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Abstract

Though Orthogonal Frequency Division Multiplexing (OFDM) is the most common modula-
tion scheme, the conventional OFDM cannot meet the requirements of high demand of throughput,
Spectral Efficiency (SE) and lower energy consumption for the Next Generation of Wireless Com-
munication systems. OFDM with Index Modulation (OFDM-IM) introduces additional index bits
of Index Modulation with classical OFDM symbols to maximize SE. However, OFDM-IM cannot

meet the minimum requirement of throughput and SE as OFDM in higher modulation order.

The objective of this study was to review different OFDM-IM variants to resolve the SE issue.
Then, a suitable system, Novel Multi-Mode OFDM with Index Modulation (NMM-OFDM-IM) was
developed for improved SE with minimum energy consumption at a given BER performance. The
proposed Novel MM-OFDM-IM has similar multiple, distinguishable M-ary modulation constel-
lation as MM-OFDM-IM[1]. The results showed, with the introduction of multiple, different con-
stellations, the challenge with throughput and SE was resolved. However, MM-OFDM-IM lacked
energy-saving benefits due to skipping inactive subcarriers through Subcarrier Index Selector (SIS).

SIS of OFDM-IM keeps inactive subcarriers to save energy for the target of “GREEN G”.

Based on the results of other IM variant studies, a Novel MM-OFDM-IM with two index selec-
tors consisting of Subcarrier Index Selector (SIS) and Mode Index Selector (MIS) was proposed.
SIS helps to maintain lower power consumption. MIS indicates the pattern of active subcarriers of
a subblock taking a specific arrangement of mode constellations. Therefore, it can compete with
OFDM even in higher modulation order for enhanced SE, whereby it has a higher energy-saving rate
than MM-OFDM-IM. This study explains the MIS design and constellation pattern along with the
impact of Energy Saving compared with other systems.BER and SER were simulated in MATLAB.

The results showed SIS and MIS are less affected by errors than conventional modulated symbols.
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Chapter 1

INTRODUCTION

Wireless communication has brought global connectivity and mobility in our day-to-day
life. This communication system can be defined as a process which transmits data using electro-
magnetic or acoustic waves in place of wires, cables or fiber optics [2]. These transmitting signals
can be radio-frequency, infrared or microwaves. In past few decades, the wireless telecommunica-
tion service had a paradigm shift from simple push to talk system to seamless end to end cellular

and internet service.

1.1 Evolution of Wireless Communication

First generation (1G) was declared in late 1970s that includes many subscribers such as Ad-
vanced Mobile Phone System (AMPS) in North America, Total Access Communication System
(TACS) in the United Kingdom and Japan [3]. It used analog system to provide basic voice ser-
vice up to 2.4 kbps with 30 KHz bandwidth and Frequency Division Multiple Access (FDMA)

technology.

In early 1990, a digital cellular system was designed for voice communication known as
Global Systems for Mobile Communications (GSM) and 2G. It used time division multiple access
(TDMA) transmission technology with 200 KHz bandwidth and data rate up to 9.6 kbps. Then
General Packet Radio Services (GPRS) technology known as 2.5G improved the data up to 50 kbps

with same bandwidth which was brought to compensate the low data rate of GSM. Enhanced Data



GSM Environment (EDGE) improved the data up to 200 kbps by using 8PSK techniques. The main

attraction was the multimedia high speed data application and packet-switch service [4].

4G

Since 2010
Spectrum:
UL: 2500-2570 MHz
DL: 2620-2690 MHz

211:1

Since 2000

TS Specrn - BWel2s 20
- Seed Modulation: QPSK, QAM, 64QAM
pince 1992 g‘];‘lsl ;’?[__]2170 MHz Access technique: OFDMA
"G GSM 900 Spectrum: : 2 Mz Enhancement technology

() UL: 820-915 M Modulation: QPSK LTE-A is called 4G

s e “ Access technique: WCDMA o 5 071 Gbs

DL: 925-960 MHz  Eniy hnoloay DAt rate: 0.07-1 Gbps

AMPS nhancement technol ogy

Application: Voice, Data, Video call,

GSM 1800 Specrrum:  HSDPA is called 3.25G 1) i) vidos Broadeasting (DVB),

ULi1710-1785 MHz  HSUPA is called 3.5G

HSPA is called 3.75G and video chat, High Definition TV
Since 1980 DL: 1805-1880 MHz  pyayn page: 0_3_36 Mbps content and mobile TV
AMPS Spectrum: BW: 200 kHz Application: Voice, Data,
gt= :2;-2492 xﬂz Modulation: GMSK ~ Video call
BW: 30KH, Access technique: TDMA\FDMA
Modulation: FM Enhancement technology
Access technique: FDMA  GPRS is called 2.5G
Data rate: 2.4 kbps EDGE is called 2.75G

Application: Voice Data rate: 9.6-200 kbps

Application: Voice & Data

FiGure 1.1: Generation Evolution of Wireless Communication with main features [3]

3G allowed people to stream video and audio service and browse web through high-speed in-
ternet. Hence, Mobile broadband became popular with 3G using Wideband Code Division Multiple
Access (W-CDMA) and High Speed Packet Access (HSPA) [5].

Long Term Evolution (LTE) is considered as 4G technology. It is radio access technology
with Orthogonal Frequency-Division Multiplexing (OFDM) with multi-antenna transmission. It
ensures high quality of service, excellent spectral efficiency due to its orthogonality and noise re-
duction through adaptive beamforming of antenna arrays. It increased the peak data rate 100 Mbps

with 20 Mhz. Increasing number of users pushed towards the need of next generation 5G.

5G communication has promised to provide low latency of 1ms with closed to unlimited
data sharing and information of peak data rate 20Gbps [6]. It needs to provide Enhanced Mobile
Broadband (eMBB), Ultra-Reliable Lowlatency Communications (URLLC), and Massive Machine-
Type Communications (mMMTC). The wireless industry is racing to transition from existing 4G

technology to 5G that will operate in mmWave spectrum that starts from 24.25 GHz to 52.6GHz
[7].
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Ficure 1.2: Evolution from 4G to 5G performance indicator [8]
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Ficure 1.3: Enhanced services beyond 5G phase 1[6]
1.2 Multiplexing
Multiplexing is a strategy of sending combined analog or digital signal through a common

medium in information and communication network. It splits the communication medium for ex-

ample, fiber optics, cable or wireless channel into a certain number of logical channels where every



single one of them is utilized to move a different message or information stream. Frequency Divi-

sion Multiple Access (FDMA), Time Division Multiple Access (TDMA), Code Division Multiple

Access (CDMA) use the Multiplexing Techniques in different norms.

Generations | 1G 2G 3G 4G 5G
Data Band- | 2 Kbps 64 Kbps 2Mbps 1 Gbps 20 Gbps
width
Multiplexing | FDMA TDMA CDMA OFDM Modified
OFDM
Primary Ser- | Analog Digital Phone calls, | All- IP | High  speed,
vices Phone Calls | phone calls | messaging, Service high capacity
and messag- | data (including and  provide
ing voice mes- | large broad-
sages) casting of data
in Gbps
Key Differ- | Mobility Secure, Better 54.67 Faster | Better  cov-
entiator Mass adop- | internet broadband erage and no
tion experience internet, dropped calls,
Lower la- | much lower
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TasLE 1.1: Multiplexing techniques with generations [9, 10]

1.2.1 Why Multicarrier Transmission System?

A signal in a wireless channel can propagate in different multipath with different channel gain
and time delay while reaching to a user. So, the channel co-efficient will be A(f) = nA;I: 1 Am6(t = Tyy).
This is called Multipath fading. As the earliest component of the signal of Line of Sight and the
last arriving signal component can have a time difference which is called delay spread [11]. This

can arise the problem of Inter Symbol Interference (ISI) by overlapping to the subsequent symbol.

1

Now, if a single carrier with B=1MHz where symbol time will be Ty = 3

= 1 microsecond (us)
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propagate in multipath and have 2 us delay, it will overlap the next symbol of 1 us for having total 3
ps of symbol. Hence, rather than having one wideband single carrier of IMHz, multiple subcarriers
with small bandwidths like 100 subcarriers with each having 10KHz are taken. Now, the symbol
time will be 100ws where delay spread of 2 us is negligible. For this reason, multicarrier wireless

transmission like FDMA gained popularity in the wireless communication world[12].

1.2.2 FDMA Vs OFDM

FDMA provides a part of the frequency or each subcarrier of the available bandwidth, W to
each user. This way, it can transmit data to many users at the same time and there is no ISI due to the
carrier spacing of non-overlapping subcarriers. A guard band is placed in between each subcarrier
to ensure spacing of carriers and avoid any interference. However, the extra guard bands eventually

waste the additional bandwidth which is a limited resource.

Orthogonal Frequency Division Multiplexing (OFDM) took place of FDMA to mitigate this
problem. As the subcarriers of OFDM are orthogonal to each other, it can overlap without having
any interference. It is possible because when the 1st subcarrier reaches its peak, subsequent subcar-
riers are null at this point in figure 1.4. For this reason, OFDM is used in 4G LTE service due to its

exceptional multiplexing feature.

Carrier spacing

- T

Carrier spacing W/N

Ficure 1.4: FDMA Vs OFDM [2]



1.2.3 OFDM

OFDM attracted both the scholarly world and communication industry because of the quick ad-
vancement of wireless communication technology and the high demand of data transmission rate to
meet the ever increasing mobile traffic in recent times [13]. Main goal of communication system
is having the connection at “anywhere and anytime”. OFDM has become one of the prominent
modulation techniques in 4G communication system. Historical progression and practical imple-

mentation are shown in figure 1.5.

1956

Chang

1866 US patent application lodged
"Orthogonal Freguency Multiplex
Data Transmission System”

1980
1969 Usa of cyclic 19835
Extensicn Telatar and Foschini
Use of DFT for OFDM {prefix) Capacity of MIMO systems
Y v oDQ o v B o |
- 19!35| -
Cimini 2001

OFDM for Mokbile communications [OFDM for optical wireless |

|
1987
Lassalle and Alard 2005
OF DM for broadeasting
T OFDM for optical fibar
1590 communication
Cioffi et al

OFDM (DMT) for
digital subscriber loops

Ficure 1.5: OFDM’s historical progression and its practical implementation [13]

OFDM basically divides high speed data stream into several low speed data streams. Then
those data streams are modulated on subcarriers which are orthogonal to each other. In OFDM
system, small scale fading and Inter Symbol Interference (ISI) is avoided as the symbol period is
larger than delay spread[14]. The subcarriers in OFDM system have significant overlap in frequency

domain which results in, very high spectral efficiency.



1.3 Index Modulation

In classical OFDM, the information is conveyed through the modulated symbols in each
subcarrier. Meanwhile Index Modulation brought a new concept of transmitting data by activat-
ing a portion of indexed resource entities like antennas, subcarriers, or time slots etc. Rest of the
transmission entities are kept unused which enhance the spectral and energy efficiency significantly
[15]. This is done along with the Amplitude or phase Modulation (APM) . This way, additional
bits can be carried out by the position of symbols in subcarriers without any energy consumption.
It uses fraction of resources for same throughput as classical OFDM with considerable diversity
gain and simple computational detection system. Hence, IM is popular in Wireless Communication
system applications and already has been used in (mmWave) transmission [16, 17], massive MIMO

[18, 19]and network coding [20]
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FiGure 1.6: General IM-aided system design[15]

1.3.1 SIM

Subcarrier Index Modulation (SIM) is very early concept of index modulation on OFDM. It was
created from a simple thought of dividing entire incoming bits into two parts where one portion is

used for the active subcarrier position indicator and other part is used for conventional information



transmission by modulated signal. This was the first step taken to achieve “Green G Communi-
cation” [21]. The power consumption reduces due to idle subcarriers with the production of same
throughput and BER as conventional OFDM [22]. This was not widely accepted because of its bits

propagation error in presence of Additive White Gaussian Noise (AWGN) [23].

SIM-0OFDM Frame

IVE OAM Symbol
INACTIVE 0
Boam Boox WCTIVE QAM Symbol
Litloltlo] lololililo]) (1ol smM — .
__Mog2(M)/2 bits Nbits  Modulator .
o NS - INACTIVE 0
SIM-OFDM Block of Bits ACTIVE . IOAM Symbol/P
CTIVE - AM Symbol/P

Ficure 1.7: Basic Concept of SIM [23]

IAs shown in this figure, first portion of incoming bits, Bppk defines the activation of sub-
carriers and the other part of bitstream Bpay is mapped according to M-QAM constellation to pass
though the active subcarriers. The majority bits in between ‘1’and ‘0’ of Bgok indicates useable

subcarriers and others are kept unused.

1.3.2 OFDM-IM

The data rate of OFDM with Index Modulation (OFDM-IM) [24] is the main attraction for the
beginning of IM revolution in the research sector. Using the same framework of current wireless
system, Index Modulation brings the computational design change in software. It saves energy by
not sending modulated symbols through a portion of the subcarriers [25]. Whole subcarriers are
divided into small subgroups and then combinatorial methods are used on that size of subblocks for
indexing. It not only increases the index transmission bits for higher amount of possible realization

but also reduces the chance of getting all subsequent bits wrong as SIM-OFDM .

Greater Spectral Efficiency with little power consumption is its one of the main advantages
and it outperforms conventional OFDM in terms of BER and other efficiencies. Nevertheless, data

transmission beyond 32-64 QAM is not possible by this method in most of the subblock settings



according to the reference paper [25]. It is unable to meet the expected data rate because of inactive

subcarriers at the cost of indexing.

1.3.3 OFDM-IQ-IM

OFDM with In-phase/Quadrature phase Index Modulation (OFDM-IQ-IM) [26] came to lime-
light for solving expected data rate at higher modulation order. The design is the basic of all commu-
nication system modulation pattern using in-phase and quadrature phase for sending the symbol in
the channel. However, too much independence in symbol positioning in subcarrier pattern resulted

in variable energy saving and irregular pattern of the constellation diagram.

1.3.4 DM-OFDM

Dual-Mode Index Modulation aided OFDM (DM-OFDM) [27] also mitigated the problem re-
garding throughput in the system regarding higher modulation system. It created two different
modulation schemes for the indexing but kept all the subcarriers active for system transmission like
conventional OFDM. Data boost was the main motivation in this system, and it can work in any
modulation order. SE remains unaffected for any types of modulation order. The only drawback is

that it has the same power consumption as OFDM and there is no energy saving in this design.

1.3.5 MM-OFDM-IM

Multiple-Mode OFDM with Index Modulation (MM-OFDM-IM) [1] has its unique feature of
introducing different constellations per subcarrier. It increases data transmission bits by the factorial
of subgroup of subcarriers size. This results in the highest number of producing additional bits
through indexing which is even more than combinatorial method. The only drawback of the system
is that it uses all the subcarriers like conventional OFDM that leads to no energy saving option. It is
still a better option rather than classical OFDM since it outperforms OFDM in case of throughput

with similar power consumption and BER[28].



1.4 Thesis Objective and Organization

As the impact of Index Modulation in OFDM system has been discussed, there is no doubt
about the necessity of a big change in the existing framework to step into the Next Generation
Wireless System. The most desirable way to bring a change is in the software side since hardware
change are more expensive and all the devices need to be replaced for its upgradation. For this
reason, Index Modulation got the utmost consideration in this field. Many notable systems with
index modulation merged with OFDM and their modified variants. These systems were extensively
reviewd as part of this work and illustrated in the following Chapter 2. After extensive review of
the existing systems and noticing their respective flaws, a modified system named Novel Multi-
mode OFDM with Index Modulation (NMM-OFDM-IM) was developed and designed applying the
relevant solutions from the existing systems. The development of this proposed NMM-OFDM-IM

is described step by step in Chapter 3.

In Chapter 4, all the IM variant systems along with the proposed NMM-OFDM-IM are
explained through the data flow in one subblock in order to understand each system and to compare
the proposed NMM-OFDM-IM with each system. The process of information bits transforming
in transmitted signal with respect to Indexing is explained clearly with block diagram; associated

look-up table; total transmitted bits, m and constellation diagram in section 4.1.

The proposed NMM-OFDM-MM-IM was also analyzed based on Total Transmitted Bits
with same subblock size and modulation order. NMM-OFDM-IM was compared in respect of
Spectral Efficiency and Energy Efficiency with different IM systems in section 4.3 and section 4.4.
Mode constellation design was also compared with other constellation in section 4.5 to compare
with other variants. At last, in section 4.6 performance of the system is observed in MATLAB
simulation along with OFDM-IM and MM-OFDM-IM in order to crosscheck the hypothesis. Bit
Error Rate (BER) and Symbol Error Rate (SER) were presented in graph 4.23 which shows they
decrease significantly compared to OFDM-IM in high SNR regions.

Chapter 5 highlights the key findings and results of the proposed NMM-OFDM-IM and what

can be done in future on the proposed system to attain better further efficiency and performance.
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Chapter 2

LITERATURE REVIEW ON OFDM
AND INDEX MODULATION
VARIANTS

2.1 Index Modulation Family

Orthogonal Frequency Division Multiplexing (OFDM) is the most widely used multi-carrier
transmission modulation technique in the current world of wireless communication system for sat-
isfying the increasing demand of high data rate. Since OFDM is the core modulation technique of
all the existing system, complete exclusion of OFDM and introduction of a whole new concept of

modulation for the next generation wireless communication system is not feasible.

Thus, applying the concept of Spatial Modulation (SM) [29, 30] in the subcarriers of OFDM
block i.e., OFDM with Index modulation (OFDM-IM) was brought into the attention as a feasible
candidate of 5G wireless communication. OFDM-IM is a modified OFDM modulation technique
where the information is transmitted through the M-ary symbols of constellation diagrams as well
as with the subcarrier indices. This eventually increases spectral efficiency and saves energy con-

sumption.

Primarily, the concept of sending extra information via the transmission entities was used in

Spatial Modulation [29] along with the OFDM system. One of the transmit antenna was kept active
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from multiple transmit antennas to convey the additional information bits in addition to the conven-
tional modulation symbols. Similarly, in Subcarrier Index Modulation OFDM (SIM-OFDM) [22],
subcarriers with majority bits were kept active instead of transmit antenna indices to carry the in-
dex bits. Later, Enhanced Subcarrier Index modulation OFDM (ESIM-OFDM) [23] was introduced
where half of the subcarrier indices were kept active to increase performance but unfortunately it
lacks in spectral efficiency than SIM. So, OFDM-IM [31] came along with the flexible number of

active subcarrier combination in the OFDM block which outperforms conventional OFDM.

After that, OFDM-IM had undergone through several modifications to eliminate its limita-
tions of lower spectral efficiency for higher modulation order and surpass the energy consumption
which are known as novel OFDM-IM variants [1, 26, 27, 32, 33]. Therefore, a long evolution of

OFDM-IM system has occurred from SIM to stand where it is now.

Evolution of OFDM with index modulation Year

Subcarrier Index modulation OFDM (SIM-OFDM) [22] 2009
Enhanced Subcarrier Index modulation OFDM (ESIM-OFDM) [23] 2011
OFDM with Index Modulation (OFDM-IM) [24, 31] 2013

OFDM with Generalized Index Modulation (OFDM-GIMI, OFDM-GIMII) [32] | 2015
OFDM with in-phase/quadrature index modulation (OFDM-1/Q-IM) [26, 32] 2015

Dual-mode index modulation aided OFDM (DM-OFDM) [27] 2016
MultiMode Index Modulation (MM-OFDM) [1] 2017
Quadrature Dual Mode Index Modulation (QDM-OFDM) [33] 2018

TasLE 2.1: Evolution of OFDM with index modulation

22 OFDM

Orthogonal Frequency Division Multiplexing (OFDM) [13] divides high-rate information
stream into several low-rate streams. They are sent over parallel narrowband channels that are less
affected by the impulse noise than other Multicarrier Transmission system. OFDM allows the sub-
carriers to overlap with each other without having any Inter Carrier Interference (ICI) . This can
be done due to its orthogonality which results in saving large amount of bandwidth than other Fre-
quency Division Multiplexing. This modulation scheme is particularly suitable for high information
rate transmission and high Spectral efficiency due to significant overlapping of subcarriers in delay

spreading medium [34].
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2.2.1 OFDM Transceiver

OFDM is designed with a transmitter and a receiver that send information and then retrieve it
from a frequency fading channel in between. Input data is a binary bit stream comprising 1 and
Os are first digitally modulated by M-ary mapper into frequency domain symbols that are mapped
into constellation diagrams. There are total M symbols in the constellation, each symbols represent
p = log, M bits. It can be said that there are 2” possible realizations for constellation points. This

modulated data stream is then transformed from serial to N parallel low-rate data streams.

¥[m]

Figure 2.1: OFDM Transceiver [10]

After any Amplitude Phase Modulation in M-ary Mapper, complex symbol, X; goes into
IFFT block. X; is the APM constellation symbols modulated at i""subcarrier. Local Oscillators (LO)
at a frequency of f; = ZWW where [ = 0,2,...N — 1 modulates the low-rate N data streams in carrier

with orthogonality among subcarriers [2]. The transmitted OFDM signal can be represented as [35],

N-1
x(t) = ) X; exp(j2it); 0<t<T @2.1)
i=0

where, T is OFDM symbol interval period, T = NT; T = eeach symbol period. f; can also be

written as, f; = f, + % the subcarriers will be mutually orthogonal as follows:

. .
% f exp(j2rfiyexp(—j2nfutydt = 1 2.2)
0

Where |f; — fp| =, [=0,1,...N-1
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Many Local oscillators has been replaced by computational tool Fast Fourier Transformation
(FFT) to reduce complexity and for cost effectiveness. So, Inverse Digital Fourier Transform (IDFT)

is done on OFDM signal x(t) at a sample rate of %

T A o
x[b] = x(—) = X; exp(j—ib) (2.3)

It eventually indicates the original data symbol of X;. Discrete Fourier Transform (DFT) is
performed at the receiver. This is the main modulation process of OFDM which made it possible
to implement in practical world for its calculation simplicity than LO’s hardware implementation.

IFFT and FFT is used in place of IDFT and DFT for simple computational complexity.

OFDM has been popular due to its reduction of delay spread by N times in multipath channel
propagation. Guard interval (GI) , Tc with longer than maximum time delay needs to be inserted
to diminish ISI. Though the main feature of OFDM, orthogonality may suffer if there is no sample
during GI. So, Cyclic Prefix (CP) which is a copy of input data each OFDM symbol is inserted into
GI. Since, time delay spread is less than Tc, signal now inevitable of Inter Carrier Interference (ICI).
This OFDM signal has up-conversion in Analog to Digital Converter to a higher carrier frequency
to propagate in wireless fading channel. At the receiver all the reverse operation of transmission is

done in chronological order.

2.2.2 Advantage

OFDM signals are orthogonal to each other that can save a large amount of bandwidth. It
is also possible to integrate computational tool of IFFT and FFT in place of numerous Local Oscil-
lators (LO). Los are difficult to implement because of their high synchronization. Thus IIFT/FFT
is less complex and cost-effective method. GI and CP diminish the chance of ISI and ICI caused
by time varying fading in wireless channel. Bit error Rate (BER) is as low as 10~* at 5 decibels of

Signal to Noise Ratio (SNR).

2.2.3 Disadvantage

OFDM has made its way in the existing Wireless Communication framework of 4G-LTE
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Ficure 2.2: Bit Error Rate of OFDM [2]

for its numerous advantages. However, as the demand of higher data rate has sky rocketed, OFDM
has its limitation of increasing data rate while 20 Gbps peak data rate is expected in 5G. It also has

high Peak to Average Power Ratio (PAPR) that affects battery life and BER degradation.

23 SIM

Subcarrier Index Modulation (SIM) [22] is the early concept of transitioning from Spatial
Modulation (SM) [29] to Subcarrier Modulation. This technology came as a new degree of freedom
for better SE to compensate the high demand of increased data rate. In conventional OFDM, input
bit streams are modulated by M-ary APM Mapper and divided into N low-rate constellation signal
stream to achieve orthogonality among N subcarriers by LO or IDFT and transmitted to the channel
after up-conversion. Here, all the subcarriers are active and carry signal stream. Whereas SIM
divides the whole input bit stream into two blocks, one of the N bit block determines which of the
subcarriers are active and can carry modulated signal stream by its majority bits, N,,,; and another

%’ log, M bit block are modulated by the conventional mapper and goes into the predetermined active
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subcarriers for other processes of OFDM transmission. Here, Ny, > % is always maintained and
Nex = Npaj — %; these excess control subcarriers are kept in order to de-map majority bit value in

the receiver.
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Ficure 2.3: OFDM and SIM subcarrier mapping part of the respective transmitter[22]

If there are N=16 subcarriers, M= 4 QAM modulation technique is used conventional
OFDM, then total B = Nlog,M = 32 bits are modulated for the transmission shown in figure
2.3. Total throughput =32bits/symbol. On the other hand, N bits are first taken as Bpog for de-
termining which of the subcarriers are going to be kept active for the signal transmission for total
N=16 subcarriers. The majority of 1 or 0 bits in that block is counted as N, bits. In figure 2.3,
Nyuaj is the total count of 1 bit in Bopk as ten of them present in the block while six of Bpok bits
are 0. Hence, Bpox bit stream is used as On Off Keying to activate ten of the subcarriers out of
the sixteen subcarriers. Rest of the bits, Boay = %logzM = 8 X 2 = 16 are modulated by 4QAM
just like classical OFDM and goes into first eight active subcarriers. Rest of the two subcarriers for
signaling majority bit value carries a signal of average power of 4 QAM, i.e., 4 bits used for excess
bits. Hence, total throughput of SIM is 36 bits/symbol without lower power consumption by six

inactive subcarriers.

2.3.1 Advantage

A new degree of freedom is added in Spectral Efficiency by sending information through
subcarrier activation. It requires less power consumption than conventional OFDM. There are two

power policies to allocate inactive subcarrier’s power.

o Power Reallocation Policy (PRP): Power allocated for the inactive subcarriers are redis-
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Bit emror ratic

tributed to active subcarriers. In this way, the power as well as the amplitude of constellation
signal points of active ones increase that results in BER improvement as the distance between

the constellation points increase, shown in figure 2.4
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Ficure 2.4: BER improvement due to PRP policy [22]

e Power Saving Policy (PSP): PSP does not carry any power in the inactive subcarriers that
results in better power saving in this system than classical OFDM. It was shown in figure
2.3 that the power per subcarrier is lower than power/subcarrier in OFDM by 3.75%. SIM

has even better BER performance due to inactive subcarriers as well as Power Reallocation

Policy.
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Ficure 2.5: BER performance comparison for both PRP and PSP [22]
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2.3.2 Disadvantage

It has the trade off between better SE and better BER since excess subcarriers does not
carry information signal. If any carrier state of activation is incorrectly detected, it can lead to
error detection of all the subsequent M-QAM symbols. This is a major drawback of this system.
Hence, the subcarriers were divided into small group of subcarriers and symbols were sent via the
combination of active indices of that group and M-QAM symbols in that subblock subcarriers in the

groundbreaking research of OFDM-IM in 2013 [31]

24 OFDM-IM

OFDM-IM[31] reconstructed the idea of Index Modulation on OFDM. Instead of indexing
all the subcarriers by a portion of input bit stream like SIM, it introduced Index Selector block and
Subcarrier Mapping of subblock [36] in parallel with Modulator in OFDM. In this system, all the
subcarriers are divided into small groups called subblocks. Each subblock consists of an Index

Selector and Modulator.

When the input bit enters in each subblock, at first a portion of the bits are used to indicate
which subcarriers are active from a combination table of the subcarrier indices of the subblock. If
there is an error detection in one subblock, it will not affect the other subcarriers like SIM. The erro-
neous modulated symbols in subsequent subcarriers can be ignored by it. In parallel, other portion
of bits dedicated to a subblock are modulated with any APM modulation like OFDM. According
to Subcarrier Indexing of Index Selector all the modulated symbols take position in their dedicated
subcarriers in each subblock and then form OFDM symbol in OFDM block Creator. Interleaver
is also considered for better achievement rate of OFDM-IM [37]. The rest of the operation is the
same as OFDM. In the receiver, Index de-mapper needs to be included to retrieve the index bits and
position it with the demodulated bits in Bit retriever. This is the only difference between OFDM
and SIM.

2.4.1 OFDM-IM System Model Overview

OFDM-IM divides total N subcarriers into g number of small groups named subblock con-
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sisting n subcarriers in each of them. K number of subcarriers are kept active out of n subcarriers.
The index selector takes (Z) number of combinations for the indication of active indices. It uses a
look-up table or a combinatorial method for Subcarrier Index Selector (SIS) to calculate the sub-
carrier activation index patterns. According to the active subcarrier indices, modulated symbols are

mapped into k X g subcarriers.

Let us consider, there is a total m number of input bits. If p number of bits enter in each
subblock, then m=pg. p; bits enter in Index Selector and p bits enter in the APM Modulator out
of p bits. Hence, this system not only transmits p, = klogoM X g bits for M-ary Modulation but
also sends p; = [logz(Z)J X g bits by the activation status of the subcarriers that has zero power
consumption. These total bits eventually surpass the total transmitted bits of conventional OFDM

Nlog, M with better SE and minimum power consumption.
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p, bits :
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FiGure 2.6: Modified part of OFDM Modulator block in the transmitter of OFDM-IM system

After generating modulated symbols, s; they are place in dedicated subcarriers by the indices
of 1. These subcarrier mapping is completed after all the subblock signals, F are put together in
OFDM Block Creator and create similar OFDM symbol with less carrier signals. The rest of the
operations are same as OFDM such as converting Frequency domain signal, x to Time domain

signal, X and so on. Finally, x(t) OFDM signal is transmitted in the wireless channel.
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At the receiver side, all the operation is similar to OFDM except after going into FFT opera-
tion, only demodulation subcarriers by subcarriers signals cannot provide the original input bits. It
needs to extract the index bits too by exterminating the inactive subcarriers. Maximum Likelihood
(ML) and Log likelihood Ratio (LLR) detectors are used in this area in addition to the APM Demod-
ulator. ML detector checks every combination of Subcarrier Activation Pattern (SAP) for the closest
modulated complex symbols. It compares the Euclidean distance for the symbols of each combi-
nation throughout the whole system and chooses the minimum one. LLR detectors indicates the
active subcarriers by probabilistic method at first and then determines the symbol. Low complexity
detector has been explored in studies by encoding all possible SAP [38]. Practical implementation

is already done on OFDM-IM [39]

2.4.2 Advantage

OFDM-IM can deliver more data than OFDM or SIM with the same size of total subcarriers.
It adds the new degree of freedom in subcarrier indexing by using the combination of subcarrier
indices of subblock. OFDM-IM also has greater Spectral Efficiency compared to OFDM because of
the subblock size, number and Modulation order diversity [22]. BER performance shown in figure
2.15 is significantly better than OFDM particularly in high Signal to Noise Ratio [? ]. Due to the

inactive subcarriers like SIM, it also saves energy /power in OFDM-IM.
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Figure 2.7: BER comparison of OFDM-IM with ESIM and OFDM for BPSK][31]
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2.4.3 Disadvantage

OFDM-IM cannot outperform or produce same throughput as OFDM in higher Modulation
Order due to inactive subcarriers. So, Spectral efficiency is limited as the Modulation increases.
The indexing of large subblock size becomes another problem to determine the combinatorically

increasing SAP numbers [24].

2.5 OFDM-IQ-IM

OFDM-IQ-IM is similar to OFDM-IM except it applies Index Modulation on In-phase and
Quadrature Phase independently. It was proposed in OFDM with Generalized Index Modulation
as an extension of Flexible subcarrier selection for each subcarrier as OFDM-GIM2 [32, 40]. It

adopted its name later as OFDM-IQ-IM when the performance analysis was done on it [26].

2.5.1 OFDM-IQ-IM System Model Overview

OFDM-IQ-IM[41] has the similar system model as OFDM-IM. Only difference is that it
includes two different channels, one of them is In phase and other one is Quadrature phase channel.
Each channel includes an Index Modulator and Pulse Amplitude Modulation (PAM) Modulator
similar to OFDM-IM. The Index Modulator also done jointly in later named OFDM-HIQ-IM for

same design [42].

If total m input bits are entering in the bit splitter, it will take twice of p bits for two channels
of OFDM-IQ-IM in place of only p bits in OFDM-IM. In phase and Quadrature phase, p bits are
divided into p; and p, bits. Now, one subblock is considered to explain the methodology for sim-
plicity. For in-phase, p{ = [ logz(Z)J bits enter in Index Selector to indicate which I,é, = i{, ..... s I
combination of k subcarriers out of n are active. Besides, pé = k log, M bits enter in the PAM Mod-
ulator to modulate M; constellation points according to the combination of Ié for subblock. Same
operations happen in Quadrature phase. It also creates 277 = 2L number of combinations
of subcarrier mapping in IﬁQ by Index Selector and modulates p2Q = klog, M bits into symbols to

send in mapped k carriers.
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Ficure 2.8: Modified part of OFDM Modulator block in the transmitter of OFDM-1Q-IM system

The twist in the plot belongs to the subcarrier mapping of k-in phase symbol carrier indices
and k-quadrature phase symbol carrier indices. Ig index combination of k carriers of both channels
can be same or different as the Index mapping is done independently. So, they can go to k same sub-
carriers or k different subcarriers. This fact is described and compared with other system in chapter
4 in figure 2.8. This plays a big factor in energy saving characteristics, constellation pattern for this
system. After this, all other operations are same as OFDM like IFFT conversion, CP insertion and
DAC up conversion. In the receiver side, all the reverse operations are done. It also uses ML or LLR
detection separately on each channel. The receiver complexity increases as there are now twice the

IS and PAM Modulation calculation than OFDM-IM.

2.5.2 Advantage

The Spectral efficiency for increasing Modulation order is mitigated through OFDM-1Q-IM sys-
tem for indexing twice rather than OFDM-IM. It also increases the throughput to outperform any
other systems. Depending on the in-phase and quadrature phase symbols are going in which subcar-
riers energy can be saved or it can act like OFDM by placing all the symbols in different subcarriers

that leads to activate all of the subcarriers. If they go to the same subcarriers, it can save highest
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amount of energy by activating lowest number of subcarriers discussed in chapter 4 in table 4.18.

BER can also be better if the minimum subcarriers are active shown in figure 2.9
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Figure 2.9: BER comparison of OFDM-GIM?2 i.e., OFDM-1Q-IM [32]

2.5.3 Disadvantage

OFDM-IQ-IM is superior in every sector than other system. The only drawback comes from
its main concept of dividing in phase and quadrature phase channel and doing separate operations
independently. This independency may result in activating all the subcarriers in the system leading
to zero energy saving than OFDM and creating very irregular pattern of constellation discussed in

chapter 4 in figure 4.8

2.6 DM-OFDM

DM-OFDM uses two Modulation mappers instead of one mapper compared to OFDM-IM.
DM-OFDM works similar to conventional OFDM by modulating across all the subcarriers. The
concept of Index Modulation is used by indicating the position of two different constellation or mode
symbols in each subblock. Hence, no subcarriers are needed to be kept idle in here that mitigates
the problem regarding Spectral efficiency of OFDM-IM and implementation is more practical since

the design is close to conventional OFDM.
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2.6.1 DM-OFDM System Model Overview

DM-OFDM has the similar design model as OFDM-IM having Index Selector and Modu-
lator in the system. The only difference is that there are two M-ary Modulation or Mode mappers
instead of one. This idea has been introduced for the sake of Dual Mode Indexing (DMI) rather
than using Subcarrier Activation Indexing (SAI). In SAI a portion of the subblock subcarriers is
kept active and passed through the constellation symbols by active subcarriers according to their SA
Indices. This active subcarrier status gives the information about index bits in the receiver. In DMI,
two different constellations are used. The whole subcarriers are divided in two groups. One group
pass M, constellation symbols and other one pass M; symbols. The indexing is done on which

subcarrier belongs to which Modulation group. So, all the subcarriers are active in this system.
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FiGure 2.10: Modified part of OFDM Modulator block in the transmitter of DM-OFDM system

Let us consider, total N number of subcarriers are partitioned in g subblocks each carrying
n subcarriers. Now, this n subcarriers are divided into two groups, generally equally distributed. If
the number of subcarriers of the group modulated by M, is k, the number of other group subcarriers

is (n-k) modulated by M}.
There are m total number of incoming bits going into the bit splitter. They are divided into
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g number of p bits. Each p bits are divided into two parts, p; going in the IS for indexing M,
Mode symbols. p; = [logz(Z)J denotes the subcarriers carrying M, Mode symbols. Other one
is po = klog;M, + (n—k)log, M), bits that are transformed in M, and M, modulated symbols
to go in their dedicated subcarrier group. The ultimate constellation of two separate Modes are
M, + M, = M constellation diagram in figure 2.11. The mapping of Modulation pattern has been

studied later adding more diversity such as Gray-Coded Pairwise Index Mapping [43].
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Ficure 2.11: Constellation of DM-OFDM [44]

After going into the subblock, they create one OFDM symbol and passed through all the
remaining operations of IFFT, CP insertion [45], P/S transformation and DAC up-conversion. In
the receiver, all the operations are same as OFDM-IM; the difference is in detection. ML/ LLR
detection needs to determine from which Mode the symbols belong and determine their Indexing
with low complexity detcetor design [46]. The symbol detection and symbol to bit de-mapper is

similar to OFDM-IM system.

2.6.2 Advantage

DM-OFDM has brought the indexing benefit to compete with OFDM in SE without inac-
tivating any of the subcarriers. This model mitigates all the problem arising from inactivating a

portion of the subcarriers e.g. critical throughput loss in higher modulation. The number of subcar-
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riers in each subblock can be alterable for more SE enhancement [47]. It also ignores the complex
design lof OFDM-IQ-IM in which the independency of two modulators of in phase and quadrature
phase leads to various uncertainty of the system. The BER performance is also better in DM-OFDM

in fading channel than other systems.

10" 1
—i— DM-OFDM, ML, AWGN channel :
DM=0FDM, LLE, AWGHN channel —i— DM-0OFDM, ML, AWGN channel
—— OFDM-IM, LLR, AWGHN channel OFDM, ML, AWGN channel

== DM-0FDM, ML, frequency selective channel —a— DM-0FOM, ML, frequency selective channal
...| —e—DM-0OFDM, LLR, frequency selective channel =&—OFDM, ML, frequency selective channel
—+— OFDM-IM, LLR, fraguency selective channel

5 o 15 2 2 30 35 40 45 5 10

15 2 30
E,N, (48] E,N,[dB]

Figure 2.12: BER comparison Of DM-OFDM with other systems[27]

Though DM-OFDM outperforms other system regarding SE and throughput. It activates all of
the subcarriers that leads to no energy or power saving in the system. The goal to achieve Green G

is not served here.

2.7 MM-OFDM-IM

MM-OFDM-IM [1] is different from other OFDM-IM variants. This system includes an
index selector that uses permutation scheme for indexing each different constellation for each sub-
carrier of a subblock that is called each Mode. Hence, it has Multiple Modes or Modulation points
that eventually joins in one final constellation with maximum inter and intra symbol Euclidean

distances. This is more of one to one mapping.

271 MM-OFDM-IM System Model Overview

If there are N total subcarriers and they are divided into g subblocks each carrying n subcar-

riers, then there will be n number of M PSK Modes for each subblock. Each Mode comprises of
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different constellation than the other and indexing is done on which mode they belong. The n num-

2r (b-1)

ber of PSK constellations are obtained by rotating their angles into == 77

this way, there will be no overlapping between n number of constellations.
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FiGure 2.13: Final Constellation of MM-OFDM-IM with eight modes and 16 PSK; with each mode
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Ficure 2.14: MM-OFDM-IM transmitter

Let us consider, there are m number of total bits going into bit splitter which splits the bits

into g group of p bits. This p bits in subblock are divided into two groups of p; and p, bits. p; bits
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enter in the Index Selector and p; = | log, (n!)] bits are mapped into permutation indices of each
Modes. Whereas is p, = n log, M bits are modulated by n number of M-PSK modulation schemes

generating n number of different mode symbols.

After each symbols of distinguished mode enters in the subcarriers, the rest of the operation
is same as other system and classical OFDM. At the receiver, the only difference is in the detection
of indices. Each symbol represents different modes. ML detects the closest combination of the
mode it belongs to. It also searches for the closest symbol from the specific mode constellation. It
is a very extensive search procedure. LLR detection can also be done [48]. After determining the

index and symbol correctly, bits are retrieved from them.

2.7.2 Advantage

MM-OFDM-IM produces the maximum number of index bits due to its possibility of bring-
ing permutation in the system. Due to permutation, it can produce maximum number of index bits.

For this reason, modulation bits can be lower than the index bits which helps in getting better BER.
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== 0OFDM-IM (4.3). QPSK. 2bps/Hz
——DM-OFDM (4,2), BPSK, 1.5bps/Hz
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——MM-OFDM-IM (2,4), QAM, 2bps/Hz
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Ficure 2.15: BER comparison of MM-OFDM-IM with OFDM, OFDM-IM, DM-OFDM [1]

2.7.3 Disadvantage

Since all the subcarriers are active in this system, there are no energy or power saving here.

28



Increasing number of modes can lead to closely spacing PSK constellation points in MM-OFDM-

IM that can eventually lead to poor BER for small decision-making area in constellation.

2.8 Summary of all literature review

The summary of all noteworthy OFDM-IM variants is gathered together. The basic concept of the

system and the drawbacks that demanded other systems to be designed have been highlighted in this

table 2.2.
Reference | IM Variants Concept Drawback
Years
2009 [22] | Subcarrier Index Modula- | Majority bits indicate | Spectral Efficiency is
tion OFDM (SIM-OFDM) active subcarriers not up to the mark
as OFDM, consecutive
BER possibility
2011 [23] | Enhanced Subcarrier Index | Majority bits that in- | Cannot compete with
Modulation OFDM (ESIM- | dicate active subcarri- | OFDM in SE
OFDM) ers are equal for better
Spectral Efficiency (SE)
2013 [31] | OFDM with Index Modula- | Subcarrier Indices are | In higher Modulation
tion (OFDM-IM) active through combi- | order SE fails
natorial method with
enough flexibility
2015 [32] | OFDM with Generalized In- | Flexible number of sub- | Too many flexibilities
dex Modulation (OFDM- | carriers can be activated | can lead to higher com-
GIM) plexity
2015 [26, | OFDM  with  In-phase/ | Complex constellation | Constellation is not
32] Quadrature-phase Index | divided into I/Q M- | generic, have impact on
Modulation (OFDM-IQ-IM) | PAM part to gain diver- | Energy loss and BER
sity by indexing them
independently
2016 [27] | Dual-Mode Index Modula- | Two constellation map- | All subcarriers active as
tion aided Index Modulation | pers are used for index- | OFDM, no ES or BER
(DM-OFDM) ing for the diversity gain | gain
2017 [1] | Multimode-OFDM with | Many possible constel- | Very high complexity
Index Modulation (MM- | lation can be considered | due to permutation in-
OFDM-IM) for the diversity gain dexing, no ES gain

TaBLE 2.2: Literature Review Summary for IM variants on OFDM
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Chapter 3

PROPOSED NMM-OFDM-IM
SYSTEM MODEL

3.1 Basic Concept of NMM-OFDM-IM

3.1.1 What is the process of NMM-OFDM-IM?

Novel Multi-Mode OFDM with Index Modulation (NOVEL MM-OFDM-IM) is a com-
bination of two methods: OFDM-IM[24] and MM-OFDM-IM[1]. In this NMM-OFDM-IM design,
there are two types of Selectors; one for selecting Active Subcarriers and one for selecting Modes. It
uses multiple distinguishable constellations for modulation and Mode Index Selection (MIS) in the
subblock like MM-OFDM-IM. For this reason, the proposed system is called Novel MM-OFDM-
IM. Though it is based on the concept of MM-OFDM-IM for the increased throughput and max-
imum spectrum utilization; the way of indexing and saving power consumption differentiates the
proposed system from MM-OFDM-IM. It uses conventional Subcarrier Index Selector (SIS) like
OFDM-IM [31] to keep a portion of subcarriers idle for saving the energy to carry out the mission

of ‘GREEN G’ [49, 50]. This is absent in conventional MM-OFDM-IM.

The SIS configuration is the same as classical OFDM-IM but the Mode Index Selector was
modified in the proposed system. In order to do that an equation regarding mode index bits, through-

put and Spectral Efficiency was developed as equation 3.7, 4.10 and 4.12. This built one of the basic
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block diagrams of the transmitter and receiver of NMM-OFDM-IM. MIS look-up tables were gen-
erated by using the equation 3.7. It worked for any subblock settings and any modulation order.
Then, the whole proposed system was designed keeping in mind three key characteristics and per-
formance. They are Spectral Efficiency, Energy Efficiency, Resultant Constellation Diagram, and
Bit Error Rate (BER) for performance. Besides, an extensive detection method was chosen and
modified according to the system which was Maximum Likelihood Detection. It is used to detect
the symbol for each active subcarrier realisation and compare the inter and intra distance among

each mode symbol for minimum BER.

3.1.2 Why a Novel MM-OFDM-IM has been chosen?

OFDM-IM has greater Spectral Efficiency than conventional OFDM due to its extra index
bits introduced by Ertugrul Basar in his remarkable paper [31]. This does not give enough through-
put compared to OFDM for higher modulation which played a big part of further proposition of new
IM variants like OFDM-IQ-IM [32], DM-OFDM [27], MM-OFDM-IM. The main reason behind it
is that enough bits cannot be produced by index bits to beat the inactive subcarriers bits. For exam-
ple, for 128 subcarriers of OFDM and OFDM-IM having 64 QAM with each subblock consisting of
3 active subcarriers out of 4 subcarriers in figure 3.1; each subcarriers transmits a symbol converted
from 6 bits. So, a total of 32 inactive subcarriers lack in 192 information bits than OFDM. It tries

to compensate it with 64 index bits which is not enough to beat OFDM system.

b, bits S —— Subblock b
» I M
p bits Index Selector M
— ™| p, bits D‘g;gl -
M Mapper >

Ficure 3.1: OFDM-IM Index Selection in one of the subblocks

To beat the SE problem, DM-OFDM keeps all the subcarriers active shown in figure 3.2
which is similar to conventional OFDM. It takes index bits from choice of the modulation scheme
that provides sufficient spectral efficiency to beat OFDM. As all the subcarriers are active, it is not
energy efficient which is targeted in Next Generation Wireless Communication System such as 5G,

6G and so on.
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Ficure 3.2: DM-OFDM Index Selection in one of the subblocks

However, OFDM-IQ-IM allows the modulated symbols from in phase and quadrature phase
to travel in the subcarriers of each subblock independently. Therefore, it can produce two different
indexing which are enough to suppress the SE inadequacy. These independent symbols can go into
the same subcarriers or in different subcarriers. If they go in different subcarriers, there will be no
energy saving portion. It will activate all or most of the subcarriers of a subblock shown in 1st
subblock of figure 3.3. Consequently, It gives rise to an irregular joint constellation pattern with

closer symbol distance pointed out in Section 4.1.3 in figure 4.8. This is not desirable in a practical

system.
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Figure 3.3: OFDM-IQ-IM Index Selection in one of the subblocks

On the other hand, MM-OFDM-IM uses multiple different constellations for each subcarrier

in a subblock. It not only sends information through conventional modulated symbols from n-
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mode constellations but also transmits information by the permutation indexing of each subcarrier

constellation shown in figure 3.4.
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Figure 3.4: MM-OFDM-IM Index Selection in one of the subblocks

MM-OFDM-IM acts like conventional OFDM with better SE. So, it is not energy efficient
as OFDM-IM. This is one of the main reasons behind proposed NMM-OFDM-IM.

3.1.3 How does NMM-OFDM-IM works?

NMM-OFDM-IM consists of mutiple, distinguishable mode mappers and two different types
of Index Selector. Two index selectors are introduced to meet the throughput requirements of
OFDM. One of them is conventional Subcarriers Index Selector (SIS). This index selector keeps
only k out of n subcarriers active in a subblock and (n — k) subcarriers are kept idle. So, Llogz(Z)J
bits are additionally transmitted by SIS . Another one is Mode Index Selector (MIS) . This index
selector takes n- mode distinguishable M constellations for each subcarrier of subblock. Then, it
sorts out which subcarrier takes which mode constellation. Generally, |[log (nf—!k)!J bits are addi-
tionally transmitted by MIS but it also depends on quantity of modes. Then, klog, M bits generate
conventional Mode M-QAM constellation symbols for the transmission. Hence, they maximize

the throughput and also save energy by keeping some subcarriers inactive. This is a very simple

explanation of the proposed NMM-OFDM-IM.

The n mode mappers are elaborately designed in my thesis. One Amplitude Modulation
and one PSK modulator have been used to generate expected each Mode constellation. This de-
sign is similar to OFDM-IQ-IM where in phase and quadrature phase travel separately to carry out
2Llog2(Z)J index bits along with klogoM symbol bits. The AM and PSK is same as in phase and
quadrature phase of OFDM-IQ-IM [26], but they do not travel independently. They always travel
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to the subcarriers indicated by MIS. This is done to activate only k number of same subcarriers to
avoid the possibility of activating all the subcarriers like figure 3.3 subblock 1 and losing the energy
efficiency and having minimum distance in symbols in Joint constellation (figure 4.8). For, non-
square QAM Mode; n number of 2| log, VMn] PAM constellations are used as paper [1] for general

use. The mode selection process will be briefly discussed in section 3.2.1.

Generally, number of modes of Q > n condition must be satisfied, where n is the subblock

size of NMM-OFDM-IM. Here, this is maintained to ensure the success of multimode selection.

3.2 Proposed System Model of NMM-OFDM-IM

3.2.1 NMM-OFDM-IM Transmitter

In this proposed scheme, NMM-OFDM-IM System is operated in a rayleigh fading channel
with Additive White Gaussian Noise (AWGN). The transmitter of this system is illustrated in figure

3.5 and input data goes through some specific building blocks to be sent in the channel.
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Ficure 3.5: NMM-OFDM-IM transmitter design

34



Bit allocation in subblock

Let us consider, m incoming bits enter bit splitter to be partitioned into p groups of bits for
g number of subblocks, i.e., m = pg. Each group of p bits goes into index selectors as p; bits and
P2 bits to be mapped by M- QAM Q number of modes into OFDM subblock of length n, n = N/g.

There are k number of active subcarriers in each subblock.

There are two index selectors in this system, one is like the traditional Index mapper to
map pfl‘bits according to the Subcarrier Index Selector (SIS). This SIS determines which subcarriers
must be activated according to the look up table described later in the Subcarrier Mapping Indexing
segment 3.2.1. These additional bits reflect through the activated subcarriers in the receiver. This is
based on the basic groundbreaking concept of OFDM-IM for Next Generation Wireless Communi-

cation system.

Another p? bits are mapped by Mode Index Selector to give the combination of which sym-
bols of the specific active subcarriers are modulated by which Q number of distinguishable constel-
lations. This enhances more indexing bits to compensate SE problem of higher modulation but does

not hamper the regular pattern of constellation diagram.

m = pg = (p1 + p2)g, 3.1)
Where,
p1 =pi+pt, (3.2)
And,
p2=ph +p5, (3.3)

Another segment of p, bits are mapped by Q- modes M-QAM constellations to transmit
by traditional modulated symbols like OFDM. This mode constellations can be derived from two
in-phase ,M4 AM and quadrature phaseMp PSK mappers for square QAM modes. This can also
be done by the general n number of 2|log, VMn] PAM constellations with verified inter and intra
symbol distance of symbols based on the paper MM-OFDM-IM [1].
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Ficure 3.6: NMM-OFDM-IM th subblock bit allocation and mapping

Subcarrier Index Selector (SIS)

Subcarrier Index Selector (SIS) uses the same concept of OFDM-IM and like any other

indexing incorporated with OFDM for subcarriers for the activation of a portion of each subblock.

Subcarrier activation can be done simply using look-up table or Combinatorial Method.

o Look-up table Method:Look-up table is usually created at the transmitter side. It gives

information about subcarrier indices corresponding to the incoming index bits of a subblock.

As for example, there are total n number of subcarriers in each subblock of total g subblocks

and k out of n subcarriers are active.

Then, p{‘ bits are used for producing Subcarrier Activation Pattern (SAP) indices, Ig. SAP

provides (Z) subcarriers combination, Fg (1) in the look up table for B™ subblock.

Pl = Llogz(Z)J,

where, ig’r =[1,2,...,n]forf=1,2,...,gand 7= 1,2, ... k.

Fp() = [F1(A), oonnns Fo(A)]

where, 1 = 1,2, ..., k.
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If there are n = 4 subcarriers in a subblock and k = 3 of them are active, then the look-up

table will look like Table 3.1:

Index Bits | Indices, I} SAP, Fg(Q)
00 1,2,3 [Fp(1), Fg(2), Fg(3),0]
01 2,14 [Fp(1), F5(2),0, Fg(4)]
10 3,14 [Fs(1),0, F(3), Fs(4)]
11 324 [0, Fg(2), F(3), Fs(4)]

TaBLE 3.1: Look-up table of Subcarrier Activation Pattern for Subcarrier Index Selector (SIS) of
NMM-OFDM-IM (Here, g = 1,n =4,k = 3)

The look-up table must be present in the receiver side also. This is important for ML detec-
tion since all the possible realizations should be known at the ML decoding. This becomes
hard for higher modulation scheme since there will be many combinations and some of them
are discarded because of the floor value and bit calculation. For this reason, Combinatorial

Method comes to calculate it faster with logical approach.

o Combinatorial Method: The combinatorial method provides one to one mapping of k-
combinations for all n and k in a decreasing manner. This is not highlighted in this literature
but very much appreciated to deal in case of higher modulation subcarrier indexing realiza-

tion.

Mode Index Selector (MIS)

NMM-OFDM-IM’s most highlighted part is the Mode Index Selector (MIS). This is the
distinguishable part from all other IM variants. Though MM-OFDM-IM [28], also uses indexing
regarding different modes by permutation, the proposed system also uses permutation method of
active subcarriers. NMM-OFDM-IM permits subcarrier inactivation which cannot be done in MM-
OFDM-IM since their indexing depends on keeping all the subcarriers active. So, the throughput
of NMM-OFDM-IM shows similarities with OFDM-IQ-IM which is enough to compensate the
disadvantages of OFDM-IM [24].

the Mode Index Selector maps pf bits into Q number of modes by combination with order
from a lookup table. Each subcarrier of k must take different modes, Qg where Mode; N Mode, N
Modes N Modey = 0.
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The MIS index bits,

0! |
(Q-K)!
n!
= LZngmJ

pi = Llog
(3.7)
Since, Q > n; assuming, Q = n here.

For, the proposed NMM-OFDM-IM uses only a portion of active subcarriers, k out of n
subcarriers. Within this n number of subcarriers, Q number of M-QAM modes are mapped. Usually
number of modes,Qp should be taken equal to n, number of subcarriers in a subblock. So, Q = n.

The number M-symbols in each mode determined by R = %

So, Different type of modes,

0p(p) = {gp.i(1), .......qpi(n)} (3.8)

where,p=1,2,..n;i=1,2,... RRM > n

plf bits pf decimal Mode sequence in- | Index MAP for k£ = 3 ac-
dices, Ig tive subcarrier
0000 0 1,2,3 [g5(1), q5(2), q5(3)]
0001 1 1,3,2 [g5(1), g5(3), gp(2)]
0010 2 2,1,3 [g5(2), qp(1), qp(3)]
0011 3 2,3,1 [95(2), qp(3), gp(1)]
0100 4 1,24 [g5(1), g5(2), gp(4)]
0101 5 1,42 [g5(1), g5(4), gp(2)]
0110 6 2,14 [95(2), g5(1), gp(4)]
0111 7 24,1 [g5(2), g(4), gp(1)]
1000 8 1,3,4 [g5(1), q5(3), q5(4)]
1001 9 1,43 [g5(1), g5(4), q5(3)]
1010 10 3,14 [95(3), g5(4), gp(1)]
1011 11 3,4,1 [g5(3), qp(4), qp(1)]
1100 12 2,34 [95(2), 95(3), gp(4)]
1101 13 2,43 [95(2), g5(4), g(3)]
1110 14 3,24 [95(3), 95(2), gp(4)]
1111 15 3,42 [gp(3), qp(4), q(2)]

TasLE 3.2: Look-up table for MIS

In this system, four modes, Qg = n = 4 have been taken for M = 4 QAM and k=3 subcarriers

are active out of n=4 size of subblocks. So, Symbols per mode are, R = % =4.

38



In MM-OFDM-IM, n number of 2|log, VMn] PAM constellations are used to form each

mode for M-QAM mode constellations. Then, |logon!] Bits are mapped by it. Joint nM-QAM

constellation is shown in figure 3.7.

&

@

Ficure 3.7: MM-OFDM-IM 16 QAM constellation diagram for eight modes where, n=8 [1]

Subblock §

F(l)=01=-1-1

Fp(2)=11=1-1j

Fp(3)=0

Fp(4)=10=1+1j

Pf) =01 A_
- F={1.2.4}
——» Subcarrier Index Selector -
pi=110 s8=(2,2,2
» Ma ASK Mapper >
p =011 0010 110 01
—_—
p? = 0010
—————» Mode Index Selector
1§ ={2.1.3} = {92.91. 93}
pé.?:ﬁ 11 Y v
. B B B »
Sl SZ Sk=3
1-1j
Me PSK sf=-1-1j
Mapper -1+1j

Ficure 3.8: NMM-OFDM-IM th subblock bit allocation and mapping

It is upon us how we design modes, Qg for M-Quadrature Amplitude Modulation. MIS can

be used to simply take the permutation order of Q number of modes from which they are selected and

in what order. This is a very generalized form. It can also be used to use in one of the two mappers

and create mode M-QAM by itself and then follow the rest procedures. An elaborate design was also

used to obtain different square M-QAM modes by coinciding with Amplitude Shift Keying (ASK)

and Q modes Phase Shift Keying (PSK) at the transmitter side. These two modulation symbols are

taken in such a way that it makes a square QAM with maximum inter and intra symbol distance

: QAM _ V6
with dimer = 0D

like paper [1].
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Modes for MAP, Qp(p)

Symbols from Joint M QAM comprising Different Modes

Modey, gp (1)

Ma(1) + Mp(D)}, {Ma(1) + Mp(2)}, {Ma(1) + Mp(3)}, {Ma(1) + Mp(4)}

Mode>, qg;(2)

Mode>, qp;(2)

Mode;, qpi(2)

{

{Ma(2) + Mp(1)}, {(Ma(2) + Mp(2)}, {Ma(2) + Mp(3)}, {MA(2) + Mp(4)}
{Ma3) + Mp(1)}, {Ma(3) + Mp(2)}, {Ms(3) + M)}, {Ms(3) + Mp(4)}
{Ma(4) + Mp(1)}, {Ma(4) + Mp(2)}, {Ms(4) + Mp(3)}, {M4(4) + Mp(4)}

TaBLE 3.3: Mode Creation for MIS according to M4 and My mapper.

Mode Index Selection Process:

M, Amplitude Shift keying

M(D=0=-2 1

My(2)=1=2

M%(15) =10 =3 + 15
: M%(16) =11=3—-3j

Multi — Mode Qudrature Amplitude Modulation Mg Modulation

M%(1) = 00 = -3 + 3j Mode 1 BPSK

| M%(2) = 01=—-3—1j Mz()= 0=—-1+3j

M:(3) = 10=1+3j Mg(2)=1=-1-1f

MIU(4) = 11=1—1j

Mode 2 BPSK
M%(5) = 00 =—1+3j ode : moge;
ode
. Mz(l)= g = :
M) = 01=—1-1j 5(1)=0=1+3j " Mode 2
Mp(2)=1=1-1j 4 Mode 4

M9%(7)= 10=3+3j

M%(g)=11=3-1j

M92(9) = 00=-3+1j

Mode 3 BPSK

Ma()= 0=—1+1j

M9%(10) =01=—-3—3j

My()=1=-1-3j
M9(11) =10 =1+ 1j

M%(12) =11=1-3j

M9(13) =00 = —1 + 1j Mode 4 BPSK

M (14) =01=—1-3jf Mz(1)= 0=141j

Mp(2)=1=1—13j

N/ NN AV

FiGure 3.9: NMM-OFDM-IM 16 QAM Mode Selection Process, where n=4, M = M4 X M = 16,

R=Y -4

n

MIS look-up table is provided at both transmitter and receiver. A reverse operation is per-

formed at the receiver. This is also easy to decode in receiver since MIS bits can be decoded the

symbol of M. It does not need any extra step for decoding the MIS bits.

Modulation

In generalized system, p, bits are digitally modulated by Q number of separate M-ary
QAM Mappers. Each Mode of M-QAM has been considered with their distinguished powers where
M; N Mj....."N M,—4 = ¢ shown in figure 3.6. For the elaborate design of NMM-OFDM-IM, it

can be seen that p, bits are digitally modulated by two separate M-ary mappers, M4 and Mp in

40




the figure 3.8 of transmitter side. Generally, M4 carries M-ary ASK constellation and Mg contains

PSK constellation points as shown in Figure 3.10. This design has been considered for forming Q

number of M-QAM Mode with the correct mode symbol distance.

Mode Index Selection Process:

M, amplitude Shift keying

Multi — Mode Qudrature Amplitude Modulation

Mg Modulation

MI(3) = 10=1+3j

MI(4)=11=1—1j

. Quadrature Phase

® Mode 1 MI(1) = 00 = -3+ 3j Mode 1 BPSK

= Mode 3 2|

= Node 2 | M%(2)=01=-3-1j Mp(l)= 0=-1+3j | | | InPhase
4 Mode 4 M@= 1= 11 2 . 2

2|

®  Mode 1ofM, PSK

2

Mi)=0=-2 ——| M%(5)= 00=—1+3/ Mode 2 BPSK
| Quandrature Pha
m@m-2 MO() = 01 =—1—1j M= 0=1+3 ap
= In Phase
Mg(2)=1=1—
M%(7) = 10=3+3j BH=1=1-1 2 - 2
-2
- . w  Mooe 2of M, PSK
Quadrature Phase —| M%2(8) = 11=3-1 o ]
| Mode 3 BPSK
2 M(9) = 00 = -3+ 1j \
In Phase Quadrature Phase
| 3 M2(10) =01 = -3 —3; M= 0=-1+Y o inPrase
2 ) Mg(2)=1=-1-3j 3 !
. M ,-AM Cons symbol M‘h(ll) =10=1+ U / N 2 * I\\z)'hﬂin\M“PSK.
M2(12) =11 =1 — 3j
M%(13) =00 = —1 + 1j Mode 4 BPSK
Quadrature Phase
= —1—3j N = 0— . 2
MI+(14) =01 1—3f Mz (1) 0=1+1 ["& Modedotm, psk| In Phase
Mp(2)=1=1-3; 2 T 2 ‘

: M(15) = 10=3+1j
M9%(16) =11 =3—-3j

Figure 3.10: NMM-OFDM-IM Mode Selection Process Modulation

pg‘ number of information bits from designated modes goes into M4 mapper and modulated
to s[l), symbols. On the other hand, pg number of information bits are mapped in Mp mapper with
the help of MIS and generate s,,f, symbols. Eventually, Joint M QAM symbols, Lg(1) are formed by

combining s}f and s’é according to the MIS; where, A = 1,2, ..., k.

The number of bits can be calculated independently,

Py = klogaMa (3.9)
p5 = klogaMp (3.10)
sg = Lsp(D), ... s5(K)] (3.11)
55 = [55(D), .... s5(K)] (3.12)
or, It can be written in general for Q number of M-QAM modes,
p2 = klogosM (3.13)
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Joint Mode 1 Constellation of NMM-OFDM-IM

Quadrature Phase
o 3t .
[ ® JointMode 1 Symbols
2
00 10
1
In Phase
-3 -2 -1 1 2 3
. -1 .
11
01 5
3t

(a) fig: MODE 1 CONSTELLATION

Joint Mode 3 Constellqtlon of NMM-OFDM-IM

Quadrature Phase

3 b

) [ ¢ JointMode 3 Symbols|
00 10
L] 1

In Phase

-3 -2 -1 1 2 3

AF
01 11

2t
L 3 L

(c) fig: MODE 3 CONSTELLATION

Joint Mode 2 Constella_tion of NMM-OFDM-IM

Quadrature Phase
- 3t -
| = JointMode 2 Symbols
ol
00 10
.
In Phase
3 -2 -1 1 2
- -1t ]
01 11
=21
_3 L

() fig: MODE 2 CONSTELLATION
Joint Mode 4 Constellation of NMM-OFDM-IM

Quadrature Phase
3
" | = Joint Mode 4 Symbols
w . Ll 10
In Phase
3 -2 1 2 3
=+
01 -2 11
" -3 .

(p) fig: MODE 4 CONSTELLATION

Figure 3.11: Q number of M-QAM mode constellation diagram of NMM-OFDM-IM

Mode Selection of NMM-OFDM-IM

Quadrature Phase

. L]
Inactive
Joint Mode 1 Cons.

Joint Made 4 Cons.
Joint Mode 2 Cons,
Joint Mode 3 Cons,

L] ]
+ ]
3 -2 1
L ] L
+ ]

+ [
In Phase
1 2 3
. -
+ [}

Ficure 3.12: Joint nM QAM Constellation diagram of NMM-OFDM-IM with four different mode
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Lg(A) symbol goes into g subblocks according to SAP as Fg (1) symbols and continues its
journey towards OFDM block and IFFT process. This Joint M-QAM scheme with specific number
of modes is the unique feature of NMM-OFDM-IM. . It creates very regular nM QAM constel-
lation diagram though indexing mitigating all the problem regarding SE and EE of OFDM-IM,
DM-OFDM and MM-OFDM-IM design structures. Figure 3.13 represents the last step nM-QAM
constellation diagram. In this system, Qg=4, M4=4 QAM and n=4 QAM has been considered.

This constellation looks similar to DM-OFDM but NMM-OFDM-IM leads to greater sym-
bol and indexing opportunity rather than DM-OFDM.

16-QAM Mapping

4
9 $ 2 20
|
S g 22 $ 34
g
o 0
Sa| A 2 2 o
o
2+
N BE 7 35
4 . . . . . |
-4 -3 -2 -1 0 1 2 ) 4

In-phase Amplitude

FiGure 3.13: Joint Q mode nM QAM Constellation diagram with symbol mapping

OFDM Block creator and IFFT/FFT

Fg(A) signal constellations of each subblock are normalized to unit average power. Then,
power is reallocated to active subcarrier symbols only according to Subcarrier Index Modulation
(SIM) [ppr]. It is the benefit of activating a portion of subcarriers in each subblock which saves
energy and improve BER. The OFDM block creator creates all the subblocks according to size of
subblocks, SAP indexing and incoming Fg(1) signals and create a N x 1 OFDM symbol block which

18
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X = [x1, X2, ey xn] T (3.14)
X(F) = xp = x = [x1, X2, s X ] (3.15)

After this procedure, all the steps are same as conventional OFDM. To indicate the index
activation pattern, idle subcarriers are mentioned as x = 0 in OFDM symbol block. This was the
only difference with OFDM. The OFDM symbol is needs to achieve orthogonality and convert from
frequency domain to time domain which is done by N point Inverse Fast Fourier Transform (IFFT).
Fourier transformation is done for the orthogonality and inverse action is applied to transform it into

time domain signal so that it can pass in the real world transmission channel.

The time- domain OFDM signal,

X(t) :[XI,XZ, ceey XN]T (3 16)
= W/I\-,IXF

Here, Wy is the N-point Discrete Fourier Transform (DFT) matrix with WI{,I Wy = Nly.
IDFT is the efficient computational tool to perform orthogonality instead of using N number of
Local oscillators. This OFDM signal then goes through parallel to serial (P/S) conversion and
digital to analog (DAC) conversion before finally going into the channel. DAC is performed to shift

the OFDM signal into high frequency in order to pass through the wireless channel.

3.2.2 NMM-OFDM-IM Receiver

Receiver’s main task is to detect the received signal from wireless channel and decode it
into the input bits. This step also contains the reverse operations of the transmitter and a precise
detection process. This detection process is similar to OFDM-IM. There is only slight improvisation
in the detection of index information. In simple words, the receiver has to detect the indices of active
subcarriers among the OFDM symbol block and the corresponding information symbols in that each

subcarrier in addition to the mode indices.
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OFDM

Subblock Divider
' ™
yi(D) LN
2
¥1(2) o il
ma @ - ML Detector
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Subblock g
4 ™
1gl(1) 1 1
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Ye ™ ML Detector S
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75(4) > ] .
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FiGure 3.14: Receiver design of NMM-OFDM-IM

All reverse operation

IBD & MBD
Subblock 1

Index Bits
De-mapper
(IBD) and
M-ary Bits
Demapper
(MBD)

IBD & MBD
Subblock g

™

P/S

m

The received signal after going through the Rayleigh Fading channel, y,(¢) = hy ()X, () +

wq(t) Here, @ = 1,2, ....N ; h is the channel impulse response (CIR) coefficient and w is the additive

white gaussian noise (AWGN). In this system, the transmission was performed on Rayleigh Fading

AWGN channel.

This received signal goes through Analog to Digital conversion (ADC), Serial to Parallel

configuration and Fast Fourier transformation (FFT) respectively. FFT turns the time domain signal

into frequency domain signal.

After going to ADC and P/S,

Y(®) = [Y1,Ya, ... Ynl"

Received frequency domain signal after FFT,
Yo, F = ha,FXa,F + Wa,F

Y(F) =yr =y = [V, Y2 s N1
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The proposed system’s detection is more complex rather than the classical detection of
OFDM. A simple decision of whether the received symbol is which one among the constellation
points can not be used in this system. The detection lies on the decision of which constellation
point it is coming from and what is the position of the symbol in the subcarriers to retrieve index

information.

Maximum likelihood Detection Method have been considered in this system to retrieve the

information data and indexing bits.

Mamimum Likelihood Detector

ML detector takes all the possible realization of each subblock into account. In this detection
each signal constellations points of a subblock subcarrier are crosschecked with all of modulated
symbols of the Joint M-ary Demapper. After getting the least Euclidean distance among them, that
minimum distant point is selected. This way, each subcarrier modulated symbol is detected and then
these symbols for all the combination of indices are checked simultaneously. The search option goes
for all index combinations and signal constellation point to make joint decision on active indices and
transmitted modulated symbols for each subblock. It tries to reduce the distance for both indices

and symbols by

k My
(Rp, Ig) = Z Z VEg — hrpxrsl (3.20)

=1 p=1
This detection process is very precise since it considers all of the possible realization of
everything by comparing with the Look-up table and Constellation diagram. This way is more
complex as its computational complexity does not leave any comparison calculation left to confirm

each symbol and indices.

Retrieving input bits in order

After detecting the symbols and indices of each subblocks, the index demapper seeks out the
indices with symbols and retrieves SAP index bits, p/?. Parallelly, it also retrieves the M4 and Mg

bits, p, bits from which MIS index bits, pf are also collected. After all of these operations, the bits
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are arranged in parallel to sequencial order. This way, all the incoming bits of a NMM-OFDM-IM

system are determined.

3.3 Methodology of NMM-OFDM-IM System

3.3.1 Derivation of Mode Index Selector, Throughput and Spectral Efficiency

NMM-OFDM-IM was designed keeping in mind three main elements and the performance.
They are Spectral Efficiency, Energy Efficiency, Resultant Constellation Pattern and Bit error Rate
(BER). The Mode Index Selector of the proposed NMM-OFDM-IM was designed considering these

three factors.

The Mode Index Selector index bits,

!
— |
Q-1 (3.21)

J

¥ = llog,

n!
= llog> =

Since, Q > n; assuming, Q = n here.

Total bits transmitted by NMM-OFDM-IM for throughput calculation,

n
MNMM-OFDM~IM = (Ung( )J + |loga o o+ klogaM) X g
k (Q k)
(3.22)
= (Llogz( )J + Llogz( ) 71+ klog,M) X g
If Number of Modes of M modulation, Q is equal to n number of subcarriers; Q=n.
At last, The Spectral efficiency (SE) for NMM-OFDM-IM,
(Loga()1 + Lloga g 1 + klog, M)
SENmMM-0FDM = N xg
. . (3.23)
(Lloga(})] + Lloga %1 + klog, M)
= X g
N
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By using this equation 3.21, Look-up tables for Mode Index Selector can be designed for any
subblock size and any modulation order. Besides, there is consistency for the resultant constellation
pattern after the indexing only because of this, unlike OFDM-IQ-IM. This is important for the
practical usage of the system in the industry as well as power consumption. By the use of both
Subcarrier and Mode Index Selector in equation 3.23, Spectral Deficiency can be mitigated which

is present in OFDM-Im for higher order modulation.

3.3.2 Observation of Key Characteristics

After the development of Mode Index Selection for NMM-OFDM-IM, Spectral Efficiency
was observed to make the decision of whether it is capable to compete with conventional OFDM
and other Index Modulation Variants. A table of varying subblock size and modulation order had
been observed in table 4.16. This showed us that NMM-OFDM-IM is capable to beat the SE for
other variants and OFDM. Even in higher modulation orders such as 256 QAM, it had very high SE

in table 4.17. The comparison is clear in the bar diagram of figure 4.17 and figure 4.18.

Energy saving was also calculated and compared with other IM variants. It was seen that
NMM-OFDM-IM is the only system that can give same SE activating only 6 subcarriers out of
16 subcarriers in a subblock for 16QAM. Thus it saved 8 subcarriers energy out of total of 128
subcarriers. This gives approximately 62.5% energy rather than other systems shown in the bar

diagram of figure 4.19.

After Indexing, Resultant Constellation diagrams of proposed NMM-OFDM-IM and other
systems were compared in figure 4.20. It showed a promising difference than other systems espes-

cially OFDM-IQ-IM.

3.3.3 Validation of the Performance of NMM-OFDM-IM System

The hypothesis of the proposed NMM-OFDM-IM indicated that performance would be
better since most of the bits were transmitted as indices of active subcarriers and modes. The whole
system was designed at MATLAB using 512 subblocks of 4 subcarrier resulting in total of 2048
subcarriers. Only 3 of the subcarriers were active among 4 subcarriers in each subblock. Random

bits were generated to go through the Rayleigh Fading Channel with Additive White gaussian Noise
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(AWGN) of 0.05 variance and zero mean with 2048 subcarriers, 4 constellation patterns of 4QAM
and previously mentioned subblock settings at the transmitter. Maximum Likelihood detection was
used in the receiver to retrieve the transmitted data. Both look-up tables were provided at the
transmitter and receiver. Though these procedures can be mitigated by using the combinatorial
methods with appropriate order on both sides. After an extensive search, the received data had
been recovered by constellation demapper and selector demappers. The transmitted and received
bits were compared and a BER performance for a range of 0 to 35 decibel(dB) Signal to Noise
Ratio (SNR) was generated. It was seen that BER is better in higher SNR regions as stated in
the hypothesis (figure 4.23). Though there is slight performance degradation than conventional
MM-OFDM-IM due to null mode (figure 4.24). The BER performance was better from 5dB to
higher SNR region (figure 4.25). By comparing it with reference paper performance (figure ??), the

performance was validated.
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Chapter 4

RESULT AND DISCUSSION

4.1 Exploration of System Operation

Every OFDM with Index Modulation Variant including NMM-OFDM-IM is explained step
by step by showing the data flow of bits, converting it into the symbols through their corresponding
indexing and creation of their subblock symbols before IFFT. After and before this 8 subblock
operation, everything is same as conventional OFDM So, the common steps are skipped for simpli-

fication and only one subblock operations is explained for each system.

41.1 OFDM-IM

Subblock g
p, = 01 Subcarrier Index hL={124} Fp(1)=1-1
— Selector '
p =11010101 , Fg(2) Fs@ =-1+1j
101001 1-1 .,
p, = 1101 0101 1010 sp= |71+ F(3)=0
3+1j

| 16-QAM Mapper ’——» Fa(4) =3+1j

FIGURE 4.1: Operation of " subblock OFDM-IM
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The total bits sent by OFDM-IM,

morpm-im = (L Ing(Z)J + klogoM) X g 4.1)
Index bits Subcarrier Activation In-
dices
00 1,2,3
01 1,2,4
10 1,34
11 2,34

TaBLE 4.1: Look-Up table of OFDM-IM

16QAM Constellation of OFDM4M

Quadrature Phase
= o 3t '] o
0000 0100 1000 1100
Inactive
2r ® M symbols
Bl o 1F o a
0001 0101 1001 1101
In Phase
| L i | | 'S i
-3 -2 -1 1 2 3
o o 4} o o
0010 0110 1010 1110
2
= ) 3t o o
o011 0111 1011 1111

Ficure 4.2: 16 QAM constellation used in OFDM-IM for symbol Modulation

4.1.2 DM-OFDM-IM

DM-OFDM-IM combines two individual modulation schemes in one system. The constellation
symbol bits are labeled according to the order of 32 QAM constellation of binary mapping whereas

reference constellation [44] are of gray coding.

Condition: Dual modulation scheme of the system must be distinguished from each other;

MsNMg=10
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Subblock g

py =01 Ip = {13} Fe(1)=—1+1j
2 J
p= Subcarrier Index D =13
=1=-9]
Selector FB (A)| ¢
— Fp(3) =—1-1j —
—1+1j
8-QAMof  |sf = [ : :
-1-1 Fz(4)=3-3
ps =011 010 Ma-Mapper J B J
pf=111101]  g.QAMof s — [; Y
Me- Mapper /
FiGurEe 4.3: Operation of g subblock DM-OFDM
Index bits Subcarrier Activation In- | Subcarrier Activation Pat-
dices, I; tern
00 1,2 [s, 57,57, s7]
01 1’3 [S?’ sllg’ s1149 slf]
10 1,4 [s7, 57, 5%, 571
B A A B
11 2,3 [s], 8787, 57]
TasLE 4.2: Look-Up table of DM-OFDM
MA Individual Constellation of DM-OFDM MB Individual Constellation of DM-OFDM
[ Quadrature Phase Quadrature Phase
. . 3 . .
& Mg Constellation
. ] 1t . . 4
000 010 100 110
In Phase In Phase
5 5 [ 1 PR ' 3 2 A4 1 2 3
-
L] L =1 L] L
001 011 101 111 2
001 011 101 111
21 . s 3 a .
FiGure 4.4: Individual constellation of DM-OFDM for symbol Modulation
Total bits transmitted by DM-OFDM-IM,
n
MpM-OFDM = (Llng(k)J + klogyM, + (n — k)log,Mp) X g 4.2)

The constellation symbol bits are labeled according to the order of 32 QAM constellation of
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Joint Constellation of DM-OFDM

Quadrature Phase
L L] 3 L 110 L
000 010 100
®  Constellation A
2f | _® Constelation B
] [ ] 1+ ] [ ]
000 010 100 110 |n Phase
3 2 -1 1 2 3
L] L] “1r L] L
001 011 2| 101 111
] ] 3r [ ] ]
001 011 101 111

FiGgure 4.5: 16 QAM constellation used in DM-OFDM for symbol Modulation

binary mapping whereas reference constellation [27] are of gray coding.

4.1.3 OFDM-IQ-IM

OFDM-IQ-IM allows individual modulation of in phase and quadrature phase indexing indepen-

dence.
I Channel
' - I#=(1,2,4}
pi=01 _| Subcarrier Index Subblock 8
v Selector 1
— S$=(—3) F)=1-1j
1=1100 10 ; J
i | 4 PAM In-phase 3 Fo(d)
Mapper Fs(2)=-3+1
p=1101100011001001
e - 5 _ Fg(3) = -3 —
pZ=00 Subcarrier Index | I ={123}
» Selector 4 Ep(4)=3
e N -1
2=110110 55:(1)
P2 4 PAM -3
'———  Quadrature-
Q Channel phase Mapper

j

FiGURE 4.6: Operation of 8" subblock OFDM-1Q-IM

Total bits transmitted by OFDM-1Q-IM,

n n
MOFDM-1Q-IM = (Llng(k)J + klog,M; + Llng(k)J + klog,Mp) X g
4.3)
. (2Llogz(Z)J + klog,M ) X g
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Index bits Subcarrier Activation In-
dices

00 1,2,3

01 1,2,4

10 1,34

11 2,34

TaBLE 4.3: Look-Up table of OFDM-1Q-IM

In-phase PAM Constellation of OFDM-IQ-IM Quadrature-phase PAM Constellation of OFDM-IQ-IM
Quadrature Phase Quadrature Phase
ar 00 3¢
m  Independent I\.lI Constellation 4 Independent M, Constellation
2 21
1 o1't
In Phase In Phase
-3 -2 . | 1 2 3 -3 -2 -1 1 2 3
0o 01 10 11
- -1
! 10
2 -2
11
3 -3e

Ficure 4.7: In-phase and Quadrature Phase Individual PAM constellation used in OFDM-1Q-IM

Constellation of OFDM-1Q-IM ®  Inactive
r ® ointlQ
Quadrature Phase ®  ndependent |
#  Independent Q
» [ ] 3% [ ] L ]
0000 0100 00 1000 1100
2 =
0001 0101 1001 1101
[ . 14 L [ ]
01
In Phase
o0 -3 -2 01 -1 10 1 2 11 3
10
[ ] L] -14 L] *
0010 0110 1010 1110
_2 -
0011 0111 11 1011 1111
L [ ] 3e L L ]

Ficure 4.8: 16 QAM constellation used in OFDM-IQ-IM for symbol Modulation
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414 MM-OFDM-IM

MM-OFDM-IM subcarriers indexing is different than all other IM variants. It uses per-

mutation for indexing.

Total bits transmitted by MM-OFDM-IM,

mym-orpm-im = (L log,(n!)] + nlog, M) X g

Q = {1243}
= {q0 G2 a3, } 4 QAM Mappers
of 4 Modes
p: = 0001
Mode Index
Selector — sf s s s,
Fy 'y
q,
p=0001 pit =10 pde
11100001

p:=00011110

pE =11 p;*=01

(4.4)

Subblock g
5 ==3-1j
s, =3-1j
—»
5= 3+1j
5 =—3+1j

+ 00

FIGURE 4.9: Operation of 8 subblock MM-OFDM-IM

Index bits Subcarrier Activation Indices
0000 1,2,3,4
0001 1,2,4,3
0010 1,3,2,4
0011 1,3,4,2
0100 1,432
0101 1,4,2,3
0110 2,1,3,4
0111 2,143
1000 2,3,14
1001 2,3.4,1
1010 2,4,1,3
1011 2,431
1100 3,124
1101 3,1,42
1110 32,14
1111 3,2,4,1

TaLE 4.4: Look-Up table of MM-OFDM-IM
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Individual Subcarrier Constellation of MM-OFDM-IM

Quadrature Phase
. 3t L]
00 10 ® Mode 1
2 -
1
In Phase
-3 -2 -1 1 2 3
L] 4t L]
01 11
-2
a3t

(a) fig: MODE 1 CONSTELLATION

Individual Subcarrier Constellation of MM-OFDM-IM

Quadrature Phase
3 -
2 L
00 10
L[] 4 [ ]
In Phase
-3 -2 -1 1 2 3
_1 .
2t
01 11
L] -3 [ ]

(c) fig: MODE 3 CONSTELLATION

Individual Subcarrier Constellation of MM-OFDM-IM

Quadrature Phase

L] 3 -
00 10
2
1
In Phase
3 2 -1 1 2 3
[ ] 1 -
01 11
-2
-3

(8) fig: MODE 2 CONSTELLATION
Individual Subcarrier Con ;:tellation of MM-OFDM-IM

01

3t
2
* 4
-1
At
-2
+ 3

Quadrature Phase

4  Mode 4

10

11

(p) fig: MODE 4 CONSTELLATION

Ficure 4.10: Individual Subcarrier Constellation for each mode of MM-OFDM-IM

Constellation of MM-OFDM-IM

Quadrature Phase
L] L] 3 L] [ ]
® Mode 1
® Mode 3
2r " Node 2
¢ Mode 4
L + 1 L +
In Phase
| | L | | y
3 -2 1 1 2 3
. = 1 . L]
21
L + 3 = +

Ficure 4.11: Combined constellation of MM-OFDM-IM for symbol Modulation
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This system does not keep any subcarriers idle. Hence, Energy saving for the Next Genera-

tion Wireless Communication is not an option here.

4.1.5 NMM-OFDM-IM

NMM-OFDM-IM considers multiple Mappers with specifically two Index Selectors. Sub-
carrier Index Selector (SIS) and Mode Index Selector (MIS) of NMM-OFDM-IM achieved close to
the attainable throughput of 16 QAM conventional OFDM-IM with 4 QAM of 4 Modes constella-
tion here. Whilst, NMM-OFDM-IM is capable of achieving high throughput in higher Modulation
order, OFDM-IM can not compete for the same throughput as conventional OFDM. For instance,
in 16 QAM multiple constellations of NMM-OFDM-IM reached up to 1024 bits whereas 16QAM
OFDM-IM reached 512 bits for the same subblock settings. NMM-OFDM-IM had no limits in 256
QAM or further Modulation order despite OFDM-IM failed to reach the same throughput as con-
ventional OFDM after 64 QAM. The throughput and Spectral Efficiency of OFDM, OFDM-IM and
NMM-OFDM-IM for different modulation orders for the same subblock settings are shown in table
4.8,4.11 and 4.16. It is difficult to simplify the realizations in figures for higher modulation orders.
Therefore, the system explanation has been done for the same subblock settings of 4 subcarriers

with lower modulation order.

Total bits transmitted by NMM-OFDM-IM,

|

MNMM-OFDM~IM = (Llng(Z)J + Lloga ﬁl + klog,M) X g

n!
(n-k)!

4.5)

= (LIng(Z)J + log | + klog,M) x g

If Number of Modes of M modulation, Q is equal to n number of subcarriers; Q=n.

Since NMM-OFDM-IM has a null mode in the resultant constellation similar to OFDM-
IM due to subcarrier deactivation through Subcarrier Index Selector (SIS). This null mode has lower
inter-mode symbols in the constellation that resulted in a higher Bit Error Rate (BER) than OFDM-
IM for the lower Signal to Noise Ratio (SNR) region shown in figure 4.23. Hence, this energy saving
of inactive subcarriers could be used in expanding the constellation eventually to reach designated

BER for specific applications. This is the trade-off for NMM-OFDM-IM.
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Condition:

e The number of different M-QAM mode constellations, Q must be equal or greater than the

size of subblock for the purpose of MIS, Q > n;

e Each active subcarrier must contain different mode, Mode; N Modes, N Modes N Modes = O

Subblock §

F(1)=01=—-1-1;

Fp(2)=11=1-1j

Fg(3)=10

Fp4)=10=1+1j

- =124}
——» Subcarrier Index Selector >
pE = 0010
p=101101 0010 01 Mode Index Selector
4..

1§ ={213) —1-1j

py =10 1101 = 1-1j

¥ 1+ 1j
4 QAM Mappers |
of 4 Modes g

FIGURE 4.12: Operation of " subblock NMM-OFDM-IM of Generalized Version

Goal:

e Permutational rearrangement indexing with 2"¢ constellation like OFDM-IQ-IM. To have the

benefits of energy impact, the symbols of Mg constellations need to go into same subcarrier

but still having index bits through order rearrangement.

o To achieve this additional rearrangement permutation indexing, another means of information

passing are needed rather than SIS and symbol. Here, the idea of MM-OFDM-IM for its con-

stellation indexing is used. M4 constellation is fixed and multiple mode constellations of Mpis

going on each active subcarrier to introduce MIS bits. Hence, one combined constellation at

the receiver is produced without the issues of OFDM-IQ-IM’s congested constellation.
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p =011 0010 110 01
_—

Subblock §

F(l)=01=-1-1;j

pi =01 F=[12.4)
— | Subcarrier Index Selector |—— "~ >
110 s5={-2,2.2}
» ASK Mapper >
p? = 0010
Mode Index Selector
I = {213} = {g2.9,. 93}
pE=011 4
[ B B B >
Sl SZ Sk=3
1-1j
BPSK Mappers g=-1-1j
of 4 Modes -1+1j

FiGURE 4.13: Operation of 8" subblock NMM-OFDM-IM

Fp(2)=11=1-1

F3(3)=0

Fp9)=10=1+1j

Index bits Subcarrier Activation Pat-
tern (SAP)

00 1,2,3

01 1,24

10 1,34

11 2,34

TabLE 4.5: SIS Look-Up table of NMM-OFDM-IM

Index bits Mode Sequence | Index MIS for k=3 active
indices, Ig subcarrier, Qg(4)
0000 1,2,3 [95(1), g5(2), gp(3)]
0001 1,32 [95(1), g5(3), g(2)]
0010 2,1,3 [q5(2), gp(1), gp(3)]
0011 2,3,1 [95(2), g5(3), ()]
0100 12,4 [q(1), g(2), gp(4)]
0101 1,4,2 [qa(1), gg(4), gp(2)]
0110 2,14 [45(2), gp(1), g(4)]
0111 24,1 [95(2), g5(4), gp(1)]
1000 1,34 [qs(1), gs(3), gp(4)]
1001 1,4,3 [95(1), g5(4), g5(3)]
1010 3,1,4 [q5(3), gs(4), gp(1)]
1011 34,1 [95(3), g5(4), ()]
1100 2,34 [95(2), g5(3), gp(4)]
1101 2,43 [95(2), g5(4), q5(3)]
1110 3,24 [q5(3), g(2), gp(4)]
1111 342 [95(3), g5(4), gp(2)]
TaBLE 4.6: MIS Look-Up table of NMM-OFDM-IM
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Mode Index Selection Process:

Mode 1
Mode 3
Mode 2
Mode 4

< B = &

M, Amplitude Shift keying

Multi — Mode Qudrature Amplitude Modulation

M OM%(1) = 00= -3+ 3

Mz Modulation
Mode 1 BPSK

Mu(2)=01=-3-1

Ms(l)= 0=-1+3j

MU(3) = 10=1+3f

My(2)=1=-1-1j

MU(4) = 11=1-1;

Mode 2 BPSK

Ms()=0=1+3j

MQ)=1=1-1j

Mode 3 BPSK

W)= 0=—1+1]

Mil)=0=-2 ME(S) = 00 = —1 43
Mi(2)=1=7 qu(ﬁ):(]l:_l_li
M%(7) = 10=3+3
| Quadratre Prase M%(g)=11=3-1j
’ M%B(9)= 00=-3+1j
In Phasa
2 l 2 | qu('lD) =01=-3-3j
[y M -AM Cans sybel M‘h“l) =10=1+1j

M) =1=-1-3

M%B(12)=11=1-3;

NN AN/

M%(13)=00=-1+1j

Made 4 BPSK

M%B(14)=01=-1-3j

 My(1)= 0=14+1;

-

MU(15)=10=341;

M@)=1=1-3

M%(16)=11=3-3j

FiGure 4.14:

NMM-OFDM-IM Mode Selection Process

2

Quadrature Phase

In Phase

2

-2
& Mode 10/M, PSK

Quadrature Phase

In Phase

2

w Moo 2ol M, PSK]

2

s 2

Quadrature Phase

In Phase

2

2

& Mote Jof M, PSK

Quadrature Phase

[a Mowdctups| ®  InPhase

2

M
n

Modes formed by Mode
Index Selector, qnoqe

4 Symbols from Joint
M= 16 QAM comprising Differ-
ent Modes, gg,i(p)

Modey, g1 (-3+3)), (1+3)), (-3-1j), 1-1j)
Mode;, g2 (-1+3)), 3+3)), (-1-1j), B-1j)
Modes, g3 (-3+1)), (A+1j), (-3-3)), (1-3))
Modey, g4 (-1+1j), B+1j), (-1-3)), (3-3))

TaBLE 4.7: Mode Classification and g = %-Symbols Comprising in each Mode
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Joint Mode 1 Constellation of NMM-OFDM-IM

Joint Mede 2 Constellation of NMM-OFDM-IM

Quadrature Phase Quadrature Phase
™ 3t ™ [ 3t (]
[ ® JointMode 1 Symbols | = Joint Mode 2 Symbols
2 2t
00 10 o0 10
1 1t
In Phase In Phase
-3 -2 -1 1 2 3 3 -2 -1 1 2
B =4 . s 1 .
01 11
01 2 1 2l
a3t -3 F

(a) fig: MODE 1 CONSTELLATION
Joint Mode 3 Constellation of NMM-OFDM-IM

Quadrature Phase

3 b

) [ #  JointMode 3 Symbols]
00 10
+ 1 L]

In Phase

-3 -2 -1 1 2 3

_1 t
01 11

2+
L 3T L

(c) fig: MODE 3 CONSTELLATION

(8) fig: MODE 2 CONSTELLATION
Joint Mode 4 Constellation of NMM-OFDM-IM

Quadrature Phase
3
" | = Joint Mode 4 Symbols
w . Ll 10
In Phase
-3 -2 -1 1 2 3
=+
01 -2 11
" -3 "

(p) fig: MODE 4 CONSTELLATION

Ficure 4.15: Individual Subcarrier Constellation for each mode of NMM-OFDM-IM

Mode Selection gf NMM-OFDM-IM

Quadrature Phase

. L] F L ]

Inactive

Joint Mode 1 Cons.

I Joint Mode 4 Cons.

Joint Mode 2 Cons.

Joint Mode 3 Cons.
+ L r + ]

In Phase

1 I 1 I I |
3 -2 1 1 2 3
. n - . []
L] ] - * [ ]

Ficure 4.16: Combined constellation of NMM-OFDM-IM for symbol Modulation
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4.2 THROUGHPUT

Throughput refers to the rate at which bits are successfully transmitted over a communication
channel. Throughput is typically measured in bits per second (bit/s or bps). In this section, Total
Transmitted Bits were measured in order to keep it simple and mentioned in later 4.3 section while

comparing SE among all the systems.

4.3 SPECTRAL EFFICIENCY

Spectral Efficiency (SE) can be defined as the data transfer capacity over a particular band-
width in a specific communication channel. It is the measurement of how proficiently a finite fre-
quency spectrum is used. The number of bits transmitted per second per subcarrier (bps/subcarrier)
is the measure of spectral efficiency. For simplicity, the effect of cyclic prefix on the SE performance

was ignored.

Generally, Spectral Efficiency of OFDM depends only on the total subcarrier size and mod-
ulation order. Whilst, SE of OFDM-IM, DM-OFDM and OFDM-IQ-IM depends on subblock set-
tings, Modulation order and subcarrier index selector activation pattern. On the other hand, SE of
NMM-OFDM-IM has greater degree of freedom than any other system to attain its desirable SE
since it is determined by subblock settings, modulation order, subcarrier activaton pattern of SIS
and mode constellation selection of MIS. In this chapter 4, Spectral Efficiency of different systems
are calculated and compared. This SE characteristics comparison is provided to meet the first and

foremost goal of any communication system to introduce themselves into the practical world.

43.1 OFDM

Total number of subcarriers are N, Modulation order is M, then according to the definition,

The Spectral efficiency, S Eorpy would be,

Nlogo M

SEorpm = (4.6)
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If total number of subcarriers are 128, then for 4-QAM modulation scheme, the spectral

efficiency will be,

_ Nlog:M

N
_ 128logr4

128
=2

SEorpm

By varying the modulation scheme, we can see the different transmitted bits and spectral

efficiency where there are subtotal of 128 subcarriers throughout all the configurations.

Modulation Scheme Total transmitted Spectral Efficiency
4 256 2
8 384 3
16 512 4
32 640 5
64 768 6
256 1024 8

TasLE 4.8: SE of OFDM by varying modulation order for total 128 subcarriers, N=128

4.3.2 OFDM-IM

OFDM-IM has a number of parameters such as subblock number, subblock size apart from
modulation scheme by controlling which we can achieve desired transmitted bits and Spectral ef-
ficiency. The benefits of OFDM-IM are that it can produce higher spectral efficiency than OFDM
with the help of additional index bits. On the other hand, a reduced number of activated subcarriers
can produce higher energy efficiency and lower BER in terms of the fair comparison with OFDM

for same spectral efficiency. Now, the spectral efficiency of OFDM-IM [31] s,

Lloga(})] + kiogaM
N

SEorpm-1m = Xg 4.7)

So, if total number of subcarriers is 128, they are divided into 8 subblocks each carrying 16

subcarriers. Then, for 4-QAM modulation scheme, if 10 out of 16 subcarriers are activated in each
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block, the spectral efficiency will be,

Lloga(;))) + klogaM

SEorpm-im = N X8
Lloga(1)1 + 10l0gy4 .
B 128 8

=2

If 15 out of 16 subcarriers are activated in each block, the spectral efficiency will be,

Lloga(})] + klogaM

SEorpm-iM = N X8
Lloga(19)] + 10l0gy4 .
= 128 %

Hence, first configuration yields the same spectral efficiency as OFDM with only 80 subcar-
riers out of 128 subcarriers. On the other hand, if maximum number of subcarriers such as 120 out

of 128 subcarriers are activated, higher spectral efficiency than OFDM-IM will be activated with the

=2.125

same settings. In both cases, OFDM-IM are found to perform superior to conventional OFDM.

Now, SE in terms of modulation scheme and subblock number and size respectively in table
4.9 and table 4.10. In both of the cases, total number of subcarriers are 128. For table 4.9; there are

8 subblocks each containing 16 subcarriers. Same SE similar to OFDM and maximum SE for each

modulation scheme were calculated for these settings.

Modulation Scheme Number of Active Subcarriers, | Total transmitted Spectral Efficiency
k

4 10 256 2
15 272 2.125

3 13 384 3
15 392 3.0625

16 15 512 4

32 15 [n<M] [22] 632 4.9375

64 15 [n<M] 752 5.875

256 15 [n<M] 992 7.75

TaBLE 4.9: SE of OFDM-IM by varying Modulation order for n=16, g=8 subblock settings

Here, in table 4.9, OFDM-IM was found to transmit the same or even increased number of
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bits for different settings of number of subcarriers. Despite of the degree of freedom of different
subblock size; as the modulation order increases, it comes to a limit. It was found that for 8 sub-
blocks containing 16 subcarriers, it can meet the desired SE up to 16 QAM modulation scheme. For
higher modulation order such as 32, 256-QAM, it was found that it cannot produce as many bits as

OFDM for this subblock size. It eventually rules out the main benefit of OFDM-IM.

In table 4.10, different subblock sizes were explored with 32 QAM modulation scheme to
calculate the SE. It was seen that when subblock size is less than the modulation order which is up
to 16 subcarriers, S Eorpy—1m 1S lower than S Egppy. It usually maintains this condition for the

lower limit of subblock size for desired SE. The condition is given below:

If Subblock Size, n < Modulation Order, M; then S Eorpy—im < S Eorpm
According to the paper [25]; If Subblock Size, n > Modulation Order, M; then S Eorppy—im =

S Eorpy at maximum k for given n

Subblock Size, n and Subblock | Number of Active Subcarriers, | Total transmitted bits Spectral Efficiency
numbers, g k

n=2, g=64 1; n<M [22] 384 3

n=4, g=32 3; n<M 544 4.25

n=8§, g=16 7, n<M 608 4.75

n=16, g=8 15; n<M 632 4.9375

n=32, g=4 31 640 5

n=64, g=2 61 640 5

TasLE 4.10: SE of OFDM-IM by varying subblock size for 32 QAM whereas S Eorpmi20amy = 5

Whereas in table 4.9, OFDM-IM with 16 subcarriers of 8 subblocks only able to provide
desired SE until 16 QAM, in table 4.10 with different size of subblock setting OFDM-IM provided
the desired SE. That is how OFDM-IM has the degree of freedom by dividing the subcarriers into
subblock.

At the end, all the different settings for 4,8,6,32, 64 and 256-QAM were arranged. For 256-
QAM, it is impossible to achieve desired SE for any settings. This found to be the main limitation

of OFDM-IM. OFDM-IM cannot compete OFDM in higher modulation scheme.
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Modulation

Subblock Size, n and Sub-

Number of Ac-

Total trans-

Spectral Ef-

Scheme block numbers, g tive Subcarriers, | mitted bits ficiencyy
k
n=4, g=32 3 256 2
n=38, g=16 6 256 2
4 n=16, g=8 10 256 2
n=32, g=4 18 256 2
n=64, g=2 34 256 2
n=4, g=32 3 352 2.75
n=38, g=16 7 384 3
3 n=16, g=8 13 384 3
n=32, g=4 25 384 3
n=64, g=2 48 384 3
n=4, g=32 3 448 3.5
n=38, g=16 7 496 3.875
16 n=16, g=8 15 512 4
n=32, g=4 29 512 4
n=64, g=2 56 512 4
n=4, g=32 3 544 4.25
n=38, g=16 7 608 4.75
0 n=16, g=8 15 632 4.9375
n=32, g=4 31 640 5
n=64, g=2 61 640 5
n=4, g=32 3 640 5
n=38, g=16 7 720 5.625
64 n=16, g=8 15 752 5.875
n=32, g=4 31 764 5.96875
n=64, g=2 63 768 6
n=4, g=32 3 832 2.5
n=38, g=16 7 944 7.375
756 n=16, g=8 15 992 7.75
n=32, g=4 31 1012 7.90625
n=64, g=2 63 1020 7.96875

TaBLE 4.11: SE of OFDM-IM by varying Modulation order and number of subblock size
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4.3.3 OFDM-IQ-IM

OFDM-IQ -IM was proposed by Fan eta al. [32] where Index Modulation were incorporated
on the in-phase and quadrature (I/Q) components separately. In OFDM-IM, a portion of subcarriers
in each subblock is modulated with symbols and others kept idle. On the other hand, I/Q part of
OFDM-IQ-IM can travel in a fraction of same subcarriers of a subblock or they go in each separate

subcarrier which results in activating all of them similar to classical OFDM.

So, there is generally a range rather than a specific value of how many subcarriers are active
in a subblock and what is the Spectral Efficiency for that. If k; and k¢ are the numbers of active sub-
carriers in a subblock for the I/Q components that are modulated by M; and Mo-PAM, respectively.
Then,

The Spectral efficiency of OFDM-1Q-IM is,

Lioga(i)) + kilogaM; + Loga((. )1 + kologa Mo
N

SEorpm-10-1M = X g (4.3)
Both I/Q phase components activate equal number of k subcarriers in each subblock. It can go in
same subcarrier or in different subcarrier according to its SAP sequence. So, SE of OFDM-1Q-IM

for their ultimate joint M-QAM constellation can also be written as:

[2l0g5(;)) + klogaM
N

SEorpm-10-1M = Xg 4.9

As presented in table 4.12, it can be seen that OFDM-IQ-IM achieves the same SE as OFDM
and OFDM-IM activating a minimum portion of subcarriers of subblock. OFDM system transmits
512 information bits from 128 subcarriers of the system for 16 QAM. In OFDM-IQ-IM, 6 of the
subcarriers out of 16 in each subblock comprising 8 subblocks produce same number of bits, 512
as OFDM for 16 QAM. It means that a total of 48 subcarriers out of 128 provides the same bits
as OFDM. On the other hand, OFDM-IM must activate 15 subcarriers out of 16 which leads to
total 120 active subcarriers out of 128 subcarriers to get same SE. Rest of the subcarriers must be
inactive for the purpose of indexing. So, maximum subcarriers need to be active for the same bit

transmission like OFDM in the OFDM-IM system.
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Independent  Modulation | Subblock Size, | Number of Active | Total transmit- | Spectral Effi-
Scheme for I and Q branch | n and Subblock | Subcarriers, k ted bits ciencyy
numbers, g
n=2,g=64 BPSK cannot | N/A N/A
be performed in
OFDM-IQ-IM
Mi=2. Mo =2 n=4, g=32 2 256 2
n=8, g=16 3 256 2
n=16, g=8 5 272 2.125
n=32, g=4 9 264 2.0625
n=064, g=2 16 256 2
n=4, g=32 Out of the SE con- | N/A N/A
dition n < M; or
n<M
M =4.Mo =4 n=8, g=16 3 . 512 4
n=16, g=8 6 512 4
n=32, g= 10 512 4
n=64, g=2 18 512 4
n=4, g=32 Out of the SE con- | N/A N/A
dition n < M; or
n<M
M;=8Mg =8 n=8, g=16 T 768 6
n=16, g=8 14 768 6
n=32, g=4 25 768 6
n=64, g=2 48 768 6
n=4, g=32 Out of the SE con- | N/A N/A
dition n < M; or
M, =16M, = 16 n < Mo
’ n=8, g=16 " N/A N/A
n=16, g=8 15 1024 8
n=32, g=4 29 1024 8
n=64, g=2 56 1024 8

TaBLE 4.12: SE of OFDM-IQ-IM by varying Modulation order and number of subblock size

The challange begins when it is escalated to higher modulation, 64 QAM and beyond, yet
same amount of bits in OFDM-IM is intended as classical OFDM. It was found that it cannot work
further as there is no extra subcarrier to convey more information bits. Rest of the 8 subcarriers
must remain idle for the purpose of sending index bits. Those inactive subcarriers lose more than
32 information bits that can not compensate index bits. On the other hand, OFDM-IQ-IM has 80

subcarriers left and at least 72 subcarriers can transmit more 288 bits where Spectral Efficiency is

met even in higher modulation scheme.

4.3.4 DM-OFDM

DM-OFDM is a combination of OFDM and OFDM-IM. It has the similar system configura-

tion as OFDM-IM. The only difference is that it indexes the subcarriers not by activating a fraction
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of subcarrier but by sending two distinguished modulation order by dividing them into two subsets

of subcarriers. That means, ultimately, all the subcarriers are active similar to OFDM.

In DM-OFDM, considering there are two modulation order for two modes, M4 and Mp . If
total number of subblocks is g and number of subcarriers within each subblock is n. then, the 1st
subset of subcarriers in each subblock is k; = k for M4 Mode and 2nd subset of subcarriers in that

subblock will be k, = (n — k) for Mg Mode.

Here, according to Tao et al. [32], the number of subcarriers in each subset was equally

distributed and they had worked on square modulation order.

If total number of sub- | If total number of sub- | If total number of sub-

blocks, g=32

blocks, g=16

blocks, g=64

Total number of subcarriers
in each subblock, n=4

Total number of subcarriers
in each subblock, n=8

Total number of subcarriers
in each subblock, n=2

The 1st subset subcarriers
for M4 Mode, k1 =2

The 1st subset subcarriers
for M4 Mode, k| = 4

he 1st subset subcarriers for
M4 Mode, k; = 1

The 2nd subset subcarriers
for Mg Mode, kr =2

The 2nd subset subcarriers
for Mg Mode, kr, = 4

The 2nd subset subcarriers
for Mg Mode, kr, = 1

TaBLE 4.13: SE of DM-OFDM by varying modulation orderand number of activated subblocks

The Spectral efficiency of DM-OFDM is,

Llogz(Z))J + klogaoMy + (n — k)logaMp

S Epm-oFpm = X g
N
n (4.10)
Lloga( )] + kilogaMa + kalogaMp
N

As shown in table 4.14, the spectral efficiency was always greater than OFDM and OFDM-
IM if each constellation mode used same modulation order as other systems. DM-OFDM worked
fine in higher modulation such as in 256 QAM it could produce better SE than classical OFDM.

However, they kept all the subcarriers active which is a drawback considering Energy Efficiency.
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Independent Modulation Scheme | Subblock Size, n | Number of twosub- | Total transmit- | Spectral Effi-
for M4 and Mg Modes and Subblock num- | set of Subcarriersin | ted bits ciencyy
bers, g each subblock, ki,
k
n=2,g=64 ki=1lk =1 320 2.5
n=4, g=32 ki =2,k =2 320 2.5
n=8, g=16 ki =ddy=4 352 275
My=4 My =4 n=16, g=8 ki =8,k=38 360 28125
n=32, g=4 ki =16,k = 16 372 2.90625
n=64, g=2 k1 =32,k =32 376 2.9375
n=4, g=32 ki =2,k =2 448 35
n=8, g=16 ki =ddy=4 480 375
n=16, g=8 ki =8,k =38 488 3.8125
My=8, M =8 n=32, g=4 ki =16,k = 16 500 3.90625
n=64, g=2 ki =32,k =32 504 3.9375
n=4, g=32 ki =2,k =2 576 4.5
n=8, g=16 ki =dly=4 608 475
n=16, g=8 ki =8,k =38 616 4.8125
M,=16, My = 16 n=32, g=4 ki =16,k = 16 628 4.90625
n=64, g=2 k1 =32,k =32 632 4.9375
n=4, g=32 ki =2,k =2 704 5.5
n=8, g=16 ki =4,k =4 736 5.75
n=16, g=8 ki =8,k =38 744 5.8125
My=32, My = 32 n=32, g=4 ki =16,k = 16 756 5.90625
n=64, g=2 k1 =32,k =32 760 5.9375
n=4, g=32 ki =2,k =2 960 7.5
n=8, g=16 ki=4,k =4 992 7.75
n=16, g=8 ki =8,k =38 1000 7.8125
My=128, My = 128 n=32, g=4 ki =16,k = 16 1012 7.90625
n=64, g=2 ky =32,k =32 1016 7.9375

TaBLE 4.14: SE of DM-OFDM by varying Modulation order and number of subblock size

4.3.5 MM-OFDM-IM

MM-OFDM-IM is similar to OFDM in nature as it transmits symbol though each subcarrier

out of n subcarriers of g subblock. There is no inactive subcarrier for indexing rather it uses n num-

ber of distinguishable constellations. So, MM-OFDM-IM applies corresponding mode constellation

symbols to specific subcarrier by permutation indexing mentioned in table4.4.

According to paper [1] The spectral efficiency of MM-OFDM-IM is,

SEyMM-0FDM-IM
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Modulation Scheme for each | Number of Subcarri- | Total transmittedbits | Spectral Efficiencyy
subcarrier in subblock, M ers in each subblock,
n
4 256 2
8 368 2.875
2 16 480 3.75
32 596 4.6563
64 718 5.6094
128 844 6.5938
4 384 3
8 496 3.875
4 16 608 4.75
32 724 5.6563
64 846 6.6094
128 972 7.5938
4 512 4
8 624 4.875
3 16 736 5.75
32 852 6.6563
64 974 7.6094
128 1100 8.5938
4 640 5
8 752 5.875
16 16 864 6.75
32 979 7.6563
64 1102 8.6094
128 1228 9.5938
4 896 7
8 1008 7.875
64 16 1120 8.75
32 1236 9.6563
64 1280 10.6094
128 1484 11.5938
4 1152 9
8 1264 9.875
16 1376 10.75
256 32 1492 11.6563
64 1614 12.6094
128 1740 13.5938

TaBLE 4.15: SE of MM-OFDM-IM by varying Modulation order and number of subblock size

As shown in this table, doubling each Modulation order, M for same subcarrier setting is
causing the Spectral Efficiency to increase by 1bps/Hz. For ean instance, from BPSK to 4 PSK
SE is increasing by 2 bps/Hz to 3bps/Hz for n = 4. MM-OFDM-IM works in both PSK and
QAM system. From 4QAM to 8 QAM, SE increases by 1bps/HZ where each subblock carrying 4
subcarriers. On the other hand, doubling the subcarriers in each subblock, n for constant modulation

order, M increases SE in a different way. The SE effect for doubling n is similar to doubling M when

n > 8 where SE increases 1bps/Hz.
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4.3.6 NMM-OFDM-IM

NMM-OFDM is the better reformation of OFDM incorporating Index Modulation Concept
based on OFDM-IM and MM-OFDM-IM. It also uses the advantages of DM-OFDM and OFDM-
IQ-IM in its brief operation system figure. It maintains the main principle of OFDM-IM by activat-

ing a portion of subcarriers creating Subcarrier Activation Pattern Sequence.

It also employs subcarrier sized distinguishable constellations like MM-OFDM-IM for ad-
ditional indexing of which constellation is being used in each subcarrier of a subblock. The only
difference is that it does not activate all the subcarriers but keeps some of the subcarriers deactivated
in order to increase energy efficiency. Furthermore, it can produce same or even higher throughput

than classical OFDM in higher modulation order.

(Lloga(;)] + Lloga g2 ) + klog, M)

SENMM-0FDM = Xg
N 4.12
n l (4.12)
(Lloga(;)) + Lioga ) + klog, M) y
= g
N

Here, total number of active subcarriers of two subset must be equal since they follow same
subcarrier activation pattern. By doing these, they activate a dedicated number of subcarriers and

keeps deactivate other subcarriers to maintain a generic constellation diagram unlike OFDM-1Q-IM.

As shown in table 4.16, only 4-QAM modulation order of NMM-OFDM-IM can provide
same transmitted bits as 16-QAM OFDM and OFDM-IM transmitted bits. This way, it can func-
tion in lower modulation order and yield the output of higher modulation scheme where OFDM-IM
cannot even function. For an instance, OFDM-IM cannot operate in 256-QAM but the proposed
system can provide the same SE of 256-QAM of OFDM by only using 16-QAM mode constel-
lation of NMM-OFDM-IM. As shown in table, three settings of 16 QAM mode constellation of
NMM-OFDM-IM provided same SE as 256 QAM of OFDM in addition to providing some inactive
subcarriers for energy saving. Again, DM-OFDM can provide same S Egrpys but it uses two 256-
QAM modulation order which results in 512 symbol points in the constellation diagram whereas

NMM-OFDM-IM 256 modulated symbols jointly.
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Independent Subblock Mode  Size, | Number Total trans- | Spectral
Modulation Size, n and | Q and M | of  Active | mitted bits Efficiency
Scheme for M | Subblock symbols per | Subcarriers
Modes numbers, g mode, g = % in each sub-
block, k
n=4, g=32 Q=4,q=4 3 384 3
n=8, g=16 Q=8, q=2 3 512 4
M=4 n=16, g=8 Q=16, q=1 6 512 4
n=32, g=4 n>M so Q | N/A N/A N/A
can not be
produced
n=64, g=2 ” N/A N/A N/A
n=4, g=32 Q=4,q=16 3 512 4
n=38, g=16 Q=8,g=8 7 768 6
M=8 n=16, g=8 Q=16,g=4 13 768 6
n=32, g=4 Q=32,q=2 25 768 6
n=64, g=2 Q=64,q=1 48 768 6
n=4, g=32 Q=4,q=16 3 704 55
n=8, g=16 Q=8,9=8 7 768 6
M=16 n=16, g=8 Q=16,g=16 15 1024 8
n=32, g=4 Q=32,q=8 29 1024 8
n=64, g=2 Q=64,q=4 56 1024 8
n=4, g=32 Q=4,q=16 3 768 6
n=8, g=16 Q=8,g=8 7 960 7.5
M=64 n=16, g=8 Q=16,g=16 15 1104 8.625
n=32, g=4 Q=32,g=8 31 1232 9.625
n=64, g=2 Q=64,q=4 63 1358 10.61
n=4, g=32 Q=4,q=16 3 960 7.5
n=8, g=16 Q=8,q=8 7 1184 9.25
M=256 n=16, g=8 Q=16,g=16 15 1344 10.5
n=32, g=4 Q=32,g=8 31 1480 11.5625
n=64, g=2 Q=64,q=4 63 1610 12.5

TaBLE 4.16: Spectral Efficiency and Transmitted bits of NMM-OFDM-IM for different settings of
subblock and modulation order

Subblock Size, n 4 8 16 32 64
korpm-1m and knyyv-oFpm-1m 3 7 15 31 63
SEorpM—-IM 2.5 7.375 7.75 7.90625 7.96875
M=256; SENmm-oFDM-IM | 1.5 9.25 10.5 11.5625 12.5
SEorpm =8 | SEMM—-0FDM-IM 9 9.875 10.75 11.6563 12.6094

TasLE 4.17: Spectral Efficiency Comparison for 256 QAM with different settings of subblock
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Spectral Efficiency Comparison
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Ficure 4.17: Maximum Achievable Spectral Efficiency Comparison for OFDM and Different IM
Variant System for different Modulation Order
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FiGure 4.18: Spectral Efficiency Comparison for Higher Modulation Order, 64 QAM

74



From the results of table 4.17, it is clear that OFDM-IM can not meet the SE as OFDM in
the higher modulation orders in any settings of subblock size or active subcarrier numbers. This
happens due to the loss of huge symbol bits of the inactive subcarriers. Although NMM-OFDM-IM
also keeps a part of subcarriers inactive, this system can keep up with greater SE than OFDM. The
proposed system compensates the inactive subcarrier symbol bits with its SIS and MIS index bits.
Only Mode Selection Index bits provides about 44 additional bits just for 64 QAM and n=16, g=8
settings. For this reason, NMM-OFDM-IM can provide 6.125bps/Hz with 72 active subcarriers
only shown in which is still higher than S Egppys of 6bps/Hz. Furthermore, NMM-OFDM-IM can
provide 8.65bps/Hz activating its 120 subcarriers which is the best utilization of Spectrum than

OFDM. In this figure 4.18, OFDM-IM and DM-OFDM fails to provide same SE as OFDM.

4.4 ENERGY EFFICIENCY

The inspiration driving Index Modulation forger on OFDM is the endeavor to improve power
utilization. This is a fundamental solicitation in applications to get green correspondence frame-

works and battery powered gadgets in wireless communication system [38].

44.1 OFDM

In OFDM, all the subcarriers convey symbols and transmit it to the channel. Since all the
subcarriers are operating, there is no energy saving in the classical OFDM system. OFDM-IM
keeps a fraction of subcarriers inactive. These idle subcarriers save energy for the system. This is
similar to Power Saving Policy (PSP) of SIM [22] . PSP vanquishes energy/ power allocated to the
subcarriers who are active. This eventually results in energy saving that leads to a greater energy
efficient system. Energy/ Power saving is also related to the battery of wireless communication. The

more power results in consuming a large amount of battery quickly especially in the end user.

If there are n subcarriers in g subblocks in which only k subcarriers are active. Then, Energy

savings per subcarrier, u would be [51]:

_(n-h

x 100% (4.13)

75



Since, OFDM has zero power savings due to the activation of all subcarriers. All other

systems will be considered how much they can save energy than OFDM.

44.2 OFDM-IM

The table shows that for a certain modulation, as subblock size increases, it saves more
energy. The highest subblock size has the privilege of highest number of inactive subcarriers and

greater energy saving possibility. For an instance, with 16-QAM modulation scheme,

Modulation Subblock Size, | Number of Ac- | Number of In- | Total transmit- | Energy Sav-

Scheme n and Subblock | tive Subcarriers, | active Subcarri- | ted Bits, m ing, uin%
numbers, g k ers, k
n=2, g=64 N/A N/A N/A N/A
n=4, g=32 3 1 256 25%

4 n=8, g=16 6 2 256 25%
n=16, g=8 10 6 256 37.5%
n=32, g=4 18 14 256 43.75%
n=64, g=2 34 30 256 46.875%
n=4, g=32 N/A N/A N/A N/A
n=8, g=16 7 1 384 12.5%

8 n=16, g=8 13 3 384 18.75%
n=32, g=4 25 7 384 21.875%
n=64, g=2 48 16 384 25%
n=4, g=32 N/A N/A N/A N/A
n=8, g=16 N/A N/A N/A N/A

16 n=16, g=8 15 1 512 6.25%
n=32, g=4 29 3 512 9.375%
n=64, g=2 56 8 512 12.5%
n=4, g=32 N/A N/A N/A N/A
n=8, g=16 N/A N/A N/A N/A

32 n=16, g=8 N/A N/A N/A N/A
n=32, g=4 31 1 640 3.125%
n=64, g=2 61 3 640 4.6875%
n=4, g=32 Out of the SE | N/A N/A N/A

condition as

64 n<M
n=8, g=16 ' N/A N/A N/A
n=16, g=8 N N/A N/A N/A
n=32, g=4 N N/A N/A N/A
n=64, g=2 63 1 768 1.5625%
n=4, g=32 N/A N/A N/A N/A
n=8, g=16 N/A N/A N/A N/A

256 n=16, g=8 N/A N/A N/A N/A
n=32, g=4 N/A N/A N/A N/A
n=64, g=2 N/A N/A N/A N/A

TasLE 4.18: Energy Saving of OFDM-IM compared to OFDM
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n=16, g=8 configuration

n=32, g=4 configuration

n=64, g=2 configuration

Total inactive subcarriers
=8

Total inactive subcarriers
=12

Total inactive subcarriers
=16

Energy
6.25%

Efficiency =

Energy
9.375%

Efficiency =

Energy Efficiency =

12.5%

TaBLE 4.19: Energy Saving of OFDM-IM Compared to OFDM for 64QAM

According to Rami et al.[22], as the total number of inactive subcarriers increases in each
subblock, power/energy saving increases. That is what happened in the table as we calculated. The
inactive subcarriers were at the peak when the subblock size for a certain modulation order was in

highest settings.

4.4.3 OFDM-IQ-IM

Energy saving of OFDM-IQ-IM is variable compared to OFDM due to the independency of
subcarriers indexing. If all the subcarriers are used to produced expected Spectral Efficiency, then
energy saving is zero. Indexing will serve the purpose of giving adequate bits for the sole purpose
of highest transmission data rate. If booth I and Q branch bits goes into same subcarrier, energy
saving will increase as subcarrier ratio increases. Such variable energy saving is not desirable for

next generation wireless system.

444 DM-OFDM

DM-OFDM has the advantage of higher Spectral efficiency and it diminishes the limitation
of OFDM-IM in higher modulation settings. Unfortunately, DM-OFDM uses all the subcarriers in
each subblock in order to gain the SE advantage. This why, there is no energy saving in DM-ODM
just like OFDM.

44.5 MM-OFDM-IM

MM-OFDM-IM uses the one to one permutation mapping regarding indexing of each sub-
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Independent Subblock Size, | Number of Ac- | Number of In- | Total trans- | Energy Efficiency,
Modulation n and Subblock | tive Subcarriers, | active Subcarri- | mitted Bits, | uin%
Scheme for I and | numbers, g k ers s,k m
Q branch
n=2, g=64 BPSK can’t be | N/A N/A N/A
performed in
M =2My,=2 OFDM-1Q-IM
Joint M=4 n=4, g=32 2~4 0~2 256 0~25%
n=§, g=16 3~6 2~5 256 25~ 62.5%
n=16, g=8 5~10 5~11 272 31.25 ~ 68.75%
n=32, g=4 9~ 18 14 ~ 23 264 43.75 ~ 71.875%
n=64, g=2 16 ~ 32 32 ~ 48 256 50 ~ 46.875%
n=4, g=32 Out of the | N/A N/A N/A
SE condition
M;=4,My=4 n<M;orn < My
n=38, g=16 3~6 2~5 512 25 ~ 62.5%
Joint M=16 n=16, g=8 6~12 4~10 512 25 ~ 62.5%
n=32, g=4 10 ~ 20 12~22 512 37.5 ~68.75%
n=64, g=2 18 ~ 36 28 ~ 46 512 43.75 ~ 71.875%
n=4, g=32 Out of the | N/A N/A N/A
SE condition
M; =8,My =8 n<M;orn < My
n=38, g=16 7~8 0~1 768 0~12.5%
Joint M=64 n=16, g=8 14 ~ 16 0~2 768 0~12.5%
n=32, g=4 25~ 32 0~7 768 0~21.875%
n=64, g=2 48 ~ 64 0~ 16 768 0~25%
n=4, g=32 Out of the | N/A N/A N/A
SE condition
M, =16,M, =16 n<M;orn < My
n=8, g=16 " N/A N/A N/A
Joint M=256 n=16, g=8 15~ 16 0~1 1024 0~6.25%
n=32, g=4 29 ~ 32 0~3 1024 0~9.375%
n=64, g=2 56 ~ 64 0~8 1024 0~12.5%

TasLe 4.20: Energy Saving of OFDM-IQ-IM compared to OFDM

carrier modulation. Since it increases SE by permutation indexing of each subcarrier symbol in a
constellation, all of the subcarriers are active in this system. So, it does not have any energy saving

due to all active subcarriers.

44.6 NMM-OFDM-IM

The proposed system, 4-QAM mode NMM-OFDM-IM is shown to generate bits for same
Spectral Efficiency of 16-OAM OFDM and OFDM-IM. With that configuration, NMM-OFDM-IM

keeps more inactive subcarriers that results into greater energy saving than any other system.

At the end, it can be concluded that NMM-OFDM-IM gives better SE with lower modula-
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Independent Modu- | Subblock Size, | Mode Size, Q | Number of | Numbers of | Total trans- | Energy Ef-
lation Scheme for | n and Subblock | and M Sym- | active Subcar- | inactive  car- | mitted Bits, | ficiency, u
M Mode numbers, g bols per mode | riers in each | riers in each | m
q=M/n sub-blocks,k subblock
n=4, g=32 Q=4,q=4 3 1 384 25%
n=8, g=16 Q=8,q=2 3 5 512 62.5%
M=4 n=16, g=8 Q=16,g=1 6 10 512 62.5%
n=32, g=4 n>M so Q | N/A N/A N/A N/A
can not be
produced
n=64, g=2 ” N/A N/A N/A N/A
n=8, g=16 Q=8,g=8 7 1 768 12.5%
n=16, g=8 Q=16,q=4 13 2 768 12.5%
M=8 n=32, g=4 Q=32,q=2 25 7 768 21.875%
n=64, g=2 Q=64,g=1 48 16 768 25%
n=16, g=8 Q=16,q=16 15 1 1024 6.25%
n=32, g=4 Q=32,q=8 29 3 1024 9.375%
M=16 n=064, g=2 Q=64,q=4 56 8 1024 12.5%

TaBLE 4.21: Energy Saving of NMM-OFDM-IM compared to OFDM

tion order in each subset of subblock. It also leads to a huge inactive subcarriers that results in the

greater Energy Efficiency.

Minimum Active Subcarriers For
Same Spectral Efficiency

W Number of Active Subcarriers

NMM-OFDM-IM; SE=4.515

MM-OFDM; SE= 6.75

DM-OFDM; SE= 48125

OFDM-IM; SE= 4

OFDM; SE=4

for maximum subblock settings , n=64, g=2

FiGure 4.19: Minimum Active Subcarriers for Same Spectral Efficiency as OFDM for 16QAM

As shown in this figure, a desired Spectral efficiency was achieved with different IM systems.
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Since, OFDM-IM and NMM-OFDM-IM has the flexibility of deactivating a portion of subcarriers
in each subblock, it can achieve the same S Egrpys by using fewer subcarriers. OFDM-IM needs to
use 120 whereas NMM-OFDM-IM uses only 56 subcarriers out of 128 subcarriers. The remaining
72 subcarriers can save significant amount of energy and yields less crowded spectrum while other
systems such as OFDM, DM-OFDM, MM-OFDM-IM must use all 128 subcarriers regardless of
the desired SE.

Energy Saving from OFDM Comparison

70%

62:50%

60%
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Energy Saving Percentage

12.50%

6.25% 7

10% 6.25%
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P — I T

0%
OFDM OFDM-IM DM-OFDM MM-OFDM-IM NMM-OFDM-IM

H Minimum ES B Maximum ES
OFDM & Different IM Varriants

Ficure 4.20: IM variant percentage of energy saving than conventional OFDM

4.5 Resultant Constellation Design Benefit

Based on all the results, it can be concluded that NMM-OFDM-IM will be better for some
applications for its energy saving option than MM-OFDM-IM and DM-OFDM-IM. It also has
no spectral efficiency limitation in higher modulation order like OFDM-IM. OFDM-IQ-IM also
presents similar benefits though the energy saving policy depends on its independency of symbol
indexing in different subcarriers in each subblock. Another factor is that OFDM-IQ-IM has irreg-
ular shape of constellation pattern (Figure (c)) because of separate and independent indexing of in

phase and quadrature phase. Whereas DM-OFDM needs to have 16QAM in both A and B mapper
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to achieve same SE like other IM system. In the constellation, it has 32 points with higher amplitude

that ultimately results in higher power consumption.

16QAM Constellation of OFDMM Joint Constellation of DM-OF DM
Quadrature Phase I Quadrature Phase
. . N )\ < . L] . .
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(c) fig: OFDM-IQ-IM (p) fig: NMM-OFDM-IM

Ficure 4.21: Constellation difference between IM variants

NMM-OFDM-IM was designed keeping all these factors in mind. It was designed in such
a way that the constellation at receivers’ point of view is similar to regular QAM constellation di-
agram. The multiple constellations should be designed considering their joint constellation. This
would avoid the closer symbol distance while calculating BER. As a result, NMM-OFDM-IM with
multiple constellations designed considering MM-OFDM-IM QAM constraint [1]. It also incor-
porated the idea of OFDM-IM for further benefits which does not interfere with the constellation

pattern.
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4.6 Bit Error Rate Simulation

Performance is a high-priority factor in evaluating a system. So, Bit Error Rate (BER) and
Symbol Error Rate (SER) were simulated through MATLAB for the three main systems respec-
tively, OFDM-IM, MM-OFDM-IM and NMM-OFDM-IM. OFDM-IM has been coded according
to paper [31] with 16 QAM constellations where 3 subcarriers out of 4 are kept active in a sub-
block. Maximum likelihood detection process was carried out to find out the best performance.
MM-OFDM-IM also showed a better performance in higher SNR regions like the paper[1] where
all the subcarriers are active like conventional OFDM. Selecting different mode i.e., constellations

for each subcarrier of a subblock is special indexing in this IM variants.

Proposed NMM-OFDM-IM consists of both indexing from OFDM-IM and MM-OFDM-
IM. It used Subcarrier Activation Pattern Indexing for activating only a fraction of subcarriers in a
subblock to introduce Energy Efficiency. Subcarrier Activation Indexing was done by combinatorial
method. Then, Mode Selector used the second combinatorial method to select k-mode constellation
symbol in a subblock out of n-mode constellation. For this reason, mode modulation, M must be

greater than subblock size.

Random bits were generated to go through the M-Mappers and Index Selector. p{‘ bits gen-
erate the combination for active subcarriers for each block while p‘f bits give the mode constellation
combination with order for each active subcarrier. p, bits were coded according to the M-Mode
Mappers which were fed by the constellation combination indexing. This created each subblock

subcarrier symbol with MIS.

In the second part, all the symbols from different mode enters in each active subcarrier as
per SAP. This way bit mapping was done. The symbols were then executed as the same manner
as conventional OFDM. At last, it was sent to the Rayleigh fading channel with AWGN and was

received by the receiver.

Maximum Likelihood detection was approached for the symbol decoding like OFDM-IM.
Each symbol of a subblock was compared with all the symbols of M QAM and then each subblock
symbol combination was determined. This whole process was done for all the possible SIS and
MIS realization. The performance for 4 QAM MM-OFDM-IM (4,4) and 4 QAM NMM-OFDM-IM
(4,3) for total 2048 subblocks were observed and recorded.
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Ficure 4.22: Bit Error Rate and Symbol Error Rate of MM-OFDM-IM
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Figure 4.23: Bit Error Rate and Symbol Error Rate of NMM-OFDM-IM

As shown in the graph figure 4.22, 4.23, 4.24; BER at low Signal to Noise Ratio (SNR)
area such as 5 decibels (dB) MM-OOFDM-IM shows better BER than proposed NMM-OFDM-IM
BER. They are respectively 7 x 107! and 7.2 x 107!, This happens because of the null mode of
NMM-OFDM-IM. It makes inter-symbol distance closer to the null mode which can reflect in an
erroneous decision-making scenario. After 5 (dB), NMM-OFDM-IM has shown better performance
than MM-OFDM-IM at high SNR region. As index bits are less affected by errors in the channel
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Ficure 4.25: BER comparison between OFDM-IM and MM-OFDM-IM[ 1]

rather than conventional modulated symbols. BER from figure 4.12 of MM-OFDM-IM [1] shows
similar pattern as figure 4.14. Though MM-OFDM-IM used 4 subcarriers and 8 modes but the
generated MM-OFDM-IM used 4 subcarriers and 4 modes.
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Chapter 5

CONCLUSION AND FUTURE WORK

5.1 Conclusion

The proposed Novel MM-OFDM-IM (NMM-OFDM-IM) is a combination of two methods:
OFDM-IM and MM-OFDM-IM. In this NMM-OFDM-IM design, there are two types of Selectors;
one for selecting Active Subcarriers and one for selecting Modes. There is no Spectral Deficiency
in the proposed method for higher-order modulation whereas classical OFDM-IM has this kind
of deficiency. The proposed method outperforms other IM Variants including conventional MM-
OFDM-IM in terms of Energy Efficiency. NMM-OFDM-IM has a better Bit Error Performance
compared to classical MM-OFDM-IM in high SNR region. One of the advantages of the proposed
method is that it is suitable for application-based design by trading off Energy Efficiency and BER.
for instance, mobile health care applications. Replacing the whole existing modulation technique,
OFDM can be more costly and troublesome for industries. Hence, a software change similar to
Index modulation (IM) techniques can upgrade the system in terms of Spectral Efficiency, Energy

Efficiency and Performance.

Orthogonal Frequency Division Multiplexing (OFDM) is the most common modulation
scheme in existing Wireless Communication Systems. However, the conventional OFDM cannot
meet the requirements of high demand of throughput, Spectral Efficiency (SE) and lower energy
consumption for the Next Generation of Wireless Communication systems. Therefore, OFDM with

an index Modulation (OFDM-IM) introduces the unique design of Index Modulation (IM) in addi-
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tion to the conventional OFDM design. OFDM-IM can maximize the throughput, SE and Energy
Efficiency (EE) by sending additional index bits of IM with classical OFDM symbols. These index
bits activate a part of subcarriers through on-off key mechanism. This activation pattern is detected
in the receiver and decoded into the transmitted index bits. Unfortunately, OFDM-IM cannot meet
the minimum requirement of throughput and Spectral Efficiency (SE) as conventional OFDM in

higher modulation order.

The objective of this study was to review different OFDM-IM variants to resolve the SE issue
first. Then, a suitable system, Novel Multi-Mode OFDM with Index Modulation (NMM-OFDM-
IM) was developed considering high SE, minimum energy consumption and better performance.
The proposed Novel MM-OFDM-IM has similar multiple, distinguishable M-ary modulation con-
stellation similar to MM-OFDM-IM[1].

5.2 Advantages

In the proposed Novel MM-OFDM-IM information is sent with conventional M Mode mod-
ulated symbols like MM-OFDM-IM and two types of indexing. One of the indexing is Subcarrier
Activation Indexing (SAI) and the other part is Mode Selection Indexing (MSI). MSI and M-Mode
Mapping is based on MM-OFDM-IM which is why it is called Novel MM-OFDM-IM (NMM-
OFDM-IM). Although the concept is similar, however, they are done in different ways. The MSI
indexing is done by permutation, but it keeps the option to choose k modes from Q number of modes

to carry out the energy efficiency.

5.2.1 Spectral Efficiency

MSI and SAI, these two indexing meet the requirements of Spectral Efficiency in higher
modulation similar to OFDM. This diminishes OFDM-IM inactive subcarrier’s symbol transmission
inadequacy shown in Table 4.16. Hence, it can be escalated to higher modulation order and still can

generate as much throughput as OFDM, unlike OFDM-IM.
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5.2.2 Energy Efficiency

The proposed system has the additional Mode Selection Indexing and inactivation of a subset
of subcarriers. These two concepts were laid in the design for the purpose of SE and EE correction.
Inactivation of a chunk subcarrier in a subblock bring down power consumption as shown in Figure
4.19. Meanwhile dividing the modulation scheme in several modes and indexing the symbols ac-
cordingly increases the transmission of data bits i.e., SE to be able to meet up the demand even in

higher modulation.

5.2.3 Resultant Constellation Pattern

In elaborate design of NMM-OFDM-IM 4.13, two Mapper of AM and PSK were used to
create n-Mode Constellation with the help of MSI indexing. This design was inspired by DM-
OFDM and OFDM-IQ-IM design benefits. OFDM-IQ-IM is the most expected system because of
the independent phase Subcarrier Activation Indexing. It gives the highest throughput at lowest
Modulation order. However, their separate Indexing of Subcarrier at in-phase and quadrature phase
brings two challenges. One of them is that the random placement of symbol in subcarriers results
in minimum energy saving in OFDM-IQ-IM according to 4.20. The other one is that the irregular

pattern of constellation which is also vulnerable to erroneous symbol detection in receiver 4.8.

Proposed NMM-OFDM-IM gives input to two simple Mappers like DM-OFDM and OFDM-
IQ-IM in-phase and quadrature phase mappers to recreate the simple constellation design. Eventu-
ally it forms n-Modes with the help of MSI by itself. This system saves maximum energy by opting
out the independent phase symbol travel with MS Index bits which are also less affected by errors

and creates simple, regular, multiple constellations.

5.2.4 Performance

Proposed NMM-OFDM-IM have better performance than conventional MM-OFDM-IM in
high Signal to Noise Ratio (SNR). It is possible beacuse most of the bits are transmitted as index

bits which are less affected by errors in the channel as modulated symbols.
Hence, the Energy Saving feature of the proposed system mostly beat other systems with

87



the adequate SE requirements of OFDM. It also follows classical constellation pattern. The BER of
NDM-OFDM-IM is better than BER of OFDM-IM and similar to MM-OFDM-IM.

5.3 Disadvantages

Novel Multi-Mode OFDM with Index Modulation (NMM-OFDM-IM) yields a lot of

advantages over conventional OFDM. However, it has few disadvantages too.

The condition for mode selection, Q > n interferes with the degree of freedom of the
subcarrier ratio combination. Though it restricts some of the subblock settings in lower modulation,
it eventually has no limit as the modulation order increases. The goal of high data rate transmission

is eventually achieved.

MSI also brings the possibility of getting more bit error in case of decoding wrong symbol.
On the other hand, SAI does not have any dependency on symbol detection rather than their position.
It has less chance of getting erroneous MSI bits since each subcarrier contains different mode with

the provided lookup table at receiver.

Since NMM-OFDM-IM has a null mode in the resultant constellation similar to OFDM- IM
due to subcarrier deactivation through Subcarrier Index Selector (SIS). This null mode has lower
inter-mode symbols in the constellation that resulted in a higher Bit Error Rate (BER) than OFDM-
IM for the lower Signal to Noise Ratio (SNR) region shown in figure 4.25. Hence, this energy saving
of inactive subcarriers could be used in expanding the constellation eventually to reach designated

BER for specific applications. This is the trade-off for NMM-OFDM-IM.

In short, NMM-OFDM-IM uses multi-mode modulation scheme with less active subcarriers
for the OFDM framework. This design not only allows Subcarrier Indexing for symbol positioning
but also creates Mode Indexing for each subcarrier. Hence, information bits are accompanied by
the index bits that results in maximum throughput, significant spectrum usage, significant energy

saving and better BER performance.
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5.4 Future work

The proposed NMM-OFDM-IM was developed and designed considering better system
characteristics and performance than conventional OFDM and other prominent Index Modulation
Variants of OFDM. There are several parts where future works can be done to improve the perfor-

mance and reduce the complexity.

Subblock Mode Constellation Design

Constellation design for independent mode modulation schemes in NMM-OFDM-IM is the
portion where most of the work can be done further. Though it is preferred to follow the tradi-
tional constellation pattern, two separate mappers in later brief design of NMM-OFDM-IM were
introduced in chapter4 to act like OFDM-IQ-IM with different media of additional index boosting.
This design can be done as per application, highlighting its targeted performance. Another work
can be done on these modulation schemes for better inter and intra Euclidean distance between the

constellation points corresponding to their modes.

MSI Design

Mode Selection Indexing on M-QAM constellation is the most unique feature in the pro-
posed system. This is also done in MM-OFDM-IM and Super-Mode OFDM with Index Modulation
(SuM-OFDM-IM) [52]. Each subcarrier has a different constellation mode for that system. In the
proposed system, different kinds of modes were created by having two different types of AM and
PSK Modulation similar to in phase and quadrature phase modulation of OFDM-IQ -IM in a specific
way described in chapter 3. It yields maximum index bits from OFDM-IM and DM-OFDM. This
mode design can be a focus of improvement to enhance performance and reduce the complexity of

detection at the receiver-end.

Detection Process

Maximum likelihood Detection is one of the best detection processes to get error free symbol

detection which was used in the proposed NMM-OFDM-IM. It considers all the possible realization
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for both symbols and positions of the symbol in subcarrier to detect the incoming bits. So, it raises
computational and detection complexity with longer processing time but the performance is much
better. This becomes a problem for very high modulation scheme. The computational complexity

becomes concern for latency.

Thus, Log-Likelihood Ratio (LLR) detection process can be implemented in this system to
resolve these matters. It first detects the index and then goes for symbol detection in the subblock

subcarriers which reduces the combined search complexity and time.

Subcarrier activation ratio optimization according to SE, EE, throughput

NMM-OFDM-IM can achieve maximum throughput, noteworthy SE , EE and BER perfor-
mance. Subcarrier activation Ratio (r=k/n) is the concept of activating subset of available subcarriers

[51].

(5.1)

S|

where r=Subcarrier activation Ratio, k=number of active subcarriersand n= subblock size

The design of subblock size and subcarrier activation ratio are crucial for this reason. It
can provide different throughput in different settings. This design can be optimized for expected

efficiency and performance for different applications as required in future.

BER

The system was designed based on all the papers in literature review and the performance
was crosschecked with the simulation of the system in MATLAB. It was compared with other ref-
erence papers for the confirmation of its efficiency and BER. Detection process is the most difficult
part of the proposed system. The focus of this work was system design and its key characteristics
as well as performance. In future, further research can be conducted on mathematical derivation of

BER and better BER performance by working on Mode Selection Design.
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