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Abstract

With a wide range of potential applications, the machinetgpmmunication (MTC) is gain-
ing a tremendous interest among mobile network operatgste® designers, MTC specialist
companies, and research institutes. The idea of havingretéc devices and systems auto-
matically connected to each other without human intereenis one of the most significant
objectives for future wireless communications. Low data teansmission and the requirement
for low energy consumption are two typical characteristarsMTC applications. In terms of
supporting low cots MTC devices, industrial standards hdlimore efficient if designers can
re-use many features of existing radio access technologias will yield a cost effective solu-
tion to support MTC in future communication systems. Thissik investigates efficient MTC
waveform and receiver designs for superior signal trarsionsquality with low operational
costs.

In terms of the downlink receiver design, this thesis pregos novel virtual carrier (VC) re-
ceiver system for MTC receivers, which aims to reduce theimam bandwidth to improve
the data processing efficiency and cost-efficiency by usivadogue filters to extract only sub-
carriers of interest. For the VC receiver systems, we thdaae the sampling rate in order
to reduce the number of subsequent processing operatidrish wignificantly reduces the
analogue-to-digital converter (ADC) cost and power corstion while providing high sig-
nal to interference noise ratio (SINR) and low bit to errderBER) to support low data rate
MTC devices. Our theoretical equations account for therfiatence effect of aliasing on the
sub-carrier location, and this helps the system designewvatuate what kind of filters and
receiver sampling rate can be used to balance the energgrdstetection performance.

In terms of the uplink waveform design, considering the ecbd number of MTC devices
in the future communication systems, i.e. the fifth genera(bG) communications, the same
tight synchronisation as used in today appears not to beeffesitive or even possible. Syn-
chronisation signals, which aim to provide a perfect timérequency synchronisation in the
current fourth generation (4G) communication systems knas the long-term evolution,
LTE), is much more costly for low data rate MTC transmissioRse system bandwidth will be
significantly reduced if a base station tries to synchroalke=ceived signals among hundreds
or thousands MTC devices in one transmission time perioderins of relaxing the synchro-
nisation requirements, this thesis compares and anallgeeside-lobe reduction performance
for several candidate multi-carrier waveforms to avoidséhproblems. We also propose the
infinite impulse response universal filtered multi-car@FMC) system and the overlap and
add UFMC system, which significantly reduce the processomptexity compared with the
state of the art UFMC techniques. This thesis derives cldzed expressions for the inter-
ference caused by time offsets between adjacent unsyriseadoMTC users. Our analytical
equations can be used in both simple and complex time-dfsesmission scenarios, and en-
able the system designer to evaluate the SINR, the thear&f@annon capacity and the BER
performance.
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Chapter 1
Introduction

This thesis addresses the machine type communication (yi&Idms considering cost-efficiency
in both downlink and uplink channels. Our main aim is to aehia good signal quality for
MTC applications and at the same time reduce the operatists ¢o enable low cost MTC
devices. In this introductory chapter, Section 1.1 intcebuthe motivation of the thesis. Sec-
tion 1.2 summarises the main objectives and key contribstiof the research. Section 1.3

provides the outline of the remaining chapters of the thesis

1.1 Motivation

Wireless communication technologies have been improvadisaespecially in the last decade.
Systems have evolved from the first generation (1G) comnatioit networks based on the ana-
logue telecommunications radio system developed in 1980gyrrent fourth generation (4G)
networks, known as the long-term evolution (LTE). LTE has #uvantage of high spectrum
efficiency, which allows it to provide high data rate transsion. It implements the orthogo-
nal frequency-division multiple access (OFDMA) schemenhm downlink, which is a physical
channel link used for transmitting signals from a base @iafBS) to a user equipment (UE).
LTE uses the single carrier frequency division multipleessc(SC-FDMA) scheme in the up-
link, which is used for transmitting signals from the UEsttie BS. Given the worldwide growth
in the number of the UEs and in high data rate services, thagase the contribution of in-
formation technology to the overall energy consumptionhef world [1]. Among, spectral
efficiency and energy efficiency could be the main perforreametrics for designing green
radio networks [2]. The study of the “green” and low cost cammmation systems has become
a significant issue for researchers. Moreover, with theipusvfocus to achieve high data rate
transmission techniques, low cost and low data rate madiipee communication (MTC) or
machine to machine (M2M) communication systems have bee@anmev frontier for wireless

research [3].

In terms of the population, there are 7 billion people &% of them have been linked through
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Figure 1.1: Expected Number of Connected MTC Devices to the Internet [6]

the mobile network [4]. With the move towards the internethafigs (1oT) [5], the idea of hav-
ing machines communicate with machines automatically mithimal human intervention has
been mentioned in terms of improving human life. The ultenalbjective of MTC is to con-
struct comprehensive connections among all the machisésbdited over extensive coverage
area. A recent study [6] shows that the number of machineswceks in the 10T increases sig-
nificantly, i.e. there were only about 4.8 billion machinesmected to internet in 2009, but the
expected growth in the projected number of MTC devices w#lch a total of approximately
50 billion by the year 2020, as shown in Figure 1.1. Wirelesamunications in the near future

is thus shifting from the existing human type communicatidi C) mode to the MTC mode.

In order to satisfy HTC high data rate requirements, i.engishe mobile networks for web
surfing, playing on-line games and even watching high dafmitideos, high spectrum effi-
ciency systems based on the orthogonal frequency-divisiohiplexing (OFDM) techniques
are been widely using in the current LTE systems. UnlikeantrHTC, MTC normally requires
small data packets for automated data transmissions agradting between MTC devices and
IoT application centres [7]. MTC devices are designed tosueaand collect data, i.e. body
temperature, vehicular traffic information, and transmérh to the networks using the smart
sensors. Moreover, many sensors have a small form factéchwdirectly limits the available
battery space. In order to maximise the battery life, MTCuithdve cost-efficient and energy-

efficient.
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Due to the different features, modifying the existing radixess technologies (i.e. LTE) to
enable support for both high data rate HTC and cost-effié@midata rate MTC becomes one
of the key issues for researches. This requirement has hgelighted in the third-generation

partnership project (3GPP) specification [8].

First, in terms of the MTC downlink channel, in LTE Releasd9]2 several concepts that may
provide significant cost savings for supporting the low date MTC devices were presented,
such as reducing the LTE maximum bandwidth, the peak ragetréimsmit power, and the re-
duction of supported downlink transmission modes [8]. LDEmally can provide a maximum
bandwidth of 20 MHz to the UEs, which can yield data rates uj0.8 Mbps if using a single
antenna. MTC usually only requires a narrow bandwidth eamo transmit occasional data
packets. If an MTC device receives at a low data rate (whichbesoperated within 1 MHz) on
a LTE 20 MHz bandwidth carrier, a large number of sub-casriw not need to be processed.
Moreover, Reference [8] reported that the reduction of th&imum bandwidth from 20 MHz
to 1.4 MHz can save about 37.2% of the overall operation cesth as the costs of analogue-
to-digital converter (ADC) and fast Fourier transform (BFThus, it will be more efficient to
reduce the maximum bandwidth to a narrower bandwidth, i£MHz, 3 MHz or 5 MHz, for
MTC device and also support the HTC modes with the high dawtransmissions, i.e. 15
MHz.

Second, in terms of the MTC uplink channel, the thesis is vadtio relax the signal synchro-
nisation requirements. In detail, OFDM, as the core teamit¢s widely used in today 4G LTE
networks. In OFDM systems, every orthogonal sub-carriapshs a rectangular window in
the time domain and hence a sinc-shaped sub-carrier ingqadncy domain. If the orthogo-
nality is destroyed by time or frequency offsets, the ol€&@&DM system performance will be
reduced significantly [10]. In order to protect its orthogliy, LTE provides several control
channels in a cellular system with the function of conveyphysical layer messages, such as
the physical uplink control channel (PUCCH) [11]. With ieasing the number of MTC de-
vices, one of the key purposes for the 5th generation wigedgstems (5G) [12] is that devices
will be able to connect to multiple access points. The sametspnisation techniques used
in LTE may not suitable for “massive” MTC for two reasons: Heloverhead of the synchro-
nisation signals will not be cost-efficient for low data rated low bandwidth MTC devices.
2) In the case of huge numbers of MTC devices, which might gepee dynamic changes in

distance and cause variable time-offsets, it will thus ntm@plex if not impossible for a BS
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to synchronise the received signals for all the users.

1.2 Objectives and Contributions

1.2.1 Objectives

The aim of this thesis is to modify OFDM systems in order toiew cost-efficient MTC and
at the same time provide a good signal detection performané®th downlink and uplink

channels. More specifically, the thesis has the following tmain objectives:

¢ Inthe MTC downlink channel, design analogue filters to redihe maximum LTE band-
width and extract only sub-carriers of interest, which aedufor carrying low data rate
MTC messages. This enables a reduction of the sampling traite MTC receiver in

order to reduce the operation costs.

e In the MTC uplink channel, reduce the OFDM side-lobe levelsider to improve the
robustness against intercarrier interference (ICl) adseasynchronous wireless com-
munications. This can relax the synchronisation requirgsma order to provide more
efficient MTC.

1.2.2 Key Contributions

The main contributions of this thesis are summarised asvist

e Propose areduced sampling rate virtual carrier (VC) receiystem for the MTC down-
link channel. It significantly improves the bandwidth effiscy compared with the cur-
rent LTE carrier aggregation (CA) technique. By reducing sampling rate at the VC
receiver, the ADC power consumption is lower and the contjmrtal complexity has
been reduced significantly by reducing the number of opmratin the FFT. Moreover,
the VC system provides high signal-to-interference-nosd® (SINR) and low bit error

rate (BER) close to a full sample rate OFDM receiver for the-sarriers of interest.

e Derive a closed-form expression for SINR which accountsttiereffect of aliasing on
the sub-carrier location for the reduced sampling rate V&esy. Our SINR analysis

includes the effect of the filter cut-off frequency, the igee ADC sampling rate and

4
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the sampling reduction ratio. The BER can also be evaluatetbeed-form to show the

trade-off between system parameter choices and deteaidormance. This helps the
system designer to evaluate what kind of filters and receigerpling rate can be used
to balance the energy cost and detection performance. fidssstalso derives a closed-
form expression for the effect of intersymbol interferelfid) caused by asynchronism

in sampling for the VC receiver.

Simulation evaluation the sidelobe reduction performdnc® existing candidate multi-
carrier waveforms designed for the 5G uplink channel, wladoh cyclic prefix (CP)
OFDM, zero-padding (ZP-OFDM), weighted overlap and add (W&DFDM), poly-
nomial cancellation coded (PCC-OFDM) and universal fitlensulti-carrier (UFMC).
This thesis provides a detailed comparison including wffefilter designs, power spec-
tral density (PSD), SINR, BER, overlap effects, computailoccomplexity and peak-to-
average power ratio (PAPR). We provide the first study ofithe bffset performance for
UFMC with the analogue infinite impulse response (lIR) f§tdiR-UFMC) and propose
the overlap and add UFMC (OA-UFMC) system in terms of reduyi¢ire computational
complexity compared with UFMC.

Derive closed-form expressions for the different typesntéiference caused by the in-
teger time offset. Our closed-form expressions can beyedsiived for the SINR, the
Shannon capacity and the BER and can be used in both simplecamulex time-offset
transmission scenarios. This works will help in evaluatimg performance of 5G uplink

systems.

1.3 Thesis Outline

The remainder of the thesis is organised as follows:

Chapter 2

This chapter presents a basic background for this thegispvides an overview of MTC and

highlights the key challenges. Then, the state of the artfiDR systems is presented, includ-

ing the a brief overview of OFDM, the transmission model aadgrmance analysis. In terms

of aliasing effects, this chapter provides a review of tharion sampling theorem. Basic filter

designs and OFDM waveform behaviours are introduced atrttietthis chapter.

5
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Chapter 3

This chapter proposes the VC receiver systems using a matioanmodel and analyses the
LTE downlink efficiency and energy saving performance. Aibagnchronisation processing
methods is provided. Then, this chapter mathematicallyyaas the aliased interference and
users it for SINR equations, which considers the additivéesBaussian noise (AWGN) chan-
nel, Rayleigh multipath channels and the intersymbol fatence caused by the long channel

impulse responses.

Chapter 4

This chapter concentrates on the practical simulationsnoé offset effects in the 5G up-
link system and presents a detailed waveform side-lobectiaiuperformance comparison
between CP/ZP-OFDM, WOLA-OFDM, PCC-OFDM, UFMC as well asgwsing the IIR-

UFMC method. This chapter compares the performance in tefsise-lobe behaviour, SINR
vs BER results, computational complexity and also considdarge time-offset scenario with

very dispersive multipath channels.

Chapter 5

This chapter describes the OA-UFMC systems and computesrntputational complexity for
comparison with UFMC systems. It then provides a closethifexpression for the ICI for both
the OFDM, PCC-OFDM and UFMC systems and extends it to the SANdRBER theoretical
equations. Finally, numerical results are provided witl donclusion of IIR-UFMC has a
similar SINR, Shannon capacity and BER performance condpaith UFMC, but it achieves

a much lower complexity.

Chapter 6

This chapter concludes the whole thesis and introducesaduéure research directions.



Chapter 2
Background

In this chapter, a basic background for this thesis is pexidWe will start to introduce the
machine type communications (MTC) with the basic develaus)earchitectures and main
challenges. In terms of supporting cost-efficient MTC, ¢hare two aspects: In the MTC
downlink channel, the maximum bandwidth should be redudeadthe uplink, reducing the
OFDM side-lobe levels can relax the synchronisation rexpénts. Moreover, OFDM is a core
technology for the LTE downlink and might be used for the Sheyation wireless system (5G)
uplink. Then, this chapter will provide a detailed backgrddor standard OFDM systems and
also analyses the basic performance. An introduction t&tieennon sampling theorem will
then be provided in terms of the aliasing effects during demppeduction processing. In this
thesis, we use filters to reduce the maximum bandwidth toemeHpw cost transmission for
the downlink, and we also use the narrow band filters to redlaedOFDM side-lobe levels
to protect against the ICI caused by the time-offsets in ikl Filter designs are widely
used in the thesis. Thus, a basic review of finite impulseaesp (FIR) filters and infinite
impulse response (lIR) filters will be provided in the folloy sections. Finally, the OFDM
side-lobe behaviour performance for the multi-user trassion will be provided at the end of

this chapter.

2.1 Overview of the MTC Systems

In this section, a brief overview on the machine type commation (MTC) systems will be

presented, including the MTC developments, architectaneschallenges.

2.1.1 MTC Developments

Wireless communication technologies have been rapidlgldping in the recent years, and
mobile communications has become a basic tool for the matariety [13]. It has progressed

from the first generation of cellular systems (1G), basedheranhalogue telecommunications

7



Background

standards in the 1980s, through to the current fourth géoerédG) networks based on the
long-term evolution (LTE) standards [14]. With the incregsdemand for signal bandwidth
to support data applications, orthogonal frequency-aimisnultiplexing (OFDM) was unani-

mously adopted for 4G [15]. Today’s wireless communicat@chnologies focus on support-
ing high data transmission services, for instance, LTE dormovide up to 100 Mbps (in the

downlink) and 50 Mbps (in the uplink) speed for a 20MHz carbandwidth allocation [16].

Despite the focus to achieve high data transmission teabrjghere is a new communication
model with very different requirements, which is known aschiae type communications.
There will soon be 50 billion machines alongside the 7 hillgeople in the world, and about
80% of the population has been connected by using the mobileanktworldwide [4] [17].
The idea of having devices connected to each other, opgratian autonomous manner, and
without human intervention has become one of the most sigmifiobjectives in the future
[18]. The third-generation partnership project (3GPP)tioaed that communication networks
will shift from the existing human to human (H2H) communioat mode to the machine to
machine (M2M) communication mode. M2M will be experiencg@xential growth in the
next generation of communication networks due to the derfamautomated systems such as

the smart grid and the smart home [17].

M2M communication, which is referred to as machine type camigation (MTC) in the 3GPP

terminology [18], supports automated data transmissiodseaables interactions between de-
vices and applications through the cellular networks armet that is called Internet of Things
(1IoT) [7]. Interactions include data measurement, colbectind transmission between me-
chanical or electronic devices with applications in thremnraspects: 1) remotely controlled
systems, i.e. utilities, building automation, securityl ananufacturing, 2) smart systems, i.e.
smart meters, smart grids, smart cars and smart trafficao8) medical systems, i.e. smart

medical sensors and e-health [10].

2.1.2 MTC Architecture

Currently, there is still not a global standard to ensurestiexess of MTC due to the various
applications that may be used in the future [19]. With alldifeerent MTC standards activities
for in various scenarios, to establish an unique and globBCMtandard seemingly might be
difficult. Today, many organisations, such as the 3GPHtumstof electrical and electronics

engineers (IEEE), and European telecommunications stsdastitute (ETSI) have activated

8
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Smart Cars

Service Platforms ®

Smart Home Area

Figure 2.1: An Example of an MTC Architecture.

in the MTC standard development [19], [20], [21].

An example of a feasible MTC network architecture is showRigure 2.1, based on the stan-
dard proposed by ETSI [22]. MTC devices and applicationresnivill be connected through
the wireless networks. In this architecture, MTC devicey nunnect to the base station in two
different ways: one alternative is to directly connect te blfase station, e.g., a smart vehicular
sensor is placed on a car in order to collect the traffic dath a8 speed or distances between
vehicles then transmits it to a traffic centre through theststation. The second alternative is
that MTC devices transmit data using short range links to diCNateway, then the gateway
forwards all received messages from different MTC devicethé base station to save oper-
ation costs, i.e. the smart home scenario. Smart metersngpear other home applications
transmits the data to a gateway using the short range temjieslsuch as WiFi (Bluetooth or
ZigBee). Then, the gateway forwards the messages to thestam, which transmits them to

the service platforms.
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2.1.3 Key Challenges of MTC

There are several previous papers present the major chedldn facilitating MTC over the
existing and future cellular infrastructures [6], [8], [2123] and [24], we now summarise the

major challenges as below:

First, the operation costs should be limited. Many sensodh as the medical sensors, are lim-
ited by their resources including power, sensing, transimisand computation. The demand
for small sensors leads to the small size of batteries, whaele tight constraints on power con-
servation [25]. How to save the operation cost in terms ofmating the battery life becomes

one of the most significant challenges in MTC.

Second, modifying the existing radio access technolodiésre are many companies now fo-
cusing on an efficient MTC system by developing a new accesdess technology for MTC.
The 3GPP specification [8] highlights that it will be more @#it for designers to be able to
use the existing radio access technology, such as OFDMhvidiwidely used in LTE. In LTE
Release 12 [8], several concepts that may provide signifaast savings were presented, such
as reduction of maximum bandwidth, reduction of peak radyction of transmit power, and
reduction of supported downlink transmission modes. laifatormally the maximum band-
width for the user equipments (UEs) is 20 MHz. In MTC, many Md€vices only require
low data rates, which can be operated in low bandwidth cHanriEherefore, one potential
technique is to reduce the maximum bandwidth (e.g., to 1.&ZMHMHz or 5 MHz) and
meanwhile, the system can also support H2H modes with higaedwidth carriers, i.e. 15
MHz. Reference [8] showed that if the maximum bandwidth duced to 1.4 MHz, the over-
all relative cost savings is about 37.2%, such as the costsecdinalogue-to-digital converter
(ADC), the digital-to-analogue converter (DAC), the fasuFier transform (FFT), the inverse
fast Fourier transform (IFFT), the post-FFT data bufferitige receiver processing block, de-
coding and synchronisation blocks. In terms of the redaatibpeak rate, several techniques
can be used, such as the reduction of maximum transport bimek and restricting the maxi-

mum modulation order.

Third, relax the synchronisation requirements. Currentigny researchers study the 5th gener-
ation wireless systems (5G). One of the main applicationS@is to support massive numbers
of MTC devices accessing to the network [24]. In LTE, contriodnnels in a cellular system

with the functions of conveying physical layer messagesufipert data transmissions, such

10
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as the physical uplink control channel (PUCCH), requireeasdo the UL shared channel. In
OFDM systems, which are used in the current LTE system, egclalssub-carrier is shaped
using a rectangular window in the time domain which is a sihaped sub-carrier in the fre-
quency domain [10]. In order to protect the orthogonalitythed uplink, LTE uses the control
signals for perfect time and frequency synchronisation.QuMiiay not use the control signals
due to two reasons: Firstly, as mentioned above, MTC noymiedhsmits only few bytes of
information or requires a guarantee of low latency e.gl treee vehicular traffic informations.
Thus, the overhead of multiple symbols for transmitting toainsignals will be not efficient.
Secondly, one key aspect in 5G is designed to support the-usgt MTC devices. The dy-
namic changes in distance between the MTC devices mighireequflexible synchronised
processing. Therefore, the tight synchronisation tealesqused in LTE might not be efficient

and even possible in the future [26].

Fourth, there are some other type of challenges, such ag/ttanic resource allocation pro-
tocol and MTC transmission physical layer security, introed in [23], [27] and [28]. The
behaviour of MTC devices might be coordinated accordingatesof the network. Especially,
when the network is overloaded by the excessive accessmtieaused by the large number of
MTC devices access to the network may be blocked for a simoet tReference [29] addressed
the energy efficiency optimisation problems consisting ofaero-cell and multiple pico-cells,
which could be used for the massive low data rate MTC syst@ransmit beamforming de-
sign and power allocation policies to optimise the systenisrgy efficiency or cost efficiency.
Reference [23] proposed that MTC data transmission shaalgularanteed with both reliabil-
ity and security, i.e. protect against physical layer &$agr configuration attacks (such as a

malicious software update).

This thesis mainly focuses on addressing MTC data trangmisssues as described above
in the first three challenges. In the next sections, we wiltflyr introduce the basic OFDM

transmission model and the filter designs used in this thesis

2.2 OFDM Systems

The multi-carrier technology, orthogonal frequency-giioh multiplexing (OFDM) [30], has
been widely studied and used, e.g., today’s LTE designsdbaseOFDM. It has several ad-

vantages, such as high spectral efficiency (orthogonaliHwaitier access), robust against the

11
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intersymbol interference (I1SI) and fading caused by thetipath propagations (using the cyclic
prefix), and the high data rate transmission (higher modulachemes, e.g., 64QAM).

2.2.1 Brief Overview of the OFDM Systems
2.2.1.1 Orthogonal Sub-carriers

In OFDM systems, sub-carriers are orthogonal and mappedlifierent frequencies, e.g., the
sub-carrier spacing in LTE ia f = 15 kHz [8]. An example of the orthogonal sub-carriers in

the frequency domain is shown in Figure 2.2. Each sub-cazagies one modulated symbol

Sub-carrier Spacing\f

Figure 2.2: An Example of OFDM Sub-carriers.

through varying the phase or amplitude (such as in the 4QAM®e, each symbol contains 2
bits message, e.g., the complex signal 1+j). With the aagms of FFT/IFFT, the very com-
plex process of modulating (and demodulating) of a largelmmof sub-carriers can be easily
carried out by using the IFFT and FFT algorithms, which coteptihe Fourier transformation
very efficiently, and provides a simple way of ensuring theieasignals produced are orthog-
onal. AnN-point IFFT convertsV complex data samples, which presents a baseband signal
in the frequency domain, into the equivalent time domainaligvith the same number éf in
samples. At the OFDM receiver, using samiepoint FFT converts the received time domain

samples into the frequency domain.

2.2.1.2 Spectral Efficiency

In OFDM, several modulation schemes are used based on theapdficiency and data rate,
such as 2PSK (or BPSK), 4PSK (or QPSK), 8PSK, 16QAM and 64QAigh order modula-
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tion schemes increase the spectral efficiency but alsoreeigh signal-to-noise ratio (SNR).

The spectral efficiency is given by [31]:

o RsymHent
n=—p_—_—">

i (2.1)

where Ry, is the symbol rate i.e. the number of symbols per secdhg; is the entropy
measured in the number of bits per symbol, @igs in Hz is the bandwidth of the passband
signal. The value of; is expressed in bits/sec/Hz, which measures the bit ratecirabe

transmitted in 1 Hz bandwidth. In practice, the spectratigfficy can be simply defined as:

n= 10g2(Nsym)7 (22)

where Ny, is the number of symbols per OFDM modulation scheme (or tlderoof the
modulation scheme). For 16QAM as an example, the specfialegicy can be computed as
n = logy(16) = 4 bits/sec/Hz. The 16QAM modulation constellation is showifrigure 2.3,
each constellation point can represent 4 bits of data, withkits on the | axis and two on the

Q axis.

Q axis

0010 0110 1110 1010

3r O «—>O0 O (OIS
1 bits

27 different

0011 0111 1111 1011
1r O«=——> 0 (o] O

0001 0101 1101 1001 | Iaxis
1 O (o] (o] (@]
24

0000 0100 1100 1000
3 O O (o] (O

32 a4 4 1z 3

Figure 2.3: 16QAM Constellation.
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2.2.1.3 OFDM Peak-to-Average Power Ratio

One of the drawbacks for OFDM is the high peak-to-averageepaoatio (PAPR) [32]. As
mentioned above, the IFFT processing results in the sum &kgluency domain signal sam-
ples. In this case, the time domain signals of OFDM startkddike samples from a Gaussian
distribution when increasing the number of sub-carrietsictvdirectly causes high PAPR [33].
The PAPR is defined as:

2
PAPRgp = 10log( )

max||z(t)]

Efjz()[?]

wherez(t) is the transmitted OFDM symbol in the time domain ddld represents the ex-

). (2.3)

pectation operation. High PAPR requires a power amplifieosghgain is linear over a wide
dynamic range. The large amplitude variation increasdsaimd noise and increases the bit

error rate (BER), especially for a non-linear power ampliféal].

2.2.1.4 OFDMAInLTE

3GPP employs the orthogonal frequency division multipkeas (OFDMA) technology, which
utilises OFDM as its key modulation technique, for the LTEvdbtink radio transmission [35].
Due to the use of relatively narrowband sub-carriers in doatlon with a cyclic prefix (CP)
as a guard interval, copying the fingtp samples into the front of the symbol, OFDMA trans-

mission is inherently robust to time dispersion in a multipehannel.

There are many reasons for OFDMA to be a successful wavefotinei LTE downlink, such
as the multipath handling capability, scalability of ofma in different bandwidths, the abil-
ity to handle different data rates, and the ability to opemficiently with multiple antenna
techniques [35] and [36]. In OFDMA networks, multiple usstare the total bandwidth to
exploit multiuser diversity and improve the system capawith dynamic resource allocation
strategies [2]. In OFDMA systems, the available spectrumbeasplit into several smaller sub-
channels, where each sub-channel is designed for variovses as required. This flexibility
for managing the sub-carriers helps LTE to use channel digpegrscheduling in both the time
and frequency domain, e.g., schedulers which decide wisiersiare allowed to transit on what

frequency resources, and what data rate to use [37].
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2.2.2 OFDM Transmission Model

The OFDM system block diagram is shown in Figure 2.4. As nometil in Section 2.2.1.2,
in order to transmit binary data into the time domain effitdierfirstly, the mapping operator
converts the binary data vector into a complex digital cgliegtion, such as the PSK or QAM
modulation schemes. Here we take the 16QAM with Gray codd&} §s an example, see in
Figure 2.3, which is widely used to facilitate error coriectin digital communications [39].
The Gray code provides the same Hamming distance for any dyg@ent symbols in which

two successive values differ in only one bit.

Transmitter

—> | Parallel

N-IFFT |—»| to « [Cyclic .Preﬁx
o | Serial Extension
i ; : Multipath
White Gaussian Noise &(?) 4@_> Clilalr{)r?el h

Receiver ¢
|-—

Serial

—>| Modulator —> to
Data Parallel

Binary

AR

-<— ;
Binar; Parallel N-FFT Serial Cyclic Prefix
Dat Y |«—|Demodulatorle—| to <— é& it l<—| to ~<— Remove
ata i ualisation
Serial q Parallel

Figure 2.4: OFDM System Block Diagram.

Assume that the number of sub-carriers for data transnmissi&y, which refers taV complex
modulated symbols. The baseband signal onritesub-carrier in the frequency domain is
defined asX(n), wheren € [0, N — 1]. The baseband OFDM signal at the output of the
N-point IFFT after adding the CP in the time domain can be esgwe as:

N-1
1 .
2(t) = —= > X(n) >N te0,L -1],L =N+ Lcp, (2.4)
\/N n=0

where X is the N-point FFT of z, and Lcp is the length of CP in samples. The CP as a
guard interval protects against the ISI caused by the natltipropagation delays, and only
works whenLcp > Ly, whereLy is the number of multipath channel taps. An example of a

multipath channel is shown in Figure 2.5.

Multipath fading occurs to varying extents in many wireleesmmmunication systems, when the

radio energy arrives at the receiver by more than one pafh Maltipath propagation delays
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Figure 2.5: Effect of the Multipath Delays on the OFDM Symbol with CP.

may occur due to various reflections, e.g., from the grourmghotspheric layers or buildings.
The multipath fading phenomena can be characterised irtdywes, as large-scale fading and
small-scale fading [40]. The large-scale fading represtire signal power attenuation or path
loss at the receiver after travelling over large areas, Biligs, buildings or other obstacles [40].
The small-scale fading, known as the Rayleigh fading, setiethe dramatic changes in signal
amplitude and phase that can result due to small changestande. Rayleigh fading is widely
used to simulate the wireless multipath fading channelawtthere is no direct ray component,
which is often classified as the worst case fading type. Thbalility density function (pdf)
of the Rayleigh distribution is given by [40]:

o(Tam) = rarzn e 2t s (Tam > 0) (2.5)

wherer,,, is the envelope amplitude of the received signal, apds the pre-detection mean

power of the multipath signal. Thus, we can compute the megliaude as:

—+o00 400 ,r,2 _r-grg
E(Ram) :/ TamQ(Tam)dram = / z;me 201 dram (26)
—00 0
—+o0 _7‘37m _Ta2xm —+o0 _Tgm
:/ —ramd((e 277)) = —ram(e 207 )+/ e 29 drym,
0 S———— 0

Similar to Gaussian

+00 1 _ Tam
= Zwar/o Nor e 2% dray, = op\/7/2.
r
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The Rayleigh multipath channel can be expressed as:

Li—1
h(t) =) hug6(t — nTy), (2.7)
15 =0
where each channel tap ;,, follows the Rayleigh distribution7; is the sample period, and
4(t) is the Dirac delta function. For the additive white Gaussiaise (AWGN) channel with-
out multipath,Ly; = 1,hy = 1. Then, we assume the transmitted signal over the Rayleigh

multipath channel and the receiver AWGN noise can be defingdts

y(t) = x(t) @ h(t) + g(b), (2.8)

where® denotes the convolution operation an@d) represents AWGN with power spectral
density Ny/2. The received signal firstly passes a matched filter and ipleahas the same
transmitted frequencys. After removing the CP and applying the FFT, the frequenayaio

signal can be expressed as:
Y (n) = X(n) - H(n) + G(n), (2.9)

where H (n) is the FFT of the vectorty, hit,..., hry_,+] and G is the FFT of the noise se-
guencey in the frequency domain. In order to decode the received agess several channel
equalisation methods, e.g., zero forcing equalisatioh¢dh be used to estimate the transmit-

ted data as:

(2.10)

2.2.3 Analysis of the Performance of the OFDM System
2.2.3.1 BER

In the AWGN channel, with a white noise power spectral dgndi§ at the receiver input, the
total noise power i, qise = No/2T5, SO that over one symbol interval the noise energy can
be expressed by [42]:

Ey = 0% = PooiseTs = No/2. (2.11)
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The energy per bit to noise power spectral density rBY@N, can be expressed as:

Es K
No-Ny 202Ny’

Ey/No = (2.12)

where Ey, is the average energy per bits is the average energy per symbol aiNg is the
number of bits per symbol.
Thus we can represent thé as:

2 ES
0t =
2Ny By /No

By (B!

SN\ Ny )
The theoretical BER equation for any type of the modulatiornthe AWGN channel is given
by [43]:

(2.13)

A Nyd2  Ey
P, = ——erf 0. b 2.14
b 2Nberc< 1B, N, ) (2.14)

whereA the average number of the nearest neighbour symbols in tistedtation and, is the
minimum distance between two symbols. Now, the theoreBESR equations for the comment
modulations, (e.g., BPSK, 4PSK, 8PSK, 16QAM and 64QAM) carXpressed separately as

described below.

BPSK and 4PSK

Each transmitted symbol in BPSK is locatedlat 05 or —1 + 07, as shown in Figure 2.6(a),
thus

. 141 12 4+ 0% + (—1)% + 0?
ABpsk = — = 1, EsBpsk = é )

=1, doppsk = 2° = 4,

then we can write the BER equation for BPSK as:

A Nyd?2  FEy
PBPSK —2—Nberfc< 4ES . E) (215)

—lerfc %
2 Vg )
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Figure 2.6: OFDM Constellation Schemes, a) BPSK, b) 4PSK, c) 8PSK and@AB1.

Similar with BPSK, the average number of the nearest neighbgmbols for 4PSK, as shown
in Figure 2.6(b), increases tpsx = 2 and the number of bits per symbol also increases to
Nuspsk = 2, thus the BER equation for 4PSK is same as the BPSK:

1 | B,
P4PSK = §erfc< FO) . (216)

8PSK

In terms of computing thé, for 8PSK, as shown in Figure 2.6(c), we use the Cosine Rutk, an

the d%gpqc can be computed as:

Peps =12+ 12— 2.1 -1cos(n/4) (2.17)
=22
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The BER for 8PSK can be expressed as:

Pepsic :%erfc<\/ 3(2%/5) : %) (2.18)

—lerfc 6 —3v2 &
-3 4 Ny )’

Note that, thel%,q, for the 8PSK also can compute @pq; = 4sin?(m/8).

16QAM and 64QAM

In 16QAM, each transmitted sub-carrier or constellatiomisgl reports 4 data bits, as shown

in Figure 2.3. We count the average number of the nearestinaig symbols for 16QAM as:
Agqant =4(1-2+1-4+42-3)/16 = 3, (2.19)

symbols. And we computed the average energy per symthig)an = 10, andd,, = 4. For

64QAM, as shown in Figure 2.6(d), th@MQAM can be easily computed as:

49-446-34+1-2)
64

Agiqan = = 3.5, (2.20)

and the energy per symbol for the 64QAM is computedasqam = 42. Thus we can present
the BER equation for 16QAM and 64QAM as:

3 2 B
P, ~ —erfc| = - — 2.21
16QAM & er C<5 N0> (2.21)
7 1 B,
P ~ —erfc[ = - — ). 2.22
61QAM & 5 et C<7 No> (2.22)

In terms of the Rayleigh fading channel, previous paper$, [@%] have provided the BER

1 | Ey/Ng
Pipsk = = [ 1— ) —2L20 2.23
4PSK 2 ( 1+Eb/NO> ) ( )

po M3 4B/Ny 14BN 1] 4 Ey/Ng
AM =9\ " "4\/5/2+4-Ey,/Ny 2\ 5/18 +4-Ey/Ny 4\ 1/10+4- E,/N, )

(2.24)

equations as:
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BER Numerical Results
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Figure 2.7: BER Performance of the Basic OFDM System for the AWGN ancigayMulti-
path Fading Channeldy = 1024, Ly = 20, Lcp = 256.

Assume that, the number of the transmitted sub-carrier¥ is- 1024, and the modulation
schemes used for this transmission are including 4PSK, 8RSBAM and 64QAM. The cor-
responding spectral efficiencyris= 2, 3, 4 or 6 bits/sec/Hz. The BER performance of the stan-
dard OFDM system over the AWGN and Rayleigh multipath fadihgnnels is shown in Fig-
ure 2.7. The analytical values are computed using the emsatis we mentioned above, which
are closely match with the simulations. According to the EERD2 wireless system'’s protocols
[46], it is normally required that the minimum receiver ingaower measured at the antenna
port at which the BER is calculated does not exceed the speifiie of BER < 1073, This
means there is only one bit error over the received 1000 bésages. In terms of the AWGN
channel results as showing in Figure 2.7, with increasiegtider of modulation schemes, the
spectral efficiency increases with the cost of increadihgN,. To achieve a BER of0~3,
4PSK needs about}, /Ny = 6.7 dB, 8PSK needs about 10 dB, 16QAM needs about 10.5 dB,
and the 64QAM scheme costs about 14.8 dB. Compared with 16(@R8K only saves about
0.5 dB Ey, /Ny at the cost of losing 1 bits/sec/Hz spectral efficiency. €fae, in the LTE
systems, only 4PSK, 16QAM and 64QAM have been considerethéodata transmissions.
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Compared with the AWGN channel, there is a significant BERrat#gfion for the Rayleigh
multipath fading channel. We assume the channel informaiidhe channel impulse response
(h(t)) is known and that zero forcing equalisation as in equatbtQ) is used. 4PSK costs
aboutF}, /Ny = 23.95 dB for achieving the BER of0~3, which is about 17.25 dB higher than
the AWGN channel. In terms of the 16QAM, which needs to cosuai6 dB higher than the
AWGN channel.

2.2.3.2 FFT Computational Complexity

A FFT algorithm computes the discrete Fourier transformT P&f a sequence, or its inverse.
In general, for the radix-2 FFT algorithm, the number of cerpnultiplications is%logz(N)
and the number of complex additionsMog,(/N) [47]. In a N-point FFT butterfly diagram
[47], the total number of the FFT stagedds, (/V) and as well agv/2 complex multiplications
and N complex additions for each stage. In the wireless commtinitaystems, normally use
the number of complex multiplications to present the corafomal complexity, which can be
expressed as:

[OFPM — g -logy(N). (2.25)

The computational complexity performance with increadimg number of FFTV is shown

in Figure 2.8. The complexity is almost a linear functiondf The computational complexity
directly relates to power consumption and raises impleat@mt issues in practice [48]. Thus,
reducing the number of points in FFT can significantly redingecomputational cost and im-
prove the battery life, which is the one of the main purposesiésigning the low cost MTC

communication devices.

2.3 Shannon Capacity and Sampling Theorem

2.3.1 Shannon Capacity

The Shannon-Hartley equation relates the maximum capécigsmission bit rate) that can
be achieved over a given channel with SNR and bandwidth. rBate [31] introduces the

maximum capacity of the AWGN channel is:

Psi na. .
C = Bw log, (1 + 5 £ 1) (bit/sec), (2.26)

noise
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Figure 2.8: Computational Complexity Performance with

where(C' is the maximum capacity of a given channel bandwiBi (Hz) in bits/sec, and it

is also called the Shannon’s capacity limit for the givenrotel. The% is also known as
the signal to noise ratio (SNRJiena1 is the transmitted signal power in (W) aitlyis. is the
noise power in (W). Therefore, with increasing bandwidity, the SNR can be decreased to
compensate [31]. Now we assume thg presents the average signal energy per bit (J/bits),
and N, presents the noise power spectral density. Then the sigmadiin one symboF;;ga1

can be represented as:
Pyignal = EpC (J/bits - bits/sec = J - sec = W - sec/sec = W), (2.27)

and the noise power can be represented as:
Paise = NoBw (W/Hz - Hz = W). (2.28)

Then the SNR can be rewritten as:

Psignal _ & . g
Pnoisc NO BW '

SNR = (2.29)
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According to Reference [42], let the spectral efficiencyadsg|the ratio%, which is the band-
width efficiency of the system = %. Then, the Shannon capacity can be rewritten in the

equivalent from as:

C B, C

E
n = log, <1 + 2. 77). (bit/sec/Hz).
No

The equivalent Equation (2.30) can be rewritten as:

B, 271-1
No U]

, (2.31)

The performance of the Shannon limit is shown in Figure 2 ®th spectral efficiency — 0,

we can compute the minimum value of the bit to noise ratig N, as:

n_ m_1Y
Ly —im 2L i (27/1) (2.32)
NO By —00 n—0 n n—0 n
n _
— lim 27n(2) — 0
n—0 1

=In(2) = 0.6931 = —1.5917 (dB)

This means that for any digital communication systems, ihi® Inoise ratio should higher than
Ey /Ny > 0.6931 or equivalently to—1.5917 dB.

2.3.2 Sampling Theorem

Reference [31] introduces the Shannon sampling theorerchwhquires that the minimum
sampling rate is specified as the twice of the bandwidth ofathelogue signaf; > 2Bw,
which is also called the Nyquist sampling rate. In order tdarstand the sampling theorem,
Reference [42] introduces the sampling processing whith msultiply the analogue time do-
main signalr,, (t) and the switch signalrs(t), which is an impulse train of peridfl to cause
the electronic switch to close and open instantaneouslpneTdomain multiplication can be

expressed as:
Zs(t) = Xan (t)0s () (2.33)
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Figure 2.9: Spectral Efficiency) Performance with Bit to Noise RatiB, /Ny.

Thus, the Fourier transform of the sampled signal can be atedpas the convolution oper-
ation in the frequency domain. A example of the Fourier tiams of the sampled signal in
the frequency domain is shown in Figure 2.10(a). For thisrgla, we assume the Fourier
transform of the analogue signal is triangular in shape awslin Figure 2.10(b). The Fourier
transform of the analogue signal,,, is convolved with the impulse at thg'T; = f;, then with
the impulses at the sampling frequency, i.e2 At 3 f; to produce the complementary compo-
nents [49], as shown in Figure 2.10 (c). The sampling pracgss repeated for all impulses
from the positive to negative frequencies to produce allctmmplementary components [49].
From Figure 2.10, as long as the sampling frequendy is 2 By, there is no overlap between
the original component and the complementary componertig. ofiginal component can be
recovered without any distortion by designing a low-pagsrfivith a ideal cut-off frequency

of f. = Bw, which preserves the baseband signal and blocks all otthefsind components.

25



Background

(a) A’Xs‘
—2fs _,Ifs ‘4_)4_)‘ J‘CS 2fs ]
®) —Bw A Bw
| Xan]
© —Bw Bw
FFT[ors(t)]
o, —f fe 2,

Figure 2.10: Sampling of Analogue Signals: (a) Sampled Signal in thed&aqy Domain, (b)
Analogue Signal in the Frequency Domain, (c) Impulse Traithe Frequency
Domain.

2.3.3 Aliasing Effects in Down-sampling

We now study the aliasing effects when reducing the samptiteg(or down-sampling process-

ing). Now, we define the sampling reduction rafis:

_ [

where f; is the initial sampling rate andy, is the down-sampled frequency. As in [49], the
aliasing effects ofy = 2 and~y = 4 are shown in Figure 2.11. The sampled signal is the
same as we assumed as above with the triangular shape, wtghbwn in Figure 2.11(a). If
we set the sampling reduction ratio= 2, then the reduced sampling rate can be expressed
as fgs = 1/2 fs. The aliasing terms, which is presented as the dashed cuameesverlapped
with the original signal. Reducing the sampling rate by tivast moves the aliased frequency

domain side-bands to half the frequency of their previolstipm [49].
An example of down-sampled by 4 is shown in Figure 2.11 (®rdhare 3 alias terms which
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Figure 2.11: Sampling of Analogue Signals: (a) Original Signal in the dwency Domain,
(b) Down-sampled by 2 in the Frequency Domain, (¢) Down-$adnipy 4 in the
Frequency Domain.

are located at the frequenciég4fs,2/4fs,3/4fs, and overlapped with the original signal.
Therefore, in general, if we set the sampling reductiororat~, there arey copies of the

original signal centred at frequenci@sfs/v, 2fs/v, ..., (v — 1) fs/7-

Reference [49] mentioned there is a requirement to apphrifig to remove the unwanted
signal components. Therefore, the same as the basebard, signcan remove or reduce the
aliasing effects through filter designs. Reducing the @gasffects by applying filters is shown
in Figure 2.12. For example, if we want reduce the samplitglvgy = 2, then we can set the
cut-off frequency isf; = BTW, which will reduce the bandwidth of the original signal. éft
sampling at the frequencyys = 1/2f;, the aliased components then fill in the parts of the

spectrum, which were previously suppressed by the filter.
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Figure 2.12: Reducing Sampling Rate by Applying Band-limiting Filters.

2.4 Filter Design

As mentioned above, filtering is usually formulated as a tyjggrocess that covers and selects
certain components out of the maximum bandwidth. Moreomeyur VC receiver systems, we
design filters to reduce the bandwidth then reduce the sagmie to reduce the costs. In the
5G uplink massive MTC scenario, filters can also be used taceethe OFDM side-lobe levels
in terms of relaxing the synchronisation requirements.sJthis section briefly introduces two

types of filters, digital and analogue filters.

2.4.1 Finite Impulse Response

The finite impulse response (FIR) filters described here ameracursive, making them uncon-
ditionally stable and achieving a linear phase charatieriSompared with the infinite impulse
response (IIR) filters, in terms of a similar passband mageitspecification, FIR filters will

have longer impulse responses and therefore require arligh®lexity to implement [49].

For a FIR filter, we define there afg- non-zero values of the impulse response, so the filter

output can be expressed as:
Lp—1

yr(t) = Y by a(t—Ip), (2.35)

lFZO

wherez(t) is the input signal, angr(¢) is the output. Now, we take thetransform of equation
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(2.35):

Lp—1

Ye(z) = Y by X(2) 27" (2.36)
lp=0
Lp—1

=X(2) > by 27",
lFZO
where the z-transform of the impulse response is:
Lp—1
Bp(z) = > by 2™ (2.37)

lF =0

The equivalent equation (2.36) can be written as:

Lg—1
HF = YF(Z) = Z blF Z_lF. (238)
X(z) =

Therefore, the pole-zero configuration in thelane is then described as:

Cbo bz by a D
B 1

B e R e e A
- 2Lr—1 '

Hy (2.39)

Thus, for a general FIR filter with orddrg, there areLy — 1 zeros andLy — 1 poles, which
are at the origin in the-plane and are beyond the unit circle respectively. A plafstructure
of the FIR filter is shown in Figure 2.13. The valuét — Ir) in these terms are commonly
referred to as the filter taps, this represent the convalutfcdhe time domain input signai(t)

with the filter impulse responggt).

In signal processing, to achieve an ideal filter, the imptésponse should be as long as possi-
ble. In practice, we truncate an infinite time-domain impuigsponse to a finite set of values
[49]. Truncating the impulse response introduces undasindpples and overshoots in the fre-
guency response. This effect is known as the Gibbs phenaméime domain truncation is
achieved by multiplying a rectangular window functiarg¢) [50]. In the frequency domain,

conversely, this truncation is achieved by the convolutiparation.
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Figure 2.13: Finite Impulse Response Filter Structure.

2.4.2 Basic Methods of FIR Filter Design

This subsection introduces two basic methods of FIR filtesigieincluding the frequency-
sampling method and the windowing method. According to,[80]ideal FIR filter frequency

response and the infinite impulse response can be expresisgdthe Fourier Series as:

Bq(e?¥) = i ba(n)e 9™, (2.40)
ba(n) :% /_ i Bq(e7*) (eI dw. (2.41)

Thus, the coefficients of an ideal FIR filter can be found fréva Fourier Series coefficients
of the desired frequency response. However, it is not plesgilaimplement the corresponding
low-pass filter design from two reasons: first, the numberoefftcients is infinite. Second,
the impulse response is a non-causal systempj€:) exists betweem = —7x andn = 0.

In terms of the frequency-sampling method [50], the truedampulse respondgn) can be
obtained directly from the DFT of the desired frequency oese as:

Lp—1

. _j2r .,
B(K) = Ba(€")|ymgep = 3 bme Wk € 0.Lp—1], (242)
n=0
| Lel -
b(n) = s > Bk)e'=" n €[0,Ly — 1], (2.43)
k=0
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where the FIR filter order is equal {dr — 1). Now, we assume the number of filter taps is 33

and the cut-off frequency igr/2), B(e’*) is then specified over one period by the equation:

|B(€]w)‘ _ { 17 |(,d| < 7T/27 (244)

0, otherwise

In this case, the ideal FIR filter impulse response (from irier Series) can be computed as:

1 (/2 1 sin(nmr/2
bd(n) = %/ /2(6]TLW)dw = 5 : %7” € (_OO7+OO)7 (245)

the truncated filter impulse response (from the IDFT) candmeputed as:

32 o
b(n) = == > B(k)' T n e [0,32]. (2.46)

Now, we consider a more complex filter parameter setting,if.¢he passband the magnitude
of the frequency response must approximate unity withinreor ®f +6pp, wheredpp is the

passband ripple. Thus, the filter coefficients can be apprated as:
(1—6pp) < |B(e’)| < (1 + 0pp), |w| < wps, (2.47)

wherewpy is the cut-off frequency of the passband. In terms of thebstod, the magnitude

response must approximate zero with an error lessdfiani.e.
|B(e?*)| < 3B, wpp < |w| < wss, (2.48)

wherewsgp is the cut-off frequency of the stopband. Furthermore, thespand ripple in dB

App and the stopband attenuation in dig can be computed as:

App =20 loglo(l + 5}3}3), (2.49)

According to [50], becausk; will generally be infinite in length, it is necessary to geateran

FIR approximate td3,4(e’). In terms of the window design method, the filter is designgd b
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| Window Type | Weight Equation
Rectangular w(n) =1
Hamming w(n) = 0.54 — 0.46 cos( £
Hanning w(n) =0.5—-0.5 cos(LzF’Tfl)
Blackman | w(n)=0.42—-0.5 cos(LQF”fl) +0.08 cos(L4F”f1)

Table 2.1: COMMON WINDOWS.

windowing the unit sample response as:

b(n)

ba(n)-w(n), 0 <n < Lp—1, (2.51)

wherew(n) is a finite-length window, which is equal to zero outside thierival (0, Ly — 1).

Several common windows are listed in Table 2.1 [49] and [50].

2.4.3 Generate Filters Using Matlab Toolbox

In this thesis, we use the Matlab functiogptool’, which is a signal processing toolbox using
the graphical user interface to design filters with diffénemdows or edit filters with the filter
designer (includes a Pole/Zero editor). To open the toglype the Sptool’ in the Matlab
command widow then press th&léw’ button under the Signals ofritlb[vector]”, Filters

of “FIRbp[design]” and Spectra of itlbse[auto]” to create a new filter. A visualisation fil-
ter design toolbox is shown in Figure 2.14, which allows tsige and edit filters of various
lengths and types, with standard (i.e. low-pass, band-pégis-pass or bandstop) configura-
tions. Select different filter orders, frequency and magtdt specifications can specific the
filter's length, cut-off frequency and magnitude in ordestgport different systems. We can
view the characteristics a designed filter with its magrétuelsponse, phase response, group
delay, pole-zero plot, impulse response and step respdnsactivate the Filter Viewer, select
the plot type from the Analysis menu or from the toolbar asaghn Figure 2.14. Finally, to

export the coefficients of the designed filter, press tepbrt” button under the File menu.

The frequency response performance of filters with the Halgnlackman, Rectangular and
Gaussian windows are shown in Figure 2.15. The rectangltatow presents the worst per-
formance in both the passband rippleg and the stop attenuatiatg, which is about -25 dB.

The maximum sidelobe level of the Hamming window is about B3which is about 11 dB
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Figure 2.14: “ sptool with Matlab for Filter Designs.

lower than the Gaussian window and 22 dB lower than the Blackmindow. In terms of the
ripped frequency roll-off performance, the rectangulandaw and the Hamming window are

better than the Gaussian and Blackman windows.

2.4.4 Infinite Impulse Response

Infinite impulse response (IIR) filters are known as feedbackirsive systems, which can gen-
erate infinitely long impulse responses to a finite input [48]practice the impulse response of
the IR filter usually approaches to zero and can be neglgustia certain point. In analogue
systems, IIR filters are generally designed and composddresistors, capacitors, and induc-
tors. In the digital signal processing systems, the disdigie delay filters based on a tapped

delay line and without the feedback are the digital FIR fiter

To illustrate the various sources of error arising from tiseibtisation process in the implemen-
tation of a digital filter, consider for simplicity, a firstaer digital filter is shown in Figure 2.16.

The filter output can be expressed as:

yr[n] = byp[n — 1] + z[n], (2.52)

whereyr[n] andz[n] are the output and input variables. The correspondingfeafimction is
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Figure 2.16: A First-order Infinite Impulse Response Filter Structure.

given by [49]:
1

He(z) = =

(2.53)

In comparison with FIR filters, which provide a comparabl@ldy of signal processing and

design flexibility, IIR filters require lower filter orders tarms of the computational complexity
[50]. In principle, a fundamental disadvantage of IIR fités that they usually have non-

linear phase responses. However, we can reduce the nan-ihase effects through a suitable
selection of the passband. There are several common typasatdgue filters, such as the
Butterworth [49], which has a maximally flat passband infdteith the same order. Chebyshev

filters have a ripped frequency roll-off performance and egairipple (more ripples) in the
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Figure 2.17: 1IR Time Domain Impulse Response, (a) Butterworth, (b) @sledv | (c) Cheby-
shev Il (d) Elliptic.

passband (for Chebyshev type 1) or equiripple in the stagnatition (for Chebyshev type II).
Elliptic filters are equiripple in both the passband and the attenuation [50].

In terms of the analogue filter design, the usual technique #&pecify a prototype low-pass
filter, which can produce an equivalent high-pass, band;masand-stop filter. The analogue
IIR filter is then converted into the approximated digitaldiilusing a relevant transformation
method. In terms of the IIR filter designs, several basic wdthcan be found in Reference
[51]. In terms of simplifying, we use the Matlab functiosptool’ to design IIR filters in
the thesis. The approximated impulse response for IIR fidteshown in Figure 2.17. Here
we set the normalised cut-off frequency for all filtersfig = 0.2, the filter order is 4, the
passband ripple for the Chebyshev | and Elliptic filterslisg = 1 dB. The stop attenuation
for the Chebyshev Il and Elliptic filters: 40 dB. It is clearly showing that the approximated
impulse response approaches to zero. The Butterworthligtethe shortest impulse response
length for the same filter order. The frequency responseds/shn Figure 2.18. Compared
with the Butterworth and Chebyshev | filters, both the Chekydl and Elliptic filters provide
faster frequency roll-off but with a higher side-lobe attation 40 dB. The Butterworth filter

provides a flat magnitude in the passband. Thus, understanide different characteristics
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can help to design IIR filters with different system requiests on the passband ripple, stop

attenuation and the frequency roll-off performance.

2.5 Side-lobe Behaviour for the Multi-user MTC Systems

As mentioned in Section 2.1.3, with significant growth in thember of MTC devices, one key
challenge is how to relax the synchronisation requiremiarterms of the massive low data rate
devices in the future communication systems (i.e. 5G). Aatimred above, the orthogonal
sinc-shaped sub-carriers technique provides high speatfticiency and also high side-lobe
levels, which comprises sinc pulses as shown in Figure 2f1@e transmit 13 sub-carriers,
the highest side-lobe attenuation is abedt dB, which causes significant interference to the
adjacent sub-carriers if the received signal is not symikeal perfectly in time or frequency.
Moreover, there is a “flat” frequency roll-off at the bandgedand it is about-20 dB attenuation

to the adjacent users, i.e. th# user and thg'™® user. The OFDM system is thus significantly

sensitive to timing and frequency errors.

There are several methods to reduce the side-lobe levadsnstof relaxing the needs of time

and frequency synchronisation. We can inset number of zdraarriers as a frequency guard
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interval [52] technique between each adjacent users. Hemvcreasing the number of zero
sub-carriers will reduce the spectrum efficiency signifiganMoreover, we can also design
filters, i.e. using the narrowband filter bank technique$ §B38ise frequency coding techniques,
i.e. frequency polynomial cancellation coding (PCC) [®ttd¢duce the out of band radiations.

This thesis will provide a detailed comparison and analysSBhapters 4 and 5.

2.6 Conclusion

First, this chapter introduced the basic background of tR€land highlighted the key issues:
the operation costs should be limited in terms of the batitxymodifying the existing radio
access technologies (e.g. the OFDM used in the LTE) in omlbetmore efficient. In terms
of the MTC uplink scenario, the tight synchronisation tdaghes used in the current wireless
communication systems, e.g. the LTE, would be removed fopading the MTC devices with
the dynamic changes in distance. Second, this chapterdeaba brief overview of the standard
OFDM systems, includes the orthogonal sub-carrier systepextral efficiency, PAPR prob-
lems and the OFDMA systems, which are used in the LTE dowrditdnnel. The state of the

art for basic OFDM system data transmissions has been mwwddetail. This chapter also
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analysed the basic BER and FFT computational complexitiopaance using mathematical
equations. Third, in terms of reducing the maximum LTE damknbandwidth and the receiver
sampling rate for reducing the ADC costs, this chapter pledia basic view of the Shannon
theorem and introduced the aliasing effects, which is chbyethe sampling reduction oper-
ations. Fourth, a brief review of the filter designs was givEiR filters with the advantages
of the non-recursive, stable and the linear phase with tse afohigh complexity are widely

used in digital signal processing. In order to reduce themdational complexity in low cost

receivers, this chapter provided a basic IIR filter desigmsich will be mainly used in the

thesis. Finally, a brief review of OFDM side-lobe behaviowas provided, which can cause
significant interference to the adjacent sub-carriers where is imperfect time or frequency

synchronisation.

This thesis will provide a novel virtual carrier system, whiis designed to reduce the LTE
bandwidth for the MTC downlink channel, and mathematicahalyse its performance in
Chapter 3. In terms of the MTC uplink asynchronous scendhi®e,OFDM side-lobe levels
should be limited. Several candidate waveforms, includiegperformance evaluations will be
presented in Chapter 4. In Chapter 5, we will provide a cldseah expression for the interfer-
ence caused by the time-offset scenario. Chapter 5 will@ispose the OA-UFMC systems in
terms of reducing the computational complexity for the FItifs, which is used in the UFMC

systems.
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Chapter 3

Virtual Carrier System for the MTC
Downlink Based on OFDMA

In this chapter, we propose a novel receiver system, thaalidarrier (VC) system, which
aims to improve the orthogonal frequency-division muétiptcess (OFDMA) downlink band-
width efficiency and cost-efficiency, using analogue filterextract only sub-carriers of inter-
est. MTC emerged as a cutting edge technology for next-géaarcommunications, and are
undergoing rapid development and inspiring numerous egipdins, such as smart city, smart
sensor and smart house. Modifying existing OFDMA commuioossystems, such as the LTE
system, to successfully support low data rate MTC devicesbkraome an important issue. In
LTE Release 12 and beyond, the reduction of maximum banbwilé reduction of transmis-
sion power and the reduction of downlink transmission matieuld be studied for supporting
low data rate MTC. Our VC system will reduce the sampling eitthe MTC ADC leading
to improvements in ADC power consumption and the computaticomplexity. The results
indicate that the VC system can provide significant high SpéRormance without significant
BER degradation.

The rest of this chapter is organised as follows: Sectionir8rbduces the background and
motivation of this chapter. Section 3.2 introduces theestdtthe art. We discuss the VC
receiver system model and derive the performance analySisdtions 3.3 and 3.4, respectively.
The LTE bandwidth efficiency and analytical results commpgsvith different SINR and BER

performance are shown in Section 3.5 and Section 3.6 coegli: chapter.

3.1 Introduction

As mentioned in Chapter 2, with the growth of automated systeuch as e-health, the smart
grid, smart homes and smart cites, MTC services will expedean exponential growth in the
next generation of mobile communication systems [55]. M3 Grie of the most promising so-

lutions for revolutionising future intelligent wirelesp@ications [17]. The major idea of MTC
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system is allowing MTC terminal devices or components taiberconnected, networked, and
controlled remotely [56], with the advantages of low-castalable and reliable technologies.
Projections for the growth in MTC devices range up to 50dmillin the next decades, and with
the expectation of over 2 billion devices will be directlyaathed to the cellular network by this
time [4].

Wireless communication technologies have been rapidlgldging in recent years. The cur-
rent 4G-LTE networks [14], provide high spectrum efficietmyycombining advanced multi-
antenna technigues and they implement the OFDMA schemeeiddtvnlink (DL) from the

base station to the mobile terminals. However, this scheamaa meet the aim of making
MTC devices lower cost and more energy and bandwidth efficiEor instance, in terms of
supporting synchronisation, LTE uses a subset of carrieteahsmit downlink control infor-

mation in the physical downlink control channel (PDCCH)][5With increasing the number

of PDCCH, the sub-carrier efficiency will decrease.

Unlike H2H communications, which normally involves voigeleo calls, messages and web
surfing, the objective of MTC is to improve the performanceystem automation in which the
terminal devices and systems can exchange and share dhtalig8efore, low data rates, low
cost, low energy consumption and minimal human intervenéice key features for realising
efficient MTC.

Currently, many MTC applications are implemented by ush@deneral packet radio service
(GPRS) infrastructure and specific services such as the ¢stvahort message services [59].
However, GPRS also has several limitations which will néisgathe future MTC requirements
of network operators, particularly relating to energy éfficy and scalability. For instance,
in order to achieve an advanced intelligent system, the eurabaccess technologies in the
network will be increased when using the legacy GPRS systdrich will not meet the aim of
future network efficiency. Assuming only GPRS traffic, thecpal efficiency of a GPRS cell
is not more than 150 kb/s/cell/MHz [60], which is signifidgribwer than for 4G LTE systems
(4.08 Mb/s/cell/MHz).

OFDMA, also referred to as multiuser-OFDM, is being impleteel as the multiple access
method for the high data rate transmissions in LTE. OFDMArisatension of OFDM [61],
allowing different users to transmit simultaneously on tiiéerent sub-carriers per OFDM

symbol. In an OFDMA system, the available spectrum is didioghdo orthogonal sub-carriers,
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which are grouped into sub-channels. OFDMA works as a nagliess technique by allocating
users to different groups of orthogonal sub-channels. Duiné different users’ demands,
OFDMA can separate its bandwidth into distinct sub-chaG2].

How to reduce the cost of LTE in order to support many MTC lowtatevices which max-
imising the battery life is a major issue for standardigatieyond Release 12 of LTE. The
bandwidth reduction and the operation cost reduction a&éwb general aspects addressed by
[8]. The LTE downlink channel can provide up to 20 MHz bandWwidHowever, MTC usually
only requires low data rate transmissions, for instancayf@d@ terminal device may only be
allocated only 1 MHz out of the 20 MHz LTE downlink channel. this case, most of the
sub-carriers are not relevant to the MTC device. We thusddmw reduced sampling rates
in MTC receiver devices can improve their energy efficienéheaut compromising decoding

performance.

There are several recent published references on supptrerMTC. Reference [63] quantified
the limits of the random access channel (RACH) of LTE in teohaccess delay and energy
consumption in order to determine if the random access (RAgme used by the standard
is suitable for the MTC traffic. Moreover, [64] proposed areday mechanism that allows
MTC traffic to share the RACH resource with H2H traffic withdloé need for more complex
separation schemes. In [65], a narrowband LTE-M system wgmoped for the low cost MTC
with modifying the existing 1.25 MHz LTE bandwidth into 18®k. A hybrid framework for
the dynamic spectrum management of the MTC networks waspeapin [66], which trusted
non-3GPP access points to perform sub-Nyquist samplinfpr&we [67] proposed the use of
opportunistic MTC encountering events among users to geoadditional location indicators
for localisation systems based on the particle filter fusemhnique and presented a prototype
system using off-the-shelf smart-phones bundled with gyBiterfaces. Several other papers,

which focus on the resource allocation schemes for MTC & [69], [70] and [5].

To the best of our knowledge, there are no previous studiesducing the LTE bandwidth in
order to support low data rate MTC. Reference [71] only peggoa possible solution: insert
a MTC low data rate message into the LTE downlink channel a&sigd a VC to contain the
message. This VC can be separately scheduled to supportaodmidth MTC devices and
the remaining sub-carriers are designed to support highrdéd services as normal. However,
reference [71] did not describe a detailed system structardiow to extract the low data rate

virtual carrier messages at the receiver.
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We now summarise the main contributions of this chapterstlyirwe propose a novel re-
duced sample rate VC receiver system. Compared with therukiTE carrier aggregation
technique, it significantly improves the bandwidth effi@gnSecondly, the VC system signif-
icantly reduces the ADC cost and computational complexityevproviding high SINR and
BER performance to support low data rate MTC devices. Tyindke derive a closed-form
expression for SINR which includes the additional intesfere caused by aliasing effects. Our
previous study [72] shows that aliasing effects caused é&f¥ilier and the lower sampling rate
ADC can reduce the VC system performance. Our SINR analysligdes the effect of the filter
cut-off frequency, the receiver ADC sampling rate and the@ang reduction ratio. The BER
can also be evaluated in closed from to show the trade-offder system parameter choices
and detection performance. Finally, we derive a closethfexpression for the effect of inter
symbol interference (I1SI) caused by asynchronism. We aissider several cases, including:
very dispersive multipath channel effects on ISI and intarrier interference (ICl) plus the

additional interference caused by sample timing errors.

3.2 OFDM System: State of the Art

This section briefly introduces the standard OFDM trangsemmodel and provides three op-

tions to reduce the maximum bandwidth of OFDMA for the lowtdd3 C devices.

3.2.1 Standard OFDM Transceiver System

As a guard interval, CP eliminates the ISI from the previogmlol in cellular systems such
as LTE and WIMAX [61]. We assume the length of CP in samplesefsndd asLcp , and
the message bits are to be transmitted using OFDM modulatitn /N sub-carriers. We as-
sumeX (n) denotes modulation symbol to be transmitted orvitiresub-carrier. The baseband
OFDM block at the output of th&/-point IFFT can be expressed as:

x(t) = Z X(n)-e?™N pe[0,N —1] (3.1)
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where X (n) is the FFT ofz. The signalz(t) is up-converted to radio frequency, transmitted
and propagates through the Rayleigh multipath channel as:

Lyg—1
h(t) = > had(t —ITy), (3.2)
=0

each channel tap,; follows the Rayleigh distribution7 is the sample period, and(t) is
the Dirac delta function. (For the AWGN channel without npdth, Ly; = 1, hy = 1). The

received signal over the Rayleigh multipath channel and A\Bannel can be defined a&):
y(t) = z(t) ® h(t) + g(t), 3.3)

where® denotes the convolution operation an@d) represents AWGN with power spectral
density Ny /2 is assumed. For a standard OFDM receiver, the received| sigmeatch filtered
and sampled at frequencf. After removing the CP and applying the FFT, the frequency

domain signal can be expressed as:
Y (n) = X(n) - H(n) + G(n), (3.4)

whereH (n) is the FFT of the vecto{y, hiy,...,hr,,_,¢] andG is the FFT of the noise sequence
g in the frequency domain. Finally, to decode the transmittexbsages, zero forcing (ZF)

equalisation [41] can be used to estimate the transmitted da

3.2.2 Options to Reduce OFDMA Bandwidth

Reference [71] generally lists three possible options tluce the maximum bandwidth of
OFDMA systems such as LTE, including separate carrier (E&)jer aggregation (CA), and

virtual carrier (VC).

First, SC separates a high bandwidth carrier into sevenabwar band carriers to support
low bandwidth MTC devices. For instance, a 20 MHz bandwidilrier can be split into
several 1.4 MHz and 3 MHz carriers. Low bandwidth MTC devittemn transmit and receive
messages on each separate carrier and all narrow bandwidihdevices then share the same
OFDMA channel. However, the SC option will no longer supgalttbandwidth 20 MHz data

transmissions and data capacity will be limited by the maxmbandwidth carrier.
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Second, the carrier aggregation technique [73] is one dkelgdeatures for LTE-Advanced. It
allows a user equipment (UE) to receive data on multiplaeasimultaneously. One 20 MHz
band can be formed by component carriers of bandwidth 1.4 ,NHHz, and 15 MHz. The

low bandwidths support MTC, and the high bandwidth carrisueh as 15 MHz, can support
high data rate transmissions. However, CA does not impitedandwidth efficiency, as each

sub-band still needs several carriers to support synckaban of the downlink channel.

Third, the transmitter insets a virtual carrier to carry Mi€C messages into a 20 MHz down-
link OFDMA channel to support low cost devices. High dateerdevices can still use the

remaining carriers.

Section 3.5 will show that compared with SC and CA, by usingrtual carrier mapped into
a 20 MHz band the transmitter obtains the highest bandwiffiitiesncy at the meanwhile the
receiver ADC power cost reduces linearly with reduced samgphte. In the following sections,

this chapter will study the VC receiver system in detalil.

3.3 The Virtual Carrier System

This section introduces the proposed VC receiver systemdhalyses the LTE downlink effi-
ciency and the ADC energy cost performance. We assume théitdr information has been

transmitted through the PDCCH channel to each terminakdevi

3.3.1 Sub-sampling Receiver for VC Option

The VC receiver system model is shown in Figure 3.1. We asshatea standard OFDMA
receiver received a set of messages over a 20 MHz channeWliithdthe signal will pass
through a 20 MHz analogue circuit filter and then be passed t8RC with sampling rate of
30.72 MHz as in LTE. Unlike the traditional OFDMA receivehet major feature of the VC
receiver system is integrating both low data rate MTC messand high data rate wideband
messages in one downlink channel. MTC receivers reducelli&gkocessing cost by reducing
the maximum bandwidth to capture only the MTC sub-carridérsiterest and filter out other
sub-carriers. Therefore, a VC receiver implements one aremarrow band IIR filters to
extract the transmitted MTC signals from the received OFDdithal. It operates the ADC ata

much lower sample rate to reduce the power consumption &mltmber of subsequent digital
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Figure 3.1: System Model of the Standard LTE Receiver and VC Receiver.

signal processing computations to decode the signal. Téreasio where an MTC receiver has
received a 20 MHz bandwidth LTE signal but only a few subiegsr(e.g. 70 carriers) are
used for this terminal device as in Figure 3.1(b). A stan@frd/iHz LTE bandwidth maps to
a FFT size of 2048 with a sampling rate of 30.72 MHz. Thereftire useful sub-carrier ratio
for the MTC device can be calculated as the number of VC sutiecs (70) divided by the
total number of sub-carriers (2048), which is approximatel32 in this case. Thus, a 0.625
MHz low pass filter (LPF) can be designed to extract the retesab-carriers from the 20 MHz
bandwidth signal. A correspondingly lower sampling rate@\I3 used at the LPF output; in

this case, we can choose a 0.96 MHz sampling frequency ADi€adof 30.72 MHz.

3.3.2 Mathematical Model of the VC Receiver

The VC receiver block diagram is shown in Figure 3.2. The mfjoction of the VC receiver
system is to demodulate only the sub-carriers of intereberdfore, the major difference of

the VC receiver compared to a standard OFDM receiver is tigatdceived signals are passed
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Figure 3.2: Block Diagram of the VC Receiver System.

to a narrowband IIR filter which separates the virtual casrfeom the rest of the OFDM sub-
carriers, then samples those carriers using a much loweplednequency ADC. In order to
determine the SINR performance, the narrowband IIR filterlmaapproximately expressed as
an finite impulse response (FIR) filter with the impulse resgowritten a$(t) with length of

Ly. Denote the composite effect of the multipath channel aadig filter by w., (¢):

[/(:Ol’l)_1
wen () A h(E) ®b(t) = D wen(2)3(t — 2T3), (3.5)
z2=0
where, L.om, IS the length of the combined channel and filter impulse nesgeo In the rest of
paper, every combined filter is approximated as being FIR fHteived signal after an IIR

filter can be designed agpr:
rLpr(t) = (2(t) @ h(t) + g(t)) @ b(t) = (t) © wen(t) + ¢'(t) +ia(t) + gqual(t).  (3.6)

The scalaii 4 (¢) is the aliasing noise (due to the effect of the narrow bareffiind the reduced
sample rate processing) afg. (t) is the quantisation noise. For a realistic system, the iffec
uniform quantisation can often be modelled by an additiisenterm due to quantisation noise,
which is uncorrelated with the input signal and has zero nae&ha variance af?/12, where

q is the quantisation step size [74]. In order to simplify timalgsis results, this chapter will
assume that the aliasing effect dominates over the quaatisaocise. Transformingu., into
the frequency domain yields the following expression ferfitquency response of sub-carrier
n: B

Wan(n) = > wen(t) - 772N, (3.7)

t=o0
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In terms of reducing the ADC cost and the number of subseqdigital signal processing
computations, the VC receiver system employs a much lowepkag ratef,. rather than the

standard sampling ratg, thus the sampling reduction ratiocan be defined as:

_ I

v = s (3.8)

With the effect of the analogue IIR filter and reduced sangpiisie ADC, the number of op-

erating sub-carriers has been reducedste= N/~, which means the VC receiver FFT size
is reduced taV/v. Assuming thatLcp is longer thanL..,,, and the signal is sampled with
the correct timing, the received MTC signal in the frequedaognain after removing CP can be

denoted as:
R(k) =B X(k) - Wen(k) + 8- G(k) + In(k) (k=0,1,...,N/y—1).  (3.9)

Wherel, is the aliasing term and the terfhis the scaling mismatch factor between the trans-
mitter and the receiver and reflects the different sampésrand FFT sizes at these two devices.
Given that this scaling mismatch factor affects both th@aignd the noise equally, then we
can neglect it and assunge= 1 without loss of generality. After zero forcing equalisatiave

can decode the MTC signal in the frequency domﬁ(rk) as:

X (k) = . (3.10)

3.3.3 LTE Downlink Efficiency

The LTE downlink bandwidth directly relates to the overadrismission efficiency of the sys-
tem as this determines the proportion of data sub-carnessradio frame. In the LTE down-
link channel, in terms of providing good signal synchrotigga performance, it uses several
synchronisation channels such as the primary synchraoisaebhannel (PSCH), the secondary
synchronisation channel (SSCH) and the PDCCH channel. wawéhose synchronisation
channels will share lots of sub-carriers. In order to egiinte LTE downlink channel band-
width efficiency, the percentage capacity of the LTE FDDdérency division duplex) downlink
channel is computed as:

N
Chw = —2 . 100%, (3.11)
Nt
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where we assume that a 10 ms radio frame is divided into 20 sepgsslots of 0.5 ms [16]. A
subframe consists 2 consecutive slots, therefore one 1@disframe contains 10 subframes.
Cpw Is the capacity of one 10 ms LTE FDD radio fram€, is the number of available sub-
carriers andVr is the number of total occupied sub-carriers in one frameghvban be com-
puted from reference [75]. The standard LTE downlink ch&baadwidth is 1.4 MHz, 3 MHz,

5 MHz, 10 MHz, 15 MHz or 20 MHz.

3.3.4 Synchronisation for the VC System

10ms Radio Frame

subframe
\#0| #1|#2|#3|#4“ #5“#6|#7|#8 “#9\

| User #1

\,
\,
\,
\,
\,
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\,
\,
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swlol1|l2]34]s5fe]o]l 1|23 04]5]c¢6

User #2
User #3
"

Cyclic Prefix &] Cyclic Prefix

SSS (Secondary Synchronisation Signal) PSS (Primary Synchronisation Signal)

VCCS (Virtual Carrier Control Signal) M2M Signal

Figure 3.3: Virtual Carrier Synchronisation Signals.

As mentioned above, cell synchronisation is the very fiegh sthen an MTC device wishes to
connect to a cell. A cyclic prefix is appended as guard timeémh OFDM symbol to enable
against time delay spread. One downlink slot consists of B ©FDM symbols as shown in
Figure 3.3, depending on whether extended or normal cydiifixpis configured, respectively.
The extended cyclic prefix is able to cover larger cell sizdk thigher delay spread of the radio
channel, but reduces the number of available symbols [11&.fiFst step of cell search in LTE
is based on specific synchronisation signals. LTE uses arbhdcal cell-search scheme, which

includes the primary and the secondary synchronisatiomalsg They are designed to carry
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the physical layer identity and the physical layer cell titgn The synchronisation signals are
transmitted twice per 10 ms on predefined slots, which locetiee last OFDM symbol of first

time slot of the first subframe as shown in Figure 3.3. Thidbsausers to be synchronised
at the subframe level. In the next step, the terminal findséwendary synchronisation signal
(SSS) which determines the physical layer cell identityugraumber. In order to decode
the VC message, a VC control signal (VCCS) should be includele VC carrier as shown

in Figure 3.3. The VCCS includes the VC carrier locationgeffiparameters and sampling
reduction ratio. When the VCCS has been decoded, the MTCirtalrdevices can easily

decode the received signals intended for it. The VCCS carsbenaapped into the VC carrier
to assist the MTC receiver in maintaining accurate symhoindg. The VC system decoding

processing is shown in Table 3.1.

Virtual Carrier Receiver System Synchronisation

Step 1: Search for the PSS and the SSS

Step 2: Decode the VCCS to identify VC carrier location

Step 3: Compute the number of operating sub-cardi€End sampling reduction ratip
Step 4: Set filter parameters and receiver samplingfiate

Step 5: Decode received MTC messages from the specified \&fidoc

Table 3.1: VC Synchronisation Processing Steps.

3.3.5 Energy Saving For The VC Receiver

The basic motivation for VC is that the ADC power dissipatisna linear function of the

sampling rate. A previous study [76] derived the power getsbon of an ADC aApc,
Papc = 48kgTremp - 22V - fs, (3.12)

wherekg is Boltzmanns constarntr..p, is temperaturef; is the sampling frequency andis
the SNR-bits, which is given by [76]:

_ SNR[dB] — 1.76
N 6.02 ’

Vv

(3.13)

The ADC power dissipation presents a linear reduction bycid) the sampling frequency.

In terms of the FFT computational complexity, compared whthstandard OFDM system, the

VC receiver also reduces the number of subsequent digigabkprocessing computations. The
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computational complexity [77] for the standard OFDM reeeigan be defined as®FPM:
N
[OFDM _ — loga(N). (3.14)

In terms of the VC receiver system, the FFT size decreasé§/to Therefore, the computa-

tional complexity for the VC receiver system can be defined as

Ve = NT/’Y -1ogy (N /7). (3.15)

3.4 Performance Analysis

In this chapter, we focus on three distinct channel scesddeevaluate system performance
and will not consider the effect of time or frequency offgbts, we make the assumption of a
perfect sampling timing. In this chaptét]|-] represents the expectation operati@mepresents

the convolution operation an(d)* represents the complex conjugate operation.

3.4.1 Aliasing Analysis

First, we analyse the effect of filter aliasing 4n(¢) in a simple scenario. We assume that
the received MTC messagg (t) is not corrupted by background noise or multipath channel

effects. The received signal can be expressed as:

yr(t) = x(t) @ b(t). (3.16)

With the assumptions of perfect sampling timing, a sampigayction rate ofy andLcp > Ly,
we can write down an expression for the FFT outpuyeft), after the CP is removed. The

m-th frequency bin can be denoted as [49]:
N-1 ‘
yp(m) = X(n)- B(n) - e >mm/K (3.17)
v—1
= (Z X(aK + k) - B(aK + k:)) . eTI2mkm/ K
k=0 \a=0

where B(n) is the N-point FFT ofb(¢). Therefore, the receivekkth sub-carrier signal after
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reducing the sampling rate in the frequency domain can biewras:

-1
Rp(k) :iX(aK+k).B(aK+k), kel K — 1] (3.18)
a=0

where K = % After reducing the sampling rate at the receiver, thereyacepies of the

original OFDM signal centred at frequenciesfQ/~, 2fs/~, ..., (v — 1) fs/~. The 0 frequency
term is the desired spectrum of the transmitted sigria) while the remaining frequencies

represent undesired aliased components. Thus, equatit8) (an be re-written as:

v—1
Rp(k) = X(k)- B(k) + > _ X(aK + k) - B(aK + k), (3.19)
a=1
the aliasing term can be expressed as:
v—1
In(k) =) X(aK +k)- B(aK + k), (3.20)
a=1

and it represents all the aliased interference presentiretteived signal. The SINR equation
for the received signal is computed @s

E[S(k)?]

p(k) = DRAGEE (3.21)

whereE[-] denotes statistical expectatiofi(k)? is the received signal power over at the output
of the IIR filter, andN;(k)? is the interference power arising from the { 1) aliased terms.
Thus, the interference power for no channel effect ¢égecan be written as:
v—1
E[Nir(k)?] = E ||Rp(k) — X (k) - B(k:)ﬂ = E[X(aK +k)*]-|B(aK +k)|*. (3.22)
a=1
Thus, the theoretical SINR value at the output of the VC rameivithout channel effects can

be derived as:
E[X(K)*] - |B(k)?

T SITE[X(aK + k)] [B(aK + k)P

pr (k) (3.23)
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3.4.2 AWGN Channel Effect SINR Analysis

Assume now the transmitted MTC signals go through an AWGMphbhwhere the noise has
mean zero and a noise standard deviation of |/ f;Ny/2. Similar to equations (3.19), the
received MTC messages from the AWGN channel in the frequeioayain can be expressed

as:
v—1

Ra(k) = X(k) - B(k)+ Y _ X(aK + k) - B(aK + k) + G(k). (3.24)

a=1
Thus, the closed-form expression for SINR of VC receivet stib-carrier at the AWGN chan-

nel can be derived as:

E [X(k)*] - |B(k)

b = S TR X (K - 107 Bk * I

(3.25)

3.4.3 Multipath Channel SINR Analysis

This section is devoted to address the effect of multipadnobkls by analysing the combined
impulse response.,, of both the multipath Rayleigh channel and the analogue filtequation
(3.5). We consider two cases when the length of combinedrsspl...) is both longer and

shorter than the CP lengtlip) in samples.

3.4.3.1 CP Longer Than Combined Response

Assume that a MTC receiver has received the signals over ighynultipath channel and an
IIR filter has been applied at the receiver. We assiime is longer tharl.., and the received
signal is sampled with the correct timing. The received aigan be expressed as:

N-1
yLo(m)= X(n) - Wen(n) - e 727K 4 g(m)
0

,_.

= ( X(aK + k) Wen(aK + k)) e I2mRmIK g (m). (3.26)
=0 \a=0

Thek-th received sub-carrier in the frequency domain can beveldias:
v—1
Rio(k) = X (k) - Wen(k) + > X (aK + k) - Wen(aK + k) + G (k). (3.27)

a=1
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Thus, the average SINR value of the VC receiver over the Reylading multipath channel

can be expressed as:

E [X (k)] - E[|[Wen(k)[?]
+ 0TI E[X (aK + k)2 - E[\WCH(QK+/<;);2]'

PLo(k) = (3.28)

3.4.3.2 CP Much Shorter Than Combined Response

The major function of the cyclic prefix is that it removes thiersymbol ISI and ICI. In order to
address the impact of the case when CP is shorter than theedlrasponse in the VC receiver
system, we need to compute both the ISI and ICI noise termsorélgg to a previous study
[78], the ISI and ICI cause interference at the tail of theulsp response. Based on [78], the
ISI noise for the VC receiver, in the case that thegp is shorter than the lengthl.{..,) of

combined channel and filter impulse response, can be exgrass

LCO[’D_I
Pgi(k) =0 Y |U(k)f, (3.29)
c=Lcp+1
whereU,(k) is defined as:
LCO[’D_I .
Udk) = > wen(c)e >mHN, (3.30)
c=Lcp+1

Note that the expression féf.(k) is actually for the FFT of the tail of the combined impulse
response. In terms of ICI, [78] shows that the ISI and ICI hlseesame power spectral density.
Therefore, the noise level of ICI is equal to that of the IS1u$, the interference power for the
VC receiver system can be derived as:
[/(:Ol’l)_1
E[Nso(k)?] = o +ZE (aK + k)?] B[[Wen(aK+k)[]+20% Y~ |Ue(k)]*. (3.31)
c=Lcp+1
Therefore, the expression of the average SINR for the caseenhe CP is much shorter than

combined response can be written as:

E [X (k)?] - E[|Wen (k)]

24+ YOI E[X (aK + k)2 E[[Wen(akK + k)|2) + 202 Lo 1 |Uc<k2 '3252)

pSo(k) - o
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3.4.4 Asynchronous ISI Analysis

In the previous sections, we assumed the received sigraajseaiectly synchronised and sam-
pled at the correct timing. This sub-section will analyse Il effects caused by asynchronism.
Here we definey,, as the timing error in samples, which we assume is positiVeisTinter-

ference to the first OFDM symbal; (¢) is caused by the firstg,, samples from the second

OFDM symbolz2(t). Then, we can write the interference term as:

TErr — 1

i = wa(t) ®b(t). (3.33)
t=0
Thus, the interference term on thth sub-carrier can be rewritten using the Fourier transform

as:
N—1TEr—

ign(k) = Z Xo(n)B(n)e 2mmk/N (3.34)

k=0 n=0
where X, (n) is thenth FFT output forzo(¢). Then the ISI noise for timing error denoted as
Nigyr, for the VC receiver with sampling reduction ratio-ptan be derived as:
Y= ITEFF_I
E [Nee(k)?] =) Y E[Xp(aK +k)*] - E[|B(aK + k). (3.35)
a=0 n=0
Note that equation (3.35) represents an extra timing enterference term which can be added
to the denominator for our SINR equations to compute therétigal SINR values when a

specified timing error is present.

3.4.5 BER Analysis

In terms of comparing the VC receiver BER performance with $kandard OFDM receiver
system, this chapter will use the three BER basic LTE stahdendulation schemes, including
4PSK, 16QAM and 64QAM for both the AWGN channel and the Rayldading multipath

channel.
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3.4.5.1 BER Analysis For the AWGN Channel

The ratio of energy per bitH},) to the spectral noise densityVg) is defined as:

Ey/No = —, (3.36)

ER

whereNy, is the number of bits per sample. The theoretical BER valua@®ttandard OFDM

) : (3.37)

receiver is computed as [44]:

1
PQPSK = 5 - erfc <

|5

2 E
P16QAM ~ g - erfc < 3 . _];) 5 (338)
7 1 FE
P64QAM ~ ﬁ - erfc < ? . FE) 5 (339)

whereerfc(.) denotes the complementary error function.

3.4.5.2 Standard OFDM BER Analysis Under the Rayleigh Multpath Channel

The theoretical BER value of normal OFDM system over the &gil multipath channel is

computed as [44] [45]:
1 Ey /Ny
Pqpsk = 5 (1 \/ 1 +Eb/No> , (3.40)

po M3 4ENy 14BNy 14BN
1AM = o\ "4\ 5244 Ey/Ny 2\ 5/18+4-Ey/Ny | 4\ 1/10+4- Ey/N, |

(3.41)

For the 64QAM modulation, the BER expression is [79]:

28

P64QAM = Z wi[ir(vz'17 Uz'2777 T, Q)v (342)
i=1

where¥ is the average SNR per symbol and coefficients}, v? andp are listed in a table in

[79] andI;; is the integral representation:

(7/2)
Iir(z):% / e~ g, (3.43)
~(r/2)
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Simulation Parameters
Bandwidth| N | Transmittedf; | Lcp | IIR Filter Order | Type of Filter | Attenuation
20 MHz | 2048 | 30.72MHz | 144 4 Butterworth 3dB
Equivalent FIR Filter Order
~y 1/2 1/4 1/8 1/16 1/32 1/64
Lg 24 35 67 132 208 332

Table 3.2: Common Simulation Parameters.

Now we can compute the theoretical BER value by taking theRsthsed form expression

for the VC system into the BER equations as above.

3.5 Numerical Results

This section will firstly evaluate the bandwidth efficienagriprmance and the energy saving
performance by using the VC receiver system rather thanl@&umdwidth OFDM receiver.
Then theoretical and simulation results for the SINR and BERormance will be described.
According to the LTE downlink specification [16], the thesiansiders LTE downlink band-
width of 20 MHz with sampling rate of 30.72 MHz, which is maitodp the FFT size of 2048.
The length of CP is chosen as the LTE CP short standard of Idpgles. Common parameters

for simulations are listed in Table 3.2.

3.5.1 LTE Downlink Efficiency Performance

An additional physical control format indicator channelréss on specific resource elements in
the first OFDM symbol of each subframe, which is used to inditiae number of OFDM sym-
bols used for the PDCCH, i.e. 1, 2 or 3 symbols are possibleai.TE downlink specification
[16], depending on the number of users in a cell and sigrpftinmats conveyed on PDCCH.
The number of PDCCH is also dependent on the bandwidth, emga 1.4 MHz bandwidth
the minimum number of PDCCH symbols is always 2 accordingpeéd il E specification [16].
The result for the LTE downlink capacity for one 10 ms LTE mftame with the number of
PDCCH transmissions is shown in Figure 3.4. The LTE bandwiédficiency is computed as
Equation (3.11) and it is obvious that whether one or two PBEIG@mbols is used, the percent-
age capacity of 20 MHz bandwidth is much higher than otheioopt and the least efficient
is the 1.4 MHz bandwidth carrier. We can conclude that coegbarith the SC and CA meth-
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Figure 3.4: LTE Downlink Capacity Vs. Channel Bandwidth.

Sampling FFT Normalised FFT Computational
Rate (f;) | Size (V) | ADC Power (W)| Complexity (Ops)
30.72 MHz| 2048 1 11264
15.36 MHz| 1024 1/2 5120
7.68 MHz 512 1/4 2304
3.84 MHz 256 1/8 1024
1.92 MHz 128 1/16 448

0.96 MHz 64 1/32 192

Table 3.3: Energy Saving Performance of the VC System for the 20 MHz Lh&@ar&| From
Equations (3.14) and (3.15).

ods, using a virtual carrier mapped into a 20 MHz LTE band ogprove bandwidth efficiency

significantly.

3.5.2 Energy Saving Performance for the VC Receiver

Compared with the 20 MHz LTE standard receiver, the ADC gatsdn performance and the
computational complexity of the FFT block for the virtuakigar receiver system is shown in
Table 3.3. In order to compare the cost-efficiency, we defiheanergy cost of processing the
full 20 MHz bandwidth to be normalised to 1. By reducing thmpéing rate of a MTC receiver,

the ADC power dissipation and the computational complegity reduced significantly. If
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Figure 3.5: SINR Performance over Different IIR Filters, AWGN chanrldB, N = 2048,
Lcep = 144, v = 8, 16-QAM.

a MTC terminal device only needs to decode 64 sub-carrigrsjsing a low pass filter and
sampling rate at 0.96 MHz, it only costs 1/32 of the ADC oderat compared with decoding
the whole 20 MHz band and the FFT computation is reduced frb264 operations to 192.

3.5.3 SINR Performance

The SINR performance of the VC receiver system over the AWGahael with four types of
IIR analogue filter (Butterworth, Chebyshev I, Chebyshenid Elliptic filters [51]) withy = 8

is shown in Figure 3.5. The passband ripple for Chebyshewsétito 1 dB and the stopband
attenuation for Chebyshev Il is set to 40 dB. In the case oEthgtic filter, the passband ripple
and the stopband attenuation are set to 1 dB and 40 dB in avdmovide fair comparison.
We plot the SINR value for the first 128 sub-carriers in FigBrg and it shows that the sub-
carriers near the cut-off frequency band present signifiSdNR loss. It also shows that both
the Butterworth and the Chebyshev | filters achieve highBiRSperformance in the passband
compared with Chebyshev Il and Elliptic filters. Howeveg tBhebyshev | filter has a worse

phase response because of group delay variations at theebigied. Therefore, in order to
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Figure 3.6: SINR Performance for Different Sampling Rajé&;) = 0, h(t) = 0, N = 2048,
Lcp = 144, 16-QAM.

achieve a high SINR performance in the pass band frequenisyctapter will focus on the

Butterworth IIR filter in the remaining simulations.

The SINR performance for different sampling reductionasis shown in Figure 3.6 with the
assumption of a 16-QAM modulation scheme and no backgrowmkenand there is perfect
time synchronisation. Whemnis 64, Ly is much larger that.cp. Thus we computed the ISI
and ICI noise power using equation (3.31)for 64 to obtain the theoretical value of the SINR
which is computed from equation (3.23). The theoreticallteshow a perfect match with the
simulations. If the MTC receiver samples at 0.48 MHz (abdé4 bf transmitted sampling rate,
the IIR cut-off frequency is set to 0.3125 MHz in order to nfatgith the sampling reduction
ratio), the SINR value of the first 65% of all sub-carrierstif above 20 dB. It also indicates
that the VC receiver system is able to decode the transmitigcdata rate MTC messages
mapped into a normal LTE band, even if we reduced the sampditegby 64 times. The basic
reason for the SINR performance with= 32 and~y = 64 being much poorer than other cases

is the non-integer sampling reduction of the CP.
The SINR degradation performance of the VC receiver systdimowt timing error over the
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AWGN channel is shown in Figure 3.7(a). The transmitted ShIRett to 20 dB, 10 dB and
5 dB. The theoretical SINR value is computed using (3.25) iansl closely matched with
simulations. The AWGN channel does not significantly affiset SINR performance of the
VC receiver. If the input SNR is 20 dB, the SINR degradationdmees apparent at sub-carrier
number 80, where there is about 2 dB SINR loss. By reducingrémsmitted SNR, the SINR
degradation in the VC receiver mores closer to half the dufrequency. In terms of the first

60-70 sub-carriers, the VC receiver system presents higR $kerformance.

The SINR performance versus timing ertar,,. is shown in Figure 3.7(b). The ISI of timing
error is computed using (3.35), and added to the denomin&{&:25) to compute the theoret-
ical SINR, which perfectly matches the simulations. Whep is larger than 9 samples, the

SINR performance is significantly reduced.

One example of a combiné€dt) andb(¢) impulse response is shown in Fig. 3.8, and it clearly

shows that the receiver filtéft) increases the delay spread of the channel fil{ey. There-
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fore, when the CP length in samples is shorter than the caedhbmpulsew.,, I1SI and ICI

interference will be introduced.

The SINR degradation performance over the Rayleigh muttiphannel is shown in Figure 3.9.
Assuming the VC receiver has received the signal oV a 20 tap Rayleigh fading channel,
the length of CP is longer than the combined impulse respandehe ADC sampling follows
perfect timing, the SINR performance is shown in Figure 8.9{The theoretical value of the
SINR is computed using equation (3.28), and similar to theGWN\thannel case, the Rayleigh
fading channel does not significantly affect the averageR3iNhe passband. Now we increase
the length of channel to 300 taps, i.e. the “long channel’usTtthe CP is not long enough
to prevent ISI and ICI interference as shown in Figure 3,9¢)ere the theoretical value is
computed using equation (3.32). Itis obvious that theresiggificant SINR degradation in the
passband due to the ISl and ICI. For a received signal witrB28MR over a 300 tap multipath
channel, the average SINR of the down-sampled signal isceetito 13 dB in the passband.
Therefore, the performance of the VC receiver can be limitgdncreases in the number of

channel taps.y.

3.5.4 BER Performance

In terms of testing the BER performance of the VC receivetesyswe assume the transmitted
MTC messages are mapped in to the first 90 sub-carriers oMz LTE channel. Accord-
ing to Figure 3.7(a), the SINR values of sub-carriers 1-9Qld/mot be affected significantly
by using sampling reduction ratio of = 8. Therefore, in this section, we will examine the

BER performance of sub-carriers from 1 to 90.

The BER performance of the VC receiver over the AWGN chansishiown in Figure 3.10,
we compared the theoretical value of the normal OFDM systeriveld from equation (3.37)
- (3.39) and the simulated value of the VC system. It is obwithat the VC receiver system
can achieve the same BER performance compared with théidreadiLTE receiver even when

reducing the receiver ADC sampling rate.

The BER performance of the Rayleigh fading channel is shawkigure 3.11. The BER
performance of the VC receiver system is closely matchet thieé normal OFDM receiver
performance obtained from equation (3.40) - (3.42). Theeestightly higher BER values
for Ey, /Ny between 25 dB to 30 dB. The reason for that is the VC receivetiesy causes a
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N = 2048, Lcp = 144, v = 8.
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Figure 3.10: BER Performance of the Virtual Carrier System over the AWGIdmdel, N =
2048, Lep = 144, v = 8.

small SINR degradation around sub-carrier 90, especialhyhigh input SNR. However, the
VC receiver system still can perfectly decode the transwmhitow data rate MTC messages
without significant BER degradation by using only 1/8 of thB@ power and reducing the

computational complexity from 11264 operations to 1024.

A measure of the delay spread depicted in the channel povssr piefile is useful since the ISI
which causes higher BER. The delay profile is the expecteapper unit of time received with
a certain excess delay. In order to measure the BER perfaenainthe VC receiver affected
by both ISI and ICI, this chapter now considers a very didpershannel. Thus we increase
the multipath Rayleigh fading channel taps to 200, 300 atdvith Lcp = 144 and the result
is shown in Figure 3.12. It is obtained by averaging a largeofé@mpulse responses. The
theoretical BER value is computed by substituting the SINRi& from equation (3.32) into
equation (3.41), which closely matches with simulationgldarly indicates that by increasing
the length channel impulse response in samples, the BERdkeipn will increase significantly
due to the presence of ICl and ISI. Compared with 200 tap$BER performance significantly
degrades with increasing the number of channel taps to 3@@r When the channel taps
increased to 500, the gap between the OFDM system and the 8t€nsypecomes small. This

means the CP is no longer able to protect the received sigiaahst ICl and 1SI. Compared
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Figure 3.11: BER Performance of the Virtual Carrier System over the Rglgléading Chan-
nel, Channel Taps=20.

with the standard OFDM receiver, the VC receiver is moreiigado the number of channel
tapsLy. Therefore, the VC receiver system might not be suitableséone very poor channel
conditions, so future studies might focus on how to redued & and ICI effects while at the

same time reducing the cost of the receiver.

3.6 Conclusion

In this chapter, a practical virtual carrier receiver sysie proposed that uses a narrow band
analogue filter and a much lower sampling rate ADC in ordetcaet the low data rate MTC
signals while significantly reducing the ADC power consuimptand the computational com-
plexity. In order to modify the existing LTE communicatiopstems to support low data rate
MTC devices, the VC receiver can significantly improve theELBandwidth efficiency and
cost-efficiency. At the same time, it provides high SINR areRBperformance close to a full
sample rate OFDM receiver for the sub-carriers of inter8scondly, this chapter has derived
the theoretical analysis of the VC receiver performancedchvperfectly match with simula-
tions. The theoretical equations account for the effectliasimg spread on the sub-carrier

location, and this helps to the system designer to evaluagg kind of filters and receiver
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sampling rate can be used to balance the energy cost andiaieteerformance. This chapter
highlights that the VC receiver system could be a suitabletism to support the MTC based
on the LTE standard.

In Chapter 4, we will provide the analysis and performancihef®G Uplink waveform design

to address the ICI caused by asynchronous. The purposeétatothe synchronism require-
ments can significantly improve operational capabilitiemdwidth efficiency and even battery
lifetime for the low data rate MTC devices. The performanteeaveral candidate waveforms

will be presented in the next chapter.
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Chapter 4
Compare and Contrast the

Performance of Several Multi-user
Waveform Designs For the
Asynchronous MTC

The MTC (or IoT) extends the internet as we know it today bgciting a multitude of sen-
sors/actors (e.g. smart meters) with access to the wiraktsgrk. The cost on the wireless
transmission is a critical issue, as the devices are notssadfy connected to the electrical
supply, e.g., in the case of sensor devices. In Chapter 3pneeatrated on the virtual carrier
receiver system, which aimed to reduce the maximum banbveidt the ADC sampling rate

of LTE to reduce the processing cost for the MTC downlink.

In this chapter, we are concentrating on the uplink chanmesfipporting the massive MTC
devices carrying the data via wireless. One key aspect ofagsgric processing in the fifth
generation (5G) communications is for devices to be comaettt multiple access points typi-
cally. The dynamic changes in distance between the dewmkalbaccess points are required a
flexible synchronised processing. So a similarly tight $yoanisation as used in LTE, appears
not to be cost-effective or even possible for a multi-ussteay in 5G. Relaxing the synchroni-
sation requirements by reducing the OFDM side-lobes is ohgign for the 5G uplink. This
chapter analyses the sidelobe reduction performance fan@idgate multi-carrier waveforms,
which are CP-OFDM, zero-padding (ZP-OFDM), weighted ayerind add (WOLA-OFDM),
polynomial cancellation coded (PCC-OFDM), universal fég multi-carrier (UFMC) and in-
finite impulse response (IIR-UFMC). We are initially attied to IR-UFMC in terms of its
models computational complexity. Our results indicate bwih PCC and UFMC can provide
better frequency roll-off than CP/ZP-OFDM and WOLA. PCC isreeasier to implement and
performs strongly against ICI with cost of losing spectffiteency and a PAPR. UFMC is more
robust to very dispersive multipath channels but with cddhoreasing computational com-
plexity. Compared with FIR-UFMC, IIR-UFMC achieves lesd f2ncellation performance in
terms of BER, but it is still better than CP-OFDM.
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The chapter is organised as follows: Section 4.1 introdulcesbackground and motivation
of this chapter. Section 4.2 specifies the system model obtbandidate waveforms. The
filter design for UFMC and WOLA is shown in Section 4.3. The efarm sidelobe reduction
performance and the simulation numerical results are shov@8ection 4.4 and Section 4.5.

Section 4.6 concludes the chapter.

4.1 Introduction

A mix of high and low data rates for multiple users is the mam af the fifth generation
(5G) of the wireless communications systems. A previoudysf80] highlighted one of the
fundamental functions for 5G will be to support for 10T, whiis synonymous with MTC and
exponential growth in MTC traffic is expected in the near fatuOne of the major challenges

for future MTC is the scalability problem when many MTC systeare using the air interface.

As mentioned in Chapter 3, the current 4G wireless netwottkased on the OFDM wave-
form, which is well understood and documented in many papgegs in [81]. In OFDMA,
each user is allocated a subset of sub-carriers, to prdseitl, the users signal much be syn-
chronised at the receiver’s input [53]. However, there akeral challenging problems for the
application of OFDMA cellular systems supporting the massiTC in the 5G uplink. First,
the orthogonality is based on strict synchronisation betweach sub-carriers, and as soon as
the orthogonality is lost by multi-cell or multiple accesartsmission or through time-offsets
between transmitters, interference between sub-can@&rdecome significant in OFDM [80].
Second, one of the significant purposes of 5G is able to supffmiently multiple traffic types.

It should be able to deal both high and low volume data remerdgs and with synchronous or
asynchronous transmissions [82]. Third, one key aspedartcentric processing is for devices
to be connected to multiple access points typically. Theadyio changes in distance between
the devices and all access points require flexible syncéednprocessing. The tight synchro-
nisation, as required in LTE, appears not to be cost-effeair even possible for a multi-user

system in the future [83].

MTC devices will not use synchronous signal transmissidmeyToften send only a few bytes,
which makes the overhead for synchronisation is too higktebd in the 5G systems, MTC
traffic is to be removed from standard uplink traffic to mirsenithe signalling overhead [84].

By doing this, relaxing the synchronism requirements cgnicantly improve the operational
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capabilities, bandwidth efficiency and even battery lifegifor the low data rate MTC devices
[85]. There are several approaches to deal with asynchsoand non-orthogonal transmis-

sions, where the reduced side-lobe levels of the wavefoak tweminimise ISI and ICI.

First, the zero padding (ZP-OFDM) is designed for the higlipersive channels, an OFDM
receiver is more efficient for capturing multipath energgrtlan equivalent single-carrier system
using the same total bandwidth [86]. ZP has been recentltiom®d as an alternative to the

CP in 5G transmissions [87].

Second, the 5GNOW project [80] has defined a new intermedfiatee structure to support
both high and low synchronisation requirements, which ikddhe unified frame layout. This
aims to handle the very heterogeneous services and devioceaunicating over a 5G wireless
access frame structure. In order to deal with the ISI and WRich are caused by the time
and frequency offsets, several techniques can be used wocedde OFDM side-lobes, e.g.
filter bank multi-carrier (FBMC) [53], with a prototype filtelesigned for a superior frequency
selectivity. FBMC systems achieve signal separation jindiitering in terms of the perfect
carrier synchronisation. Due to the very narrow sub-cafiiters needed in FBMC, the filter
length could be very long. Therefore, 5GNOW studies anradiidre version, universal filtered
multi-carrier (UFMC) [80], which designs filters for eachbsbiand with a very narrow band.
Compared with the sub-carrier filter, the sub-band filteuoed the processing cost by reducing

the impulse response length.

Third, the weighted overlap and add (WOLA-OFDM) is a filtei@®-OFDM waveform pro-
posed in [88], which is a similar process compared with UFNIRe differences is overlapping
several samples together between the nearby time domairefilsignals to reduce the trans-

mitted signal length.

Fourth, the polynomial cancellation coded (PCC-OFDM) [89Y coding technique for OFDM
in which the data to be transmitted is mapped onto weightedpgy of sub-carriers. PCC-
OFDM has been shown to be much less sensitive than OFDM tadrety offset and Doppler
spread. However, one of the drawbacks of PCC-OFDM is thetgpeafficiency is at best
approximately half of that for OFDM as each data symbol is pegito at last two sub-carriers.
A previous study [90] has shown that the PAPR for PCC-OFDM iglmhigher than OFDM,
and proposed that the symmetric cancellation coding (S6Cgduce the PAPR compared
with PCC-OFDM. However, the BER performance over a multip@iding channel of SCC
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[90] is significantly poorer than PCC, especially when theieafrequency offset (CFO) is
large. Secondly, SCC does not improve the frequency réihadrder to reduce the time offset
effects, unlike PCC.

To the best of our knowledge, there is no paper providing aildebalysis and comparison on
the OFDM side-lobe reduction performance between the wavef as mentioned above and
there is no previous paper implementing the IIR filter for UEMVe summaries the main con-
tributions of this chapter: Firstly, we provide the firstauof the time offset performance for
UFMC with the analogue IIR filters (IIR-UFMC). Secondly, weopide a detailed compari-
son between CP/ZP-OFDM, WOLA-OFDM, PCC-OFDM, UFMC and URMC, including
different filter designs, PSD, SINR, BER, overlapping effecomputational complexity and
PAPR.

4.2 System Model of the Uplink Waveform

This section briefly introduces 6 candidate waveforms fergystem performance comparison,
including CP-OFDM, ZP-OFDM, PCC-OFDM, WOLA-OFDM, UFMC antR-UFMC. A
multi-user uplink transmission model is shown in Figure, 4vlhere each user transmits using
K sub-carriers over a bandwidth witfi-point FFT in the frequency domain. The total number
of users is defined a8, andw is the user index. In order to simplify, we start to analyse th
each single user transmission model. Moreover, in orderdwige a fair comparison, we set
the transmitted sample length for all candidate waveforgumkto L in the time domain.

Frequency Domain Time Domain

Uplink Bandwidth Total of N Sub-carriers

N-IFFT

Xi(n) _ Zeros ‘—)1'1 (t)
\

Available K Sub-carriers for User 1

N-IFFT
o o B e 03 @

<>

Available K Sub-carriers for User 2 .

L] (] L]

L] (] L]
* N-IFFT

XU(n)

B S—

Available K Sub-carriers for User U

Figure 4.1: Multi-user Uplink Transmission Model.

72



Compare and Contrast the Performance of Several Multi\Mseneform Designs For the
Asynchronous MTC

42.1 CP-OFDM

Assume thatX (n) denotes modulation symbol to be transmitted omitiesub-carrier. The
baseband CP-OFDM data signal after figpoint IFFT and adding the CP with length bfp

can be expressed as:

N-1
z(t) = \/% > X(n)- ™ te0,L—1], (4.1)
n=0

whereX is the N-point FFT ofz. Then the received signal over the Rayleigh multipath ceknn
h with the length ofZy and AWGN noisg)(t) can be defined as:

y(t) = x(t) @ h(t) + g(b), (4.2)

where® denotes the convolution operation and a power spectraitgeNs,/2 is assumed for

the noise sampleg(t).

4.2.2 ZP-OFDM

ZP-OFDM uses the zero-padding to guard instead of the cpcétix in the time domain. It

has recently been proposed as an appealing alternative toatdlitional CP-OFDM to ensure
symbol recovery regardless of the channel zero locatioB [Bhe advantage of adding a ZP
is that the transmitter requires less power back-off at ttdogue amplifier. In Reference [91],
both CP-OFDM and ZP-OFDM are studied to delineate theitiveanerits in wireless systems
where channel knowledge is not available at the transnatidrit is found that in terms of the
power amplifier induced clipping effects, ZP introducegtgliy more non-linear distortions
and needs increased power back off compared with CP. Theréficderms of the power saving
performance, this thesis considers ZP as a potential wawefesign for the time and frequency

synchronisations.

This chapter consider its ICI cancellation performancetdube time offsets. We set the length
of ZP equals td.cp. We now define the length of zeros sample&is and%ﬂ zero samples

guard in the front and end of each OFDM symbol.

73



Compare and Contrast the Performance of Several Multi\Wsseform Designs For the
Asynchronous MTC

4.2.3 WOLA-OFDM

The principle of WOLA-OFDM [88] is that passing the basebdimle domain CP-OFDM
symbol through the narrow band FIR filter is replaced by agulgh soft edges at both sides,
which results in much sharper side-lope decay in frequemeyiain. The soft edges at the
beginning and end of the filter response effectively givegtéeb contained prototype filter in
frequency domain. Overlap two transmitted filtered symbolgistify the transmitted symbol
length as shown in Figure 4.2. Two adjacent symbols (Symlaoldl2) are overlapped together
in the time domain. Here we define the length of the overlaga@aples id.or,, the processing

of windows function is similar with UFMC, we will introduce: liater.

Symbol 1 Symbol 2
IFFT Output IFFT Output
Add CP Add CP
P x,0 |cp x, (1)
“ Window Function L " ‘Window Function ‘
Overlap

FEEIEY BT N

Figure 4.2: WOLA Transmission Model.

4.2.4 PCC-OFDM

PCC is a coding technique for OFDM in which the data to be tratted is mapped onto
weighted groups of sub-carriers. Reference [89] has sh@@+®FDM to be much less sensi-
tive than OFDM to frequency offset and Doppler spread. Toelotiagram of a PCC-OFDM
system is shown in Figure 4.3 (a), the baseband low data igtelsiy... Ay, Will pass

through a PCC-OFDM modulator. In this case, pairs of subierarhave a relative weighting

of +1, —1, and the input IFFT signal thus can be organised@s-Ao..., Ax/2—1, —Anj2—1-
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After the N-point IFFT, the time domain sample$t) can be expressed as:

N-1
1 .
a(t) = — A(n) - 2™ /N. (4.3)
) = 75 2 A
The received signal over the Rayleigh multipath fading de&is then expressed as:
rPC(t) = a(t) @ h(t) + g(1). (4.4)

At the receiver, the data is recovered from the FFT outgtht§©(0)...RPC(N — 1). The
mapping of data onto pairs of sub-carriers indicate thati@iecaused by one sub-carrier is
substantially cancelled by the ICI caused by the other suber in the pair. Therefore, in the

receiver, pairs of sub-carriers are combined by applyiegatbighting and then summing:

_ RPYC(2n) — RPCC(2n + 1)

YPCC
) !

(n=0,1,2,..,N/2 — 1). (4.5)

One of the disadvantages of PCC-OFDM is the spectral effigiés approximately half of
that for OFDM as each data symbol is mapped to two carriers VA&, many MTC devices
require only low data rate transmission. Therefore, in teohreducing ICI effects, PCC-

OFDM is another option for supporting the low data rate MT@ickes in the 5G networks.

425 UFMC

The block diagram of UFMC is shown in Figure 4.3 (b). Unlike[@M, the principle of UFMC
is grouping a number of sub-carriers into a sub-band (edstband transmitted for each user).
Here we define the bandpass filter impulse respongétasvith the length ofLr. Then, the
time domain UFMC signal at the output of the filter can be esped as(¢):

N-1
1 .
s(t) = i > X(n)e*™N @ b(t), t € [0,L—1,L=N+Lp—1=N+Lcp (4.6)
n=0

Note that each sub-band filter is designed as a bandpassdiitbthen we design each filter’s
centre frequency to match with each sub-band’s (or usetjefequency. The received signal
will be passed though 2N -point FFT to convert the time domain signal into the frequyen
domain. Then, we retain only even sub-carriers which cpmed to a data carrier [83]. UFMC

does not use a cyclic prefix (but still is able to further imgran intersymbol-interference
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X S »| 2N-FFT |
X N-IFFT [—> I —> >
T e

Sub-band Filter Retain only even sub-carriers

Figure 4.3: Block Diagram of (a) PCC-OFDM and (b) UFMC.

protection).

4.2.6 IIR-UFMC

One of the drawbacks of UFMC is increasing the computaticoahplexity significantly by
applying digital FIR filters to achieve a faster frequenci-off than required in CP-OFDM.
The computational complexity is directly related to powensumption and raises practical
implementation issues [48], which do not match with the rdet® achieve energy efficient 5G
terminals. Thus, we propose the UFMC with the analogue prp¢olIR filter banks. The
IIR-UFMC processing is shown in Table 4.1.

IIR-UFMC Transmission Steps

Step 1: The baseband signaln) passes through th&¥-point IFFT into the time domain
Step 2: Time domain signal passes through a narrow band té&R '}

Step 3: Truncate the length of the IIR filter outputltps''®(¢), ¢t € [0, L — 1],

Step 4: Transmit through the wireless channel

Table 4.1: IR-UFMC Processing Steps.
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Figure 4.4: Time Offset Model.

4.2.7 System Model for Time offset

As mentioned above, the future 5G system for the MTC shoutmvaio transmit with the
relaxed synchronisation conditions regarding time nugatients. Therefore, we assume the
received MTC signal is asynchronous and it suffers from {ofisets. The system model for
time offset is shown in Figure 4.4. Previous UFMC papers diendbased on long OFDM
symbol transmission, where the FFT size is chosen as 1024/ and [92]. In this chapter,
we concentrate on the performance of a short OFDM symboliwikiaffected by a significant
time offset due to asynchronous transmission of differemtCOMusers. Here we assume the
uplink bandwidth is 1.25 MHz and the sub-carrier spacingi&Hz, where the FFT size is 128
and it supports up to 7 users. Each user’s transmission mclip sub-carriers in the frequency
domain, and the users are spaced by one blank sub-carrighislichapter, the humber of
transmitting users is set i@ = 3 or U = 5. The scalarr is the relative delay between two
adjacent users as shown in Figure 4.4. The 2nd time OFDM slyofheser 2 is affected by
four relative parts, two of them from the same time period @l of them from the adjacent

time period, as shown in Figure 4.4.
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4.3 Filter Design

In order to achieve a low side-lobe attenuation without ificant attenuation of the carrier in
the pass-band, we consider several filter designs. Theyatibetween the number of sub-

carriers per useK and the total number of available sub-carridfan be defined as:

Yeo = % = % = 0.1172. 4.7)
The normalised cut-off frequencf; should be bigger than,.,, especially for the IR filters.
Unlike FIR filters, their phase characteristic is not lingdrich can cause a problem to the
systems which need phase linearity [93]. For this reasondesign the cut-off frequency to
be wider than the sub-band bandwidth to achieve an alma@striphase in the passband. Note
that each sub-band filter is designed as a band pass FIRHiFERFUFMC and WOLA, whose
centre frequency matches with each sub-band’s centrednegu The filter impulse response

after operating FFT in the frequency domain can be expressed
B(jw) = / b(t) e It dt. (4.8)

If we shift the centre frequency tay, the filter impulse response fag can then be written as:

b(t)elwot = / b(t)elote=iwt 4t = / b(t)e I wmwolt q¢ (4.9)

— 00 —00

B(j(w=wo))

4.3.1 FIR Filter Design

Since the choice of the cost function is unlimited, many giesiare possible. For the sake
of simplicity, we limit our discussion to the use of the commwindow functions that are
often used to design FIR digital filters. Previous UFMC pagecus on the Dolph-Chebyshev
filter. However, as mentioned in Chapter 2, the Hamming ardBilackman windows are the
other well-known approaches to reduce the side-lobe strei¢®4]. The Hamming window is
optimised to minimise the maximum side-lobe, giving it agmtiof about one-fifth that of the
Hann window. The Blackman window is similar to Hamming andhRlavindows with resulting

spectrum has a wide peak.

In this subsection, we design FIR filters using the Matl&tl” equation and consider three
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cut-off frequencies for the UFMC filter ag¢ = 0.15,0.18 and 0.2, where the sub-band was
normalised toy,, = 0.1172. The length of the filter is set thy = 31 samples. In order to
provide a fair comparison, the length of the CP in OFDM and FGKDM is set toLcp =

30 samples to ensure they have a same transmission OFDM saemgih.| The side-lobe
attenuationdgs, is chosen as 40 dB and 64 dB.

The FIR Dolph-Chebyshev filter magnitude response is showFigure 4.5(a). If we set the
fixed Ly = 31, with increasingf.¢, the stopband attenuation reduces. Meanwhile, the stop-
band will move further away from the pass-band. Here we deangivo conditions, an accurate
passband and fast roll-off. In terms of the accurate passkthnee combinations of.; =

0.18 with Agr, = 40 dB, f,s = 0.2 with Ag;, = 40 or 64 dB present slightly better than
others. Among these three combinatiorfg, = 0.18 with Ag;, = 40 dB presents the best
frequency roll-off performance. Evefyy = 0.18 with Ag;, = 64 dB can achieve a much low
attenuation, due to its poor frequency roll-off and poorusate bandwidth performance, this
chapter consider the Dolph-Chebyshev window vfith= 0.18 and Ag;, = 40 dB.

The performance of FIR Hamming and Blackman filter magnittedgponse is shown in Fig-
ure 4.5(b). Same as above, we consider both the accurateapdsand fast roll-off perfor-
mance. Thus, both Blackman windows witly = 0.15, f = 0.18, and Hamming window
with f.; = 0.15 are not the suitable filter designs. In terms of the frequandyoff per-
formance, Hamming with witlf,; = 0.15 presents the best performance compared with the
remaining designs. The aim of the narrow band filter is to@aahia very narrow passband at
the meanwhile fast frequency roll-off and low stopbandrattgion. We will then examine their

side-lobe reduction performance in the next sections.

4.3.2 IR Filter Design

This sub-section focus the Chebyshev Type | (or ChebysHiRIanalogue prototype filter
with order of 4, 8, and 12. In terms of the smooth passband, ew¢he passband ripple to
App = 0.15 dB. According to the FIR filter design, we set the normalisataff frequency
equalsf.s = 0.18, which is much wider thar,, = 0.1172 in terms of the almost linear phase
in the passband as shown in Figure 4.6(a). It clearly shoafsthie non-linear phase change
starts from about 0.17 of the normalised frequency bandwidhich can obtain there is an

approximate linear phase within user’s bandwidth.
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The performance of Chebyshevl Filter magnitude frequeaspanse is shown in Figure 4.6(b).
With increasing the filter order, the passband ripple besomere smooth and the transmission
width reduces, which achieves faster frequency roll-ofthdugh IIR filter with the order of 12
presents the best performance in both passband ripple gpiobstd attenuation. There are two
reasons this chapter consider the order of 4. First, the dridér filter requires high operation
costs, which does not meet with the main purposes of the IstsddTC devices. Digital filters
design works fairly well and has been generally acceptedeivWe come to the design of a [IR
prototype filter, the lowest filter order should be strictiygosed [95], which can maximumly
reduce the operation costs, especially for MTC. Seconcerimg of the fair comparison and
limit the transmitted sample length, we truncated all lIRefilbutput equals to only samples.
With increasing the filter order, the first truncatedamples will provide a less accurate signal

representation.

4.4 Sidelobe Reduction Performance on PSD

This section simulates the power spectral distance foriffereht candidate waveforms likely
to be used 5G communications. As mentioned above, OFDMAydedito used in the network
downlink of a base station, where all of the sub-carrierstamesmitted from the same base
station and it can be easily synchronised and experieneesdime Doppler frequency shift
before reaching each receiver. However, synchronisaiamoi trivial in the uplink where a
number of MTC devices are transmitting separately fromedé#ht physical locations. In this

section, the sidelobe reduction performance of differemieforms is compared.

4.4.1 OFDM Sidelobe PSD

The side-lobe behaviour performance of the OFDM system With= 7 users is shown in
Figure 4.7(a). Here we assume, each user has 15 sub-cawierghe 1.25 MHz channel
with the FFT of 128, i.e. the 1st OFDM symbol shares sub-eegrfrom 9 to 23, the 2nd
symbol shares sub-carriers from 25 to 39 and etc. There isbtamk sub-carrier between
each user. OFDM spectrum has high sidelobe levels resuited the rectangular pulse in
time domain. This causes ICI and performance degradatiut tfee orthogonality between
sub-carriers collapses. The OFDM wide side-lobe signiflgaaffects sub-carriers nearby,

especially for the adjacent users, e.g. the 4th user inésrf® the 3nd and 5th users. Its side-
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lobe attenuation in the roll-off region crosses from -11 dB25 dB for the 3nd and 5th users,
which are placed at the adjacent sub-bands. Moreoverditslsbe attenuation for the 2nd and
6th user bands continuously reduces from 25 dB to 30 dB, wsiithcan cause significant

interference.

4.4.2 Sidelobe Reduction of the Candidate Waveforms

The PSD performance of CP-OFDM, ZP-OFDM, UFMC and PCC-OFDkthe 4th user
is shown in Figure 4.7(b). First, compared with CP-OFDMyéhis only little difference for
adding zero samples in the time domain. Thus, in the nexiosesctwe will not consider further
the ZP-OFDM as an candidate waveform due to its poor sidebataviour. Second, both
UFMC and PCC-OFDM can reduce the side-lobe level signiflgarampared with CP-OFDM.
Moreover, PCC-OFDM provides a better ICI protection dugswery rapid side-lobe roll-off.
Considering the roll-off width, sub-carriers from 50 to 55/8 to 78, PCC significantly reduces
the side-lobe attenuation from -30 dB to -50 dB, UFMC redubesside-lobe attenuation from
-17 dB to -30 dB and slightly than OFDM, which is -14 dB to 20 dBtlnis band. However,
considering the end of the roll-off region, the side-loberation of UFMC downs to -50 dB
at the 46th or 81th sub-carrier, which is much superior to ®RDthis case. We thus conclude
that even UFMC cannot provide a similar fast frequency offliperformance with PCC, it is

still significantly fast than OFDM, especially at the bardiye.

The PSD performance of different windows is shown in Figu{a). Here we compare the
Dolph-Chebyshev window witkls;, = 40 dB and Ag;, = 64 dB, the Hamming and Black-
man windows, and the WOLA-OFDM. First, in terms of the Dolphebyshev window, the
side-lobe reduction performance of 40 dB is superior to 64sdBne as our previous FIR filter
magnitude response results as in Figure 4.5(a), i.e. the sifli-carrier, the side-lobe atten-
uation has reduced about 3 dB. Second, the Hamming windoiwewasha similar side-lobe
reduction performance with the Dolph-Chebyshev windowAgf, = 40 dB, both of them
provide fast frequency roll-off performance and they aighsly better thanAg;, = 64 dB or
the Blackman window. In the next simulations, this chapt#ffacus on the Hamming filter.
Moreover, compared with UFMC, WOLA-OFDM presents inferp@rformance on the side-
lobe reduction, especially in the adjacent bands. Thusaneonclude that the WOLA-OFDM
should not be considered for supporting the massive MTCcdevin the 5G with the poor time

synchronisation.
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The PSD performance of UFMC with the analogue prototypesfillr is shown in Fig-
ure 4.8(b). In terms of the fair comparison, we truncate IRIfllter outputs equal td.. The
normalised cut-off frequency is set 3 = 0.18 as before. We assume the available sub-
carriers for transmission is from 57 to 71, which is exact ab-sarriers andy,, = 0.1172.
Figure 4.8(b) clearly shows that IR filters with order of &akR provide slightly superior fre-
quency roll-off performance at the centre of adjacent saniers, i.e. from sub-carrier 48 to
57, compared with the FIR and IIR filter with order of 4. Howeweith increasing the filter or-
der, the truncated samples will provide a less accurate signal representadtmnsub-carriers
locate at 1 to 48. Moreover, as mentioned in Chapter 3, withelsing the filter order, the
operation cost increases too. Therefore, this chaptercaiikider the Chebyshevl IIR filter

with order of 4 in the next simulations.
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Figure 4.7: OFDM Resource Blocks with 15 Sub-carriers Each, Carryingdtan QPSK Data
Symbols.
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45 Numerical Results

As we discussed in Section 4.4, firstly, ZP-OFDM has the sinsidelobe behaviour com-
pared with CP-OFDM. Secondly, WOLA-OFDM is the inferior flemance on the side-lobe
reduction, moreover, it has the same high computationalptexity operations compared with
UFMC. Thus, both ZP and WOLA-OFDM waveforms are not beerhtriconsidered in this
chapter. Both UFMC and PCC-OFDM systems have a superiorlaime reduction perfor-

mance, which protects against the ICI caused by the mudti-irme offsets. In this section, we
thus consider OFDM, UFMC and PCC-OFDM as the candidate wavesf for the 5G asyn-

chronous channel.

In terms of the fair comparisor,r is set to 31 samples ard-p is set to 30 samples to ensure
they have a same transmission length. The transmittedl gigner £, for OFDM, UFMC and
PCC-OFDM are the same. For the OFDM and UFMC systems, BPSK&&K will be used.
Because the spectral efficiency of PCC-OFDM is half of the ®Fystem, the corresponding
constellation schemes for PCC-OFDM are chosen as QPSK QAlG- The total number of
MTC users is setto 3 or 5. As in Section 4.3, the sub-carriay 1g, = 0.1172, the normalised
cut-off frequenciesf.; is set to 0.18 and the side-lobe attenuatibsi, is set to 40 dB in the

next simulations.

45.1 SINR Performance of the Time-offset Model

The SINR performance over the AWGN channel with a SNR of 15gi&hiown in Figure 4.9.
Same as before, the 1st user transmits sub-carriers 9 tti@2nd user is 25 to 30 and the
3nd user is 41 to 55. First, when the time offeds 10 samples, there is no significant SINR
degradation for both the UFMC and PCC-OFDM systems. For fiBI® system, the SINR of
user 1 is almost the same as the transmitted SNR. Howeves| e initial front sub-carriers
of the 2nd user and the 3nd user are significantly reduced bysktond, now we let the time
offsetst is larger thanLcp, i.e. 7 = 40 samples, there is a significant SINR degradation
for both the OFDM and UFMC systems, especially for the subiers located at the adjacent
bands. Moreover, compared with OFDM, UFMC slightly imprewde SINR performance
(about 2 dB higher SINR) but still inferior to PCC. Third whese setr = 70 samples, there
is no significant difference among OFDM, UFMC and PCC-OFDNhpared with the case
of 7 = 40 samples. PCC-OFDM still provides the highest SINR perfaroesfor sub-carriers
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Figure 4.9: SINR Performance with AWGN (SNR = 15 dB), UFMC with HammiittgFi

located in both the middle transmission band and the adj@egrls. The nearby sub-carriers of
both OFDM and UFMC are significantly affected by ICI. We thas conclude that in terms of
the SINR performance, PCC provides the best ICI cancetigt@formance, UFMC is inferior
but still slightly superior to OFDM. In order to measure angfigant poor time offset scenario,

in the the next simulations, we will consider= 70 samples time offsets.

The SINR performance of the UFMC Chebyshev window with défg filter settings over the
7 = 70 samples time offset is shown in Figure 4.10. Here we compam@entbinations same
as before, which ar¢.; = 0.15, 0.18 and 0.2, and amongg;, = 40 or 60 dB. Same as our
FIR frequency response results was shown in Figure 4.5{@nwe set the normalised cut-off
frequency tof.s = 0.15, even the SINR performance at the middle range of the usars+
mission bands is slightly higher than other combinatiohs,dignal energy at the filter's band
edge will be significantly attenuated due to the very narragsgband. Both the combinations
of fof = 0.18 & Agp, = 40 dB andf.s = 0.2 & Agp, = 64 dB present slightly superior SINR
performance compared with others. Moreover, consideitiegpassband SINR performance,
fer = 0.18 & Agp, = 40 dB is slightly better tharf.s = 0.2 & Agp, = 64 dB. This result is

same as before, we thus can conclude that for the FIR Dolgh¢nev window designs, the
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Figure 4.10: Filter's Cut-off Frequency Effects: AWGN 15 dB, Chebyshey, 70.

combination off.s = 0.18 & Agr, = 40 dB provides the best performance in terms of high

SINR in the passband and small SINR degradation in the begd-e

Now, in terms of saving the transmission cost, we reducertimsinitted signal length by over-
lapping L, samples from the adjacent two UFMC symbols. The SINR degjadaerfor-
mance for overlapping the nearby two transmitted UFMC symbweer a 20 taps Rayleigh
multipath channel is shown in Figure 4.11. Where the ovefdafor is computed as the num-
ber of overlapped samples,, divided by the number of baseband sub-carrier lengtlas
below:

Lo

o= 4.10
ol = (4.10)

Here we measure 4 cases, whichare 0, 20, 50 or 70 samples time offset. In termsof 0,

the SINR significantly degrades from, = 0.4. For7 = 20, the SINR smoothly reduces
betweenn,; = 0.1 anda, = 0.5 and significantly degrades aftey; > 0.5. For the case of
7 = 50 or 70 samples time offset, between< a, < 0.4 the SINR reduces from 30 dB to 21
dB and then significantly reduces whegf > 0.5. From Figure 4.10, we thus conclude that the
overlapping technique can be generally used in MTC and tir@djusting the overlap factor

«,) to satisfy the decoding requirements.

89



Compare and Contrast the Performance of Several Multi\Wsseform Designs For the
Asynchronous MTC

3s A : 1
(k 7=0
~—7=20
——7=50
25 O =70 1
g
220 §
)
&
Z
o
©nis- 1
10 1
5 1 1 1 1
0 0.2 0.4 0.6 0.8 1

Overlap Factor Index (Overlap Samples/N)

Figure 4.11: SINR Performance for Overlapping (SINR for the centre sari@r of the second
user), AWGN = 30 dB, Rayleighy = 20, Ly = 31.

45.2 BER Performance of OFDM, UFMC and PCC-OFDM

The BER performance for the AWGN channel is shown in Figul 4The results are plotted
for Ey, /Ny and every multiple access scheme has the same transmiteal power. Again
Lcp is set to 30 sampled,r is set to 31 samples, andis 70 samples. The Hamming filter
with f.r = 0.18 is used for UFMC. The results are similar with the SINR cur¥eslow data
rate requirements, QPSK PCC-OFDM presents the best pafmenin terms of BER. When
the BER is10~3, PCC-OFDM saves about 0.7 dB,/N, compared with UFMC and is about
1.5 dB better than OFDM. However, it will incur the poorést/ N, efficiency when increasing
the data rate via the use of 16-QAM modulation as compared®K¥or OFDM and UFMC.
Compared with FIR-UFMC, IIR-UFMC presents less ICI caratidn performance, itincreases
0.3 dBE}, /Ny when the BER id0~3, however, it still better than CP-OFDM.

Now, we assume the number of the overall transmitted uséfs-is5 as shown in Figure 4.13.
For UFMC and OFDM, the ICI of the 1st user and the 5th user gh#lf small than the
3nd user. This closely matches with our SINR results, wheeestib-carriers allocated at the
middle of the frequency band will be significantly interféday adjacent users. As the number

of interfering users increases, the ICI will also be inceeasHowever, for PCC-OFDM, there
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Figure 4.12: BER: AWGN = 70, Hammingf.s = 0.18, Lep = 30, Ly = 31, U = 3,
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Figure 4.14: BER: Rayleigh Multipath Channel Length= 10, 70,= 10, Hammingf. =
0.18, Lcp = 47, Ly = 48, Spectral Efficiency = 2 bit/s/Hz.

is still no significant BER degradation even we increase tmaber of interfering users. In
terms of the 3nd user BER performance, PCC-OFDM saves alo®ufz /Ny compared with
UFMC and saves about 1.7 dB, /N, compared with CP-OFDM at the BER of—*.

The BER performance for = 10 samples over the Rayleigh multipath channel is shown in
Figure 4.14, wherd.cp is 47 samples andlr is 48 samples. The channel tap lengths are set
to 10 and 70 samples and the modulation scheme for OFDM and@BMBPSK while for
PCC-OFDM itis QPSK. The Hamming filter is used for the UFMCteys with f.; normalised

to 0.18. When the number of channel taps is smaller fhaand Lcp, both UFMC and PCC-
OFDM can present better BER performance than OFDM. Whenuhgber of channel taps is

70 (much longer thai.cp), UFMC presents the best performance in terms of BER.

The BER performance for = 70 samples over the Rayleigh multipath channel is shown in
Figure 4.15. It clearly shows that when the number of tapsnialler thanLcp or Ly, PCC-
OFDM presents the best performance in terms of BER. Whenuhwbar of taps is longer than
Lcp, PCC-OFDM is no longer robust to the ISI effect. UFMC presemslightly better BER
performance when the number of channel taps is 70. Compated\wWMC, PCC-OFDM is
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Figure 4.15: BER: Rayleigh Multipath Channel Length= 10, 70,= 70, Hamming f.; =
0.18, Lcp = 47, Ly = 48, Spectral Efficiency = 2 bit/s/Hz.

more sensitive to the multipath channel effects.

According to Figure 4.14 and Figure 4.15, we thus conclude BCC-OFDM provides the
best performance to reduce the interference affected bg me-offsets (or very poor time
synchronisation scenario) but it suffered by the large remalb multipath channel propagation
delay. In terms of the UFMC, even it has slightly less perfange of time offsets compared
with PCC, but it still much better than OFDM. Moreover, UFM&ore robust to very disper-
sive multipath channels compared with the PCC-OFDM and EP®.

4.5.3 Computational Complexity and PAPR

Waveform Transmitter Complexity (Ops.) Receiver CompleiOps.)
CP-OFDM 448 448
PCC-OFDM 448 448
UFMC/WOLA-OFDM, Ly =31 4416 1024
UFMC/WOLA-OFDM, Ly =48 6592 1024

Table 4.2: Computational Complexity Comparisong=128.
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The computational complexity performance is shown in Tab® It clearly shows that the
transmitter IFFT computational complexity of UFMC (for isamission the main cost is the
filter convolution operations and for the receiver it is thé goint FFT) is significantly higher
than OFDM and PCC-OFDM (3968 operations more than OFDM ard-BEDM). When the

filter length is increased, the IFFT computational compewiill be increased significantly.

The PAPR performance is shown in Figure 4.16. Both UFMC an@{EDM increase the
PAPR compared with OFDM. The PAPR of PCC-OFDM is about 2.1 wfdr than OFDM
and 1.7 dB higher than UFMC at a complementary cumulativibligion function (CCDF)
value of10~2. The results is similar with [90], the reason could be that tomplementary
cumulative distribution function of PAPR is derived for P@@h Gaussian approximation and
is shown to have a prolonged tail. Its characteristic as @imeatwindowing scheme as shown
in Figure 4.7(b). Thus, for PCC-OFDM, the sidelobe reductiomes at the cost of a slightly
higher PAPR. This will require a higher power amplifier foe #tame signal coverage, assuming

that the PAPR leads an increased amplifier back-off.

94



Compare and Contrast the Performance of Several Multi\Mseneform Designs For the
Asynchronous MTC

4.6 Conclusion

In this chapter, a detailed waveform side-lobe reductiorfopmance comparison between
CP/ZP-OFDM, WOLA-OFDM, PCC-OFDM, UFMC and IIR-UFMC was pemted. This
chapter concentrated on the practical analysis of the tifseta@stimation in the 5G uplink sys-
tem. Our results shown that: first, compared with CP-OFDMrelis no significant side-lobe
reduction on ZP-OFDM in terms of PSD. Second, WOLA-OFDM presd the same compu-
tational complexity performance but with inferior siddséoreduction performance. Third, PCC
is easier to implement and can strongly mitigate againsatGhe cost of halving the spectral
efficiency and incurring higher PAPR. In the AWGN channelhat BER of10~—2 and a time
offset of 70 samples, th&},/ N, of PCC-OFDM was about 0.7 dB better than UFMC and 1.5
dB better than OFDM. Fourth, UFMC slightly improved the pemiance in very dispersive
multipath channel scenarios. However, it significantlyé&ased the computational complexity
due to the transmit filter banks and tB&’ point FFT that is required at the receiver. Fifth,
compared with FIR, IIR-UFMC presented the slightly supeperformance in terms of BER
and removes the need for the convolution operation (loweraimg cost than FIR), but still is
much better than OFDM.

Thus, we can conclude that both ZP-OFDM and WOLA might not Beaessful waveform
design for 5G. Both UFMC and PCC-OFDM achieve better frequewll-off than OFDM

in terms of supporting low data rate asynchronous 5G MTC. @aed with PCC, UFMC
slightly improves the performance in very dispersive npaith channel scenarios with higher
computational complexity. PCC can be used when channelitommgl are good and the data

requirement is low. UFMC can be used more widely in suppgriié MTC.

In Chapter 5, we will mathematically analyse the interfeeenaused by the integer time offset
and derive the closed-form expressions for the SINR, the®racapacity and the BER based
on the waveforms we analysed in Chapter 4. We will also preples overlap and add UFMC
(OA-UFMC) system which reduces the computational compjexti the IFFT.
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Chapter 5

Interference and Complexity Analysis
for the Time Offset In 5G Uplink

In Chapter 3, We concentrated on the VC receiver system tecestthe maximum bandwidth in
the downlink. In Chapter 4, we compared different candiseaeeforms to reduce the OFDM
side-lobe levels in terms of relaxing the synchronism meguents. A key result in Chapter
4 has shown that UFMC presented a better performance in t&rh@ and ISI with the cost

of significantly increasing the computational complexify.this chapter, we extend the study
to significantly reduce the operation complexity for UFMGlamathematically analyse the

interference, which is caused by the integer time offsets.

This chapter provides a closed form expression for thefar@nce arising in such a case for
both OFDM, PCC-OFDM, UFMC and IIR-UFMC. We also derive thetaral analysis for the
SINR, capacity and BER. In order to reduce the complexitg, thapter proposes the overlap
and add UFMC (OA-UFMC) system. Our results show that bothldBMC and IIR-UFMC
reduce the complexity significantly compared with convamai UFMC and meanwhile, OA-
UFMC provides a similar waveforms. For IIR-UFMC, it achigva similar performance in

terms of SINR, the Shannon capacity and BER, especially hene is a large time offset.

The chapter is organised as follows. Section 5.1 introdticesmotivation and contribution
of the chapter. Section 5.2 specifies the system models apdses the OA-UFMC system.
Section 5.3 analyses the computational complexity. Theeddorm expression for ICI, IS,
SINR and BER in an integer time offset system is analysed ¢ti@e5.4. Section 5.5 shows

the numerical results, and Section 5.6 concludes the ahapte

5.1 Introduction

As mentioned in Chapter 4, each sub-carrier in an OFDM sys$esiaped using a rectan-

gular window in time domain and leading to sinc-shaped sarbars in frequency domain.
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Consequently, the large side-lobes occur the ICI of thecadjasub-carriers in the legacy
systems. OFDM suffers from high out-of-band radiation ealuby side-lobes of the modu-
lated sub-carriers [96]. In 4G LTE, the time and frequencgcsyonisation and control sig-
nalling are linked to the cell [83] for supporting the OFDMssyms, which are sensitive to the

time/frequency errors [97].

Chapter 4 showed that PCC-OFDM presented the best ICI daticelperformance due to its
very rapid sidelobe roll-off in the frequency at the costlué halving spectral efficiency and
high PAPR. UFMC improved the performance in both large toffeet and very dispersive
multipath channel scenarios. However, UFMC increased dhgpaitational complexity signif-
icantly due to the transmit filter banks and th& point FFT that is required at the receiver.
Considering the main drawback of high complexity for UFMRistchapter now extends the

study to reduce its computational complexity and then a®atlie ICI caused by time offsets.

There are few newest papers on UFMC: in Reference [98], agjroifset-tolerant UFMC pas-
sive optical network (PON) was experimentally verified asapof-concept for asynchronous
multi-services over fiber. They concluded that the effectit rate of UFMC were improved
about 30% and UFMC could be a promising solution for multvgees transmission in the

most asynchronous cases.

In Reference [99], a fairly comparison between the UFMC, KBMnd legacy LTE waveforms
was presented and a bit loading algorithm is proposed towt@pehe non-uniform distribution

of the interference across the carriers in order to incréasspectral efficiency.

In Reference [100], several approaches for the space-todimg for UFMC was presented,
such as the space time block codes (STBC), which was widedg irs the multiple-input
multiple-output (MIMO) system. And other recent publishedferences studied on the com-
parison between UFMC and FBMC as shown in [101], [102] an@]10

As above recent studies on the UFMC systems, to the best dnowledge, there is no study
on reducing the computational complexity for the UFMC anddiesed-form expressions for
ICI and ISI in the UFMC time offset system.

We now summarise the main contributions of this chapterstfFive propose the overlap and
add UFMC (OA-UFMC) system which reduces the computationatmlexity of the IFFT, es-

pecially for a longer filter impulse response. Second, wévdariosed-form expressions for
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the different types of interference caused by the integee bffset. Our closed-form expres-
sions can be easily derived for the SINR, the Shannon cgpacdt the BER. It can be used in
both simple and complex time-offset transmission scesatriird, we provide a detailed com-
parison and analysis including SINR, capacity, BER, andmaational complexity. We also
measure the time offset performance when varying the numibeero sub-carriers between
the adjacent users. Fourth, we propose and analyse for ¢héirfiie on the ICI cancellation

performance for IIR-UFMC in both the analytical and simigdatresults.

5.2 System Model of OA-UFMC

In this chapter, we start with a simple uplink system. Theeslausers, which are allocated
to different frequency carriers and transmit simultangotrs a BS. There are a total a¥
sub-carriers, which are divided among fliausers (or sub-bands). Each user has a toté of
available sub-carriers. Here we defihep as the length of CP in samples. Then the BS will

sum all the received signals and process it to decode theageeésr allU users.

5.2.1 State of the Art

Assume thatX, (n) denotes that modulation symbol to be transmitted onntiesub-carrier
by theuth user. The baseband OFDM data signal at the output aVdpmint IFFT and after

adding the CP can be expressed as:
1 N-1
zu(t) = —— Y Xu(n) &N tc0,L —1],L =N + Lcp (5.1)
U 2

where X is the FFT ofx. In order to simplify our analysis, we assume the length @neh
nel taps for each user is samel/ag. Then the received signal over the multipath charinel
(each channel tafy; follows the quasi-static Rayleigh distribution) and the 8W ¢(¢) can be

defined as:

U
y(t) =Y wu(t) @ hu(t) + g(b), (5.2)
u=1

where® denotes the convolution operation and a power spectraltgens= Ny /2 is assumed
for the noise sampleg(t).

Unlike OFDM, the principle of UFMC is the grouping a numbeisab-carriers into a sub-band
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OA-UFMC

The Frequency-Domain Filter Coefficients —— El (m)

l i
x1(0) X (m) S1(m) [ZNIFFT | 510 i
User#1  X1(n)| N-IFFT >| 2N-FFT |—| Multiply |—> [ and Select *»®
t Samples \
hU
User #U SNU(t) l J
——®
-~ lg
" - 100
— | 2N-FFT < @
< —

Figure 5.1: Block Diagram of the OA-UFMC System.

(each sub-band transmitted for each user). Here we defirmatidpass filter impulse response
asb, (t) with the length ofLr. Then, the time domain UFMC signal for theh user at the
output of the filter can be expressedsaét):

1 N-1

su(t) = T > Xu(n)e?™ N @b, (t), t € [0,L—1],L = N+Ly—1=N+Lcp (5.3)
n=0

5.2.2 Overlap and Add UFMC (OA-UFMC) Model

As mentioned in Chapter 4, one of the major drawbacks of UFBat the computational
complexity is significantly increased by applying digitélRFilters to achieve a faster frequency
roll-off than required in CP-OFDM. The computational coeypty is directly related to power
consumption and raises practical implementation issuf {#hich do not match with the
desire to achieve energy efficient 5G terminals. Thus, wegse the OA-UFMC system by

applying the multiplication operation in frequency domisiplace of time domain convolution.

The block diagram of OA-UFMC is shown in Figure 5.1, using ¢iverlap and add technique
[104] instead of the time domain convolution operation ttuee the computational complexity.
We increase the number of samples in the frequency domairsing @2 /N-point FFT then

multiply carrier by carrier with the frequency-domain filtmefficients. The OA-UFMC system

transmission processing as shown in Table 5.1.
Note that there is a good reason why we do not implement tirénet product &, (n)- B, (n)),
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OA-UFMC Transmission Steps

Step 1: The baseband signgl,(n) passes through th¥-point IFFT block,z,,(t)
Step 2: Appends$V samples zeros on to, to obtainz, (tO4), tO4 € [0,2N — 1]

Step 3: Passes, (t°*) through the2N-point FFT block, X, (m)

Step 4: MultiplicationS,, (m) = X, (m) - B,(m)

Step 5: The baseband sigrfél(m) then passes through thé-point IFFT block

Table 5.1: OA-UFMC Transmission Processing Steps

where B, (n) is the N-point FFT ofb,(¢). This is because we need to ensure the transmitted
samples are exactly the samesaét) with the length ofL. The signal after the N-point FFT
block in the frequency domain can be expressed as:

2N—-1

Xu(m) = 37w, (t0%)e 72t m/2N 40X ¢ [p 2N — 1] (5.4)

m=0
thus, frequency domain multiplication processing can lpFessed as:

Su(m) = Xu(m) - By(m), m € [0,L —1] (5.5)

whereB,,(m) is the firstL samples of th& N-point FFT ofb,(t). After transformingsS,, (m)
into the time domain through th&V-point IFFT, truncate the first samples to achieve the

same time domain sequence as:

5u(t) = su(t), te[0,L —1]. (5.6)

5.2.3 Efficient N-FFT

In this sub-section, we study the Efficient FFT to implement-point FFT to generate ahV
point sequence samples in the frequency domain. The maiegsng of the efficient FFT is

shown in Table 5.2.

The time domain sequence between the convolution-UFMCUBMC and Efficient FFT is
shown in Figure 5.2. It clearly shows that the OA-UFMC caniewah the similar time domain
sequence as the time domain convolution operation. Theesftid/-point FFT approach only
can achieve the similar time domain sequence for the migdteansmitted samples and lose

the accurate signal representation during the windowdaie.
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Efficient FFT Steps

Step 1: The baseband signgl,(n) passes through th¥-point IFFT block,z,,(t)

N-1

Step 2: Frequency domain extra sequence sampl&d’as > X (n)sinc(z)
n=0

Step 3: Sefx ™t = [X(0), X®(0), X (1), XE(1),..., X(N — 1), XB(N - 1)]

Step 4: MultiplicationSE (m) = X% (;m) - B, (m)
Step 5: The baseband sigr#f (m) passes through tHEV-point IFFT block

0.06

Table 5.2: Efficient N-FFT Transmission Processing Steps

_— C(‘)nvolutior‘l-UFMC
® O O0A-UFMC
@ 65‘33 % Efficient N-FFT
&R PP :
(P
®e® 2 R eﬁ‘:‘ *
% @ & ® *k -
, ® & X o® @ D *
PP ¥ o &R b & *
» €3{§-§ ® @ ® O *
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e; ® & O *
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of €°F FEp *
EH \ &
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® I I I Qi(“""_‘“:;;»}
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Time

Figure 5.2: Time Domain Signal Sequence Between the Convolution-URDAGJFMC, and
Efficient N-FFT

5.3 Computational Complexity Analysis

As mentioned in Chapter 4, the main computational compldgidominated by the number

of multiplication operations that are performed. Thus,dbmputational complexity equations
for the UFMC (or WOLA) transmitter can be written &8/FMC/WOLA.

[UFMC _

S 10gs(N) +(N - L), 57)

~—_——
N-point IFFT

where the term of §¥ - L) determines the number of multiplications during the tinoendin
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convolution operation. The computational complexity fé&x-OFMC transmitter can be written

aslOA:

N 2N
oA = - loga(N) + 2=, -logy(2 - N) +L

~—— —_— ———
N-point IFFT  2N-—point FFT + 2N—point IFFT

N
= Elogz(N) + 2N (1+logy(N))+ N+ Ly —1

5N

Compared with UFMC, OA-UFMC can reduce the computationahglexity by:
oA — pUPMC _ (1 — 3)N — 2Nlogy(N) — Ly + 1, (5.9)

operations, and the benefit increases when incredsing

This chapter also considers IIR filters, such as Chebyshee Ty51], to determine the ICI
performance in terms of reducing the computational conigfleaused by the time domain
convolution operation. IIR prototype filters with a few nuenlof filter ordersLo, can achieve
a similar performance compared to FIR, i.o, = 4, if we consider the IIR filter with the
Direct Form 1, the overall filter coefficients (both feedf@ml and feedback) i2{o, + 1).

Thus, in this case, the computational complexity for IRNUE can be significantly reduced

as.
N
PIUNE = Slogy(N) + L-(2Loc+1)  Los < Lr. (5.10)
N
N-point IFFT L samples and IIR process

As mentioned in Chapter 2, the computational complexitydB8vZP-OFDM and PCC-OFDM

be expressed as:

N
[CP/ZP/PCC—OFDM _ 510832 (N). (5.11)

5.4 Time Offset Interference Analysis

The time domain signals of UFMC and OA-UFMC are very similarsaown in (5.6). This
chapter considers CP-OFDM (CP-OFDM processing is verylairto PCC-OFDM as both of
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Figure 5.3: Time Offset Interference Model

them add a CP guard interval [105]) and UFMC for the interfeesanalysis. In this section,
we use a simple time-offset model to analyse the interfereacised by asynchronism and we

also consider the ISI effect by the Rayleigh multipath fgdithannel.

5.4.1 Time-offset Model

We assume that the received MTC signals from{thaesers are asynchronous and suffer from
time-offsets at the base station. The time-frequency sgmtation for time offset is shown
in Figure 5.3. To simplify our analysis we starts by condittpil/ = 3 users where each
user transmits 3 OFDM symbols. The scatas the relative delay in timing samples between
adjacent users. In addition, we assume that the time otf@dtgeen each pair of adjacent users
are the same. This chapter focuses on decoding the 2nd OFBiladjor each user. Here we
definez, ; to note the time domain transmitted symbol for ttie OFDM symbol of theuth

user, which is following the notation in Figure 5.3.
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5.4.2 ICI Analysis Caused by Time Offset

This subsection analyses the ICl interference for both tReJEDM and the UFMC system.

5.4.2.1 CP-OFDM (or PCC-OFDM) System ICI Analysis

The ICI interference for each user is caused by the OFDM Isides of the adjacent asyn-
chronous users. As shown in Figure 5.3(a), the interferégrwas for the 2nd symbol of user
2, x92(t), are separated into four parts: two of them arise from thacadjt time periods and
two of them arise from the same time period. First, the ieterice ofrs 2(¢) from the adja-
cent time periods is dominated by the firssamples fromx; 3(¢) and the tail- samples from
x3,1(t) as shown in red in Figure 5.3(a). Thus, the time domain iaterfce terms to the 2nd

user (¢ = 2), which are caused from the different time periods can bepraed as:

T—1
i () = w1 a(t)o(t —1) Z 5(t—1), te[0,L—1], (5.12)
=0

I=L—

Second, the remaining samplesaf; (t) andzs 2(t) are nearly orthogonal with, »(¢), which
are transmitted in the same time period. If there is no tinfgets,z o(t), z22(t) andz; o(t)

are orthogonal. Then, the dot productigf, () andzz 2(t) can be expressed as:
le 2 6 —j2rlt/N | o ( )6 j2nlt/N __ =0, (513)

thus,

L-1
21'12 e —j2nlt/N $22( )6 j2nlt/N + Z$12 e —j2nlt/N l’zg(t)e_ﬂﬂt/]v =0,

l=7

(5.14)

and then,
,

1
Zl,l o(t 6 —j2nlt/N | $22( )6 Jj2mit/N _ —1’172(t)€_j27rlt/N . l’zg(t)e_ﬂﬂt/]v. (5_15)
=0
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Now, similarly, the interference terms fop »(t), which are caused from the same time period

can be computed as:

T—1 L-1
iFme(t) = Y —a1a(t)d(t — 1) + Z —x32(t)3(t —1). (5.16)

=0 l=L—1

Finally, according to (5.12) and (5.16), we can write thaltaiterference terms far, »(t) in

the time domain as:

igFDM(t):iwl,g(t)a(t—z ) + Z x3.1(t)6(t — 1) (5.17)

After removing the CP, we can rewrite (5.17) as:

T—1
i PM(m) =3 (= w1a(n) +@15(n)dn — ) (5.18)
lZON 1
+ Z (—z32(n) +231(n))d(n —1).
I=N—7+Lcp

Similarly, the interference for the 2nd symbol of user:1,(t), after removing CP is:

N-1
ZloFDM(’I’L) = ( — 1’272(’11) + 1’271(71))5(71 — l) (5.19)
I=N—7+Lcp
N-1
+ Z (—z32(n) +231(n))d(n — 1),
I=N—2r+Lcp
and for user 3g3»(t), is:
271 T—1
M) = 3 (= o) +1a )=+ (~e2(n) +23(0)5n—1). (5.20)
1=0 1=0
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Now, the time domain interference term on #té sub-carrier can be rewritten using the Dis-
crete Fourier transform &5 (k):

K-1 N-1
TOFPM () — (—z22(n) + $2,1(n))€_j2ﬂnkﬂv (5.21)
k=0 n=N—-7+Lcp
K-1 N-1
+ (—963 2(n) +333,1(n))€ jZMk/Ny
k=0 n=N-—-27+4+Lcp
K-171-1
I9FPM (1) = (= 21.2(n) + 21,3(n)) e 72k (5.22)
k=0 n=0
K-1 N-1
+ ( —x32(n) + 333,1(7”&))6 ]%nk/N,
k=0 n=N—7+Lcp
K—12r—-1
IOFPM (1) = (= z12(n) + z13(n))e72mk/N (5.23)
k=0 n=0
K-17-1
+ (— z2.2(n) + z2,3(n)) —jamnk/N
k=0 n=0

We can conclude that the CP only can reduce the interferenite ifront of Lcp sample time-
offsets as shown in (5.21), wherédp — 7) error samples have been considered. When the
interference is located in the finabamples, CP-OFDM would no longer to be robust to the ICI,

as shown in (5.22) and (5.23), e.g.7aer 27 error samples are considered as the interference.

5.4.2.2 UFMC/OA-UFMC System ICI Analysis

Unlike CP-OFDM, the side-lobe attenuation of UFMC is muchaBier due to filtering. The
narrow band filter used at the transmitter can significarejuce the interference caused by
the time-offset between the transmitting users. Similgbta7), we can write the interference
terms onuth user of UFMC aglFMC(¢):

|
—_

T

-1
= (—s120t)+s1,3(t)6(t —1) + Z — s32(t) +s31())6(t — 1), (5.24)
l=L—71

UFMC
(5 (t)

N
Il
o
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thus, thekth sub-carrier can be rewritten using the Fourier transfasm

=

1

T

IJFMC(k) = Z (= s1.2(t) + s13(t))e 72N (5.25)
k=0 t=0
K-1 L-1
+ ( — Sg,g(t) + 83,1(t))e_j27rtk/N.
k=0 t=L—71

Now, we defineL is the transmitted signal tail length which is located ahhibie front and
the end of the UFMC samples, afigh = L&~

as:
K-17-1
> (= s12(t) + s1,5(t))e 72N (5.26)
k=0 t=0
K-1 (Lt—1 T—1
— ( — 8172(15) + 8173(15)) + Z ( — 8172(t) + 8173(15))) e_J'thk/N7
k=0 \ t=0 =L

K-1 L-1 _
Z — 83, o(t) + 83, 1(t ))e_jZWtk/N (5.27)
k=0 t=L—71
K-1 —Lrp—1 L-1 _
= Z — 83 2 )+ s3 1( )) + Z ( - Sg,g(t) + 8371(t)) e~ I2mtk/N
k=0 \ t=L—r t=L— Ly

Note that, each filter is designed with the narrow bandwisdtith as Chebyshev or Hamming
[106], the magnitude ob,(¢) at the band-edge should be very small. After removing tHe tai
samples (window tails) which are located &[0, Lt — 1], t € [L — T, L — 1]) as shown in
Figure 5.3(b), the equation (5.25) can be summed from (286)5.27) then be approximated

as:

K—-1 7—1

I;JFMC Z Z — 510(t) + s1.3(t ))e—j27rtk/N (5.28)
k=0 t=Lr
K-1L—Lp-1

+Z Z —s32(t) +s31(t ))e_ijfk/N.

k=0 t=L—1
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Similarly, the interference on thigh sub-carrier of the 1st user in the frequency domain can be

written as:
K-1 L-1
I7FMC (k) = (= s2.2(t) + s9.1(t)) e I2R/N (5.29)
k=0 t=L—1
K-1 L-1
+ — 83,2(15) + 3371(t))6_j2ﬂtk/N
k=0 t:L—27’
K-1 (L—-Lt-1 L-1
- Z ( Z — S9 2 —l— S9 1( )) + Z ( — 82,2(15) + SQJ(t))) e_j27rtk/N
k=0 t=L—T1 t=L—Lt
K—-1 [L—Lp—1 L—
+ ( Z —832( )—I-Sgl Z —832 +831( ))) e—j27rtk/N
k=0 t=L—21 =L—
K—1L—Lyp— 1

Q

— s9.0(t) + s2,1(t))e” j2mtk/N

e
Il

,_.o
o~
~\

N
h
I
h
,_]
L

_ 332( )_|_331( ))6 j27rtk/N

+
M

bl
Il
o
~
Il
h
w
3

and for the3'™" user can be written as:

K—-127-1
IYFMC () = (= s1.2(t) + s13(t))e 92w k/N (5.30)
k=0 t=0
K-171-1
+ (— s2,2(t) + 82,3(t))€_j2mk/N
k=0 t=0
K-1

Lol 2r—1
(—s12(t) +s13() + D (= s12(t) + 3173(,5))) —i2mtk/N

t=0 Lt

(= s2,2(t) + s2,3(¢ +Z — s90(t) + sa5(t ))) o—J2mth/N

_|_
k=0 t=0
K-127-1

~ (= s12(t) + s13(t))e 72mR/N
k=0 t=Ly
K-1 -1

+ ( — 8272(t) + 82,3(t))e_j27rtk/N.
k=0 t=Ly

The narrow band triangle filter reduces the power amplitudbeaband-edge, which directly
reduces the ICI caused by the time offset overlapped samiie® that, in terms of the mul-

tipath channel, this paper considers that the sum of the peagr values for all channel taps
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is equal to 1. The interference terms for the multipath cbhoan be easily computed as using
Ty i (t) @ hy (t) OF 54,4(t) ® hy(t) instead ofx,, ;() or s, ;(t) in the above equations, which can

be used for the case of any of the multipath channels.

5.4.3 ISl Analysis Caused by Channel

This chapter also considers the analysis of ISI when thetheofgchannel impulse response in

samplesly is longer thanL.cp or L.

5.4.3.1 CP-OFDM System ISI Analysis

Reference [78] proved that whéiiy; > Lcp), a part of one signal will then be ISI from the
previous symbol and the ISI causes interference at theftdileacchannel impulse response that
are not covered by the CP. Thus, the residual ISI ofiutieuser on the:th sub-carrier after

removing the CP in the frequency domain can be express&d (&3 [78]:

Lu—1 Ly—1
ZSFDM(k‘) — Z wu—l(n) Z hu(t)e—j27r(t—n)k/N
n=Lcp t=n
Ly—1 Ly—1
— Z :L,u_l(n)ej%mk/N Z hu(t)e_]?ﬂtk/N, (5.31)
n=Lcp t=n

then the PSD of ISI for the CP-OFDM system can be determinggsas

Pigty ™M (k) = E (27PN (k) 27PN (k)

= E (zy-1(n)a}_y(n)) e 27 mk/N

Ly—-1 Lg-1 Ly—-1 Lg-1

. Z Z hu(t)e—j%rtk/N Z Z hZ(t)e_j27rtk/N

n=Lcp t=n n=Lcp t=n

Lu—1 |Ly—1 2

— 52 Z Z hu(t)e—j27rtk/N

n=Lcp | t=n

(5.32)

110



Interference and Complexity Analysis for the Time Offsebld Uplink

5.4.3.2 UFMC System ISI Analysis

Following a similar analysis to the CP-OFDM system, thedeasl I1S| of theuth user on the
kth sub-carrier for UFMC is:

Ly—1 Ly—1
ZBFMC(]{?) _ Z Su_l(n)€j27mk/N Z hu(t)e—j%rtk/N
n=Lr t=n
Ly—1 Ly—1
= u1(n)bu1(n)e?HN N by (8)e 2R, (5.33)
n=Lr t=n

Thus, the PSD of ISI for the UFMC system can be determined as:

Pigta (k) = E (zy-1(n)z,

5 (’I’L)) e—jZW(n—n)k/N

Ly—1Lg—-1 Ly—1Lg—-1

. Z Z bu(t)hu(t)e—j%rtk/N Z Z bZ(t)hZ(t)e_ﬂ’”k/N

n=Lt t=n n=Lt t=n
Ly—1|Lp—1 2

=0% ) | D bu(t)hy(t)e PN (5.34)

n=Ly | t=n

5.4.4 SINR Analysis and Capacity
The SINR of the received signal dith sub-carrier can is defined as(k):

E[Xy(k)?]

T 2+ E[L,(k)?] + Psia(k)’ (5.35)

pu(k)

whereE[ X, (k)?] denotes the transmitted signal power. Inserting (5.2122(5 (5.23) and
(5.32) into (5.35), the closed-form expression of SINR foe tth user CP-OFDM can be

expressed as:

E[X, (k)2
pOFDM (1) = (X (k)?] e
Ly—1 [Lp—1 _
o2 + E[(JOFPM(E))2] + 62 Y | 3 hy(t)e—d2mth/N
n=Lcp | t=n
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Inserting (5.29), (5.28), (5.30) and (5.34) into (5.35k thosed-form expression of SINR for

theuth user UFMC can be expressed as:

JUFMC () _ E[Su(k)’] (5.37)

B Lu—1|Lp-1 ' -
o2 +E[(IYPMCR)2) + 02 3> | X bu(t)hu(t)es2nth/N
n=Ly | t=n
Now, we can compute an estimate of the Shannon capégity) for the kth sub-carrier of the
uth user based on our SINR equations as:
CPM (k) = loga(1 + i PM (k). (5.38)

u

CYPMC (k) = logy(1 + pU™MC (). (5.39)

u

5.4.5 BER Analysis

This section now considers the performance for a 4PSK mtidnlacheme. As in [45] and
[107], we can express the theoretical BER values for the-tiffset model under the AWGN

channel as:

1 A
PRERY = gerte (/AP ) (5.40
1 /—
Pipsiy = gerfe ( pHFMC/Nbs> : (5.41)
whereerfc(-) represents the complementary error functj@nis the average value of SINR and

Ny is the number of bits per sample. For the Rayleigh multip&tiinoel, according to [45]
and [107], the BER equations are given:

1 OFDM / |,

poroy Lo (g [ s ) (5.42)
2 1+ pQFPM /Ny,
1 UFMC /N,

pussc Lo (o [l N ) (5.43)
2 1+ pUFMC /N,

5.5 Numerical Results

In this section, various simulations are conducted to canfiur theoretical analysis. The

common simulation parameters are listed in Table 5.3, Egelisutransmission occupies 13
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Simulation Parameters
Uplink No. of | Sub-carriers| Total CP Filter | Channel| Modulation
Bandwidth | N-FFT K U Lcp Ly Ly Scheme
1.25 MHz 128 13 3or7 30 31 | 10o0r70 4PSK
Filter Parameters
FIR Filter IIR Filter
Window Normalisedf,s Filter Type | fo Orders App
Hamming 0.18 Chebyshev 1| 0.18 | 4,8, 12 0.15dB

Table 5.3: COMMON SIMULATION PARAMETERS

sub-carriers in the frequency domain, and the users aredgac?2 blank sub-carriers. We
set the normalised cut-off frequency fg = 0.18, which is wider than the ratio between the
number of sub-carriers per uséfr and the total number of available sub-carrié¥s ., =
13/128 = 0.1016. Agy, is the side-lobe attenuation anthg is the passband ripple. In the
BER simulations, we elected to measure the middle userfeqpeance, e.g. wheti = 3, we

measure the 2nd user and wHén= 7, we measure thé'" user.

5.5.1 Computational Complexity Performance

The relative computational complexity performance is smawFigure 5.4 using (5.7), (5.8)
and (5.11). Both CP-OFDM and PCC-OFDM require significafalyer operations than time
domain UFMC and OA-UFMC. Whehr < 17 samples, time domain UFMC requires fewer
operations than OA-UFMC. Adr increases, the number of operations for UFMC signifi-
cantly increases. In this case, OA-UFMC reduces the cortipogd complexity significantly
for larger values ofLg. IIR-UFMC, with a filter order of 4, only slightly increaselset com-
plexity compared with OFDM and PCC, but it significantly reda the number of operations
compared with UFMC and OA-UFMC.

5.5.2 SINR and Capacity Performance

The SINR performance over the AWGN channel with a SNR of 30sd&hbwn in Figure 5.5(a)
and we assume is a 50 sample time offset, which is much longer tian = 30 or Ly = 31.
The theoretical SINR analysis values are computed from6j58d (5.37), which perfectly

match with the simulations. The 1st user occupies subezarfrom 11 to 23, similarly 26 to
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Figure 5.4: Comparison of Computational Complexity, N=128

38 for the 2nd user and 41 to 52 for the 3rd user. Note in Figlséaphow the SINR perfor-
mance degrades due to interference between users 1&2 an@&bsexcept for PCC. From
the Figure 5.5(a), we notice that: first, compared with OFMMC and IIR-UFMC, PCC-
OFDM presents the best performance. Second, the nearbsestbrs of both OFDM, UFMC,
and IIR-UFMC are significantly affected by ICI, especialtyr the second user. Third, both
UFMC and IIR-UFMC can perform slightly better than OFDM (ab®.5 dB higher SINR),
but they still have an inferior SINR to PCC-OFDM. There is ignfficant performance differ-
ence between UFMC and IIR-UFMC.

The impact of the number of blank sub-carriers in the freguatomain between each user is
shown in Figure 5.5(b). Increasing the number of blank saniers at the user band-edge, the
SINR performance of both OFDM, UFMC and I[IR-UFMC improvegrsficantly at the cost
of reducing the available bandwidth for data transmissidgloreover, if the sub-user spacing
is 4 blank sub-carriers, UFMC achieves about 0.5 dB high’iR&han IIR-UFMC and about
2.6 dB higher SINR than OFDM. PCC still provide the best penfance compared with the

other schemes. It can also be seen that the result from tihesenanatches very well with the
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simulations.

The capacity performance with the time offset factofI{) is shown in Figure 5.6(a). The the-
oretical capacity values are computed from (5.38) and §5&88 the results from our derived
expressions and the simulations match perfectly. It careba that firstly, PCC-OFDM pro-
vides the poorest capacity performance because of its eddsectral efficiency, even though
it can achieve the highest SINR performance in Figure 5.%0&dy, with increasing-, the
capacity performance of UFMC, IIR-UFMC and OFDM signifidgmeduces due to the ICI.
However, whenr = L = 158 samples, there is no significant capacity degradation ae the
is no relative time-offsets between the adjacent userstdibhif there is a small time offset,
i.e. 7 = 5% of the transmitted symbol length, both UFMC and [IR-UFMC arere robust
to ICI compared with OFDM. In detail, the capacity degraolatfor UFMC and IIR-UFMC
significantly reduces when > 10% (or 15 samples) of the transmitted symbol length, which
is approximately the window tail lengtht. The capacity degradation for OFDM starts with
whenr > 5% of the transmitted symbol length and then stays at a constdoe of 6.3
bit/sec/Hz untilr > 20% (or 30 samples), which is approximately the CP length. Fyrt

if 7 > 20% of the transmitted symbol length, both UFMC, IIR-UFMC and W provide

an approximately constant capacity. Both UFMC and IIR-UFktbieve 1 bit/sec/Hz higher
capacity than OFDM. Finally, there is no significant difiece between UFMC and IIR-UFMC
whent > 20%.

WhenU = 3, UFMC can directly reduce the ICI caused by the adjacentsubers attenuation
whether located in the front or in the end whers very small. Unlike UFMC, OFDM only can
protect ICI caused by the 3rd user and cannot protect IClechbyg the 1st user, as we proved
in Figure 5.6(b). As we discussed before in Figure 5.3, imgeof the interference for, »(t),
when we removed the CP, tie-p sample time offset has been removed frogm (¢) and the
remaining samples from, »(t), z1,3(t) andzs »(t) still significantly interfere tacs o(¢). Thus,
the SINR of the 2nd user of OFDM presents low in front and higlkend. Moreover, in terms
of the UFMC, the maximum relativefor s, »(t) is only 10 samples, which is smaller than.
For thes; »o(t) or s32(t), the maximum relative time offset becomes= 20 samples due to
the jump adjacent between users. However, if we incréasey. toU = 7, the middle user of
UFMC « = 4 will present a more constant value. It will be affected nalydsy the adjacent

users, but also by the users in adjacent the frequency bands.

In terms of a more realistic case, the SINR performance ferséimdom time offsets over the
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AWGN channel with 30 dB is shown in Figure 5.7. Now we assuna the time delayr

is taking values over a random vector from 0 to 50 samples d{acent users. Figure 5.7
shows that first, for the first user, UFMC can improve aboutdB5Shigher SINR compared
with OFDM. The results is similar with Figure 5.6(b), the bggrefix of OFDM can protect
against the ICI caused by the 2nd user and 3rd user. Secaedia of the SINR performance
of the 2nd user, UFMC can improve about 3 dB SINR higher coegarith OFDM. The CP
is no longer to protect against the interference causedebygshuser. Similarly, for the 3rd user
of the OFDM system, the CP is hard to reduce the interfereaased by both the 1st and 2nd

user. Third, the analytical results closely match with datians.
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Figure 5.7: SINR Performance for the Random Time Offsets, [0, 50] samples, with AWGN
(SNR=30dB)[J =3, N =128, Lcp = 30, Ly = 31, U = 3.

5.5.3 BER Performance

The approximate BER for the OFDM and UFMC systems employiR§K modulation (for
PCC-OFDM, 16-QAM is been simulated due to its reduced sakefficiency) for AWGN and
Rayleigh fading channels are shown in Figure 5.8(a) andrEi§uB(b). The time offset sce-
narios ofr = 10 areT = 50 are considered. The theoretical BER results are obtained us
the proposed equations as (5.40), (5.41), (5.42) and (5A8in, the agreement between the
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10,U = 3.
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analytical and simulation results is clear. The BER resshi®v similar trends to the previous
SINR results. Firstly, there is no significant BER degraufatior PCC even if there is a 50
samples time offset, which means PCC-OFDM can significanitigate against the ICI. How-
ever, if we consider the spectral efficiencynis= 2 bit/sec/Hz, PCC will no longer to provide
superior BER performance due to the requirement to use @higiiler modulation scheme
i.e. 16QAM. Secondly, when < Lcp or Ly — 1, there is no significant BER degradation for
UFMC, especially when the time offset is less than 15 samf®®n whenr = 50, UFMC
saves about 1.1 dB, /N, compared with OFDM at a BER df0—* in the AWGN channel.
Figure 5.8(b) shows that i£13=10 andr = 10, UFMC saves about 5 dBy, /N, at the BER is
10~29. If the 7 increases to 50 samples, the BER performance of both UFM©&mM will

degrade to the same curve.
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Figure 5.9: Approximate BER and ISI Performance the Rayleigh Fadingn@abs, Ly; = 70,
U=3,Lcp =47 and Ly = 48.

The approximate BER for the OFDM and UFMC systems in a Raljléagling channels with
Ly = 70 channel taps is shown in Figure 5.9. The theoretical ISkfetence is computed
using (5.32) and (5.34), and simulations closely match thighanalytical results. It can be seen
that UFMC is more robust to very dispersive multipath chéwempared with CP-OFDM
especially wherr is small, i.e. 7 = 10 samples, UFMC provides the BER o6~ at the
cost of 15 dBE},/Ny. However, CP-OFDM hardly achieves it even increasing B¢, to
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infinity. Figure 5.9 also shows that If; is much longer thad.cp, I1SI becomes the dominant
interference for OFDM and the ICI caused by the time offssbimewhat smaller than ISI, i.e.
whenLy = 70 and Lgp = 47, there is no significant differences between- 10 andr = 50
for the OFDM systems.

Now we measure the BER performance of IIR-UFMC, as menticar®ale, we use the IIR
Chebyshevl filter with order of 4 anfl; = 0.18. Here, we increase the number of transmitting
users toU = 7 and measure thé® user performance. The approximate BER performance
over the AWGN channel with = 50 samples and the Rayleigh fading channel for UFMC with
the FIR and IIR filters are shown in Figure 5.10(a) and Figui@®@). The analytical values
are computed similarly as before, which the interferencenaslysed as the over-lapped sub-
carriers from the adjacent users. The results shows th&HEReperformance of IIR-UFMC is
slightly less than for the FIR. The reason is that we trurcc#te output length of IIR to equal
L in terms of a fair comparison. Compared with OFDM, the BERgremance of IIR-UFMC

is significantly improved, especially for the Rayleigh nipdith channel with the short impulse
response and smat. Again, the theoretical analysis closely matches with thentd Carlo

simulations.

5.6 Conclusion

This chapter has provided a complete time offset interfeemalysis for both CP/PCC-OFDM
and UFMC systems and shown that firstly, PCC using a frequguoayd interval significantly
protect against the time offsets at the cost of reduced sppetticiency. Secondly, UFMC pro-
vides a superior performance to OFDM (at the cost of high atjmral complexity) in terms
of SINR, capacity and BER, especially for the Rayleigh fgdmnultipath channel. In particu-
lar, if the time offset is less than 10 samples, there is noifsignt degradation in both SINR
and BER for the UFMC system. Further we have proposed two adstto reduce the com-
putational complexity. OA-UFMC provides a much lower copxily than UFMC when the
filter impulse response is larger. For [IR-UFMC, the comjftlebs significantly reduced, while
it provides a similar SINR, capacity and BER performance parad with UFMC, especially

with a larger time offset.

In conclusion, even though PCC-OFDM and UFMC offered thetrafficient computational

performance for protecting against ICI, IIR-UFMC is attree as it provides superior BER
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performance to CP-OFDM. IIR-UFMC achieved lower compuiadl complexity compared
with FIR-UFMC and without additional cost on spectral e#fiaty. We thus conclude that IIR-
UFMC might be a potential waveform design for the massivelmmec5G MTC scenario to

support low data rate, low energy consumption and low Igt&ramsmissions.

In Chapter 6, we will summarise the key findings and contiiimst of this thesis. Then we will

list several limitations of the thesis and several posgibbearch areas for the future studies.
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Chapter 6
Conclusions and Future Work

This thesis has contributed to both the theoretical perémoe analysis and the practical designs
in order to achieve the cost-efficient communication systeanmachine type communications
(MTC). In this concluding chapter, Section 6.1 will sumnsarithe key contributions of the
thesis. Several limitations of the work and same possibigestions for the future work will

be presented in Section 6.2.

6.1 Conclusions

This thesis has studied cost-efficient MTC transmitter asaiver design for low cost MTC
devices. In term of the downlink scenario, we investigatesl \tirtual carrier (VC) receiver
system in order to reduce the maximum transmission banbwaicdl the number of subsequent
processing operations for the low data rate MTC devices.eims$ of the massive machine
type communications uplink scenario, we compared and asteti several candidate waveform
designs for supporting asynchronous MTC devices. We alspgsed the overlap and add
universal filtered multi-carrier (OA-UFMC) and infinite imfse response (lIR)-UFMC systems
in terms of reducing the high computational complexity toe tJFMC transmitters. The key

findings of this thesis are summarised in the following settisns.

6.1.1 Evaluation of Virtual Carrier Receiver Systems for Davnlink

We now summarise the evaluation of the overall system padace for the VC receiver from

three aspects as below :

¢ In terms of the bandwidth efficiency performance, our restltarly show that compared
with the LTE carrier aggregation technique, the VC recesyetem could provide more
than 10 % bandwidth capacity improvement. Because whetliet 8Hz or 20 MHz

channel bandwidth has been used in LTE, the number of suleisafor synchronisation
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signals, reference signals and the physical downlink oblaisnvery similar. We thus
extracted only sub-carriers of interest using the VC remeiwhich could significantly

improve the bandwidth capacity.

¢ In terms of the energy consumption performance, we fountcthrapared with the stan-
dard OFDM receiver, the VC receiver system significantlyuas the number of pro-
cessing operations by reducing the ADC sampling rate. If &icNerminal device only
needs to decode 64 sub-carriers, the VC receiver would amguwme 1/32 of the ADC
operation costs compared with decoding the whole 20 MHz baradeover, the FFT

computation reduced from 11264 to only 192 operations.

¢ In terms of the aliasing interference protection perforaggarwe found that a suitable
filter design can reduce the aliasing interference causdtidogampling rate reduction
technique used in VC. In such a case of that if we only decoaléirt 90 sub-carriers out
of 2048, which are transmitted for the MTC devices, the V&igr with the sampling
reduction ratio of 8 provided high SINR and BER performariose&to a full sample rate

standard OFDM receiver.

Considering the VC receiver system has the advantages dfathdwidth capacity improve-
ment performance, low complexity and significant protaettgainst aliasing interference per-
formance, we thus conclude that it could be a suitable receiystem design for supporting

low data rate MTC devices.

6.1.2 Evaluation of Waveform Designs for Uplink

This compared several waveform designs for the 5G uplinkad@ and we list the overall
performance by a ranking table in Table 6.1. This thesisidensd the performance of the
side-lobe behaviour, complexity, SINR, BER and spectritiehcy. We now summarise the

key findings as:

e ZP-OFDM and WOLA-OFDM systems do not provide suitable parfance for the 5G
uplink waveform. In terms of ZP-OFDM, it provided the veryrdar side-lobe lev-
els compared with CP-OFDM (5th ranking in the table). WOLAM has the same
level of complexity and provided inferior side-lobe redant performance compared
with UFMC.
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Side-lobe | Computational| SINR | BER BER Spectral

Behaviour| Complexity AWGN | Multipath | Efficiency
CP-OFDM 5th 1st 4th 4th 4th Same
ZP-OFDM 5th 1st - - - Same
WOLA-OFDM 4th 5th - - - Same

PCC-OFDM 1st 1st 1st 1st 3nd Half

FIR-UFMC 2nd 5th 2nd 2nd 1st Same
IIR-UFMC 3nd 4th 2nd 2nd 1st Same

Table 6.1: Thesis Relative Waveform Performance Summary

e Both PCC-OFDM and UFMC systems are more suitable compar#ddaother state of
the art candidate waveform designs, but are still not pedioices. More specifically,
PCC-OFDM achieves the best performance against ICl caugeiinbng offset errors
(1st ranking for SINR and BER in the AWGN channel) at the cdsatdeast halving
the spectral efficiency and also suffering from high PAPRvIspectral efficiency is not
desirable for MTC devices and high PAPR increases the trigtesramplifier require-
ments, which does not meet the low cost requirements for MIEMC improves the
performance for both ICI and ISI (1st ranking for BER in mpidtih channel) at the cost
of high computational complexity (5th ranking for the comty), which is again not

desirable for low cost MTC devices.

Both OA-UFMC and IIR-UFMC, as the our alternative implenadittns of UFMC, im-
prove the computational complexity performance. Altho@fttUFMC can significantly
reduce the number of complexity operations when the filtguise response is very
long, it is still much higher than standard OFDM systems. IRFUFMC, the complex-
ity is significantly reduced as it provides a similar SINRpa&eity and BER performance

compared with UFMC, especially with a larger time offset.

Considering the overall performance of the IIR-UFMC systémrovides similar spectral effi-

ciency and better ICI protection performance compared @BRDM, moreover, it significantly

reduces the complexity operations compared with UFMC. Wis ttonclude that IIR-UFMC

might be a potential waveform for massive machine 5G comaatioins scenarios providing

low data rates, low cost and low latency.
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6.1.3 Contributions on Theoretical Analysis

In this thesis, we derived the closed-form expressionsHeraliased interference caused by
reducing the sampling rate at the VC receiver and also dithe closed-form expressions for
the ICI caused by asynchronous time offsets. First, ourf@rtence equations can be easily
used in SINR, BER and capacity equations, where the resudte werfectly matched with

simulations. Second, our theoretical equations accodatdte interference at each sub-carrier
location, which helps system designers to evaluate thevgea designs (i.e. cut-off frequency,
passband ripple, stopband attenuation, filter order angblgagmrate) in order to balance the

energy cost and system detection performance.

We can thus conclude that this thesis has analytically antenigally studied the system trans-
mitter and receiver design for supporting the low data rafeECMilevices in future commu-
nication systems. The VC receiver system, as the bandweattbction technique, could be
one option for the MTC downlink channel. Simultaneouslg tHR-UFMC approach is a new

potential waveform design, which could be used for the bptimannel.

6.2 Future Work

Due to the limited time and space, there are several liroitatof this thesis. Thus, in the end of

this thesis, we introduce several potential research doeasoving forward into future study.

6.2.1 Analyse the Set-up Costs of The VC System

In Chapter 3, we only provided an ideal synchronisation sehéor the VC system, which
aimed to enable users to be synchronised at the subframeTéneVC control signal (VCCS)
would map into the sub-carriers and provide the VC carrieations, filter parameters and
sampling reduction ratio. However, this thesis did not gtilne required number of sub-carriers
needed for VCCS and its costs. Moreover, this thesis did orgider the analogue processing
required for the VC system. In terms of a more reliable antist@aperformance analysis, we
might pay more attention to realistic algorithms for the \W@ahronisation scheme and analyse

the lIR operation costs.
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6.2.2 Analyse the Quantisation Noise for the VC System

In Chapter 3, in terms of simplicity, we did not consider inaiethe effects of the quantisation
noise. For a realistic system, the effect of uniform quatit;n can often be modelled by
an additive noise term due to the ADC quantisation procgssin terms of a more accurate
result, it will be necessary to extend the analysis of refethip between the quantisation noise,

sampling rate and cut-off frequency.

6.2.3 Use a More Accurate Power Model

Power consumption is very critical for efficient deploymehMTC, especially in case of mas-
sive MTC. In order to simplify our results, the thesis has canisidered a realistic and more
accurate power consumption model for the MTC receiver astnitter system designs, such
as the power consumption of the synchronisation activéresthe decoding costs during. Ref-
erence [108] proposes a low-complexity method for symbothyonisation based on the LTE
system. A thorough analysis is conducted for all possibhegiag frequencies that reduce the
computational complexity of LTE cell search. Several pagecus on the power consumption
during the data transmission, e.g. the power amplifier csiisthe relationship between mod-
elling accuracy and the number of samplings is mentionedefef@nce [109] and a detailed
power consumption model of the MTC is listed in Referenced[11Therefore, future stud-
ies could analyse the overall VC receiver and IIR-UFMC syst@erformance based on those

power models in order to provide a more accurate power saxiatyation.

6.2.4 Optimise the Bandwidth and the Number of Sub-carriers~or MTC

Future studies should focus on the optimisation betweemtimeber of sub-carriers and the
bandwidth based on the current LTE downlink or uplink chante the thesis, we assumed
a fixed number of sub-carriers for all the transmitted usegs, in Chapter 4 & 5, all MTC

devices transmit a fixed number of sub-carriers (such as hauiers) through a 1.4 MHz

uplink bandwidth. However, this is not realistic for theal&tansmissions. Future studies could
focus on the optimisation between the bandwidth efficiemzythe number of sub-carriers for
each user. A basic algorithm can be proposed as: first, ditecequired data rate and the
channel condition. Second, compute the number of subecarim order to achieve a signal

quality requirement, i.e. the number of sub-carriers ferghinchronisation, the number of sub-
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carriers for achieving the bit rate and the number of suberarfor the channel estimation, etc.

Third, assign individual channels to individual MTC desce

6.2.5 Normalise a More Realistic Distribution for the Time Cffset Model

® Base Station A yth User

Figure 6.1: Enhanced Time Offset Model for the Multi-users Transmissio

In Chapter 4 and 5, we studied the interference, which af@esignificant time offsets. In
detail, we assumed the transmitted signal length in sanipldee time domain i, = N +
Lcp = 128 + 30 = 158 samples, then a large time offset between each user is setrte-l50

or 70 samples. Thus, we considered a fixed integer timetaffsamples and aimed to analyse

the worse case. However, it is not realistic.

An example of our potential enhanced time offset scenasghdsvn in Figure 6.1. The triangles
with different colours represent different users. First,d simpler time offset scenario we may
assume that each user is stationary. The distdpt®tween the:!” MTC terminal device and
the base station can be measured statistically. Thus weocaratise the distance distribution in
order to extend the normalised time offset distributioncd®el, if considering a more complex
scenario, it might also be necessary to account for the ¥gleg. Different type of MTC
devices could have variable velocity, which can cause moneptex time offset interactions.

If this can be analysed, our interference analysis will beemuseful for system design.
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tions vol. 10, no. 16, pp. 20612070, 2016.

e S. Wang, J. S. Thompson, and P. M. Grant, “Closed-Form Esjmes for ICI/ISI in
Filtered OFDM Systems for Asynchronous 5G Uplink,” has beabmitted tolEEE

Transactions on Communicatigridnder Review
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Abstract: With increasing demand for machine-to-machine (M2M) communications, modifying existing orthogonal
frequency-division multiple access communication systems such as the long-term evolution (LTE) system to
successfully support low-data rate M2M devices has become an important issue. In LTE Release 12 and beyond, the
reduction of maximum bandwidth, the reduction of transmission power and the reduction of downlink transmission
model should be studied for supporting low-data rate M2M communications. This paper will address one solution
based on the virtual carrier (VC) concept, which aims to improve the bandwidth efficiency and cost-efficiency,
using analogue filters to extract only sub-carriers of interest. This will reduce the sampling rate at the M2M analogue-
to-digital converter (ADC) leading to improvements in ADC power consumption and the computational complexity. Our
results indicate that the VC system can provide significant high signal-to-interference-plus-noise ratio performance

without significant bit error rate degradation.

1 Introduction

Wireless communication technologies have been rapidly developing
in recent years, and mobile communication has become a basic tool
for modern society. The current fourth generation networks, as
known as the long-term evolution (LTE) standards [1], it provides
high spectrum efficiency by combining advanced multi-antenna
techniques and implements the orthogonal frequency-division
multiple access (OFDMA) scheme in the downlink (DL) from the
base station to the mobile terminals. In terms of supporting
synchronisation, LTE uses a subset of carriers to transmit DL
control information in the physical DL control channel (PDCCH)
[2]. With increasing the number of PDCCH, the sub-carrier
efficiency will decrease. Projections for the growth machine type
communication devices range up to 50 billion in the next few
decades, compared with the 2 billion devices which are directly
connected to the wireless communication network [3]. The
communication network  will shift from the existing
human-to-human communication mode to the machine-to-machine
(M2M) communication mode.

1.1 Motivation and related work

With the growth of automated systems such as e-health, the smart
grid, smart homes and smart cites M2M communications will
experience exponential growth in the next generation of mobile
communication systems [4]. M2M communications is one of the
most promising solutions for revolutionising [5] future intelligent
wireless applications. The major idea of M2M communication
system is allowing M2M terminal devices or components to be
interconnected, networked and controlled remotely [6], with the
advantages of low-cost, scalable and reliable technologies.

One of the major challenges for supporting M2M communications
using LTE is how to reduce the processing cost to maximise the
battery life of M2M terminal devices. For instance, the LTE DL
channel can provide up to 20 MHz bandwidth. However, M2M
communications usually require low-data rate transmission, for
instance, an M2M terminal device may only be allocated 1 MHz
out of the 20 MHz LTE DL channel. In this case, most of the
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sub-carriers are not relevant to the M2M device. Therefore, how to
reduce the energy and processing cost of LTE in order to support
M2M low-cost devices with increasing the bandwidth efficiency
will be a major issue for standardisation beyond Release 12 of
LTE [2]. This paper will study how reduced sampling rates in
M2M receiver devices can improve their energy efficiency without
losing performance.

To the best of our knowledge, there are no previous works which
studied reducing the LTE bandwidth in order to support low-data rate
M2M communications. Reference [7] only proposes a possible
solution: insert an M2M low-data rate message into the LTE DL
channel and design a virtual carrier (VC) to contain the message.
This VC can be separately scheduled to support low-bandwidth
M2M devices and the remaining sub-carriers are designed to
support high-data rate services as normal. However, [7] did neither
describe a detailed system structure nor how to extract the
low-data rate VC messages at the receiver.

1.2 Contributions

Considering the LTE DL capacity, we reduce the analogue-to-digital
converter (ADC) costs and computational complexity by reducing
the sampling rate. Our main contributions are as follows:

(i) Propose a novel reduced sample rate VC receiver system.
Compared with the current LTE carrier aggregation (CA)
technique, it significantly improves the bandwidth efficiency.

(i) The VC system significantly reduces the ADC cost and
computational complexity while providing high signal-to-interference-
and-noise ratio (SINR) and low bit error rate (BER) performance to
support low-data rate M2M devices.

(iii) Drive a closed-form expression for SINR which includes the
additional interference caused by aliasing effects. Our previous
study [8] shows that aliasing effects caused by the filter and the
lower sampling rate ADC can reduce the VC system performance.
First, our SINR analysis includes the effect of the filter cut-off
frequency, the receiver ADC sampling rate and the sampling
reduction ratio. Second, the BER can also be evaluated in closed
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form to show the trade-off between system parameter choices and
detection performance.

(iv) Drive a closed-form expression for the effect of intersymbol
interference (ISI) caused by asynchronism. We also consider
several cases including: very dispersive multipath channel effects
on ISI and interchannel interference (ICI) plus the additional
interference caused by sample timing errors.

The rest of this paper is organised as follows: Section 2 introduces
the state of the art. We discuss the VC receiver system model and
derive the performance analysis in Sections 3 and 4, respectively.
The LTE bandwidth efficiency and analytical results comparing
with different SINR and BER performance are shown in Section 5
and Section 6 concludes this paper.

2 Orthogonal frequency-division multiplexing
(OFDM) system: state of the art

This section will provide a brief introduction of the standard OFDM
transmitter and receiver and introduce three options to support
reduced bandwidth transmissions in OFDMA for M2M devices.

2.1 Standard OFDM system

(1) Transmitter for OFDM: OFDM inherently provides good
protection against ISI due to the long symbol cyclic prefix (CP),
where the length of CP in samples is defined as Lcp, and it is used
in cellular systems such as LTE and worldwide interoperability for
microwave access [9]. Assume that the message bits are to be
transmitted using OFDM modulation with N sub-carriers. Denote
the frequency domain symbols by X,,, m=0, 1, ..., N — 1. Then,
the baseband signal for an OFDM symbol can be expressed as

N—1
x(t):%ZX(m)-ejzm’”/N(m:O, L, ...,N=D, ()

m=0

where X(m) is the fast Fourier transform (FFT) of x. The signal x(¢) is
up-converted to radio frequency, transmitted and propagates through
the wireless channel.

(ii) Model for the standard OF DM receiver: The transmitted signals
will go through a wireless channel and the impulse response can be

Standard OFDM Receiver | '

20MHz OFDM Symbols |
_—

Y
LTE Filtering

% 20MHz Filter ’-» ?g’;g'}’f“ “H DSP Processing
a
VC Receiver
20MHz OFDM Symbols
AR AR

Extract Virtual Sub-carriers for M2M

R ADC Operates at 7
X Analogue TIR Filter—>|Reduced Sampling|—>| DSP Processing
Rate

b

Fig. 1 Standard OFDM receiver and VC system receiver
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modelled as

J-1

="y hyd(t —iT,), @

=0

where i is the time index, and each channel tap A; follows the
Rayleigh distribution, 7 is the sample period, and &(¢) is the Dirac
delta function [For the additive white Gaussian noise (AWGN)
channel without multipath, J=1, h;= 1.]. The received signal over
the Rayleigh multipath channel and AWGN channel can be
defined as y(7)

YO =x(0) ® h; + g,(), (3)

where ® denotes the convolution operation and g, (f) represents
AWGN with power spectral density Ny/2 is assumed. For a
standard OFDM receiver as shown in Fig. la, the received signal
is match filtered and sampled at frequency f;. After removing the
CP and applying the FFT, the frequency domain signal can be
expressed as

Y(m) = X(m) - H(m) + G,(m), “)

where H(m) is the FFT of the vector [/, h;1, ..., hiy—1] and G, is
the FFT of the noise sequence g, in the frequency domain. Finally, to
decode the transmitted messages, zero forcing equalisation [10] can
be used to estimate the transmitted data.

2.2 Options to reduce OFDMA bandwidth for M2M
devices

To support low-data rate communications, the maximum bandwidth
of OFDMA systems such as LTE should be reduced. Reference [7]
lists three possible solutions including separate carrier (SC), CA and
VC:

(i) Separate carrier: The easiest way to reduce the maximum
bandwidth is to separate a high-bandwidth carrier into several
narrower band carriers to support low-bandwidth M2M devices.
For instance, a 20 MHz bandwidth carrier can be split into several
1.4 and 3 MHz carriers. Low-bandwidth M2M devices transmit
and receive messages on each SC and all narrow bandwidth M2M
devices share the same OFDMA channel. However, the SC option
will no longer support full bandwidth 20 MHz data transmissions
and data capacity will be limited by the maximum bandwidth carrier.
(ii) Carrier aggregation: One of the key features for
LTE-advanced is the CA technique [11]. It allows a user
equipment to receive data on multiple carriers simultaneously. To
support low-data rate M2M communication devices in LTE, one
20 MHz band can be formed by component carriers of bandwidths
14, 3 and 15MHz. The low bandwidths support M2M
communications, and the high-bandwidth carriers such as 15 MHz
can support high-data rate transmissions. However, CA does not
improve the bandwidth efficiency, as each sub-band still needs
several carriers to support synchronisation of the DL channel.
(iii) VC: Here the transmitter insets a VC to carry the M2M
messages into a 20 MHz DL OFDMA channel to support low-cost
devices. High-data rate devices can still use the remaining carriers.

In Section 5, it will be shown that compared with SC and CA, by
using a VC mapped into a 20 MHz band the transmitter obtains the
highest bandwidth efficiency but the receiver ADC power cost
reduces linearly with reduced sampling rate. In the following
sections, this paper will study the VC receiver system in detail.
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3 \Virtual carrier system

This section will introduce the proposed VC receiver system then
analyse the LTE DL efficiency and the ADC energy cost
performance. We assume that the filter information has been
transmitted through the PDCCH channel to each terminal devices.

3.1 Sub-sampling receiver for VC option

To improve OFDMA bandwidth efficiency, this paper studies a
novel receiver system supporting M2M communications. The
principle of the VC receiver is shown in Fig. 1b. With the
assumption that the standard OFDMA receiver received a set of
messages over a 20 MHz channel bandwidth, the signal will pass
through a 20 MHz analogue circuit filter and then be passed to an
ADC with a higher sampling rate, e.g. 30.72 MHz as in LTE.
Unlike the traditional OFDMA receiver, the major feature of the
VC receiver system is improving the bandwidth efficiency by
integrating both low-data rate M2M messages and high-data rate
wideband messages in one DL channel. M2M receivers can reduce
the ADC processing cost by reducing the receiver’s bandwidth to
capture only the M2M sub-carriers of interest and filter out other
sub-carriers. Therefore, a VC receiver implements one or more
narrowband infinite impulse response (IIR) filters to extract the
transmitted M2M signals from the received OFDMA signal. It
operates the ADC at a much lower sample rate to reduce the
power consumption and the number of subsequent digital signal
processing computations to decode the signal. The scenario where
an M2M receiver has received a 20 MHz bandwidth LTE signal
but only a few sub-carriers (e.g. 70 carriers) are used for this
terminal device is shown in Fig. 1b. A standard 20 MHz LTE
bandwidth maps to an FFT size of 2048 with a sampling rate of
30.72 MHz. Therefore, the useful sub-carrier rate Ry for the M2M
device can be calculated as the number of VC sub-carriers (70)
divided by the total number of sub-carriers (2048), which is ~1/32
in this case. Thus, a 0.625 MHz low-pass filter (LPF) can be
designed to extract the relevant sub-carriers from the 20 MHz
bandwidth signal. A correspondingly lower sampling rate ADC is
used at the LPF output; in this case, we can choose a 0.96 MHz
sampling frequency ADC instead of 30.72 MHz.

3.2 Mathematical model of the VC receiver

The VC receiver block diagram is shown in Fig. 2. The major
function of the VC receiver system is to demodulate only
sub-carriers of interest. Therefore, the major difference of the VC
receiver compared with a standard OFDM receiver is that the
received signals are passed to a narrowband IIR filter which
separates the VCs from the rest of the OFDM sub-carriers, then
samples those carriers using a much lower sample frequency
ADC. To determine the SINR performance, the narrowband IIR
filter can be approximately expressed as a finite impulse response
(FIR) filter with the impulse response written as b; with length of
Ly. Denote the composite effect of the multipath channel and the

Transmitter

Frequency Domain Input Data
E— - (]

IIR filter by w,,(7)

Z-1
Wen(D) = Iy @ by = )~ wey ()t — =T3), ©)

z=0

where Z is the length of the combined channel impulse response. In
the rest of this paper, every combined filter is approximated as being
FIR. The received signal after an IIR filter can be designed as 7y pg

rpp(t) = {(x() @ h; + g,()} ® b,
= (1) ® Weu (1) + 25(0) + i (1) + q(0). (6)

Equation (6) shows that the receiver filter b, may increase the delay
spread of the channel filter /;. The scalar i,(#) is the aliasing noise
(due to the effect of the narrowband filter and the reduced sample
rate processing) and ¢(¢) is the quantisation noise. For a realistic
system, the effect of uniform quantisation can often be modelled
by an additive noise term due to quantisation noise, which is
uncorrelated with the input signal and has zero mean and a
variance of ¢*/12, where ¢ is the quantisation step size [12]. To
simplify the analysis results, this paper will assume that the
aliasing effect dominates over the quantisation noise. Transforming
Wen into the frequency domain yields the following expression for
the frequency response of sub-carrier m

zZ—1
Weam) =3 wien(m) - €27/, )

n=o

In terms of reducing the ADC cost and the number of subsequent
digital signal processing computations, the VC receiver system
employs a much lower sampling rate f,. rather than the standard
sampling rate f;, thus the sampling reduction ratio y can be defined as

v="1 ®

With the effect of the analogue IIR filter and reduced sampling
rate ADC, the number of operating sub-carriers has been reduced
to K= N/, which means the VC receiver FFT size is reduced to
N/vy. Assuming that the length of the CP in samples is longer than
combined channel and filter response, and the signal is sampled
with the correct timing, the received M2M signal in the frequency
domain after CP is removed can be denoted as

R(k) = B- X(k) - Wep(k) + B - Go(k) + I5 (k)

(©)]

(k=0,1, ..., N/y—1).
where /4 is the aliasing term and the term S is the scaling mismatch
factor between the transmitter and the receiver and reflects the
different sample rates and FFT sizes at these two devices. Given
that this scaling mismatch factor affects both the signal and

Time Domain White Gaussian Noise gq(/)

M2M
Data

Remaining Data H Modulation H

N - Point Cyclic Prefix| J
IFFT [ B 4

Extension

M2M VC Receiver

Sample frequency at f/¥
Multipath Channel

N/ - Point

FFT

M2M Data
and Demodulation

ZF Equalisation ]_

Cyclic Prefix

Remove

+ fLpy
e

Fig. 2 Block diagram of the VC receiver system
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the noise equally, then we can neglect it and assume f=1 without
loss of generality. The transmitted M2M signal in the frequency
domain X (k) can be estimated using zero forcing equalisation as

R(k)

X(k) = 7

(10)

3.3 LTE DL efficiency

The LTE DL bandwidth directly relates to the overall transmission
efficiency of the system as this determines the proportion of data
sub-carriers in a radio frame. In the LTE DL channel, in terms of
providing good signal synchronisation performance, it uses several
synchronisation channels such as the primary synchronisation
channel, the secondary synchronisation channel and the PDCCH
channel. However, those SCHs will share lots of sub-carriers. To
estimate the LTE DL channel bandwidth efficiency, the percentage
capacity of the LTE frequency-division duplex DL channel is
computed as

N
C:N—’:x 100%, an

where we assume that a 10 ms radio frame is divided into 20 equal
size slots of 0.5 ms [13]. A subframe consists two consecutive slots,
and therefore one 10 ms radio frame contains ten subframes. CSC is
the capacity of one 10 ms LTE FDD radio frame, N, is the number of
available sub-carriers and Nt is the number of total occupied
sub-carriers in one frame, which can be computed from [14]. The
standard LTE DL channel bandwidth is 1.4, 3, 5, 10, 15 or 20 MHz.

3.4 Synchronisation for the VC system

As mentioned above, cell synchronisation is the very first step when
an M2M device wishes to connect to a cell. LTE users first find the
primary synchronisation signal (PSS) [2] which is located in the last
OFDM symbol of first time slot of the first subframe as shown in
Fig. 3. This enables users to be synchronised at the subframe
level. In the next step, the terminal finds the SS signal (SSS)
which determines the physical layer cell identity group number. To
decode the VC message, a VC control signal (VCCS) should be
included in the VC carrier as shown in Fig. 3. The VCCS includes
the VC carrier locations, filter parameters and sampling reduction
ratio. When the VCCS has been decoded, the M2M terminal
devices can easily decode the received signals intended for it. The
VCCS can be also mapped into the VC carrier to assist the M2M
receiver in maintaining accurate symbol timing. The VC system
decoding processing is as below.

| 10ms Radio Frame |

subframe ™

(Alala[s AR [F[E][H]
/'/..‘ h .
2 T
User #1
BwW v 2] s]als]e]of 1]z Fals | e
3 i| User 22
User #3
Slot 0 Siot 1

iSSSj(SLTondary Synchronisation Signal) '[PSS (Primary Synchronisation Signal)
T =

VOCS (Viral Carrier Control Signal) [T M2M Signal

Fig. 3 VC synchronisation signals
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Processing 1: VC synchronisation steps:

Step 1: Search for the PSS and the SSS.

Step 2: Decode the VCCS to identify VC carrier location.

Step 3: Set filter parameters and receiver sampling rate.

Step 4: Decode received M2M messages from the specified VC
location.

3.5 Energy saving for the VC receiver

The basic motivation for the VC system is the fact that for an ADC,
the power dissipation is a linear function of the sampling rate. A
previous study [15] derived the power dissipation of an ADC as P,

Py = 48k Trepy - 2% - fos 12)

where kg is Boltzmann’s constant, Tremy, is the temperature, f; is the
sampling frequency and V is the signal-to-noise ratio (SNR)-bits,
which is given by [15]

SNR[dB] — 1.76

- 6.02 a3

Therefore, the ADC power dissipation presents a linear reduction by
reducing the sampling frequency.

In terms of the FFT computational complexity, compared with the
standard OFDM system, the VC receiver also reduces the number of
subsequent digital signal processing computations. The
computational complexity for the standard OFDM receiver Corpm
can be defined as [16]

N
Corpm = 5 log, N, (14)

where N is the size of FFT for the original OFDM receiver. In terms
of the VC receiver system, the received M2M low-data rate messages
after filtering with a lower sampling rate ADC, the FFT size can be
decreased to N/7y. Therefore, the computational complexity for the
VC receiver system can be defined as

NI togy /). (15)

Cye = P

4 Performance analysis

In terms of computing the overall SINR performance of the VC
receiver system, this paper will focus on three distinct channel
scenarios to evaluate system performance. This paper will not
consider the effect of time or frequency offset, thus, we make the
assumption of the perfect sampling timing.

4.1 No channel effect SINR analysis

First, we evaluate a simple scenario, in order to evaluate only
the effects of filter aliasing in i,(f), which is computed by the
analogue filter response and the reduced sampling rate ADC in the
VC receiver (see Fig. 2). We assume the received M2M message
yp(?) is not corrupted by background noise (G,=0) or multipath
channel effects. The received signal can be expressed as

Ye(®) = x() ® b;(0). (16)

With the assumptions of perfect sampling timing, a sampling
reduction rate of vy and the case that the CP duration is longer than
filter impulse response b,(f), then we can write down an expression
for the FFT output of ygp(¢), after the CP is removed. The mth
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frequency bin can be denoted as [17]

N-1

ye(m) = ZX(") - B(n) - ¢ 2mm/K
n=0

K-1 —1
=y (iX(aK + k) - B(aK + k)) el (1)

k=0 \a=0

where B(n) is the nth bin of the Fourier transform of the filter impulse
response b,;. Therefore, the received k sub-carrier signal after
reducing the sampling rate in the frequency domain can be written as

—1
Rp(k) = yZ)((aK + k) - BaK + k). (18)
a=0

After reducing the sampling rate at the receiver, there are y copies of
the original OFDM signal centred at frequencies O,
L/ 26/ .., (y— 1)f;/7y. The 0 frequency term is the desired
spectrum of the transmitted signal x(f) while the remaining
frequencies represent undesired aliased components. Thus, (18)
can be re-written as

y—1
Re(k) = X(K) - B) + Y X(aK + k) - B@K + k). (19)

a=1
The aliasing term can be expressed as

—1
I(k) = 7Z,\r(ak +k) - B(aK + k), (20)

a=1

and it represents all the aliased interference present in the received
signal.
The SINR value for the signal can be computed as

E[S(k)]

SINR(k) = EN G

1)

where E[-] denotes statistical expectation, S(/’c)2 is the received
signal power over at the output of the IIR filter and NI(k)2 is the
interference power arising from the (y — 1) aliased terms. Thus,
the interference power for no channel effect case N can be
written as

EN (k)] = E[|Re(k) = X () - B[’

y—1
= > E[X(aK + k7] [B@K + 0. (22)

a=1

Thus, the theoretical SINR value at the output of the VC receiver
without channel effects can be derived as

E[X (k)] - |BGK)I

SINRAD = ST K (ak 1 07T 1B@K + P

(23)

4.2 AWGN channel effect SINR analysis

Assume now the transmitted M2M signals go through an AWGN
channel where the noise has mean zero and a noise standard
deviation of o= /fN,/,. Similar to (4) and (19), the received
M2M messages from the AWGN channel in the frequency domain
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can be expressed as

y—1
Ry(k) = X(k) - B() + Y X(aK + k) - B@aK + k) + G,(k). (24)

a=1

Thus, the theoretical SINR value of VC receiver at k sub-carrier for
the AWGN channel can be derived as

E[X®)] - 1BGI
o + Y171 E[X(aK + k] - 1B@K + k)I*

SINR, (k) = (25)

4.3 Multipath channel SINR analysis

This section is devoted to address the effect of multipath channels by
analysing the combined impulse response w,,, of both the multipath
Rayleigh channel and the analogue filter in (5). We consider two
cases when the length of combined response is both longer and
shorter than the CP length in samples:

(i) CP longer than combined response: Assume that an M2M
receiver has received the signals over a Rayleigh multipath
channel and an IIR filter has been applied at the receiver. The CP
length Lcp is longer than the combined response and we assume
the received signal is sampled with the correct timing. According
to (7) and (17), the received signal in the frequency domain can be
expressed as

N—-1
Violm) = X(n) - Weg(m) - e ™K 4 g(m)
n=0

K—=1/y-1
=X (ZX(aK + k) W (aK + k)> e TRTMIK L o(m).
k=0

a=0

(26)

The kth received sub-carrier in the frequency domain can be
derived as

y—1
Rio(k) = X(k) - Wen(k) + Y X(aK + k) - Wo(aK + k)

a=1

+ G, (k). @7

Thus, the average SINR value of the VC receiver over the Rayleigh
fading multipath channel can be expressed as

E[X(k)] - E[|W ()]
o+ Y0 VE[X(aK + k)] E[|[We(aK + B)12]
(28)

SINR, (k) =

(ii) CP much shorter than combined response: The major function
of the CP is that it removes the ISI and ICI. To address the impact
of the case when CP is shorter than the channel response in the
VC receiver system, we need to compute both the ISI and ICI
noise terms. According to a previous study [18], the ISI and ICI
cause interference at the tail of the impulse response. On the basis
of [18], the ISI noise for the VC receiver, in the case that the Lcp
is shorter than the length (Z) of combined channel and filter
impulse response, can be expressed as

Z-1

Ny = > |Umf, 29)

c=Lcp+l1
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where U, (k) is defined as

zZ-1

Uy =) wele)e 27N, (30)

c=Lep+l

Note that the expression for U,(k) is actually for the FFT of the tail of
the combined impulse response. In terms of ICI, Henkel ef al. [18]
show that the ISI and ICI have the same power spectral density.
Therefore, the noise level of ICI is equal to that of the ISI. Thus,
the interference power for the VC receiver system can be derived as

y—1
E[Ngy(®)’] = & + Y E[X(aK + k)] - E[|W,y(aK + b)]
a=1

Z—1
+200 Y Ul 31

e=Lep+1

Therefore, the expression of the average SINR for the case where the
CP is much shorter than combined response can be written as
(see (32))

4.4 Asynchronous ISI analysis

In the previous sections, we assumed the received signals are
perfectly synchronised and sampled at the correct timing. This
section will analyse the ISI effects caused by asynchronism. Here
we define 7g,, as the timing error in samples, which we assume is
positive. Thus, interference to the first OFDM symbol x,(¢) is
caused by the first 7, samples from the second OFDM symbol
X,(t). Then, we can write the interference term as

Ter—1

i = ) (D ®b(0). (33)

=0

Thus, the interference term on the kth sub-carrier can be re-written
using the Fourier transform as

N—1 Tgy—1

i)=Y " Xy (m)Bm)e Y, (34)

k=0 n=0

where X,(n) is the nth FFT output for x,(¢). Then the ISI noise for
timing error denoted as Ny, for the VC receiver with sampling
reduction ratio of y can be derived as

y—1 Tge—1
E[Nig(0] =Y E[Xy(aK + k)*] - E[|B@K + K)I*]. (35)
a=0 n=0

Note that (35) represents an extra timing error interference term
which can be added to the denominator for our SINR equations to
compute the theoretical SINR values when a specified timing error
is present.

4.5 BER analysis

In terms of comparing the VC receiver BER performance with the
standard OFDM receiver system, this paper will use the three BER
basic LTE standard modulation schemes including quadrature
phase shift keying (QPSK), 16-quadrature amplitude modulation
(QAM) and 64-QAM for both the AWGN channel and the
Rayleigh fading multipath channel:

(i) Standard OFDM BER analysis under the AWGN channel: The
theoretical BER value of the standard OFDM receiver is computed

as [19]
BERppsk = % . erfc(\/%), (36)

3 2 E
BER 5 gam = g~erfc< gN—b s 37)
o
7 N E)
BERg4.qau = ﬁ-erfc( 7.4’ , (38)
o

where erfc(.) denotes the complementary error function. The
relationship between Ey/N, and SINR can be presented as

SINR

Ey/N, = N, >
S

(39)

where Ny, is the number of bits per sample.

(ii) Standard OFDM BER analysis under the Rayleigh multipath
channel: The theoretical BER value of normal OFDM system over
the Rayleigh multipath channel is computed as [19, 20]

1 | E,/N. )
Popsg == |1 = [—2L"0 40
QPSK 2( 1+E,/N, )’ (40)

For the 64-QAM modulation, the BER expression is

(see (41))

28
Peyqam = Z wl(a; b, v, 1, p), (42)

i=1
where 7 is the average SNR per symbol and coefficients w;, a;, b; are

listed in a table in [21] and [ is the integral representation

1 (@2 ,
Iz) = 7j e 7o 4o, 43)

T —(m2)
5 Simulation results
This section will first evaluate the bandwidth efficiency performance

and the energy saving performance by using the VC receiver system
rather than a full bandwidth OFDM receiver. Then theoretical and

E[X(0] - E[|Wea ()]

SINRg, (k) = - . > — 5. (32)
O + 30T E[X(aK + k)] - E[|Wen(aK + 0] + 202 Y0, 4 [U(B)]
P 1 17§ 4.E,/N, 1 4.E,/N, 1 4.E,/N, a)
16:Q0AM = 5 4\5/2+4-E,/N, 2\5/18+4-E/N, 4\ 1/10+4-E/N,) ¢
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Table 1 Common simulation parameters

Simulation parameters

Bandwidth N Transmitted f; Lep
20 MHz 2048 30.72 MHz 144
Approximate filter impulse response

b% 1/2 1/4 1/8
Le 24 35 67

IR filter order Type of filter Attenuation
4 Butterworth 3dB
116 1/32 1/64
132 208 332

B4 |

-1 PDOCH For Esch Bandwidth

=#-2 PDCCH For Each Bandwidth

Capeity (%)

L e—

0 2 4 6 8 10 12 4 16 18 20
LTE Downlink Channel Bandwidth MHz

Fig. 4 LTE DL capacity against channel bandwidth

Table 2 Energy saving performance of the VC system for the 20 MHz
LTE channel from (14) and (15)

Sampling rate FFT Normalised ADC FFT computational
(fs), MHz size, N power, W complexity, Ops
30.72 2048 1 11,264
15.36 1024 12 5120

7.68 512 1/4 2304

3.84 256 18 1024

1.92 128 116 448

0.96 64 1/32 192

simulation results for the SINR and BER performance will be
described. Common parameters for simulations are listed in Table 1.

5.1 LTE DL efficiency performance

The result for the LTE DL capacity for one 10 ms LTE radio frame
with the number of PDCCH transmissions is shown in Fig. 4. The
LTE bandwidth efficiency is computed as (11) and it is obvious
that whether one or two PDCCH symbols are used, the percentage
capacity of 20 MHz bandwidth is much higher than other options,
and the least efficient is the 1.4 MHz bandwidth carrier. We can
conclude that compared with the SP and CA methods, using a VC
mapped into a 20 MHz LTE band can improve bandwidth
efficiency significantly.

5.2 Energy saving performance for the VC receiver

Compared with the 20 MHz LTE standard receiver, the ADC
dissipation performance and the computational complexity of the
FFT block for the VC receiver system is shown in Table 2. To
compare the cost-efficiency, we defined the energy cost of
processing the full 20 MHz bandwidth to be normalised to 1. By
reducing the sampling rate of an M2M receiver, the ADC power
dissipation and the computational complexity are reduced
significantly. If an M2M terminal device only needs to decode 64
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SINR (dB)
u

10} |— Butterworth
—= Chebyshev I

5} |=—Chebyshev IT
-= Elliptic

0 40 60 80 100 120
Sub-Carrier Index

Fig. 5 SINR performance over different IIR filters, AWGN channel 30 dB,
N=2048, Lcp =144, y=8, 16-QAM

sub-carriers, by using an LPF and sampling rate at 0.96 MHz, it
only costs 1/32 of the ADC operations compared with decoding
the whole 20 MHz band and the FFT computation is reduced from
11,264 operations to 192.

5.3 SINR performance

The SINR performance of the VC receiver system over the AWGN
channel with four types of IIR analogue filter (Butterworth,
Chebyshev 1, Chebyshev II and Elliptic filters [22]) with y=8 is
shown in Fig. 5. The passband ripple for Chebyshev I is set to 1 dB
and the stopband ripple for Chebyshev II is set to 40 dB. In the
case of the Elliptic filter, the passband and stopband ripples are set
to 1 and 40 dB in order to provide fair comparison. We plot the
SINR value for the first 128 sub-carriers in Fig. 5 and it shows that
the sub-carriers near the cut-off frequency band present significant
SINR loss. It also shows that both the Butterworth and the
Chebyshev I filters achieve higher SINR performance in the

—Simlation SINR
O Theoretical value SINK

[Sampling ut 7.68Miz, U]

SINR (dB)

ling at 0.45MHz, 1/64]

o L8] 0.2 0.3 0.4 0.5 0.6 07 0.8 0.9 1
Normalised 1/2 Cut off Frequence Bandwidth

Fig. 6 SINR performance for different sampling rate, G,=0, h;=0,
N =2048, Lcp = 144, 16-0AM
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30
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25 SNR=20d8_ O Theoretical SINR

SNR=10dB

SINR (dB)

SNR=5dB:

20 40 60 80 100 120
Sub-Carrier Index
a

—Simulated SINR
O Theoretical SINR

S

R o -

z e,

ik B0
[
4 SNR=10dB

0 5 10 15 20 25 30
Timing Error Samples

b

Fig. 7 SINR performance over the AWGN channel, Butterworth, QPSK, N = 2048, Lcp =144, y=8

a None timing error
b With timing error

passband compared with Chebyshev II and Elliptic filters. However,
the Chebyshev I filter has a worst phase response because of group
delay variations at the band edges. Therefore, in order to achieve a
high SINR performances in the pass band frequency, this paper will
focus on the Butterworth IIR filter in the remaining simulations.

The SINR performance for different sampling reduction ratios is
shown in Fig. 6 with the assumption of a 16-QAM modulation
scheme and no background noise, and there is perfect time
synchronisation. When vy is 64, Lg is much larger than Lcp. Thus,
we computed the ISI and ICI noise power using (31) for y=64 to
obtain the theoretical value of the SINR which is computed from
(23). The theoretical results show a perfect match with the
simulations. If the M2M receiver samples at 0.48 MHz (about 1/64
of transmitted sampling rate, the IIR cut-off frequency is set to
0.3125 MHz in order to match with the sampling reduction ratio),
the SINR value of the first 65% of all sub-carriers is still above
20 dB. It also indicates that the VC receiver system is able to
decode the transmitted low-data rate M2M messages mapped into
a normal LTE band, even if we reduced the sampling rate by 64
times. The basic reason for the SINR performance with y=32 and
64 being much poorer than other cases is the non-integer sampling
reduction of the CP.

|—Simulated SINR
O Theoretical SINR

2 Qo

20 40 60 80 100 120

Sub-Carrier Index
a

The SINR degradation performance of the VC receiver system
without timing error over the AWGN channel is shown in Fig. 7a.
The transmitted SNR is set to 20, 10 and 5 dB. The theoretical
SINR value is computed using (25) and it is closely matched with
simulations. The AWGN channel does not significantly affect the
SINR performance of the VC receiver. If the input SNR is 20 dB,
the SINR degradation becomes apparent at sub-carrier number 80,
where there is about 2 dB SINR loss. By reducing the transmitted
SNR, the SINR degradation in the VC receiver moves closer to
half the cut-off frequency. In terms of the first 60-70 sub-carriers,
the VC receiver system presents high SINR performance. The
SINR performance against timing error g, is shown in Fig. 7b.
The ISI of timing error is computed using (35), and added to the
denominator of (25) to compute the theoretical SINR, which
perfectly matches the simulations. When 7y, is larger than nine
samples, the SINR performance is significantly reduced.

The SINR degradation performance over the Rayleigh multipath
channel is shown in Fig. 8. Assuming the VC receiver has received
the signal over a J=20 tap Rayleigh fading channel, the length of
CP is longer than the combined impulse response and the ADC
sampling follows perfect timing, the SINR performance is shown in
Fig. 8a. The theoretical value of the SINR is computed using (28),

20

5 —Simulated SINR
SNR=2041 “ O Theoretical SINR
16 s '
14 S
o

SINR (dB)
S B

>
X

P
SNR=10dB
4

20 40 60 80 100 120
Sub-Carrier Index
b

Fig. 8 SINR degradation caused by a Rayleigh fading channel, Butterworth, QPSK, N =2048, Lcp =144, y=8

a SINR for channel taps: 20
b SINR for channel taps: 300
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Fig. 9 BER performance of VC receiver system, Butterworth, N =2048, Lcp =144, y=8

a BER performance of the VC system over the AWGN channel

b BER performance of the VC system over the Rayleigh fading channel, channel taps =20

and similar to the AWGN channel case, the Rayleigh fading channel
does not significantly affect the average SINR in the passband. Now,
we increase the length of channel to 300 taps, i.e. the ‘long channel’.
Thus, the CP is not long enough to prevent ISI and ICI interferences as
shown in Fig. 85, where the theoretical value is computed using (32).
It is obvious that there is a significant SINR degradation in the
passband due to the ISI and ICI. For a received signal with 20 dB
SNR over a 300 tap multipath channel, the average SINR of the
down-sampled signal is reduced to 13dB in the passband.
Therefore, the performance of the VC receiver can be limited by
increases in the number of channel taps J.

5.4 BER performance

In terms of testing the BER performance of the VC receiver system,
we assume the transmitted M2M messages are mapped into the first
90 sub-carriers over a 20 MHz LTE channel. According to Fig. 7a,
the SINR values of sub-carriers 1-90 would not be affected
significantly by using sampling reduction ratio of y = 8. Therefore,
in this section, we will examine the BER performances of
sub-carriers from 1 to 90.

The BER performance of the VC receiver over the AWGN
channel is shown in Fig. 9a, we compared the theoretical value of
the normal OFDM system derived from (36) to (38) and the
simulated value of the VC system. It is obvious that the VC
receiver system can achieve the same BER performance compared

504 Taps Multipath Channel

300 Taps Multipath Channel

BER

200 Taps Multipath Channel @)
10 iy

I 'C Simulated 16-QAM
|AAVC Theoretical 16-QAM
| %€ OFDM Simulated 16-QAM
(O OFDM Theory with 20 Taps

10

0 5 10 15 20
E /N (dB)
(]

[
th

30

Fig. 10 BER performance over a much longer Rayleigh flat fading
multipath channel, 16-QAM, vy =38, Lcp =144
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with the traditional LTE receiver even when reducing the receiver
ADC sampling rate. The BER performance of the Rayleigh fading
channel is shown in Fig. 9b. The BER performance of the VC
receiver system is closely matched with the normal OFDM
receiver performance obtained from (40) to (42). There are slightly
higher BER values for SNRs between 25 and 30 dB. The reason
for that is the VC receiver system causes a small SINR
degradation around sub-carrier 90, especially for high-input SNR.
However, the VC receiver system still can perfectly decode the
transmitted low-data rate M2M messages without significant BER
degradation by using only 1/8 of the ADC power and reducing the
computational complexity from 11,264 operations to 1024.

To measure the BER performance of the VC receiver affected by
both ISI and ICI, this paper increased the multipath Rayleigh fading
channel taps 200, 300 and 500 with Lcp=144 and the result is
shown in Fig. 10. The theoretical BER value is computed by
substituting the SINR value from (32) into (41), which closely
matches with simulations. It clearly indicates that by increasing
the number of channel taps, the BER degradation will increase
significantly due to the presence of ICI and ISI. When the
channel taps increased to 500, the gap between the OFDM
system and the VC system becomes small. This means the CP is
no longer to protect the received signal against ICI and ISL
Compared with the standard OFDM receiver, the VC receiver is
more sensitive to the number of channel taps J. Therefore, the
VC receiver system might not be suitable for some very bad
channel conditions, so future studies might focus on how to
reduce the ISI and ICI effects while at the same time reducing
the cost of the receiver.

6 Conclusion

In this paper, a practical VC receiver system is proposed that uses a
narrowband analogue filter and a much lower sampling rate ADC in
order to extract the low-data rate M2M signals while significantly
reducing the ADC power consumption and the computational
complexity. To modify the existing LTE communication systems
to support low-data rate M2M devices, the VC receiver can
significantly improve the LTE bandwidth efficiency and
cost-efficiency. At the same time, it provides high SINR and BER
performance close to a full sample rate OFDM receiver for the
sub-carriers of interest. Second, this paper has derived the
theoretical analysis of the VC receiver performance, which
perfectly match with simulations. The theoretical equations
account for the effect of aliasing spread on the sub-carrier
location, and this helps to the system designer to evaluate what
kind of filters and receiver sampling rate can be used to balance
the energy cost and detection performance. This paper highlights
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that the VC receiver system could be a suitable solution to support
the M2M communications based on the LTE standard.

7
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Closed-Form Expressons for ICI/ISI in Filtered

OFDM Systems for Asynchronous 5G Uplink
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Abstract

One of the major purposes for fifth generation (5G) communicaions waveform design is to relax
the synchronisation requirements for suppating efficient massve machine type communications (MTC).
Polynomia cancdlation coded orthogoral frequency-division multi plexing (PCC-OFDM) and uriversal
filtered multi-carrier (UFMC) are designed to reduce the side-lobes of the orthogoral frequency division
multi plexing (OFDM) waveform to proted against intercarrier interference (ICl) in the 5G uplink. To
the best of our knowledge, there is no analysis of the dfed of ICI for the UFMC system with time
offset transmissons that many arise in MTC scenarios. Furthermore, there is no study on reducing
the computational complexity of the UFMC system. This paper provides closed form expressons for
time offset interference in such a cae for OFDM, PCC-OFDM and UFMC. This paper also presents
theoreticd analysis for the signal-to-interference-plus-naise ratio (SINR), cgpadty and kit error ratio
(BER) performance The results show that PCC-OFDM significantly proteds against ICl at the cost
of halving the spedral efficiency. UFMC improves the ICl and ISI protedion performance, espedally
when the length of time offset is very small, at the cost of significantly increasing the computational
complexity. Finaly, this paper propcses the overlap and add UFMC (OA-UFMC) and avariant of UFMC

using infinite impulse resporse prototype filter banks (11 R-UFMC) to reduce the processng complexity.
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. INTRODUCTION

Wireless communicdions reseachers are developing a vision for beyond the longterm evo-
lution (LTE), or the fourth generation o wireless communicaion systems (4G), to enable the
roll-out of the fifth generation (5G) standard [1], which will suppat both human-centric and
machine type communicaions (MTC) [2]. In addition, 5G wirelesscommunicaion systems will
have to be ale to ded with a very diverse variety of traffic types ranging from regular high-rate
traffic (e.g. mobile data downloading applications), sporadic low data rates (e.g. smart meters)
and ugent low latency transmisgons (e.g. red time vehicle traffic information) [3].

Orthogordl frequency division multiplexing (OFDM) has been widely used in 4G [4]. How-
ever, there ae several chalenging problems in the gplicaion o OFDM cdlular systems to
suppat a large number of MTC devices in the 5G uplink. First, in OFDM, the orthogordlity is
based on strict synchronisation between ead sub-cariers, and as on as the orthogorality is
lost by multi-cdl or multiple accss transmisson a through time-off sets between transmitters,
interference between sub-cariers can become significant [5]. Second, one significant design gaal
for 5G isto be ale to suppat efficiently multiple traffic types. It shoud be aleto ded both high
and low volume data transmisgon requirements and with synchronous or asynchronous com-
munications [3]. Third, one key asped of user-centric processng is for devices to be conneded
to multiple acces points smultaneously [6]. The dynamic changes in distance between the
devices and al accesspoints require aflexible synchronised processng environment. Thus tight
synchronisation, as required in LTE, appeas not to be aost-eff edive or even posgble for a multi-
user 5G system for suppating thousands of subscribersin ore cdl [6]. Relaxing the synchronism
requirements can significantly improve operational cgpabiliti es, bandwidth efficiency and even

battery lifetime particularly for suppating low data rate MTC devices [5].
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A. Motivation andRelated Work

In order to relax the synchronisation requirements, there ae several approaches to ded with
asynchronouws and nonrorthogoral transmisson, in order that the reduced side-lobe levels of the
waveform will minimise intersymbal interference (1Sl) and intercarier interference (ICl).

First, palynomial cancdlation coded orthogoral frequency-division multi plexing (PCC-OFDM)
[7] is afrequency coding technique in which the data to be transmitted is mapped ornto weighted
groups of sub-cariers. PCC-OFDM has been shown to be much less ensitive than OFDM to
frequency offset and Doppger spread bu the spedral efficiency is at best approximately half of
that for OFDM as ead data symbal is mapped to at least two sub-cariers [7].

Seoond filter bank multi-carier (FBMC) is designed with a prototype filter which improves
frequency seledivity. Separation o ead sub-carier througha filtering process also avoids the
neal for any timing synchronisation between the users [8]. If afilter is designed for ead sub-
carier in FBMC, the filter impulse resporse length could be very long which increases the
symbal duration. Pradicdly, this sgnificantly increases the computational complexity, which
miti gates against adhieving a low cost 5G implementation.

Third, universal filtered multi-carrier (UFMC) [5], an dternative version o FBMC, groups a
number of sub-cariersinto a sub-band and pas<es the sub-band signal thougha narrow sub-band
finite impulse resporse (FIR) filter. Compared with FBMC, the processng complexity of UFMC
is ggnificantly reduced [9], but our previous paper [10] has shown that the complexity is dill
much higher than OFDM.

Fourth, weighted overlap and add (WOLA)-OFDM s a filtered cyclic prefix (CP) CP-OFDM
waveform proposed for 3GPPin [11], which is a similar to UFMC. WOLA overlaps sveral

samples together between the nearby time domain filtered signals to reduce the transmitted signal
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length. However, [11] has shown that WOLA has a inferior side-lobe reduction performance

compared to UFMC while requiring a similar level of complexity due to the filter banks.

B. Contributions

Previous dudies have performed several comparison simulations to assess the adievable

UFMC side-lobe reduction performance [12]{14]. However, there is no paper on reducing the

computational complexity for UFMC or for developing closed-form expressons for ICl and ISl

ina UFMC time off set system. Moreover, thereis not a detail ed analysis and comparison between

CP-OFDM, PCC-OFDM and UFMC waveforms to measure the overall ti me-off set performance

The main contributions in this paper can be summarised as foll ows:

1)

2)

3)

4)

We propase the overlap and add UFMC (OA-UFMC) system which reduces the computa-
tional complexity of the inverse fast Fourier transform (IFFT), espedally for longer filter
impul se resporses.

We derive dosed-form expressons for the interference caised by time off sets between
adjacent unsynchronised MTC users. First, our closed-form expressons can be eaily
used to compute the signal-to-interference-plus-noise ratio (SINR), the theoreticd Shannon
cgpadty and the bit error ratio (BER). Second, our closed-form expressons can be used
in bah additive white Gaussan nase and multi path transmisson scenarios.

We provide a detailed comparison and analysis for different filter designs, considering
power spedra density (PD), SINR, cgpadty, BER and computational complexity. We
also measure the time offset performance when varying the number of zero sub-cariers
between adjacent users.

We provide for the first time the ICI cancdlation performancefor infinite impulse resporse

(IIR) prototype filter UFMC (IIR-UFMC) systems, using bah analyticd and simulation
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results.

The rest of this paper is organised as follows. Sedion Il introduces the state of the at. Sedion
Il proposes the OA-UFMC and IlR-UFMC system, and analyses the computational complexity.
In Sedion IV, a time offset model is provided and the interference is analysed. Sedion V
presents the numericd results and Sedion VI concludes the paper. In this paper, E[-] represents
the expedation operation, ® represents the convdution ogeration and (-)* represents the complex

conjugate operation.

Il. STATE OF THE ART

This sdion introduces the uplink scenario and the 3 basic candidate waveforms including
OFDM, PCC-OFDM and UFMC transmisson models. We focus on the dfed of poa time

synchronisation onthe ICl experienced in such systems.

A. Uplink Model

We start with a simple uplink system as shown in Fig. 1. There ae U users, which are
alocaed to different frequency carriers and they transmit simultaneously to a base station (BS).
There ae atotal of N sub-cariers, which are divided among U users in sub-bands. Each user
has a total of K available sub-cariers. Here we define Lop as the length of the gyclic prefix
(CP) in samples. Then the BS will recave the sum of all the transmitted signals and processit

to deaode the messages for al U users.

B. OFDM Transmisson Model

Assume that X, (n) denotes that moduation symbal to be transmitted on the nth sub-carier

by the uth user as shown in Fig. 1(a). The baseband OFDM data signal at the output of the
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Input Signal Spectrum for User u Total of N Sub-carriers
< >

Available K Sub-carriers for User u

a) OFDM
x1(0)
User #1 X1 (n) ——
\

N-FFT [ XY

x,(0) ;(x) ——
User#U Xy s
b) PCC-OFDM 40 .
; 1
High speed data | pyvige into ~ a1()  _ |Parallel to
User #1  ———| |ow bit rate,| N-TFFT “ serial
N NI2
g
PCC
Yo Weight and Filtering l
~<—| Weight an ADC and Received
) 2 <
yree add _SUb N-FFT Serial to @ All U Users
N2-1 - |carriers parallel
¢) UFMC h1
x1(0) S0
w@H@ﬂ :
bl(t) i —
Sub-band Filter Y — 7
@ @ 2N-FFT .
>
xU(t) Su(t) .

User#U  xy(W| NIFFT Retain only even sub-carriers
T NG

Fig. 1. Multi-user Uplink Transmisson Models for (a) OFDM, (b) PCC and (c) UFMC.

N-point IFFT and after adding the CP can be expres=d as:

2 (t Zx n)- /N te1,L—1],L =N + Lep 1)
n=0

where X isthe fast Fourier transform (FFT) of . A wirelessRayleigh multi path channel impulse

resporse h with Ly tapsis defined as.

Ly—1

= hugy - 0(t = Ty, 2

lg=0

where T; is the sample period and §(t) is the Dirac delta function and eat channel tap Iy
foll ows the quasi-static Rayleigh dstribution. Note that to simplify our analysis, we aame the

number of channel taps Ly for ead user is same. Then the receved signal over the multi path
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channel h in the presence of additive white Gausgan nase (AWGN), ¢(t), can be defined as:

y(t) =D walt) @ hu(t) + g(t), ©)

where apower spedral density o? = N, /2 is assumed for the noise samples g(t).

C. PCC-OFDM Transmisson Model

PCC is a frequency coding technique for OFDM in which the data to be transmitted is
mapped onto weighted groups of sub-cariers. Reference [7] has shown PCC-OFDM to be
much less ensitive than OFDM to frequency offset and Dopper spread. The block diagram
of a PCC-OFDM system is shown in Fig. 1(b), where the baseband symbadls for the uth
user A,(0)...A,(N/2 — 1) will passthrougha PCC-OFDM moduator. In this case, pairs of
sub-cariers have arelative weighting o +1, —1, and the input IFFT signa is organised as
A,(0),—A,(0)..., A (N/2—1), —A,(N/2—1). After the N-point IFFT, the time domain samples

for the u'™® user a,(t) can be expresed as:
N-1
ay(t) = — Aln) - €j27mt/N. (4)
()= 75 2 A
The receved signal over the Rayleigh multi path fading channel is then expressd as.
U
rPeC(t) = Z ay(t) @ hy(t) + g(t). (5)

u=1

At the recever, the datais recovered from the FFT outputs R7C(0)... RF°C(N —1). The mapping
of data onto pairs of sub-cariers indicae that the ICI caused by ore sub-carier is substantialy
cancdled by the ICI caused by the other sub-carier in the pair. Therefore, in the recaver, pairs
of sub-cariers are combined by applying the weightings and then summing;

~ RPC(2n) — RPC(2n + 1)
B 2

YPeC(n) , (n=0,1,2,...,N/2 - 1). (6)
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OA-UFMC

The Frequency-Domain Filter Coefficients —— E] (m)

User#l  X1(n)

x(0) Xy m) S10m) 2NIFFT | 510 l
N-IFFT |T>| 2N-FFT |*> Multiply |*> and Select —»@ﬁ

t Samples

Appends N samples zeros

User #U

e - i g
7 - U]
— | 2N-FFT c @
< —

Fig. 2. Block Diagram of the OA-UFMC System.

D. UFMC Transmisson Model

The block diagram of standard UFMC [6] is hown in Fig. 1. Unlike OFDM, the principle
of UFMC is passng ead sub-band signal through a narrow band filter. Here we define the
bandpess filter impulse resporse & b,(t) with the number of filter taps denoted as Ly. Then,

the time domain UFMC signal at the output of the filter can be expressd as s, (1):
1 N-1
sut) = —=>_ Xu(n)e?™ N @b,(t), t € [0,L—1),L=N+Lp—1=N+Lep. (7)
\/N n=0

Note that eat sub-band filter is designed as a bandpessfilter, and then we design ead filter's
centre frequency to match the sub-band's (or user’'s) centre frequency. The receved signa will
be passd thougha 2/N-point FFT to convert the time domain signal into the frequency domain.
Then, we retain only even sub-cariers whose frequencies correspondto those of the transmitted

data cariers [6].

I11. IMPROVEMENT OF THE COMPUTATIONAL COMPLEXITY: OA-UFMC, IIR-UFMC

As mentioned abowve, one of the drawbadks of UFMC is that the computational complexity is
significantly increased by applying dgital FIR filters to achieve afaster frequency roll-off than
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is required in CP-OFDM. Computational complexity is diredly related to power consumption
and raises pradicd implementation isaues [15], which do nd match with the desire to acieve
energy efficient 5G MTC terminals. Thus, we propose the OA-UFMC system by applying the
multi plicaion operation in the frequency domain in placeof time domain convdution. We dso
propcse the [IR-UFMC which makes use of 11 R prototype filter banks. This sdion will now
analyse the computational complexity for thase two methods and compare them with standard

UFMC, PCC and OFDM approades.

A. Ovelap andAdd UFMC (OA-UFMC) Model

The block diagram of OA-UFMC is shown in Fig. 2, using the overlap and add technique [16]
instead of the time domain convdution operation. We increese the number of samples in the
frequency domain by wsing a 2 N-point FFT then multiply carrier-by-carrier with the frequency-
domain filter coefficients. The OA-UFMC system transmisson processngis shown in Algorithm

1 with a 5 step process

Algorithm 1 OA-UFMC Transmisson Steps
Step 1: The baseband signal X, (n) passes throughthe N-point IFFT block, x,(t)

Step 2. Appends N samples zeros on to x, to oktain x,(t94), t94 € [0,2N — 1]
Step 3: Passs z,,(t°*) throughthe 2N-paint FFT block, X, (m)

Step 4 Multiplicaion S, (m) = X, (m) - B,(m), m € [0, L — 1]

Step 5: The baseband signal S, (m) then passes throughthe 2N-paint IFFT block

Note that there is agoodreason why we do nd implement diredly the product (X, (n)- B, (n)),
where B,(n) is the N-point FFT of b,(¢). This is becaise we need to ensure the transmitted

samples are exadly the same length as s,(t) in equation (7) with a length of L samples. The
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signal after the 2N-point FFT block in the frequency domain can be expressed as.

2N—-1
Xu(m) _ Z Iu(tOA)e_jQTrtOAm/zN, (8)

m=0

thus, frequency domain multiplicaion processng can be expressd as:

S,(m) = X,(m) - By(m), m € [0, L —1] 9)

where B, (m) is the first L samples of the 2N-paint FFT of b,(t). After transforming S, (m)
into the time domain throughthe 2/N-point IFFT, we seled the first L samples to achieve the

same time domain sequence &,

5u(t) = su(t), t€[0,L—1]. (10)

B. IR-UFMC

In this paper, we use IIR prototype filters instead of the FIR to reduce the processng cost.
Note that, unlike linea phase FIR filters, the phase charaderistic of the IIR filter is not linea
[17], which can cause asigna distortion. For this reason, we design the aut-off frequency to
be wider than the sub-band bandwidth to achieve an amost linea phase in the passand. The

processng steps of IIR-UFMC is shown in Algorithm 2.

Algorithm 2 Il R-UFMC Transmisson Steps
Step 1: The baseband signad X (n) passes throughthe N-point IFFT into the time domain

Step 2. Time domain signal passes througha narrow band IR filter
Step 3: Truncate the first L samples of the IIR filter output match s, (¢) in equation (7)

Step 4: Transmit throughthe wireless channel
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C. Computationd Complexity Analysis

The main computational complexity is dominated by the number of multiplication operations
that are performed. Thus, the computational complexity equations for the UFMC transmitter can

be written as 'VFMC:

N
U™ = Zlogy(N) +(N - L), (11)

~———
N-point IFFT

where the term of (N - L) determines the number of multiplications during the time domain
convdution operation. The computational complexity for the OA-UFMC transmitter can be

written as 17°4:

N 2N
oA = ElogQ(N) + 2=-logy(2- N) +L

~—_—— |
N-point IFFT  2N-point FFT + 2N-point IFFT

N
= Elogg(N) +2N (14 1logy(N))+ N+ Lp —1

SN

Compared with UFMC, OA-UFMC can reduce the computational complexity by:
o4 — U™ — (Lp — 3)N — 2Nlogy(N) — Ly + 1, (13

operations, and the benefit increases when increasing Lr.

This paper also considers IIR filters, such as Chebyshev Type | [18], to determine the ICI
performance in terms of reducing the computational complexity caused by the time domain
convdution operation. IR prototype filters with a low filter order Lo, can achieve a similar
performance mmpared to FIR filter, i.e. Lo, = 4. If we consider the IIR filter with the Dired

Form | [19], the overdl filter coefficients (both feedforward and feadbad) is (2L, + 1). Thus,
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in this case, the computational complexity for IIR-UFMC can be significantly reduced as:

N
[HRZUFMC — ElogQ(N) + L-(2Lor+1), Lo < Ly. (14
—_——
N—poir;t IFFT L samples and IIR process

Due to a similar processng required for both PCC-OFDM and CP-OFDM, the N-point IFFT
computational complexity can be expressd as:
_ . N
FCP/PCC OFDM __ 310g2(N) (15)

IV. TIME OFFSET INTERFERENCE ANALYSIS

The time domain signal of UFMC and OA-UFMC are very similar as shown in (10). This
paper considers CP-OFDM (CP-OFDM processng is very similar to PCC-OFDM as both of
them add a CP guard interval [7]) and UFMC for the interference analysis. In this sdion, we
use asimple time-offset model to analyse the interference caused by asynchronism and aso
consider the 1Sl caused in the cae that the channel impulse resporse Ly is longer than the

cyclic prefix length Lcp.

A. Time-offset Model

We asaume that the receved MTC signals from the U users are asynchronous and suffer from
time-offsets at the base station. The time-frequency representation for time offset is shown in
Fig. 3(a). To simplify our analysis we start by considering U = 3 users where ea user transmits
3 OFDM symbadls. The scdar 7 is the relative delay in timing samples between adjacent users.
In addition, we assume that the time off sets between ead pair of adjacent users are the same.
This paper focuses on deaoding the 2nd OFDM symbad for ead user. Here we define #1, #2

and #3as the 1st, 2nd and 3h OFDM symbd foll owing the notation in Fig. 3(a).
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Frequency Asynchronous
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. ¢ Interference for: L Samples
. Symbol #2 - >
of User 2 :
Symbol #0 |CP i ce : oo
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l d
Cp cp 3 o o o
Symbol #1 : 1 #2 £ Symbol #3
User 1 Esymbo # B yimbe Symbol #4 T inie
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CP-OFDM / PCC UFMC / OA-UFMC H :
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.\
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T- LT

Fig. 3. (8 Time-Frequency Representation d the Time Off set Interference Model, (b) Time Domain Waveforms for CP/PCC-

OFDM and UFMC.

B. ICl Analysis Caused by Time Offset

This subsedion analyses the ICl interferencefor both the CP/PCC-OFDM and UFMC systems.

1) CP-OFDM (or PCC-OFDM) System ICI Analysis: The ICI interference for ead user is
caused by the OFDM side-lobes of the ajacent asynchronows users. As shown in Fig. 3(a), the
interference terms for the 2nd symbal of user 2, z*(t), are separated into four parts: two of
them arise from the adjacent time periods and two of them arise from the same time period. First,
the interference of xf(t) from the ajacent time periods is dominated by the first = samples
from z7*(t) and the tail ~ samples from z1"(¢) as shown in red in Fig. 3(a). Thus, the time

domain interference terms to the 2nd wer (u = 2), which are caised from the different time
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periods can be computed as:

T—1 L—1
) = "2l Wot— 1)+ Y af'(t)ot—1), te0,L—1], (16)
=0 l=L—71

where [ is a sample index. Second, the remaining samples of z#%(¢) and z?*(t) are nealy
orthogoral with z}?(¢), which are transmitted in the same time period. If there is no time
offsets, z1%(t), 27°(t) and z1?*(t) are orthogoral. Then, the dot produwct of z7%(t) and 21 ()

can be expresxd as.

L—1
Z xf’q(t)e_ﬂ”ltm . x;#?(t)e_jZ”lt/N =0, (17
=0
thus,
T—1 L-1
Zg;#Q(t)e—ﬂnlt/N . x;#?(t)e—jQﬂt/N + szlt#?(t)e—jQTrlt/N .x;ﬂ(t)e—anlt/N =0, (18)
1=0 =
and then,

L-1 T—1
Zx:f&Q(t)eijﬂ'lt/N . $#2(t)€7j2ﬂlt/N _ Z _xyléEZ(t)eijﬂ'lt/N . x#Q(t)€7j2ﬁlt/N. (19)
l=T1 =0

Now, similarly, the time domain interference terms for 27 *(t), which are caused from the same

time period can be computed as:

T—1 L—-1

imet) = =2t -1+ > —af* ()it —1). (20)

=0 l=L—71

Finally, acording to (16) and (20), we can write the total interference terms for xfz(t) in the

time domain as:

T—1 L-1 T—1 L-1
iSO () =D AP0t — D+ > af ()t — 1)+ 2T (st — 1)+ — (1)t —1).
=0 l=L—T1 =0 l=L—T1
(21)
After removing the CP, we can rewrite (21) as.
T—1 N-1
"M () = (=2 + 2P m)sm -0+ Y (=2 () + i (n)d(n - ).
=0 I=N—7+Lcp
(22
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Similarly, the time domain interference for the 2nd symbad of user 1, xf“(t), after removing the

CPis:
N—-1 N—-1
M)y = Y (=P )+l ()on=0+ Y (=2 (n)+af (n)d(n—1),
I=N—7+Lcp I=N—27+Lcp
(23
and for user 3, z77%(t), is:
27—1 T—1
"M () = > (=2t (n) + 2P () s(n = )+ (= af?(n) + 27 (n))6(n —1). (24
=0 =0

Now, the frequency domain interference for the uth user can be rewritten using the Discrete

Fourier transform as I,,:

=
L
=
L

IloFDM ( o 1‘;2#2 (n) + l‘jél(n))e—jZﬂ'nk/N (25)

=
L
i
i
24
- +
~
Q
3

( - x;#Q(ﬂ) + I?:;fibl(n))eijﬂ'nk/N7

+
T
Lo
N3
(|
"7
[\
3
+
=
a
]

OFDM
I 2

(= 27%(n) + 2f°(n))e 72N (26)

T
Lo
3
Il
=}
I2
—

) + ),

_I_
T T
Lo
ORI
TH
- 7
4
+
=
Q
av]

—~

Ié)FDl\rl ( o qu#ﬂ (n) + I?&?’ (n))efj%rnk/N (27)

I
T
LS
3z
IR

o

( - I’fZ(n) + x;#f’)(n))efj%rnk/l\/.

n=0

_|_
i

We can conclude that the CP only can reduce the interference in the front of Lcp sample
time-off sets as shown in (25), where (Lcp — 7) error samples have been considered. When the
interference is locaed in the final = samples, CP-OFDM would no longer to be robust to the

ICI, as shown in (26) and (27), e.g. as 7 or 27 error samples are considered as the interference
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2) UFMC / OA-UFMC System ICI Anaysis: Unlike CP-OFDM, the side-lobe dtenuation
of UFMC is much smaller due to the time domain filtering. The narrow band filter used at
the transmitter can significantly reduce the interference caused by the time-offset between the
transmitting wsers. Similar to (21), we can write the time domain interference terms to uth user

of UFMC as iVFMC(#):

T—1 -1
{URNC 4 Z — () + s (1) )+ Z — s (t) + 5Tt )t —1), (28
1=0 l=L—71

thus, the frequency domain interference can be rewritten using the Discrete Fourier transform

as:
K-171-1 K-1 L-1
]UFMC Z Z _(51 +51 —JQTrtk/N+ _(53 )+<53 (t))e—jQTrtk’/N' (29)
k=0 t=0 k=0 t=L—T1

Now, we define L+ is the transmitted signal tail length which is locaed at both the front and

the end of the UFMC samples, and Lt = 21, Then, the first term of (29) can be expanded

as:
K-171-1
D (= s ) + PP (1)) emN 30)
k=0 t=0
K—-1 LT—I 7—1
(3 ) 5 o
k=0 \ t=0 —Lp

and the second term of (29) can be rewritten as:

K-1 L-1
(= s32(0) + 51 (1)) e 727N (31)
k=0 t=L—71
K—-1 /L—Lr—1 L—1
_ Z (_ sf(t) _’_Sjél + )+ sj’ﬂ( ))> e—92mtk/N
k=0 \ t=L-7 t=L— LT

Note that, ead filter is designed with the narrow bandwidth, such as Chebyshev or Hamming
[20], the magnitude of b,(t) at the band-edge shoud be very small. After removing the tail

samples (window tails) which are located at (t € [0, Lt — 1], t € [L — T, L — 1]) as shown in
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Fig. 3(b), the equation (29) can be summed from (30) and (31) then be gproximated as:

K-1 7—1 K—1L—Lp—1
[UFMC ~ Z Z . 51 / —j2‘n’fk/N + Z Z ) + gg#l(t))e—jQTrtk/N.
k=0 t=LT k=0 t=L—7
(32
Similarly, the interference of the 1st user in the frequency domain can be written as:
K-1 L—-1 K-1 L-1
IFFMC _ Z ( o S;#?(t) + S;#l (t))e—jQTrtk/N T Z Z ( _ 8?2(t) + S;#l (t))e—jQTrtk/N
k=0 t=L—1 k=0 t=L—21
K—1L—-Lt—1 K—1L—-Lt—1
o~ Z (_ S;#Q(t) + S;ﬁl 7‘]27Ttk)/N +Z Z + 53#1(t))efj%rtk:/]\/'7
k=0 t=L—71 k=0 t=L—271
(33

and for the 3" user can be written as:

K-127-1 K-171-1
IUFMC Z Z + S'I‘#?)(t))e—jZﬂtk/N + Z Z ( - 82#2(t) + 52#3(t))€—j27rtk/N
k=0 t=0 k=0 t=0
K—-127-1 K-1 7—1
~ (- ST2(t) + 573 (t))e 2 kN 4 (- sT2(t) + 52#3(t))e_j2”tk/N.
k=0 t=L1 k=0 t=L7

(34
The narrow band triangle filter reduces the power amplitude & the band-edge, which diredly
reduces the ICI caused by the time off set overlapped samples. Note that, in terms of the multi path
channel, this paper considers that the sum of the mean power values for al channel taps is
equal to 1. The interference terms for the multipath channel can be eaily computed as using
27 (t) ® hy(t) or s#(t) @ h,(t) instead of 27 (¢) or s7(t) in the ebove equations, which can be

used for the case of any of the multipath channels.

C. 19 Analysis Caused by Chanrel

This paper also considers the analysis of ISl when the length of channel impulse resporse in

samples Ly islonger than Lep or L.
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1) CP-OFDM System IS Analysis: Reference [21] proved that when (Ly > L¢p), a part of
one signa will then be the 1Sl from the previous symbal and this causes interference d the tail
of the channel impulse resporse that is not covered by the CP. Thus, the residual ISl of the uth

user on the kth sub-carrier after removing the CP in the frequency domain can be expressd as

Z,(k) [21]:
Ly—1 Ly—1
ZSFDM(]{:) _ Z l‘ufl(TL) Z hu(t)e—j27r(t—n)k/N
n=Lcp t=n
Ly—1 Ly—1
_ Z qul(n)ej2ﬂ-nk/N Z hu(t)eijﬂ'tlc/N7 (35)
n=Lcp t=n

then the PD of 1Sl for the CP-OFDM system can be determined as Pig;:
PREPM (k) = E (227N (k) 297N (1))

=E (zy_1(n)z}_,(n)) e 72rn=mk/N

Ly—1 Ly—1 Lu—1 Ly—1

X Z Z hqt(t)€7j2ﬂtk/N Z Z h:(t)eij‘/rtk/N

n=Lcp t=n n=Lcp t=n
Lu—1 |Lg—1 2

=0” > D hu(t)e N (36)
n=Lcp | t=n

2) UFMC System IS Analysis: Following a similar analysis to the CP-OFDM system, the

residual 1Sl of the uth user on the kth sub-carier for UFMC is:

Lu—1 Ly—1
ZqUFMC(k,) _ Z Suil(n)ej%mk/N Z hu(t)e—jQTrtk/N
n=L t=n
LH—l LH—l
— Zuo1(n)bu—1 ()P NN "y (#)e T 2TRIN, (37)
n=L t=n
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Thus, the PD of ISI for the UFMC system can be determined as:

PEENC(k) = B (542 () (n)) €727/

Ly—1Ly—1 Ly—1Ly—1

. Z Z bu(t)hu(t)e*j%rtk/N Z Z bz(t)hz(t)eij-frtk/N

n=Lt t=n n=Lt t=n

Ly—1|Lp—1 2

=" > | D bu(®)hu(t)e TN (398

n=Lt | t=n
D. SNR Analysis and Capecity

The SINR of the receéved signa on kth sub-carier can be defined as p, (k):

E[X.(k)?]

pu(k) = o2 + E[]u(k)Q] + PISIu(k)’

(39

where E[ X, (k)?] denates the transmitted signal power. Inserting (25), (26), (27) and (36) into

(39), the dosed-form expresson d SINR for the uth user CP-OFDM can be expressed as.

i EXu k 2
pQ M (k) = [ L( )1] _ § 0
H— H—
02 + E[(IOFPM(E))2] + 02 > | Y hy(t)e—2ntk/N
n=Lcp | t=n

Inserting (32), (33), (34) and (38) into (39), the dosed-form expresson o SINR for the uth user
UFMC can be expres=d as:

E[S. ()"
7+ BIOE) 4ot 3

n=Lr

pUPC(k) =

P 5 (41)

> bu(t)hy(t)e—d2mtk/N

t=n

Now, we can compute an estimate of the Shannoncgpadty C, (k) for the kth sub-carier of the

uth user based on ou SINR equations as:

PPN (k) = logy (1 + p" M (K)), (42
C™ME (k) = logy(1 + ™ (k). (43
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E. BER Aalysis

This paper now considers the performance for a 4PK moduation scheme. As in [22] and
[23], we can express the theoreticd BER values for the time-offset model under the AWGN

channgl as:
1 —
POEEM — §erfc ( pQFOM / Nbs) ; (44)
1 _
P = Serfe ( ngMC/NbS) , (49

where erfc(-) represents the complementary error function, 7, is the arerage value of SINR and
Ny 1s the number of bits per sample. For the Rayleigh multi path channel, acording to [22] and

[23], the BER equations are given:

’ 1 OFDM Ny
Py = Lo (1o [ N ) (46)
2 1+ pFPM /N

1 UFMC /N,
PYC = Lopge (1 [ ) (47)
2 1+ ngMC/NbS

For the higher order moduation scheme required in PCC, i.e. 16c:QAM is required for PCCin
terms of adhieving spedral efficiency n = 2 bit/sedHz, the standard theoreticd BER equations
can be foundin [22]. Inserting ou SINR equations into the formulas given in [22] all ows us to

compute the 16-QAM theoreticd BER values.

V. NUMERICAL RESULTS
In this edion, various dmulations are conduwcted to confirm our theoreticd analysis. The
common simulation parameters are listed in Table |. Each MTC user’s transmisgon cccupies 13
sub-cariersin the frequency domain, and the users are spacel by 2 dank sub-cariers. We set the
normali sed cut-off fr equency to f.; = 0.18, which is wider than the ratio between the number of

sub-cariers per user K and the total number of avail able sub-cariers N, ., = 13/128 = 0.1016.
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TABLE |

COMMON SIMULATION PARAMETERS

Simulation Parameters
Uplink No. of Sub-cariers Total CP Filter Chanrel Moduation
Bandwidth | FFT (N) | per user (K) | Users (U) Length (Lcp) Length (Lr) | Length (Lu) Scheme
1.25 MHz 128 13 3o 7 30 31 10 o 70 APX
Filter Parameters
FIR Filter IIR Filter
FIR Normalised cut-off Type of fet Filter Passhand Ripple
Windov frequency (fcr) Filter Order ( App)
Hamming 0.18 Chebyshev Type | 0.18 4,8 12 0.15 B

Agy, is the side-lobe dtenuation and Apg is the passand ripple. In the BER simulations, we
eleded to measure the middle user’s performance e.g. when U = 3, we measure the 2nd wser

and when U = 7, we measure the 4" user.

A. Computationd Complexty Performance

The relative computational complexity is shown in Fig. 4 using (11), (12) and (15). Both
CP-OFDM and PCC-OFDM require significantly fewer operations than time domain UFMC
and OA-UFMC. When Ly < 17 samples, the standard UFMC requires fewer operations than
OA-UFMC. As Ly increases, the number of operations for UFMC significantly increases. In
this case, OA-UFMC reduces the computational complexity significantly for larger values of
Lg. IR-UFMC, with afilter order of 4, only slightly increases the complexity compared with

OFDM and PCC, but it significantly reduces the number of operations compared with UFMC.
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B. PSD Performance

The PD performance of CP-OFDM, PCC-OFDM and UFMC with diff erent types of FIR fil-
tersis shownin Fig. 5(a). Firstly, both UFM C and PCC-OFDM significantly reducethe side-lobe
level compared to CP-OFDM. Among these, PCC-OFDM provides the best ICI protedion duwe
to its very rapid side-lobe roll-off. Seacondy, in terms of the Dolph-Chebyshev filter, compared
with Ag;, = 64 dB, the PD performance of Ag, =40 dB is better, as it achieves a dightly lower
side-lobe atenuation in the roll-off region. Both the Dolph-Chebyshev filter with Ag;, =40 dB
and the Hamming filter present better frequency roll-off performance than the Bladkman filter.
Moreover, there ae no significant differences between Dolph-Chebyshev and Hamming. Thus,
this paper will focus on the Hamming filter in the next simulations.

The P performance of [R-UFMC is hown in Fig. 5(b). In terms of a fair comparison,
we truncated the lengths of all IIR filtered signa outputs equal to L. The normalised cut-off
frequency is st to f; = 0.18, which is much wider than ~,, = 0.1016 to achieve an almost
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Fig. 5. P Performance of the Side-lobe Reduction.

linea phase in passhand. We assume the available sub-cariers for transmisson is from 58 to
70, i.e. 13 sub-cariers. Fig. 5(b) clealy shows that IIR filters with order of 8 and 12 govide
dlightly superior frequency roll-off performance a the cantre of adjacent sub-cariers (from 48
to 58 to the FIR Hamming window and IIR with order of 4. However, when increaing the
filter order, the truncated L samples will no longer acarately represent the original signal and
aso introduce increassed computational cost. Therefore, this paper will consider the Chebyshevi

IIR filter with order 4 for the IIR-UFMC system in the next simulations.

C. SNR and Capecity Performance

The SINR performance over the AWGN channel with a signal to nase ratio (SNR) of 30
dB is shown in Fig. 6(a) and we assume 7 is a 50 sample time offset, which is larger than
Lep = 30 or Ly = 31. The theoreticd SINR analysis values are computed from (40) and (41),
which perfedly match with the simulations. The 1st user occupies sub-cariers from 11 to 23
sub-cariers 26 to 38 are for the 2nd wser and 41to 53 are for the 3nd wer. Note in Fig. 6(a)

how the SINR performance degrades due to interference between users 1&2 and also 2& 3 for
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Fig. 6. SINR Performance, AWGN (SNR =30 dB), N = 128, Lcp = 30, Ly = 31, Lor =4, 7 =50, U = 3.

OFDM, UFMC and IIR-UFMC. From the Fig. 6(a), we natice that first, compared with OFDM,
UFMC and IIR-UFMC, PCC-OFDM presents the best performance Sewnd the neaby sub-
cariers of both OFDM, UFMC, and IIR-UFMC are significantly affeded by ICI, espedally for
the second weser. Third, both UFMC and IIR-UFMC can perform dlightly better than OFDM
(abou 3.5 dB higher SINR), but they still have an inferior SINR to PCC-OFDM. There is no
significant performance diff erence between UFMC and IIR-UFMC.

The impad of the number of zero sub-cariers in the frequency domain between ead user
is shown in Fig. 6(b). Increasing the number of blank sub-cariers at the user band-edge, the
SINR performance of both OFDM, UFMC and IIR-UFMC improves sgnificantly at the cost
of reducing the available bandwidth for data transmisson. Moreover, if the sub-user spadng
is 4 blank sub-cariers, UFMC adieves abou 0.5 dB higher SINR than [IR-UFMC and about
2.6 dB higher SINR than OFDM. PCC till provides the best performance cmpared with the
other schemes. It can aso be seen that the result from the analysis matches very well with the

simulations.

Decenber 2, 2016 DRAFT

165



Original Publications

IEEE TRANSACTIONS ON COMM UNICATIONS 25
12 ; ; ;
------ PCC-OFDM
1nr —FIR-UFMC
1 -0-IIR-UFMC
: T>L, - -CP-OFDM
59 \»é X Analysis "
gl |
g (Y 1
EN
2
= 6
S ;E—)é K= XX K-X ‘)(-;s
A R B O S S
C g
3
2
1

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time offset Factor (7 /L)

<

Fig. 7. Capadty and SINR Performance AWGN (SNR =30 dB), U =3, N =128, Lcp = 30, Lr = 31, Ly =15, U = 3.

The cgpadty performance with the time off set fador (/L) is shown in Fig. 7. The theoreticd
cgpadty values are cmputed from (42) and (43), and the results from our derived expressons
and the simulations match perfedly. It can be seen that firstly, PCC-OFDM provides the poorest
cgpadty performance because of its reduced spedral efficiency, even thoughit can acieve the
highest SINR performance in Fig. 6. Secondy, with increasing 7, the cgadty performance of
UFMC, IIR-UFMC and OFDM significantly reduces due to the ICI. However, when 7 = L = 158
samples, there is no significant cgpaaty degradation as there ae no relative time-off sets between
the aljacent users. Thirdly, if there is a small ti me offset, i.e. 7 = 5% of the transmitted symboal
length, both UFMC and IIR-UFMC are more robust to ICl compared with OFDM. In detail,
the caaadty degradation for UFMC and IIR-UFMC significantly reduces when 7 > 10% (or
15 samples) of the transmitted symbal length, which is approximately the window tail 1ength

L. The cgadty degradation for OFDM starts with when 7 > 5% of the transmitted symbal
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Fig. 8. BER Performance for AWGN and Rayleigh Multipath Channel, U = 3, N = 128, Lcp =30, Lr =31, n=10r 2

bit/sedHz.

length and then stays at a constant value of 6.3 bit/sedHz until 7 > 20% (or 30 samples),
which is approximately the CP length. Fourthly, if 7 > 20% of the transmitted symbad length,
both UFMC, IIR-UFMC and OFDM provide an approximately constant cgpadty. Both UFMC
and IIR-UFMC achieve 1 hit/sedHz higher cgpadty than OFDM. Finally, there is no significant

difference between UFMC and I|R-UFMC when 7 > 20%.

D. BER Rrformance

The average BER for the OFDM, UFMC and PCC systems for AWGN and Rayleigh fading
channels is shown in Fig. 8(a). The time offset scenarios of = = 10 or 7 = 50 samples are
considered. The theoreticd BER results are obtained using the proposed equations as (44), (45),
(46) and (47). Again, the agreement between the analyticd and simulation results is clea. The
BER results show similar trends to the previous SINR results. Firstly, there is no significant BER
degradation for PCC even if there is a 50 samples time off set, which means PCC-OFDM can

significantly mitigate against the ICI. However, if we consider the spedral efficiency isn = 2

Decenber 2, 2016 DRAFT

167



Original Publications

IEEE TRANSACTIONS ON COMMUNICATIONS 27

bit/sedHz, PCC will nolonger provide superior BER performance due to the requirement to use
a higher order moduation scheme i.e. 16QAM. Secondy, when 7 < L¢ep or Ly — 1, thereisno
significant BER degradation for UFMC, espedally when the time off set is lessthan 15 samples.
Even when 7 = 50, UFMC saves abou 1.1 dB F, /N, compared with OFDM at a BER of 10~*
in the AWGN channel. Fig. 8(a) aso shows that if Ly=10 and 7 = 10, UFMC saves abou 5
dB E},/N, at the BER is 1072, If the 7 increases to 50 samples, the BER performance of both
UFMC and OFDM will degrade to the same aurve.

The gproximate BER for the OFDM, UFMC and PCC systems in a Rayleigh fading channel
with Ly = 70 channel taps is shown in Fig. 8(b). The theoreticd ISl interference is computed
using (36) and (38), and simulations closely match with the analyticd results. It can be seen
that UFMC is more robust to very dispersive multi path channels compared with CP-OFDM and
PCC-OFDM, espedally when 7 is anall. Fig. 8(b) also shows that if L;; is much longer than
Lep, 1Sl becomes the dominant interference for both OFDM and PCC-OFDM systems. In this
case, the ICI caused by the time offset is omewhat smaller than 1SI.

Now we measure the BER performance of 1| R-UFMC, using the Chebyshev! filter with order
of 4 and f.; = 0.18. Here, we increase the number of transmitting wsers to U = 7 and measure
the 4" user's performance. The competitive BER performance for UFMC with the FIR and
IIR filters is shown in Fig. 9. The analyticd values are computed similarly as before, with the
interference analysed using the sub-cariers from the adjacent users. Fig. 9 shows that the BER
performance of Il R-UFMC is dightly lessthan for the FIR. The reason is that we truncaed the
output length of 11 R to equal L in terms to ensure afair comparison. Compared with OFDM, the
BER performance of I R-UFMC is ggnificantly improved, espedally for the Rayleigh multi path
channel with the short impulse resporse Ly = 10 taps and smal 7 = 10 samples. Again,
the theoreticd analysis closely matches with the Monte Carlo simulations. Moreover, for PCC-
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OFDM, our previous paper [10] has hown that one of another drawbadk is the high pek-to-
average power ratio (PAPR), which increases the transmitter amplifier requirements and might

cause the power assumption isaues for low data rate MTC devices.

V1. CONCLUSION

We have provided a complete time off set interference analysis for both CP/PCC-OFDM and
UFMC systems and shown that firstly, PCC using afrequency guard interval significantly proteds
against co-channel interference from time offsets at the st of reduced spedral efficiency.
Seondy, UFMC provides a superior performance to OFDM (at the cost of high operational
complexity) in terms of SINR, cgpadty and BER, espedally for the Rayleigh fading multi path
channel. In particular, if the time off set is lessthan 10samples, there is no significant degradation
in bah SINR and BER for the UFMC system. Further we have propaosed two methods to reduce

the computational complexity. OA-UFMC provides a much lower complexity than UFMC when
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the filter impulseresporseislarger. For IIR-UFMC, the complexity is dgnificantly reduced, while
it provides a similar SINR, capadty and BER performance mmpared to UFMC, espedally with
a larger time off set.

In conclusion, even though PCC-OFDM and UFMC offer the most efficient computational
performance for proteding against ICI, IIR-UFMC is attradive as it provides superior BER
performanceto CP-OFDM. IIR-UFMC achieved lower computational complexity compared with
FIR-UFMC and without any cost in spedral efficiency. We thus conclude that IIR-UFMC might
be apotential waveform design for the massve madcine 5G MTC scenario to suppat low data

rate, low energy consumption and low latency transmissons.
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Abstract—Machine-to-Machine (M2M) communications nor-
mally require low data transmission rates and low cost devices.
Thus, how to modify existing cellular systems such as the Long
Term Evolution (LTE) system to successfully support low cost
M2M devices will become a major issue for industry. This
paper will address one solution based on the virtual carrier
system, which improves bandwidth efficiency and reduces the
power dissipation dramatically on the LTE downlink. Our results
indicate that the virtual carrier system provides a high Signal-
to-Interference-and-Noise Ratio (SINR) performance without
significant Bit Error Rate (BER) degradation.

I. INTRODUCTION

Wireless communication technologies have been rapidly im-
proved, especially in the last decade. Systems have progressed
from 1G, the analogue telecommunications standards radio
system in 1980s, through to current 4G networks (LTE) [1].
LTE takes advantage of high spectrum efficiency to provide
high data rate communication and reduced data latency. It
implements the orthogonal frequency division multiple ac-
cess (OFDMA) scheme in the downlink and single carrier
frequency division multiple access (SC-FDMA) in the up-
link. With the focus to achieve high data rate transmission
techniques, there is a blind spot which has received less
attention. About 80% of the population has been connected
by using a mobile network worldwide. However the develop-
ment of the cellular network market will face a bottleneck
in the next few years. There is predicted to be 50 billion
machines and only 6 billion people in the world [2]. Therefore,
communication networks will shift from the existing Human
to Human (H2H) communication mode to the Machine-to-
Machine (M2M) communication mode.

M2M will be experience exponential growth in the next
generation of communication networks due to the demand
for automated systems such as e-health, smart grid and smart
homes [3]. M2M systems cannot be simply defined as one
terminal device communicating with another device through a
network. It is a more advanced and highly intelligent network
system. For instance, a smart medical sensor is placed on a
patient in order to collect physical data, such as temperature,
blood pressure or heart rate. If these measurements change
significantly, the smart sensor will transmit the results to a
medical centre and request an automatic medical response [4].

Unlike H2H, M2M communication systems normally re-
quire low data rates, low cost and low energy consumption,
and minimal human intervention to be viable for sensors
and monitoring purposes. Currently, many M2M applications
are implemented by using the General Packet Radio Service
(GPRYS) infrastructure. However, this will not satisfy the future
requirements of network operators, who aim to limit the main-
tenance cost by reducing the number of access technologies
in the network. LTE is replacing GPRS system at present [5]
and could provide a better platform for M2M applications
with higher spectrum efficiency and a wide range of signal
coverage and network operation functions. In addition, there
will be a large number of devices supporting LTE in the near
future. LTE provides high signal quality, and wide bandwidth,
which increases cost. However, M2M usually only requires a
narrow bandwidth carrier to transmit occasional data packets.
If an M2M device receives at a low data rate (for example
IMHz) on a LTE 20MHz bandwidth carrier, a large number
of sub-carriers do not need to be processed. How to reduce
the energy and processing cost of LTE for supporting M2M
communications with reduced bandwidth will be investigated
for standardisation beyond Release 12 of LTE [6].

In order to improve LTE bandwidth efficiency, [5] illustrates
a possible solution: the M2M messages can be transmitted on
a virtual carrier in the LTE downlink within the bandwidth
of the host carrier. This virtual carrier (VC) can be separately
scheduled to low bandwidth receivers. However [5] did not
consider in detail methods to decode the VC signal at the
receiver. This study will focus how to extract the virtual
carrier messages with better Signal-to-Interference-and-Noise
Ratio (SINR) performance. We study a practical VC system
receiver, which uses a reduced bandwidth analogue filter to
extract the virtual carriers of interest and a low sampling
rate analogue-to-digital converter (ADC) to decrease energy
cost and subsequent computation for an M2M receiver. We
highlight the key contributions of the paper as follows:

o Propose a novel reduced sample rate VC receiver system.
« Performance evaluation of the receiver in terms of the Bit
Error Rate (BER) and the reduction in complexity.

This paper is organised as follows: Section II presents the
system model for the VC system. The analytical SINR and
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BER performance simulation results are shown in Section III,
and Section IV concludes the paper.

II. SYSTEM MODEL OF THE VIRTUAL CARRIER RECEIVER

A. Principle of the VC System

The standard OFDM receiver is shown in Fig. 1. We assume
that if it received a set of messages over a 20MHz bandwidth
channel, it would pass a 20MHz filter and a ADC with a
sampling rate of 30.72MHz as in LTE. In order to reduce
the cost of the ADC processing, this paper studies a lower
sampling rate VC receiver which is shown in Fig. 1. Unlike the
standard OFDM receiver, the principle of the VC receiver is to
employ one or more narrow band Infinite Impulse Response
(IIR) analogue filters to extract the transmitted M2M signals
over a downlink channel. It operates the ADC at a much lower
sample rate to reduce the power consumption and the number
of subsequent digital signal processing computations.

Assume that an M2M receiver has received a 20 MHz
bandwidth LTE signal but only a few sub-carriers (for example
only 70 sub-carriers) are used for this M2M device, which
are mapped into the first baseband sub-carriers as shown in
Fig. 1. In order to save energy, it does not need to sample the
whole bandwidth signal. The standard 20MHz LTE bandwidth
contains up to 1201 occupied sub-carriers. We can calculate
that the useful sub-carriers rate Ry is approximately 1/16,
i.e. the number of M2M sub-carriers divided by the total
number of sub-carriers. Then we can use a 1.25MHz low
pass filter (LPF) analogue filter to extract the relevant signals.
The original LTE sampling rate is 30.72MHz for a 20MHz
bandwidth channel, and Ry is 1/16 , therefore, a 1.92MHz
sample rate ADC could be used in this case.

B. VC System Receiver Model

In the transmission block, the input M2M message is
mapped to the virtual carriers and combined with the remain-
ing data, which designed for standard LTE receivers. Then
the data is transmitted as in a normal OFDM system and

propagates through the wireless channel. The baseband signal
in an OFDM symbol can be expressed as

N-1
> X 7N (= 0,1, N = 1), (1)

m=0

1
VN
where N is the number of sub-carriers, and X,, is the
baseband input signal. The wireless channel impulse response
is hy = 211;01 hi;o(t — jTs) each h;; follows Rayleigh
distribution, 7 is the sample period and d(t) is the Dirac

delta function. The transmitted signal over the channel can be
defined as y(¢):

z(t) =

y(t) = 2(t) ® hi +no(t), )

where n,(t) is the background Gaussian noise then the re-
ceived signal over a matched filter and remove cyclic prefix
(CP) in frequency domain can be expressed as:

Y(m) = X(m)- H(m) + No(m), 3)

where X, H and N, are the z, h; and n, in frequency domain.

The major function of the VC receiver is to decode only
sub-carriers of interest. Therefore, in the VC receiver block,
the received signal is passed to an IIR filter which separates
the virtual carriers from the rest of the OFDM sub-carriers.
In order to simulate the SINR and BER performances, this
IIR filter can be approximately expressed as an finite impulse
response (FIR) filter with impulse response of b; with length of
[, and B denotes filter impulse response in frequency domain.
Therefore, the received data passes an IIR low pass filter can
be designed as rppr:

rLpr(t) = {z(t) @ hi + no(t)} @ by
=z(t) @ (hi @ bi) + ni(1). @

The receiver noise is due to both thermal noise n, and aliasing
effects from other sub-carriers. The effective channel at the
receiver comprises both the RF channel h; and the filter
impulse response b; is defined as wey(t) = h; @ b;. Thus
the equation (4) can be rewritten as:

7’LPF(t) = l‘(t) & ’LUcn(t) + n;(t) (5)
In order to save energy, we operate the filtered data at the
reduced sampling rate of f,. for the VC receiver, which is
less than the standard receiver sampling rate fs. Therefore,
the sampling reduction ratio v can be defined as:
_
e
Assuming that the length of CP is longer than combined
channel and filter response, then the received signal of the
M2M receiver in the frequency domain can be denoted as
R(E):
R(k) = X (k) - Wea(K)(k = 0.1,... N/y = 1), (D)
where X (k) and W, (k) are the Fourier transform of (k)

and wey (k). Due to the lower sample rate ADC, the number
of sub-carriers is reduced to N/-y, which means the FFT size

v 6)
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TABLE 1
ENERGY SAVING PERFORMANCE OF THE VC SYSTEM FOR THE 20MHz
LTE CHANNEL FROM EQUATIONS (9) AND (10)

Sampling FFT Normalised FFT Computational
Rate (fs) Size (N) | ADC Power (W) Complexity (Ops)
30.72MHz 2048 1 11264
15MHz 1024 172 5120
7.68MHz 512 1/4 2304
3.84MHz 256 1/8 1024
1.92MHz 128 1/16 448
0.96MHz 64 1/32 192

in a VC receiver is reduced to NN /~v. Then the transmitted
M2M signal X (k) can be estimated using zero forcing [7]
equalisation as:

R(k)
WCI](k) '

X(k) = ®)

C. Energy Saving For the VC System

The basic motivation for the VC system is the fact that for an
ADC, the power dissipation is a linear function of the sampling
rate. Previous study [8] analysed the power dissipation as P,

P=2".f, (©)]

where, V' is the number of bits per sample for the ADC, and
fs is the sampling rate. By using a lower sampling rate ADC,
the power dissipation can be reduced significantly for M2M
devices.

A second point of VC is to reduce the complexity of
FFT processing of the received signal. In terms of FFT
computational complexity, the VC system provides lower FFT
computation compared with the standard OFDM system. For a
20MHz LTE bandwidth, the FFT size is 2048. Therefore, the
computational complexity for the traditional OFDM receiver
Corpw is defined as [9]:

Corpm = g -logy N. (10

For the VC system receiver, after filtering and operating a

lower sampling rate ADC, the size of the FFT is reduced to

(N/~). Therefore, the computational complexity for the VC
system receiver can be computed as:

Ove = M0 om (/7). (i

The numerical results for energy saving performance is
shown in Table I. The standard 20MHz LTE FDD bandwidth
uses a sampling frequency of 30.72MHz, the number of FFT
size is 2048 and we defined the normalised ADC power
dissipation for the LTE receiver as 1. When reducing the sam-
pling rate at the VC receiver, the FFT size, power dissipation
and computational complexity are reduced significantly, e.g.
by using a 1.92MHz ADC instead of 30.72MHz, the FFT
size is 128, the ADC power cost reduced to 1/16 and the
computational complexity decreased to from 11264 to 448
operations.

35 Chebyshevl
—Chebyshevl
|—Elliptic

20 40 60 80
No. of Sub—carriers

Fig. 2. SINR Performances over Different IIR Filters

III. SIMULATION RESULTS

‘We have demonstrated the energy saving performance of the
VC system receiver, therefore, it would important to evaluate
its SINR and BER performance after operating a much lower
sampling rate ADC. In this section, we present the SINR and
BER performance of a VC receiver by assuming that a M2M
receiver received the transmitted messages over a 20MHz LTE
bandwidth channel with FFT size of 2048. The cyclic prefix
(CP) length is 144 samples and the Q-PSK, 16-QAM and 64-
QAM as used in LTE. The order of all analogue IIR filters is
8 in order to provide fair comparison and we assume perfect
time and frequency synchronisations in this paper. The number
of channel taps J is set to 40 and the power for all Rayleigh
fading channel taps is the same (flat channel profile).

A. SINR Performance of VC

The SINR performance of the VC system receiver with 16-
QAM modulation through the 30dB Additive White Gaussian
Noise (AWGN) channel, under four typical low pass IIR
analogue filters (Butterworth, Chebyshevl, ChebyshevIl and
Elliptic filters), is shown in Fig. 2. The channel bandwidth
is 20MHz, and the filter cut-off frequency is set to 2.5MHz
in order to allow a sampling rate of 3.84MHz. Therefore,
the sampling reduction ratio is 8 (30.72MHz/3.84MHz). For
Chebyshevl, the passband ripple is set to 1dB and the stopband
ripple of Chebyshevll is set to 40dB. For the Elliptic filter, the
passband ripple and stopband are also set to 1dB and 40dB.
Fig. 2 plots the first 128 sub-carriers and shows that sub-
carriers near the cut-off frequency band experience significant
SINR loss: for the Butterworth filter the SINR degradation
begins at sub-carrier 90. While the ChebyshevII and Elliptic
filters present better SINR performances. However, in the
pass-band, due to the filter aliasing effects, there is about
2dB SINR loss between sub-carrier 1 to sub-carrier 100 by
using ChebyshevIl and Elliptic filters. Compared with the
Butterworth, the Chebyshev filter has an equal-ripple response
in the passband with better stop-band roll off but worse phase
response because of group delay variations at the band edges.
Therefore, in order to achieve a higher SINR performance
at the pass band frequency, this paper will focus on the
Butterworth IIR filter in the remaining simulations.
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Fig. 4. Rayleigh Fading Channel SINR Performances

The SINR performance for different sampling rate ADCs
with 16-QAM modulation and without added background
noise is shown in Fig. 3. We assume that the transmitted
signal uses a 20MHz LTE channel, the sampling frequency
is 30.72MHz and the perfect time synchronisation. In the VC
receiver, we use different sampling rate ADCs to test the SINR
degradation performance. The result shows that by reducing
the sampling rate at the VC receiver, the SINR of received
signal decreased significantly. If using a 0.48MHz ADC (about
1/64 of transmitted sampling frequency, and the IIR cut-off
frequency is set to 0.3125MHz in this case) in the VC receiver,
the SINR of sub-carriers, which are allocated in the front of
pass band frequency, is still above 20dB. This indicates the VC
receiver is able to decode the transmitted messages even if we
reduced the sampling rate by 64 times. However, the SINR
performances of sampling reduction rate at 1/32 and 1/64 are
much lower than others. The basic reason that causes this is
the non-integer sampling reduction of the CP. In this case, the
CP length is chosen as 144, when ~ is 1/32 or 1/64, the CP
cannot be divided as an integer and it may cause inter-symbol
interference (ISI) and inter-carrier interference (ICI).

In Fig. 4, we investigate the impact of SINR degradations
by a low pass IIR filter (Butterworth) and a lower sampling
rate ADC over the Rayleigh fading channels with 16-QAM
modulation. The VC receiver sampling rate is 3.84MHz and
the half cut-off frequency is 1.25MHz, which matches sub-

carrier 128. The initial SNR values of the transmitted signal
are set to 20dB, 15dB, 10dB and 5dB. The received signal over
the Rayleigh multipath fading channel is shown in equation
(2). The SINR value is computed by using:

SINR(k) = Src(k)®

NE(R) 2

where Sgx(k) is the received signal in kth sub-carrier and
N2 (k) only determines the interference noise power at kth
sub-carrier:

where SZ_ is the power of transmitted signal. Dividing (12)
by the number of bits per symbol yields the Ey,/N, value.

This paper compares the SINR performance of the received
signal before and after the IIR analogue filter. The result shows
the IIR filter does not affect the SINR performance signifi-
cantly for the Rayleigh fading channel. After operating at a
sample rate of 3.84MHz, the SINR degradation only occurs at
near half cut-off frequency. If the SNR of transmitted signal at
20dB, the SINR degradation of received signal appears from
sub-carrier number 90. If reducing the SNR of transmitted
signal, the SINR degradation in the VC receiver mores closer
to half the cut-off frequency. However, in the pass band, the
VC system receiver provides good SINR performance, which
means a VC system receiver is able to decode the transmitted
messages reliably.

B. BER Performance of VC

The BER performance of the VC system uses Q-PSK, 16-
QAM and 64-QAM modulation schemes and the CP length
is 144 samples (LTE CP short standard). We assume that
the bandwidth of the transmitted signal is 20MHz and the
transmission sampling rate is 30.72MHz. The received signal
firstly passes a Butterworth low pass filter with 2.5MHz cut-
off frequency and the ADC sampling rate is 3.84MHz (1/8
of transmitted sampling frequency). According to the result
of Fig. 4, if the SNR of transmitted signal is 20dB, the SINR
performance of sub-carriers from 1 to 90 would not be affected
by setting the sampling reduction ratio «y at 8. Therefore, we
assume the VC receiver only decodes the messages located
from sub-carriers 1 to 90.

The BER performance of the VC system over the AWGN
channel is shown in Fig. 5, where the theoretical value of non-
VC system (traditional LTE receiver) is computed as [10]:

1 Ey
BERqpsk = 3 - erfc ( NO> , (14)
3 2 K
BERi6—qam = < -erfc < - b) , (15)
8 5 o
o 1 Ey,
BER54_QAM ~ 2 erfc ( 7 NO> (16)
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BER Performance of the Virtual Carrier System over the AWGN

where erfc(.) denotes the complementary error function. It
is obvious that comparing with the traditional LTE receiver,
reducing the sampling rate at the VC receiver does not
significantly affect on the BER performance. The VC receiver
achieves almost the same BER performance on the AWGN
channel.

Fig.6 shows the BER performance of VC system over the
Rayleigh Fading channel and the theory value of the non-VC
systems is computed as [10] [11]:

Ey/N,
P =—[1—4/———— 17
QPsK = 5 15 By/N, an
p - 1 3 4. Ey /N,
16-QAM =5 1\ 5/2+4- Ey/N,
1 4- Ey/N, +1 4-Ey/N, (18)
2\/5/1814- Ey,/N, * 4\/1/10+4- Ey/N, )’
For the 64-QAM modulation, the BER expression as:
28
Poa—qam = Y _wil(ai,bi,7,7,p), 19)

i=1
where 7 is the average SNR per symbol and coefficients w;,
a;, b; are listed in [12] and [ is the integral representation:
I(z) = %fjfj;) e~*sn¢dp. The BER performance of the
VC system receiver over the Rayleigh fading channel again
matches that of the non-VC receiver. It means by using a
3.84MHz ADC at the VC receiver saves almost 7/8 of the
ADC power consumption and the computational complexity
reduces from 11264 to 1024 operations without significant
BER performance reduction. The VC system receiver can
achieve higher energy saving performance and almost ideal
SINR performance without significant BER degradation.

IV. CONCLUSION

In this paper, a practical Virtual Carrier system receiver that
uses a narrowband analogue filter and a much lower sampling
frequency ADC was presented. In order to modify the existing

i 0 BA

-+ VC Simulated Q-PSK N,
_| | © Non-VC Theory Q-PSK 3
1071 .y Simulated 16-QAM :
A Non-VC Theory 16-QAM
VC Simulated 64-QAM
Non-VC Theory 64-QAM
107 n n | | | |
0 5 10 15
SNR (dB)

Fig. 6. BER Performance of the Virtual Carrier System over the Rayleigh
Fading Channel

LTE communication system to support a lower data rate
transmission M2M system, the bandwidth efficiency and the
energy saving performance should be considered. This paper
shows that the VC system receiver can significantly improve
the LTE downlink bandwidth efficiency and energy efficiency.
At the same time, it provides a high SINR performance which
means the BER degradation is negligible in the filter passband.
Therefore, the VC system receiver could be a suitable solution
to support the M2M system based on the LTE system.
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Abstract—Machine type communications (MTC) could play
a significant role in fifth generation (5G) wireless communi-
cations systems. In terms of reducing the side-lobes of or-
thogonal frequency-division multiplexing (OFDM) to support
large numbers of asynchronous MTC devices, several wave-
form designs could be used. This paper provides closed form
signal-to-interference-plus-noise ratio (SINR) and capacity results
for this asynchronous scenario. We compare three candidate
multi-carrier waveforms, which are OFDM, universal filtered
multi-carrier (UFMC) and polynomial cancellation coded (PCC-
OFDM). Our results indicate that both PCC and UFMC can
provide better frequency roll-off than OFDM. PCC is more
easier to implement and performs strongly against inter carrier
interference (ICI) with cost of losing spectral efficiency and
a higher peak-to-average power ratio (PAPR). UFMC is more
robust to very dispersive multipath channels but with cost of
increasing computational complexity.

I. INTRODUCTION

Bigger, faster and higher are the main aims of the fifth gen-
eration (5G) of wireless communications systems. A previous
study [1] highlighted one of the fundamental functions for
5G system will be support for the internet of things (IoT).
Iot is synonymous with machine type communications (MTC)
and exponential growth in MTC traffic is expected in the
near future. One of the major challenges for future MTC
is the scalability problem with massive machine to machine
(M2M) communications over the air interface. The current 4G
wireless network is based on the orthogonal frequency-division
multiplexing (OFDM) [2] waveform. In order to protect its
orthogonality, LTE uses synchronisation signals to avoid time
offsets [3]. For MTC communications, M2M devices will not
use synchronous signal transmission. They often send only
a few bytes, which makes the overhead for synchronisation
is too high. Instead in 5G systems, MTC traffic would be
removed from standard uplink traffic with drastically reduced
signalling overhead. By doing this, relaxing the synchronism
requirements can significantly improve operational capabili-
ties, bandwidth efficiency and even battery lifetime for low
data rate M2M devices.

The SGNOW project [1] has defined a new intermediate
frame structure to support both high and low synchronisation
requirements, which is called the unified frame layout. This
aims to handle the very heterogeneous services and devices
communicating over a 5G wireless access frame structure.
In order to deal with the inter symbol interference (ISI) and
inter carrier interference (ICI) effects, which are caused by

time and frequency offsets, several techniques can be used
to reduce the OFDM side-lobes, e.g. filter bank multicarrier
(FBMC) [4], which uses prototype filters in each sub-carrier
with rectangular impulse responses. Due to the very narrow
sub-carrier filters needed in FBMC, the filter length could be
very long. Therefore, SGNOW studies an alternative version,
universal filtered multi-carrier (UFMC) [1], which groups a
number of sub-carriers into a sub-band, and passes the signal
though a finite impulse response (FIR) filter. In terms of
reducing the OFDM side-lobes, polynomial cancellation coded
orthogonal frequency-division multiplexing (PCC-OFDM) [5]
is another possible solution. A previous study [6] has shown
that the peak-to-average power ratio (PAPR) for PCC-OFDM
is much higher than OFDM, and showed that the symmetric
cancellation coding (SCC) can reduce the PAPR compared
with PCC-OFDM. However, the bit error ratio (BER) per-
formance over a multipath fading channel of SCC [6] is
significantly poorer than PCC, especially when the carrier
frequency offset (CFO) is large. Secondly, SCC does not
improve the frequency roll-off in order to reduce the time
offset effects unlike PCC.

Previous studies did several comparisons between UFMC
and FBMC [1], however, there are no results comparing the
time offset performance between PCC-OFDM, UFMC and
OFDM. Our main contributions are as follows:

o Provide closed form results to compute the theoretical
value of the signal-to-interference-plus-noise ratio (SINR)
and capacity for time-offset transmission, which is per-
fectly match with Monte Carlo simulations.

e Provide a much detailed comparison between PCC-
OFDM and UFMC, including different filter designs,
power spectral density (PSD), SINR, upper band capacity,
BER, computational complexity and PAPR.

This paper is organised as follows: Section II introduces
the basic structure of UFMC and PCC-OFDM. Section III
provides a time-offset model and ICI analysis. Section IV will
compare PSD and side-lobe levels between OFDM, UFMC
and PCC-OFDM. The simulation results will be presented in
Section V and Section VI concludes the paper.

II. UPLINK WAVEFORM

This section will briefly introduce the three waveform types
for system performance comparison.
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A. OFDM

The baseband OFDM signal after constellation modulation
and inverse fast Fourier transform (IFFT) operation includes a
cyclic prefix (CP) to guard against ISI and ICI. Assume that
message bits are to be transmitted over N sub-carriers and
X, denotes the modulation symbol to be transmitted in the
frequency domain. The baseband time domain signal for an
OFDM symbol can be expressed as:

N-1
1 .
Ty = —— E X, - ed?m/N(y =01, . N—1), (1)
N n=0

where X is the fast Fourier transform (FFT) of x and v is
the discrete time variable. Then the received signal over the
multipath channel h (each channel tap /g follows the quasi-
static Rayleigh distribution) and additive white Gaussian noise
(AWGN) g, can be defined as:

Yo :‘/I/'v®h+gva (2)

where ® denotes the convolution operation and a power
spectral density Ny/2 is assumed for the noise samples g,,.
After removing the CP in the receiver, the received signal for
sub-carrier n at the output of FFT in the frequency domain
can be expressed as:

Yn:Xn'Hw,+Gn7 (3)

where H,, is the FFT of h and G,, is the FFT of the noise
sequence ¢, in the frequency domain.

B. UFMC

The block diagram of UFMC is shown in Fig. 1. Unlike
OFDM, the principle of UFMC is grouping a number of sub-
carriers into a sub-band (each sub-band transmitted for each
user), which is passed to an N-point IFFT for conversion into
the time domain. The time domain signal for one user d, can
be expressed as:

1 Nl _
dy = —— D, - e]27rk‘v/N7 4

Vi kg) K @)

where Dy, is the symbol on the kth sub-carrier, and K is the

total number of sub-carriers within one user. Then each user

will be convolved with a rectangular narrow windowed filter

with impulse response of b with length of Lr. At the output
of the filter, the time domain signal s, can be expressed as:

Sy = dy @ b. 5)

The received signal over a Rayleigh multipath channel with
AWGN noise can be expressed as:

Yo = Sp @ h + go. (6)

Note that each sub-band filter is designed as a band pass FIR
filter, whose centre frequency matches with each sub-band’s
centre frequency. The received signal will be passed though
a 2N-point FFT to convert the time domain signal into the
frequency domain. Then, we retain only even sub-carriers [7]
which correspond to a data carrier.

UFMC
Channel White Gaussian Noise

h g

—>
o b y > v
User 1 oy [ waper -2 () —> () > 2vFr [
T >
Sub-band Filter Retain only even sub-carriers
PCC-OFDM
4y C ;
High '
igh speed datal 1 into é Parallel to
—>|low bit rate,| N-IFFT v serial
N2 . v

g
o N— Ro l<* [ Fitering l
‘eight ang . ADC and
O L NEET | seriatto ®
carriers [ V1| l«—| parallel
Fig. 1. Block Diagram of UFMC and PCC-OFDM
C. PCC-OFDM

PCC is a coding technique for OFDM in which the data
to be transmitted is mapped onto weighted groups of sub-
carriers. Reference [5] has shown PCC-OFDM to be much
less sensitive than OFDM to frequency offset and Doppler
spread. The block diagram of a PCC-OFDM system is shown
in Fig. 1, the baseband signal AO...AN/Q,l will pass through
a PCC-OFDM modulator. In this case, pairs of sub-carriers
have a relative weighting of +1, -1, and the input IFFT signal
is organised as Ap, —Ag..., Anyja_1, —Anj2—1. After the N-
point IFFT, the time domain samples ¢, can be expressed as:

1 N-1
Cp = —— Z A, - ej?ﬂ’fw/N_ %)
\/N n=0

The received signal over the Rayleigh multipath fading channel
is then expressed as:

Ty = Cy @ h+ gy 8)

At the receiver, the data is recovered from the FFT outputs
Ry...Ry. The mapping of data onto pairs of sub-carriers
indicate that the ICI caused by one sub-carrier is substantially
cancelled by the ICI caused by the other sub-carrier in the pair.
Therefore, in the receiver, pairs of sub-carriers are combined
by applying the weighting and then summing:

_ Rop — Roppa

n =

(n=0,1,2,..,N/2—1). (9

One of the disadvantages of PCC-OFDM is the spectral
efficiency is approximately half of that for OFDM as each data
symbol is mapped to two carriers. For MTC communications,
many M2M devices require only low data rate transmission.
Therefore, in terms of reducing ICI effects, PCC-OFDM is
another option for supporting M2M in 5G networks.

III. INTERFERENCE ANALYSIS

This section will introduce a time-offset transmission model
and analyse its ICI to compute SINR and Shannon capacity.
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A. System Model for Time offset

As mentioned above, the future 5G system for MTC com-
munications should allow to transmit with relaxed synchro-
nisation conditions regarding time misalignments. Therefore,
we assume the received M2M signal is asynchronous and is
suffered by time-offsets. The system model for time offset
is shown in Fig. 2. Previous UFMC papers are often based
on long OFDM symbol transmission, where the FFT size is
chosen as 1024 [1]. In this paper, we pay attention to the
performance of a short OFDM symbol which is affected by
a significant time offset due to asynchronous transmission of
different M2M users. Here we assume the uplink bandwidth
is 1.25MHz and the sub-carrier spacing in 15 kHz, where
the FFT size is 128 and supports up to 7 users. Each user’s
transmission occupies 14 sub-carriers in the frequency domain,
and the users are spaced by 2 blank sub-carriers. In this paper,
the number of transmitting users is set to 3 or 5. The scalar 7
is the relative delay between adjacent users.

AFrequency Asynchronous
Received for i+ 2 samples
Symbol S5 .
User3 | o o o |57 S8 9 cee
Symbol #1 | Symbol #2 ! Symbol #3 Symbol #4 Symbol #5
User 2 7| S VSS ~ s6 oo
~> Symbol #3
Symbol #1 > Symbol #2 N ymbol Symbol #4
St S2 I 53 ce e
User 1 Symbol #1 Symbol #2 Symbol #3
i Symbol #4 i
Y Time

>
Interference From the Adjacent Users
In the Same Time Domain

Interference From the Adjacent Users
In Different Time Domain

Fig. 2. Time Offset Model

B. ICI Analysis

This paper will consider every second symbol for each user,
in this case, the interference of symbols So, S5, and Sg will
be computed as shown in Fig. 2. The symbol index number S
is the same with the Fig. 2. Here we define L as the length
of transmitted symbol in samples. Thus, for OFDM and PCC-
OFDM, L = N + Lcp, where Lcp is the length of CP in
samples. In order to provide a fair comparison, we choose the
length of OFDM, PCC-OFDM and UFMC in samples to be
the same. Thus, for UFMC, L = N + Ly — 1 = N + Lcp.

The interference ICI for each user is caused by the sidelobe
attenuation on the adjacent users when the received signals are
asynchronous. Thus, the interference of S is dominated by the
tail of 7 samples from Sy and the first of 7 samples from Ss.
The remaining samples of Sy and Sg are relatively orthogonal.
In this case, the ICI also includes the miss orthogonality term
from S, and Sg. Then, we can write the interference terms
Tterms TOI Sy as:

Similarly, the interference terms for symbol Sy can be ex-
pressed as:

1

L—-1 L

l‘term? = Z I’U(S4) +

v=L—T v

24(S7) a1

(]

I
~

—27

&~
—-

D> x(Ss).

v=L—-21

L—-1
+ ) m(Ss) +

v=L—T1
and for symbol Sg can be expressed as:

27—1 T—1

lterm8 = Z IU(S-?) + Z xv(sﬁ)

v=0 v=0
27—1

T—1
-+ Z J,‘,,(Sz) + Z $1,(Ss)-
v=0

v=0

12)

Therefore, the interference term on the kth sub-carrier can be
rewritten using the Fourier transform as:

N—-1 L-1 .
ItermZ(k) = Z ($77(S4) + 371;(85))6_'727"""7/1\[
k=0 v=L—1
N—-1 L-1
+ (Iv(S7) + CCv(Sg))€7j27mk/N7
k=0 v=L—-27
(13)
N-17-1 .
Lierms (k) = Z (2(S3) + 24(S)) e 92N
k=0 v=0
N—-1 L-1 A
+ (25(S7) + 2(Ss)) e33R/ | (14)
k=0 v=L—1
N—-127-1 .
Iterms(k) = Z (,T,U(S3) + xv(SZ))efﬂﬂnk/N
k=0 v=0
N—-17-1
+ (zv(Se) + IU(S5))e_j2""k/N, (15)
k=0 v=0

Note that, when 27 is longer than [V, the interference term is
mainly due to adjacent symbols (e.g. the interference of Sy is
mainly caused by S4 and Ss). Then we can compute the SINR
p for the time-offset model as:

E [X (k)?]
02 + E[|Tierm (F) P’
where E[-] denotes statistical expectation. Now, we can com-

pute an estimate of the capacity Ccap(k) for sub-carrier k
basic on our SINR equations as:

Ccap(k) = log2(1 + p(k)),
note that the upper bound capacity of PCC-OFDM should be

p(k) = (16)

arn

Tif Ii half of Ccap due to its half of spectral efficiency.
iterms = D) Tu(S3) + ,(S7) (10
‘ pr =Dt IV. OFDM SIDE-LOBE BEHAVIOUR: PSD
1 L-1 This section will focus on comparing the side-lobe be-
+ ZIU(SZ) + Ty (Ss), haviour for the three waveforms: OFDM, UFMC and PCC-
v=0 v=L—7 OFDM.
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A. PSD: OFDM, UFMC, PCC-OFDM

Previous studies of UFMC focus on the Dolph-Chebyshev
filter. However, the Hamming window is another most well-
known approaches to reduce the side-lobe structure [8]. In or-
der to compare their spectral behaviour, we set the normalised
cut-off frequency to for = 0.18 and the side-lobe attenuation
Agy, set to 40dB. The spectral behaviour of OFDM, UFMC
(with Chebyshev and Hamming) and PCC-OFDM waveforms
is shown in Fig. 3. Both UFMC and PCC-OFDM can reduce
the side-lobe level significantly compared with OFDM and
there is no significant differences between the Chebyshev and
Hamming windows. Moreover, PCC-OFDM provides a better
ICI protection due to its very rapid side-lobe roll-off.

B. Filters Design For UFMC

In order to achieve a low side-lobe attenuation without
significant attenuation of the carrier in the pass-band, we
consider several filter designs. The ratio v between the number
of sub-carriers per user Ngyp and the total number of available
sub-carriers /N can be defined as:

Ngub 14
=N ~ 1 = 0.1094. (18)
The normalised cut-off frequency should bigger than ~. Thus,
we can consider three normalised cut-off frequencies for the
UFMC filter as fep1 = 0.15, ferp = 0.18 and feps = 0.2
The length of the filter Ly is set as 32 samples and Agp, is
chosen as 40dB and 64dB. The filters’ frequency responses
are shown in Fig. 4, with increasing f.¢, the side-lobe level
will be reduced. Meanwhile, the stop-band will move further
away from the pass-band. In terms of achieving lower side-
lobes and narrow pass-band, the filter with fer = 0.18 and
Agr,= 40dB presents the best compromise design.

V. SIMULATION RESULTS

In terms of the fair comparison, we assume Lp is set to
32 samples and Lcp is set to 31 samples to ensure they have
a same transmission length in sample. The transmitted signal
power for OFDM, UFMC and PCC-OFDM are the same. For

10+
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Fig. 4. Filter Frequency Responses, Chebyshev, Ly=32

the OFDM and UFMC systems, BPSK and QPSK will be
used. Because the spectral efficiency of PCC-OFDM is half
of the OFDM system, the corresponding constellation schemes
for PCC-OFDM are chosen as QPSK or 16-QAM. The total
number of MTC users is set to 3 or 5. As in Sec IV. B, the sub-
carrier ratio y = 0.1094, the normalised cut-off frequencies fc¢
is set to 0.18 and the side-lobe attenuation Agy, is set to 40dB
in the next simulations.

A. SINR and Upper Band Capacity

The SINR performance over the AWGN channel with a
signal to noise ratio (SNR) of 30dB is shown in Fig. 5, and
we assume 7 is 50 samples time offset which is much longer
than Lcp or Ly. The theoretical values are computed from
equation (16), which perfectly match with the simulations.
Compared with OFDM and UFMC, PCC-OFDM presents the
best performance. The nearby sub-carriers of both OFDM and
UFMC are significantly affected by ICI. UFMC can perform
slightly better than OFDM (about 3.5dB higher SINR), but it
still has a poorer SINR than PCC-OFDM.

The capacity performance with AWGN of 30dB is shown in
Fig. 6 and the theoretical values Ccap, as described in equation
(17) provide accurate closed-form results. The capacity of both
OFDM and UFMC will be reduced when 7 is longer than Lcp
or Lr, compared with OFDM, UFMC improves the capacity
about 1bit/sec/Hz when 7 is larger than Lg. The PCC system
provides the worst performance because of its reduced spectral
efficiency even it can achieve the highest SINR performance.

B. BER Performance of OFDM, UFMC and PCC-OFDM

The BER performance for the AWGN channel is shown in
Fig. 7. The results are plotted for F}, /N, and every multiple
access scheme has the same transmitted signal power. Again
Lcp is set to 31 samples, Ly is set to 32 samples, and 7 is
70 samples. The Hamming filter with f.r of 0.18 is used for
UFMC. The results are similar with the SINR curves, for low
data rate requirements, QPSK PCC-OFDM presents the best
performance in terms of BER. When the BER is 10—3, PCC-
OFDM saves about 0.7dB Ey, /N, compared with UFMC and
is about 1.5dB better than OFDM. However, it will present
the poorest Ey, /N, efficiency when increasing the data rate
via the use of 16-QAM modulation as compared to QPSK for
OFDM and UFMC.
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In order to study each user’s performance with large time
offsets, we increase the number of interfering users to 5 as
shown in Fig. 8. For UFMC and OFDM, the ICI of User No.1
and User No.5 is slightly less than User No.3. This closely
matches with our SINR results, where the sub-carriers allo-
cated at the middle of the frequency band will be significantly
interfered by adjacent users. As the number of interfering
users increases, the ICI will also be increased. However, for
PCC-OFDM, there is no significant BER degradation when
increasing the number of interfering users.

The BER performance for 7 = 10 samples over the
Rayleigh multipath channel is shown in Fig. 9, where Lcp is
47 samples and Ly is 48 samples. The channel tap lengths
are set to 10 and 70 samples and the modulation scheme
for OFDM and UFMC is BPSK while for PCC-OFDM it is
QPSK. The Hamming filter is used for the UFMC system with
fer normalised to 0.18. When the number of channel taps
is smaller than Ly and Lgp, both UFMC and PCC-OFDM
can present better BER performance than OFDM. When the
number of channel taps is 70 (much longer than Lcp), UFMC
presents the best performance in terms of BER.

The BER performance for 7 = 70 samples over the
Rayleigh multipath channel is shown in Fig. 10. It clearly
shows that when the number of taps is smaller than Lcp or Ly,
PCC-OFDM presents the best performance in terms of BER.
When the number of taps is longer than Lcp, PCC-OFDM is
no longer robust to the ISI effect. UFMC presents a slightly
better BER performance when the number of channel taps is
70. Compared with UFMC, PCC-OFDM is more sensitive to
the multipath channel effects.

C. Computational Complexity and PAPR

The computational complexity performance is shown in Ta-
ble I. It clearly shows that the transmitter IFFT computational
complexity of UFMC (for transmission the main cost is the
filter convolution operations and for the receiver it is the
2N point FFT) is significantly higher than OFDM and PCC-
OFDM (4096 operations more than OFDM and PCC-OFDM).
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When the filter length is increased, the IFFT computational
complexity will be increased significantly.

The PAPR performance is shown in Fig. 11. Both UFMC
and PCC-OFDM increase the PAPR compared with OFDM.
The PAPR of PCC-OFDM is about 2.1 dB higher than OFDM
and 1.7dB higher than UFMC at a complementary cumulative
distribution function (CCDF) value of 10~2. Thus, for PCC-
OFDM, the sidelobe reduction comes at the cost of a slightly
higher PAPR. This will require a higher power amplifier for
the same signal coverage, assuming that the PAPR leads an
increased amplifier back-off.

VI. CONCLUSION
In conclusion, this paper provides a detailed comparison
between OFDM, UFMC and PCC. We highlight our key
findings as: both UFMC and PCC-OFDM can provide better
frequency roll-off than OFDM in terms of supporting low

TABLE I
COMPUTATIONAL COMPLEXITY COMPARISONS

System: N=128 Transmitter (Ops)  Receiver (Ops)
OFDM 448 448
PCC-OFDM 448 4438
UFMC, Ly = 32 4544 1024
UFMC, Ly =438 6592 1024
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Fig. 11. The PAPR of OFDM, UFMC and PCC, N = 128, Hamming

fer=0.18, Lp=32

cost of halving spectral efficiency and higher PAPR. In the
AWGN channel with a BER of 10~ and a time offset of 70
samples, the Ey, /N, of PCC-OFDM is about 0.7dB better than
UFMC and 1.5dB better than OFDM. Compared with PCC,
UFMC can slightly improve the performance in very dispersive
multipath channel scenarios. However, it will significantly
increase the computational complexity due to the transmit
filter banks and the 2NNV point FFT that is required at the
receiver. Thus, we can conclude that PCC can be used when
channel conditions are good and the data requirement is low.
UFMC can be used more widely in supporting 5G M2M
communications.
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