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 : ملخص

هذه المذكــرة، كنا مهتمين بتحليل و دراسة مدى كفاءة مختلف أ نظمة الكشف المس تخدمة في المخططات القائمة عموما   في

" نظام  تقنيةIMعلى  على  يعتمد  والذي  المس تخدمين  متعدد  نظام  دراسة  لى  ا  التطرق  تم   .".CDMA   مكافحة   بهدف

في   القناة  تردد  دمج  عالية  الالسرعة  ذات  تصالت  ال انتقائية  نقترح   ،IM    مثل حديثة  تقنيات  اقتراح  .GFDMمع   تم 

تيراهرتز لبيئة    في نطاق انتقائية تردد القناةمخطط جديد تم من خلاله تحسين الكفاءة و الذي يعتمد على اس تخدام    أ يضا

في   .In-VIVO طبية الجيد  التواصل  ضمان  مع  عالية  بيانات  معدلت  على  الحصول  المخطط  هذا  الطبية يتيح  الش بكة 

 الحديثة. 

 و تفتح أ بواب جديدة للبحث.  المحصل عليها جد مرضية العامة النتائج تعتبر

مفتاحية المخارجكلمات  و  المداخل  ذات  ال نظمة  ال دنى   المتعددة :  الحد  للتردد،  العمودي  التقس يم  الفهرسي،  التعديل   ،

 للخطأ . 

Résumé : 
 

Dans ce travail, nous nous sommes intéressés à l’analyse et à l’étude des performances des 

différentes architectures basées sur la modulation d’indice IM. Des structures permettant 

d’adresser le contexte multi-usagers sont d’intérêt, en adoptant des techniques à base de 

CDMA. Afin de combattre la sélectivité fréquentielle du canal dans les communications  à 

très haut débit, nous proposons de combiner les architectures conventionnelles de l’IM avec 

les techniques récentes d’orthogonalisation des sous-canaux telles que la GFDM. Egalement, 

comme contribution, nous avons proposé une architecture novatrice d’accès multiple IM 

évoluant dans un canal sélectif en fréquence dans la bande Terahertz d’un environnement 

médical In-VIVO. Ce schéma permet d’obtenir des débits élevés tout en assurant une bonne 

communication dans le réseau de médecine moderne. 
 

Mots clés: MIMO, Modulation d’indice IM, OFDM, GFDM, ZF. 

 

Abstract:  
 

In this thesis, we are interested in analyzing and studying the performance of the different 

architectures based on index modulation (IM). Extension architectures for a multi-user 

context are of interest, adopting CDMA-based techniques. 

In order to combat channel frequency selectivity in communications that have a very high  

data rate, we propose to combine conventional IM with GFDM. 

As a contribution, we propose an innovative scheme, based on multiple access IM, using a 

frequency selective channel in the Terahertz band in an In-VIVO environment. Very high data 

throughput can be offered while ensuring good communication in the modern medical 

network. The overall obtained results are considered satisfactory and open other interesting 

perspectives of research. 
 

Keywords: MIMO, Index Modulation, OFDM, GFDM, ZF. 
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Introduction

Wireless communications is, by any measure, the most rapidly growing sector of
the communications industry. As such, it has attracted the attention of the media and
the public. Over the last decade, cellular systems have grown exponentially and have
approximately two billion users worldwide. In fact, in most developing countries, cellular
phones have become an essential business tool and part of daily life, and are rapidly
displacing obsolete wireline systems in many homes, businesses, campuses and other
modern applications, including wireless sensor networks, automated factories, smart
homes and appliances, and remote telemedicine, which are emerging from research ideas
to tangible systems. Future generations of wireless communication systems demand
higher transmission data rates, which lead up to the use of larger bandwidths. However,
the bandwidth of a radio-frequency channel is a scarce and expensive resource. Hence,
enhanced resource management and improved transmission techniques are necessary to
meet the requirements of higher transmission rates.
Multiple-input multiple-output (MIMO) technology that uses multiple antennas at the
transmitter and/or receiver has been demonstrated to be very helpful for providing
high-data rate transmission [1], [2].
Multiple antennas can be utilized in order to accomplish a multiplexing gain, a diversity
gain, or an antenna gain, thus enhancing the bit rate, the error performance, or the
signal-to-noise-plus-interference ratio (SNIR) of wireless systems, respectively. The field
of multiple-antenna systems, has developed rapidly, since, an enormous amount of
papers were published every year.
Particularly, subjects such as transmitter and receiver structures, channel coding, MIMO
techniques for frequency-selective fading channels, diversity reception and space-time
coding architectures, beamforming techniques and cooperative diversity schemes, as
well as practical aspects influencing the performance of multiple-antenna systems are
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addressed. Compared to baseline single-antenna transmissions, MIMO communications
obtain higher data rates and improved error performance at the cost of:

• The need for counteracting the interchannel interference emanating from the
simultaneous transmission of many data streams from multiple antennas, increased
the signal processing complexity at the receiver;

• In order to exploit the benefits of space-time-coded and multi-user MIMO trans-
missions, more stringent synchronization among the transmit-antennas is required;

• An increased number of multiple RF chains at the transmitter is needed to be
able to simultaneously transmit many data streams.

Fueled by these considerations, index modulation (IM) has recently established itself
as a promising transmission concept. Compared to traditional communication, IM
exploits innovative ways to convey information, and considers as competitive candidates
for next-generation wireless networks due to the attractive advantages it offers in
terms of spectral and energy efficiency as well as hardware simplicity. IM uses the
indices of the building blocks of the corresponding communication systems to convey
additional information bits [3], thus, IM is a highly spectrum- and energy efficient yet
simple digital modulation technique. In contrast to traditional modulation schemes,
IM systems provide alternative ways to transmit information and have the ability to
map information bits by altering the on/off status of their transmission entities such as
transmit antennas, subcarriers, radio frequency (RF) mirrors, transmit light emitting
diodes (LEDs), relays, modulation types, time slots and spreading codes.
Spatial modulation (SM), which considers IM for the transmit antennas of a MIMO
system, has attracted tremendous attention over the past few years and introduced new
directions for the implementation of MIMO systems. SM have quickly shown their true
potential in terms of spectral and energy efficiency and, consequently, have been regarded
as possible candidates for next-generation small/large-scale and single/multiuser, full-
duplex (FD), cooperative and cognitive radio (CR) systems.

Thesis purpose

The main purpose of this thesis is to study the performance of different solutions
provided by SM techniques, that have been the object of hot topics in research. This step,
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based on the characteristics of the visited architectures, has allowed us to propose new
SM-MIMO scheme. In this context, it is worthy to recall that a tradeoff should be realized
between the BER performance, power dissipation, spectral efficiency and complexity of
the used schemes. Keeping this in mind, it is interesting to know what would be the
performance of SM in extremely critical conditions such as spatial correlations as well
as other channel impairments.
According to our knowledge no such study, under the specified scenarios, has been
carried out previously. The other novelty of this work is to propose a new multiuser
SM-OFDM-based scheme thus suitable for wireless communications over frequency
selective channels. We propose to embed the novel spatial modulation technique with
code division multiple access (CDMA) architecture in an OFDM framework to ensure a
viable communication in in-VIVO frequency selective Nano channels. The immunity
of our proposed solution to such an interference is confirmed. This hybrid scheme is
shown to efficiently combat the multiple channel-interference (MCI) while enabling a
safe retrieval of the useful signal at the very-high data rate communications.

Thesis outline

This thesis is organized as follows: The first chapter discusses the fundamentals of
wireless communications, spanning the different generations of mobile communications,
then the technical concepts pertaining to transmission in general and MIMO systems
in particular are presented, followed by summarizing of the main advantages brought
by these systems. The concepts behind multicarrier data transmission techniques and
channel environment were also illustrated.

The second chapter is dedicated to the description of the complete framework
of index modulation (IM) families where firstly the global SM-MIMO scheme is
introduced along with its advantages and disadvantages, and secondly the detection
and performance analysis aspects are visited, which obviously, are, a very important
aspect in any wireless communication system. The scheme of SM-MIMO introduced
in this chapter is extended to the frequency selective channel scenario, giving rise
to SM-OFDM alternative. Some concluding remarks are drawn after discussing the
simulation results.
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In the third chapter, new SM solutions in the presence of multiple users communi-
cating in frequency selective channels should be targeted. To fulfill such a need, a new
SM-based architectures incorporating OFDM and CDMA are proposed. In addition,
other SM-multicarrier transmission data techniques like (GFDM and OTFS) are also
presented. The performance of SM-OFDM architecture is studied over Nakagami-m
fading channel when using QAM modulation. In addition to the space correlation
encompassed in Nakagami model, the performance is also investigated in the presence
of a spatial correlation and the availability of only imperfect channel state information
(CSI). Included in the chapter also are some simulations results we run of this novel
architectures.
In the last chapter, after analyzing the performance of the most known SM-OFDM-
MIMO architectures, we propose a new multiple access scheme based on spatial mod-
ulation and code division multiple access in In-VIVO environment which meets the
requirements of future generations of health mobile networks. The targeted objective
is to address the realistic scenario of the dense deployment of numerous nano-sensors
within the human body, and propose a scheme combating the effect of path loss and
multiple access interference in THz frequencies while supporting a large number of
receive devices, maintaining the required quality of service (Qos) per device, and keeping
the hardware complexity as simple as possible. One major problem faced with the
deployment of this breakthrough technology, in addition to the very high path loss
and molecular absorption noise, is the resulting high level of multiuser interference.
As compared with classical designs, the robustness of the resulting architecture to the
multiple access and multipath fading interferences has been confirmed.
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Chapter 1: Fundamentals of Wireless Commu-
nication Systems

1.1 Introduction

Nowadays, wireless communication networks have invaded all the aspects of modern
life. A lot of applications illustrate the growth in the use of these technologies, among
them the introduction of the android operating system and the iPhone, the adoption of
ebook readers such as the iPad, and the social networking. Consequently, the demand
for high data-rate transmissions has increased significantly in these last years; leading
to new challenges in terms of cellular data traffic quality encompassing high data rates
and increased level of security, which have become a critical tools of everyday life.
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1.2 History of wireless communication systems

In this section, a brief overview of the history of wireless communication systems is
presented.

1. 1G: First Generation networks

The main technology of this first generation mobile system was involving
FDMA/FDD protocols and analog FM. AMPS was the first U.S. cellular telephone
system and was deployed in Chicago in 1983.

2. 2G: Second Generation networks

The difference between the first and second generations is the introduction of
digital modulation techniques using either the combination TDMA/FDD or
CDMA/FDD. The 2G systems introduced three popular TDMA and one popular
CDMA standards in the market. These are as follows:

• TDMA/FDD standards

– GSM : global system for mobile communication (GSM) standard was
the first digital mobile system utilizing the 900 MHz frequency band
that is introduced by Group Special Mobile [4]. In its early version,
the initial GSM had a particular amount of resources such as 200 KHz
radio channels, 8 full-rate or 16 half-rate TDMA channels per carrier,
encryption of speech, low speed data services and support for SMS for
which it gained a quick popularity.

– IS-136 : known also as North American digital cellular (NADC) system.
The objective of using this system was mainly to increase the capacity
over the earlier analog (AMPS) system by utilizing 3 full-rate TDMA
users over each 30 KHz channel.

– PDC : this technology aimed at improving the spectrum utilization and
was created as a counterpart of NADC system in Japan.

– CDMA/FDD Standard

IS-95 : the IS-95 standard, known as CDMA/One, uses 64 orthogonally
coded users and code-words are transmitted simultaneously on each of
the 1.25 MHz channels. This standard provides many services such as:
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short messaging service, slotted paging, over-the-air activation (meaning
the mobile can be activated by the service provider without any third
party intervention), enhanced mobile station identities etc.

3. 2.5G mobile networks

2.5G standard is developed to support modern internet applications, thereby
making 2G standards more advanced and compatible with the requirements of
increased data rates. The most used services in this standard are:

• Supporting higher data rate transmission for web browsing;

• Supporting e-mail traffic;

• Enabling location-based mobile service.

The main technologies relying on 2.5G systems were: wireless application protocol
(WAP), general packet radio service (GPRS), high speed circuit switched data
(HSCSD), enhanced data rates for GSM evolution (EDGE) etc.

4. 3G: Third Generation networks

3G networks were developed to obtain more data rates and high speed for internet
and video access. Based on IMT-2000 proposal launched by international telecom-
munication union (ITU), a set of technical requirements were defined in 1997 [5],
and can be summarized as:

• High data rates: 144 kbps in all environments and 2 Mbps in low-mobility
and indoor environments,

• Symmetrical and asymmetrical data transmission,

• Circuit-switched and packet-switched-based services,

• Speech quality comparable to wire-line quality,

• Improved spectral efficiency,

• Several simultaneous services to end users for multimedia services,

• Global roaming,

• Open architecture for the rapid introduction of new services and technology.
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Universal mobile telecommunications system (UMTS), based on WCDMA and
operating at 2.1GHz [6], was defined by the third Partnership Project (3GPP)
organization and it is considered as the most popular technology in third generation
standard.

5. 4G: Fourth Generation networks

A massive increase in users’ mobile number has led researchers and industries
to explore the next generation of mobile wireless technology. Thus, high speed,
high quality, high capacity and low cost services were the main objectives of
4G technology. 4G, for example, is an all internet protocol (IP) based network
for voice, multimedia and internet with the ability of providing high-speed data
rates up to 1 Gbits/s in the downlink and 500 Mbits/s in the uplink. It improves
the spectral efficiency and reduces the latency, meeting the requirements set by
advanced applications like digital video broadcasting (DVB), high definition TV
content and video chat. Moreover, through automatic roaming across geographic
boundaries of wireless networks, 4G enables mobile terminal to provide wireless
services at anytime and anywhere. Long term evolution-advanced (LTE-A) and
wireless interoperability for microwave access (WiMAX) are considered as 4G
standards [7]. LTE integrates existing and new technologies such as coordinated
multiple transmission/reception (CoMP), multiple-input multiple-output (MIMO),
and orthogonal frequency division multiplexing (OFDM).

6. 5G: Fifth Generation networks

Compared to the current 4G mobile networks, 5G networks are expected to
support an enormous system capacity, much less latency, and about 1000 times
more devices per squared kilometer, among other specifications. To satisfy these
requirements, several new technologies have been suggested and are being de-
veloped for 5G networks and beyond. These technologies include but are not
limited to: massive MIMO, software-defined networking, mm-Wave, cloud radio
access network (cloud-RAN), non-orthogonal multiple access, machine to machine
(M2M) communications, mobile edge computing, wireless caching, ultra-dense
networks, and full-duplex communications.

7. 6G: Sixth Generation networks

Currently, 5G is entering the commercial deployment phase, the researchers of
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the worldwide have begun to pay attention to 6G, which is considered to be
deployed approximately in 2030. One of the expectations of 6G is to improve the
performance of information transmission peak data rates up to 1 Tbps and ensure
ultra-low latency in microseconds. It features terahertz frequency communications
and spatial multiplexing, providing as much as 1000 times higher capacity than
5G networks. The aim of 6G is to achieve ubiquitous connectivity by emerging
satellite communication networks and underwater communications to provide
global coverage [8]. The system energy efficiency is improved by the utilization of
new materials and energy harvesting technologies, which realize sustainable green
networks. Fig. 1.1 illustrates the evolution of mobile networks, elaborating key
features of each mobile network generation. Envisaged 6G requirements, vision,
enablers, and applications are also highlighted to formulate an overview of the
present understanding of 6G.

Figure 1.1 — An overview from 1G to 6G [9].

1.2.1 Why is there a need for 5G and beyond communica-

tions?

Fifth generation standard is expected to provide a very high transmitting data traffic
and to remove some limitations encompassed in the generations mentioned above. The
following are the requirements summarizing the major differences between 5G and other
generations [10]:

• More possible interoperability and compatibility between the current global
operators and their equipements.
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• The utilization of sophisticated, innovative and improved data coding and modu-
lation techniques, within the schemes.

• Feasible use of millimeter wave frequencies.

• One common used platform to make 5G standard more practical for all sorts of
radio access technologies.

• Large area coverage with an increased throughput at cell edge.

• Multiple concurrent data transfer paths.

• Possible data rates in mobility up to 1 Gbps and higher.

• More robust; better cognitive radio security.

• Higher system level spectral efficiency.

• World wide wireless web (WWWW), wireless-based web applications that include
full multimedia capability beyond 4G speeds.

• More developed applications combined with artificial intelligence (AI) provided
by artificial sensors.

1.2.2 5G spectrum and mm-wave Band

In order to reach the Gbps level data rates, the operators need to a aggregate licensed
and unlicensed spectrum (via license-assisted access). Indeed, the spectral range 5.15-
5.925 GHz (band number 46 B46) is designed to achieve that purpose [11], and for the
frequency bands below 6 GHz, 5G has a maximum and limited bandwidth of 100 MHz.
Note that large bandwidth can provide an increased data rate, but lower bandwidths
can also deliver 5G services. Moreover, the citizens broadband radio service (CBRS)
spectrum is utilized as another option besides traditional licensed and unlicensed (5-5.9,
64-71 GHz) spectrum usage. The CBRS spectrum range is 3.55-3.7 GHz (totaling 150
MHz of bandwidth) and is governed by a three-tiered spectrum authorization framework
to serve users on a shared basis with incumbent federal and non-federal users of this
band. A summary of the issues that need to be considered in using 5G frequency bands
is given in Fig. 1.2.
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Figure 1.2 — 5G frequency band considerations.

Furthermore, the availability of paired spectrum to support FDD is minimal in
this new frequency bands, hence, the industry is constrained to focus more on TDD
deployments, and we do not only expect the bandwidth availability to vary across
the low (<1 GHz), medium (<6 GHz), and high (>6 GHz) frequency bands, but we
should also expect the duplex method to also vary. In the aim to provide high-speed
5G applications (approximately 1Gbps), some operators adopt fixed wireless access, in
place of cable/fiber deployments as initial 5G schemes, in mm-Wave bands instead of/in
addition to mobile broadband services. This approach will help develop a mm-wave-based
ecosystem that will enable 5G technologies, which in their turn, allow the operation
of battery operated devices. Some of the new frequency bands being considered in 5G
new radio (NR) categorized by region is given in Table 1.1. Operators and equipment
manufacturers are faced with various options to identify spectrum (re-farm, acquire new,
partner, etc.). We see reasonable convergence (toward global harmonization) around
the 3-4 GHz frequency bands around the world and, at the moment, less so in the USA.

Region Freq.band
(<6GHz)

<6GHz
bandwidth

Freq.band
(>6GHz)

>6GHz
bandwidth

Europe 3.4-3.8 400MHz 24.25-27.35 3.1GHz
China 3.3-3.6 300MHz
Japan 3.6-4.2 800MHz 27.5-29.5 2GHZ
Korea 3.4-3.7 300MHz 26.5-29.5 3GHz
United States 3.55-3.7 150MHz 27.5-28.35 0.85GHz

Table 1.1 — New 5G frequency bands [12]
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1.2.3 Six requirements and key performance measures for 6G

The array of modern applications we expect to see by 2030 and beyond will lead
to the new requirements that need to be reached by 6G. The 5G key performance
indicators (KPIs) will continue to be important measures for 6G performance, the
KPI are: data throughput, capacity, latency, reliability, scale and flexibility. Some new
features are also important for 6G. We group the requirements for 6G into six categories
in figure. 1.3, among which three are similar to the KPIs of 5G and three are new:

• Sensing using communication network and localization will be important features of
6G. Precision and accuracy are considered as the most corresponding performance
measures for localization and sensing, respectively. The centimeter level precision
is assumed to be reached. On the other hand, object sensing accuracy can be
measured in terms of missed detection (MD) and false alarm (FA) probabilities
and parameter estimation errors.

• The network will be engineered with distributed artificial intelligence/machine
learning (AI/ML) techniques embedded in various nodes, and the speed at which
they adapt to new conditions in the network is an important measure. Network
automation will be the norm, thus how close a network is to complete automation
with zero manual intervention will be another criterion.

• Finally, a major revolution in the end device in the time-frame of 6G is expected.
Hence, we introduce few characteristics under the device category to sort out the
essential transitions that we target. First, we believe that the end device will be
developed in many scenarios to become a network of devices or a sub-network.

1.2.4 6G enabling applications:

Five application scenarios are envisaged to be supported by 6G communications:
enhanced mobile broadband plus (eMBB-Plus), big communications (BigCom), secure
ultra-reliable low-latency communications (SURLLC), three-dimensional integrated
communications (3D-InteCom), unconventional data communications (UCDC). These
application scenarios are illustrated in Fig. 1.4.
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Figure 1.3 — Key requirements and characteristics of 6G [13].

The eMBB-Plus in 6G is the successor of the eMBB in 5G, serving the conventional
mobile communications with much higher requirements and standards. In fact, the
eMBB-Plus is expected to be more capable of optimizing the cellular networks in terms
of interference, hand-over, as well as big data transmission and processing. Additional

Figure 1.4 — Five application scenarios supported by 6G communications [14].

services will also be furnished to subscribers at a reasonable expense, e.g., accurate
indoor positioning and globally compatible connection among diverse mobile operating
networks. Note that, special attention to security, secrecy, and privacy must be paid to
the eMBB-Plus communication services. Different from 5G which focuses on extremely
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good communication services in densely and populated areas but to some extent neglects
the service in remote surfaces, the BigCom in 6G takes into consideration the service
fairness between dense and remote areas. Nevertheless, the BigCom does not intend to
provide the best performance in both areas, but it should maintain a good resource
balance to be more feasible. Hence, the BigCom ensures to keep an acceptable data
service to cover the area that must be large enough, wherever the communication
subscribers are living or moving to. The mMTC in 5G is combined with URLLC to
form the SURLLC in 6G, but with higher requirements of reliability (higher than
99.9999999 %), and latency (less than 0.1 ms) [15], , as well as an additional demand on
security. The SURLLC has many functionnalities, it serves the industrial and military
communications, e.g., a variety of robots, high-precision machine equipments, vehicular
communications, and transmission systems in the 6G era.

Features 1G 2G 3G 4G 5G 6G
Period 1980-1990 1990-2000 2000-2010 2010-2020 2020-2030 2030-2040
Maximum
rate

2.4 kbps 144 kbps 2 Mbps 1 Gbps 35.46
Gbps

100 Gbps

Maximum
frequency

894 MHz 1900 MHz 2100 MHz 6 GHZ 90 GHz 10 THz

Service level Voice Text Picture Video 3D
VR/AR

Tactile

Standards MTS,
AMPS,
IMTS,
PTT

GSM,
IS-95,
CDMA,
EDGE

UMTS,
WCDMA,
IMT2000,
CDMA2000,
TD-
SCDMA

WIMAX,
LTE,
LTE-A

5G NR,
WWWW

-

Multiplexing FDMA FDMA-
TDMA

CDMA OFDMA OFDMA Smart
OFDMA
plus IM

Architecture SISO SISO SISO MIMO Massive
MIMO

Intelligent
surface

Core net-
work

PSTN PSTN Packet
N/W

Internet Internet
/IoT

IoE

Highlight Mobility Digitization Internet Real-time
streaming

Extremely
high rate

Security-
secrecy-
privacy

Table 1.2 — Detailed comparisons from 1G to 6G communications [14]

Satellite UAV, and underwater communications can be examples of the three-



Chapter 1: Fundamentals of Wireless Communication Systems 31

dimensional scenario, planning and optimization, which can be supported by the
SURLLC. Accordingly, the analytical framework constructed for two-dimensional wire-
less communications stemmed from stochastic geometry and graph theory needs to
be updated in the era of 6G [16]. Considering the node height also enables the imple-
mentation of elevation beamforming with full-dimensional MIMO architectures, which
provides another direction for network optimization [17]. We give detailed comparisons
from 1G to 6G communications in the table. 1.2.

1.3 The wireless channel: propagation and limita-

tions

1.3.1 Radio propagation

The performance of wireless communication systems is mostly dominated by the
wireless channel propagation. The wired channel is usually static and predictable; in
contrast, the wireless channel is rather dynamic and unpredictable, which makes a
precise analysis of the wireless communication system more difficult. In last few years,
with the rapid growth of mobile communication and emerging broadband internet
access services, the optimization of the performance of the wireless communication
systems has become crucial and indispensable. Indeed, the understanding of wireless
channels will conduct the foundation for the development of high performance and
bandwidth-efficient wireless transmission technology. Radio propagation refers typically
to the behavior of radio waves when they are propagated from the transmitter to the
receiver side, and affected by three different modes of physical phenomena: reflection,
diffraction, and scattering [16, 18].

• Reflection occurs when a propagating electromagnetic wave impinges upon an
object with very large dimensions compared to the wavelength, for example,
surface of the earth and building. The transmit signal power is constrained to be
reflected back to its origin rather than being passed all the way along the path to
the receiver.

• Diffraction occurs when the radio path between the transmitter and the receiver
is obstructed by a surface with sharp irregularities or small openings. It appears
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as a bending of waves around the small obstacles and spreading out of waves past
small openings. Moreover, when a line-of-sight path is not present, the secondary
waves generated by diffraction established a path between the transmitter and
receiver.

• Scattering forces the radiation of an electromagnetic wave to deviate from a
straight path with small dimensions compared to the wavelength, induced by one
or more local obstacles such as foliage, street signs, and lamp posts, which are
referred to as the scatters.
Furthermore, the propagation of a radio wave is complicated when affected by
the three physical phenomenas, which intensity varies with different environments
at different instances.

1.3.2 Limitations of wireless communication

1. Fading and interference:

In wireless communication, there are two fundamental aspects that limit their
performances. First is the phenomenon of fading: the time variation of the channel
strengths due to the small-scale effect of multipath fading, as well as larger-scale
effects such as path loss via distance-dependent attenuation and shadowing by
obstacles. Second, the significant interference that can be generated since wireless
users communicate over the air, it can be between transmitters communicating
with a common receiver (e.g., uplink of a cellular system), between signals from a
single transmitter to multiple receivers (e.g., downlink of a cellular system), or
between different transmitter-receiver pairs (e.g., interference between users in
different cells). Figure. 1.5 classifies the types of fading channels. As mentioned
above, the fading phenomenon can be broadly classified into two different types:
large-scale fading and small-scale fading.

• Large-scale fading: occurs as the mobile moves through a large distance,
for example, a distance of the order of the cell size [16]. It is caused by
path loss of the signal as a function of distance and shadowing by large
objects such as buildings, intervening terrains, and vegetation. In other words,
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large-scale fading is characterized by average path loss and shadowing.

• small-scale fading: refers to the rapid variation of signal levels due to the
constructive and destructive interference of multiple signal paths (multi-
paths) when the mobile station moves short distances. Depending on the
relative extent of a multipath phenomenon, frequency selectivity of a channel
is evaluated (e.g., by frequency-selective or frequency flat) in small-scaling
fading. Similarly, depending on the time variation in a channel due to the
mobile device speed (characterized by the Doppler spread), short-term fading
can be classified as either fast or slow.

Figure 1.5 — Classification of fading channels.

2. Path-loss attenuation:
The radio wave propagation losses taking place on a signal’s path from the
transmitter to the receiver, this phenomenon is called: path-loss or large-scale
fading. The radio link’s path-loss value is considered as one of the most important
input parameters for a design of any radio communication architecture. Path-loss
includes the propagation losses caused by the natural expansion of the radio wave
front in free space path-loss includes the propagation losses caused by the natural
expansion of the radio wave front in free space (which usually takes the shape of
an ever-increasing sphere), absorption losses (sometimes called penetration losses),
diffraction losses when part of the radio wave front is obstructed by an opaque
obstacle, and losses caused by other phenomena as described in Fig. 1.6.
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Figure 1.6 — Multipath propagation in a terrestrial mobile radio environment.

The path-loss attenuation between the transmitter and the receiver separated by
a distance d is modeled as follows [19, 20]:

PL = A+ 10ζlog10 (d/d0) + ξ [dB] (1.1)

where A is the free space loss measured at a reference distance d0 and is given by:
A = 20log10(4πd0/λ), and λ is the wavelength. The quantity ζ is a function of
the environment between the transmitter and the receiver. ξ is the log normal
shadowing variable and is utilized in practice for the design and analysis of the
system as a tool to provide the received powers [20, 21].

1.3.3 Small-scale propagation models

Small-scale fading models describe the rapid fluctuation of the amplitude of the
transmitted signal, which is caused by the interference between more than one copy
of the transmitted signal, arriving at slightly different times. These copies are called
multipath components. Multipath is caused by the presence of reflectors, for example
the ground and surrounding structures, and has several effects on small scale MIMO
systems [22]:

• Rapid changes in the signal strength.

• Random frequency modulation.
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• Time dispersion.

Small-scale fading models are influenced by many factors including,

• Multipath propagation: the multipath components are summed constructively
and destructively at the receiver, and because of that, the received signal might
get distorted or fade.

• Speed of the mobile: the relative motion between the transmitter and the
receiver causes a shift in frequency to each multipath wave. This shift in frequency
is called Doppler shift.

• Speed of surrounding objects: the speed of the surrounding objects can vary
the Doppler shift in time.

• The transmission bandwidth of the signal: as it will be shown later, the
bandwidth of the transmitted signal determines if the signal is subject to fast or
slow, flat or frequency selective fading.

1.3.4 Parameters of small-scale propagation models

Small-scale propagation models have several parameters. Two of them are needed to
determine the type of small scale fading:

• Doppler shift: the movement of the transmitter or receiver nodes results in a
change in the frequency of the received signal. This change is given by,

fD = υ

λ
cosφ (1.2)

where υ is the velocity of the moving node, φ is the angle between the signal and
the direction of moving node, λ = c

fc
is the wavelength where c is the speed of

light, and fc is the carrier frequency.

• Coherence time: the coherence time is the time during which the channel
impulse response can be considered static, and it is the time domain dual of
Doppler spread. Its expression is given by:
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Tc = 1
fDmax

(1.3)

where fDmax = υ

λ
is the maximum Doppler shift.

• Coherence bandwidth: it is the range of frequencies over which the channel
frequency response can be considered static.

1.3.5 Types of small-scale propagation models

Fading channels can be classified, based on their multipath time delay into flat
and frequency selective, and based on Doppler spread into slow and fast. These two
phenomena are independent and result in the following fading types [18]:

• Slow fading: a channel is classified as slow fading when the coherence time is
larger than the symbol period, and the channel impulse response changes at a rate
much slower than the transmitted baseband signal, which means that the channel
can be considered static during the symbol period. In the frequency domain, this
implies that the Doppler spread of the channel is much less than the bandwidth
of the baseband signal.

• Fast fading: in a fast fading channel, the coherence time is smaller than the
symbol period of the transmitted signal. In this case the channel varies within
the symbol period. This causes frequency dispersion (also called time selective
fading) due to Doppler spreading, which leads to signal distortion. Viewed in the
frequency domain, signal distortion due to fast fading increases with increasing
Doppler spread relative to the bandwidth of the transmitted signal. Figure 1.7
shows a tree of the two different types of fading.

Figure 1.7 — Classification of small scale fading based on Doppler spread.
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• Flat fading: if the mobile radio channel has a constant gain and linear phase
response over a bandwidth (coherence bandwidth) which is greater than the
bandwidth of the transmitted signal, then the received signal will undergo flat
fading. This type of fading is the most common type of fading. In flat fading, the
multipath structure of the channel is such that the spectral characteristics of the
transmitted signal are preserved at the receiver.

• Frequency selective fading: frequency selective fading is created when the
channel possesses a constant-gain and a linear phase response over a bandwidth
that is smaller than the bandwidth of transmitted signal. Under such conditions,
the channel impulse response has a multipath delay spread which is greater than
the reciprocal bandwidth of the transmitted message waveform. When this occurs,
the received signal includes multiple versions of the transmitted waveform which
are attenuated (faded) and delayed in time, and hence the received signal is
distorted. Frequency selective fading is due to time dispersion of the transmitted
symbols within the channel. Thus the channel induces intersymbol interference
(ISI). Frequency selective fading channels are much more difficult to model than
flat fading channels since each multipath component must be modeled and the
channel must be considered to be a linear filter. Figure 1.8 summarizes the two
different types of fading.

Figure 1.8 — Classification of small scale fading based on time delay spread.

On the other hand, when a channel is specified as experiencing a fast or slow fading, it
does not specify whether the channel is flat fading or frequency selective in nature. Fast
fading only deals with the rate of change of the channel due to motion. The relation
between the various multipath parameters and the type of fading experienced by the
signal are summarized in figure 1.9.
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Figure 1.9 — Summarize of the types of fading experienced by the signal.

For the rest of this thesis, we consider slow flat fading MIMO channels, unless
mentioned otherwise, such as in chapter (chapter IV).

1.3.6 Slow Flat Fading MIMO Systems

Depending on the nature of the propagation environment, there are different models
to describe the behaviour of the MIMO channel.

• Rayleigh Fading: the Rayleigh distribution is often used to model non-line of
sight (NLoS) channels, where the received signal is visualised as a sum of inde-
pendent vectors with uniformly distributed phases [23, 24]. Therefore, the entries
of the transfer function H are modelled as complex, identical and independently
distributed (i.i.d.) Gaussian random variables with zero mean and unit variance
σ2
h. In fact, the name Rayleigh fading comes from the distribution of the envelope
η = |h(n)|, which is a Rayleigh distribution:

fη(η) = 2η
σ2
h

exp
(
−η
σ2
h

)
, η ≥ 0 (1.4)

• Rician Fading: the channel amplitude gain is characterized by a Rician distri-
bution and exhibited Rician fading if a LOS (line-of-sight) path exists between
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the transmit and receive antennas. The Rician fading MIMO channel matrix can
be modeled as the sum of the fixed LOS matrix and a Rayleigh fading channel
matrix as follows [25]:

HRician =
√

K

1 +K
H̄ +

√
1

1 +K
H (1.5)

where
√

K

1 +K
H̄ is the LOS component,

√
1

1 +K
H is the fading component, and

K is the Rician K-factor, which is defined as the ratio of the LOS and the scatter
power components and H̄ is a matrix with all elements being one.

• Nakagami-m Fading: Nakagami-m distribution is widely used to describe
channels with severe to moderate fading [26]. The main justifications for the use
of the Nakagami-m model lie in its appropriateness in fitting the empirical fading
data, and in well reproducing the channel when maximum ratio combining (MRC)
is used at the receiver [27].

The few research works addressing the performance of SM-based systems adopt
Rayleigh distribution for the channel fading. However, Rayleigh distribution fails
to fit the channel behavior over long distances and high frequencies, Nakagami then
suggested a parametric gamma distribution-based density function, to describe the
experimental data he obtained. Later, it was also shown by different researchers
that real-life data was best fitted by the model provided by Nakagami. Basically,
Rayleigh distribution is sufficient to model amplitude in urban areas, whereas,
Rician distribution suits better sub-urban areas where LOS components exist. By
contrast, Nakagami-m distribution is a generalized case which includes different
distribution cases. From [28], the envelope of the Nakagami-m fading channel is
shown to be distributed according to the law:

f|ωl|(x) = 2
Γ(ml)

(ml

Ωl

)mlx2ml−1exp(−ml

Ωl

x2) l = {1, 2, ..., L} (1.6)

where L is the number of paths, Γ(· ) is the gamma function defined as Γ(m) =´∞
0 xm−1exdx. The parameter m ≥ 1

2 verifies the relation and indicates the fading
severity, while Ωl = ε{|ωl|2} designates the mean-square value of the lth path
signal and ωl represents the multipath gain. A variety of fading conditions are
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generated by varying the fading or Nakagami scale parameter ml. For critical
cases which are represented in Fig. 1.10, we have:

? ml = 1
2 represents one sided Gaussian channel with PDF f|ωl|(x) =√

2
πΩl

exp(− x2

2Ωl
).

? ml = 1 describes equivalent Rayleigh fading channel with PDF f|ωl|(x) =
2x
Ωl
exp−x

2

Ωl
, there is no single line-of-sight path for this distribution, it can

cause severe distortion or fading.

? m = 1.5, in this case, a LOS path exists, the fluctuations of the signal
strength are reduced compared to Rayleigh fading; hence, Nakagami tends
to Rician distribution.

? For ml = ∞, the Nakagami-m fading channel converges to a non fading
AWGN with a PDF f|ωl|(x) = δ(x− Ωl).
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Figure 1.10 — Nakagami-m distribution.

1.4 MIMO communication systems

According to the number of transmit antennas (Tx) and the number of receive
antennas (Rx), wireless systems can be classified as single input single output (SISO),
single input multiple output (SIMO), multiple input single output (MISO) and multiple
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input multiple output (MIMO) systems, where the input and output are with respect
to the wireless channel coefficients between the transmitter and the receiver as shown
in figure 1.11.

The advantages of employing multiple antennas include:

• Array gain: to achieve more effective gain, the copies of the signals received by
more than one antenna can be combined coherently using methods such as MRC
and equal gain combining (EGC) [29].

Figure 1.11 — Illustration of transmitters/receivers with different antenna configu-
rations [30].

• Diversity gain: the channel fading is combated, and the signals can be transmit-
ted and/or received with diversity when using multiple transmit and/or multiple
receive antennas, in contrast, in SISO system and without redundancy, the signals
suffer from a deep fading rendering the detection difficult.

• Capacity gain: an increase in data rate can be achieved in MIMO transmission
techniques by emitting multiple data streams from different antennas. The achieved
gain is called spatial multiplexing (SMX) and depends on the number of transmit
and receive antennas.

• Beamforming gain: transmitting the signals from different angles and combin-
ing them at the receiver may create a differentiation in gains for those signals. A
beam directed to the receiver along the intended transmitter while suppressing
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interference from the other directions can increase the antenna gain and is known
as beamforming [31].

Because of the aforementioned provided advantages, the researchers have actively
studied MIMO technology, both in theory and in implementation [32].

1.5 MIMO techniques

MIMO systems can be classified as co-located MIMO or distributed MIMO systems,
as summarized in figure 1.12.

Figure 1.12 — Classification of MIMO systems.

1. Co-located MIMO systems: when the multiple antennas are located at the
same transmitter or receiver nodes, the scheme is referred as a co-located MIMO
system. This latter may be adopted for different purposes which are listed below.
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• Diversity techniques: in MIMO-based scheme, the diversity occurs when
creating independent fading copies of the same transmitted signal in time,
frequency, or spatial domains and both at the transmitter and the receiver
sides.

MIMO diversity techniques can be categorized into:

? Transmit diversity : transmit diversity is achieved by transmitting
copies of the same data symbol over multiple antennas. Alamouti scheme
uses this category and is widely adopted [33].

? Receiver diversity : receiver diversity is attained by having multiple
antennas at the receiver while exploiting techniques such as MRC [34],
EGC [35].

? Time diversity: time diversity can be achieved by transmitting the
same data symbol multiple times, or by adding redundant bits to the
original data bits where they are transmitted at different time instances
[36].

? Frequency diversity : frequency diversity can be reached by emitting
the same data symbol at sufficiently separated transmit frequency bands
[37].

? Space time coding (STC): STC systems diversity is achieved by
transmitting the same data from different transmit antennas and different
time instances. Typical examples are STBC in [38], STTC in [39], and
Quasi Orthogonal STBC [40].

• Spatial multiplexing techniques (SMX): the source data sequence is
divided into a number of blocks equal to the number of transmit antennas,
then transmitting these blocks simultaneously from all antennas using the
same carrier frequency. Therefore, the spectral efficiency increases with the
increase of the number of transmit antennas. An example of SMX decoders
is V-BLAST architecture [41].

• Multiple access techniques: multiple access techniques occurs when mul-
tiple antennas share the same limited resources efficiently, which means that
there is not only a single user for the available bandwidth [42]. Examples of
multiple access techniques are: TDMA, FDMA and CDMA.
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• Beamforming techniques: combining the signals from different antenna
elements to form a beam which is directed to a specified direction is called
beamforming technique [31].

• Space modulation techniques: in this technique, in addition to the emit-
ted symbol, another source of information is also transmitted, which can be
the spatial position of the transmitted antenna, and consider that only one
transmit antenna is active at each time instant, hence, the spectral efficiency
is increased. Examples of space modulation techniques are, spatial modula-
tion (SM) which was first introduced in [43], and which will be described in
more details in our thesis, space shift keying (SSK) in [44].

• Multifunctional MIMO techniques: combining different MIMO schemes
to enhance the system performance is known as multifunctional MIMO
techniques. An example of that, is the hybrid space time block coding spatial
modulation (STBC-SM) scheme, which results from combing SM with STBC
to achieve spatial and diversity gains [45] and the details are given in chapter
III.

2. Distributed MIMO techniques: referred to as cooperative MIMO, the idea
goes back to 1971, when Van de Meulen introduced the classic relay channel [46],
and the characterization of the relay channel was visited by Cover and El Gamal
[47]. Since then, distributed MIMO has captured much attention [48]. In this
technique, the multiple antennas at the front end of the wireless network are
distributed among widely separated radio nodes, where each node has only one
antenna. As a result, the information is sent to the receiver from different nodes
at different locations [48].

1.5.1 Massive MIMO

The term "massive" is used to denote the large number of antenna elements that
are used in MIMO architecture. The MIMO system can be considered massive when
the number of antennas is greater than 64 elements [49]. Multiple antennas afford
two options: first is to provide an array gain by focusing energy in desired directions
and nulling in unwanted signal directions (forming a beam). Second, is to provide a
spatial multiplexing gain by sending independent data streams on each antenna. Either
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technique can be used to increase the overall user or system data rate. The second option
is shown in Fig. 1.13 [49]. In first option, when using massive MIMO for beamforming;

Figure 1.13 — Massive MIMO examples: spatial multiplexing.

the antenna arrays can be arranged and stacked in either linear, rectangular, or circular
arrays. Massive MIMO will be deployed for 4G and 5G; in fact, high-frequency bands
lead to more compact, large-scale antenna arrays due to the smaller wavelength. It can
be also deployed in FDD or TDD duplex methods. When beamforming is considered in
massive MIMO architecture, the array gain can be used in a variety of ways: first, to
extend the coverage area, then, to reduce the transmit power of devices on the uplink
(UL), to improve signal-to-interference-plus-noise ratio (SINR), hence improving the
user throughput, and finally, to reduce the transmit power on the downlink (DL), thus
improving the overall power efficiency. The number of antenna elements needed depends
on the following items:

• Array gain (coverage area, power relief, etc.)

• Multiplexing layers needed

• Multi-users expected to be serviced

• Frequency band used (form factor, etc.)

• Signal processing complexity (CSI estimation, analog vs. digital domain, etc.)

• System performance gains (SINR, capacity, data rate, etc.).

The significant reduction in channel variation is one of the most important benefits
of using multiple antenna techniques, for either transmitting or receiving, which is
essential in combating multipath fading channel.
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1.6 Multicarrier modulation techniques for data

transmission

1.6.1 Orthogonal frequency division multiple access (OFDM)

OFDM is a multi-carrier modulation (MCM) technique, in which multiple carriers
are used to modulate the information signals. It is used for high data rate transmission
and is able to remove inter-symbol interference (ISI) and inter-channel interference
(ICI) effects. The available transmission bandwidth is sub-divided into orthogonal and
overlapping narrowband sub-channels. For this, the data streams are transmitted in
parallel over multiple subcarriers where the peak of one sub-carrier occurs at the zero of
the other sub-carriers, when using iFFT formula. Figure 1.14 illustrates this principle,
where, 1/NTs is the sub-carrier spacing.

Figure 1.14 — Frequency Spectrum for 5 Orthogonal Subcarriers [50].

System design

The general block diagram of an OFDM transceiver is shown in Fig. 1.15. The digital
data is first modulated, and then the symbols are parallelized and converted from
the frequency to time domains. Afterwards, the resultant signals are emitted over the
wireless channel after an addition of an appropriate cyclic prefix (CP). At the receiver
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side, the cyclic prefix is first removed, and the FFT is applied in the second stage.
Subsequently, the output signals are transformed from parallel to serial transmission
and are finally demodulated to retrieve our original data streams.

Figure 1.15 — OFDM Transmitter-Receiver Model.

OFDM transmission over time varying channels

1. Addition of Guard Band:

The delay spread of multipath channel causes ISI in OFDM symbols. To remove
ISI entirely, a guard band interval with no signal transmission can be used. The
guard interval can be used in two ways, either by resorting to zero padding (ZP)
or cyclic extension. Cyclic extension itself can be extended in two ways: cyclic
prefix (CP) or cyclic suffix (CS).

• Cyclic prefix: the cyclic prefix introduces the use of a guard time which
allows reducing the interchannel interference (ICI) caused by the dispersive
channel. CP principle depicts the copying of the tail part of the OFDM
symbol to the front of the block to obtain a new OFDM symbol cyclically
extended as presented in Fig. 1.16 . CP has three benefits:

– First, it acts as a guard space between sequential OFDM symbols, and
helps to avoid inter-symbol-interference (ISI);

– Second, it allows ensuring the orthogonality between the sub-carriers;
hence avoiding inter-carrier-interference.

– It facilitates the equalization mechanism by creating a circular matrix.

• Cyclic suffix: cyclic suffix is the opposite case of cyclic prefix; it consists in
removing the upper portion of the OFDM symbol and copying it to the tail
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Figure 1.16 — Cyclic prefix principle.

part of the block as we can see in Fig. 1.17

Figure 1.17 — Cyclic suffix principle.

• Zero padding: in zero padding (ZP) top and bottom portion of the trans-
mitted symbols are filled with zeros as shown in Fig. 1.18.

Figure 1.18 — Zero padding principle.

Advantages of OFDM systems

OFDM-based system holds the following benefits:
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• Saving of bandwidth: in OFDM system, the sub-carriers overlap each other by
exploiting the orthogonality features at sampling time instants, which allows to
more efficiently use the bandwidth compared to frequency division multiplexing
(FDM), as shown in Fig. 1.19.

Figure 1.19 — Comparison of conventional and orthogonal multi-carrier techniques.

• Facility to implement modulation and demodulation:

The concept of "Data transmission" can be efficiently implemented using iFFT
and FFT instead of bank of modulators at the transmitter side and demodulators
at the receiver side, respectively which, is a challenging problem in multicarrier
modulation (MCM) system.

• Susceptibility to frequency selective fading:

OFDM converts a frequency selective fading channel into several flat fading
channels.

• Protection against ISI:

The use of cyclic prefix between consecutive OFDM symbols renders the signal
immune to ISI.

• Facility of channel equalization:

Equalization is the process of measuring the channel response and using this
information to correct the received signal. The insertion of cyclic prefix facilitates
the channel equalization.
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Major problems of OFDM systems

Despite several advantages, OFDM systems have some major problems such as:

• High peak to average power ratio (PAPR) of the transmitted signal:

The RF power amplifiers should be operated in general in a very large linear
region. However, for OFDM-based scheme, the signal peaks get into non linear
region of the power amplifier, which is one of its major drawbacks. Subsequently,
a signal distortion is produced by the resulting inter-modulation products among
the sub-carriers. Hence, to reduce the PAPR, the power amplifiers should be
operated with large power back-off, which leads to very inefficient amplification
and expensive transmitters. The back-off of the power amplifier is a very important
aspect for a wireless uplink as the terminal is likely to be battery powered, it
determines the power efficiency of the transmitter.

• Synchronization (timing and frequency) at the receiver- At the receiver
side, it is required to correct the timing between FFT and iFFT because OFDM
approach is very sensitive to Doppler shifts that affect the carrier frequency offset
(CFO), generating a high level of ICI.

• Frequency Errors- caused by frequency differences between the local oscillators
in the transmitter and the receiver sides.

1.6.2 Generalized frequency division multiplex (GFDM)

GFDM is considered as a block-based multicarrier filtered modulation scheme,
utilized to address the challenges in the vast usage applications of the fifth generation
by providing a flexible wave-form [51]. GFDM allows the reuse of techniques that were
originally deployed for OFDM, for example, the individual subcarriers are filtered by
using circular convolution, hence, the GFDM frame is considered as a self-contained in
a block structure. GFDM is more suitable multicarrier waveform for tactile internet
scenarios, since, it has a good robustness over highly mobile channels. This is done via
exploiting the benefit of the transmit diversity delivered by the easy way in generating
the impulse responses resulted from circularly shifting the single prototype filter in
time and frequency. The GFDM waveform can be combined with the Walsh-Hadamard
transform for increased performance in single-shot transmission scenarios in order to
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enhance the reliability and latency features. Also, when GFDM is combined with offset
quadrature amplitude modulation mapping, GFDM can avoid self-generated interference
if non-orthogonal filters are used for next generation multiple accessing.

OFDM has been successfully utilized in many systems such as LTE and Wi-Fi due to
its several benefits such as low complexity implementation with FFT and its robustness
against multipath channels. Nevertheless, OFDM suffers from the distortions caused by
the non-linearity of the power amplifier (PA), and severe adjacent channel interference
is caused due to the block nature of OFDM, which may result in a high out-of-band
(OOB) leakage. Subsequently, GFDM offers some advantages over OFDM. However,
backward compatibility of OFDM with the existing technologies along with the other
advantages makes the enhancement of OFDM more suitable for the industry than
the generation of a new waveform, as far as seen in the current standard discussions
[52]-[53].

Figure 1.20 — Block diagrams of multicarrier scheme GFDM.

1.6.3 Orthogonal time frequency space (OTFS)

Orthogonal time frequency space (OTFS) modulation is a recently proposed two-
dimensional (2-D) modulation technique which uses the delay-Doppler domain for
multiplexing information symbols. Compared to the conventional multicarrier techniques,
the bit error performance is improved by OTFS due to the adoption of pre- and post-
processing operations. Also, a rapidly time-varying multipath channel will induce slow
variations in the delay-Doppler domain. In fact, delay-Doppler representation of a
multipath channel makes it time invariant for a longer duration compared to that in
time-frequency representation. Therefore, the design of the equalizer will be simple,
which allow the channel to be estimated less frequently in OTFS, thereby reducing the
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channel estimation overhead in a rapidly time-varying channel. OTFS modulation was
first introduced in [54], where it was shown that, for vehicle speeds as high as 500 km/h,
OTFS yields a better error performance, as compared to OFDM alternative.

Figure 1.21 — OTFS modulation scheme.

Figure 1.21 shows the block diagram of OTFS modulation architected over a general
multicarrier modulation system. At the OTFS transmitter, the information symbols
(e.g., QAM/PSK symbols) are treated as points in two dimensional delay-Doppler grid
and are mapped to the time-frequency (TF) plane through the 2D inverse symplectic
finite Fourier transform (ISFFT). The TF signal so obtained is then passed through a
multicarrier modulation system and transformed to a time domain to be transmitted
using Heisenberg transform. The output of the Heisenberg transform is transmitted
over the linear time variant channel. At the receiver, the received time domain signal is
transformed to TF domain using Wigner transform (inverse of Heisenberg transform)
to be afterwards mapped back to delay-Doppler domain using symplectic finite Fourier
transform (SFFT). At the transmitter, the time domain signal obtained as the output of
Heisenberg transform has to be amplified before it is transmitted through the wireless
channel.

1.6.4 Advantages of OTFS

OTFS operates in the delay-Doppler coordinate system and when this scheme is
coupled with equalization, all modulated symbols experience the same channel gain by
extracting the full channel diversity. As a result of its operating principle, OTFS has
the following important advantages:

1. No need for channel adaptation, since OTFS provides a stable data rate. This is
especially important in systems with high mobility, where feedback of CSI to the
transmitter becomes impossible, or afflicted with large overhead.
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2. Better packet error rates (for the same SNR) or reduced SNR requirements (for
the same PER) in the presence of high mobility (V2V, high-speed rail), or high
phase noise (mm-wave systems).

3. Improved PAPR, in particular for short packet transmission.

4. Improved MIMO capacity when using finite-complexity receivers.

1.7 Nano communications

Nano-communication has captured much attention as an emerging building block for
many novel services in the health care field. Indeed, the coordination and the control of
nano machinery becomes the crucial challenge to be solved. Nowdays, nano-technologies
has introduced incredible improvements, that enabled nano-scale machines to afford
new solutions for many applications in biomedical, industry and military fields. Some
of these applications exhibit to exploit the potential advantages of communication,
especially, cooperative behavior of these nano-scale machines to reach a common and
challenging objective that exceeds the abilities of a single device.

1.7.1 Recent development in nano-communication

In general, a set of nano-scale devices is called nono-networks, allow nano-machines to
communicate and share any sort of information required by wide range of applications
such as biomedical engineering, biological and chemical defense technologies, and
environmental monitoring. Akyildiz et al. [55, 56] essentially established the domain
of nano-networks by categorizing application and communication requirements. More
specifically, the function of the nano-networks is to spread information signals among
nano-devices in similar way like in sensor networks. hence, nano-networks can be
considered as next generation sensor networks [57], but, with unbelievable reduced
communication and computation abilities. Taking into account the large number of
nano-devices composing the nano-networks, where all the individual nodes and devices
constitute a massively distributed system, self-organization will become the dominant
control mechanism [58].

Depending on the mean used to transmit the information, the following communica-
tion mechanisms can be distinguished [55]:
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• Electromagnetic waves, e.g., using classical wireless radio transmission but
now using nano-scale antennas and frequencies in the terahertz band,

• Acoustic communication, e.g., ultrasonic communication that is based on what
is currently successfully used for imaging methods,

• Nano-mechanical communication, that is based on physical contact between
sender and receiver, and

• Molecular communication that can be classified into short-range communi-
cation using calcium signaling, medium-range communication using molecular
motors, and long-range communication using pheromones. Other options include,
e.g., information transport using flagellated bacteria.

The motivation behind nano-scale communications comes from the research in biological
systems and processes [55, 57]. Indeed, nano-networks are novel artifacts of bioinspiration
in terms of both their architectural elements, e.g., nano-machines, and their principle
communication mechanism, i.e., molecular communication [59]. In fact, many biological
entities whitin organisms conduct as nanomachines since they have similar structures,
i.e., cells, and the same interaction mechanism and vital processes, e.g., cellular signaling
[60]. Furthermore, through the exchange of biochemical transmitters over the surface or
the diffusion of soluble molecules that bind to specific receptor molecules on other cells
[60–62], the cells can easily communicate with each other. Otherwise, the In-Body nano
communication research community has been coined recently, initial works date back
about ten years ago, focusing on adapting molecular communication principles [63, 64],
which helped to constitute the bio-inspired networking community in which nature-
inspired solutions such as the capability of cells to offer robust communication in rather
harsh environments have been investigated for their use in artificial networks [61, 65].
An overview on the field of bio-inspired and its potential use in nano communication
networks can be found in [57, 59]. Moreover, the nano communication community now
does not only investigates molecular communication as a primitive, but focuses also
on In-Body networks and the utilization of electromagnetic waves for terahertz radios
or acoustic ultrasonic communication. More details on the state of the art of In-Body
networks and nano communication can be found in [56].
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1.7.2 Nano-communication concepts

In general, communication techniques can be classified into two aspects: in first,
digital communication, identical to what we know from sensor networks, however,
it adopts different kinds of media and trasmitters. In second, novel communication

paradigms, based on biological systems for encoding information, where, the complex
proteins are utilized as information carrier and the symbols are not necessarily required to
be converted into digits. In addition, molecular communications rely on using anorganic
chemicals (e.g., calcium signaling) or on complex molecules (e.g., proteins). RF radio
communication operating on the terahertz band is an example of the proposed technical
realizations of digital nano-communication [66]. More specifically, miniature radios
are used based on carbon nano-tubes as antenna technology. Larger devices on the
micro scale may even use acoustic communication. Digital communication may also be
deployed with bio-signaling based, e.g., on the calcium level in cellular environments [55].
When we study the category of molecular communication, we see proposals relying on
similar biological signaling mechanisms [67], but also more exotic forms like nanomotors
and even flagellated bacteria [68]. Generally, the information is encoded in form of
complex bio molecules such as proteins that intrinsically support an extremely high
information density. Furthermore, all common communication designs, which use these
transmission schemes, and known from ordinary communication networks are supported,
from simple undirected broadcast communication, e.g., radio broadcast or undirected
diffusion in fluids, to obviously targeted unicast communication basing on biological
means of node addressing.

1.8 NANO-sensors and networks

Nano-sensors are very small integrated devices, made of nanomaterials or biological
materials, and are utilized to detect and respond to a physical phenomenon of the
environment. Nano-sensors are considerably small than conventional sensors, however,
they work in similar way as conventional ones. They can implement a range of simple
functions to manipulate signals to detect, edit, and record measurements. They have
different sizes and shapes ranging from the size of a macromolecule to that of a bio-cell
(i.e., dimensions of 1-100 nm) [69]. For example, in biomedical applications, the nano-
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sensors used for taking invasive measurements are extremely small than the one used
to record noninvasive measurements. The measurement and the application of area
play a crucial role in determining the size and material of a nanosensor. In healthcare
field, different aspects such as monitoring, detection, and treatment can be ensured by
nano-sensors. For example, nano-sensors can detect the presence of different infectious
agents such as virus or harmful bacteria [69]. An example of such a nano-sensor is
biotransferrable graphene wireless nano-sensor [70] illustrated in Fig. 1.22. This proposed
architecture has a satisfactory response in sensing the most sensitive chemicals and
biological compounds up to single bacterium. There is also a wireless remote power and
readout functionality. Therefore, nano-sensors with thier computation, communication,

Figure 1.22 — Bio-transferrable graphene wireless nano-sensor [70].

and action components are miniaturized and fabricated into a single box called nano-
machine [71]. Several nano-machines can be connected together through nanorouters
that rout measured data to other nano-devices or external devices such as mobile phones
[73]. The interconnected cluster of such nano-machines is called a nano-network. An
example of such nano-network is given in Fig. 1.23.

1.9 Applications of NANO-sensors

Nano-sensors have great potential and incredible applications in all domains of
life including, healthcare, environmental monitoring, consumer products, robotics,
transportation, security, surveillance, defense, and agriculture etc. Currently, biomedical
and healthcare are rapidly growing sectors for nano-sensors due to increasing demand
for rapid, compact, accurate and portable diagnostic sensing systems. In biomedical
and healthcare area, these devices can offer revolutionary personal healthcare solutions
by providing continuous monitoring. The applications of nano-sensors can be divided
into the following broad groups: biomedical, environmental, industrial, smart office
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Figure 1.23 — Nano-network: glucose graphene skin sweat sensor and drug delivery
chip [72].

Figure 1.24 — Application fields of nano-sensor networks.

management, agricultural, and military applications as shown in Fig. 1.24.
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1.10 In-VIVO Communication

Wireless body area networks (WBANs) are new generation of wireless sensor networks
(WSNs) dedicated for healthcare monitoring applications. The aim of these applications
is to ensure continuous monitoring of the patients’ vital parameters, while giving them
the freedom of moving thereby resulting in an enhanced quality of healthcare [74]. In
fact, a WBAN is a network of wearable computing devices operating on, in, or around
the body. It consists of a group of tiny nodes that are equipped with biomedical sensors,
motion detectors, and wireless communication devices [75]. In-VIVO networking is
considered as an important application platform for WBANs, that facilitates continuous
wirelessly-enabled healthcare, internal health monitoring, internal drug administration,
and minimally invasive surgery are examples of the pool of applications that require
communication from in vivo sensors to body surface nodes. However, the study of in
vivo wireless transmission, from inside the body to external transceivers is still at its
early stages. Fig. 1.25 shows a modified network organization for interconnecting the

Figure 1.25 — Simplified overview of the In-VIVO communication network.

biomedical sensors. The data is basically not directly transferred from the biomedical
sensors to the hospital infrastructure. Indeed, sensors send their data via a suitable
low-power and low-rate in-VIVO communication link to the central link sensor (located
on the body like all other sensors). Any of the sensors may act as a relay between the
desired and the central link sensor if a direct connection is limited. An external wireless
link enables the data exchange between the central link sensor and the external hospital
infrastructure [76]. Wireless in-VIVO communication creates a wirelessly-networked
cyber-physical system of embedded devices. In-VIVO communication is a genuine signal
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transmission field which utilizes the human body as a transmission medium for electrical
signals. The body becomes a vital component of the transmission system. Electrical
current induction into the human tissue is enabled through sophisticated transceivers
while smart data transmission is provided by advanced encoding and compression.

1.11 Summary

In this chapter, the fundamentals of wireless communication systems were investigated;
the concepts behind MIMO transmission techniques and channel environment were also
illustrated. Multiple antenna configurations introduce a new space dimension to wireless
signals so that MIMO systems can provide array gain, diversity gain and capacity gain.
A detailed description of multicarrier data transmission is carried out. Furthermore,
stating all these concepts, the up-to-date overview and operation principle of SM will
be discussed in next chapter to justify the proposition of this novel architecture as an
alternative to conventional MIMO schemes.
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Chapter 2: Design guidelines of IM and perfor-
mance analysis of SM-MIMO

2.1 Introduction

Index modulation (IM) has captured much attention as an emerging modulation
concept and is identified by sparse symbol mapping. More precisely, beyond that of
the traditional amplitude and phase shift keying modulation schemes, an additional
information is sent by the IM transmitter, due to the activation of a subset of indices.
In this chapter, we shed light on the potential and implementation of index modulation
(IM) technique for MIMO and one of the multicarrier techniques (OFDM), which are
expected to be two of the key technologies for 5G systems and beyond. Specifically,
we focus on the promising applications of IM: spatial modulation (SM), which can
offer significant data rates with a low hardware complexity. This technique has brought
a new concept in the communication paradigm for MIMO systems, by proposing to
transmit both the signal and spatial informations in a whole symbol.
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2.2 Principles and richness of index modulation

families

Index modulation (IM) is considered as a family of modulation techniques that
activates states of some resources/building blocks for information embedding. The
nature of the resources/building blocks can be physical, e.g., antenna, subcarrier, time
slot, and frequency carrier, or virtual, e.g., virtual parallel channels, signal constellation,
space-time matrix, and antenna activation order. IM is distinguished from the other
techniques by the fact that part of the information is implicitly incorporated into the
transmitted signal. Subsequently, for a massive MIMO configuration, a small number
of radio frequency (RF) chains is used, caused by the random selection of transmit
antennas according to the information bits [3, 77, 78]. Application of IM is applicable
in several domains, which enables an attractive tradeoff among spectral efficiency (SE),
energy efficiency (EE), transceiver complexity, interference immunity, and transmission
reliability [79]- [80]. Hence, new research opportunities are opened for 5G and beyond
wireless communication systems. On the other hand, the performance of 1-D IM types,
such as SM and OFDM-IM, leads to the creation of the multidimensional IM concept,
which possessed a set of various combinations of 1-D IM options and has been introduced
in recent studies. Otherwise, the following key questions remain unanswered within the
context of emerging IM solutions: how can IM solutions accomplish the broad range of
user and application demands and how can the flexibility of IM be used for 5G and
beyond systems?
Fig. 2.1 shows the most applied multidimensional domains IM in the literature and
described their dimensional-based categorization in detail.

2.2.1 1-D Index modulation

The 1-D IM corresponds to the fundamental IM techniques that form multidimen-
sional IM types. As illustrated in Fig. 2.1, space, frequency, time, code, channel, and
polarization domains are regrouped under this category.

1. Space-Domain IM: two different physical entities consisting of antennas and
radio intelligent surfaces (RISs) are evaluated in the context of space-domain IM.
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Figure 2.1 — Dimensional-based categorization of the existing IM domains in the
literature.

• IM via antennas: the space-domain IM is introduced via space shift keying
(SSK) modulation that uses a single antenna out of a number of Tx antennas.
[44]. The integration of SM in MIMO communication scheme is an important
breakthrough that not only allow emerging the general IM concept to the
wireless communication designs but also sheds light on its development [77],
[43, 81, 82]. Furthermore, SM performs the transmission of the conventional
M-ary modulated information symbols via the active Tx antenna index.

• IM via RISs: RIS consist of small, low cost, and a high number of passive
elements that control the reflection aspects of the incoming signals. RIS
concept has been widely investigated in the past few years. For more details,
interested readers are referred to [83–85]. RIS-based IM concept is introduced
in [86]. It is shown that IM can be applied to Tx and Rx antennas, as well
as the passive elements.

2. Frequency-Domain IM: in the aim to improve the SE as well as the EE of
the conventional OFDM systems, indexing of the subcarriers in the frequency
domain is proposed. An example of this category is subcarrier index modulation
(SIM-OFDM), where the incoming data bits are divided into two parts [87]. First
part is the ON-OFF keying data bits which are used to decide the status of
a number subcarriers in an OFDM block, and the remaining bits are emitted
through the subcarriers whose status is ON.

3. Time-Domain IM: inspired by the frequency-domain IM, single carrier IM
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(SC-IM) is proposed in the time domain [88]. SC block is divided into subblocks.
Data transmission is performed at the time intervals corresponding to active
symbols, and the remaining symbols are set to zero. SC subblocks are grouped
to generate an SC block, and then, CP is added before its transmission to the
receiver over a multipath channel.

4. Code-Domain IM: code index modulation spread spectrum (CIM-SS) has been
proposed in [89] by taking the benefits of direct sequence spread spectrum (DS-SS)
technology. The information-bearing unit is the spreading code which can be
found in a predefined table of spreading codes. Two orthogonal Walsh codes are
stored in the lookup table in [89]. The incoming two bits are concatenated to
generate a subblock, and one bit in each subblock selects a code to spread the
remaining bit over a time duration.

5. Channel-Domain IM: in media based modulation (MBM) technique, the infor-
mation bits are conveyed via different channel realizations created by the ON-OFF
status of the available RF mirrors, which are located in the vicinity of the Tx
antenna [90], [91], [92–94]. Moreover, each channel realization corresponds to a
different point in the constellation diagram at the Rx. No additional energy is
required to transmit the bits by MBM. On the other hand, it is shown that SIMO
systems with MBM can gain the same energy as MIMO systems [90].

6. Polarization-Domain IM: higher multiplexing gain and an inreased SE for the
single RF MIMO systems, can be achieved by using polarization shift keying
(PolarSK) [95]. In order to convey the incoming data bits as in SSK, polarSK uses
the available P polarization states, that is, linear polarization, circular polarization,
and elliptic polarization. As an example and in a recent study, a new IM scheme,
which is, polarization modulation (PM), utilizes polarization characteristics to
carry extra information bits along with the complex data symbols. More precisely,
not only vertical and horizontal polarizations but also the axial ratio and tilt
angle of elliptic polarization are used for transmitting the extra information bits
through IM [96].

Table. 2.1 illustrates the available IM options in the literature regarding their application
domains.
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1-Dimensional IM

Space domain: SSK[44], SM[77], GSM[97], QSM[98],
ESM[99], STBC-SM[100], RIS-IM[86].
frequency domain: SIM-OFDM[87], OFDM-IM[101],
GFDM-IM[102]
Time domain: SC-IM[88], FTN-IM[103], DM-SCIM[104].
Code domain: CIM-SS[89], IM-OFDM-SS[105].
Channel domain: MBM[90], STCM[106], ST-MBM[107]
Polarization domain: PolarSK [95], PM [96]

2-Dimensional IM

Dispersion matrices-based: DSM[108], STSK[109], OFDM-
STSK[110]
Space and frequency domains: OFDM-STSK[110], [107]
Space and time domains: TI-SM[111], TI-SM-MBM[112].
Space and code domains: CIM-SM[113].
Space and channel domains: SM-MBM[113], SM-
MBM[112], QCM[114].
Space and polarization domains: SPSK[115], DP-SM[116],
[117]
Code and frequency domains: CF-IM[118]

3-Dimensional IM
Space and dispersion matrices-based: MS-STSK[119],
JA-STSK[120]
Frequency and dispersion matrices-based: MSF-
STSK[119]
Space, time and channel domains: TI-MBM[112], TI-SM-
MBM[112]

Hyper-Dimensional
IM

Space, frequency and dispersion matrices-based:
OFDM-STSK-IM[121]

Table 2.1 — Summary of the available IM variants in the literature.

2.3 Enabling IM techniques for next-generation ser-

vices

The presented IM techniques are categorized considering the requirements of three
main services, figure. 2.2 presents the most promising IM variants for 5G and beyond
communications.

1. Enhanced mobile broadband (eMBB): the efficient use of spectrum is the
key issue for eMBB. Accordingly, IM patterns are evaluated based on their SE
performance.

2. Massive machine-type communications (mMTC): Academic and industrial
researchers are looking for technologies that can cover a wide area, low power
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consumption, and low cost for mMTC services, where, latency, data rate, and
reliability are not the main concerns. In summary, IM provides high EE due to
the energy-free carried information bits identified by the indices of the transmit
entities.

3. Ultra-reliable low-latency communication (URLLC): Due to the simulta-
neous and conflicting demands of ultra-reliability and low-latency, URLLC is
considered as the most challenging service. In the aim to achieve the block error
rate (BLER) values given in table 2.2, IM schemes that provide diversity gain,
interference immunity, and robustness against hardware impairments, such as
carrier frequency offset (CFO), which is one of the promising solutions for URLLC.

Service type KPIs Definitions

eMBB
Data rate

Supporting peak data rates of 10 Gbits/s and
20 Gbits/s for UL and DL transmission respec-
tively

Mobility Achieving desired data rate for a given mobility
class 10km/h ≤ V ≤ 500km/h

mMTC

Connection capa-
bility

number of mMTC UEs per cell (1.000.000 UEs
per km2)

Power consumption
at least 10 years of life time for a device by
sending 20 bytes and 200 bytes for UL and DL
transmission, respectively

Coverage
Maximum coupling loss that corresponds to
total loss including antenna gain, path loss and
shadowing for baseline data rate of 160 bit/s

URLLC
Latency The elapsed time for successful transmission end

reception of a packet 0.25ms ≤ latency ≤ 1ms

Reliability Successful reception of a packet with the relia-
bility range of 10−5 ≤ BLER ≤ 10−9

Table 2.2 — Key performance indicators (KPIs) of next-generation services.

In a given IM domain, to reach a high reliability via IM, a sufficient selectivity
between the active entities is necessitated. Hence, for space-domain IM techniques,
a separation distance of (λ/2) between Tx antennas, is required to improve the
detection performance at Rx.
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Figure 2.2 — Promising IM variants for 5G and beyond services.

2.4 From MIMO to SM-MIMO: One-D IM in the

space domain

In conventional MIMO schemes, multiple data bits are conveyed simultaneously
over all the available antennas at the transmitter, which are in active state at any
time instant. Compared to SISO schemes, MIMO communications provide higher data
throughputs and enhanced spectral efficiency but with the following drawbacks:

• To avoid the interference caused by simultaneously transmitting many data
streams, more signal processing complexity at the receiver is required;

• To exploit the benefits of multi-user MIMO transmission techniques, additional
and hard synchronization is required;

• To transmit the data streams at the same time instance, multiple RF chains will
be used at the transmitter resulting in increasing the complexity of MIMO-based
scheme;

Fueled by these considerations SM has been recently proposed as a new transmission
concept [43].
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2.5 State of the art of SM-MIMO

2.5.1 Historical perspective

In the last few years, SM-MIMO based scheme has captured a great attention from
the research community. In this section, we describe the main historical perspectives of
SM-MIMO based on some pioneering papers: SSK principle was firstly introduced in
2001 [122] and known as "space modulation" technique, where, the concept of exploiting
the differences between the received signals to recover the transmitted information
sequence is investigated. However, more than one antenna is activated at each time
instant requiring inter-antenna synchronization (IAS) and multiple RF chains [122]. One
year later in 2002 in [123], orthogonal space division multiplexing (OSDM) is proposed as
multi-antenna modulation scheme, where the spatial position of the activated transmit
antenna in every channel utilization was exploited for the first time, by multiplexing a
number of bits which is equal to the number of transmit antenna elements. Information-
guided channel-hopping (IGCH) modulation was proposed in two years later in 2004
[124], and shared the same principle with the technique proceeded in [122], with
an exception in [124], where it was applicable to any number of transmit-antennas.
Afterwards, basing on [124], and relying on the idea of switching one transmit antenna
at every channel use and encoding some information bits using this transmit antenna,
an inter carrier interference (ICI)-free multi-antenna modulation architecture is created
[125]. One year later in 2006, Mesleh et al. exploit the scheme presented in [125] and
proposed a new scheme [43], [126], [127], where the spatial position of the activated
antenna is used as an additional source of information, in the purpose to reduce the
complexity while achieving a high spectral efficiency and an enhanced BER performance
compared with conventional MIMO scheme. To estimate the antenna index and retrieve
the transmitted data, a simple MRC algorithm was applied at the reception side of
the SM architecture [128]. An optimal detector (OD) was developed in [81] and was
proved to be able to provide a significant performance gain at a high complexity cost
when compared with other detectors such as zero forcing (ZF) and MRC. Moreover,
the hard-decision ML-optimum decoding in [81], is generalized to soft-decision ML
detector in [129] which is applied over orthogonal frequency division multiple access
(OFDM) systems, allows to avoid IAS and ICI by activating only one antenna for each
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sub-channel. Afterthat, an analytical framework of SM based on optimal detector with
partial state information (CSI) was derived in [130]. It was shown that partial CSI at
the receiver leads to a sub-optimal receiver design; yet has to be considered because
more representative of practical cases. The effect of channel estimation errors on the
performance of SM and space modulation has been studied in [131, 132]. Clearly, it
appears that SM is robust to channel estimation errors. Furthermore, in [133, 134], SM
is applied to optical wireless communications (OW), a scheme which was referred to
as optical spatial modulation (OSM). It was shown to offer a power and bandwidth
efficient pulse modulation technique for OW communications. In OSM only one LED for
an array of LEDs is active and radiating a certain intensity level at each time instant.
The different SM techniques described in this section are summarized in the following
table 2.3.

Modulation Type Modulation Techniques
Space Modulation SSK [122]

IGCH [135]
Spatial Modulation SM-MRC [128]

SM-ML optimum detector [81]
Soft-decision ML detector [129]
Partial State Information detector [130]

Optical Wireless SM OSM [133, 134]

Table 2.3 — Summary of the different SM techniques

2.5.2 Design guidelines for SM-MIMO systems

SM is a new modulation concept that aims to offer some benefits in terms of:

• Rate: due to the adoption of the three-dimensional constellation diagram and
to the introduction of the spatial-constellation, SM-MIMO can offer a high
throughput and an increased SE, which is higher than that of single antenna
transmission. Hence, this design should be tuned accurately since the data rate
could further enhanced by a proper data streams encoding ensuring ICI mitigation,
but at the cost of an additional receiver complexity [136].

• Capacity: mutual information of SM-MIMO systems configured with a single-RF
chain (NRF = 1) and Gaussian input signals depends on the number of transmit
antenna elements (Nt) [135].
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• Error performance : it was shown in most of research papers that SM-MIMO
can offer a better BER performance than SISO counterpart, especially, when
the number of transmit antenna elements is higher than four and the number of
receive antenna elements is more than one [137]. Hence, BER is proportional to
the number of receive antennas (the higher the number of receive antennas, the
better the BER performance).

• Channel fading: the distribution of the wireless channel fading influences on
the BER performance of SM-MIMO based scheme [137]. Thus, more bits can be
encoded and transmitted if there is less channel fading or equivalently a higher
Nakagami fading parameter [137].

• Channel state information: based on the assumption that adequate channel
estimators are used, it has been shown that SM-MIMO is robust to imperfect
channel state information (CSI) [131, 132].

• Demodulation: the choice of the best demodulator depends on the BER per-
formance and the detection complexity imposed at the receiver, ranging from
the matched filter that provides the worst performance at the lowest complexity
[128], to the ML-optimum detector that offers the best performance at the highest
complexity [81].

• Energy-Efficiency: SM-MIMO scheme uses one RF chain at each time instant,
thus providing a better energy efficiency and minimizing the complexity and the
total power dissipation of the power amplifiers [138].

2.6 SM-MIMO: Operating principle

2.6.1 System model

The general system model of SM-MIMO-based scheme as shown in Fig. 2.3 and
which will be described later on, includes a MIMO wireless links with Nt transmit and
Nr receive antennas [43, 126]. Therefore, the signal model of SM-MIMO, can be simply
written as follows:

y = Hx + w (2.1)
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where: y ∈ CNr×1 is the complex received vector; H ∈ CNr×Nt is the complex
channel matrix; w ∈ CNr×1 is the complex AWGN at the receiver; and x is the complex
modulated transmitted vector.

Figure 2.3 — Spatial Modulation System Model.

2.6.2 SM-MIMO: How It Works?

1. The transmitter: spatial Modulation proposed for MIMO systems adopts a
new mapping paradigm allowing a high spectral efficiency, while eliminating ISI
and ICI [125]. This is reached by considering just one activated antenna at the
transmitter at each time instant, thereby exploiting the spatial position of this
activated antenna as an additional source of information for conveying data. At
the transmitter, the incoming data bits are divided into blocks, each one of them
has the length:

bSM = log2(Nt) + log2(M) (2.2)

with log2(Nt) being the number of bits used to indicate the activated transmit
antenna among the possible ones in the antenna-array which are kept silent
meanwhile, and log2(M) is the number of bits needed to identify the symbol in
the signal constellation emitted by the selected antenna as shown in Fig. 2.4. This
idea was introduced for the first time in [43].

Figure 2.4 shows an example of SM with Nt = 2 that uses 4QAM modulation,
thereby using 3bits/symbol for each transmitted SM symbol. Let us assume that
the input data sequence is [1 0 0]T , which corresponds in SM mapping as shown
in Fig. 2.4, to the transmission of the symbol −1.0000 + 1.0000i from the second
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Figure 2.4 — SM: How it works "The Transmitter".

transmit antenna. As a result, the modulated signals belong to a tridimensional
constellation since using the spatial position of the activated antenna as a source
of information introduces one additional dimension. A simple example is shown
in figure 2.5 when adopting a linear antenna array with Nt = 2, and a 4QAM
modulation.

Figure 2.5 — Tridimensional constellation diagram of SM when using "4QAM" and
two transmit antennas.
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2. The wireless channel

The signal proceeded by the transmitter is conveyed through the wireless channel
environment in which different propagation phenomenons, caused by different
interacting environmental objects, occur. Based on the fact that in SM communi-
cation mechanism, only one transmit antenna is concerned at each time instant,
ICI is hence inexistant and the signals emitted by distinct transmit antennas are
distinguishable at the receiver. Figure 2.6 shows the wireless links between the
transmitter and receiver designs.

Figure 2.6 — Wireless channel.

Recall that the channel model H(k) can be written as a set of complex coefficients
between the transmit and receive antennas as illustrated in the following equation:

H =



h11 h12 . . . h1Nt

h21 h22 . . . h2Nt

... ... . . . ...
hNr1 hNr2 . . . hNrNt

 (2.3)

3. The receiver

The receiver exploits the random attenuation introduced by the wireless channel
for signal detection. By applying one of the detectors that will be described
later in this chapter, the receiver should estimate the activated antenna index
at the transmitter; and assuming that the impulse channel response is known,
the receiver evaluates Euclidean distance between the received signal and the set
of possible modulated signals to recover the original transmitted bit stream. In
summary, the working principle of SM is based on the following facts:
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• Each transmit-to-receive wireless link has a different channel,

• The receiver employs in general the a priori channel knowledge (or an
estimation of that) to detect the transmitted signal.

2.6.3 Advantages and disadvantages of SM

In this section, we summarize the main advantages and disadvantages of SM with
respect to other MIMO architectures.

1. Advantages

• Compared with conventional MIMO solutions, such as V-BLAST and Alam-
outi schemes, transmitting over only one RF chain and switching to one
transmit antenna at each time instant allows SM to eliminate ICI and IAS.

• Compared with conventional MIMO solutions, SM can provide a high SE
and an important multiplexing gain in the spatial domain by resorting to
the so-mentioned tridimensional constellation diagram. Spectral efficiency
increases logarithmically with the number of transmit antennas without any
bandwidth and power loss.

• Compared with conventional MIMO systems, SM avoids ICI and attains
ML decoding at a simpler receiver design, unlike V-BLAST which adopts
complex interference cancelation algorithms.

• One receive antenna is sufficient to exploit SM paradigm, since incorporating
multiple receive antennas aims only at providing the receive diversity gain.
Thus, SM is suitable for downlink settings with low complexity mobile units
which is not the case of conventional MIMO solutions.

• Compared with conventional MIMO systems, SM offers a high capacity due
to the multiplexing gain achieved by exploiting the spatial position of the
transmit antenna as an additional index.

2. Disadvantages

• At least two transmit antennas are required to exploit the SM concept.
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• The SM mechanism might not offer adequate BER performance if the wireless
spatial subchannel links are not sufficiently different, which is similar to
conventional spatial multiplexing techniques that require a rich scattering
environment to achieve a significant data rate.

• For data recovering, perfect channel knowledge is required at the receiver,
which may impose complexity constraints on the channel estimation unit.
In the space-time coding literature, an advanced well-known differential en-
coding/decoding modulation scheme appropriate for single-antenna systems
has been proceeded to avoid the knowledge of the wireless channel at the
transmitter and at the receiver. Since the wireless channel is a part of the
actual modulation unit in SM, the development of such receiver structures
poses some design challenges.

• SM can provide only a logarithmic increase (depending on the number of
transmit antennas) in data rate, hence, SM might not achieve very high data
rate. The above list of SM advantages and disadvantages explicitly indicates
that SM appears to be a promising candidate for low-complexity MIMO
implementations.

2.7 SM-OFDM based scheme

Spatial modulation-OFDM (SM-OFDM) is an alternative multiple antenna-OFDM
transmission approach, that entirely avoids ICI at the receiver input while maintaining
high spectral efficiency, particularly in frequency selective channels. Traditionally, modu-
lation techniques such as BPSK, QPSK, 16QAM map a fixed number of information
bits into one symbol (b/s). Each symbol represents a constellation point in the complex,
two dimensional signal plane. SM extends this two dimensional plane to a third dimen-
sion: the spatial dimension. Hence, if the channel and interference environment do not
allow the use of 64QAM and one transmit antenna, the same spectral efficiency can
be achieved with 16QAM and four transmit antennas. In fact, the information is not
only included in the transmitted symbol, but also in the actual physical location of the
antenna, a combination with OFDM transmission is not straightforward. The proposed
solution is as follows: The output block of symbols from the spatial modulation is
grouped into Nt vectors, where Nt is the number of transmit antennas. This is done
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by grouping the mapped symbols at the output of the spatial modulator in vectors
corresponding to their assigned transmit antenna number and setting all other symbols
in that vector to zero. The OFDM modulator is applied to each vector; thus, resulting
in Nt OFDM blocks to be transmitted simultaneously from the Nt transmit antennas.
However, at each instant of time and for each sub-carrier only one transmit antenna
will be active and all other transmit antennas are off. As a result, ICI is completely
avoided at the receiver input. Therefore, the symbol duration in SM is unchanged even
though the transmitted symbol carries different number of information bits due to the
described working mechanism. Subsequently, the bandwidth occupied is unchanged
which effectively results in the desired increase in SE.

2.7.1 Operating principle

OFDM converts a frequency-selective channel into a parallel collection of frequency
flat-fading subchannels, allowing SM-OFDM to be more efficient in using the available
bandwidth [139]. Furthermore, this mechanism increases the symbol duration and thus
reduces or eliminates the ISI caused by the multipath fading [43], [126–129].

Let us consider an Nr ×Nt MIMO SM-based system as illustrated in Fig. 2.7, where
Nt and Nr are the number of transmit and receive antennas, respectively.

Thus, as shown in Fig. 2.7, after insertion of error correction codes in the original
interleaved data to fight against channel errors, the bit stream is divided into blocks.
The key feature of SM is that each block is divided into two sub-blocks, one indicating
the transmit antenna index, and the other one dedicated to the constellation symbol
transmitted over the activated antenna. In general, the number of bits/symbol/sub-
carrier or sub-channel bSM that SM-OFDM based scheme can transmit for each block
is given earlier in eq. (2.2).

Then, the output vectors from the SM mapping R(t) are transformed to the time
domain by using the inverse fast Fourier transform (IFFT ). Afterwards, a cyclic prefix
is inserted, to avoid the ISI between the OFDM symbols.

After that, the resultant vectors R(t) are transmitted simultaneously from the Nt

transmit antennas over the MIMO channel, denoted H(t), using the following equation:

Y(t) = H(t)⊗R(t) + W(t) (2.4)
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Figure 2.7 — SM-OFDM System model.

whereY(t) is the received matrix,W(t) is the additive white Gaussian noise (AWGN)
matrix, H(t) is a block matrix containing a set of Nr × Nt vectors each of length L,
H(t) sets to:

H(t) =



h1,1(t) h1,2(t) . . . h1,Nt(t)
h2,1(t) h2,2(t) . . . h2,Nt(t)

... ... . . . ...
hNr,1(t) hNr,2(t) . . . hNr,Nt(t)

 (2.5)

Each vector ofH(t) corresponds to the multipath channel gains between each transmit
ν and receive % antennas as follows:

h%ν(t) =
[
h%ν(t)1 h%ν(t)2 · · ·h%ν(t)L

]
(2.6)

where L is the number of paths.
After that, the received signal vectors at each antenna are demodulated using an

OFDM demodulator resulting in the matrix Y(k) of size Nr × N , where N is the
number of sub-carriers, and each column vector in Y(k) includes the received data for
each sub-carrier. The active transmit antenna index and the emitted symbol can be
recovered using one the detectors that will be described in the next section.

2.8 SM-OFDM detectors

The transmit antenna index is combined with the symbol index by the SM mapper.
Hence, only these parameters have to be estimated at the receiver. The detection
techniques of SM-MIMO system could be divided into four fundamental categories as
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described in [140]: matched filter (MF) based detection in [128], maximum likelihood
(ML) detection in [81, 129], sphere decoding (SD) [141, 142], and hybrid detection which
combines the modified MF concept, the reduced complexity exhaustive ML search of
[143, 144], and other detectors as signal vector based list detection (SVD) in [145]. An
overview of the various detection techniques conceived for SM-related schemes is seen
in Fig. 2.8.

Figure 2.8 — Overview of SM detectors.

2.8.1 Zero Forcing (ZF) equalizer

An equalizer is a digital filter that is used to mitigate the effects of ISI that is
introduced by a time dispersive channel. OFDM modulation could be used for this
purpose but, zero forcing (ZF) equalizer is viewed as an element-wise division of the
OFDM demodulated signal by the transfer function of the discrete frequency channel
response. The so-mentioned channel transfer function is computed by a DFT of the
zero-padded discrete time channel impulse response. It follows that the per-carrier ZF
is performed as:

z̃c(k) = yc(k)
hcj(k) (2.7)
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However, for SM, spatial location of the transmit antenna index, from which the
symbol was transmitted, needs to be estimated. This is done by finding the location of
the maximum absolute value of the output vector from the ZF equalizer z̃(k) for each
sub-carrier c, which is described in the following equation:

ĵc = argmax
j
|z̃c(k)| for j = {1, 2, ..., Nt}, c = {1, 2, ..., N} (2.8)

where ĵ denotes the estimated value of the antenna index for each sub-carrier c.
Then, the symbol is detected using the following equation:

q̂c = Q(z̃c(k)(j=ĵ)) (2.9)

Assuming correct estimates for ĵ and q̂, the receiver can straightforwardly de-map
the original information bits.

2.8.2 Minimum Mean Square Error (MMSE) detection

A minimum mean square error (MMSE) algorithm describes the approach which
minimizes the mean square error (MSE) between two entities. MSE, refers to the
estimation in a quadratic cost function in a Bayesian setting. The MMSE algorithm
provides a balanced solution to the problem of reducing the effects of both interference
and channel noise enhancement plaguing the ZF equalizer, whereas the ZF receiver
removes only the interference components in the output. Therefore, our pair of transmit
antenna index and the transmitted symbol are obtained by following these steps:

First, the MMSE-based equalizer is applied to the received signal as follows:

z̃c(k) = (hcj(k))H [(hcj(k))H ∗ hcj(k) + σ2
wI]−1yc(k) (2.10)

Then, the estimate of the transmit antenna index is computed by:

ĵc = argmax
j
|z̃c(k)| (2.11)

Finally, the transmitted symbol is computed using the quantization function, in a
similar way as described in eq. (2.9).
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2.8.3 Maximum likelihood sequence estimation (MLSE)

The ML detection, which is based on maximum likelihood sequence estimation
(MLSE), is a detection scheme that calculates the minimum Euclidean distance between
the received signal and all possibly transmitted sequences. An example of such a
detection scheme and the search for the closest lattice point is performed in [146] for
general MIMO case and is carried out in [147] for SM-MIMO case. ML estimates the
combination of antenna index and transmit symbol at one shot, given by the expression:

[ĵc, q̂c] = argmin
j,q
‖yc(k)− hcj(k)xq‖2

F (2.12)

2.8.4 Optimal detection (OD)

This detector follows a different rule compared to the detectors mentioned above.
Let us assume that the transmitted signals are equally likely, as in [81], the optimal
detector based on ML is given as:

[ĵ, q̂] = argmax
j,q

py(y|xj,q,H) (2.13)

= argmin
j,q

(‖gjq‖2
F − 2Re{yHgjq}) (2.14)

where gjq = hjxj,q, 1 < j < Nt, 1 < q < M , M being the modulation order and
py(y|xj,q,H) = π−Nrexp(−‖y−Hxjq‖2

F ) is the PDF of y, conditioned on xjq and H.
It can be seen that optimal detection requires a joint detection of the antenna indices
and symbols, as opposed to the schemes outlined in ZF and MMSE techniques, where
the problem is decoupled.

2.8.5 Signal vector-based detector (SVD)

The SVD principle is based on the observation that the received vector hjxq has the
same direction of hj , without consideration of the noise, as described in [145]. Based on
the assumption that the entries of the channel vectors are distributed independently,
we can conclude that the index of channel vector with the smallest-included angle with
y corresponds to the expected one. The direction is found by estimating the angle θcj
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between hcj and yc, as follows:

θcj = arccos
‖〈hcj(k),yc(k)〉‖F
‖hcj(k)‖F‖yc(k)‖F

(2.15)

Then, the transmit antenna index is estimated by:

ĵcSV D = argmin
j
θcj j = {1, ......, Nt} (2.16)

Finally, assuming that the traditional QAM demodulation is performed to recover
the constellation symbol, the transmitted symbol can be estimated as:

q̂cSV D = argmin
q
‖yc(k)− hcjSV D(k)xq‖2

F q = {1, ......,M} (2.17)

2.8.6 Distance-Based ordered Detection (DBD)

The distance-based ordered detection algorithm achieves an ordered sequence of
antenna indices based on the distances between the estimated symbols and their
demodulation constellations [144]. First, for DBD algorithm, the received vector y is
multiplied by the pseudo-inverse of h as:

zc(k) = (H†)c(k)yc(k) j = {1, 2, ..., Nt} c = {1, 2, ..., N} (2.18)

Then the estimated symbol x̂q is obtained by the demodulator as described in the
following expression.

x̂cq = Q(zc(k)) (2.19)

Let dcj,q denotes the distance between x̂q and all possibly values of the transmitted
sequences xq by applying this following equation:

dcj,q = ‖hcj(k)‖|x̂cq − xq| (2.20)

Hence the estimated antenna index ĵ and the corresponding modulated symbol xq are
obtained by:

[ĵc, q̂c] = min
j,q

(dcj,q) (2.21)
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2.8.7 Multiple stage detection

1. Multiple stage-scheme using ZF equalizer:

The transmit antenna index is estimated in the first stage by using ZF equalizer
followed by the symbol estimation using OD principle in the second one.

• First stage: The transmit antenna index is estimated by applying eq. (2.7),
followed by the eq. (2.8) respectively.

• Second stage: The OD criterion is then employed in order to obtain a
symbol estimate based on the asumption that the transmit antenna index
found in the first stage is the one activated.

q̂c = min
j,q

(‖hc(j=ĵ)(k)xq‖ − 2Re{yHhc(j=ĵ)(k)xq}) (2.22)

2.8.8 Sphere decoder (SD)

Sphere decoding (SD) method consists on searching the transmitted signal vector
that has the minimum ML metric. Hence, a sphere that contains a set of vectors among
all possible transmitted signal vectors is considered [148]. This technique is based on
adjusting the sphere radius until there exists a single ML solution vector within this
sphere. Otherwise, when there is no vector within the sphere, the radius is subsequently
increased.

Therefore, SM-SD focused on finding the paths that lead to point (ĵ, q̂) which has
an error less than or equal to the sphere radius R.

The initial radius is a function of the noise variance as expressed in eq. (2.23) and
depicted in [141].

R2 = ηNrσ
2
n (2.23)

where σ2
n is the noise variance and η is a constant based on experience, chosen to

maximize the probability 1− ε, of having at least one point inside the sphere. Hence,
in the aim to avoid the exhaustive search of ML and for the seek of a lower detector
complexity, an appropriate value of η should be chosen, from the ones pre-defined by a
computer search, as depicted in Table. 2.4.
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η 1.1 1.2 1.3 1.4
1− ε 0.9755663 0.9861741 0.9923018 0.9957736
η 1.5 1.6 1.7 1.8
1− ε 0.9977082 0.9987707 0.9993470 0.9996562
η 1.9 2.0 2.1 2.2
1− ε 0.9998204 0.9999068 0.9999520 0.9999754
η 2.3 2.4 2.5 2.6
1− ε 0.9999874 0.9999936 0.9999967 0.9999983
η 2.7 2.8 2.9 3.0
1− ε 0.9999991 0.9999995 0.9999998 0.9999999

Table 2.4 — Values of η based on the probability 1− ε [149].

Several algorithms of SD exist in literature; one of them is the RX-SD algorithm,
which is especially suitable when the number of receive antennas Nr is very large, and
reduces the size of the search space related to the multiple antennas at the receiver (we
refer to this search space as "receive search space").

The detector can formally be written as follows:

[ĵc, q̂c] = min
j∈{1,2,...,Nt}q∈{q1,q2,...,qM}

{
Ñr(j,q)∑
r=1

| ycr − hcj,rq |2} (2.24)

More specifically, the receiver calculates the set of optimal Ñr(l, s) for j ∈ {1, 2, ..., Nt}
and q ∈ {q1, q2, ..., qM} as follows:

Ñ c
r (j, q) = min

n∈{1,2,...,Nr}
{
n∑
r=1

n | ycr − hcj,rq |2> R2} (2.25)

In other words, the receiver keeps combining the signals for each j ∈ {1, 2, ..., Nt} and
q ∈ {q1, q2, ..., qM} until the Euclidean norm in (2.24) gives a point that lie inside a
sphere of radius R and centered around the received signal itself.

2.8.9 Simulation results

We consider the following parameters in the simulation: Rayleigh channel model
with L = 7 taps configuration is retained, the FFT size is set to 128 and 4 antennas are
considered at the transmitter and the receiver sides, BPSK modulation is retained. First,
the receiver is assumed to have full channel knowledge and perfect time and frequency
synchronization are considered. The receive antennas are assumed separated sufficiently
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such that to avoid spatial correlation. Fig. 2.9 demonstrates the BER performance of
the system when considering MIMO channel model. As expected, the performance of
SM is operated by ZF, MMSE, MLSE, DBD, OD, SVD and SD. ZF and MMSE are
suboptimal detection schemes, which performances are inferior to MLSE, OD, DBD,
SVD and SD detectors, mainly because antenna indices are not accurately estimated.
The channel matrices in this case are not orthogonal and a linear detection, such as ZF
scheme, has a limitation to estimate antenna indices accurately, as compared to OD
and DBD detectors.
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Figure 2.9 — Performance of SM-OFDM detectors.

2.9 Performance of SM-OFDM Detectors over Ad-

verse Nakagami-m Fading

2.9.1 Channel impairments

1. Spatial correlation
In a practical multipath wireless communication environment, the wireless channels
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perceived by the antenna elements are not independent from each other due to
scatterings in the propagation paths. This kind of correlation is called spatial
correlation. One possible model for H that takes the spatial fading correlation
into account, splits it into two independent components namely the receive Rr

and the transmit correlations Rt .Thus H is modelled as follows:

H = R1/2
r HwR1/2

t (2.26)

where Hw is a matrix with independent Gaussian elements, and the superscript
(.) 1

2 stands for the Hermitian square root of a matrix. The diagonal entries of Rt

and Rr are constrained to be equal to unity. The correlation matrices Rt and Rr

can be measured or computed by assuming the scattering distribution around the
transmit and receive antennas. For uniform linear array at the transmitter and
the receiver sides, Rt and Rr can be calculated according to [150]. Because of the
adopted SM modulation scheme, one transmit antenna is concerned at each time
instant. Therefore the transmit correlation is not of interest. It follows that the
correlated channel becomes:

Ĥ = R1/2
r H (2.27)

where Rr ∈ RNr×Nr is a matrix that has the following Toeplitz structure correla-
tion:

Rr =



1 α . . . αNr−1

α 1 . . . αNr−2

... ... . . . ...
αNr−1 αNr−2 . . . 1

 (2.28)

where α = exp(−β), with β being the correlation decay coefficient set to 2π
λ
dsinφ,

with λ being the wavelength, d the inter-element spacing and φ describing the
angle of arrival (AOA) offset. The channel coefficients are said to be perfectly
correlated when 0 < α << 1.

2. Imperfect channel state information (I-CSI)
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Most of research works assume that the channel estimation errors are mitigated,
thereby adopting error free (perfect) or erroneous (imperfect) CSI. In practice,
this should be considered by formulating the estimated channel matrix as follows
[151]:

Ĥ = ρH + (1− ρ)λNr×Nt (2.29)

where λ is a normal distributed random variable with zero mean and unit variance.
The coefficient 0 < ρ < 1 is a factor that determines the similitude of the estimated
CSI to the actual one. Perfect CSI estimation is achieved when ρ = 1.

3. Correlated and erroneous channel

We assume that we combine both spatial correlation at the receiver and the
erroneous CSI, rendering equations (2.27) and (2.29) as follows:

Ĥ = ρR1/2
r H + (1− ρ)(λ)Nr×Nt (2.30)

where the overall channel model in eq. (2.30) is obtained by the variation of the
two parameters α and ρ.

2.9.2 Simulation results

For the results depicted in Fig. 2.10, the used error correction codes, are half rate
convolutional codes obtained with the generator polynomial (7,5). Furthermore, for
simplification purposes, each frame comprises one OFDM block, the bit interleaver is
random and the evaluated coded BER performance is the one reached by adopting 8
bits per subcarrier and 64 QAM modulation scheme. Fig. 2.10 compares the achieved
BER performance for different values of m, and different correlation and CSI conditions,
when adopting the three presented detectors. Rayleigh channel scenario, obtained
when m = 1, is compared against purely Nagakami channel, simulated with m = 10.
Furthermore, uncorrelated ideally estimated channels are herein taken as a reference
and are obtained by setting the values of ρ and α to one and zero, respectively. From
this figure it can be seen that, in ideal channel conditions, Nagakami channel is more
favorable to communication than Rayleigh channel, whatever is the used detector. This
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Figure 2.10 — Comparison of the achieved BER performances of three dif-
ferent SM-OFDM architectures in Nakagami channel with different CSIs and

correlations.

was expected because of the high scattering level characterizing propagation in Rayleigh
channel (uncorrelated perfectly known channel). Performance gain in Nakagami channel
is negligeable when opting for a given detector over the others, unlike in Rayleigh
channel where OD exhibits the best performance and MMSE is the least performing,
which cosolidates the observations reported in different references [151]. This is mainly
due to the lack of accuracy in estimating the values of antenna indices in MMSE.
The attained data reliability is quite interesting since low BER values are provided at
reasonable SNR levels. However, as shown in this figure, increasing slightly the receive
spatial correlation and CSI imperfection levels, has a drastic degradation effect on the
data reliability, more particularly in purely Nagakami channel.
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2.10 Summary

This chapter has presented the recent research progress on 1-D and multidimensional
IM techniques. Moreover, considerations regarding the utilization of these IM schemes for
next-generation wireless communication are provided. Especially, IM schemes presented
in the literature have been first grouped regarding their application scopes. Later, we
have discussed the operating principle of SM-MIMO and SM-OFDM-based schemes. The
performance of SM-OFDM modulation over Nagakami-m fading channel of different
detectors is also investigated in this chapter. In addition to the space correlation
encompassed in Nakagami model, the performance is depicted under the constraints of
a spatial correlation and the availability of only imperfect channel state information. It
was found that, in ideal correlation and CSI conditions, and assuming Rayleigh fading,
SM-OFDM with OD detector outperforms MMSE and SVD alternatives. Nakagami
channel offers a more favorable propagation scenario, and the attained BER performance
is quite viable. Moreover, SM-OFDM was shown to be quite sensitive to the increase
of spatial correlation and CSI imprecisions, regardless of the used detector and the
considered channel.



C
h

a
pt

er 3
Chapter 3: Performance analysis of multiuser
SM architectures

3.1 Introduction

One of the techniques which are likely to be adopted in the forthcoming wireless
communication standards is the so-called spatial modulation (SM). However, the wireless
channels pertaining to such standards will mostly be frequency selective because of the
involved high data rates, and SM technique alone can not overcome the resulting signal
distorsion. In this context, orthogonal frequency division multiplexing (OFDM) has been
used as an efficient solution to combat this impediment. Obviously, new SM solutions
in the presence of single/multiple users communicating in frequency selective channels
should be targeted. To fulfill such a need, a new SM-based architectures incorporating
OFDM and CDMA are proposed in this chapter. In addition, other SM-multicarrier
transmission data techniques like (GFDM and OTFS) are also presented.
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3.2 SM-GFDM based scheme

For SM multicarrier schemes, one transmit antenna is active and the other kept
silent at each subcarrier. Therefore inter-antenna interference (IAI) and inter-antenna
synchronization (IAS) are efficiently avoided and significant complexity reduction is
provided. Resulting from these improvements, SM-GFDM system has a potential to
bring all of the advantages of GFDM scheme to MIMO setups without increasing the
system cost and complexity. The proposed SM-GFDM system is presented in Fig. 3.1.

Figure 3.1 — SM-GFDM bloc transceiver

3.2.1 SM-GFDM transmitter side

At the transmitter side, as described earlier, spatial modulator processes the incoming
bits in blocks of size bSM = log2(Nt) + log2(M), and arranges each in a matrix X of
size Nt ×NM , where each row vector xj contains the symbols to be transmitted from
the transmit antenna j and each column vector contains the symbols to be transmitted
on the cth subcarrier and mth subsymbol. First log2(Nt) bits of the block identify the
row of the matrix and the log2(M) bits select the symbol from the signal constellation
diagram. Then, selected symbol is placed in an empty column on the corresponding
row. When a symbol is placed in a column, all other elements in that column are set to
zero. As a result, the matrix X has one non-zero element in each column. Therefore, at
each GFDM subcarrier, only one antenna transmits the information symbol selected
from signal constellation and all other antennas remain silent. Then, each row vector
xj is modulated using a GFDM modulator. GFDM is a circularly-filtered multicarrier
communications scheme, which consists of N subcarriers, each filtered with a circular
transmit filter, and each block contains M subsymbols on each subcarrier. The total
number of symbols becomes N ×M . The system is modeled in the digital baseband
and the overall GFDM transmit signal x(n) is given by:



Chapter 3: Performance analysis of multiuser SM architectures 90

x(n) =
N−1∑
c=0

M−1∑
m=0

dc,mgc,m[n] n = {0, ..., (N ×M)− 1} (3.1)

where n denotes the sampling index, dc,m denotes the complex valued data sub-
symbol, taken from an MPSK or MQAM constellation, and gc,m[n] = g[(n −
mN)mod (N×M)] exp

(
j2πcn

N

)
is the transmit filter circularly shifted to the mth sub-

symbol and modulated to the cth subcarrier, where mod stands for the modulo function.
The collection of the filter samples in a vector gc,m = [ gc,m[0]...gc,m[(N ×M)− 1]] T

allows to formulate (3.1) as:
x = A× d (3.2)

where d is a column vector containing dc,m as its (mN + c)th element and A is a
NM ×NM transmitter matrix [152] with the following structure:

A = [ g0,0...gN−1,0 g0,1...gN−1,1...gN−1,M−1] (3.3)

The figure 3.2 shows how each bit block of size bSM is mapped to each transmit
symbol according to signal constellation. The mapping mechanism is designed for
4-QAM constellation where each transmit symbol is assigned to a particular transmit
antenna which is 4 in number for this case. The transmit symbol selected according
to the mapping table is spread by a vector of ones, [1 1 1.......1]T of a size equal to
the number of time-slots in each GFDM subcarrier. The spread data vector is then
allocated to a subcarrier corresponding to a specific transmit antenna as determined
by the mapping table. All the other subcarriers of that particular transmit antenna
are loaded with zeros. Afterwards, GFDM modulation steps are applied on this set of
subcarriers, while the other transmit antennas perform the same transmit side GFDM
processing on a set of subcarriers which contain zero data in the time slots. So, output
from the other transmit antennas corresponding to this particular symbol instant is
zero. This procedure is repeated for all the incoming symbols in the mapped symbol
stream. As a consequence, if transmit antenna 1 transmits a 64 sample length GFDM
data stream with N = 4 subcarriers and M = 16 time-slots corresponding to incoming
symbol 1 + j, then the antennas 2, 3 and 4 transmit a stream of zeros of length 64
samples corresponding to the data block transmitted by the 1st antenna. The same holds
true for antennas 2, 3 and 4 which, later, transmit a GFDM data stream corresponding
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to symbols 1− j, −1 + j and −1− j, respectively. Moreover, this scheme also avoids
self-ICI between time-slots of adjacent subcarriers because, at any symbol instant, only
one subcarrier corresponding to the particular mapped transmitter antenna is active.

Figure 3.2 — Antenna Index Selection, Transmit Symbol Spreading and specific
subcarrier allocation

3.2.2 SM-GFDM receiver side

At the receiver side, first, OFDM demodulation is performed by FFT transform, since
GFDM demodulation must be performed before the spatial demodulation. After that,
and in the aim of limiting the receiver complexity, a suboptimal detection approach
(ZF, for instance) is preferred, hence, allowing to recover the original symbol at the
reception.
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3.3 SM-OTFS system architecture

3.3.1 System model

A number of system improvements incorporating OTFS were proposed in literature,
since the first paper in [54]. All these works have studied OTFS over time-variant (high
Doppler) wireless channels, a formal analysis and claim on the performance achieved by
SM-OTFS is yet to appear. Filling this gap, our contribution in this section provides a
formal study of the benefits achieved by coupling spatial modulation and OTFS and
compare the resulting scheme with SM-OFDM and SM-GFDM alternatives. Let us
consider an Nr × Nt MIMO SM-OTFS-based system, as illustrated in Fig. 3.3. As

Figure 3.3 — SM-OTFS System architecture.

discussed earlier, the key feature of SM is that each block is divided into two sub-blocks,
one indicating the activated transmit antenna index, and the other one dedicated to the
constellation symbol taken from the total number of symbols M, and transmitted over
the activated antenna. Thus, as shown in Fig. 3.3, after insertion of error correction
codes in the original data and its interleaving, SM mapping is applied on the resulting
signal, as explained above, and the SM block is transformed to the time domain by
applying OTFS modulation. This latter is produced by a cascade of two 2D transforms
at both the transmitter and the receiver. The modulator first maps the SM information
symbols in the delay-Doppler domain to symbols in the time-frequency domain using
inverse symplectic finite Fourier transform (ISFFT). Next, the Heisenberg transform is
applied to time-frequency symbols to create the time domain signal transmitted over
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the wireless channel. The multipath signal received at the %th antenna element from
the νth transmit antenna could be written as:

y%(t) = h%ν(t)⊗ xν(t) + w(t) (3.4)

where xν(t) is the signal emanating from the νth activated antenna, w(t) is the additive
white gaussian noise vector with CN(0, σ2) elements, ⊗ denotes the time convolution
operator and h%ν(t) =

[
h%ν(t)1 h%ν(t)2 · · ·h%ν(t)L)

]
is the L× 1 channel vector between

each pair of transmit-receive antennas containing the L multipath channel gains.
At the receiver, the resulted signal is mapped to the time-frequency domain through
the Wigner transform (the inverse of the Heisenberg transform), and then to the
delay-Doppler domain using SFFT, for symbol demodulation. A conventional OTFS
zero-forcing (ZF) detection is considered. Channel decoding and de-interleaving are
carried-out and the transmit antenna index and symbol are finally recovered.

3.3.2 Simulation results

This section investigates the BER performance of the proposed scheme, when con-
volutional codes with half rate with the generating polynomial (7,5) are retained, the
bit interleaver is the random one, and the selected modulation scheme is 8QAM , and
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the FFT size is equal to 64. For comparison purposes, SM-OFDM architecture is
investigated and taken as reference. The number of transmit and receive antenna is
4, respectively, and L = 7, and for simplification purposes, each frame comprises one
OFDM and GFDM block. Furthermore, Fig. 3.4 illustrates the BER performance in
terms of SNR in such a setting. It is shown that SM-OTFS technique yields a better error
performance, as compared to SM-OFDM and SM-GFDM alternatives. We observe that
OTFS outperforms OFDM by approximately 18 dB at a BER of 10−3. This is probably
due to the achieved constant channel gain over all transmitted symbols in OTFS, unlike
OFDM-based case, where, the error performance is limited by the subcarrier with the
lowest gain.

3.4 SM-STBC architecture

Space-time coding (STC) is a well-known technique to enable transmit diversity, and
the Alamouti scheme is the most famous example. Alamouti presents a remarkably
simple scheme to achieve transmit diversity with two transmit antennas without any loss
of bandwidth efficiency [33]. Figure 3.5 depicts how the Alamouti scheme transmits two
symbols, x1 and x2, over two symbol intervals (time periods). In the first symbol interval,
the scheme transmits x1 from antenna 1 and x2 from antenna 2. In the next symbol
interval, symbol −x∗2 is transmitted from antenna 1 and x∗1 is emitted from antenna
2, where the superscript ∗ represents complex conjugate operation. The transmitted
codeword is thus given as:

X =

x1 −x∗2
x2 x∗1

 (3.5)

Here, it is assumed that the channel gains are quasi-static (i.e., they are constant during
two time slots). Then, the received signals at the single-antenna receiver over two time
slots are presented as:

y = [y1,y2]T = hX + w (3.6)

where y = [y1, y2]T is the complex received vector, h = [h1, h2]T is the channel vector;
and w is the complex AWGN noise vector. The case of having two active antennas (i.e.,
two RF chains) in SM is of great practical interest since it is only slightly more complex
than the conventional SM scheme, while it offers both increased spatial diversity as
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Figure 3.5 — Spatial diversity provided by using multiple transmit antennas.

well as higher transmission rate. The scheme proposed in [100], called space-time block
coded spatial modulation (SM-STBC), makes use of the famous Alamouti STBC as
a core. Based on this architecture, our proposed scheme presented in the figure. 3.6
extends the study to the more realistic frequency selective channels, where see, the
transmit diversity is increased and high data rate can be achieved.
At the transmitter side, the input data sequence, is first encoded by a convolutional
encoder, which consists of a concatenation of error correction, preceding an interleaving
π module.

Figure 3.6 — SM-STBC-OFDM System block diagram

In the SM-STBC scheme, both STBC symbols and the indices of the transmit
antennas from which these symbols are transmitted, carry information. Without loss of
generality, we assume in the upsequent discussions that Nt = Nr = 4. In the proposed
SM-STBC mapping, two complex information symbols (x1, x2), drawn from a MPSK
constellation, are sent from two transmit antennas among four, in two symbol intervals
in an orthogonal manner by the codeword Xj, which corresponds to one component of
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the mapping matrix represented by the codeword X = {X1,X2,X3,X4}:

{X1,X2} =





x1 −x∗2
x2 x∗1

0 0
0 0

 ,


0 0
0 0
x1 −x∗2
x2 x∗1




(3.7)

{X3,X4} =





0 0
x1 −x∗2
x2 x∗1

0 0

 ,


x1 −x∗2
0 0
0 0
x2 x∗1




(3.8)

j refers to the transmit antenna index that indicates the pair of activated antennas,
and rows and columns of the mapping matrix, correspond to the transmit antennas
and the two time slots of the STBC coding, respectively.

Table.3.1 corresponds to the matrices of the proposed SM-STBC mapping. Note that
during the two time slots, the channel is assumed constant.

Table 3.1 — Mapping table of SM-OFDM-STBC.

j I/bits Matrix j I/bits Matrix

1
0000

( 1 1 0 0
−1 1 0 0

)T
3

1000
(0 1 1 0
0 −1 1 0

)T
0001

(1 −1 0 0
1 1 0 0

)T
1001

(0 1 −1 0
0 1 1 0

)T
0010

(−1 1 0 0
−1 −1 0 0

)T
1010

(0 −1 1 0
0 −1 −1 0

)T
0011

(−1 −1 0 0
1 −1 0 0

)T
1011

(0 −1 −1 0
0 1 −1 0

)T

2
0100

(0 0 1 1
0 0 −1 1

)T
4

1100
( 1 0 0 1
−1 0 0 1

)T
0101

(0 0 1 −1
0 0 1 1

)T
1101

(1 0 0 −1
1 0 0 1

)T
0110

(0 0 −1 1
0 0 −1 −1

)T
1110

(−1 0 0 1
−1 0 0 −1

)T
0111

(0 0 −1 −1
0 0 1 −1

)T
1111

(−1 0 0 −1
1 0 0 −1

)T
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Simulation results

Figure. 3.7 illustrates the BER performance in terms of SNR in such a setting. It
can be observed that, SM-STBC-OFDM technique yields a better error performance,
as compared to the two remaining alternatives, regardless of the SNR level. Indeed,
the former offers a SNR gain of 8 dB relative to SM-OFDM and of 15 dB relative to
conventional SM, at a required BER of 10−2. This is obviously due to the additional
diversity offered by STBC configuration in the proposed solution. The impact of multi-
path interference is observed to be important on the SM-scheme, since the performance
gap between SM and SM-OFDM is considerable.
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Figure 3.7 — BER performance of SM-STBC-OFDM at FFT=128, Nt =
Nr = 4 and BPSK modulation.

3.5 Multiuser spatial modulation

Many SM-MIMO schemes have been studied by implicitly assuming a single-user
transmission. However, this operating scenario is quite restrictive for typical cellular
deployments, where many users may simultaneously transmit over the same resource
block, aiming at maximizing the aggregate throughput at the cost of increasing the
interference. Motivated by this consideration, the focus of this section is to investigate
SM for multiuser communications. In the context of multiuser communications, the
performance of both optimal and suboptimal receivers designed for SM-MIMO com-
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munications has been investigated in the presence of multiple-access interference [153].
The authors in [154] study the error probability of SSK-MIMO by considering two
receivers: (1) the single-user receiver, which is of low complexity, but it is oblivious to the
interference; and (2) the optimum ML multiuser receiver, which is of high complexity,
and has the benefit of being interference aware. In [155], the precoding-aided SM is
applied to multiuser downlink transmission to resist a multiple-antenna eavesdropper.
In particular, the authors design the signal precoding matrices to cancel the multiuser
interference and modulate partial information bits on the indices of receive antennas
(RAs). For uplink transmission, the achievable uplink spectral efficiency of a multicell
massive SM-MIMO system relying on linear combining schemes is investigated in [156].
Motivated by the papers listed above, this section is concerned with uplink multiuser
transmission between a base station and multiple users.

3.5.1 Code division multiple access (CDMA)

Code division multiple access (CDMA) is a concept using channel access method
through a form of multiplexing that allows multiple signals occupying single transmission
channel and optimizing the available bandwidth. This allowed for dramatic development
of wireless communication in this century and gained a wide spread international use by
cellular radio system [157]. CDMA is a form of spread-spectrum communications. The
spread is done through pseudo random or orthogonal codes which are independent from
the data. Consequently, multiple users can access the same frequency band at the same
time [158], [159]. Unlike TDMA and FDMA, a completely different approach, realized
in CDMA systems, does not attempt to allocate disjoint frequency or time resources to
each user. Instead the system allocates all resources to all active users.

Types of Spread Spectrum Communications

Three ways to spread the bandwidth of the signal:

1. Direct sequence spread spectrum (DSSS): The digital data is coded at a
much higher frequency. In direct sequence (DS) CDMA systems, the narrowband
message signal is multiplied by a very large-bandwidth signal called the spreading
signal, where, the same carrier frequency is used by all users and can convey coded
data simultaneously. Each user has its own spreading code, which is orthogonal
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to the spreading sequences of the other users. Moreover, to detect the message
addressed to a given user, a correlation operation is performed at the receiver.
Hence, due to the decorrelation of the spreading signals, the resulted sequences
from other users are considered as noise. In order to retrieve the data stream, the
receiver utilizes the same spreading sequence used for coding at the transmitter.
Each user operates independently with no knowledge of the other users (uncoor-
dinated transmission). More specifically, the code is generated pseudo-randomly
and the receiver generates the same code, correlates the received signal with that
code to extract the data through the following steps:

• Signal transmission through: pseudo-random code generated differently for
each channel and each successive connection, the information data modulates
the spreading code, the resulting signal modulates a carrier, the resulted
signal is amplified and transmitted.

• Signal reception through: the carrier is received, the received signal is mixed
with a local carrier to retrieve the spread digital signal, a pseudo-random
code is generated matching the one generated at the transmitter, the resulted
signal is then correlated with the generated code, thereby extracting the
information data.

2. Frequency hopping spread spectrum (FHSS): within this category, the
signal switches rapidly between different hopping frequencies pseudo-randomly,
the receiver knows in advance which frequency is of concern at any given time,
and tunes the received signal accordingly to retrieve the original signal.

3. Time hopping: the signal is transmitted in short bursts pseudo-randomly, and
the receiver knows in advance when to expect the burst.

Based on the concepts presented in this chapter, the following subsections introduce
our proposed SM-based architectures along with the simulation results associated with
them.

3.5.2 Multiuser SM scheme combining OFDM and CDMA

We consider a single-cell multiuser uplink MIMO system, in which the base station
(BS) is equipped with Nt antennas serving K users. At the transmitter side, the input
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data sequence dk corresponding to the kth user is first encoded by a convolutional encoder,
which consists of a concatenation of error correction, preceding an interleaver π(k) module,
from which the sequence q(k) is generated. Let us consider the kth user’s encoding

Figure 3.8 — SM-CDMA-OFDM system transceiver block diagram

procedure. The modulated signal x(k) results from the Hadamard product between
an array of the signal q(k) repeated Nt times and the spreading code c(k) ∈ CNt×P .
Mathematically expressed, the spread signal x(k) is thus CDMA encoded through the
following expression:

x(k) = q(k). c(k) ∈ {−1,+1}1×P (3.9)

x(k) is the CDMA-modulated signal for the kth user, q(k) and is c(k) are the transmit
data and the spreading code, and P is length of the spreading code. Afterwards, in
each transmitter, the input sequence is transformed to the time domain by applying the
inverse fast Fourier transform (IFFT). Subsequently, a cyclic prefix (CP) is inserted to
eliminate the inter-symbol interference (ISI) between OFDM symbols, and the resulting
signals are transmitted over the channel. The multipath signal received at the %th

antenna element from the νth transmit antenna could be written as:

y%(t) =
K∑
i=0

hk%ν(t)⊗ xkν(t) + w(t) (3.10)

where xkν(t) is the signal emanating from the νth activated antenna of the kth user,
w(t) is the additive white Gaussian noise vector with CN(0, σ2) elements, ⊗ denotes
the time convolution operator and hk%ν(t) =

[
h%ν(t)1 h%ν(t)2 · · ·h%ν(t)L)

]
stands for the
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L× 1 channel vector between each pair of transmit-receive antennas encompassing the
L significant multipath channel components. At the receiver side, the stages are simply
the reverse ordered operations of the transmitter side.

Simulation results

This section investigates the BER performance of the proposed SM-OFDM-CDMA
scheme, when the number of users is varied. The channel of interest in this work is
experiencing Rayleigh fading, in which omnidirectional antennas are adopted, despite
the fact that opting for directional ones would have improved the performance [160].
L = 7 taps are present, the number of subcarriers in OFDM is set to 128, and
convolutional codes with half rate with the generating polynomial (7,5) are retained.
Furthermore, each frame comprises one OFDM block for simplicity, the bit interleaver
is the random one, the selected modulation scheme is 8QAM , and the length of the
spreading code is Nc = 128. Fig. 3.9 illustrates the BER performance in terms of SNR
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Figure 3.9 — Comparison of BER performance with the variation of the
number of users.

in such a setting. As observed, the reliability of the data is altered by the users number
increase, which is what was expected. However, the immunity of our proposed solution
to such an interference is consolidated, since less than -2 dB in SNR level is required to
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support 5 users simultaneously communicating with a BER which is inferior than 10−3 .
By contrast, even though SM-CDMA alternative is taking in charge multiple access
mitigation through the CDMA feature, it is shown to exhibit a lower performance than
our proposal, because of the critical effect of multipath fading. Indeed, this architecture
is not able to reach a BER of 10−3, even in the presence of only one user.

3.5.3 Multiuser SM scheme combining STBC-OFDM and

CDMA

Incorporating STBC in SM architectures has been envisaged lately for the improve-
ment of the quality of reception [161]. Source information in that case is taken from the
two STBC-coded symbols and the antenna indices. To the best of our knowledge, the
performance of SM-STBC configurations has been investigated in the literature only
in quasi-static Rayleigh channel. In frequency selective channels, orthogonal frequency
division multiplexing modulation (OFDM) and its variants have been widely adopted.
Very recently, STBC-OFDM design was used to yield a viable data link quality in such
channels. However, no system has been proposed to support SM-STBC mapping in
multiple access scenario and frequency selective channels. This section introduces a
new architecture which aims at aligning with the future standard requirements, by
encompassing STBC-OFDM structure in SM-CDMA design, thereby providing a data
reliability per user. We consider in the proposed architecture presented in Fig. 3.10, a

Figure 3.10 — SM-STBC-OFDM-CDMA System block diagram
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single-cell multiuser uplink MIMO system, in which the base station (BS) is equipped
with Nt antennas serving K users. At the transmitter side, the input data sequence
corresponding to the kth user, is first encoded by a convolutional encoder, which consists
of a concatenation of error correction, preceding an interleaving π(k) module.

The encoded signal is then mapped with SM-STBC mapping and coded using
CDMA multiple access technique as explained earlier. Afterwards, the resulted signal is
transmitted over the channel to the receiver. At the receiver side, the stages are simply the
reversed ordered operations of the transmitter side: first, OFDM demodulation is carried
out, then, the resulting signal is despread via its multiplication by its corresponding user
synchronized CDMA code. A decoding algorithm for SM is subsequently performed,
then ZF decoding is adopted to recover the transmit antenna index and the transmitted
signal. Finally, the channel decoding and de-interleaving operations are applied.

Simulation results

This section investigates the BER performance of the proposed scheme, when con-
volutional codes with half rate with the generating polynomial (7,5) are retained.
Furthermore, each frame comprises one OFDM block for simplicity, the bit interleaver
is the random one, and the selected modulation scheme is BPSK. For comparison
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Figure 3.11 — Comparison of BER performance of SM-STBC-OFDM-CDMA
with the variation of the number of users.
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purposes, SM-CDMA and SM-OFDM-CDMA architectures are investigated. The num-
ber of users is varied k = 1, 2, 5, P = 128, L = 7, and Nc = 128. Fig. 3.11 illustrates
the BER performance in terms of SNR in such a setting. It can be observed that,
SM-STBC-OFDM-CDMA technique yields a better error performance, as compared
to the two remaining alternatives, regardless of the number of users and SNR level.
Indeed, the former offers a SNR gain of 8 dB relative to SM-OFDM-CDMA and of 18
dB relative to SM-CDMA, at a required BER of 10−2. This is obviously due to the
additional diversity offered by STBC configuration in the proposed solution. The impact
of multipath interference is observed to be important on the SM-scheme, since the
performance gap between SM-CDMA and SM-OFDM-CDMA is considerable. Despite
the fact that the reliability of the data is altered by the increase of the multiple access
interference, with the proposed solution, the performance is viable, even in adverse
channel conditions, where the SNR is quite low.

3.5.4 Multiuser SM-scheme Combining STBC-OFDM and

CDMA over Nakagami-m fading channel.

The performance of SM-STBC configurations has been investigated in the literature
only in quasi-static Rayleigh channel. In frequency selective channels, OFDM and its
variants have been widely adopted. Indeed, no system has been proposed to support
SM-STBC mapping in multiple access scenario and frequency selective Nakagami-m
channels. It is worthy to recall that Nakagami model is one of the most adopted to reflect
different channel conditions, since it encompasses a wide range of models, from the
pure Rayleigh to the one approaching deterministic behavior. This section introduces
a new architecture which aims at aligning with the future standard requirements,
by incorporating STBC-OFDM structure in SM-CDMA design, thereby providing a
data reliability per user. The performance of the resulting SM-STBC-OFDM-CDMA
system is investigated in Nagakami channel fading, more particularly in the presence
of imperfect channel estimates. We investigate the same transceiver bloc as described
in Fig. 3.10. Fig. 3.12 compares the achieved BER performance for different values
of m, and different CSI conditions, when adopting SM-STBC-OFDM-CDMA scheme
over Nakagami-m fading channel. Rayleigh channel scenario, obtained when m = 1,
is compared against Rician and Gaussian cases, simulated with m = 1.5 and m = 0.5
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respectively. Furthermore, ideally estimated channels are herein taken as a reference
and are obtained by setting the value of ρ to 1. The selected modulation scheme is

Figure 3.12 — Comparison of BER performance with the variation of the
channel estimation accuracy and Nakagami parameters.

BPSK. The simulation parameters are fixed as follows: the number of users is k = 2,
P = 128, L = 3, and Nc = 128. It can be observed from Fig. 3.12 that, in this particular
SNR range where the noise power is higher than the desired signal, in ideal channel
conditions, Rayleigh channel is more favorable to communication than the general
Nagakami channel where m = 10. Gaussian channel exhibits the lowest performance.
The attained data reliability in all channel conditions remains quite interesting since low
BER values are provided at low SNR range. However, as shown in this figure, increasing
slightly the imperfection levels, has a drastic degradation effect on the data reliability,
more particularly in Gaussian channel.

3.5.5 Hybrid cooperative spatial modulation scheme with

CDMA multiple access using DF relaying protocol

Cooperative communication is an impressive technique that uses multiple nodes
as relays to help the transmission of information. The destination receives not only



Chapter 3: Performance analysis of multiuser SM architectures 106

the information from the source but also the transferred one from other collaborating
nodes. The adoption of the cooperative relaying results in increasing network cover-
age, improving transmission reliability and extending communication range [162]. In
cooperative communications, a source (S) transmits its own data to a relay (R) and
a destination (D) in the first time slot and (R) forwards the received signal either by
decoding (decode-and-forward, DF) or amplifying it (amplify-and-forward, AF) in the
second time slot. This forwarding concept forms a virtual MIMO system to combat
fading and provides a larger coverage area [163]. Combining the advantages of SM and
cooperative communications has been recently studied in the literature [164, 165]. The
first study is performed by Serafimovski et.al in [164] in which a dual-hop SM system is
proposed (where there is no direct link between the source S and the destination D). A
real cooperative scenario in which the source S sends its information to the relay R and
the destination D in the first time slot is considered in [166]. In this system, the source
S transmits its data using SSK to N relays and D (all nodes have single transmit and
receive antennas) in the first time slot and N relays amplify the incoming signal and
retransmit to D in the following N time slots. In the same study, the use of DF strategy
is investigated when the relays which correctly detect the source symbol are permitted
to forward. Since the relays have single antenna, communication between R and D can
not be performed with SSK. In [167], the dual-hop SSK system in [168] is enhanced
to N-relay system using opportunistic relaying to increase the spectral efficiency. The
performance of SM with multiple decode and forward (DF) relays in which the relays
that correctly detect the source signal forward the decoded message to the destination
is investigated in [169]. The first cooperative system in which all nodes have multiple
transmit and receive antennas is introduced in [170], where space shift keying (SSK)
modulation is used and an incremental relaying (IR) scheme with selection combining
(SC) at the destination is considered.

System model

A cooperative SM-CDMA system that combines DF relaying with SM in the presence
of multiple relays is shown in Fig. 3.13. The system contains one source, multiple relays
and one destination. With the DF protocol at each relay, the transmission process is
divided into two phases. In the first phase, the source transmits the signal to the relays
and the destination. Considering the Nt antennas at the source, the SM mapper assigns
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log2Nt and log2M bits to determine the active transmit antenna index j, j ∈ {1, ..., Nt},
and the qth symbol of M-ary constellation diagram xq, q ∈ {1, ...,M}, respectively.
Therefore, the output of SM mapper is given by xj,q = [0 0...xq...0]T , where xj,q is an
Nt-dimensional column vector, and the unique non zero element is in the jth row. In
the study we are proposing, the relay node rk, k = {1, 2, ..., K} and the destination
node D are equipped with multiple antennas. First, the input sequence is encoded and
interleaved to fight against channel errors and transmitted after that over the channel
to the relays and the destination according to the following equations:

y(k)
r = H(k)

rs xj,q + w(k)
r (3.11)

yd = Hdsxj,q + wd (3.12)

where, for the kth relay, y(k)
r ∈ CNr×1 is the complex received vector at the relay;

H(k)
rs ∈ CNr×Nt is the complex channel matrix; w(k) ∈ CNr×1 is the complex AWGN;

and xj,q is the complex SM-modulated transmitted vector.

Figure 3.13 — Cooperative SM-OFDM-based CDMA system transceiver block
diagram

In the second phase of DF relaying process, a decoding algorithm for SM is subse-
quently performed at each relay, then optimal detector (OD) is adopted to recover the
combination of the transmit antenna index and the emitted symbol.

After the SM-demapping, the data symbols of the K relays are multiplied by their
specific orthogonal spreading code. Mathematically expressed, the spread signal g(k)

r is
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thus CDMA encoded through the following expression:

g(k)
r = q(k). c(k) ∈ {−1,+1}1×P (3.13)

g(k)
r is the modulated signal for the kth relay, q(k) and is c(k) are the transmit data and

the spreading code, and P is length of the spreading code. Furtheremore, each relay
signal is equipped with a unique code which can be used to distinguish between the set
of the relay signals at the receiver. Afterwards, the resulting signals g(k)

r are transmitted
over the channel to the destination, which gives birth to the following equations:

y(k)
rd =

K∑
i=0

H(k)
dr gr + wd (3.14)

yG = yrd + yd (3.15)

where yrd is the received signal at the destination d emanating from the relays, yd is
the one at the destination originating from the source node, wd is the additive white
Gaussian noise vector with CN(0, σ2) elements at the destination.

At the destination side, the stages are simply the reverse ordered operations of the
relay side. First, the resulting signal is multiplied by its corresponding relay synchronized
replica of CDMA code, such that to despread the data. A combination of the two
received signals yrd and ysd is computed as expressed in Eq. 3.15 and a demodulation
is subsequently performed, to retrieve the emitted signal from the source (S). Using
this demapping rule, the combination of the transmit antenna index and the emitted
symbol can be obtained.

Simulation results

In this section, we present computer simulation results for the BER of cooperative
SM-OFDM-CDMA scheme considering DF protocol with four transmit antennas at
the source, one receive and transmit antenna used at each DF relay, and eight receive
antennas at the destination, considering 4PSK constellation. We assume that the relays
are randomly distributed between the source and the destination. L = 7 taps are present,
the number of subcarriers in OFDM is set to 16, and the length of the spreading code
is Nc = 128. For comparison purposes, cooperative SM-OFDM-CDMA architecture for
one relay is chosen as a reference. Fig. 3.14 investigates the BER performance in terms
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of SNR in such a setting. It can be observed that the reliability of the data is altered by
the increase of the number of relays. Indeed, the performance of the proposed scheme is
quite viable, even in using a very high number of relays since 10 relays offers a BER
performance of 10−3 when the SNR gain is low (8 dB).
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Figure 3.14 — BER performance with the variation of the number of DF
relays of cooperative SM-OFDM-based CDMA system

3.6 Summary

In this chapter, we have proposed novel multi-carrier based SM configurations, namely
SM-GFDM and SM-OTFS and studied their performances in Rayleigh channels. We
have also proposed multiuser SM-OFDM schemes, which are well adapted for 5G and
beyond systems, more particularly for massive MIMO. These are mostly the result of
a combination of SM, STBC, OFDM, and CDMA capabilities for offering a highly
reliable low complexity multiple access communication in frequency selective channels.
The resulting robustness and improved performance of the proposed schemes have been
confirmed. The performances of the proposed multi-access SM-OFDM architectures
were investigated in Nakagami channels, where they were shown to be quite sensitive to
the increase of spatial correlation and CSI imprecisions, regardless of the used detector.
Relaying mechanisms were also tackled in such configurations and the data reliability
improvement yield by the cooperative diversity was highlighted.
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Chapter 4: Integration of SM Scheme with
CDMA for VIVO-based Frequency Selective
Nano Sensor Networks.

4.1 Introduction

Due to their suitability for human-body based communications, in-VIVO nano sensor
networks are envisioned to use the promising Terahertz signals in order to ensure
the forthcoming high-rate communication needs of the modern medicine, while being
fully protected from interferences. However, the propagation losses at these frequency
bands are quite significant and dependent on the operation frequency as well as on
the physiological characteristics, thus impeding the use of Terahertz rates to their
utmost benefit. Using numerous emitting elements is likely to improve the quality
of the received signal, but gives rise to multi-channel interference (MCI) emanating
from multi-antenna signaling reception, which necessitates a relatively complex signal
processing to mitigate it. When multiple physiological signals are of interest, detecting
them necessitates to mitigate multiple-access interference (MAI). In this perspective,
orthogonal frequency division multiplexing (OFDM) allows to combat the channel
frequency selectivity, whereas code division multiple access (CDMA) scheme cancels
MAI. In this chapter, we propose to embed the novel spatial modulation technique
with CDMA architecture in an OFDM framework to ensure a viable communication in
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in-VIVO frequency selective Nano channels. The immunity of our proposed solution
to such an interference is confirmed, since less than -2 dB in SNR level is required to
support 5 MIMO systems simultaneously communicating with a BER which is inferior
to 10−3, when the operating frequency is equal to 1THz. This hybrid scheme is shown
to efficiently combat the MCI, while enabling a safe retrieval of the useful signal at the
very-high data rate communications.
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4.2 Related work

It has become obvious that, unless the frequency resources allocation policy is totally
reviewed to encompass the cognitive radio paradigm, in which the primary users share
their bands with the secondary users, the frequency resources in low and medium bands
are used to their extreme, and can no more support additional subscribers. Under this
perspective, the free terahertz (THz) systems are considered as the alternative to allow
the ultra-high data rates communications foreseen for the forthcoming sixth generation
(6G) of wireless systems.
Incorporating technological tools in the biomedical field has allowed the consolidation
of the medical care quality, the decrease of care costs and the increase of human life
expectancy. In-VIVO Wireless body area networks (WBANs) and technologies, such as
wireless capsule endoscopes and nerve simulators, are no exception, and are likely to
be widely adopted in future biomedical services and infrastructures. Indeed, they are
oriented towards the same trend of ensuring ubiquitous health monitoring, assisting
the doctors in delivering reliable and accurate diagnosis and analysis, screening early
critical diseases, and offering the patients a seamless physiological data collection and
the comfortable idea that the surgery will be avoided unless it becomes the ultimate
solution.
In monitoring a patient’s real-time vital signs through WBAN technology, rich data
sources are communicated to medical practitioners. Beyond clinical use, professional
disease management environments, and private personal health assistance scenarios
(without financial reimbursement by health agencies/insurance companies), WBAN
enables a wide range of health care applications and related services. In [171], the
authors propose a non-intrusive breathing monitoring system using the C-Band sensing
technique. In [172], cooperative techniques are exploited to enhance the coverage and
the reliability of WBANs. Interference cancellation in WBANs is targeted in [173],
while [174] introduces an FPGA-based realistic solution to reduce the implementation
complexity by recoursing to compressed sensing tools. Recently, the nanotechnology
and the subsequent possibilities it opens for the reduction of the devices size to the
nanoscale dimension, in addition to the research community interest for the adequate
nano materials for such devices, such as the graphene, have made conceivable the
adoption of the nano-networks for the THz communication within the human body.
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However, one major problem faced with the deployment of this breakthrough technology,
in addition to the very high path loss and molecular absorption noise, is the resulting
high level of multiuser interference. This latter comes from the very high density of
in-body sensors; in the order of hundreds per square millimeter, which needs to be
deployed in order to compensate the reduced coverage range, pertaining to the operation
at the THz band. The signals emanating from the co-communicating transmitters at the
reception side are superimposed with the signal of interest, leading to the degradation
of the communication quality. The investigation of the body-supported networks has
been thouroughly carried out in the last two decades, at the ISM and UWB frequencies
[173, 175–181]. The characterization of the propagation and the channel modeling
of the THz in-VIVO networks have been recently conducted in [182–185]. According
to the authors knowledge, only few studies have been accorded to these particular
networks, when evolving in multi-user scenario. The authors in [186],[187] proposed a
pulse communication-based statistical interference model which is adapted to THz-band
in a very specific setting. The weakness of that work lies in the fact that the presented
interference model, relying on the polynomial approximation of the received signal,
is parametrized by the power and shape of the transmitted signal and the channel
molecular distribution, hence varies with the variation of the communication medium or
the signal features. Interference and signal-to-noise-plus-interference ratio (SINR) was
also analyzed in [188–190] when considering the effect of antenna radiation pattern and
directivity. In [191], a network level analysis was carried out by extracting the interference
model and the SINR of the in-VIVO nano-networks when adopting time spread ON-OFF
keying (TS-OOK) modulation scheme was derived. Various communication conditions
were investigated to highlight the interference impingement on signal degradation.
According to the discussion above, it appears clearly that the previous studies have
solely been concerned with assessing the effect of interference on the THz communication
of the nano networks. Surprisingly, no work has been dedicated to overcoming this
undesirable effect. Motivated by this limitation, in this chapter, a solution is proposed
to mitigate interference in this particular environment, by recoursing to a scheme which
combines index modulation and code division multiple access. The adoption of the index
modulation is consolidated by the current communication trend in its incorporation in
massive multiple-input multiple-output (MIMO) systems. Indeed, a key challenge of
future mobile communications research is to strike an attractive compromise between the
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two wireless network’s areas: spectral-efficiency and energy-efficiency. This necessitates
a clean-slate approach to wireless system design, embracing the rich body of the existing
knowledge on MIMO technologies to its extension to massive MIMO paradigm [192],
[193]. However, conventional MIMO systems design would need an RF chain at each
transmitting and receiving element side, rendering the integration of massive MIMO,
practically unfeasible due to the high hardware complexity and the prohibiting energy
consumption. To alleviate such constraints, index modulation, which in spatial domain
holds the name of spatial modulation (SM), has emerged as a viable solution in 5G
and beyond-communication systems, and proposed to include within the transmitted
signal block, a part dedicated to the activated antenna index, in addition to the usual
data part [128, 194]. This allows to circumvent in the uplink single user scenario, and
without resorting to successive interference cancellation (SIC) schemes, the inter-channel
interference (ICI) emanating from multiple transmitting antennas to the same receiver.
This is achieved in the conventional SM scheme by randomly activating only one antenna
at the transmit side, and retrieving from the signal block at the multiple-antennas
receive side both the index of the activated antenna and the associated transmitted data.
Most of the SM-related contributions have addressed point-to-point communication
systems, i.e. the case of the single-user, and the investigated channels were undergoing
mostly either flat Gaussian or flat Rayleigh fading [195]. According to the best of our
knowledge, the sole work incorporating index modulation for in-VIVO nano networks
has targeted a single device scenario [196]. Furthermore, a very little research interest
has been dedicated to the investigation of SM architectures in multiple user access
context, and the ones which have reported related works, have only dealt with flat
fading channels [197],[198]. The objective of this work is to address the realistic scenario
of the dense deployment of numerous nano-sensors within the human body, and propose
a scheme combating the effect of path loss and multiple access interference in THz
frequencies. Obviously, in upcoming communication multipoint-receive systems, in
addition to the challenging targeted types of applications where high data rates and
mobility are involved, the pertaining solutions should support a large number of receive
devices, while maintaining the required quality of service (QoS) per device, and keeping
the hardware complexity as simple as possible. Due to the involved large communication
frequency band and high data rates, the associated in-body channel will be shown
to be frequency-dependent. In this direction, we have retained orthogonal frequency
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division multiplexing (OFDM) to combat the THz channel frequency selectivity. OFDM
technique achieves such purpose, by converting the selective channel into a set of
frequency-flat subchannels, which number is equal to the number of subcarriers used in
the OFDM scheme. Furthermore, code division multiple access (CDMA), consisting
in assigning a different code per targeted transmit device, allows to support multiple
access in SM architectures. We agree, to refer, in the MIMO in-VIVO setting, to the
interference at the receiver emanating from the multiple transmitting antennas of the
intended physiological signal as ICI. Similarly, the one originated from a transmitting
device other than the intended signal is conventionnally termed as multiple access
interfernce (MAI). The combination of OFDM, SM and CDMA techniques, targetting
to increase the data rate, while mitigating the ICI and the MAI in THz frequency
selective channel, gives birth to the new concept of SM-OFDM-CDMA.

4.3 Channel characterization and modeling

The in-VIVO THz channel is challenging to characterize and estimate but has
attracted lately the research interest because of the development witnessed in nan-
otechnology and device miniaturization. The in-body electromagnetic waves at the THz
band cross different media wihin the human body, each with different electrical and
magnetic properties. In this work, we represent the skin tissues, as shown in Fig.4.1, by
a three-layer model, namely the stratum corneum (SC), the epidermis, and the dermis.
To accurately emulate the electromagnetic propagation inside the human tissues and the

Figure 4.1 — Representation of skin tissues.
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resulting losses they generate within a given signal, the epidermis region was supposed
containing sweat glands or sweat ducts, which are of spiral shape. We have developed a
large scale model in [185] and validated it through time-domain spectroscopy (THz-TDS)
experiments carried out at Queen Mary University of London (QMUL) [199] by using
two layers, the epidermis extracted from a real being skin, and an artificially cultured
collagen emulating the dermis. The collected phase and amplitude of received pulses
are processed via transfer equation-based algorithm, which allows the evaluation of the
pathloss and other material parameters [200]. For readers interest, more details on the
system setup and performed measurements could be found in [185]. The modified Friis
equation proposed in [182] which evaluates the path loss in the water vapor channel at
the THz band considers two phenomenons, namely the expansion of electromagnetic
(EM) waves in the tissue giving rise to the spreading path loss (PLspr), and absorption
of the waves in the tissues producing the absorption path loss (PLabs). Accordingly, the
path loss in the human tissues could be written as:

PLtotal[dB] = PLspr(f, d)[dB] + PLabs(f, d)[dB] (4.1)

where f refers to the frequency in THz, and d to transmitter-receiver distance expressed
in millimiters. However, this slow fading model is concerned only with the frequency
and distance operation parameters, and overlooks the physiological particularities of the
internal part of the human skin. This was taken into account in the model we developed
in [185] inferred from the THz-TDS skin measurements, and encompassing the number
of sweat ducts in the skin. Unlike our previous works, we are targeting herein a MIMO
configuration, and we define our path loss model in each lth multipath signal component
between each jth receive antenna and ith transmit antenna of the in-body nano nodes,
by complying with the two-step data fitting procedure with the measurements, which
yields the following model:

PLlj,i = −0.2 ∗N + 3.98 + (0.44 ∗N + 98.48)d0.65
j,i

+(0.068 ∗N + 2.4)f 4.07
(4.2)

with N being the number of sweat ducts and l = {1, 2, ..., L} indicates the number of
multipath channel components. In the following, the impingements of the characteristics
of the nano-scale in-body environment, the operation frequency and the inter-nodes
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distance on the channel path loss are investigated, and the obtained results are illustrated
in Fig.4.2 through Fig.4.4. According to Fig.4.2, it appears that the variation of the

Ducts

0 1 2 3 4 5

P
at

h 
lo

ss
 (

dB
)

10

15

20

25

30

35

40

45

50

f=1THz d=0.1mm

f=1THz d=1mm

f=1THz d=2mm

f=5THz d=0.1mm

f=5THz d=1mm

f=5THz d=2mm

f=10THz d=0.1mm

f=10THz d=1mm

f=10THz d=2mm

Figure 4.2 — Path loss with respect to the number of ducts

number of ducts in the chosen range has a negligeable effect on the path loss, whatever
the operation frequency is. Hence a displacement from an in-body area to a neighbouring
region does not induce an appreciable variation in the path loss. At a given number
of ducts, increasing the transmitting-receiving elements distance results in a path loss
increase at f=1THz, unlike the other frequency of interest, i.e. f=5THz and f=10THz,
at which the same path loss is attained, regardless of the distance. On the other hand,
Fig.4.3 shows the path loss in terms of the distance for different numbers of ducts and
frequencies. From that figure it appears that the path loss observed when varying the
distance is the same, regardless of the number of ducts. Furthermore, the increase of the
operating frequency results in a higher path loss. When f=1THz, and up to a distance
of 1mm, the path loss scales linearly with the variation of the distance, and a small
variation of the distance by an order of 0.1mm results in approximately 1dB increase of
the path loss. Beyond this value, the path loss at f=1THz is only slightly affected by
the distance. For the other higher frequencies of interest, the path loss is not impinged
by the distance at the investigated range. Finally, the effect of the operation frequency
on the path loss is addressed and the corresponding results are reported in Fig. 4.4. As
it can be noted, the path loss remains constant at 22 dB when the frequency is below 2
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THz. After this threshold, the path loss increases almost linearly by a step of 5 dB at
each 1 THz-frequency increase.
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4.4 Hybrid Spatial Modulation Scheme with

CDMA multiple access

Our scenario involves numerous nano-sensors placed within the body, where each,
to comply with hardware and energy constraints, is equipped with a sole antenna.
Subsets of them are regrouped to form virtual MIMO configurations, where each of
those is dedicated to a given application (physiological data), referred to herein as
user, thus forming a multiuser system. Index modulation scheme conveys additional
information in the data block beside the transmitted symbol, which can be an index of
the temporal, spatial, or the frequency resource activated for such a transmission. In this
work, the index pertains to the spatial dimension, leading to the particular case of SM.
By randomly activating only one antenna, the ICI is mitigated and the only remaining
interference is the MAI coming from the co-existence of multiple physiological signals
(users) sharing the same frequency and temporal resources and co-communicating with
the same reception unit. This MAI will be reduced by resorting to CDMA scheme.
Indeed, these spatially distributed nano-networks, are virtually regrouped such that to
use Nt nano transmit nodes for a given application, and K users (referring to different
applications or different physiological signals) are simultaneously communicating with
the receive unit consisting of Nr distributed receive nodes. Figure 4.5 shows an example
of SM-OFDM scheme with Nt = 2 and 4 OFDM sub-carriers, and which adopts
4QAM modulation resulting in 3 bits/symbol/sub-carrier transmission. The SM-OFDM
information block pertaining to each subcarrier is mapped into the index of the activated
transmit antenna and the emitted symbol. Let us assume for instance that the input data
sequence corresponding to the first sub–carrier is [0 1 1]T . Since we are concerned
with only two transmit antennas, the first element in the information block (the value
zero herein) refers to the antenna index, while the remaining elements are the data
block. Hence, this example corresponds in SM mapping to the transmission of the
symbol 1 − i from the first transmit antenna, while at that time instant the second
antenna is kept silent. Hence, the transmit symbol vector for the first sub-carrier is
[1 − i 0]T . The block diagram of the used architecture is shown in Fig.4.6. At the
transmitter side, the input data sequence d(k) corresponding to the kth biophysical
signal is first encoded, interleaved and then inserted into the SM block to generate the
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Figure 4.5 — SM-OFDM: 3bits/symbol/subcarrier in 4QAM modulation.

sequence q(k). Hence, in the SM architecture, the first log2Nt of the resulting block are

Figure 4.6 — SM-CDMA-OFDM system transceiver block diagram.

dedicated to the coding of the antenna index, while the second log2M bits contains the
emitted symbol. Therefore, the number of bits/symbol per user that this SM scheme
allows to transmit in each block is given, as presented in [128], by:

bSM = log2Nt + log2M (4.3)

In each kth application-dedicated system, k = {1, ..., K}, the signal vector x(k) is
CDMA-spread by performing the Hadamard product between an array of the signal
q(k) repeated Nt times and the spreading code c(k) ∈ CNt×P [201]. Hence, the CDMA
encoded signal could be written as:

x(k) = q(k). c(k) ∈ {−1,+1}1×P (4.4)
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with P being the length of the spreading code. Afterwards, in each transmitter, the
input sequence is transformed to the time domain by applying the inverse fast Fourier
transform (IFFT). Subsequently, a cyclic prefix (CP) is inserted to eliminate the
inter-symbol interference (ISI) between OFDM symbols, and the resulting signals are
transmitted over the channel. The multipath signal received at the %th antenna element
from transmit antennas could be written as:

y%(t) =
K∑
i=0

h%ν(t)⊗ xν(t) + w%(t) (4.5)

where xν(t) is the signal emanating from the νth activated antenna, w%(t) is the additive
white Gaussian noise vector with CN(0, σ2) elements, ⊗ denotes the time convolution
operator and h%ν(t) =

[
h%ν(t)1 h%ν(t)2 · · ·h%ν(t)L)

]
stands for the L× 1 channel vector

between the pair of νthtransmit-%threceive antennas encompassing the L significant
multipath channel components. The receiver at the branch corresponding to the retrieval
of the kth user signal, as illustrated in Fig.4.6, comprises simply the blocks performing
the reverse ordered operations of the transmitter side. First, OFDM demodulation is
carried out, then, the resulting signal is multiplied by the CDMA code associated with
the kth application, and summed up such that to re-obtain the despread signal. Then,
the SM decoding operation is launched by estimating the index of the activated antenna
from the signal block part reserved to the indices, and then demodulating the associated
signal using zero forcing (ZF) detector; which is viewed as an element-wise division of
the OFDM demodulated signal by the transfer function of the discrete channel response.
The so-mentioned channel transfer function is computed by a DFT of the zero-padded
discrete time channel impulse response. It follows that the per-carrier ZF is performed
as described in [43]:

z̃s(k) = ys(k)
hsj(k) (4.6)

where s stands for the index of the subcarrier. Afterwards, spatial location of the
transmit antenna index, from which the symbol was transmitted, needs to be estimated.
This is done by finding the location of the maximum absolute value of the output vector
from the ZF equalizer z̃s(k) for each sub-carrier s, which is described in the following
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equation:

ĵs = argmax
j
|z̃s(k)| for j = {1, 2, .., Nt} s = {1, 2, .., FFT} (4.7)

where ĵs denotes the estimated value of the antenna index. Then, the symbol is detected
using the following equation:

q̂s = Q(z̃s(k)(j=ĵs)) (4.8)

where Q refers to the quantization operation pertaining to the symbol detection. After
the SM-OFDM demapping, decoding and de-interleaving operations are applied, as
shown in the Fig. 4.6.

4.5 Simulation results

To study the performance of the proposed multiple access spatial modulation scheme
incorporating virtual MIMO-OFDM configuration in the in-VIVO THz channel, simula-
tions are carried out to study the impact of different parameters on such a performance.
In the following, we comply with the SM notation adopted in multiple papers when
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referring to the resulting MIMO system adopting M-PSK modulation, i.e. Nt × Nr

M-PSK. We next analyze the effect of transmit and receive antenna (TX-RX) number
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on the BER performance, with: Nt = {8, 16, 32, 64, 128} and Nr = {8, 128}, whereas the
length of the spreading CDMA code (Nc) and the number of subcarriers (FFT ) are fixed
at 128, and 2PSK modulation is retained. As depicted in figure 4.7, the performance
significantly improves when increasing the number of receive antennas. However, this
same performance degrades when the number of transmit antennas is greater than the
number of receive antennas. This consolidates the finding in papers [202–204], where it
was shown that the transmit antenna index is better detected and accurately estimated
in the presence of a lower number of TX-antennas than the receive ones. It follows that
for the investigated cases, the best performance is achieved when Nt = 8 and Nr = 128.
Fig. 4.8 investigates the BER performance when fixing the spectral efficiency per
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subcarrier, as given by the expression in Eq. 4.3, at the value 9 bits/s/Hz, for instance.
This is achieved by increasing the order of the modulation from 2 to 128 PSK, with a
power of 2, while decreasing the number of transmit antennas, such that to maintain
the spectral efficiency constant, as per Eq. 4.3. It can be seen from Fig. 4.8 that the
higher modulation orders, such as 64 PSK and 32 PSK, experience a quite acceptable
penalty in terms of data reliability thanks to the balance provided by a number of
transmit antennas which is below the one of receive antennas. On the other hand, the
schemes incorporating the lower modulation orders, i.e 4 PSK and 8 PSK, exhibit
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performances which are below the ones expected due to a corresponding numbers of
transmit antennas that are close to receive antennas. The scheme which yields the best
compromise between the number of transmit antennas and the modulation type is the
one supporting 16 PSK, resulting in the best performance.

In next simulation the impingement of the variation of the number of subcarriers on
the performance of the proposed system is investigated when the operating frequency
is f=1THz, (Nt, Nr) = (8, 128), the 2 PSK modulation is adopted and the distance is
maintainted at d=0.1mm. As expected, increasing the number of subcarriers corresponds
to affording more parallel frequency branches to transmission, hence enhancing the
frequency diversity. It follows that the BER performance is significantly enhanced;
for instance migrating from a system supporting 32 subcarriers to a one supporting
128 allows reducing the SNR by more than 5 dB at a required BER of 10−3. The
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performance of the proposed systems is discussed in the same setting when varying
the number of subcarriers and the operating frequencies, and the associated results are
illustrated in Fig. 4.10. As mentioned earlier, the impact of the operation frequency on
the performance is the most critical compared to other parameters. Indeed, increasing
the frequency from f = 1THz to 5 THz, induces an approximate penalty of 20 dB in
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terms of SNR and of more than 10 dB when migrating from 5THz to 10THz. Moreover,
for a given operation frequency, increasing the number of carriers from 64 to 128 results
in an average gain of 3 dB in terms of performance. Next, the effect of multiple access
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interference on the performance of the proposed solution is of interest. For this purpose,
the parameters are chosen as follows: the number of users (corresponding to different
physiological signals) is varied as K = {1, 2, 5}, the operating frequency is selected
from the set f = {1, 5, 10}THz, the Tx-Rx distance is maintained at 0.1mm, and the
remaining parameters are fixed at (Nt, Nr,M, FFT ) = (8, 128, 2, 128). Moreover, for
simplification purposes, the length of the spreading CDMA code is Nc = 128, and we
have incorporated in each frame only one OFDM block. As it can be seen from Fig.4.11,
the reliability of the data at a given frequency is degraded by the users number increase,
which is what was expected. For instance, moving from a scenario supporting only 1 user
to the one containing 5 users results in an approximate penalty of 7 dB in terms of SNR.
Operating at the lowest frequencies of the terahertz band seems to be more interesting
in practice, because of the cost of the higher ones in SNR increase. The balance of this
at those high frequency range could be achieved by significantly increasing the number
of subcarriers, at the price of a more significant hardware complexity. At f= 1THz,
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128, 2PSK,FFT = 128, Nc = 128, N = 1, d = 0.1mm and different frequencies

the immunity of our proposed solution to such an interference is confirmed, since less
than -2 dB in SNR level is required to support 5 users simultaneously communicating
with a BER which is inferior to 10−3. In the following, the effect of the variation of
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cies
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the physiological media is studied at a transmitter-receiver distance of 0.1 mm and a
frequency chosen from the set f= {1, 5, 10 }THz in the presence of a MAI level consisting
of five users, and the pertaining results are reported in Fig.4.12. As observed, it is again
shown that the achievable performance for a given frequency, is independent of the
media in which the communication scheme is embedded, for the ones incorporating a
number of ducts ranging from 1 to 5. This consolidates the results reported in Fig.4.2
through Fig. 4.4, where the path loss is shown to be the same regardless the number of
ducts.
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Figure 4.13 — Comparison of BER performances of SM-OFDM-CDMA
scheme with the variation of the distance Nt = 8, Nr = 128, 2PSK,FFT =

128, Nc = 128, N=1, five users and different frequencies

Figure 4.13 discusses the extent of the impact of the transmitter-receiver distance
on the quality of reception, in the presence of MAI and when the operation frequency
is varied in the set f= {1, 5, 10 }THz and the number of co-communicating users is
5. Similarly to the trend seen in Fig .4.2 and .4.3, it is demonstrated that the BER
performance in the presence of MAI is sensitive to the distance only at the lower range
of THz frequencies. At 5 THz and 10 THz frequencies, the performance is very slightly
impacted by the distance. At 1 THz, in order to ensure the required BER value of
10−3, an additional SNR of 6.5 dB is necessary when moving the receiver from d=0.1
mm to 1 mm apart from the transmitter. In Fig.4.14, the achievable performance of
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the proposed 2PSK-supporting scheme in terms of the frequency of operation and the
number of receive antennas is addressed in the presence of MAI. To carry out this study,
the number of users is 5, the number of ducts is 1, and the distance is d=0.1mm. As
observed, the reliability of the data is altered by the RX number decrease what ever is
the used frequency, which is what was expected. However, the most important issue
is that, despite the high level of co-supported and acquired physiological signals, i.e.
5 in this case, decreasing the transmit antenna number and increasing that of receive
antennas allows to enhance the BER performance, regardless of the operating frequency.
This consolidates again the statement of SM better performance when the number of
receive antennas exceeds the transmit antennas.
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4.6 Summary

The main objective of this work was to propose an architecture based on spatial
modulation which meets the requirements of future generations of health mobile net-
works, in terms of quality of service and system complexity, while ensuring multiple
signal acquisition in in-VIVO Nano networks. It was shown that to ensure a better
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performance and signal retrieval at the reception, the number of transmit antenna
should be less or equal to the number of receive antennas. Furthermore, because of the
in-body channel sensitivity to the high frequencies in the terahertz band, the reliability
of the received data is altered. Hence, unless it becomes necessay the lower range of
terahertz band should be targeted, and otherwise endow the system with a higher
number of subcarrier branches to ensure a more performant OFDM signaling. The
impact of the physiological media reflected by the number of ducts was demonstrated
to be negligible at these frequencies and the transmitter-receiver element distance
was also shown to be of importance only at lower frequencies. The robustness of the
resulting architecture to the multiple access and multipath fading interferences has
been confirmed. The number of different influential signals (users) has been maximed
at 5, which is a reasonnable assumption, however the ambient noise was assumed to
be Gaussian. A more accurate distribution of that may bring a new insight towards
the incorporation of advanced wireless communication nanonetworks within the body.
A new scheme combining SM-OFDM and CDMA is proposed inside the human skin
at terahertz frequencies by considering different distances, number of sweat ducts and
frequencies, combating strongly the effect of path loss and multiple access interference
and keeping the hardware complexity as simple as possible at a required quality of
service (QoS). Hence, the reported analysis highlights the novel method to cater the
communication challenges in such environment and paved a way for further studies in
this harsh environment, for health-care applications.



Conclusion and future work

The wireless community is a few steps away from the implementation of 5G and
beyond wireless networks, which are expected to provide ubiquitous communication
capabilities. IM considers new dimensions, such as the indices of transmit antennas of
a MIMO system, subcarriers of an OFDM system or RF mirrors of an RA, for the
transmission of digital information through on/off keying of the building blocks of the
considered communication systems.
IM is an up and coming digital modulation concept that has a great potential for
next-generation wireless communication systems due to spectrum/energy-efficient
as well as low complexity solutions it offers for emerging single/multi-carrier,
single/multi-user MIMO, massive MU-MIMO, cooperative communication. Thus,
IM technique has attracted the full attention from the academia and industry, and
numerous relevant researches have been proposed in the past few years. Spatial
modulation is one of the promising MIMO techniques that will be adopted in the
5G-and-beyond communication standards. It offers an improved spectral efficiency,
compared to single-input single-output systems, as well as complexity reduction.
Indeed, in conventional spatial modulation architectures, only one RF chain is used for
transmitting data streams and the spatial position of the switched transmit antenna
is utilized as an additional source of information. At the receiver side, designing an
appropriate detector which allows to achieve the best average bit error ratio, while
keeping a low complexity level, is the most indispensable and essential part. Obviously,
this detector should be able to accurately estimate the transmit antenna index at the
first stage, then detect the emitted signal in the second stage.
Through this thesis, a study of the different architectures that combine SM/multiuser
SM, OFDM, STBC and CDMA exploited in 5G and beyond network systems, has
been carried out. We have reviewed the basic principles, advantages, the most recent
and promising developments and possible implementation scenarios of SM mapping
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paradigm, which is one of the popular applications of the IM concept. For each scheme
of SM-based systems, we have provided the corresponding system model, followed
by the transceiver design of the typical SM-aided systems, to help the reader to
better understand SM principles. Performance evaluation, in terms of bit error rate
(BER), have been presented, along with a brief introduction of the different used
detectors. Novel architectures combining SM and other schemes such as GFDM and
OFTS, as alternatives to OFDM-based solutions, have been introduced, and their
performance in frequency selective channels has been demonstrated. Moreover, the
exploitation of cooperative diversity in SM has been conducted to offer a higher data
immunity against errors. Furthermore, a novel multiple access SM-OFDM-MIMO
architecture has been proposed to combat the channel frequency selectivity in
In-VIVO environment while offering a high data rate, as compared to conventional
SM schemes proposed in literature. In this thesis, special emphasis has been placed
on SM-OFDM schemes. We believe this is helpful to the understanding of other
SM-aided systems, since their fundamental principles are the same as the SM-OFDM.
Based on the survey for the current development of SM, the potential challenges
and open issues have been summarized to shed light on the future research. By
addressing these challenges, we believe full benefits of the SM technique can be
realized, and this attractive novel technique will play an important role in 5G and
beyond communications. The following points summarizes some findings from the thesis:

• SM allows to avoid ICI at the receiver input, produces no correlation between the
transmit antennas and requires no synchronization between them.

• The performance of SM-OFDM scheme has been investigated with different
detectors. It was found that, in ideal correlation and CSI conditions, and using
Rayleigh fading, SM-OFDM with OD detector outperforms MMSE and SVD
alternatives.

• It is illustrated from simulation results, that the proposed SM-OFDM architectures,
which are a combination of SM, STBC, OFDM, and CDMA, are well adapted for
5G and beyond communication network systems, more particularly for massive
MIMO. Moreover, they are able to offer a highly reliable low complexity multiple
access communication in frequency selective channels. The resulting robustness
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and improved performance of the proposed patterns have been confirmed.

• The proposed multi-access SM-OFDM architectures were investigated in Nak-
agami channels, it was shown, that they were quite sensitive to the increase of
spatial correlation and CSI imprecisions, regardless of the used detector. Relaying
mechanisms were also tackled in such configurations and the data reliability
enhancement yield by the cooperative diversity was highlighted.

• Furtheremore, we contributed with an architecture, based on spatial modulation
which meets the requirements of future generations of health mobile networks. it
was illustrated, that the robustness of the resulting architecture to the multiple
access and multipath fading interferences has been confirmed. In other words, a
novel architecture, which combines SM-OFDM and CDMA is proposed inside the
human skin at terahertz frequencies by considering different distances, number of
sweat ducts and frequencies, and fights hardly against the effect of path loss and
multiple access interference and keeping the hardware complexity as simple as
possible at a required quality of service (QoS).

With a comprehensive review, we have demonstrated that SM schemes can offer
interesting trade-offs in terms of error performance, complexity and spectral efficiency;
as a result, they have positioned themselves as possible and strong candidates for next
generation (5G and beyond) wireless communication networks.

From very interesting findings achieved within the scope of this thesis, the following
research directions are suggested to further investigate this research topic:

• The design of novel generalized/enhanced/differential SM schemes with higher
spectral and/or energy efficiency, lower transceiver complexity and better error
performance.

• The investigation of a new multiuser schemes that combine SM and other multiple
access technique, such as IDMA.

• The optimization and integration of SM techniques to cognitive, massive MU-
MIMO, spectrum sharing, M2M and V2X communication systems to be employed
in 5G and beyond wireless networks and the design of novel uplink/downlink/point-
to-point transmission protocols.
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