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mance is ever increasing. With the advent of new wireless technologies such as

5G and vehicular networks and the shift towards large scale cooperative Multiple

Input Multiple Output (MIMO), it is imperative that the resources are utilized

optimally. Orthogonal Frequency Division Multiplexing (OFDM) is a promising

and widely used technique in wireless communications. Recently, a new family

of schemes called OFDM with Index Modulation (OFDM-IM) based on the con-

cept of Spatial Modulation (SM) have been proposed. OFDM-IM provides better

performance in wireless channels and is more resilient to interference. In this the-

sis, a new family of OFDM-IM techniques called OFDM with Index Shift Keying
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and implemented to improve the performance at very high interference. Lastly, the

newly designed techniques are studied under ICI to examine the trade-off between
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 محمد عمير يعقوب  :الاسم الكامل
 

 مع تعديل الرقم التسلسلي (OFDM) لتردد المتعامد بالتقسيممخططات ارسال واستقبال يم أداء تصميم وتقي :عنوان الرسالة
 

 هندسة الاتصالات التخصص:
 

 م٢٠١٦مايو،    :تاريخ الدرجة العلمية
 

يدة دالطلب على التقنيات اللاسلكية التي توفر معدلات البيانات السريعة والأداء العالي يتزايد باس تمرار. مع ظهور التقنيات اللاسلكية الج

( الواسع، لا بد من أأن تس تخدم الموارد MIMOوالش بكات المركبات والتحول نحو أأنظمة متعددة الاإدخال ومتعددة المخرجات  ) 5Gمثل 

( هي تقنية واعدة وتس تخدم على نطاق واسع في مجال الاتصالات اللاسلكية. مؤخرا، OFDMو الأمثل. التردد المتعامد بالتقس يم )على النح

(. SM( بناء على أأساس تقنية التحوير المكانية )OFDM-IMمع تعديل المؤشر ) OFDMتم اقتراح مجموعة جديدة من مخططات دعا 

يات عائلة جديدة من تقن  تدخل. في هذه الأطروحة، تم تصميموات اللاسلكية، وأأكثر مرونة لل أأداء أأفضل في القن OFDM-IMيوفر 

OFDM-IM  تسمىOFDM (  مع قفل مؤشر التحولOFDM-ISK وتدرس تأأثير )الضيق  التدخل(NBI على )OFDM-IM  .

لى ذلك، يتم تقييم OFDM-IMويظهر من الناحية التحليلية والمحاكاة أأن المخططات المصممة حديثا أأفضل أأداء من  -OFDM. وبالاإضافة اإ

IM  تحتNBI  والمحاكاة توضح أأنه على عكسOFDM  ،الكلاس يكيةIM  يمكن أأن تصمد أأمام تأأثيرNBI  لى درجة أأكبر. وأأخيرا، يقترح اإ

 تقنية التخفيف وتنفيذها لتحسين الأداء في التدخل العالي جدا.



CHAPTER 1

INTRODUCTION

This thesis presents a research done on the topic of Orthogonal frequency Division

Multiplexing with Index Modulation (OFDM-IM). OFDM-IM is a recently pro-

posed transmission scheme for wireless communications to improve performance

especially in mobile channels [1]. This work is basically concerned with two as-

pects of OFDM-IM. Firstly, this research proposes a new family of the so called

Index Shift Keying (ISK) by coming up with the complete system design and de-

riving the performance evaluation criteria. The second part covers the impact of

Narrowband Interference (NBI) on OFDM-IM and Inter-Carrier Interference (ICI)

on ISK. The performance of OFDM-IM with and without mitigation techniques is

compared to the performance of OFDM under NBI. The so called ISK techniques

are evaluated by simulations when the channel is subjected to ICI. From here on,

to refer to both OFDM-IM and family of ISK techniques, this write-up uses the

term Index Modulation (IM).

This introductory chapter will give an overview of wireless communications, clas-
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sical Orthogonal Frequency Division Multiplexing (OFDM) and how OFDM-IM

was derived from Spatial Modulation (SM). It will then provide the motivation

behind this work and define the thesis scope and contributions. Some impor-

tant mathematical terminologies and notations are also introduced. Lastly, the

complete thesis structure is provided.

1.1 Introduction to wireless communications

Wireless communications is part of our everyday life in the form of technologies

such as Wi-Fi, fourth generation Long-Term Evolution (4G LTE) and Worldwide

Interoperability for Microwave Access (WiMAX) to name but a few. Furthermore,

newer standards such as fifth generation (5G) networks and Light Fidelity (Li-Fi)

are emerging to meet the modern day requirements. The past few years have seen

a boom in network usage and there is always a demand for more. Furthermore,

people nowadays expect to be connected at al times whether they are at home,

work or commuting. This has caused a huge demand for speed and volume in

wireless communications. Consequently, researchers and engineers are constantly

on the lookout for how to improve these technologies.

Recent communication standards such as WiMAX and 4G LTE make use of

MIMO-OFDM techniques in order to achieve the best possible spectral efficiency

(SE) and Bit Error Rate (BER) performance [2]. However, these achievements

arrive at a cost of energy efficiency (EE). This is not optimum as there is a pres-

sure nowadays to go green. Over the last few years, Spatial Modulation (SM)
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schemes have been proposed in order to improve the EE without affecting the SE

and performance at the same time [3].

SM-MIMO utilizes all the antennas but only one of them is active at any given

instant and the others are switched off. The information is transmitted explicitly

via M-ary modulation schemes as well as implicitly via the position of the trans-

mitting antenna. Furthermore, Space Shift Keying (SSK) modulation has been

designed such that the information is only transmitted via the position of the

antenna [4]. Recently, inspired by the concept of SM, an innovative modulation

technique called OFDM with index modulation (OFDM-IM) has been proposed in

literature [1]. We will now give a brief historical overview of OFDM and introduce

the idea of OFDM-IM. .

1.2 Orthogonal Frequency Division Multiplex-

ing (OFDM)

Frequency Division Multiplexing has been used in radio communication exten-

sively during the last century. The problem was that this method was spectrally

inefficient because each channel took over the complete bandwidth in addition to

a guard band. Orthogonal FDM (OFDM) was first suggested in the late 1950s

in order to eliminate this spectral inefficiency by overlapping the spectrum of all

sub-channels [5].

The idea is to ensure that the peak of each sub-channel corresponds to the null of
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the sidebands of the adjacent channels. Mathematically, this is possible if all ad-

jacent carriers are orthogonal to each other, hence the name OFDM. Initially, the

implementation of such a system was very bulky due to the presence of large filter

banks. In 1971, a landmark was reached when Weinstein and Ebert suggested the

use of Discrete Fourier Transform (DFT) to implement OFDM [6]. The details of

this implementation are provided in section 2.1.

1.2.1 OFDM with Index Modulation (OFDM-IM)

The idea of OFDM-IM is to use a few of the available sub-carriers to transmit

actual modulated data symbols. The rest of the information is transmitted via

the indices of the active sub-carriers. So in OFDM-IM, the data is modulated as

it would be for a typical OFDM transmission. However, only a combination of

sub-carriers are used and the information is transmitted via the data as well as

the location of these sub-carriers. More details about the work done in the field

of OFDM-IM are given in 2.5.2 and a complete overview is provided in chapter 3.

1.3 Thesis Scope and Motivation

The goal of OFDM-IM is similar to SM, where the aim is to maintain BER per-

formance and SE without the added cost of low EE [7]. The distinction is that

OFDM-IM achieves that by switching off certain sub-carriers whereas SM applies

this mechanism to antennas in Multiple Input Multiple Output (MIMO) systems

[1]. OFDM-IM can work with either Single Input Single Output (SISO) or MIMO.
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It is important to note that it has a huge potential in massive MIMO systems which

will be deployed in wireless standards in the near future. OFDM-IM also performs

much better than the classical OFDM in mobile environments. Consequently, it

will have an application in the physical layer of the exciting new field of vehicular

networks [8]. Therefore there is a demand for studying OFDM-IM itself but also

for coming up with even better modulation schemes.

It is expected that IM will be implemented on MIMO systems in combination with

SM. Moreover, it is predicted that in the future large-scale MIMO systems will

replace small-scale configurations. Therefore these IM schemes need to be tailored

to such systems. Furthermore, there is a need to design OFDM based methods

that only use sub-carrier index switching to mirror the Space Shift Keying (SSK)

techniques used in MIMO. Recently, combined MIMO-OFDM-IM schemes called

Space Frequency Modulation (SFM) have been proposed in literature [9]. We

propose techniques under the label of Index Shift Keying (ISK) that will be com-

patible with SSK and large scale MIMO systems.

Although OFDM-IM boosts the performance and EE, the improvement in error

performance is not significant enough. Hopefully, by utilizing only sub-carrier po-

sitions to modulate the data without any linear modulation will further enhance

the performance. In addition, despite the reduction in SE, due to the transmission

of lower power overall may provide better EE especially at some SNR ranges or

for particular values of SE.

So far, the receivers described in literature assume perfect Channel State Infor-
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mation (CSI). It is assumed that the noise follows the Additive White Gaussian

Noise (AWGN) model and the channel follows the Rayleigh fading model. The

effects of imperfect CSI and Inter-Carrier Interference (ICI) have been studied for

OFDM-IM [8]. In addition to ICI, there are other impairments such as partial

CSI, Narrowband Interference (NBI) and other types of channel responses such

as Rician and Nakagami fading. NBI is of special importance because of the over-

loading of radio frequency bands (especially between 1GHz - 30GHz). This can

result in unintentional jamming of a few sub-carriers in the range of operation.

There can also be intentional jamming in sensitive environments such as military

applications [10]. Thus, it is vital to study the effects of such impairments in

OFDM-IM or any new systems based on IM.

1.4 Thesis Contributions

In this research, novel variations of the OFDM-IM are designed and evaluated,

the effects of NBI on the performance of OFDM-IM are studied and a mitigation

method is examined. The thesis is divided mainly into two parts: design and

evaluation of IM related modulation techniques and the study of the impact of

NBI on the original OFDM-IM and ICI on ISK. The contributions are listed below

in detail:

1. Design of a new family of modulation methods called Index Shift Keying

including the:

(a) transmitter and receiver design for the new techniques

6



(b) analytical performance evaluation

(c) comparisons with analytical results and IM

2. Characterize and mitigate the impact of NBI on IM techniques by:

(a) studying the performance degradation with respect to the number of

affected sub-carriers

(b) discussing the role of interference power in the performance degradation

(c) proposing a mitigation technique based on compressed sensing and

comparing the results with unmitigated cases

3. Examine the immunity of IM techniques to ICI as compared to OFDM by:

(a) characterizing the ICI with respect to IM techniques

(b) studying the impact of ICI with simulations on ISK.

1.5 Thesis Organization

The thesis is arranged into six chapters according to the following structure:

Chapter 1 introduces the subject material, describes and the problems motiva-

tions behind tackling them and highlights the main contributions.

Chapter 2 provides background information on classical OFDM and how the

concept of Spatial Modulation in MIMO systems led to OFDM-IM. This chapter

also provides a comprehensive literature review on previous research carried out

in this area.
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Chapter 3 reviews the original so called OFDM-IM technique by describing the

transmission model, receiver architecture and the performance evaluation by sim-

ulations compared to the analytical results and classical OFDM methods.

Chapter 4 introduces the newly proposed so-called family of ISK techniques,

their transmitter/receiver architectures, analytical performance evaluation and

simulation results.

Chapter 5 evaluates the impact of ICI and NBI on IM techniques. A study is

conducted on the significance of the number and power of NBI signals. The per-

formance degradation of IM techniques with respect to these parameters is studied

in great depth. Moreover, a mitigation strategy is employed and its effectiveness

is discussed. A review of the effects and mitigation methods of ICI in OFDM-IM

is performed along with the comparisons with the ISK techniques and classical

OFDM with the help of simulations.

Chapter 6 concludes the research done and provides insight into the possible

future research directions in OFDM-IM.

1.5.1 Important Notations

Matrices are denoted by bold-faced capital letters whereas small bold-faced letters

denote column vectors. Vectors and Matrices in time-domain (TD) are subscripted

with T and F is used a subscript for the frequency domain (FD). For example, XF

and xT represent a matrix X in FD and a column vector x in TD, respectively.

x(j) represents the jth element of the vector. The acronyms pdf and RV are
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used for the probability density function and random variable, respectively. The

Fourier Transform and inverse Fourier Transform operations are denoted by F

and F−1, respectively. A circularly symmetric complex normal RV n with mean

µ and variance σ2
n is given by n ∼ CN (µ, σ2

n).

The set of complex numbers is represented by the scripted letter C where X ∈

CN×M is an N × M complex matrix. The expression x = diag(X) refers to

a vector that is formed by the diagonal elements of the matrix X. In contrast,

X = diag(x) is a diagonal matrix whose components are the elements of the vector

x. The N×N identity and all zero-matrices are given by IN and 0N , respectively.

The determinant of the matrix X is given by det(X). The expressions XT , XH

and X−1 refer to the transpose, Hermitian transpose and matrix inverse of X,

respectively.
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CHAPTER 2

BACKGROUND AND

LITERATURE REVIEW

In this chapter, we present a theoretical background and a literature review of

OFDM-IM and other relevant technologies. We begin by giving a brief historical

overview of OFDM as well as the necessary theoretical background. The problem

of interference is then discussed especially how it affects to modern day systems.

A brief overview of MIMO systems is given leading to the discussion of SM and

SSK. A few of the pioneering papers are mentioned. Once that is covered, a

comprehensive literature survey of OFDM-IM is presented.

2.1 OFDM

In the modern day implementation of OFDM, L modulated symbols are divided

into L/N parallel groups of N symbols that represent the frequency domain data.

N-point Inverse Fast Fourier Transform (N-IFFT) is applied where N also denotes
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the number of sub-carriers available. Additional enhancements such as the use of

the cyclic prefix and interleaving are made before the IFFT process. For wireless

communications, an added advantage is that OFDM is immune to frequency se-

lective fading where different frequency components undergo uncorrelated fading.

[11].

OFDM can effectively negate this type of fading by converting a large frequency

band into to N Rayleigh flat fading channels, where the frequency response can

be assumed constant for that particular band. In order to achieve this and to

prevent interference between successive transmissions, a guard interval in time

domain (TD) or equivalently a few guard bands are added in the frequency do-

main (FD). The number of channel ’taps’ should not exceed the length of the

guard bands by one [11, 12].

Many approaches have been used in order to design these guard bands. One such

method involves adding a cyclic prefix (CP), where the last Lcp components of the

transmission vector are added to the beginning of the frame. Another technique

is zero padding which as the name suggests, involves the insertion of zeros instead

of the tail of the transmitted data. A cyclic suffix may also be added. From cir-

cular convolution, we know that the signal can be recovered by simply discarding

the extra frames in case of CP, and by adding the tail to the header in case of

zero-padding [11, 13]
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2.2 Narrow-band Interference

Narrow Band Interference (NBI) refers to interference with a spectrum that is far

less than the spectrum of the transmitted signal. In OFDM systems, NBI occurs

mainly due to the existence of the unlicensed Industrial, Scientific, and Medical

(ISM) bands. For example, OFDM WLANs (WiFi mainly) suffer from interference

that occurs due to devices operating in the same band such as microwave ovens

and Bluetooth. The performance degradation due to NBI usually occurs at the

receiver just before demodulation. It can ruin the performance of many sub-

carriers and cause a serious degradation of Signal to Noise Ratio (SNR) at the

sub-carrier closest to the interferer frequency [10]. Detailed mathematical models

are presented in chapter 5; for now we review some of the work done on NBI

cancellation in literature.

In order to perform demodulation correctly, it is important to mitigate the effects

of NBI. Various techniques have been proposed in literature to combat NBI. Some

of these methods include frequency excision, interference cancellation, adaptive

narrowband filtering, LMS algorithms and wavelet denoising [10]. However, these

techniques mostly tackle non-fading AWGN channels. A structured approach

based on ML decoding is presented by Sohail et al. for zero padded OFDM [14].

The work of [15] tackles NBI using a compressive sensing (CS) based approach.

The sparse nature of the NBI is exploited by carrying out sparse recovery using

the algorithm known as support agnostic Bayesian matching pursuit (SABMP).

Recently, further work has been done by Gomaa et al. the area of using CS
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techniques based on convex optimization in order to solve the problem of NBI. In

2010, two approaches, one based on guard interval redundancy in ZP-OFDM and

another based on multiple receivers is used to cancel NBI in non-fading channels

[16]. Gomaa and Aldhaher apply the CS based technique to the case of a mobile

jammer and CP-OFDM [17]. The work is then extended for MIMO-OFDM and

a channel estimation technique is proposed [18]. Finally, the cases of fast and

frequency selective fading in MIMO-OFDM channels are tackled in [19].

2.3 MIMO

Multiple Input Multiple Output (MIMO) refers to a system that utilizes multiple

antennas for transmission and reception. MIMO systems can help achieve higher

bit rates through spatial multiplexing or higher error performance through di-

versity techniques. In multiplexing, multiple symbols can be transmitted at the

same time over the same frequency by exploiting the spatial difference between

the antennas. A famous family of MIMO multiplexing techniques is the Bell-Labs

Layered Space-Time Architecture (BLAST). Two of the commonly used variation

in literature are the Vertical-BLAST (V-BLAST) and the Diagonal-BLAST (D-

BLAST).

Diversity involves redundant transmissions of the signal in the spatial domain

without affecting the spectral efficiency or the bit-rate compared to single antenna

systems. Diversity can be due to obstacles that occur between transmitters and re-

ceivers (macroscopic) or due to multipath fading via scatterers (microscopic) [20].
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Diversity techniques can be applied to the receiving side such as maximum ratio

combining (MRC), Equal Gain Combining (EGC) and Selection Diversity (SD).

Transmit diversity results from sending the same signal over multiple channels

redundantly. A significant development is that it can be combined with coding

schemes in order to achieve coding gains without extra overhead. Space Time

Block Codes (STBCs) such as the Alamouti STBC or Space Time Trellis Codes

(STTCs) can be applied prior to transmission in order to improve the performance

[20].

2.4 Spatial Modulation

As it can be observed from previous sections, MIMO technology utilizes multiple

antenna elements (AE’s) at the transmitter and/or receiver as well as the result-

ing multiple RF chains (RFC’s) because all AE’s are active at any given time.

Although this method significantly improves Spectral efficiency (SE) and BER

performance, it comes at a cost of Energy efficiency (EE) and higher complexity

at the receiver especially in the case of large-scale MIMO. Spatial Modulation

(SM) techniques were designed to take advantage of the MAE but reduce the

system to one RFC only at any given instant. Therefore the diversity and mul-

tiplexing advantages are of conventional MIMO are retained without the added

cost of EE [21].
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2.4.1 SM Review

The concept of SM was first introduced by Mesleh et al in 2006 as a way to

remove Inter Channel Interference from the receiver totally [3]. The need for

synchronization between transmitters was eliminated while maintaining the SE

[3]. The Symbol Error Rate (SER) of SM is analyzed using statistical and M-ary

orthogonal detection approaches in uncorrelated Rayleigh fading channels in [22].

The impact of channel estimation errors is discussed in [23] and [24]. The research

in [23] covers SM whereas the work of [24] discusses other techniques such as SSK

(covered in the next sub-section); both analyses assume the error model to be

complex Gaussian.

Using SM, capacity can also be enhanced due to the exploitation of the spatial

domain. However, the drawback is that the data rate is only enhanced propor-

tional to the base two logarithm of transmitting antennas compared to other SMX

techniques where it enhances linearly with the number of transmitting antennas.

Quadrature SM (QSM) is suggested by Mesleh and Ikki [25] in order to overcome

this deficiency where another component is added in the signal constellation do-

main to include in-phase and quadrature-phase components [25, 26]. Similar to

SM, one group of bits is used to select the antenna index and in contrast to SM,

two groups of bits are mapped on to the signal constellation using two quadrature

out-of-phase carriers.
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2.4.2 SSK Review

Space Shift Keying (SSK) was first introduced as Generalized SSK (GSSK) by Je-

ganathan et al [27]. In contrast to SM, the idea was to transmit information using

only the antenna indices without any form of M-ary Amplitude/Phase modula-

tion. It was designed such that nt out of Nt transmit antennas would be active.

A sequence of ones is sent through those AEs (normalized to unit energy) and

the combination would be used to predict the transmitted symbol (bits). GSSK

led to reduction in the receiver complexity and led to an improved BER perfor-

mance by increasing the distance between the constellation points through the

channel’s fading characteristics. Although a promising innovation, GSSK failed

to take advantage of the transmitted energy fully. A modified Generalized Phase

SSK (GPSSK) was proposed where two symbols would utilize the same AEs but

transmit different phases [28]. In this way, the benefits of SSK are retained with

an increased efficiency.

The work of [4] proposes SSK which is a specific case of GSSK where the number

of transmitting antennas are to the base two (e.g. 2, 4, 8, etc.). In this case, a

binary one is simply transmitted on the antenna with the index corresponding to

incoming symbol. The detection complexity is further lowered and this scheme

can be utilized in technologies that use pulse transmissions such as UWB. The

error performance is analyzed for coded and uncoded cases as well as for ideal

channels and non-ideal channels with CSI errors and spatial correlation. Further

analysis is performed in non-ideal channels by Renzo and Haas where they exam-
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ine SSK in channels that suffer from Rician fading and where only partial CSI

(P-CSI) is available [29, 30]

2.4.3 SM-OFDM

It is clear that SM and OFDM are both promising techniques for wireless commu-

nications and both schemes can be combined to retain the benefits of each [31].

SM-OFDM is done by applying SM to OFDM explicitly by first performing SM on

the received bits and then applying OFDM at each transmitter. The application

OFDM is done in parallel such that all sub-carriers are used at any given antenna.

MRC is applied at the receiver side in order to extract the antenna number and

then to demodulate the received symbols [32]. It is shown that SM-OFDM out-

performs classic STBC based Alamouti and V-Blast MIMO-OFDM schemes. The

impact of channel imperfections including Rician fading, spatial correlation and

mutual coupling is discussed in [33].

2.5 OFDM-IM

Using the concept of spatial modulation, researchers combined it with the OFDM

method to create a family of modulation techniques called Index Modulation.

Figure 2.1 summarizes the research done related to the area OFDM-IM. In the

following sections, we will provide a comprehensive review about the work done

on OFDM-IM so far and explore every aspect.
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Figure 2.1: Illustration of the work done on OFDM-IM in literature

2.5.1 Sub-Carrier Index Modulation

Abu-alhiga and Haas [34] proposed the concept of Subcarrier-Index modulation

OFDM (SIM-OFDM). Usually, OFDM is performed on M -ary modulated symbols

directly. Therefore N symbols or N × log2M bits are mapped onto N subcarriers

using N -point FFT.

In the proposed scheme, the incoming data consisting of N(log2
M
2

+ 1) is split

into two streams. One stream of N log2M/2 bits is used to generate the M -ary

symbols whereas the other stream of size N bits is used to choose the sub-carrier

as follows. Firstly, it is decided which of the bits are in the majority, 0’s or 1’s.

Once that is discovered, the index of the subcarrier is chosen using On-Off Keying

(OOK) depending on the majority bit. This means that if there are more zeros, all

sub-carriers corresponding to the position of the zeros will be activated and vice
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versa. Unless zeros and ones are equal in number, there may be excess activated

sub-carriers that can be used to signal the majority bit.

The status of each sub-carrier can be predicted using a coherent OOK detector

but the status of the activating bit (0 or 1) is still unknown. The received symbols

are demodulated to the corresponding M-ary constellation. Using forward error

control mechanisms and combining the demodulated data with both hypotheses

(0 and 1), the status of the activating bit stream (0 or 1) can be postulated. The

paper then goes on to describe two separate power allocation schemes that provide

a trade-off between spectral and power efficiency. The BER of the SIM-OFDM is

also analyzed in Rayleigh flat fading channels. By simulations, it is proved that

the SIM-OFDM gives better results than the conventional OFDM [34].

Although promising, SIM suffers from error propagation that can lead to burst

errors. In order to avoid that, a new enhanced SIM-OFDM (ESIM-OFDM) was

developed by Haas et al [35]. In ESIM-OFDM, N/2 bits are used to indicate the

active sub-carriers by encoding one bit into a pair sub-carriers as follows. If a

binary zero is encountered, the first of the two subcarriers is switched on and the

second one is switched off and vice versa for a binary one. This ensures that one

of every two consecutive sub-carriers is inactive. Consequently, an error in the

decoding of one active index during demodulation will not affect how the next

index is decoded. Hence, the problem of error propagation is avoided. In addition

to suppressing burst errors, ESIM-OFDM provides the advantage of reducing the

peak to average power ratio (PAPR) [35].
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2.5.2 OFDM with Index Modulation

From section 2.5.1, it is apparent that the initial index modulation methods did

not allow for freedom of choosing the number of active sub-carriers. Moreover,

the SIM-OFDM algorithm presented in [34] results in an unequal number of ac-

tive sub-carriers per OFDM block. Therefore to indicate the mapping sequence,

perfect feedforward signaling is assumed which is too optimistic for a realistic

channel. This problem was fixed in [35] but the solution requires very high or-

der modulations in order to achieve a comparable spectral efficiency to classical

OFDM. There was also no flexibility in selecting the number of sub-carries either;

for example according to best performance.

Building on the previous techniques, Basar et al [1] designed a form of index mod-

ulation (OFDM-IM) that gives more freedom in choosing the active sub-carrier

indices [1, 8]. N carriers are divided into groups of n which consists of k active

sub-carriers. The values n and k can be chosen to provide the best Quality of

Service (QoS) in terms of performance, spectral efficiency or complexity. Another

benefit is that the exploitation of the OFDM-IM spatial domain provides higher

diversity thus enhancing the BER performance by taking advantage of the fre-

quency selectivity[1].

The work in [1] introduced the concept of OFDM-IM and introduces two distinct

implementation techniques. For any sub-block k carriers out of n are active with

C(n, k) combinations possible. For any value of n and k, blog2C(n, k)c can be

assigned using a look-up table or combinatorial mathematics (which is useful for
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large k and n values). Two different receivers were designed, ML detector and Log-

Likelihood Ratio (LLR) detector for each transmission technique, respectively. In

addition, an expression for the upper bound of the Unconditional Pairwise Error

Probability (UPEP) was derived.

For SNR higher than 15 dB for n = 4 and k = 2, OFDM-IM performed better

than classical OFDM using the ML receiver and the simulation BER approached

the theoretically derived curve. For higher values of n and k, the LLR receiver

was employed and performed similar to lower rate OFDM at high SNR values.

Lastly, LLR decoder was employed for the case without M-ary modulation (data

is encoded only in the sub-carrier similar to SSK) and it provided the highest

diversity order.

The work of [8] applied the same modulation techniques in a highly mobile chan-

nel. Four separate types of detectors were proposed: Minimum Mean Square

Error (MMSE) in conjunction with LLR/ML, sub-matrix, Inter Channel Interfer-

ence (ICI) self-cancelling block and Signal Power (SP) detectors. The SP detector

provided the best performance in general whereas OFDM-IM offered better BER

performance even for much higher data rates.

Finally, [1] summarized all of the cases and performed detailed experiments on

various detectors in addition to two new contributions. Firstly, a new LLR+ML

detector was presented that achieved lower complexity at the cost of slightly sub-

optimal detection. Secondly, an expression for the upper bound of the Conditional

Pairwise Error Probability CPEP was derived under channel estimation errors and
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a new mismatched ML decoder was suggested for that case. The research in [1] is

the basis for this thesis and the detailed implementation of the OFDM-IM algo-

rithm is presented in chapter 3 along with the analyses and results of some of the

cases relevant to this thesis. Prior to that, the following sections present a review

of further work done on OFDM-IM.

2.6 MIMO-OFDM-IM

Basar proposed the so called MIMO-OFDM-IM as a new scheme for 5G communi-

cations as a replacement to existing MIMO-OFDM [36]. A group ofNT×B bits are

transmitted using NT transmit antennas and NR receive antennas. The B bits are

modulated using the OFDM-IM technique and sent using NT transmitters. Two

detection schemes are proposed: the ML detector and a lower complexity com-

bination of a modified MMSE+LLR detectors. It is shown that the OFDM-IM

perform better than classical OFDM with MIMO for all configurations.

Datta et al. propose a combined space-frequency modulation scheme [9]. They

first modify GSM to generalized spatial index modulation (GSIM) and show that

it can achieve higher rates than MIMO-OFDM. Then they design a combined

spatial-frequency index modulation (GSFIM) where the information is transmit

via the active antennas, sub-carriers and modulated bits. It is shown that such a

scheme provides very high achievable rates. MIMO configurations are also used

in conjunction with interleaved OFDM-IM [37]. A more detailed review is given

in section 2.8.
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2.7 Generalized OFDM-IM

A generalized version OFDM-IM called Generalized Index Modulation (OFDM-

GIM) removed the constraint of a fixed number of active sub-carriers per sub-

block. Increasing the number of sub-carriers increased the spectral efficiency at a

slight cost of BER performance and a more complex LLR detector. The complex-

ity of the LLR decoder increases because the number of active sub-carriers have

to be determined for each sub-block; which means synchronization is needed [38].

An enhanced version of OFDM-GIM is proposed by Yang et al. [39] which links

the modulation used to the number of active sub-carriers, resulting in improved

performance.

Fan, Yu and Guan designed three new schemes to further generalize the struc-

ture of OFDM-IM. They named these schemes OFDM-GIM1, OFDM-GIM2 and

OFDM-GIM3 [40]. OFDM-GIM1 relaxes the constraint on the number of active

sub-carriers in each block. On the other hand, OFDM-GIM2 relies on a constant

number of active sub-carriers but transmits using in-phase and quadrature com-

ponents. A trade-off between the Spectral Efficiency (SE) and BER performance

is achieved as more bits can be transmitted per sub-block compared to OFDM-IM

but at a cost of performance.

In order to improve the BER performance, interleaving is used. GIM1 and GIM2

are then combined along with interleaving to form the so called OFDM-GIM3. It

is shown that GIM3 provides better performance in terms of the SE and BER. A

low complexity OFDM-IM (LC-OFDM-IM) is proposed by Siddiq to reduce detec-
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tor complexity in a similar approach to GIM1. The analysis is done for non-fading

channels suffering from AWGN only such as optical wireless communications. It

is shown that LC-OFDM-IM can replace the OFDM-IM with ML detector with

a degradation in BER performance [41].

2.8 Interleaved OFDM-IM

It was observed that OFDM-IM offers better BER performance only for low SNR

values. To improve performance for high power channels, a family OFDM-IM

techniques in conjunction with interleaving have been discussed in the literature.

The authors of [42] have introduced a simple block interleaver of depth equal to

the number of sub-blocks. Every symbol is grouped with a symbol correspond-

ing to its position in all other sub-blocks after OFDM-IM to form then so called

OFDM with interleaved SIM (OFDM-ISIM). This method resulted in an increased

Average Euclidean Distance (AED) and minimum ED (MED). Consequently, the

BER performance was improved.

A similar approach was applied in [43] but specifically for the case of vehicle to

X (V2X) networks that suffer from very high mobility. An added advantage of

interleaving is that it reduces the correlation between the channels of sub-carriers

as a result of the carriers spacing being larger than the coherence bandwidth. The

results show that the BER curve was lower and the maximum achievable rate and

throughput higher for OFDM-ISIM than OFDM-IM in V2X channels. The work

of [44] introduced OFDM-IM using Coordinate Interleaving (CI-OFDM) which is
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in contrast to the work of [42] and [43] because the interleaver is applied to the

M-ary symbol. A square M-QAM modulation is assumed and before OFDM-IM is

applied, the symbols are coded in a manner similar to the Alamouti 2× 2 STBC.

Zhang et al. combined the works of [40, 43] to develop the framework for Quadra-

ture Index Modulated Index Modulated OFDM (IQIM-OFDM) with interleaved

grouping for V2X channels. Practical experiments were carried out by simulations

for vehicles traveling in various environments. It was shown that IQIM-OFDM

gives better results in terms of both, the SE and BER performance [45]. Zheng et

al. then proposed a lower complexity detector for this method which they term

OFDM-I/Q-IM [46].

The work of Wang and his colleagues came up with an implementation of the

ISIM technique designed by [42] on MIMO systems. ML detection and modified

MMSE detection was proposed for the receiver. It is shown that MIMO-ISIM

provides considerably better performance than MIMO-OFDM technology.

2.9 OFDM-IM Evaluation

Some research was carried out on evaluating the performance of OFDM-IM and its

variants from various aspects. OFDM-IM performance under imperfect CSI (by

analysis) and ICI (by simulations) has been evaluated in [1]. As mentioned previ-

ously though, the work of [1] only resulted in PEP expressions for the ML detector

case in perfect and imperfect channels. Youngwook Ko derived the closed-form
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expression for the BER upper bound for the general case of the so called Multi-

Carrier Index Keying (MCIK) for OFDM consisting of M active sub-carriers for

the reduced complexity ML detector. The resulting expression was a tight union

bound of errors that occur due to the correct and wrong detection of indices, re-

spectively [47].

The achievable rate of OFDM-IM was investigated in [48] by Wen and his col-

leagues. They first propose an interleaved method for sub-carrier grouping and

show how it enhances the performance. They then investigate the impact of mod-

ulation types on the ergodic capacity of OFDM-IM. It is proven that OFDM-IM

achieves higher rates with Phase Shift Keying (PSK) compared to classical OFDM.

In contrast, Quadrature Amplitude Modulation (QAM) does not offer a large im-

provement. Xiao et al. investigated the peak-to-average power ratio (PAPR) of

ISIM and the performance in the presence of ICI. It is shown that ISIM reduces

the PAPR and is more robust to ICI than classical OFDM.

Wen, Cheng and Yang investigated the energy efficiency (EE) performance of

OFDM-IM and came up with an analytical expression [7]. It is proved that the

EE is inversely proportional to the channel correlation and also depends on the

link between the number of active sub-carriers and modulation type. Based on

the results, a couple of strategies were proposed to optimize OFDM-IM EE. Using

interleaved sub-carrier grouping (similar to the approach of [42, 43]) as opposed

to the localized grouping (such as in [1]) and carefully choosing the modulation

type can optimize the EE performance of IM.
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2.10 OFDM-IM for Visible Light Communica-

tion (VLC)

As described previously, OFDM-IM has potential applications for optical wireless

communications (OWC), specifically VLC and Light-Fidelity (Li-Fi). Basar and

Panayirci propose Optical-OFDM-IM (O-OFDM-IM) as a trans-receive scheme

for VLC [49]. Simulations are carried out by modeling a typical VLC channel for

a room. Results show that O-OFDM-IM performs better than existing OFDM

techniques for OWC. A novel Spectral and Energy Efficient OFDM (SEE-OFDM)

approach is designed by Elgala and Little that offers reduced PAPR while improv-

ing the SE and EE [50].

2.11 Summary

This chapter provides a background on OFDM and reviews the work done so

far in the area of OFDM-IM. We begin by describing an OFDM system and

introducing the NBI problem as well as mentioning some of the NBI cancellation

methods in literature [14]-[19]. A brief background on MIMO systems is provided

and an overview of SM and SSK is given. Section 2.5 then explains in detail

how OFDM-IM [1] was introduced to improve on the existing SIM-OFDM [34]

and ESIM-OFDM [35]. The remaining sections review the work done on MIMO-

OFDM-IM [36, 37], Generalized OFDM-IM [38]-[40], Interleaved OFDM-IM [42]-

[45] and analytical evaluation [47, 48] of various aspects of OFDM-IM.
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CHAPTER 3

REVIEW OF OFDM-IM

In section 2.5, a comprehensive survey and theoretical introduction to various

sub-carrier index modulation techniques were presented. In this chapter, we focus

on the system model for OFDM-IM and introduce the system block diagram. In

addition, the maximum likelihood (ML) receiver for the case of perfect CSI (no

channel estimation errors) is presented.

3.1 OFDM-IM System Model

Let us denote the total number of sub-carriers by N and the number of sub-blocks

by G. In that case n, the number of sub-carriers per sub-block is given by

n =
N

G
. (3.1)

For any given sub-block, only k out of n sub-carriers are utilized. The first bi

bits in each sub-block are used to determine the position of the active sub-carriers
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whereas the remaining bs bits are mapped to log2M symbols of a M-ary Ampli-

tude/Phase modulation. Assuming that the total number of bits transmitted by

one OFDM block are given by B, the number of bits transmitted by one sub-block

bt can be given by

bt =
B

G
= bi + bs. (3.2)

and therefore bi and bs can be determined using 3.3 and 3.4, respectively, where

bi bits are for index selection and bs are used for modulation.

bi = blog2(Cnk)c. (3.3)

bs = k × log2M. (3.4)

The total number of possible combinations of active sub-carrier arrangements Cnk

within a sub-block are

Cnk =

(
n!

k!(n− k)!

)
. (3.5)

However, since the number of sub-carriers is selected using a combination of the

first bi bits, the actual possible combinations C has to be of base two as in 3.6

and there are Cun unused combinations as given in 3.7.

C=2bsi = 2blog2(Cnk)c. (3.6)

Cun = Cnk − C. (3.7)
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After all sub-blocks are passed through the index selector and M-ary modulator,

the indices of the active sub-carriers and the modulated signal are given by the

matrix I and vector s, respectively,

I = [ιg,1 ιg,2 . . . ιg,k] (3.8)

s = [sg,1 sg,2 . . . sg,k] (3.9)

where ig,γ ∈ {1, . . . , n} and sg(γ) ∈ S for g = 1, . . . , G and γ = 1, . . . , k. The

total number of active carriers in the whole OFDM block is K = kG. The total

number of bits used to select the active sub-carriers Bind is given by biG and the

total number of modulated bits are Bmod given by bsG. The total number of bits

B is equal to Bind +Bmod. The assumption is made that the average power of the

signal constellation is normalized to unity as illustrated in 3.10.

E[sg
Hsg] = 1 (3.10)

The frequency domain OFDM block xF = [xF (1) xF (2) . . . xF (N)]T where

xF (j) ∈ {0, S}, j = 1, . . . , N . Figure 3.1 describes the complete system design

of OFDM-IM.
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Figure 3.1: Block Diagram of the OFDM-IM block generator

3.2 Look-Up Table Implementation

As it has been explained in section 2.5.2, there are two implementation methods

for the index selector: look-up table and combinatorial mathematics. Since the

ML detector works with the look-up table and is the benchmark, only the look-up

table method is discussed here. As mentioned in 3.1, B incoming bits are split

into G groups of bt bits and N carriers can be sorted into G groups of n sub-

carriers. It is possible to set G as 1, so then there is only one block. However, the

receiver complexity will be very high in that case. In any event, the first bi bits

of any sub-block are used to select the carrier indices and the rest of the bs bits

are modulated using linear modulation techniques [1].

In Table 3.1, the case of n = 4, k = 2 and C = 4 (from 3.6) is illustrated. The

complete set of possible combinations for such a system with the stated parameters
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Table 3.1: An example of index selection for n = 4 and k = 2
Bits Indices Sub-block Structure
00 {1, 2} [S1 S2 0 0]T

01 {2, 3} [0 S1 S2 0]T

10 {3, 4} [0 0 S1 S2]T

11 {1, 4} [S1 0 0 S2]T

Table 3.2: OFDM-IM parameters for N = 16 carriers with n = 4, k = 2 and
M = 4

Parameter Value Equation Used
N 16 —-
n 4 —-
k 2 —-
G 4 (3.1)
bi 2 (3.3)
bs 4 (3.4)
bt 6 (3.2)
B 24 (3.2)

Incoming bit input 100001 110110 011100 001101

are {Ig|Ig ∈ {1, 2}, {1, 3}, {1, 4}, {2, 3}, {2, 4}, {3, 4}} for g = 1, . . . , G. Table 3.1

only displays the selection of C = 4 out of a possible Cnk = 6 combinations that

are used to create Ig in this example.

Let us consider an example of a system that uses 16 carriers or N = 16 divided

into G = 4 groups such that n = 4 and k is chosen to be 2 for the 4-QAM

modulation scheme. Using (3.3) and (3.4), bi = 2 and bs = 4. All of the relevant

parameters and an example of an incoming stream of bits are listed in Table 3.2.

Table 3.3 is an example of a complete OFDM-IM block created using the look-up

table presented in Table 3.1.
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Table 3.3: Examples of sub-blocks generated for the system and input bits de-
scribed by Table 3.1 and look-up table described by Table 3.2

Parameter bi bits bs bits sg ig
xF (g[n− 1] + gn)

for g = 1, , G
Sub-Block 1 10 0001 {−1 + j,−1− j} {3,4} {0, 0,−1 + j,−1− j}
Sub-Block 2 11 0110 {−1− j,+1 + j} {1,4} {−1− j, 0, 0,+1 + j}
Sub-Block 3 01 1100 {+1− j,−1 + j} {2,3} {0,+1− j,−1 + j, 0}
Sub-Block 4 00 1101 {+1− j,−1− j} {1,2} {+1− j,−1− j, 0, 0}

One Frame
{0, 0,−1 + j,−1− j,−1− j, 0, 0,+1 + j, 0,

+1− j,−1 + j, 0,+1− j,−1− j, 0, 0}

3.3 ML Receiver implementation

The ML receiver has been proposed to detect OFDM-IM signals with the look-up

table technique. The assumption is that perfect CSI is available, the length of the

applied cyclic prefix (Lcp) is greater than the number of multipath components

(or channel taps - Lch) and the channel only goes through slow frequency selective

fading, i.e. Rayleigh fading model is assumed.

As illustrated in Fig. 3.1, once the N × 1 OFDM block is created, Inverse Fast

Fourier Transform (IFFT) is applied to form the time-domain block

xT =
N√
K

F−1{xF} = WH
NxF , (3.11)

where the Discrete Fourier Transform (DFT) matrix WN is defined such that

WH
NWN = NIN (3.12)
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and a factor of
N√
K

is used to normalize the OFDM frame energy in time-domain

to E[xT
HxT ] = N . At the receiver, a normalization factor of

√
K

N
is employed to

recover the OFDM block in the frequency domain.

A cyclic prefix of length Lcp such that Lcp > Lch + 1 is added so that the time-

domain vector becomes [xT (N − Lcp + 1) , . . . , xT (N)]. After parallel to serial

conversion, The signal is passed through the channel defined by the impulse re-

sponse

hT = [hT (1) hT (2) . . . hT (Lch)]
T (3.13)

where hT (lch) is a circularly symmetric complex Gaussian Random Variable (RV)

with the distribution CN (0,
1

Lch
) for lch = 1, . . . , Lch.

Based on the assumptions stated above, the received signal vector in the frequency

domain can described as

yF (β) = xF (β)hF (β) + wF (β), β = 1, . . . , N, (3.14)

where yF (β) is an element of the received vector in the frequency domain yF. The

channel fading coefficients in the frequency domain hF (β) follow the distribution

C N (0, 1) whereas the noise samples wF (β) follow the distribution C N (0, N0,F ).

The noise variance in the frequency domain is related to the noise variance in

time-domain by

N0,F =
K

N
N0,T . (3.15)
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3.3.1 ML Receiver Architecture

The ML decoder works by performing an exhaustive search of all possible signal

constellations over all of the possible combinations of receive indices. Assuming

availability of perfect CSI, it works by minimizing the metric

(
Ĩg, s̃g

)
= arg min

Îg ,ŝg

k∑
j=1

|ygF (ig,j)− hgF (ig,j)sg(j)|2, (3.16)

where for the gth sub-block, ygF (ζ) = yF (n(g−1))+ζ) and hgF (ζ) = hF (n(g−1))+ζ)

for ζ = 1, . . . , k and g = 1, . . . , G. The receiver is of complexity ∼ O
(
cMk

)
in

terms of the complex computations. The SNR of the received signal ρ, the average

energy per bit Eb and the SE in bits/sec/Hz are given by (3.17) - (3.19)[1].

ρ =
Eb
N0,T

(3.17)

Eb =
N + Lcp

B
(3.18)

SE =
B

N + Lcp
(3.19)

3.4 OFDM-IM Performance

The Eb/No curves were generated for OFDM-IM for verification and comparison

with classical OFDM. Figures 3.2 and 3.3 show the BER versus Eb/No curves for

two implementations of the OFDM-IM schemes using 128 sub-carriers (N = 128),

with n = 4 and k = 2. The M-ary modulation schemes utilized for each case are
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Figure 3.2: BER versus Eb/No for OFDM-IM for n = 4 and k = 2 using QPSK

Quadrature Phase Shift Keying (QPSK) and Binary Phase Shift Keying (BPSK),

respectively.

A comparison is also made of the performance of OFDM-IM using n = 2 and

k = 4 for the BPSK and 4-QAM schemes compared to classical OFDM in a 10-

tap Rayleigh fading channel (Lch = 10 and a cyclic prefix of length Lcp = 11).

As it can be clearly observed in Fig. 3.3, OFDM-IM gives about 5 dB better

performance than classical OFDM and that verifies the results in [1]. Furthermore,

the simulation results adhere to the loose error bound derived in (28) in [1].
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Figure 3.3: Comparison of the BER versus Eb/No for OFDM-IM for n = 4 and
k = 2 using BPSK and QPSK

3.5 Summary

This chapter reviews the concept of OFDM-IM by explaining the transmission

model, presenting an example of an OFDM-IM block generation from incoming

bit data, and describing the optimum receiver based on the ML criteria. The

results confirm that OFDM-IM performs better than classical OFDM in Rayleigh

fading channels.
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CHAPTER 4

OFDM WITH INDEX SHIFT

KEYING

Combining the concept of OFDM with Index Modulation (OFDM-IM) and Gen-

eralized Space Shift Keying (GSSK), we suggest a family of modulation techniques

that transmit data by switching (a combination of) sub-carriers on and off. In this

way, information only transmitted using only the sub-carrier index without any

modulated data. The goal is to trade spectral efficiency (SE) for energy efficiency

(EE) and a better BER performance. Two new techniques are proposed, OFDM

with Generalized Index Shift Keying (OFDM-GISK) and OFDM with Index Shift

Keying (OFDM-ISK). The latter represents a special case of OFDM-GISK.

This chapter is organized as follows: In the first section we introduce the OFDM-

GISK technique by describing the system model as well as the receiver archi-

tecture based on the maximum likelihood method. In sections 4.1 and 4.2, we

introduce the framework for OFDM-ISK and OFDM-SBISK including the system
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models and the ML receiver architectures. In section 4.3, we derive the analyt-

ical expressions for the Average Bit Error Probability (ABEP) and the BER for

OFDM-GISK. The analysis is extended to the cases of OFDM-ISK and OFDM-

SBISK. Lastly, the simulation results are presented and comparisons are made

with classical OFDM and OFDM-IM in terms of BER, SE, EE and complexity.

4.1 OFDM-GISK

In literature, Space Shift Keying (SSK) was proposed before Generalized SSK

(GSSK). GSSK is a scheme so that in MIMO systems, only a group of antennas

are switched at a time. A similar technique for OFDM would rely on using only

one sub-carrier for transmission whereas the general version would utilize a com-

bination of sub-carriers. In this section, we will define the so called OFDM with

Generalized Index Shift Keying (OFDM-GISK) first and then present OFDM-ISK

as a special case. We begin by presenting the system design of the transmitter.

4.1.1 System Design

Assume an OFDM block with a total number of N sub-carriers. GISK uses n out

of these N sub-carriers for transmission which means that n out of N symbols are

binary 1′s, and the rest are 0′s. The complete set of possible realizations for the

OFDM block vector xF are

Cr = C(N, n) (4.1)
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where the maximum number of bits that can be represented are given by

b = blog2(Cr)c. (4.2)

Therefore the number of symbols represented by one block of OFDM-GISK

M = 2b. (4.3)

Firstly, we have to determine the indices of the active sub-carriers in OFDM-

GISK. For N sub-carriers, we have M different combinations of only n active

indices given by

IΓ = [ιΓ(1) ιΓ(2) . . . ιΓ(n)] (4.4)

where ιΓ(ζ) ∈ {1, . . . , N} for ζ = 1, . . . , n and Γ ∈ {1, . . . ,M}. The frequency

domain OFDM block xF = [xF (1) xF (2) . . . xF (N)]T such that

xF (β) =


1, β = ιΓ(ζ) for β = 1, . . . , N

0, otherwise and ζ = 1, . . . , n

(4.5)

Figure 4.1 describes the complete system design of OFDM-GISK.

The average energy of one frame in the frequency domain xF given by (4.5) is

E[xF
HXF ] = n. Classical OFDM transmission techniques are now used starting
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with the IFFT to get the time-domain signal

xT =
N√
n

F−1{xF} = WH
NxF , (4.6)

where the Discrete Fourier Transform (DFT) matrix WN is defined such that

WH
NWN = NIN , (4.7)

and the term
N√
n

is used to normalize the OFDM time-domain frame energy

E[xT
HxT ] = N . At the receiver, a normalization factor of

√
n

N
is employed to

recover the OFDM block in the frequency domain.

Figure 4.1: Block Diagram of an OFDM-GISK transmission.

41



4.1.2 ML Receiver implementation

This section defines the maximum likelihood receiver for OFDM-GISK which gives

optimum performance. In this chapter, the following assumptions are used. The

average energy of each symbol is unity. The channel is modeled as frequency

selective slow Rayleigh fading and the noise is zero-mean AWGN. We assume

that perfect CSI is available at the receiver.

Received Signal Characterization

Assuming perfect CSI, if the channel consists of Lch taps, then a cyclic prefix of

length Lcp such that Lcp > Lch + 1 is appended. The signal is passed through

the channel after parallel to serial conversion. The channel can be modeled as

frequency selective Rayleigh fading where the coefficients are

hT = [hT (1) hT (2) . . . hT (Lch)]
T , (4.8)

such that hT (lch), lch = 1, . . . , Lch are circularly symmetric complex Gaussian

Random Variables (RV’s) with the following distribution CN (0,
1

Lch
).

In the case of OFDM for the channel described above, the received signal in the

frequency domain can be defined as follows

yF (β) = xF (β)hF (β) + wF (β), β = 1, . . . , N. (4.9)
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The received signal yF (β) is an element of the received vector in the frequency

domain yF. The channel fading coefficients in the frequency domain hF (β) follow

the distribution CN (0, 1) whereas the noise samples wF (β) follows the distribution

CN (0, σ2
0,F ) where σ2

0,F = N0,F .

N0,F is the noise variance in the frequency domain and for OFDM-GISK, it is

related to the noise variance in time-domain by

N0,F =
n

N
N0,T . (4.10)

The SNR can be defined as Eb/N0,T where the average bit energy Eb =
(N + Lcp)

b
.

The spectral efficiency on the other hand can be defined by
b

N + Lcp
[bits/sec/Hz].

ML Receiver Architecture

As described in section 4.1.1, information is transmitted using a combination of

active sub-carriers without any linear modulation. The ML receiver reduces to

the detection of the most likely combination of indexes that were active. The

search is performed over all possibilities and as one may recall, there are a total

of M possibilities. This can be determined by minimizing the following metric:

ÎΓ = arg min
IΓ

N∑
α=1

|yF (α)− hF (α)x̃F (α)|2, (4.11)

where yF (α) is the received signal and hF (α) is the corresponding fading coefficient

for the αth element of the OFDM block. The vector x̃F represents one possibility
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such that

x̃F (α) =


1, α = ιΓ(ζ)

0, otherwise

(4.12)

where ιΓ(ζ) ∈ {1, . . . , N} for ζ = 1, . . . , n and Γ ∈ {1, . . . ,M}.

4.2 OFDM-ISK

Combining concept of OFDM with Index Modulation (OFDM-IM) and Space

Shift Keying (SSK), we introduce a new scheme called OFDM with Index Shift

Keying (OFDM-ISK). The idea is to transmit information using only the sub-

carrier index. We begin by applying the concept of SSK to OFDM where only

one sub-carrier is active and the rest are inactive. The data is then passed through

the OFDM transmission process.

4.2.1 System Design

Let N denote the number of sub-carriers. In case of OFDM-ISK, M = N ., where

M is the number of symbols. Then the number of bits

b = log2 (M) = log2 (N) (4.13)

For m = 0, ...,M − 1, the (m+ 1)th sub-carrier will transmit a binary 1, whereas

the rest of the sub-carriers transmit a binary 0. The transmitted vector xF =
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[xF (1) xF (2) . . . xF (N)]T such that

xF (β) =


0, β 6= m+ 1

1, β = m+ 1

. (4.14)

Figure 4.2 describes the process of transmission.

Figure 4.2: Block Diagram of an OFDM-ISK transmission.

4.2.2 ML Receiver implementation

This section describes the received signal and defines the optimum receiver, which

is the Maximum Likelihood (ML) receiver for OFDM-ISK. The performance of

the ML receiver for OFDM-ISK for various values of N is presented.
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Received Signal Characterization

The average energy of one frame in the frequency domain E[xF
HxF ] = 1. Clas-

sical OFDM is now implemented by applying the Inverse Fast Fourier Transform

(IFFT) to get the time-domain signal

xT = NF−1{xF} = WH
NxF (4.15)

where N is the normalization factor in this case and the (DFT) matrix WN is as

defined in (4.7).

The channel taps in time-domain are as given in (4.8). The taps are iid complex

zero-mean Gaussian RV’s with variance
1

Lch
, where Lch is the channel length. The

received signal vector then takes the same form as the one described by (4.9).

The fading coefficients and the noise samples follow the same distributions as

describe in section 4.2.2. The noise variance in time (N0,T ) and frequency domains

(N0,F ) are related by (4.10) and the relation can be simplified for OFDM-ISK as

in (4.16).

N0,F =
N0,T

N
(4.16)

The average transmitted energy per bit (Eb) and the spectral efficiency are also

as described in section 4.2.2.
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ML Receiver Architecture

The ML receiver is basically an exhaustive search over all possibilities for each

block of OFDM-ISK. Unlike in OFDM-GISK, since only one index is active at a

time, so the ML receiver is simply the most likely index to be active. This can be

determined by minimizing the following metric:

β̂ = arg min
β

M−1∑
m=0

|yF (β)− hF (β)x̃F (β)|2 (4.17)

where yF (j) is the received signal and hF (j) is the corresponding fading coefficient

for the jth element of the OFDM block. The vector x̃F represents one possibility

such that

x̃F (j) =


0, β 6= m+ 1

1, β = m+ 1

(4.18)

for m = 0, . . . ,M − 1.

4.3 Performance Evaluation of OFDM-GISK

This section presents the analytical performance of OFDM-GISK. The approach

we adopt to derive the analytical BER of the newly defined techniques is similar

to the analysis approach in [1]. Although we are using single antenna systems, we

can still model the received OFDM block as a Space Time Block Code (STBC).

The conditional pairwise error probability (CPEP) is well-known for such a system

[51]. The unconditional pairwise error probability can then be obtained by taking
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the expectation of the CPEP expression with respect to the channel. The average

bit error probability (ABEP) can then be determined by dividing over all possible

realizations and the total bits transmitted per block.

An element of the received signal vector yF can be described as in (4.9). We

represent yF as a space-time block code (STBC)

yF = XFhF + wF , (4.19)

by defining XF as an N ×N diagonal matrix with XF (β, β) = xF (β) such that

XF =



xF (1) 0 0 . . . 0

0 xF (2) 0 . . . 0

0 0 xF (3) . . . 0

...
...

...
. . .

...

0 0 0 . . . xF (N)


. (4.20)

The vectors hF = [hF (1) hF (2) . . . hF (N)]T are the channel coefficients and

wF = [wF (1) wF (2) . . . wF (N)]T are the AWGN noise in frequency domain.

The transmitted data vector xF is modeled as a diagonal matrix instead of the

channel hF in order to perform a change of variable. The reasons become clear in

the following paragraphs. In any case, the conditional pairwise error probability

(CPEP) of detecting the wrong sequence X̂F when XF was transmitted given a
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channel hF can be defined by [51]

P (XF → X̂F |hF ) = Q

√‖(XF − X̂F )hF‖2

2N0,F

 , (4.21)

where Q(.) is the Q-function and N0,F is the noise variance in the frequency

domain as described by equation 4.10.

Before trying to solve this CPEP, let us examine the channel more carefully. In

particular, the channel in the frequency domain is the N -point FT of hT .

hF = F{hT} = WNh0
T , (4.22)

where h0
T = [hT 0N−LCH ]T is the zero-padded version of the channel in time

domain hT given by (4.8) and WN is the DFT matrix described in (4.7). The

channel is no longer independent and it is highly correlated with the correlation

matrix

RhF = WNRh0
T
WH

N . (4.23)

Since the channel coefficients are i.i.d with variance 1
LCH

in time-domain, the

correlation matrix of the zero-padded version h0
T can be given by

Rh0
T

= E[h0
Th0

T
H

] =

 1
LCH

ILCH 0LCH×(N−LCH)

0(N−LCH)×LCH 0(N−LCH)×(N−LCH)

 . (4.24)
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Let us define D = (XF − X̂F)H(XF − X̂F) and δ = hF
HDhF so that the CPEP

can be given by

P (XF → X̂F|hF) = Q

(√
δ

2N0,F

)
. (4.25)

The Q-function can be approximated using the following relation [52]

Q(x) ∼=
1

12
exp

{
−x

2

2

}
+

1

4
exp

{
−2x2

3

}
(4.26)

and the unconditional pairwise error probability (UPEP) can be calculated by

taking the expectation of the CPEP over hF [1, 51, 53, 27, 4].

P (XF → X̂F ) = EhF

[
P (XF → X̂F |hF )

]
(4.27)

By substituting
δ

2N0,F

for x in equation (4.26) and using it to approximate

(4.25), the UPEP expression can be obtained by solving the following expectation

P (XF → X̂F ) = EhF

[
1

12
exp

{
− δ

4N0,F

}
+

1

4
exp

{
− δ

3N0,F

}]
. (4.28)

This operation reduces to solving the integral of (4.29). Let us define W1 =
1

4N0,F

and W2 =
1

3N0,F

. By using the definition of δ, W1 and W2, we can expand the

integral to take the form of (4.30).

P (XF → X̂F ) =

∫
hF

f(hF )

[
1

12
exp

{
− δ

4N0,F

}
+

1

4
exp

{
− δ

3N0,F

}]
(4.29)
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=

∫
hF

f(hF )

[
1

12
exp

{
−W1h

H
F DhF

}
+

1

4
exp

{
−W2h

H
F DhF

}]
dhF (4.30)

The channel coefficients hF (β) are circularly symmetric complex normal (C N )

for β = 1, . . . , N . Then the pdf of hF given by f(hF ) will follow the distribution

of a C N RV. However, it is not easy determine or to solve the problem using the

joint pdf f(hF ) This integration can be simplified by using the spectral theorem

in [54] and the property that for an n × 1 C N random vector x = [x1, . . . , xn]

and an arbitrary complex n × n matrix A, z is also a C N RV for z = Ax [55].

In this case, the pdf of z is given by

f(z) =
π−n

det(Rz)
exp {−zHRz

−1z}, (4.31)

where Rz is the correlation matrix of z [55].

We can re-define the frequency domain channel correlation matrix RhF = URzU
H

and the channel vector hF = Uz, where Rz = E[zzH ], rh = rank(RhF ), U ∈

CN×rh and z ∈ Crh×1. The new random vector z = U−1hF has the pdf given by

(4.32). By performing a change of variable in (4.30) and substituting (4.32), the

UPEP integral can be given by (4.34) and simplified to take the shape of (4.35).

This is similar to the form of the UPEP integral for OFDM-IM in (4.25) as given

in [1].

f(z) =
π−rh

det(Rz)
exp {−zHR−1

z z} (4.32)

P (XF → X̂F ) =

∫
z

f(z)P (XF → X̂F |z) (4.33)
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=

∫
z

π−rh

det(Rz)
exp {−zHR−1

z z}

∗
[

1

12
exp

{
−W1z

HUHDUz
}

+
1

4
exp

{
−W1z

HUHDUz
}]

dz (4.34)

=
π−rh

12 det(Rz)

∫
z

exp {−zH
[
R−1
z +W1U

HDU
]
z}dz

+
π−rh

4 det(Rz)

∫
z

exp {−zH
[
R−1
z +W2U

HDU
]
z}dz (4.35)

This integral is of the form of [56]

∫
Cn

exp{−πnxHAx}dx = πn det(A−1), (4.36)

where A ∈ Cn×n and x ∈ Cn×1. We can substitute z in (4.35) for x and let

A = Rz
−1 +W2U

HDU. Then using the properties det(A−1) =
1

det(A)
, det(A)×

det(B) = det(A × B) and AA−1 = In, the UPEP can be given by (4.37). We

have the identity det(In+NM) = det(Im+MN), where N and M are n×m and

m× n matrices, respectively [1]. Using the definition of RhF and this identity by

substituting rh for n, N for m, RuU
HD for N and U for M, the final expression

for the UPEP is given by (4.38).

P (XF → X̂F) =
1/12

det(Irh +W1RzUHDU)
+

1/4

det(Irh +W2RzUHDU)
(4.37)

=
1/12

det(IN +W1RhFD)
+

1/4

det(IN +W2RhFD)
(4.38)
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The UPEP expression can be used to calculate the Average Bit Error Probability

(ABEP) by averaging over all possibilities of XF and the total bits transmitted

per block. As one may recall, there can be a total of M possibilities with b bits

transmitted for n out of N active sub-carriers. We can re-write the final expression

for the UPEP using the definition of D and N0,F in (4.10) as

P (XF → X̂F) =
1/12

det

(
IN +

N

4nN0,T

RhF

[
XF − X̂F

]H [
XF − X̂F

])
+

1/4

det

(
IN +

N

3nN0,T

RhF

[
XF − X̂F

]H [
XF − X̂F

]) (4.39)

and use it to calculate the ABEP using

Pb ≤
1

b×M

M∑
1

M−1∑
1

P (XF → X̂F)e(XF, X̂F) (4.40)

where e(XF, X̂F) represents the number of bit errors between XF and X̂F.

4.3.1 Extension to OFDM-ISK

If we examine it closely, OFDM-ISK can be described as a special case of OFDM-

GISK when the number of active sub-carriers n = 1. Mathematically speaking,

the received signal model is the same as the one given by (4.9). The CPEP can

then be given by (4.21) and the UPEP reduces to solving the expectation in (4.30);

the solution is given by (4.38).

We can re-write the UPEP expression using the N0,F definition for OFDM-ISK
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given by (4.16).

P (XF → X̂F) =
1/12

det

(
IN +

N

4N0,T

RhF

[
XF − X̂F

]H [
XF − X̂F

])
+

1/4

det

(
IN +

N

3N0,T

RhF

[
XF − X̂F

]H [
XF − X̂F

]) (4.41)

The UPEP expression can be used to calculate the ABEP as it was done for

OFDM-GISK. A total of b bits are transmitted N realizations of xF are possible.

The number of errors between each realization is given by e(XF, X̂F).

Pb =
1

b×N

N∑
1

N−1∑
1

P (XF → X̂F)e(XF, X̂F) (4.42)

4.4 Results and Discussion

We will now discuss the results of the newly designed techniques and compare

analytical and simulation results as well as the performance of OFDM-GISK/ISK

against OFDM-IM.

Figure 4.3 illustrates the results for OFDM-ISK forN = 4 toN = 128 sub-carriers.

The BER performance is clearly improved at the cost of spectral efficiency. It is

clear that as the number of sub-carriers is increased, the BER performance de-

clines slightly. In addition, the new scheme is more energy efficient compared to

classical OFDM and OFDM-IM. At the same time, the complexity of the ML re-

ceiver increases by the power of two, due to the increasing number of possibilities.
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Figure 4.3: BER versus Eb/No OFDM-ISK for various values of N.

To retain the benefits while improving spectral efficiency, we generalize OFDM-

ISK to OFDM-GISK.

Figure 4.4 illustrates the results for OFDM-GISK for N = 8 with different com-

binations of n. It is clear that as the number of sub-carriers used is increased, the

BER performance declines slightly. In fact, there is no need to go for more than

N/2 active sub-carriers as the performance decreases without increasing efficiency.

The maximum possible combinations occur when n = N/2 whereas using n = 1 is

the same as OFDM-ISK with N = 8. OFDM-GISK decreases BER performance

and energy efficiency but it improves the spectral efficiency. For example, using

OFDM-ISK with 8 sub-carriers allows only the transmission of 3-bits whereas

OFDM-GISK can transmit a maximum of 6 bits per block.

Figures 4.5 and 4.6 show the theoretical and simulation plots for OFDM-GISK for

a system of 8 sub-carriers. As you can observe, the simulation results match the
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Figure 4.4: BER versus Eb/No OFDM-GISK for N = 8 and n = 1, . . . , 7.

theoretical results in (4.40) closely. The curves adhere to the loose upper bound,

except for at high SNR’s. The reason we display only the first four sub-carriers is

that using combinations, the maximum realizations are achievable at n = N
2

. For

example using N − 1 or 1 sub-carrier will give the same number of possibilities,

but a larger n will degrade the performance because the distance between the

realizations decreases.

Keeping that in mind, let us study Figure 4.7. Clearly, OFDM-ISK with for N = 8

works is the best scheme. The most spectrally efficient configuration with n = 3

has a worse performance at low SNR’s to begin with, but performs considerably

better in the area of interest. For example, at a BER of 10−4, OFDM-ISK pro-

vides 5dB better performance than OFDM-IM whereas the n = 3 GISK gives a

3dB improvement. This is in the region of SNR between 17 to 22dB. For a BER

of 10−5, the improvement is 8dB and 6dB, respectively.
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Figure 4.5: Simulation and theoretical results for OFDM-GISK for N = 8 and
n = 1, . . . , 4.
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Figure 4.6: Simulation and theoretical results for OFDM-GISK for N = 8 and
n = 1, . . . , 4.
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Figure 4.7: Comparison of OFDM-GISK with N = 8 and n = 1 and 3 versus
OFDM-IM.

4.5 Summary

This chapter covers the newly designed ISK techniques by presenting the complete

system design, deriving the analytical performance evaluation and comparing the

analysis results with the simulations. OFDM-GISK works by simply switching

on and off the sub-carriers depending on the incoming data. The detection is

performed using the optimum ML receiver. It is shown that as you increase the

active sub-carriers, the SE increases but the performance falls. Furthermore, this

trade-off can be used to design GISK systems that perform even better than

OFDM-IM especially at high SNR’s, making this technique suitable for modern

technologies such as VLC.
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CHAPTER 5

INTERFERENCE: EFFECTS

AND MITIGATION

Until now, we have assumed that the channel is ideal; perfect CSI is available. This

is not the case in practical applications. It is possible that we may have partial

CSI. OFDM transmissions also suffer from interference. Two of the common such

impairments are Inter-Carrier Interference (ICI) and Narrow Band Interference

(NBI). ICI occurs due to information leaking to adjacent sub-carriers (especially

in mobile) whereas NBI occurs due to the occupation of external signals in the

transmit frequency band.

One potential application of OFDM-IM is in vehicular networks. Therefore the

communication will naturally suffer from ICI. Furthermore, most IEEE wireless

standards utilize the (2.4 and 5 GHz) free unlicensed ISM bands. WiFi and

BlueTooth technologies use the 2.4 GHz band while WiMax and some WiFi routers

occupy the 5GHz band. This can result in unintentional jamming of some of the
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transmission bands. NBI can also result from intentional jamming in military

applications.

In the literature, the effects of ICI and NBI on OFDM have been studied and

various mitigation techniques have been implemented as discussed in section 2.2.

The effects of ICI on OFDM-IM and mitigation techniques are evaluated in [1].

To the best of our knowledge, the effects of NBI and cancellation techniques have

not yet been evaluated for OFDM-IM. This chapter begins by studying the effects

of NBI on OFDM-IM and then proposes a single mitigation method. Lastly, the

degradation caused by ICI is evaluated by simulations on the new modulation

schemes presented in Chapter 42.

5.1 NBI impairment in OFDM-IM

Narrowband Interference (NBI) is the unintentional or intentional jamming of the

sub-carriers in the desired frequency band. For FFT based implementations of

OFDM, NBI can be defined as the presence of unwanted signals in less than a

quarter of the total sub-carriers. This section describes the NBI model and then

evaluates the performance of OFDM-IM and OFDM-ISK in the presence of NBI

compared to the classical OFDM.

2Recall that for all schemes xF , hF , wF and yF are the N × 1 transmitted, channel,
AWGN and received vectors, respectively. Moreover, yF (n) = hF (n)xF (n) +wF (n) for
n = 1 . . . N . Therefore if we define HF = diag(hF ), then yF = HFxF +wF . In chapter
5 we will use this model as the starting point and re-define it according to the channel
impairments under investigation (NBI or ICI).
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5.1.1 NBI Signal Model

The received OFDM signal in time domain can be given by

yT = hT ∗ xT + wT , (5.1)

where hT , xT and wT are the channel impulse response, transmitted frame and

the AWGN noise vectors, respectively. Generally speaking, NBI can be modeled

as an additive noise component eT [16, 17]. The operator ∗ represents the discrete

convolution process and can be replaced by using an equivalent toeplitz matrix

HT , also known as the convolution matrix. Consequently the NBI impaired signal

in the time-domain is

yT = HTxT + wT + eT . (5.2)

We can re-write (5.2) in terms of the signals in frequency domain to get

yT = HTWH
NxF + WH

NwF + WH
NeF . (5.3)

As mentioned, NBI usually is modeled as an additive noise and effects less than

N
4

sub-carriers [18]. We can model the components of the NBI vector eF (i) as in

the following:

eF (i) =


gi, α ≤ i ≤ β

0, otherwise

(5.4)
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and the number of affected sub-carriers (or the width of the impairment) w is

given by

w = α + β − 1. (5.5)

When the interference is orthogonal, i.e., there is no ICI, the individual compo-

nents gi will only effect the ith sub-carrier for α ≤ i ≤ β [16]. In this case, the

NBI signal

ei = σe
√
N exp(jθ), (5.6)

where θ is uniformly distributed over {−π, π} (θ ∼ U [−π, π])[57]. The interference

power is σ2
e and here we define the Signal to Narrowband Interference Ratio (SNIR)

Eb
σ2
e

.

5.2 Mitigation using compressed sensing

In this section, we are going to adopt an approach for NBI cancellation using

compressive sensing (CS) theory. Gomaa et al. proposed a method to cancel

NBI in unfaded OFDM systems by predicting the support using CS [16]. We will

modify this approach to predict the support in zero-padded OFDM-IM in fading

channels. In this section, we will first give a brief introduction to the subject

of compressed sensing, formulate the problem by re-writing (5.2) for zero-padded

OFDM-IM and present the modified algorithm.
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5.2.1 Compressed Sensing introduction

The objective of CS is to reconstruct a s-sparse vector x of length n from a

received signal y and a coefficient matrix φ of size m×n. The vector x contains

s zero elements or in other words, n − s non-zero elements and m < n. If φ

satisfies the restricted isometric property (RIP) and m > c1s log n
s
, then x can be

estimated reasonably accurately using [58]

x̂ = arg min
subject to: y=φx

‖x‖l1 . (5.7)

Similar techniques can be applied to a noisy system such as the one given by

y = φx + w. (5.8)

The received vector y ∈ Cm×1, the transmitted vector x ∈ CN×1, the measurement

matrix φ ∈ Cm×n and the noise vector w ∈ Cm×1. Furthermore, x is s-sparse,

meaning that it has s zeros. In this case, x can be recovered by solving the

following l1-minimization

x̂ = arg min ‖x̂‖1 subject to: ‖y − φx‖2 ≤ η. (5.9)

This is in fact a convex optimization problem in the standard form of

minimize fTx subject to: ‖Ax + b‖2 ≤ cx + d (5.10)
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and it can be solved efficiently using a second order cone program [59]. Please

note that an l1 norm can be expressed as a matrix multiplication described by the

following

‖x‖ = oTx for o = [1....1]T and o,x ∈ Cn. (5.11)

5.2.2 OFDM-IM with zero padding

As described in (5.2), the received signal can be written as a toeplitz matrix

multiplication. For the zero-padding case, we can the received signal with the

guard band in TD as [13]

yT = HTxT + WH
L eF + wT . (5.12)

Please note that in this model, the received, NBI support and noise vectors are

(N +Lcp)× 1. The transmitted vector xT is N × 1 whereas the modified channel

matrix HT is (N +Lcp)×N . WL is the (N +Lcp)× (N +Lcp) DFT matrix. The

variable Lcp now represents the length of the zero-padding and the assumption

Lcp ≥ Lch− 1 holds. The NBI support vector eF is sparse and the current system

of equations can be solved using CS techniques.

However, first it is important to remove the unknown transmitted sequence xT in

order to make the system in the form of (5.8). In order to achieve this, we need

to design a matrix F such that FHT = 0. Actually, the structure of the channel
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matrix given in (5.13) makes this process efficient.

HT =

 HZ

0Lcp−Lch+1×N

 . (5.13)

The toeplitz (N +Lch − 1)×N channel matrix is represented by HZ followed by

(Lcp − Lch + 1) rows of zeros.

5.2.3 Zero Forcing matrix

Once we have a matrix HT in the form of (5.13), the zero forcing matrix can

then be designed as F = [FZ FN ]. We can design FZ by solving the system

FZHZ = 0. The solution is typically given by [16]

FZ = IN+Lch−1 −HZH†Z , (5.14)

where H†Z represents the pseudoinverse such that

H†Z =
(
HH
Z HZ

)−1
HH
Z . (5.15)

Although this approach is sufficient to obtain the expression given by (5.12) in

the form of (5.8), the calculation requires computation of the inverse of large

matrices. Gomaa et al. proposed a more efficient approach exploiting the structure

of HZ [16]. They perform a QR factorization of HZ such that HZ = QR where

Q = [Q1 Q2] and Q1 is an (N + Lch − 1)×N matrix. After some manipulations
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it is shown that

HZ = IN+Lch−1 −Q1Q1
H . (5.16)

5.2.4 Modified CS based approach

Once we have the matrix that can cancel the transmitted vector, the system can

be re-written as follows:

ȳT = FyT = FHTxT + FWH
L eF + FwT . (5.17)

Let A = FWH
L , wZ = FwT and recall that FHT = 0. In order to match the form

of (5.8), this result can be re-written as .

ȳT = AeF + wZ . (5.18)

We can now formulate the recovery process of the indexes of the NBI affected

sub-carriers as a convex optimization problem given by

êF = min
êF∈CN+Lcp

‖êF‖1 subject to: ‖ȳ −AêF‖2 ≤ η. (5.19)

Recall that F = [FZ FN ] where FZ can be obtained from (5.14). The choice of

the contents of FN can be done arbitrarily. However, the recovery process can

be made robust by using a zero-mean Gaussian distribution with variance 1/ν,

where ν represents the number non-zero elements, or in our case the number of
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jammed sub-carriers [60, 61].

The claim of the original algorithm designers was that it is completely blind

recovery. However, a guess of the NBI support is needed and as more than 5

elements do not effect the performance (as will be shown in 5.3), an estimate of

ν = 5 works well. Furthermore, the error term η has to be selected such that it

bounds the noise power. A guideline can be followed to set the value of η based

on (6.5) in [62].

The system can now be solved using convex optimization. In fact, it is a second

order cone program that can be solved using off-the-shelf solvers [59]. We used

CVX, a program for defining and obtaining the solutions of convex programs, to

solve (5.19) [63, 64]. The solution will be the estimated jammer locations ĵ and

the corresponding values gĵ where êF (ĵ) = gĵ.

Once the NBI support vector has been obtained, we apply our modified approach

to reconstruct the received signal vector without the zero padded prefix. The

received signal in time can be reconstructed using

ŷT = yT −WH
L êF . (5.20)

The reconstructed signal can be obtained by adding the guard band to the first

Lcp elements of the reconstructed vector and discarding the last Lcp elements. The
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operation can be described by as a matrix multiplication given by

ỹT =

 IN ILcp

0Lcp×N 0N×Lcp

 ŷT (5.21)

For classical OFDM, the next step is to apply a linear detector such as the MMSE.

However, we apply the optimum ML detector given by (3.16). The algorithm is

summarized below.

Algorithm summary

1. Compute FZ using (5.14).

2. Formulate the convex optimization problem in (5.19) by multiplying ȳT with

FZ .

3. Solve the program in (5.19).

4. Reconstruct the received signal in TD with the guard band using (5.20).

5. Remove the guard band using (5.21).

6. Reconstruct the OFDM-IM frame from ỹT using the ML receiver described

by (3.16).

5.3 NBI simulation results and analysis

Based on the model given in section 5.1.1, we simulate the effects of NBI on

OFDM-IM and the designed OFDM-GISK techniques. The NBI signal can be of
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various width w and take a range of SNIR values for a wireless system working

at a certain SNR. We first investigate the impact of the jammer width and SNIR.

Then we study the performance degradation for NBI support affecting a specific

number of sub-carriers with a particular SNIR.

5.3.1 Impact of jammer width w

Previous studies of NBI impairments in classical OFDM systems [16, 19] show

that for particular SNIR values. In this part, we examine if varying the number

of affected sub-carriers will have any impact on IM techniques.

Figure 5.1 illustrates how the performance degradation of both OFDM and

OFDM-IM in the presence of NBI of various widths. We evaluate the system

at a practical SNR value of 15dB for wireless systems and under high and low

interference powers; SNIR’s of -10 and +10dB. At an SNIR of -10dB, changing

the jammer widths a negligible effect for OFDM as already shown by [16]. In

contrast, the performance of OFDM-IM suffers sharply as the number of jammers

are increased from 1 to 6. For larger tones, the performance degrades by a small

amount.

In case of weak interferer’s, there is a more pronounced impact on OFDM as

expected. However, OFDM-IM is better able to stand the impact low power im-

pairments where the performance degrades linearly. However, as you can see from

Figure 5.2, at higher SNR’s the slope of the BER curve is larger hinting at a limit

to IM’s ability to withstand NBI. Similarly for the case of high interference power,
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Figure 5.1: BER versus w for OFDM and OFDM-IM for Eb/No = 15dB

the performance declines sharply for the first few jammers and then reaches an

error floor. As we will show later, OFDM-IM is quite resilient to the effects of

NBI at low SNR.

5.3.2 Impact of Interference Power

We have discussed that for high levels of interference, increasing the number of

jammers only effects the performance for low number of NBI elements (between

1 to 5). In this section, we will again evaluate the performance of IM techniques

by simulation, but this time against the SNIR for small number of interferers. We

will examine the behavior of the BER curves over a range of SNIR of -20 to 20dB
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Figure 5.2: BER versus w for OFDM and OFDM-IM for Eb/No = 15dB

for the cases of one and three jammed sub-carriers.

As you can observe in both, Figures 5.3 and 5.4, as the SNIR is increased from -10

to +10dB, there is negligible improvement in the performance of classical OFDM

transmission. In contrast, as the jamming power is reduced, OFDM-IM is able

to improve its performance considerably up to a certain SNIR. For very high or

very low jamming powers (SNIR < −10dB or SNIR > 15dB) the system has

an error floor. For practical purposes, this is significant because NBI, whether

intentional or unintentional, even from high power sources would fall within this

range. This means that even at an SNIR of -10dB from one source, the system
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Figure 5.3: BER versus SNIR of OFDM and OFDM-IM in presence of 1 and 3
jammers at an SNR of 15dB.

can function reasonably.

Furthermore, the number of NBI components have an impact on the performance

of OFDM-IM and we showed before that this is the case for a low number of

jammers. For classical OFDM, this is not significant unless the NBI ratio is

extremely low (below 20dB). As illustrated in Fig. 5.5, OFDM-IM performs better

by about 4dB with respect to the SNIR at a BER of 10−2 and at an SNR of 15dB

if there is only one NBI source compared to three. At a system working on a

higher SNR of 20dB, the same improvement is offered but at a higher BER of

10−3.
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Figure 5.4: BER versus SNIR of OFDM and OFDM-IM in presence of 1 and 3
jammers at an SNR of 20dB.
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Figure 5.5: BER versus SNIR of OFDM and OFDM-IM in presence of one and
three jammers at an SNR’s of 15 and 20 dB.
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5.3.3 Performance degradation in OFDM-IM

In this section, we evaluate the degradation in error rate of OFDM-IM. As de-

scribed previously, the performance is not affected a lot by increasing the number

of jammed sub-carriers for w > 5. So for comparison purposes we will continue to

take the cases of 1 and 3 jammers. The performance is then studied for the cases

of low and high σ2
e .

As it can be seen from Figures 5.6 and 5.7, classical OFDM techniques fail in the

presence of NBI regardless of the jammer width w. This observation matches the

results of [16, 17] and also our own observation in Section 5.3.1. By comparison,

OFDM-IM is quite resilient to NBI and at an SNIR of -10dB offers BER of about

10−2. For low NBI powers, OFDM-IM performs quite well and does not reach an

error floor until after an SNR of 30dB.

Practically speaking, mitigation methods will not be needed for most wireless ap-

plications as they operate at SNR’s between 15-25dB. Moreover, the number of

NBI sources has a slight inverse effect on the performance at SNR’s above 20dB

when the SNIR is high. For higher jamming powers, the number of sources does

not have much of an impact.

5.3.4 NBI Mitigation Results

As we have observed from the previous sections, OFDM-IM has the capability

to withstand the impact of NBI for SNIR’s up to -10 dB. However, at very high

jamming powers, even OFDM-IM performance is degraded. The modified CS-ML
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Figure 5.6: Performance of OFDM and OFDM-IM in presence of one jammer.
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Figure 5.7: Performance of OFDM and OFDM-IM in presence of three jammers.
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Figure 5.8: Performance of OFDM and OFDM-IM in presence of 3 jammers

approach developed in Section 5.2 with zero padding is applied to OFDM-IM suf-

fering from 3 jamming sources at SNIR values of -15 and -20dB. The performance

is improved and the results are similar to [16] for classical OFDM.

In the unmitigated case, OFDM-IM can barely achieve a BER of 10−1 at an inter-

ference ratio of -15dB and below 10−1 in the case of -20dB. However, Figure 5.9

confirms that after the cancellation scheme is applied, the system performs close

to case of no NBI. Only at SNR’s of greater than 20dB does the system reach an

error floor (10−3 in the case of -20dB and between 10−3 and 10−4 in the case of

-15dB). In the region of interest (10-20 dB), the cancellation algorithm is able to

improve the performance significantly.
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Figure 5.9: Performance of OFDM-IM in presence of 3 jammers after cancellation
for an SNIR of -15dB

5.4 Review of ICI in OFDM-IM

In frequency-selective channels, OFDM eliminates inter-symbol interference (ISI)

and a one-tap equalizer is sufficient [65]. In fast fading channels resulting from

high mobility applications such as vehicular networks, the channels are no longer

orthogonal which leads to ICI. Consequently, the transmitted signal is also affected

by the channel response at the other sub-carriers. In the following subsections,

we described the OFDM-IM signal model in ICI, review a few detection schemes

and their performance.
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5.4.1 Signal Model

The received signal in time domain can be expressed as [66]

yF (i) = HT (i)xF (i) +
N−1∑
î=0
î 6=i

(
Lch−1∑
l=0

HT [l, i− î]e−
2π
N
l̂i

)
+ wF (i) (5.22)

where HT is the equivalent time-domain channel matrix such that

HT = [hT (0) . . .hT (N − 1)] , (5.23)

where hT (j) is the channel impulse response cyclic shifted downwards by j + 1

elements [65]. In the frequency domain, we can represent this system using an

equivalent channel VF given by [65, 8]:

VF = WNHTWH
N . (5.24)

The received signal vector then becomes

yF = VFxF + wF , (5.25)

where VF is no longer diagonal.

Usually, in highly mobile environments the OFDM frame is padded with zeros

(excluding the cyclic prefix) in order to prevent inter-block interference. In our

case, we will assume that the first and last Lz elements are zeros (a total of 2Lz).
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So the actual received signal is

ȳF = V̄F x̄F + w̄F , (5.26)

where ȳF = yF (λ), x̄F = xF (λ), w̄=FwF (λ) and V̄F = VF (λ, λ) for λ = Lz +

1 : N − Lz. The authors of [1] proposed four detectors: one linear detector

based on the MMSE criteria and three detectors that exploit the structure of the

transmitted OFDM-IM frame xF .

5.4.2 ICI cancellation schemes for OFDM-IM

The MMSE equalizer treats ICI in OFDM systems similar to the ISI in single-

carrier systems. An equalizer based on this criteria is readily available in literature

[65, 66]. The estimated received signal after ICI is

ŷF = V̄H
F

[
V̄F V̄H

F +
INsub

ρF

]−1

ȳF . (5.27)

Nsub is the number of used sub-carriers N − 2Lz and ρF is the equivalent SNR

in the frequency domain. The ML detector described by (3.16) can be applied to

ŷF .

The next detection scheme is the interference unaware sub-matrix detector that
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uses the assumption VF ≈ V̂F such that

V̂F =



V̄F,1 0 . . . 0

0 V̄F,2 . . . 0

...
...

. . .
...

0 0 . . . V̄F,G


, (5.28)

where V̄F,g = VF (g[n− 1] + 1 : gn, g[n− 1] + 1 : gn). A detector similar to the

ML receiver is applied by minimized the following metric

x̂gF = arg min
x̄gF

‖ȳgF − V̂F,gx̄
g
F‖

2 (5.29)

where ȳgF and x̄gF are ȳ(g[n − 1] + 1 : gn) and x̄(g[n − 1] + 1 : gn), respectively.

The detector is highly complex as the x̄gF already has cMk realizations.

An improved version of the submatrix detector is the block cancellation (BC)

detector. After each iteration g, the detector updates the elements of ȳgF as shown

in (5.30) with the assumption that x̂gF = xgF and Ṽg
F = V̂F (1 : Nsub, g[n− 1] + 1 :

gn).

ȳF = ȳF − Ṽg
F x̂gF (5.30)

The most sophisticated receiver is the signal power (SP) detector which applies

the BC scheme after sorting V̄g
F in V̂F according to their signal powers SPg, which
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are defined for each sub-block as

SPg = ‖V̄g
F‖

2
F . (5.31)

5.4.3 Performance of various ICI cancellation schemes for

OFDM-IM

Figure 5.10 shows the performance of the detection schemes for a system employ-

ing N = 128 sub-carriers with n = 4 and k = 2. A total of the first Lz = 20

carriers are padded with zeros. The performance of all four proposed detection

schemes in Section 5.4.2 are compared against the scenario where there is no ICI

and the case when no cancellation scheme is employed.

The MMSE detector performs worse the case of no cancellation in the region of low

SNR. However, at higher SNR’s the performance improves and reaches the error

floors achieved by the submatrix and block cancellation (BC) detectors. Note that

this behavior is in contrast to the case of classical OFDM where the linear Zero

Forcing (ZF) and MMSE detectors reach an error floor. In addition, it initially

degrades the performance because one characteristic of IM techniques is that the

sub-carrier positions carry information. By canceling the effect of the ICI, we also

inadvertently end up removing the diversity gained through the channel.

The interference unaware sub-matrix detector improves the performance in the

region of SNR ≤ 20dB as illustrated in Figure 5.10. However, it reaches an error

floor of about 10−3. As expected, the BC detector improves on that statistic and
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it almost achieves a floor of about 10−4 at about 25dB. Although updating the

received signal based on the estimates of the detected symbols helps, it has its

limits because the result of an erroneous prediction may propagate for several

sub-blocks before being nullified. In contrast, the SP detector performs like the

unimpaired signal up-to an SNR of 35dB. This is because by sorting according to

the signal powers, we maximize the probability of getting the earliest predictions

right.
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Figure 5.10: Performance of various ICI cancellation schemes of OFDM-IM at
100km/h.
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Figure 5.11: Performance of various ICI cancellation schemes of OFDM-IM at 300
km/h.

5.5 Performance of ISK techniques in the pres-

ence of ICI

In this section, we examine the effects of ICI on OFDM-GISK compared to clas-

sical OFDM. Figure 5.12 shows how the various configurations of N = 8 GISK

perform in a dispersive channel. As it can be observed, only OFDM-ISK with

N = 8 outperforms the classical OFDM. Furthermore, as we increase the data

rate i.e. the number of sub-carriers used, the resistance to ICI decreases. In con-

trast, when using N = 16 sub-carriers, OFDM-ISK as well as GISK with n = 2

gives a lower error floor than OFDM as illustrated in Figure 5.13. As shown before
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Figure 5.12: Performance of OFDM-GISK for N = 8 at 100 km/h.

in Section 4.4, as we increase the number of sub-carriers, increasing n improves

SE at a cost of BER. In general, we can say that although OFDM-GISK configu-

rations perform better with lower N values, higher values of N are less susceptible

to ICI. This makes sense as for example, N = 8 n = 2 scheme will have six ’0’

sub-carriers whereas an N = 16 n = 2 scheme will have fourteen ’0’ sub-carriers.

In addition, improving the SE will make the system more vulnerable to ICI.
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Figure 5.13: Performance of OFDM-GISK for N = 16 at 100 km/h.

5.6 Summary

In this chapter, we examined the performance of the OFDM-IM technique in

NBI, proposed a mitigation method based on compressive sensing and evaluated

the effects of ICI on our newly designed GISK modulation. It was shown that

compared to classical OFDM, OFDM-IM is quite resilient to NBI interference for

up to SNIR’s of -15dB. For very high interference powers, the CS based approach

to NBI cancellation works very well and achieves an error floor at high SNR’s of

25dB; this result is good enough for wireless networks. In the presence of ICI,

OFDM-GISK performs better with less number of active subcarriers n. As we

increase n, the performance degradation is higher compared to classical OFDM.
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CHAPTER 6

CONCLUSION

6.1 Conclusions

This thesis presented research that came up with new IM techniques based on sub-

carrier index switching and evaluated the performance of IM in the presence of ICI

and NBI. In the first part, two new techniques called OFDM-GISK and OFDM-

ISK belonging to the family of the so called ISK were designed. The performance

analysis was carried out and the analytical and simulation results were compared

with previous techniques. It was shown that OFDM-GISK performs better than

OFDM and OFDM-IM for most configurations. For example, N = 8 n = 3 and

n = 3 OFDM-GISK gave better performance than OFDM-IM at a BER of 10−4.

Furthermore, OFDM-ISK method was the highest performing one but spectrally

inefficient.

In the second part, the performance of OFDM-IM and ISK based schemes were

studied under the effects of two different types of interference, NBI and ICI. It
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was shown that in contrast to OFDM, OFDM-IM, generally performed better

under NBI. In the case of OFDM, the degradation was basically dependent on the

SNIR whereas increasing the number of jammers induced a slight change in the

performance of OFDM-IM. A previously designed mitigation technique based on

CS was modified and adopted to cancel the effects of NBI. It was shown that the

method worked for even very high interference powers.

Lastly, It was shown that OFDM-GISK techniques are more resilient to ICI than

classical OFDM for a low number of active sub-carriers. Although systems with

less total sub-carriers give a better BER performance, higher N systems with low

values of n are more resilient to ICI. OFDM-ISK performed better than OFDM

and OFDM-IM in the presence of ICI.

In summary the main results are:

� Design of new trans-receive schemes based on IM.

� Analysis and simulation of the performance of the new schemes.

� Investigating the susceptibility of IM techniques to NBI compared to clas-

sical OFDM systems.

� Studying the impact of ICI on the new proposed modulation schemes com-

pared to OFDM by simulations.
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6.2 Future Research

The newly designed schemes have been designed for SISO systems. The next

step is to implement them on MIMO media and combine them with the SSK

to form the so called Space Frequency Keying (SFK). Furthermore, as we move

to large scale MIMO systems, ML based receivers will not be suitable for such

applications. Therefore, there is a need to design lower complexity receivers based

on concepts such as spectrum sensing. Lastly, the analysis so far has been done for

Rayleigh fading channels with perfect CSI (imperfect CSI in the case of IM), so the

performance of such schemes should be analyzed for different fading environments

such as the Rician or Nakagami models.

In terms of the study done on ICI and NBI, there is a need to design low complexity

detectors for the cases of ISK techniques. Despite the fact that OFDM-IM proved

to be quite resilient to NBI, mitigation schemes can still be designed to enhance

the performance further. Last but not least, a more practical direction can be

taken to implement these techniques whether on software defined radio or on

hardware using digital technologies with rapid processing power such as FPGA

boards.
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[8] E. Basar, Ü. Aygölü, and E. Panaylrcl, “Orthogonal Frequency Division Mul-

tiplexing with Index Modulation,” in First International Black Sea Confer-

ence on Communications and Networking (BlackSeaCom), 2013, 2013, pp.

1–32.

[9] T. Datta, H. S. Eshwaraiah, A. Chockalingam, and S. Member, “Generalized

Space and Frequency Index Modulation,” IEEE Transactions on Vehicular

Technology, vol. PP, no. 99, pp. 1–14, 2015.

[10] T. Sanjana and M. N. Suma, “Comparison of NBI suppression methods in

OFDM systems,” International Journal of Science, Engineering and Tech-

nology Research (IJSETR), vol. 3, no. 3, pp. 470–477, 2014.

[11] C. G. K. Yong Soo Cho, Jaekwon Kim, Won Young Yang, MIMO-OFDM

Wireless Communications with MATLAB, 2010, no. 1.

[12] B. Lathi and Z. Ding, Modern Digital and Analog Communication Systems,

4th ed. Oxford University Press, 2010.

90



[13] B. Muquet, Z. Wang, S. Member, G. B. Giannakis, M. D. Courville, and

P. Duhamel, “Cyclic Prefixing or Zero Padding for Wireless Multicarrier

Transmissions ?” IEEE Transactions on Communications, vol. 50, no. 12,

pp. 2136–2148, 2002.

[14] M. S. Sohail, T. Y. Al-naffouri, and S. N. Al-ghadhban, “Narrow band inter-

ference cancelation in OFDM: Astructured maximum likelihood approach,”

in 2012 IEEE 13th International Workshop on Signal Processing Advances

in Wireless Communications (SPAWC), no. 1, 2012, pp. 45–49.

[15] A. Ali, M. Masood, M. S. Sohail, S. Al-Ghadhban, and T. Y. Al-Naffouri,

“Narrowband Interference Mitigation in SC-FDMA Using Bayesian Sparse

Recovery,” in 2015 IEEE International Conference on Communications

(ICC), 2014, pp. 1–14. [Online]. Available: http://arxiv.org/abs/1412.6137

[16] A. Gomaa, K. M. Z. Islam, and N. Al-dhahir, “Two Novel Compressed-

Sensing Algorithms for NBI Detection in OFDM Systems,” in 2010 IEEE

International Conference on Acoustics, Speech and Signal Processing, no. 7,

2010, pp. 3294–3297.

[17] A. Gomaa and N. Al-dhahir, “A Compressive Sensing Approach to NBI Can-

cellation in Mobile OFDM Systems,” in IEEE Global Telecommunications

Conference (GLOBECOM 2010), no. 1, pp. 1–5.

[18] ——, “Compressive-Sensing-Based Approach for NBI Cancellation in MIMO-

OFDM,” in 2011 IEEE Global Telecommunications Conference (GLOBE-

91



COM 2011), no. 3, pp. 1 – 5.

[19] ——, “A Sparsity-Aware Approach for NBI Estimation in MIMO-OFDM,”

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, vol. 10,

no. 6, pp. 1854–1862, 2011.

[20] J. Mietzner, R. Schober, L. Lampe, W. Gerstacker, and P. Hoeher, “Multiple-

antenna techniques for wireless communications - a comprehensive literature

survey,” IEEE Communications Surveys & Tutorials, vol. 11, no. 2, pp. 87–

105, 2009.

[21] M. Di Renzo, H. Haas, A. Ghrayeb, S. Sugiura, and L. Hanzo, “Spatial

Modulation for Generalized MIMO: Challenges, Opportunities, and Imple-

mentation,” Proceedings of the IEEE, vol. 102, no. 1, pp. 56–103, 2014.

[22] R. Mesleh, S. Engelken, S. Sinanovic, and H. Haas, “Analytical SER Cal-

culation of Spatial Modulation,” in IEEE 10th International Symposium on

Spread Spectrum Techniques and Applications, 2008, 2008, pp. 272–276.

[23] E. Basar, U. Aygolu, E. Panayirci, and H. V. Poor, “Performance of Spatial

Modulation in the Presence of Channel Estimation Errors,” IEEE Commu-

nications Letters, vol. 16, no. 2, pp. 176–179, 2012.

[24] R. Mesleh and S. S. Ikki, “On the effect of Gaussian imperfect channel estima-

tions on the performance of space modulation techniques,” IEEE Vehicular

Technology Conference, 2012.

92



[25] ——, “A High Spectral Efficiency Spatial Modulation Technique,” in IEEE

80th Vehicular Technology Conference (VTC Fall), 2014, pp. 1–5.

[26] R. Mesleh, S. S. Ikki, and H. M. Aggoune, “Quadrature Spatial Modulation,”

IEEE Transactions on Vehicular Technology, vol. 64, no. 6, pp. 2738 – 2742,

2014.

[27] J. Jeganathan, A. Ghrayeb, and L. Szczecinski, “Generalized Space Shift

Keying Modulation for MIMO Channels,” in 2008 IEEE 19th International

Symposium on Personal, Indoor and Mobile Radio Communications, 2008.

[28] R. R. Gutierrez, L. Zhang, and J. Elmirghani, “Generalized Phase Spatial

Shift Keying Modulation for MIMO Channels,” Electrical engineering and

electronics, pp. 1–5, 2011.

[29] M. Di Renzo and H. Haas, “On the performance of space shift keying MIMO

systems over correlated Rician fading channels,” 2010 International ITG

Workshop on Smart Antennas, WSA 2010, no. Wsa, pp. 72–79, 2010.

[30] ——, “Space shift keying (SSK) modulation with partial channel state infor-

mation: Optimal detector and performance analysis over fading channels,”

IEEE Transactions on Communications, vol. 58, no. 11, pp. 3196–3210, 2010.

[31] R. Mesleh, H. Haas, C. Ahn, and S. Yun, “Spatial modulation-OFDM,” in

Proc. of the International OFDM Workshop, 2006, pp. 30–34.

93



[32] S. Ganesan and R. Y. Mesleh, “On the performance of spatial modulation

OFDM,” in Asilomar Conference on Signals, Systems and Computers (AC-

SSC), 2006, pp. 1825–1829.

[33] R. Mesleh, S. Ganesan, and H. Haas, “Impact of Channel Imperfections on

Spatial Modulation OFDM,” in 2007 IEEE 18th International Symposium

on Personal, Indoor and Mobile Radio Communications, 2007, pp. 1–5.

[34] R. Abu-alhiga and H. Haas, “Subcarrier-index modulation OFDM,” IEEE

International Symposium on Personal, Indoor and Mobile Radio Communi-

cations, PIMRC, vol. 1, pp. 177–181, 2009.

[35] D. Tsonev, S. Sinanovic, and H. Haas, “Enhanced subcarrier index modula-

tion (SIM) OFDM,” 2011 IEEE GLOBECOM Workshops, GC Wkshps 2011,

pp. 728–732, 2011.

[36] E. Baar, “Multiple-Input Multiple-Output OFDM with Index Modulation,”

IEEE Signal Processing Letters, vol. 22, no. 12, pp. 2259–2263, 2015.

[37] S. Wangl, B. Xul, H. Bal, Y. Xiaol, and L. Danl, “MIMO-OFDM with

interleaved subcarrier-index modulation,” in 10th International Conference

on Wireless Communications, Networking and Mobile Computing (WiCOM

2014), no. Ml, 2014, pp. 35–37.

[38] R. Fan, Y. J. Yu, and Y. L. Guan, “Orthogonal frequency division multiplex-

ing with generalized index modulation,” Global Communications Conference

(GLOBECOM), 2014 IEEE, vol. 3, no. 1, pp. 3880–3885, 2014.

94



[39] X. Yang, Z. Zhang, P. Fu, and J. Zhang, “Spectrum-Efficient Index Modula-

tion with Improved Constellation Mapping,” in International Workshop on

High Mobility Wireless Communications (HMWC), 2015, 2015, pp. 91–95.

[40] R. Fan, Y. J. Yu, and Y. L. Guan, “Generalization of Orthogonal Frequency

Division Multiplexing With Index Modulation,” IEEE Transactions on Wire-

less Communications, vol. 14, no. 10, pp. 5350–5359, 2015.

[41] A. I. Siddiq, “Low Complexity OFDM-IM Detector by Encoding All Possi-

ble Subcarrier Activation Patterns,” IEEE Communications Letters, vol. 20,

no. 3, pp. 446–449, 2016.

[42] Y. Xiao, S. Wang, L. Dan, X. Lei, P. Yang, and W. Xiang, “OFDM With

Interleaved Subcarrier-Index Modulation,” IEEE Communications Letters,

vol. 18, no. 8, pp. 1447–1450, 2014.

[43] X. Cheng, M. Wen, L. Yang, and Y. Li, “Index modulated OFDM with in-

terleaved grouping for V2X communications,” 17th International IEEE Con-

ference on Intelligent Transportation Systems (ITSC), pp. 1097–1104, 2014.

[44] E. Basar, “OFDM with Index Modulation Using Coordinate Interleaving,”

IEEE Wireless Communications Letters, vol. 2337, no. c, pp. 1–1, 2015.

[45] M. Zhang, H. Wang, X. Cheng, L.-q. Yang, and X. Zhou, “Quadrature Index

Modulated OFDM with Interleaved Grouping for V2X Communications,” in

International Conference on Computing, Networking and Communications

(ICNC), 2016, 2016, pp. 1–5.

95



[46] B. Zheng, F. Chen, M. Wen, F. Ji, H. Yu, and Y. Liu, “Low-Complexity ML

Detector and Performance Analysis for OFDM With In-Phase/Quadrature

Index Modulation,” IEEE Communications Letters, vol. 19, no. 11, pp. 1893–

1896, 2015.

[47] Y. Ko, “A Tight Upper Bound on Bit Error Rate of Joint OFDM and Multi-

Carrier Index Keying,” IEEE Communications Letters, vol. 18, no. 10, pp.

1763–1766, 2014.

[48] M. Wen, X. Cheng, M. Ma, B. Jiao, and H. V. Poor, “On the Achievable Rate

of OFDM With Index Modulation,” IEEE Transactions on Signal Processing,

vol. 64, no. 8, pp. 1919–1932, 2016.

[49] E. Engineering, “Optical OFDM with Index Modulation for Visible Light

Communications,” in 4th International Workshop on Optical Wireless Com-

munications (IWOW), 2015, 2015, pp. 11–15.

[50] H. Elgala and T. D. C. Little, “SEE-OFDM : Spectral and Energy Effi-

cient OFDM for Optical IM / DD Systems,” in IEEE 25th Annual Inter-

national Symposium on Personal, Indoor, and Mobile Radio Communication

(PIMRC), 2014, 2014, pp. 851–855.

[51] H. Jafarkhani, Space-Time Coding, Theory And Practice. Cambridge Uni-

versity Press, 2006.

[52] M. Chiani and D. Dardari, “Improved exponential bounds and approxima-

tion for the Q-function with application to average error probability compu-

96



tation,” in Global Telecommunications Conference, 2002. GLOBECOM ’02.

IEEE, vol. 2. IEEE, 2002, pp. 1399–1402.

[53] J. Jeganathan, A. Ghrayeb, and L. Szczecinski, “Spatial modulation: optimal

detection and performance analysis,” IEEE Communications Letters, vol. 12,

no. 8, pp. 545–547, 2008.

[54] R. A. Horn and C. R. Johnson, Matrix Analysis, 1985.

[55] R. Gallager, “Circularly-symmetric Gaussian random vec-

tors,” Preprint, pp. 1–9, 2008. [Online]. Available:

http://www.rle.mit.edu/rgallager/documents/CircSymGauss.pdf

[56] M. Elia and G. Taricco, “Integration of the exponential function of a complex

quadratic form,” Applied Mathematics E - Notes, vol. 3, pp. 95–98, 2003.

[57] A. Batra and J. R. . Zeidler, “Narrowband Interference Mitigation in BICM

OFDM Systems,” in 2009 IEEE International Conference on Acoustics,

Speech and Signal Processing, 2009, pp. 2605–2608.

[58] C.-H. Wu, W.-H. Chung, and H.-W. Liang, “OMP-based detector design for

space shift keying in large MIMO systems,” 2014 IEEE Global Communica-

tions Conference, no. Ml, pp. 4072–4076, 2014.

[59] S. Boyd and L. Vandenberghe, Convex Optimization, 7th ed. Cambridge

University Press, 2004.

97



[60] E. J. Candes and T. Tao, “Decoding by Linear Programming,” IEEE Trans-

actions on Information Theory, vol. 51, no. 12, pp. 4203–4215, 2005.

[61] E. Candes and T. Tao, “Decoding by Linear Programming,” vol. 40698, no.

December, pp. 1–22, 2004.

[62] Z. Han, H. Li, and W. Yin, Compressive Sensing for Wireless Networks, 2013.

[63] M. Grant and S. Boyd, “Graph implementations for nonsmooth convex pro-

grams,” in Recent Advances in Learning and Control, ser. Lecture Notes in

Control and Information Sciences, V. Blondel, S. Boyd, and H. Kimura, Eds.

Springer-Verlag Limited, 2008, pp. 95–110.

[64] I. CVX Research, “{CVX}: Matlab Software for Disciplined Convex Pro-

gramming, version 2.0,” \url{http://cvxr.com/cvx}, aug 2012.

[65] J. G. Proakis and M. Salehi, Digital Communications, 5th ed. McGraw-Hill,

2008.

[66] L. L. Hanzo, M. Münster, B. J. Choi, and T. Keller, OFDM and MC-CDMA

for broadband multi-user communications, WLANs, and broadcasting. J.

Wiley, 2003.

98



Vitae

� Name: Mohammad Umair Yaqub

� Nationality: Pakistan

� Date of Birth: 30/05/1992

� Email: umairy@kfupm.edu.sa

� Permanent Address: Riyadh Street, Rabee Terraces, KFUPM, Dhahran,

Kingdom of Saudi Arabia

� Bachelor of Science in Electrical Engineering, King Fahd University of

Petroleum and Minerals, January, 2013.

� Joined King Fahd University of Petroleum and Minerals as a Research As-

sistant, September, 2013.

� Master of Science in Telecommunication Engineering, King Fahd University

of Petroleum and Minerals, September, 2016.

PUBLICATIONS

� M. Yaqub and M. Al-Ahmadi, ”Application of Combined Arma-Neural Net-

work Models to Predict Stock Prices”, in Proceedings of The 3rd Multidis-

ciplinary International Social Networks Conference on Social Informatics

(Data Science, 2016). DOI: http://dx.doi.org/10.1145/2955129.2955171

99



� M. Yaqub and S. Al-Ghadhban, ”OFDM with generalized index shift key-

ing”, submitted to the 9th IEEE-GCC Conference and Exhibition 2017 (9th

IEEE-GCC 2017).

100


