
Bandwidth Compressed Waveform and System

Design for Wireless and Optical

Communications:

Theory and Practice

A thesis submitted for the degree of Doctor of Philosophy

(Ph.D.)

by

Tongyang Xu

Communications and Information Systems Research Group

Department of Electronic and Electrical Engineering

University College London

June 2017



Statement of Originality

I, Tongyang Xu confirm that the work presented in this thesis is my own. Where in-

formation has been derived from other sources, I confirm that this has been indicated

in the thesis.

Signed:

Date:

2



To my beloved parents.

3



“Time is money.” — Benjamin Franklin (1706 – 1790)

4



Abstract

This thesis addresses theoretical and practical challenges of spectrally efficient

frequency division multiplexing (SEFDM) systems in both wireless and optical

domains. SEFDM improves spectral efficiency relative to the well-known orthog-

onal frequency division multiplexing (OFDM) by non-orthogonally multiplexing

overlapped sub-carriers. However, the deliberate violation of orthogonality re-

sults in inter carrier interference (ICI) and associated detection complexity, thus

posing many challenges to practical implementations. This thesis will present

solutions for these issues.

The thesis commences with the fundamentals by presenting the existing chal-

lenges of SEFDM, which are subsequently solved by proposed transceivers. An

iterative detection (ID) detector iteratively removes self-created ICI. Following

that, a hybrid ID together with fixed sphere decoding (FSD) shows an optimised

performance/complexity trade-off. A complexity reduced Block-SEFDM can sub-

divide the signal detection into several blocks. Finally, a coded Turbo-SEFDM

is proved to be an efficient technique that is compatible with the existing mobile

standards.

The thesis also reports the design and development of wireless and optical

practical systems. In the optical domain, given the same spectral efficiency, a

low-order modulation scheme is proved to have a better bit error rate (BER)

performance when replacing a higher order one. In the wireless domain, an ex-

perimental testbed utilizing the LTE-Advanced carrier aggregation (CA) with

SEFDM is operated in a realistic radio frequency (RF) environment. Experi-

mental results show that 40% higher data rate can be achieved without extra

spectrum occupation. Additionally, a new waveform, termed Nyquist-SEFDM,

which compresses bandwidth and suppresses out-of-band power leakage is inves-

tigated. A 4th generation (4G) and 5th generation (5G) coexistence experiment

is followed to verify its feasibility. Furthermore, a 60 GHz SEFDM testbed is de-

signed and built in a point-to-point indoor fiber wireless experiment showing 67%

data rate improvement compared to OFDM. Finally, to meet the requirements of

future networks, two simplified SEFDM transceivers are designed together with

application scenarios and experimental verifications.
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Chapter 1

Introduction

The exponential growth in demand for broadband services is leading to increased

research in new modulation formats and system architectures aiming to utilize the

available, yet limited, spectrum. Long term evolution (LTE) [1] was proposed and

standardized and has now been commercialized, with long term evolution-advanced

(LTE-Advanced) [2] being introduced and its high data rate features demonstrated.

The recent success of 4th generation (4G) deployment and operation has led to growing

interest in the system to follow, namely 5th generation (5G). Even at these early stages

work has started to appear aiming to define or possibly start the debate about defining

5G possible structure and services [3][4][5][6][7]. The main expectations of 5G are to

achieve high-speed data communication and high spectral efficiency. There are a vari-

ety of methods being used to improve spectral efficiency like higher-order modulation,

multiple antennas, interference cancellation and multicarrier techniques.

The physical layer of many of today’s communication systems utilizes multicarrier

transmission techniques as such techniques offer good spectrum utilization in frequency

selective and multipath channels. Most prominent of the multicarrier systems is the

orthogonal frequency division multiplexing (OFDM) where the information signal is

carried on parallel orthogonal carriers (termed sub-carriers) with frequency separation

equal to the symbol rate. OFDM, has its origins in the Kineplex system, originally
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proposed for computer communications in late 1950s [8]. The modern variant of OFDM

first appeared in the 1966 [9] and was implemented using digital techniques in the 1971

[10]. OFDM is currently the system of choice for many wire and wireless transmission

systems [11].

In 4G standard, OFDM is the multicarrier technique that has been identified as

the air interface of the physical layer in long term evolution (LTE) release 8 [1] since

it provides better immunity against multipath fading than a single carrier system. A

data stream is split into several parallel data streams with reduced data rate. Each

data stream is modulated on separate overlapping but orthogonal sub-carriers. Using

rectangular pulses in time domain, a slightly higher spectral efficiency can be achieved

in OFDM compared to a single carrier. In order to maintain the orthogonality charac-

teristic, the spectral efficiency of OFDM can not be improved further without changing

the modulation formats. To overcome the challenge, some emerging techniques such

as massive multiple input multiple output (MIMO) (space domain) [12], millimeter

wave (frequency domain) [13] and beamforming (power domain) [14] are combined

with OFDM to address this challenge and achieve higher data rates. However, in real

world communications, OFDM is sensitive to radio frequency (RF) distortions like fre-

quency offset which may compromise orthogonality between sub-carriers. This leads

to inter carrier interference (ICI) and degrades the performance significantly. Since

spectrum is a limited resource, techniques that can further improve spectral efficiency,

while guarantee system performance would be in high demand. In order to use effi-

ciently the limited spectrum, LTE-Advanced release 10 [15] was proposed and up to 100

MHz channel bandwidth is allocated to meet high data rate requirements using carrier

aggregation (CA) techniques. Furthermore, many new features have been standardized

such as enhanced MIMO and coordinated multiple point (CoMP).

In future 5G networks, a thousand-fold wireless traffic increase is predicted from

2020, originating from over 50 billion connected devices [16]. Such massive device

connection and communication will be associated with the continuously emerging in-
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ternet of things (IoT). In order to support faster data speed and provide sufficient

multiple access, new waveform designs are needed. Some novel waveforms such as fil-

terbank based multicarrier (FBMC) [17], universal-filtered multi-carrier (UFMC) [18]

and generalized frequency division multiplexing (GFDM) [19] have been investigated

as such techniques offer low out-of-band power leakage and avoid harmful interference

to adjacent channels by using a pulse shaping filter on each sub-carrier or a group of

sub-carriers. Therefore, protection guard band between two channels can be narrowed

leading to an improved spectral efficiency. In 5G standard explorations [3][4][5][6][7],

non-orthogonal concepts are commonly mentioned as potential candidates for the air

interface. In 1975, Mazo showed that it is possible to increase the signalling rate up

to 25% beyond the Nyquist rate [20]. A number of spectrally efficient multicarrier

techniques have come to light with notable examples including fast orthogonal fre-

quency division multiplexing (FOFDM) [21], m-ary amplitude shift keying (MASK)

[22], Overlapped FDM (Ov-FDM) [23], spectrally efficient frequency division multi-

plexing (SEFDM) [24], faster than Nyquist (FTN) signalling [25] and time frequency

packing (TFP) [26]. In addition, the non-orthogonal concept can be applied for multiple

access scenarios such as sparse code multiple access (SCMA) [27], non-orthogonal mul-

tiple access (NOMA) [28] and multi-user shared access (MUSA) [29]. These techniques

can superimpose signals from multiple users in the code-domain or the power-domain

to enhance the system access performance.

A new direction for waveform design for future 5G networks is to compress signal

bandwidth whilst maintaining the same transmission rate per sub-carrier. Concep-

tually, this is a non-orthogonal waveform technique termed SEFDM, which provides

improved spectral efficiency by packing sub-carriers at frequency spacing below the

symbol rate. The requirement of orthogonality is released and SEFDM is more im-

mune to frequency offset than OFDM. This thesis focuses on SEFDM which can be

traced back to 2003 [24] when the technique was firstly proposed. Since 2003 a number

of researchers have worked on different aspects of SEFDM signals ranging from signal
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generation and reception through their practical implementations using state-of-the-

art hardware devices. Table 1.1 and Table 1.2 give an account of the key milestones

achieved during the study of SEFDM signals from 2002 to 2017.

Table 1.1: History of SEFDM (2002-2012)

2002[21] Fast OFDM: A proposal for doubling the data rate of OFDM
2003[24] Proposal of the non-orthogonal waveform (SEFDM) concept
Sept. 2008[30] A maximum likelihood (ML) SEFDM signal detector
Jun. 2009[31] Complexity analysis of SEFDM receivers
Sept. 2009[32] Investigation of semidefinite programming (SDP) signal detector
Sept. 2009[33] An application of SEFDM in physical layer security
Sept. 2009[34] A pruned sphere decoding (SD) signal detector
Jul. 2010[35] An inverse fast Fourier transform (IFFT) SEFDM signal generator
Sept. 2010[36] A joint channel equalization and detection scheme
Sept. 2010[37] Precoded SEFDM
Nov. 2010[38] The use of a fast constrained SD for signal detection
Mar. 2011[39] Proposal of a truncated singular value decomposition (TSVD) detector
May. 2011[40] Peak to average power ratio (PAPR) reduction in SEFDM
May. 2011[41] Evaluation of fixed sphere decoding (FSD) detector in SEFDM
May. 2011[42] A real-time FPGA based SEFDM signal generator
Sept. 2011[43] FPGA implementation of the TSVD detector
Mar. 2012[44] Soft cancellation MMSE Turbo equalization for n-OFDM
Apr. 2012[45] A robust partial channel estimation (PCE) scheme for SEFDM
May. 2012[46] A reconfigurable hardware based SEFDM transmitter
Jun. 2012[47] A hardware verification methodology for SEFDM signal detection
Sept. 2012[48] A hybrid DSP-FPGA implementation of the TSVD-FSD detector

Fig. 1.1 illustrates real-time spectra of SEFDM and OFDM, as measured using a

Tektronix Mixed Domain Oscilloscope. The white (wider) spectrum is that of OFDM

while the yellow (narrow) one is for SEFDM. It is apparent that the bandwidth of

SEFDM is compressed by 40% compared with OFDM. The spectrum saving in SEFDM

is achieved by deliberately overlapping sub-carriers at spacings below the symbol rate,

effectively resulting in compressed sub-carrier spacing and leading to improved spectral

efficiency. There are several reported methods to generate non-orthogonal SEFDM

signals. A single IFFT structure was reported in [46] by adding zeros at the end of an

SEFDM symbol, which is limited by bandwidth compression. After that, an efficient

signal generator that employs multiple standard IFFTs was reported in [35] where the

restrictions of the bandwidth compression are relaxed. Following the theoretical work,
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Table 1.2: History of SEFDM (2013-2017, ′∗′ indicates the contributions in this thesis)

May.2013[49]∗ Real-time FPGA implementation of TSVD-FSD detector
Jun. 2013[50] A pure DSP implementation of the modified TSVD-FSD detector
Sep. 2013[51] Frequency packing for spectral coexistence in satellite scenario
Oct.2013[52]∗ An improved FSD detector using iterative soft decision method
2013[53] Gabor transform to reduce the receiver side complexity
Feb.2014[54]∗ Direct detection optical testbed demonstration
Jun.2014[55]∗ Direct detection optical transmission experiment
Jul.2014[56]∗ Soft demapping for different modulation schemes
Jul.2014[57]∗ Block signal detection investigation
Oct.2014[58]∗ A soft detector using Turbo principle
Nov.2014[59]∗ Overview of SEFDM in 5G
2014[60] BER performance improvement using smoothed envelope signals
May 2015[61] Asymptotically optimal algorithm was studied
Jun.2015[62]∗ Beyond 4G SEFDM radio over fiber transmission
Jun.2015[63]∗ 5G signal transmission experiment
Aug. 2015[64] Nonlinear distortions caused by power amplifiers were studied
Aug. 2015[65] Optimum envelope forms were studied
Oct. 2015[66] The achievable capacity of SEFDM was studied
Oct. 2015[67] Optimization of envelope forms for the duration of the signals
2015[68] Mitigation of aliasing and ICI using ASK-manipulated signals
2016[69]∗ A book chapter summarizes SEFDM technique
2016[70]∗ A book chapter summarizes SEFDM technique
2016[71]∗ Millimeter wave 60 GHz signal transmission experiment
Jan.2016[72]∗ Coherent detection optical testbed demonstration
Jun.2016[73]∗ Overview of SEFDM experiments
Jun. 2016[74] Reduced complexity PAPR reduction algorithm for SEFDM
Jun. 2016[75] Optical experiment using cascaded BPSK iterative detection (CBID)
Jul.2016[76]∗ Waveform shaping for Internet of things (IoT)
Jul.2016[77]∗ Millimeter wave 60 GHz signal transmission
Jul. 2016[78] 2.4-Gb/s WDM visible light communication (VLC) experiment
Jul. 2016[79] Truncating OFDM signals to achieve high spectral efficiency
Jul. 2016[80] Comparison of Turbo decoder and Turbo equalizer for SEFDM
Sep. 2016[81] VLC experiment using RLS time-domain channel estimation
Oct. 2016[82] Comparison study of sinc pulse and RRC pulse
Oct. 2016[83] fractional Hartley transform for SEFDM
Dec. 2016[84] Index modulation was applied to SEFDM
Dec. 2016[85] Improve spectral and energy efficiency employing optimal envelope
Mar.2017[86]∗ Precoding for digital subscriber line (DSL) communications
May2017[87]∗ Transmission experiment for carrier aggregation in a wireless channel
May 2017[88] Multiple channel coding schemes are studied
Jun. 2017[89] Experimentally verify the capacity limit of SEFDM
Jun. 2017[90] A new system architecture for FTN-SEFDM
Jun. 2017[91] Multi-antenna SEFDM
Aug.2017[92]∗ Reach enhancement in optical fiber transmission
Oct.2017[93]∗ FPGA modelling verification on a non-orthogonal iterative detector
Oct.2017[94]∗ Over-the-Air testing using software defined radio USRP RIO devices
Nov.2017[95]∗ Multi-Sphere decoding of block segmented SEFDM signals
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Figure 1.1: Experimental bandwidth comparisons of SEFDM (α = 0.6) and OFDM.
By transmitting the same amount of data, SEFDM requires bandwidth of 5.409 MHz
while OFDM needs 9.015 MHz. Carrier frequency is 2 GHz, frequency span is 15 MHz
and resolution bandwidth (RBW) is 3 KHz.

practical implementations were realized on both field programmable gate array (FPGA)

[42] and designed for very large scale integration (VLSI) [46] circuit. The latter one

was carried out in a 32-nm complementary metal-oxide-semiconductor (CMOS) chip.

At 100 MHz clock frequency, the throughput can reach 17.4 Mbps with quadrature

phase-shift keying (QPSK) modulation and up to 52.2 Mbps with 64QAM modulation

with bandwidth saving up to 50% relative to OFDM. Hence, the challenge of signal

generation has been resolved.

Signal detection is challenging due to the self-created ICI in SEFDM. Initially, lin-

ear detectors were evaluated such as zero forcing (ZF) [24] and minimum mean squared

error (MMSE) [39]. However, these perform well only for small system sizes (i.e. small

number of sub-carriers) and at high SNRs. Maximum likelihood (ML) is an optimal

detection technique to recover signals subject to ICI, but it has a major drawback

in the exponential growth of its complexity with the enlargement of the number of

sub-carriers and modulation level. Sphere decoding (SD), an alternative to ML, was

demonstrated in [38] to have an optimal performance at a much reduced complexity

by searching candidate solutions within a constrained space. A key limitation is in

its random complexity, which depends on noise levels and leads to impractical hard-
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ware implementation. Subsequently, a hybrid detector combining TSVD with FSD

was explored in [39], which offered a substantial reduction in complexity. However,

the achievable error performance is still worse than the optimum ML performance.

Following the theoretical work, a linear TSVD detector was verified in [43] by using

FPGA. Furthermore, a hardware SEFDM detector was realized using the combination

of FPGA and digital signal processors (DSP) [48].

1.1 Motivation

4G networks have been commercially set up in the UK since 2012 and they pave the

way to the deployment of future 5G networks. 5G is coming with some new features.

These include higher user data rate; lower energy consumption; more connected devices

and lower latency. However, a standalone technique may not be able to support future

5G networks. It is expected that future 5G wireless networks will be a mixture of

different backhaul and radio access technologies. In terms of future systems (5G and

beyond), SEFDM would offer significant bandwidth saving advantages if used either as

an air interface technique or for backhauling signals over wireless and/or wired and fiber

communication channels. According to the aforementioned introduction, the existing

detection techniques are all limited to small size SEFDM systems because the ICI

becomes severely limiting with increased number of sub-carriers. Therefore, this thesis

will investigate efficient transceiver architectures for large size non-orthogonal SEFDM

systems. Meanwhile, real world experiments will be operated to verify the proposed

system designs. This research work will pave the way for future wireless and wired high

spectrally efficient technologies.

1.2 Organization of the Thesis

This thesis includes two parts, the first part focuses on theoretical investigations of

SEFDM including detector designs and advanced SEFDM system architecture propos-
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als. The second part studies practical implementations of SEFDM focusing on optical,

wireless or their combination at either microwave or millimeter wave frequencies.

Chapter 2 introduces the SEFDM signal. It starts with a mathematical description

followed by a summary of existing modulation/demodulation techniques. Following

this, the self-created interference characteristics are analyzed to show challenges of

SEFDM signal recovery. Finally, the chapter includes a summary of other spectrally

efficient techniques.

In Chapter 3 efforts to simplify the signal detection are presented. Three system

architectures are proposed. The first is an iterative receiver based on the FSD detec-

tor. A new linear detection algorithm termed soft demapping iterative detection (ID)

is introduced. Following that, a hybrid ID together with FSD is presented to improve

further the performance. The second proposal is a multi-band architecture, named

block-spectrally efficient frequency division multiplexing (Block-SEFDM), for a moder-

ate size non-orthogonal system. The new architecture decomposes the whole spectrum

into several blocks. Each block can be detected separately by using an efficient de-

tector such as SD. This technique makes it practical to detect a SEFDM signal (e.g.

modulated on 128 non-orthogonal data sub-carriers). Furthermore, a detector termed

block efficient detector (BED) is presented in this work and computer simulations show

that the performance is significantly improved while the complexity is decreased by one

order of magnitude. The third proposal investigates a new iterative detection algorithm

which can simplify the detection of signals in large size non-orthogonal multicarrier sys-

tems. This work proposes a fast Fourier transform (FFT) based soft detector working

alongside a standard Bahl-Cocke-Jelinek-Raviv (BCJR) outer decoder. The detector

can iteratively improve the reliability of candidate solutions using forward error cor-

rection (FEC) based on the Turbo principle by exchanging soft information between

the FFT detector and the outer decoder. Mathematical modelling results show the

suitability of the proposed detector for use in large size (e.g. 1024 data sub-carriers)

non-orthogonal multicarrier systems.
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Chapter 4 presents new applications of SEFDM in optical domain. This is the first

time to prove experimentally that SEFDM is applicable to optical communication sys-

tems. Two optical systems such as directed detection optical-SEFDM (DDO-SEFDM)

and coherent optical-SEFDM (CO-SEFDM) are designed and evaluated. The 10 Gb/s

DDO-SEFDM optical experiment can improve spectral efficiency in both electrical and

optical domains while achieving the same performance when bandwidth saving is up

to 20% or signalling rate is up to 25%. This is the first experimental verification of

the Mazo’s 25% optical faster than the Nyquist principle in the optical domain. Fur-

thermore, results indicate that 4QAM DDO-SEFDM can replace 8QAM DDO-OFDM

while achieving better performance. It is experimentally shown that a lower-order mod-

ulation format can achieve better performance by replacing a higher one. The same

results were obtained in a 24 Gb/s CO-SEFDM testbed where spectral efficiency was

further improved with extra signal processing efforts.

Chapter 5 reports the first experimental demonstration of LTE-Advanced SEFDM

signal transmission and reception over a realistic RF environment. Carrier aggregation

(CA) is a technique introduced in LTE-Advanced to achieve a higher throughput by

aggregating legacy radio resources. Meanwhile, SEFDM is a bandwidth compressed

technique that can pack more non-orthogonal sub-carriers in a given bandwidth. Con-

sidering the scarcity of radio spectrum, the SEFDM bandwidth compression technique

can be used to enhance CA performance. The combination of two techniques results in

more aggregated component carriers (CCs) in a given bandwidth. It shows that up to

7 CCs can be aggregated in a given bandwidth with guaranteed bit error rate (BER),

while OFDM can only pack 5 CCs in the same bandwidth. This chapter firstly studies

practical impairments in a realistic wireless communication environment. Multipath

fading effect is firstly investigated followed by its compensation solutions. Then, an

experimental testbed is introduced in detail. Several impairments such as imperfect

timing synchronization, phase noise and sampling clock phase offset are analyzed. Fur-

thermore, these impairments are jointly reviewed and experimentally tested. Finally,
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full system description and experimental setup are given together with BER results

for SEFDM and OFDM based systems using LTE-like frame and signal formats and

transmitted over an LTE standard fading channel. Experimental results firstly show

the suitability of the proposed detector for use in large size non-orthogonal multicarrier

systems. In addition, results demonstrate the bandwidth advantages of SEFDM and

confirm that the effective spectral efficiency of CA-SEFDM is much higher than that

of CA-OFDM.

Chapter 6 presented a simplified interference cancellation scheme for a non-orthogonal

multicarrier signal using a pulse shaping technique. In non-orthogonal multicarrier sig-

nals, higher spectral efficiency may be achieved at the expense of self-created ICI.

Typically, when no pulse shaping is employed, interference, contributed by all sub-

carriers, has to be minimized resulting in a receiver of significant complexity. In order

to mitigate the interference effect, the work in this chapter constrains the interference

to adjacent sub-carriers by shaping each sub-carrier with a root raised cosine (RRC)

filter, thereby suppressing the out-of-sub-carrier power leakage. Instead of cancelling

out interference from all sub-carriers, only two adjacent sub-carriers are considered in

the RRC shaped scenario. Results indicate that the newly proposed scheme can achieve

the same performance compared to the non-shaped one but with reduced receiver com-

plexity. This paves the way to non-orthogonal signal detection and non-orthogonal

CA system designs; both of importance to future wireless and wired communication

systems. A coexistence experiment for 4G and 5G signals aggregation is operated in

a realistic PCI extensions for instrumentation (PXI) environment to show the bene-

fits such as compressed bandwidth and reduced out-of-band power leakage. Practical

over-the-air testing of those proposals, targeting massive machine-type communica-

tion (mMTC), is operated on commercially developed software defined radio universal

software radio peripheral (USRP) platforms. Coexistence evaluations on two USRPs

show that SEFDM can significantly reduce interference when used with existing LTE

signals leading to improved quality of service. Additionally, the presented pulse shaping
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Nyquist-SEFDM performs well in scenarios where the spectrum is limited and in fact

it outperforms pulse shaped OFDM significantly, both in terms of bandwidth saving

and throughput.

Chapter 7 experimentally studies SEFDM performance in a 60 GHz millimeter-wave

(mm-wave) radio-over-fiber (RoF) scenario where transmission data rate is increased

without changing signal bandwidth and modulation format. Experimentally, a 2.25

Gbit/s 4QAM OFDM signal is transmitted through 250 meters of multi-mode fiber

(MMF) and then it is optically up converted to 60 GHz band at the photodiode before

delivery to a millimeter wave antenna for transmission over a 3 meter wireless link.

The work demonstrates that when the OFDM signal is replaced by an SEFDM signal

using the same modulation format and occupying the same bandwidth, the bit rate can

be increased. In addition, an 8QAM OFDM signal is experimentally evaluated due to

its equivalent spectral efficiency with 4QAM SEFDM of 33% bandwidth compression.

The purpose is to verify that a low order modulation format may replace a higher order

one and achieve performance gain.

Much work has been conceptually and practically done in terms of optimal signal

detection algorithms. To summarize, the existing detectors have trade-off issues in

performance, complexity and spectral efficiency. Some detectors show optimal perfor-

mance but with high complexity. Some detectors have low complexity but at the cost

of performance. While some detectors achieve good performance and low complexity

but with reduced achievable spectral efficiency. Therefore, the topic of efficient sig-

nal detection still remains open. Existing SEFDM detectors attempt to extract useful

information from distorted signals at the receiver, which would result in inaccurate

signal estimate since ICI has been added to each sub-carrier. In Chapter 8, alterna-

tive solutions, focusing on transmitter side, are investigated. The first solution is to

precode signals prior to the wireless channel at the transmitter, based on known ICI

information. Briefly, the technique is based on modifying the data sent on individual

sub-carriers according to the signal quality of each, which is based on the sub-carrier
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to interference ratio (ScIR) of such sub-carrier as estimated from eigenvalue decompo-

sition. At the transmitter, instead of modulating data on all sub-carriers, sub-carriers

associated with high eigenvalues (good ScIR) are reserved for data and other sub-

carriers are used for precoding redundancy. At the receiver, only the sub-carriers of

high ScIR are processed for data recovery. The precoding redundancy results in ap-

parently “wasted” sub-carriers, however, the bandwidth compression characteristic of

SEFDM compensates for such “waste”. Modelling is done in simple Gaussian noise

channels and in a static frequency selective channel and for different modulation for-

mats. The second solution is straightforwardly to modulate two symbols, which have

the same absolute amplitude but opposite signs, on adjacent sub-carriers. In this case,

interference can be cancelled mutually at transmitter side. In order to further improve

performance, receiver side mutual interference cancellation could be employed without

any multiplication or matrix inverse operations. The spectral efficiency is halved by

using this method. Thus, achievable spectral efficiency has to be investigated by study-

ing various modulation formats and bandwidth compression factors. In general, an

optimal combination of modulation formats and bandwidth compression factors exists

for each achievable spectral efficiency. Practical over-the-air testing of the self interfer-

ence cancellation is operated on commercially developed software defined radio USRP

platforms. It aims at ultra-reliable and low-latency communication (URLLC) scenario

due to its low complexity and high efficiency in cancelling the self-created ICI.

Finally, Chapter 9 summarizes the work in this thesis and put forward some pro-

posals for future work.

In order to provide an intuitive understanding of the thesis structure, Fig. 1.2

depicts the background and motivation of this research work. Fig. 1.3 shows the key

work of this thesis being SEFDM with links between different research aspects.

This thesis includes three appendixes. Appendix A presents abbreviations used in

this thesis. Appendix B attached a submitted journal paper written by the author.

Appendix C shows the constellation patterns of wireless signals via radio prorogation.
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Figure 1.2: Focus of Chapters 1 and 2 (background and motivation of this work).
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Figure 1.3: Focus of Chapters 3-8 (key work of this thesis).
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1.3 Main Contributions

The work in this thesis comprises theoretical research and practical/experimental demon-

stration of a set of new concepts addressing implementation of SEFDM systems. This

research work has contributed to the progress of SEFDM research in three areas of sig-

nal design and processing, detector design and optimisation and the first set of practical

implementation of full SEFDM links in wireless and optical environments. A summary

of these contributions is listed below.

• FPGA Implementation.

This contribution has been published in [O01][C12] in the List of Publications (or

[49][93] in List of References).

– 2013: Designed and implemented a real time MIMO/SEFDM detector work-

ing at 1.06 Gbit/s on a Xilinx Vertex-6 FPGA chip.

– 2017: FPGA modelling verification on a non-orthogonal iterative detector

in terms of bit precision.

• Proposal, mathematical modelling and assessment of three new non-

orthogonal signal detectors for SEFDM.

Contributions in this area have been published in [J01][J03][C02][C03][C04][C13]

in the List of Publications (or [52][58][56][57][59][95] in List of References).

– 2013: Designed a new iterative detection scheme (ID) based on iterative

demapping at the receiver and showed this scheme to outperform linear

detection schemes whilst maintaining reasonable complexity.

– 2014: Proposed a multi-band architecture, Block-SEFDM, which subdivides

signal detection challenge into several blocks leading to reduced complexity

and acceptable performance.
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– 2014: Designed a coding system, Turbo-SEFDM, which achieves good per-

formance/complexity trade-off and shows its compatibility with existing mo-

bile standards.

• Optical Fiber Experiments.

Contributions in this area have been published in [J02][J04][C01][C08] in the List

of Publications (or [54][72][55][73] in List of References).

– 2014: Designed and implemented a direct detection optical testbed trans-

mitting non-orthogonal signals at 10 Gbit/s. This is the first time to have a

working experimental SEFDM transceiver.

– 2015: Designed and implemented a dual polarization coherent detection op-

tical testbed transmitting non-orthogonal signals at 24 Gbit/s.

– Both experiments show that given the same spectral efficiency, a low-order

modulation scheme can achieve a better performance by replacing a higher

one.

• LTE/LTE-Advanced Experiments.

Contributions in this area have been published in [J06][C06][C08] in the List of

Publications (or [87][63][73] in List of References).

– 2015: Seup up an LTE/LTE-Advanced experimental testbed that can reach

up to 50 Mbit/s data rate using commercial PXI transceiver and Spirent VR5

channel emulator. A realistic LTE defined extended pedestrian A (EPA)

wireless channel model is used.

• Bandwidth Compressed 5G Experiments.

Contributions in this area have been published in [J06][C06][C08] in the List of

Publications (or [87][63][73] in List of References).
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– 2015: Designed and implemented bandwidth compressed carrier aggregation

wireless signal transmission at 70 Mbit/s in a realistic LTE defined EPA

wireless channel. Compared to the typical LTE-Advanced testbed, a 40%

data rate improvement is achieved. This is the world first time to have a

fully running wireless SEFDM testbed.

• Nyquist-SEFDM Experiments.

This contribution has been published in [C09] in the List of Publications (or [76]

in List of References).

– 2016: Designed a new waveform that compresses bandwidth and suppresses

out-of-band power leakage. A realistic wireless platform was set up for the

verification of coexistence of 4G and promising 5G signals for the first time.

• 60 GHz Millimeter Wave Non-orthogonal Radio Over Fiber Experi-

ments.

Contributions in this area have been published in [J05][C05][C07][C08] in the List

of Publications (or [77][62][71][73] in List of References).

– 2015: Realized an LTE based 2.4 GHz non-orthogonal radio over fiber signal

transmission and reception.

– 2016: Designed and delivered 3.75 Gbit/s non-orthogonal signals through

250 meters multimode fiber (MMF), over 3 meters wireless link at 60 GHz

mm-wave frequency. Compared to a typical 2.25 Gbit/s OFDM signal in

the same scenario, the data rate is increased by 67%, which is the first

attempt for SEFDM signals at millimeter wave frequency radio over fiber

transmission scenario.

• Low Complexity Transceiver Design.

This contribution has been published in [C10] in the List of Publications (or [86]

in List of References).
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– 2017: Proposed and designed low complexity transceivers with the signal

processing burden remains at the transmitter. These designs bring benefits

to low power and low latency applications due to the special signal features

from SEFDM.

• Over-the-Air Testing with Software Defined Radio USRP RIO Devices.

This contribution has been submitted to [C11] in the List of Publications (or [94]

in List of References).

– 2017: Make use of software defined radio platform USRP and implemented

an SEFDM signal based 5G testbed. It in real-time proves the Nyquist-

SEFDM waveform and the applications of those low complexity transceiver

designs.

In addition to all the mentioned technical contributions, I have also been awarded

for Faculty of Engineering Sciences Scholarship, Association of British and Turkish

Academics (ABTA) Doctoral Researcher Awards and Engineering and Physical Sciences

Research Council (EPSRC) Discovery to Use Impact Acceleration award.

1.4 List of Publications

The contributions presented in section 1.3 have led to 2 book chapters, 7 journal papers

of which 1 is under review, 13 conference papers of which 3 are invited. I have also

contributed to related subjects one conference paper and one journal paper during my

study at UCL. All publications are listed in chronological order:

• Book Chapters:

[B01]. I. Darwazeh, T.Xu, and R. C. Grammenos, “Ch. Bandwidth Compressed

Multicarrier Communication: SEFDM,” Signal Processing for 5G: Algorithms

and Implementations. Wiley, 2016.
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[B02]. I. Darwazeh, R. C. Grammenos, and T.Xu, “Ch. Spectrally Efficient Fre-

quency Division Multiplexing for 5G,” Key Enabling Technologies for 5G Mobile

Communications. Springer, 2016.

• Journals:

[J01]. T.Xu, R. C. Grammenos, F. Marvasti, and I. Darwazeh, “An improved

fixed sphere decoder employing soft decision for the detection of non-orthogonal

signals,” IEEE Communications Letters, vol. 17, no. 10, pp. 1964-1967, Oct.

2013.

[J02]. I. Darwazeh, T.Xu, T. Gui, Y. Bao, and Z. Li, “Optical SEFDM system;

bandwidth saving using non-orthogonal sub-carriers,” IEEE Photonics Technol-

ogy Letters, vol.26, no.4, pp.352–355, Feb.15, 2014.

[J03]. T.Xu and I. Darwazeh, “A soft detector for spectrally efficient systems with

non-orthogonal overlapped sub-carriers,” IEEE Communications Letters, vol. 18,

no. 10, pp. 1847-1850, Oct. 2014.

[J04]. D. Nopchinda, T.Xu, R. Maher, B. Thomsen, and I. Darwazeh, “Dual

polarization coherent optical spectrally efficient frequency division multiplexing,”

IEEE Photonics Technology Letters, vol. 28, no. 1, pp. 83-86, Jan. 2016.

[J05]. T.Xu, S. Mikroulis, J. E. Mitchell and I. Darwazeh, “Bandwidth com-

pressed waveform for 60 GHz millimeter-wave radio over fiber experiment,” IEEE

Journal of Lightwave Technology, vol. 34, no. 14, pp. 3458-3465, Jul. 2016.

[J06]. T.Xu and I. Darwazeh, “Transmission experiment of bandwidth com-

pressed carrier aggregation in a realistic fading channel,” IEEE Transactions on

Vehicular Technology, vol. 66, no. 5, pp. 4087-4097, May 2017.

[J07]. T.Xu, T. Xu, P. Bayvel, and I. Darwazeh, “Reach enhancement in optical

fiber transmission using non-orthogonal signals with sub-carrier spacing below

symbol rate,” Optics Express, 2017 (under review).
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• Conferences:
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Non-orthogonal Techniques

Fundamentals

2.1 Introduction

This chapter discusses the basics of non-orthogonal signals and techniques. A block

diagram of a basic OFDM/SEFDM system is shown in Fig. 2.1. A serial symbol

stream is transformed into a parallel stream in the S/P module in preparation for

modulation. For OFDM, signal modulation is straightforward by using IFFT. For

SEFDM, since sub-carriers are no longer orthogonal, a special SEFDM modulation

block instead of IFFT is used. Then, cyclic prefix (CP) is added at the beginning of each

OFDM/SEFDM symbol to combat the multipath fading channel. After the digital-to-

analogue conversion (DAC), up conversion, wireless channel, down conversion, analog-

to-digital conversion (ADC) and CP removal, the OFDM signal is demodulated through

an FFT. However, in the case of SEFDM, a special demodulation is executed due to the

non-orthogonally packed sub-carriers. Finally, the demodulated but interfered SEFDM

signal is recovered in the detector module, and a serial symbol stream is obtained after

the P/S module. For OFDM signals, signal detection is not needed since no ICI is

introduced.
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Figure 2.1: Block diagram for OFDM and SEFDM. The grey part indicates special
operations for SEFDM.

SEFDM poses severed challenges in signal generation, demodulation and detection

since self-created ICI is introduced. Prior to the descriptions of main achievements

of this thesis, previous work on SEFDM signal generation, modulation and detection

methods is introduced in this chapter to show the background of the SEFDM system.

This chapter commences with introducing existing techniques of SEFDM signal gen-

eration, demodulation and detection with analysis of their limitations. Then, other

spectrally efficient technologies are described to set SEFDM in context. Finally, this

chapter is concluded by demonstrating the limitations of current existing SEFDM tech-

niques and indicating potential research directions.

2.2 Orthogonality

The orthogonality is defined that if the cross-correlation of two signals is zero, then the

two signals are mutually orthogonal. Meanwhile, if their auto-correlation equals one,

then the signals are mutually orthonormal. The relations are given by

Tw

0

xm(t)x∗n(t)dt =

 0 m 6= n

1 m = n
(2.1)
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where (.)∗ denotes the complex conjugate. In a multicarrier communication system,

symbols are modulated on separate sub-carriers, taking two arbitrary sub-carriers as an

example, where they have frequencies f1 and f2, respectively, the correlation between

the two sub-carriers is given by

CORR12 =

Tw

0

ej2πf1t(ej2πf2t)∗dt

=

Tw

0

ej2π∆ftdt

=
ej2π∆fT − 1

j2π∆fT

= ejπ∆fT × sin(π∆fT )

π∆fT

(2.2)

where ∆f equals f1 − f2 and T is the period of one multicarrier symbol. In order to

realize an orthogonal multicarrier system, the value of CORR12 should be equal to

zero. Therefore, ∆f is set to be n
T where n ∈ Z. The OFDM system corresponds to

n = 1. For SEFDM, in order to compress the bandwidth making it smaller than the

OFDM one, the orthogonality is intentionally violated. Therefore, n is between 0 and

1.

2.3 SEFDM Signal Generation

The SEFDM signal consists of a stream of SEFDM symbols each carrying N complex

quadrature amplitude modulation (QAM) (could be other modulation schemes) sym-

bols. Each of the N complex symbols is modulated on one non-orthogonal sub-carrier.

Therefore, the SEFDM signal can be expressed as

x(t) =
1√
T

∞∑
l=−∞

N−1∑
n=0

sl,n exp(
j2πnα(t− lT )

T
) (2.3)

where α is the bandwidth compression factor defined as
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α = ∆fT (2.4)

where ∆f denotes the frequency distance between adjacent sub-carriers, T is the period

of one SEFDM symbol, 1√
T

is a scaling factor for the purpose of normalization, N is

the number of sub-carriers and sl,n is the complex QAM symbol modulated on the

nth sub-carrier in the lth SEFDM symbol. α determines bandwidth compressions and

hence the percentage of bandwidth saving equals to (1−α)×100%. For OFDM signals

α = 1, and α < 1 for SEFDM. Fig. 2.2 illustrates comparisons of the spectra of OFDM

and SEFDM. It is clearly seen that due to non-orthogonal sub-carrier packing, SEFDM

has a narrower bandwidth compared to OFDM given the same number of sub-carriers

and the same modulation bandwidth per sub-carrier. The bandwidth occupations of

OFDM and SEFDM are expressed in (2.5) and (2.6), respectively.

BOFDM =
(N − 1) + 2

T
= ((N − 1) + 2)∆f (2.5)

BSEFDM =
α(N − 1) + 2

T
= (α(N − 1) + 2)∆f (2.6)

With the increase of N , expressions in (2.5) and (2.6) can be simplified as

BOFDM≈N∆f (2.7)

BSEFDM≈αN∆f (2.8)

where results indicate given a large number of N , the occupied bandwidth of SEFDM

is approximately ‘α’ of that of the OFDM.

A spectral efficiency transformation table is shown in Table 2.1 where different

modulation schemes are analyzed ranging from BPSK to 64QAM. The second column

indicates the spectral efficiency for each modulation format. Various bandwidth com-

pression factors are studied ranging from 0.9 down to 0.5. It is apparent that with

different bandwidth compression factors spectral efficiency varies for the same modu-
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Frequency

(a) OFDM Spectrum

Frequency

(b) SEFDM Spectrum with α = 0.8

Figure 2.2: Spectra of 16 overlapped sub-carriers for OFDM and SEFDM.

lation format. Take BPSK as an example, using α=0.5, BPSK shows an equivalent

spectral efficiency with 4QAM format. The same result is observed for the rest modu-

lation schemes. This table provides a possible way to replace higher order modulation

schemes with lower order modulation formats.

Table 2.1: Spectral Efficiency Transform.

Modulation Modulation order 0.9 0.8 0.75 0.7 0.65 0.6 0.5

BPSK 1 1.11 1.25 1.33 1.43 1.54 1.67 2

4QAM 2 2.22 2.5 2.67 2.86 3.08 3.33 4

8QAM 3 3.33 3.75 4 4.29 4.62 5 6

16QAM 4 4.44 5 5.33 5.71 6.15 6.67 8

32QAM 5 5.56 6.25 6.67 7.14 7.69 8.33 10

64QAM 6 6.67 7.5 8 8.57 9.23 10 12

It is useful to represent the SEFDM signal in a discrete form for the purpose of

signal analysis. A discrete signal is derived by sampling the first SEFDM symbol (take

l=0) at T/Q intervals where Q = ρN and ρ ≥ 1 is the oversampling factor. The discrete
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SEFDM signal for k = [0, 1, ..., Q− 1] is represented by

X[k] =
1√
Q

N−1∑
n=0

sn exp(
j2πnkα

Q
) (2.9)

where X[k] is the kth time sample of the first symbol of x(t) in (1) and 1√
Q

is a scaling

factor. Furthermore, the signal can be simply expressed in a matrix form as:

X = FS (2.10)

where X is a Q-dimensional vector of time samples of x(t) in (2.3), S is an N -

dimensional vector of transmitted symbols and F is a Q × N sub-carrier matrix with

elements equal to exp( j2πnkαQ ).

In a conventional OFDM system, signal generation can be realized straightforwardly

by using a standard IFFT. However, due to the violation of the orthogonality property

within SEFDM, the typical IFFT approach is not applicable. The direct way using

equation (2.9) to address signal generation is too complex. In order to use the IFFT

algorithm, two alternative algorithms are specially designed for SEFDM. Either using

single IFFT [35] or multiple IFFTs [46].

2.3.1 Single IFFT Modulator

The first method is a zero padding scheme where a specific number of zeros are padded

at the end of each input vector (i.e. multiple QAM symbols). The length of an original

input vector becomes U = Q/α. Therefore, for an N sub-carrier SEFDM system with

the bandwidth compression factor α, it is possible to employ a single IFFT of a Q/α

length where useful symbols are appended to the first N inputs and zeros are appended

to the last Q/α−N remaining inputs such as

s
′
i =

 si 0≤i < N

0 N≤i < U
(2.11)
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where the value of Q/α has to be an integer and meanwhile the power of two Q/α ∈

2(N>0), allowing for the IDFT to be implemented by means of the computationally

efficient radix-2 IFFT. Assuming Q/α satisfies the requirement, the SEFDM signal in

a new format is expressed as

X
′
[k] =

1√
U

U−1∑
n=0

s
′
n exp(

j2πnk

U
) (2.12)

where n, k = [0, 1, ..., U−1]. The output is truncated, only Q samples are reserved while

the rest of the samples are discarded. This method has been successfully implemented

on an FPGA platform in [43].

2.3.2 Multiple IFFTs Modulator

Work in [35] presents a technique to effectively generate SEFDM signals by using a

multiple shorter IFFTs architecture, which relaxes the requirement forQ and α. Instead

of padding zeros at the end of each input symbol, a number of zeros are interpolated.

It is shown in [35] that by setting α = b/c, where b and c are both positive integers

(i.e. b, c ∈ N>0) and b < c, the rearranged input vector of length cQ can be separated

into several shorter vectors where a shorter IFFT of length Q can be operated in each.

Therefore, (2.9) can be rearranged and represented as

X[k] =
1√
Q

cQ−1∑
n=0

s
′
(n) exp(

j2πnk

cQ
) (2.13)

where s
′

is a cQ-dimensional vector of symbols as

s
′
(i) =

 si/b i mod b = 0

0 otherwise
(2.14)

by substituting with n = i+ lc, (2.13) can be extended to

X[k] =
1√
Q

c−1∑
i=0

Q−1∑
l=0

s
′
(i+ lc) exp(

j2πk(i+ lc)

cQ
) (2.15)
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with further modifications, (2.15) can be rearranged as

X[k] =
1√
Q

c−1∑
i=0

exp(
j2πik

cQ
)

Q−1∑
l=0

s
′
(i+ lc) exp(

j2πlk

Q
) (2.16)

Equation (2.16) shows that an SEFDM symbol is equivalent to a combination of

multiple OFDM symbols. It is apparent that the SEFDM signal can be generated by

using c parallel IFFT operations each of Q points. The first term on the right part of

(2.16) determines the number of parallel IFFT operations. The second term indicates

a Q-point IFFT of the sequence s
′
(i+ lc).

Much work has been done with respect to hardware implementations of the multiple

IFFTs method. An FPGA prototyping was reported in [47] and following this, a route

to VLSI implementation of a reconfigurable SEFDM transmitter in 32-nm CMOS was

published in [46] with the introduction of a pruned IFFT architecture. At 100 MHz

clock frequency, the throughput can reach 17.4 Mbps with QPSK modulation, and up

to 52.2 Mbps with 64QAM modulation, with bandwidth saving up to 50% relative to

OFDM.

2.4 SEFDM Signal Demodulation

The function of a demodulator is to collect statistics of received signals by projecting

the received signals onto a set of vectors defined by a basis function b(t). Assume that

the received signal y(t) is expressed as

y(t) = x(t) + z(t) (2.17)

where x(t) is the transmitted analogue signal and z(t) is the analogue AWGN. Defining

bi(t) is the ith vector where i = 0, 1, ..., N − 1, then the collected statistics after the

projection is presented as
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ri =

Tw

0

b∗i (t)y(t)dt (2.18)

where [.]∗ indicates the complex conjugate operation, its discrete model is given by

R = MS + Z (2.19)

where M is the matrix that describes the correlation between the projection vectors

and the sub-carriers. The element in the correlation matrix is defined as

M(m,n) =

Q−1∑
k=0

b∗n(k) exp(
j2πmkα

Q
) (2.20)

where b∗n(k) denotes the kth time sample in the nth vector. It is concluded that the

property of basis function b(t) determines the matrix M and further affects the quality

of the collected statistics. The collected statistics are then applied in a detector to

estimate the original transmitted symbols. Therefore, the proper generation of b(t) is

essential. In the following sections, some orthonormalization methods and a matched

filtering method are introduced to generate b(t).

2.4.1 Orthonormalization

Orthonormalization is a procedure to generate an orthonormal set of vectors from

a non-orthonormal one. In order to make sure the collected statistics are indepen-

dent, the orthonormal vectors are required to be mutually orthogonal (〈bi, bj〉=0, when

i 6= j, where 〈.〉 indicates an inner product) and the length of each vector equals one

(〈bi, bi〉=1). Gram Schmidt (GS) [96] is a classic orthonormalization algorithm for small

size systems. With the increase of number of sub-carriers or bandwidth compression

level, the performance degrades greatly due to its large rounding error. Moreover, in

order to improve further the system performance, a modified Gram Schmidt (MGS) was

proposed in [32] where the initial orthonormal vector is updated at each step. Work in

[31] reported an iterative modified Gram Schmidt (IMGS) based on the work in [32] to
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enhance the system performance by repeating orthonormalization process many times.

Results in [97] confirm that MGS and IMGS have better performance than the conven-

tional GS algorithm. However, projection onto a set of ortonormalization vectors does

not avoid the ICI since the deliberate collapse of orthogonality generates significant

interference between the sub-carriers. Therefore, a powerful interference cancellation

detector is required after the orthonormalization process.

2.4.2 FFT Demodulator

The second demodulation method is to generate a basis function using the matched

filtering principle as reported in [46]. A single FFT can be used. This is in fact an

inverse operation of the single IFFT modulator described in section 2.3.1. Work in [98]

has reported a reconfigurable hardware core to perform both FFT and IFFT by carrying

out a few extra computations (such as conjugating input complex QAM symbols and

output complex results). The conventional IFFT of length N is expressed as

xn =
1

N

N−1∑
k=0

Xke
j2πnk
N (2.21)

with some modifications, the above equation is transformed into

xn =
1

N
(
N−1∑
k=0

X∗ke
−j2πnk

N )∗ (2.22)

where [.]∗ indicates the complex conjugate operation. Equation (2.21) and (2.22) are

equivalent since they both obtain xn. However, (2.21) is an IFFT realization while

(2.22) gets the same result using an FFT with some modifications which include conju-

gating the input Xk and output of FFT. Hence, in terms of hardware implementation,

IFFT and FFT can reuse the same hardware core leading to approximate 50% of re-

source saving. Since FFT /IFFT operations are more efficient than the complicated

GS process, the matched filtering algorithm would be more practical.

Moreover, an optimized demodulator architecture which employs multiple FFTs
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was introduced in [97]. This is an inverse operation of the multiple IFFTs modula-

tor described in section 2.3.2. Complexity analysis and hardware implementation are

discussed in [46].

2.5 Inter Carrier Interference Analysis

Since the matched filtering method is more efficient than the orthonormalization meth-

ods, in the following sections, the IFFT/FFT scheme is employed. At the receiver, X

defined in (2.10) is contaminated by additive white Gaussian noise (AWGN) Z. The

received signal is demodulated by correlating with the conjugate sub-carriers F∗. The

reception process is expressed as

R = F∗X + F∗Z = F∗FS + F∗Z = CS + ZF∗ (2.23)

where R is an N -dimensional vector of demodulated symbols or in other words collected

statistics, C is an N × N correlation matrix which is defined as C = F∗F, where

F∗ denotes the N × Q conjugate sub-carrier matrix with elements equal to e
−j2πnkα

Q

for k = [0, 1, ..., Q − 1] and ZF∗ is the AWGN correlated with the conjugate sub-

carriers. Interference from non-orthogonal packed sub-carriers can be defined by using

the correlation matrix C, where elements in the matrix is expressed as

C(m,n) =
1

Q
×


Q , m = n

1−ej2πα(m−n)

1−e
j2πα(m−n)

Q

, m 6= n

 . (2.24)

The detailed analysis of SEFDM interference can be found in work [99]. The in-

terference caused by the off-diagonal ICI terms in the correlation matrix C can be

evaluated by computing the cross-correlation between elements in the C matrix.

In order to simplify the ICI analysis, the interference to the first sub-carrier is

studied here. Therefore, the first demodulated symbol R(0) derived from (2.23) is

given as
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R(0) = C(0, 0)S(0) +
N−1∑
k=1

C(0, k)S(k) + ZF∗(0) (2.25)

where the first term on the right hand side indicates the desired signal and the second

term is the self-created ICI component. When α=1, therefore an OFDM system, the

ICI component is zero.
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Figure 2.3: Desired and undesired power contributions to the first demodulated symbol
R(0).

Fig. 2.3 shows the absolute amplitude of the desired and undesired signals. It should

be noted that the desired signal is located at n=0. In this section, power is normalized

for desired signals. The green curve shows no ICI since all the values beyond n=0 are

zeros. However, it is not the case for SEFDM signals since non-zero values fluctuate

within this range. In addition, on the second sub-carrier, the red curve (i.e. α=0.6)

shows a much higher absolute value than the blue curve (i.e. α=0.8). It indicates that

systems of α=0.6 would result in worse performance compared with systems of α=0.8

since interference mainly comes from adjacent sub-carriers.
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Figure 2.4: Real part of desired and undesired power contributions to the first demod-
ulated symbol R(0).

The corresponding real and imaginary part are presented in Fig. 2.4 and Fig. 2.5,

respectively. It is inferred that the interference of α=0.6 systems is mainly introduced

from the imaginary part, especially the adjacent interference on the second sub-carrier.
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Figure 2.5: Imaginary part of desired and undesired power contributions to the first
demodulated symbol R(0).
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Figure 2.6: CIR for systems with N=16 sub-carriers in different bandwidth compression
factors α.

As explained above, the undesired ICI component is related to α. The interference

contribution can be evaluated using carrier-to-interference power ratio (CIR), which is

equivalent to the ratio of the desired signal power and the ICI power. Therefore, the

desired signal power on the first symbol is defined as

PC = |C(0, 0)S(0)|2 (2.26)

The ICI power derived from the second term in (2.25) is given as

PI = |
N−1∑
k=1

C(0, k)S(k)|2 (2.27)

Assuming the symbol format is BPSK, therefore, the CIR is obtained as

CIR =
PC
PI

=
|C(0, 0)S(0)|2

|
∑N−1

k=1 C(0, k)S(k)|2
=

|C(0, 0)|2

|
∑N−1

k=1 C(0, k)|2
(2.28)

where it is apparent that the CIR is a function of α and the numerical study of its effect
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is presented in Fig. 2.6. It is noted that the CIR becomes better with the increase

of α. This verifies the assumption that higher bandwidth compression (i.e. small α)

introduces higher ICI.

2.6 SEFDM Signal Detection

This section describes several existing SEFDM detectors assuming an AWGN chan-

nel. Different detection techniques are compared in terms of their error performance,

complexity and limitations.

2.6.1 Maximum Likelihood (ML)

The ideal performance of an SEFDM system should approach that of an equivalent

OFDM. Such is shown in Fig. 2.7. Ideal performance can only be obtained using an

exhaustive search method such as ML. Due to the loss of orthogonality between sub-

carriers, the received signals contain serious ICI leading to increased error rates. With

the aim of reducing the error rate, ML was firstly proposed as the optimal detection

algorithm for SEFDM systems. The idea of ML is to test all possible combinations

of input symbols for every received SEFDM symbols. The ML estimate SML of the

received symbols in SEFDM can be expressed as

SML = arg min
S∈ON

‖R−CS‖2 (2.29)

where ‖.‖ denotes the Euclidean norm, S are the detected symbols, O is the constella-

tion cardinality, N is the number of sub-carriers and therefore ON is the set of all the

possible symbols combinations. The optimum solution is the one that has the smallest

Euclidean norm with the collected statistics. However, it is clearly seen from (2.29)

that with the increase of the number of sub-carriers and modulation level, the ML de-

tector complexity increases exponentially, therefore, ML is not considered as a practical
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solution.
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Figure 2.7: Theoretical results for M-QAM OFDM.

2.6.2 Sphere Decoder (SD)

As mentioned before, for non-orthogonal signals severely distorted by ICI in SEFDM

systems, ML detection offers the optimal solution, but requires exhaustive search over

all the possible combinations of transmitted symbols. In practice, ML complexity in-

creases greatly with the enlargement of the number of sub-carriers or the order of

modulation scheme. To address the high complexity level of ML detector, a complex-

ity reduced technique called SD was proposed for SEFDM in [31]. A more detailed

description and the complexity analysis of the SD were reported in [100]. Its hardware

implementations can be found in work [101] [102] [103]. In addition, a reconfigurable

FPGA implementation of SD was reported in [104] which allows the FPGA reconfig-

urable for different modulation schemes. Particularly, work in [105] demonstrated a

real-time implementation of SD on a FPGA platform where signal impairments like

symbol timing, imperfect channel estimation and quantization effects were taken into

account. In contrast, SD algorithm achieves the ML performance by searching for the
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best solution within a predefined sphere space which is constrained by an initial ra-

dius. Since the defined search space is smaller than the ML search space, SD results in

significantly reduced complexity.

Figure 2.8: SD tree search diagram for 4 sub-carrier SEFDM systems with BPSK
symbols.

Fig. 2.8 illustrates a tree search diagram in order to show how SD detection al-

gorithm works. Each point in the tree is referred to as a node and simply represents

a constellation point. The number of branches per node is equal to the constellation

size (2 in the example). The number on the right at each level represents the index of

sub-carriers in the SEFDM system (4 in the example). ML searches for all the nodes

including both retained nodes and discarded nodes. However, SD only tests nodes

within a predefined sphere space in Fig. 2.8. At each level, only points that within the

sphere space are reserved while the rest nodes are discarded with all its predecessor

nodes. The forward transition from a higher level to a lower level indicates the decision

of one symbol; the backward transition (represented by a curved arrow) indicates the

discard of one node and all its children nodes.

Initial radius determines the complexity of SD since it determines the size of the

search space. However, it should be noted that a small radius would reduce the prob-

ability of finding the optimal solution since this limits the search space around a node
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while a large radius will increase the complexity. There are 31 nodes in Fig. 2.8. It is

clearly seen that only 9 nodes are searched, while the rest of the nodes are discarded.

Therefore, the throughput of SD is much higher than that of ML.

The SD search for the best estimate SSD in SEFDM is defined as

SSD = arg min
S∈ON

‖R−CS‖2 ≤ g (2.30)

where g is the initial radius which equals the distance between the received statistics R

and the initial constrained estimate SZF where SZF is the zero forcing estimate which

can be obtained using the rounding function b.e as SZF = bC−1Re. Then the initial

radius is expressed as

g = ‖R−CSZF ‖
2 (2.31)

Expanding the norm argument in (2.30) and substituting by P = C−1R where P

is the unconstrained estimate of S in (2.30) leads to

SSD = arg min
S∈ON

{(P − S)∗C∗C(P − S)} ≤ g (2.32)

In order to simplify the squared Euclidean norm calculation of (2.30), equation

(2.32) can be transformed into an equivalent expression using Cholesky decomposition.

The transformation is carried out using chol{C∗C} = L∗L [39], where L is an N ×N

upper triangular matrix. Hence, (2.30) can be re-written as

SSD = arg min
S∈ON

‖L(P − S)‖2 ≤ g (2.33)

Similarly, (2.31) can be transformed to
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g = ‖L(P − SZF )‖2 (2.34)

Due to the triangular form of L, the detection can be divided into N consecutive

steps corresponding to N dimensions (sub-carriers) of the SEFDM signal. Therefore,

(2.33) can be transformed to

g≥(lN,N (PN − SN ))2 + (lN−1,N−1(PN−1 − SN−1) + lN−1,N (PN − SN ))2 + ... (2.35)

where li,j , Pi and Si are the elements of the L, P and S in (2.33), respectively. In order

to investigate each square term in (2.35), the N -dimension hypersphere is divided into

N separate one-dimensional spheres. According to (2.35), the inequality expression for

the N th term is represented as

l2N,N (PN − SN )2 ≤ gN = g (2.36)

Therefore, the search interval for the N th level is derived as

LB = d−
√
gN

lN,N
+ PNe ≤ SN ≤ b

√
gN

lN,N
+ PNc = UB (2.37)

where the d· e and b· c denote rounding operation to the nearest larger and smaller

integer, respectively. Assume there is a solution SN in this interval, the radius is

updated as

gN−1 = gN − l
2
N,N (PN − SN )2 (2.38)
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and the inequality expression for the (N − 1)th level is obtained as

(lN−1,N−1(PN−1 − SN−1) + lN−1,N (PN − SN ))2 ≤ gN−1 (2.39)

Equation (2.39) can be simplified as

l2N−1,N−1(ξN−1 − SN−1)2 ≤ gN−1 (2.40)

where ξN−1 is defined by using PN−1 as

ξN−1 = PN−1 +
lN−1,N

lN−1,N−1
(PN − SN ) (2.41)

After that, the algorithm employes the similar enumeration scheme in (2.37) to find

possible solutions in the (N − 1)th dimension. The same process is iterated until the

last dimension. General formulae for the ith dimension are represented as

gi = g −
N∑

j=i+1

l2j,j(ξj − Sj)2 (2.42)

gi−1 = gi − l2i,i(ξi − Si)2 (2.43)

ξi = Pi +

N∑
j=i+1

li,j
li,i

(Pj − Sj) (2.44)

Equation (2.42) and (2.43) show the process of radius update at each level. When

SD reaches the last dimension i = 1, the solution is defined as a N -dimensional vector
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that meets the condition written as

‖R−CS‖2 =
N∑
i=1

l2i,i(ξi − Si)2≤g (2.45)

In other words, a final solution indicates that at each level, there are at least one

point that meets the requirement of (2.37).

3An illustrative example :

A flow chart illustrating an example of SD algorithm is shown in Fig. 2.9. This

step by step example is described on the basis of Fig. 2.8. There are 8 constellation

diagrams and each one represents the decision of one candidate point. Normally, the

decision criterion of each candidate node is based on (2.37) where the decision space for

each node is the one-dimensional interval constrained by the lower bound LB and the

upper bound UB. However, in Fig. 2.9, original equations (2.36) and (2.40) are used to

demonstrate the SD principle at each tree level constrained by a two-dimensional sphere

which is the grey circle in Fig. 2.9. Only points that lie within this area are reserved for

the following decisions while the rest of the points are discarded. The number on the

right hand side represents the sub-carrier index (tree level). The decision of one point

from a higher level determines the decision sphere of lower levels, which is shown in

(2.38). Thus, decisions in the current level are dependent on previous estimates. At the

first tree level, according to (2.36), the candidate point SN is the point within the circle

area constrained by the radius
√

g
N

l2N,N
with the center point PN . Therefore, two points

are within the decision sphere, which is shown as 4(a) in Fig. 2.9. Then, the decision

threshold for the next tree level is updated according to (2.38) and illustrates in 3(a)

and 3(b). However, the decision point ‘-1’ from level 4 results in no points lying within

the decision area in level 3. Therefore, S4=-1 is discarded with its children nodes. On

the other hand, S4=1 leads to successful decisions at level 3. The algorithm continues

to follow the similar procedure in (2.40) to determine S3, S2 and S1. If no solution is

found, the initial estimate SZF is selected to be the final solution or the initial radius g
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in (2.36) has to be increased and the SD search must be executed again until a solution

is found. In this example, at the last level, the final solution is ‘1,1,1,1’. Therefore,

depending on the proper selection of a initial radius, SD can avoid exhaustive search,

thus it is more computation effective than the ML algorithm.

Figure 2.9: Step by step illustration of the SD algorithm. It is based on the tree
diagram in Fig. 2.8. Points within the grey area are reserved as possible candidates.
The modulation scheme is BPSK and the number of sub-carriers is 4.
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Figure 2.10: SD results for 4QAM SEFDM with various bandwidth compression factors,
N=16. 8QAM has a spectral efficiency equals to ‘3’ and 4QAM SEFDM with α=0.67
has a spectral efficiency equals to ‘3’.
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Figure 2.11: SD results for 16QAM SEFDM with various bandwidth compression fac-
tors, N=16. 32QAM has a spectral efficiency equals to ‘5’ and 16QAM SEFDM with
α=0.8 has a spectral efficiency equals to ‘5’. 64QAM has a spectral efficiency equals to
’6’ and 16QAM SEFDM with α=0.67 has a spectral efficiency equals to ’6’.
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In terms of BER performance, SD is a method approaches ML performance with

lower complexity. However, the complexity is highly dependent on the noise in the

channel and the conditioning of systems. The complexity of the SD approaches ML

complexity with the increase of the number of sub-carriers and the bandwidth compres-

sion. Therefore, this detection technique is only suitable for small size systems with

low bandwidth compressions. In particular, it is clearly seen from Fig. 2.9 that the SD

detection is a sequential algorithm which is not practical in hardware implementation.

Finally, the performance of SD for different modulation schemes is presented in Fig.

2.10 and Fig. 2.11. Results in both figures confirm that with 20% bandwidth compres-

sion the performance of SEFDM approaches the OFDM one. This is consistent with

the Mazo’s 25% faster than the Nyquist limit [20]. In order to demonstrate the benefits

introduced by SEFDM, spectral efficiency equivalent OFDM results are included for

the purpose of comparison. In Fig. 2.10, 8QAM OFDM has a spectral efficiency equals

to 3 which is equivalent to that of the 4QAM SEFDM with α=0.67. It indicates that,

for a given spectral efficiency, a low order modulation scheme can replace a higher one

with better performance. The same benefit can be observed for 16QAM in Fig. 2.11

where the 16QAM SEFDM signal (α=0.8) outperforms 32QAM OFDM considering

the same spectral efficiency beyond Eb/No=7dB. Furthermore, it is proved that the

16QAM SEFDM signal (α=0.67) even outperforms the 64QAM OFDM signal beyond

Eb/No=11dB in Fig. 2.11 in the same spectral efficiency.

Although SD has a lower complexity than ML, it is still not applicable in real time

communication systems due to the long computation time delay associated with the

iterative process. In order to reduce the computation time, work in [106] presents a

parallel architecture that can split a constellation tree into multiple sub-trees, thus, SD

can be performed in each sub-tree in parallel. In particular, sub-trees can exchange

updated initial radius g to tighten the sphere more quickly. Therefore, the complexity

can be reduced with a faster shrinking radius. Results indicate that the processing

speed is increased by 44% compared with a conventional SD. Furthermore, in order
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to combine the SD with channel coding, a technique termed list SD was reported in

[107][108][109]. This technique generates a list of candidates which are further used to

provide soft information for channel decoder. Following theoretical analysis, a pipelined

VLSI architecture for the list SD was proposed in [110]. Moreover, in [111], an increas-

ing radius SD (IR-SD) was proposed to achieve a factor of 2.5 speed-up compared

to a conventional SD. However, starting with a large initial radius may result in re-

dundant computation. The novelty of work [111] is to set initial radius to zero at

the beginning and increase radius only when no node is included within the current

sphere. A technique in [112] was described to find the ML solution earlier by applying

a runtime constraint scheme. A one-node-per-cycle architecture is employed to sta-

bilize the instantaneous throughput. A decoding procedure stops after a predefined

runtime constraint leading to a fixed throughput. Numerical results indicate this new

SD achieves almost ML performance without severe performance degradation. More

practically, work in [113] presents a multi-core SD VLSI architecture. The basic idea

of the multi-core is to search multiple nodes simultaneously within a predefined search

sphere. Unlike the parallel architecture reported in [106], each processing element (PE)

in the multi-core has the ability to finish a complete decoding process. This architecture

can efficiently improve the processing speed.

The SD is not only applicable at the receiver side, but also for signal precoding at

the transmitter. In terms of the precoding scheme, the sphere decoding algorithm is

termed “sphere encoder” [114] at the transmitter. The main purpose of this algorithm

is to reduce receiver complexity and enhance the reliability of the transmission. In

the case of multi-user scenario, mobile stations (MS) are not operating in cooperative

mode. Thus conventional MIMO detectors are not applicable since the complete chan-

nel state information (CSI) is not known for each MS. An alternative way is to precode

transmitted symbols on the basis of the feedback CSI from MS. Thus, it is possible to

detect signals using simple linear detectors at the receiver. Following that, an FPGA

implementation of a precoding technique termed vector perturbation (VP) has been
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reported in [115].

2.6.3 Fixed-Complexity Sphere Decoder (FSD)

In order to solve the random complexity and sequential nature of SD, a new complexity

fixed detection algorithm termed FSD was proposed for SEFDM in [39]. Unlike the

depth-first search of SD, FSD is a breadth-first detection algorithm. The FSD fixes the

complexity of SD by restricting the search space to a fixed size subspace, which means,

at each level, a fixed number of nodes, termed tree-width, are examined. Therefore, it

is more practical in terms of hardware implementation. The FSD has been studied in

detail in [116] and its rapid prototyping was reported in [117]. Later, this technique was

extended to a Turbo-MIMO system [118] to obtain likelihood information. However,

FSD doesn’t guarantee an optimal solution like SD since it enumerates a fraction of

points within the sphere search space. The FSD estimate is expressed as

SFSD = arg min
S∈ON , S∈M

‖R−CS‖2 ≤ gFSD (2.46)

whereM is the search subspace which is determined by the tree-width, gFSD = ‖R−CSZF ‖2

determines the constrained space and if finally no node is found within the sphere, the

initial constrained estimate SZF is taken as the solution as expressed in the equality

below:

SFSD = SZF (2.47)

Fig. 2.12 illustrates the FSD tree search for a 4 sub-carrier system with BPSK

symbols. In this diagram, the tree-width TW is set to 2. The figure illustrates that

at each level, only two nodes are reserved, while the rest of the nodes are discarded

with their children nodes. Based on the aforementioned analysis, FSD has a fixed

complexity (i.e. not dependent on noise) and is practical for hardware implementation.

Furthermore, FSD is realized by using a parallel architecture, while SD is a sequential
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architecture. This means resource utilization of FSD is relatively higher than that of

SD. However, the throughput of FSD is fixed and relatively higher than that of SD. In

terms of BER performance, since FSD search is restricted in a fixed search space, only

a fraction of SD search space is examined, therefore, the performance is sub-optimal

and is worse than SD. It should be noted that the choice of the subset M is crucial

to the performance of FSD. This subset can be configured based on targeted BER

performance or design complexity.

Figure 2.12: FSD tree search diagram for a 4 sub-carrier SEFDM system with BPSK
symbols.

In order to cope with challenges arising from the use of FSD, several optimization

methods were proposed. Work in [119] introduced an early termination FSD which

makes full use of the features in FSD while preserves advantages of SD such as branch

termination and radius update. Therefore, unnecessary branches are pruned leading

to reduced complexity while the throughput is still fixed. The other technique named

staggered SD was reported in [120] which can simultaneously search along the depth

and breadth of the tree. In other words, this technique combines advantages of both

SD and FSD. Results present that the throughput per unit power and per unit area is

greatly improved over the parallel and sequential methods.

It should be mentioned that a technique termed K-best SD has a similar principle
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to FSD. Its main idea is to keep K best nodes at each level. The K-best decoding

algorithm was described in detail in [121][122]. Based on the theoretical work, a radius

adaptive K-best SD with early termination was proposed in [123]. The main idea of

this algorithm is to decompose the whole tree into several sub-trees and define a new

tree-width to each sub-tree. The search sphere in one sub-tree is updated and used

for other sub-trees. Therefore, redundant search can be avoided and the throughput is

improved. Moreover, a complexity reduced technique termed sort-free K-best SD was

reported in [124]. Instead of extending all the children nodes in parallel, only the child

node with the minimum metric inherited from its parent node is extended. The process

continues following the same criterion until all K paths have been found.

A comparison between FSD and SD are listed below:

• BER Performance. SD outperforms FSD substantially. FSD restricts a fixed

number of searching branches in each detection and there is no update for the

search space. Such detection simplification results in performance degradation.

For SD, the radius is shrinking gradually in order to speed up the detection.

• Throughput. FSD has a fixed throughput while SD has a variable throughput.

It should be noted that FSD has a higher throughput than SD as well.

• Complexity. The main advantage of FSD is its parallel processing structure.

However, a sort unit has to be used at each level in order to find the best TW

nodes. This unit consumes a large amount of resources as mentioned in our

previous work [49]. Furthermore, with the increase of the number of sub-carriers

and the order of modulation scheme, the resource consumption of FSD is increased

exponentially. However, SD has a lower complexity level since no sort unit is used

at each level. On the other hand, it is noted that FSD has fixed complexity while

SD has random complexity.

• Power Efficiency. SD is more power efficient than FSD. FSD searches redundant

nodes in the tree diagram and results in extra power consumption.
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2.6.4 Minimum Mean Squared Error (MMSE)

Nolinear detectors such as ML, SD and FSD produce competitive BER performance

but at the cost of complexity. On the other hand, linear detector like ZF has a low

complexity while its performance is far away from the optimal one. The mathematical

expression of ZF is defined as

SZF = |C−1R| = |S + C−1ZF∗ | (2.48)

where |.| is a slicer and in this thesis a QAM demapper. It is evident that the properties

of the C matrix and its inverse will dictate the quality of the ZF estimation. In the case

of small α and large number of sub-carriers N , the C matrix is ill conditioned leading to

poor BER performance. In order to mitigate the effects of noise enhancement associated

with ZF, the MMSE detector was proposed for SEFDM system in [125] where a noise

whitening term is included for the purpose of optimizing the noise enhancement. The

MMSE estimation is expressed in (2.49) and its detailed derivation is referred to [125].

SMMSE = |C∗(CC∗ +
1

SNR
I)−1R| (2.49)

where I is the identity matrix. It is apparent that the estimation is related to SNR.

In the case of zero noise, MMSE reduces to the ZF detection since the noise whitening

term 1
SNRI equals zero. Therefore, it is evident that MMSE outperforms ZF in the

condition of low signal-to-noise ratio (SNR). The two detectors will have the same

performance in high SNR conditions.

2.6.5 Truncated Singular Value Decomposition Detector (TSVD)

SEFDM has an ill-conditioned issue since sub-carriers are non-orthogonally packed. As

the conditioning of the system worsens, the system is more sensitive to any perturba-

tions (noise). Any solutions based on the inverse of the correlation matrix C result in

poor performance. The TSVD [39] is a method to generate an approximated inverse of
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an ill conditioned matrix to make it less sensitive to perturbations. The approximated

inverse is derived by finding and truncating the small singular values which overly mul-

tiply the noise. This is accomplished by using the singular value decomposition (SVD)

1 of the correlation matrix C written as

C = UΣV∗ (2.50)

where V∗ is the conjugate transpose of V, U and V are unitary matrices whose columns

are the eigenvectors of CC∗ and C∗C respectively and Σ = diag(σ1, σ2, ..., σN ), for σi

is the ith singular value of C. Then, the pseudoinverse of the truncated Cξ, denoted

by C−1
ξ , is expressed as

C−1
ξ = VΣ−1

ξ U∗ (2.51)

where Σ−1
ξ = diag(1/σ1, 1/σ2, ..., 1/σξ, 0, ..., 0), ξ is the truncation index. The trunca-

tion index defines the number of accepted singular values and further determines the

quality of the correlation matrix C. In other words, in the calculation of pesudoinverse

of C, TSVD filters out the elements in Σ−1 that correspond to small singular values

in Σ starting from ξ+1. Then, the TSVD estimate is expressed as

ŜTSV D = |C−1
ξ R| (2.52)

where |.| denotes slicing operation and R is the collected statistics. It is mentioned in

[39] that αN of the singular values of C are larger than or equal to one while the rest

(1−α)N of the singular values are close to zero. Therefore, the truncation index could

be set around αN .

Hence, TSVD can optimize the ill conditioning of the SEFDM system, and obtain

1Assume a non-negative scalar σ and two non-zero vectors u and v that satisfy the following relations:
Av = σu and AHu = σv where [.]H stands for the Hermitian transpose and denotes the complex
conjugate transpose of a complex matrix. Therefore, the σ is the singular value of matrix A; u and v
indicate two singular vectors of A.
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better performance than existing linear detection algorithms like ZF and MMSE. In

fact, The complexity of TSVD is similar to ZF since it only requires a special inversion

of the matrix which is aided by the SVD technique.

2.6.6 TSVD-FSD Hybrid Detector

The detection of SEFDM signal is still challenging. On one hand, linear detectors

provide poor performance with low complexity. On the other hand, nonlinear detectors

are capable of achieving attractive performance at the cost of complexity. Combining

TSVD with FSD (TSVD-FSD) [39] is a scheme that can improve both the performance

and reduce the complexity simultaneously. The hybrid detector has two stages, the first

stage (TSVD) is a simple linear detector which facilitates the detection of the second-

stage nonlinear detector (FSD). By using the improved initial estimates from the first

detector, the performance of the second stage detector can be improved. Therefore,

the hybrid detector is able to obtain improved performance with reduced complexity.

2.7 Other Spectrally Efficient Techniques

2.7.1 Fast Orthogonal Frequency Division Multiplexing (FOFDM)

FOFDM was firstly proposed in [21] as a wireless technique and then adopted in optical

systems [126] [127] [128]. This multiplexing scheme packs sub-carriers closer than

a typical OFDM. Specifically, the sub-carrier spacing in FOFDM is half of that in

OFDM. However, the orthogonality property is still maintained at the cost that only

one-dimensional modulation schemes can be employed. The FOFDM signal is expressed

as

x(t) =
N−1∑
k=0

X[k]ej2π
k
2T
t (2.53)

where X[k] is one-dimensional modulation symbols (e.g. BPSK or MASK) and N is

the number of sub-carriers. The sub-carrier spacing equals 1
2T and the center frequency

for each sub-carrier is defined as k
2T . Considering two arbitrary sub-carriers, hence, the
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orthogonal characteristic is verified by using the following equations.

corr(m,n) =
1

T

Tw

0

X[m]X[n](ej2π
m
2T
t)(ej2π

n
2T
t)∗dt

= X[m]X[n]{sinc[π(m− n)] + j· π(m− n)

2
· sinc2[

π(m− n)

2
]}

(2.54)

where its real and imaginary parts are shown in (2.55) and (2.56), respectively.

<{corr(m,n)} =

 X[m]X[n] m = n

0 m 6= n
(2.55)

={corr(m,n)} =

 0 m = n

π(m−n)
2 · sinc2[π(m−n)

2 ] m 6= n
(2.56)

It is emphasized here that (2.55) and (2.56) are derived provided that X[m] and

X[n] are one-dimensional modulated symbols. The auto-correlation in (2.55) is not zero

while the cross-correlation is zero indicating the real part satisfies the orthogonality

requirement. However, it is not the case for the imaginary part as shown in (2.56)

where its cross-correlation equals zero only when m − n = 2λ where λ ∈ Z. In other

words, the sub-carrier spacing should be a multiple of 1
T leading to the same spectral

efficiency as OFDM. Therefore, for real modulation symbols like BPSK or MASK, after

multiplying with a complex term that has a frequency separation being 1
2T , only the

imaginary part of the result is distorted. The real part can be used to transmit data

without any distortions. For complex modulation symbols, by multiplying a complex

term, both the real and imaginary part of the result will be distorted.

To sum up, this technique can achieve the same performance as OFDM with one-

dimensional modulation scheme like BPSK or MASK. With the enlargement of mod-

ulation levels, performance is degraded significantly. Therefore, by transmitting the

same amount of data, the spectral efficiency is doubled since 50% of bandwidth is

saved. In terms of system design, the FOFDM can directly employ IFFT and FFT at
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the transmitter and the receiver, respectively.

2.7.2 M-ary Amplitude Shift Keying (MASK)

A spectrally efficient technique termed MASK was proposed in [22] where it can save

50% of bandwidth similar to the FOFDM. In this work, the author revealed a theory

that if the sub-carriers differ only in frequencies or amplitudes while their phases remain

the same, then the minimum required frequency spacing for the orthogonality is 1
2T .

Therefore, only the real part of the sub-carriers is considered in order to maintain the

orthogonality. According to [22], the MASK OFDM signal is expressed as

x(t) =

N−1∑
k=0

X[k]cos(2π
k

2T
t) (2.57)

where X[k] is one of the M-ary amplitudes and N is the number of sub-carriers. The

sub-carrier spacing equals 1
2T and the frequency for each sub-carrier is defined as k

2T .

The orthogonal characteristic of MASK is verified in (2.58).

Tw

0

X[i]X[j]cos(2π
i

2T
t)cos(2π

j

2T
t)dt = 0, i 6= j (2.58)

MASK can compress bandwidth by 50% with the limitation that only one-dimensional

modulation scheme can be used. A real term instead of a complex one is used for the

signal modulation as shown in (2.57) leading to the discrete cosine transform (DCT)

and the inverse discrete cosine transform (IDCT) based signal generation and recep-

tion. Considering system flexibility and implementation, FOFDM is superior to MASK

since an efficient IFFT and an efficient FFT can be directly used in the FOFDM.

2.7.3 Overlapped FDM (Ov-FDM)

Similar to SEFDM, the Ov-FDM [23] is also a technique to pack sub-carriers closer

less than the required spacing in an OFDM leading to non-orthogonal located sub-

carriers. In order to directly use the IDFT at the transmitter, the signal generation
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in Ov-FDM is composed of two stages. The first stage employs a precoding technique

while the second stage is a conventional IDFT. The reason for this separation is due to

the violation of the orthogonality in Ov-FDM. The function of the precoding stage is to

generate a manipulated input signal to the second stage IDFT so that the output signal

from the IDFT occupies less bandwidth. This is different compared with the signal

generation in SEFDM since only one stage IDFT is required in SEFDM with a minor

architecture modification. Furthermore, at the receiver, the signal detection is realized

by using the optimal detector termed maximum likelihood sequence detection (MLSD)

whose complexity increases exponentially. However, in SEFDM, simple linear detectors

or their hybrid detectors are used as presented in section 2.6 where they all have

much lower complexity than the detectors used in Ov-FDM. In addition, it is noted

that the Ov-FDM is only applicable to small size systems (i.e. small number of sub-

carriers) while the SEFDM can work with a large number of sub-carriers, which will

be introduced in the following sections.

2.7.4 Faster Than Nyquist Signalling (FTN)

The concept of faster than Nyquist signalling was proposed by Mazo in 1975 [20].

Assuming the time period of one FTN symbol is T , in a typical Nyquist rate satisfying

system, the symbol spacing is set to be T in order to avoid inter symbol interference

(ISI). However, in FTN, the symbol spacing can be reduced to 0.802T (i.e. transmission

faster than Nyquist rate by 25%) without any performance degradation. Recently,

this idea is combined to multicarrier systems and a multicarrier FTN scheme was

presented in [25]. SEFDM improves spectral efficiency by compressing bandwidth,

while FTN violates Nyquist criteria, transmitting data faster than the Nyquist limit,

to achieve spectrally efficient purpose. Thus, it is a time-domain technique and may

be considered the dual of SEFDM. Since adjacent symbols are no longer orthogonal,

the signal generation becomes challenging. An FTN transmitter was reported in [129]

where an IFFT working together with an FTN mapper is applied to generate the
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FTN symbols. The function of the mapper is to project the non-orthogonal symbols

onto orthogonal basis functions, thus requiring the reservation of a number of sub-

carriers and time domain symbols (instances) leading to a reduction in the spectral

efficiency [129]. At the receiver, work in [129] introduced an iterative decoder for a

128 sub-carrier FTN system. This iterative scheme successively cancels interference

caused by non-orthogonal packed symbols and sends the interference cancelled symbols

to a channel decoder for data recovery. Its corresponding hardware implementation

can be found in [130] [131]. It should be noted that the complexity, in terms of real

hardware implementation, is much higher than an equivalent OFDM system. Inside

the FTN decoder, the FTN mapper and the matched filter are the two components that

consume more than 50% of the hardware resources in a 65 nm CMOS implementation.

In particular, the resource consumptions of the receiver isotropic orthogonal transform

algorithm (IOTA) filter and the matched filter outside the FTN decoder have not yet

been taken into consideration. Numerical comparisons of SEFDM and FTN will be

given in the following section.

2.7.5 Time Frequency Packing (TFP)

Time frequency packing (TFP) [26] is a technique to improve spectral efficiency in both

time-domain and frequency-domain. This technique packs non-orthogonal overlapping

sub-carriers and reduces spacing between adjacent transmitted symbol simultaneously.

In other words, this technique is a combination of SEFDM and FTN. Its signal detection

is assisted by using the low density parity check (LDPC) [132] code with an iterative

scheme.

2.7.6 5GNOW (GFDM, FBMC, UFMC)

5GNOW (5th generation non-orthogonal waveforms for asynchronous signalling) is an

European collaborative research project supported by the European Commission within

FP7 ICT Call 8. The 5GNOW aims to investigate alternative waveforms to replace the
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existing LTE and LTE-Advanced. A general introduction of 5GNOW and its research

achievements can be found in [4].

• Filter Bank Multicarrier (FBMC)

In a conventional OFDM system, the signal is shaped using a rectangular window

in time-domain resulting in a sinc shaped sub-carrier in frequency-domain. Thus,

the spectral leakage of one sub-carrier introduces interference to adjacent fre-

quency bands. Filter bank multicarrier (FBMC) [17] is an alternative technique

to the conventional OFDM. It has the ability to remove out-of-band radiation to

avoid harmful interference to adjacent channels by using a pulse shaping scheme

on each sub-carrier. However, due to the use of pulse shaping, crosstalk from the

in-phase and quadrature tributaries is introduced between adjacent sub-carriers

[133]. Therefore, in FBMC, the real and imaginary parts of QAM complex sym-

bols are separated by delaying the imaginary branch of a QAM symbol by half of

symbol duration before passing through the pulse shaping filter. This approach

is termed offset-QAM (OQAM) [133][134]. However, by using this modulation

scheme, IFFT cannot be directly applied. Work in [135] proposed a scheme

that an IFFT is applied to the real part at time kTQ and the imaginary part at

time (k + 1/2)TQ where TQ is the duration of one QAM symbol period. FBMC

is suitable for the cognitive radio, spectrum fragmentation or carrier aggrega-

tion scenarios since out-of-band interference has been significantly filtered out in

FBMC.

• Generalized Frequency Division Multiplexing (GFDM)

This algorithm is developed on the basis of FBMC. GFDM [19][136][137] reduces

out-of-band radiation by using pulse shaping on each sub-carrier. Therefore,

the sidelobe interference is mitigated. The utilization of pulse shaping at the

transmitter results in non-orthogonal sub-carriers which causes self-created ICI.

Noticing that the OQAM modulation scheme is adopted in FBMC to get rid
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of ICI. However, in GFDM, a conventional QAM modulation is employed. The

solution to eliminate ICI in GFDM is to use interference cancellation techniques.

• Universal-Filtered Multicarrier (UFMC)

The aforementioned filtered techniques are defined according to different filtering

locations. A filtered OFDM indicates a filtering operation over an entire frequency

band; the filtering of FBMC or GFDM is done on each sub-carrier. For UFMC

[18][138], combining advantages from OFDM, FBMC and GFDM, the filtering

of UFMC is performed on each sub-band which comprises multiple sub-carriers.

This scheme can suppress spectral leakage for one resource block (each RB con-

sists of 12 sub-carriers). Since in both FBMC and GFDM, filtering operations

are managed on each sub-carrier, therefore, the frequency response of the filter

needs to be very tight leading to a long filter length compared to the length of

one symbol. In the case of burst data transmission, the spectra of FBMC and

GFDM requires long ramp up and ramp down areas resulting in an impractical

implementation in the real world. However, the filter length in UFMC would be

shorter than that of FBMC and GFDM due to the larger sub-band bandwidth.

2.7.7 Non-Orthogonal Multiple Access

SEFDM is a non-orthogonal waveform technique which provides an improved

spectral efficiency. In addition, the non-orthogonal concept can be applied for

multiple access scenarios such as sparse code multiple access (SCMA), non-orthogonal

multiple access (NOMA) and multi-user shared access (MUSA). These techniques

can superimpose signals from multiple users in code-domain or power-domain to

enhance the system access performance.

NOMA [28] is a non-orthogonal multiple access scheme in the power domain.

Multiple users are superimposed with different power gains and separated via a

successive interference cancellation (SIC) detector at the receiver.
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MUSA [29] is an advanced multi-carrier code division multiple access (MC-CDMA)

which allows multiple users to transmit at the same time and frequency. Unlike

the typical code division multiple access (CDMA) spreading sequence, MUSA

employs non-orthogonal complex spreading sequences at the transmitter to mod-

ulate signals of each user leading to a denser deployment of existing resources.

At the receiver, an advanced SIC detection algorithm is operated to remove the

interference and recover each user’s data.

SCMA [27] is a sparse multiple access modulation scheme, which takes advantage

of CDMA and low density spreading sequence. It should be noted that each user

has its dedicated codebook.

All the mentioned non-orthogonal multiple access schemes are at the multiuser

scheduling level which intends to non-orthogonally superimpose multiple existing

orthogonal waveforms (e.g. OFDM) from different users. On the other hand,

SEFDM is a non-orthogonal waveform scheme. Therefore, by non-orthogonally

superimposing several non-orthogonal SEFDM waveforms will further improve

spectral efficiency. This requires a joint design of waveforms and multiple access

schemes.

2.8 Conclusions

At the beginning of the chapter, basic concepts of SEFDM modulation and demod-

ulation are introduced. Since self-created ICI is introduced in SEFDM, a standard

IFFT/FFT cannot be used directly. The extended single IFFT/FFT is investigated

with the design dependence on the value of α and the number of sub-carriers. Then,

a multiple IFFT/FFT architecture which is proven to be the best practical solution in

terms of performance and complexity is presented. At the receiver, the orthonomal-

ization techniques which project received samples on a set of orthonormal vectors are

presented. However, this technique is too complicated and performance is constrained
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by α values and the number of sub-carriers. In particular, the self-created ICI is ana-

lyzed and CIR is derived with its comparison with typical OFDM signals. Furthermore,

several existing detectors are described with performance/complexity analysis. Results

indicate that all the existing detection algorithms are too complex for practical large

size SEFDM systems. This reveals the importance of a simple but good performance

detector. Finally, other spectrally efficient technologies are presented with descriptions

of their advantages and limitations. The following chapters will address new detector

designs and novel practical system architectures for SEFDM.
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Advanced SEFDM Transceiver

Designs

3.1 Introduction

The key challenge arises in SEFDM relates to the self-created interference which gives

rise to ICI. This interference is caused by the deliberate violation of the orthogonality

rule defined for OFDM, which requires the frequency spacing to equal the reciprocal of

the OFDM symbol period. Thus, the detection of SEFDM becomes more complicated.

When the signal dimension is small (e.g. small number of sub-carriers or low order

modulation order), exhaustive search can be operated to achieve the ML performance,

at the expense of increase in detector complexity. A complexity reduced algorithm

termed SD, constrained by a searching sphere, has been studied. Its random complexity

is highly dependent on the noise level leading to unpractical use. In addition, several

hybrid detectors with fixed complexity have been studied as well, although performance

far from optimal.

In Chapter 2, it was shown that SEFDM receiver performance is dependent on

obtaining good initial estimates of the data symbols before hard detection. Such initial

estimates are obtained from linear detectors like ZF, MMSE and TSVD. However, these
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are all limited by the noise level leading to unsatisfactory performance.

To sum up, previous detection algorithms are either too complicated for large size

systems or results in unsatisfactory performance. Thus, this chapter aims to find out

solutions for novel signal detector or system architecture designs.

3.2 Iterative SEFDM

In this section, an iterative soft demapping detection scheme termed iterative detection

(ID) [52] [56] is introduced for the sake of iteratively cancelling the ICI and obtaining

more accurate initial estimates. Following this, a hybrid soft ID together with FSD

[139] which yields good complexity/performance trade-offs as a practical alternative

to optimal ML and sub-optimal SD detections is investigated. The performance of

square QAM modulation constellations from 4QAM up to 16QAM are evaluated. With

the introduction of more accurate initial estimate from the ID detector, the overall

performance will be obviously improved.

3.2.1 Iterative Detector (ID)

Notation : The tree width is denoted by TW and v denotes the number of iterations.

Matrices are denoted by bold uppercase letters, italic letters represent column vectors.

In our work [52], ID has been verified to have better immunity against interference.

SEFDM signals are not only contaminated by AWGN, but also are distorted by complex

interference which is described by a matrix (e.g. correlation matrix C). Since the effects

of ICI and AWGN are random, some symbols are severely interfered while others are

less affected. Therefore, the main idea of ID is to firstly decide less interfered symbols

and then recover the highly distorted symbols on the basis of the decided ones. The

interference is removed gradually after each iteration. 4QAM was considered in work

[52] yielding an error performance identical to the optimum scenario for 20% bandwidth

savings. High order modulation format (e.g. 16QAM) is able to offer high spectral

efficiency, however, these may be considerably less resilient to noise and interference.
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This iterative interference cancellation scheme is aided by using an iterative M-QAM

demapping strategy which is shown in Fig. 3.1.

Figure 3.1: Demapping strategy for 4QAM constellation (left) and 16QAM constella-
tion (right).

3.2.1.1 4QAM Iterative Demapping

4QAM demapping strategy is demonstrated in Fig. 3.1(left). Zone A is less susceptible

to interference compared with zone B. If received symbols are within zone A, the

decision of this point can be made directly. The uncertainty interval is defined by

∆A = 1−m/v, where m is the mth iteration and v is the total iteration number. Only

points that fall in zone A can be mapped directly to the corresponding constellation

point. Points within zone B are unchanged and left to the next iteration. The interval

is reduced gradually until zero in the iteration process, meaning that the effect of ICI

has been cancelled. The iterative operation is shown below:

Sn = R− (C− e)Sn−1, (3.1)

where e is an N × N identity matrix, Sn is an N -dimensional vector of recovered

symbols after n iterations and Sn−1 is an N -dimensional vector of estimated symbols

after n− 1 iterations.
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3.2.1.2 16QAM Iterative Demapping

In the case of 16QAM constellation, the fact that each symbol carries more bits than

4QAM makes it more difficult to demap accurately the symbols to the corresponding

constellation. It is clearly seen from Fig. 3.1(right) that the whole constellation is

divided into three different zones: zone A, zone B and zone C. Depending on zone a

received symbol is located in, a different strategy should be employed to complete the

demapping process. These are described below:

• Zone A: This zone is less susceptible to interference since only two constellation

points are adjacent and directly influence the decision. Therefore, this zone should be

firstly detected. The demapping strategy in this zone is very similar to that in 4QAM

scheme, and the interval ∆A is set to be 1−m/v.

• Zone B: The interference sources of this zone come from three constellation points

and thus the decision bound is set to be more rigorous. In the figure, the decision area

is delimited by two horizontal and one vertical boundaries. Only points within these

three boundaries are decided while other points are unreliable and reserved to the next

iteration. The uncertainty interval in this zone is defined by ∆B = 1 −m/v and this

criteria value is decreased in each iteration.

• Zone C: This zone is under serious interference because it is surrounded by four

points. In this case, two horizontal and two vertical boundaries are added to constrain

the decision area. ∆C = 1 −m/v defines the uncertain interval and decreases to zero

in the last iteration.

3.2.2 Hybrid Detector (ID-FSD)

Although ID alone can effectively remove distortions through the iterative scheme, its

performance can be further improved by cooperating with a second detector. This

hybrid scheme is derived from TSVD-FSD where TSVD provides initial estimates to

FSD which executes a more accurate signal detection. In fact, either FSD or SD can be

used as the second stage detectors. However, SD is dependent on the noise level leading
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to a random complexity. Therefore, in order to improve further the performance of the

system and maintain relatively low and fixed complexity, a hybrid detector combining

ID and FSD is proposed. The FSD algorithm simplifies ML computational effort and

fixes the complexity of SD by restricting the search within a limited sub-space. Details

are described in section 2.6.3. At each level, a fixed number of candidates are reserved.

Fig. 3.2 depicts a block diagram for the iterative detection-FSD (ID-FSD) detector.

The detailed description of each block is given in the following.

Figure 3.2: Block diagram of ID-FSD detector.

1. ID-Processor

This block aims to realize the iterative function as expressed in (3.1). R is an

N-dimensional vector of collected statistics derived from the FFT module. Ŝ is an

N-dimensional vector of unconstrained estimated symbols which are referred to

Sn at the last iteration in (3.1). Meanwhile, Ŝ is rounded or sliced to the closest

integer, thus defines an N-dimensional vector of constrained estimated symbols S̄

through the SLICER (i.e. hard decision) module. It should be noted that at the

first iteration, S1 equals R leading to inaccurate estimate due to contamination

from ICI and AWGN. In the condition of small effects, they can be compensated
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by ID alone while for higher ICI and noise level, a cooperative detection with

FSD is required.

2. FSD-Initializer

This block is responsible for generating initial radius gID which determines the

size of the search sphere, as in the equation below

gID =
∥∥R−CS̄

∥∥2
(3.2)

where ‖.‖ denotes the Euclidean norm. The initial radius equals the distance

between the collected statistics and the initial constrained estimate S̄. Due to the

ill conditioning of the SEFDM system, these initial estimates may deviate greatly

from the optimal points. TSVD was previously applied in [39] to cope with this

problem. However, the improvement was limited. Therefore, the contribution of

ID for this module is that a more accurate initial estimate is adopted in (3.2) to

calculate an improved initial radius.

3. FSD

FSD has been fully explained in section 2.6.3. In this section, in order to demon-

strate clearly the performance of ID initial estimate in the FSD detector, a brief

re-introduction of FSD is described here. The FSD implements the SEFDM de-

tection algorithm using equation:

S̃ID−FSD = arg min
S̃∈ON ,S̃∈M

∥∥∥R−CS̃
∥∥∥2
≤ gID (3.3)

where S̃ indicates final detected symbols, O is the constellation cardinality, M is

the search subspace and gID is the initial radius transferred from FSD-Initializer.

If finally no node is found within the sphere, the ID constrained estimate S̄ is
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taken as the solution, as expressed in the equality below:

S̃ID−FSD = S̄ (3.4)

This is the reason why the design contains a feed of the constrained estimates

from the ID-Processor to the FSD block. In order to simplify the squared Eu-

clidean norm calculation, equation (3.3) can be transformed into an equivalent

expression using Cholesky Decomposition. The transformation is carried out us-

ing chol{C∗C} = L∗L [39], where L is an N×N upper triangular matrix. Hence,

following the similar transform principle in (2.33) where the ZF initial estimate

P is replaced by the ID initial estimate Ŝ in this case, (3.3) can be re-written as

S̃ID−FSD = arg min
S̃∈ON ,S̃∈M

∥∥∥L(Ŝ − S̃)
∥∥∥2
≤ gID (3.5)

4. Internal Memory

The correlation matrix C is fixed as long as the value of α and the number of sub-

carriers N are defined. Therefore, the elements of C and Cholesky decomposition

elements of C are stored in this block. Two identical Internal Memory modules

are placed in Fig. 3.2 for the sake of system demonstration. cm,n are the elements

of C and are used for calculating the initial radius in (3.2) and initial estimates

in (3.1). lm,n denotes the elements of the upper triangular matrix L and are used

for calculating squared Euclidean norm in (3.5).

Finally, a summary of the operation of the ID-FSD is described in a mathematical

format in Algorithm 1.

3.2.3 Performance and Complexity Evaluations

In this section, the performance and complexity of the proposed detector are evaluated

via simulations. For the purpose of verifying the functionality, simulations were carried
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out in an AWGN channel, and the iteration number is represented by v, N denotes the

number of sub-carriers and Tw indicates the search tree-width.

Algorithm 1 : Hybrid ID-FSD Detection.

[Ŝ, S̄]⇐ID(R,C, e, υ);
S̄ = R;
for m = 1; m≤υ; m+ + do
Ŝ = R− (C− e)S̄;

[S̄]⇐Soft Demapping(Ŝ, d);
d = 1− m

υ
;

Ŝ< = Real(Ŝ), Ŝ= = Imag(Ŝ);

if Ŝ< > d & Ŝ= > d then
S̄ = 1 + i;

else if Ŝ< > d & Ŝ= < −d then
S̄ = 1− i;

else if Ŝ< < −d & Ŝ= > d then
S̄ = −1 + i;

else if Ŝ< < −d & Ŝ= < −d then
S̄ = −1− i;

else
S̄ = Ŝ;

end if
end for
[S̃]⇐FSD(Ŝ, S̄);
chol{C∗C} = L∗L;

D =
∥∥∥R−CS̃

∥∥∥2 =
∥∥∥L(Ŝ − S̃)

∥∥∥2;

s̃n = [1 + i, 1− i,−1 + i,−1− i];
d = 0;
for m = N ; m≥1; m−− do
d0 = d;
for n = N ; n≥m; n−− do
d = lm,n(ŝn − s̃n) + d;

end for
d = d2 + d0;
if length(d) > TW then
d = Sort[d];

else
d = d;

end if
end for
AED = min[d];

gID =
∥∥R−CS̄

∥∥2;
if AED ≤ gID then

S̃ID−FSD = S̃;
else
S̃ID−FSD = S̄;

end if

3.2.3.1 Performance

The convergence behaviours of ID detection algorithm in terms of 4QAM and 16QAM

modulation schemes are shown in Fig. 3.3 and Fig. 3.4, respectively. The bandwidth

compression factor for the aforementioned systems is set to α=0.8. Meanwhile, the

theoretical results for 4QAM and 16QAM are also plotted for the sake of comparison.

For 4QAM modulation format, Fig. 3.3 shows that ID doesn’t work properly with

small iteration numbers. However, with the increase of iteration numbers, ID yields

great BER performance improvement and converges to the theoretical one when v=20.

But 1dB performance loss is observed even with such a large iteration number. Then,

performance of ID is examined for 16QAM with different iterations ranging from 2 to

20. Simulation results indicate that after 20 iterations, the performance of ID converges

and no further improvement could be obtained. Unlike 4QAM modulation format, it is

still far away from the theoretical 16QAM result. On the basis of the aforementioned
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analysis, in the following simulations, the default iteration number is set to 20.
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Figure 3.3: Convergence behaviour of ID detector for α=0.8 4QAM with various iter-
ations and N=16.
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Figure 3.4: Convergence behaviour of ID detector for α=0.8 16QAM with various
iterations and N=16.
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Fig. 3.5 and Fig. 3.6 investigate the performance of ID under different bandwidth

compressions. Both figures compare results with TSVD and theoretical curves. Fig.

3.5 depicts 4QAM results. It is evident that ID detector outperforms TSVD detec-

tor dramatically under various bandwidth compression factors. ID with α=0.7 is even

better than TSVD with α=0.8. This proves that ID has a better immunity against in-

terference. Specifically, for α=0.8, the performance gap between ID and the theoretical

one is only 1 dB. However, the difference is not significant for 16QAM as illustrated in

Fig. 3.6. When Eb/N0 reaches a certain value, no further improvements are observed

for both ID and TSVD. An error floor occurs after Eb/N0=12 dB. It is inferred from

the figure that 16QAM cannot converge to the theoretical result because of the more

severe interference introduced from adjacent symbols. The increase of constellation

density expectedly leads to the performance loss.
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Figure 3.5: BER performance of ID detector for SEFDM systems with 16 sub-carriers
carrying 4QAM with 20 iterations.
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Figure 3.6: BER performance of ID detector for SEFDM systems with 16 sub-carriers
carrying 16QAM with 20 iterations.

Fig. 3.7 and Fig. 3.8 illustrate the BER performance of hybrid detectors under

two modulation schemes. In terms of 4QAM, we can see that the ID-FSD detector

yields substantial BER reduction compared to TSVD-FSD due to the better quality

of ID estimate fed to the ID-FSD detector. In the high Eb/No regime, for bandwidth

compressions of up to 20% (α=0.8) [ percentage of saving=100 × (1− α)% ], the ID-

FSD curve approaches the theoretical 4QAM one. This proves the Mazo’s theory [20]

of 25% [ percentage of excess=100 × (1/α− 1)% ] in SEFDM. In addition, there is 1

dB deviation from the theoretical performance in the low SNR regime. This is due to

the performance loss from ID detection shown in Fig. 3.5. In terms of 16QAM, for

bandwidth saving up to 20%, ID-FSD outperforms TSVD-FSD and ZF-FSD by 1.6 dB,

which proves the proposed hybrid detector is applicable to the high order modulation

scheme. However, with further compressing bandwidth to 30% (α = 0.7), the curve of

ID-FSD is close to that of TSVD-FSD and ZF-FSD, which is an expected result since

higher constellation density indicates higher interference, and ID is unable to remove
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such high interference. To sum up, ID-FSD outperforms conventional hybrid detectors

significantly in the low order modulation scheme. In addition, it is applicable to the

high order modulation scheme while its capability of removing interference is limited.

It is evident in Fig. 3.7 that ID-FSD outperforms TSVD-FSD with almost 2 dB

performance gain. Meanwhile, according to the conclusion derived from section 2.6.3,

the tree-width determines the performance of FSD. However, the higher value of tree-

width, the higher complexity a detector requires. Therefore, in Fig. 3.9, different

tree-width scenarios are tested for ID-FSD and TSVD-FSD. Fig. 3.9 shows that the

much lower complexity ID-FSD detector with TW=16 has a very close performance to

that of the TSVD-FSD detector with TW=1024. Such result is highly encouraging for

achieving high performing SEFDM detection with realistic complexity. The complexity

issue is further explored in the next section.
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Figure 3.7: BER performance of ID-FSD detector for 16 sub-carrier SEFDM system
carrying 4QAM with 20 iterations and TW=16.
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Figure 3.8: BER performance of ID-FSD detector for 16 sub-carrier SEFDM system
carrying 16QAM with 20 iterations and TW=16.
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3.2.3.2 Complexity

We demonstrate the computational complexity in terms of real-valued multiplications

and real-valued additions. For this we consider operations for detecting each symbol,

not the operations required only once in the detection process (e.g. SVD for the cor-

relation matrix C). On the premise of practical implementation, the ID requires only

one iteration calculation due to the iterative property at the cost of longer processing

latency. The complexity of ID is calculated based on (3.1) while TSVD is derived by

direct matrix inversion. Detailed representation of complexities are summarised in Ta-

ble 3.1. It can be seen that in the case of one iteration, the required operations of ID

are slightly lower than that of TSVD.

Table 3.1: Computational complexity in terms of real-valued operations for TSVD and
ID

TSVD ID (one iteration)

Number of multiplication operations 4N2 4N2 − 2N

Number of addition operations 4N2 − 2N 4N2 − 2N

The process of FSD follows equation (3.5) where the Euclidean norm can be de-

composed into two parts leading to a new expression defined as (3.6). The first part

is partial Euclidean distance (PED) denoted as di and the second part is accumulated

Euclidean distance (AED) denoted as Di+1. Due to the sequential nature of FSD, un-

like the SD algorithm where radius is updated at each level, FSD computes the partial

Euclidean distance at each level from the top level N backward to the first level. At

the last stage, the accumulated Euclidean distance D1 is obtained and compared with

the initial radius.

Di = l2i,i(ξi − S̃i)2 +
N∑

j=i+1

l2j,j(ξj − S̃j)2 = di +Di+1 (3.6)
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ξi = Ŝi +
N∑

j=i+1

li,j
li,i

(Ŝj − S̃j) (3.7)

The complexity analysis of FSD is relatively complicated. At the first ω = log2TW

levels, all the nodes are fully expanded and searched, while the remaining levels are

partially expanded and only TW nodes are reserved. This is an obvious advantage of

FSD over a full search since FSD fixes the throughput and makes it more practical. In

addition, a sort unit is employed at each level. It should be noted that at the first ω

levels, no sorting operations are needed. However, in the rest of levels, these units are

required. Assuming that one comparison in a sort unit takes one addition operation,

based on (3.6)(3.7), the complexity expressions in terms of real-valued operations are

directly given in (3.8) and (3.9). The complexity is analyzed in our previous work in

detail in [52] and practically demonstrated in [49].

Cmult =

ω∑
n=1

2n[2n+ 1]︸ ︷︷ ︸
full expansion

+

2N∑
m=ω+1

TW [2m+ 1]︸ ︷︷ ︸
partial expansion

(3.8)

Cadd =
ω∑
n=1

2n[2n− 1]︸ ︷︷ ︸
full expansion

+
2N∑

m=ω+1

TW [2m− 1]︸ ︷︷ ︸
partial expansion

+4T 2
W (2N − ω)︸ ︷︷ ︸

sort

(3.9)

Table 3.2 shows the normalised delay comparison of both ID-FSD and TSVD-FSD

detectors. Assuming both ID-FSD (N=16,υ=20) and TSVD-FSD (N=16) employ

parallel and pipelined structures. Regarding the initial delay, ID-FSD consumes 19

more clock cycles than TSVD-FSD. In terms of the pipelined delay, both schemes

consume one clock cycle.

Figure 3.10 illustrates the Matlab execution time of different detectors and for

various iterations and tree-widths. We use the execution time to compare the relative

complexity of detectors. This complexity figure is generated assuming TSVD-FSD
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Table 3.2: Delay Comparisons (normalised values)

TSVD ID FSD

Initial Delay(Clock Cycles) 1 υ N

υ=20,N=16 1 20 32

Pipelined Delay(Clock Cycles) 1 1 1
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Figure 3.10: Execution Time versus iteration numbers for different SEFDM detectors
carrying 4QAM symbols with α = 0.7, N=16 and different tree-widths.

achieves the same performance with ID-FSD as illustrated in Fig. 3.9. It is apparent

that the new ID-FSD detector, even with a very high number of iterations, always

displays execution time one order of magnitude lower than its TSVD-FSD counterpart.

This trend is consistent with the absolute numbers of Table 3.1 and equations (3.8) and

(3.9). It is evident that the TSVD-FSD detector needs more computational operations

than the ID-FSD detector. As a result, the ID-FSD detector takes significantly less

time than the TSVD-FSD detector to complete a detection.
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3.3 Block-SEFDM

In section 3.2, we examined a novel hybrid soft ID together with FSD [52] which yields

much better complexity/performance trade-offs than the TSVD-FSD detector. Unfor-

tunately, this detector is only suitable for small size systems. In realistic multicarrier

systems, in order to combat with multipath fading, a large number of sub-carriers (i.e.

FFT size) are preferred such as 512 in 802.11ac [140] and 2048 in LTE [1]. Thus, a

simplified detector for a non-orthogonal system with a large signal dimension is highly

desirable. In this section, we present a multi-band system termed Block-SEFDM [57]

which divides the whole spectrum into several blocks. Symbols in each block can be

detected separately by using powerful ML or SD algorithms. This technique makes

it practical to detect large size non-orthogonal signals (e.g. 128 non-orthogonal sub-

carriers).

3.3.1 System Model

Figure 3.11: Spectra illustration for a) OFDM, b) SEFDM, c) Block-SEFDM. Each
impulse indicates one sub-carrier and there are overall N sub-carriers for each system,
respectively.

The general comparison between OFDM, typical SEFDM and Block-SEFDM are

shown in Fig. 3.11. Fig. 3.11 (a) demonstrates a typical OFDM spectrum where the

sub-carrier spacing ∆f1 equals 1
T where T is the time period of one OFDM symbol.

Fig. 3.11 (b) shows a typical SEFDM system with sub-carrier spacing ∆f2 = α
T where

α < 1 is the bandwidth compression factor. It is apparent that the SEFDM system can
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save (1 − α) × 100% of bandwidth compared to a typical OFDM system. The typical

SEFDM signal is straightforwardly detected using a single detector due to the single

band feature. However, this kind of detector is limited by the system size. In order

to simplify the detector design and maintain the system performance, multiple parallel

shorter (small size) detectors are desirable. On the basis of this idea, Block-SEFDM

divides the original SEFDM spectrum into several non-orthogonal blocks where a short

detector is adopted in each block. The principle of Block-SEFDM is illustrated in Fig.

3.11 (c) where the entire spectrum is evenly partitioned into N
NB

blocks where each sub-

block is composed of NB sub-carriers and every (NB +1)th sub-carrier is removed. ∆f3

is the sub-carrier spacing and ∆fG is the guard band between two adjacent blocks and

is equal to 2∆f3. Hence, the partitioned blocks are non-orthogonally packed. Due to

the introduction of the guard band ∆fG, in order to keep the same occupied bandwidth,

sub-carriers in each block are more compressed leading to a smaller ∆f3. According to

Fig. 3.11, the sub-carrier spacing relationship is ∆f3 < ∆f2 < ∆f1. Considering the

guard band and (2.9), the Block-SEFDM signal [57] is expressed as

X[k] =
1√
Q

N
NB
−1∑

lB=0

NB−1∑
i=0

s
i+lBNB

exp[
j2πkα(i+ lB(NB + 1))

Q
] (3.10)

where NB is the number of sub-carriers in each block, s
i+lBNB

is the ith symbol modu-

lated in the lB
th block. Therefore, NB determines the size of each block and lB indicates

the index of blocks. The product of NB and the maximum value of lB equals N . It

should be noted that not all of the sub-carriers are evenly overlapped and therefore not

all have the same levels of ICI, since there is a deleted sub-carrier (additional spacing)

between adjacent blocks in order to mitigate the non-orthogonal out-of-block interfer-

ence. Therefore, the in-band bandwidth compression factor (BCF) α in each block

should be smaller than the effective BCF β because the removed sub-carrier between

adjacent sub-bands results in reduced spectral efficiency. The bandwidth occupations

of SEFDM and Block-SEFDM are given in (3.11) and (3.12), respectively.
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BSEFDM =
β(N − 1) + 2

T
= (β(N − 1) + 2)∆f≈βN∆f (3.11)

B
Block−SEFDM =

α( N
NB
− 1 +N − 1) + 2

T

= (α(
N

NB
− 1 +N − 1) + 2)∆f≈α(

N

NB
− 1 +N)∆f

(3.12)

Therefore, according to (3.11) and (3.12), the in-band BCF α is calculated as

α =
βN

N
NB
− 1 +N

(3.13)

The bandwidth compression factor transformation is provided in Table 3.3. NB = 8

is selected considering the trade-off between complexity and effective BCF.

Table 3.3: Effective Bandwidth Compression Factor Transformation (NB=8)

NB = 8

Sub-carrier In-band BCF Effective BCF

N=16
α = 0.612 β = 0.65
α = 0.659 β = 0.7
α = 0.753 β = 0.8

N=32
α = 0.5943 β = 0.65
α = 0.64 β = 0.7
α = 0.7314 β = 0.8

N=64
α = 0.586 β = 0.65
α = 0.631 β = 0.7
α = 0.7211 β = 0.8

N=128
α = 0.582 β = 0.65
α = 0.6266 β = 0.7
α = 0.7161 β = 0.8

The multi-band SEFDM reception process is similar to the operation in (2.23). The

discrete model is represented as

R = CS + Z (3.14)

where C is an N × N correlation matrix that describes the interference between the

sub-carriers. However, the sub-carriers are no longer continuous since one sub-carrier

is removed after every eight data sub-carriers. Therefore, the expression of interference

would be different compared to a conventional SEFDM one. The sub-carrier matrix can
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be derived from (3.10). Then, the new correlation matrix is obtained by correlating the

sub-carrier matrix F, with element values fk,(x,lBx) = exp[ j2πkα(x+lBx(NB+1))
Q ] with its

conjugate sub-carrier matrix F∗, with element values f(y,lBy),k = exp[
−j2πkα(y+lBy(NB+1))

Q ]

for k = 0, 1, ..., Q− 1. The process can be expressed as

c[m,n] =
1

Q

Q−1∑
k=0

f(y,lBy),k·fk,(x,lBx) (3.15)

for x, y = [0, 1, ..., NB−1] and lBx, lBy = [0, 1, ..., N
NB
−1]. The distorted symbols R are

then fed to a detector to get the estimate of the transmitted symbols.

3.3.2 Block Efficient Detector (BED)

The proposed spectrum segmentation scheme provides a new way to signal detection.

In the proposed multi-band system, each band consists of 8 sub-carriers indicating

a small size sub-system. Therefore, powerful detectors like ML or SD may be used.

Taking into account the complexity, SD is employed in each block instead of ML. Re-

membering that SEFDM and Block-SEFDM are multicarrier modulation techniques in

which the sub-carriers overlap similarly to OFDM but where the orthogonality principle

defined for OFDM is deliberately violated in SEFDM in order to reduce the frequency

spacing between the sub-carriers with the benefit of improved spectral efficiency. In

Block-SEFDM, although one sub-carrier is reserved as a gap between two adjacent sub-

bands, the interference is still challenging with high bandwidth compressions since the

sub-carrier spacing is smaller and more overlapping occurs from adjacent sub-carriers.

Therefore, the ID algorithm derived from section 3.2.1 is selected here as the method to

alleviate the out-of-block ICI due to the non-orthogonal overlapping sub-carriers from

adjacent sub-bands. Its iterative demapping scheme is referred to Fig. 3.1. The work in

section 2.6.3 showed that an initial estimate determines the search space of FSD. The

search space is a crucial parameter that decides which candidate points are included

in the detection procedure. It has been proven in section 3.2.3 that ID has a better

immunity against interference and is a more effective method which can be used to
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generate a more accurate initial estimate relative to the ZF or TSVD method. In this

work, we present the BED algorithm which is also assisted by the initial estimate from

ID. However, the function of the initial estimate in this case is not to constrain the

search space but cancel out the out-of-block interference. Therefore, at the receiver,

an iterative detection ID [52] algorithm is firstly executed to remove the out-of-block

interference in each block by using the iterative soft demapping scheme. Then, a typical

SD [38] is adopted in each interference-clean block (e.g. Block 1, Block 2,...) to recover

signals.

Figure 3.12: Experimental bandwidth comparisons of Block-SEFDM (effective BCF:
β = 0.8) and OFDM. By transmitting the same amount of data, Block-SEFDM requires
bandwidth of 7.212 MHz while OFDM needs 9.015 MHz. Carrier frequency is 2 GHz,
frequency span is 15 MHz and RBW for OFDM and Block-SEFDM are 3 KHz and 60
KHz, respectively.

The measured signal spectrum of this technique [57] is shown in Fig. 3.12. It is mea-

sured from a Tektronix Mixed Domain Oscilloscope. The OFDM signal is configured

on the basis of LTE release 8 [1]. The Block-SEFDM signal also follows the LTE release

8 but the sub-carrier spacing is compressed by 20%. Therefore, by transmitting the

same amount of data, Block-SEFDM requires bandwidth of 7.212 MHz while OFDM

needs 9.015 MHz. A Block-SEFDM signal employing 64 sub-carriers is presented here

for the sake of demonstrating the multi-band SEFDM signal structure. The number

of sub-carriers can be set to any values in practice. In the figure, 64 sub-carriers are
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evenly divided into 8 sub-bands where each sub-band is composed of 8 sub-carriers and

every 9th sub-carrier is removed. At the receiver, ID is firstly executed to remove the

out-of-block interference in each band by using the iterative soft demapping scheme.

Then, an 8 × 8 SD is adopted in each interference-clean sub-band to recover signals.

The description of the BED operation is presented in Algorithm 2.

Algorithm 2 : Block Efficient Detector.

[Ŝ, S̄]⇐ID(R,C, υ)
N
NB

Parallel Out− of − block Interference Cancellation(U = NB ;U≤N ;U = U +NB) :

One unit start
for m = U −NB ; m≤U − 1; m+ + do

for n = 0; n≤N − 1; n+ + do
a[m] = c[m,n] ∗ S̄n

end for
for n = U −NB ; n≤U − 1; n+ + do
b[m] = c[m,n] ∗ S̄n

end for
I[m] = a[m]− b[m]
R̃(U/NB)−1 = R[m]− I[m]

end for
One unit end
N
NB

Parallel SD(U = NB ;U≤N ;U = U +NB) :

One unit start

gID =
∥∥∥R̃− C̄S̄

∥∥∥2
S̃BED = arg min

∥∥∥R̃− C̄S̃
∥∥∥2 = arg min

∥∥∥L̄(Ŝ − S̃)
∥∥∥2 ≤ gID

One unit end

The interference cancellation is decomposed into two stages. The first stage Eq.

(3.16) is interference modelling and the second stage Eq. (3.17) is to cancel out the

modelled interference. The entire process is expressed as

I[m] =

N−1∑
n=0

c[m,n] ∗ SID(n)−
U−1∑

n=U−NB

c[m,n] ∗ SID(n) (3.16)

R̃U/NB−1 = R[m]− I[m] (3.17)

where m ∈ [U − NB, ..., U − 1], U = [NB, 2NB, ..., N ]. U/NB − 1 represents the

block sequence number which starts from 0 and ends with N/NB − 1, I[m] is an NB-

dimensional vector of the out-of-block interference and should be cancelled out in Eq.

(3.17). R̃U/NB−1 is an NB-dimensional vector of the interference cancelled symbols and

is transferred to SD for detection.
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After removing interference from each block, the ID detected symbols are fed to the

SD as initial estimates. The SD algorithm has been described in detail in section 2.6.2.

However, some parameters have to be modified due to the segmentation of the entire

spectrum. Therefore, some basic mathematical expressions are presented here again.

The recovered SEFDM signals are processed in each block by examining only points

that exists within an NB-dimensional hypersphere of radius gID . Within one sub-band,

the initial radius gID is taken as the Euclidean norm between the received statistics R̃

and the initial estimates S̄, the equation is shown below:

gID =
∥∥∥R̃− C̄S̄

∥∥∥2
(3.18)

where R̃ is an NB-dimensional vector of the interference cancelled received statistics, S̄

is an NB-dimensional vector of the hard decision symbols from the ID detector and C̄ is

an NB×NB partial correlation matrix which is defined by
∑U−1

m=U−NB
∑U−1

n=U−NB c[m,n].

It is apparent that C̄ is a subset of the original C. The detection procedure is handled

by the following equation:

S̃BED = arg min
S̃∈ON

∥∥∥R̃− C̄S̃
∥∥∥2
≤ gID (3.19)

where S̃ are detected symbols of length NB, O is the constellation cardinality. In order

to simplify the calculation of Euclidean norm, Cholesky Decomposition is employed to

transform (3.19) to an equivalent expression as shown in (3.20). The transformation is

accomplished by using chol{C̄∗C̄} = L̄∗L̄ [39], where L̄ is an NB×NB upper triangular

matrix. The expansion of (3.20) and its computations have been discussed in section

2.6.2.

S̃BED = arg min
S̃∈ON

∥∥∥L̄(Ŝ − S̃)
∥∥∥2
≤ gID (3.20)

where Ŝ is an N-dimensional vector of soft estimated symbols in the last iteration of
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ID.

3.3.3 Performance and Complexity Evaluations

The performance and complexity of the proposed detector are evaluated. The purpose

is to test the functionality of the multi-band system. Therefore, 4QAM modulation

scheme is adopted and an AWGN channel is assumed throughout the simulation. Both

typical SEFDM (Fig. 3.11 (b)) and Block-SEFDM (Fig. 3.11 (c)) systems are demon-

strated. For the typical SEFDM system, the ID-FSD [52] detector is employed. For the

Block-SEFDM system, the proposed BED detector is used. It should be noted that β

is the effective BCF in the Block-SEFDM system which is greater than α; the in-band

BCF in the Block-SEFDM system. Therefore, the bandwidth saving for Block-SEFDM

is calculated as (1− β)× 100%.

3.3.3.1 Performance

2 4 6 8 10 12 14
10

−5

10
−4

10
−3

10
−2

10
−1

10
0

Eb/N0

B
E

R

 

 

ID−FSD, N=64, α=0.8

ID−FSD, N=32, α=0.8

BED, N=128, α=0.7161, β=0.8

BED, N=64, α=0.7211, β=0.8

BED, N=16, α=0.753, β=0.8

ID−FSD, N=16, β=0.8

4QAM

4.5 dB

Figure 3.13: Performance comparisons of BED and ID-FSD for different α(β) = 0.8
and N with NB = 8. The tree-width TW=16 and 20 iterations are used in the ID-FSD
to guarantee BER performance.
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Fig. 3.13 shows that ID-FSD has the same bit error rate with BED under low Eb/N0.

However, as Eb/N0 increases, the BED detector outperforms the ID-FSD significantly,

for example, up to 4.5 dB performance gain at BER equals 2×10−5. The performance of

the ID-FSD scales with the number of sub-carriers since more interference is introduced

between adjacent symbols with the increase of sub-carriers. But it is not the case for

BED. Simulations in Fig. 3.13 show that increasing the number of sub-carriers from

16 to 128 does not compromise the performance. In addition, it is apparent that the

BED performance approaches the theoretical one independent on the system size. This

figure proves that our new detector has a better immunity to interference and it is

applicable to large size systems.
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Figure 3.14: Performance comparisons of BED and ID-FSD for various α(β) smaller
than 0.8 and various sub-carriers N with NB = 8. The tree-width TW=16 and 20
iterations are used in the ID-FSD to guarantee BER performance.

This performance gap is even more obvious between the BED and the ID-FSD with

lower bandwidth compression factors like β = 0.7; 0.65. Their performance is shown in

Fig. 3.14. It should be noted that for the same bandwidth saving, the performance of

a BED detector with 128 sub-carriers is even better than that of an ID-FSD detector
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with a smaller number of sub-carriers. For the same bandwidth compression factor and

the same number of sub-carriers, the BED even outperforms the ID-FSD by 4.5 dB at

BER equals 2 × 10−3. Such performance improvement is attributed to the reduction

of interference in the multi-band system coupled with the use of SD. Hence, one may

conclude that the combination of multi-band SEFDM and BED allows practicable

systems with a large number of sub-carriers and high bandwidth compressions.

However, maintain a small number of sub-carriers such as 8 in each block would

degrade the system performance since the in-band BCF, calculated according to (3.13)

and shown in Table 3.4, has to be small enough to get a targeted overall effective BCF.

Thus, higher interference is introduced and will increase the BER. Therefore, for a

large size system, the number of sub-carriers in each block has to be large enough. The

new Block-SEFDM signal occupying 256 data sub-carriers is designed to use 16 sub-

carriers in each block. Thus, the in-band BCF will be relatively relaxed. The effective

bandwidth compression factor transformation for this special case is presented in Table

3.5.

Table 3.4: Effective Bandwidth Compression Factor Transformation (N=256, NB=8)

NB = 8

Sub-carrier In-band BCF Effective BCF

N=256
α = 0.714 β = 0.8
α = 0.624 β = 0.7
α = 0.598 β = 0.67

Table 3.5: Effective Bandwidth Compression Factor Transformation (N=256, NB=16)

NB = 16

Sub-carrier In-band BCF Effective BCF

N=256
α = 0.756 β = 0.8
α = 0.661 β = 0.7
α = 0.633 β = 0.67

The system BER performance is shown in Fig. 3.15 where five systems are tested

and compared. It is clearly seen that for 20% bandwidth saving (i.e. α=0.8), the 4QAM

SEFDM system shows similar BER performance with the 4QAM OFDM one. It verifies

the 25% Mazo limt theory. For higher bandwidth saving such as 33% (i.e. α=0.67),
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it shows worse performance than the 4QAM OFDM one but outperforms the spectral

efficiency equivalent 8QAM OFDM. It proves that a low order modulation signal can

achieve the same spectral efficiency as a higher order one with better performance.
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Figure 3.15: Performance comparisons of 4QAM symbol modulated SEFDM systems
associated with different effective BCF β in the condition of N=256 and NB=16.

For higher order modulation formats such as 16QAM, SD performance has been

investigated in Fig. 2.11 where the 16QAM SEFDM signal with 20% saving can achieve

the same performance as the 16QAM OFDM. It not only verifies the Mazo limit but

also proves that a low order modulation format (i.e. 16QAM) can outperform the

spectral efficiency equivalent higher order modulation formats such as 32QAM OFDM.

Table 3.6: Effective Bandwidth Compression Factor Transformation (N=64, NB=16)

NB = 16

Sub-carrier In-band BCF Effective BCF

N=64
α = 0.764 β = 0.8
α = 0.670 β = 0.7
α = 0.640 β = 0.67

However, it is not the case for the Block-SEFDM signal as illustrated in Fig. 3.16.

Using 256 data sub-carriers, the performance of the 16QAM modulated SEFDM signal

is no longer identical to that of the 16QAM modulated OFDM signal. The BER

114



CHAPTER 3

2 4 6 8 10 12 14
10

−4

10
−3

10
−2

10
−1

10
0

E
b
/N

o
 (dB)

B
E

R

 

 

32QAM
N=256, β=0.8
16QAM

Figure 3.16: Performance comparisons of 16QAM symbol modulated SEFDM systems
associated with different effective BCF β in the condition of N=256 and NB=16.

curve overlaps with the 32QAM result. Since the 16QAM SEFDM signal with 20%

bandwidth saving has the same spectral efficiency with the typical 16QAM OFDM

one, it is inferred that there is no benefit in this scenario. Three reasons contribute to

the reduced performance. The first one is the high in-band self-created ICI; the second

is the enhanced out-of-block interference using high order modulation symbols. The

last is due to the higher density of 16QAM constellation and the decision reliability is

greatly affected. One solution to mitigate the out-of-block interference is to use small

number of blocks, thus small number of total sub-carriers. The in-band self-created ICI

and the superimposed out-of-block interference would be reduced to some extent. The

simulated performance is shown in Fig. 3.17 where a total number of 64 sub-carriers are

used and 4 blocks are separated with each has 16 sub-carriers. The interference level,

which maybe indicated by in-band bandwidth compression factor, is presented in Table

3.6. The benefit of using SEFDM signals is obvious but with limited contributions. It

is clearly seen that the 20% bandwidth saving SEFDM signal outperforms the 32QAM

OFDM signal with 1 dB performance gain. However, compared with the 16QAM
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Figure 3.17: Performance comparisons of 16QAM symbol modulated SEFDM systems
associated with different effective BCF β in the condition of N=64 and NB=16.

OFDM signal, the curve is 2 dB away. Thus, it is concluded that in large size systems

(e.g. large number of sub-carriers), using higher order modulation formats such as

16QAM, the Mazo limit cannot be reached easily and the low order modulation benefits

are limited depending on the interference level.

3.3.3.2 Complexity

The complexity is calculated in terms of real-valued multiplications and real-valued

additions. For this we consider operations for detecting each symbol, not the opera-

tions required only once in the detection process (e.g. Cholesky Decomposition). An

approximated complexity of ID-FSD has been studied in section 3.2.3. However, the

complexity of BED is random since the computation of SD is highly dependent on

channel conditions. Therefore, it is not convincing to compare BED with ID-FSD. In

this section, in order to clearly show the complexity reduction of BED, a single SD is

included for the comparison. A single SD indicates a SD detector for a single SEFDM

band. It should be noted that due to the random complexity of SD, all the nodes are as-
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sumed to be visited in this work indicating the upper bound computational expressions

in (3.21) and (3.22). However, in practice, only a portion of nodes would be searched

because of the search space shrink indicating a much lower computational complexity.

Cmult =
N

NB
(

2NB∑
n=1

2n[2n+ 1]︸ ︷︷ ︸
full expansion

) (3.21)

Cadd =
N

NB
(

2NB∑
n=1

2n[2n− 1]︸ ︷︷ ︸
full expansion

) (3.22)
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Figure 3.18: Upper bound of the required multiplication operations versus N for two
detectors with NB = 8.

The upper bound computational complexities in terms of real-valued multiplication

operations for both the BED and the single SD are shown in Fig. 3.18. For the sake of

comparison, the number of operations in Fig. 3.18 is expressed by a logarithmic scale.

The starting point of x-axis is N =8 sub-carriers and then goes up to 128 sub-carriers.

Comparing these two curves, it is obvious that the complexity of BED is substantially
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lower than that of the single SD. The computational operations for both BED and

the single SD increase with the value of N . But it is more apparent for the single SD

one. It is noted that when N =8, they have the same complexity due to the size of

each block in BED equals 8. However, the difference becomes more obvious when the

number of sub-carriers reaches 128. Based on the previous mathematical analysis, it is

evident that the complexity of BED is propositional to the number of blocks, while in

terms of the single SD, its complexity is propositional to the number of sub-carriers.

Therefore, it can be inferred from the figure that the multi-band structure is suitable

for large size systems while the single-band would be impractical.

3.4 Turbo-SEFDM

Iterative detector is a kind of detector that can effectively remove ICI using a feedfor-

ward and feedback structure. The feedforward loop estimates original symbols and the

feedback loop models interference either from RF channels or systems (e.g. SEFDM).

After cancelling out the interference effect, more reliable estimated symbols are fed to

the loop process until a converged symbol estimation is obtained. It can be inferred

that the reliability of the modelled interference determines the accuracy of interference

cancellation and further determines the system performance.

One challenge of iterative detection methods is that signal detection is dependent

on previous iterations and a decision error will affect the subsequent signal decisions

leading to performance degradation. The impact is more serious in SEFDM since self-

created ICI is introduced in the system. With the introduction of higher interference

power in SEFDM, typical ID [52] in section 3.2 or enhanced ID-sphere decoding (ID-SD)

[57] in section 3.3 fail to recover signals. This is due to the fact that in the feedforward

loop symbol estimation is greatly affected. The inaccurate symbol estimation results

in inaccurate interference modelling in the feedback loop. Hence, the detector cannot

effectively cancel out the interference. Previous reported work is either based on un-

coded SEFDM systems or requires impractically high number of iterations for small
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size systems. Here we explore, for the first time, a coded system with iterative detection

and show that a large size SEFDM is practicable with limited complexity and good

performance.

An improved interference cancellation scheme, termed Turbo equalization, can im-

prove the reliability of interference modelling and cancellation using error correction

code. In a Turbo equalizer, an inner and an outer decoder exchange soft information

many times until converged performance is obtained. A detailed description of the

Turbo equalization can be found in [141]. In multicarrier systems, this principle has

been investigated in [25]. A block diagram of the Turbo equalizer is illustrated in Fig.

3.19.

Figure 3.19: Block diagram of a generalized Turbo equalizer.

In this figure, the purpose of Turbo equalization is to update and decide symbols

b not a. Note that either BCJR [142] or Turbo decoding [143] [144] can be used in

the outer decoder block. Turbo decoding has a similar iterative structure like Turbo

equalization. However, the updated symbols inside the outer decoder are a not b. In

this chapter, the Turbo equalization concept is applied in the Turbo-SEFDM system

attempting to iteratively remove the self-created ICI caused by non-orthogonally packed

sub-carriers.
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3.4.1 System Model

In this section, we present a Turbo-SEFDM architecture which maximizes the a posteriori

probability (APP) for a given bit through a process of iteration. The block diagram

of the Turbo-SEFDM system is shown in Fig. 3.20 where it consists of the trans-

mitter and the Turbo equalization receiver. The Turbo principle receiver includes a

feedforward and feedback loop between an SEFDM detector and a decoder. The soft

information, termed extrinsic information, is updated between the SEFDM detector

and the decoder in an iterative process to improve the reliability of the estimation of

transmitted symbols. Detailed process within the Turbo-SEFDM system is described

in the following.

Figure 3.20: Block diagram of Turbo-SEFDM. The block labelled Π is the interleaver
and Π−1 represents deinterleaver. Symbols in brackets (.) denote equation indexes.
Tur1 is referred to equation (3.27); Tur2 is (3.28); Tur3 is (3.30); Tur4 is (3.31) and
Tur5 is (3.32).

At the source output, anM -dimensional vector of information bits U = [u1, u2, ..., uM ]

is encoded in the outer encoder. This work employs a coding rate Rc = 1/2 recur-

sive systematic convolutional (RSC) code of memory 2 with feedforward polynomial

G1(D) = 1 +D +D2 and feedback polynomial G2(D) = 1 +D2 [145]. The bits in the

coded vector W = [w1, w2, ..., wH ] of length H = M/Rc, are interleaved using a random

interleaver Π with size of 2048 information bits. The interleaved bits S̃ are mapped to
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the corresponding complex symbols S = [s1, s2, ..., sP ] with P = H/log2O, where O is

the constellation cardinality. The complex coded symbols are then modulated in the

modulator according to [46].

At the receiver, soft information is exchanged between the FFT detector and the

outer decoder. The soft information is expressed in the form of log-likelihood ratios

(LLR). The sign of the LLR value determines the sign of the bit, and its magnitude

determines the reliability of the sign of the bit. The extrinsic information Le is obtained

by separating a priori information from a posteriori information written as Le =

La−posteriori −La−priori. In Fig. 3.20, after the first iteration, the LLR block generates

a posteriori information Lpos1 based on the received X̃. Lpos1 is transformed to extrinsic

information Le1 by subtracting a priori information Lpri2 . This extrinsic information is

deinterleaved and delivered to the outer decoder as the a priori information Lpri1 . The

outer decoder outputs a posteriori information Lpos2 which then generates extrinsic

information Le2. This information is interleaved and sent back to the soft symbols

mapper as the new a priori information Lpri2 . Soft symbols Ŷ is sent to the Multiple

IFFT Modulator to retrieve interference IG. Finally, the interference cancelled received

symbols X̂G are obtained in a subtractor for the preparation of the next iteration. The

extrinsic information is updated iteratively until the performance converges to a fixed

level. After a number of iterations, the final estimated bit stream is obtained after

the outer decoder. It should be noted that in the first iteration the Multiple FFT

Demodulator is activated while the subtractor is deactivated. After the first iteration,

the reverse operations are executed. A buffer stores the received discrete symbols r

during one complete symbol detection. After that, the buffer refreshes and receives

new symbols.

3.4.2 Soft Detector

The demodulation of an SEFDM signal can be treated as multiple FFT operations

indicating one SEFDM symbol is composed of multiple overlapped OFDM symbols.
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It is apparent that one OFDM symbol is an interference signal superimposed on other

OFDM symbols. Hence, the soft detector aims to remove the superimposed interference

from each OFDM symbol. Note that either Bahl-Cocke-Jelinek-Raviv (BCJR) [142] or

Turbo decoding [143] [144] can be used in the outer decoder block. In this section, the

standard BCJR algorithm is employed in the outer decoder and its detailed description

can be found in [142]. The FFT detector is a crucial component since it plays an

important role in signal demodulation and ICI cancellation in the received symbols.

3.4.2.1 FFT Detector

By observing (2.9), sub-carriers are no longer orthogonal in SEFDM because of the

introduction of α. Therefore, FFT and IFFT are not directly applicable. In order to

cope with this issue, a multiple IFFT structure was proposed in [35] where an SEFDM

IFFT operation is divided into several blocks where a standard IFFT is adopted in each

block. The complexity can be reduced further by using a pruned technique in [46]. At

the receiver, for demodulation, we adopt the same idea to decompose a single long

SEFDM FFT operation into several small blocks where a standard FFT is applied in

each one. Moreover, considering the fact that FFT can be easily extended to an IFFT

by requiring extra computations like conjugating input complex QAM symbols and

output complex results, we proposed a time domain interference canceller [58] which

has a lower complexity compared to a standard one [52]. The time-domain interference

canceller and multiple-FFT demodulator are combined to form the FFT detector. Since

we use a Turbo receiver structure, the interference canceller and demodulator are not

activated simultaneously, therefore, it is possible to reuse FFT/IFFT and further save

resources. Hence, we propose an FFT detector which can exchange soft information

with an outer decoder based on the Turbo principle. This method can effectively

eliminate interference at the demodulation stage and prevents errors from spreading

to the following decoder. The demodulation process is an inverse operation of the

modulation in (2.9). In addition, based on (2.23), the demodulation process can be
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expressed as

R[n] =
1√
Q

Q−1∑
k=0

r(k) exp(
−j2πnkα

Q
) (3.23)

where r is the received sample vector, n, k = [0, 1, ..., Q− 1] and n should be truncated

to N if N < Q. Applying the same concept in [46], (3.23) can be expressed as the sum

of multiple FFTs. By setting α = b/c, where b and c are both integers and b < c, (3.23)

can be represented as

R[n] =
1√
Q

cQ−1∑
k=0

r
′
(k) exp(

−j2πnk
cQ

) (3.24)

where r
′

is a cQ-dimensional vector of symbols as

r
′
(i) =

 ri/b i mod b = 0

0 otherwise
(3.25)

by substituting with k = i+ lc, (3.24) can be rearranged as

R[n] =
1√
Q

c−1∑
i=0

Q−1∑
l=0

r
′
(i+ lc) exp(

−j2πn(i+ lc)

cQ
) (3.26)

R[n] in (3.26) can be further simplified to

R[n] =
1√
Q

c−1∑
i=0

exp(
−j2πni
cQ

)

Q−1∑
l=0

r
′
(i+ lc) exp(

−j2πnl
Q

) (3.27)

The second summation term in (3.27) is a Q-point FFT of the sequence r
′
(i+ lc).

Considering the first term, the demodulation of an SEFDM signal can be treated as c

parallel FFT operations indicating one SEFDM symbol is composed of c parallel over-

lapped OFDM symbols. It is apparent that one OFDM symbol is an interference signal

superimposed on other OFDM symbols. Therefore, the interference canceller aims

to remove c − 1 parallel OFDM interference signals from one OFDM signal, through

regenerating interference signals using IFFT processes applied to the soft mapped sym-
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bols. Equation (3.28) is the interference superposed to the Gth OFDM signal with zero

padding as in the condition of (3.29). G ∈ [0, 1, ..., c− 1].

IG[k] =
1√
Q

c−1∑
i=0,i 6=G

exp(
j2πik

cQ
)

Q−1∑
l=0

Y
′
(i+ lc) exp(

j2πlk

Q
) (3.28)

where

Y
′
(i) =

 Ŷi/b i mod b = 0

0 otherwise
(3.29)

The second summation term in (3.28) is a Q-point IFFT of the sequence Y
′
(i +

lc). After one iteration, the interference IG[k] is subtracted from the received discrete

symbols r[k] to get the more reliable interference cancelled received symbols X̂G[k] as

shown in Eq. (3.30). It should be noted that the accurate channel estimation determines

the accuracy of the interference generation. The increasing estimation errors would

affect the interference generation and further degrade the following Turbo principle

signal detection since errors will be passed to the next iteration.

X̂G[k] = r[k]− IG[k] (3.30)

Since the c − 1 parallel OFDM interference signals have been removed from the

Gth OFDM signal, therefore, only one Q-point FFT is required to demodulate the

signal. Manipulation of this single OFDM signal is shown in (3.31). The first term in

the bracket is the operation of getting rid of the complex exponentials. Outside the

bracket is a standard FFT operation.

X̄G[k] =

Q−1∑
l=0

[X̂G[k] exp(
−j2πGk
cQ

)] exp(
−j2πlk
Q

) (3.31)

Because the original SEFDM signal is decomposed into c parallel OFDM signals,

the same interference cancellation process has to be repeated for c times. After that,

we obtain a C × Q matrix X̄ = [X̄0, X̄1, ..., X̄c−1] which is interpolated with zeros.
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Equation (3.32) removes zeros to get a single vector X̆ composed of soft symbols

x̆i/b = x̄i, i mod b = 0 (3.32)

where useful symbols are extracted every b positions. x̆i/b and x̄i are the elements of

vector X̆ and matrix X̄, respectively. These soft symbols are delivered to the next

module for iterative recovery. Finally, after a preset iteration number, soft symbols are

sliced to hard symbols as a final step.

3.4.2.2 LLR Calculations

Following [141] and [146], we calculate the log-likelihood ratio of the transmitted bit S̃

conditioned on the demodulation output X̃ as

L(s̃|x̃) = ln
P (s̃ = +1|x̃)

P (s̃ = −1|x̃)
(3.33)

With a conditioned log-likelihood ratio L(s̃|x̃) = L(s̃) +L(x̃|s̃), the above equation

can be expressed as

L(s̃|x̃)︸ ︷︷ ︸
a−posteriori

= ln
P (s̃ = +1)

P (s̃ = −1)
+ ln{

1√
2πσ2

exp(−(x̃−d)2

2σ2 )

1√
2πσ2

exp(−(x̃+d)2

2σ2 )
}

= ln
P (s̃ = +1)

P (s̃ = −1)︸ ︷︷ ︸
a−priori

+
2dx̃

σ2︸︷︷︸
extrinsic

(3.34)

where σ2 is the noise variance and d is the fading amplitude (d = 1 for AWGN channels).

By subtracting the a priori information from the a posteriori information, the extrinsic

information can be obtained as L1
e = 2dx̃

σ2 .

3.4.2.3 Soft Symbols Mapper

In order to realize the iterative principle, the complex symbols Ŷ are required to be

regenerated on the basis of the updated Lpri2 . The mapping function is realized in the

125



CHAPTER 3

soft symbols mapper. Lpri2 is the LLR of the bit s̃. The two possible values of s̃ are +1

and −1. Therefore, the LLR of its two possible values are defined as

Lpri2 = ln
P (s̃ = +1)

P (s̃ = −1)
(3.35)

Considering that P (s̃ = +1) = 1 − P (s̃ = −1), and taking the exponent of both

sides in (3.35), we ca get:

eL
pri
2 =

P (s̃ = +1)

1− P (s̃ = +1)
(3.36)

Therefore, it is possible to calculate the bit probability for s̃ = +1 and s̃ = −1 as

P (s̃ = +1) =
eL

pri
2

1 + eL
pri
2

=
1

1 + e−L
pri
2

(3.37)

P (s̃ = −1) =
1

1 + eL
pri
2

=
e−L

pri
2

1 + e−L
pri
2

. (3.38)

Hence, the expectation of s̃, which is also the soft symbols sent back to the FFT

detector, can be calculated as

Ŷ = (+1)× P (s̃ = +1) + (−1)× P (s̃ = −1) (3.39)

3.4.3 Evaluations of Complexity and Performance

3.4.3.1 Complexity

Table 3.7 shows the complexity of various systems. For the purpose of comparisons, we

assume that all the systems use the same Turbo architecture. The only different module

is the shaded block in Fig. 3.20. In Turbo-SEFDM, The FFT detector has simplified

demodulator (3.27) and interference generation (3.28). Additional operation is (3.31),

whilst (3.32) has no computations. In terms of Turbo-General (applied to any α), the

complexity of demodulator is directly computed according to (2) and the complexity

of interference generation is derived in [52]. Turbo-OFDM(α = 1) is a special case of
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Table 3.7: Complexity in number of complex operations per SEFDM symbol per iter-
ation (ρ = 1)

Turbo−General Turbo−OFDM

Multiplications in (2) N2 (N/2)× log2N

Additions in (2) N × (N − 1) N × log2N

Multiplications in [52] N2 N2

Additions in [52] N × (N − 1) N × (N − 1)

Total 4N2 −N 2N2 −N + (3N/2)× log2N

Turbo− SEFDM

Multiplications in (3.27) c× ((N/2)× log2N)

Additions in (3.27) c× (N × log2N)

Multiplications in (3.28) (c− 1)× ((N/2)× log2N)

Additions in (3.28) (c− 1)× (N × log2N)

Multiplications in (3.31) (N/2)× log2N

Additions in (3.31) N × log2N

Total 2c× ((3N/2)× log2N)

the Turbo-General. The demodulator can be realized by means of an FFT algorithm.

Interference is still computed based on [52]. Results in Fig. 3.21 indicate that Turbo-

SEFDM needs the least operations. When N=1024, Turbo-SEFDM saves close to an

order of magnitude operations compared to Turbo-OFDM and Turbo-General.

One advantage of this technique is to reuse the same resources. The FFT detector

realizes both demodulations and detections since the two functions are not activated

simultaneously. The basic component in the block is FFT elements which can be easily

extended to an IFFT by requiring extra computations like conjugating input complex

QAM symbols and output complex results. Based on this reuse principle, complexity

could be reduced in the future hardware implementations.

3.4.3.2 Performnce

In this section, a perfect CSI is assumed to be known at the receiver side in order to

neglect the channel estimation effect. Noting that 1024 sub-carriers are used and no

CP and pilot symbols are inserted. The oversampling factor in this section is set to be

ρ=2 which indicates the IFFT/FFT size is 2048 and the interleaver size is also 2048.
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Figure 3.21: Complexity comparisons of different systems.
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Figure 3.22: Performance of 4QAM-SEFDM in AWGN channel with N=1024 and ρ=2
at various α. The number of iterations is denoted as v.

Simulation results are given in Fig. 3.22. In this case study, 1024 sub-carriers and

4QAM modulation scheme are employed. The default iteration number is 4, while it
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can be increased or decreased according to performance requirements. It is clearly seen

that curves with α=0.8, 0.67, 0.6 converge at 7dB. The Eb/No difference at BER=10−6

between α = 1 and α = 0.6 is approximately 1 dB, and reduces to 0.5 dB with α = 0.8.

On the other hand, for α ≤ 0.55, with the same iteration number, curves cannot reach

the same performance as others at 7dB. This is due to the fact that too much ICI is

introduced with small bandwidth compression factors. However, this performance gap

can be reduced by increasing the number of iterations. With 7 iterations, considering

α=0.55, the performance gap at BER=10−6 is reduced to 2 dB compared to α = 1.

It is proved that this new system can save 45% of bandwidth with slight performance

degradation. It also indicates that the new detector is suitable for 1024 sub-carrier

SEFDM system; the highest number of sub-carriers to be considered.
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Figure 3.23: Performance of 4QAM-SEFDM in the presence of frequency selective
channel with N=1024 and ρ=2 at various α. The number of iterations is denoted as v.

The performance of Turbo-SEFDM is examined in the presence of static frequency

selective channel [147]. The channel impulse response is shown as

h(t) = 0.8765δ(t)− 0.2279δ(t− Ts) + 0.1315δ(t− 4Ts)−0.4032e
jπ
2 δ(t− 7Ts) (3.40)
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This channel model is reserved as the default frequency selective channel for the

following simulations and experiments. Assuming perfect CSI is known at the receiver.

For time-varying channels, preambles can be periodically inserted to obtain accurate

channel estimates. Results in Fig. 3.23 indicate that 4 iterations are sufficient to ap-

proach OFDM performance while saving up to 40% of bandwidth. As for the smaller

α = 0.55, with the same iteration number, it cannot reach the converged performance.

This is due to the fact that too much ICI is introduced by using small bandwidth

compression factors. However, this performance gap can be reduced by increasing the

number of iterations. It is clear seen that the convergence is achieved by 7 iterations.

Thus, considering a reasonable iteration number, in a multipath channel scenario, this

new system can save up to 45% of bandwidth with slight performance degradation. It

also indicates that the new detector is applicable for 1024 non-orthogonal sub-carrier

SEFDM systems; the highest number of sub-carriers to be considered so far. In ad-

dition, it should be noted that for systems in the frequency selective channel, the

performance gap is much smaller compared with systems in an AWGN channel. This

can be observed by comparing Fig. 3.22 and Fig. 3.23. It is proved that our technique

performs well in multipath channel scenarios.

Higher modulation schemes in the presence of AWGN and frequency selective chan-

nels are investigated in this work. Fig. 3.24(a) and Fig. 3.24(b) present the performance

of SEFDM and OFDM in different channel scenarios. In the case of 16QAM modu-

lation scheme, each symbol carry more bits than 4QAM, making it more difficult to

demap accurately the symbols to the corresponding constellation. In a normal 4QAM

SEFDM, the curve with α=0.8 approaches the OFDM curve. However, as the level of

modulation increases, a performance degradation appears in SEFDM. It is clearly seen

that the curve with α=0.8 no longer converges to the one with α=1 in both AWGN

and frequency selective channels. This is because high level interference is introduced

in 16QAM.

The convergence features of α = 0.6 4QAM-SEFDM in both AWGN and multipath
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(a) AWGN channel.
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(b) Frequency selective channel.

Figure 3.24: Performance of 16QAM-SEFDM in the presence of different channel con-
ditions with N=1024 at various α. The number of iterations is denoted as v.

channels are plotted in Fig. 3.25. It is observed that the performance of both scenarios

is significantly improved at the first 3 iterations. By further increasing the number to

4, the performance remains stable. It can be concluded that 4 iterations are sufficient

to obtain optimal performance, showing a significant improvement on the work in [52]

where a large number of iterations are required.

In Fig. 3.26, we investigate effects of different interleaving sizes for 4QAM-SEFDM

systems. Both 2048 bits and 10× 2048 bits are considered. The 16QAM performance

is included as a reference. The performance gap between the two interleavers are very

small. Considering BER=10−3, by using 7 iterations, the difference is only 0.5 dB.

Increasing further the iteration number to 12, the difference reduced to 0.25 dB. We note

that for any iteration numbers, 2048-bit interleaver and 10× 2048-bit interleaver have

very similar BER performance, proving that the interleaver size has negligible effects

on the performance. Therefore, it is concluded that 2048-bit interleaver is sufficient to

decode symbols.

4QAM-SEFDM technique can reach the same spectral efficiency with 16QAM-

OFDM. This is based on the premise that α=0.5 is employed in a 4QAM-SEFDM. In
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Figure 3.25: Convergence behaviour of 4QAM-SEFDM in the presence of different
channels at α = 0.6 with various iterations.

Fig. 3.27(a) and Fig. 3.27(b), α = 0.5 4QAM-SEFDM is compared with the spectral

efficiency equivalent 16QAM-OFDM. It is apparent that the performance of 4QAM-

SEFDM has the same performance with 16QAM-OFDM. However, this is achieved at

the cost of large number of iterations. In Fig. 3.27(a), when 4 iterations are used,

the performance of α = 0.5 SEFDM is much worse than that of OFDM. The perfor-

mance is improved by increasing it to 19. This is attributable to the fact that more

efforts are required to eliminate ICI. Fig. 3.27(b) shows comparisons in frequency se-

lective channels. 4 iterations are also not sufficient for SEFDM to approach OFDM

performance. However, in this situation, only 10 iterations are required to obtain a

converged performance. No performance improvement is observed with higher number

of iterations.

3.4.4 Comparison of Turbo-SEFDM and FTN

The comparison is based on two aspects, which are spectral efficiency and estimated

hardware complexity. For FTN, a table labelled Table I in work [131] shows an ac-

tual resource utilization for the FTN iterative decoder. However, the actual hardware
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Figure 3.26: Effects of various interleaving sizes.

complexity of the SEFDM soft detector is not available.

Since it is difficult to use accurate data to do the hardware complexity comparison.

Therefore, a general comparison is discussed in this section. Work in [131] shows three

block diagrams of FTN transmitter (i.e. Fig. 1), receiver (i.e. Fig. 2) and signal

detector (Fig. 3). In the first figure, the highlighted blocks are the FTN specific

processing blocks at the transmitter side. The OQAM has a similar complexity level

compared to QAM. According to the Table I of work [131], the FTN mapper occupies

94360 um2 CMOS area. Work in [148] explains that the Tx IOTA filter occupies

109545.76 um2 CMOS area or 2134720 um2 CMOS area in terms of parallel structure.

For an SEFDM transmitter side, it follows a typical OFDM system except for signal

generation which requires multiple IFFTs.

At the receiver side, specific FTN blocks are Rx IOTA filter, matched filtering and

inner decoder. The IOTA filter resource utilization is referred to [148]. The matched

filter consumes 100636 um2 CMOS area. In the inner decoder, additional FTN mapper

and matched filter are used, which indicate additional resource consumptions. Other

133



CHAPTER 3

2 4 6 8 10 12
10

−6

10
−5

10
−4

10
−3

10
−2

10
−1

10
0

Eb/N0

B
E

R

 

 

α=0.5, v=4

α=0.5, v=19

α=1 (OFDM−16QAM soft decision)

(a) AWGN channel.

2 4 6 8 10 12 14
10

−6

10
−5

10
−4

10
−3

10
−2

10
−1

10
0

Eb/N0

B
E

R

 

 

α=0.5, v=4

α=0.5, v=10

α=1 (OFDM−16QAM soft decision)

(b) Frequency selective channel.

Figure 3.27: Demonstration of two spectral efficiency equivalent systems

blocks such as LLR calculation, soft output calculation, outer decoder, interleaver and

deinterleaver are common blocks in the SEFDM soft detector, which are not taken into

considerations.

Through a simple and rough estimate, the hardware implementation of an SEFDM

system would save resources including two FTN mappers, two IOTA filters and two

matched filters.

Table 3.8: Equivalent Spectral Efficiency Comparison.

α(SEFDM) T∆(FTN) Actual Ratio

0.48 0.40 2.09

0.53 0.45 1.90

0.60 0.50 1.66

0.71 0.60 1.41

0.86 0.70 1.16

1.09 0.90 0.92

Spectral efficiency can be analyzed based on Table I in work [129] and Table IV

in work [130]. It should be noted that in both tables, actual spectral efficiency and

theoretical spectral efficiency are presented. This is because that FTN requires time-

frequency space to project non-orthogonal packed symbols to orthogonal packed sym-
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Table 3.9: Equivalent Spectral Efficiency Comparison.

α(SEFDM) T∆(FTN) Actual Ratio

0.53 0.40 1.87

0.68 0.50 1.47

0.79 0.60 1.27

0.93 0.70 1.08

1.28 0.90 0.78

bols in order to directly use IFFT. In SEFDM systems, there is no need for the reserved

time-frequency space. The actual spectral efficiency is equivalent to the theoretical one.

Two comparison tables are shown. Table 3.8 corresponds to work [130] and Table 3.9

is for work [129]. Based on the tables, it is concluded that reaching the same actual

ratio, SEFDM relaxes bandwidth compression factors.

3.5 Conclusions

Orthogonality is intentionally violated in SEFDM to improve the spectral efficiency.

ICI is introduced since sub-carriers are not packed orthogonally. The interference is

proportional to the number of sub-carriers, which poses great challenge to SEFDM

since a large number of sub-carriers are required in modern multicarrier systems. In

addition, due to the collapse of orthogonality, FFT/IFFT can not be directly used in

SEFDM. Therefore, a large size system with attractive performance is in urgent need.

This issue is addressed in this chapter.

This chapter commenced with an iterative SEFDM detector and a hybrid version of

it that includes an FSD (ID-FSD), designed for different modulation schemes, 4QAM

and 16QAM. For 4QAM, we show that for bandwidth compressions of up to 20%, the

ID-FSD can achieve the same performance as OFDM. For higher bandwidth savings

more than 20%, the complexity/performance trade-offs of the hybrid method are better

than those of TSVD-FSD and soft iterative detection alone. The work clearly demon-

strates that the iterative detector provides good immunity against interference and

the use of a hybrid ID-FSD detector achieves quasi-optimum performance at realistic
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complexity, the latter being nearly a 10% of the complexity of a similar performance

TSVD-FSD detector. For 16QAM, the hybrid ID-FSD detector with the same com-

plexity of the existing TSVD-FSD detector can reduce power penalty gap by 1.6dB, due

to the improvement of using an ID relative to that of TSVD. However, the efficiency

of the designed detector is limited by the number of sub-carriers. An alternative solu-

tion was developed as a multi-band technique termed Block-SEFDM, which can reduce

the complexity of signal detection by separating the spectrum into several sub-bands.

This technique is applicable to large size non-orthogonal systems which in this work

are tested up to 128 sub-carriers. Furthermore, a low-complexity detector termed BED

based on the iterative soft demapping scheme is presented and shown to achieve better

performance. Compared with the earlier ID-FSD, we show that BED can bring signif-

icant performance gains while its complexity is greatly reduced when compared with

a typical single SD scheme. Although the complexity has been significantly reduced

using the multi-band architecture, it is still proportional to the number of signal bands.

Considering low complexity and acceptable performance, an efficient soft detector com-

posed of an FFT detector and a BCJR decoder has been designed and investigated for a

large size SEFDM system. A multiple FFTs structure is employed to realize effectively

both demodulation and detection in the FFT detector. The FFT detector works with

the BCJR decoder to improve iteratively the system performance. Simulation results

show that in the presence of a frequency selective channel, the soft detector can save

up to 40% of bandwidth with 1.1 dB power penalty degradation in the case of 1024

non-orthogonal sub-carriers while maintaining acceptable implementation complexity.

In summary, the designs introduced in this chapter propose, for the first time, prac-

tical techniques that deal with the SEFDM complexity/performance challenge. These

designs are used in the following chapters in practical wireless and optical systems,

where their performance is evaluated through especially designed experimental sys-

tems.
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Optical Experimental Designs

and Validations

4.1 Introduction

Optical fiber communication systems can be categorized as either coherent or non-

coherent (direct detection) systems. In general, a coherent system leads to better

performance in terms of receiver sensitivity and spectral efficiency when compared to

otherwise equivalent direct detection system. However, a coherent system requires the

use of a receiver local oscillator laser and accurate phase/frequency offset estimation

at the receiver, thus increasing the complexity of both the transmitter and the receiver

[149]. On the other hand, a direct detection system may operate with a single pho-

todiode (PD) at the receiver, and does not require carrier frequency and phase offset

estimation, due to the elimination of the local oscillator. Thus it is straightforward

to be implemented, making direct detection systems well suited to applications where

cost saving is of importance. However, in the direct detection scenario, a frequency gap

[150] of the same bandwidth as a signal band is needed between an optical carrier and

the signal band in order to combat the second-order intermodulation distortion (IMD)

at frequencies demodulated close to the optical carrier due to square-law distortion
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introduced by a PD. The drawback is that the excess bandwidth occupied by this

spectrally inefficient gap cannot be used for data transmission.

The required number of sub-carriers in a wireless system is dependent on the mul-

tipath fading channel and the requirement of peak-to-average power ratio (PAPR).

Generally, the higher number of sub-carriers, the better immunity against frequency

selective channel, especially for a deep fading channel due to a narrow sub-carrier band-

width and long symbol interval. However, with more sub-carriers, the effect of PAPR

will be more severe. A key issue in optical systems is that of chromatic dispersion (CD)

and its compensation. CD is similar to time delay spread issue, More specifically, the

light consists of many components of different wavelengths. Therefore, they have differ-

ent velocities. At the receiver, a delayed copy will overlap the original version leading

to bit errors. Channel estimation has to be used with the assistance of CP. Hence

the attraction of optical-orthogonal frequency division multiplexing (O-OFDM) with

its high tolerance to CD and flexibility resulting in its consideration as one of the at-

tractive candidates for future optical communication techniques [151]. This technique

can make multiple narrow bandwidth sub-carriers overlap at orthogonal locations such

as 1
T where T is the period of one OFDM symbol, thus spectral efficiency is doubled

compared to a typical non-overlapping multicarrier system.

A number of multicarrier techniques have been developed with the aim of improv-

ing optical spectral efficiency. The technique termed optical-fast orthogonal frequency

division multiplexing (O-FOFDM) reported in [126] follows the same idea derived from

[21] where 50% of electrical bandwidth is saved by packing sub-carriers closer with a

frequency separation 1
2T where T is the period of one FOFDM symbol. However, it

is limited to one dimensional modulation schemes, such as BPSK and M-ary ASK.

Work in [152] proposed a spectrally efficient scheme termed virtual single-sideband

OFDM (VSSB-OFDM) that uses no frequency gap between an optical carrier and a

signal band. Thus spectral efficiency is doubled in the optical domain. However, this

achievement is at the cost of complicated signal processing at the receiver. A technique
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termed dense orthogonal frequency division multiplexing (DOFDM) in [153] achieves

optical bandwidth saving by narrowing the spacing between two optical sub-channels.

However, the optical DOFDM is only applicable to systems with two sub-channels and

in a scenario that an optical sub-channel spacing is close to an equivalent OFDM. Tak-

ing into account hardware, due to the limitation of sampling rate in DAC and ADC,

data transmission speed is severely restricted. Work in [154] proposed a multi-band

technique termed orthogonal band multiplexed OFDM (OBM-OFDM) where the en-

tire spectrum is divided into several parallel sub-bands with a guard band between

each. Indeed, the inspiration of this technique is similar to the carrier aggregation

scenario in LTE-Advanced discussed in Chapter 5. As a special form of a broader class

of multi-carrier modulation (MCM), SEFDM provides a benefit of providing enhanced

bandwidth utilization by allowing the sub-carriers to be placed at closer frequency

intervals while maintaining the same transmission rate per sub-carrier.

With the aim of saving bandwidth or increasing delivered bit rate, in this chapter,

two different systems are demonstrated. An uncoded non-orthogonal 10 Gbit/s direct

detection optical multicarrier system termed DDO-SEFDM [54] [55] is experimentally

demonstrated followed by a 24 Gbit/s coherent detection CO-SEFDM [72] system. 1

4.2 Direct Detection Optical-SEFDM

A direct detection optical OFDM/SEFDM scenario is considered in this section due

to its simple receiver design. However, in the direct detection scenario, a frequency

gap [150] of the same bandwidth as a signal band is needed between an optical carrier

and the signal band in order to combat the second-order IMD close to the optical

carrier due to square-law distortion introduced by a photodiode. The drawback is that

the excess bandwidth occupied by the spectrally inefficient gap cannot be used for

1The direct detection experimental system in this chapter was designed by the author and con-
structed then tested in the Institute of Photonics Technology at Jinan university in China. The co-
herent experimental system was designed and constructed in UCL using the optical testbed of UCL’s
Optical Networks Group.
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data transmission. An illustration of the drawback is shown in Fig. 4.1. The first

inset shows a typical direct detection optical-OFDM (DDO-OFDM) transmission flow.

Firstly, a baseband OFDM signal is up converted to an optical frequency, with a certain

frequency gap from the optical carrier. At the receiver, after a photodiode operation,

the optical signal is moved back to the electrical domain with the introduction of IMD

which is highlighted in red. It is apparent that the reserved frequency gap is distorted

by the IMD and can not be used for data transmission. Therefore, for OFDM, the

bandwidth occupation is 2B. On the other hand, the baseband spectrum is compressed

by (1−α)× 100% in SEFDM further leading to the compression of the frequency gap.

Therefore, by transmitting the same amount of data, the bandwidth occupation of

SEFDM is 2αB. This benefit has been experimentally shown in [54].

Figure 4.1: Comparison of spectrum occupation for DDO-OFDM and DDO-SEFDM.

The bandwidth saving achieved in such a non-orthogonal multicarrier system comes

at the expense of interference which complicates the design of a receiver. Several

detection schemes are described in section 2.6 of this thesis, where they are either

too complicated or resulting in poor performance. In this work, we examine a low-

complexity hybrid detector ID-FSD [52] for the DDO-SEFDM system with 16 sub-

carriers. The reason for selecting 16 is due to the practical complexity. DDO-SEFDM

essentially deals with spectrum saving issues both in electrical and optical domains. It

should be noted that both the signal band and the frequency gap are compressed in

DDO-SEFDM leading to further improved spectral efficiency.
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Figure 4.2: Illustration of 10 Gb/s single sideband DDO-SEFDM and DDO-OFDM
with 4QAM modulation format. Electrical spectrum (left) and optical spectrum of
signal and optical carrier (right).

Fig. 4.2 illustrates both the electrical and optical spectra of single-sideband (SSB)

DDO-OFDM and SSB DDO-SEFDM with different levels of bandwidth saving. It is

apparent in Fig. 4.2 that the bandwidth of DDO-SEFDM with α = 0.6 occupies 60%

bandwidth of an equivalent DDO-OFDM system both in the electrical and optical do-

mains. In the second inset, the “impulses” indicate optical carriers for three systems

of different bandwidth compression factors. It is evident that a frequency gap is intro-

duced between the optical carrier and the signal band. In general, DDO-OFDM utilizes

a sufficient frequency gap between the optical carrier and the signal band to prevent

the signal from being interfered by the signal-signal beat interference (SSBI). The min-

imum frequency gap should be equal to the bandwidth of the signal band. In addition,

it is shown that the frequency gap is also determined by the bandwidth compression

factor. With a small α, the gap is reduced leading to spectrum saving. The reduction

of α therefore further improves the spectral efficiency alas at the expense of detection

complexity. Noting that the ICI introduced in DDO-SEFDM requires sophisticated

signal detection, which is more complicated than that required for DDO-OFDM, where

simple detectors such as ZF suffice. To maintain low receiver complexity whilst saving

bandwidth, the proposed hybrid ID-FSD [52] detector is utilized in the Optical SEFDM

system.

141



CHAPTER 4

4.2.1 Intensity Modulation DDO-SEFDM System

Three different DDO-OFDM transmitter architectures have been studied in work [155].

In the first system, one DAC is required since a real valued OFDM signal is generated

using IFFT. The input vector to the IFFT is constrained to have Hermitian symmetry

so that the imaginary part of the IFFT output is zero. The guard band is introduced

by adding zeros at the beginning and the end of the input IFFT vector. It indicates

that the spectral efficiency is reduced. The benefit is the simplified transmitter design.

In the second transmitter design, two DACs are introduced with an RF upconversion

stage. Therefore, complex OFDM symbols can be mixed with the RF carrier before

optical modulation. The guard band is determined by the RF carrier frequency. Thus,

it is more spectrally efficient since all sub-carriers are used to transmit data. The third

transmitter system generates an optical single side band using a signal and its Hilbert

transform. A Hilbert transform can be generated directly in an OFDM transmitter by

setting half of the IFFT inputs to zero. Then a single side band IFFT output signal is

generated to drive an optical I/Q modulator. The guard band is introduced by setting

several sub-carriers to zero, which is not spectrally efficient.

In this section, a DDO-SEFDM experimental system, employing the second trans-

mitter architecture, is illustrated in Fig. 4.3. The distributed feedback (DFB) laser is

modulated by Mach-Zehnder modulator (MZM) driven by the RF SEFDM signal to

create a double sideband (DSB) optical signal. The RF SEFDM signal is generated

via an IQ-Mixer which up-converts the baseband SEFDM signal to the desired carrier

frequency fIF . The bias for the MZM and the RF SEFDM signal power have to be

carefully adjusted to maintain an optimum carrier to signal power ratio (CSPR), which

is defined as the power ratio of carrier to first-order sideband [156], and to suppress

the second-order components for getting the minimum required optical signal-to-noise

ratio (OSNR) at a target bit error ratio (BER, usually at 3.8× 10−3, assuming use of

forward error correction [157]). The optical single sideband (OSSB) filter is used to

block one sideband and allow only one sideband together with the optical carrier to
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pass, with the aim of reducing the CD effect. An erbium doped fiber amplifier (EDFA)

can be added to enhance and adjust the output optical power. The optical transmission

link is constructed with 80 km standard single mode fiber (SSMF) and EDFA ampli-

fication. At the receiver side, after filtering the amplified spontaneous emission (ASE)

noise out of the required band, a direct detection PD is used to recover the electrical

RF SEFDM signal at the cost of square-law distortion. The effect of SSBI is illustrated

in the inset above the photodiode module.

Figure 4.3: Block diagram of the single sideband DDO-SEFDM experimental system.

4.2.2 Experimental Setup

Fig. 4.4 shows the experimental setup of single sideband DDO-SEFDM with 16 sub-

carriers and the bandwidth compression factor may be varied from 1 down to 0.7. At

the transmitter side, an initial signal is generated through 4QAM symbol mapping,

inverse fractional Fourier transform (IFrFT)[31][158], 1/16 CP addition and parallel to

serial conversion which are all operated offline on a computing platform. Then, the
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Figure 4.4: Experimental setup and measured spectra of 10 Gb/s DDO-SEFDM sys-
tem. Optical spectrum (left) and electrical spectra for OFDM (top right) and SEFDM
(bottom right)

real and imaginary part of the SEFDM signal are uploaded into a Tektronix arbitrary

waveform generator (AWG) 7122B operated at 10 GS/s. To avoid second-order IMD

due to the square-law PD, the SEFDM spectrum is separated from the optical carrier

by a frequency gap. An IQ mixer is used, with an 11.395 GHz RF signal which can both

combine I/Q parts and up-convert the baseband signal. After amplification, the signal

is modulated, onto an optical carrier generated from an external-cavity laser (ECL)

at 1550.196 nm and fed into a MZM, to generate a double sideband optical signal.

A single sideband DDO-SEFDM signal (Fig. 4.4, left spectrum plot) is generated by

using a wavelength selective switch (WSS) 4000S with 20 GHz optical filter bandwidth

and then passed through 80 km of SSMF to get 10 Gb/s DDO-SEFDM signals. An

optical EDFA is used to compensate for the loss of optical link. At the receiver, an

optical filter (OF) is used to suppress ASE. A photodiode with a bandwidth of 20 GHz

is used to detect the optical signal. The detected RF signal is then fed into a Tektronix

real-time scope; acquired at 50 GS/s and processed off-line. The retrieved signal (Fig.

4.4, bottom right spectrum) is then transferred to a computing platform for offline

processing. The signal after down-conversion and down-sampling is then synchronized

and delivered to a serial-to-parallel (S/P) transform module. The CP is stripped away
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and the fractional Fourier transform (FrFT) module demodulates the signal. Due to

CD, phase distortion is introduced and this impact is equalized in an equalizer. The

compensated SEFDM symbols are then detected in the SEFDM detector and data is

recovered into a serial bit stream before BER evaluation.

4.2.3 Experimental Results

Measurements of a 10 Gb/s DDO-SEFDM system, in both back-to-back (B2B) and 80

km SSMF scenarios, are taken. The implementation of the ID-FSD requires setting

the number of iterations, which for this experiment was conservatively set to 20. The

channel estimation was done by sending 1000 SEFDM training symbols, only once at

the start of measurements.

Figure 4.5: BER versus OSNR for B2B experiment, N=16.

Fig. 4.5 depicts the B2B measurement of the BER performance, assisted by the

ID-FSD detector, for different values of α. The figure shows that when α=0.8, the

curve is virtually the same as the theoretical one, which indicates the hybrid detector

has quasi-optimum performance. Additionally, this result proves Mazo’s 25 percent
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limit theory in the optical domain. It should be noted that 4QAM DDO-SEFDM with

α = 0.7 has a similar spectral efficiency (SE=2/0.7=2.86) to an 8QAM DDO-OFDM

(SE=3). The OSNR difference at BER = 3.8 × 10−3 between α = 0.7 and α = 1

is approximately 1 dB. For the same bit rate, the DDO-SEFDM system with α = 0.7

outperforms an 8QAM DDO-OFDM system by 1.6 dB. This experimentally proves that

a lower modulation scheme can achieve a better performance by replacing a higher one

of equivalent bandwidth.

Figure 4.6: BER versus OSNR for 80 km experiment, N=16.

Figure 4.6 shows the performance of the 80 km transmission experiment. With

the introduction of a fiber, it is clear that a balance exists between bandwidth saving

and OSNR values required for a given bit error rate. For example, 20% bandwidth

saving (α = 0.8) the OSNR penalty of 0.7 dB is observed whilst for 30% bandwidth

saving (α = 0.7) the OSNR penalty becomes 1.5 dB. The proposed technique still

performs better than standard 8QAM by 1.6 dB, again verifying the DDO-SEFDM

system operation and practically demonstrating that bandwidth may be saved with

limited compromise of error performance.
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4.3 Coherent Detection Optical-SEFDM

The notable benefit of a direct detection system is its low implementation complexity.

However, its spectral efficiency is reduced due to the gap introduced between an optical

carrier and a signal band. In order to improve further the spectral efficiency, a dual

polarization coherent detection scheme is designed and demonstrated in this section.

4.3.1 Principle and Key Digital Signal Processing

In a coherent optical system, the received signal is impaired by the frequency offset be-

tween the optical transmitter and the local oscillator (LO) within the coherent receiver,

and combined phase noise of both lasers. The received signal, y(t), is represented as

y(t) = x(t)exp[j(2π∆ft+ φ(t))] + z(t) (4.1)

where x(t) is an OFDM signal, ∆f is the frequency offset between the incoming signal

and the LO, φ(t) is the time-varying combined phase noise of the transmitter and LO

lasers, and z(t) is AWGN.

Carrier frequency offset and phase noise are mitigated using optical carrier phase

estimation where both the amount of frequency shift, and the time varying phase can

be estimated. In addition, as both polarizations are used independently, the effects

of polarization rotation and polarization mode dispersion (PMD) that occur during

transmission must be addressed at the receiver. In conventional OFDM, a frame header

is usually used to estimate and correct the frequency offset and the channel response is

estimated using a training sequence. Furthermore, some sub-carriers are used as pilots

for symbol phase correction. In SEFDM systems, these approaches to symbol phase

correction and channel estimation do not work because of the inherent ICI.

To overcome this problem we use the specially designed transmission frame shown

in Fig. 4.7, which consists of two OFDM timing synchronization symbols transmitted

on a single polarization, followed by 20 dual polarization (DP)-OFDM training symbols
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Figure 4.7: Simplified Block diagram of transmitter implementation (left) and the
transmitted signal frame format.

on both polarizations. This is followed by a 6,144-symbol SEFDM data payload. A

direct current (DC) pilot tone is also inserted on a single polarization at the transmitter

to allow for frequency and phase offset correction at the receiver [159].

Figure 4.8: Block diagram of receiver digital signal processing.

Fig. 4.8 shows the DSP chain at the receiver-end of the DP-CO-SEFDM system.

Firstly, the captured waveform from the oscilloscope was compensated for the skew of

the coherent receiver and the varying responsivities of the balanced PDs. Subsequently,

signals are resampled at 12 GS/s, before the first-stage gain-control.
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Figure 4.9: Received spectrum of 24 Gbit/s QPSK DP-CO-SEFDM, experimentally
obtained after 80 km transmission at OSNR of 12.41 dB, with α=0.67.

4.3.1.1 Frame Timing synchronization

The Schmidl and Cox algorithm [160] was used for frame synchronization and to es-

timate the polarization angle of the received signal. As the timing synchronization

symbol was only transmitted on one polarization, the angle could be estimated based

on the distribution of the timing synchronization’s energy across the two received po-

larization states.

4.3.1.2 Frequency Offset and Phase Noise Compensation

Before the polarization of the received signal was determined, the frequency offset was

estimated using the DC pilot tone by performing a peak-search of the spectrum of

the received signal, shown in Fig. 4.9. After polarization rotation compensation, the

time resolved phase noise was estimated by digitally filtering out the DC pilot and the

conjugate of the estimate was subsequently applied to the complex signal.

4.3.1.3 Channel Equalization

Fig. 4.10 depicts the channel equalization process. OFDM training symbols were

used to estimate the channel response using the least squares method [161]. A MIMO

equalizer was then used to compensate for the channel response of the SEFDM payload.
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Figure 4.10: Block diagram of DP-CO-SEFDM MIMO equalizer.

As there is a frequency difference between the OFDM training sequence and SEFDM

subcarriers, where the latter is a function of α, the estimated channel response was first

interpolated using a second order polynomial in the frequency domain. Compensation

was then performed on the entire frame.

The signal was then high-pass filtered to remove the DC pilot tone optical carrier

and prevent from interfering with the ZF decoder. The SEFDM carriers were then

demultiplexed and a matched filter was applied before down-sampling to one sample

per symbol. The optimal sampling time was determined through an auto-correlation

of the match-filtered samples. The deterministic ICI was subsequently compensated by

applying a ZF detector whose coefficients were calculated from knowledge of the cross-

correlation of the sub-carriers [54]. This process was followed by a sphere decoder, as

described in [54] and [38].

4.3.2 Experimental Setup

A schematic of the DP-CO-SEFDM transmission system is illustrated in Fig. 4.11.

The output of an ECL with a linewidth of 100 kHz was passed directly into an inte-

grated dual polarization IQ modulator. The transmitted SEFDM signal comprises two

SEFDM symbols each has 8 sub-carriers and each sub-carrier carries a single QPSK

symbol. The signal occupying a total bandwidth ranging from 6 GHz (α=1) to 4.02

GHz (α=0.67) in each polarization. A conservatively set guard band of 1.85 GHz

around DC was used to allow for the insertion of a DC pilot and to separate the pos-

itive and negative frequency sub-carriers in order to ease the detection process and
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Figure 4.11: Experimental setup of DP-CO-SEFDM transmission system.

reduce the SEFDM detector complexity. The IQ components of the DP-CO-SEFDM

signal were pre-emphasized to overcome the electrical response of the transmitter be-

fore being loaded onto a pair of AWG operating at 12 GS/s. Linear electrical amplifiers

increased the voltage swing of the multi-level electrical drive signals before they were

applied to the modulator. A DC pilot tone was inserted by slightly detuning the bias

of the IQ modulator (3.2% of Vpi, relative to the modulator null point), as described

in [162].

The DP-CO-SEFDM signal was amplified to overcome the insertion loss of the

integrated modulator before propagating over 80 km of SSMF, which exhibited a span

loss of 15.4 dB. The transmitted channel was coherently detected using a polarization

diverse coherent receiver, which utilized a second 100 kHz ECL as a LO. The received

signal was captured using a 50 GS/s real-time sampling oscilloscope with a 16 GHz

analogue electrical bandwidth. For B2B error analysis, the output of the EDFA was

passed directly into the digital coherent receiver and an ASE noise source was used to

vary the OSNR. The DSP implementation was performed offline using MATLAB

4.3.3 Experimental Results

Fig. 4.12 and Fig. 4.13 show experimentally obtained results of the DP-CO-SEFDM

signal for B2B and 80 km link configurations, respectively. The number of test-bits per

burst was 393,216 bits. QPSK with α values of 1, 0.8, and 0.67 along with 8QAM with
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Figure 4.12: BER as a function of OSNR, obtained experimentally using a back-to-
back setup, along with simulated performance in ideal AWGN channel (no optical
impairments) at various values of α.

α of 1 were analyzed. It should also be deduced that DP-CO-SEFDM with α of 1 simply

represents DP-OFDM with identical settings. In addition, a QPSK based conventional

DP-OFDM configuration, which required periodic pilot symbols, was also analyzed as

a performance reference. DP-CO-SEFDM was configured to transmission rate of 24

Gbit/s using 16 sub-carriers. Transmitting at the same bit-rate, the conventional DP-

OFDM used 256 sub-carriers, 16 of which were uniformly-spaced pilot sub-carriers. In

Fig. 4.12, simulated results of SEFDM performance in AWGN channel under various

values of α are also shown for reference. The simulations were performed using 6,553,600

test-bits per burst.

Observing the experimental B2B results shown in Fig. 4.12, an OSNR of 9.1 dB is

required to achieve a BER of 10−3 for QPSK based DP-OFDM, i.e., DP-CO-SEFDM

when α was 1. This increased to 12.3 dB as bandwidth was reduced by 33% by using

DP-CO-SEFDM when α was 0.67, thus representing an additional implementation

penalty of 3.2 dB. Similarly, the experimental findings from the 80 km transmission

link in Fig. 4.13, reveals this implementation penalty to be 3.26 dB. It should be

152



CHAPTER 4

Figure 4.13: BER as a function of OSNR, obtained experimentally using 80 km trans-
mission setup at various values of α.

noted that in the simulated AWGN channel, the additional implementation penalty is

a smaller value of 2.65 dB. This suggests that the penalty from optical channel varies

with α.

The spectral efficiency of QPSK based SEFDM with α of 0.67 is 2.99 bit/s/Hz. This

is approximately the same to 3 bit/s/Hz spectral efficiency of 8QAM based OFDM, i.e.,

SEFDM with α of 1. Hence, the performance comparison between these two cases is

of interest. From Fig. 4.12, experimental results in B2B configuration at BER of 10−3

show that QPSK based DP-CO-SEFDM with α of 0.67 outperformed 8QAM based

DP-OFDM, giving performance gain of 1.94 dB. Furthermore, observing Fig. 4.13, this

performance gain in 80 km link is found to be 2 dB. It can be concluded that at a given

spectral efficiency in a dual polarization coherent optical channel, and with equivalent

level of impairment correction, SEFDM with a lower order modulation scheme can

provide better performance relative to OFDM with a higher order modulation scheme.

The performance of DP-CO-SEFDM’s MIMO equalizer can be evaluated by com-

paring the BER results with and without polarization rotation and PMD. This is

equivalent to considering the performance difference between B2B and 80 km link con-
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figurations, since the former excluded both effects from the channel. Using the conven-

tional DP-OFDM, where there is no frequency difference between the OFDM training

sequence and SEFDM sub-carriers as reference, the performance difference at the BER

of 10−3 between the B2B and 80 km transmission is only 0.02 dB. As for QPSK DP-

CO-SEFDM, the estimated channel response was interpolated as described in Section

4.3.1.3, the performance differences are larger, specifically, 0.29 dB for α of 1, and 0.34

dB for α of 0.67. This penalty is also observed in 8QAM DP-CO-SEFDM with α of 1,

giving a performance difference of 0.4 dB. These findings imply that channel estimation

in DP-CO-SEFDM using the described configuration introduces a small performance

penalty relative to the conventional DP-OFDM.

4.4 Conclusions

Two optical systems are experimentally evaluated in this chapter. Firstly, a single side-

band DDO-SEFDM system with various bandwidth compression factors was tested.

Relative to DDO-OFDM, up to 20 percent bandwidth saving may be obtained with

negligible performance loss. For higher bandwidth saving, we experimentally show that

a 4QAM DDO-SEFDM system may be constructed to have a similar spectral efficiency

to that of 8QAM DDO-OFDM but with better error performance. Then, the proposed

CO-SEFDM system demonstrates that for the same level of impairment correction,

and approximately the same spectral efficiency, QPSK based DP-CO-SEFDM can out-

perform 8QAM based DP-CO-OFDM. This is the first experimental demonstration

of these systems that save bandwidth in both the electrical and optical domains and

may be used in future optical multicarrier experimental systems to improve spectral

efficiency when small error performance degradation may be tolerated.
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Beyond LTE-Advanced: Practical

Implementation of Bandwidth

Compressed Carrier Aggregation

5.1 Introduction

The demand for broadband service is growing exponentially and the third generation

partnership project (3GPP) is committed to establishing new standards to satisfy this

requirement. Long term evolution (LTE) release 8 [1] was proposed and has been

commercialized. In order to achieve a higher data rate, LTE-Advanced release 10 [15]

was proposed and many new features have been standardized such as CA, enhanced

MIMO and CoMP. Among these techniques, CA [163][164][165][166] is the distinct one.

A system with aggregated bandwidth is composed of many component carriers (CCs).

The bandwidth of each CC can be 1.4, 3, 5, 10, 15 or 20 MHz which are all defined

in LTE release 8/9 since LTE-Advanced intends to provide backward compatibility

to LTE. With the combination of 5 CCs of 20 MHz, LTE-Advanced can support a

maximum 100 MHz aggregated bandwidth.

There are several benefits of the CA technique introduced in LTE-Advanced:

155



CHAPTER 5

• Lower Speed DAC. In terms of a wide band signal, a typical DAC is not fast

enough to support such a wide bandwidth. Therefore, multiple lower speed DACs

can be used instead of a single high speed one. In such a way, a lower speed DAC

is required to operate at the bandwidth of each CC, which is approximately scaled

down by a factor equal to the number of CCs. This releases the DAC bandwidth

bottleneck requirement.

• Simplified Signal Processing. Signal generation will be simplified by using

multiple shorter IFFTs instead of a single long IFFT. In addition, channel esti-

mation and signal detection become simpler by operating independently on each

CC.

• Multiuser Diversity. Different CCs have different center frequencies. For dif-

ferent moving users, their Doppler shifts are different. This indicates that at

different frequency bands users could experience different channel distortions. A

CA system will allow each user to select its own preferred CCs based on their

fading channel condition.

• Lower PAPR. Since the number of sub-carriers in each CC is reduced, the

PAPR of each band is therefore reduced. The nonlinearity issue from power

amplifier (PA) could be solved.

• Easy Deployment.

Network operators can increase their network throughput and capacity through

minor software upgrade. This is a cost effective solution since hardware has

already been implemented over multiple frequencies.

The flexible use of legacy fragmented frequency bands in CA introduces a potential

way to support a wider transmission bandwidth. However, this benefit is subject to

spectrum availability. In this chapter, we combine respective advantages from both

CA and SEFDM. CA is a bandwidth extension scheme while SEFDM is a bandwidth
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compression technique. The combination of these two techniques results in more aggre-

gated CCs in a given bandwidth. On one side, a higher throughput is achieved without

consuming extra bandwidth. On the other side, more users (more CCs) can share

the same bandwidth. Theoretical work is firstly presented, then in order to evaluate

the technique in a more realistic RF scenario, an LTE-Advanced based CA-SEFDM

experimental testbed is demonstrated where more CCs can be aggregated in a given

bandwidth with negligible performance degradation. The experimental testbed con-

sists of one 3026C digital RF signal generator, one 3035C RF digitizer, one Spirent

VR5 channel emulator and two DSP processing blocks. The 3026C module is used at

the transmitter to convert a digital signal to an RF signal; the VR5 can emulate various

real-time fading channels and the 3035C is a module at the receiver side and is inte-

grated in the same Aeroflex PCI extensions for instrumentation (PXI) with the 3026C

module. The 3035C module captures the RF signal and converts it back to baseband.

Finally, the baseband signal is delivered to the DSP block for signal detection. In this

experiment, the signal format is configured following LTE release 10 with minor ad-

justments. Moreover, in order to emulate a real wireless environment, a real-time LTE

fading channel model termed Extended Pedestrian A (EPA) [167] with 5 Hz Doppler

shift is configured in the VR5. Thus, CSI is not known at the receiver side and the

multipath fading channel has to be estimated using real-world channel measurements

and further used to compensate for distorted signals.

5.2 Principle of CA-SEFDM

LTE-Advanced provides many different carrier aggregation scenarios to increase the

system bandwidth beyond 20 MHz. CCs can be aggregated contiguously in the same

band (intra-band contiguous CA), or non-contiguous in the same band (intra-band non-

contiguous CA), or in different bands (inter-band non-contiguous CA). Each aggregated

CC can have a different bandwidth. From the perspective of digital signal processing,

there is no obvious difference among them. However, from an RF implementation
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perspective [164][165][166], the intra-band contiguous CA is the easiest type. In this

case, a single RF filter and a single IFFT/FFT can be used to reduce implementation

complexity. However, it requires a wider bandwidth RF filter. For non-contiguous CA

scenario either in the same band or different bands, several RF filters and IFFTs/FFTs

have to be used. In this section, to simplify our demonstration, we employ the intra-

band contiguous CA scheme. There are many transmitter architectures for the scenario.

The stage where CCs are combined leads to alternative architectures [168]. For the sake

of simplicity, we employ a conventional CA transmitter architecture as introduced in

[168]. In this architecture, CCs are combined at digital baseband before DAC, which

means a single IFFT is adopted.

In a typical CA-OFDM scenario, many CCs are aggregated to expand the band-

width. Some practical challenges such as Doppler frequency shift and frequency aliasing

for implementing CA are discussed in [169]. Simulation results show that the Doppler

shift has limited impact while frequency aliasing will generate much more interference

between adjacent component carriers. Therefore, a 10% frequency gap [1] is necessarily

introduced as a protection guard band between two CCs. Our proposal is to compress

both the signal band and the protection band. Thus, we can aggregate more CCs in

a given bandwidth resulting in a more spectrally efficient transmission. The general

CA-SEFDM idea is illustrated in Fig. 5.1. At the first stage, a single sub-carrier with

15 kHz baseband bandwidth is generated. The violation of the orthogonality principle

leads to the new SEFDM signal as illustrated at the second stage in Fig. 5.1. Both

OFDM and SEFDM sub-carriers packing schemes are demonstrated for the purpose

of comparison. Through orthogonal multiplexing, several sub-carriers are orthogonally

packed at each frequency with 15 kHz sub-carrier spacing. On the other hand, after

non-orthogonal multiplexing, sub-carriers are packed more densely, thus the spacing be-

tween adjacent sub-carriers is smaller than 15 kHz. The spectra show that the SEFDM

can provide spectrum compression by positioning sub-carriers closer. In time domain,

both OFDM and SEFDM symbols are transmitted satisfying the Nyquist ISI-free cri-
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terion. In frequency domain, sub-carriers in SEFDM are compressed and no longer

orthogonal, thus ICI is introduced. It is evident from the second stage of Fig. 5.1 that

by multiplexing the same number of sub-carriers (i.e. transmitting the same amount of

data), SEFDM occupies less bandwidth than OFDM. Furthermore, at the third stage,

the signal spectra for OFDM and SEFDM are illustrated and confirm that the signal

bandwidth is compressed in SEFDM. This result provides an approach to enhance CA

scenario and the way for the enhancement is shown at the final stage. Comparing two

CA scenarios, it is inferred that the data rate of CA-SEFDM is increased by aggregat-

ing more CCs while maintaining the same data rate per sub-carrier. Therefore, for the

same bandwidth allocation, CA-SEFDM offers a higher throughput than CA-OFDM.

5.3 MultiPath Fading Channel

In a single carrier communication system, each data symbol is modulated on one car-

rier which occupies the whole available bandwidth. In a multicarrier communication

system, the entire bandwidth is decomposed into several (i.e. N) sub-carriers where

each one occupies 1
N of the original bandwidth. Therefore, the period of one symbol of

multicarrier signals is N times the symbol period of single carrier signals. The longer

symbol period indicates the higher resilience to ISI.

The wireless signal propagates via multiple paths because of reflection, diffraction

and scattering. These effects lead to the multi-path fading channel where each path

experiences different attenuation, time delays and phases. At the receiver, many copies

of a signal are superimposed resulting in the interference. The first kind of channel is a

static channel named frequency selective channel due to the fact that the transmitter

and receiver are both static. The second type is the time variant channel where a

relative movement exists between the transmitter and the receiver.
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Figure 5.1: Extension to wider channel bandwidth by means of carrier aggregation for both OFDM and SEFDM. CC indicates
component carrier. BW is the channel bandwidth including data bandwidth and 10% protection bandwidth.
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(b) Destructive interference.

Figure 5.2: Illustration of multipath distortion with constructive and destructive inter-
ference.

5.3.1 Frequency Selective Channel

The frequency selective nature is related to the time delay between different signal

propagation paths reaching the receiver. Due to time dispersion among different mul-

tipaths, channel response varies with frequency leading to frequency selective channel.

Assuming a fixed time delay τ , the superimposition of many copies of a signal could

be either constructive or destructive, depending on their wavelengths. The difference

161



CHAPTER 5

is illustrated in Fig. 5.2. The time delay is fixed and set to be τ for both insets. It is

clearly seen that the time delay in Fig. 5.2(a) leads to a constructive superimposition

at frequency f1 while a destructive interference at frequency f2 in Fig. 5.2(b). There-

fore, the time delay causes different frequency signals adding either constructively or

destructively, making the channel frequency selective.

The delay spread, D, is the time interval between the first arrived signal and the

last arrived copy. Since the signal power is mainly concentrated in the first few paths,

DRMS , which is defined as root mean square (RMS) delay spread, is usually used.

The coherence bandwidth, Bc, is a measure of the range of frequencies over which the

channel can be considered flat. In other words, coherence bandwidth is the range of

frequencies over which two frequency components have a strong potential for amplitude

correlation. In general [170], the coherence bandwidth of a wireless channel is inversely

proportional to its RMS delay spread as

Bc≈
1

DRMS

(5.1)

Based on the experimental data from [171][172], the coherence bandwidth is empir-

ically defined as

Bc≈


1

50D
RMS

η = 0.9

1
5D

RMS
η = 0.5

(5.2)

where η indicates frequency correlation. If the coherence bandwidth is defined as the

bandwidth over which the frequency correlation is above 0.9, then the first equation of

(5.2) is derived. If the requirement is relaxed such as the frequency correlation is 0.5,

then the second equation of (5.2) is derived. A frequency non-selective channel indicates

the bandwidth of a signal is smaller than the coherence bandwidth. In other words, the

symbol period should be much longer than the delay spread time indicating the current

symbol does not affect the next symbol too much. Thus, the effect of ISI would not be

significant. However, this is indeed difficult to achieve for a single carrier system where
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frequency selective always occurs. In a single carrier system, each symbol is modulated

on one carrier occupying the entire bandwidth which is significantly greater than the

coherence bandwidth. This can also be proved in the time-domain since the symbol

period is much smaller than the delay spread time. In a multicarrier system, the entire

bandwidth is divided and distributed to several sub-carriers. Therefore, the spacing of

each sub-carrier is much smaller than the coherence bandwidth making the multicarrier

system more resistant to frequency selective channels.

5.3.2 Time Variant Channel

The time variation of a channel is related to the relative movement between a transmit-

ter and a receiver. Depending on the value of Doppler spread, the signal is determined

to experience fast or slow fading. The maximum frequency shift (i.e. Doppler spread)

due to the movement is calculated as

fm =
v

λ
=
vfRF
c

(5.3)

where λ is the wavelength of a transmitted signal equals to λ = c
fRF

where c is the light

speed and fRF is the signal transmission frequency referred to RF; v is the movement

velocity of the receiver. Hence, the frequency shift fθ in different multi-path with the

reaching angle θ is easily derived as

fθ = fmcosθ (5.4)

Many copies of a signal come through different paths with different frequencies are

combined at the receiver leading to a special spectrum termed Doppler spectrum. The

power fluctuates at different frequency shifts, and the range of non-zero power in the

power spectrum is referred to the Doppler spread. The multiple copies of signals are

superimposed upon each other resulting in spatial interference. With the movement of

the transmitter or the receiver, it experiences different frequencies and phases which are
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defined as ‘fading’. A fast fading channel can cause severe signal distortions since one

SEFDM/OFDM symbol could experience different channel conditions. More specifi-

cally, a portion of one SEFDM/OFDM symbol experiences one channel while the rest

experiences another channel. In this case, a conventional channel equalizer can not

compensate for this distortion. In order to determine whether a channel is fast or slow

fading, a concept termed coherence time is defined as the approximated inverse of the

Doppler spread, which is expressed as

Tc≈
1

fm
(5.5)

where the coherence time indicates a time period over which the channel is considered

to be invariant. A short description of the coherence time is shown in the following.

Assuming a signal x(t) is transmitted at time t1 experiencing a channel impulse response

ht1(t), meanwhile, a copy of this signal is transmitted at time t2 experiencing a channel

impulse response ht2(t). Without considering channel distortions, at the receiver, the

two signals are received as

yt1(t) = x(t− t1) ∗ ht1(t) (5.6)

yt2(t) = x(t− t2) ∗ ht2(t) (5.7)

where the notation ′∗′ denotes the convolution operation. A channel would be consid-

ered time invariant only if ∆h(t) = ht2(t) − ht1(t) is small. Then, the coherence time

is defined as Tc = t2 − t1. On the basis of the above analysis, to avoid the fast fading,

the symbol period must be smaller than the coherence time Tc.

Coherence time is the time duration over which two received signals have a strong

potential for amplitude correlation. It should be noted that (5.5) is derived assuming

the Rayleigh faded signal varies very slowly. In the condition of a fast variation scenario,

if the coherence time is defined as the time over which the time correlation is 0.5, the

50% coherence time [170] is defined as
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Tc≈
9

16πfm
(5.8)

A common definition of coherence time is to use the geometric mean of (5.5) and

(5.8), which is given as

Tc≈
√

1

fm

9

16πfm
≈ 1

fm

√
9

16π
≈0.423

fm
(5.9)

5.3.3 Summary

To sum up, the coherence bandwidth Bc determines a channel to be frequency selective

or frequency non-selective (i.e. frequency flat). Therefore, in order to get a frequency

non-selective channel, the signal bandwidth should be much smaller than the coherence

bandwidth. Otherwise, the signal would experience a frequency selective channel. In a

single carrier system, the symbol period is much shorter since each symbol occupies the

entire bandwidth. In this case, a significant ISI is introduced. In a multicarrier system,

the sub-carrier spacing is configured to be smaller than the coherence bandwidth to

make a sub-carrier experiencing frequency flat channel. Furthermore, the CP is required

to be much longer than the delay spread to prevent ISI. Hence, according to the above

analysis, the CP length should be as long as possible and the sub-carrier spacing should

be as small as possible. However, a small sub-carrier spacing results in severe ICI in a

time variant channel. To summarize the above analysis, a transmitted signal is subject

to frequency selective or frequency flat channel under the following conditions:

frequency flat :

 Bc � Bsignal

DRMS � Tsignal

(5.10)

frequency selective :

 Bc < Bsignal

DRMS > Tsignal

(5.11)
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where assuming two variables a and b, then the notation a � b means that a is much

greater than b, the notation a� b means that a is much less than b, the notation a > b

means that a is greater than b, the notation a < b means that a is less than b, Bc is

the coherence bandwidth, DRMS is the RMS delay spread, Bsignal is the bandwidth of

one symbol and Tsignal is the symbol period.

On the other hand, the coherence time Tc determines a channel fading to be fast

or slow. A slow fading indicates that signal period is much smaller than the coherence

time, otherwise, it is a fast fading channel. Hence, the symbol period should be as small

as possible. In other words, the signal bandwidth should be made as large as possible.

In a single carrier system, it is easily to be achieved since the signal occupies the entire

bandwidth. However, in a multicarrier system, on the basis of the requirement, the

sub-carrier spacing should be made as large as possible, which conflicts with the con-

clusion in the last paragraph. The sub-carrier spacing should be carefully considered

in a time variant and frequency selective channel. In particular, the multicarrier sys-

tem has a immunity against the deep fading since only some of the sub-carriers would

experience severe distortions. However, in a single carrier system, the signal would be

severely distorted since only one carrier is adopted. To summarize the above analy-

sis, a transmitted signal is subject to fast or slow fading channel under the following

conditions:

slow fading :

 Tc � Tsignal

fm � Bsignal

(5.12)

fast fading :

 Tc < Tsignal

fm > Bsignal

(5.13)

where assuming two variables a and b, then the notation a � b means that a is much

greater than b, the notation a� b means that a is much less than b, the notation a > b

means that a is greater than b, the notation a < b means that a is less than b, Tc is the
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coherence time, fm is the Doppler spread, Bsignal is the bandwidth of one symbol and

Tsignal is the symbol period.

Therefore, the configuration of signal bandwidth is a trade-off between ISI and ICI

for both single carrier systems and multicarrier systems. In particular, for a multicarrier

communication system, the sub-carrier spacing should be carefully designed to balance

the effect of ISI and ICI. This could be one reason why LTE adopts 15 kHz sub-

carrier spacing. In addition, based on the above analysis, there are four combinations

of different channels, frequency flat slow fading; frequency flat fast fading; frequency

selective slow fading; frequency selective fast fading.

5.4 LTE Physical Layer Specifications

OFDM is selected as the physical layer technique in the LTE release 8 [1] together with

MIMO, which can either improve spectral efficiency (space multiplexing) or enhance

signal robustness (space diversity). The work in this thesis is focused on multicarrier

transmission, thus, only OFDM is described here and MIMO will not be considered in

this section.

LTE frame structure is shown in Fig. 5.3 where one frame of length 10 ms consists

of 10 subframes. Ts=32.55 ns indicates sample time period which in frequency domain

corresponds to 30.72 MHz. Furthermore, each subframe can be divided into 2 time

slots with each accounting for 0.5 ms. Each time slot is composed of either seven

(normal CP) or six (extended CP) OFDM symbols. In this section, only normal one is

presented.

In Fig. 5.3, the useful symbol time is 66.7 us, which covers 2048 samples. In

a normal CP mode, the first symbol has a CP of length 5.2 us=160 × Ts and the

remaining six symbols have a CP of length 4.7 us=144× Ts. The reason for this is to

make sure one time slot has 15360 samples. In an extended version, the CP is extended

to 512 samples, which is longer than a normal one. The normal one is used in the

condition of urban areas, small cells and high data rate applications. The extended one
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is for rural areas, large cells and low data rate applications.

Figure 5.3: Frame structure type 1 (FDD frame).

Figure 5.4: OFDM resource block and resource element definition for a one antenna
LTE system with normal CP mode.

The LTE time-frequency grid is shown in Fig. 5.4. The x-axis indicates OFDM
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symbols in time-domain while the y-axis means sub-carriers in frequency-domain. One

resource element indicates one M-QAM symbol modulated on one sub-carrier. Resource

block is the smallest component can be operated in LTE. Each resource block consists of

12 sub-carriers (1.e. 180 kHz) and 7 OFDM symbols. Therefore, with different number

of sub-carriers, the number of resource blocks are different, which can be noticed in

Table. 5.1.

Table 5.1 presents physical layer specifications for LTE downlink FDD mode. It

should be noted that DC sub-carrier is not used and 10% of sub-carriers are not used

on both sides of the channel. In other words, the occupied data bandwidth is roughly

90% of the channel bandwidth.

Table 5.1: LTE Downlink Physical Layer Specifications

Channel Bandwidth (MHz) 1.25 2.5 5 10 15 20

Sampling Frequency (MHz) 1.92 3.84 7.68 15.36 23.04 30.72

FFT Size 128 256 512 1024 1536 2048

Occupied Sub-carriers (inc. DC) 76 151 301 601 901 1201

Guard Sub-carriers 52 105 211 423 635 847

Number of Resource Blocks 6 12 25 50 75 100

Occupied Channel Bandwidth (MHz) 1.140 2.265 4.515 9.015 13.515 18.015

1st CP Length 10 20 40 80 120 160

Remaining CP Length 9 18 36 72 108 144

5.4.1 Time-Frequency Requirements of the LTE Resource Block

The pilot locations are studied detailedly in [173]. The pilot location in time-domain is

configured based on coherence time (it is calculated according to the Doppler spread).

Its location in frequency-domain is based on the coherence bandwidth (it is calculated

according to the time delay spread).

5.4.1.1 Resource Block Size

Coherence bandwidth Bc is calculated according to (5.2) with η=0.5 in the typical

urban (TU) channel model with a 1.07 us delay spread [174]. Then, the coherence
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bandwidth is approximated to be Bc = 1
5D≈187kHz. Therefore, the bandwidth of one

resource block should be within 187 kHz to make sure a flat channel response. In LTE,

this value is rounded to be 180 kHz. Considering the 15 kHz sub-carrier spacing, the

number of sub-carriers within one resource block is 180/15 = 12.

In terms of coherence time, taking into account the peak mobility speed associated

with a high speed train (roughly 300-350 km/h), together with a 2.6 GHz RF carrier,

the Doppler frequency is approximated to be 843 kHz, which is calculated according to

(5.3). Then based on (5.9), the coherence time is 0.423
843 ≈ 0.5ms. To make the channel

time invariant over one resource block, the time period of one resource block should be

within 0.5 ms.

5.4.1.2 Sub-Carrier Spacing

The size of one resource block is configured and fixed based on multiplath fading con-

ditions. It is evident that CP consumes additional radio resources. A solution is to

aggregate more sub-carriers with smaller sub-carrier spacing ∆f in a given bandwidth.

Thus, the time period of one OFDM symbol is increased. However, it increases the sen-

sitivity of OFDM to frequency offset and fast fading. In LTE, the sub-carrier spacing

is 15 kHz since it may simplify the implementation of WCDMA/HSPA/LTE multi-

mode terminals [175]. Typically, the FFT size is a power of two, multiplying with 15

kHz sub-carrier spacing, the sampling rate is fs = ∆f ·NFFT leading to a multiple

or sub-multiple of the WCDMA/HSPA chip rate fcr=3.84 MHz. Then, multi-mode

WCDMA/HSPA/LTE terminals can straightforwardly be implemented with a single

clock circuitry.

5.4.1.3 Carrier Raster

The location of LTE center carriers in frequency domain could be positioned anywhere

as explained in [176]. Mobile terminals have to search for a carrier within the supported

frequency bands when they are switched on. In order to save time and avoid unnecessary
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search, a set of frequencies are limited to be searched within the supported frequency

bands. Therefore, in LTE supported frequency bands, carriers exist on a 100 kHz

carrier raster, which is expressed as m× 100 kHz where m are integers.

In the carrier aggregation scenario, multiple CCs are put together. In order to be

compatible with legacy terminals (e.g. support below LTE-Advanced standard), each

CC should be centered on the 100 kHz carrier raster. Additionally, the sub-carrier

spacing is defined as 15 kHz. Therefore, the gap between adjacent CCs should be a

multiple of 15 kHz in order to preserve orthogonally of the sub-carriers. Overall, the

center carrier spacing between different CCs should be a multiple of 300 kHz [176],

which is the smallest carrier spacing being a multiple of both 100 kHz (the carrier

raster) and 15 kHz (the sub-carrier spacing).

5.5 SEFDM Time-Frequency Requirements

Fading channels introduce random ICI in a wireless communication system. In or-

der to eliminate this effect, a proper channel estimation algorithm has to be adopted.

For an OFDM system, a single tap frequency-domain channel estimation algorithm

is applied. However, for SEFDM, due to the self-created ICI, the typical OFDM ap-

proach does not work. Some related work [177][45] has been done to resolve this issue

in SEFDM. A time-domain channel estimation and a frequency-domain joint channel

equalization/detection were proposed in [177] where an SEFDM pilot symbol is used

to estimate CSI, which is termed full channel estimation (FCE). However, due to non-

orthogonal packing of sub-carriers in SEFDM, pilot tones (reference signals) within one

SEFDM pilot symbol interfere with each other leading to inaccurate estimate of CSI. In

[45], an enhanced method termed PCE was investigated. This scheme is a time-domain

estimation/equalization algorithm. Based on the analysis in [45], there are a number

of sub-carriers mutually orthogonal even if they are not adjacent. Therefore, the main

idea of the PCE is to send pre-determined pilot tones on those mutually orthogonal

sub-carriers. By using this method, ICI can be reduced within the pilot symbol. Thus,
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the channel can be estimated more accurately.

Figure 5.5: SEFDM resource block definition and location of reference signals for a
single antenna system.

In this work, we adopt the typical FCE to estimate CSI and equalize the channel

in time-domain, which indicates pilot tones are modulated on all sub-carriers instead

of the mutually orthogonal ones. Reference signals are no longer reliable to be used to

estimate channels. Therefore, in SEFDM, we define a new structure of one subframe in

Fig. 5.5 to effectively recover non-orthogonal signals. It is similar to the LTE one except

that the first SEFDM symbol is reserved as a pilot symbol instead of reference signals

distributed within one LTE subframe. Based on the knowledge of the pilot symbol, the

receiver can extract CSI and compensate for one subframe. Assume the channel is fixed

within one subframe indicating all the SEFDM symbols in one subframe experience the

same characterized channel. After 13 SEFDM symbols, a new pilot symbol is inserted

in a second subframe. In this case, a more accurate CSI can be obtained via averaging

two estimations from two pilot symbols of adjacent subframes. It is evident that this

pilot structure makes SEFDM suitable for slow fading channel with severe frequency
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selective channel. In other words, it works in a deep fading and slow changing channel.

5.6 Channel Estimation

Channel estimation algorithms used in OFDM are comprehensively investigated in

[178]. The loss of orthogonality in SEFDM leads to ICI which affects the accuracy of

channel estimation. It is difficult to use directly a single-tap frequency-domain equalizer

to compensate for channel fading.

Channel estimation is required in a practical system, due to RF effects such as

multipath fading channel, imperfect timing synchronization and phase offset. However,

estimation of the channel in the case of SEFDM signals is challenged by the non-

orthogonal structure of the sub-carriers in the system. The typical OFDM channel

estimation algorithm is not applicable. Therefore, an SEFDM time-domain channel

estimation technique is presented to overcome the discussed design challenge.

The concept of SEFDM time-domain channel estimation/equalization is described

in the following. Let’s assume that the length of CP is NCP . After passing through a

multipath fading channel, the received samples YCP can be expressed in matrix format

as

YCP = HXCP + ZCP (5.14)

where XCP is the transmitted signal including both useful data and CP, H is a U ×U

channel matrix, where U = Q + NCP and ZCP is the AWGN of length U . At the

receiver, after the removal of CP, the channel matrix H is transformed to a circulant

matrix and, using (2.10), the signal vector is represented by

Yc = HcX + Z = HcFS + Z (5.15)

where Yc, X and Z are the sample vectors after truncating the first NCP samples of

YCP , XCP and ZCP , respectively. F is the Q×N sub-carrier matrix and Hc is a Q×Q

173



CHAPTER 5

circulant matrix, thus its first column gives all the information needed to construct the

matrix. After demodulation, the signal vector is expressed as

Rc = F∗HcFS + F∗Z = GS + ZF∗ (5.16)

According to the characteristic of the circulant matrix Hc, for orthogonal mul-

ticarrier signals (e.g. OFDM), G is a diagonal matrix. Thus, the channel can be

estimated through a single tap frequency-domain estimator. However, this is not the

case in SEFDM since there are off-diagonal elements in the matrix G. This introduces

both multiplicative (diagonal elements) and additive (off-diagonal elements) distortions.

Therefore, in this work, we employ a time-domain estimation/equalization algorithm to

estimate and compensate the channel response. For this purpose, pilot tones (reference

signals) are modulated on non-orthogonal packed sub-carriers as illustrated in Fig. 5.5.

Assuming P is the pilot vector, at the receiver, after CP removal, the faded signal is

expressed as

Yc−pilot = HcFP + Z (5.17)

In order to equalize the faded signal, we need to estimate the channel matrix Hc

and compute its inverse. By rearranging (5.17), a new expression is shown as

Yc−pilot = Ph+ Z (5.18)

where h is a Q×1 vector and P is a Q×Q circulant matrix whose first column is equal

to the vector X = FP . Therefore the matrix P is expressed as

P =



F1 FQ · · · F2

F2 F1
. . .

...

...
. . .

. . . FQ

FQ · · · F2 F1





P 0 · · · 0

0 P · · · 0

...
...

. . .
...

0 0 · · · P


(5.19)
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where Fi is the ith row of the sub-carrier matrix F. Then the estimate of h is expressed

as

ĥ = P∗(PP∗)−1Yc−pilot (5.20)

where ĥ is the estimate of the first column of the matrix Hc. Since Hc is a circulant

matrix, then the matrix Hc can be regenerated via copying and shifting ĥ repeatedly.

The estimate matrix Ĥc is then inverted to give Ĥ−1
c and used to equalize the distorted

SEFDM symbols in (8.9) as below

Yeq = Ĥ−1
c Yc = Ĥ−1

c HcFS + Ĥ−1
c Z (5.21)

The equalized time-domain SEFDM sample vector Yeq can also be expressed in terms

of an error factor Ψ = Ĥ−1
c Hc matrix, attributed to the imperfect channel equalization

process as

Yeq = ΨFS + Ĥ−1
c Z (5.22)

It is important to note that the noise itself is now enhanced by the multiplication

with Ĥ−1
c . Yeq is then demodulated as in (5.23) giving the demodulated (and equalised)

symbols vector Req

Req = F∗Yeq = F∗ΨFS + F∗Ĥ−1
c Z

= CΨS + ZF∗Ĥ−1
c

(5.23)

where CΨ is the correlation matrix contaminated by the error factor matrix Ψ and

ZF∗Ĥ−1
c

is the noise vector contaminated by the multiplicative factor F∗Ĥ−1
c . Compared

with equation (2.23), it is apparent that in the condition of multipath fading, the signal

is further distorted even if a channel equalization algorithm is adopted. Therefore, to

ameliorate these degradation factors, employing an efficient signal detector is essential.
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In order to evaluate the efficacy of the proposed time-domain channel estimation

scheme, a static frequency selective channel [58] as shown in (8.13) is assumed.

h(t) = 0.8765δ(t)− 0.2279δ(t− Ts) + 0.1315δ(t− 4Ts)− 0.4032e
jπ
2 δ(t− 7Ts) (5.24)

The mean squared error (MSE) is calculated and shown in Fig. 5.6. The MSE is

calculated by

MSE =
1

n

n−1∑
i=0

(ĥi − hi)2. (5.25)
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Figure 5.6: MSE of time-domain and frequency-domain channel estimation (CE) meth-
ods. FFT size is 128 and 9 samples are used as CP.

Results are compared to those of a frequency-domain channel estimator similar to

that used in OFDM systems. For the frequency-domain channel estimation, expectedly

the OFDM system results in better channel parameter estimates and therefore has a

lower MSE values than those of the SEFDM system tested for different values of α. This

illustrates that the loss of orthogonality in the SEFDM system impairs the performance
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of the commonly used frequency-domain single tap channel estimation. It is evident

that, with the increase of α, the SEFDM result approaches those of OFDM. Conversely,

for the time-domain channel estimation, although the MSE values are still worse for

SEFDM relative to those of OFDM, variation of α results in minimal variation of MSE

values. It should be noted that at low Eb/No, the frequency-domain method provides a

more accurate channel estimation than the time-domain one. At high Eb/No, since the

typical frequency-domain method cannot effectively remove ICI, an error floor occurs.

On the other hand, the time-domain method can mitigate the ICI effect, therefore, the

time-domain method shows a lower MSE than the frequency-domain one. In addition,

it is apparent that the OFDM system shows a lower MSE than the proposed SEFDM

channel estimation scheme. The reason is attributed to the ill conditioning (i.e. self-

created ICI as shown in (2.24)) of the SEFDM system. As shown in (5.19), the pilot

symbols P are modulated on all sub-carriers.

5.7 Channel Equalization

In this section, a simple time-domain channel equalization which can compensate for

the multiple path fading effect in SEFDM is studied. The original idea was proposed

in [179] where an OFDM system associated with time-variant multipath channels are

investigated. The time-domain channel equalization for SEFDM is mathematically

expressed in (5.21). It is apparent that the size of the matrix Ĥc is proportional to

a system size (e.g. the number of sub-carriers). In terms of a small size system, the

computational complexity for the matrix inverse Ĥ−1
c is reasonable. But with the

increase of the number of sub-carriers, the complexity will be significantly increased.

In order to reduce the complexity, this section applies a flexible method that decom-

poses the entire matrix Ĥc into multiple small matrices and computes matrix inverse

for each. As explained before, Ĥc is a circulant matrix. It represents CSI such as path

number, power and time delay of each path. From a transmitter side to a receiver side,

a signal can experience various paths. The number of the different paths is infinite.
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However, most energy of the signal is concentrated in a finite number of paths. Other

paths that have very low energies are neglected. It is inferred that the matrix Ĥc is a

sparse matrix where most of the energy is concentrated in the diagonal elements and

their neighbouring non-diagonal elements. Since Ĥc is a sparse matrix, it is not efficient

to compute the matrix inverse of the entire Ĥc.

The effect of channel estimation is not the focus in this section, therefore, a perfect

CSI is assumed at the receiver. In the following discussion, the perfect channel matrix

Hc is studied instead of Ĥc. An efficient way is to transform the Q×Q matrix Hc to

multiple block diagonal matrices A of size q× q. Hence, the matrix Hc is converted to

a new format as shown in (5.26).

Hc =



h1,1 h1,2 · · · h1,Q

h2,1 h2,2
. . .

...

...
. . .

. . . hQ−1,Q

hQ,1 · · · hQ,Q−1 hQ,Q


⇒
−→
Hc =



A1 0 · · · 0

0 A2 · · · 0

...
...

. . .
...

0 0 · · · AQ−q+1


(5.26)

where the small matrix An is a q × q matrix expressed as

An =



hn,n hn,n+1 · · · hn,n+q−1

hn+1,n hn+1,n+1
. . .

...

...
. . .

. . . hn+q−2,n+q−1

hn+q−1,n · · · hn+q−1,n+q−2 hn+q−1,n+q−1


(5.27)

Therefore, the size of the matrix
−→
Hc in (5.26) is

−→
Q ×
−→
Q where

−→
Q = (Q− q+ 1)× q.

In order to realize channel equalization in (5.21), the received symbol vector Yc is

converted to a new format as

Yc⇒
−→
Y c = [B1, B2, ..., BQ−q+1] (5.28)

where Bn is a q-dimensional vector includes elements as
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Bn = [Yc(n), Yc(n+ 1), ..., Yc(n+ q − 1)] (5.29)

Therefore,
−→
Y c is a

−→
Q -dimensional vector. The typical channel equalization in (5.21)

can be transformed to

−→
Y eq =

−→
H−1

c

−→
Y c (5.30)

where

−→
H−1

c =



A1
−1 0 · · · 0

0 A−1
2 · · · 0

...
...

. . .
...

0 0 · · · A−1
Q−q+1


(5.31)

It is inferred that due to the sparse characteristic of the channel matrix Hc, theQ×Q

matrix can be transformed to multiple q× q small matrices. Hence, the matrix inverse

of the large channel matrix Hc is converted to the matrix inverse of multiple small

channel matrices, indicating a greatly reduced computational complexity. Therefore,

(5.30) can be further simplified to

−→
Y n = A−1

n Bn (5.32)

where n ∈ [1, ..., Q− q + 1]. It is evident that the size of the multiplication is reduced

indicating reduced computational complexity. We assume q is an even number in this

section. For each multiplication in (5.32) with constraint n ∈ [2, ..., Q− q], the middle

(i.e. q/2) element is selected as one estimated symbol. For the first block multiplication

(i.e. n = 1) and the last one (i.e. n = Q − q + 1), the first q/2 and the last 1 + q/2

elements are selected, respectively. Therefore, the estimated symbol vector Yeq of size

Q is expressed as
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Figure 5.7: BER performance comparison for two channel equalization schemes.

Yeq = [
−→
Y 1(1), ...,

−→
Y 1(q/2),

−→
Y 2(q/2), ...,

−→
Y Q−q(q/2),

−→
Y Q−q+1(q/2), ...,

−→
Y Q−q+1(q)]

(5.33)

Simulations are investigated to demonstrate the benefit of the proposed multiple

sub-matrix channel equalization method. A static frequency selective channel is used

in the simulation shown as

h(t) = 0.8765δ(t)− 0.2279δ(t− Ts) + 0.1315δ(t− 4Ts)− 0.4032e
jπ
2 δ(t− 7Ts) (5.34)

The system is configured based on the CA-SEFDM where the total bandwidth is

25 MHz with 7 CCs. The FFT size is 4096 and 288 samples are selected as CP. The

modulation scheme is 4QAM. In a realistic CA-SEFDM system, one SEFDM symbol

is reserved as the pilot symbol for every 13 data symbols. However, the purpose of this

section is to show the benefit of the proposed channel equalization method. Therefore,
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at the receiver side, a perfect CSI is assumed in order to neglect the channel estimation

effect.

The comparison of the conventional single equalizer and the proposed multiple

small equalizers are investigated in terms of execution time and BER performance.

The proposed channel equalizer is evaluated with various sub-matrix sizes in order

to find the balance between the execution time and the BER performance. For the

conventional equalizer, it is realized by using the single large matrix inverse.

The effect of different sizes of the sub-matrix is illustrated in Fig. 5.7 where BER

performance is studied. The conventional channel equalization result is included as

a reference. For the 10×10 sub-matrix, the BER performance is far away from the

conventional single matrix channel equalization result. Increasing the sub-matrix size

to 20×20, the BER curve approaches the conventional single one but the performance

gap is still large. By increasing the sub-matrix size to 30×30, the performance is

identical to the typical one. With further increase to 40×40 or 50×50, the performance

is fixed and identical to the typical one. It is concluded that the 30× 30 sub-matrix is

sufficient to get optimal performance.

Table 5.2: Execution Time of Two Channel Equalization Schemes

Sub-matrix
10× 10 20× 20 30× 30 40× 40 50× 50
0.0845 sec 0.0960 sec 0.1070 sec 0.1322 sec 0.1564 sec

Single Matrix 6.7235 sec

The benefit of the sub-matrix concept is shown in Table. 5.2 where the execution

time of the two channel equalization schemes is compared. Various sub-matrix sizes

are studied in the first two rows of Table. 5.2. It is apparent that the smaller the sub-

matrix size, the less execution time is required. With the increase of the sub-matrix

size, the execution time is increased. But compared to the conventional single large

matrix, the proposed multiple sub-matrix channel equalization shows shorter execution

time. To sum up, the newly proposed multiple sub-matrix channel equalizer achieves

the same performance with a significantly reduced complexity.
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5.8 Experimental Setup

Figure 5.8: Experimental setup for CA-SEFDM transmission in the LTE EPA5 fading
channel. Resolution bandwidth (RBW) for each spectrum is 1 kHz. Three screenshots
of spectra are randomly obtained to illustrate fading channel characteristics. The fre-
quency for central CC is 2 GHz, carrier frequencies for other CCs can be obtained by
shifting α×5 MHz=3.6 MHz.

This section presents the first experimental evaluation of SEFDM together with

CA deployed in a real LTE wireless fading channel scenario. The experimental setup

of CA-SEFDM with 7 CCs is illustrated in Fig. 5.8. To execute this experiment, both

software and hardware are included in this testbed. The software consists of two DSP

blocks, which carry out digital signal processing using Matlab at the transmitter and

the receiver, respectively. The hardware consists of the 3026C RF signal generator,

the 3035C RF digitizer and the VR5 channel emulator. Signal transmission, wireless

channel and signal reception are all implemented in the RF environment.

The real experimental testbed is demonstrated in Fig. 5.9. The DSP transmitter

and receiver are realized by Matlab in a PC. The Aeroflex PXI chassis consisting of

a 3026C RF signal generator and a 3035C RF digitizer plays a key role in connecting

the RF environment and the DSP environment. The RF signal from the 3026C RF

signal generator is transmitted to the input of VR5 where its output is connected to the

3035C RF digitizer. The spectrum analyzer (e.g. Tektronix MDO4104-6 Mixed Do-
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Figure 5.9: Demonstration of the real experimental setup.

main Oscilloscope) is used to evaluate frequency response of a signal after propagating

through the VR5 channel emulator.

The PXI works as a transceiver whose carrier frequency ranging from 100 kHz to

6 GHz. Its modulation bandwidth is up to 90 MHz and with a maximum 512 MHz

sampling rate. Each sample word consists of 14 bit I data, 14 bit Q data and 4 bit

marker data.

The Spirent VR5 HD Spatial Channel Emulator [180] simplifies the testing of the

cutting edge technologies such as MIMO over-the-air (OTA), LTE-Advanced, MIMO

beamforming and IoT channel modeling. It provides a friendly graphical user interface

(GUI) for users to set up a real time and complicated RF environment. VR5 supports

a broad range of carrier frequencies up to 6 GHz and modulation bandwidth up to 100

MHz. There are several simplex (Input or Output only) and duplex (Input/Output)

ports in the front panel of the VR5. After selecting the desired connection setup, these

connections are automatically made inside the VR5. The propagation conditions like

multi-path power delay profile of fading channel models can be edited and saved.

It should be noted that VR5 measures signal power and noise power on the output

port, which indicates SNR measurement on the output port. In order to obtain Eb/No,

a transform is needed. The relationship between Eb/No and Es/No in dB is expressed

as
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Es/No = Eb/No + 10log10(k) (5.35)

where k is the number of information bits per symbol and it is related to modulation

formats or the coding rate in a coded system. Es is energy per symbol, Eb is energy

per bit and No is noise density. Assume the modulation format is M-QAM and the

coding rate is Rc, then the number of information bits per symbol is defined as

k = Rc × log2(M) (5.36)

The transform of Es/No is shown as following

Es/No = 10log10((S·Tsymbol)/(N/B))

= 10log10((Tsymbol·Fs)/(S/N))

= 10log10(Tsymbol/Tsample) + SNR

(5.37)

where S is the signal power, in watts, N is the noise power, in watts, B is the noise

bandwidth, in Hertz, Fs = B = 1/Tsample is the sampling frequency, in Hertz, Tsymbol

is the symbol period, in second and Tsample is the sampling period, in second. It should

be noted the ratio of Tsymbol/Tsample is equivalent to the oversampling ratio.

5.8.1 Transmitter

At the transmitter, a simple convolutional coding scheme is used for all the LTE-like ex-

periments (OFDM and SEFDM) to allow fair comparisons. Therefore, the performance

obtained is not optimized for each case and improved performance may be obtained if

bespoke coding was designed for each case as suggested in [181]. The binary bit stream

Υ = [γ1, γ2, ..., γε] is first encoded in the encoder where a coding rate Rcode = 1/2. The

code used is a (7,5) recursive systematic convolutional (RSC) code of memory 2 with

feedforward polynomial G1(D) = 1+D+D2 and feedback polynomial G2(D) = 1+D2
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[145]. The bits in the coded vector W = [w1, w2, ..., wη] of length η = ε/Rcode, are

interleaved using a random interleaver Π. The interleaved bits S̃ are mapped to the

corresponding symbols S = [s1, s2, ..., sΘ] of length Θ = η/log2O, where O=4 is the

constellation cardinality in this experiment. One uncoded pilot symbol is inserted at

the beginning of each subframe (i.e. 13 complex coded symbols) and is used to estimate

CSI, compensate for imperfect timing synchronization and LO phase offset. It should

be noted that LTE release 8 defines 10% protection guard sub-carriers. Therefore, we

should reserve a 10% gap between adjacent component carriers to combat the Doppler

spread encountered in a real world fading channel. This is managed after a serial to

parallel conversion by inserting zeros following useful data in each band. The guard

band is the sub-carriers which are null for the purpose of oversampling. The modified

stream appended with pilot symbols is modulated to specific frequencies by using IFFT

operations. In order to combat multipath delay spread, a CP is added before S/P. The

aforementioned processes are carried out offline in the Matlab environment (left hand

block of Fig. 5.8). Subsequently, the I and Q data of the SEFDM signal are uploaded

to the RF environment. In the RF domain, the Aeroflex 3026C converts the incoming

baseband digital signal to an analogue one and up-converts the analogue signal to a 2

GHz frequency.

5.8.2 LTE Channel Model

There are three different multipath fading channel models defined in 3GPP technical

recommendation (TR) 36.104 [167]. They are Extended Pedestrian A (EPA), Extended

Vehicular A (EVA) and Extended Typical Urban (ETU). In the following experiment,

we evaluate the performance of the CA-SEFDM system in the condition of the EPA

channel model. Table 5.3 presents EPA channel Doppler frequency shift, relative power

and delay values of each path.

The Spirent VR5 channel emulator can emulate any real-time wireless channels. In

this experiment, we use the LTE EPA channel model [167]. This can be configured
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Table 5.3: LTE EPA Fading channel model

Path Doppler frequency Relative power Delay values

1 5 Hz 0.0 dB 0 ns

2 5 Hz -1.0 dB 30 ns

3 5 Hz -2.0 dB 70 ns

4 5 Hz -3.0 dB 90 ns

5 5 Hz -8.0 dB 110 ns

6 5 Hz -17.2 dB 190 ns

7 5 Hz -20.8 dB 410 ns

by setting the multipath power delay profile via the graphical user interface (GUI)

on the channel emulator. A multipath frequency selective fading effect is reflected in

frequency response magnitude. A real-world frequency response of a transmitted signal

without multipath fading effect is shown in the left inset of Fig. 5.8. It is apparent that

responses at each frequency within the whole bandwidth have the same power spectral

magnitude. Multipath fading and Doppler shift effects resulting from user mobility

lead to a frequency selective channel. After passing through the fading channel, it is

observed that the channel gains at each frequency vary significantly. Since the channel

responses vary in time, three faded spectra are randomly obtained to demonstrate

fading channel characteristics.

5.8.3 Receiver

At the receiver side, after experiencing the EPA fading channel, the distorted analogue

signals are down-converted to baseband and transformed back to digital I and Q signals

in 3035C. This process includes down conversion and analogue to digital conversion.

The captured signal is then transferred to the DSPRX block for offline processing. The

signal is first delivered to a serial to parallel (S/P) transform block and then the CP

is stripped away. Due to the effects of multipath fading channel, phase and amplitude

distortions are introduced and these impacts are estimated and equalized in the channel

estimation and channel equalization modules, respectively. The compensated signal is

demodulated in the FFT block and raw SEFDM symbols are obtained after the removal
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of guard band and zeros. As mentioned before, sub-carriers are no longer orthogonally

packed, ICI is introduced and can severely degrade the performance. Therefore, in or-

der to recover SEFDM symbols from distortions and interference, a soft detector is em-

ployed after the P/S operation. Finally, the recovered complex symbols are demapped

to a binary data stream for the following BER calculations.

5.9 Radio Frequency (RF) Effects

In our previous SEFDM simulations, an ideal condition that only AWGN channel is

taken into account. A perfect RF scenario is assumed. However, in a real world wire-

less communication system, RF distortions result in signal degradations and further

lead to performance loss. Thus, optimal performance obtained in an ideal simulation

environment would not exist in a real world communication environment. RF impair-

ments include nonlinear distortions from high power amplifier (HPA), IQ imbalance,

frequency offset, phase noise, imperfect timing synchronization and sampling phase

offset. These effects have been studied in detail in [182] [183] [184] [185] [186], while

joint effect is more complicated since each impairment may strengthen each other and

compensation for one effect could enhance the impact of others. In this section, taking

into account equipments used in our experiment, RF impairments such as imperfect

timing synchronization and sampling phase offset are considered, which make SEFDM

systems more realistic.

5.9.1 RF Studies in A Bypass Channel

A bypass channel indicates a channel without AWGN and multipath effects. Thus,

the RF effect can be studied more accurately. Fig. 5.10 shows OFDM constellations

before and after compensations. Fig. 5.10(a) illustrates that without any compensa-

tion algorithms, constellation is like a circle. There are many reasons account for the

constellation rotation. The first one is frequency offset. Techniques for its mitigation

have been elaborately studied in [170]. Other possible factors are imperfect timing
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synchronization, phase noise, LO phase offset and sampling phase errors.

(a) Before compensations. (b) After compensations.
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(c) Before compensation on each sub-carrier.
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(d) After compensation on each sub-carrier.

Figure 5.10: Practical constellation illustrations of OFDM amplitude/phase distortions
and its compensations in a bypass channel. Sub-carrier indexes are clearly marked on
each constellation diagrams in (c) and (d).

Since we don’t know what kind of RF effects exist in the experiment, we firstly

employ a classic one-tap frequency-domain ZF channel compensation method [11] to

correct the rotations. As is shown in Fig. 5.10(b), the constellation rotations can be

corrected. Four constellation points are clearly illustrated. Thus, it is proved that the

testbed has no frequency offset issue since frequency offset cannot be straightforwardly

compensated by the frequency-domain ZF method. However, it is difficult to separate

imperfect timing synchronization, phase noise, LO phase offset and sampling phase
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error since they all introduce time independent phase offset.

In order to get a detailed understanding of the reason for the constellation rotations,

effects of constellation rotations for each sub-carrier are investigated. The result is

shown in Fig. 5.10(c). The FFT size in the system is 2048 in which 1200 sub-carriers

are used to transmit data, the rest are reserved for guard bands. In this investigation,

16 non-adjacent sub-carriers are selected with equal sub-carrier index gap, the sub-

carrier indices are therefore Nindex = 1, 100, 200, ...1100. In Fig. 5.10(c), we can see the

phase offsets of constellation points on various sub-carriers are different. Constellations

on sub-carriers corresponding to low frequencies rotate slightly while constellations on

higher frequency sub-carriers experience a larger rotation. It seems that the rotation

degree is proportional to the sub-carrier index. In addition, the rotation degree of the

first sub-carrier is not zero, which indicates a fixed LO phase offset exists. It should

be noted that for each sub-carrier, constellations are not time dependent like a circle,

which further confirms no frequency offset exists. However, sampling phase offset could

also exist.

SEFDM constellation performance is evaluated in Fig. 5.11. The bandwidth com-

pression factor is α=0.8. Both constellation results before and after compensation are

illustrated. It is evident that even without AWGN, the constellation seems to be af-

fected by high interference. The reason for this is the self-created ICI introduced by

SEFDM. In Fig. 5.11(a), the scattered constellation points result in a ball, which is

totally different compared with the constellation circle shown in Fig. 5.10(a). By using

the special time-domain SEFDM compensation algorithm [45], the rotated constella-

tion points can be corrected in Fig. 5.11(b). The detailed investigations in terms of

the SEFDM channel estimation and equalization algorithms have been done in section

5.6 and section 5.7. After compensations, the 4QAM constellation points are not easy

to be recognized since it is severely affected by the self-created ICI. The interference

introduced by non-orthogonal packed sub-carriers can be mitigated using the iterative

interference cancellation scheme. In the following sections, detailed studies for each
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factors are presented including mathematical explanations and practical results.

(a) Before compensations. (b) After compensations.
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(c) Before compensation on each sub-carrier.
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(d) After compensation on each sub-carrier.

Figure 5.11: Practical constellation illustrations of SEFDM (α=0.8) amplitude/phase
distortions and its compensations in a bypass channel. Sub-carrier indexes are clearly
marked on each constellation diagrams in (c) and (d).

5.9.2 Timing Synchronization

5.9.2.1 Symbol Time Offset

In order to properly demodulate and recover OFDM signals, the exact starting point

of received data stream has to be located, which means correct symbol timing syn-

chronization is required. The effects of symbol timing offset (STO) are mathematically

presented in Table. 5.4. Note that the STO with δ in time domain results in the phase
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offset of 2πkδ/N in frequency domain, which is proportional to the sub-carrier index

and the value of δ.

Table 5.4: The effects of STO

Received signal STO (δ)

Time domain y[n] x[n+δ]

Frequency domain Y[k] X[k]ej2πkδ/N

In a practical system, the starting point of a data stream is not always located

accurately. The estimated starting point could be too early or too late. Thus, the

effects would be different. Four cases [170] are illustrated in Fig. 5.12. The first case

is that the estimated starting point is exactly the starting point of transmitted signals.

The second case is that the estimated point is a little earlier, the third one is too earlier

and the last one is a little later. It should be noted that multi-path delay is taken into

account in Fig. 5.12 where τ is the maximum time delay. In the following, we will

discuss these four different scenarios separately.

Figure 5.12: Four different cases of estimated starting point for an OFDM data stream.

Scenario 1: This is an ideal result that the estimated starting point is exactly the

beginning of a transmitted OFDM signal. In this case, the OFDM symbols can be

recovered with no compensation.

Scenario 2: This is the case that the estimated starting point is a little earlier, but
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after the multipath delay τ range. The lth OFDM symbol doesn’t overlap with the

(l − 1)th OFDM symbol, which means no ISI is introduced. We mathematically show

the frequency-domain signal after taking FFT of the time-domain received samples

xl[n+ δ] for n ∈ [0, N − 1]. The equation is expressed as:

Yl[k] =
1

N

N−1∑
n=0

xl[n+ δ]e−j2πnk/N

=
1

N

N−1∑
n=0

{
N−1∑
p=0

Xl[p]e
j2π(n+δ)p/N}e−j2πnk/N

=
1

N

N−1∑
p=0

Xl[p]e
j2πpδ/N

N−1∑
n=0

ej2π(p−k)n/N (5.38)

where the second term in (5.38) can be transformed to

N−1∑
n=0

ej2π(p−k)n/N = ejπ(p−k)N−1
N · sin[π(k − p)]

sin[π(k − p)/N ]

=

 N for k = p

0 for k 6= p
(5.39)

Substituting (5.39) into (5.38), we can get a new expression as

Yl[k] = Xl[k]ej2πkδ/N (5.40)

Observing (5.40), adjacent sub-carriers are still orthogonal while a phase offset

exists and is proportional to the STO δ and the sub-carrier index k. This would result

in constellation rotations as shown in Fig. 5.10(a). It is noted that the phase error can

be compensated using the one-tap frequency-domain channel equalizer.

Scenario 3: This is the case that the estimated starting point is too earlier than

the exact one. In this case, the lth OFDM symbol overlaps with the (l − 1)th OFDM
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symbol. Thus, both ISI (from the (l − 1)th symbol) and ICI are introduced.

Scenario 4: This is the case when the estimated starting point is a little later than

the exact one. In this case, the captured signal consists of a part of the lth OFDM

symbol and a part of the (l+ 1)th OFDM symbol. Similar to Scenario 3, both ISI and

ICI are introduced. A detailed mathematical explanation is referred to [170].

Considering our experiments and practical results from Fig. 5.10, the timing offset

in Scenario 2 exists. This is due to the fact that a ‘small’ time delay exists in cables

or wireless channels. In the experiment, timing synchronization is assisted in hardware

using a trigger signal from PXI, which is directly delivered from the transmitter to the

receiver through an internal short cable. However, the data signal is delivered through

an external long cable. Therefore, the transmission timing difference due to different

length of cables results in the timing synchronization error. Furthermore, if the signal

is delivered through an even longer cable (several kilometres), the effect of time delay

would be more serious. In that case, the effect of Scenario 3 would exist.

5.9.2.2 Compensation Schemes for STO

Based on the analysis of STO effects, STO can cause sub-carrier index dependent phase

distortion, ISI and ICI. The first effect can be removed using channel equalization while

the rest two factors cannot be corrected once it occurs. Therefore, the starting point of

an OFDM frame has to be accurately estimated. In time domain, CP is a replica of the

data in an OFDM symbol. Therefore, the correlation between the CP and the data part

can be used for STO estimation. However, this method could be affected by multipath

fading. In addition, training symbols consisting of two identical sequences are also

applicable. This method introduces overhead, but it is robust against multipath fading

effect. In frequency domain, since the phase rotation is proportional to the index of

sub-carriers, STO can be estimated by comparing phase difference between symbols on

two adjacent sub-carriers [170].
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5.9.2.3 Imperfect Timing Synchronization

In order to further verify whether LO phase offset and sampling phase offset exist in

the testbed, a specific number of received samples are manually shifted to locate the

accurate starting point. If four constellation points are clearly and properly illustrated,

which means no LO phase offset and sampling phase offset exist in the experiment.

Otherwise, compensation algorithms have to be used to remove their effects. On the

basis of the previous analysis, the estimated starting point is a little earlier than the

exact starting point. Therefore, the following shift of the data stream is in the direction

of left (advance the data stream).

1. One Sample Shift Constellation

(a) One sample shift.
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(b) One sample shift effect on each sub-carrier.

Figure 5.13: Constellation illustrations of one sample shift for OFDM.

Firstly, one sample is shifted and constellation for all sub-carriers and constella-

tion for a subset of sub-carriers are illustrated in Fig. 5.13. It seems that the

rotation is mitigated slightly but it is still a circle. Therefore, it is proved that

one sample shift is not sufficient to remove the effect of imperfect timing synchro-

nization. Finally, it should be noted that the rotation direction in Fig. 5.13(b) is

clockwise due to the fact that the estimated starting point of the stream is earlier

than the exact starting point of the data stream.
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2. Two Sample Shift Constellation

(a) Two samples shift.
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(b) Two samples shift effect on each sub-carrier.

Figure 5.14: Constellation illustrations of two sample shift for OFDM.

In this part, two samples are shifted to get constellation results in Fig. 5.14.

Constellations become better than the one in Fig. 5.13. Four points are clearly

recognized with small deviations in Fig. 5.14(a). This indicates that the imper-

fect timing synchronization effect is mitigated in some degree. The deviation is

caused by a fractional sample shift, in other words, sampling phase offset exists.

Furthermore, checking the constellation performance on each sub-carrier, It is ap-

parent that rotation is fixed and rotation degrees for each sub-carrier are almost

the same. This fixed rotation degree is caused by LO phase offset. Therefore,

it is inferred that the experimental testbed has no frequency offset (no rotation

circle on each sub-carrier); with imperfect timing synchronization (two samples

shift or maybe random); with phase offset from local oscillator; with sampling

phase offset.

3. Three Sample Shift Constellation

In order to make sure whether two sample shift is optimum, in Fig. 5.15, three

samples are shifted. However, the constellation becomes worse again. It is im-

possible to recognize four points in this case, which indicates that an imperfect
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timing synchronization is introduced again by advancing three samples. In ad-

dition, constellations on each sub-carrier are investigated, and again, rotation

degrees on each sub-carrier are different. Finally, it should be noted that the

rotation direction in Fig. 5.15(b) is anti-clockwise due to the fact that the es-

timated starting point of the stream is one sample later than the exact starting

point of the data stream.

(a) Three samples shift.
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(b) Three samples shift effect on each sub-carrier.

Figure 5.15: Constellation illustrations of three sample shift for OFDM.

5.9.3 Sampling Clock Phase Offset

Fig. 5.16 illustrates the cable connections of different modules on the front panel of PXI.

The module labelled A is the power and digital signal provider. Digital signals from a

PC will be delivered to this module via the serial interface. Module B,D,F are clock

boards which provide external 10 MHz reference signal and LO signal to the 3026C RF

signal generator and 3035C RF digitizer. Module C,G are signal receivers (digitizers)

and module E is an RF signal generator. Although there are three separate clock

boards, all the modules are synchronized by the 10 MHz reference signal from module

B attempting to establish a frequency-offset-free situation. However, phase difference

cannot be prevented since the LO frequency and sampling frequency are independently

fed to module C and module E. LO phase offset leads to fixed constellation rotation and
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Figure 5.16: Cable connections on the front panel of PXI.

its compensation is straightforward using channel compensation algorithms. However,

the sampling phase offset leads to a sub-carrier index dependent phase offset, which is

constellation circle. Its effect and compensation will be explained in the following.

Figure 5.17: An illustration of sampling clock phase offset.

After manually correcting the imperfect timing synchronization by shifting two sam-

ples in section 5.9.2.3, a deviation still exists. The reason for this comes from fractional

symbol timing offset or sampling phase offset. The principle of sampling phase offset

is illustrated in Fig. 5.17. The start sampling point of the received sample stream is

shifted by ε, which is shorter than one sample period. Thus, it cannot be compensated

in time-domain by manually shifting one sample. The phase offset in a sampling clock

can be viewed as the symbol timing error. In frequency domain, the effect is equiva-
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lent to sub-carrier dependent phase offset. Since the effect of sampling phase offset is

usually small, it is often treated as a part of imperfect timing synchronization, without

requiring any additional phase offset compensation algorithms.

5.9.4 Joint RF Effects in A Frequency Selective Channel

In this section, joint effects from both RF and the frequency selective channel are inves-

tigated. Thus, the bypass channel is replaced by the frequency selective channel, which

is described in (5.24). Results in Fig. 5.18(a) show that before channel equalization,

constellation pionts are scattered and seriously interfered with each other.

The frequency selective channel introduces both amplitude and phase distortions.

Thus, the constellation is no longer a circle and is scattered like a ‘ball’. After the

typical frequency-domain channel compensation, signals can be recovered with clear

constellation points. Comparing the results of a bypass channel in Fig. 5.10(b) and

the results in Fig. 5.18(b), it is evident that in the joint RF and frequency selective

channel scenario, the signal is slightly distorted. The frequency selective channel has

a additional negative impact on system performance. It is concluded that the joint

effect significantly affect system performance and its effect is higher than the RF effect

alone. The scattering condition can only be mitigated by using some signal detection

algorithms at receiver side.

5.10 Experimental Results

5.10.1 Experimental Conditions

This experiment is carried out based on the setup shown in Fig. 5.8. As mentioned

before, we use a single IFFT/FFT structure to generate and demodulate CA signals,

respectively. Therefore, the IFFT/FFT size is larger than the one defined in LTE

release 8. CA-SEFDM experimental system specifications are given in Table 5.5. In

this experiment, a total of 25 MHz bandwidth is used instead of the maximum (100
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(a) Before compensations. (b) After compensations.
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(c) Before compensation on each sub-
carrier.
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(d) After compensation on each sub-
carrier.

Figure 5.18: Practical constellation illustrations of OFDM amplitude/phase distortions
and its compensation in a joint RF and frequency selective scenario.

MHz) defined in LTE-Advanced. This is due to limitations of available instruments.

Therefore, 5 CCs are aggregated with 5 MHz bandwidth for each in a CA-OFDM

scenario or 7 CCs are aggregated with α× 5 MHz bandwidth for each in a CA-SEFDM

scenario. The central carrier frequency is set to be 2 GHz. Carrier frequencies of other

CCs can be obtained by shifting α× 5 MHz from the central carrier frequency. The

system may be adapted to a higher bandwidth (e.g. 100 MHz) by replacing 5 MHz CCs

with the 20 MHz ones at the expense of linear increase in complexity. A real-time LTE

fading channel is configured with the use of the VR5 channel emulator. The channel

specifications are shown in Table 5.3. Since different SEFDM symbols could experience

channels with different phase and power distortions, therefore, we totally measure 6,500

CA-SEFDM symbols and compute their average bit error rate.
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Table 5.5: Experimental system specifications

Parameters Values

Central carrier frequency 2 GHz

Sampling frequency 61.44 MHz

CA channel bandwidth 25 MHz

Values of α 1 (OFDM); 0.84; 0.72

Number of CCs 5; 6; 7

Maximum effective bit rate 20.1 Mbps; 23.5 Mbps; 27.4 Mbps

Bandwidth of one CC α×5 MHz

Sub-carrier baseband bandwidth 15 KHz

Sub-carrier spacing α×15 KHz

IFFT/FFT size 4096

Occupied sub-carriers in one CC 301

Cyclic prefix 288

Modulation scheme 4QAM

Channel coding (7,5) convolutional code

Coding rate Rcode=1/2

5.10.2 Error Performance

The iteration performance for three systems is studied in Fig. 5.19 where up to three

iterations are tested. In terms of the CA-OFDM system with 5 CCs, it is evident that

no iteration is required to get converged performance. However, for the CA-SEFDM

system with 6 CCs, with one iteration, the performance can be slightly improved.

Although the improvement is not obvious, in the following BER and effective spectral

efficiency demonstrations, one iteration is used for the 6 CCs scenario. The second

CA-SEFDM system employs 7 CCs indicating higher interference. As is shown in the

first inset of Fig. 5.19, at least one iteration has to be used in the experiment to get

converged performance.

As illustrated in Fig. 5.20, the performance in terms of BER is evaluated for three

different systems. The first CA system is based on OFDM which packs 5 CCs. The

second CA system is based on SEFDM, which can aggregate 6 CCs with each band

compressed by 16% = (1 − 0.84) × 100%. Another system packs 7 CCs with a higher

bandwidth compression corresponding to 28% = (1− 0.72)× 100%. In Fig. 5.20, it is

clearly seen that by using 6 CCs, the error performance is close (within 1.7dB) to that of
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Figure 5.19: Iteration performance for three systems in the experiment environment.

the system with 5 CCs, occupying in the same bandwidth. This proves that occupying

the same bandwidth, the CA with SEFDM scenario can transmit more data. In terms

of the CA scenario with 7 CCs, even with a high level of bandwidth compression and

therefore higher interference, the performance is still reasonably close to that of OFDM

with some limited degradation (or power penalty) shown experimentally to be below 3

dB for all Eb/No values tested.

5.10.3 Spectral Efficiency

Although CA-SEFDM introduces slight performance degradation, Fig. 5.21 shows that

CA-SEFDM outperforms CA-OFDM in terms of effective spectral efficiency, which is

defined as the non-error bits per second per Hertz that can be achieved. In Fig. 5.21,

spectral efficiencies are plotted for three different CA schemes at different Eb/No values.

The effective spectral efficiency is defined as follows:

Ra = (1−BER)×Rcode ×B(CC,OFDM) ×NCC × log2O (5.41)
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Figure 5.20: Performance of different CA-SEFDM systems operating in a real RF
environment with the LTE EPA fading channel.

B = B(CC,OFDM) ×N(CC,OFDM) (5.42)

SE = Ra/B (5.43)

where Ra is transmission data rate, B is occupied bandwidth, SE is computed spectral

efficiency, BER is the bit error rate at a specific Eb/No value, (1−BER) indicates the

probability of a non-error received bit stream, B(CC,OFDM) is the bandwidth of one

CC in OFDM, NCC is the number of CCs in either OFDM or SEFDM, N(CC,OFDM)

is the number of CCs in OFDM and O is the constellation cardinality. Therefore, the

spectral efficiency is computed as SE = Ra/B. It is apparent in Fig. 5.21 that spectral

efficiencies of CA-SEFDM with different CCs are higher than that of CA-OFDM. This is

because compared with CA-OFDM, in the CA-SEFDM scenario, more CCs are packed

in a given bandwidth.
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Figure 5.21: Effective spectral efficiency (bit/s/Hz) of different CA-SEFDM systems
computed based on the BER information in Fig. 5.20 and system specifications in
Table 7.1.

5.11 Promising Applications

Adding more antennas and increasing the occupied bandwidth of a signal are two ap-

proaches to improve data rate. However, due to terminal complexity, size and power

consumption, it is difficult to further increase the number of antennas. Therefore, band-

width extension (i.e. CA) is a better solution to achieve a high data rate transmission

over a wider bandwidth by aggregating several legacy radio resources (i.e. component

carriers). It is apparent that the data rate will scale linearly with the number of CCs.

CA not only provides a solution of high data rate transmission, but also simplifies the

receiver design. A typical OFDM symbol with a large number of sub-carriers requires

complicated channel estimation and signal detection. In a CA-OFDM scheme, the

entire spectrum is split into several CCs where simple channel estimation and signal

detection can be employed for each. Furthermore, by using the CA scheme, lower speed

DAC/ADCs are needed for each CC, which overcomes the ADC/DAC bandwidth bot-
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tleneck issue [154]. In addition, a narrow band of CC could release the challenges of

PAPR [168]. In a multiple access scenario, different users may experience different

channel conditions leading to various signal-to-interference-plus-noise ratios (SINRs).

Therefore, it would be more efficient to allow different users to select their own pre-

ferred CCs with better channel conditions. This opportunistic user scheduling refers

to multiuser diversity [187]. CA-SEFDM inherits all the mentioned advantages of CA-

OFDM and further brings new benefits. Two possible applications of CA-SEFDM are

studied in the following.

5.11.1 Scenario I - enhanced throughput (TDMA)

In an OFDM system with a time division multiple access (TDMA) scenario, users are

arranged in the time domain and the whole bandwidth is allocated to one user at one

time. In a CA-OFDM system, multiple CCs (5 CCs in this work) are aggregated leading

to a broadband service coming simultaneously from all 5 CCs. This means one user

can get 5× throughput service. In order to get a higher throughput, the solution is

either increasing the number of CCs or the total bandwidth. However, the maximum

bandwidth in LTE-Advanced is 100 MHz. Therefore, aggregating more CCs in a limited

bandwidth is a better solution. The way is to compress each CC and save bandwidth

for additional CCs. In the CA-SEFDM scenario, 7 CCs are aggregated leading to a 7×

throughput with no increase in the total bandwidth.

5.11.2 Scenario II - enhanced user multiplexing (FDMA)

The proposed compressed CA technique can also be applied in user multiplexing schemes.

As different users in the same frequency band may have different SNR or signal-to-

interference-plus-noise ratio (SINR), it would be more efficient to allow users to select

their own preferred subset of sub-carriers with better channel conditions, rather than

selecting a single user that occupies all the sub-carriers at the same time. In an OFDM

system with a frequency division multiple access (FDMA) scenario termed OFDM-

204



CHAPTER 5

FDMA (OFDMA), users are arranged in both the time and frequency domain. In this

case, all users can share the same bandwidth. By using the SEFDM technique, we may

introduce an enhanced user multiplexing scheme named SEFDM-FDMA (SEFDMA).

Taking into account the OFDMA in a CA scenario, 5 CCs can be allocated to 5 differ-

ent users at one time. However, in order to provide service to more users, CA-OFDMA

has to provide more available bandwidths. In the CA-SEFDMA scheme, we compress

each CC and integrate two more CCs in a given bandwidth. In other words, 2 more

users can be served at one time. In terms of the multiuser diversity, since more CCs

are introduced, each CC with a narrower bandwidth could experience a more flatter

frequency response over the typical one. In other words, it has more user multiplex-

ing flexibility, especially when the number of CCs increases. Our proposal is flexible

in a CA scenario since the number of CCs in a given bandwidth can be dynamically

configured based on users’ requirements and fading channel conditions.

Figure 5.22: Example of user scheduling according to channel conditions.

The main purpose of the multiuser diversity is to allow each user to select its own

preferred CCs based on their fading channel condition. Different users have different

moving speed, hence, they experience different fading channels. Fig. 5.22 illustrates
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an example that how users are scheduled according to fading channel conditions. In

order to simplify the demonstration, three users are considered. Their channel states

are shown in the figure represented by different frequency responses. The benefit of

multiuser diversity is more obvious in a CA-SEFDM scenario since the bandwidth of

each band is narrower than a band in OFDM. Therefore, the probability of experiencing

fading channel for each SEFDM band is lower than that in OFDM. It is apparent that

the radio resources are shared with different users based on different fading conditions.

More specifically, depending on the channel SINR, different CCs will be allocated to

different users. The channel user 1 experiences is marked with a black line where

two deep fading points are observed. In terms of CA-OFDM, only CC(2,4,5) can be

allocated due to their high channel SINR. The CC(1,3) are not used because of the deep

fading effect. On the other hand, for CA-SEFDM, considering the same fading channel

condition, CC(2,3,5,6,7) are available for user 1. It is because that the bandwidth of

each CC is compressed, the effect of deep fading is confined to a small bandwidth CC.

There would be more unaffected frequency resources that can be allocated to user 1.

The allocation principle is the same for user 2 and user 3. It is noted that in the CA-

OFDM scenario, both user 2 and user 3 are assigned with CC(2). It indicates only one

user (either user 2 or user 3) can be served. However, in the case of CA-SEFDM, user

2 is assigned with CC(3,5) while CC(2,3) are allocated to user 3. Therefore, in the CA-

SEFDM scenario, user 2 can use CC(5) and user 3 can use CC(2) indicating that both

user 2 and user 3 can be served simultaneously with CC(3) allocated to other users.

Based on the above analysis, it is apparent that in the same fading channel condition,

CA-SEFDM can support user 1, user 2 and user 3 while in CA-OFDM only user 1

and user 2 (or user 3) can be served. It indicates that CA-SEFDM has an enhanced

multiuser diversity leading to a more flexible multiuser scheduling ability.
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5.12 Challenges of the Soft Detector

5.12.1 Computational Complexity

To simplify the following discussions, assume oversampling factor ρ=1 resulting in

Q=N . In terms of a conventional CA-OFDM system, its experimental setup follows

the same architecture as illustrated in Fig. 5.8 except that some modules are specially

designed for CA-SEFDM. Firstly, due to the non-orthogonal packed sub-carriers in

SEFDM, a typical IFFT based modulation or FFT based demodulation cannot be

used straightforwardly. Moreover, the loss of orthogonality leads to ICI which affects

the accuracy of channel estimation. Thus, it is difficult to use a single tap frequency-

domain equalizer to compensate for multipath fading. Therefore, CSI in SEFDM is

obtained through a time-domain ZF based channel estimation and further used to

equalize distorted signals. Finally, in order to mitigate both self-created ICI and the

ICI from multipath fading, a soft detector is introduced specially for SEFDM.

The computational complexity of various signal generation algorithms is shown in

Table. 5.6. In a typical OFDM system, IFFT is an efficient method. For SEFDM,

due to the violation of orthogonality, IFFT is not applicable. Several signal generation

schemes for SEFDM are presented in Table. 5.6 with various computational complex-

ities. A direct signal generation (applied to any α) according to (2.9) is shown firstly

in the third column with a higher complexity than the IFFT one. Furthermore, in the

next column, a single IFFT of N/α length is shown with reduced complexity. Then,

a multiple IFFTs algorithm including c parallel IFFT blocks each of N points shows

its competitive computational complexity. A more efficient algorithm termed ‘pruned’

IFFT operation was specially investigated for SEFDM in [46] where redundant oper-

ations like zero padding or zero insertion are skipped. The ‘Pruned-S’ indicates the

pruned version of the single IFFT while the ‘Pruned-M’ indicates the multiple IFFTs

one. It is apparent that the complexities of all the IFFT based SEFDM algorithms are

dependent on both the number of sub-carriers N and the value of α.
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Table 5.6: Complexity in number of complex operations for different signal generation algorithms.

Operations IFFT Direct Single Multiple Pruned− S Pruned−M

Multiplications N
2 × log2N N2 N

2α × log2
N
α c× (N2 × log2N) N

2α × log2N c× (N2 × log2
N
c )

Additions N × log2N N × (N − 1) N
α × log2

N
α c× (N × log2N) N

α × log2N c× (N × log2
N
c )
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Figure 5.23: Computational complexity in terms of complex multiplication operations
for different signal generation algorithms with IFFT size equals 4096 and various α.

Fig. 5.23 shows the computational complexity in terms of complex multiplication

operations of several algorithms as a function of bandwidth compression factor α. Gen-

erally, the IFFT approach shows great benefit since it requires the least operations com-

pared with other methods. The direct algorithm requires significantly more operations

that is more than two orders of magnitude higher than the IFFT one. All IFFT-based

SEFDM algorithms exhibit great operation reductions compared with the direct one.

It should be mentioned that the computational complexities of the IFFT-based algo-

rithms vary on the basis of α. On the other hand, the IFFT and the direct approaches

are independent on α. Due to the extreme requirement of the values of N/α ∈ 2(N>0)

in the single IFFT scheme, its practical use is prohibited. Therefore, the analysis of

its complexity is not included in Fig. 5.23. It is evident that the computational com-

plexity of the multiple IFFTs algorithm increases with bandwidth compression factor.

This is attributed to the fact that the denominator (i.e. c) of bandwidth compression

factor α on the x-axis increases. It is also proved in Table. 5.6 that the complexity

is propositional to the value of c. Therefore, it is inferred that the multiple scheme
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is applicable to a bandwidth compression factor with small denominators (i.e. c). In

Fig. 5.23, in terms of the multiple algorithms including the pruned and non-pruned

versions, two peaks are displayed. The reason for this is due to the large denomina-

tor (i.e. c=25) of the bandwidth compression factors. In our experiment, in order to

demonstrate the idea of CA-SEFDM, the bandwidth compression factors are set to be

0.72 and 0.84 to satisfy the requirements of 7 and 6 aggregated CCs. In practice, the

bandwidth compression factors can be selected around 0.72 and 0.84 since adjacent

values in Fig. 5.23 show much lower complexity. In addition, the pruned version of

the multiple IFFTs algorithm shows little benefit in complexity reduction compared

to the non-pruned version. On the other hand, IFFT is a widely used algorithm in

modern communication systems (e.g. OFDM), thus, due to the use of the multiple

IFFTs algorithm, SEFDM shows its backward compatibility of OFDM.

Due to the self-created ICI, the conventional reference signals defined in LTE re-

lease 8 are not applicable to an SEFDM system. As illustrated in Fig. 5.5, a new

pattern of reference signals is designed for SEFDM where a unique time-domain chan-

nel estimation and equalization are adopted. The computational complexity of the

channel estimation and the channel equalization are highly dependent on the size of

a system. For OFDM, a fading channel is estimated in the frequency-domain and a

single tap frequency-domain equalizer is applied. Therefore, the computational com-

plexity is proportional to the number of sub-carriers. However, for SEFDM, due to

its time-domain channel estimation and equalization, the computational complexity is

determined by the size of a N × N channel matrix. It is evident that SEFDM shows

a higher computational complexity in terms of channel estimation/equalization than

OFDM.

The main difference between SEFDM and OFDM is that SEFDM has a unique soft

detector aiming to remove interference. In a normal communication system, FEC is

required to eliminate bit errors. Therefore, the BCJR decoder is a common component

to both OFDM and SEFDM. In addition, interleaving Π is an operation to improve
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the performance of error correcting codes (ECC) by permutating a bit stream to avoid

burst errors (e.g. caused by deep fading). At the receiver, a reverse operation termed

deinterleaving Π−1 is required. However, SEFDM requires an additional interleaver in

the soft detector for the purpose of iterative process. It is apparent that the interleaver

Π within the SEFDM soft detector causes additional resource consumptions. The

complexity of the FFT detector is related to Table. 5.6 since the basic operation

within the FFT detector is IFFT based SEFDM signal generation. Table 5.7 shows

the complexity of the FFT detector on the basis of the multiple IFFTs architecture.

According to the mathematical analysis in section 3.4.2, the FFT detector consists

of a simplified demodulator (3.27) and an interference generator (3.28). Additional

operation is (3.31), whilst (3.32) has no computational cost.

Table 5.7: Complexity in number of complex operations per SEFDM symbol per iter-
ation (ρ = 1)

Operations FFT Detector

Multiplications in (3.27) c× ((N/2)× log2N)

Additions in (3.27) c× (N × log2N)

Multiplications in (3.28) (c− 1)× ((N/2)× log2N)

Additions in (3.28) (c− 1)× (N × log2N)

Multiplications in (3.31) (N/2)× log2N

Additions in (3.31) N × log2N

5.12.2 Processing Latency

In addition to the added computational complexity, the soft detector introduces a time

delay due to the iterative architecture. The throughput is dependent on the number

of iterations. The higher number of iterations, the smaller the throughput is achieved.

A functional block diagram of the Turbo principle SEFDM soft detector simplified

from Fig. 3.20 is shown in Fig. 5.24. Soft information is exchanged and updated

between the FFT detector (including function A, B) and the BCJR decoder (function

C) iteratively. After several iterations, the soft information remains the same and the

converged performance is obtained.
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Figure 5.24: Functional block diagram of the Turbo-SEFDM soft detector.

Since we use a Turbo principle architecture, the interference canceller and demod-

ulator are not activated simultaneously. Considering future hardware implementa-

tion, the FFT detector can reuse demodulation (function A) and interference can-

cellation (function B) through time multiplexing. The processing timing diagram

of the reuse principle is shown in Fig. 5.25. The numbers next to the horizontal

axis indicate processing time instants. The capital letters in each block indicate spe-

cific functions labelled in Fig. 5.24 and numbers after capital letters reflect SEFDM

symbol index. In order to detect the first SEFDM symbol, the processing order is

A1→ B1→ C1→ B1→ C1, which requires 5 time instants.

Figure 5.25: Processing timing diagram of the SEFDM soft detector. One iteration is
defined by B1→B1 in this diagram.

In order to improve processing efficiency, the second symbol can be processed to-

gether with the first one. But it should be noted that A and B cannot be activated

simultaneously while A/B and C can operate at the same time. This is because A

and B share the same hardware resource, at any one time, there is only one function
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can be activated. By using this scheme, the efficiency of is improved. Due to this

reason, the second detected symbol is output at the 8th time instant. Since it is not a

fully pipelined structure, it cannot process data sequentially. The white area between

symbol 1 and symbol 2 is reserved for iterations between function B and function C. In

order to remove the white area in Fig. 5.25, a fully pipelined structure can be applied

by occupying additional hardware resources for functions A, B and C. This is a trade-

off between throughput and complexity. In particular, function A/B and function C

are active at every time instant after the 3rd time instant. Therefore, after the initial

latency (5 time instants), one SEFDM symbol is detected every 3 time instants. It

should be mentioned that the initial latency existing in the Turbo architecture is by no

means removed even using a pipelined structure.

5.13 Comparison of Single Detector and Multiple Detec-

tors

In this section, SEFDM is evaluated in the carrier aggregation scenario. Each band

is termed one component carriers (CC). The purpose of this technique is to aggre-

gate fragmented legacy LTE signal bands and obtain an extended wide bandwidth. In

the LTE standard, a 10% protection guard band is introduced to mitigate the effect

of Doppler shift. The bandwidth of the guard band is a multiple sub-carrier spac-

ing. Therefore, in the typical CA-OFDM scenario, interband orthogonality maintains

between adjacent CCs.

To detect the CA signal, two approaches can be employed. First, each CC is

detected separately by using a simple detector. Second, a single complicated detector

is used for the entire CCs. This section studies the effect of two scenarios. For CA-

OFDM, in either cases, due to the interband orthogonality, interband interference can

be avoided between the neighbouring CCs, despite the sub-carrier power leakage from

neighbouring CCs. However, this is not the case for CA-SEFDM since sub-carriers are
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non-orthogonally packed leading to interband non-orthogonality between adjacent CCs.

Therefore, this section aims to investigate the effect of the interband non-orthogonality

in the CA-SEFDM.

Systems in Fig. 5.26, Fig. 5.27 nd Fig. 5.28 are configured based on LTE release 8

[1] where 128 FFT size and 76 data sub-carriers are specified in one CC. The defined

10% protection guard band indicates 8 empty sub-carriers between neighbouring CCs.

This separation mitigates the interband non-orthogonality effect.

The multiple detectors scenario is employed in Fig. 5.26 and Fig. 5.27. Fig. 5.26

presents BER performance of each CC in terms of the α=0.84 CA-SEFDM system.

Each CC shows similar BER performance although with some fluctuations. The more

smoother BER curve is obtained by averaging over 6 CCs. The similar result is observed

in Fig. 5.27 where 7 CCs are evaluated. In order to compare the multiple detectors

scenario and the single detector scenario within the CA-SEFDM system. BER perfor-

mance of the two detection scenarios are shown in Fig. 5.28. It is evident that for

both α=0.84 and α=0.72 CA-SEFDM systems, the multiple detectors scenario and the

single detector scenario demonstrate very similar results.

In fact, the interband interference can further be eliminated using more empty

sub-carriers indicating a wider protection guard band. According to LTE release 8, a

different system specification is introduced in Fig. 5.29 where each CC employs 512

FFT size and 300 data sub-carriers. In this case, the 10% guard band approximately

occupies 33 sub-carriers. Due to the increased protection gap, the effect of the out-of-

sub-carrier power leakage from adjacent CCs is further mitigated. The performance is

shown in Fig. 5.29 where it is evident that the multiple detectors scenario shows an

improved performance which is identical to the single detector ones.
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Figure 5.26: BER performance for each CC with various iterations in the CA-SEFDM system aggregated with 6 CCs. The multiple
detectors scheme is employed. Average BER is provided by averaging BER on each CC. FFT size is 128.
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Figure 5.27: BER performance for each CC with various iterations in the CA-SEFDM system aggregated with 7 CCs. The multiple
detectors scheme is employed. Average BER is provided by averaging BER on each CC. FFT size is 128.
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Figure 5.28: The comparison of BER performance in terms of multiple detectors and a single detector for two CA-SEFDM systems.
FFT size is 128.
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Figure 5.29: The comparison of BER performance in terms of multiple detectors and a single detector for two CA-SEFDM systems.
FFT size is 512.
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5.14 Conclusions

This chapter presents a practical experiment of the Turbo-SEFDM system in the LTE-

Advanced scenario. Its principle is introduced followed by some key digital signal

processing algorithms. Practical challenges are considered in the chapter where multi-

path effect, imperfect timing synchronization, sampling phase offset, LO phase offset

and their joint impairments are experimentally studied. A realistic wireless channel is

considered, with added noise and multipath fading which includes amplitude attenua-

tion, phase distortion and propagation delay, since in a real RF environment, several

distortions exist and their effects are not negligible. Impairments are demonstrated

in the chapter in the form of constellation diagrams and spectra, which are useful to

understand these effects and mitigate them. An experimental demonstration of an

LTE-like SEFDM signal transmission over a realistic LTE EPA5 fading channel is pre-

sented. The SEFDM signal is constructed following the LTE downlink physical layer

specifications, with a specially designed modification to allow for channel estimation.

Performance is compared to signals with LTE specifications testbed in a realistic radio

frequency (RF) environment. The testbed works at a 2 GHz frequency band and sig-

nal bandwidth is up to 25 MHz. The LTE VR5 multipath fading channel is adopted

and the ZF based channel estimation/equalization is used to compensate for channel

distortions. RF effects like phase offset and imperfect timing synchronization exist

in the testbed. In addition, joint effects from the PXI and the channel emulator are

investigated. All the mentioned effects can be compensated by using the ZF channel

estimation/equalization.

Using signal structure based on LTE-Advanced and through some modifications of

the pilot symbol structure, this work shows experimentally that compressing the sub-

carrier spacing within each CC by 16%, a CA-SEFDM system can integrate 6 CCs into

the same 25 MHz bandwidth used for a CA-OFDM system with 5 CCs. Moreover,

with further compression by 28%, one more CC can be aggregated. The superiority of

CA-SEFDM is demonstrated by comparing it to CA-OFDM. Furthermore, two possible
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scenarios are described for future applications of CA-SEFDM. These can be applied

either by transmitting more data in a given bandwidth or allowing more users to share

the same bandwidth. The CA-SEFDM scheme inherits all the benefits of CA-OFDM

and introduces extra benefits such as low PAPR, relaxed requirements of DAC/ADC

and enhanced multiuser diversity.
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Applications of Filtering in

SEFDM: Nyquist-SEFDM

6.1 Introduction

Due to the scarcity of physical radio resources, cognitive radio (CR) was proposed to

utilize frequency bands more efficiently, effectively improving the spectral efficiency. In

a real wireless communication scenario, radio spectrum is not always occupied. The

unused portion of the radio spectrum is termed “spectrum hole”. More specifically,

the spectrum hole is defined that in a period of time, the licensed spectrum assigned

to a primary user (PU) is not utilized. Meanwhile, the unlicensed radio resources are

overly used due to open access. In order to balance the workload and further improve

spectral efficiency, CR allows secondary users (SUs) to access spectrum holes that are

unutilized by PUs in a particular time period. In a CR scenario, an SU firstly detects

available spectrum holes and then adopts a proper modulation scheme, signal band and

transmission power to minimize the interference to PUs. In addition, a frequency gap

is reserved between a PU and a SU to mitigate the interference.

Fig. 6.1 illustrates two CR scenarios. Assuming two PUs and the presence of a spec-

trum hole. In the first scenario, an SU with OFDM waveform is tested. It is apparent
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Figure 6.1: CR spectra occupation for both OFDM and SEFDM scenarios.

that due to the high out-of-band leakage of the OFDM spectrum, the SU introduces

interference to the two PUs. In the second scenario, bandwidth is compressed in the

SU-SEFDM. Thus, the frequency gap between the two PUs and the SU is expanded

leading to a significant interference power reduction. This demonstrated the benefit of

SEFDM in cognitive radio scenarios.

In [63] we reported that integrating more signal bands in a given bandwidth provides

an efficient way to tackle the shortage of radio spectrum. The principle of a typical

multiband OFDM system is to partition the entire signal band into multiple sub-bands

where interband orthogonality remains between adjacent sub-bands. However, this is

not the case for SEFDM systems since sub-carriers are no longer orthogonally packed,

interband non-orthogonality is introduced. Moreover, the use of rectangular pulses in

typical SEFDM systems results in high out-of-band power leakage and consequently in

interference to adjacent frequency bands. Thus, a frequency gap has to be used as a

protection gap which reduces spectral efficiency. Recently, a spectrally efficient con-

cept, employing an root raised cosine (RRC) pulse shaping filter for each sub-carrier,

demonstrated significant reduction of out-of-band power leakage, when applied to the

multicarrier system termed GFDM [137]. However, because of the RRC filter shaping

effects, ICI is introduced. Work in [137] has verified that with the assistance of a succes-

sive interference cancellation scheme, GFDM can achieve the same BER performance as

that of the rectangular pulse shaped OFDM. Another filtering based system is FBMC.

It copes with the ICI challenge by using OQAM [134] modulation scheme, where the

real and imaginary parts of QAM complex symbols are separated by delaying the imag-
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inary branch of a QAM symbol by half of symbol duration before passing through the

pulse shaping filter. Thus, no successive interference cancellation is needed. It should

be noted that contrary to SEFDM, the sub-carrier spacing of the GFDM/FBMC sys-

tems is still equal to the symbol rate. Since the out-of-band power is significantly

suppressed in GFDM/FBMC, it would be spectrally advantageous to reduce the sub-

carrier spacing below the symbol rate and reduce the out-of-band power at the same

time. Therefore, the motivation of Nyquist-SEFDM is to create a spectrally efficient

(i.e. saving bandwidth) system with reduced out-of-band power.

The comparisons of existing techniques are shown below indicating the motivation

of work in this chapter, namely the application of filtering in SEFDM.

• OFDM. An existing 4th generation technique, has shortcomings such as high

out-of-band power leakage.

• FBMC and GFDM. New physical layer multicarrier modulation schemes, em-

ploy novel pulse shaping filtering to each sub-carrier to cope with the aforemen-

tioned OFDM shortcomings.

• SEFDM. UCL designed bandwidth compressed multicarrier technique, com-

presses sub-carrier spacing below the symbol rate leading to improved spectral

efficiency.

• Nyquist-SEFDM. A combined technique of Nyquist systems (similar to FBMC

and GFDM) and SEFDM, saves bandwidth and reduces out-of-band power leak-

age. The reduced out-of-sub-carrier power leakage could simplify detection of

SEFDM signals.

6.2 Methodology

This work aims to constrain the interference distributed across the SEFDM signal band

only to neighbouring sub-carriers, hence simplifying signal detection. In a typical non-
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shaped SEFDM system (i.e modulating signals are assumed to be ideally rectangular

with sinc spectra), ICI is a result of all sidelobes of all non-orthogonally packed sub-

carriers, due to the infinitely long sidelobes of the sinc spectra [99]. Optimizing the

pulse shape and corresponding spectrum will be a reasonably simple, yet untested,

approach to limit the interference in SEFDM.

(a) No shaping. (b) RRC shaping.

Figure 6.2: Single sub-carrier spectra of no shaping and RRC shaping. The roll-off
factor of the RRC filter is γ=0.5 and the filter is truncated to six symbols.

The spectra of a non-shaped sub-carrier and an RRC shaped sub-carrier are shown

in Fig. 6.2(a) and Fig. 6.2(b), respectively. It is apparent that the RRC shaped

spectrum has a much lower out-of-band power leakage. The out-of-band power in Fig.

6.2(a) is approximately 25 dB below the spectral peak. Using RRC pulse shaping, in

Fig. 6.2(b), such out-of-band power leakage is reduced by a further 28 dB. This com-

parison indicates that the interference from an RRC shaped sub-carrier is significantly

reduced and it may only affects adjacent sub-carriers.

The idea of the Nyquist-SEFDM is illustrated in Fig. 6.3 where spectra of different

systems are illustrated for the purpose of comparison. Fig. 6.3(a) is a typical OFDM

spectrum with rectangular pulses, carrying 100 Msymbols/s, over 100 MHz bandwidth.

The out-of-band power is approximately 15 dB below the spectral peak. Using RRC

filtering, in Fig. 6.3(b), such out-of-band power leakage is reduced by a further 27

dB. Finally, for the same data rate, a rectangular pulse shaped SEFDM is shown
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(a) Rectangular shaped OFDM. (b) RRC shaped OFDM.

(c) Rectangular shaped SEFDM. (d) RRC shaped SEFDM.

Figure 6.3: Bandwidth saving and out-of-band power reduction comparisons for various
signals. Using the same number of sub-carriers, the bandwidth is compressed by 28% in
SEFDM systems, the roll-off factor of the RRC filter is γ=0.5 and the filter is truncated
to six symbols.

in Fig. 6.3(c) where the bandwidth is compressed to 72 MHz while the out-of-band

power is reduced to -18 dB. This indicates that SEFDM is better than OFDM in both

bandwidth saving and the out-of-band power suppression. Furthermore, the Nyquist-

SEFDM spectrum is shown in Fig. 6.3(d) where the out-of-band power leakage is

around -45 dB (i.e. the lowest one) over a 72 MHz compressed bandwidth.

Fig. 6.4 examines the characteristics of RRC time pulses. A sequence of 5 bits

(10111) shaped with sinc pulses is used as an example. A perfect RRC pulse has

infinite filter length. In order to make it realizable, a truncated version is desirable for

the purpose of reducing computational complexity. The filter length or in other words

the number of filter taps affects the frequency response. With fewer taps, more leakages

225



CHAPTER 6

are introduced. The out-of-band power does not drop down as far as the one with large

number of filter taps. In this figure, six symbols are truncated as the length of the

RRC filter. In the first time instance as shown in Fig. 6.4(a), a positive sinc shaped

pulse is used to represent a bit ‘1’. After T symbol period, a time shifted negative

sinc shaped pulse is illustrated in Fig. 6.4(b) to signify a bit ‘0’. The overlapped pulse

shaped signal is shown in Fig. 6.4(f). It is inferred from Fig. 6.4(f) that one individual

pulse is overlapped and affected by adjacent pulses. But at the center of each time

pulse, all other time pulses have zero amplitudes indicating no ISI. At the center of the

first pulse (sample index=32×3=96), assume the signal amplitude is A. For the second

pulse, at the center of the pulse (sample index=32×4=128), the amplitude is assumed

to be -A. Since there is no ISI at the center of each sinc pulse, thus, in Fig. 6.4(f), at

sample index=96 and sample index=128, the amplitudes are A and -A, respectively.

6.3 Interference Comparisons

In order to show the benefit of pulse shaping in SEFDM, Fig. 6.5 illustrates three-

dimensional plots of interference patterns for various systems. The left hand side of

the figure shows interference patterns for OFDM and SEFDM systems with no signal

shaping. The right hand side of the figure shows corresponding interference patterns

when RRC pulse shaping is used with roll-off factors γ=0.5. The numbers on the X-axis

(indexed by x) and the Y-axis (indexed by y) correspond to sub-carrier indices. Both

x and y scale range from 1 to N . The X-Y plane indicates the correlation between

sub-carriers. The numbers on the Z-axis (indexed by z) indicate absolute values of

the correlation coefficients. It should be noted that the auto correlation coefficients

are denoted by I(x, x) and the cross correlation coefficients are I(x, y) indicating ICI.

For clarity of the figures the number of sub-carriers is limited to N=16 and the auto

correlation elements are removed (i.e. I(x, x)=0), thereby only the cross correlation

values are shown.
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(a) 1st pulse.
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(b) 2nd pulse.
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(c) 3rd pulse.
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(d) 4th pulse.
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(e) 5th pulse.
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(f) Overlapped pulse.

Figure 6.4: Transmitting a sequence (1 0 1 1 1) by shaping each bit as a sinc pulse.
The number of sub-carrier is 16, oversampling factor is 2, and sps (sample per symbol)
for each span (symbol) is 32. The filter is truncated to be six symbols.
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Figure 6.5: Three-dimensional interference comparison. (a) OFDM; (b) SEFDM
α=0.84; (c) SEFDM α=0.72 and (d) OFDM with RRC shaping; (e) SEFDM α=0.84
with RRC shaping; (f) SEFDM α=0.72 with RRC shaping.

Fig. 6.5(a) expectedly shows no interference for the case of OFDM. Fig. 6.5(b)

illustrates a non-shaped SEFDM system with 16% bandwidth compression (α=0.84).

It is apparent that the interference is no longer zero and its values fluctuate since sub-

carriers are no longer orthogonal. The interference levels clearly vary with the index

(i.e frequency location) of the sub-carriers with highest levels evident for adjacent sub-

carriers (at the center of the X-Y plane). The interference in a higher bandwidth

compressed SEFDM system with 28% bandwidth compression (α=0.72) is shown in

Fig. 6.5(c), where higher levels are noticed (relative to the two figures above) as the

sub-carriers become more tightly packed and therefore interfere with higher powers
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across the overall frequency band. Clearly, further bandwidth compression will result

in more interference both from adjacent and non-adjacent sub-carriers.

When RRC pulse shaping is applied to an OFDM system in Fig. 6.5(d), limited

levels of interference appear but only at the two adjacent sub-carriers. This is in

contrast to the case of Fig. 6.5(a) where zero interference appears when no shaping

is applied. Comparatively, when applying RRC pulse shaping to SEFDM, interference

levels increase in proportion to the bandwidth compression levels as shown in Fig.

6.5(e) and Fig. 6.5(f). However, the interference becomes limited only to the adjacent

sub-carriers, unlike the non-shaped SEFDM cases of Fig. 6.5(b) and 6.5(c), where

interference occurs across all the sub-carriers space. Hence, advantageously moving

away from the adjacent sub-carriers, interference is eliminated, even for the higher

bandwidth compression case of Fig. 6.5(f).

6.4 Transceiver Design

6.4.1 Transmitter of Nyquist-SEFDM

A block diagram of the Nyquist-SEFDM transmitter is depicted in Fig. 6.6(a). Two

scenarios are studied in this work. In scenarios A (uncoded scheme), the binary bit

stream is directly mapped into QAM symbols. In scenarios B (coded scheme) [59], the

binary bit stream is firstly convolutionally encoded in the encoder and then permuted

through a random interleaver Π. After that, complex symbols are obtained in the

QAM mapper. Further processing is the same for both scenarios. After serial to

parallel conversion, one data stream S is divided into N parallel branches; the nth

branch is denoted as Sn. In one branch, the complex data stream Sn = [sn,0, sn,1, ...] is

up sampled by a factor of Q leading to a new complex data vector Wn = [wn,0, wn,1, ...]

which is defined as

Wn[k] =

 Sn[ kQ ] k mod Q = 0

0 otherwise
(6.1)
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(a) Transmitter.

(b) Receiver.

Figure 6.6: Block diagram of the Nyquist-SEFDM transceiver.
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Thereafter, Wn is convolved with g(m), which is the impulse response of each of the

RRC filters, truncated to L symbols where each one contains Q samples. Therefore.

The order of each filter is U = Q× L indicating m = [0, 1, ..., U − 1] and the output of

each is Yn, expressed as

Yn = Wn ∗ g(m) (6.2)

where ∗ denotes convolution. After filtering, the pulse shaped data is up converted to

sub-carrier frequency fn.

Unlike rectangular pulse shaped systems, clearly the samples of one symbol no

longer have equal values in the RRC filtered systems. Therefore, in Fig. 6.6(a), a

Q×Q data block is introduced to buffer Q samples from each branch every T period.

Assuming the data stream after the pulse shaping operation on the nth branch is Yn =

[yn,0, yn,1, ...], the Q×Q data matrix is defined as

Y =



y0,0 y0,1 · · · y0,Q−1

y1,0 y1,1 · · · y1,Q−1

...
...

...
...

yN−1,0 yN−1,1 · · · yN−1,Q−1

0 0 · · · 0

...
...

...
...

0 0 · · · 0



(6.3)

where yn,k indicates the kth sample on the nth sub-carrier frequency (branch). One row,

[yn,0, yn,1, ..., yn,Q−1] contains time samples that will modulate one specific sub-carrier

of frequency fn and is defined as one sample vector. One column, the frequency vector

[y0,k, y1,k, ..., yN−1,k, ..., 0]tr of the data matrix contains time samples to be modulated

at all carrier frequencies. The notation tr indicates the transpose operation. It should

be noted that Q − N additional branches are introduced via padding Q − N zeros at

the end of each frequency vector.
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The up conversion of each branch is done by

X[k] =

Q−1∑
n=0

yn,k· exp(
j2πnkα

Q
) (6.4)

where n, k = [0, 1, ..., Q− 1]. The operation in (6.4) can be efficiently realized by IFFT

either for OFDM (α=1) or SEFDM (α <1) [46]. In a rectangular pulse shaped system,

the size of the data block isQ×1, since the elements of the sample vector [yn,0, ..., yn,Q−1]

have constant amplitude. Therefore, a single IFFT is operated every T time period.

However, for the Q×Q data matrix, a single IFFT has to be activated every T/Q time

period, requiring a higher processing speed IFFT. Alternatively, a single higher speed

IFFT can be replaced by Q parallel lower speed IFFTs, which relaxes the requirement

of processing speed at the expense of increased resource consumption.

It should be noted that the IFFT returns results for each column of the data block

matrix. Therefore, a Q×Q matrix YIFFT is obtained after the IFFT processing. How-

ever, the useful data is only the diagonal elements of the matrix. Thus, extracting the

diagonal elements from YIFFT is required to give the transmitted signal X as

X = diagonal{IFFT (Y)} = diagonal{FY} (6.5)

where the right hand side of (6.5) simply means that the process is equivalent to

extracting the diagonal elements from sampled sub-carriers matrix F modulated by Y.

Alternative and faster techniques for generating the same signals are given in [46]

and utlize a pruned IFFT algorithm that can remove the redundant operations leading

to reduced complexity.

6.4.2 Receiver of Nyquist-SEFDM

To illustrate the concept, a simple AWGN channel is used in this work. A block

diagram of the Nyquist-SEFDM receiver is shown in Fig. 6.6(b). After propagating in
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an AWGN channel, the received signal is expressed as

R = X + Z (6.6)

where R = [r0, r1, ...rQ−1] is the received signal and Z denotes AWGN.

As shown at the transmitter side, the transmitted symbols X are the diagonal

elements extracted from the Q×Q IFFT operated matrix YIFFT . Therefore, before the

FFT operation at the receiver side, a diagonal matrix such as (6.7) is required to be

built for every Q samples.

D =



r0 0 · · · 0

... r1 · · · 0

...
...

. . .
...

0 0 · · · rQ−1


(6.7)

Then, the demodulation can be expressed as:

ȳn,k = rk· exp(
−j2πnkα

Q
) (6.8)

where ȳn,k is an element of matrix Ȳ and n, k = [0, 1, ..., Q − 1]. It should be noted

that a Q-point FFT can be used in (6.8) either for OFDM (α=1) or SEFDM (α <1)

[46]. Furthermore, (6.8) can be rearranged in a matrix form as:

Ȳ = FFT (D) = F∗D (6.9)

where F∗ is the conjugate of the sub-carrier matrix F. It should be noted that the

computational complexity can be reduced by skipping zero elements within the matrix

D using the pruned FFT [46]. After the FFT, the last Q−N elements of each output

vector are ignored. Then, RRC filters identical to those used at the transmitter with

g(m), operate on the signals of each branch as in (6.10). This is followed by the down

sampling operation as shown in (6.11).
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W̄n = Ȳn ∗ g(m) (6.10)

S̄n[k] = W̄n[Q× k] (6.11)

Utilizing a hard decision module, initial estimates Ŝ are obtained. ISI and ICI

exist in Nyquist-SEFDM due to the combine use of the RRC pulse shaping filter and

the less than symbol rate packed sub-carriers. In order to obtain better BER perfor-

mance, interference cancellation is required to remove the ICI effect. In a rectangular

pulse shaped SEFDM system, interference to one sub-carrier comes from all other sub-

carriers. However, for an RRC pulse shaped SEFDM system, due to the reduced out-

of-band power, interference is mostly limited to neighbouring two sub-carriers resulting

in relatively simplified interference cancellation.

The interference cancellation (IC) includes two stages. The first stage is a general

IC module (stage-1 IC) and the second stage is a specially designed module (stage-2 IC)

for Nyquist-SEFDM. Interference imposed on the nth branch comes from the (n− 1)th

and the (n+ 1)th branches. Data streams Ŝn−1 and Ŝn+1 are extracted after the hard

decision. After the up sampling and pulse shaping operations, two sequences are up

converted to frequencies fn−1 and fn+1 multiplying with e
j2π(n−1)kα

Q and e
j2π(n+1)kα

Q ,

respectively. This process is to model the interference superimposed on the targeted

signal on the nth branch. Therefore, before the demodulation of the received signal, R,

interference is subtracted as

Rn = R− In−1 − In+1 (6.12)

where Rn is the interference cancelled signal on the nth branch, In−1 is the modulated

signal from the (n − 1)th branch and In+1 is the (n + 1)th branch. After that, the

interference cancelled data stream is down converted to baseband by multiplying Rn

with e
−j2πnkα

Q . After the subsequent pulse shaping and down sampling operations, the

recovered data stream ¯̄Sn is obtained. The same interference cancellation operation
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inside the stage-1 IC is repeated for the rest of N − 1 branches. The stage-1 IC is

very similar to the two-sided SIC proposed for GFDM [137]. However, unlike GFDM,

the additional interference in SEFDM has to be removed using a specially designed

SEFDM detector termed stage-2 IC.

Two scenarios are demonstrated in Fig. 6.6(b). The iterative soft demapping

scheme termed ID in [52] is evaluated as the scenario A, with uncoded data. An

adaptive decision threshold ∆d is preferred. The principle of the ID scheme is firstly to

decide less distorted symbols and then recover highly distorted symbols on the basis of

the decided ones. It is concluded from [52] that the decision of one symbol is dependent

on the recovered symbols from previous iterations. In order to improve the reliability

of a decision after each iteration, coded data is used with Turbo equalizer [141][58]

in scenario B, to improve the reliability of symbol decisions iteratively. Thus, BER

performance is improved.

6.5 Performance Comparisons

This chapter aims to demonstrate the concept of the Nyquist-SEFDM. Therefore, a

Nyquist-SEFDM system with 64 data sub-carriers and 4QAM modulation scheme is

investigated in an AWGN channel. The efficacy of signal shaping of SEFDM is studied

through simulating the error performance of different systems in two scenarios. Two

specific bandwidth compression factors are selected according to the work [63]. For

a more realistic wireless environment like multipath fading, an SEFDM experimental

testbed has been recently reported in [63].

The RRC filter design is beyond the scope of this work. But it is necessary to

evaluate the effect of different roll-off factors. The filter in this work is truncated to

six symbols. In Fig. 6.7, the RRC pulse with γ=0.5 has the best performance. The

performance becomes worse at both high and low γ. At high γ, more excess bandwidth

is introduced leading to increased ICI. At low γ, more ISI is introduced due to the filter

truncation. Therefore, in the following simulations, the roll-off factor γ is set to 0.5.
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Figure 6.7: BER versus roll-off factors γ (scenario B).
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(b) Iteration performance.

Figure 6.8: Performance (scenario A) for different pulse shaped systems.

Due to the use of RRC filter, interference is introduced in both Nyquist-OFDM

and Nyquist-SEFDM systems. It is shown in Fig. 6.8(a) that four iterations are

needed for the uncoded Nyquist-OFDM system to get converged performance. For

Nyquist-SEFDM, more iterations are required to cope with the additional interference

resulting from extra interference introduced by the closer packing of sub-carriers. The

iteration numbers for different Nyquist-SEFDM systems are investigated in Fig. 6.8(b)

where with 20 iterations and α=0.84, the performance approaches the theoretical one

at around Eb/No=7dB. However, for α=0.72, even with 20 iterations, the performance

is far away from the theoretical 4QAM one. This is due to the fact that with smaller

α (i.e. higher bandwidth compression), more ICI is introduced in the system. This
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Figure 6.9: Performance (scenario B) for different pulse shaped systems.

may be taken as a limitation of uncoded Nyquist-SEFDM when lower values of α are

considered.
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Figure 6.10: Convergence performance (scenario B) for full-REC and partial-REC sys-
tems.

The coded technique is studied and results are evaluated in Fig. 6.9. It is appar-

ent that for both Nyquist-OFDM and Nyquist-SEFDM systems, the required iteration

numbers are reduced significantly. This is due to the fact that more reliable esti-
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mates are obtained after each iteration leading to an improved convergence speed. It

is apparent that at BER=3×10−5 the performance gap between the α=0.84 and the

Nyquist-OFDM one is approximately 0.3 dB. For α=0.72, the gap is 1.2 dB.

In a typical rectangular pulse shaped SEFDM system, interference to one sub-carrier

comes from the rest N-1 (i.e. N is the total number of sub-carriers) sub-carriers. A signal

detector has to cancel interference from the N-1 sub-carriers, which is complex. In the

newly proposed Nyquist-SEFDM system, interference is constrained to neighbouring

two sub-carriers leading to a much simpler interference cancellation scheme.

In order to demonstrate the effect of adjacent and non-adjacent interference, in

Fig. 6.10, both full and partial signal detection are evaluated in terms of convergence

behaviour for REC pulse shaped SEFDM systems. The full signal detection indicates

that interference is removed from the N-1 sub-carriers while the partial signal detection

means that only neighbouring interference is removed. The performance is tested at

Eb/No=5dB. In Fig. 6.10(a), for both SEFDM with α=0.72 and 0.84, two iterations

are sufficient to get converged performance. In Fig. 6.10(b), partial signal detection is

evaluated for the same systems. One iteration is required for α=0.72 SEFDM while two

iterations for α=0.84 SEFDM. It is clearly seen that the BER gap between SEFDM

and OFDM in the partial-REC scenario is increased significantly compared to the full-

REC scenario. Fig. 6.10 proves that interference to one sub-carrier comes not only

from neighbouring sub-carriers but also from N-1 sub-carriers. In other words, for a

rectangular pulse shaped system, interference has to be removed from N-1 sub-carriers.

Based on the iteration information obtained from Fig. 6.10, Fig. 6.11 compares

different systems in terms of BER performance. In Fig. 6.11(a), it is apparent that the

full-REC detection scheme without pulse shaping shows the best result since all the

interference has been removed. When partial-REC detection scheme is applied, error

performance suffers several dBs of degradation. However, when RRC shaping is used,

applying the partial detection results in close performance to the one achieved using

the full detection without signal shaping.
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Figure 6.11: Performance comparisons for different systems with full/partial signal
detection schemes in scenario B.

The same results are observed for α=0.84 in Fig. 6.11(b). However, due to the

relaxed bandwidth compression compared to that in Fig. 6.11(a), the performance

gap is narrowed and the required iteration number to achieve converged performance

is reduced. The same comparison is studied for OFDM systems in Fig. 6.11(c). Due

to the orthogonal property in an REC pulse shaped OFDM system, ICI doesn’t exist.
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Thus, the full-REC signal detection and the partial-REC signal detection shows the

same BER result. In terms of an RRC pulse shaped OFDM system, because of pulse

shaping filters, interference is re-introduced. Thus, it requires one iteration to get

converged performance. To sum up, using RRC shaping results in interference limited

to adjacent sub-carriers, which can be removed easily at the receiver with minimal

performance degradation.

It can be seen from Fig. 6.11 that a narrow performance gap exists between the

partial-RRC scheme and the full-REC scheme in both OFDM and SEFDM systems. It

is because in Nyquist systems interference mainly comes from neighbouring sub-carriers.

Therefore, the interference is only cancelled from two sub-carriers, which may not be

sufficient. In addition, for Nyquist systems, joint effects from bandwidth compression

factor α, roll-off factor γ, filter size and the number of detection iterations could affect

the final performance, which needs further investigations.

6.6 Coexistence of 4G and Promising 5G Signals

The benefit of Nyquist-SEFDM is experimentally demonstrated in Fig. 6.12 where

a non-shaped SEFDM signal and an RRC shaped SEFDM signal are compared. The

bandwidth compression factor is set to α=0.72 which is derived from previous work [63].

It is apparent that the RRC pulse shaped SEFDM signal outperforms the non-shaped

SEFDM signal in terms of the out-of-band power leakage by over 20 dB.

In Chapter 5, an LTE-Advanced technique, termed CA, has been explained and

showed that it can aggregate multiple legacy radio bands to support higher data rates.

However, typical rectangular signals (i.e. no signal shaping) are specified in LTE-

Advanced. The high out-of-band power leakage of one CC poses harmful interference

to adjacent CCs. Thus, a 10% protection gap is inserted between adjacent CCs re-

sulting in an inefficient spectrum utilization. Using the pulse shaping concept in the

CA scenario, the out-of-band power leakage of a CC would be reduced. Thus, the 10%

protection gap could be removed leading to further improved spectral efficiency. Con-
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Figure 6.12: Measured spectra of SEFDM systems with two pulse shaping schemes.
The center frequency is 2 GHz.

clusively, applying RRC pulse shaping in SEFDM is therefore beneficial in two aspects;

it simplifies signal detection by reducing interference without degrading performance

and improves spectral efficiency through out-of-band power suppression.

Practical evaluations of the proposed Nyquist-SEFDM are presented here in a car-

rier aggregation scenario. Signal is generated on the basis of the system block diagram

in section 6.4.1. The reception part of Nyquist-SEFDM is skipped in this section due

to multipath channel and RF challenges. The multipath effect is a complicated issue

since both amplitude and phase can change at the same time. But using CP assistance,

this issue would be solved. In addition, as explained in section 5.9, the testbed we are

using introduces LO phase offset, sampling phase offset and phase errors from imperfect

timing synchronization. These effects are equivalent to frequency-domain phase rota-

tion. Since the phase rotation is proportional to sub-carrier frequency, the effect can

be compensated using a frequency-domain equalization method as explained in [170].

This section will show the Nyquist-SEFDM signal effect on existing 4G signals. The

coexistence experimental testbed is shown in Fig. 6.13 where the left inset is a real

testbed setup and the right one is a framework illustration. In order to operate the

experiment, two PXIs are required. The configurations of the two PXIs are shown in

Table 6.1 where they have different carrier frequencies. One PXI is used as the signal

transmitter for existing LTE OFDM signals and the other one is for promising 5G
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Figure 6.13: Practical 4G and 5G coexistence testbed setup.

signals. It should be noted that the 5G testbed configuration is flexible and it is easily

reconfigured to another signal standards. The experiment here is to test the out-of-

band power effect on existing 4G signals. Therefore, two signals would be aggregated

very close with a 10% protection gap, which has been defined in LTE. Four aggregation

scenarios are illustrated in Fig. 6.14 where they are noted as A,B,C,D.

Table 6.1: Experimental Testbed Specifications

Parameters 4G Testbed(OFDM) 5G Testbed

Sampling rate (MHz) 30.72 30.72

Carrier frequency (GHz) 2 2.018

Bandwidth (MHz) 18 15

FFT size 2048 128

Sub-carrier bandwidth (kHz) 15 240

Symbol rate per sub-carrier (kS/s) 15 240

Sub-carrier spacing (kHz) 15 240×α
Roll-off factor γ None 0.5

• Scenario A:

In this scenario, a future 5G signal format is assumed to be OFDM signal. A

10% protection gap, which is equal to 1.5 MHz, between the two signal bands

is reserved. The right hand side spectrum clearly shows its out-of-band power

242



CHAPTER 6

leakage. Constellation is the performance criteria that judges the interference

effect. As explained above, at this stage, the defined 5G signal would not be re-

covered and the existing 4G signal performance would only be evaluated. Thus,

the constellation on the right corresponds to the 4G signal band. In this compar-

ison, we employe a bypass channel, which indicates no AWGN and no multipath

effects. However, the constellation points are scattered, which is caused by the

high out-of-band power leakage from the 5G signal band.

• Scenario B:

The newly proposed Nyquist-OFDM signal is aggregated as the 5G candidate

signal in this scenario. The protection gap is still 1.5 MHz. The out-of-band

power leakage of this signal is significantly reduced. Therefore, the adjacent

channel interference is therefore reduced. It can be observed from the right hand

side signal spectrum. The constellation attached on the right also shows the

significantly improved performance.

• Scenario C:

This is the case that a typical SEFDM signal is designed for the 5G band. The

protection gap is increased to 3 MHz due to the compressed bandwidth of the

SEFDM signal band. The high out-of-band power leakage still exists since no

pulse shaping is used. However, the effect would be mitigated in some degree. It

is evident that the out-of-band power is not flat, which is inversely proportional

to the frequency. This is due to non-ideal analogue filters. The benefit of using

SEFDM signal in this case is that lower out-of-band interference power would be

added to the 4G signal band due to the bandwidth compression. This can be

observed from the corresponding constellation diagram. Although it is not clear,

the scattering of each constellation point is mitigated.
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Figure 6.14: Four carrier aggregation scenarios for 4G and 5G signals coexistence test-
ing.

• Scenario D:

In the last scenario, we finally tested the newly proposed Nyquist-SEFDM signal,

which compresses bandwidth and reduces out-of-band power leakage simultane-

ously. From the illustrated spectrum, the protection gap between two signal bands

are extended. In a future system design, due to the extra bandwidth bonus, the

right signal band could be shifted closer to the first signal band. Thus, the overall
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occupied bandwidth would be compressed. The reduced out-of-band power ben-

efit of this scenario is demonstrated in the constellation diagram, which is similar

to the one in scenario B.

6.7 Over-the-Air Testing Using Software Defined Radio

Devices

Experimental work discussed below is based on two independent USRP RIO 2953R

platforms [188]. The actual setup, shown in Fig. 6.15, is designed to test the coexistence

of SEFDM signal and LTE signal. LTE framework [189] is used as a tool to evaluate

the proposed waveform. In this case, two USRPs, one implements SEFDM transceiver

while the other one implements the LTE framework transceiver, are used to transmit

over the air asynchronously operated.

Figure 6.15: Double SEFDM/OFDM testbeds setup using USRP RIO for the evalua-
tions of coexistence of SEFDM and LTE signals.
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Figure 6.16: Coexistence of SEFDM/OFDM and LTE signals in a bandwidth limited
scenario shown at baseband frequency.

Figure 6.17: Coexistence of pulse shaped SEFDM/OFDM and LTE signals in a limited
spectrum hole shown at baseband frequency.

The main benefit of this testbed is that the entire SEFDM system can be jointly

implemented in software and hardware. LabVIEW is the software tool that implements

part of the functions aligning with the FPGA integrated in the USRP RIO platform. A

computer is connected to the USRP RIO and is used to generate the digital signals to

be transmitted and to process received digital signals. The analogue signal processing

is integrated in the USRP RIO device. The wireless signal transmission link is set up

between USRP RF0 out port and RF1 in port via two omnidirectional antennas on

each USRP with a 8 dBi peak gain in the azimuth plane. Two antennas are arranged

with a line-of-sight (LOS) link and the spacing between the two antennas is 12cm and

the antennas are placed 0.8 m above the floor. Two sets of Tx/Rx antennas are spaced

approximately 14cm. Thus, possible interference would occur on RX ports of both
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USRPs. Host A is for user defined SEFDM/OFDM signal generation and reception.

The measured results include spectrum and interference effect. Host B is for LTE

standardized signal transmission and reception. The physical USRP setup is shown

in Fig. 6.15. Antennas are deployed in this experiment for the testing of a realistic

wireless scenario.

This work is focused on coexistence performance with existing 4G LTE signals.

Therefore, the detection of our designed SEFDM signal is skipped. Many efficient

SEFDM signal detection schemes have been developed either based on uncoded [57] or

coded [58][80] for various size systems.

Table 6.2: Experimental Testbed Specifications For Non-Pulse Shaped Systems

Parameters OFDM SEFDM

Central carrier frequency (GHz) 2.412 2.412

Modulation scheme 4QAM 4QAM

Sampling rate (MHz) 45 45

FFT size 1024 1024

Number of data sub-carriers 176 176

Bandwidth compression factor 1 0.6

Sub-carrier spacing (kHz) 44 26.4

Data bandwidth (MHz) 7.73 4.64

Data rate (Mbps) 15.46 15.46

Screenshots illustrating the coexistence performance are provided in Fig. 6.16 where

two scenarios are considered. In the first scenario (top part of Fig. 6.16), OFDM (i.e.

α=1) and LTE signals are transmitted and evaluated. The OFDM signal is configured

based on Table 6.2, with associated spectrum clearly showing interference occurring

due to the spectral overlap of the two signals. The LTE signal is degraded and this

can be observed from the LTE throughput diagram where the red region in the figure

indicates lower throughput measured through observation of the cyclic redundancy

check (CRC) field of LTE data transmitted on the physical downlink shared channel

(PDSCH) (overall) throughput and PDSCH (CRC OK) throughput. It indicates that

the PDSCH transmission is not always correct. For this case throughput of the PDSCH

(CRC OK) is measured to be 49.79 Mbps. Our proposed solution to use SEFDM signals
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which, due to its reduced bandwidth, can avoid spectral overlap. The results are shown

in the lower part of Fig. 6.16. The new SEFDM signal specifications are presented in

Table 6.3. Due to the compressed bandwidth of SEFDM signals, a protection guard

band is reserved between the LTE spectrum and the SEFDM spectrum. In the LTE

throughput diagram, it is apparent that the received PDSCH transmission is almost

free (no red region is observed) with a measured throughput of PDSCH (CRC OK),

equals to 63.21 Mbps. This means that using SEFDM not only saves spectrum but

improves throughput of an adjacent LTE system by a factor of 27%.

Table 6.3: Experimental Testbed Specifications For Pulse Shaped Systems

Parameters OFDM SEFDM

Central carrier frequency (GHz) 2.4 2.4

Modulation scheme 4QAM 4QAM

Sampling rate (MHz) 30 30

FFT size 128 128

Number of data sub-carriers 29 29

Roll-off factors 1 1

Bandwidth compression factor 1 0.6

Data bandwidth (MHz) 6.80 4.08

Data rate (Mbps) 13.60 13.60

Pulse shaping can cut the out-of-band power leakage leading to reduced interfer-

ence to adjacent signals. Pulse shaping for SEFDM and GFDM has been conceptually

studied in [76] and [137], respectively. Reusing the testbed in Fig. 6.15, the Nyquist-

SEFDM and GFDM can be evaluated using antennas in a realistic wireless environment.

It can be demonstrated that Nyquist-SEFDM can achieve the same benefits of GFDM

[137] and will add additional interference avoidance benefit. Fig. 6.17 shows the per-

formance of the coexistence of Nyquist-SEFDM/GFDM and LTE signals, with their

system specifications shown in Table 6.3.

A sufficient spectrum hole indicates a wide enough notch that can be occupied by an

additional signal band. To evaluate the benefit of Nyquist-SEFDM over Nyquist-OFDM

(or GFDM), the LTE signal was modified to narrow the spectrum hole, indicating

limited spectrum hole as shown in Fig. 6.17. The notch width maybe easily changed in
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the experimental setup. In the first scenario, the sharp edge of the pulse shaped OFDM

spectrum is due to the pulse shaping applied to each sub-carrier. The spectrum hole is

emulated by deactivating some physical resource blocks (PRBs) of an LTE spectrum.

The combination of the two signal bands leads to making new spectrum available. It is

clearly seen that the Nyquist-OFDM spectrum overlaps the LTE one with interference

introduced. The throughput, observed from the LTE throughput diagram, drops to 4.35

Mbps. This indicates that Nyquist-OFDM (or GFDM) has significant interference on

the LTE signal even with reduced out-of-band leakage in a bandwidth limited scenario.

In the second scenario, Nyquist-SEFDM shows its benefits. Although the spectrum

notch is narrow, due to the bandwidth compression characteristic, interference can be

avoided in the combined spectrum. Thus the LTE PDSCH (CRC OK) throughput is

43.36 Mbps, which is much higher than the one achieved in the first scenario by nearly

one order of magnitude. Therefore, the benefits of using SEFDM in either rectangular

shaped or RRC shaped systems are clear and have been summarized in Table 6.4. In

both coexistence scenarios, SEFDM signals boost the LTE signal throughput greatly

due to the interference avoidance coming from SEFDM bandwidth compression.

Table 6.4: Comparisons of Experimental LTE Signal Throughput

Parameters OFDM SEFDM

Traditional systems in Fig. 6.16 (Mbps) 49.92 63.21

Pulse shaped systems in Fig. 6.17 (Mbps) 4.35 43.36

6.8 Conclusions

For the purpose of reducing the out-of-band power leakage of SEFDM signals, a novel

interference cancellation scheme for a waveform shaped signal was studied and verified

considering future 5G requirements. The SEFDM system can transmit signals in a com-

pressed bandwidth at the cost of self-created ICI. This work proposed a pulse shaping

concept in SEFDM to suppress the interference caused by non-orthogonally packed sub-

carriers. 3D interference patterns of various systems are studied and compared to show
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the advantage of the pulse shaping idea. Detailed transmitter and receiver designs are

investigated. Signal detection is simplified while the benefits of bandwidth saving and

low out-of-band power leakage are presented. Two detection scenarios are considered.

One uses uncoded data and the other applies coding and Turbo equalization. Results

indicate that the uncoded iterative detection can effectively remove interference at the

expense of high iteration numbers. With the coded Turbo equalization scheme, signal

detection is simplified with fewer iterations.

In order to test and show the benefits of the pulse shaped SEFDM signal in a realistic

RF environment, a coexistence experimental testbed, in which 4G and the pulse shaped

signal are aggregated, was designed and tested. The main focus of the experiment is to

investigate the out-of-band power leakage of promising 5G signals and their effects on

existing 4G signals. Results indicate that the typical OFDM and SEFDM have high

out-of-band power interference while the pulse shaped OFDM and the pulse shaped

SEFDM (i.e. Nyquist-SEFDM) show significantly reduced out-of-band interference. In

addition, the Nyquist-SEFDM introduces extra bandwidth saving benefit. Altogether,

the signal studies show suitability for future communication systems where spectral

efficiency and carrier aggregation are required to allow high data rate communication

in an increasingly congested spectrum.

In addition, to test its over-the-air performance, several experiments based on the

use of software defined radio equipment (national instruments USRP-RIO) were de-

signed and reported in this chapter. Morreover, the signal coexistence scenario indi-

cates that the pulse shaped Nyquist-SEFDM signal significantly outperforms GFDM

signal in terms of BER performance in bandwidth limited scenarios.
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Millimeter Wave SEFDM:

Practical Implementation for 60

GHz Band Indoor Transmission

7.1 Introduction

A proof-of-concept experiment on a SEFDM radio over fiber scheme with LTE type

framing operating on a 2 GHz carrier has been presented in our previous work [62].

This chapter describes the benefits and challenges of using mm-wave systems and then

moves on to the motivation of using RoF for 60 GHz mm-wave and SEFDM. Recalling

that in the mm-wave frequencies range, there exists a wide unlicensed bandwidth while

SEFDM is a bandwidth compression technique, the combination of the two allows a

higher number of aggregated sub-carriers in a given bandwidth. This can be set in

the system architecture, shown in Fig. 7.1, where more users (more signal bands)

can share the same overall bandwidth. For each signal band, either in OFDM or

SEFDM scenarios, the same number of sub-carriers are aggregated. It is evident that

the bandwidth of each band in the SEFDM scenario is narrower than that of the OFDM

one. In order to simplify the demonstration, one mobile station (MS) is assumed to
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occupy the entire bandwidth in this experimental work. In an integrated multimode

fiber (250 meters) and wireless (60 GHz over 3 meters) link, the work in this chapter

demonstrates that the OFDM system achieves 2.25 Gbit/s while a bandwidth equivalent

SEFDM can reach up to 3.75 Gbit/s.

Figure 7.1: Application scenario of SEFDM in fiber wireless networks where CS indi-
cates central station, BS indicates base station and MS indicates mobile station. Both
OFDM and SEFDM sub-carrier packing schemes for each band are illustrated.

The experiment designed in this chapter offers the following benefits:

• Multimode fiber is employed for the preparation of future 5G applications.

• Photodiode is used to generate 60 GHz mm-wave signals from the beating of two

optical signals, based on an uncorrelated remote heterodyne detection (RHD)

concept. This optical domain carrier generation scheme is low-cost and can be

easily modified by adjusting the two lasers wavelength separation to give different

mm-wave carrier frequencies.

• The second tunable laser deployed in the BS or coherent RAU, after the SMF-

252



CHAPTER 7

MMF-SMF fiber, brings many benefits. Firstly, it offers higher optical power due

to no fiber noise addition. Secondly, it is easy to be integrated in an existing

coherent passive optical network (PON) system. Thirdly, it can save optical

bandwidth since only one laser carrier will be carried in the fiber. Last of all,

there is no modal noise from the second laser.

• Envelope detector is used to down convert the 60 GHz millimeter wave signal to

basedband. This is a low cost and robust technique, with high resistance to phase

noise.

7.2 Millimeter Wave Benefits and Challenges

The current LTE system can offer data rates up to 300 Mb/s in the downlink and 75

Mb/s in the uplink [1]. The enhanced LTE-Advanced standard can support up to 3

Gb/s in the downlink and 1.5 Gb/s in the uplink, using carrier aggregation and MIMO

techniques [15]. Although today’s developed cellular 4G standards can significantly

improve capacity and user throughput, current projections predict a rapidly growing

wireless data traffic demand accompanied by new demanding wireless services in terms

of bandwidth, capacity, coverage, and quality of service (QoS). Due to the limited

available bandwidth at low frequencies, current existing wireless standards are unable

to support such services. The increasing demands may be addressed by the utilization of

millimeter-wave (mm-wave) (i.e. 30-300GHz) [13] radio frequencies, which have wider

unlicensed signal bandwidths.

Unlicensed spectrum at 60 GHz [190] is popular and is in an active commercial

deployment [191]. The 7 GHz wide continuous spectrum ranging from 57 GHz to

64 GHz is desirable for applications requiring high transmission bandwidth. Up to 7

Gbit/s data rate can be achieved in IEEE 802.11ad [192] aiming for the 60 GHz indoor

communications.

In addition to the substantially rich available spectrum in the mm-wave band, the 60
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GHz band also has some unique propagation characteristics that provides an excellent

mechanism to combat interference and ensures high security [193]. The 60 GHz band

was previously used in applications which require secure communication channels such

as satellite-to-satellite communication systems. The secure communications at this

frequency are limited by the high amount of electromagnetic energy absorption in the

60 GHz transmission spectrum, caused by oxygen molecules (O2), as illustrated in Fig.

7.2 [191]. It is apparent that attenuation values vary at different frequencies. The

atmospheric loss peak value at 60 GHz is around 15 dB/km. This absorption shows

an attenuation peak in Fig. 7.2 where the peak value is several orders of magnitude

higher than those at lower microwave frequencies.

Figure 7.2: Atmospheric and molecular absorption at millimeter wave frequencies. The
figure is reused from [191]

Therefore, unlike low frequency microwave signals, the 60 GHz signal cannot travel

far beyond the intended receiver. The propagation characteristics at mm-wave frequen-

cies limit their application to short distance wireless communication scenarios such as

next generation 5G picocell/femtocell based mm-wave cellular networks, with ranges

in the order of 10-200 m. This is the reason why 60 GHz communication is securely
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guaranteed. This also explains the principle of satellite-to-satellite secure communica-

tions. This is due to the fact that the earth’s atmosphere creates an absorption shield

that prevents eavesdropping from earth based stations.

Due to the high carrier frequency and therefore short wavelength of millimeter wave

frequency, a large number of mini antennas (e.g. phased array antennas) could be de-

ployed to realize directional beamforming [14] in which effects of high path loss could

be mitigated. Since information is transmitted through a narrow beam, the co-channel

interference from adjacent channels or adjacent cells would be greatly reduced. There-

fore, in an outdoor millimeter wave transmission scenario, a user can be switched to a

further base station instead of a close one occupied by other users [194]. The reason for

the new handover mechanism comes from the narrow beam. Another benefit introduced

by beamforming is reduced signal power on each mini antenna, thus, the requirement of

PA would be released. In addition, the multiple antenna design encourages the use of

MIMO, which would further improve the spectral efficiency. In a backhaul transmission

scenario, for typical microwave deployments, either a dish antenna or physical antenna

alignment would be employed [195]. However, in a millimeter wave MIMO beamforming

scenario, transmit beams could be adaptively modified electronically without physical

readjustment. Moreover, millimeter waves could be used in backhaul transmission sce-

narios where high speed fiber is costly to deploy. It is also more competitive than a

microwave backhaul transmission scenario due to the potentially high throughput and

steerable operation.

To sum up, millimeter wave communications have the following advantages:

• A wider bandwidth allows higher data rates.

• The high absorption loss allows secure communication.

• The short range communications can extend existing 4G cellular architectures

to future 5G picocell/femtocell networks. Thus, the frequency reuse efficiency is

greatly improved.
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• Beamforming is able to limit co-channel interference using narrow beams.

• The millimeter wave beam could be electronically adjusted and steered instead

of physically adjusted in microwave using phased array antennas. Thus the de-

ployment in a backhaul transmission scenario is simplified.

Despite the aforementioned benefits, millimeter wave also brings engineering chal-

lenges such as

• DAC/ADC limit:

The use of wide spectra in millimeter wave scenarios brings hardware implementa-

tion challenges such as ADC/DAC design. A higher data rate indicating a higher

sampling rate, therefore more complicated and costly DAC/ADC components. It

should be noted that a high speed, high precision ADC is either not available or

too costly and power hungry [196]. The available precision is severely limited at

high sampling rate. It is shown in [196] that for large sampling rate, which is

above 2MS/s, the precision falls off by 1 bit for every doubling of the sampling

rate. Normally, two solutions exist for this challenge. The first one is to use a

low precision ADC for the wide band millimeter wave communication. However,

due to the reduced precision, performance maybe affected. The second solution

is to use time interleaved ADC scheme, which combines multiple high precision,

low sampling rate ADCs. This solution would maintain the performance while

bring some new challenges such as increased hardware complexity and mismatch

between sub ADCs.

• High PAPR:

This is a common challenge assuming multicarrier signals are used in millimeter

wave such as IEEE 802.11ad Wireless Gigabit Alliance (WiGig) standard. There

are many existing solutions to reduce this effect, however, extra signal processing

is required.
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• Coherence time and frequency:

Although beamforming can eliminate much of multipath in a millimeter wave

scenario and therefore reduce time delay spread, the very wide signal bandwidth

that may reach several gigahertz, with symbol periods in the order of 1-10 ns

or less [195], necessitates very low delay spread values. Thus, both time delay

spread and symbol period are reduced. It is inferred that frequency selective fad-

ing would still exist and proper equalizers and/or specially designed modulation

schemes have to be considered. There are single carrier and multicarrier modula-

tion schemes proposed for millimeter wave communications. Employing a single

carrier scheme would have a more challenging issue, which is the shorter symbol

period. The timing constraint is therefore tighter than a multicarrier one. How-

ever, multicarrier signals result in high PAPR, which lowers the efficiency of PA.

There is a trade-off between single carrier and multicarrier techniques and new

thoughts and insights are needed to make a judgement. Due to the shorter time

delay spread, the channel coherence bandwidth of millimeter wave is wider than

that of lower frequency microwave. However, using millimeter wave frequencies,

even at a very low user velocity, may result in a very high Doppler shift. Thus the

coherence time is very short. Therefore, a novel channel estimation/equalization

scheme has to be designed to deal with the channel challenge.

• Blockage:

The wavelength of the millimeter frequency is very short and its weak diffraction

ability makes it sensitive to blockages [194] such as brick, concrete and rain drop.

Therefore, the application scenario is possibly limited to indoor short-range LOS

environments. In the near future, millimeter wave and microwave systems are ex-

pected to coexist [194]. As millimeter waves are sensitive to blockages, microwave

can help to cover the shadowed areas behind blockages. Therefore, user mobility

may result in high Doppler shift in a millimeter wave communication scenario,

users may be switched to microwave frequencies.
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• Alignment sensitivity:

In order to use a narrow beam in millimeter wave scenarios, transmitters and

receivers have to be accurately aligned in a stable link, otherwise, significant loss

would occur. In addition, the alignment can be greatly affected by environmen-

tal factors such as wind. If millimeter wave transmitters and receivers are not

installed on fixed and stable structures, due to the wind effect, the perfect align-

ment would disappear. Furthermore, some other factors such as buildings and

trees would block the LOS communication and lead to further loss of alignment.

• Maintenance and cost challenges:

As mentioned in the last shortcoming point, millimeter wave transmitters and

receivers have to be aligned perfectly. Some natural or human factors would

change the perfect alignment condition. Thus, realignment has to be operated.

The realignment could be readjusted adaptively using some alignment tools, but

this would be costly. If the alignment tool is broken, engineers would have to be

involved and therefore additional cost. Therefore, the shortcomings mentioned

above could prevent the use of millimeter in an outdoor environment and maybe

an indoor LOS is a desired scenario.

7.3 Radio over Fiber in Millimeter Wave Systems

The mm-wave spectrum imposes several challenges due to its high transmission losses,

which mandate a high density of radio access points. This imposes critical limitations in

terms of complexity, increased cost, high power consumption/ backhaul radiation, dis-

tributed network upgrade and maintenance. This is in contrast to societal demands for

reduced capital expenditure (CapEx), energy conservation (i.e. green communications)

and a drastic reduction of backhaul radiation (i.e. health concerns).

In recent years, RoF [197] technology has emerged as a promising candidate in order

to bridge the gap between optical & wireless networking. Such a hybrid system has
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several advantages over typical stand alone fiber and wireless systems since it merges

both optical and wireless benefits. On one hand, the fiber link provides low attenua-

tion to mm-wave signals and the supported transmission distance can be significantly

increased. On the other hand, the wireless link provides the flexibility of ubiquitous

networking. Much research has been done, including in several EU funded projects, to

target design in this area, the most prominent being; Building the Optical Network in

Europe (BONE), Integrated PHOtonic mm-wave components and functions for BroAd-

band Connectivity (IPHOBAC, IPHOBAC-NG), Ultra wideband Radio Over Optical

Fiber (UROOF), and Architectures for fLexible Photonics Home and Access networks

(ALPHA).

RoF technology offers the conversion of complex densely distributed base station

(BS) sites to simple remote antenna units (RAUs) connected to a central base sta-

tion (CBS), using already deployed passive optical network (PON)-FTTx. Thus, com-

plicated operations are concentrated at a CBS. In such cases, RoF technology elim-

inates the requirements for local oscillators, digital signal processors, and mixers at

the RAUs, potentially leading to few tens of Watts power saving per RAU [198]. This

approach can make use of widely deployed fiber to the home (FTTH) as an efficient

way to provide backhaul to wireless BSs. Additionally, it can extend the coverage of

a PON to support some areas which are not easily supported by fibers. Moreover,

the RoF concept significantly reduces the overall cost in terms of CapEx and operat-

ing expenditure (OpEx), while optical functionality can be used for required mm-wave

generation and/or beamforming. However, the critical factors which will determine the

practical deployment of the RoF scenario are; the simplicity and compatibility of the

optical components used with the standard TDM-PON or upcoming next generation

WDM-NG-PON devices, and the cost-efficiency in terms of reuse of already installed

infrastructures in the optical (e.g. PON) and wireless (e.g. LTE) domain. Typically,

OFDM [199] signals are used in mm-wave RoF systems [200][201][202]. Firstly, OFDM

is preferred due to its compatibility with emerging wireless standards. Secondly, OFDM
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provides high spectral efficiency using orthogonally overlapping sub-carriers. Thirdly,

OFDM can simultaneously mitigate dispersion effects from fiber links and multipath

fading effects from wireless links.

In-line with the above, in this chapter an integrated PON/mm-wave wireless topol-

ogy using single mode fiber to multimode fiber feeds is adopted [203], which can be

used for cost-efficient beyond 4G in building extensions and small cell mobile back-

haul/fronthaul communications. Such concepts are based on the reuse of PON fiber

to the building (FTTB/FTTC) and indoor MMF deployments, including potential up-

grade with next generation coherent WDM-PON. In the wireless domain, a beyond 4G

topology, where mm-wave 5G cells will be overlaid by microwave 4G cells, is preferred

so as the users will be able to use traditional 4G LTE based systems where the mm-wave

link is shadowed.

Figure 7.3: Proposed cost-efficient integrated PON/mm-wave wireless topology for be-
yond 4G (5G) deployment using SMF-MMF spans. AWG stands for arrayed waveguide
gratings. RAU stands for remote antenna unit. PON stands for passive optical net-
work. GPON stands for Gigabit-capable passive optical network. DWDM stands for
dense wavelength division multiplexing.

A cost-efficient PON/mm-wave wireless converged system topology is depicted in

Fig. 7.3 which can support mm-wave based 5G radio over fiber for indoor and small cell

deployment. 5G specifications are still under consideration and the selection of exact
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range of mm-wave frequency spectrum and operational bandwidth are still open issues.

Notwithstanding, in the demonstrated experimental setup this work uses transmission

in the 60GHz band, where a bandwidth up to 7 GHz has been allocated for use by

the Gigbit/s WiFi services and this stands as an excellent opportunity to investigate

further this band potentially for 5G mm-wave transmission, due to the availability of

relevant experimental know-how and relative 60GHz components in the market, such

as low cost 60GHz silicon-germanium (SiGe) BiCMOS amplifiers. Indeed, mm-wave

(60GHz) has already been standardized or pre-standardized in WiFi hotpots (eg. IEEE

802.11ad and IEEE 802.15.3c). An interesting option will be to consider the 60 GHz

for mm-wave 5G (or beyond 4G) as this facilitates integration of outdoor and indoor

networking on a common air interface. In any case, our topology (as validated by the

presented proof-of-concept experiments) can be easily adopted by future standardized

mm-wave systems, with minor modifications, as the selection of mm-wave frequency

comes at the RAUs (or coherent RAUs) with a second tunable laser (as it pre-exists in

the coherent-PON configuration), while the central point is used for the IF/RF signal

generation/distribution. Ongoing, all the required baseband/lower frequency (IF/RF)

signal processing is performed at a central base station, which can be the standard

optical line terminal (OLT), while high frequency components and optical amplifiers are

not required. A low-bandwidth optical modulator or a directly modulated laser source

can be used so as to generate the IF/RF modulated optical carrier accompanied by

transmission in a SMF (or MMF) type link, using in both cases an SMF-pigtailed optical

transmitter and receiver so as to fulfill relatively high bandwidth/ carrier 5G signals

requirements. For the 4G case, a low bandwidth photodiode can be utilized at the RAU

to convert directly the signal to the electronic domain, followed by an RF amplifier and

an antenna. In the 5G scenario, the signal can be easily up converted from IF/RF to

mm-wave (for example 60GHz or similar) using a second, simple, long-wavelength PON

compatible (such as the laser used for IF generation at the coherent-PON) DFB laser

source properly tuned (i.e separated by the required mm-wave frequency), and a high

261



CHAPTER 7

speed SMF-pigtailed photodiode. This topology keeps the CS (OLT) configuration the

same for the IF/RF signal generation using low cost components, while the selection

of the service (4G or 5G) is performed at the receiver stage (RAU).

7.4 System Model

Figure 7.4: Block diagram of step-by-step digital signal processing operations for the
mm-wave SEFDM transmission system.

To realize the mm-wave SEFDM experiment, new software and hardware setup were

developed. The hardware testbed including analogue signal generation, integrated RoF

and mm-wave wireless link and analogue signal reception will be described in section

7.5. This section focuses on the software testbed. The software consists of two digital

signal processing (DSP) blocks for digital signal generation and digital signal reception,

at the transmitter and the receiver, respectively. The DSP modules of the mm-wave

SEFDM transmission system are depicted in Fig. 7.4.

In line with most of today’s wireless systems, FEC, in the form of convolutional

coding, is applied in this system to achieve coding gain. A simple, rate 1/2 RSC code

[204] is used, which is similar to the code used in FTN [25] and wireless based SEFDM

[63]. At the transmitter, the input binary bits are first encoded in the RSC encoder.
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Then, a random interleaver Π is employed to permute the coded bits. Depending on

the specific modulation format, the interleaved bits are mapped to the corresponding

complex symbols. One uncoded pilot symbol is inserted at the beginning of each

data stream and is used to estimate CSI, enabling compensation for wireless channel

distortion, imperfect timing synchronization and sampling phase offset. After the S/P

conversion, oversampling is operated by adding zeros (i.e. guard band). The data

stream with pilot symbols is modulated using a purpose designed SEFDM IFFT block

[46]. Then a CP is added at the beginning of each modulated symbol to combat

multipath delay spread. In order to estimate the actual starting point of a data stream

at the receiver, the Schmidl and Cox timing synchronization sequence [160] is added

after the parallel-to-serial (P/S) conversion module.

In a direct detection optical system, to avoid the second-order IMD from the PD, a

frequency gap [155] is introduced between the signal band and the optical carrier and is

set to be at least equal to the bandwidth of the signal, as shown in Chapter 4. This is

typically done in the analogue domain using an IQ mixer which up converts baseband

I and Q signals to a real value signal at a radio frequency fc. In this work, in order

to simplify the optical testbed, the IQ mixer function is realized in the DSP testbed.

After adding the timing sequence, a serial data stream is upsampled to 12 GHz (i.e.

AWG sampling frequency). Subsequently, the I and Q data of the upsampled SEFDM

signal are up converted to fc=1.8 GHz as:

xup(m) = <{x(m)}cos(2πfcm) + ={x(m)}sin(2πfcm) (7.1)

where <{· } and ={· } indicate the real and imaginary part of a signal, m is the time

sample index and x(m) is the upsampled baseband SEFDM signal at the transmitter.

Then the mixed real valued SEFDM signal xup(m) is uploaded in a digital form to the

AWG which implements a digital to analogue conversion. Finally, the AWG analogue

output signal is transmitted through the fiber/wireless environment. All the signal pro-

cessing within the transmitter DSP block is operated offline in a Matlab environment.
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At the receiver, a real-time oscilloscope captures the analogue signal and transforms

it to digital samples, with a 50 GHz sampling frequency, to be delivered to the receiver

DSP block for offline processing. The down conversion and down sampling functions

are realized in the receiver DSP block. The down conversion is operated as

ydown(m) = y(m)· ej2πfcm (7.2)

where m is the receiver sample index which has a larger sample range due to unbal-

anced sampling frequencies of the oscilloscope (i.e. 50 GHz) and the AWG (i.e. 12

GHz). It should be noted that y(m) is the real valued sample from the oscilloscope

while ydown(m) is a complex signal, which includes I and Q data. After the down con-

version and down sampling, the accurate starting point of the data stream is estimated

according to the Schmidl and Cox algorithm [160]. In the mm-wave radio environment,

the channel introduces amplitude attenuation, phase distortion and propagation delay.

Additionally, imperfect timing synchronization leads to an inaccurate estimate of the

starting point of a data stream. A small time offset results in the rotation of the constel-

lation and degrades system performance, which, for design purposes, may be considered

as an additional channel imperfection that can be corrected using channel equalization.

For the purpose of channel compensation, a parallel signal is obtained after the S/P

block and the CP is stripped away. Then, a time-domain channel estimation algorithm,

based on that described in Chapter 5, is employed to extract the CSI which is further

used to equalize the distorted symbols. The compensated signal is demodulated using

either the single FFT or the multiple FFTs methods [46]. After the removal of guard

band and P/S conversion, a soft detector [58] is needed to recover SEFDM symbols

from interference. Then, the recovered complex symbols are demapped to binary bits.

Finally, the measured binary bits are compared with the original input binary bits for

the BER calculation. The same system setup is also used for OFDM signals.
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(a) Block diagram of the experimental setup.

(b) Optical and electrical spectra illustration.

Figure 7.5: Experimental setup for SEFDM signal transmission over a 60 GHz millimeter-wave radio over fiber transmission link.
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7.5 Experimental Setup

In this section, the mm-wave SEFDM signal transmission is experimentally tested in

an indoor propagation environment using the testbed shown in Fig. 7.5(a), with the

parameters shown in Table 7.1. The 4QAM modulated SEFDM/OFDM signals of 1.125

GHz bandwidth, with different bit rates; specifically 2.25 Gbit/s for OFDM, 2.8 Gbit/s

for α=0.8 and 3.75 Gbit/s for α=0.6 are generated offline in the DSP-Tx module in Fig.

7.4. Data streams are generated by assembling up to 106 coded bits per stream (over

6,250 OFDM/SEFDM symbols), with three additional uncoded symbols inserted at the

start of an entire data stream; two symbols for timing synchronization and one symbol

for channel estimation. BER measurements were taken for each transmitted stream and

repeated several times for verification of measurement accuracy. Data stream samples

are then uploaded to a Tektronix 7122B AWG operating at a sampling rate of 12 GS/s.

After a 20 dB gain amplifier and a band-pass filter, the resulting signals are modulated

onto an optical carrier using a DFB laser at around 1554 nm and an intensity modulator

biased at quadrature point. This results in an optical DSB signal at the output of a 3

GHz bandwidth MZM. The optical signal is then transmitted over a 250 meters OM-1

MMF span, coupled using single mode fiber (SMF) connectors at both ends. An SMF-

MMF(OM-1)-SMF link [203] is preferred to achieve a restricted mode launch condition,

thus improving the bandwidth length product of graded index (GI)-MMFs, which is in

the order of 500/160 MHz.km at 1310/850 nm, when operating in an overfilled launch

condition (OFL). In the recent work [71], a description of a purely optical system (that

does not include the 60 GHz mm-wave link) is included as a first step towards the

design of the 60 GHz system which is briefly described in the same reference.

At the BS, a second uncorrelated DFB laser, tuned to 60 GHz below the optical

frequency of the first DFB laser is combined in the 3 dB coupler with the DSB optical

signal. The combined signal is attenuated using a variable optical attenuator (VOA)

and delivered to a 70 GHz bandwidth photodiode. It is well-known that the phase noise

of the optical carrier generated by the beating of two uncorrelated optical sources, as
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Table 7.1: Experimental system specifications

Parameters Values

Millimeter wave frequency 60 GHz

Intermediate frequency 1.8 GHz

Baseband signal sampling frequency 3 GHz

Bandwidth of baseband signal 1.125 GHz

AWG sampling frequency 12 GHz

Oscilloscope sampling frequency 50 GHz

Length of MMF fiber 250 meters

Distance of mm-wave wireless link 3 meters

Modulation scheme 4QAM

IFFT/FFT size 128

Data sub-carriers 48; 60; 72; 80

Sub-carrier baseband bandwidth 23.4 MHz

Sub-carrier spacing α×23.4 MHz

Cyclic prefix 10

Channel coding (7,5) RSC code

Coding rate Rcode=1/2

it is the case for the remote heterodyne detection scheme used in this experiment,

may manifest itself in the broadening of the spectral linewidth. In the presence of

phase noise, a carrier-recovery circuit might have difficulties in tracking rapid phase

variations, resulting in degradation of the detection performance. Alternatively, these

phase-noise effects can be avoided at baseband by utilizing an envelope detector with

sufficient IF bandwidth [205]. The measured optical spectrum at the VOA input is

shown in Fig. 7.5(b) (a) where two wavelengths are shown with a 60 GHz separation.

The detailed DSB signal spectrum is also illustrated in the inset of the same figure.

The 60 GHz mm-wave signal can be generated at the 70 GHz square-law photodiode

based on an uncorrelated remote heterodyne detection (RHD) scheme. This optical

scheme is of low-cost and can be easily used for existing 4G or future 5G mm-wave

signal by adjusting the laser separation to any required carrier frequencies.

A pair of 60 GHz parabolic (Cassegrain) antennas operating in the frequency range

of 50-75 GHz which have 30 dBi gain; and 3 dB beamwidth of 3.1◦ are employed and

shown in Fig. 7.6. In addition, a 30 dB gain V-band HPA at the transmitter and a 30
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Figure 7.6: Experimental demonstration of the antenna deployment.

dB gain V-band low noise amplifier (LNA) at the receiver are used. Having propagated

through a 3 meter mm-wave wireless link, the received 60 GHz mm-wave signal is

down-converted to a 1.8 GHz intermediate frequency (IF) using a waveguide coupled 3

GHz bandwidth envelope detector, which is tolerant to phase noise impairment. The

IF signal is captured by a real-time digital oscilloscope and the measured electrical

spectrum is illustrated in Fig. 7.5(b) (b) where the signal bandwidth is 1.125 GHz.

Finally, the captured signal is processed offline in the DSP-Rx module as detailed in

Fig. 7.4.

The system parameters used in this experiment are given in Table 7.1. In this exper-

iment, a total of 1.125 GHz data bandwidth is used. The number of data sub-carriers

is different for the OFDM and SEFDM systems. For OFDM, 48 data sub-carriers are

used while with higher bandwidth compression levels in SEFDM systems, more data

sub-carriers (e.g. 60 for α=0.8, 72 for α=0.67 and 80 for α=0.6) are aggregated.
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Figure 7.7: Signal spectra at different receiver stages.

7.6 Results and Discussion

As mentioned before, in order to simplify the optical testbed, up sampling and up

conversion to IF are moved to the digital domain and performed by the DSP elements

in Fig. 7.4. Electrical spectra at different receiver stages are shown by the insets in

Fig. 7.7. For the illustration, only OFDM spectra are shown here. First, the received

spectrum from the 50 GS/s real-time oscilloscope is shown in Fig. 7.7 (a). The overall

frequency range is 50 GHz indicating the sampling frequency of the oscilloscope. Two

peaks are observed indicating double sideband signal with 1.125 GHz bandwidth for

each one. After down conversion, one side band is moved to baseband as shown in

Fig. 7.7 (b). Due to the unbalanced sampling frequency (12 GHz AWG and 50 GHz

oscilloscope), two-stage down sampling is required. The first stage is from 50 GHz to

12 GHz in Fig. 7.7 (c) and the second one is from 12 GHz to 3 GHz in Fig. 7.7 (d).

Then the baseband signal is timing synchronized for subsequent signal processing.

Measured receiver constellation diagrams for OFDM and SEFDM (i.e. α=0.8)
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signals are illustrated in Fig. 7.8 in the form of constellation density plots. Two chan-

nel compensation scenarios are considered to recover the rotated constellation points.

For the OFDM signal, a typical frequency-domain channel compensation algorithm is

employed. For the SEFDM signal, an additional time-domain channel compensation

scheme is also tested. The purpose of the comparison is to show the effects of two

channel compensation schemes on the SEFDM signal.

Figure 7.8: Constellation diagrams for OFDM and SEFDM (i.e. α=0.8) signals before
and after channel compensation.

It is evident that due to sampling phase offset and imperfect timing synchroniza-

tion, both the original OFDM and SEFDM signal constellation points are scattered

and overlapped. For OFDM, before channel compensation, the constellation points

rotate in phase and appear as a circle. After applying frequency-domain channel com-

pensation, the phase rotation can be mitigated and the constellation points are clearly

distinguishable. However, for the SEFDM signal, following the same frequency-domain

channel compensation, the phase ambiguity is not mitigated. The constellations are no

longer recoverable. This is because the non-orthogonality between sub-carriers results

in compensation failure. The constellation recovery can be achieved using the afore-
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mentioned time-domain channel compensation. Hence, the recovered constellation is

recognized. It should be noted that compared to the recovered OFDM, the SEFDM

with time-domain channel compensation shows more scattered constellation points due

to the self-created ICI of SEFDM signals. The intrinsic ICI will be mitigated using the

soft signal detection mechanism [58].
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Figure 7.9: BER convergence performance of SEFDM signals over the integrated 60
GHz mm-wave and fiber transmission link.

The iteration performance is evaluated in Fig. 7.9 in terms of the number of itera-

tions (v). It is evident that no iterations are needed for the OFDM system. However,

for SEFDM systems, in order to get converged performance, extra iterations are re-

quired to deal with the interference introduced by the closer packing of sub-carriers.

Thus, SEFDM requires additional computations to get converged performance. For

α=0.8, one iteration is sufficient while four iterations are needed for α=0.6. This is

due to the fact that with smaller α (i.e. higher bandwidth compression), more ICI is

introduced. The computational complexity for SEFDM is flexible based on variable im-

plementation methods such as pruned and non-pruned FFT operations. The detailed

analysis of complexity can be found in [46][58].
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BER performance was measured and shown in Fig. 7.10. Two typically used FEC

limits [157] are indicated in the figure to facilitate comparison of power penalties when

SEFDM is used. It is clearly seen that by using α=0.8, the BER performance is close

to that of the 4QAM modulated OFDM system. This proves that occupying the same

bandwidth, the SEFDM system can transmit more data. For the SEFDM system with a

higher level of bandwidth compression such as α=0.6 and therefore higher interference,

the performance is degraded with an approximately 3 dB power penalty relative to

OFDM, at all values measured for BER below 2×10−2 as shown in the figure. In

addition, two systems with equal spectral efficiencies operating in the same bandwidth

are evaluated. The first is an OFDM system with 8QAM modulated symbols and the

second is a 4QAM SEFDM system of α=0.67. The results, also plotted in Fig. 7.10,

clearly show that the α=0.67 SEFDM outperforms OFDM of equal spectral efficiency

with 1 dB gain. It is also worth noting that the case of α=0.6 also outperforms the

8QAM OFDM in both spectral efficiency and BER performance. In other words, the

above indicates that a lower order modulation format, with the advantage of increased

bit rate, can replace a higher order one without compromising BER performance.

Due to unreliable transmission links, errors are introduced. Therefore, the effective

bit rate, which is related to BER values, is smaller than the theoretical one. The

effective gross bit rate is defined as the non-error bits per second that can be achieved

including overhead (i.e. symbols used for channel estimation, syncronization), CP and

coding redundancy bits. Effective gross bit rates are plotted for three different systems

at different Eb/No values in Fig. 7.11 following the calculation as

Rd =
1

α
× (1−BER)×B × log2O (7.3)

where B is data bandwidth, BER is the bit error rate at a specific Eb/No value,

(1 − BER) indicates the probability of a non-error received bit stream and O is the

constellation cardinality. For the 4QAM cases studied, Table 7.2 shows the SEFDM

benefits in terms of spectral efficiencies and achievable bit rates, for different bandwidth
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Figure 7.10: BER performance of SEFDM signals at 60 GHz mm-wave frequency
through 3 meters wireless and 250 meters MMF fiber transmission with 4QAM symbols.

compression factors and associated number of sub-carriers. Although SEFDM shows

slight performance degradation, it is apparent in Fig. 7.11 that the gross bit rates of

4QAM SEFDM with different bandwidth compression factors are higher than that of

4QAM OFDM. This is because compared to OFDM, in the SEFDM scenario, more

sub-carriers are packed into a given bandwidth with a much closer sub-carrier spacing.

For higher order modulation formats such as 8QAM, a spectral efficiency equivalent

4QAM shows a higher bit rate due to the 1 dB performance gain achieved in Fig. 7.10.

Table 7.2: Gross spectral efficiency and bit rate comparisons (4QAM-1.125 GHz band-
width)

Parameter OFDM SEFDM

α 1 0.8 0.67 0.6

Data sub-carriers 48 60 72 80

Spectral efficiency (bit/s/Hz) 2.0 2.5 3.0 3.3

Bit rate (Gbit/s) 2.25 2.80 3.38 3.75

In addition, net bit rates are also illustrated in Fig. 7.11 for SEFDM and OFDM

after removing the CP and coding redundancy bits. We note that the pilot symbol and
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Figure 7.11: Gross and net bit rates of SEFDM signals at 60 GHz mm-wave through 3
meters wireless and 250 meters MMF fiber transmission with 4QAM symbols.

the timing sequence are used only once at the beginning of a data stream and therefore

have minimal contribution to the size of the overhead and a negligible effect on the

calculation of net bit rate.

7.7 Conclusions

The low frequency such as LTE frequency offers limited data rate due to the lack of

bandwidth at low frequency. In order to achieve higher data rate, a wider bandwidth

has to be explored. This is the motivation to use the millimeter wave band since a wide

unlicensed spectrum exists. The millimeter wave frequency offers many other benefits

such as secure communications, reduced co-channel interference, improved frequency

reuse feasibility and MIMO antenna deployment. Meanwhile, the millimeter wave fre-

quency also brings challenges such as complicated DAC/ADC design, strict requirement

of coherence time and frequency, blockage and alignment sensitivity.
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The deployment of millimeter wave transmission imposes challenges due to its high

transmission loss. Therefore, a large number of radio access points are needed which

complicates the entire system design. RoF is considered to be a solution that combines

both optical and wireless benefits. Thus, the hybrid RoF can jointly deal with challenges

from optical fiber and wireless channels. It has already been proved that SEFDM

signals can save both optical and wireless bandwidths. In order to solve part of the

aforementioned millimeter wave transmission issues and maintain its benefits, SEFDM

signals are practically studied in the RoF scenario due to its benefits such as less

sensitivity to frequency offset, lower PAPR and released requirement of DAC/ADC.

Experimental results obtained from a world first 60 GHz SEFDM testbed demon-

strate the efficacy of SEFDM through showing that the bit rate can be increased whilst

maintaining the same bandwidth, at the expense of some power penalty. For a 4QAM

OFDM system, occupying 1.125 GHz bandwidth, the gross bit rate can reach 2.25

Gbit/s at Eb/No=12 dB, while, for similar Eb/No values in an SEFDM system, com-

pressing the sub-carrier spacing by 20%, it can achieve 2.8 Gbit/s. With further band-

width compression of 40%, results show that up to 3.75 Gbit/s can be achieved at the

expense of a loss (around 3 dB) in error performance and additional computational

complexity. In addition, the two spectral efficiency equivalent systems 4QAM SEFDM

and 8QAM OFDM are experimentally demonstrated. The SEFDM system is shown

to outperform the 8QAM OFDM with 1 dB performance gain. All experimental re-

sults were obtained by testing signals over a wireless channel using a pair of antennas

operating in the 60 GHz mm-wave band.
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Low Complexity SEFDM Design:

Precoding and Self Interference

Cancellation

8.1 Introduction

High throughput enhanced mobile broadband (eMBB) service is one requirement for fu-

ture wireless networks. In future 5G networks, a thousand-fold wireless traffic increase

is predicted from 2020, originating from over 50 billion connected devices [16]. Such

massive device connection and communication, termed massive machine-type commu-

nication (mMTC), will be associated with the continuously emerging IoT. Currently,

80% of IoT applications require terminals with low power consumption, with an average

battery life expectancy reaching 10 years [206].

Hence, IoT devices have to be able to set up a reliable communication with simplified

signal processing. Thus, their batteries lifetime would be extended. The other key

requirement for future 5G networks is that it should be able to provide a very low

level of latency communication link. However, the complicated signal processing at the

receiver could add delays significantly. To sum up, an increase of data rates and a
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ultra-reliable and low-latency communication (URLLC) service are equally important

for the next generation networks.

To overcome the aforementioned challenges, two solutions are provided; one is to

gather distributed complicated signal processing work together in a form of cloud-

radio access networks (C-RAN) [207]; the other one is to design new algorithms that

can simplify receiver side signal processing. This chapter will investigate the second

solution that signals would be modified at the transmitter and relax the receiver side

complexity. This is an efficient power saving technique for down-link transmission

since a BS can handle complicated signal processing while the battery use in a mobile

terminal is limited. In addition, latency would be reduced as well since additional

hardware in a BS can be used.

A simple precoding scheme such as single-carrier-frequency division multiple access

(SC-FDMA) have been standardized in 4G LTE. There are three distinct characteristics

of SC-FDMA; it is a multiple access technique; it is a single carrier technique and it is

a precoded technique. The reason for the ‘single carrier’ is that SC-FDMA carries data

symbols over a group of sub-carriers rather than individual sub-carriers in OFDM. In

MIMO scenarios, linear precoding schemes based on channel inversion show the least

complexity while the performance is far from optimal. Their non-linear substitutes

such as dirty paper coding (DPC) [208], VP [209] and Tomlinson-Harashima precoding

(THP) [210] can significantly improve the performance. However, their complexity is

much higher than the linear ones.

In this chapter, two specially designed schemes are investigated for SEFDM. The

first one is based on repetition coding in which two identical symbols will be modulated

on two adjacent sub-carriers with opposite weighting factors such as ‘+1’ and ‘-1’. The

other one is to distribute signal power based on eigenvalue decomposition. Some sub-

carriers are associated with high eigenvalues indicating high CIR while others will have

low CIR. The scheme is to transmit information data on those high CIR sub-carriers.
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8.2 Precoding: Power Redistribution

The precoding makes use of eigenvalue decomposition investigated for SEFDM in [37],

which would redistribute the power on each sub-carrier after symbol demodulation at

the receiver. Depending on the percentage of bandwidth compression, some sub-carriers

would experience power enhancement while others would experience power attenuation.

The original precoding work in [37] aimed to transmit data on both strong sub-carriers

(i.e. high sub-carrier to interference ratio (ScIR)) and weak sub-carriers (i.e. low

ScIR). As mentioned in [37], simple detectors such as ZF can be applied for the strong

channels while high performance detectors such as ML are used for the weak channels.

However, this approach requires the increase of complexity at the receiver, which does

not satisfy the initial purpose of precoding. It should be noted that the approach of [37]

is only applicable to small size systems. With the increase of system size, the detection

for the weak channels becomes exponentially complicated. This section concerns the

simplification and optimization of the precoding scheme, in a static frequency selective

channel.

8.2.1 Principle

Precoding concept can make use of ICI information at the transmitter and simplify

the design of the receiver. As mentioned in section 2.5, the correlation matrix C

characterizes the interference among the sub-carriers. The matrix can be diagonalized

using eigenvalue 1 decomposition [211] as

C = UΛU∗ (8.1)

where U is a unitary matrix and U∗ is its conjugate transpose with the property as

U∗U = I where I is an identity matrix and Λ is a diagonal matrix that contains the

eigenvalues diagonal(Λ) = [λ1, λ2, ..., λN ] of C.

1An eigenvalue and eigenvector of a square matrix A are a scalar λ and a nonzero vector x so that
Ax = σx.
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Figure 8.1: Eigenvalue versus eigenvalue index. A total number of N=128 sub-carriers
are tested.

The eigenvalues, calculated according to (8.1), are illustrated in Fig. 8.1 where

OFDM and SEFDM systems are compared. It is noted that for an OFDM system

with N sub-carriers, all eigenvalues have equal amplitude, which is equal to ‘one’.

For SEFDM systems, αN of the eigenvalues will have values greater than ‘one’ while

the remaining (1 − α)N eigenvalues can take very small values. It can be inferred

that SEFDM detection systems that rely on matrix inversion will result in poor BER

performance due to those small eigenvalues.

The main idea of the precoding system, discussed here, is to recover a signal vector

in which signal power is redistributed according to the eigenvalues. Small eigenvalues,

therefore low ScIR, indicate weak channels and high eigenvalues, therefore high ScIR,

indicate strong channels. Therefore, the precoding method leads to high performance

for the strong channels while it lowers the performance for the weak channels.

The original transmitted symbols vector S is multiplied by the unitary matrix U.

Thus, the precoded symbols vector S̄ is expressed as

S̄ = US (8.2)
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where the power of the precoded symbols vector is calculated as

‖S̄‖2 = S∗U∗US = ‖S‖2 (8.3)

where S∗ is conjugate transpose of S, showing that the total power of the transmitted

symbols is maintained after multiplying with a unitary matrix U. Then, the precoded

symbols are modulated using IFFT [46] as

X = FS̄ (8.4)

After transmitting X through an AWGN channel, denoted by Z, the received signal

is expressed as

Y = X + Z (8.5)

After demodulation, at the receiver, using an FFT [46], the collected statistic vector

R is derived as

R = F∗(X + Z) = F∗FS̄ + F∗Z = CS̄ + ZF∗ (8.6)

where R is an N -dimensional vector of demodulated symbols, ZF∗ is the AWGN cor-

related with the conjugate sub-carriers.

Removal of precoding is done in a de-precoding stage, which is effected by left

multiplying (8.6) with U∗, a new vector R̄ = [r̄1, r̄2, ..., r̄N ] is obtained as

R̄ = U∗R

= U∗CS̄ + U∗ZF∗

= ΛU∗S̄ + ZU∗

= ΛS + ZU∗

(8.7)

Equation (8.7) indicates that the power is re-distributed on each M-QAM symbols S

based on the eigenvalues diagonal(Λ) = [λ1, λ2, ..., λN ]. Then vector scaling is operated
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as

ŝi = r̄i/λi (8.8)

where i ∈ [(1− α)×N + 1, N ]. It is inferred that the scaling operation in (8.8) would

enchance the noise effect on the sub-carriers associated with small eigenvalues while it

lowers the noise effect on the sub-carriers associated with high eigenvalues. Thus, the

first (1−α)×N sub-carriers result in low performance while the rest α×N sub-carriers

lead to better performance. In this work, the α×N sub-carriers carry user data while

redundant data for precoding is modulated on the (1− α)×N sub-carriers.

Since a portion of sub-carriers are effectively used for user data, symbol rate is

reduced by a factor of (1 − α), but since the bandwidth is compressed by a factor

of (1 − α), the spectral efficiency is not changed. In order to have a fair comparison

where equal occupied bandwidth is used for SEFDM and OFDM, a higher number of

sub-carriers are aggregated in the SEFDM system leading to an improved symbol rate.

8.2.2 Design Verification and Testing

The simulation setup of the joint waveform and precoding system is shown in Fig. 8.2.

In this section, signals are tested over the same bandwidth. Therefore, the total number

of sub-carriers is N
α , which is inversely proportional to the bandwidth compression

factor. At the transmitter, a bit stream is mapped onto a symbol stream in the mapping

block based on a specific modulation format (e.g. M-QAM). After S/P conversion,

multiple symbol blocks S̃ are obtained with each consisting of N M-QAM symbols.

( 1
α−1)×N redundant symbols, of the same modulation format of the data, are randomly

generated and then inserted at the beginning of each symbol block S̃ leading to multiple

symbol blocks S in which N
α M-QAM symbols are aggregated. The precoding follows

the operations described in section 8.2.1. A guard band is added on both sides of

each precoded symbol before the IFFT [46] for oversampling and protection purposes.

The modulated signal, after CP addition, is then P/S converted and finally delivered

through a channel.
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282



CHAPTER 8

At the receiver, the S/P converted signal is CP removed and demodulated using

a specially designed FFT algorithm [46] followed by guard band removal. The de-

precoding follows the operations in section 8.2.1 where matrix multiplication and vector

scaling operation are required. The precoding redundancy is removed to recover the

information data. After P/S conversion, demapping and hard decision processing, the

receiver bit stream is recovered. Finally, BER will be calculated by comparing the

receiver bit stream to that of the transmitter.

Table 8.1: Simulation System Specifications

Parameters OFDM SEFDM

Sampling rate (MHz) 30.72 30.72

Bandwidth (MHz) 18 18

FFT size 2048 2048

Symbol rate per sub-carrier (kS/s) 15 15

Sub-carrier spacing (kHz) 15 15×α
Bandwidth compression factor α 1 0.8, 0.7, 0.6

Guard band sub-carriers 848 548, 334, 48

Number of data sub-carriers 1200 1500, 1714, 2000

Modulation scheme (M-QAM) 64, 16, 4 128, 64, 32, 16, 8, 4

Precoding redundancy 0 300, 514, 800

Effective symbol rate (MS/s) 18 18

The simulation parameters for both OFDM and precoded SEFDM systems are

shown in Table 8.1. In this work, and without loss of generality, SEFDM systems are

designed to be compatible with existing LTE OFDM systems [1]. By reconfiguring the

guard band sub-carriers length (e.g. 548 for α=0.8, 334 for α=0.7 and 48 for α=0.6),

three SEFDM systems of equal bandwidth are studied. LTE defined modulation for-

mats such as 64QAM, 16QAM and 4QAM are tested for OFDM systems. For the

purpose of fair and sufficient comparisons, various modulation formats ranging from

4QAM to 128QAM are evaluated for SEFDM systems.

At first, PAPR is evaluated for both OFDM and SEFDM signals. The comple-

mentary cumulative distribution function (CCDF) is used as a way to analyze the

probability of PAPR being higher than a predefined threshold γ. Fig. 8.3 presents
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Figure 8.3: CCDF of PAPR for precoded SEFDM and OFDM signals modulated with
4QAM symbols.

four systems, one is OFDM and the other three are SEFDM with various α values.

Results indicate that although more sub-carriers are aggregated in SEFDM systems,

the probability of PAPR exceeding the threshold γ is close or even lower than that of

OFDM.

8.2.2.1 AWGN Scenario

The BER comparisons of the conventional OFDM and the precoded SEFDM are in-

vestigated by considering Fig. 8.4, where the effect of different bandwidth compression

factors of the precoded SEFDM is evaluated. It is worth noting that the Eb values

shown in the figure are for effective bit energies, averaged over the total number of bits,

which include the redundancy bits. For α=0.8, the BER performance is approximately

1 dB better than the conventional OFDM, for all the modulation formats studied. Re-

ducing the bandwidth compression factor α to 0.7, the BER curve moves away from

the OFDM one with further 0.5 dB improvement. With further reduction of α to 0.6,

the performance is further improved and 2 dB gain is achieved compared with the

OFDM result. It is concluded that by using the same modulation format, therefore

284



CHAPTER 8

2 4 6 8 10 12 14 16 18
10

−5

10
−4

10
−3

10
−2

10
−1

Eb/No [dB]

B
E

R

 

 

OFDM
SEFDM, α=0.8
SEFDM, α=0.7
SEFDM, α=0.6

64QAM

16QAM

4QAM

Figure 8.4: BER versus effective Eb/No comparisons in AWGN channel under various
bandwidth compression factors.

the same spectral efficiency, the precoded SEFDM outperforms OFDM with flexible

performance gains, which are related to the values of bandwidth compression factor α.

This counterintuitive result of improvement of the error performance with reduction of

alpha is due to the fact that lower values of alpha require higher levels of precoding

and a higher number of subcarriers, each modulated with symbols that have the same

energy per symbol before precoding and different powers after precoding but still re-

sulting in a transmitted signal power that is inversely proportional to α. Therefore the

apparent improvement in performance of 8.4 comes at the expense of larger FFT sizes

and smaller guard band sub-carriers. Finding an optimum value of alpha that trades

transmission power versus error performance is an interesting research question and its

study is proposed as a subject of future investigation.

The benefit of the precoded SEFDM in terms of data rate improvement is presented

in Fig. 8.5 where three additional modulation formats; 128QAM, 32QAM and 8QAM

are tested. It is apparent that the 8QAM modulated SEFDM signal has close perfor-

mance to that of the 4QAM modulated OFDM signal. Since each of the 8QAM symbol
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Figure 8.5: Bit rate comparisons of α=0.6 precoded SEFDM and OFDM in the condi-
tion of various modulation formats.

has 3 bits and each 4QAM symbol has 2 bits, therefore, the data rate is improved by

50% = (3/2 − 1) × 100%. With the increase of modulation format order, the data

rate improvement is still evident in SEFDM but with reduced benefits. For example,

comparing the 32QAM modulated SEFDM signal and the 16QAM modulated OFDM

signal, the data rate is increased by 25% = (5/4−1)×100%. Furthermore, with higher

modulation formats such as 128QAM modulated SEFDM signal and 64QAM modu-

lated OFDM signal, the percentage is reduced to around 17% = (7/6 − 1) × 100%.

To summarize, the tested precoded SEFDM system can achieve the same performance

compared to an OFDM system while achieving increased data rates, which are jointly

set by modulation formats and bandwidth compression factors.

8.2.2.2 Multipath Propagation Scenario

In this section, a perfect CSI is assumed at the receivers for both OFDM and SEFDM

in order to mitigate the effect of channel estimation. For detailed description of a

time-domain channel estimation algorithm of SEFDM, readers are referred to the work
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in [77]. This section will briefly present the principle of the time-domain channel

equalization for SEFDM and frequency-domain channel equalization for OFDM.

Considering a joint multipath and AWGN channel, the receiver side distorted signal

after CP removal [77] is expressed as

Yc = HcX + Z = HcFS + Z (8.9)

where Yc is a vector of length Q. The channel Hc is a Q×Q circulant matrix, which is

a truncated (i.e. removing CP effect) version of a channel Toeplitz matrix H shown in

[77]. After demodulation, which is effectively a multiplication of Yc with the conjugate

sub-carrier matrix F∗, the signal vector is expressed as

R = F∗HcFS + F∗Z = GS + ZF∗ . (8.10)

For orthogonal multicarrier signals (e.g. OFDM), G is a diagonal matrix. Thus,

the channel can be estimated and compensated through a one tap frequency-domain

equalizer. However, this is not the case in SEFDM since there are off-diagonal elements

in the matrix G. This introduces both multiplicative (diagonal elements) and addi-

tive (off-diagonal elements) distortions. Therefore, OFDM and SEFDM have different

solutions to compensate for channel effects.

For OFDM, channel equalization with perfect CSI is operated as

ŝi = ri/gi, i = 0, 1, ..., N − 1 (8.11)

where ŝi is the ith element of estimate Ŝ, ri is the ith element of R and gi is the ith

element of diagonal(G).

For SEFDM, the known channel matrix Hc is inverted to give H−1
c and used to

equalize the distorted SEFDM symbols in the time domain in (8.9) as
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Yeq = H−1
c Yc = H−1

c HcFS + H−1
c Z

= FS + ZH−1
c

(8.12)

Then, following the operations in (8.6), (8.7) and (8.8), SEFDM symbols will be

recovered.

To test this, a static frequency selective channel, obtained from [147], is used in the

simulation as

h(t) = 0.8765δ(t)− 0.2279δ(t− Ts) + 0.1315δ(t− 4Ts)

−0.4032e
jπ
2 δ(t− 7Ts) (8.13)

where Ts is the sampling period, which can be calculated according to the system spec-

ifications in Table 8.1. The spectra of OFDM and precoded SEFDM signals distorted

by the static channel are shown in Fig. 8.6 where the occupied bandwidth is 18 MHz

for both cases. Although both spectra have the same frequency response, the OFDM

spectrum aggregates N sub-carriers while the SEFDM one aggregates N
α sub-carriers.

For the OFDM signals, after symbol mapping, each symbol is modulated on a sepa-

rate sub-carrier. In the precoded SEFDM signals, after symbol mapping, the precoding

operation will spread each symbol over multiple sub-carriers, which indicates multiple

sub-carriers will carry one symbol. Hence, in a frequency selective channel, the pre-

coded SEFDM will offer improved frequency diversity.

In order to explore fully the benefits of precoded SEFDM in the static frequency

selective channel, various modulation formats ranging from 4QAM to 128QAM are

tested with results showing in Fig. 8.7. For the same modulation formats, it is clear

that the error performance of precoded SEFDM signals shows several dBs of advantage

compared to that of the OFDM signals. When a precoded SEFDM signal is used, ap-
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Figure 8.6: Spectra of OFDM and α=0.6 SEFDM signals after the static frequency
selective channel. Occupying the same bandwidth, a total number of N=1200 data
sub-carriers are aggregated for OFDM and N/α=2000 data sub-carriers for SEFDM.

plying a higher modulation format leads to almost identical error performance at low

Eb/No and much better performance at high Eb/No. This is due to the effect of pre-

coding leading to BER curves slope difference where the slope of the SEFDM curves is

greater than that of the OFDM curves. One achievement is the comparison of 128QAM

SEFDM and 16QAM OFDM. It is noted that below Eb/No=19dB, the OFDM system

outperforms the SEFDM system while beyond Eb/No=19dB, the 128QAM SEFDM

starts performing better than the 16QAM OFDM one.

The reason for such performance improvement is attributed to the fact that this joint

compressed waveform and precoding scheme provides frequency diversity in frequency

selective channels, since not only channel effects are spread over all sub-carriers, but

also only a portion (i.e. (100 × α)%) of sub-carriers carry information data and these

are the ones benefitting most from the precoding and eigenvalue decomposition process.

The precoding technique can achieve better performance since it can exploit the

frequency diversity. In realistic communication systems, Turbo error correcting codes

are commonly used due to their powerful error correction capability over multipath
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Figure 8.7: BER comparisons of α=0.6 precoded SEFDM signals and OFDM signals
in a static frequency selective channel.

channels. Fig. 8.8 further explores performance in a Turbo coding scenario to verify

that the precoding technique can still have advantages when used in conjunction with

Turbo coding.

For the simulation, a rate 1/3 parallel concatenated Turbo code with polynomials

G1(D) = 1+D2+D3 and G2(D) = 1+D+D3, derived from LTE [212], are used for both

cases; the typical OFDM and precoded SEFDM. Both systems are tested in the same

frequency selective channel scenario used to obtain the results of the uncoded systems

of Fig. 8.7. The 64QAM modulated OFDM signals with three and eight iterations are

evaluated. It is evident that both have the same error performance. This indicates

that three iterations are sufficient to achieve optimal BER performance and increasing

the number of iterations will not have any added benefit. Meanwhile, the precoded

SEFDM signal with the same modulation scheme is tested using also three and eight

iterations. The two tested SEFDM cases perform better than the typical OFDM cases

by several dBs. Three iterations are sufficient to obtain better performance relative

to the typical OFDM cases and further performance gain can be achieved for eight
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Figure 8.8: Turbo coded BER comparisons of α=0.6 precoded SEFDM signals and
OFDM signals in a static frequency selective channel.

iterations. It is inferred from the above simulations that the use of Turbo coding can

improve the performance of both systems and the performance gain achieved by the

precoded SEFDM signal is still maintained.

8.2.3 Applications in Copper Access Networks

The requirement of high data rate service accelerates the development of last mile

access techniques. Fiber networks can support very high throughput data services and

many deployment models [213] such as FTTH, fiber to the building (FTTB), fiber to

the cabinet (FTTC) and fiber to the distribution point (FTTdp) are being used today.

In addition, since the 1990s, the rapid deployment of copper access networks motivates

digital subscriber line (DSL) to be a successful fixed broadband access technique. There

are approximately 300 million legacy DSL lines [214] deployed worldwide. The efficient

use of the existing resources would significantly cut the deployment cost and time to

market. The FTTH is a desired approach to serve high data rates service to users.

However, the construction cost is significantly high since the fiber has to be connected
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to each house. In order to evolve smoothly to FTTH, a cost efficient and fast time-to-

market approach is “fiber-in copper-out”. Two key hybrid fiber-copper architectures

have been summarized in [215] where solutions include FTTC with vectoring very-high-

bit-rate digital subscriber line 2 (VDSL2) and FTTdp [216] with G.fast (fast access to

subscriber terminals), developed by British Telecommunications and reported in [217].

Among DSL techniques, VDSL2 has been widely used for a decade due to its high

data rate and bandwidth, which is up to 30 MHz. However, the main issue is the

crosstalk between twisted pairs copper lines. According to research results in [213][215],

longer copper length and higher frequency result in higher crosstalk interference. In

addition, the Huawei report [214] indicates that a larger number of copper lines also

cause higher crosstalk. The “reach vs. rate” comparisons of different copper access

techniques have been studied in the Huawei report [214] and are reproduced in Fig.

8.9. It is clearly seen that G.fast expands the occupied bandwidth to achieve higher

data rates at the cost of reduced transmission distance.

Figure 8.9: Development of copper access techniques. This figure is reused from a
Huawei technical report [214].

The crosstalk is divided into near-end crosstalk (NEXT) and far-end crosstalk

(FEXT). The NEXT is the interference between downstream signals and upstream

signals of different twisted pairs while FEXT is the interference between downstream

signals of different twisted pairs or between upstream signals of different twisted pairs.

The VDSL2 is implemented based on the frequency division duplexing (FDD) scheme
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where upstream signals and downstream signals use different frequencies. Thus, the

NEXT can be avoided to some extent. However, the FEXT cannot be eliminated since

downstream signals of different pairs or upstream signals of different pairs occupy the

same frequency band. To deal with the issue, vectoring techniques [214] are consid-

ered. Unlike the FDD used in VDSL2, G.fast employs time division duplexing (TDD)

scheme [213] to simplify the analog front-end and adjust the ratio between downstream

and upstream rates. Since both the downstream and upstream signals use the same

frequency, the NEXT have to be avoided by fixing the upstream/downstream ratio for

all twisted pairs [213].

Figure 8.10: In-band limit PSD mask for 106 MHz profile. ftr1=2 MHz, ftr2=106 MHz
and maximum aggregate transmit power = +4 dBm. The PSD figure is reused from
ITU-T G.9700.

Figure 8.11: In-band limit PSD mask for 212 MHz profile. ftr1=2 MHz, ftr2=212 MHz.
The PSD figure is reused from ITU-T G.9700.
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The detailed information of G.fast is referred to [217]. The main work here is to

propose an SEFDM system deployment idea that can bring benefits to copper access

networks. The power spectral density (PSD) masks of G.fast are specified in [218]

where two spectral profiles are shown in Fig. 8.10 and Fig. 8.11, respectively. It

is clearly seen that for both cases the PSD is flat ranging from 2 MHz to 30 MHz.

Beyond 30 MHz, the PSD is reduced to -76 dBm/Hz at 106 MHz and -79 dBm/Hz at

212 MHz. Therefore, the special spectral mask motivates the use of SEFDM signals by

compressing signal bandwidth below 30 MHz. Assume an OFDM signal that occupies

a 35 MHz bandwidth ranging from 2 MHz to 37 MHz. Since 37 MHz is beyond 30

MHz, part of the OFDM signal would be distorted. However, compressing bandwidth

by 20%, the new signal would be within the 30 MHz spectral edge. Therefore, the

quality of the signal maybe improved by avoiding the frequency range associated with

low SNR.

8.3 Self Interference Cancellation

The self interference cancellation scheme was firstly proposed in [219] for the purpose

of mitigating frequency offset in an OFDM system. The general principle of the can-

cellation scheme is to modulate the same symbol onto adjacent two sub-carriers (or a

group of more than two sub-carriers) with opposite weighting coefficients (e.g. ’+1’

and ’-1’) in order to minimize the ICI caused by the channel frequency errors. Thus,

the ICI can be self cancelled at the transmitter. At the receiver, using a linear combi-

nation scheme, ICI could be further removed. An SEFDM signal has a similar effect

of OFDM frequency offset since sub-carriers are packed non-orthogonally intentionally.

Therefore, the cancellation scheme may be applicable for SEFDM systems.

It has been shown in Fig. 2.3, Fig. 2.4 and Fig. 2.5 that the desired SEFDM

signal power is dominant while with fluctuating interference power. The ICI compo-

nents are relatively stable. Thus, modulating the same complex symbol onto adjacent

two sub-carriers (or a group of more than two sub-carriers) with opposite weighting
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coefficients could minimize the ICI effect since ICI signals from adjacent sub-carriers

will be mutually cancelled.

8.3.1 Principle and Performance

The basic idea is to arrange symbols as S(1) = −S(0), S(3) = −S(2),..., S(N − 1) =

−S(N − 2), thus the new version of the first demodulated symbol is given as

R′(0) =
N−2∑

k=0&k=even

S(k)[C(0, k)−C(0, k + 1)] + ZF∗(0) (8.14)

where the ICI component in this case is expressed as

C′(0, k) = C(0, k)−C(0, k + 1) (8.15)

In addition, the second demodulated symbol is defined in (8.16) with its ICI com-

ponent in (8.17).

R′(1) =
N−2∑

k=0&k=even

S(k)[C(1, k)−C(1, k + 1)] + ZF∗(1) (8.16)

C′(1, k) = C(1, k)−C(1, k + 1) (8.17)

Focusing on the first symbol, a new CIR is expressed as

CIR =
|C(0, 0)−C(0, 1)|2∑N−2

k=2&k=even |C(0, k)−C(0, k + 1)|2
(8.18)

The aforementioned ICI cancellation is operated at the transmitter and it is noted

as ‘Tx-cancellation’. In order to further improve the performance, a joint transmitter

and receiver ICI cancellation scheme, noted as ‘Tx-Rx-cancellation’, is presented in

the following. The solution is to add weighting factors in front of each demodulated

symbol. Specifically, the data on the kth sub-carrier is multiplied by ’+1’ while the

data on the (k + 1)th sub-carrier is multiplied by ’-1’. Then the summation of them

295



CHAPTER 8

results in a new expression as

R′′(0) = R′(0)−R′(1)

=

N−2∑
k=0&k=even

S(k)[C(0, k)−C(0, k + 1)−C(1, k) + C(1, k + 1)] + Z ′F∗(0)

(8.19)

where Z ′F∗(0) = ZF∗(0)−ZF∗(1). Since C is a Toeplitz matrix, therefore C(0, k)=C(1, k+

1). A new expression is given as

R′′(0) =

N−2∑
k=0&k=even

S(k)[2C(0, k)−C(0, k + 1)−C(1, k)] + Z ′F∗(0) (8.20)

where a new ICI component is C′′(0, k) = 2C(0, k) −C(0, k + 1) −C(1, k) and a new

CIR expression is defined as

CIR =
|2C(0, 0)−C(0, 1)−C(1, 0)|2∑N−2

k=2&k=even |2C(0, k)−C(0, k + 1)−C(1, k)|2
(8.21)

Two ICI components have been studied so far. The comparison of them is included

in Fig. 8.12 and Fig. 8.13. Two different bandwidth compression factors such as α=0.8

and α=0.6 are tested and each figure includes three different self cancellation schemes.

In Fig. 8.12, when n=0, |C(0, n)| indicates desired signal while ICI components

are conditioned by n > 0. It is evident that the Tx-Rx-cancellation scheme has the

highest desired signal power and the Tx-cancellation one is in the middle and the

standard SEFDM is the lowest one. In terms of ICI components, which remove the

n=0 component, they all have similar ICI signal powers. It should be noted that the

Tx-Rx-cancellation scheme and the Tx-cancellation scheme only take even values, and

the number of the interference signals is reduced to half compared to the standard

SEFDM one leading to the improved CIR performance of Fig. 8.14. Therefore the

total ICI signal power is much smaller than that in a standard SEFDM system since

the number of ICI signals is reduced.

296



CHAPTER 8

0 5 10 15
0

0.5

1

1.5

2

2.5

Sub−carrier index: n

|c
(0

,n
)|

 

 

Tx−Rx−cancellation, α=0.8
Tx−cancellation, α=0.8
Standard, α=0.8

Figure 8.12: Comparisons of three different systems in terms of desired and undesired
power contributions to the first demodulated symbol R(0), for α=0.8.
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Figure 8.13: Comparisons of three different systems in terms of desired and undesired
power contributions to the first demodulated symbol R(0), for α=0.6.

In addition, in Fig. 8.13, a smaller bandwidth compression factor α is used and

therefore a different result is observed. The desired signal power follows the conclusion

in Fig. 8.12 while the ICI signal power is different among three different self interference
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cancellation schemes. It is apparent that the Tx-cancellation scheme shows a similar

interference power with the standard one while the Tx-Rx-cancellation scheme presents

a higher interference power such as the second star notation.

Finally, the different desired and undesired power contributions are studied in the

form of CIR. The standard SEFDM is included as a reference. Both the Tx cancella-

tion and the Tx-Rx cancellation schemes show improved CIR relative to the standard

SEFDM one. The Tx-Rx cancellation one offers more than two orders of magnitude

CIR improvement within the range from α=0.7 to α=0.9. This is due to the increased

desired signal power as shown in Fig. 8.12. However, below α=0.7, Tx cancellation

scheme starts to show a higher CIR. The reason can be inferred by considering Fig.

8.13 where the interference from the Tx-Rx cancellation scheme is much higher than

that of the Tx cancellation SEFDM for α=0.6.
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Figure 8.14: CIR comparisons for three different systems with N=16 sub-carriers over
various bandwidth compression factors α.

Constellation quality is used for an initial assessment the performance of the self

interference cancellation scheme. Fig. 8.15 shows different 16QAM constellation pat-

terns for SEFDM signals with 20% bandwidth compression (i.e. α=0.8). Fig. 8.15 (a)

shows a typical constellation diagram with no interference cancellation. It is clearly
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Figure 8.15: Constellation illustrations for 16QAM SEFDM with α=0.8. (a) No can-
cellation; (b) Tx cancellation; (c) Tx-Rx cancellation; (d) Tx-Rx-ID cancellation.

seen that the constellation points scatter significantly due to the self-created ICI and

the high density of the 16QAM constellation points. It is expected that the signal

associated with this constellation cannot be recovered easily. Fig. 8.15 (b) presents

a better constellation diagram due to the use of transmitter self interference cancel-

lation scheme. However, a fixed phase rotation of the constellation is observed. This

can be compensated at the receiver by self interference cancellation technique, which

is shown in Fig. 8.15 (c). The quality of the constellation is greatly improved since

the scattering and the phase rotation have been compensated. The results also verify

the conclusion obtained from figure 8.14 where the CIR of the tx-rx self interference

cancellation scheme is much higher than others at α=0.8. In order to get further im-

proved constellation performance, the advanced soft demapping derived from work [52]

is tested in Fig. 8.15 (d) where a much better constellation pattern can be obtained.

Fig. 8.16 presents the BER simulation results of SEFDM systems with the self
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Figure 8.16: BER comparisons of self interference cancellation SEFDM systems and
ZF based OFDM systems in various spectral efficiencies.

Table 8.2: Achievable Spectral Efficiency

Parameters 16QAM

Raw spectral efficiency 4 bit/s/Hz

SelfIC spectral efficiency 2 bit/s/Hz

SelfIC with SEFDM signals
(33% bandwidth saving) 3 bit/s/Hz ⇐⇒ 8QAM OFDM

interference cancellation scheme. OFDM systems with ZF detectors are included for

comparisons. They are denoted as “theoretical-MQAM”. AWGN channel is used here

and multipath fading effects are not considered. In terms of SEFDM, a pair of two

symbols are grouped resulting in halved data rate. It should be noted that the self in-

terference cancellation is similar to repetition coding since a symbol is effectively trans-

mitted twice by being modulated onto two adjacent sub-carriers with opposite signs.

Thus, the spectral efficiency is halved. In order to have fair comparisons, systems with

the same achievable spectral efficiency have to be compared. Thus, modulation formats

and bandwidth compression factors should be flexible for SEFDM. One example of the
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achievable spectral efficiency for SEFDM is presented in Table 8.2. Results indicate

that the interference cancellation technique can mitigate the self-created ICI to some

extent. It is clearly seen that SEFDM outperforms OFDM at spectral efficiency equals

3 bit/s/Hz. For other spectral efficiency values, SEFDM shows the same performance

as that of OFDM. The results are expected since higher constellation density introduces

higher interference and the ICI level is beyond the correction capability. With further

bandwidth compression, further performance loss is expected.

8.3.2 Over-the-Air Testing of Self Interference Cancellation Scheme

Figure 8.17: Single SEFDM/OFDM testbed setup using USRP RIO.

The experimental setup is designed on a single USRP based SEFDM/OFDM plat-

form. The actual setup is shown in Fig. 8.17, where one USRP RIO 2953R [188] is used

as a transceiver. In order to extend the coverage of the transmit and receive antennas, a

5 m RF coaxial cable with negligible attenuation is connected between the Tx antenna

(or Rx antenna) and the USRP RF0 out port (or RF1 in port). Two antennas are
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arranged with a LOS link and the spacing between the two antennas is 2 m, with the

antennas being placed 0.8 m above the floor. The experiment is operated according to

the system specifications in Table. 8.3 where the central carrier frequency is set to be

the free license 2.4 GHz and other parameters are mostly set based on LTE standard.

The table indicates that transmitting the same amount data per second, SEFDM signal

occupies narrow bandwidth. For a more detailed description of the USRP operations,

section 6.7 gives a comprehensive explanation.

Table 8.3: Experimental Testbed Specifications For Single USRP Systems

Parameters OFDM SEFDM

Central carrier frequency (GHz) 2.4 2.4

Modulation scheme 4QAM 4QAM

Sampling rate (MHz) 7.68 7.68

FFT size 1024 1024

Number of data sub-carriers 600 600

Bandwidth compression factor 1 0.8

Sub-carrier spacing (kHz) 15 12

Channel bandwidth (MHz) 5 4

Data bandwidth (MHz) 4.5 3.6

Data rate (Mbps) 9 9

Figure 8.18: Baseband OFDM (top) and SEFDM (bottom) spectra on a single USRP
RIO device.
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Screenshots illustrating the single device performance are studied and are provided

in Fig. 8.18. Firstly, a typical OFDM spectrum together with a constellation pattern,

following LTE specifications, are illustrated. The data occupied bandwidth is 4.51

MHz, which is equivalent to one of the LTE requirements [1]. Second, the same data

was used to generate an SEFDM signal with a bandwidth compression factor α=0.8,

as evaluated in Fig. 8.18. It is clearly seen that the occupied signal bandwidth is

compressed and the constellation points are becoming scattered with the reduction of

α. Without self interference cancellation, the constellation points are scattered greatly.

After the use of the cancellation method, the constellation performance is similar to

the OFDM one.

8.4 Conclusions

This section reported two new design concepts for low complexity SEFDM transceivers.

Firstly, a precoded architecture is evaluated in realistic channel scenarios. This scheme

utilized eigenvalue decomposition to allocate information data on the sub-carriers asso-

ciated with high eigenvalues, which in turn are related to the bandwidth compression

factor. Due to the constructive power introduced by those high eigenvalues, the re-

ceiver design is significantly simplified. Several simulations are evaluated in different

conditions to demonstrate the benefits of the precoded SEFDM. In AWGN channel, for

same condition of modulation format and occupied bandwidth, the proposed precoded

SEFDM systems perform much better than its OFDM equivalent. In a frequency se-

lective channel, different modulation formats are presented to show the advantage of

the precoded SEFDM. The precoding operation introduces frequency diversity since

one symbol will be modulated on multiple sub-carriers. Thus, the precoded SEFDM

would be more robust in frequency selective channels. Results show that for the same

bandwidth a 128QAM precoded SEFDM system outperforms a 16QAM OFDM one

by offering 75% bit rate increase. Since error correcting codes improve performance

in multipath channel scenarios, Turbo coding BER performance comparisons are in-
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vestigated in this work. Results indicate that significant coding gains are achieved for

both systems whilst maintaining the power advantage of the precoded SEFDM over

OFDM. In order to have a fair comparison, the precoded SEFDM and the typical

OFDM systems, both modulated by 64QAM symbols, are tested in a predefined fre-

quency selective channel. Using 64QAM modulated symbols, the precoded SEFDM

outperforms the typical OFDM by several dBs.

The second scheme, termed self interference cancellation, aims to transmit data,

having the same absolute amplitude but opposite signs, on adjacent sub-carriers. This

solution has some tradeoffs in terms of complexity and spectral efficiency. The bene-

fit is its low complexity compared to post interference cancellation schemes. Typical

SEFDM signal detectors such as SD and FSD are too complicated to implement in

systems requiring large number of sub-carriers or high order QAM modulation con-

stellation due to multiplication and matrix inverse operations. However, the tested

self interference cancellation scheme almost follows the typical OFDM operations. It

should be noted that using a group of two symbols, the spectral efficiency is halved.

Therefore, achievable spectral efficiency is studied for this scheme. Results indicate

that this solution is specially suitable for low order modulation formats. For achievable

spectral efficiency equals 3 bit/s/Hz, SEFDM outperforms typical OFDM. For other

achievable spectral efficiency values, SEFDM and OFDM have close BER performance.

In addition, this work has been designed experimentally and integrated in USRP ver-

ifying the concept through simple constellation observations. Based on the practical

results, it is concluded that the self interference cancellation method can bring benefits

to SEFDM signals in a single USRP point-to-point communication scenario.
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Conclusions

Future communication systems will aim to maximize data throughput without compro-

mising the scarcely available spectrum. SEFDM is one such system where orthogonality

is intentionally violated to improve spectral efficiency at the expense of self-created ICI.

A model of an efficient signal generator has been mathematically analyzed and further

implemented on FPGA and VLSI platforms. Linear and non-linear detectors for small

size uncoded SEFDM systems were proposed by previous researchers and their lim-

itations were presented in Chapter 2. For SEFDM systems with a large number of

sub-carriers and high order modulation formats, the topic of efficient signal detection

still remains open and untackled. Therefore, this thesis proposed and explored several

efficient SEFDM system models and further experimentally evaluated such systems in

both optical testbeds, wireless testbeds and combinations of these.

Chapter 3 presented three novel signal detection schemes for ICI mitigation of

SEFDM signals. An optimized iterative detector (ID) assisted by the soft demapping

scheme was first described. This outperforms linear detectors such ZF and TSVD. A

hybrid detector combining both ID and FSD results in much better performance while

maintaining acceptable complexity. However, the ID-FSD detector is only applicable to

small size systems. The ICI introduced within SEFDM is proportional to the number

of sub-carriers, which poses great challenge to SEFDM implementation and a restric-
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tion of its potential use in future practical systems. Therefore, a detector for large size

SEFDM systems with good error performance is highly desirable. Block-SEFDM is the

technique proposed in this thesis to modify the sub-carrier locations at the transmit-

ter. The whole spectrum band is divided into several blocks and symbols in each block

can be detected separately leading to reduced complexity. This technique is applicable

to large size non-orthogonal systems, which in this thesis are tested with up to 128

sub-carriers. Furthermore, an efficient detector termed BED is proposed and shown to

have much improved performance when compared to other detectors used for SEFDM.

Simulation shows several dB performance gain is achieved for various bandwidth com-

pression factors. This is the first SEFDM attempt to employ more than one hundred

sub-carriers whilst performance is maintaining. In order to further reduce the com-

plexity and improve the reliability of signal detection, an efficient soft detector, that

is specially proposed for SEFDM systems consisting of a large number of sub-carriers,

were designed and tested. The convolutional coding is used with a purpose designed

efficient soft detector. Simulation results show that in the presence of a frequency se-

lective channel, relative to OFDM, the soft detector would allow up to 40% bandwidth

saving with less than 1.1 dB degradation and 45% of bandwidth with a penalty of

1.6 dB in the case of 1024 non-orthogonal sub-carriers while maintaining acceptable

implementation complexity.

Chapter 4 presents applications of SEFDM in the optical domain. Two optical sys-

tems were designed and reported. The 10 Gb/s DDO-SEFDM optical experiment can

improve spectral efficiency in both the electrical and optical domains. It is experimen-

tally shown that for bandwidth saving up to 20% or signalling rate up to 25%, after

transmission over 80 km of single mode fiber, it can achieve the same performance as

DDO-OFDM. This is the first experimental verification of 25% optical faster than the

Nyquist principle. Furthermore, for approximately the same spectral efficiency, 4QAM

DDO-SEFDM outperforms the standard 8QAM DDO-OFDM by 1.6 dB. It is experi-

mentally shown that a lower-order modulation format can achieve a better performance
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by replacing a higher order one. The coherent system experiment (CO-SEFDM) shows

the transmission of a 24 Gb/s DP-CO-SEFDM signal over 80 km of SSMF. It is shown

that QPSK based DP-CO-SEFDM, achieves a 2 dB gain in OSNR performance rel-

ative to an otherwise equivalent 8QAM, which has approximately the same spectral

efficiency.

Chapter 5 introduces a new framework to increase the number of component carriers

(CCs), in a carrier aggregation (CA) system, within a limited bandwidth and without

changing the transmission rate per sub-carrier, by using bandwidth compressed SEFDM

signals. Results illustrate that overall bit rate can be increased whilst maintaining the

same bandwidth. Experimental results show that by compressing each CC by 16%, a

CA-SEFDM system can integrate 6 CCs. Moreover, with further compression by 28%,

one more CC can be aggregated. Compared with CA-OFDM, which is used in LTE-

Advanced systems, the equivalent SEFDM shows that a significant spectral efficiency

improvement is achieved at small performance loss. In a real RF experiment, imperfect

timing synchronization, sampling phase offset and LO offset will distort signals at the

receiver. These effects have been studied and solutions have been provided. In addition,

the self-created ICI results in poor channel estimation. In this work, CSI is derived from

a zero forcing based time-domain channel estimation algorithm. Experimental results

show that up to 40% bit rate increase can be achieved at the cost of small power

penalty (below 3 dB). Such experimental results were obtained by testing signals over

an LTE channel generated using a commercially available channel emulator operating

in the 2 GHz band. This chapter discusses the implementation complexity and shows

that the benefits achieved in CA-SEFDM are at the cost of additional computational

complexity.

In Chapter 6, a new waveform termed Nyquist-SEFDM was proposed, theoretically

studied and practically verified that it can simultaneously save bandwidth and reduce

out-of-band power leakage. Bandwidth saving is achieved by packing sub-carriers at

frequencies below the symbol rate, spectral efficiency is improved at the cost of self-
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created ICI, and out-of-band power suppression is achieved by shaping each sub-carrier

with an RRC filter, which introduces new interference. The doubly created interference

and its effects are studied under two scenarios. Uncoded detectors are firstly studied

followed by coded ones with Turbo equalization. Results show that in order to get

converged BER performance, high iterations are needed for the uncoded scenario while

fewer iterations for the coded one. In a coexistence scenario of 4G and 5G signals,

the newly proposed waveform shows a significant reduced out-of-band interference,

therefore it could be well suited to application scenarios such as cognitive radio and

spectrum aggregation. This chapter also shows over-the-air testing of SEFDM signals

on commercially deployed USRP devices. Two USRPs are tested together. Coexistence

evaluations show that SEFDM can avoid interference on the top of LTE signals leading

to improved video quality. Specifically, pulse shaping brings new benefits to SEFDM

in scenarios where the spectrum is limited. All the results are obtained via realistic

over-the-air software defined radio testing, using commercially available USRP devices.

The combination of wireless and optical transmission was investigated in a millime-

ter wave scenario in Chapter 7 in detail. The data rate can be increased greatly within

a limited bandwidth and without changing the transmission rate per sub-carrier, by

using SEFDM signals. However, the improved data rate was achieved at the expense of

some power penalty. Considering 4QAM modulation scheme, compressing sub-carrier

spacing by 20% therefore aggregating more sub-carriers in a given bandwidth, the bit

rate is improved by 25%. For higher bandwidth compression up to 40%, approximately

67% more data can be delivered at the cost of roughly 3 dB power penalty and ad-

ditional computational complexity. In order to have a more convincing comparison,

two systems with equal spectral efficiency are set up and compared. The system using

bandwidth compressed SEFDM signals outperforms its equivalent 8QAM OFDM by

1 dB. All the experiments are operated in a realistic environment with a pair of 60

GHz antennas and optical fibers. Indeed, the achieved performance is not surprising

since previous experiments in the optical or wireless domains have shown the efficiency
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and practicability of these systems. The main concern is the system complexity, which

should be considered and dealt with in near future.

Chapter 8 considered the simplification of SEFDM transceiver design. The effec-

tive interference, which is contributed by all sub-carriers, has to be minimized and this

results in a receiver of significant complexity. In order to mitigate the interference and

simplify the receiver design, two promising solutions are proposed and tested. Firstly,

a precoding technique, based on eigenvalue decomposition of the sub-carrier correlation

matrix, is utilised. A new signal model, which occupies the same bandwidth, is tested

for the precoded SEFDM without requiring a complex detection algorithm. Results

show that due to the bandwidth compression benefit, SEFDM is able to offer construc-

tive power distribution to a portion of its sub-carriers, which indicates an improved

performance on those sub-carriers. In a frequency selective channel, simulation results

show that a 128QAM signal using the precoded SEFDM scheme outperforms a 16QAM

OFDM signal. This is due to the benefit of frequency diversity that specially exists

in the precoded SEFDM. Secondly, a repetition coding based new solution was tested.

The system principle was explained and simulations show that the self interference can-

cellation SEFDM results in better BER performance compared to that of an OFDM

system of the same achievable spectral efficiency. However, the improved performance

of both solutions comes with cost. The first solution requires SVD computation, which

consumes extra computational resources. The performance of the second solution is

improved at the expense of repeated symbol transmission, thus, the achievable spectral

efficiency is halved. Its performance can be further improved using a group of three

symbols at the cost of further reduced spectral efficiency. This chapter also shows

over-the-air testing of SEFDM signals on commercially available software defined ra-

dio (USRP devices). Single USRP is used to test the self interference cancellation

idea. Results show that the self interference cancellation method can efficiently remove

interference showing clear and recognizable constellation diagrams.

To sum up, the thesis reported the design of optimal system models that can recover
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complex SEFDM signals (e.g. LTE-like signals). Both conceptual and experimental

tests are investigated. The first part, including Chapter 2 and Chapter 3, mainly

focuses on theoretical studies of efficient detectors or system models for SEFDM. The

second part, of Chapter 4 to Chapter 8 is dedicated to practical implementations in both

the optical and wireless domain. It should be noted that the second part contributes

to future 5G systems developments. Many real world impairments are considered, such

as multipath fading, phase offset, imperfect timing synchronization and poor channel

estimation/equalization. It is worth mentioning that it is for the first time that SEFDM

was implemented in optical experimental testbeds. Moreover, it is also the first time to

set up SEFDM experiments in LTE, LTE-Advanced, millimeter wave and pulse shaping

scenarios.

9.1 Future Work

Despite contributions reported in this work, the design of efficient detectors for large

size SEFDM systems is still an attractive research topic. In addition, the work in

this thesis paves the way for many other research directions. Below is a list of topics

considered for future work.

• Filtered Block-SEFDM

The principle of Block-SEFDM has been explained in Chapter 3 in which the

entire signal band is separated into multiple sub-bands and one sub-carrier is

reserved between two adjacent sub-bands for out-of-band interference mitigation.

However, the spectral efficiency is reduced since the guard band cannot be used

for data transmission. In order to mitigate the interband interference, the pulse

shaping concept explained in Chapter 6 could be employed for each sub-band.

Thus, the out-of-band power leakage of each sub-band is suppressed without any

spectral efficiency loss. Adjacent sub-bands can be packed next to each other

without a protection gap between each.

310



CHAPTER 9

• Copper Access Applications

This topic has been mentioned in section 8.2.3. Its technical background is based

on the precoding scheme of section 8.2.1. The main idea of using SEFDM signals

in copper access scenario is to avoid the significant channel attenuation and cope

with severe cross talk. The way to do this is through bandwidth compression of

multicarrier systems.

• Iteration Control of the ID Signal Detection

According to section 3.2, a uncertainty interval is defined and narrowed linearly

after each iteration. In order to achieve the best performance, the number of

iterations should be large enough. This causes processing delay and poses great

challenges to hardware implementation. It may be beneficial to relax the iteration

numbers and optimize the iteration process using a nonlinear uncertainty interval

based on an exponential function in a form as

f(x) = ax (9.1)

where the base a could be greater than one or smaller than one. Normally, the

above equation is expressed as a natural exponential function if the form of ex.

Therefore, the convergence would be faster using a nonlinear scheme that in the

beginning of several iterations the uncertainty interval is relatively wider than

that in the last few iterations.

• Cancellation Carriers for Out-Of-Band Power Suppression

Chapter 6 showed that the high sidelobe of a sub-carrier can be suppressed using

pulse shaping filters. However, this method is too complicated due to the con-

volution operations at transmitter and receiver. A simpler method to suppress

the sidelobe was proposed in [220] where a number of predefined sub-carriers are

inserted at the edge of an OFDM spectrum. These special sub-carriers are called
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cancellation carriers. They are determined based on the principle that the power

of the sidelobe of a transmitted signal is the minimum one. This method has

been theoretically analyzed for GFDM in [221]. Therefore, it is worth trying the

CC method in SEFDM systems.
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Abbreviations

3GPP third generation partnership project

4G 4th generation

5G 5th generation

ADC analog-to-digital conversion

AED accumulated euclidean distance

ASE amplified spontaneous emission

ASIC application specific integrated circuit

AWG arbitrary waveform generator

AWGN additive white Gaussian noise

A/D analog-to-digital

B2B back-to-back

BCF bandwidth compression factor

BCJR Bahl-Cocke-Jelinek-Raviv

BDM bit division multiplexing

BED block efficient detector

BER bit error rate

Block-SEFDM block-spectrally efficient frequency division multiplexing

BPSK binary phase shift keying
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BS base station

BSS best solution selector

BU butterfly unit

CapEx capital expenditure

CA carrier aggregation

CBS central base station

CC component carriers

CCDF complementary cumulative distribution function

CCs component carriers

CD chromatic dispersion

CDMA code division multiple access

CIR carrier-to-interference power ratio

CMOS complementary metal-oxide-semiconductor

CoMP coordinated multiple point

CO-SEFDM coherent optical-SEFDM

CP cyclic prefix

CPE common phase error

CRVD conventional real valued decomposition

CR cognitive radio

CS central station

CSI channel state information

CSPR carrier to signal power ratio

C-RAN cloud-radio access networks

DAC digital-to-analogue conversion

DC direct current

DCT discrete cosine transform

DDC digital down-conversion

DDO-OFDM directed detection optical-OFDM

314

tongyang
Textbox
APPENDIX A



CHAPTER A

DDO-OFDM direct detection optical-OFDM

DDO-SEFDM directed detection optical-SEFDM

DFB distributed feedback

DFT discrete Fourier transform

DOFDM dense orthogonal frequency division multiplexing

DP dual polarization

DPC dirty paper coding

DSB double sideband

DSL digital subscriber line

DSP digital signal processors

DVB digital video broadcast

D/A digital-to-analog

ECC error correcting codes

ECL external-cavity laser

EDFA erbium doped fiber amplifier

eMBB enhanced mobile broadband

EPA extended pedestrian A

FBMC filterbank based multicarrier

FCE full channel estimation

FD fixed detector

FDD frequency division duplexing

FDM frequency division multiplexing

FDMA frequency division multiple access

FE full expansion

FEC forward error correction

FEXT far-end crosstalk

FF flip-flop

FFT fast Fourier transform
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FOFDM fast orthogonal frequency division multiplexing

FPGA field programmable gate array

FrFT fractional Fourier transform

FSD fixed sphere decoding

FSD-MNSF FSD-modified-non-sort-free

FSD-NSF FSD-non-sort-free

FSD-SF FSD-sort-free

FTN faster than Nyquist

FTTB fiber to the building

FTTC fiber to the cabinet

FTTdp fiber to the distribution point

FTTH fiber to the home

GB guard band

GFDM generalized frequency division multiplexing

GUI graphical user interface

HC-MCM high compaction multicarrier communication

HPA high power amplifier

IC integrated circuit

ICI inter carrier interference

ID iterative detection

IDCT inverse discrete cosine transform

IDFT inverse discrete Fourier transform

ID-FSD iterative detection-FSD

ID-SD ID-sphere decoding

IF intermediate frequency

IFFT inverse fast Fourier transform

IFrFT inverse fractional Fourier transform

IMD intermodulation distortion
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IoT internet of things

IOTA isotropic orthogonal transform algorithm

IP intellectual property

ISI inter symbol interference

LDPC low density parity check

LLR log-likelihood ratio

LNA low noise amplifier

LO local oscillator

LOS line-of-sight

LTE long term evolution

LTE-Advanced long term evolution-advanced

LUT look up table

MA multiple access

MASK m-ary amplitude shift keying

MCM multicarrier modulation

MC-CDMA multi-carrier code division multiple access

MF matched filter

MIMO multiple input multiple output

ML maximum likelihood

MLSD maximum likelihood sequence detection

MMF multi-mode fiber

MMSE minimum mean squared error

mMTC massive machine-type communication

MNSF modified-non-sort-free

MOFDM masked-OFDM

MRVD modified real valued decomposition

MS mobile station

MSE mean squared error
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MTC machine-type communication

MUSA multi-user shared access

MZM Mach-Zehnder modulator

NB-IoT narrow-band IoT

NEXT near-end crosstalk

NOFDM non-orthogonal frequency division multiplexing

NOMA non-orthogonal multiple access

NP non-polynomial

NSF non-sort-free

NWDM Nyquist wavelength division multiplexing

Nyquist-SEFDM Nyquist-spectrally efficient frequency division multiplexing

OBM-OFDM orthogonal band multiplexed OFDM

OF optical filter

OFDM orthogonal frequency division multiplexing

OFDMA OFDM-FDMA

OMA orthogonal multiple access

OpEx operating expenditure

OQAM offset-QAM

OSNR optical signal-to-noise ratio

OSSB optical single sideband

OTA over-the-air

Ov-FDM Overlapped FDM

O-SEFDM optical-spectrally efficient frequency division multiplexing

O-FOFDM optical-fast orthogonal frequency division multiplexing

O-OFDM optical-orthogonal frequency division multiplexing

PA power amplifier

PAPR peak-to-average power ratio

PCE partial channel estimation
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PD photodiode

PDF probability density function

PDMA polarisation division multiple access

PDM-OFDM polarization-division multiplexing-OFDM

PDM-SEFDM polarization-division multiplexing-SEFDM

PDSCH physical downlink shared channel

PE processing element

PED partial Euclidean distance

PMD polarization mode dispersion

PON passive optical network

PSD power spectral density

PU primary user

PXI PCI extensions for instrumentation

P/S parallel-to-serial

QAM quadrature amplitude modulation

QoS quality of service

QPSK quadrature phase-shift keying

RAUs remote antenna units

RBW resolution bandwidth

RF radio frequency

RMS root mean square

RoF radio-over-fiber

ROM read only memory

RRC root raised cosine

RSC recursive systematic convolutional

RTL register transfer level

RVD real valued decomposition

ScIR sub-carrier to interference ratio
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SCMA sparse code multiple access

SC-FDMA single-carrier-frequency division multiple access

SD sphere decoding

SDP semidefinite programming

SDR software defined radio

SEFDM spectrally efficient frequency division multiplexing

SEFDMA SEFDM-FDMA

SelfIC self interference cancellation

SF sort-free

SIC successive interference cancellation

SiGe silicon-germanium

SINR signal-to-interference-plus-noise ratio

SMF single mode fiber

SNR signal-to-noise ratio

SP shortest-path

SSB single-sideband

SSBI signal-signal beat interference

SSMF standard single mode fiber

STBC space time block coding

STO symbol timing offset

SU secondary user

SVD singular value decomposition

S/P serial-to-parallel

TDD time division duplexing

TDMA time division multiple access

TFP time frequency packing

THP Tomlinson-Harashima precoding

TSVD truncated singular value decomposition
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TSVD-FSD truncated singular value decomposition-fixed sphere decoding

UFMC universal-filtered multicarrier

URLLC ultra-reliable and low-latency communication

USRP universal software radio peripheral

VDSL very-high-bit-rate digital subscriber line

VDSL2 very-high-bit-rate digital subscriber line 2

VHDL very high speed integrated circuit hardware description language

VLC visible light communication

VLSI very large scale integration

VOA variable optical attenuator

VP vector perturbation

VSSB-OFDM virtual single-sideband OFDM

WCDMA wideband code division multiple access

WiFi wireless fidelity

WiGig Wireless Gigabit Alliance

WiMAX Worldwide interoperability for Microwave Access

WSS wavelength selective switch

ZF zero forcing

ZP zero padding
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Optics Express Paper: Reach

Enhancement in Optical Fiber

Transmission

The paper attached here has been submitted to Optics Express in August 2017 and

is under review. It reports reach enhancement in nonlinear optical fiber transmission

using SEFDM signals.
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Research Images as Art -

Kaleidoscope of Radio Signals

This was a poster submission to a competition of research images of art, held at UCL

in 2016. The patterns were simulated using multicarrier signals constellation based on

those of Chapter 5 of this thesis.

The flower patterns shown in Fig. C.1 indicate the motion of radio signals, which

are generally propagated over noisy, interfered and attenuated wireless channels. A

constellation diagram, represented by constellation points, is used to evaluate the signal

quality. Noise scatters constellation points; interference results in circular and spreading

constellation points and attenuation causes expansion and shrink of constellation points.

The combination of these effects displays diversified flower patterns and therefore the

motion of the world.
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Figure C.1: Radio signal constellation patterns after wireless channel propagation.
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