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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
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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(qm) 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
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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 Nt ×Nr MIMO

frameworks and it is quantified by the simulations for 4×4 and 8×8 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 10−5 over all other conventional Spatial Modulation (SM) systems when evaluated

over dense spatially correlated channels.
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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 Nt transmit antennas and Nr receive antennas is depicted.

Figure 2.1 MIMO system model with Nt transmit antennas and Nr receive antennas
[Mesleh (2007)]

In MIMO-SMX, independent streams of information are transmitted through mul-

tiple transmit antennas. For such a system with Nt transmit antennas spectral efficiency

is given by Nt × log2(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 Nt×1 is represented as

X =[x1,x2,x3, · · ·xNt ]
T . Let Nr denote the number of receive antennas and H represents

the channel matrix with dimension Nr×Nt , where℘ is the average SNR at each receive

antenna, Y = [y1,y2,y3, · · ·yNr ]
T denotes the received symbol vector of length Nr×1,
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n = [n1,n2,n3, · · ·nNr ]
T represents noise vector of length Nr× 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)].

• 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.i.d.) Gaussian random variables with

zero mean and unit variance.

• 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

Hc =

√
K

1+K
H̄+

√
1

1+K
H (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/(1+K), H̄ is an all one matrix, 1/(1+K) is the

average power of the random component and H is a Nr×Nt matrix whose entries

are modeled as circularly symmetric complex i.i.d Gaussian random variables

with zero mean and unit variance.
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• 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(m,n). In this work we have used the clus-

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

R(m,n) =
e j(D(m−n)sin(θ0))

1+ σθ
2

2 [(D(m−n)cos(θ0)]
2

;m,n ∈ {1,2,3, . . . .Nt} (2.3)

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 λ at

the transmitter and 0.5 λ at the receiver, the channel is considered to be highly

correlated. (b) If the separation is 0.5 λ at the transmitter and 0.5 λ at the re-

ceiver, this situation resembles to moderately correlated channel. In equation

(2.3), D = (2πda)/λ where da is the distance of separation between the antenna

elements, λ is the wavelength at which the system works. θ0 and σθ 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 RTRAN,RREC and computed as shown

in equations (2.5) and (2.6).

The SC channel is generated by using the following equation,

Hc = RREC
1/2H RTRAN

1/2 (2.4)
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RTRAN =



R(1,1) R(1,2) · · ·R(1,Nt)

R(2,1) R(2,2) · · ·R(2,Nt)

... . . . ...

R(Nt ,1) R(Nt ,2) · · ·R(Nt ,Nt)


(2.5)

The transmit correlation matrix RTRAN contains information about the correla-

tion between different antenna elements of the transmit array and the receive cor-

relation matrix RREC specifies the correlation between various elements of the

receive antenna array.

RREC =



R(1,1) R(1,2) · · ·R(1,Nr)

R(2,1) R(2,2) · · ·R(2,Nr)

... . . . ...

R(Nr,1) R(Nr,2) · · ·R(Nr,Nr)


(2.6)

In order to compute RREC, 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.
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• 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.

• 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

1 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 10−4.

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.

1Goutham 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× 4, with

hard decision Viterbi decoding and 8 QAM provides an improvement of ∼ 2dB over

uncoded SM 4× 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:

• 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.

• Real time indoor measurements leading to determination of channel coefficients

under close antenna spacing.

3.2 ReSM construction and Design

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

log2M ·Nt(4 bpcu)
TX1 TX2 TX3 TX4

0000 x1
0001 x2
0010 x3
0011 x4
0100 x1
0101 x2
0110 x3
0111 x4
1000 x1/

√
2 x2/

√
2

1001 x2/
√

2 x3/
√

2

1010 x3/
√

2 x4/
√

2

1011 x4/
√

2 x1/
√

2

1100 x1/
√

2 x2/
√

2

1101 x2/
√

2 x3/
√

2

1110 x3/
√

2 x4/
√

2

1111 x4/
√

2 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 =
√

℘ Hc X+n (3.1)

where Y = [y0,y1,y2, · · ·yNr ]
T indicates the received symbol vector of length Nr×1

further, x ∈ X denotes a transmitted symbol vector of length Nt × 1, X is the set of all

possible transmit vectors for a given Nt and modulation order M. Hc is a correlated

channel matrix of dimension Nr ×Nt . The individual elements hi j ∈ Hc denote the

channel gain from jth transmit antenna to ith receive antenna. ℘ represents the average

SNR at each receive antenna. n = [n0,n1,n2, · · ·nNr ]
T denotes the noise vector of length

Nr×1. The complex entries of n are assumed to be circularly symmetric, independent

and identically Gaussian distributed (i.i.d) with zero-mean and unit-variance. This dis-

tribution is represented by C N (0,σ2). However, conventional SM schemes such as

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

η =

 Nt

1

+

 Nt

2

+ · · ·+

 Nt

Nt

 (3.2)

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:

hrp ∼ hr+1p; ∀r ∈ {1,2, . . . ,Nr}, p ∈ {1,2, . . . ,Nt} (3.3)

where, hrp represents channel gain from pth transmit antenna to rth 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.
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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 (log2M + log2Nt) 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 Nt distinct transmit antenna subsets need to be chosen amongst

the available

 Nt

1

+

 Nt

2

 single and two element transmit antenna subsets.

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

transmit antenna subsets. Amongst

 Nt

1

 single element subsets available,
Nt

2
sub-

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

each other. The remaining
Nt

2
subsets are selected from

 Nt

2

 two element subsets.

For Nt = 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 yr

for the single transmit antenna is given below

yr = xqhi +nr, f or i ∈ {1,2, · · ·Nt} ,q ∈ {1,2, · · ·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)or (3,4)} . The received symbols

in these cases are respectively specified as follows,

yr =
xq√

2
hr1 +

xq+1√
2

hr2 +nr =
1√
2
(hr1xq +hr2xq+1)+nr,where hr1 = hr2 (3.5)
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hr1 = hr2 due to the assumption of close antenna spacing. Therefore, equation (3.6)

can be re-written as

yr =
hr1√

2
(xq + xq+1)+nr, (3.6)

Similarly,

yr =
xq√

2
hr3 +

xq+1√
2

hr4 +nr =
1√
2
(hr3x1 +hr4x2)+nr,where hr3 = hr4 (3.7)

Therefore, equation(3.7) can be written as

yr =
hr3√

2
(xq + xq+1)+nr (3.8)

hr3 = hr4 due to the assumption of close antenna spacing.

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

("Nt")available
2 4 8

Number of bits mapped to spatial domain

("log2Nt")
1 2 3

Enumeration of transmit antenna

subsets chosen as per proposed

ReSM scheme

{1}, {1,2}
{1},{4},

{1,2},{3,4}
{1},{3},{5},{7},

{1,2},{3,4},{5,6},{7,8}

Table 3.3 Active antenna requirement

SM GNSM VGSM ISM/EXSM ESM QSM ReSM
Min 1 Nt 2 1 1 1 1
Max 1 Nt Nt Nt 2 2 2

3.2.2 Optimal Maximum Likelihood detection criterion:

Optimal Maximum Likelihood (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

X̂ML =
[

ĵML, q̂ML
]
= argmin

j,q
‖Y −HcX‖2 (3.9)

X̂ML =
[

ĵML, q̂ML
]
= argmin

j,q

√
℘
∥∥g jq

∥∥2−2Re{YHg jq} (3.10)

where, g jq = h jxq, 1≤ j≤ Nt , 1≤ q≤M, M is the modulation order, YH is the Hermi-

tian of Y. ĵML, q̂ML are estimates of the estimated active transmit antenna index and the

radiated spatial signal constellation symbol respectively. ĵML is an integer while q̂ML 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

ABERReSM ≤
1

2η ∑
nt ,st

∑
n,s

N(xnt ,st , xn,s)

η
EH{PEP} (3.11)

In this equation, nt is the number of active transmit antennas, st is the transmitted

symbol, η is the spectral efficiency, N(xnt ,st , xn,s) is the total number of bits in error

xnt ,st , xn,s, EH {·} is the expectation of the PEP across the channel H. The PEP is given

by
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PEP(X→ X̂) = Pr(‖y−Hc xnt,st

∥∥2
> ‖y−Hc xn,s‖2

∣∣∣H) (3.12)

= Q

√‖Hc Z‖2

2σ
2
n

 (3.13)

here, Z= xnt ,st − xn,s. By using Craig’s formula for the Gaussian Q(·) function

Q(x) =
1
π

∫ π

2

0
exp
(
−x2

2sin2θ

)
dθ (3.14)

=
1
π

∫ π

2

0
exp

(
−ϕ‖HcZ‖2

F

2sin2θ

)
dθ (3.15)

where, ϕ = 1/2σ2
n . Taking the expectation and using the MGF based approach

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

EH {PEP}= 1
π

∫ π

2

0
Φ

(
− 1

4σ2
n sin2

θ

)
dθ (3.16)

Φ(·) is the Moment Generating Function (MGF) of the random variable ‖HcZ‖2.

‖HcZ‖2
F = tr

(
HcZZ

HHc
H)

= vec
(
Hc

H)H (INr

⊗
ZZH)vec

(
Hc

H)
= vec

(
HH)H

R
H
2
s
(
INr ⊗ZZH)vec

(
HH)R 1

2
s (3.17)

where tr(·) is the trace function. In is an n×n identity matrix. Rs = RREC⊗RT RAN is

the covariance matrix for vec(HH). We wish to evaluate MGF of the above random vari-

able which has a positive semidefinite quadratic form comprising of Gaussian vectors

vec(HH).

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

Φ(s) =
exp
(

svHh(I− sLvh)
−1 H

)
|I− sLvh|

(3.18)

LH is the covariance matrix of H.

Φ(s) =
exp
(

s× vec
(
HH)H

Γ́
(
INrNt − sLH Γ́

)−1
vec
(
HH))∣∣I− sLH Γ́

∣∣ (3.19)

In is an n×n identity matrix, vec(H) is the column of matrix stacked into a column
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vector. Γ́ = RREC⊗
(
ZZHRT RAN

)
, LH is the covariance matrix, H is the mean matrix,

⊗ is the Kronecker product and (.)H is the Hermitian.

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

PEP(X→ X̂)≤ 1
2π

exp
(
− 1

4σ2
n

vec
(
ȞH)H

Γ́

(
INrNt +

1
4σ2

n
LH Γ́

)−1
vec
(
ȞH))∣∣∣INrNt +

1
4σ2

n
LH Γ́

∣∣∣ (3.20)

(·)H is the Hermitian and In is an n×n identity matrix.

Finally the upper bound is given by

ABERReSM ≤
1

2η ∑
nt ,st

∑
n,s

N (xnt ,st ,xn,s)

η
× 1

2π

exp
(
− 1

4σ2
n

vec
(
ȞH)H

Γ́

(
INrNt +

1
4σ2

n
LH Γ́

)−1
vec
(
ȞH))∣∣∣INrNt +

1
4σ2

n
LH Γ́

∣∣∣
(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 Ȟ = 0Nr×Nt , the covariance matrix

LH = INr·Nt for Rayleigh fading channel.

For Rician fading mean matrix is defined as Ȟ =
√

K
1+K × 1Nr× Nt and covariance

matrix is given as LH =
√

1
1+K × INr·Nt . 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,

CSM−ML = 8Nr2
η

SM (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.

CGNSM−ML = 6Nr2
η

GNSM, CV GSM−ML = 6Nr2η (3.23)

thus wee see that CGNSM−ML =CV GSM−ML.

In the following paragraph, we have computed the computational complexity of

ISM/EXSM systems. Let us consider an ISM system with Nt = 4,Nr = 4,η = 6 bpcu.

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

tenna combinations are 64. There are

4

1

× 4 possible single antenna combinations

and

4

2

× 2× 4 two antenna combinations. Different symbols can be transmitted

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 Nt ×M possible combinations exist. The remaining combinations numbering

2η − 2log2 (Nt×M) are accomplished through two active antenna arrangements. For sin-

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

CISM−ML(1) = 8Nr2
log2(Nt×M)
ISM (3.24)

CISM−ML(2) = 12Nr

(
2η −2log2(Nt×M)

)
(3.25)

The maximum number of computational steps required per transmitted symbol is

CISM−ML(2) = 12Nr

(
2η −2log2(Nt×M)

)
(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

CQSM−ML = 8Nr2
η

QSM (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 Nt = 4,Nr = 4,η = 6 bpcu and choosing M=16

QAM. Let us determine the number of computations required to estimate
∥∥Y−HcX̂

∥∥2
F

where, H is the Nr×Nt complex channel matrix, X̂ is the Nt × 1 complex transmitted

matrix, Y−HX is the Nr × 1 complex received matrix, multiplication of H by (X̂)

requires Nt complex multiplications. Each complex multiplication in turn requires four

real multiplications. Therefore each row give rise to 4 ·Nt real multiplications. Since H

has Nr rows, total number of real multiplications required to evaluate HX is given by

4 ·Nt ·Nr.

∣∣Y−HX̂
∣∣2 = (Y−HX̂)

H
(Y−HX̂) (3.28)

Here total number of multiplications (real) involved in computing
∣∣Y−HX̂

∣∣2 is equal

to 4 · (Nt +1) ·Nr.

The above analysis is for one transmit vector X̂ there exists 2η possible combi-

nations of vector X̂. Therefore total computational complexity is 4 · (Nt + 1) ·Nr · 2η .

First

16

1

 symbols are transmitted through the transmitting antenna 1 and the same

symbols are transmitted through transmitting antenna 4, constituting to the total of16

1

×2 combinations. Therefore the computational complexity of ReSM-ML detec-

tor for single active antenna combination is given by 8Nr2η−1. For two active transmit
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antennas, transmitting antenna 1 and 2 combined has

16

1

 combinations and the next

16

1

 combinations are pervaded by antennas 3 and 4. Hence the computational com-

plexity when transmitting two different symbols from two antennas can then be written

as 12Nr2η−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.

CReSM = 12Nr2η−1 (3.29)

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 106 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 λ at the trans-

mitter and 0.5 λ 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 λ . 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 2×2 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 λ

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

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

A
B

E
R

10-4

10-3

10-2

10-1

100
Variants of SM in spatially correlated channel

ReSM
GNSM
VGSM
TCSM[Mesleh11]
ISM
SM
QSM
ESM

Figure 3.3 BER performance of 4×4 systems with TX separation =0.1λ and RX sepa-
ration =0.5λ yielding η =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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Figure 3.4 BER performance of 4×4 systems with TX separation =0.1λ and RX sepa-
ration =0.3λ yielding η =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 λ and receiver separation (RX separation) is 0.5 λ . These comparisons

have been carried out at ABER of 10−4. 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 =0.3λ )

[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=0.1λ ) 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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Figure 3.5 BER performance of 4×4 systems with TX separation =0.1λ and RX sepa-
ration =0.1λ yielding η =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× 4 systems which produces

a spectral efficiency of η=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 ∼1 dB,2 dB,2 dB,2.5 dB over VGSM, GNSM, ISM and SM schemes respectively.

Figure 3.7 illustrates the relative performance of 4× 4 systems yielding η=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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Figure 3.6 BER performance of 2×4 systems with TX separation =0.1λ and RX sepa-
ration =0.1λ yielding η =4 bpcu spectral efficiency, in a SC channel.
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Figure 3.7 BER performance of 4×4 systems with TX separation =0.1λ and RX sep-
aration =0.5λ yielding η =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 4×4 system producing 6 bpcu. The performance of ReSM according to (3.19)
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Figure 3.8 BER performance of 4×4 systems with TX separation =0.1λ and RX sep-
aration =0.5λ yielding η =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× 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
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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

FPGA
Xilinx Spartan 6

XC6SLX150

MIMO capability 2×2 fully coherent

Supported bandwidths
56 MHz of

instantaneous,Bandwidth for 1×1

and 30.72MHz for 2×2.

RF Power Output >10dBm (single channel)

Receive Noise Figure <8dB

APIs(Application

Peripheral Interface)
GNU Radio, C++, Python

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

symbols

160 Synchronization

pulses

Pilot 1

(256 symbols)

Pilot 2

(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 h11,h12,h21 and h22 are evaluated using Least Square (LS)

channel estimation principle. Pilot 1 is used to estimate the channel gains for h11,h21.

h11 is the channel coefficient for receive antenna 1 from transmit antenna 1 and h21 is

the channel coefficient for receive antenna 2 from transmit antenna 1. Similarly pilot 2

is used to estimate channel gains pertaining to h12,h22. 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 λ ,0.5λ and 0.1λ between transmit array/receive

array. The operating frequency is selected as 2 GHz, corresponding to it the antenna

separations are 1λ=15 cm, 0.5λ=7.5 cm and 0.1λ=1.5 cm. To estimate the channel co-

efficients h11,h12,h21, and h22 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.

h(magratio)(n) = |h11(n)|/|h12(n)|; ∀n (3.30)
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h(angledi f f )(n) = 6 (h11(n))− 6 (h12(n)); ∀n (3.31)

where, |h| represents magnitude of h(n), 6 h represents phase value of h and n rep-

resents discrete time instance. Figures 3.9 and 3.10 show the histograms of h(magratio)

values and h(angledi f f ) values computed for antenna separations of 1 λ , 0.5 λ and 0.1 λ

respectively. Figure 3.9 shows, the histogram of the magnitude plot for different values

of λ . It is observed that as the element separation of transmit array are reduced to 0.1

λ , 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 .

Figure 3.9 Histograms of h(magratio) values computed for transmit/receive antenna sepa-
ration of 1λ , 0.5λ and 0.1λ .

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 2×2 MIMO system is a demonstration of Rician fading channel.
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Figure 3.10 Histograms of h(angledi f f ) values computed for transmit/receive antenna sep-
aration of 1λ , 0.5λ and 0.1λ .

Figure 3.11 Comparison of PDF-CDF between Rician and measured indoor channel
with TX separation=0.1λ ,RX separation=0.5λ .
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Figure 3.12 Real measurements of 2× 2 MIMO systems with a total distance TX-RX
separation of 3 meters TX separation =0.1λ and RX separation =0.5λ yielding η=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× 2 MIMO). Figure 3.13, quantifies the perfor-

mance of ReSM and SM for indoor environment with transmit antenna spacing of 0.1λ

and receive antenna spacing of 0.5λ (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.

Figure 3.13 Performance results of SM 2× 2 and ReSM 2× 2 under SC channel with
channel coefficients obtained by USRP B210 at TX-RX separation of 3 meters. TX
separation=0.1λ , RX separation=0.5λ yielding η=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 η=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.

MIMO scheme Nt , Nr
η

spectral efficiency

Required SNR at

a ABER of 10−4in 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(qm), 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.

1 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 (Nt) has been

devised. For spectral efficiencies of 4,5,6 bpcu and two active transmit antenna (Na)

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

1Goutham 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:

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

designs from Non binary cyclic codes over GF(q2).

• 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.

• 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+1 for b = 1,2,3. . . . have

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

• 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(qm), whose codewords are full

rank (m×n) matrices over GF(q) 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 In = 0,1,2, . . . . . . ..,n−1, for any f ∈ In and for any divisor d of m the qd

cyclotomic coset of f mod n is a set defined by

[ f ]d = {i ∈ In| f = iqdt mod n f or some t ≥ 0} (4.1)

Cardinality of the above set is given by e(d)f . When (d = 1), we denote the q-cyclotomic

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

Let α be an element of order n in GF(qm). The Galois Field Fourier Transform (GFFT)

of an n-tuple a over the finite field GF(q) of characteristic p is defined to be the vector

A=(A0,A1 · · · ·An−1) ∈ GF(qm)n and is given by

A j =
n−1

∑
i=0

α
i jai, j = 0,1,2 · · · · · · ·n−1. (4.2)

The Inverse Galois Field Fourier Transform (IGFFT) is defined as

ai =
1

n mod p

n−1

∑
j=0

α
−i jA j, i = 0,1,2 · · · · · · ·n−1. (4.3)

The vectors a and A are the time domain and its transform domain representations

respectively.

The GFFT defined in (4.2) is a GF(qm) linear map satisfying the following two

properties.

• Property 1: (Conjugacy Constraint): Following [Sripati and Rajan (2003)], A∈

GF(qm)n is the GFFT of some vector a ∈ GF(q)n if and only if

A jqmmodn = Aqm

j ∀ j ∈ [0, n−1]. (4.4)

• Property 2: (Cyclic Shift Property): If A=GFFT(a), b ∈ GF(q)n such that bi =

ai−1 mod n∀ i ∈ [0,n−1] and B=GFFT(b), then B j = α jA j,∀ j ∈ [0,n−1]

From property 2 for linear cyclic codes, A j takes values from {0} or GF(qe(m)
j ).

Hence cyclic code can be considered as a set of inverse GFFT vectors of all the vectors

of a subspace of GFFT (GF(q)n) ∈ GF(qm)n. Here, transform components in [ j]m of

every vector take on only the zero vector or all the values of GF(qe(m)
j ) and transform

components in disjoint [ j1]
m and [ j2]

mtake 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(qm) whose codewords are full rank (m× n) matrices over GF(q) 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:

Let a={ai : i = 0 to n−1} ∈ GF(qm) can be written as (m×n) matrix over GF(q)

as shown below.

a0,0 a0,1 a0,2 a0,3 . . . a0,n−1

a1,0 a1,1 a1,2 a1,3 . . . a1,n−1

a2,0 a2,1 a2,2 a2,3 . . . a2,n−1

...
...

...
... . . . ...

am−1,0 am−1,1 am−1,2 am−1,3 . . . am−1,n−1


The rank of vector a over GF(q) 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(qm), with rank distance m [Sripati and Rajan (2003),Gabidulin

(1985)] .

Theorem 4.1 : If C is a cyclic code of length n|qm− 1 over GF(qm) such that it

has one free transform domain component A jqs ∈ A[ j],(|[ j]|= e j, 0≤ s≤ e j−1). Then

Rankq(C)= e j [Sripati et al. (2004)]. e j is the size of the q-cyclotomic coset containing

jqs.

Proof : From (4.3), with A jqs as the only free transform domain component, it is evident

that the time domain component ai can be represented as,

a i = A jqsα−i jqs

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

vector a comprising of ai, 0≤ i≤ n−1 can be represented as,

a = (A jqs,A jqsα− jqs
,A jqsα−2 jqs

, · · · · · · ,A jqsα−(n−1) jqs
)

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



A0,0

A1,0

A2,0

...

Am−1,0

A0,1

A1,1

A2,1

...

Am−1,1

A0,2

A1,2

A2,2

...

Am−1,2

· · ·

· · ·

· · ·

. . .

· · ·

A0,n−1

A1,n−1

A2,n−1

...

Am−1,n−1


(4.5)

Every (m× 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|qm−1 over GF(qm) with free transform do-

main component A jqs and all other transform domain components constrained to zero.

For any non-zero codeword

a = (a0,a1, · · ·ae j−1,ae j , · · ·an−1) ∈C, then the entries (a0,a1, · · ·ae j−1) are linearly

independent and the entries (ae j
,ae j+1 · · ·an−1) can be expressed as the linear combina-

tion of (a0,a1, · · ·ae j−1).

Proof : From the definition of IGFFT we write

a= (A jqs,A jqsα− jqs
,A jqsα−2 jqs

, · · · · · · ,A jqsα−(n−1) jqs
)

a= (A jqs,α− jqs
A jqs,α−2 jqs

A jqs · · · · · ·α−(e j−1)A jqs,

α−(e j)A jqs · · · · · ·α−(n−1) jqs
A jqs) For the sake of analysis and simplicity, the above equa-

tion can be re-written as

a = A jqs(1,α− jqs
,α−2 jqs

, · · · · · ·α−(e j−1) jqs
,α−(e j) jqs · · ·α−(n−1) jqs

).

Let S = (1,α− jqs
,α−2 jqs

, · · · · · ·α−(e j−1) jqs
,α−(e j) jqs · · · · · ·α−(n−1) jqs

) Since, A( jqs)

is non-zero Rankq(a)= Rankq(S). We will show that the elements of S′ are linearly inde-

pendent where, S′={1,α− jqs
,α−2 jqs

, · · ·α−(e j−1) jqs} and that, {α−(e j) jqs · · ·α−(n−1) jqs}

can be expressed as the linear combination of the elements of S′. To prove this assertion,

let us assume on the contrary that the elements of S′ are linearly dependent. Then there

exists coefficients c0,c1, · · · · · ·ce j−1 ∈ GF(q) not all ci = 0 such that ∑
n−1
i=0 ciα

−i jqs
= 0

This implies that α− jqs
is a root of a polynomial of degree e j−1 over GF(q). But

α[− jqs]= {α− jqs
,α−2 jqs

, · · · · · ·α−(e j−1) jqs
} corresponds to the q-cyclcotomic coset [− jqs]
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also of cardinality e j. This proves that minimal polynomial of α− jqs
is of degree e j.

This contradicts our assumption that the elements of S′ are linearly dependent. Using

the fact that the minimal polynomial of α− jqs
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

Rankq(C)= e j.

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+1 where, b is an integer. Let q be a prime number of

the form 4b+1 where b≥ 1. By definition a Gaussian integer ω is a complex number

defined as ω = x+ iy; x,y ∈ Z, i =
√
−1. From number theory, it is known that every

prime number q ≡ 1 mod 4 can be written as q = (u+ iv)× (u− iv) = u2− v2. The

number π = u+ iv is known as the Gaussian prime number where u,v ∈ Z. Let π ′ =

u− iv. The calculation modulo π is defined as Zi = i mod π = i− [ iπ ′
ππ ′ ]π f or i =

0,1,2, · · · · · ·q−1 where [·] performs the operation of rounding to the nearest Gaussian

integer. Lusina et.al. have proved that the Gaussian integer modulo π form a field,

represented as shown.

Gπ = {Z0 = 0,Z1 = 1 · · · ,Zq−1} (4.6)

Such that the map ζ : GF(q)⇒ Gπ given by Zi is isomorphic. Therefore the map

between code words from a linear cyclic code over GF(qm), which are (m×n) matrices

over GF(q), and (m×n) matrices over the complex Gaussian field, is rank preserving.

Table. 4.1 provide values of π,u and v for primes q≡ 1 mod 4 (q = 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 q′ be a prime of the form q′ = 6b + 1 i.e q′ = 7;13;19 · · ·. By defini-
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Table 4.1 Values of q,π,u and v

q π u v
5 2+i -1 1+i

13 3+2i -2 1+2i

17 4+i -2 2+i

tion, a Eisenstein-Jacobi (EJ) integer ω is a complex number defined as ω = b+ ρβ

where ρ =
(
−1+ i

√
3
)
/2 , which comprises of real and rho parts. Primes of the form

q′ ≡ 1 mod 6 can then be written as q′ = b2 + 3β 2. These primes are product of two

conjugate Eisenstein-Jacobi integers q′ = b2 + 3β 2 = ΠΠ∗. The number Π is defined

as b+β +ρ ·2β and Π∗ = b+β +ρ2 ·2β is the conjugate of Π. Let

ξ (i) = iΠ , i− [(
iΠ
iΠ∗

)]Π f or i = 0,1,2 · · ·q′−1 (4.7)

here [·] (denotes the rounding operation) closest to EJ number which is defined such

that the norm of ξ is as small as possible. Let JΠ be defined as,

JΠ = {ξ 0 = 0,ξ1 = 1,ξ2 · · · · · · ,ξq′−1} (4.8)

JΠ is the residue class of J mod Π where, the modulo function is defined according to

(4.8). Huber has shown that the set JΠ given by (4.8) is a complex field over GF(Π)

[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(qm), which are (m× n) matrices over GF(q),

and (m× n) matrices over the complex Gaussian integer field and Eisenstein field,

is rank preserving. Table 4.2 gives values of Π,b,β for primes q′ ≡ 1 mod 6(q′ =

7;13;19 · · ·). Designs for full rank STBCs can be derived by use of the above rank

preserving maps for a suitable values of q . The code word matrices of these STBCs

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

proposed for any linear code.
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Table 4.2 Values of q′,Π,b andβ

q′ Π b β

7 3+2 ρ 2 1

13 3+4ρ 1 2

19 5+2ρ 4 1

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

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 Nt, desired spectral efficiency (η) and Galois Field GF(qm). 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(qm) which is viewed as (m×n) matrices of full rank over GF(q).

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

matrices over GF(q) as shown below.
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(10101 · · ·)−→︸ ︷︷ ︸



A0,0 A0,1 A0,2 . . . A0,m−1

A1,0 A1,1 A1,2 . . . A1,m−1

A2,0 A2,1 A2,2 . . . A2,m−1

...
...

... . . . ...

...
...

... . . .
...

Am−1,0 Am−1,1 Am−1,2 . . . Am−1,m−1



(4.9)

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 (blog2(q
m)c) binary infor-

mation bearing symbols into suitable codewords with Gaussian integers or Eisenstein-

Jacobi integers as conceptually indicated in (4.10).

XSM =



F(A0,0) F(A0,1) F(A0,2) . . . F(A0,m−1)

F(A1,0) F(A1,1) F(A1,2) . . . F(A1,m−1)

F(A2,0) F(A2,1) F(A2,2) . . . F(A2,m−1)

...
...

... . . . ...

F(Am−1,0) F(Am−1,1) F(Am−1,2) . . . F(Am−1,m−1)


(4.10)

where, F is either ζ or ξ depending upon the Gaussian or Eisenstein map that is selected.

The antenna mapper selects log2(Ψ) 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 Nt×n as shown below (m≤ Nt).

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.

X̂SM =



F(A0,0) F(A0,1) F(A0,2) . . . 0

F(A1,0) F(A1,1) 0 . . . F(A0,m−1)

0 0 0 . . . F(A1,m−1)

0 0 F(A1,2) · · · 0

...
...

... . . .
...

0 0 0 · · · 0



(4.11)

Algorithm 1 Generalized Algorithm for NSTBC−SM :
1: Input: M
2: Output:T
3: Step.1: Consider Min f o =

(
M0,M1, · · · ,Mblog2(qm)c

)
.

4: Index = bin2dec
(
Min f o

)
.

5: Obtian X = φ(C) by defining the appropriate Rank preserving map.
6: Step.2 Define a map φ : Min f o→ F(C).
7: Step.3: Antenna selection.
8: Consider Mant =

(
Mblog2(qm)c+1, · · · ,Mblog2(qm)c+n·log2(Ψ)−1

)
bits.

9: Obtain: X̂SM

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 Mant . For

each column of the codeword the active antenna index is chosen using a map defined in

Step.2. Later, the matrix elements of F(C) are transmitted through the corresponding

active antenna indices and X̂SM is obtained.
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Example 1, describes the NSTBC-SM construction over GF(52).

Example 1 : For a spectral efficiency of η = 4, let Nt = 4 and q = 5. The length n of

a cyclic code is chosen such that n|qm−1. In this case 3|5m−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 2×3 codeword matrices over GF(52)

of the form, A0,0 A0,1 A0,2

A1,0 A1,1 A1,2

 (4.12)

where, (Ai, j) ∈ GF(q = 5), 0≤ i≤ 1, 0≤ j ≤ 2.

Using Corollary and rank preserving map ξ : GF(5)→GF(2+ i), the above matrix

in (4.12) is reduced to F(A0,0) F(A0,1)

F(A1,0) F(A1,1)

 (4.13)

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

and the antenna selection stream.

Note: In Spatial Modulation, symbol 0 represents the inactive state of antenna. In

order to avoid ambiguity between the symbol 0 of the codeword and 0 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 G2+i, G3+2ρ , G3+2i, G4+i 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(52) 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 52.

The length of information sequence here is chosen to be four bits as 4 = (
⌊
log2 42⌋).
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Figure 4.2 Illustration of Antenna selection (corresponding to first time slot as shown
in (4.14). Symbol 0 is mapped to G2+i, G3+2ρ , G3+2i, G4+i 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 · log2 Ψ) 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(A00)

0

0

F(A10)

F(A01)

0

F(A11)

0


(4.14)
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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(qm) and antenna selection bits log2(Ψ), the spectral

efficiency (bits per channel usage) is given by:

η = log2(ψ)+(
blog2(q

m)c
n

) (4.15)

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 Nt × 1 communicated over a given time

slot, H is the channel matrix of size Nr×Nt which depends on the channel distribu-

tion. n is a column vector of circularly symmetric complex Gaussian random numbers

(independent and identically distributed (C N (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

(l̂tSq)ML = arg min
∥∥Y−HX̂

∥∥2∀ lt ,Sq (4.17)

where, lt is the estimated antenna index of the received vector and Sq is the estimated
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transmission symbols. Since there are

Nt

2

 possible antenna combinations the trans-

mitted codeword vector can be any one of the total number of possible combinations

given by Nt

2

×q2 (4.18)

Later, a 4 bpcu NSTBC-SM design employing a shortened cyclic code of length 2

cyclic code over GF(52) 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 :
1: Input: Y
2: Output: M̂
3: Step.1: for t = 1 : m
4: Consider Y.Compute

( ˆ̀, X̂
)

ML = argminX 6=X̂

∥∥Y −HX̂
∥∥2

F∀X̂ ∈ X
5: Step.2: Estimate Antenna Selection bits and Information bits from X̂SM.

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.

From Example 4.1 there are

4

2

= 6 transmit antenna combinations. Let the sym-

bols conveyed in the first time slot be c00 and c10. The transmitted vector possibilities

are as shown.
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X =



c00

c10

0

0


or



0

c00

c10

0


or



c00

0

c10

0


or



c00

0

0

c10


(4.19)

Each symbol is an element from field GF(5). Thus, antenna selection possibilities

can have either c00 and c10 in the field GF(5). This results in 5× 5× 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

X̂. Antenna selection bits are then decoded based on the positions of zeros in the es-

timated vector X̂. 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)Ŷ

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,

ABERNST BC−SM =
1

2
⌊
CNt

2 log2 (q2)
⌋ 2

⌊
CNt

2 log2(q2)
⌋

∑
i=1

2
⌊
CNt

2 log2(q2)
⌋

∑
j=1

N(XSM− X̂SM)

2η
EH
(
P
(
XSM→ X̂SM

))
(4.20)
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Here, EH
(
P
(
XSM→ X̂SM

))
is the average pairwise error probability obtained by av-

eraging pairwise error probability (PEP) P
(
XSM→ X̂SM

)
over the channel matrix H.

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

P(XSM→ X̂SM) = Pr(‖y−Hc XSM‖2 > ‖y−Hc X̂SM
∥∥2
∣∣∣H) (4.21)

Following [Basar et al. (2012)], the average PEP can be equated to Marcum-Q func-

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

EH
(
P
(
XSM→ X̂SM

))
=

1
π

π/2∫
0

(
sin2

θ

sin2
θ + c

)Nr

dθ (4.22)

We will now show that the above integral can be equated to Jm (c), where c = λi, jEs
4N0

.

Let us consider,

Jm (a,b) ∆
=

am

Γ(m)

∞∫
0

e−attm−1

 1
π

π/2∫
0

e−
bt

2sin2θ dθ

dt (4.23)

Interchanging the order of integration and simplifying equation (4.23) we get

Jm (a,b)∼=
am

πΓ(m)

π/2∫
0

∞∫
0

tm−1e−
(

a+ b
2sin2θ

)
dtdθ (4.24)

We know that by definition the Gamma function is given by,

Γ(m) = α
m
∫

∞

0
tm−1e−αtdt (4.25)

letting α =
(

a+ b
(2sin2θ)

)
in equation (4.24) we get

Γ(m) =

(
a+

b
2sin2θ

)m ∫ ∞

0
tm−1e−

(
a+ b

2sin2θ

)
dtdθ (4.26)

From equations (4.26) and (4.25) we can re-write equation (4.24) as

Jm (a,b)∼=
am

πΓ(m)

π/2∫
0

Γ(m)(
a+ b

2sin2θ

)mdθ =
am

π

∫
π/2

0

1

am
(

1+ b
2sin2θ

)mdθ (4.27)

Jm (a,b)∼=
1
π

∫
π/2

0

 1(
1+ c

sin2θ

)


m

dθ =
1
π

∫
π/2

0

 sin2θ(
sin2θ + c

)


m

dθ (4.28)

where c = b
2a
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From equation (4.24) and (4.28) we see that if c = b
2a =

λi, jEs
4N0

and m = Nr equation

(4.24) can be written as

1
π

∫
π/2

0

 sin2θ(
sin2θ + c

)


m

dθ = JNr

(
λi, jEs

4N0

)
(4.29)

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

Jm (c) =
1
2

1−µ (c)
Nr−1

∑
k=0

2k

k

(1−µ2 (c)
4

)k

 (4.30)

Hence, equation (4.28) can be written as

Jm

(
λi, jEs

4N0

)
=

1
2

1−µ

(
λi, jEs

4N0

)Nr−1

∑
k=0

2k

k


1−µ2

(
λi, jEs
4N0

)
4

k
 (4.31)

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 sin2
θ . Since sinθ is a monotonically increasing function of θ in the interval

(0,π/2), an upper bound on its integral in the interval (0,φ) , φ ≤ π/2 can be found by

setting sinθ = sinφ . Thus we get

1
π

∫
φ

0

(
sin2

θ

sin2
θ + c

)Nr

dθ ≤ φ

π

(
sin2

φ

sin2
φ + c

)Nr

(4.32)

for φ = π/2 the upper bound can be represented as shown in (4.32).

1
π

∫
π/2

0

(
sin2

θ

sin2
θ + c

)Nr

dθ ≤ 1

2(1+ c)Nr
(4.33)

where, c = b/2a=(λES)/(2N0)

Thus union bound on ABER can now be given by,

ABERNST BC−SM ≤
1

2

⌊(
CNT

2

)2
log2(q2)

⌋ 2

⌊(
C

NT
2

)2
log2(q2)

⌋

∑
i=1

2

⌊(
C

NT
2

)2
log2(q2)

⌋

∑
j=1

N
(
XSM− X̂SM

)
4η

1

2(1+ c)Nr

(4.34)

54



The proposed NSTBC is of dimension 2×2 resulting in two non-zero Eigen values

for the term
(
XSM− X̂SM

)H (XSM− X̂SM
)
. 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

EH
(
P
(
XSM→ X̂SM

))
=

1
π

∫ π/2

0

 1

1+ ρλi, j1

4sin2
θ

Nr
 1

1+ ρλi, j2

4sin2
θ

Nr

dθ (4.35)

Where λi, j1 and λi, j2 are the Eigen values of the distance matrix
(
XSM− X̂SM

)H (XSM− X̂SM
)
.

We know that 0 < sin2
θ < 1 which implies

(
sin2

θ

sin2
θ + c1

)
≤ sin2

θ

c1
(4.36)

1
π

∫ π

2

0

(
sin2

θ

sin2
θ + c1

)Nr( sin2
θ

sin2
θ + c2

)Nr

dθ =
1
π

∫ π

2

0

(
sin2

θ

c1

)Nr(sin2
θ

c2

)Nr

dθ

(4.37)

=
1

c1Nrc2Nr

∫ π

2

0

(
sin2

θ
)2Nrdθ (4.38)

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

1
π

∫ π

2
0

(
sin2

θ

sin2
θ+c1

)m
dθ has a closed form expression given by,

1
π

∫ π

2

0

(
sin2

θ

sin2
θ + c1

)m

dθ ≤ C2m
m

22m+1cm (4.39)

and considering c=1,

∫ π

2

0

(
sin2

θ
)2Nr ≤

(
C2(2Nr)

Nr

)
22(2Nr)+11Nr

=

(
C(4Nr)

2Nr

)
24Nr+1 (4.40)

Therefore,

1
c1Nrc2Nr 0

∫ π

2

0

(
sin2

θ
)2Nrdθ ≤ 1

c1Nrc2Nr

(
C(4Nr)

2Nr

)
24Nr+1 (4.41)

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

of the underlying NSTBC. Hence,
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1
c1Nrc2Nr

∫ π

2

0

(
sin2

θ
)2Nrdθ ≤ 1

c1Nrc2Nr

(
C(4Nr)

2Nr

)
24Nr+1 =

1
c14c24

(
C16

8
)

217 (4.42)

Finally, from (4.20) we write

ABERNST BC−SM =
1

2
⌊
CNt

2 log2 (q2)
⌋ 2

⌊
CNt

2 log2(q2)
⌋

∑
i=1

2
⌊
CNt

2 log2(q2)
⌋

∑
j=1

N(XSM− X̂SM)

2η

1
c1Nrc2Nr

(
C(4Nr)

2Nr

)
24Nr+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−HX̂

∣∣2 where, H is the Nr ×Nt complex channel

matrix, X̂ is the Nt ×1 complex transmitted matrix, Y−HX is Nr×1 complex receive

matrix.

Since only two antennas are active at a time, multiplication of H · X̂ requires 2Nr

complex multiplications.∣∣Y−HX̂
∣∣2 = (Y−HX̂)

H
(Y−HX̂)

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 cM2, where c

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 qm and modulation index is q.

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 Nt =Nr = 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 10−5.

4.6.1 Performance Analysis under Rayleigh Channel conditions

In Spatial Modulation, symbol 0 represents the inactive state of antenna. In order to

avoid ambiguity between the symbol 0 of the codeword and 0 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 G2+i, the codeword symbol 0 in GF(7) is mapped to 3+

2ρ ≡ 0 mod 3+ 2ρ in G3+2ρ , similarly codeword symbol 0 in GF(13) is mapped to

3 + 2i ≡ 0 mod 3 + 2i in G3+2i, and codeword symbol 0 in GF(17) is mapped to

4+ i ≡ 0 mod 4+ i in G4+i.

4.6.2 STBC construction for 4 bpcu

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

active antenna combinations is

4

2

= 6 . We consider only 4 combinations as shown

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

code of length 3 over GF(52). The average spectral efficiency is log2(4)+
4

2
=4 bpcu.

Theorem 4.1 and Corollary specifies the encoding Algorithm 1 for determining full

rank codeword matrices of order 2× 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 2×2 full rank matrix over GF(5). These matrices have to be mapped

into equivalent matrices over the complex number field. Since q = 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 G2+i:

s αs s αs

0 2+i 3 -1

1 1 4 -i

2 i

Figure 4.3 Gaussian Map Signal Constellation for G2+i

The mapping table and constellation diagram for G2+i 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 η= 4, 4.5 bpcu respectively. The figure also presents the

ABEP upper bound curves of the proposed scheme evaluated using (4.43). It is 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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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 Nt = 4, and only two antennas are active at any given time, the total number

of active antenna combinations is

4

2

 = 6 . We consider only 4 combinations as

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

a cyclic code of length 4 over GF(72). The average spectral efficiency is log2(4)+
5

2
=4.5 bpcu. Theorem 4.1 and Corollary specifies the encoding algorithm for determining

full rank codeword matrices of order (2× 2) over GF(7). We have employed this

encoding algorithm to determine the codeword matrices of the cyclic code. Since q = 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 Nt= 4, over

GF(52), STBC-SM with Nt= 4, and 8-QAM as the modulation scheme and SM charac-

terized by Nt= 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 G3+2ρ :

s αs s αs

0 3+2ρ 4 -1

1 1 5 -1-ρ

2 1+ρ 6 -ρ

3 ρ

Figure 4.5 Eisenstein Map Signal Constellation for G3+2ρ

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(72). The

Eisenstein map has been employed as it is a rank preserving map. This system is char-

acterized by η = 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 Nt = 4 and only two antennas remain active at

any given time. The total number of active antenna combinations is

4

2

= 6. A spec-

tral efficiency of η = 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

code of length 7 over GF(132). The average spectral efficiency is log2(4)+
7

2
= 5.5

bpcu . Theorem 4.1 specifies the encoding algorithm for determining full rank codeword

matrices of order 2×7 over GF(13). Using Corollary we have shortened the codeword

matrices to (2×2). These matrices have to be mapped into equivalent matrices over the

complex number field. Since q = 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
⌊
log2(132)

⌋
= 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 Nt= 4, over G(3+2i) yielding

a spectral efficiency of η= 5.5 bpcu is compared with the performance of STBC-SM

with Nt= 4 and 16 QAM, SM with Nt= 4 and 8-QAM, both of which yield a spectral

efficiency η= 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 G3+2i:

s αs s αs

0 3+2i 7 -1

1 1 8 -1-i

2 1+i 9 -2i

3 2i 10 i

4 -i 11 -1+i

5 1-i 12 -2

6 2

Figure 4.7 Gaussian Map Signal Constellation for G3+2i

dB over STBC-SM and SM system respectively.

4.6.5 STBC construction for 6 bpcu using Gaussian map

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

any given time. The total number of active antenna combinations is

4

2

= 6. A spec-

tral efficiency of η = 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 η=5.5 bpcu,
STBC-SM (η=5), and SM (η=5) over Rayleigh fading Channel.

and employing a one dimensional cyclic code of length 3 over GF(172). The average

spectral efficiency is log2(4)+
8

2
= 6 bpcu . Theorem 4.1 and Corollary specifies the

encoding algorithm for determining full rank codeword matrices of order (2× 2) over

GF(17). Since q = 17 the mapping is done by employing rank preserving Gaussian

integer map [Lusina et al. (2003)] . Since the size of the codeword is (172) the number

of bits that can be assigned to each codeword is
⌊
log2(172)

⌋
= 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(52), GF(72) and GF(172). As a source of relative importance,
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Table 4.7 Gaussian Map exponent table of G4+i:

s αs s αs s αs s αs

0 4+i 5 i 10 -1-i 15 2

1 1 6 -1+i 11 -2i 16 -2+i

2 1+i 7 -2 12 1+2i

3 2i 8 2-i 13 -i

4 -1-2i 9 -1 14 1-i

Figure 4.9 Gaussian Map Signal Constellation for G4+i

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 q 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 (4×4) and (8×4) 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 (4×4) uses 32 QAM and STBC-SM (8×4) uses 16 QAM con-
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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

1.2 dB, 2 dB, 2 dB, 4 dB, 5.1 dB and 6.2 dB over Srinath-STBC, SM-OSTBC, STBC-

SM (8× 4), STBC-SM (4× 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 η = 6 bpcu we have constructed codewords of length 4 over GF(172) as

explained in the previous section.

In Figure 4.13: BER plots for NSTBC-SM with Nt = 4, over G4+i, STBC-SM em-

ploying Nt = 4 and 32 QAM, SM system Nt = 4 and 16 QAM, GNSM system Nt = 4
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Figure 4.11 ABER performance comparison of various schemes with NSTBC-SM
achieving η = 6 bpcu with Nt = 4, Nr = 4 and Na=2.
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Figure 4.12 BER performance at 6 bpcu for NSTBC-SM, STBC-SM, VGSM, GNSM,
ESM, QSM and SM in a Rician fading Channel with K=3.
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and 16 QAM, VGSM system with Nt = 4 and 8 QAM, QSM system with Nt = 4 and

QPSK and finally ESM system with Nt = 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 η = 6 over spatially cor-

related channels. We have synthesized a NSTBC-SM design with η = 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 Nt = 4, over G4+i, STBC-SM with Nt = 4, and

32 QAM and SM with Nt = 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
0.1λ at the TX and 0.5λ 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.
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Chapter 5

A Comprehensive Framework for Double
Spatial Modulation Under Imperfect Channel
State Information

1 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 10−5. Tightness of the derived upper bound is illustrated by Monte Carlo

1Goutham 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

et al. (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:

• 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.

• 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.

• 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 Nt ×
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Figure 5.1 Block diagram for DSM system [Yigit and Basar (2016)]

Nr MIMO arrangement where, Nt denotes the number of transmit antennas, Nr is the

number of receive antennas and M is the constellation order. The spectral efficiency

of this scheme is defined to be log2 (Nt
2M2) bpcu. Let us consider that log2 (Nt

2M2)

bits are to be transmitted. Bit splitter-1 arrangement divides these bits into two equal

halves. Each stream contains log2 (NtM) 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 log2 (M) bits constitute to information bits and log2 (Nt) bits

represent antenna selection bits respectively. It can be inferred from Figure 5.1 that,

the first information symbol S1 is directly radiated from the transmit antenna indexed

as A1. The second information symbol S2 is rotated by an optimum angle θ (which

depends upon the constellation) prior to transmission over the second active transmit

antenna, indexed as A2. To minimize bit error rate, the optimized rotation angle θ has

been determined for commonly used MQAM constellations [Yigit and Basar (2016)].

The transmission vector s ε CNt×1 is of the form

S = [0 · · · S1︸︷︷︸
A1

· · ·0 · · ·S2e jθ︸ ︷︷ ︸
A2

· · ·0 · · ·0]T (5.1)

vector s is transmitted over a frequency flat MIMO channel of size Nt . Let H be

a Nr×Nt channel matrix, n is a column vector containing circularly symmetric com-

plex Gaussian number as elements C N (0,σ2). 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 = H S+ n; y = hA1S1 +hA2S2e jθ +n (5.2)

where, Y is a CNr×1 matrix, n ε CNr×1, hA1S1 and hA2S2 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.

Hc = R1/2
REC ·H ·R

1/2
TRAN (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)]

Hc(Rician) =

√
K

1+K
H̄+

√
1

1+K
H (5.4)

For a Rician fading channel the mean matrix is expressed as

H̄ =

√
K

1+K
×1Nr×Nt (5.5)

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

component, H̄ 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 Nr×Nt matrix whose

entries are complex i.i.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= ∞, 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)]

hr,t =

√
∑

m
i=1

∣∣ZR
i

∣∣2 + j
√

∑
m
i=1

∣∣ZI
i

∣∣2 (5.6)

ZR
i , ZI

i are circularly symmetric i.i.d Gaussian random variables with zero mean and

variance is equal to σZ
2 = 1/(2m) and m is the Nakagami parameter.

The envelope of the Nakagami-m fading channel is described as shown in (5.6).

p(ϖ) =
2mmϖ2m−1

Γ(m)
e(−mϖ2) (5.7)

where, Γ(·) is the Gamma function and ϖ is a random variable.

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

demonstrated in [Yacoub (2009)]

p(φ) =
Γ(m) |sin(2φ)|m−1

2m
Γ2
(m

2

) . (5.8)

where, φ is the phase corresponding to Nakagami-m distribution. Our major interest

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 Ĥ and that the elements of H and

Ĥ both are jointly ergodic and stationary Gaussian random processes. Moreover, we

expect that the estimate of the channel Ĥ and estimation error E are orthogonal to each

other and can be written analytically as
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H = Ĥ+E (5.9)

here, E is defined to be complex Gaussian with zero mean and variance σe
2. Note

that σe
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 (A1,A2) 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 Nt
2M2.

[Ŝ1, Ŝ2, Â1, Â2] = arg min
S1,S2,A1,A2,

∥∥∥Y− (hA1S1 +hA2S2e jθ )
∥∥∥2

(5.10)

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, Nt denote the to-

tal number of transmit antennas, Na denote the number of active antennas. For a DSM

scheme the number of active antennas is equal to one or two. I = (I1, I2, I3...IN) is the set

of Na active transmit antenna combinations in the ith TAC ,Vth = 2NRσ2 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.

z = [z1,z2 · · ·zNT ]
T

zk = (hk)
†y, (hk)

† =
hH

k
hH

k hk
where k ∈ [1,2,3 · · ·Nt ]. To measure the reliability of

each TAC, the absolute squared values have been calculated.

wi = zi1
2+zi2

2+ · · ·ziNa
2 = ∑

Na
n=1 zin

2 where i∈ {1,2,3 · · ·N}. Now sort the weight-

ing factors in descending order to obtain the combination of radiating antennas.

[k1,k2 · · ·kn] = arg sort (w)

In order to estimate symbol from the corresponding active transmit antenna

S̃ j1 = Q1

(((
HIk j

)H
HIk j

+σ2I
)−1(

HIk j

)H
y

)

S̃ j2 = Q2

(((
HIk j

)H
HIk j

+σ2I
)−1(

HIk j

)H
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

(k j, S̃ j) satisfies the threshold rule then antenna and constellation points are updated.

d j =
∥∥∥y−HIk j

S̃ j

∥∥∥2

F
≤Vth; Î = Ik j Ŝ = S̃ j

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

detector is equivalent to the optimal ML detector.

u = arg min
j

∥∥∥y−HIk j
S̃ j

∥∥∥2
f or j ∈ {1,2,3 · · ·N}

update the value Î = Iku Ŝ = Su.
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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 Ŝ, 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→ Ŝ|H)

CPEP = Pr(‖y−HS‖2 >
∥∥∥y−HŜ

∥∥∥2
|H)

= Pr(‖HS‖2−
∥∥HŜ

∥∥2−2ℜ{yH(HS−HŜ)}> 0)

P
(

S−→ Ŝ|H
)
=

1
π

∫
π/2

0
exp

−
∥∥∥H
(

S− Ŝ
)∥∥∥2

4N0sin2
θ

dθ (5.11)

for Rayleigh channel PEP can be expressed as follows:

P
(

S−→ Ŝ
)
=

1
π

∫
π/2

0

 sin2
θ

sin2
θ +

H‖S−Ŝ‖2

4N0


Nr

dθ (5.12)

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

Jm (a,b) ∆
=

am

γ(m)

∫
∞

0
e−attm−1Q

(√
bt
)

dt =
1
2

1−µ (c)
m−1

∑
k=0

2k

k

(1−µ2 (c)
4

)k


(5.13)

µ (c) ∆
=

(√
c

1+ c

)
; c =

H
∥∥∥S− Ŝ

∥∥∥2

4N0
(5.14)

the R.H.S term in equation (5.12) is of the form
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1
π

∫
π/2

0

(
sin2

θ

sin2
θ +C

)m

dθ =
am

π

∫
π/2

0

 1

am
(

1+ c
sin2

θ

)m

dθ (5.15)

equation (5.15) can be simplified as

=
am

πγ(m)

∫
π/2

0

 γ(m)(
a+ ac

sin2
θ

)m

dθ where,γ(m) =
∫

∞

0
e−attm−1dt (5.16)

Let us consider,

Jm (a,b)=
am

Γ(m)

∫ ∞

0
e−attm−1

(
1
π

∫ π/2

0
e−

bt
2sin2θ dθ

)
dt (5.17)

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

Jm (a,b)∼=
am

πΓ(m)

π/2∫
0

∞∫
0

tm−1e−
(

a+ b
2sin2θ

)
dt dθ (5.18)

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

Γ(m)=

(
a+

b
2sin2

θ

)m ∫ ∞

0
tm−1e−

(
a+ b

2sin2θ

)
tdt⇒ Γ(m)(

a+ b
2sin2

θ

)m

∫
∞

0
tm−1e−

(
a+ b

2sin2θ

)
tdt

(5.19)

Jm (a,b)∼=
∫ π

2

0

 1(
1+ c

sin2
θ

)
m

dθ =
∫ π

2

0

(
sin2

θ(
sin2

θ + c
))m

dθ (5.20)

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

PP−CSI

(
S−→ Ŝ

)
=

1
2

1−µ (c)
Nr−1

∑
k=0

2k

k

(1−µ2 (c)
4

)k

 (5.21)

µ (c) ∆
=

(√
cRayleigh

1+ cRayleigh

)
cRayleigh =

H
∥∥∥S− Ŝ

∥∥∥2

4N0
(5.22)

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

(2016), Simon and Alouini (2005)] we can approximate
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ABERDSM ≤
1

η2η ∑
S

∑
Ŝ

P(S→ Ŝ)e
(
S, Ŝ
)

(5.23)

where
{

S 6= Ŝ
}

, η is the number of bits for the transmitted vector S and e
(
S, Ŝ
)

is

the total number of bits in error for the corresponding pairwise error event P(S→ Ŝ).

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

PP−CSI

(
S−→ Ŝ

)
=

1
π

∫ π

2

0

(
(1+K)sin2θ

(1+K)sin2θ +a2γ̄/2
× exp

{
− Ka2γ̄/2
(1+K)sin2θ +a2γ̄/2

})
dθ

(5.24)

where, a2 =
∥∥S− Ŝ

∥∥2
F , γ̄ is the average SNR per bit given by

γ̄ =
ES

N0

(
1−K
1+K

)
(5.25)

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

PEP(S→ Ŝ)≤ 1
2π

exp
(
− 1

4σ2
n

vec
(
ȞH)H

Γ́

(
INrNt +

1
4σ2

n
LH Γ́

)−1
vec
(
ȞH))∣∣∣INrNt +

1
4σ2

n
LH Γ́

∣∣∣ (5.26)

where, Γ́ = RREC⊗ (ZZHRTRAN), LH is the covariance matrix, Ȟ is the mean matrix,

⊗ is the Kronecker product, (·)H is the Hermitian and In is an n×n identity matrix. For

Rician fading channel mean matrix is defined as Ȟ =
√

K
1+K ×1Nr× Nt and covariance

matrix is given as LH =
√

1
1+K × INr·Nt . 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

Ȟ =

[
Γ(m

2 )+
1
2

Γ(m
2 )·
√

m
2

e j π

4

]
×1Nr×Nt ; LH =

(
1− 2

m

[
Γ((m

2 )+
1
2)

Γ(m
2 )

]2
)
× INr×Nt

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)]

P
(

S−→ Ŝ
)
=

1
π

∫
π/2

0

 sin2
θ

sin2
θ +

H‖S−Ŝ‖2

4N0


Nr

dθ (5.27)
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γ̄ =
ES

N0

1− 2
m

[
Γ
((m

2

)
+ 1

2

)
Γ
(m

2

) ]2

−

[
Γ
(m

2

)
+ 1

2

Γ
(m

2

)
·
√

m
2

e j π

4

]2
 (5.28)

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

using [Simon and Alouini (2005)]

PP−CSI

(
S−→ Ŝ

)
=

1
2

1−µ (c)
Nr−1

∑
k=0

2k

k

(1−µ2 (c)
4

)k

 (5.29)

µ (c) ∆
=

(√
cnak

1+ cnak

)
cnak =

γ

∥∥∥S− Ŝ
∥∥∥2

4N0
(5.30)

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.

P
(

S−→ Ŝ
)
=

1
π

∫
π/2

0

 sin2
θ

sin2
θ + kρ2

4(N0+(1−ρ2))


Nr

dθ (5.31)

where,

k=


2, i f lt 6= l∥∥∥S− Ŝ
∥∥∥2
, i f lt = 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 βtr, If the channel is estimated with least squares (LS), the estimation error

model has the form βtr = αtr + εtr, where εtr represents the channel estimation error

which is independent of αtr and is distributed according to C N
(
0,σe

2). Consequently,

the distribution of βtr becomes C N
(
0,1+σe

2), and βtr is dependent on αtr with the

correlation coefficient ρ = 1√
1+σe2

.

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

have used fixed σe
2. σe

2 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-CSI is given by

PImp−CSI

(
S−→ Ŝ

)
=

1
2

1−µ (c)
Nr−1

∑
k=0

2k

k

(1−µ2 (c)
4

)k

 (5.32)

µ (c) ∆
=

(√
cRayleigh

1+ cRayleigh

)
cRayleigh =

∥∥∥S− Ŝ
∥∥∥2

ρ2

4(N0 +(1−ρ2))
(5.33)

where, σ2
e = 1

SNR = 0.01.

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

PImp−CSI

(
S−→ Ŝ

)
=

1
π

∫ π

2

0

(
(1+K)sin2θ

(1+K)sin2θ +a2γ̄/2
× exp

{
− Ka2γ̄/2
(1+K)sin2θ +a2γ̄/2

})
dθ

(5.34)

where, a2 =
∥∥S− Ŝ

∥∥2
F , γ̄ is the average SNR per bit given by

γ̄ =

∥∥∥S− Ŝ
∥∥∥2

ρ2

4(N0 +(1−ρ2))

(
1−K
1+K

)
(5.35)

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

by,

PImp−CSI

(
S−→ Ŝ

)
=

1
2

1−µ (c)
Nr−1

∑
k=0

2k

k

(1−µ2 (c)
4

)k

 (5.36)

µ (c) ∆
=

(√
cnak

1+ cnak

)
cnak =

∥∥∥S− Ŝ
∥∥∥2

ρ2

4(N0 +(1−ρ2))
(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 Nt=4, Nr=4, yielding a spectral effi-

ciency η=8 bpcu. The second set comprises of Nt=8, Nr=8 and produces a spectral

efficiency η=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.

SNR(dB)

0 5 10 15 20 25 30

A
B

E
R

10-5

10-4

10-3
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10-1

100 4X4 SM-MIMO systems yielding 8 bps/Hz Rayleigh

DSM P-CSI
Analytical DSM P-CSI
ESM  P-CSI
QSM P-CSI

DSM (Imp-CSI  σ 
 e 
 2 =1/SNR )

Ananlytical DSM Imp-CSI
ESM Imp-CSI
QSM Imp-CSI

Figure 5.2 BER performance analysis of DSM in Imp-CSI (σ2
e = 1

SNR = 0.01) and
variants of SM schemes (DSM,ESM,QSM) over a Rayleigh fading environment with
Nt = 4, Nr = 4, yielding η = 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 4×4 MIMO arrangement yielding a spectral

efficiency η= 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 (σ2
e = 1

SNR) 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 (9×10−6).
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Figure 5.3 BER performance analysis of DSM in Imp-CSI (σ2
e = 1

SNR = 0.01) and
variants of SM schemes (DSM,ESM,QSM) in P-CSI over a Rician fading environment
(K=3) with Nt = 4, Nr = 4, yielding η = 8 bpcu.

Figure 5.3, compares the BER performance of DSM scheme with variants of SM

(QSM and ESM) for a 4× 4 MIMO arrangement yielding a spectral efficiency η =

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 (6×10−5).

Figure 5.4, illustrates the relative performance of SM variants for a 4× 4 MIMO
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Figure 5.4 BER performance analysis of DSM in Imp-CSI (σ2
e = 1

SNR = 0.01) and
variants of SM schemes (DSM,ESM,QSM,SM) in P-CSI over Nakagami-m fading en-
vironment (m=1) with Nt = 4, Nr = 4, yielding η = 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 4×4 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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Figure 5.5 BER performance analysis of DSM in Imp-CSI (σ2
e = 1

SNR = 0.01) (m=1,3)
and DSM in P-CSI over Nakagami-m fading environment (m=1,2,3,4) with Nt = 4,
Nr = 4, yielding η = 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 Nt = 4, Nr = 4, yielding η = 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 Nt = 4,
Nr = 4, yielding η = 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× 8 MIMO arrangement. DSM employs 4 QAM to produce a spectral efficiency

η=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.

Figure 5.8 BER performance analysis of DSM in P-CSI over Nakagami-m fading envi-
ronment (m=1,2,3,4) with Nt = 8, Nr = 8, yielding η = 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 Nt = 8,
Nr = 8, yielding η = 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

1 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 4×4

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

1Goutham 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 10−5. 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 4×4 system and 16 bpcu through a 8×8 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 type1 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:

• We have proposed two new signal designs for ESM technique (GESM) from

Gaussian and Eisenstein integers which pave the way to increased spectral ef-

ficiency and performance with minimum symbol energy.

• 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.

• 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

q = 4k + 1 = a2 + b2,(k = 0,1,2,3 · · ·). Here a, b, k are integers and q is a prime

number. The Gaussian prime number is defined as Π = a+bi. The set of integers{
zi = i mod Π = i− [ iΠ∗

ΠΠ∗ ]Π; i = 0,1 · · ·q−1
}

, where, Π∗ is the complex conjugate of
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Π. In this chapter, we define FΠ as field of Gaussian integers isomorphic to GF(k)

[Huber (1994b)].

Table 6.1 q,Π,a and b values

q Π a b
5 2+i -1 1+i

13 3+2i -2 1+2i

17 4+i -2 2+i

In [Huber (1994a)], Huber defined a map called as the Eisenstein map for prime

numbers of the form q′= 6b+1 i.e. q′= 7,13,19 · · · . Eisenstein-Jacobi (EJ) integer ω is

a complex number of the form ω = u+ρβ where, ρ = (−1+i
√

3
2 ) such that q′= u2+3β 2

where, u and β are integers. These primes are product of two conjugate Eisenstein-

Jacobi integers ζ ,ζ ∗ defined as ζ = u+β +ρ ·2β and its conjugate ζ ∗= u+β +ρ2 ·2β .

The set of integers
{

ζ (i) = i mod Π , i− [( iΠ∗
ΠΠ∗ )]Π f or i = 0,1,2 · · ·q′−1

}
form a

field Eζ isomorphic to GF(q′).

Table 6.2 q′,Π,u and β values

q′ Π u β

7 3+2ρ 2 1

13 3+4ρ 1 2

19 5+2ρ 4 1

In communication scenario, the multiplicative groups FΠ \{0} and Eζ \{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

Tx1 Tx2 Tx3 Tx4

C1 QPSK 0 0 0

C2 0 QPSK 0 0

C3 0 0 QPSK 0

C4 0 0 0 QPSK

C5 BPSK 0 BPSK 0 0 0

C6 BPSK 0 0 BPSK 0 0

C7 BPSK 0 0 0 BPSK 0

C8 0 BPSK 0 BPSK 0 0

C9 0 BPSK 0 0 BPSK 0

C10 0 0 BPSK 0 BPSK 0

C11 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

C15 0 BPSK 1 0 BPSK 1

C16 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)].

η = log2


Nt

1

×Pc +2

Nt

2

×Sc

 (6.1)

where, Pc represents the number of combinations from primary constellation and Sc

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)],

η = 2× log2 (Nt)+ log2 (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 Nr×Nt channel matrix, Nr is the number of receive antennas, Nt is

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

power of X = s√
Es

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

Nt×1, n is a circularly symmetric complex Gaussian noise and a column vector which

is denoted as C N (0,σ2) 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-
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Figure 6.1 Gaussian constellations used for 4× 4 MIMO system yielding η= 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 ∈ {Ł1,Ł2,Ł3} (6.4)

In the proposed design, transmitted codeword vector X is given by (6.4) and it can be

inferred that {Ł1,Ł2,Ł3} is the set of transmission vectors chosen to yield a spectral

efficiency of 8 bpcu for a 4× 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.
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Ł1 =





x1

0

0

0


,



0

x1

0

0





0

0

x1

0


,



0

0

0

x1




(6.5)

Ł2 =





x2

x2

0

0


,



x2

0

x2

0


,



x2

0

0

x2


,



0

x2

x2

0


,



0

x2

0

x2


,



0

0

x2

x2




(6.6)

Ł3 =





x3

x3

0

0


,



x3

0

x3

0


,



x3

0

0

x3


,



0

x3

x3

0


,



0

x3

0

x3


,



0

0

x3

x3




(6.7)

x1 =



1, 1+1i, 2i−1, −2i, 1i, −1+1i,

−2, 2−1i, −1, −1−1i, −2i, 1+2i,

−1i, 1−1i, 2, −2+1i


(6.8)

x2 =


−1.3066−0.5412i, 0.5412−1.3066i,

−0.5412+1.3066i, 1.3066+0.5412i

 (6.9)

x3 =


−1.3066+0.5412i, −0.5412−1.3066i,

0.5412+1.3066i, 1.3066−0.5412i

 (6.10)

It is observed that, if we increase the number of codeword vectors by including Ł4
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the spectral efficiency is increased to 8.5 bpcu.

Ł4 =





x2

x3

0

0


,



x2

0

x3

0


,



x2

0

0

x3


,



0

x2

x3

0


,



0

x2

0

x3


,



0

0

x2

x3




(6.11)

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× 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

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

While the average energy per transmitted codeword for the proposed GESM which

employs a 4× 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:

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

for 8.5 bpcu, considering Ł4 from equation (6.11)
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Eavg(GESM) = 3+4+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)].

`2
min = min

X 6=X ′

∥∥X−X ′
∥∥2 (6.15)

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 QPSK2).

Table 6.4 Squared Minimum Euclidean distance of ESM and GESM

η ESM GESM
8bpcu

(4×4)
23.03 43.03

10bpcu

(4×4)
45 57

12bpcu

(8×8)
92 122

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

η ESM GESM
8bpcu

(4×4)
18 11

10bpcu

(4×4)
32.4 15

12bpcu

(8×8)
18 11

Figure 6.2 Gaussian constellations used for 4× 4 MIMO system yielding η= 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 4×4 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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ρ = (−1+
√

3i)/2

x2 = {1,1+ρ,ρ,−1,−1−ρ,−ρ}
(6.16)

x3 = {1.5−2i,1.5+2i,−1.5−2i,−1.5+2i,2i,−2i} (6.17)

Figure 6.3 Gaussian constellations used for 4× 4 MIMO systems yielding η= 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 4×4 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.

ρ = (−1+
√

3i)/2

x2 = {1,1+ρ,−2i,ρ,−1,2i,−1−ρ,−ρ}
(6.18)

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

η = log2


Nt

1

×Pc +3

Nt

2

×Sc

 (6.20)

where, Pc is the number of possible combinations from primary constellation given

by (F4+i \{0}) and Sc is the number of possible combinations from secondary con-

stellation given by
(
FΠ \{0} ,Gζ \{0}

)
. It is to be noted that η 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 8×8 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 4×4 MIMO systems, is described as below

X ∈ {Ł1,Ł2,Ł3} (6.21)

Ł1 =





x11

x12

0

0


,



x11

0

x12

0


,



x11

0

0

x12


,



0

x11

x12

0


,



0

x11

0

x12


,



0

0

x11

x12




(6.22)

Ł2 =





x2

x2

0

0


,



x2

0

x2

0


,



x2

0

0

x2


,



0

x2

x2

0


,



0

x2

0

x2


,



0

0

x2

x2




(6.23)
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Ł3 =





x3

x3

0

0


,



x3

0

x3

0


,



x3

0

0

x3


,



0

x3

x3

0


,



0

x3

0

x3


,



0

0

x3

x3




(6.24)

Ł4 =





x2

x3

0

0


,



x2

0

x3

0


,



x2

0

0

x3


,



0

x2

x3

0


,



0

x2

0

x3


,



0

0

x2

x3




(6.25)

x11 =


1, 1+1i, 1i, −1+1i,

−1, −1−1i, −1i, 1−1i,

 (6.26)

x12 =


2i−1, −2i, −2, 2−1i,

−2i, 1+2i,2, −2+1i

 (6.27)

x2 =


−1.3066−0.5412i, 0.5412−1.3066i,

−0.5412+1.3066i, 1.3066+0.5412i

 (6.28)

x3 =


−1.3066+0.5412i, −0.5412−1.3066i,

0.5412+1.3066i, 1.3066−0.5412i

 (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

η = log2 (|Ł1|+ |Ł2|+ |Ł3|+ |Ł4|) (6.30)
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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 = Ȟ+ Ḣ (6.31)

where Ȟ is the mean matrix and Ḣ is a Nr×Nt channel matrix whose entries are i.i.d

complex gaussian random numbers with zero mean and unit variance (C N (0,1)).The

mean matrix for a Rayleigh fading channel can be evaluated as Ȟ = 0Nr×Nt 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

log2


Nt

1

×Pc +3

Nt

2

×Sc

 (6.32)

(ι̂ , X̂) = arg min
X∈{Ł1,Ł2,Ł3,Ł4}

‖Y −HX‖2
F where, ‖·‖F is the Frobenius norm.

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 X̂ (when

X is transmitted and
(
X̂ 6= X

)
) is calculated as given below, [Cheng et al. (2015),Cheng

et al. (2016)].

PEP(X → X̂ |H) = Pr(‖Y −HX‖2
F >

∥∥∥Y −HX̂
∥∥∥2

F
|H)

= Pr(‖HX‖2−
∥∥HX̂

∥∥2−2ℜ{yH(HX−HX̂)}> 0)

P
(

X −→ X̂ |H
)
=

1
π

∫
π/2

0
exp

−
∥∥∥H
(

X− X̂
)∥∥∥2

4N0sin2
θ

dθ (6.33)
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P
(

X −→ X̂
)
=

1
π

∫
π/2

0

 sin2
θ

sin2
θ +

H‖X−X̂‖2

4N0


Nr

dθ (6.34)

Following [Proakis (1998)], the closed form expression for the PEP over quasi static

Rayleigh fading channel can be given as

P
(

X −→ X̂
)
=

(
1−µ (c)

2

)Nr−1

∑
k=0

 k

Nr−1+ k

(1+µ (c)
4

)k

(6.35)

where,

µ (c) ∆
=

(√
cRayleigh

1+ cRayleigh

)
; cRayleigh =

H
∥∥∥X− X̂

∥∥∥2

4N0
(6.36)

6.4 Computational Complexity Analysis

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 η=8 bpcu, GESM ML decoder needs to compute wi j=y−hix j for

three sets of antenna/constellation combinations, where hi denote the ith column of H

matrix and x j ∈ F4+i \{0}. First set `1 comprises of four possible antenna combinations

hence computation of wi j results in 64 complex multiplications equivalently 256 real

multiplications. Second set `2 having two active antenna combinations has wi j given by

wi j=y− hi1x j1− hi2x j2. Since x2 ∈ F1+2i \ {0}, the number of complex multiplication

involved are 4× 4 = 16. Similarly, `3 results in 16 complex multiplications. Further,

computation for the squared modulus of each one of the wi j 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× 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(4×4) 10bpcu(4 × 4) 12bpcu(8×8)
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 η =8,10,12 bpcu. To achieve a spectral efficiency of η=8,10 bpcu, the

proposed GESM employs a 4× 4 MIMO system. Further, to achieve a η=12 bpcu a

8×8 MIMO system is considered. A minimum of 106 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× 4 MIMO

arrangement producing a spectral efficiency η=8 bpcu over a quasi static flat Rayleigh

fading channel. Proposed GESM uses F4+i\{0} as primary constellation, e jθ1F2+i\{0}

and e jθ2F2+i \ {0} as the two secondary constellation points (θ1 = 22.5,θ2 = 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).

Figure 6.4 BER performance analysis of GESM and variants of SM schemes in a 4×4
MIMO system yielding η = 8 bpcu.

Figure 6.5 BER performance analysis of GESM and variants of SM schemes in a 4×4
MIMO system yielding η = 10.3 bpcu. (Exception: GESM brown line, represents
secondary constellation extension producing 9.5 bpcu).
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Figure 6.6 BER performance analysis of GESM and variants of SM schemes in a 8×8
MIMO systems yielding η = 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 jθ1F2+i \ {0} and e jθ2F2+i \ {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 F4+i \ {0}, F3+2ρ \ {0} and geometric interpolation of

points pertaining to F3+2ρ \ {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× 8 MIMO arrangement producing a spectral efficiency η=12.5 bpcu

over a quasi static flat Rayleigh fading channel. Proposed GESM uses F4+i \{0} as pri-

mary constellation, e jθ1F2+i \{0} and e jθ2F2+i \{0} as the two secondary constellation

points (θ1 = 22.5,θ2 = 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.

Figure 6.7 A comparison of achievable spectral efficiencies with variable number of
transmit antennas, Nt , and with M = 16 QAM and F4+i 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 Nt = 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

1 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 10−5 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.

1Goutham 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 0.5λ 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 X̂ as the estimation of transmitted

symbol X, xε j,q is defined to be 1≤ j ≤ Nt , 1≤ q≤M respectively. Nt is the transmit

antenna and M is the modulation order.

The contributions of this chapter is categorized as follows:

• Design a modified MSM to work in spatially correlated fading channel environ-

114



ments.

• 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

BPSK0,BPSK1). The spectral efficiency provided by this scheme is quantified as,

ηESM = log2


Nt

1

×Pc +2

Nt

2

×Sc

 (7.1)

where, Pc ( higher order modulation scheme) denotes the number of combinations pos-

sible from the primary constellation points and Sc (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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η = 2× log2 (Nt)+ log2 (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:

ηDSM = log2(Nt
2M2) (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× 4

MIMO communication systems (Nt = 4 Nr = 4) and active antennas Na = 2.

Systems with only two antennas are active can be represented as

X = [0 · · · ,0,Xs1,0, · · · ,0,Xs2,0 · · · ,0]T (7.4)

where, Xs1 and Xs2 are the indexes of the active antennas. Xs1 6= Xs2. X has dimen-

sions Nt×1 and Xs1, Xs2 ranges from Xs1 = Xs2 = 1, · · · ,Nt .

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), Pc is the primary constellation points, represented as red

crosses in Figure 7.1. Sc 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

different set of constellation points.

4

2

 = 6 out of which only 4 antenna combina-

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

2

 = 6 though it is possible to choose all 6 antenna combinations to increase the

spectral efficiency η ≥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).

x ∈





Pc

Sc

0

0





0

0

Pc

Sc





Pc

0

Sc

0





0

Sc

0

Pc




(7.5)

The spectral efficiency calculation for the proposed MSM technique is given as

follows, here

η = 2+ log2(Pc)+ log2(Sc) (7.6)

η 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

4

2

 = 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 E16QAMavg = 10, EQPSKavg = 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.

118



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 = HcX+n, (7.7)

where, Nt signifies number of transmitting antennas, Nr denotes number of receiving

antennas, Na is the number of active transmit antennas, Hc possesses Nr×Nt dimension

channel matrix, X is Nt × 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.

X̂ML = arg min
X∈ j,q

∥∥Y−HX̂
∥∥2

F (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

ABERMSM =
1

2η
ΣNt ,xst ΣN,x

N
(
XNt ,xst ,XN,x

)
η

EH {PEP} (7.9)

In the above equation, xst is the transmitted symbol from the active antenna Nt ,

N(XNt ,xst ,XN,x) is the total number of error bits between the two. EH {PEP} is the

expectation across the channel H.

PEP
(
X → X̂

)
= Pr

(
‖Y −HcXnt ,xt‖

2 > ‖Y −HcXn,x‖2|H
)

(7.10)
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= Q

√‖HcZ‖2

2σ2n

 (7.11)

equation (7.10) can be reduced to a Q function Q(·), Z = (xNt xst)− (xN,x). Simpli-

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

ABERMSM ≤
1

2η
ΣNt ,xst ΣN,x

N
(
XNt ,xst ,XN,x

)
η

× 1
2π

exp(− 1
4σn2 vec(ȞH)

H
Γ(INrNt +

1
4σn2 LHΓ)

−1
vec(ȞH))∣∣∣INrNt +

1
4σn2 LHΓ

∣∣∣
(7.12)

(Note: Γ = RREC⊗ (ZZHRTRAN), LH is the covariance matrix, Ȟ is the mean

matrix, ⊗ is the Kronecker product, (·)H 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 106 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 0.5λ and receive antenna element spacing of 0.5λ .

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

0.5λ and receiver separation (RX separation) of 0.5λ leads to moderate fading. These

comparisons have been carried out at ABER of 10−5. Proposed MSM scheme offers a
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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 0.5λ and 0.5λ at the
receiver.

Figure 7.3 BER performance of 4× 4 MIMO systems with TX separation =0.5λ and
RX separation =0.5λ yielding η=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.

Figure 7.4 BER performance of 4×4 MIMO systems with TX separation =0.1λ and RX
separation =0.5λ yielding η=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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Figure 7.5 BER performance of 4× 4 MIMO systems with TX separation =0.5λ and
RX separation =0.5λ yielding η=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× 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× 4 MIMO yielding 10 bpcu the performance is degraded by 4 dB

and 4×4 MIMO producing 12 bpcu and SNR degradation is 8 dB in comparison with

4× 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× 4 MIMO systems with TX separation =0.1λ and
RX separation =0.5λ yielding η=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(qm), 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 (Nt) has been devised. For a fixed spectral efficiency

of 6 bpcu and two active transmit antenna (Na) 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 to 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× 4 and 8× 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-

ios. 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

• A low 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.

• 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.

• 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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