
will play the dominant role.
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e for L ~ Ly andL < Lp, the dispersion is negligible compared to the nonlinear
distortion.

e for L ~ Ly andL ~ Lp, both of the nonlinear and dispersion effects are non-
negligible.

In this chapter, according to the Urban-Macro cell scenentimduced in Section 3.4.1,
we assume the set &% andT|, values shown in Table 3.5 in order to investigate how the
nonlinear and dispersion effects of the optical fibre infaeethe attainable throughput of
the wireless channel in the cell-edge area.

3.4.3 Throughput Performance

We only simulated one typical location in the Wyner integfgze model of two cells, as
shown in Fig. 2.5 of Section 2.3. In this chapter, we will d@werized the throughput
across the entire cellular area in the multiuser, multise#nario of Fig. 3.1. First of
all, we demonstrate that the IRI inflicted by the tier-twols&Vill be neglected in order
to simplify our analysis in the DAS aided FFR assisted meltjanultiuser scenario of
Fig. 3.4. Hence we only have to calculate the IRl emanatiogpfihe local cell of the DAS
aided FFR assisted multicell, multiuser scenario. Theutinput of the non-cooperative
DAS system combined with FFR will be demonstrated in typitisdctions 0f0;,.q, Oworst
and#,,;; which are portrayed in Fig. 3.5 Fig. 3.6 and Fig. 3.7. The tigitgut across
the entire cellular area recorded fdl, = 6and12 is shown in Fig. 3.8 and Fig. 3.9.
The throughput of the cooperative DAS combined with FFR tallcharacterized for the
typical directions 0B, Oorst In Fig. 3.10 and the throughput improvement compared
to the non-cooperative DAS aided FFR will be quantified in Big.1.

3.4.3.1 IRl Inflicted by the Tier-two Cells

The IRI experienced in the local cell dominates the interiee experienced in the DOF
aided DAS combined with FFR. We also found that the DAS comtbiwith FFR requires
a reduced transmit power at each RA, which naturally lintitssiRI imposed by the cells
using the same frequency band in a tier-two cell. Hence, Rianflicted by the tier-
two cells will be neglected to simplify our analysis in the Itraell, multiuser scenario
considered?

1In DAS-aided FFR-assisted cellular system effectively mduaer procedure has to be initiated, when
the MS moves from the cell-center area covered by the BS aaterthe cell-edge area covered by the DAS
in order to avoid a catastrophic performance degradation.
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Figure 3.4: Throughput comparison of the traditional UFRtegn, FFR system
and theN, = 6 DAS aided FFR both in single-tier and two-tier scenariosglo
the 6;,.; direction . All system parameters were summarized in théestrof
curvel of Table 3.5.

Fig. 3.4 compares the throughput of the classic UFR systétheaonventional FFR
system and of the DAS aided FFR assisted systems Wging 6 in both single-tier and
two-tier scenarios. It can be seen in Fig. 3.4 that upon asgjga transmit power of
Pg = 2P/5 in the cell-center area, the throughput of the DAS aided Fsgisted system
is almost the same as that of the conventional UFR and FFRmgstwhen these two
systems assign the full transmit power to the BS. By contralsén the cell-edge area is
considered, the throughput of the conventional UFR schescerbes lower thap = 2
bits/s/Hz and when taking into account the IBI inflicted bg tier-two cells, the throughput
is only moderately reduced. However, for the conventiofd@ Echeme, the throughput is
reduced belowbits /s/Hz, since there is no IBI from tier-one, when taking into acdoun
the 1Bl imposed by tier-two. When a DAS aided FFR assistedesyss employed in
conjunction withN, = 6 RAs, an increased throughput f> 3 bits/s/Hz is achieved,
despite the presence of IRI from tier-two, as illustratedh®ysolid line of Fig. 3.4. This is
an explicit benefit of the DAS aided FFR scheme, where thecesdipower o’y = P/10
was allocated to each RA instead of the full-power-based tWBRsmit strategy and the
IRI arising from tier-two was naturally reduced owing to thereased co-channel distance.
Nonetheless, the increased amount of IRI only slightly cedithe throughput in Fig. 3.4.
Therefore, when considering the DAS aided FFR assiste@rsyghe IRI arising from
tier-two may be ignored, provided that the IRI of the locdl can be efficiently mitigated.
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3.4.3.2 Throughput of the Cell-center Area

The attainable throughput of the non-cooperative DAS coedbiwith FFR system and of
the cooperative DAS combined with FFR is characterizedgn b, Fig. 3.6 and Fig. 3.10
in the cell-center arearelies on the SINR of Eq (3.6), asthiced in Section 3.3.1. Hence,
both of systems have the same throughput. Explicitly, ugsigaing a transmit power of
Pg = 2P/5 in the cell-center area, the throughput of the non-cooper&8AS combined
with FFR and that of cooperative DAS combined with FFR becainglar to that of
the traditional UFR and FFR systems, provided that therlatte systems assign the full
transmit power to the BS.
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Figure 3.5: Throughput comparison of the traditional UFRtegn, FFR system
and of theN, = 6 non-cooperative DAS aided FFR system in two-tier scenar-
ios along thed,,..; andf,,,s; directions recorded for characterizing the nonlinear
effects of the optical fibre and the accuracy of the SSF Methdtsystem pa-
rameters were summarized in Table 3.5.

3.4.3.3 Cell-edge Area of Non-cooperative DAS Relying on R

Fig. 3.5, Fig. 3.6 and Fig. 3.7 compare the throughput of thesic UFR system, of the
traditional FFR system and of the non-cooperative RA-algER assisted systems using
N, = 6, N,, = 6 in the best, the worst and intermediate direction in a two<cenario.
The four sets of optical fibre parameters shown in Table 318 wsed.
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Figure 3.6: Throughput comparison of the traditional UFRtegn, FFR system
and of theN, = 6 non-cooperative DAS aided FFR system along@he and
Bworst directions for characterizing the dispersion effects ef diptical fibre. All
system parameters were summarized in Table 3.5.

Throughput in the Best DirectioBy contrast, when the cell-edge area is considered,
observe in Fig. 3.5 and Fig. 3.6 that the throughput of theveotional UFR scheme be-
comes lower thaw = 2 bits/s/Hz, while that of the conventional FFR scheme is & th
range ofy € [1,3] bits/s/Hz. When the non-cooperative RA-aided FFR-asbisystem
is employed in conjunction withN, = 6 RAs, a throughput in the range gf € [3,5]
bits/s/Hz is achieved along the best direction.

More explicitly, when using the parameters of Table 3.5,v@sil - 5 in Fig. 3.5 and
Fig. 3.6, suggest that:

e Nonlinear Effect of the DOF LinkThe comparison of Curvé (P, = 10mW) and
Curve?2 (P = 160mW) in Fig. 3.5 shows how the power assigned to the optical
pulses affects the throughput of the wireless link, whicls wamonstrated by set-
ting Py = 10mW and160mW of peak power for the optical signalling pulse. Again,
the corresponding optical parameters are shown in Table@Xserve by compar-
ing Curvesl and?2 of Fig. 3.5 that assigning By = 160mW power to the optical
pulse makes the nonlinearity-induced impairments dontjwemch will broaden the
spectrum of the optical pulse in the frequency domain. Thdinearity indirectly
results in an increased attenuation for the optical pula#tshis cannot be compen-
sated by an increased transmit power, hence this leads tost bbthe IRI. As a
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net-result, the system suffers from an approximate thrpugloss ofl bits/s/Hz in
the cell-edge area along the best direction.

e Accuracy of SSF MethodComparing Curveé to Curvel of Fig. 3.5, the former is
associated with a longer segménised by the SSF method, which reduces the anal-
ysis complexity. However, as a result, the predicted thinpug is reduced by about
1 bits/s/Hz. By contrast, a shorter segmémnésults in a more accurate of the SSF
model at the cost of a higher offline analysis complexity. 8alecting the probable
segment length will strongly affect the results of simuatiwhich is important for
whom doing the relative research. For a typical urban cet siur Monte-Carlo
simulation results suggest thiat= 5m is an appropriate compromise, which may be
trusted as the real attainable throughput of our RoF aidef Bédmbined with FFR
system.

e Dispersion Effect of the DOF Linkig. 3.6 demonstrates by increasing the width of
the optical signalling pulse froriy, = 10ps to20ps and50ps for Curvest and5,
how this affects the throughput of the wireless link, whea tlon-cooperative RA-
aided FFR-assisted system is employed in conjunction Wjth= 6 RAs. Again,
when using the optical parameters shown in Table 3.5 anthgettpeak power of
Py = 10mW, the nonlinear effects of the optical fibre become neglegiComparing
Curve4 (Tp = 20ps) and Curvé (Tp = 50ps) to Curvel (T, = 10ps) of Fig. 3.6,
the throughput at the cell-edge remains in the range ©f[4, 5] bits/s/Hz, but when
the optical pulse width is increased, according to Tabl€r@® T, = 10ps to20ps
and50ps, the attainable throughput of the cell-edge area is extliithe reason for
this observation is that wide pulses are typically broadd¢oe lesser relative degree
along the optical fibre, which also leads to a reduced atteanuboth at the optical
receiver of the serving RA as well as at the interfering RAs.

Throughput in the Worst DirectionWhen considering the worst direction in both
Fig. 3.5 and Fig. 3.6, regardless of the specific choice offitteeparameter sets of Ta-
ble 3.5, we only achieve a throughput of abgut= 1 bits/s/Hz. This is due to the above-
mentioned worst-case direction problem [39], which becehe limiting factor in the
case of the conventional non-cooperative RA-aided FFRst@sbsystem.

Throughput in the Intermediate Direction:

The attainable throughput of the non-cooperative RA-aidER systems along arbi-
trary directions is between that of thg,;; andf,,.,s; directions, as seen from the through-
put contours of Fig. 3.9. Consider the intermediate dicgctor example, which is defined
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as the direction half-way betwe#y,;; and6,,,,s; in Fig. 3.1. Comparing Curvé, Curve
2, Curve4 and Curves of Fig. 3.7 to those along the best direction in Fig. 3.5 amy 8i6,
we observe a reduction of the attainable throughput alomgtiermediate direction, which
remains in the range of € [3,5|bits/s/Hz at the cell-edge. However, this is still better
than that of the conventional FFR scheme residing in theeafg < [1,3]bits/s/Hz.
Nonetheless, when the MS is roaming near@hg; direction, the attainable throughput
is substantially reduced, since the IRI becomes strong.céleihe non-cooperative RA-
aided FFR is unable to achieve a throughput improvemensacdhe entire cell-edge area.
Practically, when considering the cost and complexity stafling RAs in the cell-edge
area, we may not be able to conclude that the non-coopefaivaided FFR systems
is always superior in comparison to the conventional FFRes&h Indeed, the conven-
tional FFR scheme may be deemed to be a low-complexity soletpable of achieving
an improvement of the throughput in the entire cell-edge,aespecially in th@,,,s; di-
rection, as you astutely noted. Hence we also stated in taptehthat the worst-case
direction problem constitutes a limiting factor in the ca$eonventional non-cooperative
RA-aided FFR systems. However, the study of non-cooper&ik-aided FFR systems
provided in this chapter shows a potential in terms of imprgthe attainable throughput
in the cell-edge area by combining DASs with the FFR schemencl, we propose to
invoke cooperative processing techniques for solving thestxcase direction problem of
non-cooperative RA-aided FFR systems, which may be a bsdtetion than that consti-
tuted by the conventional FFR scheme. The nonlinear efeetdghe dispersion effects of
the RoF link were analysed in Section IV-D. Apart from itsrideental effects, the disper-
sion of the optical fibre also has some benefits, as seen by €urvel (Ty = 10ps),
Curve4 (Ty = 20ps) and Curved (T = 50ps) in Fig. 3.7 of this response (Fig. 5 in the
manuscript). When a narrow pulse (Cuivas applied, there is &bits /s / Hz throughput
improvement in comparison to applying wide pulses (Curnamd5) along the intermedi-
ate direction of the cell-edge area.

Comparison of the Entire Cell's Throughput:

In order to compare the attainable throughput across theeerdil, we calculated the
corresponding percentage of the entire cell over which &icethroughput; was main-
tained, as illustrated in Fig. 3.8. It can be seen that empip = 6 RAs achieves a
higher throughput thak = 12 RAs for both the ideal and realistic imperfect optical fibre
scenarios. However, we emphasis that this does not netg$sad to the conclusion that
the K = 6 RA-aided configuration is better than thke= 12 RA configuration. Fig. 3.9
demonstrates the attainable throughput across the eweliréoc the different configura-
tions of our non-cooperative RA-aided FFR assisted systsucated with Curvé of



3.4.3. Throughput Performance 62

6 —
intermediate direction : 6 = 15°

oF -~ UB—> - p == G
I
- I 3
i i ol
T 4r L e e T g Y
g ST
> ;AT Ny v
S J ! vyt A
5o {0 e
= UFR ' *
3 | ---FFR i 1 '
S 20 ' FFR+DAS(UB)w: =l il Yo s

‘‘‘‘‘ - FFR+DAS
O curvel
A curve 2
O curve 4
* curve 5

Cell-centre I Cell-edge
1 1 1 1

0 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

d/R
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Figure 3.9: Throughput contours in Bit/second/Hz for ffie= 6 andN, = 12
non-cooperative DAS aided FFR system. All system parammetere summarized
in the context of Curvé of Table 3.5.

Table 3.5. More explicitly, the cell-center area’s thropghcontours recorded in Fig. 3.9
for both configurations are similar. However, the throughgistribution of theN, = 6
RA-aided configuration recorded for the cell-edge areage¢ade more ’patchy’, while
that of theN, = 12 RA-assisted configuration tends to cover the entire outgy more
evenly. As a result, the general conclusion emerging foctmparison of these two con-
figurations is that the optimum positioning of DASs shoukktato account the expected
user-distribution and user-load. However, the "worstecdsection” problem persists in
both of these two configurations.

3.4.3.4 Cell-edge Area of Cooperative DAS Relying on FFR

Fig. 3.10 compares the throughput of the classic UFR basedgement and of the tra-
ditional FFR aided system, as well as of the cooperative Rl&ehFFR assisted system
usingN, = 6, which was evaluated along both the best and worst angulactatins re-
spectively and employing the five sets of parameters seealleB.5 for the optical fibre
link. We consider supportingy,, = 6 MSs roaming in the cell-edge area, where MS
close to the RA, as illustrated in Fig. 3.1. Th&,, MSs are served simultaneously by the
N, cooperative RAs and they are randomly distributed arouagtintZ;,i = 1,..., N,

of Fig. 3.1, whereZ; belongs to the correspondi6g®-sector surrounding RA The MSs
are allowed to randomly cross the cell-edge area, but ordg,an order to investigate the
histogram of the attainable throughput for tNg MSs.
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Figure 3.10: Throughput comparison of the traditional UyBtem, FFR system
and theN, = 6 cooperative DAS aided FFR system along the best directitm wi
5 sets of optical parameters in Table 3.5 multicell multiusegnario. The leg-
ends are shared between the top and bottom graphs. All systeameters were
summarized in Table 3.5

Throughput in the Best DirectionVhen the cell-edge area is considered, observe the
upper figure in Fig. 3.10 that the throughput of the converaidJFR scheme becomes
lower thany = 2 bits/s/Hz, while that of the conventional FFR scheme is & ridinge
of n € [1,3] bits/s/Hz, as illustrated in Fig. 3.10. When the coopeeaRA-aided FFR-
assisted system using the parameters associated with <Cyrdeand5 of Table 3.5 is
considered, observe in Fig. 3.10 that linear TPP achievieoaghput of; = 5 bits/s/Hz,
which is similar to the throughput upper bound of the RA-didé-R-assisted system.
Hence, when the nonlinearity effects can be ignored, theedsson does not overly affect
the throughput of the wireless channel.

Comparing Curv& and Curvel in Fig. 3.10, when using a peak power Bf =
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160mW for the signalling pulses, the MMSE TPP techniques aehgeslightly higher
throughput thar bits/s/Hz. Since the terrhiRI; in Eq (3.13) is mitigated by the MMSE
TPP, the throughput reduction is imposed by the furthenatgon of the received optical
signalling pulses inflicted by the fibre’s nonlinearity. Wihemploying the parameters as-
sociated with Curv8 with a segment length df= 10m for the SSF method, a throughput
reduction ofAy = 1 bits/s/Hz is encountered.

Observe in Fig. 3.10 that the throughput of cooperative egBbetween that of the
linear TPP techniques and of the traditional UFR systemjtasdot always higher than
that of the conventional FFR scheme. The reason for thisghenon is that the perfor-
mance of the cooperative egBF is also dependent on the geogdistribution of the\,,
users. Hence the served MS may suffer from an increasedereace, which imposes an
increased throughput erosion in comparison to the cormeaitFFR scheme.

Throughput in the Worst directiont is demonstrated in the lower figure of Fig. 3.10
that the cooperative RA-aided FFR assisted system doeaufiet fom the worst-case
angular direction problem and hence the linear TPP teclesigqehieve a throughput of
n = 5 bits/s/Hz, which is the upper bound of the RA-aided FFRsdsdisystem. The
other curves exhibit the same throughput performance ashiosvn in the upper figure of
Fig. 3.10. The cooperative egBF does not solve the wors-gagular direction problem,
hence its throughput is lower than that of the traditiondRFF

Remarks: overall, we conclude from Figure 3.10 that when the nowlritg effects can
be ignored, the dispersion does not overly affect the thipugof the wireless channel.
The cooperative MMSE scheme is capable of significantly owmg the throughput in the
cell-edge area, hence all MSs benefit from a consistently tiigpoughput, which is close
to the attainable upper bound. By contrast, a strong naalityemposes an approximate
throughput reduction of bits/s/Hz. However, as evidenced by Fig. 3.10 the perfooman
of the egBF arrangement is significantly dependent on thantesneous geographic dis-
tribution of theN,,, users, hence it does not always achieve a higher throughantthe
traditional FFR scheme, which make the cooperative egB$désactive than the other
linear transmit preprocessing techniques.

3.4.3.5 Throughput Enhancement Across the Entire Cell

In order to observe the attainable throughput improvemgrachieved by the cooperative
RA aided FFR assisted systems over their non-cooperativeteparts across the entire
cell, the resultant throughput contour profile associatéd @urvel of Table 3.5 is por-

trayed in Fig. 3.11. We configured the cooperative techridoileenhancing the attainable
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throughput in the cell-edge area, hence in the cell-cemesx we haveAy = 0. In the
cell-edge area, when considering the cooperative MMSEgement for example, there
is a significant throughput improvement in the worst-cagpi&ar direction, since we have
An = 4bits/s/Hz in the directiofl,.st. By contrast, when the MS is roaming close to the
RA, the throughput improvement achieved by the cooperdiMSE technique remains
limited. When however the MS is roaming far from the RA, thedfés of the cooperative
techniques become more pronounced.

d (km)

Figure 3.11: Contourdy of throughput in Bit/s/Hz enhancement for thie = 6
cooperative DAS aided FFR systems, over the non-cooperB#S aided FFR.
All system parameters were summarized in the context of €um Table 3.5.

3.4.4 Power Control for a Multiuser DL Scenario

The DAS aided FFR architecture proposed in this chapter éamseducing the CCI in
a DL scenario, i.e. for enhancing the SINR of the MSs roamimghe cell-edge area.
However, the "worst-case direction” problem exemplifiedFig. 3.9 degrades the aver-
age throughput of the cellular area. Hence, TTP is invokednitigating the CCI, which
relies on the idealized simplifying assumption of havingfeet CSI as discussed in Sec-
tion 3.3.2.2. Practically, the generation of perfect CSlifcult to achieve, whilst having
an imperfect CSI obviously leads to a reduced performananckl we introduce power
control (PC) for improving the SINR of the MSs roaming in tredl-e@dge area.

In this section, the task of the PC designed for the DAS aid€d §ystems is to im-
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prove the SINR of the active users roaming in the cell-edga.aAs an example, when
the MS “a“ of Fig. 3.1 roams in the cell-edge area hence ssifiemm a low SINR, the
transmit power will be increased in order to improve the SIBfRIS “a“. However, this
increased power will increase the interference imposedemther MSs, hence the SINR
of the other MSs will be decreased. More explicitly, among dther MSs, MS "b” may
also be suffering from a reduced SINR and hence may requésti@ased transmit power.
As a result, the increased power for MS "b” will more substhy interfer with the other
MSs, including MS "a”. Hence, although the transmit powetugtion of MS "a” is com-
pensated, it is hard to achieve the desired SINR. Nonethelesattempt to demonstrate
the effects of the PC in our multiuser scenario, where theag be multiple MSs in the

cell-edge area, requesting an increased transmit power.

First of all, we use the normalized Signal-to-InterfereRegio (SIR) model to analyze
the CCl in the multiuser scenario, since the AWGN of both tiveMss and receiver of the
optical fibre channel is moderate, hence in the multiuselticell scenario considered the
effects of the interference dominate the attainable peréoice. We refer to this situation as
an interference-limited scenario [142]. More expliciily,interference-limited situations
we haveSINR ~ SIR, and we record the SIR for all users randomly roaming acituess t
entire cell area. For the DOF aided DAS using the FFR ardhiteave assume to have
the same distance between each BS-RA pair and also the sagth & fibre between
each BS-RA pair. Hence the attenuation of all the opticaéftirannels is the same. As a
result, the SIR model using no PC is solely based on the pathdnd it takes no account
of fading of any kind. Finally, we assumes an equal DL trangmiver for each RA which
is expressed as [142]:

SIR;(dB) = Pahtloss;g(ds) — Pathloss g (d;), (3.17)

where in our DL scenario, th8IR; is defined as the SIR experienced by the observed
user, as determined by thih interfering RA,d; is the distance between the RA and the
observed user, whilg; is the distance between thih interfering RA and the observed
user. Assuming d0dB /decade inverse power path-loss law, tlsé R; associated with the
i interferer can be simplified to:
d:
SIR;(dB) = 4OZog10(d—‘). (3.18)
S
For our multiuser scenario of Fig. 3.1, théR ., is defined as the SIR at any user
roaming across the cell-edge area, who suffers from theaotntting effects of: iner-
ferers, wheres andl;,i = 1- - - n represent the transmitted signal power and the power of
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theith interfer, respectively. Thes,IR,., is formulated as:

S S
SIRuser — 7 - ﬁ
i=1--nti
B S
L+ LA+,
_ 1
FrEeo ok

1
- —1 1 —1’
SIR; '+ SIR; ' + - - SIR,

(3.19)

which can be written in dBs as:

SIR{(dB) SIRy(dB) SIRy(dB)

SIRuser(dB) = —10 loglo[lo_(lliO) + 10_(T) 4+ ... 10—( 10 )]’

SIR;(dB)

= —10log,,[y 10710 ). (3.20)
i

In Section 3.3.1.2, we use the SINR model of Eq. (3.8). Inotdsimplify the multiuser
scenario considered, tt# R(dB) model of Eq.( 3.20) is useful for comparing different
network architectures. Our multiuser, multicell scenasi@n interference-limited sce-
nario, where we hav8INR ~ SIR and theSIR is only related to the distancdsandd;,

as discussed above.

The geographic SIR distribution of the cell-edge area igbas Eq. (3.20), where the
specific MSs suffering from a lower SIR will be assisted by@asing the transmit power.
When applying the above PC technique, the SIR associatédtiatith interfer may be
written as:

SIR;(dB) = 4010g10(j—:) + P — Pl (3.21)
whered; andd; are defined in the same was as in Eq. (3.18). Furtherrm;geandpéB
represent the transmit power of the destined user and titaeahterfering user, respec-
tively. More explicitly, when the MS roaming in the cell-ezlgrea suffers from a lower
SIR;.,, the transmit power will be increased in the interest of rrzamng the target SIR.
Correspondingly, the interfering MS may also suffer fronoaér SIRLSW and hence its
transmit power will be increased, which will increase therference imposed on the other

MSs.

The SIR recorded in the presence of PC for our multiuser smeremains similar to
that without PC, which may by written based on Eq. 3.20 agfahgs:

/
SIR,(dB)

SIR,5(dB) = —101og,,[} 10~ 1)), (3.22)
i
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The SIR record both with and without PC for our DAS aided FFéhaecture in the
cell-edge area is characterized in Fig. 3.12. Observingcétleedge area of Fig. 3.12
while operating without the PC technique, the SIR is cakeadaising Eq. (3.20). When
the MS roams close to the RA, a high S(RIR,s.r(dB) > 20dB) may be guaranteed,
hence there is no need to increase the transmit power. Byagbntvhen the MS roams far
away from the RA, the SIR is reducé€dIR ;.. (dB) < 20dB), especially in the "worst-
case directions(SIR,s.r(dB) ~ —20d4B), where the transmit power will have to be
increased in order to aim for an adequate SIR. Observingaivedge area of Fig. 3.12 in
conjunction with the PC technique, the SIR is calculatedhfieq. (3.22). The SIR of the
MSs roaming close to the RAs is slightly reduced in comparisathat in the absence of
PC, but still remains a high valuU&IR,,,(dB) > 20dB). On the other hand, when the
MS in roaming far away from the RA, especially in the "worsise directions”, the SIR is
significantly increase€SIR,,,, (dB) € [0 ~ 20dB) in comparison to the no-PC scenario.

SIR(dB)
SIR(dB)

d (km) d (km)

(a) no power control (b) power control

Figure 3.12: The SIR of noncooperative DAS aided FFR syst&aoth without
and with the assistance of power control. All system pararsetere summarized
in Table 3.5.

The achievable throughput of the DAS aided FFR system isachenized in Fig. 3.13,
where the throughput of the entire cell-edge area is enldatocg > 3bits/s/Hz, pro-
vided that PC is used. To a degree the throughput is expeatetidy the SIR-trends.
More explicitly, when the MSs roam close to the RAs, the tiglqaut remains simi-
lar to that achieved without applying the PC technique, Whi@s shown in Fig. 3.11.
Again, in line with the SIR improvements, when the MSs aremiog far away from the
RAs, the throughput is increased o> [3 ~ 3.5]bits/s/Hz with the assistance of
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the PC technique, as shown in Fig. 3.13. By contrast, theugirput remains as low as
n > [1 ~ 2]bits/s/Hz without any PC and without TPP, as shown in Fig. 3.9. When
applying TPP, we can observe in Fig. 3.11 that the througbptite entire cell-edge area
may be as high ag = 5bits/s/Hz, provided that perfect CSl is available.

(&)]

throughput (b/s/Hz)
N

Figure 3.13: The 3D throughput profile recorded for ¥ie= 6 noncooperative
DAS aided FFR scenario assisted by power control acrossitire eellular area.
All system parameters were summarized in Table 3.5.

3.4.5 Chapter Summary

The achievable throughput of a DOF aided DAS relying on FRRaarealistic optical fibre
backhaul was investigated in practical multicell, muléuscenarios. Our work demon-
strated that the non-cooperative DAS aided FFR system &btapf gleaning some ben-
efits from the imperfections of the optical fibre, becausedispersion of the optical sig-
nalling pulse might indirectly increase the attainabletighput of the cell-edge area, as
argued in Section 3.2.2. More explicitly, when applying tenfigurations ofN, = 6
and N, = 12, the geographic throughput distribution becomes differetnich may be
beneficially exploited for supporting different geographsers-distributions. Correspond-
ingly, the cooperative RA-aided FFR relying on the lineaPTiéchniques advocated in
Section 3.3.2.2 is capable of efficiently mitigating the IRthe worst-case direction. As
a result, the system may be capable of supporting a througtpgu= 5 bits/s/Hz, regard-
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less of the specific geographic user-distribution encoedtd~urthermore, the cooperative
RA-aided FFR system may become tolerant to the dispersitreadptical pulse, but sen-
sitive to the fibre-induced nonlinearity, if the optical pellhas a high power.

Indeed, efficient TPP requires efficient feedback contrdiictv involves an accurate
and frequent channel estimation, quantisation and feédp@cess, where sophisticated
signal processing improvements may result in an incredsedghput. The overhead as-
sociated with this cooperative transmission, or closexgb-lbesign in general, is constituted
by the Doppler-dependent channel-sounding pilot overlaeadhe feedback quantisation
overhead, where the latter potentially depends not onlyhenguantisation method per-
formed, but also on the specific cooperative structure eyepla.e. on whether centralised
or distributed cooperation is used. Regarding the effeth@humbers of RAs, an intu-
itive observation is that the more cooperative RAs, the nomerhead will be incurred.
However, no simple quantitative relationship may be eshbtl. Furthermore, since the
amount of overhead imposed may offset the potential gaireaeti, we have to strike an
attractive tradeoff, as discussed in [143]. The rate of gkani the channel will indeed sig-
nificantly decrease the resultant performance gains, sireckeedback may become more
outdated and the TPP matrix will be subject to strong mismalttence, closed-loop de-
signs in general may not be suitable for high-velocity aggilons, where in addition to an
increased normalized feedback delay, the channel estimlagicomes more challenging in
the downlink.

3.5 Chapter Conclusions

In this chapter, the DAS aided FFR architecture was invasijin a more practical mul-
tiuser, multicell scenario characterized by a topologyved-tiers of nineteen cells, as
shown in Fig. 3.1. The BS-RA backhaul was the DOF link of Fig.\Bhich was modeled
by the SSF method of Eq. (3.4) in Section 3.2.2, which is ckgpabtaking into account
both the fibre’s linear dispersion and non-linear dispersidhe received signal model
and the SINR definitions of the noncooperative DAS aided FétRisie were introduced
in Section 3.3.1 while those of the cooperative DAS aided BEfeme in Section 3.3.2.
The throughput of the noncooperative DAS aided FFR schensepedrayed in Fig. 3.5,
Fig. 3.6, Fig. 3.9 and Fig. 3.8 and that of the cooperative d&d FFR scheme in
Fig. 3.10 and Fig. 3.11. Observe in Fig. 3.10 that the TPPnigcie of Section 3.3.2.2
is capable of mitigating the “worst-case direction” prableThe achievable throughput
of the entire cellular area was investigated in Fig. 3.9 aigd 8.11, when employing
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Table 3.6: Performance of DAS aided FFR architecture ineddje area

Noncooperative scheme Cooperative scheme
CSl not necessary perfect
105t Direction 4 ~ bbits/s/Hz Sbits/s/Hz
Oworst Direction 1 ~ 2bits/s/Hz 5bits/s/Hz
Upper bound 5bits/s/Hz 5bits/s/Hz
Entire cell "worst-case” directions no "worst-case” directions
Fibre model SSF SSH
Fibre nonlinearity, Py 1T — throughput ignored
Fibre dispersion Ty T — throughput not overly affected

FFR technigues in conjunction with a realistically modelimperfect optical fibre aided
DAS operating in a multiuser scenario. Given a fixed totatgrait power, a substantial
improvement of the cell-edge area’s throughput can be aetliithout reducing the cell-
centre’s throughput. The cell-edge’s throughput supploiriethe worst-case direction is
significantly enhanced by the cooperative linear transnoit@ssing technique advocated.
Explicitly, a cell-edge throughput of = 5bits/s/ Hz may be maintained for an imperfect
optical fibre model, regardless of the specific geographsitidution of the users. We also
demonstrated the effects of PC technique in multiuser stewndich is based on the SIR
model in Section 3.4.4, when the MSs roaming in the cell-eatga suffering a low SIR
as shown in Fig. 3.12, the transmitting power will be comp¢ad. Although the compen-
sated transmitting power of other MSs will increase therfetence as shown in Eg. (3.21),
a final enhancement of SIR is capable of being achieved assindwig. 3.12. As a result,
the throughput of MSs in the cell-edge area is capable okesstgr > 3bits/s/Hz as
shown in Fig. 3.13. The simulation results of the noncoadperand cooperative DAS
aided FFR scheme are compared in Table 3.6.



Chapter I

Distributed Antennas for the Fractional
Frequency Reuse Aided Multicell,
Multiuser Uplink

4.1 Introduction

In Chapter 3, the DAS aided FFR architecture was studied i anDItiuser, multicell
scenario which was based on the extension of the DOF aided R¥eassociated with
a single interfer, as detailed in Chapter 2. In both Chaptan@ Chapter 3, the DAS
was invoked for improving the DL performance in the cell-edgea. By contrast in this
chapter we will employ the DAS in the UL of both the cell-ceréed cell-edge areas of
a multiuser multicell scenario. The DOF link between the B8 RA was assumed to be
rendered the optical distortion-free by soltion technigiigt 11].

Wireless communication systems are expected to suppoghgperformance for any-
one, anywhere and anytime. Hence, one of the main challéndestackled by the Long
Term Evolution (LTE)/Advanced (LTE Relea38) [91] standard is to improve the attain-
able performance of the mobile stations (MS) roaming in tbkk-exdge area. The typ-
ical low Signal-to-Interference-plus-Noise-Ratio (SIN&perienced at the cell-edge is
caused by the combined effects of co-channel interfere@€d)( pathloss, shadow-fading
and fast-fading. In order to reduce the CCI, the Fractiomay&ency Reuse (FFR) [131]
philosophy has been adopted in the Third Generation PattigeProject’s (3GPP) LTE
initiative [95], which improves the geographic distrilarii of the CCI at the cost of a
reduced Area-Spectral Efficiency (ASE). In order to redimepathloss, Distributed An-
tennas (DAS) may be employed [134], where the remote ansefidd) are positioned
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more close to the cell-edge terminals. Hence, the receild& &t the RA is increased by
combining the benefits of FFR and DAS. The authors of [24]istlithe downlink (DL)
performance of such a system architecture in a multicellticaer scenario, which signif-
icantly improved the throughput in the cell-edge area. Imparison to the conventional
Centralized Antennas (CAS) used at the BS [144], the DAS mmyrave the coverage of
the entire cell by positioning the RAs of the DAS in both th#-center area and cell-edge
area, which we refer to as a pervasive DAS/FFR scheme, wiel®8& simply plays the
role of the central signal processing (CSP) unit in our peEwaDAS architecture studied
in this chapter.

However, although the MSs roaming close to the RAs do indesefit from a high
SINR, the DAS combined with FFR suffers from increased wotl interference (ICl).
When the MSs roaming near the angular direction halfway éetwiwo adjacent RAs, the
received SINR is substantially degraded, which we referai@ las the 'worst-case direc-
tion’ problem [24]. In the DL of the DAS combined with FFR, th@l imposed by the
RAs may be mitigated by Transmit PreProcessing (TPP). Byrasty in the UL scenatrio,
the ICI constituted by the multiuser interference (MI), nmmeymitigated by multiuser de-
tection (MUD) based on the philosophy of “interference alation”. Alternatively, BS
cooperation techniques based on the philosophy of “knaydestharing and data fusion”
may be invoked [58]. These BS cooperation techniques [18]rjtay also be adopted for
the DAS architecture [145] in the UL scenario. The results[88] [145] illustrate that
BS cooperation is indeed capable of enhancing the perfarenafithe MSs roaming in the
cell-edge area, but only, when the MSs are capable of tratisgnat a rather high power.
Hence, it may be necessary to further improve the family @jpevation techniques in a
more practical MS distribution scenario, where any paldicMS position is mapped to a
specific SINR.

Essentially, BS cooperation achieves a cooperative diyagain with the aid of the
adjacent BSs. In contrast to the traditional BS coopergtimfosophy [13] [58] , which
relies on BSs having centralized antennas, the pervasi&E#R architecture proposed
in this chapter relies purely on distributed antennas ostd in both the cell-center and
cell-edge area, where there is an optical fibre link betwherBiS and the RA [24] [99].
More explicitly, both architectures facilitate CSP. Exjlly, the BS cooperation technique
invokes an independent MUD at each BS and then exchangesgukant soft decision
information among the BSs, while the pervasive DAS/FFR iregLa single MUD at the
BS. The latter scheme is capable of increasing the attarsgdatial diversity gain as well
as additionally reducing the pathloss, albeit it may be d=kemo be more costly. On
the other hand, although the DAS might reduce the CCI wherbawed with FFR, the
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cooperative diversity gain gleaned from the adjacent celly be eroded. Hence, as a
further enhancement we introduce Mobile Relays (MR) [146) the proposed pervasive
DAS/FFR for the UL, in order to improve the achievable coapige diversity gain at
the cost of allocating an additional time-slot for the MR47). Base on the cooperative
relaying philosophy [148], a single antenna is allocatetheoMS, MR and RA for each
MS-MR-RA link, which avoids the cost and complexity of emyltg multiple antennas
at both the transmitter and receiver. However, both the MSaRd the MR-RA links have
to be modelled as a virtual MIMO scheme. Hence, we can exfieitsoft information
gleaned from the MSs and MRs at the central BS.

Our outline and novel contributions in this chapter may bmmarised as follows:

Against this background, in this chaptee propose a pervasive DAS infrastructure for
improving the coverage of both the cell-center and cellesdigga, where the latter addi-
tionally relies on FFR. We compare the conventional BS craimn aided scheme and
the proposed pervasive DAS/FFR infrastructure operatioigp bvith and without MRs in a
multicell, multiuser scenario, when employing four défg@rcooperation techniques. More
explicitly, we invoke "interference cancellation” MinimuMean Square Error (MMSE)
based successive interference cancellation combinedopiimal user ordering (MMSE-
OSIC) [149], "full search” based maximume-likelihood det®mn (ML) [150], probabilis-
tic data association (PDA) [151] and finally, "knowledge shy” based combined PDA
(CPDA) [58]. Our new CPDA MUD was specifically designed fax MR aided scenario.
We will demonstrate that

1. In the case of conventional BS cooperation a high BER ieepced, when the
MSs are roaming in the cell-edge area, unless the transmi® is appropriately
increased. On the other hand, the conventional BS cooparatchitecture is ca-
pable of improving the cell-edge coverage at the cost of b pamyverP; and at the
expense of increasing the complexity by invoking pervaskrewledge sharing”
amongst the BSs.

2. In the case of the proposed Pervasive DAS/FFR system, & mdlaming across
the entire cell area are capable of achieving a reduced BERoat transmit power
P;. However, the MMSE-OSIC and the PDA MUD techniques are unébkolve
the above-mentioned 'worst-case direction’ problem diediain [24], even when
P; is increased. As a remedy, the CPDA MUD invoked by the MR aidex/a-
sive DAS/FFR architecture is capable of substantially catythe BER for the MS
roaming at arbitrary positions, especially in the 'worate direction’.
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3. The IClis adominant problem of the pervasive DAS/FFR saavhich may in fact
be stronger in the cell-center area than in the cell-edge, aiace the interfering
MSs tend to be in a dense cluster in the central area, whilenteefering MSs
are scattered less densely in the outer ring. Hence, the bEsing in the cell-
center area may in fact have a lower SINR. Hence, an efficiéhs®ection strategy
is required by the Pervasive DAS/FFR scheme, which is capabkignificantly
reducing the BER right across the entire cell area.

This chapter is organized as follows. In Section 4.2, weothiice the system topol-
ogy. In Section 4.3, we detail the received signal model efAS combined with FFR,
of the conventional BS cooperation as well as of our MUD tégies. We present our
performance results in Section 4.4 and conclude our diseaarSection 4.4.6.

4.2 System Description

4.2.1 Multicell, Multiuser System Topology

4.2.1.1 Pervasive DAS/FFR Combined with Mobile Relays

The proposed Pervasive DAS/FFR system supporting a miljlticeltiuser operating sce-
nario [24] consists of two tiers of 19 hexagonal cells, angag 4.1a. The frequency par-
titioning strategy of the total available bandwidths characterzed by. N F, = ©, where
F. andF, represent the cell-centre’s frequency band and the cgi-sdrequency band, re-
spectively. Furthermoré, is divided into three orthogonal frequency baiys € [1, 3],
which are exclusively used at the cell-edge of one of theetla@jacent cells. We will
demonstrate that this regime is capable of sufficiently ceduthe CCI in our DAS/FFR
system [24], hence we can focus our attention on mitigahied€l in a single cell, as seen
in Fig. 4.1b. We assumgymmetrywhere every cell has the same system configuration
and without any loss of generality focus our attention oh Bgl which is assumed to be
at the origin of Fig. 4.1b .

In the case of our pervasive DAS/FFR arrangement of Fig.,AvEbassume thav,
RAs andN,, MSs are roaming in the cell-center and cell-edge area, césply. Fur-
thermore, each RA supports a single MS, where a single aatsnemployed both by
the RA and by the MS. Hence, our DAS/FFR scheme may be modslagair of inde-
pendent N, x N;)-element virtual MIMOs, wheré\; is the number of transmit antennas
(N; = Ny,). Although the virtual MIMO matrix of the cell-center andlieedge has the
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tier two

tier one

I MS
‘ Mobile Relay _ta_ o

(b) MR aided DAS/FFR Cell

Figure 4.1: The cellular topology of the MR aided pervasiveSIFFR network,
where N, = 6 distributed antennas are employed axsig = 6 MSs randomly
roam in the entire cell area. In contrast to the DAS aided FERdpology of

Fig. 3.1, the cell-center of the pervasive DAS aided FFRitgcture was illumi-
nated by our pervasive DAS, while the cell-center of DAS diBl€R architecture
of Chapter 3 relied on the CAS. No MR was considered in the DthefDAS

aided FFR architecture of Chapter 3.
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Figure 4.2: The cellular toplogy of the conventional BS ca@ion network and
the details of a BS cooperation aided cell supported by thdggcent BSs, each
of which emploiedN, = 6 centralized antennas at the BS axig = 6 MSs were
randomly roaming across the entire cell area .

same size, th&V,, MSs roaming in the cell-center and the cell-edge area hdferett
pathloss values. More explicitly, th¥,, MSs that are roaming at an arbitrary point in
the cell-centeZ? and cell-edge&Z; of Fig 4.1b are identified by their polar coordinates of
[9251 Lz,.f] and [GZ?, ine], i € [1,Ny,], respectively. Likewise, th&/, RAs are uniformly
located in the cell-cente®? and cell-edgek of Fig 4.1b, which are described by their po-
lar coordinates oftre, Lre] = [271(i — 1)/ Ng,d] and[6ge, Lrs] = [27t(i — 1)/ N, d],

i € [1, Ng], respectively.

In order to increase both the attainable diversity and cadpe gain, MRs are invoked
for supporting our pervasive DAS/FFR system at the costlotating an additional time
slot for relaying at the MRs. Thal,, MRs roaming in the cell-center and cell-edge area
are denoted byIf and M, i € [1, Ny, respectively, which are identified by their polar
coordinates, similarly to the actively communicating M&s seen in Fig. 4.1b.

4.2.1.2 Conventional BS Cooperation Aided Networks

The conventional BS cooperation aided system is shown indEij where the entire cell
area is divided into thre#20° sectorsS;,i € [1,3] [152] and for every sectoN, = 6
sectorized antennas are employed at the central BS [153ssfcl Frequency Division
Multiplexing (FDM), associated witlk;,i € [1,3] is used for the corresponding sectors
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S;. Hence the three adjacent BSs compose a Coordinated MuRioeessing (COMP)
regime, as shown in Fig. 4.2b, wheBg is assumed to be at the origin. Likewise, the other
two BSs in the COMP regime are described by their polar coetds of[OBj, LB]-] =
[27t(j —1)/6,+/3R],j € [1,2]. In the COMP area of Fig. 4.2b all the MSs are assumed to
transmit at the same frequency in the UL. More explicitly,agsume the same number of
N, = N, MS transmitters, which employ a single antenna, while rognm the COMP
area.

The BS coordination aided cellular area of Fig. 4.2b is algometri¢c hence without
any loss of generality we may consider the direction betwggand the coordination-
aided cellular centeD. More explicitly, we assume that the MS roams along the (i
, While the remaining MSZf,i € [2, N;;] randomly roam across the entire cell area. Their
polar coordinates ar{@zlg,, inb],i € [1, Ny

Hence, when observing thé,, active MSs, the virtual MIMO matrix of the cell-center
and cell-edge area of our pervasive DAS/FFR scheme of Fidp ds well as that of the
conventional BS cooperation scheme of Fig. 4.2b has the semmef N, x N;)-elements.
Our DAS/FFR gleans a further cooperative diversity gaimirthe MRs, albeit this is
achieved at the cost of introducing the classic two-slopewative protocol. Explicitly, the
N,, active MSs transmit during the first time slot and the coreespngN,, MRs retrans-
mit their received signal in the second time slot, againhwhie aid of a [V, x N;)-element
virtual MIMO. By contrast, the conventional COMP schemei@obs its cooperative gain
without any need for introducing a second time slot, wheeegain is gleaned from the
adjacent two BSs.
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Table 4.1: Topology parameters.

Pervasive DAS/FFR Location Polar coordinates
RA cell-centerRf  [0ge, Lre] = [271(i — 1)/ N, d]
cell-edgeR;  [Ore, Lre] = [271(i — 1)/ N, d]
i €[1,Ng]
MS cell-centerZ¢ [0z¢, Lz¢]
cell-edgeZ¢ (07, Lz]
i € [1, Ny, roaming randomly
MR cell-centerM; [0z, L]
cell-edgeM? [OMf,LMf]
i € [1,Ny], close to MS or RA
BS Cooperation Location Polar coordinates
BS By origin
Tier-one [0, Lg;] = [272(j —1)/6, V3R]
j € [1,6]
MS Z; 67, Lz.]
i € [1, Ny, roaming randomly

4.2.1.3 Digital Fibre Soliton Aided Backhaul

Until recently the optical fibre backhaul has been assumédxt ta perfect channel, when
transmitting low-rate data using On and Off Keying (OOK).wé&wer, when aiming for
supporting Gigabit-transmissions, which is the ambitignal of LTE-Advanced (LTE
Releasel0) [91], the high-rate fibre-based backhaul may suffer frommdetrimental ef-
fects of both linear dispersion and nonlinear distortid3®j[ Furthermore, our Pervasive
DAS/FFR system relies on central signal processing at thevB@re again, the signal
received from the wireless channel via the RA may be contatachboth by dispersion
and nonlinearity [154]. Hence, the fibre soliton techniqtifl@é1] may be invoked for a
reliable optical fibre backhaul, where the optical pulse papagate undistorted over the
optical fibre as a result of the interplay between the dispeend nonlinear effects [111].

Fig. 4.3 shows a single optical fibre link spanning from the BShe RAs, where
the RA€ of the cell-center area anklA® of the cell-edge area to make use of the same
optical fibre link. In this chapter, QPSK modulation is apgdlin the UL of the pervasive
DAS/FFR system for the UL. The signals received by the RAmftbe wireless channel
are down-converted to the baseband. Thenltaed(Q streams are modulated by optical
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Figure 4.3: System architecture of the digital fibre optigak of the pervasive
DAS aided FFR scheme, where the RA in the cell-center aredhemBRA in the

cell-edge area are connected to the BS by the same opticalifir In contrast
to the system architecture of Fig. 3.2, where only the RAsriihating in the cell-
edge area are connected to the BS, here the signals of botteltreenter and
cell-edge area are transmitted through the same fibre. Téysl@ad to nonlinear
XPM effects, which were introduced in Section 2.2.2.2.

pulses. Then the optical signaling pulses are transmittexigh the optical fibre. The
Wavelength Division Multiple Access (WDMA) technique mag applied for the optical
fibre backhaul, where the optical signaling pulses trarteghifrom RA¢ and RA°¢ are
separated by using different wavelength.

In contrast to the generalized Nonlinear Schrodinger (Nediation of Eqg. (3.2), here
we use the normalized form of NLS [111] may be written as

ou 10°U 9 ixLp
za—c—sgn(ﬁz)iﬁ—l—]u] Uu=— 5 u, (4.1)

whereu = N\/ip_o, ¢ = % T = Tlo and P, is the peak powerT is the width of the

incident pulse, whileA(z, T). « is the fiber loss parameter. Furthermore, the paraméter

is defined as: )
2 L_D 7R Ty

Ly |B2|

2
where we havé.p = % andLy = % is the dispersion length and the nonlinear length,

(4.2)

respectively. v is the nonlinearity parameter3, is GVD parameter, when the choice
sgn(B2) = —1 has been made to focus on the case of anomalous GVD, whichads al
called bright soliton.

More explicitly, N is the soliton order parameter, the first order solitbh £ 1) is
referred to as the fundamental soliton because its shapersdehange on propagation.
Hence, the fundamental soliton in the case of bright solib@ybe applied for the optical
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backhaul in our pervasive DAS/FFR scheme, which the Eq (ddlbe rewritten as below:
jou 12U _ialp

o¢ 2072 2

In contrast to the generalized Nonlinear Schrodinger (Néghiation of Eq. (3.2), here the

+ |ul?u = (4.3)

NLS equation is written in the form of fundamental soliton @3). The solution of the
equation Eq (4.1) maybe written as

u(g, ) = n(&)sechn(Z)tlexplip(Z)] (4.4)

The ¢ dependence parametersmpfind¢ represent amplitude and phase of soliton,
respectively. In the condition of ideal lossless filke= 1, the peak poweP;, = %
is required from the Eq (4.2) to support the fundamentalt@oliwhere the pulse will
propagate undistorted without change in shape for arbytlang distances. However, the
soliton amplitude; and phaseé are affected by fibre losses. Fibre losses reduce the peak
power of solitons along the fiber length which lead to incegthe width of a fundamental
soliton. As a result, the balance Eq (4.2) between the neatiand dispersive effects is
broken, if the pulse is unable to maintain its peak power.

In order to keep the pulses’ soliton character in a lossycapfibre, the dispersion-
decreasing fibres (DDFs) and soliton amplification maybdiegpinside a DDF, the GVD
decreases exponentially §»(z)| = |B2(0)|exp(—az). Seen from Eq (4.2), both the
soliton peak poweP, and GVDp, reduce exponentially with, hence the fiber losses have
no effect on soliton propagation. Hence, the requiremént 1 can still be maintained.

On the other hand, lumped and distributed amplification camded to periodically
compensate the broadening of pulses introduced by the fibrea nutshell, the soliton
based technique of [111] maybe applied for approachingdhdition of perfect distortion
less optical backhaul in the future communication netwovwksere the optical signaling
pulses are able to propagate along the optical fibres witthistdrtion. More explicitly, in
contrast to the optical fibre model of Eq (3.4) which calcegahe effects of the dispersion
and nonlinearity, in this chapter the soliton techniqueldfl]] was employed for striking a
balance between the linear dispersion and nonlinear ttor

4.3 Received Signal of the Pervasive DAS/FFR System

As mentioned in Section 4.2, both the pervasive DAS/FFResysif Fig. 4.1 operating

either with or without the assistance of MRs, as well as theventional COMP system of
Fig. 4.2 may be modeled as a virtual MIMO having,(x N,,) elements. We commence
by considering the pervasive DAS/FFR system.
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Table 4.2: Characteristics of the optical fiore channelinglyn the soliton tech-
nique [111].

Lp dispersion length
Ly nonlinear length
N soliton order
B2 GVD
sgn(Br) = —1 bright soliton
sgn(Bz) = +1 dark soliton
Py peak power
Ty width of the incident pulse
0% nonlinearity parameter
n soliton amplitude
¢ soliton amplitude

4.3.1 Received Signal of a Single Link

For theith MS-RA-BS single link, the fundamental soliton technigqnay be applied for
virtually a perfect optical fibre backhaul, as mentionedect®n 4.2.1.3, where the optical
signaling pulses are capable of propagating undistortedcelthe phase rotation imposed
by the optical fibre link on the modulated signal constediatdiagram is negligible and
the modulated signal’s amplitude is also maintained, albaturally, it is contaminated
by the complex-valued Additive White Gaussian Noise (AWGNthe receiven ~
CN (0, aj%). In contrast to the signal received of Eq. (2.5) in Sectidh2where IPI was
taken into account, in this chapter the IPI is ignored. Intast to the signal received at
the RA is that after passing through the optical fibre chamnmEl. (3.1) of Section 3.2.2,
while in this chapter the signal receivedaf\; after passing through a wireless channel
may be written as:

s; = Cihix; 4+ ny, (4.5)
wherex;, ;, h; andn, ~ CN(0,02) represent the transmitted signal, the pathloss, the
fast Rayleigh fading and the AWGN at the RA, respectivelyethe received signal of
theith link at the BS may be written ag = xs; + 1y, which is expressed more explicitly

as.
vi = XCi hixi+ xnw +ny, (4.6)
~~ ———
8i n;

whereg; = x{; andn; denote the equivalent MS-RA-BS link’s distortion and theieg
alent receiver noise jointly induced by the optical fibre #mel wireless components. Fi-



4.3.2. Received Signal of a Virtual MIMO 84

nally, x is the power-scaling factor invoked for ensuring that thakggower of the optical
signaling pulse obeys the fundamental soliton requireroéifit11]. In contrast to the
signal received of Eq. (2.5) in Section 2.3.1 where IPI wasnanto account.

4.3.2 Received Signal of a Virtual MIMO

Signal —

Interference — — — B

Interference of the DL Interference of the UL

Figure 4.4: In contrast to the DL interference model of thed#ided FFR archi-
tecture of Chapter 3, here we considered an UL scenario.

The received signal of the DAS aided FFR architecture may béetied as a virtual
MIMO, where the interference of the DL is generated by the RAd that of the UL are
generated by the MSs, as shown in Fig. 4.4. Hence, the reteigeal model of the UL is
similar to that of the DL introduced in Eq. (3.10) of Sectia3,3vhere the only difference
is associated with calculating the interference withouhdpeonsidered the linear TPP
matrix. The entire MS-RA-BS link is assumed to be perfectijireated at the central BS.
Based on Eq (4.6), the vector of received signals of the imsdkynchronous UL may be

written as:
y = Hx+n, (4.7)

whereyy; . 1, Hn, x N, @ndny;, 1 denote the transmit symbol vector, the estimated channel
matrix associated with perfect channel state informat{@®l} and the circularly symmet-

ric complex Gaussian noise vector. Furthermores [x1, xo, - - - ,me]lTme, X; repre-
sents the symbols transmitted from M& RA i, whilen = [ny,ny,- - ,ny,]7, n; is the
equivalent noise at the BS, which was defined in Section 43ill referring to Eq (4.7),
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we haveH = [h{,h],--- ,h{ ]\ , whereh; = [gih1, g2l -+, NN J1xN,, | €
[1, N,], represents the channel of all thg, MS-RA; links, which takes into account both
the pathloss of the wireless channel and the fast Rayleidindachannel, wherg; and
h; were also defined in Section 4.3.1. The fibre-induced att@maay be negligible,
since the soliton technique of [111] is applied, which albdwe optical signaling pulses to
propagate through the optical fibre undistorted. Hencejfeedrdiscrete-time model may
be formulated for the signal received By4; based on Eq (4.7) as:

yi = |Ihillxi + Y lIhyl[x + 7. (4.8)

ki

When we havé # i, as indicated in the second term of Eq (4.8), this sum of teapee-
sents the ICl imposed by the transmit signal intendedfdy,, but received aR A;. With-
out being considered the linear TPP matrix for DL in Eq. (3.d2Section 3.3, Eq. (4.8)
and Eg. (3.12) will be the same.

The received signal model introduced above in Eq (4.6)}(@a& be applied for both
the cell-center and cell-edge area of the pervasive DAS/&dFReRme of Fig. 4.1, we only
have to update the pathloss paramé&tdi55]. Similarly, we also havg; = ; andn; = ny,
for the conventional COMP system of Fig. 4.2.

4.3.3 Correlation Between the Channel Coefficients a¥1S; and MR;

When considering the MR aided pervasive DAS/FFR schemegltine cooperative time
slot, the channel model is th&Jf x N,,)-element virtual MIMO model of Eq(4.6)-(4.8).
The channel matrid of Eq (4.7) is denoted bif s andHy for the MSs and MRs, re-
spectively, wherdH; = [hy, by, -+, hn,In <N, @andHg = [y, Ao, -, An, TN N, -
More explicitly, for the MSs transmitting their source sajrduring the first time slot,
h;,i € [1,Ny] is a (N, x 1)-element column vector of the channel matHx;, which
represents the channel between iteMS and all thelN, RAs links, taking into account
both the pathloss of the wireless channel and the fast Rayfading. Similarly, for the
MRs retransmitting their received signal during the sedime slot,h;,i € [1, N,,] is the
(N; x 1)-element column vector of the channel maty, representing the channel be-
tween theth MR and all theN, RAs links. The correlation of the mobile relays’ channel
coefficients during the broadcast and cooperation phasees by

oij = (R 1% IRy (4.9)
for theith MS-MR pair transmitting to thgth RA, where we havee [1, N,],j € [1, N;].
For p;; = 0 the channels oMS; during the first time slot and its correspondifR; in
the second time slot are uncorrelated.
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4.3.4 Central Signal Processing

The philosophy of the DAS architecture relies on invoking BA for receiving and for-

warding the signals, which allows the central signal preoeso appropriately process
the virtual MIMO signals at the BS, since at the BS it may bemféble to apply more

complex MUD techniques. For a channel coded system, thé/Bdl calculates the log-

likelihood ratio (LLR) of each coded bit from the receivedrdyol vectors. Then the LLR

of each bit is subjected to soft decoding, since soft degpdircapable of achieving a
better performance than hard decoding. In this section, @s&ggd a powerful soft MUD

imposing a moderate complexity.

4.3.4.1 Joint ML Multiuser Detector

For a Forward Error Correction (FEC) coded system, the safNWD is the optimum
detector for the virtual MIMO signal, albeit it imposes a @uatially excessive complexity.
When all the received signals are equi-probable, the soHNMMUD calculates the LLR for
thenth bit b; ,, of thesth RA as:

L(bs;) = log(P{y|bsn = 1}/P{y|bs, = 0}). (4.10)

The max-log approximation may be applied for reducing theglexity at a negligible
performance degradation. Hence, the LLR in Eq (4.10) magpeesented as:

log Y. exp(—|ly — hx||*/c?)
x1€X,~~~,x5€X,(11),~~~,thGX
—log ) exp(—|[ly — hx|[*/¢?)
x1€X,~~~,x5€X,(10),~~~,thGX
1 . .
~ min ly — hx||* — min ly —hx||2 ],

X1 ex/ rxs€X£zo)r"' Ith ex X1 EX, /xsexn 2 Ith ex
(4.11)

wherexﬁ,b) is the set of transmit symbols that has a bit valué,df = 0 or 1 for the

nth bit andsth RA. More explicitly, Eq (4.11) calculates all the EuclaeDistances (ED)

for all possiblex values and finds the minimum ED in every bit group. In our psixa
DAS/FFR, we haveN,, = N,, hence naturally, the size of the solution-space increases
exponentially with the numbéX, of RAs.
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The BER performance of the joint ML Multiuser Detector usangonvolutional chan-
nel code is demonstrated in Fig. 4.5, whé€2ex 2) ,(4 x 4) and (6 x 6)-element virtual
MIMOs are considered.

-20 -15 -10 -5

0 5
E,/N, (dB)

Figure 4.5: BER performance of the Joint ML MUD fON x N),N = 2,4,6
MIMOs, whereN is the number of transmit and receive antennas.

4.3.4.2 PDA Aided Multiuser Detector

As noted in Section 4.3.4.1, the joint ML MUD has a complexithich increases expo-
nentially with the number of RAs and hence may not be invokgaractical applications.
As an attractive design alternative, the reduced-comiyl&DA algorithm may be applied
for our pervasive DAS/FFR scheme, which generates the LbREh& concatenated chan-
nel decoder. In the UL scenario, the UL channel informakhiois assumed to be unknown
at the MS transmitters, but it is assumed to be estimatedaety at the BS’s UL receiver.
In our pervasive DAS/FFR scheme, we assumid= N, for the sake of computational
efficiency and the decorrelated signal model of SectiorR4a@s adopted. Hence Eq (4.8)
may be rearranged as

y=x+n

X;€ + Z X6 + 0, (4.12)

k£
—_——
Vi

in contrast to the Eq. (4.8, heje= (HHH)—lHHy, i is a colored Gaussian noise with
zero mean and covariance dg(HPH)™1, g is a column vector witH in the ith po-
sition and0 elsewhere, while/; denotes the interference plus noise term for symbol
x;,i € [1,N;]. For each symbat;, we have a probability vectd?;, whosemth element
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P, (x¢ly) quantifies the current estimate of theasteriori probability(APP) of having
xX; = am,m € [1, M], with a,, being themth element of the modulation constellation.

The key philosophy of the PDA algorithm is to approximeewith the aid of the mul-
timodal Gaussian mixture distribution as a single muliat@rcolored Gaussian distributed
random vector having an updated meaik 0¥ ), covariance oV’ (V) and pseudocovari-
ance ofU(Vy), which are given by:

E(Vi) =) %ex,

ki
V(Vi) =) VixJeel + No(H'H)™,
ki
U(Vi) =Y U{x}eel,
ki
(4.13)
where we have
M
Xk = Z AP (xky),
m=1
M
V(xi) = Z (am — i) (am — %) " P (xk]y),
m=1
M
U(x) = Y (am — %) (am — %) " P (2e]y).
m=1
(4.14)

The current estimate of the AR, (x,|y) is initialized based on the uniform distribu-
tion 1/ M, which will then be updated at each iteration of the PDA atgar. Let

wy) =y —al)e — Y me (4.15)
k£
and
A R\ (R
¢(x;) = exp —(%(W%))) A7 (%(W%))) , (4.16)
where we have
1A (RIV(VG) +U(V))] =3[V (Vi) — U(V;)]
A= (%[v<vi>+u<vi>1 RIV(V,) — U(Vy)] ) #17)

) —
anda!, indicates that,, is assigned tor;, while ®(-) and 3(-) represent the real and

imaginary parts of a complex variable, respectively.
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Since it is assumed that the transmitted symbols have equabia probabilities, the
APP ofx; is given asp, (y|x;) - P(x; = ay, ), where we have

Po(x;ly) = Mpm(y|xi)P(xi =am) M(Pm(xi) . (4.18)
Y=t Pm(YIXi)P(xi = am) g @m(x;)

For further details on the PDA-aided MUD please see [58] [1867]. The BER
performance of the PDA aided multiuser detector using a @otional channel code is
demonstrated in Fig. 4.6, where tfiex 2) ,(4 x 4) and(6 x 6)-element virtual MIMOs
are considered.

-20 -15 -10 -5 0 5 10 15 20
E,/N, (dB)

Figure 4.6: BER performance of the PDA aided MUD fo¥ x N),N = 2,4,6
MIMOs, whereN is the number of transmit and receive antennas.

4.3.5 Combining the Soft-information of the MRs Using PDA

Let us now invoke the PDA for our MR-aided pervasive DAS/FFResne for the sake
of combining the soft decision information gleaned from Bi@s in a manner similar to
that proposed for the BS cooperation aided system of [58)rdlier to achieve a diversity
gain, each MS may be aided by an appropriately selected NdRit&his is only possible at
the cost of creating an additional cooperative time slohegervasive DAS/FFR scheme.
More explicitly, each MQV];,i € [1, N,| broadcasts its signal to a MR;, during thelst
time slot, which are received by thé RAs. The MRs then retransmit the received copies
to the RAs using low-complexity amplify-forward relaying.

Based on the aggregated decision information gleaned Rgine [1, N,,], when the
PDA algorithm is adopted for the BS's MUD, the soft infornuat®,, (x;|y,s) of the MSs
and that of the MR®,,,(x;|yyr ) are combined as follows [58]
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Py (%Y ns) P (Xi Y pR)
Pu(xilyc) = . 4.19
ilYe) = & b Y ats) P ity aa) (4.19)

Finally, the BS’s MUD makes a decision for each transmitigdlsol x;, yielding £; =

a,, where we have:

!

m =arg max {Pu(xilyc)}- (4.20)

4.3.6 MMSE-OSIC Detector

A practical reduced-complexity suboptimum MUD solutiorcanstituted by the MMSE-
OSIC detector, which is capable of maximizing the signarggth received from the MS
of interest, while suppressing the ICI imposed by the oth&sNB1]. Once the highest-
power signal was decoded and remodulated, the corresppretienerated transmit signal
is subtracted from the composite multi-antenna signabreehe next interference cancel-
lation stage is activated. Naturally, the MMSE-OSIC deietd prone to inter-layer error
propagation in the presence of decision errors [81].

4.4 Performance Evaluation

4.4.1 Simulation Assumptions

We considered the Urban-Macro propagation scenario of |[1#%re we have a distance
of D = 3km, e.g. BB, = /3R between the two adjacent BSs, and each hexagonal
cell has a radius oR. The pathloss is expressed in dB B8.1 + 37.6log,,(do) for
the UL, whiled, is the distance between any transmitter and receiver p&itameters.
We assume furthermore that the transmit poweis in the range of’y = 0 ~ 33dBm
and the noise power at the RA is174dBm/Hz, when an operational bandwidth 1
MHz [1]. Moreover, the optical fibre link’s normalised Sidsia-Noise-Ratio (SNR) is
assumed to b&0dB and the length of the optical fibre is assumed to be five tithes
distance between the BS and RA, i.e. we have 5d. We defined the cell-edge region
as the area outside the radiusrof= 0.5R, hence the cell-center area is within the radius
of r = 0.5R, as seen in the system topology illustrated in Fig. 4.1. TAs R the cell-
centerR;,i € [1,N,] area and cell-edge ar&, i € [1, N,] are assumed to be located at
d. = 0.2R andd, = 0.7R, respectively. The parameters considered for pervasive DA
aided FFR scheme are summarized in Table 4.3.
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Table 4.3: Simulation parameters of the pervasive DAS/Félreisie in the UL
which is based on the 3GPP-LTE standard [1].

Urban macro BS to BS distance
Pathloss expressed in dB
Transmit power

Noise power at the RA
Shadowing standard derivation
Normalised optical fibre link SNR
Line-of-sight distance of BS-RA i
cell-center area

Line-of-sight distance of BS-RA if
cell-edge area

Length of the optical fibre
Number of RAs in cell-center areg
Number of MSs in cell-center are
Number of MRs in cell-center are
Number of RAs in cell-edge area
Number of MSs in cell-edge area
Number of MRs in cell-center are
Virtual MIMO

Modulation
Bit-to-Symbol mapping
Coding

Trellis

Decoder
MUD
Channel

O R

B,B; = 3 km
128.1 + 37.610g;,(do)
0,10,20,30dBm
—174dBm/Hz
os = 8dB

50 dB

d. = 0.2R

d. = 0.7R

L =5d

6

6

6

6

6

6

2 independen(6 x 6)-element matrices

2 correlated 6 x 6)-element matrices

QPSK
Gray
punctured convolutional cod&, = %
constraint lengt, 7
CodeGenerator 171, 13
Viterbi algorithm

Joint ML, PDA, CPDA and MMSE-OSIC

Fast Rayleigh fading channg

D

3

D
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Table 4.4: Simulation parameters of the BS-cooperatioadaldl. scenario, which

is based on the 3GPP-LTE standard [1].

Topology

Number of BSs
Number of antennas
Number of MSs

Virtual MIMO

Transmit power
Modulation
Bit-to-Symbol mapping
Coding

Trellis

Decoder
MUD
Urban macro BS to BS distang
The pathloss expressed in dB
Total transmitter power

Noise power at the RA
Shadowing standard deviation

BS cooperation aided cell Fig. 42
1BSin every%” sector area
6 CASin every%” sector area
2 MSsin every%” sector areg
3 independené x 6-element matrix|
0,10,20,30dBm
QPSK
Gray
punctured convolutional cod&, = %
constraint lengt, 7
CodeGenerator 171, 133
Viterbi algorithm
Joint ML, PDA, CPDA, MMSE-OSIC
e B,By = 3 km
128.1 4 37.6log,(do)
P =0~ 33dBm
—174dBm/Hz
os =8dB

We applied the classic QPSK modulation scheme, combinegu avitode rate /3,

constraint lengtt¥ punctured convolutional code for both of the wireless antitapfibre

channel. Finally, the BER curves were obtained by averatiiagSINR overl03 simula-

tion runs. Again, we compare four types of MUDs, i.e. the i, PDA, CPDA and
MMSE-OSIC, where the MMSE-OSIC MUD is unable to generate sdbrmation for
the concatenated soft channel decoder. Hence the BER menfice of the MMSE-OSIC
remains poor, as shown in Fig. 4.7 -4.10, because as expébtetiard-decision MUD

fails to outperform the soft-decision MUD. Naturally, thepgriority of the soft-decision
MUD (Joint ML, PDA, CPDA) is achieved at the cost of an incredsomplexity.

4.4.2 Conventional BS Cooperation

When observing the conventional BS cooperation charaet@in Fig. 4.7, we considered

N, = 6 MSs roaming randomly across the entire area composed & #ugacent BSs

seen in Fig. 4.2b. Againy, = 6 centralized antennas were applied to the three sectors of
the BS, hence our COMP scheme relies on usinghgn{ N, )-element virtual MIMO.
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When P; is increased according @ 10,20,30dBm, the BER only becomes adequate,
when the MSs are close to the BS. By contrast, when the MSsaneing in the cell-edge
area, even an increased transmit powefiails to lead to an improved SINR and BER for
the MS of interest, since the pathloss is rather high.

More explicitly, the CPDA MUD is adopted for the COMP schem#jich requires
the cooperation of three adjacent BSs. Observe from Figth&tithe CPDA MUD only
achieves a useful cooperation diversity, when the transomver is as high aB; = 30dBm.
By contrast, when the MSs transmit at a low powePpf= [0dBm ~ 20dBm], the CPDA
MUD has a similarly poor BER performance to that of the PDA MUithich operates
without exchanging soft information among the adjacent.B®sa result, when the MSs
roam close to their own anchor-BS but quite far from the agja®BSs, the cooperative
gain remains rather limited, since the pathloss of the M& vagard to the adjacent BS is
high, which leads to inefficient cooperative BS processi@g.the other hand, when the
MSs roam close to the cell-edge, a sufficiently high SINR mialy be guaranteed for a
high transmit power, since the pathloss of the MSs with @¢arlny of the BSs remains
high. The parameters considerd for BS cooperation in UL amensarized in Table 4.4

E —%— MMSE-S
F—e— oML

[ PDA
1 CPDA
10

BER

0 0.1 0.2 0.3 0.4 0.5 0.6
d/iR

Figure 4.7: BER performance of the BS cooperation schemégo#2 employ-
ing the MMSE-OSIC, Joint-ML, PDA and CPDA MUD techniques.| 8ystem
parameters were summarized in Table 4.4

4.4.3 Pervasive DAS/FFR

Again, we considelN,, = 6 MSs andN, = N,;, RAs both in the cell-center and in the
cell-edge area, where each RA may support a single MS, whereeteived UL signal
is contaminated by the other MSs transmitting within the esaime slot of our pervasive
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DAS/FFR system of Fig. 4.1. In contrast to the convention8l B®OMP scheme, the
DAS/FFR scheme attains a diversity gain with aid of the RAsicWv is attained at the cost
of creating an additional cooperative time slot. Our sirtiataresults will characterized
the typical directions off;,..;, 00rst,@andb,,;; USING the system parameters in Table 4.3.

4.4.3.1 Cell-Edge Area

In Fig. 4.8 we focus our attention on the BER performance ebth,; direction as shown

in Fig. 4.1b. When the MSs roam close to the RAs, a high SINRigs@nteed, even when
the transmit power is as low &gBm, as seen in Fig. 4.8c. When the MSs roam far away
from the RAs, even using an increased transmit powd?; 6f [0dBm,30dBm| may not
significantly improve the SINR, since the ICI caused by tHeeoMSs is also increased,
as shown in Fig. 4.8.

More explicitly, let us consider Fig. 4.8b as our example. RN appointed close
to the MS for the sake of attaining a diversity gain, where @RDA MUD is capable
of efficiently combining the soft information gleaned frohetMSs and MRs. Hence, the
CPDA is capable of attaining a low BER ©@ 2 in most locations of the cell-edge defined
asd/R € [0.5,0.9]. Observe by comparing tt,,s; direction characterized in Fig. 4.9a
to 6,,,; in Fig. 4.9b that the BER performance of the CPDA MUD is deghdgsince MS
i may be roaming in the areas, where the received signal d\gl RA: may in fact be
weaker than the interference imposed by MSg i. The BER performance across the
entire cell is between the best-case artiglg characterized in Fig. 4.8b and the worst-case
scenario 08,5+ documented in Fig. 4.9a. Finally, tife,;; direction is characterized in
Fig. 4.9b, which exhibits a performance between those ofltleetionst;,.;; and oyt

The dotted curves seen in Fig. 4.8 and Fig. 4.9 quantify tfezsf of the correlation
of the relaying channels, defined in Eq (4.9), when the cati coefficienp increases
from 0 to 1. More explicitly, when the MS-MR channel and the corresppgdR-RA
channel are uncorrelated, i.e. we have- 0, the CPDA MUD benefits from having two
independent channel matrices, namHEly; and Hg. By contrast, when the correlation of
the MS-MR channel and the corresponding MR-RA channel isagmhinge = 1, the
diversity is completely eroded, hence the CPDA MUD has alamBER performance to
that of the PDA.
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Figure 4.8: BER performance of pervasive DAS/FFR schemea@f41b when
appling the MMSE-OSIC, Joint-ML, PDA, CPDA MUD techniqueasthe 6,;
direction. The MSs are aided by the MRs, which are close tdviis, when the
CPDA MUD is applied. All system parameters were summarinethble 4.3.
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Figure 4.9: BER performance of pervasive DAS/FFR schemagf41b, when
appling the MMSE-OSIC, Joint-ML, PDA, CPDA MUD techniquestheb,,,;;
andfy,.st directions. The MSs are aided by the MRs, which are closest®18s,
when the CPDA MUD is applied. All system parameters were sanzad in
Table 4.3.
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4.4.3.2 Cell-Center Area

Let us now observe the BER performance of the cell-centaralmng the above-mentioned
typical directions, as shown in Fig. 4.8 and Fig. 4.9. Sinjléo the cell-edge area, a high
SINR and low BER may only be guaranteed when the MSs are rgpohase to the RAS,
When the MSs roam along tiflg,,s; direction, the BER performance is seen to be reduced
in Fig. 4.9a, for the same reason as argued in Section 4.4.3.1

Let us now compare the BER performance of the cell-centettandell-edge area for
Py = 20dBm in Fig. 4.8b, as an example. When the MS roams far away fronRke
the BER is seriously degraded, even when the more complexACQRDD is applied.
Quantitatively, the BER exceed®~! in the area ofl /R < [0.3,0.45], because the entire
area may be viewed as being divided into the inner circle aneraing area of Fig. 4.11.
Hence, the MSs are more densely clustered in the cell-canéar, while they are more
scattered in the cell-edge area. Therefore the ICI is s@gmfly stronger in the cell-center
than in the cell-edge area, which led to a reduced SINR.

4.4.3.3 MR Selection

In Fig. 4.8 and Fig. 4.9, we consider MRs roaming relativdgse to the MSs, but suf-
ficiently far for havingp = 0 and hence to increase the diversity. The CPDA MUD
combines the soft information gleaned from the transmnali@f both the MSs and that
of the MRs. Although the BER of the CPDA MUD is lower than of thlhe PDA and
of the MMSE-OSIC MUD, there is still a “problem area”, as demstrated in Fig. 4.10,
where the BER cannot be significantly reduced, even wheryegpthe CPDA MUD. By
contrast, when the MSs are roaming within the “reliable ‘ane#he vicinity of 6,,, the
BER is substantially reduced by the CPDA MUD. More expligithe “reliable area” is
close to the RAs and the “problem area” is far away from the R&sserve in Fig. 4.8 and
Fig. 4.9 that the MRs are appointed close to MSs, when the MSwighin the “problem
area” where the pathloss is high , hence the corresponding &0 suffer from a high
level of interference. Hence, the CPDA MUD is unable to rediine BER.

One of the potential solutions to this predicament is to ag@MR close to the RA
in the “reliable area”. Assuming that the received signahef MR is error-free, the high
BER experienced in the “problem area” may be reduced by apptyre CPDA MUD, as
evidenced by the curve marked by the hollow stars in Fig..4.10



4.4.4. Conventional BS Cooperation versus Pervasive DAFR 98

problem area

BER

; reliable area d

ool ‘ !
0.1 0.2 0.3 0.4 0.5

d/iR

Cell-edge \.

‘Cell—center

Figure 4.10: BER performance of the pervasive DAS/FFR sehehfig. 4.1b,
when applying the MMSE-OSIC, Joint-ML, PDA, CPDA MUD techoes in
0,05+ direction. The MSs are aided by the MRs, which are close tdihe when
the CPDA MUD is applied. All system parameters were sumnedria Table 4.3.

4.4.4 Conventional BS Cooperation versus Pervasive DAS/RF

1. BER performance of the entire cell when comparing the two system structures,
an impartial method may use the observation of the BER padorce across the
entire cell area of Fig. 4.13. First of all, observe the BERgenance of the Joint-
ML detector of both the BS COMP and of our pervasive DAS/FFRFig. 4.13
when applyingP; = 20dBm. We extracted from Fig. 4.13 that for the conventional
BS COMP scheme, id0% of the locations the BER is lower thai®—*, but in al-
most50% locations that the BER is higher thaf—2. By contrast, our pervasive
DAS/FFR exhibits a BER lower thal0—* across80% ~ 95% of the area, and the
BER is always lower thah0~2. For our novel low-complexity CPDA MUD invoked
in our pervasive DAS/FFR scheni&)% ~ 85% of the area exhibits a BER lower
than10~%. However, if a MR is appointed close to the MS, the coveragegsaded,
as shown by the dotted lines marked by the bars in Fig. 4.b8itainly in thed o<
directions, where the BER of our pervasive DAS/FFR is wonsa tthat of the con-
ventional COMP. Hence, in conjunction with an efficient MRbamtment strategy,
our pervasive DAS/FFR is capable of improving the BER pentamce across the
entire cell.

2. The Transmit power required: upon observing the CPDA curves of Fig. 4.7, 4.8
and 4.9 in the cell-edge area, we infer that the COMP schemyeachieves a coop-
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eration gain for a high transmit power 8f = 30dBm. By contrast, our DAS/FFR
scheme in capable of gleaning a diversity gain from the MR=rafjng at a lower
transmit power, even at; = 0dBm. When considering® = 20dBm for both
the COMP and DAS/FFR schemes, the conventional COMP schamthh worse
BER performance over half the cell-edge area, when the DAS/6perates in con-
junction with the perfect MR selection strategy introduce®ection 4.4.3.3. The
CPDA MUD designed for the pervasive DAS/FFR has the potkatisignificantly
reducing the BER right across the entire cell, as shown in&p.

3. Complexity imposed by attaining a diversity-gain the conventional COMP at-
tains a cooperation gain by exchanging the soft informagieaned from the three
adjacent BSs, which implies that the CPDA algorithm has tolzioe the soft in-
formation calculated from the received signal throughehrelependent channels.
Hence, the CPDA is capable of attaining a significantly reduBER in comparison
to the joint ML MUD for a transmit power oP; = 304dBm, as shown in Fig. 4.7.
However, the DAS/FFR scheme achieves a diversity gain Wwétatd of the MRs by
invoking an additional cooperative time slot. Hence, th©&MUD combined the
soft information gleaned from the signal received through independent chan-
nel. However, the diversity gain may be eroded, if the catreh coefficientp is

increased.

Cell — center Cell — edge

Figure 4.11: The ICI in the cell-center area and cell-edga.ar
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Figure 4.12: The BER performance of the pervasive DAS/FFRse of Fig. 4.1b
in the entire cellular area, where the CPAD MUD aided by MRselto MS strat-
egy.All system parameters were summarized in Table 4.3.

4.4.5 Power Control for Multiuser in the UL Scenario

Throughout this chapter no power control (PC) has been wddthugh PC is capable
of substantially improving the SINR The PC technique invoked for our multiuser UL
scenario is also based on the normalized SIR model of Se8tid, except that the in-
terferers are the fix RAs in the DL scenario, while here, therfarers are the roaming
MSs, as shown in Fig. 4.4. Hence, when calculating the SIRowit PC, we may still use
Eq. (3.18) repeated here for convenience as following:

d;
SIRyser(dB) = —1010g,, Z

i

(4.21)

SIR

(4.22)

Similarly to the DL,d; andd; are defined as the distance of the interfering MS-RA pair
and that of the desired MS-RA pair. When the MSs roaming inatiea suffer from low
SIR, their transmit power may be increased. The SIR recoirdéte presence of the PC

1In interference-limited situations we hagéNR ~ SIR, as mentioned in Section 3.4.4.
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Figure 4.13: The pervasive DAS/FFR scheme in the entire @8ling on the
system parameters of Table 4.3, in contrast to the BER pwédoce of the BS
COMP scheme of Fig. 4.7 using the system parameters Tahlevhete having
the transmit poweP; = 20dBm.

technique is the same as that of DL introduced in the Sectibd 3vhich is repeated here
for convenience:
/ d: .
SIR;(dB) = 40log1o(7-) + Pip — Pp, (4.23)
S

!
SIR,(dB)

SIRyeer(dB) = —10log,,[}_ 10~ o). (4.24)
i

The SIR’s geographic distribution recorded in the abseiftleeoPC technique and in
the presence of the PC technique invoked for our pervasivé Biled FFR systems in
an UL scenario are shown in Fig. 4.14. When the MSs are roaciosg to the RAs in
both the cell-center area and the cell-edge area, a high($IRs.r(dB) > 204B) is
guaranteed without increasing the transmit power. Mordi@ip, when PC is used, a
high SIR (SIR,

user

(dB) > 204B) is experienced by the MSs roaming close to the RAs
which is similarly as high as that recorded in the absencedpfdithough the interference
improved by the other MSs may be increased due to incredsaigttansmit power in the
interest of maintaining their link-quality. In the absemééC, the SIR of MSs roaming far
away from the RAs is seriously reduced in both the cell-aeatel in the cell-edge area,
especially in the "worst-case directionS3IR,s.-(dB) ~ —204B). On the other hand,
when applying PC technique, the transmit power of the MSs;lw$uffer from a low SIR
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(SIRyser(dB) < 204B) will be increased.

SIR(dB)
SIR(dB)

d (km) d (km)

(a) no power control (b) power control

Figure 4.14: The SIR of the pervasive DAS aided FFR systeniSgf4.1, op-
erating both with and without PC. All system parameters wanmamarized in
Table 4.3.

The BER performance of the pervasive DAS aided FFR architecssisted by PC is
characterized in Fig. 4.15, where the parameters of the RE&ctbr and of the convolu-
tional channel code are summarized in Table 4.3. When ustygh® MSs roaming in
the cell-edge area are capable of achieER < 1073 even in the "worst-case area”,
while we haveBER < 10~2 when the MSs roam in the cell-center area, since the ICl is
significantly stronger in the cell-center than in the celge area as evidenced by Fig. 4.11.

4.4.6 Chapter Summary

We proposed a pervasive DAS/FFR scheme, where the DAS wakddvor increasing
the coverage of the entire cell area, while MRs were advddatancreasing the diversity
in order to reduce the BER of the MSs roaming far away from tAs.Rthe CPAD MUD
was designed for our pervasive DAS/FFR scheme operatingeimplink of a multiuser,
multicell scenario, which was capable of reducing the BER@ynbining the soft infor-
mation calculated from the signals received from the MS ail Mthough the CPDA is
capable of reducing the BER even at a low transmit powerligg®n having an efficient
MR selection strategy. We considered the extreme case dfihbeing close to the MS
and the scenario of the MR being close to the RA. Our simutatsults showed that MRs
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Figure 4.15: The 3D BER profile of our pervasive DAS aided Fi#&tean assisted
by PC. All system parameters were summarized in Table 4.3.

are capable of ensuring th&@% ~ 80% of the area exhibits a BER lower thaf—* as
seen in Fig. 4.13 for the in pervasive DAS/FFR schemes.

4.5 Chapter Conclusions

In this chapter, our pervasive DAS as seen of Fig. 4.1 in 8eati2 was combined with
FFR for the sake of reducing the pathloss and for mitigativeg@CI experienced by the
MSs regardless of their position. MRs were also combinet witr pervasive DAS/FFR
scheme for the sake of increasing the attainable diversity. QOur pervasive DAS/FFR
scheme was then benchmarked against conventional BS edigpeas seen in Fig. 4.2 of
Section 4.2 in the uplink of a multiuser multicell scenario.

In Section 4.3, the received signal model of our pervasiv&IPAR scheme operating
either with or without MRs as well as that of the conventioB& cooperation scheme,
where the latter was modeled asN, (x N,,)-element virtual MIMO in Section 4.3.4. In
Section 4.3.4, four typical multiuser detection techngjueamely the “full search* ML in
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Section 4.3.4.1, the PDA in Section 4.3.4.2, "knowledgeisigd based combined PDA
in Section 4.3.5 and the “interference cancellation* bagddSE-OSIC in Section 4.3.6
were applied. More explicitly, based on the aggregateddsfision information, the soft
information directly received from the source MS and thatrfrthe corresponding MR
was then combined by our novel PDA algorithm at a low compartal complexity, which

carries out efficient soft-information combining.

Our simulation results demonstrated in Section 4.4 thattmyentional BS coopera-
tion characterized in Fig. 4.7 with the aid of the system peaters of Table 4.4 exhibited
a limited gain when the MSs roaming close to their own an@®but quite far from the
adjacent BSs. The attainable cooperative gain may be isetdeavhen the MSs are roam-
ing in the cell-edge area, provided that a high SINR is guasth The BER performance
of our pervasive DAS aided FFR scheme employing the systeanpers of Table 4.3
was shown in Fig. 4.8 in thé,; direction, while for thed,,,,s; mig directions in Fig. 4.9
where we assumed that the MRs were roaming close to the MSen\ttile MS-RA and
the corresponding MR-RA channel are uncorrelated, MRspaaVided the diversity gain,
otherwise, the diversity gain is eroded when the corresipgnetlaying channel is corre-
lated, as shown in Fig. 4.8 and Fig. 4.9. Furthermore, Fit0 4haracterized the BER
performance of our pervasive DAS aided FFR scheme, when B&Wwere roaming close
to the RAs. The BER performance of our pervasive DAS aided $¢fikme recored across
the entire cellular area is shown in Fig. 4.12 and Fig. 4.13r RDA aided multiuser de-
tector invoked by the pervasive DAS/FFR scheme and asdigtéide MRs is capable of
reducing the BER across the entire cell area, even at a lowsrirét power ofP; = 0dBm.
By contrast, according to Fig. 4.7 the conventional BS coaipen aided scheme has to
have as high a transmit power & = 30dBm. Generally, an efficient MR selection
strategy is required by the Pervasive DAS/FFR scheme, whichpable of significantly
reducing the BER right across the entire cell area, whiete ~ 80% of the area exhibits
a BER lower tharl0—* as seen in Fig. 4.13, when a transmit powePof= 20dBm is
allocated. On the other hand, when applying the PC techragdevithout assisted by the
MRs, the BER across the entire cellular area are reducedewhd0 2 in the cell-edge
area and< 102 in the cell-center area as shown in Fig. 4.15. The perforesé our
BS cooperation scheme and of the pervasive DAS aided FFRredsly MRs scheme was
summarized in Table. 4.5
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Table 4.5: Performance comparisons of BS cooperation anégige DAS/FFR
when operating CPDA MUD anB; = 20dBm

BS cooperation

virtual MIMO 3 independent 6 x 6-elements
diversity adjacen® BSs

code modulation QPSK punctured convolutional code
decoder Viterbi algorithm

BER cell-center area cell-edge area
<1074 40% area none
1074 ~ 1072 10% area none
> 102 none 50% area
pervasive DAS aided FFR

virtual MIMO 2 independent 6 X 6-elements
diversity MRs close to the RAs additional time-slpt
code modulation QPSK punctured convolutional code
decoder Viterbi algorithm

BER cell-center area cell-edge area
<1074 40% area 40% area
1074 ~ 1072 10% area 10% area

> 102 none none




Chapter 5

Effects of Imperfect Channel
Knowledge on the DL and Non-coherent
Systems for the UL

5.1 Introduction and QOutline

The performance of Cooperative Multiple Point (COMP) taghes designed for both the
DL and UL of DAS combined with FFR was investigated in Chag@end Chapter 4.
In order to achieve an improved SINR performance and an aset throughput across
the entire cellular coverage area, the novel pervasive BRB/scheme was conceived in
Chapter 4. However, all our previous investigations rebedthe idealized simplifying
assumption of having perfect CSI knowledge. By contrasthis chapter we consider
the realistic practical scenario of having imperfect CSbwledge. As a radical design
alternative, we also conceived and investigated a nonreaheletection aided system,
which is capable of dispensing with channel estimation.

In comparsion to the radical low-SINR UFR pattern and théereSINR FFR pattern,
the DAS/FFR scheme is capable of increasing the cell-edy& Silespite improving the
spatial reuse factor [132]. Naturally, a DAS provides a srand hence reduced-pathloss
link between the RA and the MSs by placing the RA near the aidkee However, ex-
periments demonstrate that this DAS positioning will imperong CCI, which emanates
from the neighbouring RAs in the case of the DL and from the M&ssmitting at the same
time within the same band in the case of the UL, especiallynthe MSs are roaming near
the angle halfway between the adjacent RAs [24]. A promitgahnique of mitigating the
CCIl in both the DL and UL is constituted by the MIMO COMP transsmon philosophy
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of [158], [135], which was detailed in Chapter 4. Initial dies demonstrate that the cell-
edge MSs typically achieve higher SINRs in comparison th iR and FFR systems as
well as to plain DAS without operating the aid of COMP transsions [159] [160].

However, the original COMP transmission [161] require$s @81 of all links amongst
all BSs and MSs at the transmitter side for the sake of appimgdthe theoretical upper-
bound performance of a near-noise-limited system. Ndythle presence of imperfect
CSI at the transmitters will erode the efficiency of this CQtigation technique. As a
result, the cell-edge MSs will benefit from an improved sgativersity gain, as a benefit
of gleaning information from all the RAs links, where the sifie improvements attained
will depend both on the accuracy of the CSI available at thegmitter as well as on that
of the synchronisation between the RAs and the MSs.

Onthe other hand, the proposed COMP technique charaatenighapter 3 and Chap-
ter 4 is based on modelling the DAS scheme as a virtual MIMCGererimitigating the CCI
remains a challenge in the UL even with the extra benefit oiepeiCSI. In contrast to
designing a multiuser detector for the UL, a simple solutmachieve lower BER perfor-
mance is modelling the DAS scheme as a Single-Input Mul@gput (SIMO) arrange-
ment, where the mobile stations will be served by the nepasiof RAs with the aid of
a TDMA structure. The diversity gain of the resultant SIMG®m provides an effective
mechanism of combating the effects of channel-induceapi62]. The resultant SIMO
aided techniques are capable of increasing the achievaldlemance gain, provided that
the CSl is accurately estimated at the receivers [163—-1d6&t previous work on SIMO
systems was based on the assumption of perfectly knowinG@#end hence the corre-
sponding data recovery typically relied on coherent daiectHowever, in practice it is
hard to acquire accurate CSI, especially in rapidly fadirgpite environments. Hence, it
is of prime significance to design new non-coherent dete¢gohniques, which dispense
with channel estimation. More specifically, the soft-demshased low-complexity Star-
QAM (StQAM) technique has been proposed in [88], which isatd@ of outperforming its
hard-decision based StQAM counterpart [128], provided ithia supported by powerful
soft-decision-aided channel coding schemes [167].

The outline and novel contributions of this chapter may brersarised as follows:

1. We investigate the impact of practical impairments on GOMded DAS in the
context of a FFR arrangement in the case of the DL, includimgeffects of CSI
estimation errors, CSI quantisation errors as well as @ahal Frequency Division
Multiplexing (OFDM) signal timing and frequency synchreation errors. To make
our investigations as complete as possible, in this chap®icompare the COMP
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aided DAS solution to the traditional UFR and FFR transmissegimes as well as
to conventional plain DAS dispensing with COMP.

2. We investigated the uplink performance of FFR based oailtmultiuser schemes,
as a complement of the corresponding DL investigationsilddtan [24]. We fur-
ther extended the Single-Input Single-Output (SISO) basedcoherent 16StQAM
scheme of [88] to a SIMO system. We investigated both the G&@bded [167]
16StQAM and 16QAM [128] schemes in the multicell, multiutdr system con-
sidered, when imperfect DOF links are considered.

The outline of the chapter is as follows. The effects of pcatimpairments on the DL of
DAS/FFR networks are characterized in Section 5.2. In 8edi2.1, our system model
of the DL and our assumptions are provided. These discusai@tollowed by highlight-
ing the benchmarker scenarios of UFR and FFR aided netwarigeH as of plain DAS
dispensing with COMP. In Section 5.2.2, we impose a rangeaidtjizal impairments on
COMP-aided DASs. The system’s SINR profiles are invest@jasié&ection 5.2.3.

A turbo-coded StQAM technique dispensing with channehetion is applied for the
DAS/FFR aided UL, which is introduced in Section 5.3. Ourtegsmodel of the UL is
described in Section 5.3.1, while our results and discassaoe detailed in Section 5.3.4.
Finally, our conclusions are presented in Section 5.4.

5.2 Effects of Practical Impairments on the DAS/FFR Scheme
in DL

5.2.1 System Description

5.2.1.1 Configurations and Assumptions

In this chapter we use the topology of Fig. 3.1 defined for the-tier DAS aided FFR

as that in Chapter 3 and we focus our attention on the wireleasnel. Hence a perfect
optical fiber backhaul is assumed between the BS and RAs.dRvenience, we repeated
Fig. 3.1 in this section as Fig 5.1. As seen in Fig 5.1, wéBlgtlenote the set containing

6 adjacent tier-one cells and 12 tier-two cells, with eacVir’rgaNtB transmit antennas.
Within the centered area of a cell shown by the grey circlesM& served by the BSs
using the frequency sdt, while MSs roaming in the cell-edge area are served by RAs
using one of the frequencies in the §é, F,, F3}. Hence, the received SINRs of MSs
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located near the cell-edge of the conventional cell may joned as a benefit of their
shorter and hence better link between the MSs and the RAs.etwsevere CCI still
exists when the MSs are located in the vicinity of the di@ttetween two adjacent RAs,
which constitutes the worst-case direction.

Against this background, COMP aided DAS may be employed ftigating the CCI.
Consider a general scenario constituted\hyRAs hosted by the sdi., where each RA
is equipped with\; transmit antennas. Let us assume that a tot&l,0&= N, MSs hosted
in the setB,, - each equipped with a single receive antenna - are involwveéle coop-
erative transmissions, where each of fkig MSs roams within the coverage area of its
anchor RA, as portrayed in Fig. 5.1. Hence, the scenario raaebcribed by the parame-
ter combination of B,, NtB,Nb, N, Ny, N, }. Furthermore, we leNt = (N, x N;) and
Nr = (Ny x N;) denote the total number of transmit and receive antenndeeicdop-
erative transmission, respectively. Since we focus on C@led DAS transmissions,
the assumption of a single BS antenna is stipulated for somplwhile the total power
consumption?; is assumed to be the same for the sake of a fair comparison.

Within the arrangement discussed, the assumption of gedeeption of the BSs’ data
at the RA becomes realistic, when an optical fibre link is Usedonnecting the RAs and
the BS. As a benefit of having a high-bandwidth fibre link betathe BS and the RAs, and
of the so-called Precise Timing Protocol (PTP) invoked f@ synchronisation between
the BS and the RAs, the assumption of perfect synchronsagbtwveen BS and the RAs

becomes reasonable.

5.2.1.2 DAS Aided FFR Scenario

In comparsion with the DAS aided FFR scheme considered ip€h& and that in this
chapter, both of them use the same topology of two tiers aétean cells as shown in
Fig. 5.1, but the received signal in the cell-edge area asishoEq (3.8) in Section 3.3.1.2
only considered the interference from the local cell, siheginterference from the second
tier is capable of being ignored which has been proved inithalation result as shown in
Fig. 3.4 in Section 3.4. Although, the interference fromdbeond tier is capable of being
ignored which will simplify the modelling and simulation.ewurther study the wireless
channel of the DAS aided FFR scheme in this chapter. Heneantarference from the
second tier is considered.

In the DAS aided FFR scenario of this chapter we assume taabthal transmit power
Py is equally shared amongst the RAs for simplicity and the pavailable at each RA
is denoted a®,. In this scenarioN, RAs can use the same channel for simultaneously
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tier two

- tier one

F3

Figure 5.1: The cellular topology of two tiers of nineteeficeslying on a FFR
and DAS arrangement, wheté. = 6 RAs are employed. The structure of the
cellsin tiertwo is the same as the ones in tier one which waesated from Fig. 3.1
in Section 3 for convenience.

supporting more MSs, thus the discrete-time model of theedigeceived by M$ roaming
in the cell-edge area may be expressed as

yj= h]',jtjl]'s]' + Z hi,jti,isi + Z hiff]'tiffisi +nj, (5.1)

IIGIBC,,]‘ IGBf

where the first term represents the desired signal, whileséitend and the third term
denote the CCI of transmission from other RAs and of transimmswithin the tier-two
cells using the same frequency set, respectively. Moredyerc C1*Ni describes the
DL channel between thgh RA and thejth MS, obeying i.i.d. complex Gaussian entries,
while t;; = v/ P,/ N; [1, 1,--- ,1}T e CNx1 denotes the preprocessing employed at the
ith RA. Similarly, the SINR of MS roaming in the cell-edge area may be written as
[h jt; i1

Y hjtsit+ X |thtEisi|2+ ]2
i€Be,—; icBy

das _

Tj

(5.2)

In contrast to the received SINR in Eq. (2.7) of Section 2yghich only a single interfer
was taken into account, here multiple interferes are takemnaccount in Eq. (5.2). While
Eq. (5.2) and Eq. (3.8 are in the same form, the differendeasthe former calculates the



5.2.2. Practical Impairments in COMP-Aided DAS 111

interference from both the local cell and the second-tierafing the same frequency and
the later only calculates the interference from the locHl ce

5.2.2 Practical Impairments in COMP-Aided DAS

5.2.2.1 COMP-Aided DAS with FFR

In Section 3.3.2.2, the cooperative MMSE and cooperatiBFdmear Transmit PrePro-
cessing (TPP) techniques were invoked for mitigating the, @@ich entirely relied on
the channel matrix used for preprocessing the transmiakigmthis more powerful chap-
ter, we employ the linear Joint Signal-to-Leakage-Nois@tdrR(JSLNR) precoding tech-
nique [168] for mitigating the CCI. In a COMP scenario, eac8 M jointly served by all
RAs. Hence, the corresponding discrete-time DL model mayritéen as:

yi=hitisi+ Y hjtisi+ ) hlB]tlBls, + 1;, (5.3)
i€B, _; i€B;

where the first two terms represent the desired signal andvitiig-User Interference
(MUI) imposed by the simultaneous DL transmissions to otfi&s in the cooperative
site. The latter contributions are hosted in thelBgt ;. The difference in comparison
to the system model of the Non-COMP transmission of Eq. (8.fhath; € C'*T de-
notes the joint DL channel between all thg cooperative RAs and thgh MS, where
h; = [hl,]-, hz,j,---,hNb,j] denotes the joint channel vector. Still referring to Eq3)5b.
tj € CNrx1 denotes the joint precoding vector configured for teMS of the cooper-
ative site. The third term of Eqg. (5.3) represents the CQViawg from the tier-two cells,
which use the same channel set.

Precoding Schem&he JSLNR precoding technique [168] aims for maximising the
received signal power at the intended MSs, whilst simuttasty minimising the signal
power leaked to other MSs. More specifically, the SLINRt MSj is given by

HhHh t.
- traceft; h; h;t;] (5.4)
] trace[tfl (#/P] + hI;I]h_])t]]
H, g H
with # = {Nr|n]] +Zzele trace(tB hB hlB]tsz)}INT andh_; = [h{, - h]T 1'h]T+1' o 'hZ{fu]T'
Hence, the optimisation problem may be stated as
t = argm{}ax 1 (5.5)

It can be seen that the optimisation problem of Eq (5.5) meguhe knowledge of power
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allocationP; = ZNb P;

,j» Which has to satisfy the per-RA power constraint

N, Ny
E{) _ trace[(t;x;) (tjx;) "]} = Ztrace(t]tH ) < P, (5.6)
j=1
In this chapter, a simple proportional power allocatioatglgy is advocated:
trace(h; jh/?)
Pi’j Ny
Br L trace(h; /h )

Furthermore, the optimisation problem of Eq (5.5) may beodpted into the individual

P,. (5.7)

optimisation processes by forcirtgto be an orthonormal matrix as discussed in [168],
where we have; = eigu(B~1 A) representing the eigenvectors corresponding the largest
eigenvalue oB~'A, with B = #/P; + hlf].h_]- andA = h]Hh]'. Finally, the resultant
linear precoding matrix; ; is multiplied by the allocated powd} ;. Hence, the achievable
SINR of COMP-aided DAS transmissions may be expressed as:

comp |h‘t'S]‘|2

o |h tisil? + |h?]tfisz|2 + [ny?
zeIB

(5.8)

In contrast to the SINR of the cooperative DAS assisted FFEqgn(3.13) of Sec-
tion 3.3.2 which only takes in to account the interferenoetthe local cell, here Eq. (5.8)
takes into account the interference from both the localaadl the second-tier operating
the same frequency.

5.2.2.2 Practical Impairments

In Chapter 3, we calculated the imperfections imposed bypthetical optical fibre link,
but we assume having a perfect CSI knowledge for the wiralkaanel. Hence, in this
chapter, we will consider a more practical finite-accuralegrmel estimator and charac-
terize the effects of the CSI estimation errors, CSI quatitia errors and synchronisation
errors. Furthermore, the interference imposed by the setienof the DAS aided FFR
scheme is also considered, while that was ignored in Ch8ptéhe system performance
of COMP is heavily dependent on the accuracy of the precodhiatix, which is a func-
tion of the instantaneous CSI. However, in practice, we atiely to have the luxury of
perfect CSI both at the receiver and at the transmitter dileet@ombined effects aC Sl
estimation errorsand theCSI feedback quantisation errors

CSI Estimation ErrorsNe assume that M$ is capable of estimating the joint CSI
vectorh; = [hyj,hyj,--- hy, ;] € C*NT, subject to the assumption of a Gaussian
CSI estimation error having a variance«f. Then the channel vector of MBmay be
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expressed as; = ﬁj + e;, wheree; denotes a zero-mean complex Gaussian vector having

a variance ofr2.

CSI Quantisation ErrordAfter obtaining the estimated CSI, we assume the employ-
ment of the Random Vector Quantisation (RVQ) scheme of [1@&9juantising the Chan-
nel Direction Information (CDI; = h;/|/h;||, where|| - || denotes the Euclidean norm
and \|ﬁj|| represents the Channel Quality Information (CQI), whichssumed to be per-
fectly fed back to the cooperative transmitters. This iepthat a CDI quantisation code-
bookC = {cy, ¢, .. .,ch} consisting ofN,; = 2 zero-mean unit-norm complex Gaus-
sian vectors; € C!*NT is constructed and made available to both the MS and to the
cooperative transmitter, whebadenotes the number of quantisation bits, i.e. codebook in-
dex bits. In the quantised feedback regime,lilinits representing the particular codebook

index ofx = {max }Cos 0,0 = A(Hj, ¢;) are transmitted, where the codebook may be
i€{1,.2,...Ny

designed to satisfy diverse design criteria. If wedlbe the angle between the CE]I and
the quantisation vectay, then we havdi]- = ¢, cos 0 + g, sin 6, whereg is a unit vector
that lies in the null-space @f;.. At the transmitter side, these received codebook-indisx bi
are used for regenerating the quantised CSI by combining thi¢h the CQI value.

COMP-aided DAS with imperfect C8I the presence of imperfect CSI at the transmit-
ter, the precoding vectdf = arg maxg, 1]; configured for MS in the COMP-aided DAS
will be designed based on the feedback quantised{®$Jhl, - - - ,ﬁ{]”}, whereh; are
regenerated by combining the perfectly feedback @ﬁyn and the quantisation index
More specifically, the quantised CSI of M3s given byh; = [[h;|lcc € C*N1. Thus,
the SINR of MS; associated with imperfect CSl in Eq. (5.8) has to be modified t

F.q.12
comp:e Bytys; . (5.9)
I Y htisi2+ L [hPlsi |2+ |nyf?

iG]Bf

. 1,] 1,1
ZEIB”,,]‘ A

5.2.2.3 Synchronisation Errors

One of the assumption in above-mentioned transmissiorasiosris that the receivers and
the transmitters are perfect synchronised, hence thenitied signal from all transmitters
is arrived at the receiver simultaneously. However in tgalthen such as an OFDM-based
physical layer technique is employed, there may be syncéaiban errors due to both the
phase-rotation, which is commensurate with the distamveked between the transmitters
and receivers as well as owing to the mismatch of local @oillfrequencies at the trans-
mitter and receiver, which will erode the orthogonality absarriers. In contrast to the
signal model of Eqg. (3.10) in Section 3.3.2 and of Eq. (4. 8eaation 4.3.2, in this chapter,
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both the time offset and frequency offset are taken into ick@nation. More explicitly, the
demodulated data symbajg!, k| at MS; transmitted from RA of the/th OFDM symbol
and subcarriek under perfect synchronisation can be shown to be

y][l, k] = h],][l, k]X]’][l, k] + n; [l, k], (5.10)

wherex;;[I,k] = t;;[l,k]s; € CN*1 denotes the transmitted symbol withy[/, k] €
CNx1 peing the preprocessing at the transmitter, whilell, k| andn;[l, k] are channel
transfer function (CTF) of frequency-selective fadingmh@ and the noise at the receiver
of the Ith symbol andkth subcarrier, respectively. We henceforth omit the supstor
simplicity.

Time OffseWhen considering the average time offset ef n. T between the transmit-
ter and the receiver, whefie denotes the sampling duration, Eg. (5.10) may be expressed
as [170]

(k/N)

y] —= 6]271' nsoﬁ(ng)h]"]’xj/]' + i’l] + nns, (511)

whereN is the Fast Fourier Transform (FFT) size of the OFDM modalaicheme, with
|2W being negligible when the FFT

the attenuation factor af(n) = Y-, |h; ;(Tin)
size N is sufficiently high, whereh]',]-(rm) denotes thenth tap channel impulse response
(CIR) at a delay ofr;,,. Moreover, the Inter-Symbol-Interference (ISI) imposgdHhe time

offset may be modeled as additional noigehaving a power of

JAY: Ae
2 2 m mA\2
72 = Y Iy () P 20 = (542, (5.12)
¢ ; A N N
whereAe,, may be expressed as

ng - T?m, ng > TTm

T J—

Neyy =< "8 0<n€<f_m_Ng (5.13)
T T
0, else,

whereN, = T, /T denotes the length of Cyclic Prefix (CP), with being the time of the
CP in one OFDM symbol.

Af

Frequency OffseAs far as the frequency offset ¢f= T, is considered witlT), rep-
resenting the data period of one OFDM symbol, the demo&dﬂiﬂ&a symbolin Eq. (5.10)
may be written as [170]
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Table 5.1: Simulation parameters.

Parameters Value
Inter-cell distance 1000m
Carrier Frequencyc 2.5GHz
System BandwidtiB = 1/T 15.36MHz
FFT Size N 1024
CP LengthN, 72
Subcarrier Bandwidth /T, = B/N 15kHz
No. of RA 6
Est. erroro, 0.1
Pathlosga?!; B7'] [—3;1.35 x 107

where the attenuation factor gf¢) may be neglected in the stable state, in which the
local offset¢ is usually small. Furthermore, the power of the additioned|fiency offset
noisenn may be approximated as

02~7T—22 (5.15)

When the above-mentioned two types of synchronisatiomeowoexist, the data sym-
bol may be expressed as

y %€j2n(k/N)nseﬂn(P[(lTu—'_Tg)/Tu]hj,jxj,j + 1’1]‘ + N, +ng. (516)

COMP-aided DAS with synchronisation errorus, the SINR of MS, which takes
into account both time synchronisation errors and frequegachronisation errors in our
COMP-based DAS scenario may be expressed as

comp,s _ ’hjt]'x]'|2

] Yy |h]'tixi’2 + ) ’hfjtfixi"z + ’nf"z,
Z'EIBL,,_]' iEIBf

(5.17)

whereh; = [hl,]-, hyj, -+ ,hNb,]-] denotes the joint channel of MSwhile in contrast to
the SINR of MS; without synchronisation errors of Eq. 5.2 and Eq. 5.9, Herg =
|1j]? + |1, |* + [n|? represents the overall noise constituted by the white raiseby

the synchronisation errors at receiver.
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Figure 5.2: Achievable SINR per user versus SNR, when the M8docated
in the worst-case direction of Fig. 5.1 in the presence off lioperfect CSI and
synchronisation errors, when using the system parameit@ette. 5.1.

5.2.3 Performance Evaluation

In this section, we consider a practical DAS system, coingjsif 19 cells, 6 RAs and the
correspondent 6 MSs, which may be described by the paracatdrination of

{IBO/N['B/ Nb/Nf/ NMIN}’} - {19/ 1/6/ 1/6/1}

The most important simulation parameters are summariséalte 5.1.

Here, we considered the Urban Micro setup [137], where ttez-irell distance (ISD)
and the BS radius were defined Bs = 1000m andR = D/+/3, respectively. The
MISO channels of each BS-MS pair are constituted by two corapts, i.e. byh;; =
(Af,;)l/zh{j, Whereh{j e CN*N? represents the fast fading component, which is as-
sumed to be frequency-flat with zero-mean and unity-vagammmplex Gaussian entries,
while Al’.f; = ﬁpld;’i;l describes the pathloss component, whgledenotes the distance in
meter between thith BS andjth MS, while we havéa?’; g'] = [—3;1.35 x 107] [171].
The channel between the RA-MS pair is defined similarly. Is tihapter, we investigate
the system performance of MSs, which are located in the voas¢ direction using 20
000 Monte-Carlo simulations runs, when considering thect#f both imperfect CSI and

synchronisation errors.
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5.2.3.1 Achievable SINR of Users in the Worst-case Directio

We consider the scenario in which the MSs are located in tgéedralfway between the
adjacent RAs and experience both imperfect CSl and syndatoon errors. Fig. 5.2 illus-
trates the average SINR per user in the worst-case directitre different transmission
arrangements corresponding to three different quantisdtits and time synchronisation
offset of n = 0.2N, as well as frequency offset dff = 0.05 as a function of Tx
SNRL. It may be observed in Fig. 5.2 that as expected, the acHeeabrage SINR of all
transmission scenarios improves across the entire SNR ispanning from zero to 30dB.
Specifically, the SINR of the FFR scenario is the best at higRSas a benefit of having
no MUI and a low CCI arriving from tier-two cells. The achiéa SINR of COMP-aided
DAS relying on perfect CSl is better than that of the FFR sgderat low SNRs and it also
outperforms the other two benchmarker scenarios acrosntire SNR range. However,
in reality we do not have the luxury of perfect CSI either a tbceiver or at the trans-
mitter. Hence, the realistically achievable SINRs are dégd, as indicated by the curves
marked by the diamond for the imperfect CSI scenario astutiaith different number
of quantisation bits. Naturally, increasing the number ghmisation bits is capable of
improving the achievable SINRs. Importantly, even in thespnce of imperfect CSl, the
achievable SINRs remain superior in comparison to both ld@ie PAS transmission indi-
cated by the label Non-COMP and to the UFR transmission. Vébempared to the FFR
scenario, the COMP-aided DAS provides beneficial SINR im@nmoents at SNRs below
10dB, but performs worse in the high-SNR region, although agafagctor of six spectral
efficiency improvement was achieved, which is twice as higthat of the UFR scenario.

5.2.3.2 Effects of Time-Offset and Frequency-Offset

Fig. 5.3 and Fig. 5.4 quantify the average SINR loss cornedipg to users, which are
located in the worst-case direction at an SNR of 20dB as atifumof both the time-
offset and of the frequency-offset, respectively. As fa difects of time synchronisation
errors, the SINR loss of all transmission scenarios is amad as the time offset. in-
creased from zero to 115. Specifically, the SINR loss of taditional FFR scenario is
the highest amongst all other scenarios, since the dom8i&R loss is due to the time-
synchronisation errors. The same argument applies to thdRE@ided DAS, where the
SINR loss imposed by time-synchronisation errors is aleorgment. On the other hand,
since the system performance in both the Non-COMP aided DAlSrathe UFR trans-

1Tx SNR here is defined as the transmit power at the transndittéted by the power of noise at the
receiver.
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Figure 5.3: Average SINR loss versus time offset betweeirémsmitter and the
receiver without frequency synchronisation errors, whgngithe system param-
eters of Table. 5.1.
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the receiver without time synchronisation errors whengitie system parameters
of Table. 5.1.
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mission scenarios is mainly affected by the MUI and CCI, eesipely, the SINR loss

due to time-synchronisation errors is not obvious. Quainely, for both scenarios we
have a degradation of no more than 4dB owning to time-symisation errors. As for the

impact of frequency errors, the SINR loss curves exhibitilsimirends as in the case of
time-synchronisation errors, when the frequency offsataases from zero @5Af.

5.2.4 Summary of Section 5.2

We investigated the JSLNR precoding based COMP-aided DA®njunction with FFR
under imperfect CSI and synchronisation errors, where @rsupreceived SINR was
achieved in comparison to both the plain Non-COMP DAS trassion, to traditional
UFR transmission as well as to FFR transmission at low SNRrvthe number of quan-
tisation bits was higher than 12, with the additional berwdfa six-fold improved spectral
efficiency in the cell-edge area, when compared to the FFRasimeand a doubled spec-
tral efficiency, when compared to the UFR scenario. Adddlyn the sensitivity of the
system’s performance subjected to synchronisation ebetsgeen the transmitter and the
receiver was also investigated. Our future work will be tedieto the optimisation of our
proposed COMP-aided DAS system.

5.3 Turbo-Coded Star-QAM for Distributed Antennas Re-
lying on FFR in the UL

5.3.1 System Model and Analysis

In Chapter 4, the pervasive DAS aided FFR of Fig. 4.1 was nkediels a virtual MIMO
for both the cell-center as well as cell-edge areas and mablhys were invoked for
increasing the attainable diversity gain. In this chapterfocus our attention on the cell-
edge area of Fig. 5.5a, where the mobile stations will beegkby either the nearest single
RA or by the nearest pair of RAs with the aid of a TDMA structukence, the system
can be modelled as a SISO or SIMO scenario.

In this chapter, the topology of the FFR based multicell, trasér scheme is shown
in Fig. 5.5a is the same as that of Fig. 3.1 and Fig. 4.1, whereetare two-tiers of 19
hexagonal cells surrounding the central Base-Station 3%} the origin. The frequency-
partitioning strategy of the total available bandwidths characterized by. N F, = O,
whereF, andF, represent the cell center’s frequency band and the cell®éfgguency
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band, respectively. Furthermork, is divided into three orthogonal frequency barkls
fori € {1,2,3}. In Fig. 5.5a,D denotes the distance between two adjacent BSs, while
R.; = D/+/3 is the radius of each hexagonal cell. We empldy= 3 km for the
Urban-Macro propagation scenario of [24],

We will specifically investigate the performance of the ogliransmission when the
mobile unit is located at locations A and B, as shown in Fi§b5because these are the
worst case scenario at the cell-edge. The mobile unit wildreed by the nearest RA or
the nearest two RAs, in the SISO or SIMO scenario, respédgtive

Table 5.2: Topology parameters.

DAS aided FFR Location Polar coordinates
RA cell-edger; 0r.,Lr,] = 27(i —1)/Ny,d|
i€l,Ny]
BS By origin
tier-one [0p;, Lgj] = [271(j — 1)/6, /3R]
je L6
MS Z; 0z, Lz,]

i € [1, Ny, roaming randomly

5.3.2 Imperfect Optical Fibre Model

In contrast to the optical fibre model in of Section 3.2.2 vihtonsidered the effects of
fiber-induced dispersion and nonlinearity, where the phatsions imposed by the im-
perfect optical fiber were assumed to be perfectly compedsdn this chapter, we ad-
ditionally take into account the effects of the phase-rotest imposed by the imperfect
optical fiber. We assume that the links spanning from the RAké BSB,, as shown in
Fig. 5.5b and Fig. 5.6, are constituted by realistic- rathan perfect-optical fiber links.
The Nonlinear Schrodinger (NLS) equation can be simplifiefl11] [24] [172]:

0A(z,t By 0% .
gz) = —z%ﬁ—kujmf A(z, 1), (5.18)
T ],\\]

which was repeated from Eq. (3.3) for convenience, whereghasD and N are the
simplified forms of the linear dispersion and the nonlindapersion, respectively. Addi-
tionally, A(z, t) is a slowly varying envelope function associated with theoap pulse in
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(b)
Figure 5.5: Topology of the 19-cell two-tier FFR based ageament, wher&v =
6 RAs are employed in each cell. The structure of the centldlacel the MS
locations A and B. In comparsion with the topology of Fig. BiXChapter 3 and
that of Fig. 4.1 in Chapter 4, we only focus our attention aatifpical location A
and B which are the worst position.All the topology parametge summarized
in Table 5.2.

BS

Figure 5.6: The simplified system block diagram of our preabsplink wireless-
optical SIMO system, whergy, is the radio frequency carrier aritj denote the
ith RA.
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the optical-fiber, where is the propagation distance ahe- t— z/vg2 is the time, while
B2 is the second order propagation constant and the coeffiCiemaracterizes the nonlin-
ear effects. However, the NLS equation in Eq(5.18) cannaidieed analytically, when
both linear dispersion and optical transmission-indutedrtonlinear effects are present,
except for specific transmission. Thplit-step Fourie(SSF) method [111] [172] is one
of the popular numerical algorithms used for solving NLSadgns, owing to its accuracy
and relatively modest computational cost. In contrast éogplit-step scheme invoked in
Eqg. (3.4) of Section 3.2.2, in this chapter the so-calledregtnic split-step scheme where
the main difference is that the effect of nonlinearity isluged in the middle of the seg-
ment rather than at the segment boundary, the solution ¢&.E8) may be approximated
as:

A(z+1,T) ~exp (éf)) - exp [é(ﬁ(z) +N(z+1)

-exp (gﬁ) A(z, T). (5.19)

Since the linear dispersion and the nonlinear operatorsol@emmute in general, the
solution given in Eq(5.19) constitutes an approximatiomhef exact solution. The entire
fiber lengthL. = ml may be decomposed inte consecutivé-length elements. The total
optical fiber attenuation, computed based on Eq(5.19),nstéel byA; for simplicity.

Additionally, we have also investigated the phase-rotatioposed by an imperfect
optical fiber. Specifically, the phase of tkih optical pulse may be modeled by:

O = 01+ 96, (5.20)

where$ € [-4, 7] is the phase difference between thand the(k — 1)st optical pulse
andJ is the maximum phase difference considered.

5.3.3 Detection Model

Again, in this section, the received signal model of the lese channel which is addition-
ally contaminated by the optical fibre imperfections, idatiént from that in Eq (2.5) of
Section 2.3.2, Eq (3.5) of Section 3.3 and Eq (4.6) of Seecti8ril because both the fibre’s
amplitude attenuation and the phase-rotation are takeracttount. During the first step
of the transmission seen in Fig. 5.6, the MS transmits itgrmftion to both the RA®;
andR;. Thekth symbol received at th#h RA R; may be expressed as:

Ysrik = ) Lsriltsr, kXs ko + Mot ks (5.21)

2 is the physical time, while, is the group velocity at the center wavelength.
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wherek € {1, ..., K} andK is the number of symbols transmitted from the mobile unit,
while kg, denotes the Rayleigh fading coefficient between the mobiteandR;. Fur-
thermorey,, , represents the Additive While Gaussian Noise (AWGN) hangriance

of Np/2 per dimension. Note that,, = 10~ ~/1% denotes the path-loss factor between
the source (mobile unit) and thtéh RA R;, whereLs,, = 10Nlog, [dds—;i] [173] is the
pathloss attenuation in decibel, whikeis the pathloss exponent;,, is the distance be-
tween the mobile unit anfl; andd is the reference distance for the antenna far-field. We
have considerett = 2 anddy = 1 km in this study.

Then, the received signals froRa are communicated to the BS on a symbol-by-symbol
basis, without demodulation or decoding. More specificétiy received signal at BS from
R; could be expressed as:

Yik = ALejekysr,-,k +ng, (5.22)
= Apel%, [ Lsr;Xs jhsr, i + ALefeknsri,k +ng, (5.23)

where agaim is the optical fiber's amplitude attenuatidh,is the phase-rotation intro-
duced by the imperfect optical fiber,,, , is the noise aR; andn ¢ is Gaussian-distributed
noise with a zero mean for the optical link betwde&rand the BS. We consideréd. = 2
RAs in our SIMO scheme. By denoting thex N,)-element received signal vector Ny,
the (1 x N,)-element Rayleigh fading channel vectorHy and the total{ x N,)-element
AWGN vector byNy, the received signal at the BS may be expressed as:

Y, = ALejeka,ka + Ny, (524)

whereN, = 2. In contrast the Eq. (3.10) of Section 3.3.2 and Eq. (4.7)ewtiSn 4.3.2,
in this chapter both the fibre’s amplitude attenuation ardaimase-rotation are taken into
accountin Eq. (5.24).

At the BS, the soft-decision aided 16StQAM [88] is used, whiispenses with chan-
nel estimation for the sake of low-complexity detection.eTdorresponding probability
density function (pdf) of receiving; , when an 8PSK symbab, and the amplitude-

selection bity, were transmitted may be written as:

~Nvivig_ 12w |

— 0 , (5.25)
nN((JO)

P(y; x|wy, by = 0) =
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- |yi,k_yi,k—1“(1)wk |2

1 M
P(yi,k]wk, ba = 1) = (1)6 No +
7N,
- i vip 12 @ |
2
We N(g ) , (526)
TN,

whereb, is the bit used for the selection of the two possible ampéitud?), 2(?) and the
amplitude ratiox() may be expressed as:

N\

A @ |
a) — a—} i=1 (5.27)
:
a .
\ a—l) ; 1= 2.

The effective noise variance related to the noisB;and BS,n; ;, depends on the ampli-
tude ration; used at théth time instant, which may be estimated as:

N = Np+ o P AL P PNo, (5.28)
= Ny+ 2P| ALNo, (5.29)

where the amplitude of an 8PSK symbol is uni

= 1, while the noise at the BS

2%
ny represents the AWGN having a variance f /2 per dimension. Finally, the pdf

of receivingy; , andy, conditioned on the transmission @by, by, b, }(the three bits
mapped to an 8PSK symbol) ahgcan be computed as:

P(y1,k, Y2,k|bo, b1, b2, ba) = P(y1,|w, ba) X
P(y,|wy, ba) (5.30)

which is then fed to the Turbo decoder [167] for yielding thrégmal information bit
sequence transmitted by the mobile user.

5.3.4 Simulation Results

In this section, we characterize the proposed system of 4 where the simulation
parameters are summarized in Table 5.3. The Turbo-CodeAWg@C-16QAM) scheme
is used in this section as the benchmark.

Fig. 5.7 denotes the Bit Error Ratio (BER) versus SNR pertorce of both TC-
16QAM and TC-16StQAM schemes when transmitting over cateel Rayleigh fading
and imperfect optical channels. As seen in Fig. 5.7, theopednce at locations A and
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Table 5.3: Simulation parameters.

Modulation 16StQAM,
16QAM
Mapping Set Partitioning (SP) [128]
Coding TC
Constituent Half-rate Recursive Systematic Convolutional (RSC) code
Code Code Polynomial G=[15 17]
Code Memory 3
Outer iterations 1
Inner TC iterations 4

Decoder Approximate Log-MAP
Symbols per block 1200
Number of frames 5000

Channel

Correlated Rayleigh fading channel

having a normalised Doppler frequency of 0.01,

Optical channe

< A (SISO)
0 B (SISO)
& A (SIMO)
W B (SIMO)

/

— 16QAM
- - 16StQAM

4

6 8

12
SNR(dB)

18

20

Figure 5.7: BER versus SNR performance of the TC-16QAM andlEStQAM

schemes when transmitting over correlated Rayleigh fadimdimperfect opti-
cal fibre channels. The simulation parameters are sumndanséable 5.3 and
the corresponding cellular structure is shown in Fig. 5Wbile the transceiver
schematic is seen in Fig. 5.6.
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B are identical for the SISO scenario because they have atigdetransmission distance
of ds, = v/3/2 km from the nearest RA, according to Fig. 5.5b. The TC-16Q&NO
scheme outperforms the TC-16StQAM-SISO scheme by appaigign4 dB at a BER of
10—, when a perfect CSl is available at the BS. When the SIMO sehisrnonsidered,
the performance at location B improves more significantintthat at location A. This is
because location B has the same distance fRgnand R, according to Fig. 5.5b, while
location A is further away fronR,. More specifically, the TC-16QAM-SIMO scheme
performs approximately 6 dB better than the TC-16QAM-SISfesne at a BER af0—°.

TeeeTeReY
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0 6=0.2 -
105 | 0 6=0.4 L
A §=0.8 v
+ 6=1.6 by
10°® .
0 5 10 15 20 25

SNR(dB)

Figure 5.8: BER versus SNR performance of the TC-16QAM-SINd
16StQAM-TC-SIMO schemes for transmission over correld&agleigh fading
and imperfect optical channels. The simulation parametegssummarised in
Table 5.3 and the corresponding cellular structure is shiowFig. 5.5b, while
the transceiver schematic is seen in Fig. 5.6. Phase notatd uptod =
{0,0.2,0.4,0.8,1.6} radian are considered in the optical link.

However, the 16QAM-based scheme cannot work well when praiagon due to the
imperfect optical-fiber is not available at the BS. More sfeally, Fig. 5.8 shows the
performance of both TC-16QAM-SIMO and TC-16StQAM-SIMO entes when phase
rotations of upt@d = {0,0.2,0.4,0.8,1.6} radian are considered in the optical link. We
assume that the CSI of the wireless link is available at thédB&e TC-16QAM-SIMO
but the phase-rotation in the optical-fiber link is not aablé. As seen from Fig. 5.8, the
TC-16QAM-SIMO breaks down at = 0.2 radian, while the proposed TC-16StQAM-
SIMO can still perform very well whea = 0.4 radian.

Let us investigate the BER performance at the whole celeeddrig. 5.5b in our FFR-
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based cellular system. The 3D BER versus SNR performandedf€-16StQAM-SISO
scheme is shown in Fig. 5.9a when SNR = 5 dB. There are 12 BEKspedig. 5.9a,
which correspond to all locations of A and B (ea&fl sector has one location A and one
location B) in the hexagonal cell.

When two RAs are used to detect the mobile user’s signalSEhBER performance
of the TC-16StQAM-SIMO scheme is depicted in Fig. 5.9b whHengame SNR of 5dB is
used. The six BER peaks corresponding to the six locatioBshave disappeared thanks
to the SIMO scheme. The six BER peaks corresponding to thiosations of A have
been reduced, although not completely removed. The BER&ih Fig. 5.9b exhibits
a larger low-BER area compared to that in Fig. 5.9a. ThisiBagmthat a better uplink
transmission quality can be achieved when the SIMO schemeadked.

-05 B
X (km) s X (km)

(a) SISO (b) SIMO

Figure 5.9: The 3D BER versus SNR performance of the TC-188t1SO and
SIMO scheme of Fig. 5.5b for transmission over correlategldétgh fading and
imperfect optical channels for the whole cell with SNR = 5 é@Bphase rotation
uptoé = 0.1 radian is considered in the optical link. The simulationgpaeters
are summarised in Table 5.3 and the corresponding celltrlastare is shown in
Fig. 5.5b, while the transceiver schematic is seen in Fgy. 5.

5.3.5 Summary of Section 5.3

In this contribution, we have investigated the uplink parfance of the FFR based mul-
ticell multiuser schemes, where cooperative wireless gttal-fiber communication is
invoked. We have derived the SIMO-based soft-demoduldtioStQAM and found that
the proposed TC-StQAM scheme is robust to both wireless ptidad-fiber induced chan-
nel impairments. More explicitly, the proposed TC-StQANMM® scheme is capable of
removing 6 out of 12 BER peaks at the cell-edge, despite mptineg the CSI of both



5.4. Chapter Conclusions 128

wireless and optical-fiber links. The proposed TC-StQANMSI is an attractive low-
complexity detection candidate for the FFR based multiceiltiuser LTE and WiMAX
systems.

5.4 Chapter Conclusions

This chapter provided a further study of the DL scheme of Bid@.and UL DAS/FFR
scheme of Fig. 5.5a, as a complement to the DL DAS/FFR stu@hapter 3 and to the
UL DAS/FFR investigations of Chapter 4. In Section 5.2, weestigated the effects of
imperfect channel knowledge, CSI estimation errors, C@ingjgation errors as well as
OFDM signal timing and frequency synchronisation errorsttoan DL of our DAS/FFR
scheme. The received signal model of our DAS/FFR schemelaidt the UFR and
FFR based benchmarkers were compared in Section 5.2.1e2e e above-mentioned
different networks result in different levels of receivedtNR at the MSs as shown in (5.2).
In Section 5.2.2, the JSLNR precoding technique [168] waskied for maximizing the
received signal power at the intended MS, whilst simultaisgominimizing the signal
power leaked to other MSs. Imperfect channel knowledge wasmaed. Our simulation
results were portrayed in Fig. 5.2, Fig. 5.3 and Fig. 5.4.. Bi§ shows that the SINR
of the FFR scenario is the best at high SNRs, as a benefit ohdpana MUI and a low
CClI arriving from the tier-two cells. It is also seen in Fig25that the achievable SINR
of our COMP-aided DAS relying on perfect CSl is better thaat thf the FFR scenario
at low SNRs and that increasing the number of quantisatitsnidicapable of improving
the achievable SINRs. The effects of time-offset and fraqueffset are similar to each
other, as evidenced by Fig. 5.3 and Fig. 5.4, where the SINR ¢6 the COMP-aided
DAS/FFR scheme is lower than that of the conventional FFRae, but higher than that
of the Non-COMP aided DAS/FFR scheme and that of the UFR sicena

Naturally, the assumption of perfect channel knowledgenisdaalized simplifying
assumption, hence the COMP technique’s performance witldggaded in conjunction
with imperfect channel knowledge for both the DL and UL. Henim Section 5.3 we
designed a turbo coded 16-level StQAM scheme for suppodjrtigal-fiber-aided coop-
erative wireless transmission, where the receiver dodsawet to estimate the channel state
information. In Section 5.3.1, a low-complexity cooperatbAS/FFR scheme was intro-
duced. When a MS is located near the cell-edge, the two rteRPesscan be invoked for
detecting and forwarding the user’s signal to the bas@sstawhilst relying on the SIMO
principle. In Section 5.3.3, a lower detection complexityssmposed compare to the co-
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herently detected schemes, albeit naturally, at a 3 dB ptgsr We also investigated the
effects of phase-rotations imposed by imperfect optidadsflinks. Our simulation results
of Fig. 5.7 and Fig. 5.8 demonstrated that our non-coher€r8TQAM scheme is robust
to both wireless and optical-fiber imperfections. The BER@enance of the entire cell-
edge area may be observed in Fig. 5.9b, where the SIMO me#idkits a better uplink
transmission quality than the SISO method, as shown in F@.5



Chapter 6

Conclusions of the Thesis

In this concluding chapter, a summary of the thesis and the fimalings of our investiga-
tions will be presented. This will be followed by a range cfad on future research.

6.1 Summary and Conclusions

In Chapter 1, we provided a generic overview of the evolufrom the UFR based cel-
lular structure of Fig. 1.1a and from the FFR concept of Figblo the DAS aided FFR
of Fig. 1.3 and to our pervasive DAS aided FFR scheme of F#y. Eollowing a brief
historic perspective, in section 1.2 we described the systarchitecture in the context
of our digital optical fibre aided DAS relying on an FFR scheméoth the DL and UL
of Fig. 1.5. Based on this system architecture the centoalgssing algorithms conceived
both for the DL and UL of multicell, multiuser scenario wikkBurther studied in the fol-
lowing chapters. Finally, we highlighted both the orgatimaas well as the main findings
of this thesis.

In Chapter 2, we briefly compared the two typical optical fibeekhaul techniques,
namely the DOF and ROF arrangements shown in Fig. 2.2, siBé&Sarequires a reliable
backhaul. We then focused our attention on the DOF link, twlwas modelled on the
basis of optical pulse propagation theory. In the LTE-adeanstandard [91], the back-
haul is expected to support high-rate transmission, hdme@ptical fibore backhaul may
no longer be treated as a perfect channel, because theltypmarfections, such as the
fibre loss, group-velocity dispersion, nonlinear effees)plified spontaneous emission
and polarization mode dispersion may degrade the overdqpeance, as highlighted in
Section 2.2.2. In Section 2.3.1, we introduced the Shamaiéninterference model of
two cells relying on an FFR arrangement, as shown in Fig.\&gre a DOF link was
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used for connecting the BS to a fixed relay. In Section 2.3I#&&e different interference
mitigation techniques (IMT) were considered for reducihg €CI , namely the eigen-
beamforming technique, a reduced-power based techniqiiehanhybrid technique of
combing both the eigen-beamforming and reduced-powetisnki We demonstrated in
Fig. 2.10 that the hybrid technique of combing both the eigeamforming and reduced-
power arrangements may improve the throughput of the dgleeviS without reducing
that of the cell-center MS, where both the cell-edge andamiter area are may benefit
from a throughput oRbits/s/Hz, if the inter-pulse interference (IP1) level is lower than
0.2WY2 /km. The performance of the composite channel of a DOF-aideelesis relay
system was summarized in Table. 2.2. As a conclusion, thersyserformance observed
in Chapter 2 is summarized in the Table. 6.1.

Table 6.1: Performance characterization of the compok#emrel of a DOF-aided
wireless relay system relying on the topology of Fig. 2.5 asthg the system
parameters of Table 2.1

Effects of IPI different levels of IPI
SINR of MS’a’ and ’c’ Fig. 2.8a
Throughput of MS ’'a’ and 'c’ Fig. 2.11
Effects of four types of IMT no IPI
SINR of MS’a’ and ’c’ Fig. 2.8b
Throughput of MS ’a’ and 'c’ Fig. 2.10

In Chapter 3, we studied the DAS aided FFR scheme in a multiométicell network,
where the DL was investigated. The DOF link was modelled l&y gplit-step Fourier
method introduced in Section 3.2.2, which is capable ofyanad) the effects of both dis-
persion and of the nonlinearity of the optical fibre link oe tihroughput of the wireless
system. The received signal model of both a noncooperatideoha cooperative DAS
aided FFR scheme was introduced in Section 3.3 and the TraRsafrocessing (TPP)
was invoked for mitigating the CCI in Section 3.3.2.2. Oumsiation results of Fig. 3.9
revealed that the non-cooperative RA aided FFR system magliways lead to an im-
proved throughput in the entire cell-edge area. This peréorce-limitation is attributable
to the 'worst-case direction’ problem caused by the ingtinterference, which was por-
trayed in the coverage-contours of Fig. 3.9, furthermoesjriig an increased number of
RAs may lead to an increased number of ‘'worst-case direxitian seen in Fig. 3.9. Hence
transmit preprocessing techniques may be invoked for impgothe attainable through-
put across the entire cellular coverage area, which arebt@apéachieving a throughput
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of = 5bits/s/Hz, regardless of the specific geographic distribution of therst As a
further enhancement, in Section 3.4.4 power control (PQ) waoked for the multiuser
DL, in order to improve the SIR of the MS, since in interfereditnited situations we
haveSINR ~ SIR. As aresult, the throughout of the MSs roaming in the entfeadge
area becomes < 3bits/s/Hz, as shown in Fig. 3.13. The performance of the DOF as-
sisted DAS aided FFR system was summarized in Table. 3.6.cAa@usion, the system
performance characterized in Chapter 3 may be revisitdutiv aid of Table. 6.2.

Table 6.2: Performance of characterization of the DOF &s$iBAS aided FFR
system with relying on the topology of Fig. 3.1 and using thstem parameters
of Table 3.4

Noncooperative DOF assisted DAS aided FFR scheme

Typical direction®y,s;, Oworst, Omid Fig. 3.5, Fig. 3.6,Fig. 3.7
Nonlinear effects of the optical fibre Fig. 3.5
Dispersion effects of the optical fibre Fig. 3.6
Effects of the numbers of RA®, 12) Fig. 3.8, Fig. 3.9
PC technique Fig. 3.12, Fig. 3.13
Cooperative DOF assisted DAS aided FFR scheme

Typical direction®,est, Oorst Fig. 3.10
Nonlinear and linear dispersion effects of the optical fipbre Fig. 3.10
Throughput enhancement across the entire cellular area Fig. 3.11

In Chapter 4, we investigated a pervasive DAS/FFR architeabperating in a mul-
tiuser, multicell network in the context of the UL introduce Fig. 4.1. The system struc-
ture of the pervasive DAS/FFR scheme and of the conventiBS8atooperation scheme
was introduced in Section. 4.2. The optical fibre solitoltegue may invoked for creating
a perfect optical fibre backhaul, which is shown in Fig. 4.Befi the received signal model
of our pervasive DAS/FFR scheme was introduced in Secti®nld.order to increase the
achievable diversity gain, the cooperative relaying témpie was combined with our per-
vasive DAS/FFR regime. Different COMP techniques, namle/maximum-likelihood
detection scheme of Section 4.3.4.1, the probabilistia dasociation technique of Sec-
tion 4.3.4.2 and the MMSE based optimal user ordering aidedessive interference can-
cellation scheme of Section 4.3.6 were invoked for imprguime BER performance for
the users freely roaming across the entire cell area. Thalaiion results of Fig. 4.7
demonstrated that the conventional BS cooperation aathreis capable of improving
the cell-edge coverage at the cost of having a transmit pof\egrleastP; = 30dBm. Ad-
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ditionally, BS-Cooperation increases the complexity byoking pervasive "knowledge
sharing” amongst the BSs. By contrast, observe in Fig. 48b ih the proposed per-
vasive DAS/FFR system of Section 4.3.4.2, the MSs roamingsacthe entire cell area
are capable of achieving a reduced BER, despite operatingeduced transmit power
of P < 20dBm. When the CPDA MUD of Section 4.3.5 was invoked by the MR aided
pervasive DAS/FFR architecture, Fig. 4.13 demonstratatlittwas capable of substan-
tially reducing the BER for the MSs roaming freely at arbirpositions, especially in
the 'worst-case direction’. Observe in Fig. 4.13 th@% ~ 80% of the cellular coverage
area exhibits BERs lower tha)—#, when the transmit power @ = 204Bm was allo-
cated. On the other hand, in Section 4.4.5 PC was invokedifanaltiuser UL scenario to
improve the SIR of the MS. Observe in Fig. 4.15 that the MSsatpey without the assis-
tance of MRs had a BER belol® 3. By contrast, the MSs roaming in the "problem area”
of in the "worst-case directions” had a BER¢f10~2, as shown in Fig. 4.15. The perfor-
mance of our pervasive DAS/FFR system was summarized ireTal8. As a conclusion,
the system performance observed in Chapter 4 is charaadarizhe Table. 6.3.

Table 6.3: BER performance characterization of the peveaBAS aided FFR
system relying on the topology of Fig. 4.1 and the systemmaters of Table 4.3

Conventional BS Cooperation MMSE-OSIC, Joint-ML,
PDA and CPDA MUD techniques
Effects of transmitted power Fig. 4.7
Pervasive DAS/FFR the MMSE-OSIC, Joint-ML
PDA, CPDA MUD
Effects of transmitted power if),.; Fig. 4.8
In typical direction®y,,st, Oworsts Omid Fig. 4.8, Fig. 4.9
MR Selection Fig. 4.10
Analyses across the entire cellular area Fig. 4.12, Fig. 4.13
Effects of PC Fig. 4.14, Fig. 4.15

In Chapter 5, we further studied the DL and UL of our DAS/FFResue in practical
application scenarios. Specifically, in the case of the AR DL, we investigated the
effects of imperfect channel estimation errors, CSI qsatiton errors as well as OFDM
signal timing and frequency synchronisation errors in i8ach.2.2. These results were
provided in Figures 5.2, 5.3 and 5.4. Similarly, in Sectio &e demonstrated for the
COMP technique that its performance will be degraded by mepgechannel knowledge
for both the DL and UL. As a design alternative, we conceivadrbo coded 16-level
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StQAM scheme for supporting non-coherent detection asbgtical-fiber-aided cooper-
ative wireless transmissions, where the receiver doesawet to estimate the channel state
information. This scheme was characterized in Fig. 5.6.

In conclusion, the benefit of the proposed DAS aided FFR tasklsy the proposed
optical fibre backhaul architecture is that of substartialkreasing the SINR for both the
DL and the UL as demonstrated in Chapter 3 and Chapter 4,adgglg. In Section 3.4.4
and Section 4.4.5, we use a normalized SIR model. Since thiuser, multicell sce-
nario is interference-limited, where we hav¥éNR ~ SIR as justified in Section 3.4.4,
the SIR(dB) model is useful for the comparsion of different network aettures, as ob-
served in Figures 6.1, 6.2, 6.3 and 6.4. Based on these figieremy infer the following

conclusions:

1. The conventional UFR architecture of Fig. 6.1a only hagh BIR, when the user
is roaming close to the BS, which decays[tel0 ~ 04B] in the cell-edge area.
By contrast, the SIR of the conventional FFR architectu@wshin Fig. 6.1b was
improved in the cell-edge area to abd@it~ 104B].

2. Fig. 6.2 characterizes the SIR distribution of the DASdi&FR architecture in the
DL scenario, which is based on the topology shown in Fig. B/then observing the
cell-edge area, a high SIR is achieved for the users roamitingivicinity of the RA,
as shown in Fig. 6.2a. However, the SIR still remains as low #3IB in the angle
halfway between two adjacent RAs, which is caused by the Stwoase direction”
problem introduced in Section 2.3.3.

3. The difference between Fig. 6.2a and Fig. 6.2b is thataridhmer we only take into
account the interfering RAs in the reference cell, whilehe katter we additionally
considered the interfering RAs of the second-tier cellsictvloperate at the same
frequency. Nonetheless, the SIR performances observeid it Ra and Fig. 6.2b
are almost the same, because the interference imposed bgdbed-tier cells was
significantly reduced by the combined effects of the DAS aRR Fechnique. Hence
it is a reasonable approximation to focus our attention @nrédference cell only,
when we calculate the effects of the interference in the DISAFFR architecture.

4. Fig. 6.3 characterizes the SIR performance of the DASdakeR relying onl12
RAs, where the SIR of the cell-edge area is reduced to alibiB, when the users
are roaming quite close to the RAs. This SIR is higher thahdhtene conventional
UFR and FFR architecture, but lower than that of the DAS aigER employing
6 RAs. Hence, increasing the number of RAs leads to incredbmgnterference,
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which results in a reduced SIR and to an increased number afstwease” direc-
tions, where the SIR may become as low-al)dB in the angle halfway between
two adjacent RAs. Similarly to the case of Fig. 6.2a and Figbgthe difference
between Fig. 6.3a and Fig. 6.3b is that we only consider ttegfaring RAs in the
reference cell in Fig. 6.3a, but also count the interferidgRf the second-tier cells
in Fig. 6.3b which operate at the same frequency. Obsert¢ht@&IR performance
seen in Fig. 6.3a and Fig. 6.3b is similar, suggesting traeasing the number of
interferers does not lead to a reduced SIR in the context (fER0). The reason
for this observation is that thel R; reduction imposed by the second-tier cells may
be neglected by combining the beneficial effects of the DAGRIFR techniques.

5. Fig. 6.4 compares the SIR performance of the conventiB8atooperation and of
our pervasive DAS aided FFR, where a maximum SIR@ifB is reached, when
the users are roaming quite close to the BS, while the cgié&IR is in the range
of [-20 ~ —10dB], as shown in Fig. 6.4a. When using our pervasive DAS aided
FFR architecture, the SIR may rea¢#diB in the cell-center area, when the user is
roaming quite close to the RAs, as shown in Fig. 6.4b. The &tvoase direction”
problem of the DL scenario also persists in the UL scenarieemthe user is roam-
ing close to the angle halfway between two adjacent RAs, atier SIR is reduced
to —20dB.

6.2 Suggestions for Future Work

We conclude by suggesting the following future researcibleras:

1. We adopted an optical fiber link as backhaul for the comeatiuns network consid-
ered, which is capable of providing a high capacity at a himgt.cHence, promising
alternative may be to consider the other backhaul techsjgauech as a free-space
optical or a microwave radio backhaul [90]. More explicitlye free-space optical
backhaul constitutes a line-of-sight technology usingsitie beams of light to pro-
vide optical connections. Hence it does not require fibeicagable. A microwave
radio backhaul may also be employed cost-effectively. ldefiee-space optical and
microwave radio backhauls may be considered for our DAStE#R scheme.

2. It was demonstrated that the DAS technique has the benhéiitreasing the cover-
age area, despite reducing the transmission power whiah agleantage of central
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when employing conventional UFR, and the FFR regime intcedun Fig. 1.1 a
two-tier structure of nineteen cells.
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SIR(dB)

(a) DAS aided FFR with 6 RASs, interference arrives only from
the reference cell, as seen in Fig. 3.1

SIR(dB)

(b) DAS aided FFR with 6 RAs, interference arrives from
both the reference cell and the second-tier, as seen in Hig. 3

Figure 6.2: Simulated average SIR (dB) profile of a hexagoelabf the DL, em-
ploying DAS aided FFR architecture proposed in Chapter kwls in a two-tier
structure of nineteen cells, as seen in Fig. 3.1 emplogiR#\s. In Fig. 6.2a, the
interference arrives only from the reference cell, whild=ig. 6.2b, the interfer-
ence arrives from both the reference cell and the second-tie
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SIR(dB)

(a) DAS aided FFR with 12 RAs, interference arrives only
from the reference cell, as seen in Fig. 3.1
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(b) DAS aided FFR with 12 RAs, interference arrives from
both the reference cell and the second-tier, as seen in Hig. 3

Figure 6.3: Simulated average SIR (dB) profile of a hexagoelabf the DL, em-
ploying DAS aided FFR architecture proposed in Chapter kwis in a two-tier
structure of nineteen cells as seen in Fig. 3.1 wikefle= 12. In Fig. 6.3a, the in-
terference arrives only from the reference cell, while ig.f8.3b, the interference
arrives from both the reference cell and the second-tier.
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40

SIR(dB)

(a) Conventional BS cooperation of Fig. 4.2

SIR(dB)

(b) Pervasive DAS aided FFR of Fig. 4.1

Figure 6.4: Simulated average SIR (dB) profile of a hexagoeHlof the UL,
employing BS cooperation acro8sadjacent BSs, where centralized antennas
are employed at BS angiMSs randomly roaming across the entire cell area, as
shown in Fig. 4.2. Furthermore, our pervasive DAS aided Fi€Ritecture is also
characterized, where distributed antennas are employed &nMSs randomly
roam in both the cell-center and cell-edge area of a twostreicture of nineteen
cells as seen in Fig. 4.1.
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Figure 6.5: The system structure of the DOF link designethfeiDAS aided FFR
architecture, which invokes a power control scheme in the &She BS.

processing. The distributed antenna concept may be furtfieed with the aid of
the ultimate distributed source constituted by leaky feg{lE74].

3. Mobile relaying is also capable of achieving a beneficreéigity gain, which sub-
stantially improves the performance of our pervasive DARRcross the entire cel

lular area. In Chapter 4, we only invoked a simple Amplifyakard (AF) relay and
assumed perfect relaying. This work may be further develdpdéecode-Forward
(DF) relaying, by optimizing the relay selection strategg &y using more powerful
forward error correction (FEC) codes.

4. In order to reduce the CCI of the DAS aided FFR architectueeinvoked the TPP
technique for the DL scenario in Section 3.3.2.2 and thdegiyaof CPDA MUD
for the UL scenario in Chapter 4 based on the system struofulrég. 6.5, while
assuming that the desired signal and the interferers havedime transmit power.
Hence, the SIR was formulated in EqQ. (3.20). However, the RAed FFR archi-
tecture operating in a multicell, multiuser scenario is @ierference-limited sys-
tem [142], hence the SIR calculated by Eq. (3.20) is relatedath the distance
and also to the transmit power of both the signal and of therfieter, when they
are allocated different transmit powers by the power-adfC). Hence, for exam-
ple the BER-based power control algorithm of [142] may b@kad for achieving
a balanced Quality of Service (QoS) across the entire cedituidlly, using accu-
rate and prompt PC for supporting a multiplicity of activeerssin the multiuser,
multicell scenario considered imposes a potentially higtmglexity on the BS. The
authors of [175] proposed a power control strategy for thedf/la multicell wire-
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less system, but only supported a single active user peritist@nt. The prior work
disseminated in [176] [177] [178] introduced the conceftgaime theoryor solv-
ing the PC problem for a multiplicity of active users. In tad3C games, the users
are modeled as players having individual goals and strge@ihey are competing
or cooperating with each other, until they agree on an aabéptesource alloca-
tion outcome. Existing research can be categorized intaypes, non-cooperative
games [177][179] [180] and cooperative games [181] [182B]1Hence, an attrac-
tive research area is that of usiggme theoryfor designing a PC strategy for the
DAS aided FFR architecture operating in a multiuser, meltiscenario, as shown
in the system structure of Fig. 6.5.

5. Although we opted for invoking the DOF link of Fig. 2.2a fibre backhaul of our
pervasive DAS/FFR scheme, a study comparing the DOF and B@Iso of in-
terest. On the other hand, the quality of the optical backpkys an important
role in determining the quality of the entire DAS scheme. Hilecon Photonics
Group in Southampton successfully demonstrated the fiédgsit the integrated
silicon-photonics based transceiver seen in Fig. 6.6, wiicapable of operating
at 10Gb/s, whilst a20Gb/s version is under construction. This demonstrates the
successful integration of all the photonic and electropnimponents within a silicon
die. The next challenge may be to additionally incorporat@raless transceiver
within the same silicon die. since the transmitted sigraash is typically digital
[184] [185], using the DOF technique is appropriate for thekinaul of a DAS aided
communication network, where the backhaul is extendedddrihs. Nonetheless,
the ROF technique [186] [187] may be used for reducing theptexity and cost of
RAs. Hence, both the DOF and ROF technique may remain atedor years to
come in diverse applications.
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Figure 6.6: The Silicon Photonics Group in Southampton essftilly created a
silicon-photonics based transceiver operating at 10Glfsma single silicon die.



Appendix A

Split-Step Fourier Method

The matlab code of simulating pulse propagation along theenfiect optical fibre in order
to analyze both the linear dispersion and nonlinearityctffén Section 3.2.2, where the
SSF method is invoked to solve the NLS equation.

In=1;
i =sqrt(-1);
P0=0.00064;
alpha=0;
alph=alpha/(4.343);
gamma=0.003;
to=125e-12;
C=-2;
b2=-20e-27;
Ld=(to?)/(abs(b2));
pi=3.1415926535;
Ao=sqrt(Po);
tau =- 4096e-12:1e-12: 4095e-12;
dt=1e-12;
relerror = le —5;
h=1000;
for
i1I=0.1:0.1:1.5
z=ii*Ld;
u= Aoxexp(—((1+ix(—C))/2) * (tau/to).?);
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I=max(size(u));

fwhml = find(abs(u) > abs(max(u)/2));
fwhml1=length(fwhm1);

dw=21/l/dt*2*pi;

w=(-1*l/2:1:1/2-1)*dw;

u=fftshift(u);

w=fftshift(w);

spectrum=fft(fftshift(u));

for jj=h:h:z

spectrum = spectrum. x exp(—alph * (h/2) +i%b2/2* w2 x (h/2));
f=ifft(spectrum);

f = f.xexp(i* gamma x ((abs(f)).2) * (h));
spectrum=fft(f);

spectrum = spectrum.  exp(—alph * (h/2) +i*b2/2x w2 x (h/2));
end

f=ifft(spectrum);

0Pputse (In, ) = abs(f);

fwhm = find(abs(f) > abs(max(f)/2));
fwhm=length(fwhm);

ratio=fwhm/fwhm1,

pbratio(In)=ratio;
dd=atand((abs(imag(f)))/(abs(real(f))));
phadisp(In)=dd;

In=In+1;

end
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Fibre Soliton

The matlab code of simulating fiber soliton propagation Wiy be invoked as a perfect
optical fiber backhaul in Section 4.2.1.3.

In=1;
i =sqrt(-1);
P0=0.00064;
alpha=0;
alph=alpha/(4.343);
gamma=0.003;
to=125e-12;
C=-2,
b2=-20e-27;
Ld=(to?)/(abs(b2));
pi=3.1415926535;
Ao=sqrt(Po);
tau =- 4096e-12:1e-12: 4095e-12;
dt=1e-12;
relerror = le —5;
h=1000;
for
ii=0.1:0.1:1.5
z=ii*Ld,
u=Aoxexp(—((1+i*(—=C))/2) * (tau/to).2);
l=max(size(u));
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fwhml = find(abs(u) > abs(max(u)/2));
fwhml=length(fwhm1);

dw=1/l/dt*2*pi;

w=(-1*l/2:1:1/2-1)*dw;

u=fftshift(u);

w=fftshift(w);

spectrum=fft(fftshift(u));

for jj=h:h:z

spectrum = spectrum. x exp(—alph * (h/2) +i*b2/2xw.2 * (h/2));
f=ifft(spectrum);

f = f.xexp(i x gamma * ((abs(f)).2) * (h));
spectrum=fft(f);

spectrum = spectrum. x exp(—alph * (h/2) +i*b2/2xw.2 * (h/2));
end

f=ifft(spectrum);

0pputse(In,2) = abs(f);

fwhm = find(abs(f) > abs(max(f)/2));
fwhm=length(fwhm);

ratio=fwhm/fwhm1;

pbratio(In)=ratio;
dd=atand((abs(imag(f)))/(abs(real(f))));
phadisp(In)=dd;

In=In+1;

end
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