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Abstract

It is well known that MIMO communication systems possess higher spectral ef-
ficiency when compared with SISO systems. A novel MIMO technique that tried to
combine the advantages of multiple antenna communication while simultaneously con-
serving energy was proposed by Mesleh [Mesleh et al. (2008)]. This technique uses
only one active antenna out of the available multiple antennas to communicate infor-
mation. The advantage of this scheme is that the active antenna index is also used
to communicate information and only a single RF chain is required at the transmitter.
Since certain symbols are conveyed by means of the antenna index, they need not be
physically radiated. This has the effect of increasing spectral efficiency while reducing
the power consumed by the transmitting circuits.

A study of relevant litreature shows that the performance of all SM schemes de-
teriorate under Spatially Correlated (SC) fading channel conditions. To combat the
impact of SC, Trellis Coded Spatial Modulation (TCSM) was introduced by [Mesleh
et al. (2010)]. In TCSM, the impact of correlation on the performance of SM is re-
duced by segregating antennas into subsets. This offers maximum spatial separation
between the antennas within the same set, though a minimum of four transmit anten-
nas are needed to make the subsets. In this thesis, we have developed and synthesized
modulation schemes which are capable of delivering good BER performance under un-
correlated as well as correlated channel conditions. Our primary concern is on practical
hand held devices which exhibit spatial correlation quite often. We have designed a
scheme called Redesigned Spatial Modulation (ReSM) which can be employed under
spatially correlated channel conditions (Chapter-3). This scheme exhibits significant
advantage over TCSM and other SM schemes in terms of ABER performance improve-
ment. An experimental setup was established in order to realize the working of the pro-
posed ReSM scheme for indoor environment and a comparative study over SM scheme

was performed. The observed results clearly indicate the superiority of ReSM over SM



schemes.

In the next chapter (Chapter-4), we have attempted to design SM schemes with an
underlying Space Time Block Code (STBC). This is motivated by the desire to further
improve the integrity of information transfer. A study of relevant literature lead us to
explore the class of codes bearing good rank distance properties. We converged on
the class of n-length cyclic codes over GF (¢™) which have good rank distance proper-
ties. We have synthesized several Non Orthogonal Space Time Block Codes for MIMO
systems. These schemes ahieve high rate, are spectrally efficient and can serve as alter-
natives to traditional STBC schemes. The improvement achieved in terms of ABER by

the use of these Non Orthogonal STBCs is explored in Chapter-4.

In the following chapters, different aspects of varied Spatial Modulation schemes
have been explored. The BER performance of various SM schemes in the presence and
absence of channel state information in MIMO environments for various fading chan-
nels has been determined. We have employed a high rate spectrally efficient modulation
scheme, designated as Double Spatial Modulation (DSM) which yields a performance
that is superior to all known variants of SM under these conditions. The performance of
DSM under conditions of non-uniform phase distribution which is associated with sev-
eral real world channel scenarios (Nakagami-m) have been simulated and synthesized

in Chapter-5.

In Chapter-6, we have synthesized SM schemes which preseve spectral efficiency
while being compatible with the requirements of LTE-Advanced and 5G systems em-
ploying MIMO architecture with single and Multistream configurations. This is achieved
through the use of non-uniform constellations derived from multiplicative groups of

Gaussian and Eisenstein integers.

In the last part of our work, the advantages of a Multistream Spatial Modulation
(MSM) scheme has been explored. The simulation results show that, MSM scheme
can yield impressive SNR gains in all possible uncorrelated fading environments. This
encouraged us to formulate, a new design employing MSM under conditions of high
spatial correlation. The observed results reveal that the proposed Multistream Spatial

Modulation scheme yields performance improvement of the order ~ 2.5 dB over all

il



conventional Multistream SM schemes in SC channels.

In summary, the focus of the thesis has been on the design of uncoded and codes SM
schemes which have high spectral efficiency, moderate decoding complexity and BER
performance that is superior to known SM constructions, over various channel fading
models in the presence and absence of Channel State Information. Further, the SM sys-
tems designed and described in the thesis have employed the notions of non-uniform
constellation design and the effect of Multistream configurations. Every design was
formulated keeping in mind the adaptation to the latest communication setup and stan-
dards. We have also proposed certain extensions to this body of work which can bring
about further improvements to the integrity of information transfer while conserving

resources such as spectrum and energy.
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Chapter 1
Introduction

1.1 Motivation for this Research work

In the era of modern wireless communications, the Multiple Input Multiple Output
(MIMO) innovation has enabled the development of a large number of services (live
video streaming, e-commerce applications, LTE to vehicular communications etc.).
These applications require the underlying network to be highly spectrally efficient and
the mobile platforms to be computationally capable and energy efficient. The MIMO
paradigm has brought significant improvements in reliability and throughput of wireless
systems when compared to the earlier Single Input Single Output (SISO) framework.
To fulfill the ever increasing demand for higher information throughput, innovations
in MIMO such as Spatial Multiplexing (SMX) and its various derivatives have been
proposed. Space Time Codes (STC) have been synthesized with the goal of achieving
improved reliability at a given throughput [Tarokh et al. (1998), Tarokh et al. (1999),
Alamouti (1998)].

The motivation for this work started with the study of a high rate spectrally efficient
Spatial Modulation (SM) scheme proposed by Mesleh et al. (2008). This was an im-
portant breakthrough in the design of Space Time (ST) techniques, which demonstrated
that spectral efficiency along with energy efficiency could be simultaneously achieved
by selecting only one antenna at a time out of the available antennas and assigning
bits to the selected antenna. Thus, the notion of antenna selection bits and information
bits was introduced. This technique allowed the designer to reduce the number of RF

chains, improving the energy efficiency. Spectral efficiency was enhanced by commu-
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nicating some information through the medium of antenna selection bits which are not
physically communicated [Mesleh et al. (2008) Di Renzo et al. (2014)]. This scheme is
amalgamated as a part of MIMO wireless communication system to expand the spectral
efficiency and reliability. It also nullifies Inter Channel Interference (ICI) due to its in-
herent way of choosing only one antenna at a time during the process of transmission.
Furthermore, ICI and inter antenna synchronization can be eliminated completely by

activating a single RF chain at a time [Stavridis et al. (2012), Lee et al. (2005)] .

In Chapter 2 we give a brief description of System Models and Channel Models.
Generalized MIMO system model and channel models including Rayleigh, Spatially
Correlated (SC) Channel and Rician fading channel models have been discussed in this
chapter. The causes of deterioration in SC channel conditions are explained by the
use of Kronecker model. Similarly, Rician Fading channel model is described. The

Nakagami-m fading channel and its detailed analysis is discussed in chapter 5.

In Chapter 3 we design modulation schemes specific to SC channel conditions and
analyze the behavior of proposed modulation schemes under standard channel condi-
tions. From literature we observe that the performance of all existing SM schemes
deteriorate under SC fading channel situations. This is because of the inherent con-
struction and single active antenna identification of SM. To combat the effect of SC,
Trellis Coded Spatial Modulation (TCSM) was proposed by [Mesleh et al. (2010)]. It
is well appreciated that in the case of smart phones and other hand held gadgets, mul-
tiple antenna positioning and placement within the small device footprint is always a
challenging task. An increase in spectral efficiency by means of using higher order

modulation schemes will results in the deterioration of BER performance.

Keeping in mind, the all important requirement of improving the reliability of in-
formation transfer, we have explored the idea of Space Time Block Codes (STBC) and
their implementation for SM systems. During the period of literature survey, we be-
came interested in the idea of the rank distance codes and their utilization in designing
STBCs. [Sripati et al. (2004)]. A variety of Non-orthogonal STBCs can be designed
(as shown in Chapter 4) by invoking the transform domain description of cyclic codes.

This design and analysis is discussed in Chapter 4.
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Chapter 5 outlines the need for achieving higher spectral efficiencies and impact of
imperfect channel behavior on the performance of high rate spectrally efficient com-
munication systems. Constructive schemes which yield a twofold increase in data rate
compared to standard SM scheme have been devised [Yigit and Basar (2016)]. The
Index Modulation (IM) based system can be used in MIMO and large MIMO schemes
is known as Double Spatial Modulation (DSM) . The primary benefit of this approach
is that it allows the activation of a couple of antennas which results in higher spectral
performance. This scheme can allow a additional development in spectral efficiency
from 10bps/Hz to 16bps/Hz (without increase in number of transmit antennas) which
is a primary requirement in 5G wireless communication environment. Furthermore, an
exhaustive study of DSM scheme under Nakagami-m fading environment with Perfect
Channel State Information (P-CSI) and Imperfect Channel State Information (Imp-CSI)
reveals the fact that the overall ABER performance of DSM scheme in Nakagami-m
fading environment is superior to all the other competing schemes available in the liter-

ature.

Chapter 6 deals with the concept of two new signal designs for Enhanced Spatial
Modulation (ESM) technique from Gaussian and Eisenstein integers known as Gaussian
ESM (GESM), which leads to an improved spectral efficiency and performance. A more
versatile and realistic structure is obtained by implementing non uniform constellations
for a SM-MIMO framework. We have shown that the proposed GESM (both single
stream and multi stream) schemes can be applied in general to any N; x N, MIMO
frameworks and it is quantified by the simulations for 4 x 4 and 8 x 8 systems with an

analysis pertaining to union bound on ABEP.

Finally, Chapter 7 describes the idea of modified Multistream Spatial Modulation
(MSM) specially designed for SC channel conditions. In this scheme, two antennas are
made active all the time, mapping for antenna selection is judiciously adopted from pri-
mary and secondary constellation points. Secondary constellations are obtained through
single geometric interpolation of the primary constellation points. Simulation results
show that for a dedicated spectral efficiency and antenna combinations the proposed

scheme produces an overall performance improvement as minimum as 4 dB at a ABER
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of 1073 over all other conventional Spatial Modulation (SM) systems when evaluated

over dense spatially correlated channels.



Chapter 2

Background

2.1 MIMO wireless communication systems

The persistent need for increasing high data rates in wireless communications has been
driven to support a wide range of multimedia applications on mobile platforms. The
most effective approach to address the need of higher spectral efficiency is the use
of higher modulation schemes. However, higher order modulation schemes have the
disadvantage of closer spacing between constellation points which can degrade BER
performance. Diversity techniques such as antenna or frequency diversity resolves the
issue pertaining to poor channel reliability. System exploiting antenna diversity with
multiple transmit and receive antennas is termed as MIMO system. One of the impecca-
ble advantage of MIMO Spatial Multiplexing (SMX) is the ability to provide enhanced
spectral efficiency/ high data rates when compared to classical SISO systems. MIMO
SMX has the potential to achieve higher data rates by utilizing multiple propagation

paths and using them as an additional data pipes to carry information.

An energy efficient technique for MIMO wireless communications was first pro-
posed in the paper [Mesleh et al. (2008)] and termed as Spatial Modulation (SM). In
SM, only one transmit antenna (out of all available antennas) gets activated over a sym-
bol interval. The data is divided into two categories, namely antenna selection bits
and information bits. The antenna selection bits are used to choose the radiating an-
tenna and the information bits are conveyed using appropriate modulation scheme such
as Phase-Shift Keying (PSK) or Quadrature Amplitude Modulation (QAM) [Mesleh

et al. (2008)]. In this era of limited spectrum availability, large number of users and
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diverse applications, MIMO communication systems have to necessarily possess very
high spectral efficiencies. One effective technique to improve spectral efficiency while

retaining the single RF chain is to use spatial modulation (SM) scheme.

2.1.1 System Models

The basic and the orthodox configuration of wireless communication system is employ-
ing a single antenna at transmitter and single antenna at receiver working over a radio
channel environment referred as a SISO system. Unlike SISO, MIMO systems employ
more than one antenna at transmitter and receiver. In Figure 2.1, MIMO system model

with N, transmit antennas and N, receive antennas is depicted.

MIMO VINO
Encoder

! (ex decoder Subol ¢

Source | DO BLAST (ex: —s{ VMO0 Lo Sink

Symbol 4 MMSE Bit

Space '
b I\ Time ML) § B

Codes,
SMX)

Figure 2.1 MIMO system model with »; transmit antennas and N, receive antennas
[Mesleh (2007)]

In MIMO-SMX, independent streams of information are transmitted through mul-
tiple transmit antennas. For such a system with N; transmit antennas spectral efficiency
is given by N; x loga (M), where M is the total number of available signal constellation

symbols. The received signal can then be written as

Y=+@HX+n 2.1

The transmitted symbol vector X of length N; x 1 is represented as
X =[x1,x2,%3,---xn,]7. Let N, denote the number of receive antennas and H represents
the channel matrix with dimension N, x N;, where £ is the average SNR at each receive

antenna, Y = [y, y2,y3, " er]T denotes the received symbol vector of length N, x 1,
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n = [ny,np,ns, - -nNr]T represents noise vector of length N, x 1. The entries of n are
sample values of independent and identically distributed (i.i.d) circularly symmetric

complex Gaussian random variables with zero mean and unit variance.

2.1.2 Channel Models

A number of mathematical models have been proposed in literature to describe the
behavior of channel perturbations introduced by the wireless channel operating over
different frequencies in varied physical environments. Our primary interest is in chan-
nels which are most suitable for outdoor, indoor and real world scenarios. The set of
channel models which describe channel behaviour include quasi static Rayleigh fad-
ing, Rician fading, Nakagami-m fading and spatially correlated (SC) channels with and

without LoS components [Tzeremes and Christodoulou (2002),Panic et al. (2013)].

e Rayleigh fading channel: From [Younis (2014)], The Rayleigh distribution is
often used to model multi-path fading with dominant Non line of Sight (NLoS)
path, where the received signal is visualized as a sum of independent vectors with
uniformly distributed phases. Thus, the entries of H are modeled as complex,
independent and identically distributed (i.1.d.) Gaussian random variables with

zero mean and unit variance.

e Rician fading channel: From [Younis (2014)], The Rician distribution is used to
model the fading signal amplitude in the presence of one strong LoS component

and many weaker components. The entries of channel matrix H are modeled as

K . 1
H.—/—H —H 2.2
¢ 1+K + 1+K (2:2)

In the above equation K is referred as Rician factor (typically K is chosen as 3 to
mimic the behavior of indoor propagation channel model), the average power of
the LoS component is given by K /(14 K), H s an all one matrix, 1/(1+K) is the
average power of the random component and H is a N, X N; matrix whose entries
are modeled as circularly symmetric complex i.i.d Gaussian random variables

with zero mean and unit variance.



o Spatially Correlated fading channel: The major parameters for the occurrence
of spatial correlation in MIMO wireless communications are the distance of sep-
aration between the antenna elements and physical channel environment. The
constraint of achieving required spacing between the antenna elements within a
single array (either transmit or receive) is observed in modern hand-held devices.
This leads to the inevitable demand of designing the nature of antenna array ele-
ments, which takes under consideration the effect of spatial correlation amongst
the channel. The correlation between signals from any two antenna elements
(m,n) within an array is determined as R, ). In this work we have used the clus-

tered channel model as given in [Hedayat et al. (2005), Forenza et al. (2004)].

¢ (Don=n)sin(6y))

- 1+ %[(D(m —n)cos(6p)]

R smn€{1,2,3,...N}  (23)

Based on the distance of separation between the antenna elements in an array
spatial correlation is considered in two ways: (a) If the separation is 0.1 A at
the transmitter and 0.5 A at the receiver, the channel is considered to be highly
correlated. (b) If the separation is 0.5 A at the transmitter and 0.5 A at the re-
ceiver, this situation resembles to moderately correlated channel. In equation
(2.3), D= (2md,)/A where d, is the distance of separation between the antenna
elements, A is the wavelength at which the system works. 6y and oy are the
Angle of Arrival (AoA) and Angular Spread (AS) respectively [Mesleh (2007);
Simha et al. (2017)]. Using this equation, the transmit correlation and receive
correlation matrices can be expressed as Ryran,Rrgc and computed as shown

in equations (2.5) and (2.6).

The SC channel is generated by using the following equation,

H, = Rrgc!/2H Rrgan'/? (2.4)
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The transmit correlation matrix Ryran contains information about the correla-
tion between different antenna elements of the transmit array and the receive cor-
relation matrix Rgrgc specifies the correlation between various elements of the

receive antenna array.

Ray Rapy Raw
(27]) (272) (27Nl’)
RRric = (2.6)

R,y Rwv.2) R,

In order to compute Rrgc, the mean AoA is replaced by the mean angle of depar-
ture (AoD). Throughout our simulations we have considered the values of mean
AoA, AS and mean AoD as indicated in [Forenza et al. (2004), Mesleh et al.
(2008)].

For convenience of understanding and comparison, remaining system models, chan-
nel models and other conventional Spatial Modulation schemes are discussed in the

relevant chapters of this thesis.

2.1.3 Summary

This chapters discusses the essential descriptions of channel models and system mod-
els. Spectrally Efficient and Energy Efficient schemes are designed in the forthcoming
chapters which have recourse to the channel models described here in this section for

the effective comparison.



e Generalized MIMO system model and channel models including: Rayleigh, Spa-
tially Correlated (SC) Channel and Rician fading channel models have been dis-

cussed in this chapter.

e The predominant concern is the reduction in diversity gain for a MIMO system

due to the use of SC channels.

In compact hand-held gadgets, installing over four transmit antennas operating within
the same frequency band becomes a challenging task. This is primarily attributable to
area constraints (considering this practical aspect), in the next chapter we describe the
impact of channel correlation and the need for design of a modulation technique which

can combat the effect of dense SC channel condition in case of lesser antenna spacing.
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Chapter 3

Redesigned Spatial Modulation for Spatially
Correlated channels

! In this chapter, a complete framework for the special case of Spatial Modulation enti-
tled Redesigned Spatial Modulation (ReSM) under spatially correlated channel condi-
tions has been proposed. ReSM scheme permits the use of more than one antenna at a
time. Both single antenna as well as double antenna combinations can be excited. The
choice of antenna selection depends upon the channel conditions. In ReSM scheme, a
dynamic mapping of constellation symbols through antenna selection is adopted based
on the channel induced perturbations. When evaluated over spatially correlated chan-
nel conditions, for a fixed spectral efficiency and number of transmit antennas, ReSM
exhibits performance improvement of a minimum of 2 dB over all the standard SM
schemes as well as Trellis Coded Spatial Modulation (TCSM). Additionally, a closed
form expression for the upper bound on Pairwise Error Probability (PEP) for ReSM
has been derived. This has been used to calculate the upper bound for the Average Bit
Error Probability (ABEP) for spatially correlated channels. The results of Monte Carlo
simulations are in good agreement with the predictions made by analytical results. The
relative gains of all the comparison plots in this work are specified at a ABER of 10~%.
To test the reliability in a strong LoS environment, an indoor ReSM scheme has been set
up. BER plots comparing the performance of SM and ReSM in an indoor environment
have been obtained. It has been shown that ReSM outperforms SM by about 7 dB in

indoor environment.

'Goutham Simha G.D., et al. “Redesigned Spatial Modulation for Spatially Correlated Fading Chan-
nels”, Springer: Wireless personal communications, Volume 97 Issue 4, pp 5003-5030 (2017)
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3.1 Introduction

Wireless communication systems should have the ability to operate with severe con-
straints incumbent on two major limited resources, power and bandwidth. A variety of
MIMO techniques were proposed in the early part of the twenty first century to boost
spectral efficiency and/or reliability of communication. However, a disadvantage of
these schemes is that they do not focus on all important issue of energy efficiency. In
the year 2008, Mesleh et.al proposed a new scheme designated as Spatial Modulation
(SM) for MIMO wireless communication systems [Mesleh et al. (2008)]. SM-MIMO
technique was introduced to accomplish a trade-off between spectral efficiency and
energy efficiency in MIMO wireless communication systems [Mesleh et al. (2008),
Di Renzo et al. (2014)]. Various researchers have analyzed and investigated the per-
formance of SM in all possible environments. After quantifying the benefits of SM,
researchers have proposed variants of SM which aim to attain improved spectral effi-
ciency without sacrificing energy efficiency. These techniques if deployed, can serve
as replacements/alternatives to SMX in many applications. One of the techniques that
has been employed to improve the performance of SM schemes is to activate more than
one antennas at any given instant of time. A number of such schemes have been pro-
posed in literature by Abdelhamid Younis et.al such as Generalized SM (GNSM) and
Variable Generalized SM (VGSM) [Younis (2014)]. A more general approach termed
as Improved Spatial Modulation (ISM) or Extended Spatial Modulation (EXSM) was
proposed in 2012 by [Luna-Rivera and Gonzalez-Perez (2012)]. In 2014 Chien-Chun
Cheng et.al presented another spectrally efficient method called Enhanced Spatial Mod-
ulation (ESM) for MIMO systems [Cheng et al. (2014),Cheng et al. (2015)]. In 2014,
Mesleh gave an enhanced version of his original technique (SM) which could provide
improved spectral efficiency and this was named as Quadrature Spatial Modulation
(QSM) [Mesleh et al. (2015), Afana et al. (2015)]. It is generally observed that the per-
formance of all SM schemes deteriorate under Spatially Correlated (SC) fading channel
conditions. To combat the effect of SC, Trellis Coded Spatial Modulation (TCSM) was
introduced by Mesleh et al. in [Mesleh et al. (2010),Mesleh et al. (2009)]. In TCSM,
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the effect of correlation on the performance of SM can be minimized by segregating
antennas into subsets. Antennas with large spatial separation are grouped in a subset
while antennas with lesser spatial separation are placed in different subsets. A minimum
of two transmit antennas are required to form the subsets. For a system with spectral
efficiency of 4 bits per channel use (bpcu), it has been shown that TCSM 4 x 4, with
hard decision Viterbi decoding and 8 QAM provides an improvement of ~ 2dB over
uncoded SM 4 x 4 system employing QPSK modulation in channels with appreciable
correlation [Mesleh et al. (2010)]. Increasing the spectral efficiency in TCSM, requires
an increase in the rate of the convolution code or the order of the modulation scheme.
Improved SM (ISM) [Luna-Rivera and Gonzalez-Perez (2012)] is another SM tech-
nique that is designed to employ variable number of transmit antennas. It provides an
increase in spectral efficiency with a performance gain of ~ 2dB as compared to con-
ventional SM when employed over uncorrelated channel environments. However, in
the presence of channel correlation, a performance deterioration of ~ 2dB over SM is
also observed. Inspired by the principles of TCSM and ISM, we have proposed a new
scheme, named Redesigned Spatial Modulation (ReSM), for spatially correlated fading
environments. This scheme has been designed to employ the concept of simultaneous
transmission of different symbols via multiple collocated antennas. It also maximizes
the Euclidean distance between active spatial bits which in turn serve to reduce the
ambiguities in their recovery at the receiver end. The number of transmit antennas in
ReSM must be a power of 2. The major advantage of ReSM compared with TCSM
is that ReSM does not require any additional channel encoder/decoder (error correcting
code). ReSM schemes combine well with the high end utilities and services provided by
4G systems. In SC fading environment, coded scheme (TCSM) perform better by about
3 dB as compared with uncoded SM schemes [Mesleh et al. (2009)]. We show that
uncoded ReSM scheme can significantly outperform TCSM over SC channels (SNR
gain over TCSM is ~ 3 dB). In this work we have designed ReSM to ensure reliable

transmission for spectral efficiency of 6 bpcu.
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The specific contributions of this chapter are:

e Design and performance evaluation of ReSM, determination of suitability of ReSM

in SC channel environments, derivation of a closed form expression for the PEP

and an extension of this result to obtain an upper bound on the ABEP.

e Real time indoor measurements leading to determination of channel coefficients

under close antenna spacing.

3.2 ReSM construction and Design

Received
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Figure 3.1 Block diagram of the proposed Redesigned Spatial Modulation system

The block schematic of the Redesigned Spatial Modulation (ReSM) system is shown
in Figure 3.1. This scheme has been designed to operate efficiently in SC environments.
The performance of the scheme is identical to that of SM when employed under condi-
tions of zero channel correlation. The underlying idea of ReSM with QPSK modulation
scheme is illustrated in Table. 3.1 and explained for 4 bpcu. The spectral efficiency can
be enhanced to 6 bpcu using higher order modulation schemes. (Simulations and anal-
yses are for 6 bpcu). Here we have considered the distance between two elements of
transmitter array to be TX separation, similarly RX separation is the distance between
two elements of receiver array [Babich and Lombardi (2000); Hoeher (1992)]. It should
be noted that TX1, TX2 are tightly correlated, TX1, TX3 are less correlated and TX1,

TX4 are least correlated due to their mutual spacing, this is true for other groups as well.
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Table 3.1 Mapping followed in ReSM for 4 bpcu employing QPSK Constellation

Possible groups of TX1 | TX2 |TX3 | TX4
logaM - N;(4 bpcu)

0000 x1

0001 x2

0010 x3

0011 x4

0100 i
0101 x2
0110 *3
0111 ad
1000 XIV2 | x2V2

1001 x21V2 | X312

1010 x3/V2 | x4V

1011 X4/V2 | xI/V2

1100 xI/V2 | x2/V2
1101 x2/V2 | x3/V2
10 x3/V2 | x4/\/2
1111 x4/V2 | x1/\/2

The mapping of signal constellation points to an antenna or antennas is solely based on
the channel correlation values. Hence the given table is not static, instead it can be
dynamically reassigned based on the channel conditions to improve the performance
with an extra processing latency and feedback path. The assignment of different QPSK
symbols x1,x2,x3,x4 to various possible four bit sequences is specified. We see that
corresponding to the sequences 0000, 0001, 0010, 0011, four distinct QPSK symbols
are transmitted respectively from the 1st transmit antenna. The sequences 0100, 0101,
0110 and 0111 are communicated by transmitting four distinct QPSK symbols from
transmit antenna number 4. Spatial separation between TX1 and TX4 is maximum and
hence transmit channel 1 and transmit channel 4 are least correlated. This assignment
of symbols to antennas is to facilitate easy identification of transmitting antenna at the
receiver. Table. 3.1, reveals that sequences 1000, 1001, 1010, and 1011 are communi-

cated by transmitting the adjacent QPSK symbols from antennas TX1 and TX2. Finally
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the sequences 1100, 1101, 1110 and 1111 are communicated by transmitting the adja-
cent QPSK symbols from antennas TX3 and TX4. This assignment is designed to yield
maximum Signal to Noise Ratio (SNR) even when the signals received at the antennas
are correlated due to small antenna spacing. The output is represented in the form of a

vector as given below

Y=@pH.X+n (3.1)

where Y = [yo,y1,y2," - er]T indicates the received symbol vector of length N, x 1
further, x € X denotes a transmitted symbol vector of length N; x 1, X is the set of all
possible transmit vectors for a given N; and modulation order M. H, is a correlated
channel matrix of dimension N, x N;. The individual elements 4;; € Hc denote the
channel gain from j* transmit antenna to i receive antenna. @ represents the average
SNR at each receive antenna. n = [ng,ny,n, - - -nNr]T denotes the noise vector of length
N, x 1. The complex entries of n are assumed to be circularly symmetric, independent
and identically Gaussian distributed (i.1.d) with zero-mean and unit-variance. This dis-
tribution is represented by C .4~ (0,6?). However, conventional SM schemes such as

GNSM, VGSM, ISM chooses antenna sets in the pattern given by

N, N, N,
n = + 4ot (32)

1 2 N;

above three SM schemes does not impose any criteria for selecting the subsets. When
spacing becomes dense i.e. the spacing between the antenna elements in transmit ar-
ray is very small (correlated environment), gains of the individual channels obtained
from adjacently placed transmit antennas are likely to be approximately equal as shown
below:

hep ~ he1p; Vre{l,2,....,N,},pe{1,2,...,N,} (3.3)
where, h,,, represents channel gain from P transmit antenna to /" receive antenna. As
a consequence, there exists difficulty in determining the exact location of the transmit
antenna that has radiated a given symbol at the receiving end. This leads to deterioration
in the performance. In order to overcome the performance deterioration we have come

up with a new strategy of antenna selection in ReSM.

16



3.2.1 Methodology of antenna selection algorithm in ReSM

The ReSM scheme has been designed to minimize possible ambiguities in antenna se-
lection. This scheme achieves a spectral efficiency of (logoM + log,N;) bpcu. Unlike
other variants of SM, every spatial bit group in ReSM corresponds to a unique trans-
mit antenna subset that comprises of 1 or 2 active transmit antennas. Whenever two
transmit antennas are active, the transmitted symbol amplitude is scaled by 1/+/2 . This
ensures that the average power per transmitted symbol is same. Every spatial bit group
in ReSM is identified by a unique transmit antenna subset and modulation symbol or

symbols. We see that N; distinct transmit antenna subsets need to be chosen amongst

N N
the available + single and two element transmit antenna subsets.

1 2

In the following paragraph, we have described the criteria used for choosing the

Nt Nt
transmit antenna subsets. Amongst single element subsets available, > sub-

1

sets are chosen such that the selected single transmit antenna is sufficiently apart from

Nt N t
each other. The remaining > subsets are selected from two element subsets.

2

For N; = 4, active antenna assignment is illustrated in Table. 3.1. Antennas 1 and 4
(which has maximum spatial separation) are chosen when a single transmit antenna is
selected for radiation. Antennas 2 and 3 will not be preferred for transmission to avoid
ambiguity at the receiver due to correlation as explained above. The received symbol y,
for the single transmit antenna is given below
yr=xgh,+n., for ie€{l,2,---N;},q€{l1,2,---M} (3.4)
Since the transmitting antenna can be identified distinctly by its AoA determination,
there is no ambiguity about the transmitting antenna in this case. When two transmit an-
tennas are active, the subsets chosen are either {(1,2)0r(3,4)} . The received symbols

in these cases are respectively specified as follows,

=g Xy e L e b)) +rewhere b =By, (3.5)
Yr \/z r \/z 1) r \/§ ritq rorq+1 r r 1) .
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hy, = h;, due to the assumption of close antenna spacing. Therefore, equation (3.6)

can be re-written as

hy

V2

Similarly,

Xq Xg+1 1
yr=shnt = st = eyt hra) g where ey =hy, - (3.7)

Therefore, equation(3.7) can be written as

hry

yr:\/i

hyy = h;, due to the assumption of close antenna spacing.

(Xg+Xg41) +n, (3.8)

This scheme can be readily extended to higher modulation orders, antenna combina-
tions and antenna requirement for all the modulation schemes as stated below in Tables

3.2 and Table 3.3.

Table 3.2 Transmit antenna selection

Number of transmit antennas
("N;"Mavailable

Number of bits mapped to spatial domain
("logaN:")

Enumeration of transmit antenna

{1},{4}, {1L3L{51,{7},

bsets ch d 1}, {1,2
SHDRES CHOREILAS PEF propose U L2H 21341 | (12134145,617,8)

ReSM scheme

Table 3.3 Active antenna requirement

SM | GNSM | VGSM | ISM/EXSM | ESM | QSM | ReSM
Min | 1 N, 2 1 1 1 1
Max 1 Nt N[ N[ 2 2 2

3.2.2 Optimal Maximum Likelihood detection criterion:

Optimal Maximum Likelithood (ML) detection strategy for conventional SM as de-
scribed in [Jeganathan et al. (2008)] has been adopted for demodulation of SM and
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all its variants. The ML estimates are provided by

Xz = [Jmr.Gur) =a’”gnjliqn||Y—HcX||2 (3.9)
Xur = [jmr,gmr] = argn}iqn\/((_ngquz —2Re{Y"gj,} (3.10)

where, g, =hjxg, 1 < j<N;, 1 < g <M, M is the modulation order, YH i5 the Hermi-
tian of Y. fML, gu are estimates of the estimated active transmit antenna index and the
radiated spatial signal constellation symbol respectively. jy; is an integer while gy is
an estimated constellation point. The performance evaluation of the system is quanti-
fied using analytical upper bound and Monte Carlo simulations. ML decoder provides a
significant enhancement in Bit Error Rate (BER) performance over sub-optimal MRRC

detection method as showed in [Jeganathan et al. (2008)].

3.3 Analytical Treatment for ReSM

To verify the accuracy of Monte Carlo simulations performed for the proposed ReSM
and acquire a proper understanding into its characteristics under SC channels and mea-
sured indoor channel, bounds on the PEP are considered in this section. It is assumed
that Perfect Channel State Information (P-CSI) is available at the receiver and optimum
ML decoding method is used. Following [Younis (2014)], the Average Pairwise Error
Probability (APEP) can be found using the union bound [Hedayat et al. (2005), Proakis
(1998), Van Zelst and Hammerschmidt (2002)] and ABER for the proposed ReSM sys-

tem can be approximated by

1 N

ABERgesy < —— ¥ Y MO ) p ooy (3.11)
211 NSt n,s n

In this equation, n; is the number of active transmit antennas, s; is the transmitted

symbol, 7 is the spectral efficiency, N(xy, 5, Xns) is the total number of bits in error

Xng.51, Xn,s» EH {-} is the expectation of the PEP across the channel H. The PEP is given
by
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S 2
PEP(X — X) = Po(|ly — He x5, ||~ > ||y — He 05[> H) (3.12)

He 3|

2
20;,

=0 (3.13)

here, 3 = xy, 5, —%ns. By using Craig’s formula for the Gaussian Q(-) function

0 (%) 1/72r — do (3.14)
X)) = — ex .
T Jo p 2sin’0
13 (—olH3|}
== eI Vg0 3.15
71:/0 exp( 2sin’0 ( )

where, ¢ = 1/202. Taking the expectation and using the MGF based approach

presented in [Simon and Alouini (2005)] we can write the above equation as

Ey {PEP) = %/Och < ;) a6 (3.16)

 402sin%0
@(-) is the Moment Generating Function (MGF) of the random variable ||[H.3||*.
IH:3|[7 = or (H:337H)
= vee (H) (Iy, ® 33" vec (HH)
= vec (HH)HR? (IN, ® BSH) vec (HH)RS% (3.17)

where tr(+) is the trace function. I, is an n X n identity matrix. Ry = Rrpc ® Rrgan 1S
the covariance matrix for vec(H). We wish to evaluate MGF of the above random vari-
able which has a positive semidefinite quadratic form comprising of Gaussian vectors
vec(HT).

From [Younis (2014)] it is clear that any i.i.d. Gaussian random variable with mean

v and Hermitian matrix h. The MGF then can be written as

exp (sth (I—s.i”vh)_lH>

D(s)= (3.18)
©) =20
%y is the covariance matrix of H.
exp (s X vec (HH)Hf‘ (In,n, — SQ%%F) “yec (HH))
D(s) = 3.19)

‘I — 5Lyl |
I, is an n x n identity matrix, vec(H) is the column of matrix stacked into a column
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vector. I' = Rrgc ® (BBH RTRAN) , £y is the covariance matrix, H is the mean matrix,
® is the Kronecker product and (.)” is the Hermitian.

Making use of the Chernoff bound, PEP then can be written as,

. , N\ 1 .
exp (—ﬁvec (HH)HF (IN,Nt + 4]?%3[{1_) vec (HH)>
PEP(X - X) <

1
o . (3.20)

T ’IN,Nt + égHF’
()" is the Hermitian and I, is an n X n identity matrix.

Finally the upper bound is given by

i\ He N1 5
Z Xl ( 4<172 vec(H ) I (IN,N, + —4(172 Ll ) vec (HH))
ABER < i 2 N<x"t75t’x’lys) 1 n 2
ReSM > m

ny,S¢ 1,8 n 2n ‘INrNt -+ 417,%31—[14“
(3.21)

The channel matrix H is realized using the same procedure described in [Van Zelst
and Hammerschmidt (2002),Mesleh (2007),Paulraj and Papadias (1997)]. This allows
the behavior of the channel to be identical to that of the standard 3GPP model for SC
fading channels. The mean matrix and the covariance matrix are entirely dependent on
the type of the channel used and the channel matrix for different fading scenarios. It is
given as follows:

Equation (3.20) is an upper bound for both Rayleigh fading as well as Rician fading
as indicated in [Younis (2014)]. The mean matrix H = On, xn,» the covariance matrix
Zu = In,.N, for Rayleigh fading channel.

For Rician fading mean matrix is defined as H = \/H_IK X 1n,x n, and covariance

matrix is given as £y = 4/ H;K x Iy .N,. K represents the Rician factor. K =3 (5 dB).

3.4 Receiver Computational Complexity Comparison

In this section, the receiver complexity of ReSM-ML is compared with all other con-
ventional SM schemes for the same spectral efficiency. Following [Younis (2014)] the

computational complexity of SM-ML is given as,

Csv—mr = 8N:2Jy, (3.22)
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where the ML detector searches through the whole search space. The computational
complexity of GNSM-ML and VGSM-ML are identical [Younis (2014)]. The result is

reproduced here for convenience and comparison.

Consm—mr = 6N 23y arrs CvGsm—mr = 6N,2" (3.23)

thus wee see that Coysp—mr = Cvesm—mL.

In the following paragraph, we have computed the computational complexity of
ISM/EXSM systems. Let us consider an ISM system with N; = 4,N, = 4,1 = 6 bpcu.

Since these systems are characterized by 11=6 bpcu, the total number of available an-

4
tenna combinations are 64. There are x 4 possible single antenna combinations
1
4
and X 2 X 4 two antenna combinations. Different symbols can be transmitted
2

from multiple activated antennas. When only one antenna is active, the transmit an-
tenna can transmit one out of the four possible symbols based on the input bit pattern
hence N; X M possible combinations exist. The remaining combinations numbering
2N — plogy (NixM) gpe accomplished through two active antenna arrangements. For sin-

gle active antenna combination, the complexity of the system is given by

logy (M,
Cism-mr(1) = 8Nr2]§ﬁ,2[(N xM) (3.24)
Cism—mr(2) = 12N, (2’7 _ plosa(NixM >) (3.25)

The maximum number of computational steps required per transmitted symbol is

Cisw-wr2) = 12N, (27 = 2w (3.26)

Further, for QSM systems the complexity of QSM-ML scheme as given in [Mesleh
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et al. (2015)] is quantified by

Cosm—mr = 8N2 gy (3.27)

3.4.1 Computational Complexity of the Proposed ReSM

We will now determine the receiver computational complexity of the proposed ReSM
scheme. Consider the above example for N; =4, N, =4, = 6 bpcu and choosing M=16
QAM. Let us determine the number of computations required to estimate ||Y — Hc)’\(Hf7
where, H is the N, x N; complex channel matrix, X is the N, x 1 complex transmitted
matrix, Y — HX is the N, x 1 complex received matrix, multiplication of H by X)
requires N; complex multiplications. Each complex multiplication in turn requires four
real multiplications. Therefore each row give rise to 4 - N; real multiplications. Since H
has N, rows, total number of real multiplications required to evaluate HX is given by
4-N;-Ny.

(Y —HX) (3.28)

Y —HX|* = (Y- HX
Here total number of multiplications (real) involved in computing |Y — HX}Z is equal

tO4(N[+1)Nr

The above analysis is for one transmit vector X there exists 27 possible combi-

nations of vector X. Therefore total computational complexity is 4 - (N; + 1) - N, - 2".

16
First symbols are transmitted through the transmitting antenna 1 and the same

1

symbols are transmitted through transmitting antenna 4, constituting to the total of

16
x 2 combinations. Therefore the computational complexity of ReSM-ML detec-

1

tor for single active antenna combination is given by 8N,2"~!. For two active transmit

23



16
antennas, transmitting antenna 1 and 2 combined has combinations and the next

16
combinations are pervaded by antennas 3 and 4. Hence the computational com-

1

plexity when transmitting two different symbols from two antennas can then be written
as 12N,2"~1. Apparently all combinations of single active and two active antenna con-
stitutes to total of 64 groupings. The maximum number of computational steps required

per transmitted symbol is shown in (3.27) and plotted in Figure 3.2.

Crosyr = 12N,2171 (3.29)

Complexity Comparison for Modulation Schemes, given N1=4=Nr=4 and n=6bpcu
3000 T T T T T T

2500

2000

for Bbpcu
2
Q

1000

Number of Complex Multiplications

ESM GMNSMEVGEM 1sM asm SM ReSM
Variants of Spatial Modulation Schemes

Figure 3.2 Block diagram of the proposed Redesigned Spatial Modulation system

3.5 Simulation Results

This subsection is devoted to a description of the performance of ReSM and the com-
parison of these results with conventional SM under various channel conditions. Monte
Carlo simulations have been carried out with a minimum of 10° channel realizations.

The ABER values are plotted against SNR. A Rician K factor equal to 3 has been
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assumed in all simulations pertaining to the Rician fading environment. As per 3GPP
standards, channel correlation is observed when antenna separation is 0.1 A at the trans-
mitter and 0.5 A at the receiver. These results specify the performance obtained under
4G/LTE channel scenario as per 3GPP standards [Lee et al. (2016)]. Further, we wit-
ness denser correlation environment when antenna separation at the receiver reduces to
0.1 A. The performance of all variants of SM (SM, GNSM, VGSM, ISM/EXSM, ESM,
QSM and TCSM) have been compared against ReSM under conditions of equal spec-
tral efficiency (4 bpcu and 6 bpcu). Later, to determine typical channel coefficients for
indoor communication, a 2 X 2 MIMO system was set up in the laboratory using USRP
B210. The channel coefficients obtained by these measurements correspond to Rician
fading in the presence of spatial correlation brought about by close antenna spacing.
Our study indicates that ReSM scheme provides an improvement of approximately 7
dB over conventional SM system in indoor environment with antenna spacing of 0.1 A

at the transmitter and 0.5 A at the receiver [Hottinen et al. (2004), Group et al.].

Variants of SM in spatially correlated channel

100 T T T T
—p—ReSM
—+—GNSM
—e—\VGSM
10t —+—TCSM[Mesleh11]|
F —¥—|SM
—0—SM
-v-QSM
@ 102k “X-ESM E
W
<
103 ¢ E
A}
1074 L x\ 4
A
N "
0 5 10 15 20 25 30 35

SNR(dB)

Figure 3.3 BER performance of 4 x 4 systems with TX separation =0.1A and RX sepa-
ration =0.5A yielding 1) =6 bpcu spectral efficiency, in a SC channel.

In Figure 3.3, it is seen that ReSM outperforms all the other variants of SM. The

environment under consideration is the typical mobile scenario with 3GPP specification
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Variants of SM in spatially correlated channel
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T T
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—a—ESM
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——\VGSM
—*—GNSM
—3—SM
——TCSM

0 5 10 15 20 25 30 35 40
SNR(dB)

Figure 3.4 BER performance of 4 x 4 systems with TX separation =0.14 and RX sepa-
ration =0.3A yielding 1) =6 bpcu spectral efficiency, in a SC channel.

designed for 4G/LTE [Lee et al. (2016)]. Here the transmitter separation (TX separa-
tion) is 0.1 A and receiver separation (RX separation) is 0.5 A. These comparisons
have been carried out at ABER of 10~*. ReSM offers a performance improvement over
GNSM, VGSM schemes by ~3 dB, TCSM by ~5 dB, and almost 7 dB over ISM, SM,

QSM systems and an improvement of about ~10 dB in comparison with ESM systems.

A smaller change in the antenna separation at the receiver (RX separation =0.31)
[Goldsmith (2005),Bossert (1999),Kim et al. (2004)] causes change in performance of

all the competing schemes due to higher spatial correlation.

This is depicted in Figure 3.4. We observe that even under these changed con-
ditions, the performance of ReSM is superior to all the other schemes. ReSM offers a
performance improvement over ISM, QSM, TCSM schemes by ~0.5 dB in higher SNR
regime, ~3.4 dB over GNSM, VGSM and an improvement of ~10 dB over SM system.

In Figure 3.5, it is seen that a further reduction in the receiver antenna spacing
(RX separation=0.11) leads to dense spatial correlation resulting a significant change

in performance of all the SM schemes. The comparison in Figure 3.5 shows that ReSM
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Variants of SM in spatially correlated channel
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Figure 3.5 BER performance of 4 x 4 systems with TX separation =0.14 and RX sepa-
ration =0.1A yielding i =6 bpcu spectral efficiency, in a SC channel.

outperforms by ~2 dB,2.5 dB,3.5 dB,3.6 dB,9 dB,11 dB over TCSM, VGSM, GNSM,
SM, QSM and ESM schemes respectively.

It has been observed that some configurations for 2 x 4 systems which produces
a spectral efficiency of =4 bpcu cannot be constructed because of its impediments in
choosing constellation points and antenna groupings. From Figure 3.6, it is seen that for
dense spatial correlated channel conditions ReSM offers a performance improvement
of ~1dB,2 dB,2 dB,2.5 dB over VGSM, GNSM, ISM and SM schemes respectively.

Figure 3.7 illustrates the relative performance of 4 x 4 systems yielding =6 bpcu
in a Rician fading channel with K=3. We see that the performance of ReSM is supe-
rior to SM, TCSM schemes by about ~2 dB. The ~0.8 dB advantage associated with
VGSM and QSM arises from the fact that both antennas in VGSM are transmitting
the same symbol and QSM uses lower order modulation scheme. This makes antenna
identification easier and minimizes the errors arising from antenna misidentification in
strong LoS environment. We also see that the plots corresponding to ReSM and VGSM
converge at SNR value of 20 dB.
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Variants of SM in spatially correlated channel
T
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Figure 3.6 BER performance of 2 x 4 systems with TX separation =0.14 and RX sepa-
ration =0.1A yielding n =4 bpcu spectral efficiency, in a SC channel.

Variants of SM in Rician fading chanel with K=3

10° } : x ;
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—¥—VGSM
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——QSM
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Figure 3.7 BER performance of 4 x 4 systems with TX separation =0.1A and RX sep-
aration =0.5A4 yielding n =6 bpcu spectral efficiency, in a Rician fading channel with
K=3.

ABEP of the ReSM scheme is mathematically analyzed for MIMO configuration in-
volving 4 x 4 system producing 6 bpcu. The performance of ReSM according to (3.19)
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Upper bound on the performance of ReSM
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Figure 3.8 BER performance of 4 x 4 systems with TX separation =0.1A and RX sep-
aration =0.5A yielding n =6 bpcu spectral efficiency, in a Rician fading channel with
K=3.

has been compared with the performance obtained under Monte Carlo simulations, this
has been demonstrated in Figure 3.8. Close correspondence between the two plots is

observed.

3.6 Real time Measurements

3.6.1 A detailed procedure for channel estimation using USRP B210

To determine typical channel coefficients for indoor communication [Adachi et al.
(1986),Pedersen et al. (1998),Serafimovski et al. (2013)], a 2 x 2 MIMO system was
set up in the laboratory by using USRP B210. It has an inbuilt RF front-end and open
re-programmable FPGA that controls signal processing and other applications. The
specifications of USRP B210 are shown in Table.3.4.

For an indoor environment, the minimum channel coherence time is measured to
be approximately 20ms as given in [MacLeod et al. (2005),Spencer et al. (2000),Erceg
(2004); Lee (1973)]. It’s an unavoidable need to carry out the estimation of channel

gains corresponding to all transmit antennas within a time period, which is lesser than

29



Table 3.4 USRP B210 specifications

RF coverage 70 MHz to 6 GHz

ADC/DAC 12 bit with a maximum sampling rate of 61.44MS/s
Xilinx Spartan 6

FPGA
XC6SLX150

MIMO capability 2 x 2 fully coherent
56 MHz of

Supported bandwidths | instantaneous,Bandwidth for 1 x 1
and 30.72MHz for 2 x 2.

RF Power Output >10dBm (single channel)

Receive Noise Figure | <8dB

APIs(Application .

) GNU Radio, C++, Python
Peripheral Interface)

the channel coherence time. To estimate the channel coefficients individually from the
respective transmit antennas, we have made use of a transmit frame length comprising
of 690 symbols. The 160 symbols out of 690 are used for frame synchronization and
the rest 512 symbols (pilot symbols) are used to estimate the channel behavior. Peak
detection technique is employed to achieve synchronization. For synchronization, a
sequence of 16 pulses with maximum power each separated by 9 zeros is used. The
total of 512 symbols in the transmit frame of which first 256 symbols constitute to
pilot 1 are transmitted from first active transmit antenna, during this period the second
transmit antenna is deactivated. Similarly the rest 256 symbols constituting to pilot 2 are
transmitted from second active transmit antenna while the first antenna is switched off.
In order to distinguish between two frames 18 zero valued symbols are padded at the
start of every frame. The most challenging aspect of this hardware realization is to have
maximum SNR with minimum ISI (Inter symbol Interference). Up sampling and pulse
shaping (matched filtering) are employed to achieve these two essential requirements.
Every frame is sampled with an up sampling ratio of 2 and it is passed through a root
raised cosine (RRC) filter with 32 taps and an excess bandwidth factor of at least 0.35.
This process is accomplished by the use of GNU radio software framework. In Table

3.5, we have demonstrated the transmit frame structure for USRP B210 which is used
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to estimate the channel coefficients

Table 3.5 Transmit frame structure used for channel estimation

18 zero valued | 160 Synchronization Pilot 1 Pilot 2
symbols pulses (256 symbols) | (256 symbols)

In co-ordinance with the transmitting end, at the receiver, every received frame in
baseband is appropriately down sampled and later passed through RRC filter having
the same specifications. For every filtered frame that is received, the receiver peaks are
searched, this is done by considering certain threshold which in this case is 70 % of the
maximum value of the received vector. The received vector is allowed for further evalu-
ation only if the number of peaks found to be 16 each followed by 9 zeros. The received
pilot symbols arriving after the peak detection are used for channel estimation and the
respective channel gains hy1,h12,h21 and hy, are evaluated using Least Square (LS)
channel estimation principle. Pilot 1 is used to estimate the channel gains for &1y, h3;.
hy1 is the channel coefficient for receive antenna 1 from transmit antenna 1 and Ay is
the channel coefficient for receive antenna 2 from transmit antenna 1. Similarly pilot 2
is used to estimate channel gains pertaining to /12,h. The spatial correlation of two
transmit/receive antennas in an indoor laboratory environment has been analyzed in the
presence of local scatterers and by varying the mutual distance between the two trans-
mit antennas as well as receive antennas. Three set of channel measurements have been
performed for distance of separation A4,0.54 and 0.1A between transmit array/receive
array. The operating frequency is selected as 2 GHz, corresponding to it the antenna
separations are 1A=15 cm, 0.5A4=7.5 cm and 0.1A=1.5 cm. To estimate the channel co-
efficients hy1,h12,h21, and hyy approximately 107 samples are processed [Constantine
et al. (2005); Duman and Ghrayeb (2008)].

The channel correlation values for the TX1 and TX2 are computed using the relation

given below.

Rmagraio) (M) = 111 (n)|/|m2(n)|; Vn (3.30)
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h(anglediff) (I’l) = Z(h] 1 (I’l)) — Z(hlz(l’l)); Vn (3.31)
where, |h| represents magnitude of /(n), /h represents phase value of h and n rep-
resents discrete time instance. Figures 3.9 and 3.10 show the histograms of 7

mag ratio)

values and 7 values computed for antenna separations of 1 A, 0.5 A and 0.1 A

anglegif)
respectively. Figure 3.9 shows, the histogram of the magnitude plot for different values
of A. It is observed that as the element separation of transmit array are reduced to 0.1
A, the histogram peak shift towards 1 showing a close correlation between TX1 and
TX2. Similarly from Figure 3.10, it is clear that the histogram peak of angular plot tend

towards zero as the antenna distance decreases. This indicates that lesser the antenna

separation closer are the values of channel coefficients .

brbd spation

uranc
S Y Y I |

number ¢f cce

e

curances

magitde atic

arbda by 10 sqgurtion

Y [ [ [ |

magitde rtio I

Figure 3.9 Histograms of A values computed for transmit/receive antenna sepa-

mag ratio)

ration of 14, 0.54 and 0.1A .

Figure 3.11, shows close resemblance between Rician distribution and measured
indoor environment in terms of PDF and CDF plots. This proves that the laboratory set

up for a 2 x 2 MIMO system is a demonstration of Rician fading channel.
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Figure 3.12 Real measurements of 2 x 2 MIMO systems with a total distance TX-RX
separation of 3 meters TX separation =0.14 and RX separation =0.5A yielding n=4
bpcu spectral efficiency operating in an indoor environment.

Figure 3.12, shows the setup used in the laboratory to determine the values of chan-
nel coefficients from USRP B210 (2 x 2 MIMO). Figure 3.13, quantifies the perfor-
mance of ReSM and SM for indoor environment with transmit antenna spacing of 0.14
and receive antenna spacing of 0.54 (TX-RX separation is 3 meters). It is seen that
ReSM scheme outperforms SM by approximately 7 dB. A comparison of results is

specified in Table 3.6. It is evident from the simulation plots that ReSM offers supe-
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rior performance as compared to all the other competing schemes specifically in spatial

correlated channel conditions.

10° 2X2 Measured Channels 4dbpcu
-—‘—-S!d,:x:
+RESM-D~2
10" f
& 107
w 10
<
10°
10°F
0 5 10 15 20 25 30 35 40
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Figure 3.13 Performance results of SM 2 x 2 and ReSM 2 x 2 under SC channel with
channel coefficients obtained by USRP B210 at TX-RX separation of 3 meters. TX
separation=0.1A, RX separation=0.51 yielding =4 bpcu.

3.7 Summary

ReSM is a special case of SM scheme designed to support reliable communication in
SC channels exhibiting flat fading. The major advantage of ReSM is the absence of
complex encoder/decoder when compared with TCSM, it also provides BER advan-
tage of ~4 dB. Additionally, a minimum of 3 dB BER improvement is also observed
over all other SM variants. The only exception is seen in Rician fading environment
where VGSM gives a small performance improvement of ~0.5 dB over ReSM for =6
bpcu. These performance gains are obtained without any additional burden of computa-

tional complexity. The ABER values obtained by exact closed form computations were
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Table 3.6 Performance comparison of ReSM with variants of SM, TCSM in SC and
Rician fading channels.

n Required SNR at
MIMO scheme N;, N,
spectral efficiency | a ABER of 10~%in dB

ReSM (SC) 4.4 6 ~17
TCSM (SC) 4,4 6 ~21
GNSM (SC) 4.4 6 ~20
VGSM (SC) 4.4 6 ~20
ISM(SC) 4.4 6 ~24

SM (SC) 4.4 6 ~24
ESM(SC) 4.4 6 ~27
QSM (SC) 4.4 6 ~26
ReSM,(Rice K=3) | 4.4 6 ~17.1
TCSM,(Rice K=3) | 4,4 6 ~19

compared with Monte Carlo simulations and similarity between them was observed.
Further, a typical real time indoor channel environment was set up using USRP B210
and channel measurements were carried out. This data was used to evaluate the per-
formance of ReSM and SM schemes for indoor environments and ReSM outperforms
conventional SM by ~7 dB. Therefore, ReSM scheme can be advantageously employed
in portable hand held devices, where antenna spacing is a major issue and battery power
is limited.

Further, in order to improve the reliability of data transfer we have explored the
concept of Space Time Block Codes and its implementation for SM Systems. During
this process we became interested in the rank distance properties of n-length cyclic
codes over GF(¢™), by utilizing the concept of Galois Field Fourier Transforms. This

will be explained in the next chapter.
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Chapter 4

Full Rank Non Orthogonal STBC design for
SM-MIMO Systems from Cyclic codes: A
Complete Framework.

!'In this chapter, we present a novel Non Orthogonal Space Time Block Coded Spa-
tial Modulation scheme (NSTBC-SM) for MIMO systems. A generalized procedure
for designing NSTBC-SM schemes for any number of transmit antennas (N;) has been
devised. For spectral efficiencies of 4,5,6 bpcu and two active transmit antenna (N,)
configuration, a coding gain of at least 2.2 dB over varied STBC-SM schemes is ob-
served. An analytical upper bound on the Average Bit Error Probability (ABEP) for the
proposed scheme has been derived and substantiated using Monte Carlo simulations.

Finally, the computational complexity of the decoding scheme has been estimated.

4.1 Introduction

Since SM is a single-RF MIMO architecture which exploits the spatial domain to con-
vey information bits, this scheme can be a powerful tool to achieve power efficiencies
as well as spectral efficiency [Mesleh et al. (2008),Di Renzo et al. (2014)]. Another
important aspect of MIMO wireless communication lies in improving the reliability of
information transfer over harsh fading environments. This can be achieved by making
use of Space Time Block Codes (STBC). Various Researchers have extended the fun-
damental SM scheme by blending SM with STBCs in a MIMO design. Such designs

!Goutham Simha G.D. et.al, (Unpublished)
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have an advantage that the loss in rate brought about by the use of channel code can be
compensated by the application of SM. [Basar et al. (2011)] introduced the notion of
coded SM by incorporating the Alamouti code to multiple antenna SM schemes. These
schemes have been referred to as STBC-SM in literature. Since Alamouti code pos-
sesses orthogonality, low complexity ML decoder with phase rotation was proposed.
STBC-SM exhibits a reduction in the spectral efficiency when compared with conven-
tional SM schemes. The limitation of Alamouti scheme is that it provides a spectral
efficiency of one symbol per time interval. To overcome this drawback, high rate STBC-
SM technique with cyclic structure preserving transmit antenna diversity was proposed
by [Li and Wang (2014)]. In order to enhance the performance of SM-MIMO systems
under conditions of channel variation, an Adaptive Spatial Modulation technique for
wireless MIMO systems was proposed by [Yang et al. (2011)]. In spite of the augmen-
tation of channel coding and spatial diversity, the performance of SM-MIMO systems
is poor in environments possessing dense channel correlation. [Le et al. (2014)], pro-
posed a Spatially Modulated Orthogonal Space Time Block Code (SM-OSTBC) de-
sign which is a high-rate, high performance and low-complexity MIMO transmission
scheme. SM-OSTBC scheme performs better than STBC-SM by exploiting the idea
of linear dispersion representation and the orthogonality of the Alamouti STBC which
paves the way towards a low-complexity ML decoder designs. In order to improve the
throughput and enhance the reliability of SM, [Wang et al. (2014)] have proposed a
high-rate STBC-SM derived from (n,k) error correcting codes. After a thorough study
followed by extensive simulations, we have been able to appreciate the improvements
and limitation associated with these schemes. This has motivated us to propose Non
Orthogonal Space Time Block Coded Spatial Modulation (NSTBC-SM) which yields
improved performance when compared with conventional STBC-SM, GNSM , VGSM
, QSM , ESM and SM.

The major contributions of this work can be outlined as follows:

e Following [Sripati and Rajan (2003)], we have synthesized several full rank STBC

designs from Non binary cyclic codes over GF (¢?).

e A novel NSTBC-SM MIMO transmission scheme using Gaussian integer [Huber
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(1994b)] map and Eisenstein integer map [K.Huber (1994)] (for setting up a rank
preserving map between symbols from a finite field and symbols from a complex
number field) has been proposed. Unlike conventional STBC-SM, in this tech-
nique each column of the codeword is radiated using different transmit antenna

pairs selected using antenna selection symbols.

e The proposed technique is generalized for any number of transmit antennas (only
two antennas are actively radiating at any given instant is considered in our work).
Cyclic codes over extension fields of size 4b+ 1 or 6b+ I for b = 1,2,3. ... have

been chosen to meet the requirements of Gaussian or Eisenstein map.

e A closed form expression for the ABEP and an estimation of the decoding com-
plexity have been derived. This allows us to determine an upper bound on the

performance of NSTBC-SM schemes.

4.2 Design of Non Orthogonal Full Rank Space Time Block Coded
Spatial Modulation (NSTBC-SM)

4.2.1 Transform Domain description of cyclic codes

In this section we present the concept of Galois Field Fourier Transform (GFFT) and its
application to obtain cyclic codes of length n over GF(¢™), whose codewords are full

rank (m x n) matrices over GF(g) which are used to construct full rank STBCs.

4.2.2 Cyclotomic coset

The cyclotomic cosets modulo n with respect to GF(q) is a partitioning of the integers
into sets. Let [, =0,1,2,........ ,n—1, for any f € I,, and for any divisor d of m the qd
cyclotomic coset of fmod n is a set defined by

[f1¢ = {i € L,|f = iq” mod n for somet >0} 4.1)
Cardinality of the above set is given by e;d). When (d = 1), we denote the g-cyclotomic

coset of f mod n by [f] and its cardinality by e;.
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4.2.3 Galois Field Fourier Transforms (GFFT)

Let a be an element of order n in GF(¢™). The Galois Field Fourier Transform (GFFT)
of an n-tuple a over the finite field GF(g) of characteristic p is defined to be the vector

A=(Ay,A;----Ay—1) € GF(¢™)" and is given by

Aj=Y ola;, j=0,1,2---- n—1. 4.2)
i=0
The Inverse Galois Field Fourier Transform (IGFFT) is defined as
1 n—1 B
= o YA, i=0,1,2------- —1. 4.3
a; 1 mod » ;) g1 s Ly n ( )

The vectors a and A are the time domain and its transform domain representations
respectively.
The GFFT defined in (4.2) is a GF(¢™) linear map satisfying the following two

properties.

e Property 1: (Conjugacy Constraint): Following [Sripati and Rajan (2003)], A €
GF(¢™)" is the GFFT of some vector a € GF(q)" if and only if

qummodn :Atj] V ] < [O, n— 1] (44)

e Property 2: (Cyclic Shift Property): 1f A=GFFT(a), b € GF(q)" such that b; =
i1 mod nV i € [0,n— 1] and B=GFFT(b), then B; = /A ;,V j € [0,n—1]

From property 2 for linear cyclic codes, A; takes values from {0} or GF (qei'm).
Hence cyclic code can be considered as a set of inverse GFFT vectors of all the vectors
of a subspace of GFFT(GF(q)") € GF(¢™)". Here, transform components in [j]" of
every vector take on only the zero vector or all the values of GF (qeﬁ'm)) and transform
components in disjoint [j1]™ and [j]"take values independently.

Cyclic/RS codes with specified minimum distance properties can be designed by
specifying nonzero components in the transform domain [Wicker (1995),Moon (2005),
Blahut (1983)] and employing the IGFFT to determine the time domain components. In
[Sripati and Rajan (2003)] a constructive technique for deriving n length cyclic codes

over GF(q™) whose codewords are full rank (m x n) matrices over GF(g) has been
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described. We have employed this description to determine full rank designs for Space

Time Block Codes.

4.2.4 Characterization of cyclic codes for Rank metric

Definition of rank metric:
Leta={g;:i=0 to n—1} € GF(¢™) can be written as (m x n) matrix over GF(q)

as shown below.

apo 4o 4oz  Ap3 ...  A0p—1

ao  a aip a1z ... Aip-1

ao a1 ap a3 ... (a1
am-1,0 4m-1,1 4m—-12 m-13 --- Aum—1n-1

The rank of vector a over GF (g) is defined as the rank of the above matrix. Given
a description of the code C in the transform domain we try to construct cyclic codes
of length n over GF(q™), with rank distance m [Sripati and Rajan (2003),Gabidulin
(1985)] .

Theorem 4.1 : If C is a cyclic code of length n|¢™ — 1 over GF(¢™) such that it
has one free transform domain component A j;s € A (|[j]|=¢;, 0 <s<e;—1). Then

Rank,(C)= e; [Sripati et al. (2004)]. e; is the size of the g-cyclotomic coset containing
e
Proof : From (4.3), with A ;s as the only free transform domain component, it is evident
that the time domain component @; can be represented as,
a;=A;po

(The scale factor 1/(nmodp) is ignored as it does not affect the rank). Hence the

vector a comprising of a;, 0 <i < n— 1 can be represented as,

o i, —2ig* —(n—1)7 S
a=(Ajp,Ajpa 1T A0 Ajgo (n=1)jq"

Representing each element of a as an m-tuple over the base field GF(q) we obtain,
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Apop Ao1 Aoz - Aot

)

Ao Al Ap o Arpe

I )

A= Ayo A1 Axp - Appi (4.5)

Am—l.,OAm—l,lAm—LZ' : 'Am—Ln—l

Every (m x n) matrix a (a codeword of the n- length cyclic code) obtained in this
manner is a full rank matrix over GF(q).

Following [ Sripati et al. (2004)],
Corollary : If C is a cyclic code of length n|¢™ — 1 over GF (¢™) with free transform do-
main component A j,s and all other transform domain components constrained to zero.
For any non-zero codeword

a=(ap,ay,-- Ao, —1,de;, -ay—1) € C, then the entries (ag,ay, - - -aej_l) are linearly
independent and the entries (a e el -ap—1) can be expressed as the linear combina-
tion of (ag,ay, - -aej,l).

Proof : From the definition of IGFFT we write

a= (qux ,qus o9 ,qusa_zjq R 7qusa—(n—1)jq )
a= (qus, oI Ay, o274 Ajgs - Oc—(ej_l)qus7
o)A [7-ERREE a’(”’l)ququs) For the sake of analysis and simplicity, the above equa-

tion can be re-written as
a=A;,(1, a i a2 o (eIt o= (€)iq ... g~ (n=1)igy,

LetS= (1,0 /¢ o 27 ...... a~(e-1)ie" o—(e)id’...... a*(nfl)jq“) Since, A(jq°)
is non-zero Rank,(a)= Rank,(S). We will show that the elements of S’ are linearly inde-
pendent where, S'={1,0.=/4",o=2/4" ... o~ (€j-1)J4"} and that, {a—(¢)J4" ... o= (r=1)j4"}
can be expressed as the linear combination of the elements of §". To prove this assertion,
let us assume on the contrary that the elements of S’ are linearly dependent. Then there
exists coefficients cq,cy, - ce;—1 € GF(g) not all ¢; = 0 such that Y i =0

This implies that a=/¢ is a root of a polynomial of degree e j—1 over GF(g). But
{o 7 a2 ...... o~ (¢-1)J4"} corresponds to the g-cyclcotomic coset [— jg*]

X—jg) =
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also of cardinality e;. This proves that minimal polynomial of a7 is of degree e -
This contradicts our assumption that the elements of S’ are linearly dependent. Using
the fact that the minimal polynomial of oc=/% is of degree e j» it is straight forward to
show that the other elements of S can be expressed as linear combinations of S’. Hence

Ranky(C)=e;.

4.2.5 Cyclic Codes as STBC

For communication over wireless channel the codeword symbols have been traditionally
mapped (bijective map) onto points in complex constellations (QAM/PSK). Since the
symbols are over field GF(q) there is a requirement for a map which connects these
symbols to the symbols of complex plane. In [Huber (1994b),K.Huber (1994)] code
construction over Gaussian integers and Eisenstein-Jacobi integers have been discussed.

In 2003, [Lusina et al. (2003)] has proposed a rank preserving map between finite
fields of cardinality of the form 4b + I where, b is an integer. Let g be a prime number of
the form 4b + I where b > 1. By definition a Gaussian integer @ is a complex number
defined as @ =x+iy; x,y € Z,i =+/—1. From number theory, it is known that every
prime number g = 1 mod 4 can be written as ¢ = (u+ iv) x (u — iv) = u*> —v2. The

number & = u + iv is known as the Gaussian prime number where u,v € Z. Let 7’ =

i

u — iv. The calculation modulo 7 is defined as Z; =i mod m =i — [ 5|n  for i=
0,1,2,------ g — 1 where [-] performs the operation of rounding to the nearest Gaussian

integer. Lusina et.al. have proved that the Gaussian integer modulo 7 form a field,
represented as shown.
Gr=1{20=0,Z21=1---,Z,1} (4.6)
Such that the map § : GF(q) = Gy given by Z; is isomorphic. Therefore the map
between code words from a linear cyclic code over GF (¢™), which are (m X n) matrices
over GF(q), and (m x n) matrices over the complex Gaussian field, is rank preserving.
Table. 4.1 provide values of 7,u and v for primes g = 1 mod 4 (¢ =5,13,17)
A second map called the Eisenstein map was defined by [K.Huber (1994)]. It
is shown that the set of complex numbers obtained using Eisenstein integer forms a

field. Let ¢’ be a prime of the form ¢’ = 6b+ 1 i.e ¢ = 7;13;19---. By defini-
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Table 4.1 Values of g, w,u and v

q T u A4
S| 24 | -1 | 1+
13 | 3421 | -2 | 1+2i
17 | 4+ | -2 | 2+

tion, a Eisenstein-Jacobi (EJ) integer @ is a complex number defined as @ = b+ pf
where p = (—1 + z\/§) /2 , which comprises of real and rho parts. Primes of the form
¢’ =1 mod 6 can then be written as ¢’ = b> + 3. These primes are product of two
conjugate Eisenstein-Jacobi integers ¢’ = b* + 382 = IIIT*. The number IT is defined
asb+B+p-2B and IT* = b+ B + p? -2 is the conjugate of II. Let
E(i) =il éi—[(%)]Hforizo,l,z---q’—1 4.7
here [-] (denotes the rounding operation) closest to EJ number which is defined such
that the norm of & is as small as possible. Let Ji be defined as,
Jn={8 =08 =188y 1} (4.8)
J is the residue class of J mod I1 where, the modulo function is defined according to
(4.8). Huber has shown that the set Jij given by (4.8) is a complex field over GF (IT)
[K.Huber (1994)]. From [Lusina et al. (2003)] it follows that the Eisenstein map is
bijective similar to Gaussian map. The transformed codewords over the complex Eisen-
stein field preserve the full rank property [Puchinger et al. (2016)].

The elements of the map described in [Lusina et al. (2003)] can be viewed as the
points in a complex plane. In this work we will employ these points in a two dimen-
sional complex plane as elements of signal constellation. Therefore the map between
codewords from a linear code over GF (¢™), which are (m x n) matrices over GF(q),
and (m x n) matrices over the complex Gaussian integer field and Eisenstein field,
is rank preserving. Table 4.2 gives values of I1,b, for primes ¢’ = 1 mod 6(¢' =
7;13;19---). Designs for full rank STBCs can be derived by use of the above rank
preserving maps for a suitable values of ¢ . The code word matrices of these STBCs

are allowed to take on values from a signal set matched to GF(g). Such designs can be

proposed for any linear code.
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Table 4.2 Values of ¢, I1,b and 8

q/ IT b|p
7 | 342p |21
13 |3+4p | 1] 2
19 | 542p |4 | 1

4.3 Non Orthogonal Full Rank Space Time Block Coded Spatial
Modulation (NSTBC-SM)

Transmitter j
i | Codeword Space-Time | .
N Infermation bits
Data SM-Mapper Mapper Mapper ] j
Antenna selection bits | Antenna Estimated
Mapper Data
T.? Receiver
.| Received Antenna Estimator jgint ML decoding Antenna bits
—_ [

.| vector (¥) and demapper (ML). (Ant+Info. bits) and Info. bits

Figure 4.1 Block diagram for NSTBC-SM system

The block diagram of the NSTBC-SM scheme is shown in Figure 4.1. The SM
mapper demultiplexes the source data into information bits and antenna selection bits.
The number of information bits and/or antenna selection bits depends on the number of
transmit antennas N, desired spectral efficiency (1) and Galois Field GF (¢™). Let us
consider the case when m transmit antennas of the transmit antenna array are active at
any given time. Theorem 4.1 outlines a procedure that can be used to construct cyclic

codes over GF (¢™) which is viewed as (m x n) matrices of full rank over GF(gq).

Using Corollary the (m x n) matrices are reduced to full rank preserving (m x m)

matrices over GF (g) as shown below.
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Aoo Aol App oo Aom—i
Aip  Apg Ajp At m—1
Az Az Axp .. A
(10101---) — (4.9)
Am—l,O Am—171 Am—l,Z cee Am—Lm—l

By employing the rank preserving Gaussian integer map or Eisenstein map these ma-
trices can be converted to full rank matrices over complex number field. Using the
proposed STBC constructions the codeword mapper maps (|log,(¢™)]) binary infor-
mation bearing symbols into suitable codewords with Gaussian integers or Eisenstein-

Jacobi integers as conceptually indicated in (4.10).

§(Aop) §(Ao.1) §(Ao2) ... F(Aom-1)
S(A10) SA11)  FAi2) .. SA1m—1)
Xsm=| F(A0) TA21) TA22) ... FArm-1) (4.10)

SAm-10) SAn-11) §An—12) ... FAm—1m—1)

where, § is either § or & depending upon the Gaussian or Eisenstein map that is selected.
The antenna mapper selects /og, (W) bits and maps them to the active antenna pair.
Based on the antenna pair the space time mapper assigns the symbols of codeword to

active antennas, thus forming the STBC of size N; X n as shown below (m < N;).

It can be seen that unlike STBC-SM, in which all columns of the codeword are
transmitted using same antenna pair, in the proposed method each column is transmitted
using different antenna pairs. This essentially increases the transmitted information

bits, and at the receiver can infer from the knowledge of active antennas. This scheme
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improves the spectral efficiency using antenna selection.
Since traditional STBC-SM deployments usually employ two active antennas [Basar
et al. (2011)], we have also used only two antennas in this work though NSTBC-SM

schemes with any number of active transmit antennas can be designed.

§(A00) S(A01) S(A02) .. 0
FA10) FA1L1) 0 ... F(Aom-1)
N 0 0 0 ... F(A1m)
Xsm = @.11)
0 0 S(AI,Z) 0
0 0 0 0

Algorithm 1 Generalized Algorithm for NSTBC — SM :

Input: M

Output:T

Step.l: Consider Minfo = (M(),Ml g ’MUng(qm)J)'

Index = bin2dec (Mmf,,) .

Obtian X = ¢(C) by defining the appropriate Rank preserving map.
Step.2 Define a map ¢ : M, 7, — F(C).

Step.3: Antenna selection.

Consider Mant = (M|1og,(qm)|+1:"*sMiogs(qm)) +niog(w)-1) bits:
Obtain: Xgy

[y

R AN AN R

The encoding procedure of NSTBC-SM scheme is given in Algorithm 1. Initial bits
are considered as message bits and are mapped to a rank preserved codeword matrix
using the codeword mapper as shown in Step 1 . Consider, the next bits as M,,,;. For
each column of the codeword the active antenna index is chosen using a map defined in
Step.2. Later, the matrix elements of §(C) are transmitted through the corresponding

active antenna indices and Xy, is obtained.
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Example 1, describes the NSTBC-SM construction over GF (5%).

Example 1 : For a spectral efficiency of n =4, let N; =4 and ¢ = 5. The length n of
a cyclic code is chosen such that n|¢g™ — 1. In this case 3|5 — 1, for m = 2. The value

of m determines the number of information bits assigned to the codeword.

Thus using Theorem 4.1 we have constructed 2 x 3 codeword matrices over GF (5%)

of the form,

Apo A1 Aop
4.12)

Ao Al Aip
where, (A;j) € GF(¢=5), 0<i<1, 0<j<2
Using Corollary and rank preserving map & : GF(5) — GF (2+1), the above matrix

in (4.12) is reduced to

§(Aoo) §(Ao1)
4.13)

S(A10) S(A11)

Now the incoming data is divided into two streams: the information sequence stream

and the antenna selection stream.

Note: In Spatial Modulation, symbol O represents the inactive state of antenna. In
order to avoid ambiguity between the symbol O of the codeword and O representing the
inactive antenna, the codeword symbol 0 is mapped to a nonzero prime number which
is chosen to be the Gaussian integer or Eisenstein-Jacobi integer used to construct the
complex field (Symbol 0 is mapped to Gz, G312p, G312i, G4y, for different maps

which yield different spectral efficiencies).

A pictorial representation of a NSTBC-SM transmission scheme is illustrated in
Figure 4.2. Figure explains the antenna selection for the antenna bit sequence (00,an-
tenna index (1,4)). Similarly the next set of antenna selection bits follow as shown in
Table. 4.3.

Information is usually encoded in binary form. We are using a shortened (2,1) cyclic
code over GF(5?) with 52 = 25 codewords. Length of the information sequence to be
encoded is such that the number of distinct message sequences is less than or equal to 5°.

The length of information sequence here is chosen to be four bits as 4 = (Llogz 42J ).
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GF(5) Gaussian map
00110101 &
i 02
3 1
S —0—0—
//‘ 1 | 1
ST [ ]
yd i 4
p
X100 42 Re Two active
antenna
TX2 01 > 0 selection
0 bits with
- information
bits
i 02
—0—0—0—
-1 1
e 4

Figure 4.2 Illustration of Antenna selection (corresponding to first time slot as shown
in (4.14). Symbol 0 is mapped to G2+, G312p, G342i, Gay; for different maps which
yield different spectral efficiencies.)

Every distinct length 4 bit information sequence is mapped onto a unique shortened
codeword of the (2,1) cyclic code over GF (52).

The next (n-log, ¥) bits after the information sequence is considered as antenna
selection sequence stream. In this example we have chosen the antenna selection se-
quence to be 0001. From Table. 4.3, it can be inferred that the active antenna sequence
is [(1,4),(1,3)]. Thus, in the first time slot, antennas 1 and 4 are activated, in the second
time slot antennas 1 and 3 are activated. Finally the space time mapper forms an STBC

codeword as shown below.

F(Ago)T(Ag)

(4.14)




Table 4.3 Antenna Mapping

Input Bit stream | Active antenna combination
00 (1.4)
01 (1,3)
10 (1,2)
11 (2,3)

The Table 4.3 is used to generate spectral efficiencies of 4,5,6 bpcu.
(From Table 4.3, it is shown that 4 bpcu can be obtained by constructing NSTBC-SM
over GF(5), 4.5 bpcu over GF(7), 5 bpcu over GF(13), 6 bpcu over GF(17).

4.3.1 Spectral Efficiency Calculation for NSTBC-SM

For a length n codeword over GF (¢™) and antenna selection bits log,(¥), the spectral

efficiency (bits per channel usage) is given by:

[log>(q™)]

= loga(y) + (——) @15

4.3.2 ML decoder for the proposed NSTBC-SM

This subsection, gives a detailed description and formulation of the ML decoder for the
proposed NSTBC-SM scheme. The output of the MIMO channel is given by
Y=HX+n (4.16)
where, X is the transmitted vector of size N; X 1 communicated over a given time
slot, H is the channel matrix of size N, X N; which depends on the channel distribu-
tion. n is a column vector of circularly symmetric complex Gaussian random numbers
(independent and identically distributed (C .4 (0,1)).

The optimal receiver shown in Figure 4.1 has a single stage decoder. Assuming
perfect CSI at the receiver the antenna index and the information pertaining to STBC is
inferred using the following equation

(1:Sq)yy = arg min||Y —HX|Y 4.5, (4.17)

where, [, is the estimated antenna index of the received vector and S, is the estimated
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N;

transmission symbols. Since there are possible antenna combinations the trans-
2
mitted codeword vector can be any one of the total number of possible combinations
given by
N; )
X g (4.18)
2

Later, a 4 bpcu NSTBC-SM design employing a shortened cyclic code of length 2
cyclic code over GF(5?) which uses the Gaussian map is presented. The second exam-

ple also quantifies the complexity of search required for ML decoding at the receiver.

Algorithm 2 Decoding Algorithm for NSTBC — SM

Input: Y

Output: M

Step.1: fort=1:m

Consider Y.Compute (@,X)ML = argminy ;¢ HY — HXH?V)A( eXx
Step.2: Estimate Antenna Selection bits and Information bits from Xgy,.

AN S

Unlike conventional SM-ML decoding strategy, the proposed Algorithm 2 has two
steps. Step.1 employs joint ML detection of antenna selection symbols and codeword
symbols, Step.2 is used to obtain the information bits from the estimated codeword.
Finally, the decoded information is obtained by the augmentation of estimated informa-

tion sequence and antenna selection sequence.

4
From Example 4.1 there are = 6 transmit antenna combinations. Let the sym-

2

bols conveyed in the first time slot be cog and cj9. The transmitted vector possibilities

are as shown.
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€00 0 €00 €00
10 00 0 0
X= or or or (4.19)
0 10 10 0
0 0 0 Cl0

Each symbol is an elemen_t fr(;m ﬁe_ld éF (5)_ Tk—lus, antenna selection possibilities
can have either cop and cjg in the field GF(5). This results in 5 x 5 x 4 = 100 total
number of transmit vector combinations over one time slot for one antenna selection.

This gives the fact that each time when vector Y is received, ML decoder searches
the whole space i.e. all 100 possible vectors to decide the estimated transmitted vector
X. Antenna selection bits are then decoded based on the positions of zeros in the es-
timated vector X. To recover the information bits the estimates are buffered until the
whole codeword is formed. Hence it is necessary to receive the remaining (m —1)Y
columns which are used to decode the information bits. It can be inferred from the
above analysis that the mathematical complexity of the decoder is high in comparison
with STBC-SM. However due to parallel processing architectures and efficient search
algorithms, both the decoder stages can work in parallel, thus reducing the time taken

to decode the information.
4.4 NSTBC-SM Analytical Performance

In this section, we introduce the error performance of the NSTBC-SM system. In or-
der to substantiate the exactness of Monte Carlo simulations executed in the proposed
scheme, an analytical upper bound on the Average Bit Error Probability (ABEP) has
been derived. A theoretical upper bound on the ABEP of SM systems can be given by
[Younis (2014),Proakis (1998),Gesbert et al. (2003)].

The upper bound can be given by union bound as shown below,

1 ol s

N(Xsp — Xsumr)
) LC;V’ log, (qz)J

21’] Ey (P (XSM — XSM))

(4.20)

()] 5|3 1082 (47) ]
ABERNsTBC—SM =
1

L

laglf:

N
I
—_
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Here, Ey (P (XSM — XSM) )is the average pairwise error probability obtained by av-
eraging pairwise error probability (PEP) P (XSM — XSM) over the channel matrix H.

The upper bound can be given by union bound as shown below,

5 512
P(Xsw — Rsur) = Pr(|ly — He Xsual|> > [ly — He Ksw| ‘ H) 421)
Following [Basar et al. (2012)], the average PEP can be equated to Marcum-Q func-

tion (Craig’s formula), and is be given by

1 i sinf@ \""
Ey (P (Xsu — X =—/— do 4.22
1 (P (Xsm sm)) 7/ (sin29+c) (4.22)
We will now show that the above integral can be equated to J,, (c), where ¢ = lil{,f‘v.
Let us consider,
m ] /2
bt
In(ap) 2 2 / i / ¢ T5d | di (4.23)
['(m) T
0
Interchanging the order of integration and simplifying equation (4.23) we get
7[/2 o
a” -1 - a+_i)dt
I (a,b) = P (o 5025 do 4.24
n(@,D) ”F(’")o/o/ ¢ (424
We know that by definition the Gamma function is given by,
['(m)=o" / "o dy (4.25)
0
letting o = (a + m> in equation (4.24) we get
Mmoo (o b
L(m)=(a+-—5 / " e (“zsinZe)d’de (4.26)
2sin-0 0
From equations (4.26) and (4.25) we can re-write equation (4.24) as
In(ah) = -2 772 i) a6 = / i : 4o (4.27)
m\Q, = m = m .
7L (m) 0 (‘H' 2silr7126> T am <1+ 25if126>
m m
1 /72 1 1 m/2 sin’
I (a,b) = —/ —F | d6= —/ > | d0 (4.28)
7 Jo <1_|_ c ) T Jo (sm G—I—C)
sin*
b
where ¢ = 7
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From equation (4.24) and (4.28) we see that if ¢ = 2 = %:iEs

2 = AN and m = N, equation

(4.24) can be written as

m

)
1 (/2 sin“0 A iE
— | d0=1J 2 4.29
71:/0 (sin®6 +c) W ( 4No ) “2)

Finally, we know that J,,,(c) has a closed form expression given by

1 N—1 [ 2k 1—u2 k
=3 1= ¥ || () @30)

Hence, equation (4.28) can be written as

1 — 2 ( JiEs k
g (PaEs _ L Ai jEs N’i 2k —H (4N0> 4.31)
"\ane ) T2 T HUaw ) A& . 4 '
A simplified upper bound:

Equation (4.31), provides an upper limit on probability of error of the proposed
NSTBC-SM. A more simple equation of ABER can be obtained by considering the
nature of sin” @. Since sin@ is a monotonically increasing function of @ in the interval
(0,7/2), an upper bound on its integral in the interval (0,¢) , ¢ < /2 can be found by

setting sin @ = sin@. Thus we get

L (_.512“ ) 40 < 9(—.“2“ 0 ) (432)
T Jo \sin“0+c T\ sin“¢ +c¢
for ¢ = 7 /2 the upper bound can be represented as shown in (4.32).
1 (72 sin20 \" 1
b (_ Sin ) do< 1 _ (433)
Tt Jo sin“6 +c 2(1+c)™

where, ¢ = b/2a=(AEs)/(2Np)

Thus union bound on ABER can now be given by,

1 2“ 2T>210g2(q2)J 2“ 2T>2log2(q2)J

ABERNsTBC—sm <
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The proposed NSTBC is of dimension 2 x 2 resulting in two non-zero Eigen values
for the term (Xsu —XSM)H (Xsm —Xsm). Hence for two non-zero Eigen values the
upper bound is obtained by making an association with a closed-form result obtained

by [Simon and Alouini (2005)] . The Average PEP is now given by

N, N,
X 1 ™ 1 1
Ep (P (Xsm — Xsm)) = = / do (4.35)
7 Jo 1+ pAiji 1+ pAij2
4sin%0 4sin%0

Where 4; 1 and A; j, are the Eigen values of the distance matrix (XSM — XSM)H (XSM — XSM) .

We know that 0 < sin>6 < 1 which implies

) )
sin“ 0 sin“ 0
< 4.36
(sinze—l—cl) — cl (4.36)
1 /2 sin”0 Ar sin’6 Nr 1 7% /sin20\"" /sin20\ "
P / w20 11 o, ) 40=— / 1 > do
TJo \sin“0+cl sin“ 60 + c2 T Jo c c
(4.37)
1 7, 2N,
= W /0 (sin*0)""d6 (4.38)
From [Simon and Alouini (2005)] we know that,
s . m
7lrf02 (ﬁ) d0 has a closed form expression given by,
1 3/ sin’0 \" cam
%/0 (SinZO—I—cl) 9= 22m—n0—11€m @
and considering c=1,
. 2(2N,) (4N;)
P (G7) (en)
/0 (sin°6)"" < 202N)FI|N, — 28NA1 (4.40)
Therefore,
(4N;)
1 % . 2\ 2N, 1 <C2Nr >
clNrcero/o (sin°6)""d6 < i g (41)

In this work we have considered the number of receive antennas to be 4, irrespective

of the underlying NSTBC. Hence,

55



. (4;)
* (sin0)ap < ! (@) 1@ 442
/0 (sin°6) = NN 0ANAT T 404 o7 (4.42)

1
c1Nr 2N
Finally, from (4.20) we write

10y ()] 58 242 : ()
AB’EI’?NSTBQSM:;2 2 y s y N(Xsy—Xsp) 1 G,
2{C§th°g2<q2)J i=1 j=1 2n c1Nr 2N 24N+1
(4.43)

4.5 Computational Complexity Analysis

In this section, we discuss the computational complexity of the proposed scheme in
terms of number of real multiplications required. Let us determine the number of com-
putations required to estimate ‘Y—HX!Z where, H is the N, x N; complex channel
matrix, X is the N, x 1 complex transmitted matrix, Y — HX is N, x 1 complex receive
matrix.

Since only two antennas are active at a time, multiplication of H - X requires 2N,
complex multiplications.

Y —HX|* = (Y- HX)"

(Y - HX)

The computational complexity step by step calculation is in accordance with the one
explained in Section 3.4.1. In general, the computational complexity is cM?, where ¢
is the total number of codewords and M is the modulation index. [Basar et al. (2011)].

This is directly incorporated to our NSTBC-SM scheme, where the total number of

codewords is ¢ and modulation index is g.

4.6 Simulation Results and Performance Analysis

In this section we present the simulation results for NSTBC-SM system and make com-
parisons with STBC-SM [Basar et al. (2011)] and SM systems for a spectral efficiency
of 4 and 5 bpcu. Further, the proposed system is compared with all conventional sys-
tems described in the literature such as STBC-SM, SM, QO-STBC, Srinath-STBC, SM-
OSTBC and other SM schemes for a spectral efficiency of 6 bpcu under Rayleigh and
Rician fading environments. Finally, the performance of the proposed scheme is evalu-

ated over a spatially correlated fading channel environment.
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We assume that N; = N, = 4 and that the channel is characterized as exhibiting quasi
static frequency flat fading. The Monte Carlo simulations are carried under the assump-
tion that perfect channel state information is available at the receiver. Performance

comparisons of all schemes are made at an ABER of 107>,

4.6.1 Performance Analysis under Rayleigh Channel conditions

In Spatial Modulation, symbol O represents the inactive state of antenna. In order to
avoid ambiguity between the symbol 0 of the codeword and O representing the inactive
antenna, the codeword symbol 0 is mapped to a nonzero prime number which is chosen
to be the Gaussian integer or Eisenstein-Jacobi integer used to construct the complex
field. In case of symbols from GF(5) the codeword symbol 0 in GF(5) is mapped
to 2+i=0 mod 2+ i in Gyy;, the codeword symbol 0 in GF(7) is mapped to 3 +
2p =0 mod 3 +2p in G312, similarly codeword symbol 0 in GF(13) is mapped to
342i =0 mod 3+ 2i in G349, and codeword symbol 0 in GF(17) is mapped to
441 =0mod 4+1iin Gyy,.

4.6.2 STBC construction for 4 bpcu

Since N; = 4 and only two antennas are active at any given time, the total number of

4

active antenna combinations is = 6 . We consider only 4 combinations as shown
2

in Table 4.3. A spectral efficiency of =4 bpcu can be achieved by employing a cyclic

4
code of length 3 over GF(5%). The average spectral efficiency is log,(4) + 3 =4 bpcu.

Theorem 4.1 and Corollary specifies the encoding Algorithm 1 for determining full
rank codeword matrices of order 2 x 2 over GF(5). We have employed this encoding
algorithm to determine the codeword matrices of the cyclic code. The last (n —m =
3—2=1) columns of every codeword matrix are eliminated resulting in a codeword
matrix specified as 2 x 2 full rank matrix over GF (5). These matrices have to be mapped
into equivalent matrices over the complex number field. Since ¢ = 5 the mapping is

done by employing rank preserving Gaussian integer map [Lusina et al. (2003)].
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Table 4.4 Gaussian Map exponent Table G, ;:

s|oaf | s|af

02+ ]3] -1

1|1 ][44
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¢ .D Re
-1 Goyi L

Figure 4.3 Gaussian Map Signal Constellation for G,;

The mapping table and constellation diagram for G, is given below.

In Figure 4.5 we present the BER performance of the NSTBC-SM over GF (5) and
GF (7) for a spectral efficiency n= 4, 4.5 bpcu respectively. The figure also presents the
ABEP upper bound curves of the proposed scheme evaluated using (4.43). Itis observed
that simulation results approach the derived upper bound for higher SNR values. It can
be noted that the bound presented is not very tight. This is due to the fact that the
decoding is two stage with the first stage decoding antenna index. The ABEP in the
antenna index can be obtained by approximating the first term in (4.43) using analysis
provided in [Younis (2014)]. The second term in (4.43) is observed to have negligible

contribution to the overall ABEP at higher SNR regime.
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,  Performance of NSTBC-SM in Quasi static Rayleigh fading channel
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Figure 4.4 BER performance at 4 bpcu, for NSTBC-SM,with theoretical upper bounds

4.6.3 STBC construction for 4.5 bpcu using Eisenstein map

Since N; = 4, and only two antennas are active at any given time, the total number

4

of active antenna combinations is =6 . We consider only 4 combinations as
2

shown in Table 4.5. A spectral efficiency of 1=4.5 bpcu can be achieved by employing

5
a cyclic code of length 4 over GF(7%). The average spectral efficiency is log,(4) + =

=4.5 bpcu. Theorem 4.1 and Corollary specifies the encoding algorithm for determininz
full rank codeword matrices of order (2 x 2) over GF(7). We have employed this
encoding algorithm to determine the codeword matrices of the cyclic code. Since g =7
the mapping is done by employing rank preserving Eisenstein map given by [K.Huber
(1994)].

In Figure 4.7, we have presented the BER plots for NSTBC-SM with N;= 4, over
GF (52), STBC-SM with N;= 4, and 8-QAM as the modulation scheme and SM charac-

terized by N;= 4, and QPSK as the modulation scheme. It is observed that the perfor-
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Table 4.5 Eisenstein Map exponent table of G342p:

s| o s| o
0[3+2p | 4| -1
1] 1 |5]-1p
2| 1+p | 6| -p
3] p
Im |
L @
P 1+p
] 9 ®
-1 0 1 Re
GS+2p
® o
—1-p —p

Figure 4.5 Eisenstein Map Signal Constellation for G32p

mance improvement of NSTBC-SM is ~ 2.3 dB as compared to STBC-SM and ~ 4.3
dB as compared to SM system. As a second example we have considered NSTBC-
SM scheme employing a one dimensional non binary cyclic code over GF(7?). The
Eisenstein map has been employed as it is a rank preserving map. This system is char-
acterized by n = 4.5 bpcu. We see that the proposed NSTBC-SM scheme provides a
coding gain of ~ 1.5 dB over STBC-SM scheme and ~ 3.6 dB when compared to SM

system.

4.6.4 STBC construction for 5.5 bpcu using Gaussian map

These constructions are characterized by N; = 4 and only two antennas remain active at

4
any given time. The total number of active antenna combinations is = 6. A spec-

2

tral efficiency of 7 = 5.5 bpcu can be achieved by employing a one dimensional cyclic
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Figure 4.6 BER performance at 4 and 4.5 bpcu, for NSTBC-SM, STBC-SM, and SM
in a Rayleigh Channel

7
code of length 7 over GF(13%). The average spectral efficiency is log,(4) + 5= 55

bpcu . Theorem 4.1 specifies the encoding algorithm for determining full rank codeword
matrices of order 2 x 7 over GF (13). Using Corollary we have shortened the codeword
matrices to (2 x 2). These matrices have to be mapped into equivalent matrices over the
complex number field. Since ¢ = 13 the mapping is done by employing rank preserv-
ing Gaussian integer map [Lusina et al. (2003)]. Since the size of the codeword is 132
the number of bits that can be assigned to each codeword is Llog2(132)J = 7. Hence
information bit length is 7 and antenna selection average bit length is 4 for codeword of

length 2.

In Figure 4.9 the performance of NSTBC-SM with N;= 4, over G (3,9, yielding
a spectral efficiency of n= 5.5 bpcu is compared with the performance of STBC-SM
with ;=4 and 16 QAM, SM with N;= 4 and 8-QAM, both of which yield a spectral
efficiency n= 5. It is observed that NSTBC-SM provides a coding gain of 2.2 dB, 4.7
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Table 4.6 Gaussian Map exponent table of G34»;:

s| of S o’
0 |3+21| 7 -1
1 1 8 | -1-
201 14 | 9 | -2i
3 2i 10 i
4 -1 11 | -1+
50 11 |12 ] -2
6 2
0+21 P
3)
—1+11 ® 0+1i o ® 1+11
) ®) ®)
o— o oo o
(11) (12) 0 (1) 2
0-1i i
_1_1' 1_11
® L ®
C)) 6)] (6)
0-2i
Q
(10)

Figure 4.7 Gaussian Map Signal Constellation for G34;

dB over STBC-SM and SM system respectively.

4.6.5 STBC construction for 6 bpcu using Gaussian map

These constructions are characterized by N; = 4 and only two antennas remain active at

4
any given time. The total number of active antenna combinations is = 6. A spec-
2

tral efficiency of 7 = 6 bpcu can be achieved by considering only 4 active combinations
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Figure 4.8 BER performance at 5 and 5.5 bpcu, exception for NSTBC-SM 1n=5.5 bpcu,
STBC-SM (n=5), and SM (n=5) over Rayleigh fading Channel.

and employing a one dimensional cyclic code of length 3 over GF(17%). The average

8
spectral efficiency is log,(4) + 5= 6 bpcu . Theorem 4.1 and Corollary specifies the

encoding algorithm for determining full rank codeword matrices of order (2 x 2) over
GF(17). Since ¢ = 17 the mapping is done by employing rank preserving Gaussian
integer map [Lusina et al. (2003)] . Since the size of the codeword is (17?) the number
of bits that can be assigned to each codeword is Llog2(172)J = 8. Hence information
bit length is 8 and antenna selection average bit length is 3 for the shortened codeword

of length 2.

We initially present the ABER performance analysis of the proposed NSTBC-SM

scheme with over GF (5%), GF(7?) and GF (17?). As a source of relative importance,
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Table 4.7 Gaussian Map exponent table of G4 ;:
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Figure 4.9 Gaussian Map Signal Constellation for G4 ;

ABEP upper bound curves of the NSTBC-SM are synthesized and evaluated from
(4.43) are depicted in Figure 4.11. The derived upper bound is very tight for higher
SNR and is used to analyze the behavior of error that exists for different values of ¢ in

an NSTBC-SM scheme.

Figure 4.12 shows the comparison of ABER of the proposed NSTBC-SM scheme
with STBC-SM [Basar et al. (2011)] (both (4 x 4) and (8 x 4) systems), Srinath STBC
[Srinath and Rajan (2009)], SM-OSTBC, QOSTBC [Le et al. (2014)] and conventional
SM schemes, all frameworks are designed to give a spectral efficiency of 6 bpcu. The
conventional STBCs like Srinath-STBC, SM-OSTBC, QOSTBC and SM schemes use
16 QAM, STBC-SM (4 x 4) uses 32 QAM and STBC-SM (8 x 4) uses 16 QAM con-

64



Performance of NSTBC-SM in Quasi static Rayleigh fading channel
. v ™ T T T T 1
N N \ == simujation GF(5?)
\ N\ \ = = analylical GF(5)
N ‘ == simuiation GF(7)
! \ = =analytical GF(7%)
Y \ = simuiation GF(172)

= = nalyiical GF(17)

-
=]
n
T
1

Figure 4.10 Analytical and simulated ABER performance of NSTBC-SM.

figurations to achieve the above spectral efficiency. It is observed that a coding gain of
1.2dB, 2 dB, 2 dB, 4 dB, 5.1 dB and 6.2 dB over Srinath-STBC, SM-OSTBC, STBC-
SM (8 x 4), STBC-SM (4 x 4), SM and QOSTBC systems is achieved respectively.
The presence of error correcting structure in the proposed NSTBC scheme leads to the

improvement in ABER performance over conventional STBC systems.

4.6.6 Performance Analysis Under Rician Channel Conditions:

It is expected that similar performance trend follows under Rician channel conditions.
However to prove our claim we present the performance analysis of the proposed scheme
under Rician channel conditions for 6 bpcu.

To achieve 1 = 6 bpcu we have constructed codewords of length 4 over GF (17?) as
explained in the previous section.

In Figure 4.13: BER plots for NSTBC-SM with N, = 4, over G44;, STBC-SM em-
ploying N; = 4 and 32 QAM, SM system N; =4 and 16 QAM, GNSM system N; = 4
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Figure 4.11 ABER performance comparison of various schemes with NSTBC-SM
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Figure 4.12 BER performance at 6 bpcu for NSTBC-SM, STBC-SM, VGSM, GNSM,
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ESM, QSM and SM in a Rician fading Channel with K=3.
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and 16 QAM, VGSM system with N; = 4 and 8 QAM, QSM system with N; = 4 and
QPSK and finally ESM system with N; =4 and QPSK is considered to produce a spec-
tral efficiency of 6 bpcu. Rician Fading channel with (K = 3). Proposed NSTBC-SM
clearly shows superior performance as compared to all the conventional SM schemes.
It is observed that NSTBC-SM offers very high coding gains of 1.7 dB, 2.0 dB, 2.3 dB,
4 dB, 4.3 dB, 4.7 dB over VGSM, QSM, ESM, SM, STBC-SM and GNSM systems
respectively.

4.6.7 Performance Analysis Under Spatially Correlated Channel

Conditions

[Mesleh et al. (2010),Basar et al. (2011)] have studied the performance of Trellis coded
spatial modulation (TCSM) and STBC-SM respectively for 1 = 6 over spatially cor-
related channels. We have synthesized a NSTBC-SM design with 11 = 6 for use over
spatially correlated channels. The performance of NSTBC-SM has been compared with
the results published in [Basar et al. (2011), Mesleh et al. (2010)]. In Figure 4.13,
the performance of NSTBC-SM with N; = 4, over G4, STBC-SM with N; = 4, and
32 QAM and SM with N; =4, and 16 QAM has been compared. It is observed that
NSTBC-SM shows improvement of 1 dB in lower SNR regime (8 dB to 18 dB). The
performance of NSTBC-SM and STBC-SM converge at a SNR of 22 dB. It is also
seen that NSTBC-SM shows an improvement of ~ 5 dB over SM systems in spatially

correlated environments.

4.7 Summary

In this second contributory work, a novel Nonorthogonal Space time Block Coded spa-
tial modulation has been proposed as an improvement over conventional SM-MIMO
transmission scheme and their variants such as STBC-SM, SM and GNSM, VGSM,
QSM and ESM schemes. Comparisons have been carried out over Rayleigh fading, Ri-
cian fading and spatially correlated fading environments. An improvement in spectral
efficiency is obtained by judiciously associating certain data bits with antenna indices.
The transmit diversity order is retained to be 2 for comparison with schemes described

in literature. The proposed scheme has the advantage that it can be generalized to any
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Figure 4.13 BER performance at 6 bits/s/Hz for NSTBC-SM, STBC-SM, and SM in
a quasi-static flat channel Spatially Correlated channel with a inter antenna separation
0.1A4 at the TX and 0.5A at the RX.

number of antennas, and any transmit diversity orders. Our schemes exhibit coding
gains superior to those described in literature for comparable spectral efficiencies. We
have derived an upper bound on the performance of these codes and have carried out
analysis of the computational complexity involved in decoding. The proposed NSTBC-
SM scheme offers coding gains ranging from ~ 1.2 dB to 2.8 dB over STBC-SM and
~ 4 dB over SM systems. In conclusion, we feel that the proposed NSTBC-SM scheme
can be effectively employed in the design of high-rate spectrally efficient MIMO wire-
less communication systems such as LTE, LTE Advanced and WiMAX. In addition, the
proposed NSTBC-SM scheme is also superior in performance to competing schemes
over spatially correlated environments.

The next contributory chapter in the thesis analyzes the effect of Imperfect channel state
information on the performance of the designed scheme. The motivation behind this
work started with the idea of analyzing the performance deterioration of conventional

SM systems in the presence of varied channel state information.

68



Chapter 5

A Comprehensive Framework for Double
Spatial Modulation Under Imperfect Channel

State Information

I The essential requirement for a 5G wireless communication system is the realization
of energy efficient as well as spectrally efficient modulation schemes. Double Spatial
Modulation (DSM) is a recently proposed high rate Index Modulation (IM) scheme,
designed for use in Multiple Input Multiple Output (MIMO) wireless systems. The aim
of this scheme is to increase the spectral efficiency of conventional Spatial Modulation
(SM) systems while keeping the energy efficiency intact. In this work, the impact of im-
perfect channel knowledge on the performance of DSM system under Rayleigh, Rician
and Nakagami-m fading channels has been quantified. Later, a low complexity decoder
for the DSM scheme has been analyzed using Ordered Block Minimum Mean Square
Error (OB-MMSE) criterion. Its performance under varied fading environments have
been quantified via Monte Carlo simulations. Finally, a closed form expression for the
Pairwise Error Probability (PEP) for a DSM scheme under conditions of perfect and
imperfect channel state information has been derived. This is employed to calculate the
upper bound on the Average Bit Error Probability (ABEP) over aforementioned fading
channels. It is observed that, under perfect and imperfect channel conditions DSM out-
performs all the other variants of SM by at least 2 dB at an Average Bit Error Ratio
(ABER) of 10~°. Tightness of the derived upper bound is illustrated by Monte Carlo

IGoutham Simha G.D., et al., A comprehensive framework for Double Spatial Modulation under
imperfect channel state information, Volume 25 Part-2 pp 519-526, Physical Communication (2017)
Elsevier.
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simulation results.

5.1 Introduction

Considering the exigent objectives for next generation 5G wireless communication
systems, researchers have propounded intelligent and novel physical layer modulation
techniques. To extend the spectral efficiency in SM-MIMO systems Younis et.al, came
up with the idea of Generalized Spatial Modulation (GNSM) in which the number of ac-
tive antennas is increased to two [ Younis (2014)]. The primary limitation of this scheme
when compared with conventional SM is its requirement of more than one RF chain.
SM systems enable a logarithmic improvement in the multiplexing gain with an increase
in the number of antennas. A new technique was proposed by Mesleh et.al, known as
the Quadrature Spatial Modulation (QSM) which retains the structural features of con-
ventional SM systems, while providing an improvement in spectral efficiency [Mesleh
etal. (2015)]. In order to improve the performance over conventional SM systems, a Eu-
clidean distance based Enhanced Spatial Modulation (ESM) was developed by Cheng
et.al, in this technique active antenna combinations vary as one or two. The ESM tech-
nique uses primary constellation points if one antenna is active and employs secondary
constellation if two antennas become active. In order to associate identical number
of antenna bits with every antenna combination, a number of bits associated with sec-
ondary constellation is half of the number of bits involved in primary. (16 QAM, 4
QAM), (4 QAM,BPSK) are some specific examples of primary and secondary constel-
lations [Cheng et al. (2015)]. It has been shown with proper analytical reasoning that
QSM systems outperform SM systems in almost all uncorrelated fading environments
under conditions of identical spectral efficiency and antenna number [Mesleh and Ikki
(2015)]. Younis et.al proposed a performance study of QSM systems over Nakagami-m
fading channels which enumerates the advantages of QSM systems over SM systems
in different non uniform Nakagami-m fading channels [Younis et al. (2016)]. In order
to have a twofold increase in spectral efficiency as compared to traditional SM scheme,
Zehra and Basar proposed a high rate IM scheme for use in MIMO and large MIMO
systems which is designated as Double Spatial Modulation (DSM) [Yigit and Basar

(2016)]. The primary advantage of this technique is that it allows the activation of more
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than one antenna which leads to higher spectral efficiency. This scheme can allow an
improvement in spectral efficiency from 10 bpcu to 16 bpcu, which is a requirement in
5G wireless communication environment. In DSM scheme, the first bit splitter splits
the incoming data bits into two SM streams. The upper SM configuration processes
bits provided to it in the conventional manner. Bits fed to the lower block are processed
by an SM stream which employs an optimally rotated signal constellation of identical
size. This has been done exclusively to improve the ease of detection [Yigit and Basar
(2016)]. ML decoding is optimum, but has the disadvantage of requiring a large number
of computations. Yue Xiao et.al proposed a low complexity decoding technique known
as the OB-MMSE, which achieves near ML execution with eighty percent reduction in
computational complexity [Xiao et al. (2014)]. The primary focus and the contributions

of this chapter are broadly classified as follows:

e To propose a framework for the contemporary high rate index modulated DSM
scheme under conditions of perfect and imperfect channel information over Rayleigh,

Rician and Nakagami-m fading channels.

e For any MIMO system, a more adaptable and pragmatic framework can be ob-
tained by implementing non-uniform phase distribution of Nakagami-m channel
as given in [Yacoub (2009)]. A special case study of the DSM scheme under
Nakagami-m fading environment with Perfect Channel State Information (P-CSI)
and Imperfect Channel State Information (Imp-CSI) is described and simulated.
This is to quantify the performance of DSM scheme in Nakagami-m fading envi-
ronment under conditions of non-uniform phase distribution for different values

of m.

e To design and evaluate the performance of a low complexity OB-MMSE signal

detector for a DSM system over ML detection.

5.2 System and Channel Model

The system model of a DSM (high rate index modulated) scheme is shown in Figure

5.1 [Yigit and Basar (2016)]. The system under consideration is in the form of N; X
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Figure 5.1 Block diagram for DSM system [Yigit and Basar (2016)]

N, MIMO arrangement where, ; denotes the number of transmit antennas, N, is the
number of receive antennas and M is the constellation order. The spectral efficiency
of this scheme is defined to be log, (NtzMz) bpcu. Let us consider that log, (NtzMz)
bits are to be transmitted. Bit splitter-1 arrangement divides these bits into two equal
halves. Each stream contains log, (N,M) bits. From this arrangement, it is apparent
that DSM can be viewed as two individual SM systems working in tandem. Later, bit
splitter-2 splits the data symbols into information bearing bits and antenna indexing
bits. At this stage, the log, (M) bits constitute to information bits and log, (N,) bits
represent antenna selection bits respectively. It can be inferred from Figure 5.1 that,
the first information symbol S is directly radiated from the transmit antenna indexed
as A;. The second information symbol S, is rotated by an optimum angle 6 (which
depends upon the constellation) prior to transmission over the second active transmit
antenna, indexed as A,. To minimize bit error rate, the optimized rotation angle 6 has
been determined for commonly used MQAM constellations [Yigit and Basar (2016)].

The transmission vector s € CV %1 ig of the form

S=[0--- 5 ...()...52619...0...()]T (5.1
~~ ~—~—
Aq Az

vector s is transmitted over a frequency flat MIMO channel of size N;. Let H be
a N, x N; channel matrix, n is a column vector containing circularly symmetric com-
plex Gaussian number as elements C .4 (0,62). The elements of n are assumed to be

independent and identically distributed (i.i.d).

The received signal can be characterized by
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Y=HS+n; y=hsSi+hs,5¢e% +n (5.2)
where, Y is a CN~! matrix, n & CV*1, ha,S1 and hy,S, indicate the respective
column vectors.

The performance analysis of spectrally efficient DSM scheme over Rayleigh, Rician
and Nakagami-m fading channels with P-CSI and Imp-CSI is analytically derived and
quantified. Later, as a special case we have studied the characteristics of DSM scheme
under Nakagami-m fading environment for uniform and non-uniform distribution. The

following subsections describe the channel models for various fading environments.

5.2.1 Rayleigh and Rician Fading Channels

The channel matrix is constructed as given in [Koca and Sari (2012), Younis (2014),Du-
man and Ghrayeb (2008)]. Realization of both Rayleigh and Rician fading channels in
uncorrelated and correlated scenarios is presented.
1/2 1/2
He = Ry -H-RYZ (5.3)
As shown in equation (2.2) the entries of the Rician channel matrix H are modeled

as given in [ Younis (2014), Koca and Sari (2012)]

K _ 1
He (Rician) = 1/ 1+—KH+ \/ H——KH (5.4)

For a Rician fading channel the mean matrix is expressed as

_ K
H= 1 5.5
VH—KX Ny xN, (5.5)

where, K denotes the Rician factor, K/(1+ K) constitutes to average power of the LoS

component, H is the mean matrix and is defined as matrix of all ones, 1/(1 + K) is the
average power of the random component and H is a Rayleigh N, x N; matrix whose

entries are complex 1.1.d Gaussian random variables with zero mean and unit variance.

5.2.2 Nakagami-m Fading Channels

As mentioned in the Introduction, various researchers have analyzed the performance
of several MIMO schemes under Nakagami-m fading environment by considering the

assumption that phase distribution is uniform. For a Nakagami fading the special case
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of uniform distribution is obtained when m=1. Under this condition, the Nakagami
distribution is identical to the Rayleigh distribution. Similarly when m= oo, Nakagami
fading reduces to the non-fading Additive White Gaussian Noise (AWGN) environment.
It resembles Hoyt distribution (also known as Nakagami-q distribution) when the value

of m is less than 1 [ Younis (2014)].

The behavior of Nakagami-m distribution is mainly used to describe channels per-
turbed by mild to severe fading. In this work, we investigate the performance of DSM
scheme over more realistic non-uniform phase distributed Nakagami-m fading channel

[Younis (2014),Younis et al. (2016), Yacoub (2009)].

The channel matrix for Nakagami-m fading is formulated using [ Younis (2014)]

hry =/ X% ’Z§|2+j\/ Yt ‘Z”z (5:6)

Zf, Z{ are circularly symmetric i.i.d Gaussian random variables with zero mean and

variance is equal to 672 = 1/(2m) and m is the Nakagami parameter.
The envelope of the Nakagami-m fading channel is described as shown in (5.6).
B zmma)-mel (—m&)‘z)

where, I'(+) is the Gamma function and @ is a random variable.

5.7

Additionally, we define PDF of the phase according to real time investigations as

demonstrated in [ Yacoub (2009)]

T(m)|sin(29)|" !
(9) = ) in20)

| ey .
where, ¢ is the phase corresponding to Nakagami-m distribution. Our major interest

(5.8)

is to analyze and quantify the performance of DSM scheme with P-CSI and Imp-CSI.
This channel model is in accordance with that shown in [Mesleh and Ikki (2015)]. Here
we have considered estimate of the channel H to be H and that the elements of H and
H both are jointly ergodic and stationary Gaussian random processes. Moreover, we
expect that the estimate of the channel H and estimation error E are orthogonal to each

other and can be written analytically as
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H=H+E (5.9)
here, E is defined to be complex Gaussian with zero mean and variance o,2. Note

that 6,2 is the variance parameter that subjugates the condition of channel estimation.

5.2.3 Optimal ML and Suboptimal OB-MMSE decoding strategies
for DSM

In this section, two decoding strategies have been employed namely optimal ML and
suboptimal OB-MMSE detection which is used to reduce the complexity of search

space.

5.2.4 Optimal ML detection

ML detection is used to distinguish the symbols and to achieve a optimal BER perfor-
mance for the considered DSM scheme. The antenna indices (A,A>) and information
symbols (S1,S2) which were transmitted from the combination of active antennas are
detected at the receiver side. Joint estimation of these antenna indices and MQAM

information symbols are estimated over an exhaustive ML search metric of N,>M?.

[5:\175\27;\77@] =arg min

. 2
Y = (ha$1 + s, S2¢7° H 5.10
S17S21A15A27 ( Al ]+ A2 26 ) ( )

5.2.5 Suboptimal OB-MMSE detection

Although ML produces the optimal solution for decoding or detection, nevertheless
the complexity of ML system increases exponentially with the increase in number of
transmit antennas. This hinders its implementation in practical systems. Yue Xiao
et.al. proposed a low complexity decoder scheme which has a stable trade-off between
complexity and the error performance [Xiao et al. (2014)].

A low complexity OB-MMSE algorithm for use in DSM systems is presented in
this section. Following [Xiao et al. (2014)], complete algorithm is explained below.
The received vector is first processed to determine the Transmit Antenna Combinations

(TACs). Pseudo-inverse of each channel has been computed to evaluate z .
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Let Y denote the received vector, H denotes the channel matrix, N; denote the to-
tal number of transmit antennas, N, denote the number of active antennas. For a DSM
scheme the number of active antennas is equal to one or two. I = (I, l,I5...Iy) is the set
of N, active transmit antenna combinations in the i’ TAC ,V,, = 2Ngc? is the thresh-
old value. OB-MMSE is an ordering algorithm firstly developed to sort the transmit
antenna combinations (TACs). The Pseudo-inverse [best approximate solution] of each
channel column is carried out to find the transmitted vector.
2=z, 7]
k= (hk)Ty, (hk)* = hj{lfihk where k € [1,2,3---N;]. To measure the reliability of
each TAC, the absolute squared values have been calculated.

Wi =zi1> + 202+ v, = Zﬁ:’il Zin?> where i€ {1,2,3-.-N}. Now sort the weight-

ing factors in descending order to obtain the combination of radiating antennas.
[k1,ky - ky| = arg sort (w)

In order to estimate symbol from the corresponding active transmit antenna
N H ) -1 H
Sp=01 ((Hlkj> H”‘j to I) (HI"]‘> Y

_ H ) -1 H

Sp=02 (Hlkj) Hl’v +ol <Hlkj> Y

Due to the rotation angle introduced in the second transmit symbol in DSM, rotated
constellation map has to be considered in its detection. We define digital modulator
functions Q1(.)andQ2(.) with respect to the MQAM and rotated MQAM constellation
maps. In order to reduce the computational complexity for detecting all possible N
transmit antenna combinations the block MMSE detector will terminate the output if

(kj, 5’;) satisfies the threshold rule then antenna and constellation points are updated.

~ 112 ” N
dj = v =t 55| < Vi f=1, §=5,

Else the detector updates and continue with the next estimate, if j > N then the

detector is equivalent to the optimal ML detector.
~ 12
u=arg minHy—HijSjH for je{1,2,3---N}
J
update the value [ = I, S=5,.
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5.3 Analytical treatment for DSM under fading scenarios:

Analytical framework for the ABEP of DSM system under Rayleigh, Rician and Nakagami-
m fading environments with P-CSI and Imp-CSI has been derived in this section.

When the symbol S is transmitted and it is erroneously detected as S, then condi-
tional pairwise error probability (CPEP) can be calculated as shown in [Yigit and Basar

(2016), Duman and Ghrayeb (2008), Simon and Alouini (2005), Forenza et al. (2004)].

5.3.1 Case 1: Perfect-CSI

PEP(S — S|H)
2 12
CPEP = P,(|[y— HS|* > Hy—HSH IH)

— P(||HS|? — ||HS|)* — 2R {y* (HS — HS)} > 0)

N\ 12
P(S §|H) l/n/z HH(S_S>H 6 (5.11)
— =— - .
ho P\ angsinZo

for Rayleigh channel PEP can be expressed as follows:

Ny

IR n/2 in2
P(S —>S) - l/ sin” 6 e (5.12)

=2
sin26 & H||i;05||

From [Simon and Alouini (2005)] we know that

12
pc) 2 (,/1%6); c=w (5.14)

the R.H.S term in equation (5.12) is of the form
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1 [7/2 in2 0 mn m /2 1
—/ (S;“—) a6 = a—/ _\ae (5.15)
7 Jo sin” 0 +C T Jo a’"<1—|— c >
sin 0
equation (5.15) can be simplified as

m 71:/2 oo
— a—/ %m dO where, '}/(m) = / e_attm_ldl‘ (5.16)
717’}/(1’1’1) (a—|— 9) 0

Let us consider,

a™ - 1 1 72 bt
—at ;m— _ T 2sin2e
Jm(a,b)zr(m)/o e iy ﬂ/o ¢ Tnd0 | di (5.17)

Interchanging the order of integration and simplifying equation (5.15) we get

/2 oo

IZ

J(a,b) = -1, (5 4 (5.18)

We know that by definition the gamma functlon is given by,

m oo o
F(m):(a+ b ) /tmle<a+251ﬁ29>tdt:>L)m/ tmflei(cwﬁ)tdt
2sin%0 0 <a+ b ) 0
2sin26
(5.19)

z m
2 1 sin?
Jm (a,b %/ — | d6= / do 5.20
(@.b) 0 <1+ ( sm29—|—c ) .

sin 9

From the above analysis, the closed form expression for DSM systems over Rayleigh
fading environments can be derived by using [Yigit and Basar (2016), Simon and

Alouini (2005)] as

N ] N—1 | 2k 1—u2 k
Pr_cs; (S N S) =5 [1-n@ Y (+<c)) (5.21)
k=0 k

|2
H|\|S-S
A CRayleigh ‘ ) ‘ ‘
A ] CRavloich = —— 5.22
“( ) ( 1+CRayleigh) Rayleigh 4N0 ( )

After evaluating equation (5.21) by considering the union bound [Yigit and Basar

(2016), Simon and Alouini (2005)] we can approximate

78



ABERpsy < n%ZZP(S —8)e (8,5) (5.23)
3

where {S #* S } 7N is the number of bits for the transmitted vector S and e (S , S’) is
the total number of bits in error for the corresponding pairwise error event P(S — S ).

Similarly for a DSM system under Rician fading channel condition we can write

T

N 13 (1+K)sin’6 { Ka’y/2 })
Pr_csi (S— §) == - de
P CS’( — ) ﬂ/o <(1+K)sin29+a2]7/2xexp (1+K)sin*6 + a27/2

(5.24)
where, a> = ||S -8 Hi, ¥ is the average SNR per bit given by
__Es (1=K
5.25
=N (1 +K> (5.25)

From (3.19) the upper bound can be deduced by using Chernoff [Younis (2014)].

\ , N\ 1 \
exp (—ﬁvec (HH)HF (IN,N, + éﬁyf) vec (HH)>
PEP(S — §) <

% 1 - (5.26)
pRERT

where, ' = Rrec® (33H RrRAN), -Z3 is the covariance matrix, H is the mean matrix,

® is the Kronecker product, ()" is the Hermitian and I, is an n x n identity matrix. For

Rician fading channel mean matrix is defined as H= \/HZK X 1n,% N, and covariance

matrix is given as £y = \/HIK x Iy,.n,. K represents the Rician factor. K =3 (5 dB).

However, same bound equation holds good for Nakagami-m fading channels also, pro-

vided, mean matrix and the covariance matrix are given by

H= {%eﬁ] X Iy xni: L= (1 —%{W] 2) X IN,xn,

2 2

Furthermore, adapting the same procedure used for Rayleigh fading, the closed form
solution for a DSM system evaluated over Nakagami-m fading channels can be written

as given in [Simon and Alouini (2005)]

N,

1 / /2 sin’ 0 a0 (5.27)
7 Jo H||s-3]|° ’
sin 9+—

P(s—3) =
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my 112 my 1 77
7:% I_EIF((z)mﬂ) _[F(z“ﬁeif] (5.28)
0 m{ T(%) r(%) 7

The closed form expression for Nakagami-m fading channels can be derived by

using [Simon and Alouini (2005)]

PR 1 Alr*1 2k 1 _ 2 k
Pr_csy (S s S> =5 |1-r@ ¥ <+(C)> (5.29)

12
7HS—SH
A Cnak
A / S | N 5.30
H (C) ( 1+ Cnak) Cnak 4Ny ( )

5.3.2 Case 2: Imperfect-CSI

Following equation (5.12) given in [Badarneh et al. (2014), Basar et al. (2012), Badarneh
and Mesleh (2015)] the analysis can be extended to DSM systems.

N,

N L in> @
P<SHS> - —/ o do (5.31)
Y/ 0 Sln29—|—L
4(No+(1-p2))

where,

2, if L#£I
j:

12
HS—SH if L=l
Equation (5.31) is reproduced from [Basar et al. (2012)]. Most of the times practical
systems employ channel estimation at the receiver to understand the fading coefficient
estimates 3, If the channel is estimated with least squares (LS), the estimation error
model has the form B;, = o4, + &, where &, represents the channel estimation error
which is independent of ¢, and is distributed according to C .4 (0, 0'62). Consequently,

the distribution of S, becomes C .4 (0,1+ o,?), and B, is dependent on @, with the
1

1+o,2

In our simulations we have not made use of channel estimation procedure but we

correlation coefficient p =

have used fixed 6,2. o, is fixed for all SNR values in order to determine the pure effect

of the imperfect channel knowledge on the error performance.
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The closed form expression for DSM systems over Rayleigh fading channel with

Imp-CSlI is given by

S 1 N—1 | 2k 1— 2 k
Prmp—csi (S — S) =3 1—u(e) Y (HT(C)) (5.32)

12
: S—S|| p?
A CRayleigh H H
A (| CRayleigh leieh = 5.33
,U(C) ( 1 +CRayleigh> R vieigh 4(N0+ (1 _p2)) ( )

where, Gez = ﬁ =0.01.

DSM system under Rician fading channel conditions with Imp-CSI, is given by

T

N 13 (14 K)sin’0 { Ka’y/2 })
Pimpcsi (S — §) == / X expd — d6
Imp—CSI ( ) 7o <<1+K)sin29 va272 P (U K)sin?e +a27)2

(5.34)
where, a> = ||S -8 HIZ,, ¥ is the average SNR per bit given by
12
Is=S»* 1k
V= 3 < ) (5.35)
4(No+ (1—-p?)) \1+K

DSM system over Nakagami-m fading channel conditions with Imp-CSI is given

by,

o 1 N 2R =2 o)\
leprSI (S — S) == |1- u <C> Z L() (5.36)
2 =N 4

12
S—S|| p?
A | Cnak _ ‘ H P
I'L(c> - ( 1+C_nak) Chnak = 4(N()+(1—p2)) (5.37)

5.4 Simulation Results and observations:

In this section, two spectral efficiencies were targeted for DSM as well as for other
variants of SM schemes. First set comprises of N;=4, N,=4, yielding a spectral effi-
ciency n=8 bpcu. The second set comprises of N;=8, N,=8 and produces a spectral
efficiency n=10 bpcu. These values are compared with the derived mathematical up-

per bound. Analytical BER performance of the DSM scheme over Rayleigh, Rician,
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Nakagami-m fading channels has been substantiated through Monte Carlo simulations.
A close correlation is observed between simulation and analytic results. The BER val-
ues under conditions of P-CSI and Imp-CSI has been plotted. It is observed that ABER

performance of the DSM scheme is superior to other conventional SM schemes.

4X4 SM-MIMO systems yielding 8 bps/Hz Rayleigh
T T T
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Figure 5.2 BER performance analysis of DSM in Imp-CSI ((762 = ﬁ =0.01) and
variants of SM schemes (DSM,ESM,QSM) over a Rayleigh fading environment with
N; =4, N, =4, yielding n = 8 bpcu.

In Figure 5.2, we have shown the BER performance comparison of a DSM scheme
with variants of SM (QSM and ESM) for a 4 x 4 MIMO arrangement yielding a spectral
efficiency n= 8bpcu over a Rayleigh fading channel. It has been observed that DSM
system outperforms ESM and QSM systems by 1.8 dB and 2.3 dB respectively in P-
CSI environment. If the channel is imperfect (62 = ﬁ) there exists a performance
deterioration of about 2 dB in comparison to DSM system with P-CSI under lower
SNR regime. Amount of performance degradation increases with increase in the value

of SNR. Additionally, DSM scheme in Imp-CSI scenario perform better by about 2 dB
over ESM systems and 3.5 dB over QSM systems which possesses Imp-CSI. Finally,
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simulations were terminated for the error floor value of (9 x 107).

4X4 SM-MIMO systems yielding 8 bps/Hz Rice K=3
I I I

10 T T
E -¢ DSM
b SFE -+ ESM
I -& QsM
10 F =% DSM (mpCSl 7 2=USNR) 3
——Analytical DSM P-CSI
102 §
14
W
0
<
10'35 .
\\
0t . §
[ \‘\
\\ \\
N N
AY
10° NS |
0 25 30

SNR(dB)

Figure 5.3 BER performance analysis of DSM in Imp-CSI (¢? = ﬁ = 0.01) and
variants of SM schemes (DSM,ESM,QSM) in P-CSI over a Rician fading environment
(K=3) with N; =4, N, = 4, yielding 1 = 8 bpcu.

Figure 5.3, compares the BER performance of DSM scheme with variants of SM
(QSM and ESM) for a 4 x 4 MIMO arrangement yielding a spectral efficiency n =
8bpcu over a Rician fading channel with K=3. Close examination of the simulation
results explains DSM system with P-CSI outperforms ESM and QSM systems by 1.9
dB and 2.7 dB respectively. On comparing DSM performance in Imp-CSI condition
with P-CSI, a degradation of about 1.6 dB is observed in lower SNR regime. Amount
of performance degradation increases with higher values of SNR which is similar to
that observed in Rayleigh fading. Furthermore, it is noted that the DSM scheme under
Imp-CSI scenario performs better by approximately 2 dB and 3 dB over ESM and QSM
systems with P-CSI respectively. Finally, simulations were terminated at the error floor
value of (6 x 1073).

Figure 5.4, illustrates the relative performance of SM variants for a 4 x 4 MIMO
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SMvariants in Nakagami-m (4X4-8bps/Hz), m=1
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Figure 5.4 BER performance analysis of DSM in Imp-CSI (¢? = ﬁ = 0.01) and
variants of SM schemes (DSM,ESM,QSM,SM) in P-CSI over Nakagami-m fading en-
vironment (m=1) with N; =4, N, = 4, yielding n = 8 bpcu.

arrangement yielding a spectral efficiency of 8bps/Hz over a Nakagami-m fading chan-
nel with m=1. It is observed that DSM outperforms QSM, ESM and SM systems by
approximately 1.9 dB, 2.7 dB and 4 dB respectively. It is also seen that DSM scheme
under Imp-CSI scenario performs better by approximately 1.3 dB over QSM system
and 2.1 dB over SM systems with P-CSI availability. The performance of DSM in Imp-
CSI has a downfall of about 1.9 dB when compared to DSM with P-CSI for low SNR
values.

A 4 x 4 MIMO DSM system which produces 8 bpcu is compared in Figure 5.5. Figure
5.5 demonstrates the effect of various channel parameters such as m =1,2,3,4 and the
idea of non-uniform phase distribution on the performance of DSM scheme over Nak-
agami fading channel. The instance of m = 1 relates to Rayleigh fading and the result is
similar to the one revealed in [Yigit and Basar (2016)]. The performance deterioration

of at least 1 dB is observed for every increasing value of m. In order to show the incre-
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DSM variants in Nakagami-m (4X4-80ps/Hz)
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Figure 5.5 BER performance analysis of DSM in Imp-CSI (6?2 = ﬁ =0.01) (m=1,3)
and DSM in P-CSI over Nakagami-m fading environment (m=1,2,3,4) with N; = 4,
N, =4, yielding n = 8 bpcu.

mental error floor values under Imp-CSI scenario. Performance degradation of about 3
dB is observed from the value of m=1 to m=3.

Figure 5.6 gives the performance analysis of DSM and other variants of SM schemes
in Nakagami-m fading environmnet with m =4. At lower SNR values SM system out-
performs all the other variants but in higher SNR values DSM scheme gives the best
performance. This characteristic of both the frameworks can be justified as follows.
At lower SNR values the error in distinguishing the active antenna index dominates,
whereas at high SNR values the information symbol error detection predominates. It
is also observed that at high values of SNR, DSM system outperform SM scheme by
approximately 3 dB.

The comparison of performance of ML and OB-MMSE detection strategies for a
DSM system has been demonstrated in Figure 5.7. Varied fading channel environments

such as Rayleigh, Rician and Nakagami-m are considered for simulation. Close obser-
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Figure 5.6 BER performance analysis of DSM and variants of SM schemes (ESM,QSM
and SM) in P-CSI over Nakagami-m possesses non-uniform fading environment (m=4)
with N; =4, N, = 4, yielding n = 8 bpcu.
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Figure 5.7 BER performance analysis of DSM schemes in Rayleigh, Rician and
Nakagami-m fading environments comparison of ML and OB-MMSE with N, = 4,
N, =4, yielding n = 8 bpcu.

vation of the Figure 5.7 indicates that for pragmatic values, OB-MMSE performance is

almost comparable to ML decoding strategy. At the same time OB-MMSE also pro-
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vides a 80 percent reduction in computational complexity over ML detection strategies
[Xiao et al. (2014)].

In Figure 5.8, we have shown the BER performance comparison of a DSM scheme for
a 8 x 8 MIMO arrangement. DSM employs 4 QAM to produce a spectral efficiency
N=10 bps/Hz over a Nakagami-m fading channel. The performance deterioration of at
least 1 dB is observed for every increasing value of m. The examined results follow the

similar trend that was contemplated in Figure 5.5.
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Figure 5.8 BER performance analysis of DSM in P-CSI over Nakagami-m fading envi-
ronment (m=1,2,3,4) with N; = 8, N, = 8, yielding n = 10 bpcu.

The final set of results reported in Figure 5.9 delineate the effect of Nakagami-m
channel phase distribution on the execution of DSM frameworks. The realistic non-
uniform phase parameter with phase m=2,4 is plotted. When considering uniform phase
distribution and expanding value of m, the DSM execution upgrades by an amount of
almost 3 dB. The results indicate approximately 4.5 dB improvement for non-uniform
phase distributed DSM system over uniform phase with m=4. Similarly, when the value
of m is reduced, the performance gap between the plots increases to approximately 7

dB.
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Figure 5.9 BER performance analysis of DSM in P-CSI over Nakagami-m fading envi-
ronment (m=2,4) comprising uniform and non-uniform phase distribution with N; = 8§,
N, = 8, yielding n = 10 bpcu.

5.5 Summary

DSM is a high rate spectrally efficient MIMO scheme proposed recently. We have ana-
lyzed the performance of DSM schemes to work efficiently under conditions of P-CSI
and Imp-CSI for channels perturbed by Rayleigh, Rician and Nakagami-m distribu-
tions. The ABER performance under these conditions is also evaluated analytically.
DSM system shows exceptional performance improvement of the order of 2 dB for
different system configurations and channel parameters. Considering that phase dis-
tribution associated with the Nakagami distribution is non-uniform, the second part of
the work deals with evaluating the performance of DSM schemes under channels per-
turbed by Nakagami-m distribution for varying values of m. Under conditions of non-
uniform phase distributed Nakagami channels an increase in the value of m results in
performance deterioration of the order of approximately 1 dB. In the case of Nakagami
channel with uniform phase distribution performance improvement is observed with
the increasing values of m. DSM scheme outperforms all the conventional SM schemes
by at least 2 dB, over all possible channel environments. This is true irrespective of

whether CSI is perfectly or imperfectly available. Finally, modified suboptimal OB-
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MMSE algorithm is designed for a DSM scheme which gives a near ML performance
with reduced computational complexity. Hence these schemes can be advantageously
deployed in the next generation 5G wireless communication systems as a realistic and
efficient modulation technique.

The next contributory chapter deals with the idea of energy efficient as well as spec-
trally efficient scheme which is well suited to meet the requirements of LTE-Advanced

and any 5G systems employing MIMO architecture and non-uniform constellations.
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Chapter 6

Signal Constellations Employing Multiplicative
Groups of Gaussian and Eisenstein Integers
for Enhanced Spatial Modulation

' In this work, we propose two new signal constellation designs employing Gaus-

sian and Eisenstein Integers for Enhanced Spatial Modulation (ESM). ESM is a novel
technique which was propounded by Cheng et.al. The advantage of ESM over other
Spatial Modulation (SM) schemes lies in its ability to enhance spectral efficiency while
keeping energy efficiency intact. This is done by activating either one or two antennas
judiciously depending upon the required trade-off. In ESM, information radiated from
the antennas depends upon index of the active transmit antenna combination(s) and
also on the set of constellation points chosen, which may include points from multiple
constellations. In this chapter, we propose signal constellations based on multiplica-
tive groups of Gaussian and Eisenstein integers. The set comprising of Gaussian and
Eisenstein integers serves as primary and secondary constellation points for Gaussian
Enhanced Spatial Modulation (GESM) scheme. The secondary constellation points are
deduced from a single geometric interpolation from the primary constellation points.
The Monte Carlo simulation results indicate that the proposed non-uniform constella-
tions achieve impressive SNR gains compared to conventional constellation points used
in the design of ESM. This new design has been described for MIMO employing 4 x 4

and 8 x 8 antenna configurations with only two active antennas. Furthermore, a closed

!Goutham Simha G.D., et al., Signal constellations employing multiplicative groups of Gaussian and
Eisenstein integers for Enhanced Spatial Modulation, Volume 25 Part-2 pp 546-554, Physical Communi-
cation (2017) Elsevier.
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form expression for the PEP of GESM scheme has been deduced. The PEP is utilized
to determine the upper bound on the ABEP. Our simulations indicate that the proposed
GESM from Gaussian and Eisenstein integers scheme outperforms all the other vari-
ants of SM including conventional ESM by at least 2.5 dB at an ABER of 107>. Close
correspondence between the theoretical analysis and the Monte Carlo simulation results

are observed.

6.1 Introduction

Multiple Input Multiple Output (MIMO) transmission techniques are broadly utilized as
a part of wireless communication frameworks and are an integral part of the next gen-
eration 5G wireless communication systems, due to their ability to provide enhanced
spectral efficiency along with improved reliability [Wen et al. (2016)]. The likelihood
of restricted direct device-to-device (D2D) communication has been introduced as an
augmentation with the 4G/LTE-A specifications. In the next generation 5G era, exhaus-
tive use of D2D communication as a feature of the general wireless communication is
envisaged. The goal of incorporating these innovations is to have improved information
throughput between devices in close proximity. A spectral efficiency of almost 10 bpcu
to 16 bpcu has to be achieved between Base Station (BS) and Mobile Station (MS)
in every cell to meet the data transfer requirements pertaining to 5G standards [Wen
et al. (2016),Basar (2016)]. One of the fundamental limitations for mobile device is its
physical size and antenna placement. A minimum spectral efficiency of 10 bpcu has
to be extracted from a 4 x4 system and 16 bpcu through a 8 x8 system. To satisfy this
demand, modulation schemes proposed for 5G should possess high spectral efficiency
and energy efficiency [Basar (2016)]. Unlike MIMO spatial multiplexing (SMX) tech-
niques, primary work on SM considers activation of single RF chain (single antenna)
[Mesleh et al. (2008),Di Renzo et al. (2014)]. In order to compensate for the reduction
in spectral efficiency due to single active antenna, additional data bits in the form of
active antenna indices are used to communicate information. Enhanced Spatial Mod-
ulation (ESM) given by [Cheng et al. (2014),Cheng et al. (2015),Cheng et al. (2016)]
and Quadrature Spatial Modulation (QSM) introduced by [Mesleh et al. (2015)].

ESM was designed by consolidating new concepts in MIMO based on individual
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trade offs. First and foremost was to transmit information through single active antenna
combination from primary constellation points followed by two active antennas which
employs secondary constellation points. For multistream SM transmission techniques
a single geometric interpolation has been carried out to activate two antenna combi-
nations all the time, that was designated as ESM typel and ESM type2 [Cheng et al.
(2016)]. The demand for lower energy consumption per transmitted symbol, lead us
to explore non-uniform signal constellations with minimum symbol energy and higher

distance of separation, as compared to the conventional constellation points.

The primary contributions of this chapter are specified as below:

e We have proposed two new signal designs for ESM technique (GESM) from
Gaussian and FEisenstein integers which pave the way to increased spectral ef-

ficiency and performance with minimum symbol energy.

e Determination of a tight upper bound on the performance of GESM scheme which
is in excellent agreement with performance plots obtained by Monte Carlo simu-

lations.

e Performance analysis of high rate GESM scheme under conditions of Rayleigh

fading environment.
6.2 System and Channel Model

Before examining the idea of proposed Gaussian and Eisenstein signal designs used
in GESM, the notion of Gaussian integers, Eisenstein integers and other framework

models are described, which are utilized as the basis for relative comparison.

6.2.1 Gaussian and Eisenstein-Jacobi integers

Gaussian integers are numbers from the complex field of the form Z = a + bi and
g=4k+1=a*>+b*(k=0,1,2,3---). Here a, b, k are integers and ¢ is a prime
number. The Gaussian prime number is defined as Il =a+ bi. The set of integers

{zi =imodIl=i— [I%;]H;i =0,1---g— 1}, where, IT* is the complex conjugate of
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IT. In this chapter, we define Fiy as field of Gaussian integers isomorphic to GF (k)
[Huber (1994b)].

Table 6.1 ¢g,11,a and b values

q| II a b
51 2+ | -1 ] 1+
13 | 3421 | -2 | 1421
17 | 4+ | -2 | 2+

In [Huber (1994a)], Huber defined a map called as the Eisenstein map for prime
numbers of the form ¢’ =6b+11i.e. ¢ =7,13,19---. Eisenstein-Jacobi (EJ) integer m is
a complex number of the form @ = u+ p where, p = (#) such that ¢’ = u? 432
where, u and 3 are integers. These primes are product of two conjugate Eisenstein-
Jacobi integers £, {* defined as { = u+ B +p -2 and its conjugate * = u+f +p?-2.
The set of integers {C(z) =i mod M2 i—[({L)] fori=0,1,2---¢' — 1} form a
field E; isomorphic to GF(¢').

Table 6.2 ¢, I1,u and B values

q | 11 ul|p
7T [342p | 2| 1
13 |3+4p | 1|2
19 | 5+2p | 4 | 1

In communication scenario, the multiplicative groups i1\ {0} and E¢ \ {0} can be
considered as a two dimensional signal constellations. In this chapter, we explore the
use of above signal constellations for ESM systems. The systems employing these are

named as Gaussian ESM (GESM) systems.
6.2.2 Enhanced SM (ESM)

Example: Table 6.3 of ESM system reproduced for the sake of understanding from

[Cheng et al. (2014)]. ESM scheme for single stream SM systems are designed to have
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Table 6.3 ESM

T I4%) I3 T4
Cl QPSK 0 0 0
C2 0 QPSK 0 0
C3 0 0 QPSK 0
C4 0 0 0 QPSK
C5 | BPSK O | BPSK 0O 0 0
C6 | BPSKO 0 BPSK 0 0
C7 | BPSKO 0 0 BPSK 0
C8 0 BPSK 0 | BPSK 0 0
Cc9 0 BPSK 0 0 BPSK 0
C10 0 0 BPSK 0 | BPSK 0
Cl11 | BPSK 1 | BPSK 1 0 0
C12 | BPSK 1 0 BPSK 1 0
C13 | BPSK 1 0 0 BPSK 1
C14 0 BPSK 1 | BPSK 1 0
Cl15 0 BPSK 1 0 BPSK 1
Cl6 0 0 BPSK 1 | BPSK 1

maximum distance between the points chosen for transmission. ESM schemes employ
primary and secondary constellations (for example: QPSK and BPSK). Single antenna
combinations are activated through the primary constellation and two antenna combi-
nations are activated through secondary constellation. When secondary constellation
points are radiated from two antennas then each radiated symbol possesses exactly half
the energy of the symbol radiated from the primary constellation. The spectral effi-

ciency provided by this scheme is quantified as shown below [Cheng et al. (2014)].

N N
X P.+2

1 2

X Se 6.1)

n =log,

where, P, represents the number of combinations from primary constellation and S,

is the number of combinations from secondary constellation.
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6.2.3 Quadrature SM (QSM)

A new methodology was proposed by Mesleh et.al, which uses the aspects of in-phase
and quadrature phase points of the constellation. These are transmitted independently
from separate active antennas (1 or 2). This method is known as Quadrature Spatial
Modulation (QSM). QSM technique produces an improvement in spectral efficiency as
compared to conventional SM schemes. It exhibits a spectral efficiency as given below

[Mesleh et al. (2015)],

n =2 x log, (N;) +log, (M) (6.2)

6.2.4 Enhanced SM (ESM) type-1 and type-2

ESM type-1,type-2 schemes are used to enhance the throughput of multistream SM
system. The idea behind these schemes is to increase the number of active antenna
combinations by initiating single step geometrical interpolation in the signal constella-
tion plane. This new designed constellation points possess higher Euclidean distance

and are involved in reducing the total transmit energy [Cheng et al. (2016)].

6.2.5 ESM design from Gaussian and Eisenstein integers (GESM)

We consider a MIMO system operating on Rayleigh fading channel, then the received

signal is denoted by:

Y =HX-+n (6.3)
where, H is a N, x N; channel matrix, N, is the number of receive antennas, N; is

the number of transmit antennas, X is a transmitted vector which possess normalized

N

VEs’

N; x 1, nis a circularly symmetric complex Gaussian noise and a column vector which

power of X = vector X is transmitted over a frequency flat MIMO channel of size

is denoted as C .4 (0, 0?) independent and identically distributed (i.i.d).
Similar to conventional ESM, the proposed GESM scheme activates one antenna for
radiating symbol from primary constellation and activates two antennas while commu-

nicating symbols from secondary constellation in order to achieve the required through-

96



Scatter plot
T T

2k x x
15F
o a
1F = x x x
05t a o
e
=2
&
5 ofx x x x
[u]
|
(]
05 o A
1 x x x x
a o
st
2 x x
A .
2 15 -1 05 0 05 1 15 2

In-Phase

Figure 6.1 Gaussian constellations used for 4 x 4 MIMO system yielding 1= 8 bpcu:
The blue crosses represent {GF(17)\ {0}, -}, the red square and brown triangle repre-
sents the rotated {GF(5)\ {0} ,-} signal constellations

put (bpcu) this has been displayed in Figure 6.1. A similar mapping for GSM systems

over Eisenstein integers is shown in [Freudenberger and Shavgulidze (2017)].

X e {E1,£2,£3} (6.4)
In the proposed design, transmitted codeword vector X is given by (6.4) and it can be
inferred that {£.1,£2,£3} is the set of transmission vectors chosen to yield a spectral
efficiency of 8 bpcu for a 4 x 4 MIMO system. Here, x1 refers to (blue cross) con-
stellation points obtained from the multiplicative group {GF(17)\ {0},-}. A detailed

explanation is given in the next page.

97



‘T 7T 1T 7 7))
x1 0 0 0
0 x1 0 0
El= , ,
0 0] |x1 0
0 0 0 x1
\ L L 41 L U I
( [ n [ | B I r n B T B T )
x2 x2 x2 0 0 0
x2 0 0 x2 x2 0
Lz = ) ) ) ) )
0 x2 0 x2 0 x2
\ 0 0 x2 0 x2 x2 J
( [ T B N B I B ] B N r T )
x3 x3 x3 0 0 0
x3 0 0 x3 x3 0
L3 — ) ) ) ) 9
0 x3 0 x3 0 x3
| 0 0 x3 0 x3 x3 )
)
1, 1+1i, 2i—1, =2i, 1li, —1+41i,
xl=9q-2 2-1i -1, —1-1i, =2i, 1+2i
\ -1, 1-—1i 2, —2+1i
( 3\
—1.3066 — 0.5412i, 0.5412 — 1.3066i,
x2 =
—0.5412+1.3066i, 1.3066+ 0.5412i
\
( 3\
—1.3066+0.5412i, —0.5412 — 1.3066i,
x3 =
0.5412+41.3066i, 1.3066 —0.5412i

\

-~

Ve

(6.5)

(6.6)

(6.7)

(6.8)

(6.9

(6.10)

It is observed that, if we increase the number of codeword vectors by including £.4
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the spectral efficiency is increased to 8.5 bpcu.
( [ T B T B T B N B T B T )

x2 x2 x2 0 0 0

x3 0 0 x2 x2 0
L4 = ) ) ) b b (6' 1 1)

0 x3 0 x3 0 x2

0 0 x3 0 x3 x3

\L 4 L 4 L 4 L 4 L 4 L 47

x2 refers to (Red circle) rotated constellation points obtained from the multiplicative

group {GF(5)\ {0},-}. The angle of rotation of x2 is chosen to be 22.5°. x3 refers to
(Brown Triangle) rotated constellation points obtained from the multiplicative group
{GF(5)\{0},-}.

The angle of rotation between the constellation points of x2 and x3 is optimally
selected in order to satisfy the following two conditions.

i) Distance of separation between the corresponding points of x2 and x3 is maxi-
mum.

ii) The cumulative difference of spacing between all the points of x2 and x3 together
is large enough to be identified at the receiving end.

The second most important aspect in designing this constellation is the average en-
ergy required to transmit the codeword. The average energy per transmitted codeword
for a conventional ESM scheme which employs a 4 x 4 system by using 16 QAM as
primary and QPSK1,QPSK2 as secondary constellation points to produce a spectral

efficiency of 8 bpcu is given by

Eqg(ESM) =10+4+4=18 (6.12)

While the average energy per transmitted codeword for the proposed GESM which
employs a 4 x 4 system with ({GF(17)\{0},-},{GF(5)\{0},-},{GF(5)\{0},-})
as primary and secondary constellation points to produce a spectral efficiency of 8 bpcu

is given by:

Eag(GESM) =3+4+4=11 (6.13)

for 8.5 bpcu, considering £.4 from equation (6.11)
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Eug(GESM) =3+44+4+4=15 (6.14)

The above observation indicates that the average energy per transmitted codeword

required for the proposed scheme is ~ 39% less than the energy required for the con-
ventional ESM scheme.

Note: Squared minimum Euclidean distance between transmit symbol vectors is

denoted as 2

min

as given in [Cheng et al. (2015)].

x-x'|? (6.15)

Cin = )’(7;1)’(1,

The squared minimum Euclidean distance between codeword vectors is observed

to be 43.03 in the proposed GESM scheme (employing the points shown in Figure
6.1 where the blue crosses represent primary constellation of {GF(17)\ {0},-} and
the secondary constellation is denoted by the red square and brown triangles given
by {GF(5)\ {0},-}) while the squared minimum Euclidean distance is 23.03 for the
conventional ESM scheme (employing the primary constellation as 16 QAM and the

secondary constellations as QPSK1 and QPSK?2).

Table 6.4 Squared Minimum Euclidean distance of ESM and GESM

n ESM | GESM
8bpcu
23.03 | 43.03

4x4)
10bpcu

45 57
4x4)
12bpcu

92 122
(8x8)

Table 6.4 and Table 6.5 show the comparison between conventional ESM and GESM
in terms of squared minimum Euclidean distance between two transmit codeword vec-
tors and maximum energy consumption per symbol.

Since the spectral efficiency is directly proportional to the number of codeword
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Table 6.5 Maximum symbol energy of ESM and GESM

n | ESM | GESM
8b

T 11
4x4)
10b

PU T 34| 15
(4 x 4)
12b

PEU T g 11
(8 x 8)

. i i . Scatu_arplot . i '
E

In-Phase

Figure 6.2 Gaussian constellations used for 4 x 4 MIMO system yielding n= 9.5
bpcu: The blue crosses represent { GF (17) \ {0}, -}, the red circle represents Eisenstein
{GF(7)\ {0}, -} and magenta plus symbol indicates the subset of {GF(17)\{0},-}
constellations.

vectors, an increase in the size of the codebook increases the spectral efficiency. To
achieve a spectral efficiency of 9.5 bpcu in a 4 x 4 MIMO system, we have considered
x2 as Eisenstein multiplicative group {GF (7)\ 0,-} and x3 € x1 as shown below (some
points are subsets of {GF(19) \ {0}, -} and the remaining points have undergone single

geometric interpolation to have maximum distance of separation).
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p=(—1++3i)/2

(6.16)
xz:{171+P7P7_17_1_pa_p}
x3={1.5-2i,1.542i,—1.5—2i,—1.5+2i,2i,—2i} (6.17)
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Figure 6.3 Gaussian constellations used for 4 x 4 MIMO systems yielding n= 10.3
bpcu: The blue crosses represent { GF (17) \ {0}, -}, the red circle represents Eisenstein

{GF(7)\ {0}, -}

Similarly, to achieve a spectral efficiency of 10.3 bpcu in a 4 x 4 MIMO system, we
have constructed x2 by interpolating the Eisenstein multiplicative group {GF(7)\ {0},-}
and x3 ¢ x1 and brown triangle symbol indicates some points are subsets of {GF (19) \ {0},-}

and remaining points are interpolated to have maximum distance of separation.

p=(—1++3i)/2
(6.18)

X2 = {171+pa_2lap7_17217_1_p7_p}

x3={1.5-2i,1.5+2i,—1.5-2i,—1.54+2i,2+1i,2— 1i,—2+ 1i,—2— 1i} (6.19)
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In general, spectral efficiency is given by

N, N,
n = log, x P43 X S, (6.20)

1 2
where, P, is the number of possible combinations from primary constellation given
by (F44;\{0}) and S, is the number of possible combinations from secondary con-
stellation given by (F1\{0},G¢\{0}). It is to be noted that 1 can be increased by
employing higher order multiplicative groups of Gaussian and Eisenstein integers. Fur-
thermore, the proposed scheme can be generalized for any number of transmit antennas.

Simulation results for constructions over 8 x 8 MIMO system is shown in Section 6.5.

6.2.6 Generalization to Multistream SM systems

In this section, we propose an extended version of GESM to Multistream SM systems.
Considering the same number of signal constellation points as given in Equation (6.5-

6.7) the extended scheme for 4 x 4 MIMO systems, is described as below

X € {£1,£2,E3} 6.21)
¢ T B N B . B ] B . B T )
x11| |x11] |x11] | o 0 0
x12| |0 0| |xt1] [x11] |0
Ll - b b ) b b (6‘22)

x2 x2 x2 0 0 0

x2 0 0 x2 x2 0

L2 = ) ) Y Y ) (6'23)
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N
x3 x3 x3 0 0 0
x3 0 0 x3 x3 0
L3 — ) ) ) ) )
0 x3 0 x3 0 x3
0 0 x3 0 x3 x3 )
( [ n [ | B I r n B T B T )
x2 x2 x2 0 0 0
x3 0 0 x2 x2 0
L4 — ) ) ) ) )
0 x3 0 x3 0 x2
0 0 x3 0 x3 x3
L1 L1 L1 L 1 U1 L4
1, 141 1, —1+41i,
x11 =
-1, —-1—-1i, —1i, 1-—1i,
2i—1, -=2i, -2, 2-—1i,
x12 =
—2i, 14242, —241i
.
—1.3066 — 0.5412i, 0.5412 — 1.3066i,
X2 =
—0.5412+1.3066i, 1.3066+ 0.5412i
\ /
4 3\
—1.3066+0.5412i, —0.5412—1.3066i,
x3 =X
0.5412 +1.3066i, 1.3066—0.5412i

\

7

(6.24)

(6.25)

(6.26)

(6.27)

(6.28)

(6.29)

From the above analysis, it can be noted that the spectral efficiency has been in-

creased to 9.4 bpcu. That is, in general for a Multistream SM system the spectral

efficiency can be enhanced by increasing the number of codeword vectors. The gen-

eralization defined above for Multistream systems results in a spectral efficiency given

by

n =log, (|| + [E2| + k3] + [E4])
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6.2.7 Quasi Static Rayleigh Fading Channels

Following [Younis (2014), Jeganathan et al. (2008)] realization of any fading channel

is given by channel matrix.

H=H-+H (6.31)

where H is the mean matrix and H is a N, X N; channel matrix whose entries are i.i.d
complex gaussian random numbers with zero mean and unit variance (C .4 (0,1)).The
mean matrix for a Rayleigh fading channel can be evaluated as H = On, xn, matrix
[Younis (2014)]. Optimal ML detection strategy is employed for the considered GESM
scheme. Joint estimation of the antenna indices and MQAM information symbols are

formulated as

N N;
log, xP.+3 X Se (6.32)
1 2
(i,X) = arg min \|Y — HXHIZE where, ||-|| is the Frobenius norm.

Xe{L1E2E3 E4}

6.3 Analytical treatment for proposed GESM

A mathematical analysis for the ABEP of the proposed GESM scheme is presented in
this section. A quasi static Rayleigh fading environment is considered for our analysis.
The Conditional Pairwise Error Probability (CPEP) for erroneous detection of X (when
X is transmitted and (X +X )) is calculated as given below, [Cheng et al. (2015),Cheng
et al. (2016)].

PEP(X — X|H) = P,(|Y — HX||% > HY —H}?Hi|H)

— P(|HX > = |HX | — 2R {y* (HX — HR)} > 0)

A 2
ooyt [ Jr(x-3)]
P<X —>X|H> - —/ exp | — — 46 (6.33)
T Jo 4Nysin“ 6
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N,

- 1 [7/2 in2 0
P(X —>X> - —/ S a— T (6.34)
T Jo .2, H||X-X|
sin“ 0 + — Ny
Following [Proakis (1998)], the closed form expression for the PEP over quasi static

Rayleigh fading channel can be given as

p(xﬁ;a:(l%w)g Nr"Hk <1+_u<>) 635)

12
H|X—-X
A CRayleigh H H
o2 (| SRateigh Y. T L 6.36
[.L( ) ( 1 +CRayleigh> Rayleigh 4NO ( )

6.4 Computational Complexity Analysis

where,

Following [Cheng et al. (2016)], receiver computational complexity analysis has been
calculated in this section. To evaluate equation (6.31) the number of complex and real
multiplications required can be described with a following example. For a 4 transmit
MIMO system with 1=8 bpcu, GESM ML decoder needs to compute w;;=y — h;x; for
three sets of antenna/constellation combinations, where A; denote the i column of H
matrix and x; € F41;\ {0}. First set £; comprises of four possible antenna combinations
hence computation of w;; results in 64 complex multiplications equivalently 256 real
multiplications. Second set ¢, having two active antenna combinations has w;; given by
wij=y — hjtxj1 — hppxjp. Since xp € Fi42; \ {0}, the number of complex multiplication
involved are 4 x 4 = 16. Similarly, ¢3 results in 16 complex multiplications. Further,
computation for the squared modulus of each one of the w;; terms, requires another
256 complex multiplications. Therefore, the total number of complex multiplications
required in estimating 1 possible transmitted vector is given by 64+16+16+256=352.
One complex multiplication is equivalent to 4 real multiplications hence total number
of real multiplications required are 352 x 4 =1408. From the above analysis it is ob-
served that for a 4 transmit 8 bpcu GESM framework, the computational complexity

remains same as that of conventional ESM scheme. Extending the above analysis for
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Table 6.6 Receiver Complexity

Spectral Efficiency | 8bpcu(4x4) | 10bpcu(4 x 4) | 12bpcu(8x8)
ESM 352 1344 4320
GESM 352 1184 4320

the proposed schemes the obtained computational complexity values are tabulated in
Table 6.6.
From Table 6.6, it is observed that for a 4 transmit antenna 10 bpcu system the

proposed GESM scheme results in a complexity reduction of 11.9%.

6.5 Simulation Results and Observations

In this section, we have compared the performance of proposed GESM scheme with
the variants of SM (ESM,QSM,SM). Simulations were performed for three spectral
efficiencies 1 =8,10,12 bpcu. To achieve a spectral efficiency of 1=8,10 bpcu, the
proposed GESM employs a 4 x 4 MIMO system. Further, to achieve a n=12 bpcu a
8 x 8 MIMO system is considered. A minimum of 10° channel realizations have been
considered for the estimation of ABER. To justify the effectiveness, these values are
compared with the derived mathematical upper bound. Monte Carlo simulation method
is used to substantiate the analytical BER performance of the proposed GESM scheme.
A close correlation is observed between simulation and theoretic results.

In Figure 6.4, we have shown the BER performance of a proposed GESM scheme
with the variants of SM (QSM, ESM and SM) for a system employing 4 x 4 MIMO
arrangement producing a spectral efficiency =8 bpcu over a quasi static flat Rayleigh
fading channel. Proposed GESM uses Fj;\ {0} as primary constellation, e/% F> ;\ {0}
and ¢/%2F>;\ {0} as the two secondary constellation points (8; = 22.5,6, = 67.5),
conventional ESM uses 16 QAM and QPSK1,QPSK2 as the primary and secondary
constellation points, QSM uses 16 QAM while SM uses 64 QAM. It is observed that
the proposed GESM system outperforms conventional ESM, QSM and SM systems by

approximately 2 dB, 2.5 dB and 5 dB respectively. Further it is observed that simulation
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results are in close correspondence with analytical upper bound at SNRs greater than

10 dB (Asymptotic values).

SM variants in Rayleigh fading channel (4X4-8bps/Hz)
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Figure 6.4 BER performance analysis of GESM and variants of SM schemes in a 4 x 4
MIMO system yielding i) = 8 bpcu.

SM variants in Rayleigh fading channel (4X4-10.3bps/Hz)
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Figure 6.5 BER performance analysis of GESM and variants of SM schemes in a 4 x 4

MIMO system yielding n = 10.3 bpcu. (Exception: GESM brown line, represents
secondary constellation extension producing 9.5 bpcu).
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SM variants in Rayleigh fading channel (8X8-12.5bps/Hz)
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Figure 6.6 BER performance analysis of GESM and variants of SM schemes in a 8 x 8
MIMO systems yielding n = 12.5 bpcu. (Exception: GESM magenta line, represents
secondary constellation extension producing 11.3 bpcu).

Figure 6.5, shows two important observations: First, GESM scheme employing
e/ F;\ {0} and e/%2F>,;\ {0} as the two secondary constellations can be extended
to yield a spectral efficiency of 9.5 bpcu that is marked in brown line. Second: If
we choose GESM scheme with F41; \ {0}, F312p \ {0} and geometric interpolation of
points pertaining to F3,2, \ {0}, a spectral efficiency of 10.3 bpcu is achieved, while
the conventional ESM uses 16 QAM and 8 PSK1,8 PSK2 as the primary and secondary
constellation points, QSM uses 64 QAM. It is observed that the proposed GESM system
has an improvement of approximately 4 dB and 5 dB over conventional ESM and QSM
systems respectively.

Figure 6.6, gives the performance analysis of GESM and other variants of SM
schemes in a 8 x 8 MIMO arrangement producing a spectral efficiency n=12.5 bpcu
over a quasi static flat Rayleigh fading channel. Proposed GESM uses Fy; \ {0} as pri-
mary constellation, e/% F>;\ {0} and e/%2F, ,;\ {0} as the two secondary constellation
points (0; = 22.5, 60, = 67.5), conventional ESM uses 16 QAM and QPSK1,QPSK2 as
the primary and secondary constellation points and QSM uses 16 QAM to produce 12
bpcu. It is observed that the proposed GESM system is superior to conventional ESM

and QSM systems by approximately 4 dB and 6 dB respectively. Furthermore, this
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GESM scheme can be extended to Multistream SM systems as discussed previously, is

demonstrated in Figure 6.6.

ESM-16QAM
GESM-F,,;

QSM-16QAM

—p— () S
e ESM,GESM
I | === multistream ESM, GESM |

1 (Spectral efficiency bpsiHz)

L 1 L 1 J
2 4 6 8 10 12 14 16
N[ (Number of transmit antennas)

Figure 6.7 A comparison of achievable spectral efficiencies with variable number of
transmit antennas, N;, and with M = 16 QAM and F;,; modulation for various SM
systems.

Figure 6.7, shows the comparison of maximum achievable spectral efficiency with
variable number of antennas. It is observed that for N; = 4 the proposed GESM scheme
achieves a average spectral efficiency of 8.5 bpcu, Multistream GESM scheme attains
spectral efficiency of 10.3 bpcu. QSM system achieves spectral efficiency of 8 bpcu.

Note that all these schemes activate either one or two transmit antennas only.
6.6 Summary

In this work, we have investigated signal constellations for ESM systems from mul-
tiplicative groups of Gaussian and Eisenstein integers and named it as GESM. This
scheme can be generalized to single stream SM as well as Multistream SM configura-
tions. Moreover, extension of this construction and mapping to higher antenna config-
urations has been devised and analyzed. The derived mathematical upper bound and
Monte Carlo simulation results show that proposed new constellation design for ESM

exhibits remarkable improvement in SNR gains (approximately 2.5 dB) as compared
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to traditional ESM systems employing standard constellation points. Since the signal
points are not a power of two, fractional bpcu values are obtained in our Monte Carlo
simulations. In conclusion, it is observed that the new GESM scheme is energy efficient
as well as spectrally efficient and this scheme is well suited to meet the requirements of
LTE-Advanced and any 5G wireless systems employing MIMO architecture that may
evolve in the future.

After exploring the advantages of a Multistream Spatial Modulation scheme we are
convinced that this scheme can yield impressive SNR gains in all possible fading en-
vironments. The major constraint for any SM-MIMO scheme implementation is its
performance in spatially correlated fading channels. Synthesis of schemes which can
yield good BER performance under conditions of high spatial correlation between an-
tennas leads us to our final contributory chapter which concentrates on the design and
performance analysis of Multistream SM systems over spatially correlated fading chan-

nels.
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Chapter 7

Modified Signal Design for Multistream
Spatial Modulation over Spatially Correlated

Channels

! In this work, we describe a modified signal design for Multistream Spatial Modula-
tion (MSM). The fundamental idea behind MSM is to activate multiple antennas and
transmit complex symbols along with active antenna indices. Here, a modified MSM
technique explicitly designed to combat the effect of spatial correlation in realistic chan-
nel scenarios is proposed. In this MSM scheme, two antennas are made active all the
time, mapping for antenna selection is judiciously adopted from primary and secondary
constellation points. Secondary constellations are obtained through single geometric in-
terpolation of the primary constellation points. Simulation studies show that for a fixed
number of antenna combinations and spectral efficiency, the proposed scheme produces
a performance improvement of at least 4 dB at a ABER of 10~ over all traditional Spa-
tial Modulation (SM) systems, more specifically Enhanced Spatial Modulation (ESM),
Quadrature Spatial Modulation (QSM) and Double Spatial Modulation (DSM) systems
when employed over dense spatially correlated channels. Furthermore, an upper bound
on the average bit error probability (ABEP) for the modified MSM scheme has been
derived and quantified. Monte Carlo simulation results corroborate the close corre-

spondence between analytical and the obtained simulation results.

!Goutham Simha G.D, et.al, “Modified Signal Design for Multistream Spatial Modulation over Spa-
tially Correlated Channels", published in Proceedings of the 6th IEEE “International conference on Ad-
vances in Computing, Communications and Informatics " Manipal Institute of Technology, Manipal,
Karnataka , September 2017.
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7.1 Introduction

It is for the most part observed that the execution of all SM schemes disintegrate under
Spatially Correlated (SC) channel conditions. To reduce the impact of SC conditions,
Trellis Coded Spatial Modulation (TCSM) was presented by [Mesleh et al. (2010)] .
Spatial Multiplexing (SMX) systems expands the complexity and cost of the MIMO
systems since it activates all the antennas while transmitting information, this increases
the RF chain requirement. Keeping in view of this disadvantage, Multistream SM tech-
niques have been proposed whose performance is superior to that of SMX systems
under conditions of spatial correlation [Ntontin et al. (2013a)]. Targeting the goal of
obtaining a twofold increment in spectral efficiency compared with the conventional
SM frameworks, Zehra and Basar proposed a high rate Index Modulation scheme for
use in MIMO and large scale MIMO systems. This scheme is known as Double Spatial
Modulation (DSM) [Yigit and Basar (2016)].

In compact mobile hand held devices, placing and activating multiple number of
antennas, especially more than 4 working in a same frequency band becomes a tedious
task predominantly due to size and space constraints. Antennas working in the same
frequency band, if placed near i.e. less than 0.5A distance from each other results in
very high spatial correlation between them. An increase in spectral efficiency achieved
through higher order modulation schemes with the large number of transmit antennas
will result in a deterioration of the ABER performance.

Inspired by ESM and MSM techniques, the present work concentrates on propos-
ing a technique for design and selection of constellation points which yield good re-
sults in spatially correlated Rayleigh and Rician fading channels. The advantage of the
proposed MSM method is to produce performance improvement over the existing SM
techniques in SC channel conditions without increasing the number of active transmit
antenna configurations. Throughout this work we use X as the estimation of transmitted
symbol X, xgj,q is definedtobe 1 < j < N;, 1 < g < M respectively. N, is the transmit
antenna and M is the modulation order.

The contributions of this chapter is categorized as follows:

e Design a modified MSM to work in spatially correlated fading channel environ-
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ments.

e Derive an analytical expression for the Pairwise Error Probability (PEP) and fur-
ther enhancement of this result to characterize upper bound on the ABEP for

modified MSM scheme.

7.2 System Models

Before discussing the concept of modified MSM designed for spatially correlated chan-
nel scenarios, let us first briefly describe the other system models which are used as the

basis for relative study.

7.2.1 Enhanced SM (ESM)

The ESM scheme uses the special combinations of number of active antennas and mod-
ulation scheme that is employed. Maximum two antennas can be activated in this
scheme. If only single antenna is activated then higher order modulation scheme is
adopted (Assume QPSK). While, if double antennas are excited then lower order mod-
ulation scheme (exactly half the constellation energy of the primary is selected, here

BPSKO,BPSKT1). The spectral efficiency provided by this scheme is quantified as,

N N
NESM =10g2 X P.+2 X S, (7.1)

1 2

where, P, ( higher order modulation scheme) denotes the number of combinations pos-
sible from the primary constellation points and S. (lower order modulation schemes)

represents the number of combinations from secondary constellation points.

7.2.2 Quadrature SM (QSM)

A new method utilizing the spatial dimension was introduced by Mesleh et.al which em-
ploys quadrature and in-phase components separately. This new approach was named
as Quadrature Spatial Modulation (QSM). This scheme yields an improvement in spec-
tral efficiency as compared to conventional SM schemes. Spectral efficiency of this

scheme is given by
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n =2 xlog, (N;) +log, (M) (7.2)

where, M is the constellation size.

7.2.3 Double SM (DSM)

Zehra and Basar have proposed a scheme referred to as Double Spatial Modulation
(DSM) in 2016, in which the single framework comprises of two individual SM schemes.
The two subordinate SM schemes are distinguished by angle rotation principle. This
scheme yields an improvement in spectral efficiency as compared to conventional SM

[Yigit and Basar (2016)]. Spectral efficiency of this scheme is given by:

Npsu = loga (N *M?) (7.3)
7.2.4 Modified Multistream SM (MSM)

Motivated by the approach of considering two active antenna combinations and two
level constellation point selection [Cheng et al. (2016)] we have carried out the follow-
ing studies. Throughout the work presented in this chapter, we have considered 4 x 4
MIMO communication systems (N; = 4 N, = 4) and active antennas N, = 2.

Systems with only two antennas are active can be represented as

X:[0"'a07le;07"'707X527O"'7O]T (7.4)
where, X1 and X, are the indexes of the active antennas. X # X;». X has dimen-

sions N; x 1 and Xy, X ranges from X5; = Xpp =1,---, N,.

7.2.5 Antenna Selection in modified MSM

In the proposed MSM, we use two different constellation points to activate two an-
tenna elements, primary constellation points and secondary constellation points. The
secondary constellation points are chosen from the geometrical interpolation of the pri-
mary. Primary points denote M-QAM constellation and the secondary points denote
mPSK (where m represents inner constellation points of M). Here, we have made use

of 16 QAM and QPSK to obtain a spectral efficiency of 8 bpcu. Mathematically it is
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explained in (7.6). In (7.6), P. is the primary constellation points, represented as red
crosses in Figure 7.1. S, is the secondary constellation points, represented as blue dots
in Figure 7.1.

Note: Unlike ESM, (one or two antennas are made active at any time instant) in the

proposed MSM scheme, all the time two antennas are made active and radiating two

4
different set of constellation points. = 6 out of which only 4 antenna combina-

2

tion pair as given in (7.5) are dynamically chosen in such a way that, the existence of

correlation between the successive transmit antenna pair is made very minimal.

4
( = 6 though it is possible to choose all 6 antenna combinations to increase the

2

spectral efficiency 1 >8 bpcu. In the proposed scheme, it has been restricted to use
only uncorrelated antenna pairs to improve the ABER performance specifically in SC

channel conditions).

xeld | | (1.5)
ol 2] ls.] |0
ol ls.| o] |~

\ L L L L 4/
The spectral efficiency calculation for the proposed MSM technique is given as

follows, here

N =2+log,(P.) +1og,(Se) (7.6)
7 is defined to be Antenna selection bits + Constellation bit.
In the signal space, we have four antenna and signal constellation combinations as

follows.

(a) Total antenna selection combinations are = 6, out of which to combat the
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Figure 7.1 The primary (red) and secondary (blue) constellations used in the proposed
MSM

effect of spatial correlation we choose combinations in such a way that the signal de-
tection is less error prone.

(b) In selecting the antenna transmission, first two codewords of equation (7.5) indicates
that transmission happens with collocated antennas (1,2) (3,4). The last two codewords
from equation (7.5) which are transmitting constellation symbols from antennas (1,3)
(2,4) are deemed to be unambiguous data transmission pairs as they are spatially sep-
arated sufficiently apart. Same performance is observed when antennas 1 and 4 are
activated instead of 1 and 3. The total throughput of this scheme is 8 bpcu.

(c) Examining the average energy per codeword transmission, we consider primary and
secondary constellation points. By observing Figure 7.1 scatter-plot, the average en-
ergy for 16 QAM is Eisgamavg = 10, Egpskavg = 1. Considering the average energy
for all the other SM schemes, the modified MSM scheme has lesser average transmit
energy of 11 in producing the throughput of 8 bpcu. Hence, the overall performance

improvement is at least 2 dB in comparison with other competing schemes ESM, QSM.
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This has been demonstrated in simulation section.

Consider a MIMO framework operated on spatially correlated Rayleigh or Rician

fading channels, the received signal can then be modeled as given below:

Y =HX+n, (7.7)

where, N; signifies number of transmitting antennas, N, denotes number of receiving
antennas, N, is the number of active transmit antennas, H, possesses N, X N; dimension
channel matrix, X is N; X 1 symbol vector which is transmitted from the transmitter
and n is the complex circularly symmetric i.i.d Additive White Gaussian Noise. Finally
assuming perfect channel state information available at the receiver, an optimum ML

detection scheme has been carried out.

XL :arg)greliquHY—HXHi (7.8)

7.3 Analytical Treatment for Modified MSM

To substantiate the correctness of Monte Carlo simulations performed for the proposed
MSM and obtain a legitimate comprehension into its attributes under SC channel con-
ditions bounds on the PEP are considered in this segment. It is presumed that perfect
Channel State Information (CSI) is accessible at the receiver and optimum ML detec-
tion strategy is utilized. From [Younis (2014)], the APEP can be calculated from the
union bound and ABER for the proposed MSM scheme and can be deduced for spatially

correlated channel conditions as

N (XNt Xst 7XN,x)

1
ABERyspy = 2_TIZN’ X N

In the above equation, xg is the transmitted symbol from the active antenna M,

Ey {PEP} (7.9)

N(Xn, x,,Xnx) is the total number of error bits between the two. Ey {PEP} is the

expectation across the channel H.

PEP (X —X) =P, <HY — HXp > > ¥ —HCXH,XHZ|H) (7.10)
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153
202,

=0 (7.11)

equation (7.10) can be reduced to a Q function Q(-), 3 = (xnxs) — (¥n ). Simpli-

fying the above equation we get the upper bound as given in (7.12) [Younis (2014)].

i H ~1 .
N(XN,,xwXN,x) Xiexp(—ﬁvec(HH) F(IN,.Nt—i-ﬁLHF) vec(HM))

Ll
(7.12)

1
ABERMSM < —ZN X ZN,x
on s n 2r Iv.n, +

(Note: T' = Rrgc @ (337Rrran), Ly is the covariance matrix, H is the mean
matrix, ® is the Kronecker product, (-) is the Hermitian, in equation (7.12) This is the

same chernoff bound derived in chapter 3).

7.4 Simulation Results and Observations

This section is dedicated to a portrayal of the implementation of modified MSM schemes
in spatially correlated Rayleigh and Rician environments. The proposed MSM tech-
nique has been compared with other schemes with two active antennas that were de-
fined in the literature. Monte Carlo simulations have been carried out with a minimum
of 10° realizations. The ABER values are plotted against SNR. A Rician factor of K=3
has been chosen to replicate the behavior of spatially correlated indoor environment.

By observing Figure 7.2 the derived asymptotic upper bound on the performance of
a modified MSM scheme follows the Monte Carlo simulations at higher SNR values.
This simulation has been carried out for a SC channel with transmit antenna element
spacing of 0.5A4 and receive antenna element spacing of 0.51.

From Figure 7.3, it is observed that the proposed MSM outperforms all the other
variants of multiple active SM systems. The performance analysis is carried out for a
realistic mobile radio environment. The transmit antenna separation (TX separation) of
0.5\ and receiver separation (RX separation) of 0.5A leads to moderate fading. These

comparisons have been carried out at ABER of 10~>. Proposed MSM scheme offers a
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4X4 MIMO with 8bpcu in Spatially Correlated Channel
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Figure 7.2 Analytical upper bound on the performance of proposed MSM for spatially
correlated (SC) channel with transmit antenna element spacing of 0.5A and 0.5A4 at the
receiver.
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Figure 7.3 BER performance of 4 x 4 MIMO systems with TX separation =0.54 and
RX separation =0.51 yielding =8 bpcu spectral efficiency, over a SC channel.
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performance improvement over DSM, ESM and QSM schemes by ~ 1 dB, ~ 2 dB and
~ 4 dB respectively.

- 4X4 MIMO with Bbpcu in Spatially Correlated Channel
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Figure 7.4 BER performance of 4 x 4 MIMO systems with TX separation =0.14 and RX
separation =0.5A yielding n=8 bpcu spectral efficiency, over a Rayleigh SC channel.

The idea of dense spatial correlation is depicted in Figure 7.4. A subtle change in
the transmit antenna correlation distance causes a significant degradation in the perfor-
mances of all the competing schemes. Since correlation become dense the values per-
taining to transmit antenna become similar. This effect causes change in performance
of all the contending schemes. This is clearly recorded in Figure 7.4. From this we
can conclude that even under these dense SC channel conditions, the proposed MSM
shows superior performance compare to all the other schemes. MSM offers an SNR
improvement over DSM, QSM and ESM systems in higher SNR regime by 5 dB, 7.4
dB and ~ 9 dB respectively. An interesting phenomenon observed here in this simula-
tion is, whenever the correlation becomes dense the BER performance of the proposed
MSM system improves because of the antenna selection pattern, moreover the antenna
selection (codeword of active antennas) combination is so chosen such that transmission

happens from the unambiguous codeword patterns.
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4X4 MIMO with Bbpcu in Spatially Correlated Channel
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Figure 7.5 BER performance of 4 x 4 MIMO systems with TX separation =0.54 and
RX separation =0.51 yielding =8 bpcu spectral efficiency, over a Rician fading SC
channel with K=3.

The phenomenon of moderate spatial correlation is depicted in Figure 7.5. Two
important aspects of Figure 7.5 are these set of moderate SC channel conditions are
carried over Rician fading channels. When the dominant LoS component is available
generally the SNR performance for MIMO systems are high. Since error in detecting
the antenna combination dominates at lower SNR values and spatial constellation error
dominates at higher SNR regime. The Rician K factor 3 is chosen such that the distri-
bution behaves identical to the indoor propagation channel. Hence, the proposed MSM
shows performance enhancements compare to all the other schemes. MSM produces
1.5 dB performance improvement in lower SNR values over DSM schemes, 2.5 dB and
~ 9 dB over ESM and QSM systems respectively. Figure 7.6 shows varying spectral
efficiency for a 4 x 4 MIMO system. The advantage of using this scheme is that even
in case of dense correlation the performance deterioration is not high. Adding to the
above fact, for a 4 x 4 MIMO yielding 10 bpcu the performance is degraded by 4 dB
and 4 x 4 MIMO producing 12 bpcu and SNR degradation is 8 dB in comparison with
4 x 4 MIMO systems yielding 8 bpcu. This is highly acceptable compared to all the
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Figure 7.6 BER performance of 4 x 4 MIMO systems with TX separation =0.14 and
RX separation =0.5A yielding 11=8,10,12 bpcu spectral efficiency, over a Rayleigh SC
channel.

other multiple active antenna SM schemes which retrograde their performances over ~

6 dB while considering the same channel scenarios.

7.5 Summary

In this chapter, we have proposed a modified MSM scheme to work in various SC
channel conditions specifically dense correlated Rayleigh and Rician environments.
Modified MSM scheme offers lot of advantages when compared with other competing
schemes, especially DSM,ESM and QSM systems. The proposed MSM scheme offers
a performance gain of over 5 dB in very high correlated fading environments. These
performance enhancements are acquired with no additional computational complexity.
ABER gains acquired by mathematical upper bound expressions were compared with
Monte Carlo simulations and close correspondence between the two sets of results were
quantified. This dynamic modification of MSM scheme can be utilized in realistic sce-
narios where channel is in a state of deep fade. Finally, the proposed MSM scheme
can be profitably installed on mobile hand-held devices to achieve higher performance

improvements, where antenna spacing becomes very critical.
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Chapter 8

Conclusions and Future works:

The Research work presented in this thesis, started with a complete study of Spatial
Modulation and the design of novel modulation and detection strategies in varied chan-
nel conditions. During the study, we became familiar with the concepts of Spatial Mod-
ulation and its implications in SC channels. SM-MIMO systems were primarily de-
veloped to work in uncorrelated environments considering its energy efficiency as the
major advantage. The Primary drawback of conventional SM-MIMO systems include
the performance deterioration in SC channels. We, in our first contributory chapter
(Chapter-3) provide an alternative solution to SM systems to work efficiently in SC
channels and the proposed technique is named as ReSM. We have also derived the up-
per bound on the performance of the proposed system. ReSM is a special case of SM
scheme designed to support reliable communication in SC channels exhibiting flat fad-
ing. The major advantage of ReSM is the absence of complex encoder/decoder when
compared with TCSM, it also provides BER advantage of ~4 dB. Practical measure-
ments were made to prove our claim in an indoor environment.

In order to improve the reliability of data transfer we have studied the concept of
Space Time Block Codes and its implementation for SM Systems. During this pro-
cess we found some of the important aspects of rank distance properties of n-length
cyclic codes over GF (¢™), constructed by utilizing the concept of Galois Field Fourier
Transforms Sripati et al. (2004). In Chapter 4, we have designed a novel way of choos-
ing antennas and derived the upper bound for the proposed NSTBC-SM scheme. This
scheme has the potential to correct errors induced in the communication channel due to

its inherent structure. A generalized procedure for designing NSTBC-SM schemes for
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any number of transmit antennas (N;) has been devised. For a fixed spectral efficiency
of 6 bpcu and two active transmit antenna (N,) configuration, a coding gain of at least
2.2 dB over varied STBC-SM schemes is observed. Our schemes exhibit coding gains
superior to those described in literature for comparable spectral efficiencies. We have
derived an upper bound on the performance of these codes and have carried out analy-
sis of the computational complexity involved in decoding. The proposed NSTBC-SM
scheme offers coding gains ranging from ~ 1.2 dB t0 2.8 dB over STBC-SM and ~ 4
dB over SM systems.

The third contributory chapter (Chapter 5) in the thesis analyzes the effect of Im-
perfect channel state information on the performance of the designed scheme. The
motivation behind this work started with the idea of analyzing the performance deterio-
ration of conventional SM systems in the presence of varied channel state information.
As a special case study we have also come across the effect of non-uniform phase dis-
tribution on the performance of DSM systems. In this chapter, we have investigated
and analyzed the impact of imperfect channel knowledge on the performance of DSM
system under Rayleigh, Rician and Nakagami-m fading channels . Later, a low com-
plexity decoder for the DSM scheme has been designed using Ordered Block Minimum
mean Square Error (OB-MMSE) criterion. Its performance under varied fading envi-
ronments have been quantified via Monte Carlo simulations. Considering that phase
distribution associated with the Nakagami distribution is non uniform, the second part
of the work deals with evaluating the performance of DSM schemes under channels
perturbed by Nakagami-m distribution for varying values of m. Under conditions of
non-uniform phase distributed Nakagami channels an increase in the value of m results
in performance deterioration of the order of approximately 1 dB. In the case of Nak-
agami channel with uniform phase distribution performance improvement is observed
with the increasing values of m. DSM scheme outperforms all the conventional SM

schemes by at least 2 dB, over all possible channel environments.

In Chapter 6, we have designed a novel SM scheme from non-uniform constellation
designs. In this work we propose signal constellations based on multiplicative groups

of Gaussian and Eisenstein integers. The set comprising of Gaussian and Eisenstein
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integers serves as primary and secondary constellation points for Gaussian Enhanced
Spatial Modulation (GESM) scheme. The Monte Carlo simulation results indicate that
the proposed nonuniform constellations achieve impressive SNR gains compared to
conventional constellation points used in the design of ESM. This new design has been
described for MIMO employing 4 x 4 and 8 x 8 antenna configurations with only two
active antennas. GESM scheme is energy efficient as well as spectrally efficient and this
scheme is well suited to meet the requirements of LTE-Advanced and any 5G wireless
systems employing MIMO architecture that may evolve in the future.

Finally, in Chapter 7, we have introduced the concept of modified MSM technique
explicitly designed to combat the effect of spatial correlation in realistic channel scenar-
10s. In this modified MSM scheme, two antennas are made active all the time, mapping
for antenna selection is judiciously adopted from primary and secondary constellation
points. Modified MSM scheme offers lot of advantages when compared with other com-
peting schemes, especially DSM,ESM and QSM systems. The proposed MSM scheme
offers a performance gain of over 5 dB in very high correlated fading environments.
Finally, the proposed MSM scheme can be profitably installed on mobile hand-held

devices to achieve higher performance improvements.

8.1 Future work

e Alow complexity decoder can be proposed for the ReSM and NSTBC-SM scheme
that has been designed in our work. The use of sphere decoder reduces the com-

plexity issues when compared with the ML detection strategies.

e Practical Implementation and design of DSM technique to understand the behav-
ior of non-uniform phase distributed Nakagami-m fading channels will be our

futuristic study.

e Since Spatial Correlation cant be avoided in any hand-held device there is a need
to understand the effectiveness of SC channel conditions and design of low com-

plexity decoder strategies without compromising the spectral efficiency.
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