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Abstract

Broadband, ubiquitous and energy-e cient wireless netw&mg is one of the pillars in the
de nition of a really smart urban environment. The latest deelopments in such a eld
concern with the forthcoming LTE-A standard, which will als involve small cell deploy-
ment for broadband coverage yielding increased quality ofperience and reduced power
consumption. Some open issues related to small cell LTE-Atwerking for smart city ap-
plications are discussed, together with feasible solut®that are investigated in terms of
robust PHY-layer con gurations, and fully-wireless backdul (point-to-point transmission,
point-to-multipoint etc.). One such issue is related to posv-constrained uplink transmis-
sion, where cooperative multipoint (CoMP) in small cell n&tork is considered assuring
better quality of service and energy e ciency for user ternrmal. Moreover, a novel MIMO
detection is conceived for LTE-A application based on MCBEIeriterion that is suited
for size-constrained small base station and guaranteeingam-optimum performance. A
door open to upcoming mobile standards by proposing constanvelope techniques in the
uplink providing exible tradeo between spectral and powee ciency for 5th generation
applications. A complete wireless backhaul based on mikitar wave (mmWave), for net-
work of small cells, is considered due to its cost e ectivese and exible operations. A
robust PHY-layer waveform based on space-time MIMO techogp have proven to be the
right choice for non-line of sight operations whereas TH-IRJIWB techniques are provid-
ing signi cant data rates in line-of-sight case. SDR-Implmentation of advanced wireless
strategies is important in order to realize network recon grability in future cellular net-
works where network functionalities can be changed "on thg".
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[LTE-A, PHY-layer, Cooperative communications, Mm-wave communations, Software-
De ned-Radio]
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Chapter 1

Introduction

Urban population constitutes 80 % of the world population. A possibleeason behind this
huge population in urban areas is the availability of opportunities and dtter facilities as
compare to rural areas. However, on the other hand, such inase in urban population
has made resources, available to citizens, scarce. Today citiestayang to provide better
facilities to their citizens e.g., in terms of medics, transportation, fecommunications etc,
with available resources. But there is a perception about heteraggous distribution of
such facilities among citizens, i.e. a gap in quality of life indicators. Thisag has widened
after the economical crisis in 2008 that left the global economy in ioulence. In order
to minimize this inability of cities, the concept ofSmart City is presented in [22] where
the aim is to improve quality of life for average population. Following theoperational
de nition of "Smart City", reported at page 6 of [22], a city is said to be "smart" when
investments in human and social capital and traditional (transpdj and modern (ICT)
communication infrastructure fuel sustainable economic growtma a high quality of life,
with a wise management of natural resources and through parti@fory governance. Such
ambitious goals can be acheived if research and innovation are doseadunction of social
requirements of citizens and muncipalities. For this reason, smarities has open up new
research horizons, from socio-economic to ICT areas. ICT will bke core of smart city
concept and require transforming solutions.

1.1 ICT for Smart Cities: communication and networking as-
pects
ICT is believed to have control on some of keys services/applicat®mprovided by smart

city. In this regard, the signi cance of ICT on global environment an not be ruled out.
Researchers from the Centre for Energy-E cient Telecommunid¢ens (CEET) and Bell
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The Motivation

Labs explain that the information communications and technology @T) industry, which
delivers Internet, video, voice and other cloud services, prodgcenore than 830 million
tons of carbon dioxide CO,), the main greenhouse gas, annually. Thats about 2 percent of
global CO, emissions the same proportion as the aviation industry contributesVith the
increased usage of smart devices, this gure will be doubled by 20ZFauture smart cities
will allow to improve environmental sustainability but also o er servica/applications
aiming to raise quality of life. In such a model the stakeholders in sntagities (Citizens,
cities and utilities) can get bene ts from developed technology [6].

This model revolves around ICT, especially wireless networking. Kaeg this in mind,
several service/application providers have deployed their testbe in smart cities around
the world. Many of these devices (running applications) may not beansmitting at huge
amount of data but their connectivity in the network could be challeging for the core
network. Connection setup and power e ciency are some of the kessues related to such
low-cost low-powered devices. Smart cities are usually conceivedhniarge amount of
such devices deployed to provide utilities to the citizens. Th€ O, emissions as a result
of such deployment is enormous.

Moreover, cellular/mobile network contributes to these emissions) a sense that large
scale network with signi cant amount of equipment in operation put aonsiderable dent in
the environment system. Therefore, future cellular infrastructre should not only provide
spectrally e cient solution but should also be seen as "green" i.e., ergy e cient. Small
cell technology in smart city context has recently been proposed [@6] where LTE-A
small cell technology is considered as right choice for smart city thies to inherent eco-
friendly system design of small cell (short radio footprints). Smadiell technology enables
battery-limited devices to transmit at low power. The upcoming mobileellular standards,
like LTE-A [1], can act as a communication pillar" for future smart-cities to guarantee
broadband access and e cient service mobilization. Small cell LTE-As forecasted in [82]
will represent a technological breakthrough in the wireless netwang. As a consequence
of smaller radio footprint, user-to-BS proportion is fewer and unifrequency reuse is
possible, shown in Fig 1.1. Hence small cell network inherent the chateristics of "green”
and spectral e cient cellular system. Therefore, cellular systemisased on small-cell would
be fertile for interactive applications requiring loads of informationxchange among the
entities of smart city.

1.2 The Motivation

Current cellular strategies will be out-dated, in next couple of yearand, for smart city
scenario where forecasted information ow is many-folds. Nextgeration cellular network

2



The Motivation

Figure 1.1: Small cell coverage [26]

LTE-A should overcome thetriple C bottlenecks of current cellular network, i.e. capacity,
cost, and complexity. Smart city applications are to be conceived dar the umbrella of
LTE-A small cell network, as shown in Fig. 1.2. Such wide range of apgations comprise
of low data rate sensor and broadband services. Liabilities like poweonsumption and
cost associated with small cell LTE-A should be minimized in the framesk of smart
city.

Strategies like, cooperative communication, e cient backhaul, raid resource manage-
ment etc, increase the available capacity by enabling a support ofssgm bandwidth upto
100 MHz, with potential throughput of 1 Gb/s for downlink and 500 Mo/s for uplink [21].
Additionally, if we consider that each small cell site can host also made to machine
(M2M) gateways, richer applications can be conceived targettingoth communication
and city governance services [26]. It is foreseen that most of thra t will be originated
in the uplink, thanks to interactive relationship between citizens anditilities as described
in model proposed in [6]. Hence cellular uplink should be vigorous to stathe originated
tra c load. With small cell network, the uplink link quality in LTE-A can b e landscaped
by visualizing novel and advanced system level strategies.

An improved power e cient LTE-A system can be favorable for smarphone users,
as power/energy e ciency is highly desired for battery-limited devies. Exploiting small

3
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Figure 1.2: Smart city LTE-A umbrella

cell radius, cooperation among BSsgka cooperative multipoint (CoMP), can be antic-
ipated for improved link level performance both in terms of bit-ernerate (BER) and
power e ciency. Radiations due to terminal transmission increasewith the increase in
urban population. It would be a challenge for smart city communicatio infrastructure
to minimize this issue without incurring additional cost at terminal levé and gurantees
adequate link level performance.

In order to boost uplink capacity, multi-user MIMO (MU-MIMO) con guration is
feasible. Indeed high capacity broadband solutions are welcomed mast city. Uplink
cellular scenario is often characterized by large received antennaags at base station
and single antenna terminals, i.e.,Nrg  N7t), Nr is receiver antenna elements andt
is transmit antenna elements. This allows to manipulate signal procasg at receiver
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Problems and their Solutions

with a ordable linearly ordered complexity algorithms with performarce approaching
optimum. The motivation here is to have low complexity receiver desigthat is able to
attain performance close to optimum.

Plug-n-play and self organized small cell BS follow unplanned netwonkfrastructure
installed on street poles and connected to core-network via wiredebackhaul. In this
case, wired solution to backhaul is also not viable and requires highpdal expenditures.
Wireless backhaul, on the other hand, at millimeter frequency bangsovides cost e ective
and high speed high capacity backhaul solution.

Most of smart city requirements are actually the requirements thaare also demanded
by 5th generation (5G). In this regard, there is a need to adopt &dions in smart city
context that pave the way towards 5G.

1.3 Problems and their Solutions

Smart city should provide an eco-friendly and e cient cellular infrastucture that is able
to cope with the needs of citizens. It is believed number of smart cityill be fourfold
by 2025. LTE-A is an evolution to the current cellular systems as neadvancements (in
particular, small cell technology) have been standardized for ket performance in the
future. Some related issues need prompt solution in the context simart cities keeping
in mind that city trends are changing rapidly towards smart city infrastructure.

In this regard, small cell LTE-A uplink is targetted where better peformance in terms
of throughput and energy e ciency is desired. The proposed appoch is to enable uplink
cooperation among neighboring base stations that are in vicinity. kéng cooperation to
base station level will shift the computational complexity burden tahigh powered base
station. Hence terminal gets bene ts out of this without increasig hardware complexity
and avoids radiating large power to meet the requirements. Indeddeal signal processing
operations at base station will help terminal attaining good quality ofservice. In the
presence of non-idealities (like, non-ideal channel estimation) C&Vn uplink provides
interesting insights about link performance and energy e ciency. &h an approach is
di erent from state-of-the-art, because performance analisis done in terms of user-
centric metrics (bit error rate and power consumption).

With the consideration of millimeter wave technology for upcoming 5thgeneration
(5G) standards, di erent physical layer transmission waveformproposals have been taken
into account to date. Of the important ones are multicarrier techiques like orthorgonal
frequency division multiplexing (OFDM) and single-carrier frequencyivision multiple
access (SC-FDMA). Such techniques are e cient in exploiting wide bals available in
mmWave frequency range. However, these multicarrier technicuiare not power e cient
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due to their high peak to average power ratio (PAPR). Hence largeabko is required

in order to avoid non-linear distortions. Not only that, these multicarier techniques
are prone to non-ideal oscillator phase noise that might cause destive e ects on the

performance. MmWave operations are sensitive to these hardwaron-idealities and care
must be taken when designing a system.

A possible solution to work around this problem is to have constant geelope (CE)
waveform exhibiting 0dB PAPR. Also CE waveforms are robust agaihphase noise be-
cause phase noise is additive to the actual information. CE technigsi combined with
multicarrier waveforms provide a adequate system capacity with nseiderable reduced
power consumption. In this regard, CE-OFDM and CE-SCFDMA arelie possible candi-
dates. Recently, these CE- multicarrier techniques are tested iron-linear LEO satellite
channels and have shown remarkable performance improvemengwoglassical OFDM and
SC-FDMA systems (detail discussion is in chapter 2).

Multiuser detection in SC-FDMA (uplink of LTE-A) is proposed by linear and non-
linear designs in the literature. However, the current SC-FDMA reziver designs are based
on maximization of signal power at the output of detector. Practial implementation of
one such receiver design, ideal-minimum mean square error (MMSE,not trivial. In
particular, it is often preferred to have adaptive implementation oMMSE criterion in
practice. Though linear but such techniques are clearly sub-optim&#ecause MMSE
assumes noise is gaussian distributed. In such scenarios where @vhitise in the system
gets colored by multi-user interfering signals, receiver designs bdson maximization of
output signal-to-interference-noise ratio (SINR) clearly do not ield optimal results. A
new strategy is proposed for MU-MIMO uplink LTE-A systems that isbased on rather
di erent criterion, called minimum conditioned bit error rate. Minimizing conditioned
error probability, in the presence of interference, aims at minimizin¢he bit error rate
at an a ordable linear complexity under Nk~ Nt. The proposed strategy is fast in
convergence and pose low receiver complexity.

Average throughput inside a small cell is a function of backhaul (BHinks transport-
ing cellular tra c to the core. Fragile BH links will severely degrade theperformance
inside the cell and users might experience second-rate quality ofvsees. Wireless BH
solutions, providing reasonable data rates and link performancearc be conducive as
capital expenditures (CAPEX) and maintaince costs are lower thathat of wired solu-
tions. Millimeter wave (mmWave) freqeuncy bands can be exploited tmeet capacity
requirments ranging Gbps with adequate link level performance inrt@s of bit-error-rate.
E cient PHY-layer waveform design is vital to overcome propagatio issues associated
with mmWave as a robust waveform should be able to cope with extrerenvironmental
conditions. For LOS BH application, time-hopping impulse radio (TH-IR is proposed in
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the presence of hardware imparments whereas for NLOS case aenobust transmission
scheme based on space time shift keying (STSK) is proposed. STShnique provides
diversity and multiplexing gains in conditions where multipath channeldding is severe
and hardware impairments are signi cant.

Future networks are fully recon gurable. Several infrastructte gains are expected from
software de ned radio (SDR). For example, to improve network péormance, the operator
will recon gure its network by adding additional functionalities to the already deployed
network. SDR makes this recon gurability easy and will become an abler for terminal
and network recon gurability through software download. Netwok recon gurability will
be ground breaking developement in smart city context. In case ektreme conditions
(e.g., oods, festivals, etc), the operator should be able to recgure the network to cope
with the needs of the situation. Such recon guration should be fasand exible, and
will be playing vital role in smart city where rich applications are being aaceived with
di erent requirements. To verify such claims, futuristic strategis should be tested in Lab
over hardware to see performance in a realistic environment. An BEbased cooperative
relaying conceiving LTE-A downlink. By simply changing the software Relay or not
to relay), improved link performance through coverage extensioils made possible in
case of relaying. Another SDR-testbed developement based orinip CoMP for LTE-A
systems is under testing. The aim is to see how network recon guniity achieves better
performance w.r.t conventional systems in LTE-A uplink.

1.4 Research Contribution

The research from this Ph.D work has been publish in international oferences and
journals. The work presented in chapter 2 related to small cell tenology in the framework
of smart city has been presented in one journal paper:

Cimmino, Antonio, et al. "The role of small cell technology in future srart city appli-
cations." Transactions on Emerging Telecommunications Technologie?5.1 (2014):
11-20.

Physical layer transmission schemes for e cient LTE-A uplink in sedbn 3.1 has been
presented in one conference paper:

T.F. Rahman,; C. Sacchi,; C. Schlegel, "Link performance analysis obaperative
transmission techniques for LTE-A uplink,"” in 20151EEE Aerospace Conference
vol., no., pp.1-8, 7-14 March 2015

The work related to Constant envelope SCFDMA in section 3.2 has beeresented in
one conference paper:
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R. Mulinde,; T.F. Rahman,; C. Sacchi, "Constant-envelope SC-FDMAdI nonlin-
ear satellite channels,” in 2013EEE Global Communications Conference (GLOBE-
COM), vol., no., pp.2939-2944, 9-13 Dec. 2013

The low complexity minimum conditioned BEP (MCBEP) receiver discusgkin section
3.3 has been accepted for an upcoming conference:

T.F. Rahman,; C. Sacchi,"A Low-complexity Linear Receiver for Multi-$er MIMO
SC-FDMA Systems," Acceptedin 2016 IEEE Aerospace Conference.

Line of sight wireless backhaul based on TH-IR techniques of sectid.1 has been
presented in one conference paper:

T.F. Rahman,; C. Sacchi; C. Stallo, "MM-wave LTE-A small-cell wireles®ackhaul-
ing based on TH-IR techniques,” in 2019EEE Aerospace Conferencevol., no.,
pp.1-9, 7-14 March 2015

Non line of sight wireless backhaul based on STSK in section 4.2 hasrbaader review
in one journal:

T.F. Rahman,; C. Sacchi; M. El-Hajjar,; L.Hanzo, "Space-Time MIMO E&chniques
for Millimeter Wave NLOS Backhaul in Dense Urban Environment,"Under Review
IEEE Transactions in Communications.

SDR based cooperative relaying in LTE-A downlink of chapter 5 has be presented
in one journal paper:

P. Atungire,; T.F. Rahman; F. Granelli,; C. Sacchi, "Open- eld emulation of cooper-
ative relaying in LTE-A downlink using the GNU radio platform,” in IEEE Network,
vol.28, no.5, pp.20-26, September-October 2014

1.5 Structure of the Thesis

This thesis consists of six chapters. The outline of each chapter is @llows.
Chapter 1, gives an overview of the motivations, problem statemerand proposed
solutions. Moreover, it also includes research contribution and durte of this dissertation.
Chapter 2 discusses the state-of-the-art related to small-celladALTE-A in the frame-
work of smart city. Moreover, PHY-layer aspects are dealt for LE-A in the form of
transmission, detection, and backhauling. Then state-of-thedarelated to SDR-based
recon gurability is discussed in LTE-A framework.
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Chapter 3 discusses the uplink cooperative communication in smallllceTE-A net-
works. Also minimum conditioned BEP (MCBEP) is discussed. Lastly, CESCFDMA is
highlighted for 5G cellular communications in the chapter.

Chapter 4 is related to wireless backhauling in small cell LTE-A whereH-IR tech-
niques are studied for LOS case and space time MIMO techniques a&ansidered for
NLOS case.

Chapter 5 deals with SDR implementation of cooperative relaying in LTHE downlink.

Chapter 6 draws the conclusions and shed some light on future werk
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Chapter 2

Smart cities, small cells, current 4G
standards

Smart city as de ned in wikipedia [97], "A smart city uses digital technologies or informa-
tion and communication technologies (ICT) to enhance qu&yi and performance of urban
services, to reduce costs and resource consumption, and toyage more e ectively and
actively with its citizens'. The Smart City paradigm is a vision for future cities centered
around the concept of connectivity. Indeed, connectivity is theare requirement for Smart
Cities to exist, enabling tight integration among citizens, devices anservice providers.
However, it is also a mean for interoperable access and intercorti@t among di erent
services.

2.1 Smart city: communications and networking aspects

An interesting example of cooperative model, targeted at suppanyy the creation of in-

novative services and applications with real value of economy andizéns, is proposed by
the consortium of EU OUTSMART project [6]. The OUTSMART model is kased on a
stakeholders' triangle whose vertices are represented by citisentilities and cities, shown

in Fig 2.1:

Citizens are the main bene ciaries of smart cities. Smatrt cities are to providgtizens
with smart services in order to enhance their quality of life. Moreove citizens
shall be empowered with more control for resource management déollaborating in
economical and environmental issues.

Utilities are what citizens can be bene tted from. Generally speaking, utilitecan be
classi ed in two entities: service providers and network providersService providers
are responsible for providing services to the citizens or to a smaritycat large.
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Figure 2.1: Smart City Ecosystems [6]

Network providers take care of network infrastructure that eables services. Their
aim is to allow utility companies to improve the management of their reswmces:
optimization of resource distribution, prevention of resource oages, easy and rapid
maintenance actions, etc. Besides this, utility providers will bene from the new
environment, becoming able to develop and deploy added-value netk-facilitated
services for users. This will simplify and accelerate service delivergducing the
operational costs and enhancing a faster return of investmentThe collaborative
ecosystem and interactions will make services tailored for custorsespeci ¢ needs
and preferences.

Cities are constituted by its inhabitants. With the increase in urban popul&on, citi-
zens are facing numerous problems in every aspect of their life e.gcwsity, pollution,
tra ¢ congestion, infrastructure maintenance, asset managesnt, etc. Hence, this
has put a question mark on facilitating general population with adecte quality of
life. There exists a interacting relationship between citizens and thaty environment
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such that citizen adapt according to the environment they living in. 8 much e ort
has been made to closely monitor the environment in real-time throbghe use of
networked sensors and actuators deployed in the city and taketmms according to
varying environment. These actions can be taken without or with mimum human
intervention. With this, city municipale are able to provide the better lives to its
citizens.

In the model described above, ICT and, in particular, wireless nebsking play a key role
to transform city into "smart city”". Indeed, ICT is fully capable of providing added-value
services to users.

Some recent work has been done in this regard in which ICT is incooptd into the
framework of smart cities. In [38] a smart city testbed, named Sni&antander (related
to the Santander city in Spain), is presented. The aim is to deploy a tveork of sensors in
order to keep a track on environmental changes and tailor human &g accordingly. The
application considered is related to distributed environmental momitring using wide-area
WSNs based on IEEE 802.15.4. In [45] a testbed is presented tamggtat ubiquitous
computing and operational in Oulu, Finland. A middleware layer has beeadded on top
of Oulu metropolitan WiFi access network in order to allow ubiquitous @mputing with
sensing and communication resources embedded in urban elemeAtsloud architecture
for smart cities based on near eld communication (NFC) technologi proposed in [110].
All these solutions, in [38], [45], and [110], are based on local area r@king infras-
tructures, providing hot-spot rather than ubiquitous broadbanl connectivity. Broadband
connectivity available anytime and anywhere will be one of the key ragements of fu-
ture intelligent cities, where people will not only be connected to othg but also keep
themselves up-to-date through interactive services. According survey conducted by
ABI research [2], in which it is shown that a population of 1.4 billion and caing own
a smart phone or gadget. Consequently, the user data rate reqgment will be immense
resulting the need for ubiquitous broadband connectivity in smartities.

Long term evolution advanced (LTE-A) is an emerging set of standds and technolo-
gies that will be able to provide wireless-data payload at the speed®bps. ICT in smart
city can leverage LTE-A for the provisioning of broadband conneigity. Small cells are
already considered as an enabler due to their lower energy constimp and broadband
coverage capacity (see [52]). Some recent works (e.g., [25]) haveaaly considered the
integration of macro, micro and small cells with the aim of building servicplatforms for
Smart Cities.
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2.1.1 Communication requirements in future smart cities

Looking at the retrospect of internet one would realize that how slo the evolution was
as rst Advanced research projects agency network (ARPANE)Itook around twenty two
years to evolve into world-wide web (WWW) development. One of the ajor reason of
such slow evolution was unmaturity of electronic industry when tragistors were vaccum-
tube. Anyhow evolution of technology has taken a rapid pace ovehé years thanks
to high speed computing helping in solving science and engineering peohs rapidly.
Surely, future services and intentions will take less time to be nalizk since prerequisites
are already available. Likewise the anticipated services for smart ieis will quickly be
come into existence thanks to the existed infrastructure that is perational in cities.
For instance, optical bre or copper cables used by service proes to deliver internet
access to the citizens as well as 3G/4G cellular infrastructure forahile users. After
mentioning the pros of already deployed infrastructure in the coekt of future smart
cities, the constraints like, integration of some communication facilés hindered by local
regulations or ownership, or by architectural issues, could alsog®a challenge to speedy
roll out of smart city features.

Moreover, it is believed that internet of things (loT) could possibly le the “killer
application” that will drive the explosion and growth of smart city corcept. Based on
loT several testbeds are functional providing services for commty in general (like,
public transport, street lights, etc.) or citizen (e.g., parking servies, smart metering etc.).
More recently, the concept of 'Big data’ has been integrated in tangart cities where huge
amount of data is put to use to analyse to reveal patterns, trers]l or associations related to
human behaviour and interaction. Some recent examples of 'Smattties (Singapore, Rio
de Janeiro, etc.) are focusing on big data services considering imgggpn and processing of
huge amount of data generated by heterogeneous sources (agather, tra ¢ conditions,
crimes, best routes across the city, etc.) but the o ered servisare rather traditional. As
a result, the pattern of tra c at network level is extremely uncertain. Hence designing
and dimensioning of a proper communication infrastructure shouldeba challenge. Such
communication infrastructure would be capable of adapting to theeeds of uctuating
and ever-changing scenario. The possible requirements of futtwemmunication and
networking are:

1. Interoperability, future communication infrastructure should allow to connect all ps-
sible data sources through global content provider (e.g, Cloud curting) to support
new services.

2. Scalability, the communication and networking infrastructure in a smart city bould
provide exible use of bandwidth and scalable performance that camasily be up-

14



Small cell LTE-A technology

graded with time as the number of population and services grow.

3. Fast deploymentof an infrastructure is desirable favouring less bulky and easy-to-
install machinary. Such an infrastructure can be deployable in casé big events like,
earth quake a ected areas, ood relief activities, etc.

4. Robustnessof an infrastructure should be guaranteed to order to be assuravail-
ability of smart city services even in extreme conditions.

5. Limited power consumptionis a challenge in future smart cities as communication
infrastructure should have minimal impact on environment and low pger consump-
tion to minimize operating and management costs.

6. Multi-modal accessallows inhabitant of smart city to access services using single
wireless terminal. Access to Smart City services should follow the AApgrinciple:
Any-time, any-where, any-device.

LTE-A (4th generation, 4G) solution to these aforementioned is&s could be technolog-
ical breakthrough. Evolution of telecommunication standards dea't stop at 4G rather
continues to evolve into further releases (5th generation, 5G)Gbhas promised to address
a broader range of applications with requirements such as, energgiency, cost e ec-
tiveness, easy deployement etc., that are still to be addressedhéFefore, latest release
of LTE-A 3GPP Rel-13 has introduced small cell technology togethewith innovative
solutions and strategies to target future requirements.

2.2 Small cell LTE-A technology

Small cell technology has been seen in the framework of LTE-A (4@) recent release of
3GPP because of the fact that beyond 4G technologies are relying small cells due to
numerous advantages (e.g., proper coverage, spectral e cigh@ower e ciency etc.). In
the LTE-A perspective, a small cell is a low-power, low-cost, and E$ulky radio base-
station, whose primary design target is to provide superior cellulaogerage in residential,
enterprise and hot-spot outdoor environments. Four main typofpes of small cells have
been identi ed in [21]:

Pico-cells smaller, lighter base-stations that plug directly into an operator are net-
work;

Femto-cells smallest, and user-deployed base-stations mainly for indoor cenage;
Trusted WLAN cells, integrated into the LTE-A system;
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Relay nodes that have been primarily de ned in LTE Release 10/11 in order to
extend the macrocell coverage or Il a coverage hole.

The desire for innovative services going beyond the simple internairmectivity requires
broadband links that can be provided with the help of small cells. Highapacity links
are inherent to smaller coverage areas. For this reason, small celi play a key role in
a new standardization perspective.
Femtocells, which initially came to market in 2007 and were standardiden 3GPP Rel-8
in early 2009 (HSPA framework) [66], represent a feasible solution itoprove indoor and
short-range coverage. Femtocells do not only improve spectrunsiency and throughput,
but also enable quick tra ¢ o -loading from macro cellular networks. [19] discuss femto
cells deployment and their contribution in enhancing system rate. has been shown that
regardless of the typology of femto cell deployment, closed-ass@r open access, system
throughput can be increased. As a consequence of instinctive teoell deployment, in-
terference from macro to femto can not be ruled out. The high dosf the femtocellular
systems made them not competitive with Wi-Fi access technologiesience, femtocells
can not be seen as tting solution to meet futuristic demands of snniacities. Therefore
small cells should be seen as a general plug-play, as studied by Liu,,\&ad Koh in [72].
Outdoor small cells are usually operator-deployed BSs in order toraplement macro-
cell BSs e.g., in terms of coverage enhancement and system thitqug. However, small
cells can also be deployed without macro coverage without prior plang. Due to outdoor
setup, a exible cooperative system level structure can be real@zaiding to achieve ambi-
tious goals of broadband connectivity, see Fig 2.2. For this reasdTE-A release-13 has
focused on the enhancement of outdoor small cells. In [49] the lots highlight factors
that are responsible forCO, emission in cellular networks and then propose techniques to
minimize such emission and cost related to cellular networks. Indedugse stations pro-
duce high amount ofCO, emission in cellular network due to heavy equipment installed
and air-conditioning system. Power amplifers consumes around 50d¥energy, of which
80-90 % of energy is wasted as heat. Air-conditioners are requiriedavoid over heating
of PAs. The authors propose sleep mode protocols to reduce gyewaste in PAs under
no tra c load. Literatures have shown that renewable energy sawe is more eco-friendly,
and less costly as compared to diesel or other carbonized fuelsneéteit is proposed that
small cells located in rural areas can be functional using renewableergy (e.g., solar en-
ergy). In [114], an adaptive network architecture is proposed in wdh overlaid small base
stations can be switched o if tra c load is light. Because of their shot-range coverage,
small BSs do not require high-rise towers and can be mounted onesdt light poles, build-
ing side walls, etc. This signi es environmentally friendly behaviour ofrsall cells. [48]
gives an overview about trade-o among capacity, energy and ¢odt shows that small
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Figure 2.2: LTE-A small cell technology at a glance

cells deployment can consume 30% less energy than macro cells bulsoells incur cost,
which is 14% more than that of macro cells. According to authors, ihis due to backhaul
cost for small cells. But providing wireless multi-hop connections amg small cells BSs,
the cost can be reduced. In [53], concept of green outdoor smalll€ is conferred. After
some realistic assumptions, simulation results have shown that smedlls are capable of
meeting future demands in economical and ecological way. Small cellshe form of Wi
access points, 3G/4G small cells and micro cells can ease the burdamwacrocells (big
cells) by o oading mobile tra c [36]. It has been shown that small cells inthese forms
can provide better quality of service, support to new revenue-gerating services and bet-
ter coverage provided that issues like deployment of small cells, irfference management,
geo-location of hotspots, backhaul and deployment cost are tee lyesolved. A similar
work in [25] has considered the heterogenous network (HetNet)jtvthe aim of building
service platforms for smart cities. A detailed description on ICT inMwed in smart city
applications has been given where it is highlighted that LTE-A with Hetldt communica-
tion infrastructure can meet goals by providing broadband servisen smart cities. More
recently in [26], where the role of small cell technologies in smart citpplications has
been discussed. The authors relied on LTE-A small cell technology imeet demands of
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smart city as in the Fig. 2.3. Some technological challenges assodlateth LTE-A in

Figure 2.3: Small cell Architecture with possible applications in Smart Gty [26]

smart city context are mentioned in [26] that should be resolved. ®se challenges are:

Machine-to-machine communicatiorcovers a wide range of applications from massive
deployment of low-cost limited-power sensors to remote-contralleitility meters and
cameras. Such low powered devices may not be transmitting large@mt of data at
once but connectivity to the network could be a huge challenge fone core network.

Security of citizens' data is of paramount importance in smart city. The sysm
framework should be able to detect any malicious devices and guaemthe "safety"
of citizen's privacy.

E cient spectrum utilisation is desired in smart city applications where wireless
resources are to be shared among many consumers. Cognitiveioaigchnology

enables the adaptivity in network that allows the exploitation of radioresources

in an e cient manner.
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Backhaulingin small cells is vital in the sense that wired backhaul solution will not
be feasible from cost viewpoint. Wireless backhaul solution would betker choice
if the provision of gigabit/sec datarate is guaranteed.

Small cells due to their smaller radio footprints are considered as émnment friendly

and can occasionally be turned OFF and ON depending upon the tra.cHence, energy
saving, economical and quick deployment make them favourite fomart cities applica-

tions.

2.3 Physical layer (PHY) solutions for LTE/LTE-A

The two widely deployed 2G cellular systems i.e. GSM and CDMA separ§tesvolved
to two dierent 3G technologies though ITU-Rs 3G intention was to ome up with a
single wireless cellular system to be deployed worldwide. Now a days,Ms&nd GSM
family systems are widely deployed covering more than 89% of the ghblnobile market
as of February 2010 [104]. Backward compatible technologies weeguired to extend
current services with seamless integration to the new one. In orde meet current tra c
growth demand, extensive e orts are currently in progress in 3@Pgroup to develop new
standard for the evolution of GSM/HSPA technology towards a padet-optimized system.
The main goal of the group is to de ne standards to provide higherada rates, low latency
and greater spectral e ciency. The rst packet switched mobile echnology introduced by
the group is known as Long-Term Evolution (LTE). Aggressive spaal e ciency targets
for LTE system have achieved three to four times higher e ciency lan the previous
systems [51]. High spectral e ciency is achieved using new advanceadio interface
techniques. In LTE low-PAPR SC-FDMA for uplink and OFDMA for downlink access are
used. LTE also introduces MIMO antenna technologies, advanceden-cell interference
mitigation techniques, low latency channel structure by reducinghie number of nodes in
the access network and single-frequency network (SFN) broadt technique. In the later
releases of the group i.e. release-10 and beyond, 3GPP introdut&& Advanced (LTE-
A) system that exceeds IMT-A system requirements. LTE-A signcantly enhances LTE
Release-8 and supports much higher peak rates, higher throughps well as coverage area
and lower latencies which in turn result in a better user experience.TE provides high
data rate, low latency and packet optimized radio access technojogupporting exible
bandwidth deployments [7]. A new network architecture is designearf LTE system
to support packet-switched tra c with seamless mobility, quality of service and minimal
latency [8]. LTE physical parameters and air interface attributesr@ summarized in Table
2.1. The system supports exible bandwidths bene ted from OFDMAand SC-FDMA
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Parameters Link Speci cations
Bandwidth 1.4, 3,5, 10, 15, 20 MHz
Duplexing FDD, TDD, Half duplex FDD
Mobility 350 km/hr

Uplink SCFDMA
Downlink | OFDMA
Downlink | 2x2, 4x2, 4x4

Multiple access

MIMO .

Uplink 1x2, 1x4

Downlink | 172.8 and 326.4 Mb/s for 2 x 2 and 4 x4
Peak data rate in 20MHz MIMO, respectively

Uplink 86.4 Mb/s with 1 x 2 antenna con guration
Modulation QPSK, 16-QAM and 64-QAM
Channel coding Turbo coding

Channel sensitive scheduling, link adaptation,

Other techniques :
power control, ICIC and hybrid ARQ

Table 2.1: LTE system radio interface attribute

multiple access schemes. In addition to FDD and TDD, half duplex FDD iallowed to
support low cost User Equipments (UEs). Though the system is pranily optimized for
low mobile users of speed up to 15Km/hr, the system also supportser mobility up to
350Km/hr with acceptable performance degradation. The systesupports downlink peak
data rates of 326 Mb/s with 4x4 MIMO antenna con guration within 20MHz bandwidth.
Since uplink MIMO is not employed in the rst release of the LTE standed, the uplink
peak data rates are limited to 86 Mb/s for 20MHz bandwidth. LTE sygem provides higher
spectral e ciency relative to previous systems. Similar improvemeas are observed in cell-
edge users throughput as well as packet transmission latencyrfrdJE to the network.

Radio Interface Techniques: OFDMA & SC-FDMA

In the wireless standards of GSM family before LTE, Wide-band Codegivision Multiple
Access (WCDMA) within 5SMHz is used as a radio interface for both uplkhand downlink.
Due to the presence of multi-path propagation e ect which is inherg in wireless commu-
nication, the walsh codes used are no longer orthogonal and inegdnce with each other
result in Inter-Symbol Interference (I1SI). In WCDMA systems,the impact of multi-path
can be overcome using advanced receivers which come at the espeof receiver com-
plexity. Multi-path interference problem of WCDMA based systems stalates for larger
bandwidths such as 10MHz and 20MHz required by LTE for the suppoof higher data
rates. The chip rate increases for large bandwidth and receivernaplexity grows as well
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due to increase of multi-path intensity. In addition, it is di cult to imple ment a system
with exible resource allocation using WCDMA system yet LTE requireghe support of
smaller bandwidth less than 5MHz. As a result new multiple access spies are intro-
duced in LTE: OFDMA in downlink and SC-FDMA in uplink. The generic blockdiagram
of OFDMA and SC-FDMA is shown in Fig 2.4.
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Figure 2.4: Small cell Architecture with possible applications in Smart Gty

Orthogoanl frequency divison multiple access (OFDMA)

It is simply the multi-user version of the popular OFDM digital modulatian technique.
Multiple access is achieved in OFDMA by assigning a group of sub-cardggo each in-
dividual users. The basic principle of OFDM is to divide the available bamnddth into
narrow band parallel channels known as sub-carriers, and infortian/symbol is trans-
mitted using these channels at a reduced rate. The advantage is fet each channel
experience almost at-fading and simplify the channel equalizationrpcess at the re-
ceiver. In addition, the frequency response of the channel is de@ping and orthogonal
which enhance spectral e ciency. In practice, the orthogonalitypbetween carriers can be
lost when the signal passes through time-varying channel due taen-OFDM symbol in-
terference. Cyclic pre x (CP) is introduced used to overcome thishallenge. A scalable
OFDM transmission/multi-access technique is used in LTE-A downlinktat allows high
spectrum e ciency by utilizing multiuser diversity in a frequency seletive channel. Some
of the advantages of OFDM with cyclic pre x are:
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OFDM is e cient in combating the frequency selective fading channelith a simple
frequency domain equalizer which makes it a suitable technique for eless broad-
band systems such as LTE/LTE-A.

It is possible to exploit frequency selective scheduling with OFDM-bad multiple
access (OFDMA) that has a big di erence especially in slow time-varygnchannels.

The transceiver structure of OFDM with FFT/IFFT enables scalable bandwidth
allocation with a low complexity.

As each sub-carrier becomes a at fading channel, compared to gle-carrier trans-
mission, OFDM makes it much easier to support multi-antenna transission. This
is a key technique to enhance the spectrum e ciency and reach higlata rate.

OFDM enables multicast/broadcast services on a synchronized siadrequency net-
work (MBSFN), as it treats signals from dierent base stations as mpagating
through a multipath channel and can e ciently combine them.

In LTE speci cations, the size of an elements in the time domain is exgssed as a
sampling timeTs =1= f Ngg7)where f issub-carrier spacing, andNgg1 is the size
of FFT in the system. As the normal sub-carrier spacing is de nedotbe f = 15KHz,
Ts can be regarded as the sampling time of an FFT-based OFDM transnat/receiver
implementation with FFT size of NFFT ( from 128 upto 2048 dependingmotransmission
bandwidth). For 20MHz bandwidth, as an example,Ts becomesTs = 1=(15000) sec.
The sampling frequency, which equals (f Nggr, is a multiple or sub-multiple of
the UTRA/HSPA chip rate of 3.84MHz. In this way, multi-mode UTRA/H SPA/LTE
terminals can be implemented with a single clock circuitry. In addition tahe 15kHz
sub-carrier spacing, a reduced sub-carrier spacing of 7.5kHz isneel for MBSFN cells
that provides a larger OFDM symbol duration in order to combat thdarge delay spread
associated with the MBSFN transmission. In time domain, the downlinland uplink
multiple Transmission Time Interval (TTI) is organized into radio frames of duration
T = 10ms. LTE supports both TDD and FDD duplexing [44] methods to support
terminal complexity and increase design reuse between both syste Thus LTE uses two
di erent frame structures for these duplexing techniques.

1. The rst frame structure type is used for both half-duplex andfull-duplex FDD
with three di erent kinds of units. The smallest one is called slot, and & duration
is Tgot = 15360 Ts = 0:5ms. Two consecutive slots are de ned as a sub-frame
of length 2 slots and radio-frame of 20 slots which are 1ms and 10msduration
respectively. Channel-dependent scheduling, and link adaptatioperate on a sub-
frame level. Therefore, the sub-frame duration correspondsttee minimum downlink
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TTI of 1ms duration. A shorter TTI is for fast link adaptation and is able to reduce
delay. It also helps to better exploit the time-varying channel thragh channel-
dependent scheduling. Each slot consists of a number of OFDM syohb with CP

(6 symbols for extended CP and 7 symbols for normal CP). For sudarier spacing
of f =15KHz, OFDM symbol duration is 1= f). In FDD uplink and downlink

transmissions are separated in the frequency domain each with 1bgrames.

Figure 2.5: LTE FDD frame structure (Type-1 frame) [44]

2. The second frame structure type is for TDD duplexing method.t is designed for
coexistence with legacy systems such as the 3GPP TD-SCDMA-bdsstandard.
Similar to FDD frame structure, the radio frame for TDD is also 10ms ifength
which consists of two half-frames of length 5ms each. Each halfwine is divided into
ve sub-frames with 1ms duration. There are special sub-framewhich consist of
three elds: Downlink Pilot Time Slot (DWPTS), Guard Period (GP), and Uplink
Pilot Time Slot (UpPTS) yet the total length of these three special elds has a
duration of 1ms. These elds are already de ned in TD-SCDMA and & maintained
in the LTE TDD mode to provide su ciently large guard periods for the equipment
to switch between transmission and reception.

Figure 2.6: LTE TDD frame structure (Type-2 frame) [44]
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Single carrier frequency domain multiplex access (SC-FDMA )

It is basically FDMA scheme that deals with the assignment of multiple «&s's to use shared
communication resource. SC-FDMA can be considered as linearly pped OFDMA as
it uses addition DFT processing preceding the OFDMA processing. €hfeature that
distinguishes SC-FDMA from OFDMA is the "single-carrier" form of tansmit signal.
Subcarrier mapping can be achieved using either localized mapping éstdbuted map-
ping. Localized mapping is considered for LTE standard because ake of implementation
of such mapping technique with standard frame structure. SC-HDA is implemented in
the uplink communication of LTE due to lower peak-to-average poweatio (PAPR) that
greatly enhances mobile terminal transmit power e ciency and redee the cost of trans-
mitter power ampli er. Indeed SC-FDMA with a CP is adopted in practice for uplink
transmission to combat the multi-path propagation environment.

Since the input data stream is blended in frequency domain that relési in higher
complexity of SC-FDMA receiver which, however is not considered tme an issue in the
uplink transmission since computational capability at the base statiois eminent [44].
Radio resources in the uplink have resemblance with that of the dolWmk though only
localized resource allocation on consecutive sub-carriers is allowetheuplink yet limited
number of MIMO modes are supported for mobile terminals transmita base stations.
The uplink frame structure is similar to that for the downlink. The mina di erence is
that now we talk about SC-FDMA symbols and SC-FDMA sub-carrierinstead of OFDM
symbols and OFDM sub-carriers. In frame structure type-1, a dipk radio frame consists
of 20 slots of 0.5ms duration, and one sub-frame consists of twotslof (1ms duration
similar to downlink transmission. Frame structure type 2 consists dén sub-frames with
one or two special sub-frames including DWPTS, GP, and UpPTS eldA CP is inserted
prior to each SC-FDMA symbol. Each slot carries seven SC-FDMA syruls in the case
of normal CP and six SC-FDMA symbols in the case of extended CP.

2.4 MIMO technology for LTE/LTE-A

MIMO technology uses multiple antennas at transmitters and receavs to improve per-
formance of a communication system as it o ers signi cant increase data throughput
and link quality without additional bandwidth and increased transmit power. MIMO
transmission and detections are broad topics that require sep&aletails for proper un-
derstanding.
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2.4.1 MIMO transmission

MIMO operation literally includes spatial multiplexing, pre-coding and tansmit diversity
[51]. The very fundamental principle behind spatial multiplexing is the ending signals
from two or more di erent antennas with di erent data streams ard separating the data
streams by advanced signal processing techniques at the receiveence increasing the
peak data rates by a positive multiple factor (theoretically 2 for 2xZand 4 for 4x4 an-
tenna con guration). Open loop spatial multiplexing is a form of MIMOin LTE systems
that involves sending information which can be transmitted over tw@r more antennas.
However there is no feedback from the terminal but transmitterank indicator (TRI) is
transmitted from terminal that can be used by the base station taletermine the number
of spatial layers [17]. In contrast, close loop spatial multiplexing in¢porates a feedback
where terminal communicates pre-coding matrix indicator (PMI) wih the base station
through feedback link. This enables the transmitter to pre-codeht data to optimize the
transmission and enable the receiver to more easily seperate theeatent data streams
[17].

LTE MIMO utilizes the transmission of the same information stream fom multiple
antenna to obtain transmit diversity. LTE supports 2-antenna or4-antenna arrays for
this technique. Using space-time or space-frequency block cqdeformation is coded at
the transmitter to combat multipath channel e ects. With such ercoding schemes, signal
quality improves at the receiver but the rate stays at unity. Hencdransmit diversity
strategies are not spectrally e cient but robust against channelmpairments.

Closed loop pre-coding is another form of LTE MIMO where single coderd is trans-
mitted over a single spatial layer. This can be seen as a fall back moide closed loop
spatial multiplexing and it may also be associated with beamforming asell:

The rst release of the LTE system does not support single-user IMO spatial mul-
tiplexing in the uplink. However, multi-user MIMO (MU-MIMO) operatio n where two
UEs are scheduled on the same resource blocks in the same sub&r@ésrpermitted in the
latest release of LTE. Multiple receive antennas give eNBs degredsfreedom to sepa-
rate signals from the two UEs by using technigques such as Minimum nmeaquare error
(MMSE) algorithm. The multi-user MIMO operation in the uplink can improve over all
cell capacity and signi cantly enhance cell edge users throughp[i15].

2.4.2 MIMO detection techniques

The promise of high data rates in the LTE-A systems can be ful lled byuse of MIMO
con guration in both UL and DL. In order to support general MIMO systems, several
receiver designs are proposed for SC-FDMA and OFDMA systems wilinear and non-
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linear complexity. In this section only SC-FDMA receiver design will beidcussed. The
optimal solution for single carrier (SC) systems has often high comfational complexity

that is nearly impracticable. [40] derives the optimal maximum liklihoodNIL) bounds for

single carrier FDMA systems that are applicable for general SC sgsts for correlated and
uncorrelated rayleigh channels. In order to have reduced compigxand near optimal

performance in SC-FDMA systems, a suboptimal approach is consrdd in [84] where
minimum mean square error (MMSE) based ML detection is proposeddMSE estima-
tion is done prior to ML and improves the detection process. The pposed algorithm of
[84] has shown signi cant improvement over conventional MMSE detor but complexity

of such algorithm is still high due to ML operation. A modi ed frequeng domain linear
equalization is proposed for MIMO SCFDMA systems in [70] with analytad SINR ex-

pressions. It is shown that performance of proposed techniqueingproved w.r.t MMSE

for improper modulation techniques.

In another work [54], decision feedback equalizer (DFE) is proposedthe context of
SCFDMA that outperforms linear equalizers. However, computatital complexity of such
equalizers is signi cant as compared to linear equalizers. Iterativeuttiuser detection is
another interesting way to detect MIMO signals at the receiver. SEDMA with iterative
multiuser detection is studied in [119] where multiuser interferencéUl) is randomized
using user-speci c interleavers and is cancelled out using frequgrdomain equalization
afterwards.

All previous mentioned techniques aim at maximization of output SINRhat might
not reach optimality. Rather maximization of SINR, direct minimization of bit-error-
rate (BER) results in performance improvement. Linear equalizatrobased on minimum
bit error rate (MBER) for OFDMA systems is proposed in [14] where iis shown that
MBER based on steepest descent outperforms MMSE (based onxinaization of SINR).
MBER techniques are iterative strategies (gradient descent, getic algorithms, etc) for
nding the Iter weights that minimizes the MBER solutions. [13] showssimilar work
as [14] where genetic algorithm is employed to nd MBER solution. Theoenplexity of
MBER based detectors is exponential with the number of transmittg antennas. The
complexity can be reduced by minimizing the conditional probability of reor that is
linear to the number of transmitting antennas [30] at the expensef performance. The
authors in [30] present MCPOE detector for MC-CDMA systems whie the performance
is comparable to MMSE detector with reduced computational comptéy. Sacchi et al.
in [33] considered MCPOE approach STBC MC-CDMA systems where fb@mance of
MCPOE outperforms adaptive LMS-based MMSE and MMSE strategse
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2.5 Cooperative MIMO in LTE-A

In early stages, LTE included full support of single user MIMO for denlink using a
maximum of four antenna ports and four transmission layers. It atshas basic support
for MU-MIMO in the downlink. Later in Release 9, dual layer beamforamg is introduced
to enable eNBs transmit to two receive antennas that can be locateon one or two
mobiles. As part of release 10, dual layer beamforming technique idemded to provide
full support for downlink MU-MIMO by increasing the maximum numberof base station
antenna ports to eight; that is, 8x8 MIMO antenna con guration technique is introduced.
The technique for single user MIMO (SU-MIMO) support is achievedybutilizing the eight
antennas with the help of eight layer transmission method. This enlds the network to
choose between single-user MIMO when the channel is uncorrethfenaximize single UE
data rate) and multi-user MIMO in correlated channel condition (maimize overall cell
throughput). Also in LTE-A, the uplink is enhanced to support singleuser MIMO using
up to four transmit antennas and four transmission layers reachgna data rate of 600Mb/s
in the uplink in release 10.

Peak data rate and cell-edge user throughput can be enhancecajy by the help
of Relaying and Coordinated multi-point (CoMP) that are newly introduced to LTE-A
standard. Below we shed some light on these techniques in the comtef LTE-A.

2.5.1 Relaying in LTE-A

Relaying is a vital method introduced in LTE-A to extend mainly the coerage area of
a cell. Relaying increases the data rate at the edge of a cell, by impiray the signal
to interference plus noise ratio (SINR). In general, relays provideoverage in new areas,
facilitate temporary network deployment, enhance cell-edge thughput, achieve coverage
of high data rate, and improve group mobility to the system [1]. Relaymncan be accom-
plished with the help of low cost and light weight radio control units asamplex signal
processing is not done at relays. Mobile UE can also be seen as relagiesohowever a
proper relay with high antenna gains, larger transmitter and bettereceiver serves the
purpose appropriately [65]. It has been shown that relaying helps iffdSNR conditions
that is case for cell-edge users. Hence relaying provides capaciyng and range exten-
sion under speci ¢ conditions. Relay selection is not trivial in a scenarwhere number of
relays are large. An isolated relay selection and power allocation saieefor cooperative
networks is considered in [61]. A heuristic algorithm is presented to dinear optimal relay
assignment and power allocation when users are supported by onilygée relay. Optimal
solution is not possible with this approach due to isolated design ap@ach. [11] discusses
this relay selection together with radio allocation for multi-user OFDM\ networks. Op-
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timal schemes are presented with polynomial computation complexitHowever, through
sub-optimal techniques of relay selection with radio allocation, quajitof service (QoS)
can also be guaranteed in the system [11].

The improvements due to relaying technique can be grouped into twaoverage ex-
tension and throughput enhancement advantages. The overalbst of a relay is usually
less than that of an eNB due to reduced hardware complexity. Relag can minimize
the power consumption of overall network due to location of relayhat is closer to UE.
Energy e cient relay selection rule in cooperative network is discussl in [75] where it
is shown tha optimal cooperative-relay schemes can outperforrmmcooperative ones in
terms of energy e ciency. In another work, an energy e cient channel dependent schedul-
ing is proposed for multi-user SCFDMA uplink systems in [120]. With di eent relaying
strategies discussed in [120], signi cant gains can be attained in cadehigh shadowing
environment over non-cooperative scenario.

Both inband and outband relaying can be conceived, where in formsame frequency
band is used by RN and eNB, and di erent frequency band is used byé two in latter
case. In [69] Li et al. investigated the radio resource allocation foeterogeneous networks
with cooperative relaying, where the relay nodes (RNs) with in-bandackhaul act as micro
base stations (BSs), able to serve the user equipment (UE) indeykently or cooperatively
with the BSs.

2.5.2 Coordinated Multi-point (CoMP)

CoMP techniques can be seen as CoMP transmission for downlink (Dtdpordination
and CoMP reception for uplink (UL) coordination. For DL transmissim, coordinated
scheduling/lbeamforming (CS/CB) and Joint transmission (JT), as inFig 2.7 are the
most brie y studied cooperative technigques.

Figure 2.7: CoMP joint transmission in the downlink [67]

In the uplink, joint detection (JD) of the physical uplink shared chanel (PUSCH)
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is taking place, and various receiver diversity techniques is used dtet central/serving
eNB to maximize the received signal to noise ratio (SNR) [67, 10], asosin in Fig 2.8.
Most of the CoMP techniques require sharing of some scheduling imf@tion regarding
the users at di erent base stations. A very-low-latency links areequired to exchange
information between coordinated nodes on the order of millisecond#\s a result, two
kinds of architectures are distinguished with respect to the way th information is made
available at the di erent transmission points: centralized and distrioited CoMP [24].

Figure 2.8: CoMP joint detection in uplink [67]

In a centralized approach, the central entity is needed in order tgather the channel
information from all the UEs being served by coordinating eNBs, anithe entity performs
user scheduling as well as signal processing operations such asqalidg. Whereas dis-
tributed approach is based on the assumption that schedulers in @NBs are identical
and channel information regarding the whole coordinating set caretavailable to all co-
operating nodes. This method removes inter-eNodeB communicatibnks and minimizes
the infrastructure and signaling protocol cost associated with #se links. A mixed archi-
tecture is also promising as they consider the advantages of botitlitectures and avoid
the extreme solutions.

Coordination amongst eNBs (in uplink and downlink) can reduce intecell interference
in cellular network and achieve considerable performance gain fotbthe average and the
cell-edge user throughputs [109, 108, 57]. High capacity backhauth low latency plays
a key role in CoMP as information sharing has to be done between twbis. However,
in practice backhaul represents a contrainst due to nite latencynd link tra c. In [121],
the authors discussed the performance of downlink BS cooperativansmission with lim-
ited capacity backhaul. The proposed transmission mode switchingables performance
close to the optimal by sharing limited data through backhaul. Mardtand Fettweis in
[76] considered a cooperative transmission modality very similar todéhone assessed in
[121], but used for an OFDMA uplink and subjected to two constrairst limited-capacity
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backhaul (like in [121]) and non-ideal knowledge of channel state ammation (CSI). Re-

sults shown in [121] and [76] demonstrate the e ectiveness of COM& next-generation
mobile communications both in terms of inter-cell interference caeltation capability and

capacity enhancement even under realistic operating conditionsirial MIMO ( aka net-

work MIMO) is another interesting application of cooperative commuications, which is
strictly related to CoMP. As stated in [41], multi-cell MIMO cooperatian can literally

exploit inter-cell interference by allowing users to be jointly proceed by several interfer-
ing base stations. In [41], numerous applications of multi-cell coopion are considered,
namely:

Interference coordination, based on the CSI sharing among dient cells obtained via
feedback channels. Such kind of coordination is targeted at interence cancellation;

MIMO cooperation, where di erent cells share not only CSI, but alsdhe full data
signal of their respective users in order to exploit diversity;

Rate-limited MIMO cooperation, based on limited sharing of CSI and aNang partial
interference cancellation;

Relay-assisted cooperation, based on the relay nodes assistanstead of direct cell
backhauling.

It is clearly highlighted in [41] that MIMO cooperation is theoretically mae powerful than
the other kinds of cooperative models mentioned above. IndeedIN¥D cooperation would
make the multi-cell network into a multi-user MIMO channel for whichall propagation
channels are exploited to improve system diversity and link capacitylowever, in order to
make feasible MIMO cooperation, eNBs should be linked by high-cajistcand delay-free
links.

2.6 MmWave communications in LTE/LTE-A

As the mobile networks data demand grows, the sub-3GHz speatnuis becoming in-
creasingly crowded. On the other hand, a large amount of speatnuin the 3-300 GHz
range remains underutilized. Although by traditionally the 3-30 GHz igeferred to as
the super high frequency (SHF) and 30-300 GHz spectrum is refst to us the extremely
high frequency (EHF) or mmWave band, in this thesis we can refer ése two bands as
mmW bands (with wavelengths ranging from 1 to 100mm). This is becae radio waves
both in SHF and EHF bands share similar propagation characteristicaMillimeter wave

technology (mmWave) is under study by researchers across thelge as it is believed that
future cellular communication wil be based on mmWave [93]. For this rean, there is a
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need to have a smooth transition from 4G to 5G by gradually introdung the mmWave
technology in envolving standards like 4G (5G is yet to be evolved). MiWave commu-
nication systems that can achieve mulit-gigabit (multi-Gbps) data rges at a distance of
up to a few kilometers range already exists [35]. However, the conmgaot electronics used
in these systems, including power ampli ers, low noise ampli ers, mixgrand antennas
are too big in size and consume too much power to be applicable in mobitrenunica-
tion with acceptable cost. In search of unlicensed and multi-Gbps @t range wireless
communications, recently much more e orts has been made in dewing more power
e cient 60 GHz RFICs [21]. Hence many of these technologies can beohght to other
mmW bands. Moreover, the very small wavelengths of mmWave sigaaut in line with
the current advances in low power CMOS RF circuit technologies carelp to have large
number of miniaturized antennas in small dimensions. This in turn enmaes to form high
gain, highly directional antennas for much higher bit rates neededifthe higher aggregate
capacity for many simultaneous users.

Transmission loss of mmWave is principally accounted for free spacedo The general
misconception in the wireless radio waves perception is that freease propagation loss
depends on frequency, so higher frequencies propagates lean thigher frequencies. Even
though there are impairments in the mmWave propagations due to éhphysical properties
of high frequency radio transmissions in the presence of atmospbeconditions, receiver
power can be improved with frequency if re ector antenna is usedhese gain increases
with frequency [27]. To look more deeper into this, we consider therggic friis equation,

2

P = P TS (2.1)
where P, is the received powerP; is the transmitted power, andr is the distance be-
tween two antennas. But this assumption is made to calculate the ffaloss at specic
frequency between two isotropic antennas whose e ective aper¢ area increases with the
wavelength (decreases with frequency). An antenna with a largaperture has normally a
larger gain than a smaller one since it can capture more energy of ttaelio waves. Never-
theless, with shorter wavelengths more antennas can be packedsame area. Hence, for
the same antenna apertures, higher frequencies shouldnt havey anherent disadvantage
compared to lower frequencies in terms of free-space path loss [BH. On top of that,
larger number of antennas enables transmitter and receiver befarming with high gains.
For instance, in [86, 21] it stated that, a beam at 80 GHz will have alwb 30dB more gain
(pencil beam) than a beam at 2.4GHz if the antenna areas are kepinstant. The other
important consideration in dealing with mmWave propagation is pene#ition and other
losses such as foliage losses, rain attenuation and gaseous losstde signals at lower
frequencies can penetrate more easily through buildings, mmWawugrsls do not pene-
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trate most solid materials very well. Foliage losses are also signi cararfmmWave and
can be a limiting factor for propagations in some cases. In [86] for tasce, penetration
losses for foliage of 5, 10, 20, and 40m depths are discussed andsitated that at 80GHz
and 10m foliage penetration, the loss can be about 23.5dB, which isoalb 15dB higher
than the loss incurred by 3GHz frequency.

Furthermore, mmWave transmission can face with signi cant attenations in the pres-
ence of heavy rain. Rain drops are roughly the same size as the mmadio wavelengths
and hence can cause the scattering of the radio signals. The attation in terms of
dB/km can be calculated from the rain rates (mm/hr). Figure 2.9 forinstance indicates
the curves plotted for mmWave frequencies allowing link fading to benderstood with
respect to the rain falls. Light rain at a rate of 2.55mm/hr yields justover 1dB/km
attenuation while heavy rain at the rate of 25mm/hr results over 18B/km attenuation
at E-band frequencies. Nevertheless, with proven models of wavide rain distribution
characteristics (as the most intense rain tends to fall in much seted countries of the
world) link distances of many miles in most part of the globe can be reahd.

Figure 2.9: Atmospheric and molecular absorption at mmWave frequacies [4]

Taking all the above mentioned factors in to account, there is a vidlly of using
mmWave frequencies that allows for higher data transfer rates. iMmeter-wave frequen-
cies also allow for larger bandwidth allocations, which transfer dirdgtto higher data
transfer rates. By increasing the RF channel bandwidth for mobileadio channels, the
latency of digital tra c is greatly decreased thus supporting moreinternet based appli-
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cations of LTE-A. Considering the availability of contagious spectmm in addition to the
propagation characteristics, mmWave can support the backhaulyrof lower-mobility, high
data rate LTE-A small cell users. The mmWave radio signal experieas elevated propa-
gation losses, compared to the lower frequencies, can also be athgeous for small cells
which can have a shorter radio footprint with better reuse factoas a consequence.

From Figure 2.9, it can be seen that there is a drop in the atmospheramd molecular
absorption in the E-band region (around 70GHz and 80GHz) as wels around 30GHz
frequencies. Hence, these mmW frequencies can o er a window pportunity for LTEA
small cell backhauling. Furthermore, they have wider channel bdwidths which can be
helpful to o er high data rate transmissions in the ranges of gigalstper second. What is
more important to harness these frequency regimes is a feasiblansmission technique.

Transmission rate inside a cell is the function of backhaul througpuas it carries the
data to core network. A reliable backhaul infrastructure can diretly impact the quality
of service that a user experiences. Taking these concerns into dyimmWave is employed
thanks to availability of excess bandwidth that is still underutilized. The rate demand on
backhaul links is not so high in small cells because of shorter radio timint that covers
a limited population of users.

[55] has discussed di erent type of solutions for backhaul, namelptical bre, mi-
crowave and mmWave. The author examines di erent characterists associated with
these backhaul solutions and remarked where these solutions amest appropriated to
be deployed. The author indicated that cells covering larger area \withuge population
should have optical bre as backhaul whereas wireless backhauladvisable where pop-
ulation is paltry. In terms of cost, capital expenditures (CAPEX) d mmWave is lowest
amongst the mentioned solutions. CAPEX of optical bre is enormaaiand is two-times
the cost of mmWave. For this reason, mmWave solution to backhaudrovides a bet-
ter tradeo between CAPEX and requirements. Future cellular netvorks are based on
small cells where subscribers/cell ratio is high hence mmWave solutioan be taken into
consideration. In addition, there are certain requirements for le&khaul in heterogeneous
LTE-A network to improve data rates. Such requirements are disssed in [59] where
authors highlight that backhaul should guarantee high data ratedow latency and pre-
cised synchronization to meet future cellular demands. Similarly, bidtaul requirements
for COMP in LTE-A systems are analyzed in [58]. CoMP requires sharir@ information
among cooperating eNBs in order to harvest gain out of cooperatio This calls for in-
crease in backhaul capacity and it has been shown through qualita results that the
capacity requirement ranges to 5Gbps for upstream and 20Gbps flownstream. Due to
high CAPEX, bre optic solution is infeasible. However short range ke to the home
(FTTH) can greatly reduce the cost. Another workaround to thencreased capacity issue
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is to exploit 70GHz band with higher spectral e ciency (higher orderQAM) for CoMP
applications [58]. [37] discusses the advantages of using 80GHz bandhe backhaul.
Attaining high data rates without incurring increase in operator's cet, 80GHz band is
suitable candidate for emerging 4G mobile deployments. Enabling hightanna gains at
higher frequencies, high microwave frequencies at 28GHz are edaed in [27] for NLOS
small cell backhauling. Single carrier with adaptive equalization with équency division
duplex (FDD) is considered in 2 56Mhz channels using 512-QAM. For comparison, a
sub-6 Ghz band is chosen where a typical link con guration is emplayeusing time di-
vision duplex (TDD) and 64-QAM MIMO-OFDM waveform. The authors have proven
through simulation results that bene ts of higher frequency bansl can be extended to
NLOS scenario thanks to higher antenna gains for similar antenna sizAlso single car-
rier transmission technique has shown robustness against multipathannels at higher
frequencies.

A similar use case is 5G networks where mmWave is key technology taab high
data rates. Backhauling in 5th generation (5G) networks is discusd in [39]. 60GHz
band is taken into account from millimeter wave bands and comparedtw high microwave
frequencies 5.8 GHz and 28GHz bands. Two di erent backhauling segios are discussed,
centralized and distributed. In centralized scenario where there tentral entity (macro
BS), 5.8GHz outperforms 28GHz and 60GHz bands in terms of engmgciency whereas
in distributed scenario the performance of these three systemseaguite close to each
other. In general distributed scenario is more energy e cient asoenpare to centralized
scenario. With the increase of small cells in the network, backhautroughput increases
linearly in centralized scenario whereas the increase is exponentiatlistributed scenario.

In another work [32] , In-band approach is discussed for 5G syste where 60GHz
and 70/80GHz frequency bands are discussed. Details about m&tion schemes and
antennas to be used at these frequencies are presented with mparison between CMOS
and bipolar technologies. Reliable CMOS technology is required to cden hardware
impairments (power ampli er and phase noise issues) in the backhaulFeasibility of
inband wireless backhaul for 5G network is presented in [102]. A casective and low
latency backhaul solution is a strong requirement for backhaul. B®-BS scheduling
scheme is presented that can be multiplexed with usual BS-to-MShscdluling for an in-
band solution. In [28] wireless channel operating at E-band is chatarized by considering
the propagation limits and rain impairments on transmission link availabiliy. Given the
constraints of rain attenuation and gure of merit, an optimized malulation scheme is
derived. It has been shown that E-band is able to provide high capgcupto 3Gbps to
all access points. Multicell processing for uplink SCFDMA with limitatiols on backhaul
is discussed in [18]. Network topology is de ned where all BSs are cented to RNC
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through wireless backhaul and quantized information is shared amgp the BSs. Greedy
algorithm is proposed for rate allocation with quantizer design aimingptincrease network
throughput. Such a work is based on increasing the network thrghput with emphasis
on quantizer design and rate allocation algorithm.

2.7 LTE/LTE-A: software-de ned radios solution

The Software De ned Radio(SDR) has gained increasing popularity ithe electronics and
communications eld mainly because radios so developed can be easdligan gured and
thus can work on various heterogeneous networks. In additionhdse radios guarantee
software portability which results into considerable capital investmnt savings. An SDR
can be used to implement the physical and some of the MAC layer of anamunication
protocol. However, it is limited by the capabilities of what the softwae can do and also
the processing power of the processor on which the software ipldged. Due to the
enormous possibilities that arise when the implementation of certaimdio components is
done in software, more research is being carried out to ensure ttlae SDR can be used
to a maxim without considerably degrading the system performancelhe concept of a
Software Radio is based on the fact that some of the signal proses functionality of the
radio, for example, the Itering and modulations, are implemented incftware instead of
using actual physical elements to carry out these functions. Due the fact that some
components are easier to emulate in software than others, thef@@re Radio has been
classi ed by the Wireless Innovation Forum in the following ways [7]:

Tier 0: This type of Software Radio is one that cannot be recon gured byoftware
at all despite having some of its components de ned in software. i$ also referred
to as a hardware radio.

Tier 1: In this type of software radio, only a few of the functions can be ated or

controlled in software. However, neither mode nor frequency cdre altered in this

type without changing the hardware rst. It is also referred to aghe software choose
radio.

Tier 2: In this type,which is also referred to as the software de ned radi®DR), more
functions are controlled by software and so is the modulation and ¢ifrequency. The
software can be used to select a modulation/demodulation schemedavhat type of
signal to use(whether narrowband or broadband), among otherHowever, the front
end is still non-con gurable.

Tier 3: In this type of software radio, the front end is con gurable as weih addition
to having many more functions controlled by software than Tier 1 o2. Everything,
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except the antenna can be controlled in software. It is also refed to as the ideal
software radio.

Tier 4. This software radio is referred to as the ultimate software radio .Evything
it consists of- the functions and also the front end- can be repn@mnmed. The
controlling software though, should be standardised.

These tiers were coined by the forum so as to have a way in which tosddy the di erent
software radios that are currently in existence. The software déo has been used to
modify transceiver designs, and thus functions in the physical layeBy incorporating a
software radio, the transceiver is made more exible, since it can ¢n produce/receive
multiple waveforms and also becomes easily upgadeable thus yieldingadio that can be
used for a longer lifespan.

A typical SDR design consists of a radio platform that supports a waform. The
radio platform consists of the hardware and the software systenmecessary to produce or
receive the waveform. The waveform is the software program th@e nes the ultimate RF
signal, including the frequency, modulation type and message fortja06]. An example is
the GNURadio Platform: the software portion exist before the digal to analog converter
(DAC) and RF front end for the transmitter and after the RF front end and analog to
digital converter (ADC) in the receiver. The software part is implerented on a commodity
PC and a special board called the Universal Software Peripheral &a (USRP) is used
to implement the RF front end.

Despite the seeming simplicity of adopting the software radio techlugies, there are
a few challenges that have hindered the rapid proliferation of this ¢énology. A rst
challenge is the need for open standards that make it possible fortlsoftware radio to
run on heterogeneous networks. These standards will make it easto develop wave-
forms that can run on multiple platforms with minimal change. One sut open network
is the Software Communications Architecture(SCA) that will enablerapid prototyping
of waveforms that can run on multiple platforms[106]. Thakare, Mwde and Shete in
[103] also demonstrate the use of SDR to highlight the importance ah open communi-
cation platform with recon guring ability in changing environmnental conditions during
communication. Their research used an open distributed wirelessnomunication system
called ODWCS which is a new architecture for a wireless access syswwith distributed
antennas, distributed processors and distributed controlling tlmugh SDR. The authors
demonstrate how it is possible to increase data rates considerablsing this architecture
and the SDR technology.

Whilst most research in SDR is still limited to the military, there are a nunber of
application platforms that have been responsible for the growing ietest on the SDR
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platform in academia: Matlab and Simulink, the GNURadio Platform and Ncrosoft
Research Software Radio (SORA). These platforms enable progmnaing of most of the
signal processing functionality of the developed radio on commodiBC architectures.
SORA is still being developed by microsoft researchers in Beijing andyist to be rolled
out to academia. Matlab and Simulink is used to de ne systems not jufor the SDR but
also for cognitive radios because they have a family of toolboxes thalow building of
these radios to explore various spectrum sensing, prediction anédmnagement techniques
[100]. When MATLAB is used, it can be used as a simulator. However,in dar to
facilitate experimental research, it can be ported to an RF frontred to emulate a real
world scenario. The GNURadio platform is an open source framewadthkat allows the use
of python and C++ for the development of signal processing algohims. Because of open
source, it is possible for developers to design their own blocks in C++hieh increases
the possibilities of what the GNU radio framework can be used for.

LTE-A/4G is o ering a variety of advance techniques for improving @ta rates for end-
users, e.g., carrier aggregation, Relaying, CoMP, MU-MIMO etc. Whtthe provisioning
of exibility and recon gurability, SDR can make it possible to realize seh advanced
strategies without the use additional hardware. Because LTE-A/G will be collection of
wireless standards, SDR will ensure that a single terminal can seassdly and automati-
cally connect to available high speed wireless access systems. Fdam, if the terminal
is moved to indoor environment, it will scan for Wireless local area nebrk (WLAN)
for better service without any involvement from user. Considerinthe same approach at
network level, where network adapts to di erent functionalities dpending on the change
in parameters (like, tra c load, channel conditions, demanded seices at a particular
instant, congested band , etc) a ecting the overall network péormance. Band conges-
tion is the issue that requires the introduction of new concept callezbgnitive radio (CR).
Cognitive radio (CR) enables the use ofWhite spacé of bandwidth without causing harm
to other users of the same bandwidth. SDR and CR go side by side ataptive change
of spectrum would require adaptive change in transmission schemeoirder to cope with
the requirements of the technologies currently sharing the speain.

There are a number of scenarios in literature that demonstrate ¢hadvantages of incor-
porating a SDR into a communication system. Yoshida et.al in [117] dafbe a scenario
in which a multimode receiver is implemeted by means of SDR. They denstrate that
using the SDR results into an increase in the design exibility and a redtion in the
receiver chains, since only one chain is used for all the modes. Taalwt.al [101] demon-
strate a scenario in which a wireless digital modem is implemented on abhiyl software
radio platform using hybrid GPP/DSP/FPGA architecture. They implement and de-
ploy this framework and also provide a description for the basic sigihprocessing logic
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design in the FPGA section. This basically illustrates how adopting SDRethnology is
facilitating experimental research [101]. Additionally, OPNET has beeused to demon-
strate the use of game theory in software de ned radio networK®6]. Silverman et al
in [96] shows that in order to model the spectrum usage, radio freency interference
avoidance, and distributed radio resource management, the beia of Software De ned
Radios should be predicted using game theory in an analytic mathenl framework.
This application scenario illustrates the fact that SDR is going to be ady technology in
future networks and studies like these demonstrate the feasibiltyf SDR incorporation
into these future networks. What is common to all is that in adoptingthe technology,
the ensuing system is more exible and results, oft-times, into a mercost e ective solu-
tion. However, very few cases of research with SDR have focuksse systems developed
using GNURadio coupled with USRP boards. The software de ned ra&mlhas seen grow-
ing use in experimental research for the PHY layer of wireless comniacation protocols
partly because the Software De ned Radio(SDR) is an enabling tesblogy for cognitive
radio. [123] demonstrates how to implement an adaptive interfere@ avoidance TDCS
(Transform-domain Communication System) based cognitive radidava software de ned
radio implementation. The designed system uses the GNURadio platio and USRP
boards. The developed cognitive radio is able to detect primary usein real time and
adaptively adjusts its transmission parameters to avoid interfenee to primary users.

The SDR has been used extensibly in research in OFDM-based sysserfRor example,
Rahman et al uses the SDR to study OFDM Inter Carrier Interferece(ICI) cancellation
schemes in the 2.4GHz frequency band [88]. They use the GNU Radiotfolan along
with the USRP boards to demonstrate that the proposed ICI sclmes result into a high
performance transmission of IEEE-802.11b speci cation compliamiata. [116] provides
yet another example of an SDR implementation for OFDM transceiver They de ne a
SDR system with a recon gurable architecture based on an adagpiee OFDM scheme
using BPSK and QPSK modulation. Kelley in [64] proposes a new SDR sgst using
OFDM transceiver styles that jointly minimizes power, maximize algortim exibility,
and enables rapid software re-programming. In doing this it solve$id issue faced by
most SDR developers: trying to maintain exibility while at the same timesupporting
computationally e cient broadband communications.

2.8 Door open to 5th Generation

Technology is evolving at a rapid pace thanks to availability of increadeprocessing power
units. The same is true for cellular technology that starts from arlag 1G (First gener-
ation) and entering into new era of 5G (5th generation). So much ke been discussed
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about previous generations; however, in this section the upcomiiag will be discussed
together with some proposals for uplink PHY-layer transmission seme.

5G is believed to be a perfect wireless technology without limits that isbée to meet
following requirements:

Power e cient network;
Provisioning of high data rates;
Gbps data rate in mobility;
Applications with arti cial intelligence (Al);
Low deployment cost;
Recon gurable network able to adapt itself depending on the situain;

5G will be a new technology that will enable new applications for it usetsy using only
one device. In this regard visualizing energy e ciency in power-cotrained devices, like
user terminal, is vital because continuous acitivity will shorten devi battery life [23].

For this reason, a power e cient uplink transmission should be conoesd in order
to prolong battery lifetime. Current LTE-A systems are based on GFDMA that are
characterized by lower PAPR as compare to OFDMA. Still high input beko (IBO) is
still required for high order of modulations schemes (e.g., 16QAM, @AM ). A non-
orthogonal multicarrier technique, Iter bank multicarrier (FBMC) , is proposed for 5G
applications in satellite communications. FBMC has shown PAPR chargaristics similar
to OFDM and is less sensitive to carrier frequency o set (CFO). AlseBMC demands high
IBO for a linear operation. Because 5G is based on mmWave technglogcreasing PAPR
will be a serious issue. Single carrier with cyclic pre x (or zero paddipgechniques are
robust against PAPR and carrier frequency o set and is proposddr 5G in [43]. However,
increased optimal detection complexity and less spectral e cientra the major drawbacks
of single carrier techniques.

Hence a tradeo between spectral and power e ciency is desired itransmission
schemes for 5G uplink service. Thompsagt.al in [105] proposes constant envelope OFDM
(CE-OFDM) that exhibits zero PAPR characteristics by sacri cing dightly the spectral
e ciency. The basic principle is to modulate the carrier phase with infanation signal
using real-valued fourier transformation. The power dissipation in gwer amplier is
reduced signi cantly hence power loss due to IBO is avoided. RecntCE-SCFDMA
is tested in non-linear satellite channels [81] where CE-SCFDMA hasastm signi cant
performance improvement over CE-OFDM. The receiver design isroplex in the sense
an equalizer is required to remove the channel phase shifts fronmetkignal. Hence such
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techniques can meet goals in uplink 5G where receiver is the base istatand complexity
can be a orded.
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Chapter 3

Novel PHY-layer technigues in
LTE-A Uplink

In this chapter, study and development of innovative physical layetechniques for LTE-
A uplink, based on SC-FDMA. At rst, link performance analysis togé¢her with energy
e ciency improvement is done with the help cooperation among neigliring base sta-
tions (BSs) by conceiving virtual MIMO. A power e cient technique, constant envelope
SCFDMA, is proposed for uplink LTE-A that is robust against non-lin@ar e ects of the
channel. Later, a computationally e cient multi-user detection in uplink LTE-A MIMO
is considered that is based on minimum bit error probability criterion.

3.1 E cient transmission scheme based on virtual MIMO

In this section, cooperative communication techniques for LTE-Aystems will be de-
scribed. Cell-edge users often su er from low-SNR due to mainly tweasons, longer
distance from serving BS and inter-cell interference (ICl). Useequipments (UE) are
characterized by battery limited devices and when transmitting in lowBNR conditions,
the battery drains out quickly. In such a scenario cooperative canunication, especially
CoMP, can be auspicious where neighboring BSs cooperate in orderprovide better
link level performance without increase in transmission power. BS aperation allows
to improve system performance without incorporating advancedystem level signal pro-
cessing functionalities in user terminals. This motivates to analyse ey the link level
performance and energy e ciency as result of BS cooperation.

This analysis presented here is di erent from state-of-the-artrad is a step ahead in the
eld of cooperative communication, because state-of-the-artras at improving capacity
of cell-edge users using CoMP as discussed in section 2. Moreovet,much e orts are
made in uplink cooperative communication but much emphases are @gom downlink.
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In this work link level performance of uplink cooperative MIMO, in tems of BER, us-
ing turbo coded modulation standardized for uplink LTE-A systemsBesides multipath
channel, another key issue is considered related to imperfect chahestimation in co-
operative MIMO. Energy e ciency is important in uplink and has to be cnsidered in
cooperative MIMO context. Energy e ciency model is presented irthis work deriving
energy consumption in xed power MIMO systems. In the following $tion, coopera-
tive MIMO system model is dicussed in detail together with analysesd issues that are
brie y discussed.

3.1.1 System Model

The uplink multi-user tranmission con guration is considered wher& cell-edge UEs are
transmitting over orthorgonal radio resources using single antea. The signals from
UEs are received by the cooperating BSs, each one havidg antenna elements. Thanks
to orthorgonal radio resource usage by transmitting UES, receiv architecture becomes
simpler as multi-user detection (MUD) is not required to seperate ansmissions from
di erent UEs. However, in the case of Multi-User MIMO (MU-MIMO) con gurations,
paired UEs are allowed to transmit over same resource blocks simulgmusly with multi-
user detector employed at BSs. It is evident that BS cooperation ikU-MIMO, joined
with a ordable MUD algorithms, can strongly reduce user interferece, increase spectral
e ciency and de nitely boost capacity. The MUD receiver design is disussed in section
(3.3) In this work, we are interested in how uplink CoMP can enhanceepformance in
terms of BER and energy e ciency. The current analysis will repremnt the lower bound
to the scenario where multi-user inteference (MUI) is enabled. Theth UE transmits
data streams with appropriate channel coding (rate-compatibleymctured convolutional
turbo coding [16] is adopted, following the guidelines of LTE standayc&nd occupies the
assigned resource blocks (RBY!,

M

My = K (3.1)
The assigned RBs are kept contiguous in order to minimize energy samption at UE
(i.e., localized subcarrier mapping). SCFDMA supports two di erent sbcarrier mapping
techniques, namely localized and interleaved. In former the data isapped to adjacent
localized subcarriers, whereas the latter allows to Il subcarrierdait are equi-distant from
each other. Localized-SCFDMA (LFDMA) provides ease of practitamplementation,
and multi-user diversity if combined with channel dependent scheting [89]. For these
reasons, LFDMA has been adopted in long term evolution (LTE) [51]. ®©the other

hand, interleaved-SCFDMA (IFDMA) is robust against frequency slective channels but
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it's practical implementation is un-convenient. In order to have a aopliancy with existing
and future LTE standards, we will only deal with LFDMA? in the thesis.

The cyclic pre x (CP) is added to the signals at each UE afteN-IFFT block. CP-
length is kept longer than channel impulse response in order to avamer-symbol inter-
ference (ISI). The unit-powerk-th user signalXy is sent over noisy multipath channel to
the B BSs. The SC-FDMA signal formation is described in next chapter o&dio resource
management. The signal transmitted fronk-th UE is then received by the BSu

Yo = HoXk + Zp;, b=1;::;B (3.2)
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Figure 3.1: Block Diagram of the virtual MIMO LTE-A uplink

whereH,;, isN, 1 complex multipath channel betweeik-th UE and b-th BS equipped
with N, antenna elements and, is the additive white gaussian noise (AWGN) with zero
mean and unit variance. The above procedure is depicted in Fig 3.1. dan be seen
that channel estimation is performed by all cooperating BSs whexe the combining and
equalization of the signals is performed only at serving BS. In the riegection, the
cooperative multi-point transmission system based on virtual MIMCdiversity will be
described in detail for what concerns the signal processing tagiarformed by BSs.

3.1.2 CoMP signal processing for Virtual MIMO diversity exp loitation

At each BS b, the received signals are converted into frequency domain using Bin
FFT block. Channel estimation is done for every transmission time ietval (TTI) at
BSs. The raw received signal samplé&, at cooperating BSs together with channel state

1We will use "SCFDMA" for LFDMA.
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information (CSI) are then sent to central processing unit (CPlaka serving BS) through
ideal backhaul (i.e., unlimited bandwidth, error-free and zero-latecies). In Fig 3.2, the
joint diversity combination of virtual MIMO is pictorially sketched, to gether with the
inter-cell backhaul link.

Figure 3.2: Virtual MIMO: two cooperating BSs

The hypothesis of ideal backhaul among small cells is realistic if mmWawireless
solution is adopted. Some very recent works have investigated tlkapacity bounds of
small cell point-to-point and point-to-multipoint backhaul links at 28 GHz (LOS and
NLOS) [27] and 80 GHz (mainly LOS) [4]. Considering the shorter bachbl distances
involved by small cell networking, appropriate PHY-layer solutionsgined with e cient
tra c aggregation strategies would allow error-free backhaul rees of the order of 10 Gb/s
with latencies less than 3 microseconds.

The received signalYy, is coherently combined and equalized at CPU or at serving
BS using the CSIHy, estimated by all cooperating BSs. In this work, we assumed the
processing is done at serving BS. Using Maximal-Ratio Combining (MR(4}6], we obtain

for k-th user:
x Xk
i=1l j=1
wherew, = H, is the complex conjugate of channel Iter coe cients for userk. After
MRC combining, the e ective k-th user CSI for equalization can be written as,
x Reo

i=1 j=1
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Channel estimation is done using Least Square (LS) method [51]. Pilsymbols are
transmitted on fourth slot of a TTI to obtain channel impulse respose at BS receiver.
The motivation for the choice of LS lies in the good tradeo betweenobustness and
computational complexity. The achievement of perfect channestmation providing ideal
CSI knowledge has been considered in our simulations in order to appiate the impact
of real channel estimation on the link performance.

The equalization block, based on zero forcing (ZF) technique, is dixqitly required by
SC-FDMA in order to remove ISI. ZF is preferred in LTE standard toMMSE because
it does not require the knowledge of noise covariance matrix, whosstimation would be
dicult. The k-th user ZF Iter coe cient using Hy in (3.4) is given as:

WZF = (H, Hy) H, (3.5)

where () is the complex conjugate of the signal in parenthesis. The CSI Nk antennas
from each ofB BSs is communicated to serving BS over lossless and zero delay baakh
The joint diversity combining and equalization is performed at servin@®S. The signalYx
in (3.3) after equalization is given asy,

Yi = WEF Y (3.6)

The estimated symbolsx/*are nally obtained from Yy after demodulation and channel
decoding, as shown in Fig. 3.1.

3.1.3 Energy E ciency in Virtual MIMO

Energy e ciency is considered to play an equally important role with spctral e ciency
in future cellular networks. It is believed that future cellular netwoks will facilitate
the subscribers with high data rate that comes with the minimal usefdattery energy.
Energy dissipation and consumption both in the uplink and downlink neka careful look
in order to have a realistic energy model in the system. In uplink wherattery limited
UEs are transmitting, minimal use of energy is demanded by the useFor this reason,
a considerable amount of research work has been carried out in @rdo obtain energy
consumption models capturing the power usage of the UE. Most dfdse models are based
on network parameters like system throughput. However keepingetwork parameters
xed, we can exploit a link level parameter like the bit-error-rate (EER) to model energy
consumption as in [73]-[29]. An energy e ciency model based on BER iging proposed
in this paper for uplink virtual MIMO systems where signal processmtasks for MIMO
diversity are performed at BS level. With transmit power is xed at UE BER can be
improved by uplink BS cooperation as most of the transmit power is nosumed over data
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bits that are correctly received at BSs (i.e., converting large portioof transmitted energy
into useful).

Let's denote with Nt the data volume in terms of number of information bits to
be transmitted from UE to BS and, E,=N, the signal-to-noise ratio per bit required to
obtain bit-error-rate of P. at serving BS.Eq, IS the power required by UE to transmit
Nyt and is given by:

Etotar = Niotal Eb (3.7)
where Ey, is the bit energy and it is given as:
Ep 2
E - noise 38
c N R (38)

2 ise is the noise variance at the receiver anBy, is the data rate in the system. Putting

(3.8) into (3.7), we have:
Ep 2

Etota = Niotal N_o %i;;e (3-9)
The energy wasted in bits errorsEasted, Can be computed as follows:
E 2
Ewasted = Nerror N_z %:e (3.10)

Nerror IS the number of bits incorrectly received, i.e.
Nerror = Ntota  Pe (3.11)

The energy spent for transmitting bits that are received correbtt, E sery , IS Obtained
from (3.7) and (3.10)

Eusefu = Etotal Ewasted (3-12)

(3.12) is the metric used to analyze energy e ciency. The e ciency epressed in terms
of percentage of useful energy against total energy spent byetUE is given by:

E
(%) = == 100 (3.13)

total

The units of all energy expressions are joules.

3.1.4 Simulation Results

Cooperative multi-point uplink system based on virtual MIMO is simulaed in MAT-
LAB/Simulink environment with parameters set according to LTE-A 3GPP standard, as
highlighted in Tab 3.1.

A two-user scenario is considered where both the users are agged to same serving
cell and transmission is received by multiple neighboring BSs. Also, us&re occupying
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Table 3.1: Simulation Parameters

Bandwidth 5 MHz
Number of Subcarriers 512
CP length 36

Resource Blocks (RBs) 6

Subcarriers in RB 12
Subcarrier Spacing 15 KHz
Sampling frequency 7.68 MHz
Channel Estimation Ideal

Channel Impulse response | Extended Vehicular A (EVA)

Modulation QPSK & 16-QAM
Nr 2

Channel coding Turbo coding

Code Rate 1/2, 3/4

Baud-rate (Mbaud/sec) 3.6

Receiver MRC & Zero forcing

orthogonal radio resources and do not interfere to each othédandwidth and baud-rate

have been xed according to LTE speci cations. Considering the ntwlation format and

the punctured turbo coding rates shown in Table 3.1, the net dataate ranges from 3.6
Mb/s for the 1/2-coded QPSK con guration to 10.8 Mb/s for the 3/4-coded 16-QAM.
Cooperative and non-cooperative transmissions are comparedvidnat concerns the BER
and energy e ciency performance.

Link Level Analysis

Virtual MIMO is able at providing supreme performance in case of lowerder modula-
tion techniques, i.e., QPSK (see Figs 3.4-3.5). We observe a dramat&rfermance gains
achieved by cooperative transmission against non-cooperativeeon particular when ro-
bust channel coding and ideal channel estimation are considerdd.such a case, 2-BS and
3-BS virtual MIMO can provide 5dB and 8dB gains respectively. Pesfmance gain is still
signi cant even in case of real channel estimation (about 5dB). tmeasing the code rate to
3/4 requires puncturing of systematic bits from coded data henaeaking turbo decoding
less performing. Having 3-BS cooperation virtual MIMO, we have a awimum of 6dB
gain over non-cooperative strategy thanks to receiver diversitgain. Non-cooperative
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Figure 3.3: BER performance achieved in non-cooperative LTE-A senario: QPSK modulation.

transmission always perform poorer when real channel estimatias considered, as ev-
ident in Fig. 3.3. It should be noted that the impact of real channel gimation on
link performance is not negligible both in the cooperative and in the necooperative
case. Despite the use of a robust and e cient LS channel estimatip the performance
degradation with respect to the ideal (perfect) channel estimain is about 5dB for the
non-cooperative transmission and is almost independent on chahneding rate. For two
cooperating BSs, the measured performance loss remains almb&t $ame as compare to
that in non-cooperative case, while it is considerably decreased whthiree cooperating
BSs are considered in conjunction with robust 1/2-rate turbo cadg.

Some additional simulation trials for higher modulation level, i.e., 16-QAMare per-
formed to see how system behaves when spectral e ciency is inased. In such a case,
3-BSs cooperative transmission outperforms non-cooperatiygpaoach by 10dB in case
of ideal channel estimation and 1/2 code rate. In 3-BSs coopeia transmission scenario,
the transmitting energy is received by antennas at all BSs and th&a to joint combining
and equalization at serving BS the output SNR increases signi canthClearly, this is not
the case in non-cooperative case In non-cooperative case, addjecusers are required to
spend more energy per transmitted bit in order to achieve larger tharates. For coding
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Figure 3.4: BER performance achieved in two-BSs cooperating scario: QPSK modulation.

rate equal to 3/4, the 3-BS cooperation gain against non-coopive strategy decreases
down to 5dB, as shown in Figs. 3.6, 3.7, 3.8. Increasing the order obdulation, the
impact of non-ideal CSI knowledge gets signi cant and is surprisingliarger when three
BSs are cooperating. Increasing the number of antennas at rieee escalate the channel
estimation burden and hence due to non-ideal channel estimatioh& noise in CSI in-
creases. Due to joint diversity and equalization that requires the & availability, the non
ideal CSI degrades the performance signi cantly. This is evident irhe Fig. 3.8 whereas
such loss due to non-ideal channel estimation is not signi cant in necooperation case.

Energy E ciency Analysis

Energy e ciency is another key performance indicator for in cellulanetworks especially in
uplink. The gain in energy e ciency due to CoMP is quite enormous fronbattery-limited
device's point of view. Cooperative transmission clearly outperfosmon-cooperative one
also in terms of energy e ciency, because diversity gain reducesehbit-energy spent
by the UEs to reach the target BER. Virtual MIMO allows UE to better exploit the
available energy resources with respect to non-cooperative teamission. This is evident
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Figure 3.5: BER performance achieved in three-BSs cooperating spnario: QPSK modulation.

in Figs. 3.9, 3.10. Cooperation with 3-BSs brings improvement in engrg ciency as

signi cant percentage of energy, 20 % in 1/2-rate turbo coding and 25 % in 3/4-

rate turbo coding. Because of the de nition of energy e ciency, lsannel impairments
and non-ideal channel estimation losses have signi cant impact ome¥gy saving. It is
worth noticing here although the performance is improved but the greasing number of
cooperating BSs (from 2 to 3) does not signi cantly improve energg ciency.

In case of 16-QAM modulation, CoMP transmission is still able to outpéorm the non
cooperative case both with ideal and real channel estimation, btthe energy e ciency
gain is a bit less than it is for the QPSK. We can see in Figs. 3.11, 3.12 thairtual
MIMO attains the maximum energy e ciency at lower SNR-per-bit values. The gained
energy e ciency is more signi cant when 1/2-rate turbo coding is adpted (maximum:
14 percent with 3-BSs), as shown in Fig. 3.11.

As far as the impact of real channel estimation on system energgiency is concerned,
it is evident from Figs. 3.9-3.12 that non-ideal CSI knowledge involves signi cant re-
duction of the system energy e ciency. Such a reduction may rehc20 percent at low
SNR regime and for higher order modulation schemes. This suggestoMP requires
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Figure 3.6: BER performance achieved in non-cooperative LTE-A senario: 16-QAM modulation.

very robust channel estimation techniques to reach the expedt¢argets in terms of link
performance and energy e ciency.

3.2 Novel Radio Interface for Uplink 5G Systems

The nonlinear characteristics, due to the presence of high-powanpli ers (HPAS) in the
PHY-layer chain, is a hindrance for multicarrier modulations in the uplik. Future mo-
bile networks are based on exploitation of high frequency bands oillimeter wavelengths
(38GHz, E-band). Such high frequencies show sensitivity to largeé-space pathloss, sig-
ni cant atmospheric and rain attenuations, antenna and demodul#on loss [9]. Therefore,
expensive power ampli er operating very close to saturation point idesired. However,
OFDM and OFDMA (for downlink 4G applications) waveforms are sevely a ected by
the non-linear ampli er characteristics due to high envelope uctuions and require a
large input back-o (IBO) to achieve acceptable performance. SEDMA (for uplink 4G
applications) has lower envelope uctuations and perform relativelpetter than OFDMA.
Still they require some dBs of input backo (IBO) for higher order nodulations for which
PAPR is not negligible.
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Figure 3.7: BER performance achieved in two-BSs cooperating scario: 16-QAM modulation.

User convenience is one the key goals in future smart city cellular oetrks. In partic-

ular, user terminals should have long battery lifetime to enjoy perksnd bene ts provided
by smart city applications. The situation is critical in uplink where transmission is done

at the expense of limited terminal power budget. A power e cient waeform is the solu-
tion that does not require backo for its adequate operations. Tompsonet.al. in [105]
proposes a constant envelope OFDM (CE-OFDM) that is able to exhitbOdB PAPR and

hence IBO is waived o . CE-OFDM has been successfully tested ouweonlinear wireless
channels a ected both by multipath fading and nonlinear distortion. CE-OFDM is real-

ized by applying a nonlinear phase modulation to a real-valued OFDM syl sequence.

Such a transformation ensures that the transmitted signal hasd® PAPR level. In [81],
constant envelope SCFDMA (CE-SCFDMA) is proposed for non-lineaatellite channels

and it has been shown that CE-SCFDMA technique outperforms CB¥FDM in ricean

satellite channels. In another similar work [31], CE-techniques arested against non-
noise levels.

ideal oscillator phase noise and have shown signi cant resilience agdimoderate phase

Against this background, it is strongely motivated that CE-SCFDMAIs capable of ad-
dressing power issues related to user terminals in future mobile netks. CE-SCFDMA
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Figure 3.8: BER performance achieved in three-BSs cooperating spario: 16-QAM modulation.

is proposed for uplink future cellular networks in this work and to pree its signi cance in
LTE-A mobile terrestrial channels, simulations are performed w.r.turrent uplink trans-
mission scheme (SC-FDMA).

3.2.1 System Model: Constant Envelope SC-FDMA

Fig. 3.13 shows the block diagram of the CE-SCFDMA baseband trangsion system.
The Nc-point DFT pre-coding spreads the energy of the mapped QAM dataymbols
across the bandwidth as is done in the conventional SC-FDMA. Lehé pre-coded data
sequence generated be denoted b gr<, *, such that

w 1
Xk = Xpexp( j2nk=N ;) (3.14)
k=0
The pre-coded symbols are then mapped onto a subset of the avaiéasubcarrier set
(whose cardinality isN > N ;) by the subcarrier mapping operation. The data symbol
sequence x,g)°, * is composed of -QAM with L = 22 wherea is the even integer. Two
di erent subcarrier mapping strategies can be adopted in SC-FDMAand, therefore, in

CE-SC-FDMA), namely: Localized-FDMA (L-FDMA), in which contiguous subcarriers
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Figure 3.9: Energy e ciency achieved by cooperative and non-cooprative LTE-A uplink: QPSK modu-
lation with code rate = 1/2.

are allocated to the pre-coded user symbols, and Interleaved-MA (I-FDMA), in which
the input precoded user symbols take on equi-distant subcarrierl§ is shown in literature
that I-FDMA improves the frequency diversity against frequencyselective channels, at
the cost of an increased computational complexity of the receiverhe mapped symbols
are then fed to a real-valued IFFT, which generates the CE-SCFDMsignal by using
the same methodology shown in [105]. The real-valued transmitted BOMA sequence
is obtained by applying a conventional I-FFT to an oversampled coangate symmetric
zero-padded sequence [87], i.e.

Xscroma = 0, X1; X2, (XN Zp O Xy Xy, 100 i Xy (3.15)

where X is the pre-coded data sequency as in (3.14], is the zero padding vector
of length D,,. Because localized-SCFDMA is standardized for LTE-A application, &
SCFDMA is also studied in the context of localized subcarrier allocatian this work. The
total number of samples of the sequencescrpoma iISM =2N +2+ Dy, = CoyN where
Cov Is the oversampling factor equal to 4 or 8 [105]. Under the hypothesmentioned
above, the output of real-valued IFFT is given by,
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Figure 3.10: Energy e ciency achieved by cooperative and non-coperative LTE-A uplink: QPSK mod-
ulation with code rate = 3/4.

ly( 1
n = Xscroma [M]exp(j2 mn=M ) (3.16)
m=0
(3.16) can be written in full as,
2 X
n = o <f Xxgcog2 knQ =N) =f Xygsin(2 knQ .=N) (3.17)
€ k=1
In (3.17) Q. = N=N¢ is the energy spreading factor of the DFT precoding. The output
signal from theM -point IFFT is fed to phase modulator applying the following non-linear
transformation:

Sn = exp(j 2hC norm 1) (3.18)

Chorm is the normalization constant and 2h is the angular modulation index expressed
in radian. For CE-SCFDMA, Cyom is equal to' 2=N 2 with 2 = N(L? 1)=3. The
cyclic pre x T, extension is added to CE-SCFDMA signal after the phase modulation
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Figure 3.11: Energy e ciency achieved by cooperative and non-coperative LTE-A uplink: 16-QAM
modulation with code rate = 1/2.

of real-value IFFT signal. Therefore, the D/A converted CE-SCFIMA signal can be
expressed as follows:

s(t) = Aexp(j[2h (t)+ ]); Tep t T (3.19)

whereA is the signal amplitude, is the arbitrary phase o set, and (t) is the normalized
real-valued SC-FDMA signal de ned as,

(t) = Chorm t (3.20)

where ; is the D/A converted real valued SCFDMA signal. Finally, the ampli ed sgnal
is transmitted onto the multipath channel. At the receiver side, thesignal received is
digitized using A/D converter. Frequency domain equalization (FDE)s performed on
the digital signal after the removal of CP. A state-of-the-art Mnimum Mean Squared
Error (MMSE) equalizer has been considered in this work. The equadid signal is then
fed to the phase demodulator, which consists of a phase unwrap@ed an arctangent
calculator. The phase unwrapper is needed to avoid phase jumpsathmight occur when
the received phase crosses theradian boundary [105]. After the phase demodulation,
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Figure 3.12: Energy e ciency achieved by cooperative and non-coperative LTE-A uplink: 16-QAM
modulation with code rate = 3/4.
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Figure 3.13: Proposed Constant Envelope Single Carrier Frequencyivison Multiple Access (CE-
SCFDMA) in Multipath Channel

the usual processing tasks of SC-FDMA detection are performede.: coherent FFT-
based de-mapping, subcarrier de-mapping\N.-point IDFT and L-QAM de-mapping as
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Table 3.2: Simulation Parameters

Parameters Numerical value
N (number of subcarrier) 512
Cov, oversampling factor 4
L (modulation scheme) QAM 4,16, 64
N¢, block size 126
Bandwidth (B) 5 MHz
Channel Model EPA, EVA

highlighted in Fig. 3.13. The spectral e ciency of the CE-SC-FDMA, which is the same

as that indicated in [105] for the CE-OFDM, is a crucial aspect to beonsidered:
p

Ry, _ log, L : _
B, _ max(2h: l),bps—Hz (3.21)

The spectral e ciency S decreases if & is larger than 1. In such a case, the phase
modulation increases the signal bandwidth. Results shown in [105] iodte that increas-
ing the modulation index does not necessarily provide performancepgrovement. The
proposed CE-SCFDMA scheme inherits the capability of managing thieadeo between
spectral e ciency and BER performance, in a exible manner from -OFDM. This is
achieved by tuning two parameters, namely: modulation levels and gmlar modulation
index (2h). Such capability is of particular interest in LTE-A systems, where dap-
tive modulation and coding techniques are often employed. In a coamative framework,
a recent paper [113], is worth mentioning, where continuous-phasedulation (CPM)
(namely: Minimum Shift Keying, MSK) has been used in conjunction wittSC-FDMA in
order to produce a constant-envelope SC-FDMA signal. CE-SCFDMscheme provides
increased exibility in spectrum management with respect to the s@me of [113]. The
spectral e ciency of [113] is xed to 1 bps/Hz].

S =

3.2.2 Simulation Results

The results obtained from the proposed CE-SCFDMA is compared witthose of SC-
FDMA by means of simulations performed in MATLAB environment. Thetransmission
system parameters used in our simulation trials are reported in Tal3.2 .

The channel models considered in simulations are LTE-A standard mbels, extended
pedestrian A (EPA), and extended vehicular A (EVA) [1]. Itis an inteesting aspect to see
how CE-SCFDMA performs in a correlated channel (EPA) w.r.t SCFDM. With reduced
spectral e ciency where L = 4 or 4-QAM, through o ine results angular modulation
index (2h) is measured. It was observed B = 0.7 is the optimal choice for 4-QAM
modulation order in CE-SCFDMA technique. Due to 0dB PAPR in CE-SCPBMA, backo
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is not applicable, whereas 6dB of IBO is applied in case of SCFDMA. It ke seen in
Fig. 3.14, gain of 2dB is in the favour of CE-SCFDMA against SCFDMA at high SNR
. The performance of CE-SCFDMA is quite close to lower bound in pestean channel.

L =4, N =512, Nc = 126, Localized SC-FDMA in Pedestrian Channel
T T
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Figure 3.14: Constant Envelope SCFDMA vs. SCFDMA in non-linear pecstrian channel, L =4, N =
512,N. =126,2h =0.7.

In case of EVA channel, the performance improvement for CE-SOMA is around
2dB over SCFDMA in 4-QAM. Such a performance loss in SCFDMA is due tapplied
backo that is mandatory for linear operation of power ampli er.

Increasing spectral e ciency from 4-QAM to 16-QAM requires anglar modulation
index to be inreased accordingly. Hencel®? is set to 1 for 16-QAM as suggested by
o ine simulations in AWGN channel. The performance improvement is nticeably huge
in case of 16-QAM in both the channels. CE-SCFDMA observes a gais high as 6dB
over SCFDMA in pedestrian channel, whereas it is increased to 8dB inVA.

With 64-QAM modulation, classical SCFDMA technique requires 14dBfdacko . The
angular modulation index is set to 1.5 in case of CE-SCFDMA. The CE-$DMA outper-
forms the SCFDMA by clear margin if the backo is applied to SCFDMA. hdeed, high
modulation index is required for higher order of modulations that resdts in decreasing
the overall spectral e ciency as in (3.21). However thanks to 0dBPAPR, CE-SCFDMA
strikes a better trade-o between power and spectral e ciency
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Figure 3.15: Constant Envelope SCFDMA vs. SCFDMA in non-linear vehcular channel, L = 4, N =
512,N. =126 ,2h =0.7.

3.3 Near optimum multi-user detection for MIMO LTE-A up-
link

In this section, a multiuser receiver design for MIMO LTE-A uplink is dscribed. Because
of multi-user MIMO (MU-MIMO) operation, multiple access interference (MAI) caused
by multiple users make state-of-the-art detection schemes (minimn mean square error
MMSE (ldeal), least mean square LMS-MMSE) to operate far fromppimum. Practical
implementation of ideal-MSME is not trivial and often implemeted as LMSVIMSE. Such
schemes are based on maximization of output signal to interferengoise ratio (SINR) that
is clearly sub-optimum in inteference environments. An iterative sitegy is considered in
this work that is based on minimum conditional bit error probability (MCBEP) criterion
and directly minimizes the bit error rate (BER). Such a scheme has sWwn impressive
results in state-of-the-art (sec 2) when considered in di erentontext. Fast convergence
and near-optimum performance are the standout features ofithproposed MU-MIMO
scheme. It would be interesting to analyse the performance of thisoposed detection
scheme in massive MIMO framework where receiving antennas areaer in number as
compare to tranmsitting antennas.
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Figure 3.16: Constant Envelope SCFDMA vs. SCFDMA in non-linear pecstrian channel, L = 16, N =
512,N. =126,2h =1.

3.3.1 System Model

Due to SCFDMA, the system model in this section is not very di erenffrom that of in
subsection (3.1.1). The only di erence is, multiple UEs are transmittig to single base
station. The notations used for representation of signal ows ahoperations in this section
will be di erent from those used in previous sections and are not rekd.

The conceived scenario is an uplink scenario where user in close pratyirform multi-
user MIMO depicted in Fig. 3.20. The paired users (sa¥ ) transmit to BS equipped
with Nr antenna elements thus forming & Ngr MIMO system, employing MUD to
remove multi-user interference (MUI) thereby enhancing systethroughput and provide
required quality of service to the terminals. The information streanof k-th user i.e.,
X = Xi;xz2 o xM T, is spread oveM frequency bins using DFT and mapped t& > M
subcarriers using de ned subcarrier mapping technique.

The frequency domain reprsentation ok-th user signal isX ¥,

T

Xe=Fuxk= X5HXE XM (3.22)
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Figure 3.17: Constant Envelope SCFDMA vs. SCFDMA in non-linear vehicular channel, L = 16, N =
512,N; =126,2h =1.

whereFy, is the normalizedM -point DFT operator

Xt
Fu = —  Xpe '2Kw: (3.23)
M
n=0
The k-th user SCFDMA signal as in (3.22) is passed througN -IFFT block and is
given as,
yk = FQFux* (3.24)

where FQ is the N -point IDFT matrix. The signal at transmitter is then added with
cyclic pre x (CP) of length greater than channel impulse responsgCIR). The signal y is
transmitted over noisy-multipath channel using single antenna atransmitter. Corrupted
with MUI and multipath chanel, the K user signals are received bjr antennas of the
receiver. Such MIMO con guration is desirable in uplink wireless systes where, unlike
receivers, transmitters are power constraint devices.

The received multi-user signal at-th receiver antennay, is given as,

X
Yy = h'r(yk + z (3.25)
k=1

62



Near optimum multi-user detection for MIMO LTE-A uplink

0 L =64, N =512, Nc = 126, Localized SC-FDMA in Pedestrian Channel
107 F T T T T T T T T T T T T

101t

& o2
W10}

103 | ——Localized CE-SCFDMA-MMSE

—-—-AWGN Lower Bound 3

—o— Localized SC-FDMA-MMSE, IBO = 14dB \

1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
SNR @ receiver input (dB)

Figure 3.18: Constant Envelope SCFDMA vs. SCFDMA in non-linear pecstrian channel, L = 64, N =
512,N. =126,2h =15.

wherehk is the time domain channel impulse response betweksth transmit antenna
and r-th receiver antenna andz, is the independent identically distributed (i.i.d) AWGN
samples with zero-mean and covarianc€’. For the sake of simplicity, we are dropping
the user indexk and receive antenna index from the equations as received signals at the
receiver are jointly detected at MUD block. The frequency domain atrix representation
of 3.25 is,

Y=H Y+2Z (3.26)

In (3.26) Y is R 1 matrix corresponding to signals received @ antennas of receiver
and H is the RxK channel matrix between transmit antennas and receive antennathe
received signal is passed to multi-user detector block. The latteemoves MUI and other
channel impairments with the help of channel state information (C$ provided by former.
In this work we assume ideal channel estimation however in genetta¢ channel estimaton
operation is performed at receiver for each received antenna. the following section, we
will discuss the the proposed MCBEP receiver for MU-MIMO SC-FDMAsystem.
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Figure 3.19: Constant Envelope SCFDMA vs. SCFDMA in non-linear vehicular channel, L = 64, N =
512,N; =126,2h =15.
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Figure 3.20: Multi-user MIMO user transmitting in LTE-A uplink scenar io

3.3.2 Novel Minimum Conditioned Bit-Error Probability Rec eiver for SCFDMA

In this section, the cost-function for the proposed minimum condined bit-error probabil-
ity (MCBEP) receiver in MU-MIMO SC-FDMA systems will be derived. Unike classical
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linear detectors that aim at maximizing signal-to-interference-nogsratio (SINR) in multi-
user environment, the proposed MCBEP receiver targets the minigation of conditioned
bit-error-rate at the output of MUD with computational complexity more-or-less the same
as linear MMSE. State-of-the-art show such criterion based on minum-BER provides
close to optimal results.

The frequency domain equalizer weight8V are to demodulate the signal at receiver
after removal of cyclic pre x and N-point FFT Fy operation, as shown in Fig. 3.21 . The
decision variableX for k-th user is obtained after detection is performed with the help
of the derived weightsWi.

The MUD output X\is given by,

X = WHHY + Wiz (3.27)
where ()" is hermitian operator.

X\k = ék + Zk (328)
where§, = WHHY andZ, = W/Z .
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Figure 3.21: Block Diagram of MU-MIMO SCFDMA with receiver equipped with proposed MCBEP
MUD.

Performing M-point IDFT F on the noiseless signaXc at the output of MUD for
k-th user, the signalx{ is passed to decision device.

For only real-valued modulations like cosidered BPSK, the probability feerror after
decision depends on the real part of decision variabtg. ‘The probability density function
(PDF) of noisy received signal is the mixture of gaussian distributianassociated with
each possible symbol transmitted by all the users. The conditiongkobability of error
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MUD takes the | as the mean ok (S¢) when userk transmits symbol x, = 1, and the

mean is , whenx, = 1. We can write as,
"k' =< éijk =1 (329)
=< Sixe= 1 (3.30)

The e ective noise variance o in (3.28) is given as,

2= 2KkW, Kk (3.31)
The symbols in BPSK are assumed to be equiprobable and with the help BPSK

error probability reported in [46], the conditional bit error probability for BPSK is given
as,

PE= ZQ oL ly o« (3.32)

R, .
where Q(v) = pl—é Vl e Tzdt ;v > 0. The proposed MCBEP algorithm computes the
Iter weights W for all the transmit users by minimizing the bit-error probability as given
in (3.32). Hence the MCBEP solution is,

W, =arg min PS (3.33)
Wi

W are the weights obtained as a result of minimization d?S. The superscript inWy is
acronym for "conditional”. The MCBER algorithm minimizes the conditional probability

given in eq (3.32) with the help of an optimization rule. Di erent optimizaion strate-

gies are reported in the literature, namely conjugate gradient desnt (CG) [33], genetic
algorithm (GA) [13] etc. We will use conugate gradient descent (C&Epproach that rst

computes the conjugate gradient of cost function and iterativelgeaches the minima with
step size equal to . For the i-th iteration with step size , we have

Wi (i +1) = W (i) 5 Pyix (3.34)

5 Pyjx is the gradient of (3.32) and can be expressed in full form as,

1 )2 1 . fow

5 Pyjx = —P=exp ( "2 —  HXjxe=1 —S—
+ —p—l exp )1 H X W |

0P g ; b= e

The algorithm converges to optimal weights when (3.35) goes to mavr global minima.
Step size should be adjusted properly because CG algorithm is senstive to [stsize.
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Algorithm might not converge to minima with larger step size, whereasmall size will take
too long to reach the minima. At the output of MCBEP MUD, the noiseless multi-user
signal is,

X.= WSTHY + wHz (3.36)

X is the estimated vector without MUI and is passed to decision quangz.

3.3.3 Comparison with other related approaches in terms of c omputational
complexity

In our work, we compare the performance of our proposed recaiwith other two state-

of-the-art approaches, namely MMSE and Adaptive LMS based MME The proposed
MCBEP receiver algorithm is derived from MBER algorithm that has corputational

complexity exponential in the number of usersQ(2%). The complexity is signi cantly

reduced without noticeable loss in performance in case of MCBEP e&eer that has com-
putational complexity linear in the number of users comparable to LE-based MMSE,
O(K) . Computational complexity of ideal MMSE receiver iSO(K 3).

3.3.4 Simulation Results

The proposed MCBEP receiver is tested against state-of-thetappraoches, namely ideal-
MMSE and Least mean square (LMS)-MMSE. The simulations are perimed in MAT-
LAB environment and parameters are choosen based on 3rd geatemn partnership pro-
gram (3GPP) LTE-A [51] uplink as listed in Tab. 3.3. The receiver antema number
is set equal to the number of users paired transmitting, i.eK = Ngr. The rst series
of simulation results is related to the convergence of the proposesteiver MCBEP. In
Fig. 3.22, the measured bit-error probability versus iteration numér is shown for the
MCBEP MUD, considering 6 transmitting users and transmission pdpit SNR equal to
18dB. The convergence to the nal value of the cost function is ddined after 30 iter-
ations in the case of ideal CSI knowledge. For sake of comparisoaneergence to the
averaged Mean Squared Error (MSE) of the LMS-based MMSE is stio in Fig. 3.23.
Under the same condition of noise and interference considered MCBEP, the conver-
gence of adaptive MMSE is slow and requires higher number of iterat®to converge to
minima. The convergence of MCBEP is lot faster with a simple-to-impleemt conjugate
gradient algorithm. The second series of simulation results is relatealBER performance
of proposed MCBEP against the approaches mentioned in Tab. 3.3.h& rst use-case
is single antenna two-user MU-MIMO. The BS forms the pair and allowhie paired users
to transmit over the same set of radio resource hence it is equivdlea 2x2 MU-MIMO
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Table 3.3: Simulation Parameters

Bandwidth 5 MHz

Number of Subcarriers 512

CP length 36

Resource Blocks (RBs) 6

Subcarriers in RB 12

Subcarrier Spacing 15 KHz

Sampling frequency 7.68 MHz

Channel Estimation Ideal

Channel Impulse response Extended Vehicular A (EVA)
Transmitter Antennas (Users, K) 2,4,6,8

Receiver Algorithm MCBEP, MMSE, & LMS-MMSE
Step size () 0.01

0 K =6, Nr =6, SNR = 18dB, MCBEP Convergence Rate
107 ¢ T T T T T T T T T T T T T T T T 3
g | —LMS based MCBEP |-

BER

10 E =

107 F E

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
Iterations

Figure 3.22: Convergence of MCBEP receiver with K=6,Nr = 6, SNR = 18dB

system. Due to low interference environment where only one usercasusing interference
to the other, the receiver is able to distinguish the uplink streams &ansmitted by users
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K=6, Nr = 6, SNR = 18dB, LMS-MMSE Convergence
I

10% T T T T T T T T T T T T

| — LMS-based MMSE| |

10t - 7

Average Mean Sqgaure Error

10

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
Iterations

lo-l |

Figure 3.23: Convergence of LMS-based MMSE receiver with K=6Ng =6, SNR = 18dB

without much performance degradation, as evident in Fig. 3.24. Theerformance of
proposed MCBEP is closer to SISO-AWGN bound and show improventesf around 3dB

w.r.t ideal-MMSE MUD detector and  4dB over LMS-MMSE in interference-limited
region (high-SNR regime). Exactly the same trend can be observed Fig. 3.25 when
number of paired users increased to 4, thus forming 4x4 MU-MIMOystem. It can be
seen that in noise-limited region (low SNR regime), the performancé all receivers is
the same, whereas, in interference-limited region MCBEP outperfos ideal-MMSE and
LMS-based MMSE by 3dB and 5dB, respectively. It is worth mentioning here that
adaptive techniques based on maximization of SINR are unfavorahbile cancelling the
multiuser interference (MUI). The performance gap between MOBP and ideal MMSE
shrinks as the MUI in the system increases. As a consequence thmebability density

function (PDF) of decision variable is deteriorated due to MUI. Here the ability with

which the receiver detects the symbol reduces. However, MCBERIl manages to acheive
2dB gain over ideal MMSE in Fig. 3.26. The LMS-MMSE continues to pesfm poorer
with increased MUI. Increasing the number of users to eight shovisat MCBEP and

ideal MMSE has performance quite close to each other (MCBEP shew 1dB of gain
over ideal MMSE), Fig. 3.27. It is because, the interference term the denominator of
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K= 2, Nr = 2, Step size = 0.01, EVA channel
I I I I

10° E T

I T
——LMS-MMSE |
——LMS-MCBEP | |

ideal-MMSE |-
----SISO-AWGN ||

BER

15 18 21 24 27 30
SNR

Figure 3.24: BER performance vs. SNR foK =2 of MCBEP, ideal MMSE and adaptive MMSE MUD
with ideal CSI knowledge at receiver

SINR becomes gaussian with increasing number of users. The perfance of MCBEP

is equal to that of ideal-MMSE in gaussian channels. The performanof LMS-MMSE
receiver clearly shows suboptimality in high interference environmisn
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K =4, Nr = 4, Step size = 0.01, EVA channel
T T T T

100: T T T
8 Ideal-MMSE
——LMS-MMSE |
--=-SISO-AWGN |+
1618 ~-LMS-MCBEP ||

|
0 3 6 9 12 15 18 21 24 27 30
SNR

Figure 3.25: BER performance vs. SNR folK =4 of MCBEP, ideal MMSE and adaptive MMSE MUD
with ideal CSI knowledge at receiver
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K =6, Nr = 6, Step size = 0.01, EVA channel
T T T T

100: T T T
i ——LMS-MMSE |
~~LMS-MCBEP ||
- Ideal-MMSE |
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Figure 3.26: BER performance vs. SNR folK =6 of MCBEP, ideal MMSE and adaptive MMSE MUD
with ideal CSI knowledge at receiver
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K =8, Nr = 8, Step size = 0.01, EVA channel
T T T T T

100: T T
F —+—LMS-MMSE | ]
=6—-LMS-MCBEP ||
--=-SISO-AWGN |+
Ly ideal-MMSE

|
0 3 6 9 12 15 18 21 24 27 30
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Figure 3.27: BER performance vs. SNR folK =8 of MCBEP, ideal MMSE and adaptive MMSE MUD
with ideal CSI knowledge at receiver
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Chapter 4

Millimeter wave backhaul for LTE-A
small cell

This chapter aims at describing waveform design for wireless backihan LTE-A. Wireless
links are categorised into line of sight (LOS) and non line of sight (NLQ3inks. Currently
use microwave frequency bands are too congested to provide higita rates. In order to
have wireless gigabit links, higher frequency bands (esp. millimeterweabands) should be
explored due to huge availability of bandwidth. Of millimeter wave (mmWeae) frequency
bands, 73GHz range or E-band is of particular interest where as higs 10GHz (5GHz
each in 73GHz and 83GHz) of free band is available. Making use of it wiglp in achieving
gigabits over wireless links. On the other hand, numerous issues associated with the
wave propagation in E-band, such as atmospheric e ects, multipatchannel for NLOS
links, hardware design for high frequency operations, etc. Thesbkallenges are directly
related to design of physical layer transmission scheme.

Keeping in mind the issues related to propagation in E-band and e cidruse of large
bandwidth, ultrawide band (UWB) techniques should be employed. Ipulse radio (IR)
concepts have been discussed in literature for quite some time amde known for their
low complexity hardware design and e cient use of ultrawide bandwidi. For LOS link,
IR techniques are promising because of almost negligible multipath attuation and at-
mospheric e ects. Impulse radio based on pulse position modulatioRPM) is conceived
for LOS backhaul applications where time hopping (TH) is used for nttiple access in
point-to-multipoint case (P-t-mP). Such a technique is useful in acgnario where base
stations are in clear LOS. However, IR performance degrades stiaally in NLOS multi-
path channels. Moreover, despite simple transceiver architeceyriR requires expensive
oscillators that are characterized by low phase noise levels.

To counter NLOS multipath channel e ects in E-band, a robust traassmission tech-
nique has to be considered that should be able to provide adequaterformance to meet
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backhaul requirements. Because of multiple echoes received a tieceiver in NLOS case,
space-time MIMO techniques can help in attaining signi cant diversitygains. Therefore,
Space time block codes (Alamouti's codes) are able to achieve divergains but only for
small number of antennas. The performance deteriorates sigrautly for large antenna
arrays. Also the maximum achievable rate with Alamouti's codes is 1. Aher form
of MIMO technique is spatial multiplexing aiming to boost data rates bytransmitting
independent information stream from di erent antennas. Howewvespatial multiplexing
requires high signal to noise ratio (SNR) at the receiver for its penfmance. Hence there
is a need to strike a tradeo between space time codes and spatialltiplexing to have
not just the diversity gain but also rate improvement. In this regad, space-time shift
keying (STSK) has recently been proposed for applications whereth diversity and mul-
tiplexing gains are desired. STSK techniques together with multicaer (OFDM) and
single carrier (SC) modulation are studied for NLOS backhaul. Becs& of severe mul-
tipath characteristics in mmWave, diversity gains improving error rée at the receiver
is essential and at the same multiplexing gains are also desired to méeickhaul rate
requirements. STSK with OFDM and SC is able to meet NLOS backhaulg/tstriking a
exible tradeo between diversity and multiplexing. Techniques like OPDM and SC in
the STSK context are considered for point-to-point (P-t-P) cas in this study. However
for P-t-mP case, OFDM can employ FDMA or TDMA and TDMA with SC.

In the following section, TH-IR technique with PPM is discussed for LS backhaul
mmWave channels. Later, STSK techniques are with OFDM and SC ap®nsidered for
NLOS backhaul connections. Simulation results are presented in alise scenarios.

4.1 Time Hopping Impulse Radio (TH-IR) for mmWave LOS
Backhaul

As millimeter-wave spectrums have wider frequencies, they allow ad@r band to be used
for higher capacity transmission. The E-band in particular is called aatmospheric win-
dow and has low attenuation caused by water vapor and oxygen whimakes it attractive

for multi-gigabit radio communications. In addition, the high frequegies provide high
rectilinearity and resistance to interference from other system&JWB impulse radio tech-

nigues are discussed in this section because of their simple transeeirchitecture and
adequate line of sight propagation characteristics.
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4.1.1 Impulse Radio Waveforms

Impulse radio technology eliminates the needs for an up-and-dowonwerter composed
of a modulator, demodulator, oscillator, multiplier and mixer which use in conventional
radio technologies and allows for size reduction facilitating simple caogurations and low
power consumptions. Implementing those components at very hifjequencies (mmWave)
is also not trivial and it can demand technologies that cannot be easilgtegrated. The
additional jitter related to the high phase noise of these typical eoponents could also be
challenging.

Impulse radio (IR) signaling, a form of ultra-wide-band (UWB) signalig, commu-
nicates with baseband pulses of short duration typically in the rangeof nanoseconds.
Therefore, it spreads the energy of the radio signal very thinlydm near DC to very few
gigahertz. In E-band spectrum, huge bandwidth can be made availa for IR communi-
cations without causing interference. Impulse radio systems emploonsinusoidal wave
shapes that should have certain properties when transmitted fmothe antenna.

Several nondamped waveforms have been proposed in the literatdor IR-UWB sys-
tems, such as Gaussian, Rayleigh, Laplacian, cubic waveforms, anddi ed Hermitian
monocycles [112]. In all these waveforms the goal is to obtain a rigalat frequency
domain spectrum of the transmitted signal over the bandwidth oftte pulse and to avoid
a DC component. Gaussian waveforms, whose mathematical dgstions are similar to
Gauss function, are the most prominent ones among all. The zerean Gauss function
is described by the following equation, where is the standard deviation:

G(x) = pzl—e x*=2 (4.1)

2

The basis of these Gaussian waveforms is a Gaussian pulse reptedeby the following
eqguation:
Yau(t) = kee (& (4.2)

where 1 <t< 1, is the time-scaling factor, andk; is a constant. More waveforms
can be created by a sort of high-pass Itering of this Gaussian puls€&iltering acts in a
manner similar to taking the derivative ofyg (t). For example, a Gaussian monocycle,
the rst derivative of a Gaussian pulse, has the form:

2t e
Yeo(t) = kp—e (&) (4.3)

A Gaussian monocycle has a single zero crossing. Further derivasiwgeld additional
zero crossings, one additional zero crossing for each additionatidative. If the value
of is xed, by taking an additional derivative, the fractional bandwidth decreases, while
the centre frequency increases [112] [42]. A Gaussian doublet alslted a doublet in IR
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communication, as shown in Fig. 4.1 is the second derivative yf and is de ned by:
2 2t2 _ 2
yga(t) = ks (1 —)e ) (4.4)
Transmitting the pulses directly sent to the antennas results in thpulses being Itered
due to the properties of the antennas. This Itering operation carbe modeled as a
derivative. The same e ect occurs at the receiving antenna. Theedlized received pulse
shape can be written as;

o =[1 4 (D)%e 2 = (4.5)

Figure 4.1: IR Gaussian Doublet

When designing the waveforms for desired application, the centeefluency and avail-
able bandwidth are things which need to be taken into account. Theudation of the
pulses in time domain determines the bandwidth.

Since one pulse by itself does not communicate a lot of information. fémmation or
data needs to be modulated onto a sequence of pulses called a pulaim.t When pulses
are sent at regular intervals, another important parameter callegulse repetition rate. In
general pulse repetition is a characteristic that may determine theenter frequency of a
band of transmitted energy.

Sets of pulses which are used for the modulation of digital informatiamnto analog pulse
shapes. These sequences of pulses, called pulse trains, which walldde to transmit much
larger volumes of information than a single set of pulses. In generah unmodulated pulse
train s(t) with regular pulse output can be written as:
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A
s(t) = p(t nT) (4.6)

n=1

whereT is the pulse-spacing interval ang(t) is the basic pulse.

4.1.2 Impulse Radio Modulation Formats

Impulse radio modulation is based on continuous transmission of veshort time pulses
where each pulse has an ultra wide spectral occupation in the fremey domain. IR radio
modulation techniques are normally categorized into two named timeased technique and
pulse-based technique as depicted below.

Figure 4.2: Impulse radio Modulation techniques

Bi-Phase Modulation (BPM) is to invert the pulse, that is, to create apulse with
opposite phase. Even though BPM in comparison with pulse positon whalation (PPM)
has the 3 dB gain in power e ciency, it is a binary modulation and can notbe scaled
to multi-level to send multiple bits per symbol to increase data rate.Similarly, on-o
keying (OOK) modulation technique, where the absence or presenof a pulse signi es
the digital information of '0' or '1', respectively, is simpler to implementbut binary only
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and has low noise immunity. Pulse amplitude modulation (PAM) is the prefrred for
short-range IR communications normally. The motive behind this fads, an amplitude-
modulated signal which has smaller amplitude is more susceptible to r®ismterference
than its larger-amplitude counterpart. In addition, more power is equired to transmit
the higher-amplitude pulse. In sinusoidal systems, AM systems awsually characterized
by a relatively low bandwidth requirement and power ine ciency in comg@rison with
angle modulation schemes. Thus, the major advantage (low bandwhyl can be seen to
be anti-ethical to IR, as power e ciency is of high importance.

The other interesting modulation technique is Pulse Shape Modulatide.g. orthogonal
pulse modulation (OPM)) which requires special pulse shapes to bengeated which are
orthogonal to each other. Even though using orthogonal pulsdsms an advantage for
multiple access techniques, it is more complex than the other methad

By far the most common method of modulation in the literature is pulsgosition
modulation (PPM) where each pulse is delayed or sent in advance ofegular time scale.
Thus, a binary communication system can be established with a forvgaor backward
shift in time. By specifying speci c time delays for each pulse, an M-grsystem can be
created. The advantages of PPM mainly arise from its simplicity and #ease with which
the delay may be controlled. But, for IR system extremely ne time antrol is necessary
to modulate pulses to sub-nanosecond accuracy.

4.1.3 Time Hopping Impulse radio Transceiver Architecture

In [98, 63, 83] two main approaches have been identi ed for achiegim pass-band UWB
transmitter at mmWave:

1. generation of narrowband pulses following an up conversion stag E band frequen-
cies [98];

2. generation of pulses with a bandwidth in the order of hundreds @Hz followed by
a band-pass ltering stage which puts the signal spectrum arourithe desired center
frequency [63, 83].

The rst transceiver architecture contains local oscillators, mixes and millimeter wave
bandpass Itering stages in the common UWB transmission chain (aralso in the receiv-
ing chain). A pulse generator generates pulses of width 350ps foneentional microwave
sub-10GHz UWB wireless systems that are translated to millimeter wa frequency band
followed by ampli cation and lItering. The presence of oscillators andmixer increases
the implementation complexity and hence the overall costs. On theler hand, the pulse
is not a ected by shape distortions.
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In the second architecture the transceiver has a very simple cajuration, consisting
of a Wavelet Generator (WG) and a Power Ampli er (PA) in the transmitter. The WG
has only a Pulse Generator (PG) and a Band Pass Filter (BPF). Unlike iconventional
transceivers, oscillators and mixer are not required in the systemFor a transmitter
operating at E band, the PG needs to generate picoseconds puls€ehe BPF lters
a wide spectrum of the pulses to match the spectrum mask and cteaa narrowband
signal. The pulse generator can be implemented through logic gate€OR or NAND).
This architecture needs a strict control on ultra-short pulse gearator in order to center
the maximum of the pulse spectrum in the desired frequencies. Anditional drawback is
the need for high transmitter front-end ampli cation, being the lagest part of the power
lost during the ltering. Moreover, to prevent the pulse shape frm the distortion, the
BPF is very critical and must have a at insertion loss and a small delagroup variation
in the selected pass-band.

In our system, we used a TH-IR UWB transmission using Gaussian pats In Fig. 4.3
and Fig. 4.4, the block diagram of the transceiver is shown.

Figure 4.3: IR-UWB Transmitter Architecture E-band Backhauling
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Figure 4.4: IR-UWB Receiver Architecture E-band Backhauling

The UWB baseband transmitter generates very short Gaussian macycle pulses. In
Fig. 4.5 the gaussian monocycle waveform is shown in the time domairhexeas in Fig.
4.6 the related spectrum is plotted.

One can notice at a glance the spectral e ciency of IR technique llawing to e ciently
occupy very large spectrum portions. One transmitted symbol ipsead overNg monocy-
cles to achieve processing gain that may be used to counteract eogd RF distortions.
To eliminate catastrophic collisions in multiple accessing, an additionainbe shift, unique
to each user, is added to each pulse in the pulse train through the RPtechnique: when
the data symbol is 0, no additional time shift is modulated on the moraycle, otherwise
(when the symbol is 1) a time shift of is added to the pulse waveform.

Therefore, the PPM TH-IR UWB signal for kth user is given by [20]:

s
k . k k
sy = Al et T 9T B (4.7)
=1

whereA® is the signal amplitude,p(t) represents the second derivative of Gaussian pulse,
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Figure 4.5: Time Domain Gaussian Monocycle

with pulse width T, , T; is the frame duration (a frame is divided into time slots with
duration T. ). The pulse shift pattern q(k) , 0 q(k) Ni (N Te = T;) is the time

hopping sequence for the k-th user and it is pseudorandom with pead T, . & is the

additional time shift introduced by PPM, as described above. The Is#band signal is
up-converted to E band, ampli ed by a SSPA and then transmitted.The UWB receiver
uses a direct conversion scheme, thereby eliminating the need of geaejection lIter

and complicated phase synchronization circuits. In receiver, theceived signal is rst
ampli ed by a LNA, and then it is down-converted to baseband by twd=-band oscillators
operating in phase and quadrature. | and Q components are low ga#tered and fed to

the DSP (Digital Signal Processing) section, where they are combuh demodulated and
decoded.

4.1.4 Simulation Results

The TH-IR backhaul transmission system working in E-band has beeimulated in MAT-
LAB environment. The simulations are conducted for pass-band sgms, meaning that
Radio Frequency (RF) chains are considered in the simulations. Hendhe most signi -
cant radio frequency impairment, phase noise e ects on oscillatond mixers, is considered
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Figure 4.6: Frequency Domain Gaussian Monocycle

together with multi-user interference.

There are several ways of modeling the phase noise process sschraAR (AutoRe-
gressive) lter based model, or by shaping the frequency respensf phase noise according
to some practical measurements using Leesons noise spectrundehalescribed in [47].
The latter represents the most commonly employed model in practicapplications. Such
a model is based on two assumptions: i) the phase noise is assumeda@symptotically
stationary, and ii) the oscillator input perturbation u(t) is assumedto be white thermal

noise. A more realistic and comprehensive model of phase-noise iggivn [68] as:
" ( ) #
2FKT 1+ fe N 'flzfls
Pe 2Q f j fi

S (f)=10log (4.8)
whereF is noise factor of the active devicek is the Boltzmann Constant, T is temperature
(K), P isthe Average Carrier Power (W)f . is centre carrier frequency, f represents low-
frequency noise spectral components proportional te= (like, e.g., icker noise). Finally,
fi1=s IS a parameter taking into account the presence of non-white noisemponents
a ecting the oscillators. The measured phase noise values (used $imulations) are [-
100.2 dBc/Hz, -209.9 dBc/Hz] in correspondence of carrier o sdtequencies range [1
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MHz, 10 MHz].

A point-to-multipoint E-band LOS backhaul link considering 4 small-cks transmitting
in the 73GHz band their backhaul information to a macro-cell whosdistance in kilometer
is a parameterd. The simulated model is a generalized one that can be upgraded togar
number of small cells. Hereinafter, we denote such a backhaul guration with 4-1 that
means four-to-one. The following link budget that is reasonable fagrrestrial transmission
systems operating in E-band is considered:

Transmitted power: 1W;

Aggregate channel data-rate: 4Gbit/sec;

Channel coding: variable-rate Reed-Solomon (RS) coding;
Modulation/demodulation losses: 4dB;

TX/RX antenna gain: 24dBi;

Gaseous absorption: 3dB/Km;

Rain attenuation: 17.6 dB/Km; such a value has been derived by theTlU model
for mm-wave rain attenuation [8], considering a rainfall intensity of @ mm/h that is
exceeded with a probability of 104 (see the statistical model for cumulative distri-
bution of rain intensity proposed by Luini and Capsoni in [74]);

Low-Noise Ampli er (LNA) gain: 21 dB;
Receiver noise gure: 3.5dB.

Given the aforesaid link budget, the expression of the per-bit sigihti-noise available
at the input of the demodulator with an availability percentage of 99.99% is given as

follows:
Eb

No
The rst series of simulation results are related to the evaluation dhe raw Bit-Error-Rate
(BER) vs. Eb/NO coming from the channel, before RS decoding. Theeal lower bound
for our transmission system is a BPSK modulation with AWGN (blue cure), Fig. 4.7. We
can notice that the performance loss due to Multi-User Interfenee (MUI), neglecting the
e ects of phase noise (red curve) ranges from 3dB at low Signal kbise Ratio (SNR) to
6dB at higher SNR. As expected MUI bounds TH performance with aerror- oor. Such
an error- oor is more evident when phase noise is introduced andprisequentially, the
MUI increases as the relative time jitter increases. In order to impke link performance
and to reach the error-free condition, the Reed Solomon (RS) caireel coding has been

=99:36 20logy(Dmt) 002D + 4s(dB) (4.9)

av
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Figure 4.7: Raw (uncoded) BER performance vs. Eb/NO of E-band 41 P-t-mP backhaul based on TH-IR

introduced in our system. RS coding is very simple to be implementeddunquite e ective
also for high code rates, see Fig. 4.8. Variable code rates have beemsidered, namely:

RS(31,29): code-rate Rc=0.935, free distance t=1;
RS(31,27): code-rate Rc=0.871, free distance t=2;
RS(31,25): code-rate Rc=0.806, free distance t=3;

RS(31,23): code-rate Rc=0.742, free distance t=4.

Following the guidelines of [28], an error-free BER limit equal to 16 has been xed
(it is reasonable for an aggregate bit-rate of 4 Gb/s). Such a limit iseached by RS(31,29)
code rate at Eb/NO = 13.5dB, it is reached by RS(31,27) at Eb/N0=18B, RS(31,25) at
Eb/N0=11.25dB and RS(31,23) at Eb/N0=10.5dB as in Fig. 4.8. Link avdability curve
with 99.999% availability is derived in Fig. 4.9 with the help of (4.9) and codeBER
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) 4-to-1 backhaul performance with RS channel coding
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Figure 4.8: BER performance after RS decoding vs. Eb/NO of E-bad 4-1 P-t-mP backhaul based on
TH-IR

Coverage analysis for TH-IR 73GHz LOS P-t-mP backhaul
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Figure 4.9: Eb/NO with 99.999% availability vs. backhaul distance and cerivation of backhaul coverage
for di erent RS coding rates

data as in Fig. 4.8. The signi cance of this curve lies in the fact that it iyes an idea of
how much distance a backhaul link can attain w.r.t data rate. The marmum backhaul

distance equal to 500m is reached using RS(31,23) coding with a nggeegate backhaul
rate of 2.96 Gb/s. The maximum backhaul capacity of 3.48 Gb/s is rehed by RS(31,27)
coding at a backhaul distance of 470m. Considering the distancevalved in LTE-A

small cell backhauling (generally less than 1Km), such results arelljusatisfactory in

LOS scenario.
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415 Conclusion

The work shows a feasible and e ective solution for LOS small-cell wiess backhaul based
on UWB TH-IR technique in E-band. Typical channel impairments a eting MM-wave
transmission (rain fading, oxygen absorption, phase noise and tingirjitter) have been
considered in the simulations. Results have shown the capability of IR of reaching a
net capacity of 3.48 Gb/s at a distance of 500m in a point-to-multipoird-to-1 backhaul
con guration. This strategy is feasible for a scenario where ceafirhub (' bre connectivity
to core network) makes a star-network with other small BSs ovewireless link. TH-IR
does not require expensive hardware as signal transmission is dengout the need of
upconverters. Such a low complexity design is advisable for small B8.non line of sight
(NLOS) the performance of TH-IR techniques degrades dramadity when one channel
time delay becomes equal to. In case of NLOS, a robust transmission technique should
be designed.

4.2 Space-Time MIMO techniques for mmWave NLOS Back-
haul

Because the performance of TH-IR UWB is severely limited by non-idehardware com-
ponents and by channel impairments [118], space time shift keyingT{SK) techniques

are proposed for non-line of sight (NLOS) backhaul. Space-timeifshkeying relies on

dispersion of input energy in space and time dimensions, and harvegsiins obtained as a
result of multiplexing-gain trade-o . In the following subsection, sate-of-the art related

to space-time shift keying is discussed.

4.2.1 Related Background on ST-MIMO

The concept of multiple antennas for high data rates is orginated irOP3 when Paulraj in
his paper [85] introduces MIMO applications to reach high capacity diarates in wireless
fading channels. With multiple antennas in the system, diversity anddr multiplexing gain
can be achieved [122]. For example space-time techniques, like sgame block codes
(STBC) [12] and, linear dispersion codes (LDC) [50], provide time-dikgty gains to the
system. STBC provides maximum attainable diversity gain but perfenance degrades for
higher number of transmit antenna elements. In [50], Hassibt al. proposed space-time
transmission scheme, called linear dispersion codes (LDC), that ispedle of providing
exible trade-o between diversity and multiplexing gain without degrading much the
performance. [85] proposes MIMO systems for high data rate djgations. Multiple
independent streams are multiplexed over multiple antennas. At theeceiver, multi-
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stream detection is performed to seperate the information strees. However, optimal
receiver design (maximum likelihood) is very complex for high order ofadulations with
medium antenna arrays. Vertical bell laboratories layered spatiene (V-BLAST) [ 7]
architecture is proposed to achieve signi cant data rates over hicscattering environments.
However, the architecture is still too complex and performanceqaires high SNR at the
receiver.

To overcome the issue of complex receiver design, another variahMIMO is proposed
in [79, 80], called spatial modulation (SM), in which only one out d#l transmit antennas
is activated for each symbol. Hence ICI is negligible and making maximutiklihood
(ML) complexity a ordable for optimal performance. It has been eported in [79, 80]
SM is capable of outperforming V-BLAST (where the performance Ignited by ICI) and
Alamouti's STBC (where the maximum feasible diversity order isMN where N is the
receiver antennas.). Spatial modulation relies on receive antennkeraents in order to
combat fading channels. Also to increase transmission rate, thember of transmitting
antenna has to be increased exponentially.

Space-time shift keying (STSK) is proposed in [99] that utilizes bothpace and time
dimensions, based on SM and LDC principle of [50]. In contrast to SMTSK is about
activation of Q space-time dispersion matrix within each STSK block duration. Becae
only singleQ matrix is activated for an input symbol, ICI is signi cantly reduced. Hence
STSK is capable of striking a exible diversity versus multiplexing gain tht is function
of design ofQ dispersion matrix, transmit and receive antennas. The authors in 99
further claimed that no ICI is generated with STSK technique henceingle antenna ML
detection can be employed for narrowband channels exploiting tinaiversity to the fullest.
The ML-complexity still poses no threat to wideband OFDM systems tere each of the
subcarriers is experiencing at fading [34]. However the ML-compléx of SM/STSK
is inevitably high in wideband single carrier systems (e.g., SC-CP and $DMA) for
increased number of taps [90]. Thus Single carrier SM/STSK systerhave to resort to
low complexity near-optimum receivers as proposed in [60].

To summarize the di erences among di erent gain providing techniges, it is obvious
that space time block codes (STBC) (Alamouti's codes) provide diveity by transmitting
same information over space and time using pre-de ned block cod&patial Multiplexing
(SMUX) transmits independent streams from di erent antennas ad hence increasing
capacity by introducing multiplexing gains. Spatial modulation (SM) ativates only one
antenna in a given time and providing receiver diversity by reducing lICand making
optimal receiver complexity a ordable. Space time shift keying (ST) disperses the
input symbol energy over space and time dimensions by designing disgion matrix thus
providing both diversity and multiplexing gains.
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Based on the state-of-the art, a tree is constructed where thoperties of each of the
mentioned techniques is discussed in a hierarchical fashion as seenFig. 4.10. The
two extremes represent the diversity (STBC) and multiplexing (SMX) gains whereas
STSK/SM are better at providing the diversity-multiplexing trade-o. Such techniques
will be dealt with single carrier (SCCP) and multicarrier waveforms (OBM) in this work.

Figure 4.10: Hierarchical description of mmWave backhaul

All previous works that have been mentioned is considered in rich $ting environ-
ment at microwave frequency bands where enough echoes of siaitted signal manage to
reach receiver and hence diversity gains are exploited. In orderhave gigabit-link in the
backhaul, millimeter wave bands are considered where the provisioh@Hz range band
is possible. In contrast to channels observed at microwave band,hagh frequency band
(e.qg., 73GHz) lesser number of resolvable multipath components (I@Pare detectable as
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compare to that of at lower frequency bands. This is due to the sifer wavelength at

high frequency bands that di use whenever face obstacle in the w§1] and channels do

not exhibit Rayleigh "like" characteristics. Authors in [9] nd that even in high NLOS

mmWave environments, multiple antennas can be incorporated to lerage diversity and

spatial multiplexing gains at di erent locations where multipath clustes are received.
The choice of E-band for backhaul is motivated in following section.

4.2.2 E-band as backhaul solution

Backhaul system performance is often characterized by availabyliof links and error rate.
Cellular tra ¢ generated inside a cell is transported to core netwdt through backhaul.
Availability of backhaul links is essential to guarantee throughput iside a cell. Hence user
performance depends not only on access but also on backhaul. Umldccess, continuous
link availability plays important role in evaluating backhaul performane. For this reason,
high link availability of  99% is desired in cellular network. For example 4G/LTE-A
small cell network demands Very high' link availability of 99.999% or ve 9s at BER
less than 108. Such analysis are very important when E-band wireless backhaulkising
considered because of E-band links are vulnerable to propagatiosdes if transmission
strategies is not well optimized to stand extreme environments.

E-band is of particular interest in mmWave bands because of the prisioning of 5GHz
contiguous band in both 70Ghz and 80Ghz. More recently many priteacompanies have
commercialized some products for small cells backhauling. Notably REGON corpo-
ration (Paolo Alto, CA) has commercialized products for small cell lkhaul in E-band.
The FiberAir-70™ for LOS PtP achieves aggregate data rate of 1Gbps at 81 GHz arttkt
FiberAir-2500"™ for NLOS P-t-mP achieves 200Mbps at 6GHz. All these product rely
on single carrier transmission technique. Such huge bandwidth parevith MIMO an-
tenna array (4 to 256 elements) can be deployed for high capacityks1 Agilent identi es
E-band bene ts that are summarized as follow :

1. Uncongested frequency band,;

2. High antenna directivity with pencil beam;

3. Separate two frequency bands without interference concern
4. Light licensing scheme;

Agilent [3] has categorized cellular standards based on scalable wisslbackhaul solution
in E-band. 4G/LTE-A falls in 1st generation of E-band backhaul, wheeas future cellu-
lar standards are in 2nd and 3rd generation. Hence E-band wirelesgstems not only
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overcome compatibility issues between ceullular generations but alpoovides scalable
solution for wireless backhaul. The key points for rst generation thand wireless are :

Single carrier modulation with BPSK/QPSK;
Channel width can be xed or variable (250MHz { 1GHz);
Capacity should be less or equal to 1Gbps.

A robust transmission strategy, not only capable of minimizing RF impaments at mmWave

but also e ciently exploits time-frequency diversity in mmWave multipath channels, de-

serves an intention. However, there are some challenges assedawith E-band and

backhaul that are needed to be addressed in the context of LT&small cell framework.
Challenges of E-band

1. Cost e ective hardware (i.e. Power ampli er to operate in linear rgion);
2. Phase noise tolerance;

3. RF component cost for millimeter wave frequency bands;

Challenges of Backhaul (4G/LTE small cells)

1. Good enough link availability e.g., 99.999%;

2. Bit error rate lower than 10 © in presence of phase noise and power ampli er non-
linearity;

3. Capacity 500Mbps;

4.2.3 System Model

We are considering non line of sight (NLOS) millimeter wave channel in ¢hbackhaul
with M transmitting (Tx) and N receiving (Rx) antennas. The tranmitter and receiver
are both small base stations (BSs) mounting street poles. In caseNLOS scenario where
multiple re ected rays are received at Rx, millimeter wave frequencgelective channel is
considered between each Tx-Rx antenna pair. In space-time syst, the signalY received
at Rxini th STSK block duration is

Y(i)=H@@)X{)+ Z(i) (4.10)

whereY (i) 2 CN T, X (i) 2 CM T is the transmit STSK signal ini-th block duration,
H 2 CN M is the millimeter wave channel matrix generated as described in previ®
section, andZ 2 CN T is the zero-mean unit variance noise components at the receiver.
The transmitted signal X (i) is generated usingQ dispersion matrix where input symbol
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energy is spread over spadd and time T, as shown in Fig 4.11. It can be expressed in
mathematical form as

X=A g (4.11)

A =[vedqA,);:::;vedAg)] 2 CMT @ (4.12)
where 4, is the vector containing input K -QAM/PSK symbol k; of index | in the g-th
position, as

a1 =[05::5;0,k; 0;:0250] (4.13)
o— , -
11" 5% o +0*
o
o
" ._
I"#$% 1
I'!#;/o(/ : )+ | 0"
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L | "#$%&'
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Figure 4.11: Space-time shift keying matrix generator[99]

Single carrier cyclic pre x space-time shift keying

SC-CP is block transmission oNg symbols appended with cyclic pre x in order to avoid
interSymbol interference (ISI). Having complexity similar to that d OFDM, SC-CP enjoys

inherent frequency diversity in frequency selective channels. Agimed in [99], in STSK

systems ICI is negligible making ML complexity a ordable at the receive however, it

is still a challenging issue in SC-CP systems in case of dispersive chéné&he disper-

sion matrix sets are generated o ine using bio-inspired optimization échnique, genetic
algorithm (GA) [15].
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The i-th STSK codewordX (i) is generated as a result of linear multiplication of input
K -QAM/PSK symbol k with space-time matrix A; 2 CM 7. The space-time matrix
spreads the symbol energy iM and T dimensions and eventually system bene ts from
space-time diversity. A single SC-CP STSK codeword consistsToaidjacent SC-CP blocks
having Ng space-time coded symbols. The dispersion matri, has to satisfy following
power constraint,

tr AlAq =T; 8q (4.14)

The input rate is log,(Q K) as depicted in Fig 4.11. A block oNg codewards are gen-
erated and transmitted with cyclic pre x (CP) length Ncp greater than channel impulse
response (CIR)L. Ideal channel state information (CSI) is assumed with the assystion
that channel remains static over one STSK block duratiofi. A simpler and near optimum
STSK receiver architecture of [60] that was orginally proposed f@FDMA/SCFDMA
can be employed in SC-CP systems, Fig 4.12. The received sigviafjets equalized with
frequency domain linear equalizer (FDE) (e.g., MMSE or ZF) performgpoint-wise mul-
tiplication between weight matrix W and Y in frequency domain as in (4.17). The weight
matrix W for, ZF and MMSE, is given as,

1

Wit = HHH  “HN (4.15)

Wiuse = HPH + Noly  "HF (4.16)

where Ny is the noise power. For sake of simplicity, we omit ZF and MMSE subsctip
from the equations hereafter. The equalizedth block V is given as

V(i)= WY
=X@{)+ Z(@) (4.17)

whereV (i) = CM T and Z(i) is gaussian noise anc (i) is the i-th channel-free code-
word. The block index i will be dropped to make mathematics simpler. ol ease the
computations, vectorial stacking is applied otV

¢=vecv 2CMT 1 (4.18)

The space-time demapping operation in Fig. 4.12 is

1
V:?A'*Vz[vl;:::;vQ]ZCQ ! (4.19)
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Figure 4.12: Single carrier cyclic pre xed (SC-CP) STSK millimeter wave system

Indexesctand f can be detected using maximum likelihood (ML) as

;) = arg rlnin kv q;|k2 (4.20)
Ck

As we can see in (4.20) the channel e ect is removed from the signalusing frequency
domain equalization (FDE) operation and hence ML detection compléyx becomes af-
fordable. SC-CP STSK has potential of attaining joint frequencyime diversity order
upto T(L +1).

Othorgonal frequency division multiplex space-time shift keying

Orthogonal frequency division multiplex (OFDM) is robust against fequency selective
channels whereNg parallel subcarriers convert frequency selective channel intefuency
at channels. This characteristic allows OFDM to have simpler receiveand hence it
has been considered for downlink LTE-A systems. Because the $gis are modulated
on othorgonal subcarriers, freqeuncy domain realization of maximm liklihood is possible
with a ordable computational complexity when number of transmiting antennas and
modulation order are not so high. In [60], the sub-optimal receiver moposed for STSK
OFDMA/SC-FDMA systems as discussed in previous section. The aptal ML receiver
for OFDM-STSK system is discussed in [99]. The OFDM-STSK system inilimeter
wave channels is shown in Fig. 4.13.
The single-stream ML nds the estimates ¢~) from:

;) = arg min kY  HAK k? (4.21)
ail
The optimal ML detector performs exhaustive search over an ere space of Q K).
It should be noted that the search space depends on modulatiorder K and Q. So the
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Figure 4.13: OFDM STSK millimeter wave system

computational complexity is realizable with smalleQ and K .

4.2.4 MM-wave link impairments

MM-wave system poses hardware challenges like phase noise andlm@mar power am-
pli er. We highlight such challenges in the framework of space-time ded SC-CP and
OFDM.

Impact of phase noise

Non-ideal oscillators give rise to phase noise (PN) in hardware trasesvers that results into
a particular power spectral density (PSD). This motivates systendesigners to equip the
E-band transceivers with expensive PN high frequency oscillators/[7 Large bandwidths
and smaller sampling time will experience unsigni cant phase noise. Hever, such wide-
band systems require frontend components to operate at highesndwidths. As a result,
this increases the phase pertubation introduced by entire commigation system. Hence
the question "How much phase noise a receiver can tolerate withocompromising the
system performance?" deserves an answer. The answer to thigsfion is to test STSK
systems, both SC-CP and OFDM, in the presence of phase noise ir thardware.

Lets try to see the e ects of PN mathematically in SC-CP and OFDM sstems. As
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seen in Figs 4.12 and 4.13, low complexity receivers employ FDE to rem@ontamination
done by multipath channel. In the presence of PN in the system, egjized SC-CP signal
in (4.17) after FDE can be expanded as,

V& = Xy K+ Z (4.22)

where, X' T is the equalizeck-th STSK codeword block, i is the phase noise compo-
nent and Zy is frequency domain noise samples. In order to analyze the impactptfase
noise on the received signadx, we expand (4.22) as,

1
Vo= T oxe T g 0+ 2o k=012 5N 1 (4.23)
n=0
Most of the system has very low phase noise (i.e, << 1), hence we can approximate
the phase noise exponential a8 » 1+ j ,. Hence (4.23) can be simpli ed as,

1

Vée= L+ n)xee T+ 2, (4.24)
n=0
N( ! i 2 nk NK ! i 2 nk
V& = Xpe INE™ 4 Xn ne 'Ne™ 4 Z, (4.25)
n=0 n=0
V& = X+ X"+ 2 (4.26)

It is clear in (4.26), the rst term Xy is the equalized frequency domaik-th STSK
codeword SC-CP symbol and second terd}" is the common phase noise (CPE) that is
same for all symbols in a SC-block.

The impact of phase noise on OFDM is di erent from that of in SC systas because
overlapping subcarriers due to IFFT-precoding in OFDM. The outpuof FDE can be
seen as,

VEou = k+Z (4.27)
where
I UL S _
. g Xn,e?2 (M KuNe 4 7, (4.28)
F u=0 n=0

Substituting € » 1+ j |, for very small values of , in (4.28),

1 %1 ot _
k= o (1+j u) Xnelz(n k)u_-NF'FZk (429)
F
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I\X 1
k= Xkt ] Xn nkt+ Zg (4.30)
n=0
P .
where ¢ = ﬁ l':'jo ! ueJNZT”U is the frequency response of phase noise samplgsat
k-th STSK codeword. The second term in (4.30) can be seen as,
N1 N1
j Xn n k:ix& ?+j Xn n k (4.31)
n=0 hE n=0;n6
CPE | ?Z }

ICI

We can see in (4.31)k-th OFDM STSK codeword X is e ected by multiplicative term
(common phase error) and additive term (ICI). ICI can not be caected and disturbs the
orthorgonality between subcarriers. The multiplicative term redues the useful signal
amplitude due to power leakage from neighbouring subcarriers. HeEnOFDM is more
prone to system phase noise and the performance degrades witle increase in phase
noise oor. One noticeable remark about phase noise in OFDM and STR is that phase
noise in OFDM is dependent on number of subcarrieftdr whereas it is independent of
block size in SC-CP system. Also SC-CP is not a ected by ICI hence STP has proven
to be more robust against phase noise e ects in non-ideal hardwear

Power Ampli er Non-linearity

Power ampli er (PA) is characterized by input amplitude to output amplitude (AM/AM)
and input amplitude to output phase (AM/PM). Lets say, the time-domain input signal
to PA is,

Sin (t) = Ain (t) exp(j in (t)) (4-32)

The output of PA is given as,
Sout (1) = YAin ()1 expli T in (1) + " [Ain ()]d] (4.33)

where %and ' are AM/AM and AM/PM property of power ampli er. In this work,
Saleh’'s model [95] is used whose AM/AM and AM/PM property is given as

O (1)

WA (1)] = 4.34
d: n ( )] 1 + [Am (t) = Sat;in] ( )
CAZ (1)
" A = — N> 4.
In (4.34) and (4.35)q, is the gain ,Agatin IS the input saturation amplitude and - ; -
are AM/PM parameters. - = =50 and - =1=4is used in this work.

98



Space-Time MIMO techniques for mmWave NLOS Backhaul

The non-linearity of transmit PA at the output of FDE in case of OFDM can be seen
using (4.17) as,

Virom = k* Zk (4.36)
where,
L S S
K= %x,)e Xul o x, + Xn %x ] Kuld? (M Ku=Ne (4.37)
u=0 n=0;n6k u=0

As we can see in (4.37), at the transmitter the OFDM codeword,, is a ected by mul-
tiplicative and additive terms that are dependent on ampier charateristics %] and
number of subcarrierNg. In case of SC-CP, the signal is only dependent on ampli er
characteristics as seen in (4.38) and is independent of block lendii,

Ve = xi¥xi] € P+ Z, (4.38)

SC-CP STSK has higher resilience against non-linear power ampli erdh OFDM STSK.
In OFDM, the performance degradation occurs due to loss of otfgmnality of subcarri-
ers due to non-linear distortions. On the other hand, SC-CP STSKds higher PAPR
than conventional SC-CP system but exhbibits lower PAPR charaetistics as compare to
OFDM STSK systems. Hence designing lower PAPR systems for baekih is easier with
SC-CP STSK system.

Atmospheric attenuation

Atmospheric attenuations have been acting as propagation hurdfer mmWave trans-
missions in satellite link. However, they seem to have less impact on mraVg cellular
networks as there is a so called ‘transmission window' where atteriom level @73 GHz is
minimum [92]. It has been reported small cells with 200meters inter-sidistance, atmo-
spheric attenuation is approximately 0.06 dB/km and 0.08 dB/km at 2&Hz and 38GHz,
respectively [43]; whereas it is 0.3 dB/km at frequencies between #9%and 90GHz.

Over such small distances, air attenuation due to oxygen absorp is also very low. In
[93], rain attenuation is considered to have minimum impact on mmWaveith at most 3-6
dB of attenuation in worst rainfall. It would be much less in heavy raindll. MmWave
systems @73 GHz have approximately the same propagation chéeastics as that of
at 28GHz and 38GHz. With MIMO antenna con guration, atmospheic attenuation is
almost negligible over shorter distances (e.g., 200m) as reported id][9
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Table 4.1: Phase noise pro les

1MHz | 10 MHz
PN1 | -100dB | -120dB

4.2.5 Computational complexity of receivers

In this section, computational complexity of the two detectors w=d in previous sections
is discussed. Space time shift keying (STSK) and spatial modulatiois) makes the
optimal detection less computational complex due to inherent primgle of transmitting
single Q matrix in former and activating one out M transmit antennas in latter. Hence
optimal maximum liklihood (ML) search space for STSK reduces from® to one and
that of for SM from M to one. As reported in [99], the computational complexity of
optimal detector for OFDM-STSK is % and for SM is NM + ML + L
reported in [56]. The maximum likelihood complexity for spatial multiplexingy is too high
and increases exponentially with theM . For single carrier with cyclic pre x (SCCP),
the optimal reciever complexity is quite high for both STSK and SM. FoSTSK it is
(QL)P and for SM it is (ML )P [90]. For this reason, single carrier techniques have to
resort to lower complexity sub-optimal techniques. The suboptintaeceiver is based on
MMSE. The computational complexity of sub-optimal detector forSTSK is reported in
[60]. For same block size, SCCP and OFDM exhibits same computatior@mplexity
that is 4M2N +8MN +4MTQ +2QL%+ Q + 2L. Suboptimal SM and SMUX, for both
OFDM and SCCP, have the same computational complexity as ideal-MBE.

4.2.6 Simulation Results

To verify the claims made in previous sections, series of simulationsegperformed in
MATLAB environment for a realistic mmWAVE backhaul scenario. Sub a scenario is
characterized by RF impairments mentioned in previous section. Theonsidered phase
noise pro le is listed in Tab 4.1. The corresponding phase noise mask I@GHz frequency
band is shown in Fig. 4.14.

A non-linear power ampli er using Saleh's model [95] is considered withpuat-output
backo characteristics shown in Fig. 4.15. The considered outputdeko values are
pointed out in the gure for convenience.

The parameters used for simulation are listed in Tab. 4.2

First series of simulations are without channel coding for SC-CP ar@dFDM. In com-
parison with STSK, spatial modulation (SM) and spatial multiplexing ($31UX) are simu-
lated in the similar environments where ideal channel knowledge (QS$ available at the
receiver. For all the considered systems, the spectral e ciency is kept to 3bps/Hz to
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Figure 4.14: Phase Noise Mask for 73GHz Frequency Band
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Figure 4.15: Input-Output Backo characteristics of Non-linear P ower Ampli er

have a fair comparison. The spectral e ciency equations are listeth Tab.4.3 It can be
seen in Figs 4.16, 4.17, 4.18 for same spectral e ciency STSK systefoth SCCP and
OFDM) exploit the diversity e ciently and outperform SM and SMUX co unter parts in
the absence of hardware impairments.

OFDM makes full use of time diversity in case of optimal receiver wherSTSK at-
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Table 4.2: Parameters

Parameters Values

Bandwidth 500MHz

Frequency Band 73Ghz

Modulation BPSK

Ng (OFDM and SC-CP) 512

Cyclic Pre x 150

MIMO antenna con guration | 2x2, 4x4

Channel SSCM [93]

Receiver SC-CP(MMSE), OFDM(MMSE, ML)
Channel Coding Trellis code

Table 4.3: Spectral E ciency ( ): SM, SMUX, STSK

SM log,(M) +log ,(K)
SMUX | M log,(K)
STSK | l0g,(Q) +log »(K)
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Figure 4.16: Uncoded Spatial Modulation, M =2, N = 2,
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Eb/NO @ receiver input (dB)

8 10 12 24 26

= 3 bps/Hz, QPSK modulation, in millimeter

wave frequency selective channel, SC-CP (sub-optimal detectigrand OFDM (optimal and sub-optimal

detection)

tains signi cant gain of

13dB over SM. MmWave channels are highly attenuated and

occurance of deep fades is highly anticipated. In this regard, OFDMith sub-optimal
receiver (i.e., MMSE) has adverse performance in such channels ddSE receiver is not
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Spatial Multiplexing (uncoded), 3x3 MIMO, net spectral efficiency=2.12 b/s/Hz
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Figure 4.17: Uncoded Spatial Multiplexing, M=3, N=3, =3 bps/Hz, BPSK modulation, in millimeter
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detection)
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Figure 4.18: Uncoded Space time shift keying, M =2, N =2, T =2, Q =4, = 3 bps/Hz, BPSK
modulation, in millimeter wave frequency selective channel, SC-CP (sb-optimal detection) and OFDM
(optimal and sub-optimal detection)

able to recover symbols that fall in deepfades, see in Figs 4.16, 44.718. The situation
is rather di erent in single carrier systems where symbols are spiekan frequency domain
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before equalization. Such spreading in frequency domain leads tedquency diversity in
the system and makes the system robust against channel deedds. Hence the SCCP
with sub-optimal detector has shown performance close to OFDML especially in STSK
case where SC-CP takes advantage of frequency and time diversit

In case of hardware impairments SCCP in all forms has shown remabke resilience.
The single carrier systems due to negligible peak-to-average po@WAPR) requires 0dB of
output backo (OBO). As shown in section 4.2.4, SCCP, due to its sifg carrier nature,
is only a ected by common phase error caused by phase noise. OFDBHystems, both
optimal and suboptimal, are highly vulnerable to hardware impairmest due to delicate
signal processing functions. OFDM are notorious for having high R and hence high
backo is required to combat non-linear distortions due to power apli er. Phase noise,
on the other hand, disturbs the orthorgonality among subcarrierconverting white noise
into colored. Hence, performance of OFDM is compromised and is ma&able in Figs
4.16, 4.17, 4.18 where 7dB degradation is observable in case of non-ideal RF STSK
OFDM-ML w.r.t its ideal couterpart.

Another interesting aspect is to see the performance with highent@nna dimensions
while keeping the spectral e ciency = 3bps/Hz. Uncoded SMUX system stays the same
for = 3bps/Hz as in Fig. 4.17. Increasing the antenna dimensions at reger helps in
achieving the array gain as evident in Figs. 4.19 and 4.20. It should betad that in case
of SM OFDM-ML exploits this gain ttingly where a gain of 10dB is noticed in case
of ideal RF hardware. Phase noise is less e ective in case of largeemmta array at the
receiver. The reason behind such robustness is the e ect of phasise is averaged out
at the detection process thanks to receiver antenna diversity. his makes the probability
density function (PDF) of decision variables (a ected by phase no& less distorted due
to phase noise. SCCP STSK system exhibits PAPR for higher order ahtennas. This
is due to the dispersion matrix that disperses the input symbol engy in space-time
dimensions. Hence a input backo (IBO) of 4dB is required in case ofCEP that is still
low as compare to OFDM-ML for which IBO = 6dB is needed. OFDM-ML SBK system
enjoys 4dB gain over SCCP-MMSE STSK. Such a performance gain igedto the use
of optimal ML receiver in OFDM STSK that is not possible in SCCP in suchréquency
selective channel conditions. OFDM-ML STSK has performance yeclose to uncoded
BPSK AWGN bound that shows the resilience against multipath chanheand non-ideal
hardware impairments.

The channel coding analysis is done in second series of simulationsllis coded mod-
ulations are considered in the all the considered systems to comisatnnel imperfections.
Adding redundancy to information data makes it robust against dgefades but it also re-
duces the spectral e ciency i.e., =2.12 bps/Hz. In uncorrelated channels, like mmWave
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Spatial Modulation (uncoded), 4x4 MIMO, net spectral efficiency=2.12 b/s/Hz
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Figure 4.19: Uncoded Spatial Modulation, M =4, N =4, = 3 bps/Hz, BPSK modulation, in millimeter
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detection)
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Figure 4.20: Uncoded Space time shift keying, M =4, N=4, T =4, Q =4, = 3 bps/Hz, BPSK

modulation, in millimeter wave frequency selective channel, SC-CP (sb-optimal detection) and OFDM
(optimal and sub-optimal detection)

frequency selective channels, trellis-coded spatial modulation iegques do not provide
coding gain as evident in Figs. 4.21, 4.23. As pointed out in Tab. 4.3, thaformation
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conveyed through antenna index and modulation, i.eM andK in SM. Hence there exists
a splitter as pointed out in [78] that splits the information data into two, i.e. log,(M ) and
log(K). Only the modulated bits log,(K ) are coded using trellis coding and conveyed to
receiver. The fundamental principle is SM and STSK is the same. Hencoding gain is
not signi cant.

In case of SMUX, all input bits are trellis coded before transmissiomd hence the
gain obtained as a result of trellis code is around 6dB over uncoded BM in case of
OFDM-ML. A similar trend is observed in coded SCCP-SMUX performingpetter than
uncoded counterpart as in Fig 4.22.

Trellis-coded 2x2 SM: net spectral efficiency = 2.12 b/s/Hz
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Figure 4.21: Trellis-coded Spatial Modulation, M = 2, N = 2, = 2.12 bps/Hz, in millimeter wave
frequency selective channel, SC-CP (sub-optimal detection) an€@@FDM (optimal and sub-optimal detec-
tion)

Another interesting thing is noted in SM where coded-OFDM exhibitsreor oor in the
presence of non-ideal hardware impairments at high SNR regime. i$hs due the phase
noise impacting the correlation introduced by trellis coding. The samgend can be seen
in trellis coded SCCP SM where performance loss of 4dB @4.& evident between ideal
and PN case, see Fig 4.21. Trellis coded STSK schemes have shownemobustness
against channel impairments and PN. In Fig 4.23 performance of tie coded OFDM-
ML STSK in the presence of PN is tight w.r.t ideal OFDM-ML STSK. Exacty the same
trend can be seen in trellis coded SCCP STSK where PN does degralde performance
by only 1dB. Trellis coded OFDM-MMSE STSK in the presence of PN shaarreducible
error oor.
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Trellis-coded 3x3 SMUX: net spectral efficiency=2.12 b/s/Hz
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Figure 4.22: Trellis-coded Spatial Multiplexing, M = 3, N = 3,

= 2.12 bps/Hz, in millimeter wave
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Figure 4.23: Trellis-coded Space time shift keying, M =2, N=2, T=2, Q =4,
millimeter wave frequency selective channel, SC-CP (sub-optimal dection) and OFDM (optimal and

sub-optimal detection)
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= 2.12 bps/Hz, in

Trellis codes provide not much coding gain in the case of large antenaaays, in case
of SM and STSK shown in Figs. 4.24 and 4.25. In case of trellis coded QWML STSK
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with four antennas, around 1dB of gain can be noticed over uncal©FDM-ML STSK.
However an interesting thing to be noted in case 4-antenna systenphase noise does not
harm the correlation introduced by trellis code as it is the case in 2-fanna system. It
can be seen that OFDM-ML STSK and SCCP-MMSE STSK performancare tight w.r.t
the performance in the presence of phase noise, as seen in Fig..4A3EFDM-MMSE STSK

is not able to perform tter and has performance not adequate fdackhaul applications.
On the other hand, SM with 4-antenna shows some resilience agaimbtase noise but

Trellis-coded 4444 STSK, net spectral efficiency=2.12 b/s/Hz
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Figure 4.24: Trellis-coded Space time shift keying, M =4, N=4, T =4, Q =4, = 2.12 bps/Hz, in
millimeter wave frequency selective channel, SC-CP (sub-optimal dection) and OFDM (optimal and
sub-optimal detection)

overall performance is uncomparable with STSK systems. Due to lamomplex system
design, SM has the edge over STSK but the inability of exploiting the fudiversity gain
makes them not viable for backhaul applications.

Based on the link performance, ranges are derived for each ofrtsanission schemes in
uncoded and coded case with the help of link budget,

Ep=No = 109:712 245l0gy(Dme) 0:02D e + "ap (4.39)

The expression in (4.39) is derived by using pathloss for 73GHz as oejed in [9] and
rain attenuation with 99.999% link availability reported in [74]. The receigr parameters
are listed in Tab.4.4.

Based on the values considered in Tab.4.4 and (4.39), ranges areivier as listed in
Tab. 4.5 Tab. 4.6. In coded case, tt can be seen that 4-antenna SK has longest hop
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Figure 4.25: Trellis coded Spatial Modulation, M = 4, N = 4,

Trellis-coded 4x4 SM: net spectral efficiency=2.12 b/s/Hz
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= 3 bps/Hz, QPSK modulation, in

millimeter wave frequency selective channel, SC-CP (sub-optimal dection) and OFDM (optimal and
sub-optimal detection)

distance reaching 270meters with OFDM-ML in the absence of hardve impairments,
whereas 4-antenna SCCP-MMSE STSK systems can reach upto m@fers with ideal
hardware. OFDM-MMSE is clearly not the suitable choice backhaulingug to its poor

link level performance in mmWave channels. In the presence of hame impairments, the
hop distance for OFDM-ML STSK reduces to 172meters whereas ietomes 142meters
in case of SCCP-MMSE STSK. Hence, OFDM systems su er alot in thergsence of
phase noise and non-linear power ampli er. The degradation is not sigcant in case of
SCCP-MMSE, indicating that SCCP-MMSE is more robust to hardwarempairments as
compare to OFDM-ML.

Table 4.4: Receiver Parameters for computation of link budget

Parameters Numerical value
Rx gain G, 30.7 dB [107]
LNA gain P, 30 dB [62]
Synchronisation 10ss,L gem 1.5dB
Feeder loss L eq 0.15 dB
Polarization loss, L po 0.15 dB
Antenna noise temp, Tane, K 290
Feeder noise temp,Treq, K 290
Receiver Noise Figure Frec 5.5
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OFDM SMUX reaches distances upto 115meters with ML and ideal hdware im-
pairments that is greater than 2-antenna OFDM STSK and OFDM SM wstems, and
4-antenna SM system. Such a gain is due to trellis coding as SMUX exfdochannel
coding gain e ciently as compare to SM and STSK where only partial irdrmation is
coded. On the other hand, SCCP SMUX has greater range as comgzato SCCP SM.

Uncoded case is not very di erent from coded one in the sense theverage reduces
noticeably in case of SMUX whereas it not signi cant in STSK and SM. Heever, 4-
antenna STSK OFDM-ML still manages to reach 250meters of distaa with ideal RF
front end. With the same antenna con guration and ideal RF frontend, SCCP-MMSE
waveform travels upto 177meters. Reducing antenna con gurah to 2-antenna, the
coverage reduces to the half of the maximum attained with 4-antaa. In all cases, STSK
is observed to be the stand out technique covering larger distasce

110



1T

Table 4.5: NLOS backhaul distances
hardware impairments

reachable by di erent trellis-caled ST-MIMO techniques considering ve nines Link availability and RF

MIMO CONFIGURATION AND SPACE-TIME
TECHNIQUE
2x2 4x4
WAVEFORM AND RF HARDWARE SM STSK SMUX SM STSK SMUX
FDE CHARACTERIZATION (3x3) (3x3)
. ideal 65 mt. 138 mt. | 142 mt. | 131 mt. | 270 mt. | 142 mt.
OFDM with ML-FDE -
non ideal <10 mt. 82 mt. 82 mt. 77 mt. 172 mt. 82 mt.
. ideal <10mt. | <10mt. | <10mt. | <10 mt. | <10 mt. | <10 mt.
OFDM with MMSE-FDE -
non ideal <10mt. | <10 mt. | <10mt. | <10 mt. | <10 mt. | <10 mt.
. ideal 77 mt. 115 mt. 79 mt. 80 mt. 187 mt. 79 mt.
SC-CP with MMSE-FDE non ideal 55mt | 98mt | 73mt | 68mt | 142mt | 73 mt.
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Table 4.6: NLOS backhaul distances reachable by di erent ST-MIMO techniques considering ve nines Link availability and RF hardware

impairments

MIMO CONFIGURATION AND SPACE-TIME

TECHNIQUE
2x2 4x4
WAVEFORM AND RF HARDWARE SM STSK SMUX SM STSK SMUX
FDE CHARACTERIZATION (3x3) (3x3)
. ideal 47 mt. 130 mt. 94 mt. 118 mt. | 250 mt. 94 mt.
OFDM with ML-FDE -
non-ideal <10 mt. 81 mt. 48 mt. 71 mt. 165 mt. 48 mt.
. ideal <10mt. | <10mt. | <10mt. | <10mt. | <10 mt. | <10 mt.
OFDM with MMSE-FDE i
non-ideal <10mt. | <10mt. | <10mt. | <10mt. | <10 mt. | <10 mt.
. ideal 61 mt. 97 mt. 48 mt. 75 mt. 177 mt. 48 mt.
SC-CP with MMSE-FDE -
non-ideal 53 mt. 72 mt. 40 mt. 65 mt. 128 mt. 40 mt.
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Chapter 5

SDR-based recon gurable solutions
for LTE-A

In this chapter, the goal is to demonstrate the viability of softwae-de ned radio-based
implementation of recon gurable cooperative LTE-A communicatiorstrategies, in partic-
ular: cooperative downlink relaying. By designing and emulate SDR cperative relaying
in the downlink, it is shown that LTE-A fully enables the network recongurability. Such
characteristics of a system allows the adaptation of transmissiorsidering the change
in the status of network.

5.1 GNUradio Framework

The GNU Radio Framework is an open source framework that allows éhuse of Python
and C++ for the development of signal processing algorithms. An dne community
exists dealing with the framework at fwww.gnuradio.org. The gnuradio library can be
downloaded from the same website. An online repository is availabl®mfn where libraries
can be downloaded and utilized for experimentation.

The framework contains a large number of built in blocks, de ned in C+, that imitate
in software, the functions of the incorporated radio component$or example, mixers and
Iters, to mention but a few. Additionally, it is possible for developersto design their
own blocks in C++ which increases the possibilities of what the GNU Radiramework
can be used for. This is particularly an important aspect since the »bility is needed in
order to be able to design the SDR-based system.

The use of the GNU Radio Framework may proceed in either of two wsty One could
adopt the use of the graphical user interface which is incorporatento the software- It
is called the GNU Radio Companion (GRC). With this approach, graphs ithin the GUI
are connected together with a goal of ensuring a de nite signal frafrom source to sink
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whilst taking care to match the signal types that ow from block to Hock. GRC is an
open-source Visual programming language useing GNURadio librariesnd providing its
users an easy way to create GNURadio owgraphs. Fig. 5.1 showstthe GRC interface.

Figure 5.1: Emulation scenario: con guration and topology

With simply drag-and-drop and con guring the modules, GRC provids the ease and
rapid developement of applications. A python code is generated agesult, which runs
the application. However, GRC lacks the exibility in the sense that it mly allows to
change the parameters within a block but does not help in creating weblocks. Rather,
XML le is used to create new modules that can be added to GRC envinment.

Alternatively, the non graphical interface can be used: In this, awould develop the
system by using a python script which connects the signal path( bad the graph) by
calling the underlying GRC blocks. Of course writing code in python is tien consuming
but it gives the control in system design to its users where usersncadd functionalities
of their choice to newly created GRC blocks.

Making blocks in GNU radio is about programming in C++ in order to keep ®Uradio
as fast as it is. With the help of already available libraries, new blocks mée created.
The Simpli ed Wrapper and Interface Generator (SWIG) interfaceis used in the GNU
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Radio Framework to interface between the python scripts and th€++ blocks.

5.2 Universal Software Radio Peripheral (USRP)

GNU Radio is strictly only a software library and can be used in a simulatiolike envi-
ronment. An interesting feature it incorporates, is the fact thatit can be connected to
some low cost hardware, e.g., front end RF equipment, thus enablinger the air commu-
nication. An advantage accruing from this is, these radios can beagsin experimental
research instead of relying on only simulations to assess the penfiance of the developed
system. USRP boards were connected to a commodity PC runningetlGNU Radio Soft-
ware to enable over the air communications amongst them. Fig. 5.2csts an USRP of
bus series from Ettus research. It provides an entry level RF pressing capabilities where
two RF daughterboards are in place making it ideal for applications vere high isolation
is required between transmit and receive chains [5].

Figure 5.2: USRP1 of Ettus Research

Ettus Research, now a National Instruments company, has ddeped a number of
USRP boards which use motherboards with either the USB 2.0 or GigaEthernet inter-
faces to connect to the commodity PC. The boards can support,&dlly, sampling rates
from 8MSps for the USB 2.0 interfaces to 100MSps on the Gigabit Etmet Interfaces.
Another USRP board from ettus for demanding applications is showim Fig. 5.3. This
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USRP belongs to networked series and provides high bandwidth andjh-dynamic range
processing capabilities. It also enables MIMO con guration with fragency ranging from
DC to 6GHz. A gigabit ethernet connectivity is provided to stream d& to and from

Figure 5.3: USRP-N210 of Ettus Research

host processors. All these boards are interfaced to the GNU Rad~ramework, or to
other frameworks on which they operate(like MATLAB and Simulink orLabView), by
the Universal Hardware Driver (UHD driver).

5.3 System Setup and SDR implementation

The system was designed and emulated using the GNU Radio Framekvamstalled on
a commodity PC connected to USRP boards acting as the RF Front dn This meant
that the software for the baseband algorithms was implemented dhe PC using Python
for the higher level and less computationally intensive operations drC++ for the more

computationally intensive operations. The main bottleneck to such aystem lies in the
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transfer rate that is possible between the USRP board as the frioend and the PC. This
bottleneck has been handled by providing in later designs of the USRModels based on
gigabit ethernet instead of the USB 2.0 Interface. In the previoyugssential components
for building up the GNUradio-based SDR testbed are discussed. Bbdity of emulating a
cooperative relaying scenario using these tools and a performamacelysis of the system
was carried out thereafter.

The emulated system was implemented to consider the e ect a relagirscenario has
on the performance of the Physical Downlink Shared Channel (P@$l) in an LTE-A
"like" downlink using the available hardware( a commodity PC(s) connged to a USRP
board(s)). The available hardware components for the system ahation are two USRP
N210 boards and two USRP1 boards and commodity PCs for each diem to run on.
The di erence between USRP N210 and USRP1 is shown in Tab. 5.1.

Table 5.1: Features of the ADCs and DACs in both the USRP1 and USRPN210 boards

Features USRP1 | USRP N210
ADC Sampling Rate (MSps) 64 100
ADC Resolution 12 14
DAC Sampling Rate (MSps) 128 400
DAC Resolution 14 16
Number of ADCs and DACs 4

The system was designed as an OFDMA-based half duplex( all boautse XCVR2450
daughterboards that are half duplex) dual hop system. Basicallyvhat this means is
that the design of this system incorporated having one of the USRIBoards as the main
node(imitating the function of the eNodeB in an LTE-A network), ard then other USRP
boards as the end users(Fig. 5.4). Two of the USRP boards weredss relays (USRP
N210s) to enhance and improve coverage to those boards tha¢ adenti ed by the main
node to have a very poor channel gain. The relay nodes were emathtn such a way that
it is possible to have them act as both receivers or relays depending the functionality
chosen for them by the main node. Since the focus of this emulatiomsvthe downlink,
we used a MySQL database implemented on the main node's PC to keepstare of
feedback information about the channel gain on each subcarrigransmitted by each of
the end users via the internet. From this information, the choice oivhether to opt for
the direct link or the cooperative link (via the relay node) was made byhe main node
observing the channel gain.Whenever the channel gain of the dirdiak is less than that
of the cooperative link for the end user, the cooperative link(shawas the dotted path in
Fig. 5.4) was chosen for the transmission. Additionally, users weresigned subcarriers
in resource blocks in which they had, compared to other users in tlsgstem, a higher
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Figure 5.4: Emulation scenario: con guration and topology

channel gain and hence better performance.

The two hop implementation in the downlink implies that for the data desned for the
relay attached UEs, resource allocation had to be done twice. Hoxee, for simplicity,
we opted to emulate the cooperative relaying scenario in which there only one end
node attached to the node acting as a relay at a time. For the rst dp, the main node
transmits to the other nodes attached to itself (those that do noneed a relay) and to the
Relay Station(RS). The node chosen to act as a relay in a given transsion relays data
to the node incapable of being served su ciently by the main node in @it transmission.
All the data to the relay attached UEs is transmitted over the link etablished between
the main node and the RS. For the second hop, the RS allocates nases to the UEs
attached to it using the Maximum Sum Rate resource allocation algohm.

The system design parameters are summarized in Tab.5.2.

5.3.1 OFDMA Transmitter Design

The SDR based implementation of the LTE -A downlink was focused ormmailating the
physical (PHY) layer of the LTE-A protocol. An emphasis has beenlaced on the fact that
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Table 5.2: Emulated system parameters

Parameters Values
Nt 128
Max. number of user nodes 3
Size of payload (Bytes) 400
Size of Header and CRC (Bytes) 9
Size of user' transmitting data (Mb) 1
Single bandwidth (KHz) 500
Modulation Scheme QPSK

the designed and emulated system is based on an LTE-A "like" scerar This is because
of the limitations imposed by the USRP hardware and software desigihe GNURadio
platform provides an OFDM based modulation and demodulation scheam This section
describes how this modulation scheme was enhanced to create d@esysusing cooperative
relaying in an LTE-A like scenario with a focus on the downlink. For thisystem, we chose
to use the non-graphical user interface in developing the softwaso as to increase the
exibility of the design. Within GNU Radio, a software implementation ofthe single user
orthogonal frequency-division multiplexing (OFDM) transmitter ard receiver is already
available. This implementation is extended to multi-user OFDMA, which isused in the
LTE-A downlink. Following are the assumption made during the implemeation:

Channel is assumed stationary over each subcarrier and variesagdio
The number of subcarriers is same for all the nodes.

Transmission bu er is full for all transmitters.

RBs are available for transmission.

The users have homogeneous service requirements.

The transmitter design of this system contains modules de ned in fiyon that create

graphs for the signal ow from source to the RF front end by intezonnecting blocks
created using C++. The ow graph (1) of Fig. 5.5 illustrates the interconnection between
blocks in the transmitter. In the Fig. 5.5 AWGN noise source module issed only
for software simulations. The input data are generated for all use and assembled in
packets, the payload size of which is speci ed in Table 5.2. One by ortbe packets are
passed to the modul@ransmit_Path .py. The moduleTransmit_Path .py is elaborated in
owchart (I1) of Fig. 5.5 within which a sub-module of name Modulatorpy is present. This
sub-module is responsible for radio resource allocation, subcarneapping, inverse fast
fourier transform (IFFT), and cyclick pre x addition, as seen in owchart (Il) of Fig. 5.5.
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Figure 5.5: Software implementation of OFDMA downlink transmitter

Radio resource allocation and subcarrier mapping are performed tine Mapper_block. py
(written in C++). Within this script, three tasks are created:

The incoming data is seperated into users' pipe prior to transmissididay, 4 users
are seperated into 4 pipes).

Each user is assigned to a RB on the basis of the maximum sum rate (R)Sriterion.
The choice of MSR as the radio resource allocation strategy is motigd by its low
complexity and ease of implementation. In this scheme, CSI is acquré&om the
MySQL database that has feedback from the receiver. The feeulk information is
the channel gain measured over each subcarrier. The information the assigned
RBs is then passed down to the mapper module. In such a way, it is gdse to assign
to each user those subcarriers in an RB over which that user hasetlbest channel
gain (greedy optimization for the MSR resource allocation scheme idapted). To
ensure fairness, equal number of resources is allocated to easbr before providing
more RBs to the best performers.

The user messages are retrieved, one at a time, from pipes and pegh onto the
delineated subcarriers as per resource allocation scheme in use.

The multi-user signal, generated by the OFDMA baseband transmir, is nally ampli ed
in RF front-end of USRP boards and transmitted on the wireless chael.
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5.3.2 OFDMA Receiver Design

The single-user OFDM receiver implementation available in GNU Radio perms the
basic OFDM demodulation tasks. However, the implementation is extded to encompass
the functionalities required by both multiuser OFDMA detection and ooperative relaying.
The owchart of Fig. 5.6 shows the ow of signal through the soft@re-implemented
blocks for OFDMA downlink receiver. The additional block in standardOFDM GNU

Figure 5.6: Software implementation of OFDMA downlink receiver

radio receiver isFrame_acquisition block, written in C + + (owchart IV, Fig. 5.6).
The channel estimation is performed in this block and sent to the neblock, that is, the
Frame_sink C ++ block ( owchart (I11), Fig. 5.6). The input signal is then demodu lated
according to the intended receiver ID.

The Frame_sink block performs this operation in a series of states as would a state
machine (Fig. 5.7). In the control handling state, the receiver exicts the data symbols
sent over allocated RBs labelled with receiver ID. So the receiver IDesabled to decode
the expected data sent from transmitter. As the RBs are determed, the control handling
state sets the receiver to acquire the transmitted information &m the subcarriers in
the assigned RBs and then reassigns the machine to the previouatst The operation
then continues on through the other states until the next starf frame ag is received,
regardless of the specic state oFrame_sink. Indeed, whenever it receives a "Synch
rxd" ag, the state machine resets to the Sync search state amga starts the detection
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process afresh, and the previous packet is dropped. In this bloek additional capability

Figure 5.7: Frame synchronization state machine

of inserting the estimated channel gains into an object (access&édm Python script)
is considered. A thread, running in parallel to the main ow graph prgram, updates
the database about receiver CSI whenever a new channel estimat available. Since a
premable is used to do channel estimation, so as soon as the prelenbreceived in every
packet, this thread inserts an update about the channel feedtlato the MySQL database.
Thus, the CSI updates do not slow down the USRP device during datemodulation, as
they are executed and stored concurrently.

5.3.3 Cooperative Relay Design

The adopted relay strategy is of type 1, decode-and-forward H) rst proposed in the
LTE Release 8 speci cation. The protocol enables the relay node tiecode the informa-
tion by suppressing the noise and re-encodes the information foext-hop transmission.
Decode-and-forward relaying exhibits higher performance gain Wwitespect to other re-
laying alternatives at the cost of an increased algorithmic complexityThe half-duplex
relay nodes are unidirectional as in typical downlink scenario. Becseiof the RF daugh-
terboards used by USRP transceiver are half-duplex, the relayrcanly transmit when it
is not in receiving mode. The cooperative relaying algorithm is describé the owchart
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of Fig.5.8. Each relay node is designed to start its functionality as aceiver. For the

Figure 5.8: Cooperative relaying algorithm

sake of simplicity in emulation, the relay nodes in the system retranstiio a single UE.
In order to facilitate cooperative relaying, the design included a ftiver feature where the
relay could retransmit or not depending on a parameter contained ithe control infor-
mation sent by the transmitter along with data. This parameter desribes the channel
conditions between the relay node and the UE. Depending on the velof this parameter,
the decision on relay selection is performed, as shown in Fig. 5.8. Itlboelay paths are
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evaluated as appropriate, double relaying is issued, and two relaydes are activated. At
the receiver side, selective diversity combining technique is applied tt@o relay paths by
selecting the one with highest signal-to-noise ratio.

5.3.4 Experimental Results

The experiments shown in this section have been carried out in an irmfoenvironment,
more precisely, in two corridors located on the premises of the Depaent of Information
Engineering and Computer Science (DISI) at the University of Tren. The rst corridor
(wide) is broader and longer than the second corridor (narrow). &te precisely, the
dimensions are 3 m 55 m for the wide corridor and 1.70 m 30 m for the naw corridor,
respectively. Both environments are open spaces with no obje@scept for occasional
people passing through the corridors.

Figure 5.9: Open- eld emulation scenario: Narrow Corridor

In Figs.5.9 and 5.10, two considered emulation scenarios are showrneTpositions of
main nodes have been xed in the corridors, whereas positions of Wé&minal and relay
nodes are varied w.r.t to main node. The relay-UE distance was alsorieal in the same
manner. The relay-UE distance of 2 m was nally chosen because it svabserved from
ad-hoc experimental trials that this was the optimal distance to impve the coverage
from the main node to the UE.
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Figure 5.10: Open- eld emulation scenario: Wide Corridor

The performance metric chosen to assess the e ectiveness o throposed relaying
methodology is the packet error rate (PER) vs. link distance, measd at the UE termi-
nal. Due to random practical channel conditions, sample averagéabserved PER values
were computed after several emulation trails. The con dence inteals for the statistical
averages are 5 percent of the sample average for the wide and &€cent for the narrow
corridor, respectively, with a con dence level of 95 percent. Prmance bounds were
considered from [71], where analytical expressions about bit ernate (BER) achieved
by a downlink transmission with single and double cooperative relayinghd binary mod-
ulations have been derived. PER curves have been obtained by usthg approximation
PER =1 (1 BER)'., L being the payload size. The AWGN signal-to-noise ratio
vs. distance has been computed using the path loss model of [111jilevthe variance of
the multipath attenuation has been estimated using the CSI data sted in the MySQL
database. PER results for wide corridor scenario is shown in Fig. 5\Where performance
of testbed with single relaying (UE from relayl) and that of with douke relaying (UE
from both relays) is depicted. Fig. 5.12 shows the performance dastbed only with
double relaying in narrow corridor case. It has been observed dugiexperiments that
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Figure 5.11: Emulation results in terms of PER vs. link distance: Wide Caridor

channel conditions are more severe in the narrow corridor scelaras clearly evidenced
by the higher PER values achieved. The plots obtained in Figs. 5.11-3.5how the
signi cance of relay nodes in the system as the PER performance lieases signi cantly
with respect to direct connection, i.e., main-node to UE (without relging) for almost

all the link distances and conditions considered in the emulations. Due decode-and-
forward protocol used, the usage of relays enables the systemndperate nearly at the
same performance level as in the case of short-range direct linkvileen transmitter and

receiver. This arms the potential of relaying in future cellular networks. The trend of

PER curves is rather similar, but analytical results represent lowdsounds on real results.
Indeed, analytical evaluation does not take into account inevitableon-idealities of the

open- eld transmission, e.g., in-band interference, real multipatipropagation, wear-tear
from low-cost communication hardware, nite precision arithmeticand so on.

From achieved results, one can understand the ease of experitiman with cutting
edge technology using open source hardware and software platfs. The developed
cooperative relay test-bed indicates the successful analysis ofeahnology in academia
by performing real experiments. With real experiment trails, integsting insights can be
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Figure 5.12: Emulation results in terms of PER vs. link distance: Narrov Corridor

derived related to real communication channel that are, otherwas di cult to capture
in software simulations or analytical works. The only bottleneck retad to hardware
implementation is that experiments can only be performed at a scaletbwn level since
the low-cost hardware supporting GNU Radio is limited in performanceNevertheless,
even in the presence of limitations, the results are signi cant and aful for the interested
community.
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Chapter 6

Conclusion and Future Directions

In this chapter, the methodology and results presented in this tilsés are discussed and
possible future directions are proposed. The main goal is to studyd development of
innovative techniques for physical layer of LTE-A uplink in the contet of smart city
applcations and future upcoming cellular standards (5th generatig 5G). In particular,
uplink MIMO transmission is accessed through cooperation betwebease stations. More-
over, uplink MIMO detection scheme is discussed by proposing a lowngalexity minimum
conditonal bit error probability (MCBEP) in a multiuser scenario. Later on, a power e -
cient transmission scheme is proposed in the context of upcomin@ustiards that is based
on constant envelope SCFDMA (CE-SCFDMA) showing remarkable inmpvement over
current SCFDMA scheme. Wireless backhauling is conceived for caeting small cells
where both LOS and NLOS cases are considered. UWB techniques likgulse radio
(IR) is considered for LOS scenarios and space time MIMO technicquare relied upon
for NLOS. Lastly, LTE-A downlink cooperative relaying is implementedusing software-
de ned radio (SDR) testbed to prove the recon gurability of future cellular networks.

In chapter 3 section 3.1 uplink cooperative multipoint (CoMP) LTE-A isaccessed for
improved link performance and energy e cient transmission. A typial LTE-A small-
cell scenario has been considered, under the hypothesis of idemtkhaul characterized
by error-free and zero latency, which is quite realistic if mmWave wiless backhauling
techniques are adopted. Cooperation is conceived at base statievel, where neighboring
base stations made to cooperate in order to enhance link quality byaking full use of
energy received on the antennas. In this regard energy e cienayf user equipments
(UEs) is analysed. An energy e ciency model is considered for xegower transmission.
It has been shown that a signi cant perfomance improvement foreti-edge UE obtained by
CoMP without any increase of the hardware complexity at the UE. Sth a strategy does
not require cell-edge users to transmit at high power in order to hawigh signal to noise
ratio at BS and hence energy e ciency is achieved. Performanceiga are witnessed over
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non-cooperative approach both in ideal and non-ideal channetiesations. Maximum gain
is observed with two base stations in case of non-ideal channelimsttion. Hence such a
strategy is prone to system imperfections. It can be concludedahCoMP strategies are
bene cial, in terms of QoS, from UE point of view and it provides greesolution to smart
cities because users are not required to transmit at exceeded powhen located at far
distances from eNBs.

Future works may concern with the study of CoMP strategies wherthe cooperating
BSs are selected on the basis of link performance and energy e aignoptimization cri-
teria. Game theory may provide interesting solutions to this problemMU-MIMO would
be an interesting aspect in CoMP strategies where paired users age same set of radio
resources for transmission. In this regard, the link performan@nd energy e ciency is
also limited by multi-user interference (MUI). Another eld for resarch investigation may
be related the study of e cient cooperative channel estimation ath multi-user detection
techniques that can e ectively work also in the case of massive MUIMO con gurations,
characterized by the intensive reuse of the radio resources argancreasing populations
of UEs. Finally, the case of UEs equipped with multiple antennas (twa@t most) should
be studied in the framework of enhanced MIMO diversity systems.

In section 3.2 a novel constant-envelope multicarrier transmissidachnique, namely:
Constant-Envelope Single-Carrier FDMA (CE-SCFDMA) has been mposed for future
uplink cellular systems. The idea is to apply non-linear phase modulatido real-valued
SCFDMA signal and that results into constant envelope. Such CE epation is conducive
for SCFDMA signals exhibiting lower envelope uctuations. Hence SAPMA signals have
inherit immunity against nonlinear CE transformation.

Results have shown that CE-SCFDMA is more robust against multipat channels w.r.t
SCFDMA. Signicant gains are observed at high level of modulations lvere the per-
formance of SCFDMA is compromised due to high IBO. CE-SCFDMA regyes larger
modulation index for high modulation order (16QAM, 64QAM) that reduces the spectral
e ciency. Sacricing spectral e ciency results in high performance gains in terms of
power e ciency. This makes CE-SCFDMA is a promising candidate for plink applica-

tions in future cellular network. Of course, both spectral and poer e ciency are desired
due to heavy exchange of data (in the range of Gbps) between ttegminal and network

operator. Spectral and power in cellular network complement eadhther. Hence a right
tradeo has to be conceived.

Future works could be based on analysing the e ect of non-idealalator causing phase
noise in the presence of multiple antennas (MIMO). The spectral e&iency in the system
can be improved greatly through the use of multi-user MIMO (MU-MMO). CE-SCFDMA

together with MU-MIMO will be an interesting research in future.
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Section 3.3 gives a detail about an iterative minimum conditional bit ear probability
(MCBEP) multi-user detector that is proposed for uplink SCFDMA. Least mean square
(LMS) strategy is applied to minimize the output bit-error probability. State-of-the-art
approaches, aiming at maximization of output SINR, namely ideal-MMS and LMS-
MMSE are also discussed for comparison. Fast convergence andryaptimum results
advocate the use of proposed MCBEP solution for MU-MIMO. MCBEPutperforms the
LMS-MMSE in terms of convergence, indicating the low complexity ofie algorithm. It is
evident through simulations that minimum bit error rate criterion achieves near optimum
results when number of transmitting useiK are smaller. The performance of MCBEP
appraoches that of ideal-MMSE with the increase iK . The practical implementation of
ideal-MMSE is not trivial and usually done through iterative strategy The iterative LMS-
MMSE technique has performance far from optimality as evident in smation results.
Hence a low complex MU-MIMO detector in the shape of MCBEP providesatisfactory
results at minimum computational cost. Such a strategy works weih smart city appli-
cations where low cost eNBs/BS that are smaller in size and do not ifka alot of power
for its operations.

In future work, the proposed approach can be applied togetheritw beamforming tech-
niques to further reduce the corrupted e ect of MAI and multipath channel. Such a
technique works well with in massive MIMO systems where pilot contamation is a big
issue. MCBEP does not require pilot but short training symbols for dection. Another
interesting research would be the use of recursive least squaré g optimizer in MCBEP
context together with higher order of modulations. Optimization rles, like bio-inspired,
can also be conceived at an a ordable computational complexity.

In chapter 4 physical layer transmission schemes for wireless baakl is considered.
Section 4.1 shows a feasible and e ective solution for LOS small-cell @ess backhaul
based on UWB TH-IR technique in E-band. Typical channel impairmes a ecting
mmWave transmission (rain fading, oxygen absorption, phase nois&d timing jitter)
have been considered in the simulations. Results have shown the aaipty of TH-IR
of reaching a net capacity of 3.48 Gb/s at a distance greater thanKm in a point-to-
multipoint 4-to-1 backhaul con guration. This strategy is feasiblefor a scenario where
central hub ( bre connectivity to core network) makes a star-etwork con guration with
other small BSs over wireless link. TH-IR does not require expensikiardware as signal
transmission is done without the need of upconverters. Such a lowneplexity design is
advisable for small BS.

In non line of sight (NLOS) the performance of TH-IR techniques dgades dramatically
when one channel time delay becomes equal to In case of NLOS, a robust transmis-
sion technique should be designed. In future, e ectivenss of THRIwith MIMO is to be
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analysed in the presence of NLOS multipath.

Section 4.2 considered a NLOS wireless backhaul scenario where réint waveforms
are tested over millimeter wave (mmWave) frequency bands. Due toultipath character-
istics of the channel, diversity techniques are studied keeping in miride the issues and
challenges in E-band and backhaul. Space-time shift keying (STSK)IMO with mul-
ticarrier (OFDM) and single carrier with cyclic pre xed (SCCP) wavebrms are tested
and link performance is evaluated. Spatial modulation and spatial nitiplexing MIMO
techniques with considered waveforms are shown as comparativedees. STSK tech-
niques are able to exploit diversity conveniently in multipath channelsspecially in case
of optimal ML detection for OFDM and suboptimal MMSE detection in @se of SCCP.
Because of negligible ICI, optimal ML detection, in STSK and SM, haswer complexity.
In uncoded case, STSK outperforms SM and SMUX in terms of link germance. Trellis
coded STSK and SM do not provide signi cant gains over uncorreladechannels because
only partial information is encoded at the transmitter and hence ating gain is not sig-
ni cant. OFDM-ML STSK technique is preferred choice for long rang backhaul with
optimal performance at a ordable computational complexity. Sine OFDM-ML STSK
is vulnerable to phase noise and power ampli er e ects, expensiveatisceiver design is
required for satisfactory performance. On the other hand, SGEMMSE STSK does not
require expensive oscillators to work with due to inherent resilienceyainst phase noise
but performance is slightly degraded as compare to OFDM-ML due tsub-optimality of
MMSE receiver.

Trellis code does not provide su cient gains for SM and STSK in uncoalated channels.
However increasing the modulation order and decreasif@in STSK will help in attaining
coding gains and coverage extension is possible. Current work isdgh®n point-to-point
links which can be extended to point-to-multipoint (P-t-mP) using OFDMA and TDMA
in case of SCCP. This is an interesting future direction where the imptof interference
can play decisive role in link performance analysis.

Feasibility of software-de ned radio (SDR) using an open source GNRadio platform
to emulate cooperative relaying in LTE-A downlink is demonstrated inl@apter 5. The
system was developed and tested to observe, how a recon guelsDR helps the sys-
tem in attaining bene ts of cooperative relaying in LTE-A downlink. Additionally, this
testbed provides a platform to test hardware/software applicabns that involve other ty-
pologies of resource allocation in di erent relaying techniques. Thegerimental results
are achieved in open eld testifying the e ectiveness of cooperagvrelaying in LTE-A
scenario. Constraints are associated with hardware in terms ofquessing power, still the
experimental analysis represent a preliminary study about the vidily of SDR imple-
mentation of cooperative communications in LTE-A applications.
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SDR can enable several infrastructure gains in case of unusuatmgé (e.g., emergency
events, festivals etc). The service provider can recon gure theetwork by adding func-
tionalities to cope with the needs originated during the event. This cabe accomplished
through SDR that makes the recon gurability easy. In this regardfuture LTE-A network,
for smart city applications, takes help from SDR that enables the teninal and network
recon gurability by simply downloading the software.

In future work An SDR-based uplink cooperative relaying strategys being devised for
LTE-A 'like' scenarios. The understudy testbed is based on USRPInd USRP-N210
where the aim is to analyse advantages, in terms of range and link Ieperformance, of
relaying in uplink scenarios.
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