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ABSTRACT

The desirability of high throughput and superior system performance for multimedia services
requires schemes that can achieve high spectral efficiency. However, this imposes high
system/hardware complexity due to the large number of antennas required at the transmitter. This
led to the development of several innovative multiple-input multiple-output (MIMO) techniques

in the research community, such as generalized spatial modulation (GSM).

GSM is a spatial modulation (SM) based scheme, which employs transmit antenna combinations
coupled with identical symbols to convey additional information. This made the use of multiple
transmit antennas possible in index modulation, improving the setback/limitation of hardware

complexity experienced in the conventional MIMO and SM schemes.

Furthermore, in the literature, an improved spectral efficient quadrature spatial modulation
(QSM) based scheme termed generalized quadrature spatial modulation (GQSM) is proposed. In
GQSM, the antennas at the transmitter are divided into groups and a unique symbol is employed
across multi-active transmit antenna groups. Hence, GQSM requires less transmit antennas to
achieve a high data rate when compared to its counterparts. However, GQSM requires multiple
radio frequency (RF) chains, considering unique symbols are employed in each transmit antenna
group. This motivates us to investigate single-symbol GQSM (SS-GQSM), which employs

identical symbols across each group requiring a single RF chain.

Recently, the application of RF mirrors termed media-based modulation (MBM) was introduced
to the research community as a technique to enhance the spectral efficiency at a reduced hardware
complexity. This motivates us to investigate MBM with single-symbol GSM to enhance its error

performance and to mitigate the drawback of the requirement of multiple RF chains.

In addition, link adaptation has been stated in literature as a technique, which can enhance the
performance of a single-input multiple-output (SIMO)/MIMO scheme. MBM achieves a high
data rate coupled with enhanced system performance. However, to the author's best knowledge,
link adaptation has not been investigated with MBM. This motivates us to propose an adaptive
algorithm that employs different candidate transmission modes to enhance the reliability of the
SIMO system. The proposed scheme is called adaptive SIMOMBM (ASIMOMBM).

Lately, two-way cooperative relaying has been proven as a spectral efficient relaying system.
This technique employs two or more source nodes, which transmit information to the relay node
simultaneously. Considering the advantages of GQSM stated earlier, this motivates us to
investigate two-way decode-and-forward relaying for the GQSM scheme to improve the error

performance of the conventional GQSM system.

vii
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CHAPTER 1

INTRODUCTION

The introduction and background study of this thesis are presented in this chapter.



INTRODUCTION
1 Multiple-Input Multiple-Output

The tremendous promise shown over the years concerning high transmission capacity and
improved link reliability in multiple-input-multiple-output (MIMO) systems [1] motivates the
development of several MIMO techniques in the research community. The spatial multiplexing
MIMO system transmits data in parallel streams. Multiple antennas capture the data streams at
the receiver, which is slightly different in amplitude and phase, such that each antenna is unique

and treated independently, hence increasing throughput [2].

One of the main benefits of MIMO is the linear increment of its spectral efficiency, which results
in a high-capacity gain and the multi-transmission of data streams improves the link reliability
(diversity gain) coupled with the enhancement of the signal-to-noise ratio (SNR). However,
MIMO systems experience some drawbacks to its practical realization, such as inter-antenna
synchronization (1AS), inter-channel interference (ICI) and high power consumption due to multi-

active transmit antennas [3, 4].

1.1 System model for the Multiple-Input Multiple-Output scheme

Figure 1.1 presents a detailed system model of a MIMO system with multiple transmit antennas

and multiple receive antennas.

L n

B

<
= =
= = 0 = ~
QD . —+

X 39, H &35 Xq

CD—

=R =2
= O éL.
— C . —_ D
Tz . °
c . =1
N Ny

Figure 1.1 MIMO system with multiple transceivers [5]



The channel employed is a frequency-flat Rayleigh fading channel, this is mostly seen where
there is a high environmental multipath propagation effect on the radio wave or where line-of-
sight (LOS) is absent. The channel matrix H of dimension Np X N between the multi-active

transmitter N and multi-active receiver Ny is:

h1,1 hl,NT
H=| : : (1-1)
hNR,l hNR,NT

where h; ; represents the jt" column corresponding to the channel matrix H, i € [1: Nz] and j €
[1: NT]

Considering an example of a vector x, of dimension Ny x 1 transmitted over a multipath
channel H, which is with independent and identically distributed (i.i.d) entries. The vector x, is
transmitted with the existence of additive white Gaussian noise (AWGN) n with i.i.d entries and

CN(0,1) distribution. Hence, the vector y of dimension Ny x 1 received at the receiver is

y = ’1\% Hx, +n (1-2)

In the next sub-section, several techniques employed to improve the limitations of MIMO systems

described as:

where p is the average SNR.

with relevant examples are discussed. This includes spatial multiplexing, spatial diversity and
pre-coding techniques. In addition to these techniques, cooperative networks, link adaptation and

smart antennas are employed to enhance the performance of the MIMO systems.

1.2 Spatial multiplexing and spatial diversity

The spatial multiplexing technique is employed in MIMO to enhance the data rate. This made the
technique (spatial multiplexing) a suitable scheme for future wireless communication [5, 6].
Especially in multimedia services, considering the high demand for an increase in transmission

capacity.

The input signals/bits in spatial multiplexing are divided into streams. These streams are
transmitted with a unique transmit antennas in the same frequency channel. This enables the

simultaneous transmission of user information/messages to multiple receivers [6].

Similarly, link reliability is achieved in MIMO via spatial diversity, which is the variation of the

channel in time, frequency and space. However, this technique (spatial diversity) has a limitation

3



of inter-symbol interference (ISI) due to the dispersion of the channel, which can be avoided if
there is enough space between the transmitted symbols. However, this will result in decreased
throughput [7, 8].

Various examples of improved MIMO schemes will be discussed in the next sub-section, starting

with vertical-Bell Laboratories layered space-time architecture (V-BLAST) [9].
1.2.1 Vertical-Bell Laboratories layered space-time architecture

In V-BLAST [9], the block of N (number of transmit antennas) symbols are compressed into a
single message block, which is mapped to a single transmit antenna [4], eliminating the ICI
experienced in the conventional MIMO scheme. The V-BLAST architecture takes advantage of

spatial multiplexing to enhance its spectral efficiency by sending out N; signals at each time slot.

Considering an example of a V-BLAST technology in an indoor environment, this can achieve a
spectral efficiency higher than 15 bpcu or b/s/Hz, assuming a practical SNR range [9]. However,
the multi-active transmit antennas in this architecture requires N, radio frequency (RF) chains
coupled with IAS.

1.3 Index modulation

Index modulation-based scheme employs transmit antennas innovatively to convey additional
information, such that spatial multiplexing gain is achieved coupled with an increase in data rate.

Details of index modulation-based schemes are presented in the next sub-section.
1.3.1 Spatial Modulation

Spatial modulation (SM) [10] employs transmit antennas innovatively to mitigates the major
setbacks of IAS and ICI experienced in the conventional MIMO schemes [5, 10-12]. In SM, just
one antenna is required at the transmitter at every instant, hence, enabling the use of a single RF
chain possible [11]. SM exhibits an improved system performance compared to V-BLAST [10].

This is achieved via the maximization of the space modulation technique.

Furthermore, SM exploits spatial multiplexing techniques to achieve a high data rate coupled with
enhanced system performance. This is achieved by separating the input bitstream into two
sections; the initial segment chooses one antenna from the variety of the available antennas at the
transmitter, while the second part is modulated into amplitude/phase modulation (APM)
constellation symbol. The modulated signal is sent out via the active transmit antenna. Figure 1.2

presents a detailed transmission model of SM.

The spectral efficiency associated with the SM scheme is log, M N b/s/Hz, where M represents

the modulation order. Taking an example of 2 x 4 4-QAM, employing the notation (N, Ng, M).

4



This achieves a data rate of 3 b/s/Hz. The initial part of the bit selects the antenna to be used for
transmission and the last two bits modulate the APM symbol. The mapped bits are sent out via a

single transmit antenna. A clarified mapping process of SM is tabulated in Table 1.1.

e

j Py,
D
CD A
Xq SM 8 2 H 2 ) SM XE’[
Mapper 3 @ Detector

el <

pam . - @D

D - - -

= . .

] I
Figure 1.2 Transmission model for the SM system [7].
Table 1.1 Mapping process for the SM system.
Input bits Antenna index Symbol x, Transmitted signal
011 [0]=1 [11] =1-1i [1-1i, 0]
100 [1]1=2 [00] = 1+1i [0, 1+1i]
010 [0]=1 [10]=-1-1i [-1-1i, 0]
111 [1]1=2 [11] = 1-1i [0, 1-1i]
100 [1]1=2 [00] = 1+1i [0, 1+1i]
111 [1]1=2 [11] = 1-1i [0, 1-1i]
100 [1]1=2 [00] = 1+1i [0, 1+1i]
010 [0]=1 [10]=-1-1i [-1-1i, O]
The vector y received at the receiver becomes:
y=.pHx;+n (1-3)

where H is the channel matrix, n is the AWGN and p represents the SNR associated with each

receive antennas.



1.3.2 Differential Spatial Modulation

In [13], a special case of SM termed differential SM (DSM) was proposed. This improves the
requirement of the CSl/complex channel estimation and symbol detection algorithm needed in
SM. DSM maintains the benefits of the conventional SM system while eliminating the necessity
of CSI needed in SM. The SNR gain achieved in DSM is approximately 3 dB over SM in terms

of error performance.

Despite the benefits of SM and DSM, the system is still not practically realizable due to the system
complexity, considering the logarithmic relationship of the spectral efficiency and the transmit

antennas [9]. This motivates the investigation of space shift keying (SSK).
1.3.3 Space Shift Keying

A particular case of SM termed SSK was investigated in [14]. This employs only the spatial
domain to relay information, such that the APM symbol present in SM is wholly eliminated. This
results in reduced system complexity. However, SSK still imposes high hardware complexity to

achieve high spectral efficiency. This led to bi-space shift keying (Bi-SSK) [15].
1.3.4 Bi-Space Shift Keying

In [15], an SSK-based scheme was proposed termed Bi-SSK. This scheme maintains the benefits
of SSK, such as low-complexity detection, whilst doubling the spectral efficiency of SSK. Bi-
SSK simultaneously transmits information via two transmit antennas at every transmission
interval, enabling the scheme to achieve high throughput. This improves the limitation of SSK in
terms of hardware complexity. However, Bi-SSK only rectified the setback of SSK but did little
in terms of the error performance enhancement. A similar technique termed generalized spatial

modulation (GSM) [16] is discussed in the next sub-section.

1.3.5 Generalized Spatial Modulation

GSM [16] employs transmit antenna combinations to activate more than two transmit antennas at
every transmission instant. The activated transmit antennas are employed to transmit the
modulated APM symbols. This improves the setback/limitation of hardware complexity

experienced in index modulation schemes mentioned earlier. Furthermore, the spectral efficiency
. . . N .
associated with GSM is log,(M) + llog2 (NDJ b/s/Hz, where N,, N;, M are the required

number of transmit antennas at each transmission instant, the total number of transmit antennas
and the modulation order, respectively. Despite the improvement of hardware complexity
achieved in GSM, the reliability of the scheme is not well improved as SM exhibits a superior

error performance.



Furthermore, in [17], a multi-active transmit antenna GSM (MA-GSM) was proposed. The data
rate associated with MA-GSM is N,log,(M) + [logz (%T)J b/s/Hz. MA-GSM achieves better
a

performance in terms of hardware complexity, error performance and throughput. As a 10 b/s/Hz
QPSK system, requires only 4 transmit antennas in the proposed scheme, which requires 8
transmits antennas in the conventional GSM system and 64 transmit antennas in SM. Thus,

improving the system complexity with respect to the high data rate.

The input bits log, (M) + [logz (%T)J for GSM and N, log, (M) + llogz (%T)J for MA-GSM
a a

are grouped/sections into two segments, such that the first segment maps/modulate the APM

symbol and the second segment maps the antenna index based on [logz (%T)J
a

1.3.6 Quadrature spatial modulation

Another example to consider is quadrature spatial modulation (QSM) [18], this is an SM-based
scheme, which extends its spatial constellation to quadrature dimension in an innovative manner.
In QSM, the APM constellation symbol is split into real and imaginary components. The first
dimension relays the real component to the receiver while the quadrature dimension sends out the

imaginary component.

Both ICl and 1AS are avoided in QSM by modulating the decomposed symbol into the cosine and
sine carriers, respectively [18], hence, enabling the use of a single RF chain possible similar to
SM. This improves the setback of SM by employing additional log, N;. The error performance
of QSM is superior to SM and MA-GSM [18-20].

1.3.6.1 System model for QSM

In Figure 1.3, an example of a QSM system equipped with multiple transceivers is presented.
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Figure 1.3 An example of a QSM system.



QSM achieved a data rate m of log, M NZ b/s/Hz. In QSM, the APM symbol X4 s sectioned into
real and imaginary components and mapped into the log, M bits. The required transmit antenna
to transmit the real part of the modulated symbol is activated by log, Ny, while an additional
log, Ny bits activate the second transmit antenna, which is employed to transmit the imaginary

component. Table 1.2 tabulates an example of the mapping process for QSM.

Table 1.2 Mapping process for the QSM system.

) ] Input Bits First log,M Second Third
Configuration ) ] ]
log,MN2 bits log, Ny bits  log, Ny bits
log,4
— 7 hi log,2 log,2
M = 4 = 2 bits z‘izb glzb
= 1bit = 1 bit
Ny =2 0001 [00] 0 0
Ny = 4 Xg=—-1+1i
xge — _1 'gR - 1 ‘BI - 2
x,qm =+1
log,16
— 4 bhi log,4 log, 4
M =16 = 4 bits g22b gZZb
= 2 bits = 2 bits
Ny =4 10011101 [1001] 1] 01]
N, = 4 Xg=+3+1
xge=+3 'gR—Al' 31—2
xp =+1

Considering a QSM scheme with 2 antennas at the transmitter and 4-QAM modulation order
yields 4 bpcu or b/s/Hz. In SM, the same configuration settings yield 3 bpcu or b/s/Hz. The first
two bits modulate the 4-QAM symbol x,, while the third bit activates the antenna index £ and
the fourth bit activates the antenna index #;, which are used to transmit the real and imaginary
components, respectively.

The decomposed symbol x, is transmitted via a channel H with the existence of AWGN n with

CN(0,1) distribution. Thus, the received vector y becomes:

y= thXge + l.hglx[qm +n (1_4)
where p is the average SNR, x,; = xge + ix,qm, £ and #; is the corresponding transmit antenna

employed to transmit the decomposed symbol.



Reducing the hardware complexity imposed in QSM led to the investigation of generalized
quadrature spatial modulation (GQSM). This scheme achieves a high data rate at a reduced system

complexity, similar to MA-GSM. This is elaborated in the next sub-section.
1.3.7 Generalized Quadrature Spatial Modulation

GQSM [21] divide the transmit antennas into groups and employs a unique symbol across the
multi-active transmit antenna groups. The spectral efficiency associated with the GQSM system
[21] is np(log,M + Nr,) bis/Hz, where n,, Ny, and M represents the antenna groups, the
available antennas in each group and the modulation order, respectively. Hence, a configuration

setting with 4 transmit antennas, i.e. n, = % and 4-QAM in GQSM coupled with Nr, = 2,

yields a data rate of 8 b/s/Hz. The same configuration settings in the conventional QSM system
and MA-GSM scheme will yield only 6 b/s/Hz. The system model of GQSM is presented in the

next sub-section.
1.3.7.1 System model of Generalized Quadrature Spatial Modulation

Figure 1.4 presents an example of a GQSM system with N, transmits antennas, n, groups, i.e.

N .
np = TT and N receive antennas.
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Figure 1.4 System model for the GQSM system.

The main benefit of GQSM is the high data rate achieved at a reduced hardware complexity.
GQSM is a suitable scheme for multimedia services and massive MIMO with respect to
transmission capacity. Taking another example of GQSM with the configuration settings of
6 %X 4,16-QAM, this achieves a data rate of 18 b/s/Hz. To achieve this spectral efficiency in QSM,

32 transmit antennas with 256-QAM is required. However, GQSM requires multiple RF chains.

The n,log, M bits modulates the vector x{l, while Nz,n,, bits select the transmit antennas required

for transmission. Thereafter, a complex channel matrix H; of dimension Nz X Ny, is employed

to relay the modulated vector xé with the existence of AWGN n, of dimension Ni X 1. The vector

y received at the receiver is expressed as:



np
y = /P/nb Z Hx) +n (1-5)
=

where xé is the transmission block of the decomposed symbol of all groups and p is the average

SNR. The mapping process for GQSM is revealed in Table 1.3.

Several limitations are associated with GQSM [21], including high hardware complexity and high
computational complexity (CC) due to the simultaneous transmission of unique symbols, which

limits its practical implementation.

Table 1.3 Mapping process for GQSM

Third Fourth
Input First n, Second

Configuration ] log, M log,M  Groupl  Group2
Bits bits ny, bits ] ]
bits bits

M =16 [11] [01]
110101 [1101]  [0110] [1+

Ny =4 Nr, =1 Np =1 [—1,-3i]
101101 1+1i —-1-3i 1, 0]

le = 2 NTZ == 1 NTZ = 2

Furthermore, the desirability of high throughput in wireless communication to accomplish the
demand of high transmission capacity and superior system performance in multimedia services
[21-22] motivates the investigation of a channel-based modulation technique termed media-based
modulation (MBM). This achieves a high data rate at a reduced system complexity suitable for
multimedia services compared to other index modulation techniques. This is discussed in the next

sub-section.
1.3.8 Media-based modulation

Recently, MBM [23-25] was introduced as a technique to enhance the data rate of the MIMO
schemes by maximizing the linear relationship between the RF mirrors (m,r) and the spectral
efficiency. MBM achieves high throughput at a reduced hardware complexity. This is
accomplished by utilizing RF mirrors to make distinctive channel fade realizations, known as
mirror activation patterns (MAPS). An example to consider is [23, 25], where an equivalent SM

system would require 2™/ antennas at the transmitter to meet the spectral efficiency as a single-
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input multiple-output (SIMO) aided MBM (SIMO-MBM) system. Thus, SIMO-MBM is more

desirable than SM, in terms of data rate.
Some other advantages of MBM are as follows [24]:

a) In MBM, the constellation size is independent of the transmit energy; therefore, an
improvement in spectral efficiency can be easily achieved. In addition, the increment in the
constellation size efficiently enables constellation diversity to transforms a static multi-path
fading channel into an AWGN with an efficient signal energy equivalent to the average energy

received.

b) There is no basic constraint on the separation of mirrors in MBM. Hence, RF mirrors can be
positioned side by side. Similarly, a subset of a distinguished/distinct channel can be chosen from

the N,,, channel permutation resulting in superior system performance.

¢) The RF mirrors around each transmit unit in MBM are treated independently enabling a
superior error performance to be achieved [26], i.e. the spatial portion of the scheme is employed
to linearly increases the throughput. Based on the above advantages, numerous research works

have been presented.

In [23, 24], MBM was investigated in GSM (GSM-MBM) and QSM (QSM-MBM), respectively.
Employing RF mirrors coupled with unique MAP indices to activate or de-activate the RF mirrors

at every transmission instant.
1.3.8.1 Generalized Spatial Modulation-Media-based Modulation

The GSM-MBM scheme [23], follows the MA-GSM scheme [17], which employs multiple APM
symbols coupled with the transmit antenna combination to activate N, transmit antennas at every
transmission instant. GSM-MBM achieves high spectral efficiency, considering the simultaneous
transmission of the APM symbols, coupled with the additional information conveyed via the MAP

indices. The next sub-section illustrates a typical transmission model for the SM-MBM system.

1.3.8.1.1 System model for Generalized Spatial Modulation-Media-based Modulation

A typical example of GSM-MBM is presented in Figure 1.5. The transmit antennas are considered

independently as a transmit unit with the dimension N X N,,, each surrounded with m,., RF

mirrors, where N,,, represents 2™/,
The spectral efficiency associated with GSM-MBM is N,log, (M) + [logz (%T)J + Nym,f
a

b/s/Hz, where M, Ny, N, and m, represents the modulation order, the transmit antennas consider

as transmit units in GSM-MBM, the active transmit units and RF mirrors, respectively. Given the

11



Nr

N ) and the usable transmit antenna combinations
a

set of the transmit antenna combination N, = (

N,, where Ny = 2'082(Nc),
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Figure 1.5 A typical example of GSM-MBM.

Considering an example of GSM-MBM with 4-QAM modulation order, 4 transmit units and 2
RF mirrors, i.e. 4 X 4 4-QAM with m,, = 2 and N, = 2. This configuration achieves a data rate

of 10 b/s/Hz. In GSM, this configuration achieves only 4 b/s/Hz. Assuming [10110001 1 0]
bits are generated based on N,log, (M) + llog2 (%Z)J + Ngmy¢ b/s/Hz. [1 0 1 1 ] modulates the

APM symbols based on N,log,(M). In this case, 1 + 1i and 1 — 1i APM symbols are selected.
Similarly, the [0 0] bit activates the transmit unit combination needed for transmission. In this
case, the first antenna combination is selected based on the input bits [0 0]. The third segment
[0 1] bit activates the first required RF mirror and the fourth segment [1 0] bit activates the second

required RF mirror.
The channel Hy,; of dimension N X Ny, across Nr is used for transmission. Therefore, the

received vector y is expressed as:

Ng
y= ’p/NQZije{;ijq +n (1-6)
j=1

where p is the SNR, x, is the symbol q € [1: M], e,, represents the MAP index of N, x 1
]

dimension with the £t* column set to unity, j € [1: N, ], £ € [1: N,,,].
1.3.8.2 Quadrature Spatial Modulation-Media-based Modulation

In [24], MBM was investigated in QSM, employing RF mirrors to achieve a high data rate coupled
with improved system performance. In QSM-MBM, the decomposed symbol is modulated into

the sine and cosine carriers, respectively, maintaining the benefits of conventional QSM,
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including the use of one RF chain. A substantial improvement is achieved in QSM-MBM

compared to the conventional QSM scheme.
1.3.8.3 Uncoded space-time label diversity media-based modulation

Likewise, in [27], MBM is investigated in uncoded space-time label diversity (USTLD-MBM),
employing a pre-coding technique coupled with label diversity to achieve coding gain and
transmit diversity. Significant improvement is achieved over the conventional USTLD and space-
time channel modulation of [28] in terms of system reliability and complexity. Hence, MBM-

based schemes exhibited improved system performance and reduced hardware complexity.

1.4 Pre-coding

In this technique, the user information is pre-coded before transmission, enhancing the
performance of the system. This technique has the benefit of summing up the transmitted signals
from different antennas. Thus, improving the signal gain at the receiver and reducing fading
effects [28]. Examples of MIMO systems, which employ a precoding technique, are discussed in

the next sub-section.
1.4.1 The Alamouti space-time block code

The Alamouti space-time block code (STBC) [29] employs a spatial diversity to improve the
system performance by sending two symbols x; and x, in code word and in two time slots. The

X1 xz]

transmitted code word is X = [_x* e
2 1

In the Alamouti STBC, the CC increases exponentially with the size of the constellation, making

the practical implementation not only tricky but expensive [29].

1.4.2 Space Time Block Code-Spatial Modulation

In [30], STBC was investigated in SM. The proposed scheme combines the pre-coding technique
of STBC with SM, maximizing the benefits of the pre-coding technique of STBC to achieve
coding gain. The code word of STBC is extended in STBC-SM such that X becomes:
_ _([*1 X20 0][0 0 X1 X2
Xy = [y xp2] = {[—x; X1 0 0] [0 0 —X; XI]}

X1 X 0] [xz 00 xl]}

1-7)
X2 21722 0 —x5 x5 0]lxy 00 —x;

In the above example, 4 transmit antennas are considered and the transmitted information is
expanded to the spatial domain, corresponding to the active or inactive status of the transmit

antennas, including the time and space domains.
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1.4.3 Space Time-Quadrature Spatial Modulation

Similarly, in [31], ST-QSM scheme was investigated. This technique enhanced the system
performance of the conventional QSM, outperforming STBC and STBC-SM mentioned earlier.
ST-QSM section the antennas at the transmitter into groups and maps user information to the

indices of the antennas enabled for transmission.

Furthermore, a uniqgue APM symbol is employed in ST-QSM, which is further decomposed into
real and imaginary components prior to transmission. Thereafter, the Alamouti’s STBC principle

is employed in each transmission interval. Hence, the code word X for ST-QSM is defined as:

X11 X12  X13 x14]

X - [ * * *
—X12 X111 —X14 X13

(1-8)

In the above example, 4 transmit antennas are considered.

1.5 Cooperative networks

Cooperative communication systems have shown tremendous promise with regards to link
reliability and extension in-network coverage. This is achieved by employing multiple nodes
available in the network as a virtual node (antenna) to transmit users' information [32]. Thereby
extending the coverage of the wireless network via cooperative relaying [33]. The relaying

techniques employed in the cooperative network includes:
1.5.1 Decode-and-forward (DF)

In DF, the received signal at the relay node is decoded and filtered prior to the re-transmission

of the information to the destination, such that the reliability of the system is enhanced.

1.5.2 Amplify-and-forward (AF)

Firstly, data/message is transmitted to the relay. After that, the received message at the relay is
amplified and then forwarded to the destination. AF needs two orthogonal time slots to complete
a transmission between the source and the destination [33]. This is further discussed in Chapter 5

of this dissertation.
1.5.3 One-way relaying

In one-way relaying [33], the source node transmits the user information to a relay node, which
is decoded/amplified; thereafter, the decoded/amplified message is re-transmitted to the
destination. In one-way relaying, higher modulation order/a huge number of antennas is required

at the transmitter to achieve high throughput and this results in high hardware complexity.
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1.5.4 Two-way relaying

In the literature [33-35], two-way relaying has been proven as a spectral efficient relaying system.
This technique employs two or more nodes, which simultaneously transmit data. The transmitted
data is decoded at the relay node or amplified, thereafter a network coding principle is applied to
the decoded/amplified message, such that the message from source nodes is extracted as a single
message block and re-transmitted to the source nodes.

There are two major types of cooperative network, which are categorized based on the relaying

technique employed, this includes:

1.5.5 Half-duplex cooperative networks

The major limitation/setback of cooperative networks is the inability to relay data at the same
time employing the same frequency. This causes the non-maximization of the system resources,

such as the allocation of dedicated bandwidth at the relay for transmissions.

In [36], several techniques to mitigate these setbacks were proposed, which includes enabling the
source node to be operative with the relay node during transmissions, employing non-orthogonal
protocols. Another approach is overlapping several relay nodes for transmission, enabling the
system to behave like an ideal full-duplex operation. A similar technique termed two-way relaying
was proposed, which employs two or more nodes to transfer information via a relay node. Lastly,
the concept of cognitive radio was investigated, this enables the relay node to transmit information

when the primary nodes are idle.

Similarly, in [37], an efficient half-duplex cooperative network, which employs the Alamouti

STBC in an innovative manner for a three-node relaying was proposed. However, the proposed
system is limited to % symbols per channel use, considering Alamouti STBC requires four symbol

periods.
1.5.6 Full-duplex cooperative networks

In [38], a full-duplex cooperative network was proposed, this improves the setback of half-duplex
constraint experienced in cooperative networks by transmitting/receiving data simultaneously.
However, a full-duplex cooperative network experiences a loopback interference at the relay node
output. In [39], the full-duplex technique is exploited at the relay to form the Alamouti codewords
for three unique nodes. This mitigates the loopback interference experienced in [38]. The
proposed full-duplex Alamouti scheme exhibits significant improvement compared to the

conventional half-duplex cooperative networks.
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Achieving schemes with full-rate, full-diversity with spatial multiplexing such as V-BLAST [9],
which can give high multiplexing gain for multiple transmit antennas with linear CC is impossible
[17]. This is due to the coupling of symbols in time and space, resulting in high ICI and

simultaneous transmission of data requires IAS at the transmitter [40].

In the literature [41, 42], it has been stated that link adaptation can augment the performance of
SIMO/MIMO systems. The application of transmit/receive diversity or a combination of both
allows tremendous enhancement in terms of link reliability. This is further discussed in the next

sub-section.

1.6 Link adaptation

Link adaption is the process of optimizing the wireless communication link according to the
condition of the link at a particular instant, so as to enhance the system efficiency [43]. Figure 1.6
presents an example of an adaptive system with a perfect feedback link, which connects the

adaptive unit to the transmitter.

. QsM :
Input bits |—p> Transmitter Y

Y ML Detector —>f Ogittpsut

‘ Transmission ‘
Candidate Selection

Perfect Feedback Link ‘ ‘
Adaptive Unit

Figure 1.6 System model of a typical adaptive system.

In [42, 44, 45], link adaptation was employed in several ways, viz. adaptive selection of
candidates modes, transmit antenna selection or the combination to enhance the reliability of the

system.

In [42], link adaptation was investigated in SM termed adaptive SM (ASM). The estimated
channel state information (CSI) is employed as the decision metric to select the optimum
candidate for transmission. Another link adaptation technique was investigated in SM in [46],

employing a power allocation algorithm to improve the effect of power imbalance stated in [47].

Similarly, in [44], two unique transmit pre-coding algorithms were proposed. The first one

employs an algorithm, which determines the minimum Euclidean distance among the
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constellation points. The second algorithm in [44] was based on minimizing the bit error rate
(BER) of the SM system. The second algorithm proposed in [44] (employing the minimum BER)

achieved significant improvement compared to the first algorithm.

Likewise, transmit antenna selection, a transmit diversity technique has been richly explored in

the SM system to achieve a considerable SNR gain compared to the conventional SM.
1.6.1 Transmit antenna selection

In [48, 49], Euclidean distance-based antenna selection (EDAS) was investigated in SM, taking
advantage of the ICI and 1AS free property of SM to separate the QAM signal sets, achieving an
improved scheme. A reduced CC version of this approach was investigated in [50], employing
the approach of only one search across the symmetrical constellation sets, making SM practically

implementable.

In [34, 35], the availability of additional antennas as a cheap way of accomplishing a diversity
gain was investigated. In addition, a transmit antenna selection algorithm was employed to
activates the required transmit antennas at each transmission instant. A similar approach was
employed in [38], where the system performance of SSK was enhanced via the increment of the
available of transmit antennas and using an antenna selection algorithm to activate the required

number of antennas.

Similarly, in [51] EDAS algorithm was investigated in QSM termed EDAS-QSM. The EDAS-
QSM scheme achieves a tremendous diversity gain compared to conventional QSM. However,
this imposes a high CC due to the exhaustive search. To further reduce the CC imposed on the
scheme, an algorithm in the form of reduced-complexity EDAS for QSM was proposed, this

achieved a reduced CC, whilst preserving the error performance.

In [52], a reduced CC sub-optimal based transmit antenna selection algorithm was proposed by
Pillay et al., where the amplitude and correlation of the antenna were employed to select the best
channel prior to transmission. This technique exhibits a very low CC when compared to EDAS-

SM (an optimal technique). Hence, making SM more realizable.

1.7 Research motivation and problem statement

SM [10] employs transmit antennas innovatively to mitigate the major setbacks of IAS and ICI
experienced in MIMO schemes. The requirement of a single RF chain in SM enables the scheme

to maximize the space modulation technique.

The desirability of high throughput and superior system performance for multimedia services

requires schemes that can achieve high spectral efficiency. However, this imposes high
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system/hardware complexity due to the huge number of antennas required at the transmitter [16].
This prompted the investigation of GSM [16].

GSM [16] employs the transmit antenna combinations coupled with identical symbols to convey
additional information. This made the use of multiple transmit antennas possible in index
modulation, improving the setback/limitation of hardware complexity experienced in index
modulation schemes. In [17], a similar scheme was proposed termed MA-GSM, which employs
unique symbols across the transmit antenna combination. The proposed MA-GSM outperforms
the GSM system of [16]. However, MA-GSM requires multiple RF chains.

Recently, the application of RF mirrors was introduced to the research community as a technique
to enhance the spectral efficiency at a reduced hardware complexity [23, 24, 26, 27]. In MBM,
the modulation alphabet can be created by a single transmit antenna [53]. This motivates us to
investigate MBM with GSM of [16] to mitigate the drawback of MA-GSM mentioned earlier.

Furthermore, in [23], GSM-MBM was proposed. This scheme achieves a high data rate coupled
with improved link reliability at the cost of a high system complexity, including the requirement
of multiple RF chains similar to MA-GSM.

In addition, link adaptation has been stated in literature as a technique, which can enhance the
performance of a SIMO/MIMO scheme. This is evident in [41, 42, 54], where link adaptation is
employed in SIMO/MIMO system to enhance the reliability of the system.

In [23, 25], MBM is investigated in a SIMO system termed SIMO-MBM. The proposed scheme
achieves a high data rate coupled with enhanced system performance. However, to the author's
best knowledge, link adaptation has not been investigated with MBM. This motivates us to
propose an adaptive algorithm that employs different candidate transmission modes to enhance
the reliability of the system. The proposed scheme is called adaptive SIMOMBM (ASIMOMBM).

Furthermore, the data rate enhancement of SM only increases in log, N compared to other index

modulation schemes, this brought about an enhanced spectral efficient SM called QSM.

In [21], an improved spectral efficient QSM scheme termed GQSM is proposed. In GQSM, the
antennas at the transmitter are divided into groups and a unique symbol is employed across multi-
active transmit antenna groups. Hence, GQSM requires less transmit antennas to achieve a high
data rate when compared to SM, GSM, and QSM [21]. However, GQSM requires multiple RF
chains considering unique symbols are employed in each transmit antenna group. This motivates
us to investigate single-symbol GQSM (SS-GQSM), which employs identical symbols across

each group requiring a single RF chain.
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Lately, cooperative networks have been employed to enhance link reliability via the use of
multiple nodes in the communication network to transmit users' information [32]. In the literature
[33-35], two-way cooperative relaying has been proven as a spectral efficient relaying system.
This technique employs two or more source nodes, which transmit information to the relay node
simultaneously. An example to consider is [33], where two-way DF relaying was investigated in

QSM. This scheme outperforms QSM and one-way DF-QSM relaying.

Considering the advantages of GQSM stated earlier over QSM, such as achieving a high data rate
at a reduced hardware complexity. Considering an example of a 6 x 4 4-QAM two-way DF-
GQSM relaying scheme, this yields a data rate of 12 bpcu or b/s/Hz. The two-way DF-QSM
system will require 8 transmit antennas coupled with a 64-QAM modulation order to match this
spectral efficiency. This motivates us to investigate two-way DF relaying in the GQSM scheme

to enhance the reliability of the two-way DF-QSM relaying technique.

1.8 Research objectives

The following are the objectives of this research:

1. Investigation of link adaptation in SIMO-MBM schemes.

2. Formulation of instantaneous bit error probability (IBEP) for ASIMOMBM using a lower
bound approach and union bound.

3. Application of MBM based on RF mirrors in single-symbol GSM-MBM.

4. Formulation of the performance analysis for single-symbol GSM-MBM.

5. Investigation of single-symbol GQSM scheme and formulation of the performance
analysis, employing a lower bound approach.

6. Application of two-way DF relaying cooperative network in GQSM.

1.9 Organization of the thesis

The paper format is used in this thesis, in which each paper form the Chapters of this thesis. The

rest of the thesis is structured as follows:

Chapter 2 presents a detailed system model of an adaptive media-based SIMO system, together
with the numerical results. The formulation of the IBEP for ASIMOMBM s presented in this

chapter.

Chapter 3 provides a detailed transmission/system model for a single-symbol GSM-MBM

coupled with the formulation of the performance analysis.

Chapter 4 presents the single-symbol GQSM system with the claimed advantages of the system
in terms of CC, thereafter, comparisons with the conventional GQSM system are drawn.
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Chapter 5 presents the two-way DF-GQSM system, coupled with the performance analysis and

its benefits over one-way DF-GQSM.
Chapter 6 concludes the thesis.

1.10 Major contributions of the research

The study in this thesis is either published as a journal paper or in conference proceedings, or

submitted for review. The details are as follows:

a) Paper A
S. Oladoyinbo, N. Pillay, and H. Xu, “Adaptive single-input multiple-output media-based

modulation,” [Under review with Digital communications and networks].

Contributions of the paper:

1. Investigation of link adaptation in SIMO-MBM based schemes, employing a decision metric
of the minimum IBEP.

2. Formulation of the IBEP for all candidate mode employed, which includes: SIMO, media-
based SSK and SIMO-MBM.

b) Paper B
S. Oladoyinbo, N. Pillay, and H. Xu, “Media-based single-symbol generalized spatial

modulation,” International Journal of Communication Systems, vol. 32, no. 6, pp. 1-13, 2019.
DOI: 10.1002/dac.3909

Contributions of the paper:

1. Investigation of MBM with a single-symbol GSM system.

2. Formulation of the performance analysis for single-symbol GSM.

3. Introduction of the MAP selection algorithm in the proposed scheme, employing an
exhaustive search among the transmission vectors to selects the optimal MAP.

4. Investigation of the effect of channel amplitude and antenna correlation has a MAP selection

technique in the proposed scheme.

c) PaperC

S. Oladoyinbo, N. Pillay, and H. Xu, “Single-symbol generalized quadrature spatial modulation,”
in Proceedings of the South African Telecommunication Networks and Applications Conference
(SATNAC), pp. 370-375, Sep. 2018.
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Contributions of the paper:

1. Investigation of an identical symbol set across a unique transmit antenna group in the
proposed SS-GQSM system.

2. Formulation of the theoretical analysis for the proposed SS-GQSM.

3. Investigation of Euclidean distance antenna selection algorithm in the proposed SS-GQSM

and multi-symbol GQSM schemes.

4. Investigation of the effect of channel amplitude and antenna correlation has the selection

criteria for the transmit antenna selection algorithm.
d) Paper D

S. Oladoyinbo, N. Pillay, and H. Xu, “Generalised quadrature spatial modulation in two-way
decode and forward relaying cooperative networks,” [Ready for submission to IEEE INFOCOM
2021: IEEE International Conference on Computer Communications 2021].

Contributions of the paper:

1. Investigation of two-way DF relaying with GQSM scheme, employing two source nodes,

which simultaneously transmit user information to the relay.

2. Investigation of a benchmark scheme (one-way DF relaying) with GQSM, which transmits
user information to the relay node as against simultaneous transmission of information from

both nodes in two-way DF relaying.

1.11 Notation used in the thesis

Bold italics variables represent vectors/matrices, while regular variables represent scalar
quantities. [-]7, (D%, |-], Il = and (-)* represents transpose, Hermitian, Euclidean norm, Frobenius
norm and the complex conjugate of a number, respectively. Q(-) denotes the Gaussian Q-function,
Re{-} is the real component of a complex value, while Im{-} is the imaginary component of a

complex value. argmin(-) is the least value of an argument with corresponding to w,
w

while argmax(+) is the maximum value of an argument with corresponding to w, () is the
w

binomial coefficient and || is the nearest integer less than the input argument.
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Adaptive Single-Input Multiple-Output Media-Based
Modulation

2 Introduction

A tremendous promise has been shown over the years with regards to the high capacity
transmission and improved link reliability in multiple-input multiple-output (MIMO) systems [1].
This has led to a vast amount of interest in the research community. However, MIMO systems
have some drawbacks to its practical realization, such as inter-antenna synchronization (1AS) and

inter-channel interference (ICI) due to multi-active transmit antennas [2, 3].

Furthermore, achieving a high data rate in MIMO requires a large number of antennas, which

limits its practical implementation due to the hardware complexity/cost.

Spatial modulation (SM) [4], an innovative MIMO scheme, requires only a single radio frequency
(RF) chain to improve upon the major setbacks of conventional MIMO. The basic idea behind the
SM system is the use of both the amplitude/phase modulation (APM) and transmit antenna index
to convey information. Improvements achieved in SM have spawned a wealth of research in
MIMO systems.

However, the system complexity imposed for high data rates by the SM system is high,
considering the logarithmic relationship between the total number of transmit antennas and the
spectral efficiency compared to vertical Bell laboratories layered space-time architecture (V-
BLAST) [5]. This has led to the investigation of various techniques for reducing the system

complexity of the SM system.

In [6], space shift keying (SSK) modulation, a special case of SM was investigated. In SSK, only
the spatial domain is exploited to relay information. Resulting in reduced system complexity.
However, SSK still requires a large number of transmit antennas required for high data rate, which

increases the complexity of the system.

Media-based modulation (MBM) [7] has been recently introduced in the research community.
MBM reduces the imposed hardware complexity when compared to SM and SSK. This is due to
the linear relationship between the number of radio frequency (RF) mirrors and the spectral
efficiency, which is achieved by employing RF mirrors to create different channel fade

realizations, known as mirror activation patterns (MAPS) [7].

Some other advantages of MBM are [8]: a) the received constellation size is independent of the
transmit power; hence, a substantial increase in spectral efficiency is easily realizable.

Furthermore, as the constellation size increase, constellation diversity effectively converts a static
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multipath fading channel into an additive white Gaussian noise (AWGN) channel with effective
signal energy equal to the average received energy, b) a subset of channel realizations may be
selected from the N,, distinct channel perturbations that result in superior error performance.
Similarly, transmit antennas are sufficiently separated so as to achieve an independent fading,
while RF mirrors can be placed side-by-side. As there is no fundamental constraint on mirror

separation, based on the above advantages, numerous research works have been presented.

In [9], a single-input multiple-output (SIMO) aided MBM (SIMO-MBM) system was proposed.
Due to the linear relationship between the number of RF mirrors (m,.r) and the spectral efficiency
in SIMO-MBM, an equivalent SM system would require 2™/ transmit antennas to achieve the
same spectral efficiency. Therefore, SIMO-MBM is more desirable than SM, in terms of data
rate.

In [7, 8], MBM was investigated for generalized SM (MBM-GSM) and quadrature SM (MBM-
QSM), respectively. The MBM-GSM scheme [7], follows the conventional GSM scheme,
employing the transmit antenna combination to activate two transmit antennas at every

transmission instant coupled with the spatial dimension to convey information similar to [4].

MBM-QSM [8] decomposes the modulated symbol into in-phase and quadrature components,
which are transmitted via the sine and cosine carriers, respectively. Hence, requiring only a single
RF chain. A substantial improvement in terms of error performance is achieved in MBM-GSM
and MBM-QSM. However, MBM-GSM requires multiple RF chains.

Likewise, in [10], MBM is investigated in uncoded space-time label diversity (USTLD-MBM).
The Monte Carlo simulation results obtained demonstrate a significant improvement over the
conventional USTLD and the recently proposed space-time channel modulation [11] for fast

frequency-flat Rayleigh fading channels in terms of error performance and system complexity.

In [12-14], link adaptation has been employed in several ways, viz. adaptive modulation, transmit
precoding (TPC), antenna selection and combinations thereof to enhance the error performance

of a SIMO/MIMO system substantially. However, it is not investigated for MBM.

Considering the availability of a single transmit antenna and a mirror unit, transmission candidates
may be adopted as follows: SIMO (Mode 1) may use the single transmit antenna while keeping
all mirrors OFF. Media-based SSK (MB-SSK) (Mode 2) may employ only the RF mirrors to
transmit, while SIMO-MBM (Mode 3) employs both the transmit antennas and RF mirrors to
transmit. Note, the transmission candidate configurations are chosen, such as to meet a particular

target spectral efficiency.
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Given channel knowledge, at the receiver, the transmission candidate mode that minimizes the
instantaneous bit error probability (IBEP) is selected and transmitted to the transmitter via a

perfect feedback link.

The advantage of using the IBEP is that a look-up table (LUT) approach can be invoked or
employed to decrease the imposed computational complexity (CC).

Hence, the contributions of this paper are as follows: we investigate link adaptation in SIMO
based schemes, called adaptive single-input multiple-output media-based modulation
(ASIMOMBM).

The structure of the remainder of the paper is as follows: In Section 2, the proposed ASIMOMBM
system model is presented. Analysis of the IBEP is presented in Section 3. In Section 4, the CC
of the proposed ASIMOMBM is formulated. Numerical analysis of the proposed ASIMOMBM

is presented in Section 5, while conclusions are drawn in Section 6.

Notation: Bold italic lowercase/uppercase symbols denote vectors/matrices, while regular letters
represent scalar quantities. ||-||z represents Frobenius norm, Q(-) represents the Gaussian Q-

function, E{-} is the expectation operator, argmin(-)/argmax(-) represents the minimum or
w w

maximum value of an argument with respect to w, R{-} represents the real part of a complex

number and i represents a complex number.

2.1 System model of ASIMOMBM

The system model of the proposed ASIMOMBM scheme is illustrated in Figure 2.1. A single
transmit antenna with m,, RF mirrors located around the transmit antenna and Ny receive

antennas are assumed.

Output
bits

H N
IE?ILSH —{ Transmitter @ Y Receiver  —>
Ng

Myt RF mirrors

Adaptive Unit (v

Transmission
Candidate Channel
Selection Information

Feedback Link

Figure 2.1 System model of the proposed ASIMOMBM scheme.
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In the ASIMOMBM system, three transmission candidate modes are employed, which are chosen
to satisfy a target spectral efficiency. These are based on: SIMO (Mode 1), MB-SSK (Mode 2)
and SIMO-MBM (Mode 3). The total spectral efficiency associated with each mode is
Mgy = log,M bIsIHZ, myp_ssxk = myp bIs/HZ and mgyo-_mpm = l0gzM + myf bis/Hz,
respectively, where M is the order of the APM constellation, and m,. is the number of RF mirrors
located around the transmit antenna. The log, M bits modulate the constellation symbol x,, q €
[1: M] for the SIMO-MBM and SIMO systems. In addition, the m,., bits activate the RF mirrors
to transmit the modulated symbol for the SIMO-MBM and MB-SSK schemes.

As an example, the following configuration settings maybe employed for a target spectral
efficiency of 4 b/s/Hz: Mode 1. 1 x 2 16-QAM, Mode 2: 1 x 2 with m,; = 4 and Mode 3:

1 x 2 4-QAM with m,., = 2 are employed as the transmission candidate modes.

Assuming a slowly varying frequency-flat Rayleigh fading channel and full channel knowledge
thereof at the receiver, the IBEP for each transmission candidate mode is first computed at the
transmission candidate selection module (refer to Figure 2.1), the module then selects the mode
that minimizes the IBEP. The IBEP for selection of the mode is discussed in Section 3. Finally,
the index of the candidate is transmitted along a perfect low bandwidth feedback link to the

transmitter for the next transmission instant.

The Ny X 1 received signal vector ysimo, Yus—ssk and Ysimo-mem for each of the candidate

modes may be defined as [6, 9]:

Ysimo = \/; hx, +n (2-1a)
y mB-ssk =+/pHz mp-ssx +1 (2-1b)
SIMO—MBM SIMO-MBM

where p is the average signal-to-noise ratio (SNR), zyz_ssk = €px, Where x is a tone and e, is
an N,, X 1 vector with one unit entry at the £t position corresponding to the chosen MAP.
Likewise, zg;po-mpm = €pxq for SIMO-MBM, where the symbol x, is drawn from an M-ary

quadrature amplitude modulation (M-QAM) or an M-ary phase shift keying (M-PSK)
constellation, g € [1: M] and it is assumed that E{|xq|2} = 1. H and h are the frequency-flat

Rayleigh fading channel gain matrix and vector with dimension Nz X N,, and Ny X 1,
respectively. In each of the modes, the message signal is received in the presence of additive
white Gaussian noise (AWGN), which is represented as i with dimension N, X 1. The entries of

H, h and n are independent and identically distributed (i.i.d.) according to CN (0,1).
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The optimal maximum likelihood (ML) detector for each of the candidate modes SIMO, MB-
SSK and SIMO-MBM, respectively may be defined as follows:

Mode 1:

[x3] = argmin ([lysimo — o hxy|l,) (2-22)

qe[1:M] F
= argmin(”QSIMo”zZ: - ZR{yglMO Isivo})
qe[1:M]

Mode 2:

[‘?] = argmin (”yMB—SSK - \/5 HZMB—SSK”z) (2-2b)

£€[1:Npy] F
= argmin(||gyp_sskllZ — 2R{Y}5_ssk Imp—ssk})
L€[1:Ny]

Mode 3:

[2’, xq] = argmin (”ySIMO—MBM - \/; HZSIMO—MBM”IZ;)
qe[1:M]

£€[1:Noy]

(2-2¢)

= areg[inﬂillil(”gslMO—MBM”% - ZR{y?IMO—MBMgSIMO—MBM})
q B

P€[1:Ny]

where ggio = \/E hxgand g mp-ssk = \/; Hz mp-ssk
SIMO-MBM SIMO-MBM

In the next section, the IBEP expression for each candidate mode is formulated. The selection of
the active transmission mode is based on the IBEP.

2.2 Analysis of the Instantaneous Bit Error Probability for
ASIMOMBM

In this section, the IBEP for each candidate mode employed is formulated.

Mode 1 (SIMO):

The IBEP for the SIMO-based M-QAM system is formulated as [9]:
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1 1 3pllhliZ 1 2 [3elRllZ
Feu-omt = 1og 11 4(1 - \/_M> ANlwm-n|* (1 B W) NI (-3

where h is the frequency-flat Rayleigh fading channel gain with dimension N, x 1 and M is the

APM symbol employed.

In addition, the IBEP for the SIMO-based M-PSK system is computed as [1] (pg. 174):

2 , T
— 2 in [ — -
Peri_psic = log,M Q ( lR||%p sin (M)> (2-3b)

Note, in (2-3a, 2-3b), the Q(-) is completed via the bound given in [15] as:

(1—exp (—1.40x))exp (—%xz)

Qx) =

1.135v2mx

Mode 2 (MB-SSK):

The IBEP for the MB-SSK scheme can be evaluated similar to [6]. The IBEP for M-QAM and
M-PSK are the same in the case of MB-SSK scheme, considering the APM symbol is eliminated.

The general expression can be expressed as [6]:

& &2 N(8,2)
: ) 2-4
PeMB—SSK = zz N P(e{’ - eﬂ”) (2-4)
£=179=1 m

Y

where P(e{; - ez,|H) is the conditional pairwise error probability (PEP) of incorrectly choosing
the estimated MAP index e; given that the MAP index e, was transmitted and N(¢,?) is the

associated number of bit errors between the activation patterns of the RF mirrors £ and 2.

Employing the triangle inequality [16], the PEP can be derived as:
P(ee - eﬂ”) =P (”yMB—SSK - \/55”17 > ||yMB—SSK - ﬁ?”F) (2-5)

where g = He,, g = He;. H, e, are with dimension N x N,, and N,, X 1, respectively. By

simplification, (2-5) becomes:

(2-6)

Il/pg - ﬁ?llp)

P(e, > e)|H) =P >
(e, - e;|H) (IInllp N,
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d
P(e; > e;|H) =P (n > E)

where d = ||g — g . Therefore,

(1 — exp (~1408))exp (— 5 82)
1.135V2np

P(e; - e;|H) = (2-7)

where § = \/; lg - §||F

Mode 3 (SIMO-MBM):

The IBEP for the SIMO-MBM scheme can be computed employing a lower-bound approach

similar to [16] as:

P >P, + P,

€SIMO-MBM —

P,P. (2-8)

M—-oam ~ Taleym—qam
M—-PSK M-PSK

where P, is the bit error probability of the antenna index given that the symbol x, is perfectly

detected and P, is the bit error probability of the estimated symbol given that the antenna index is
perfectly detected. The bit error probability of the transmit antenna index estimation P, is

evaluated similar to [16] as:

M
PaSZ

q=1+¢=

=

m N,

3

N(¢,2)P(xpq » x@qu)
MN,,

(2-9)

[y
)
I

1

To get the PEP, we compute the joint probability distribution of the channel gain employing
moment generating function and alternative form of Q-function over a Rayleigh frequency-flat
fading channel with CN(0,1). The derived bit error probability of the transmit antenna index P,

considering the symbol is perfectly detected can be computed as:
P(x{’q d x2q|H) =P (”ySIMO—MBM - \/ngfq”F > ”ySIMO—MBM - \/ﬁﬁﬁ%llF)

where g = He, and g = He;. Employing the triangle inequality [16], (11) becomes:

P(x¢q = Xpq|H) = P (2||71||F > ||[\pgxeq — \/Zﬁxgq”F) (2-10)
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2
where |9l = \/Z’,fﬁl(n{{)z +YNE (n2)" and the k" element of 7 is given as [17]: m;, = nk +
(\/—1)17,‘3. I and Q represents the in-phase and quadrature components of the complex number.

(W{)Z,(Ué)z'“"(nkR)z'

Let n? = min 2 2 2 (» We get:
)" (3)" -, ()

Ng Ng
2 =
Plxtq = x1gH) = P 2 | 2+ > (02)" > Woxea — o3,
k=1 k=1

Finally, with some manipulation and the use of Q-function we arrived at:

—p (2 2Ngn? > ||\/pGxeq — \/E?x?q”F)

(2-11a)

IVPgxeq = JPgxs|
P(xpq - xz,q|H) =P (77 > N F)

Employing an alternative form of Q-function and taking P(xgq - xz,q|H) over joint probability

distribution of the channel gain. Therefore,

(1 — exp (—1.40a))exp (—%az)
1.135V2na

(2-11b)

P(X{)q - xz’qu) =

| Vogxea— oGy,

2./Ng

where a =

2.3 Computational complexity

The receiver complexity & for each candidate mode is formulated based on floating-point

operations (flops) similar to [18].

2.4 Computational complexity of Single-Input Multiple-Output

Considering a single-mode transmission, ||k||% can be re-written as h” h, of dimension 1 x Ny
by Np x 1 imposing a 2N, — 1 flops, which is evaluated N times and a look-up table (LUT)

(1—exp (—1.40x))exp (—%x2
1.135v2mx
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3
M-1)

4(1 —i) and

T can be precomputed in the IBEP expression formulated for M-QAM in

(3a). Likewise, in (3b), the IBEP expression /||k||Zp sin (%) for M-PSK can be precomputed.

Therefore, M-QAM and M-PSK imposes the same CC. This yield N;(2Np — 1) flops for M-
QAM and M-PSK, respectively.

2.5 Computational complexity of Media-based-Space Shift Keying

The LUT approach is employed for Q (-) bound in MB-SSK (Mode 2). Likewise, considering g =
He,, where H is of dimension Ny X N,, and e, of dimension N,, x 1. Therefore, the inner

subtraction and product of the Frobenius norm of ||g — g . in (7), imposes Ny and 2Ng — 1

flops, respectively. In addition, _2":’\, (£2)

m

imposes 2 flops, which is evaluated across N2 times. This

yield N2 (3Ng + 1) flops.
2.6 Computational complexity of Single-Input Multiple-Output-MBM

The IBEP for the symbol error for M-QAM and M-PSK has been evaluated initially in Mode 1.

N(£2)P(xq-xg|H)

Therefore,
MNg,

in (9) imposes 3 flops. Considering g = He,, where H is of

dimension N X N,, and e, of dimension N, X 1. The inner subtraction and product of the

Frobenius norm of ||/pgx, — \/ZEXQHF imposes Ny and 2Ny — 1 flops, respectively, which is

required across M and evaluated N2 times. Likewise, the division and 2,/Ng in (11) imposes 2

flops. This yields a total of MN2 (3Ng + 4) flops.
Hence, the overall CC imposed by ASIMOMBM is:

Sy—gam = Np(2Ng — 1) + 3NZNg(1 + M) + NA(1 + 4M) (2-12a)

Su—-psk = Np(2Ng — 1) + 3NANR(1 + M) + NA(1 + 4M) (2-12b)

2.7 Numerical analysis and discussion

In this section, the Monte Carlo simulation results obtained for the proposed ASIMOMBM system
is presented. We consider the bit error rate (BER) versus SNR in dB. Full knowledge of the
channel is assumed at the receiver and a perfect low-bandwidth feedback link to the transmitter
is employed. In all cases, ML detection is assumed and two receive antennas are considered in all
cases, i.e. Ny = 2. The notation (N7, Ny M), (Ny, Ng m,,)and (Ny, Ng M, m,) isemployed
to denote the configuration of SIMO, MB-SSK and SIMO-MBM, respectively.
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Figure 2.2 Comparison of BER performance for (a) 4 b/s/Hz and (b) 6 b/s/Hz for M-QAM.

Figure 2.2(a) and Figure 2.2(b) demonstrates the performance comparison between the
conventional SIMO system, MB-SSK, SIMO-MBM and ASIMOMBM system, with a spectral
efficiency of 4 b/s/Hz and 6 b/s/Hz, respectively. In the Monte Carlo simulation results obtained,
the proposed scheme (ASIMOMBM) outperforms its counterparts.

In Figure 2.2, it is clearly evident that employing the ASIMOMBM system achieves a better
performance when compared to SIMO, MB-SSK and SIMO-MBM systems.

Table 2.1 summarizes the SNR gains achieved with respect to the proposed scheme when
compared to the conventional SIMO system, MB-SSK and SIMO-MBM systems.

Table 2.1: SNR gain (dB) of the ASIMOMBM system, based on M-QAM employing N; = 2

Scheme SNR gain of ASIMOMBM at a BER of 1075
4 b/s/Hz 6 b/s/Hz
SIMO 4.4 dB 5.1dB
MB-SSK 2.1dB 1.3dB
SIMO-MBM 1.1dB 1.0dB
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Figure 2.3 Comparison of BER performance for 4 b/s/Hz and 6 b/s/Hz for M-PSK.

Table 2.2: SNR gain (dB) of the ASIMOMBM based on M-PSK with N = 2

SNR gain of ASIMOMBM at a

Scheme
BER of 1075
4 b/s/Hz 6 b/s/Hz
SIMO-PSK 6 dB 15dB
MB-SSK-PSK 2dB 2dB
SIMO-MBM-PSK 1dB 0.5dB

Figure 2.3(a) and Figure 2.3(b) presents the performance comparison between the conventional
SIMO system, MB-SSK, SIMO-MBM and ASIMOMBM system with M-PSK APM, with a
target spectral efficiency of 4 b/s/Hz and 6 b/s/Hz, respectively. In the Monte Carlo simulation

results obtained, the ASIMOMBM system outperforms its counterparts. The SNR gains achieved

with respect to the proposed scheme is tabulated in Table 2.2.

Table 2.3 presents the imposed CC on ASIMOMBM, with the following settings for M-QAM
and M-PSK: the 4 b/s/Hz system is equipped with a modulation order of 16-QAM and 16-PSK,
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respectively, i.e. M = 16. Likewise, the 6 b/s/Hz system is equipped with a modulation order of

64-QAM and 64-PSK, respectively, i.e. M = 64. Each system is equipped with 4 RF mirrors,

such that N,,, = 16 and two receive antennas.

Table 2.3: Imposed CC for ASIMOMBM for M-QAM and M-PSK with N, = 2.

Scheme 4 b/s/Hz 6 b/s/Hz
M-QAM 42,767 165,647
M-PSK 42,759 165,639

2.8 Conclusion

In this Chapter, an adaptive scheme for SIMO employing RF mirrors was investigated to improve

error performance. A decision metric to choose the transmission candidate mode was based on

minimizing the IBEP per transmission instant. The Monte Carlo simulation results obtained reveal

an improvement over its counterparts, viz. the conventional SIMO, MB-SSK and SIMO-MBM.
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Media-Based Single-Symbol Generalized Spatial Modulation

3 Introduction

Spatial modulation (SM) [1], is an innovative form of multiple-input multiple-output (MIMO)
scheme, which employs the spatial dimension to convey additional information. The requirement
for a single radio frequency (RF) chain in SM eliminates inter-antenna synchronization (1AS) and
inter-channel interference (ICI) experienced in conventional MIMO systems. However, the major
criticism of SM s its data rate enhancement, which is proportional to the logarithm base-two of
the total number of transmit antennas. This is unlike other spatial multiplexing techniques, such
as vertical Bell laboratories layered space-time architecture (V-BLAST) [2], where the data rate

increases linearly with the number of transmit antennas.

In addition, the demand for high data rates in multimedia services requires schemes with superior
error performance and throughput. However, an increase in spectral efficiency leads to a high
complexity due to a large number of transmit antennas required for transmission [3]. This is
another setback in SM, due to the transmit antenna constraint, which led to the introduction of
single-symbol generalized spatial modulation (GSM) [3], employing the same symbol across

multi-active transmit antennas.

GSM [3] maps information bits to the index of a transmit antenna combination, allowing a
relatively large number of points to be chosen in the spatial constellation. This alleviates the
requirement for a large number of transmit antennas, as in the case of SM. However, the error

performance of GSM is slightly degraded when compared to SM due to the average power effect.

In [4], a multi-symbol GSM system (M-GSM) was proposed, where multiple amplitude/phase
modulation (APM) symbols are transmitted via the selected transmit antenna combination. It is
evident from the Monte Carlo simulation results obtained [4], that M-GSM achieves a significant
improvement in terms of error performance over the GSM system of [3]. However, M-GSM
experiences several setbacks, such as the requirement of multiple RF chains and high
system/computational complexity (CC), hence limiting practical implementation and increasing

cost.

Recently, media-based modulation (MBM) [5-8] employing RF mirrors [6-8] was proposed. This
creates unique channel fade realizations based on the status of the mirrors being either active or
in-active. MBM has the benefit of linearly increasing the throughput [5] and improving the error
performance of a MIMO system. In MBM, high throughput is achieved by considering the RF
mirrors around each transmit antenna independently, such that the number of bits related to the

spatial portion of the system linearly increases with the total number of the RF mirrors employed.
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Furthermore, improved error performance is achieved with MBM via the selective use of the RF
mirrors, which create different channel fade realizations that form the modulation alphabet. In
MBM, only a single transmit antenna is needed to create the modulation alphabet [8].
Additionally, in classical systems, transmit antennas are sufficiently separated, in order to yield
independent fading, while RF mirrors can be placed side-by-side in the MBM-based scheme, as
there is no fundamental constraint on mirror separation. Several other advantages were discussed
in [5].

In [8, 9], an MBM-based scheme was investigated for the M-GSM system of [4] termed
generalized spatial media-based modulation (GSM-MBM), where multiple APM constellation
symbols are employed. The scheme yields a high spectral efficiency since it employs
simultaneous transmission of symbols and mirror activation pattern (MAP) indexing coupled with

multiple RF chain imposing high CC.

However, the same disadvantages of M-GSM, as outlined earlier, apply to the scheme of [8, 9].
Hence, we are motivated to investigate MBM for the single-symbol GSM scheme of [3] to

mitigate the drawbacks of [9].

The contributions of this paper are as follows: a) We formulate a single-symbol GSM system with
RF mirror-based MBM, hereinafter referred to as S-GSM-MBM. We investigate the use of unique
MAP indices at each transmit unit for the proposed scheme. b) The theoretical average bit error
probability (ABEP) is formulated to validate the simulation results obtained for the proposed
scheme. c) In order to further improve error performance, MAP selection algorithm for S-GSM-
MBM is introduced. Based on complete channel knowledge, we investigate the effect of an
optimal MAP selection approach in the S-GSM-MBM system, which is based on maximizing the

minimum Euclidean distance among transmission vectors.

Likewise, the effect of sub-optimal MAP selection, based on computing the channel amplitude
and antenna correlation to eliminate the poor channel(s) at every transmission instant is
investigated. The Monte Carlo simulation results obtained demonstrate a trade-off between the

CC and error performance.

The structure of the remainder of the paper is as follows: In Section 2, the system model of the
proposed S-GSM-MBM system is presented. Section 3 formulates the theoretical ABEP and
MAP selection for S-GSM-MBM is presented in Section 4. Numerical analysis of the proposed
S-GSM-MBM is presented in Section 5, while conclusions are drawn in Section 6.

Notation: Bold italic lowercase/uppercase symbols denote vectors/matrices, while regular letters

represent scalar quantities. ||-|| represents Frobenius norm, Q(-) represents the Gaussian Q-
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function, argmin(-)/argmax(-) represents the minimum/maximum value of an argument with
w w

respect to w, () represents the binomial coefficient, i represents a complex number, R{-}

represent the real part of a complex number and |-] represents the nearest integer less than the

input argument.

3.1 Single-Generalized Spatial Modulation-Media-based Modulation

In this section, we first investigate an S-GSM-MBM system, where N, MAP indices are

employed to activate the RF mirrors at every transmission instant.

3.1.1 System model

Figure 3.1 presents the system model of the proposed S-GSM-MBM system equipped with Ny
transmit units, each surrounded with m,.» RF mirrors and Ny antennas at the receiver, to transmit
an APM symbol via the channel H, of dimension Ng X Ny, Ny, where Hy = [Hy H, -+ Hy, |

and N,,, = 2™,

Input
bits

Output
bits

S-GSM-MBM E
Detector

APM ) Spatial D
[l))its

Symbol

Janiwsuel |

WAIN-INSO-S
=4
JEINEREN

Figure 3.1 System model of the proposed S-GSM-MBM system

The spectral efficiency of the proposed S-GSM-MBM is given as m = log, (M) + llog2 (%T)J +
a

Ngm, s bls/Hz, where M, Ny, N, and m,.; represents the APM constellation size, total number
of transmit antennas, number of active transmit units and number of RF mirrors at each transmit

unit, respectively.

Hence, a system with the following settings: M = 4, Np = 4, N, = 2 and m,f = 2,i.e. N, = 4
will yield a spectral efficiency of 8 b/s/Hz. The spectral efficiency of the same configuration in a
conventional GSM system will yield only 4 b/s/Hz. In this case, unique MAP indices at each
transmit unit are employed to activate the RF mirrors, which will be employed to transmit the

modulated symbol.
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. N . I ——
Given the set of N, = (NT> transmit antenna combinations, N; antenna combinations are
a

selected, where Ny = 211°82(No)l. The channel H,,, j € [1:N,], employed for transmission is
independent and identically distributed (i.i.d) as CN (0, 1) with N; X N,,, dimension correspond-
ing to the k" combination of the form k = (k1 kNa) in the presence of additive white Gaussian

noise (AWGN) n of dimension N x 1. The modulated symbol is transmitted through a

channel Hy, of N X N, dimension. Therefore, the N X 1 received signal vector y can be

written as:
Ng

y = /P/Na Z Hyeq, xq 1 (3-1)
=1

where p is the signal-to-noise ratio (SNR), x,, q € [1: M] represents the APM symbol, ¢ €

[1: Nyp], j € [1:N,], e, is an Ny, x 1 vector with £ non-zero position corresponding to the
]

chosen MAP, set to unity. Table 1 presents an illustration of the mapping procedure for the S-
GSM-MBM system.

Table 3.1: Example of mapping process for the S-GSM-MBM system using 4-QAM.

Symbol Antenna bits

Input bits . .
P N MAP index MAP index
Configuration -, (M”l]" (NT)J logz( T)J
&2 &2 Na logz M N(l mrf bItS mrf bItS
+ Namry bits bits

N
log, M llogz (NT)J mybits  m; bits
a

N,=2 .
bits bits My =2 My =2

M=4 [10] [00] [01]
[10]

Ny =4 10100001 Xq ) ey, ey,
]:

N, =4 =1+1i =[1000]" =Jo100]"

M=4 [11] [00] [01]
[01]

Ny =4 11010001 Xq ' e, e,
]:

Ny =4 =1-1i =[1000]" =Jo100]"
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Table 1 presents an example of the mapping process for the proposed S-GSM-MBM system. The
input bits [1 0 1 0 0 0 0 1] are divided into four sections, such that one section modulates the APM

symbol [1 0] based on log, M, the second section [1 O] choose the transmit unit based on
[logz (%T>J the third section [0 0] selects the RF mirror to transmit the first APM symbol and
a

the fourth section [0 1] selects the second RF mirror to be employed to transmit the redundant

copy of the APM symbol each based on m,..

3.1.2 Maximum Likelihood detector

The received signal vector y is detected optimally employing the maximum likelihood (ML)
detector, which searches the entire signal space of M constellation points, all possible transmit
antenna index combinations and MAP indices. The S-GSM-MBM ML detector can be defined as

[9]:

2

Nq
- - ~ _ . p
[fkl, Uy Ko Xg | = argmint |1~ / /Naz Hy;e;, xq (3-2a)
PE[1:Np,] J=1 F
keyx

where x is the set of all transmit antenna combinations, the k" combination is of the form

(kq -+ k). The detection rule of (2a) can be simplified as:

(21 2y, o 2g] = argmin(llgll3 — 2R{y" g})
@ q€[1:M]

£€[1:Ny,]
keyx

(3-2b)

Ng
where g = p/Na Z].=1ije{;ijq.

3.2 Computational complexity at the receiver

The receiver complexity for the proposed S-GSM-MBM system is formulated based on complex
multiplications and complex additions of the ML algorithm, similar to [10]. The ML detector
searches over q € [1: M], £ € [1: N,,,] and k € y resulting in 2™ points. Considering the received

signal vector y of dimension Nz x 1 with channel matrix Hy,, of dimension N X N,, where k;

corresponds to the chosen transmit units, the MAP vector of dimension N,,, X 1 and the symbol
x4 across M modulation order and N, transmit units. The complexity of resolving g yields Ny N,
complex multiplications, which searches across M and the complexity of computing ||g||% yields
Ng complex multiplications. Similarly, resolving y* g yields N complex multiplications and

Ny — 1 complex additions.
Hence, the complexity of (3-2b) for the proposed S-GSM-MBM across Ny receive antennas and
2™ points is:
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Sup—gsm = 2"(Ng(Ng +3) + M — 1) (3-3a)

GSM-MBM of [9], employs unique MAP indices, coupled with unique symbols across N,
transmit units. Therefore, the ML detector searches over MV, Hence, resolving g and computing
llgll in [9], yields Ny N, complex multiplications across MNe and Nr complex multiplications,
respectively. Resolving y g yields N complex multiplications and N — 1 complex additions.

Hence, the complexity of GSM-MBM of [9] across N, receive antennas and 2™ points is:
Sup-csmo) = 2™ (Ng(Ng + 3) + MNa — 1) (3-3b)

Table 3.2 illustrates the complexity comparison for the proposed scheme and GSM-MBM of [9],
employing the ML detector of (3-2b).

Table 3.2: Receiver complexity comparison for the ML detector, employing Nz = 4 and M = 4.

8b/s/Hz 10b/s/Hz 12b/siHz 14 bis/Hz
N,=2 N,=2 N,=3 N,=3

Scheme

S-GSM-MBM 5,888 23,552 110,592 442,368

GSM-MBM [9] 8,960 35,840 159,744 638,976

3.3 Average BER analysis for the proposed scheme

In the single-symbol GSM system, one symbol is transmitted across multiple active antennas,
based on the analysis of average BER for conventional SM [11], minor modifications may be

made to the analytical result for single-symbol GSM. In [11], the average BER is given as:

Pe 21— ((1-F)(1-Pp))
:Pa+Pb_Pan

(3-4)

where P, is decomposed into two parts, P, the bit error probability of the antenna index estimation
given that the APM symbol is perfectly detected and P, the bit error probability of the estimated

symbol given that the antenna index is perfectly detected.

For single-symbol GSM, we treat the system as if a single antenna was employed, similar to SM.

Still, the antenna error needs to be adjusted since multiple transmit antennas convey the APM
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symbol. Based on N, active antennas, the antenna error is modified as N, P, using an average

SNR £

a

For the symbol error, we simply modify the average SNR as Nﬁ. These modifications result in a

a

bound for the single-symbol GSM system. We apply these modifications, taking into account RF
mirrors around transmit antennas, to arrive at the average BER of the S-GSM-MBM system.

Hence, employing a union bound on PEP, P, can be computed as [11]:

DT s (i TEET

MW W
EDPH) : @)

q=1j=1j=1

where G = WMlog,(W) with W = NN, u = %(1 - /# ) N(j,}) represents the number of

bit errors between the transmit antenna j and the estimated transmit antenna j. y = Ni |xq|2, due

to N, active transmit antennas.
Employing square M-QAM, P, is computed similar to [11] and [12] as:

Nr

1 (a 1( 2 )NR a( 1 ) fa
" log,M \ c[2\bp + 2 2\bp +1 (
Z 2sin20  \"R N zil 2sin20  \"R
—a) bp + 2sin20 o bp + 2sin?%6

1 3
Wherea—l—\/—ﬁ,b—m,

of the trapezoidal approximation of the Q-function [12]. p is considered as Ni. Hence, the overall

a

(3-6)

0= g and c is the number of summations ¢ > 10, for convergence

error P, > N, P, + P, — N, P, Pp.
3.4 MARP selection for S-GSM-MBM system

Similar to Fig. 1, a system model with N transmit antennas, each surrounded with M, RF
mirrors, M,; > m,s, which creates N, = 2Mrr distinct MAPs. The system requires only
2™rf MAPs out of the total 2Mrs possibilities per transmission interval, so as to achieve the
required spectral efficiency. Therefore, based on complete channel knowledge at the receiver, a
MAP selection algorithm is required to select 2™f MAPs out of 2Mrf MAPs for each transmit
unit. The index of the chosen MAPs is relayed to the transmitter via a perfect feedback link for
the next transmission interval. RF mirrors that are not used are simply switched OFF, such that

only m,., RF mirrors are controlled.
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In the literature, different optimization criteria have been investigated. For example, in [13-15],
an optimal Euclidean distance-based transmit antenna selection (EDAS) technique was employed
to further improve the system reliability, based on the maximization of the minimum Euclidean

distance between transmission vectors. However, the method has a high CC.

On this note, in [16-17], a low-complexity sub-optimal antenna selection algorithm based on the
maximization of the channel amplitude and minimization of the antenna correlation was proposed
in order to reduce the CC of [14-15]. Similarly, in [18], the same algorithm based on [14-15] was
employed with a corresponding low-complexity algorithm approach. A trade-off in terms of CC
and error performance was demonstrated in the results obtained.

In this section, we investigate the effect of optimal and sub-optimal MAP selection algorithms for

the proposed S-GSM-MBM system, employing the following techniques:

a) MAP selection based on EDAS
b) MAP selection based on channel amplitude (norm-based).

¢) MAP selection based on channel amplitude and antenna correlation.

Since the CC and memory requirements of N, > 2 are extremely high when applied to S-GSM-
MBM, which renders the method impractical. Two actives transmit antennas, i.e. N, = 2 are

considered for all MAP selection algorithm considered in this paper.
3.4.1 Euclidean distance-based MAP selection

In this section, an optimal approach to select the MAPs that maximize the minimum Euclidean

distance between the transmit vectors is presented. The performance achieved in the system is
. . . N
greatly improved at the cost of high CC and memory requirements. Let Ng = ( NmT) denote the
m
number of enumerations of selecting N,,, MAPs out of N,,,, MAPs for the k" transmit unit.

Employing the nearest neighbour approximation similar to [19], the PEP of the GSM system for

a given channel is:

P(xq = x3) = 2Q Nﬁadrznin (ij) (3-7)

where A is the number of neighbor points, Q(-) is the Gaussian Q-function, dZ,;,, (ij) is the

minimum squared Euclidean distance between a pair of symbols given as %lithklxq + hy,xq —
€x

hi, xq — hkzx@”F' The minimum Euclidean distance must be maximized in order to improve the
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error performance of the system by adjusting the transmit parameters of dZ;, (H k].). Hence, the

Euclidean distance metric for the S-GSM-MBM system can be formulated as [19]:

i — i — by xq — b, x5
IED_r]?el)? ||hk1xq+hkzxq hklxq hkzxq”F (3-8)

qEL:M
xq:tXa

where hkj and h,;]_ are the N x 1 channel vector gain representing the selected and estimated

transmit antennas of the k" combination. The optimal enumeration of MAPs is then chosen based

on:

Isetectea = a,rgmaX(ILiED) (3-9)
i€[1:N,]

3.4.2 Norm-based MAP selection

In this section, the effect of maximizing the channel amplitude based on the channel that exhibits
the highest energy is investigated. The channel vectors are arranged in ascending order such that
the channel corresponding to each transmit antenna set with the highest energy is employed for

the next transmission interval, such that:

2
Ihl2 = 1Rol2 = - = (|, |l = - = ||, || (3-10)

The selected N,, MAPs are then employed in the subsequent transmission interval.

3.4.3 Channel amplitude and antenna correlation mirror activation pattern
selection

In [16], a low-complexity antenna sub-optimal selection technique is investigated for the SM
system, which demonstrates a low CC when compared to the EDAS approach of [18]. This is due
to the exhaustive search of the EDAS system between the transmit vectors. Therefore, comparing
the optimal MAP selection algorithm presented earlier with a low-complexity MAP selection in
S-GSM-MBM system in terms of error performance will be worthwhile. This motivates us to
investigate a low-complexity MAP selection based on channel amplitude and antenna correlation
in the S-GSM-MBM system.

In the proposed topology, the combination of channel amplitude and antenna correlation is
employed, discarding transmit antennas based on low amplitude and high correlation similar to
[16], [20]. An algorithm based on the channel amplitude and antenna correlation as applied to S-
GSM-MBM proceeds as follows:
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Algorithm one
Step 1: Construct an Ng X Ny, X Ny channel matrix:

H=[hy h,  hn,] (3-11)

Step 2: Sort the vectors in (11) by computing the vector norm and arrange them in ascending
order.

Step 3: Select the first N,,, + 1 vectors of the sorted vector, to form the matrix H:
H = [h1 h2 e th+1] (3‘12)

Step 4: Compute the angle of correlation [15, 16] for all possible pairs of the MAP combinations
(hkl' hkz):

h.,"h
6 = arccos <M> (3-13)
i 1 [, 1

where the number of combinations is given by (N’;\;“).

Step 5: Select the channel gain vector corresponding to the largest correlation (smallest angle),
and eliminate the channel gain vector with the smallest vector norm.
The selected channel vector is then relayed to the transmitter via the perfect feedback link and

employed in the next transmission interval.

3.5 Numerical analysis and discussion

In this section, the Monte Carlo simulation results obtained for the S-GSM-MBM system is
presented. We consider the average BER versus the average SNR in dB. Full knowledge of the

channel is assumed at the receiver. In all cases, ML detection is employed.
3.5.1 Average BER performance of S-GSM-MBM system

In Fig. 3-2, the system performance of the S-GSM-MBM scheme is demonstrated. Likewise, the
evaluated theoretical ABEP results formulated in Section 3 is presented. We employ the notation
(NT, Np M, Ng, mrf). A system configuration setting of 4 x 4, 4-QAM with N, = 2, which
yields a spectral efficiency of 8 b/s/Hz is considered in Fig. 3-2. Similarly, a spectral efficiency
of 10 b/s/Hz is considered, with a configuration setting of 8 x 4, 4-QAM. In each setting, unique
MAP indices are employed to activate the required RF mirrors. The Monte Carlo simulation
results obtained reveal a tight fit with the average theoretical result obtained validating the scheme
for both the 8 b/s/Hz and 10 b/s/Hz.
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Figure 3.2 BER performance of S-GSM-MBM (N, = 2) for 8 b/s/Hz and 10 b/s/Hz.
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Figure 3.3 BER performance of S-GSM-MBM (N, = 3) for 12 b/s/Hz and 14 b/s/Hz.
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In Figure 3.3, the S-GSM-MBM scheme is equipped with three active transmit antennas (N, =
3), considering a 12 b/s/Hz and14 b/s/Hz system. The Monte Carlo simulation results obtained

revealed a tight fit with the average theoretical result obtained validating the scheme.

Figure 3.4(a) and Figure 3.4(b) present the performance comparison between the conventional
GSM, SM, MB-SM and the proposed S-GSM-MBM system with the same spectral efficiency of
8 b/s/Hz and 10 b/s/Hz, respectively. From the Monte Carlo simulation results obtained, the S-
GSM-MBM system outperforms every other scheme considered both in 8 b/s/Hz and 10 b/s/Hz,

respectively.

The SNR gain achieved with respect to the proposed S-GSM-MBM system in Figure 4(a) and
Figure 4(b), respectively with two active transmit antennas N, = 2, i.e. taking S-GSM-MBM
with two active transmit antennas as the reference point to calculate the SNR gain achieved is
tabulated in Table 3.3.

Considering the improved error performance achieved in media-based modulation via the
selective use of the RF mirrors, which create different channel fade realizations that form the
modulation alphabet [9] as against the conventional index modulation schemes, where the

transmit antennas create the channel fade realizations.

Therefore, a single transmit antenna with two RF mirrors i.e. m,, = 2 around it, will create four
different channel fade realization (2™rf = 4) as against one channel fade realization in
conventional index modulation scheme. Hence, the availability of eight transmit units will exhibit

an improved error performance when compared to four transmit units.

It is clearly evident from the Monte Carlo simulation results obtained that employing a media-
based modulation technique based on RF mirrors achieved better system performance. At a BER
of 107>, a significant improvement is achieved with an SNR gain of approximately 3.5 dB when
compared to MB-SM. In addition, the result of the theoretical framework for each configuration
setting also demonstrates a tight fit with the simulation results, which validates the proposed

scheme.

The notation (Ny, N M) is employed for the GSM and SM system while notation
(Ng, Ng M, m,;) and (Ny, Ng M,Ng,m,f) is employed for the MB-SM and S-GSM-MBM

configuration settings, respectively.

54



10

Fl

8 b/s/Hz 0 10 b/s/Hz
r r r 10 r r r
-=-©-- GSM (4,4,64) K --©-- GSM (8,4,64) E
==4-= SM (4,4,64) I ==4-= SM (16,4,64) I
-=%-- MB-SM (4,4,16,2) H | ==%-= MB-SM (8,4,32,2) ~
—| ==%-= S-GSM-MBM (4,4,4,2,2) [1 --%-= S-GSM-MBM (8,4,4,2,2)
10" e, 10" ’;‘
W O v
‘\K\ . N ('Y
\ ,ﬁ I *‘
\‘ 5 1“ Y \%
v A \
-2 i; K\Q\ -2 “ \
10 A 10 X \
K" 1
kY \ 1
ﬁ _‘¥ \ “% 5 ‘._ ‘j_‘.‘\‘
® \ L @ “ ".‘
\ K\ \ ik
5 VAN 5 W
10 L 10 \ Wi
- A\ 1 ‘\
W — e e
LV Y hYY X A
X 1 [y
WA A
VLo VoY
10* S U\ 10" (S
= ‘3 x;‘ V)
L1 LY
¥ LN Y
1 1 ) \ 1
> \ “\ ‘q 5 X \ .\:\
10 ' ' 10 1
0 5 0 15 20 25 30 0 5 10 15 20
Es/No, (dB)
(@)

Es/No, (dB)

(b)

respectively.

Figure 3.4 BER performance comparison of GSM, SM, MB-SM, and S-GSM-MBM for 8 b/s/Hz and 10 b/s/Hz,

Table 3.3: SNR gain (dB) achieved, with respect to the S-GSM-MBM system

Schemes 8 b/s/Hz 10 b/s/Hz
GSM 7.5dB 6.5dB
SM 6.5 dB 5.5 dB

MB-SM 3.5dB 5 dB
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Figure 3.5 BER performance comparison of S-GSM-MBM (N, = 3) and S-GSM-MBM (N, = 2) employing for 12
b/s/Hz and 14 b/s/Hz.

Figure 3.5(a) and Figure 3.5(b) presents the performance comparison between S-GSM-MBM

system with N, = 3 and N, = 2 for 12 b/s/Hz and 14 b/s/Hz, respectively. The Monte Carlo
simulation results obtained revealed that S-GSM-MBM with N, = 3 outperforms every other

scheme considered. The SNR gain achieved with respect to S-GSM-MBM with N, = 3 in Figure
3.5(a) and Figure 3.5(b) is tabulated in Table 3.4.

Table 3.4: SNR gain (dB) achieved, with respect to the S-GSM-MBM with N, = 3.
Schemes 12 b/s/Hz 14 b/s/Hz
S-GSM-MBM
3.2dB
(No = 2)

3.5dB

3.5.2 Average BER performance of S-GSM-MBM with MAP selection

Figure 3-6(a) and Figure 3-6(b) presents the Monte Carlo simulation results obtained for the S-

GSM-MBM system employing MAP selection algorithm. In the MAP selection algorithm, we

considered N, = 2 and Ny = 2 with a spectral efficiency of 8 b/s/Hz and 10 b/s/Hz, respectively.
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The notation (N7, Ny M, m,,) is employed for the conventional S-GSM-MBM system, while
the notation (NT, Ng, M, M, f, mrf) is employed for the MAP based schemes.

The performance comparison between the conventional MB-SM, S-GSM-MBM and S-GSM-
MBM with the MAP selection algorithm is revealed in Fig. 3-6(a) and Fig. 3-6(b), respectively.
In the Monte Carlo simulation results obtained, S-GSM-MBM with MAP selection algorithm
exhibits a superior performance than the conventional S-GSM-MBM system. However, S-GSM-
MBM with the MAP selection algorithm based on EDAS outperforms every other scheme
considered. Furthermore, S-GSM-MBM with norm-correlation MAP selection algorithm
outperforms the S-GSM-MBM with norm-based MAP selection algorithm. Significant
improvement is achieved in terms of error performance in S-GSM-MBM with MAP selection
algorithm compared to the conventional S-GSM-MBM system. An SNR gain of approximately
9.5 dB is achieved at a BER of 10> with respect to EDAS technique when compared to the
conventional MB-SM and 8 dB when compared to the S-GSM-MBM system. The SNR gain
achieved with respect to S-GSM-MBM with optimal mirror activation pattern (MAP) algorithm
(EDAS) with two active transmit antennas N, = 2 in Figure 3.6(a) and Figure 3.6(b) is tabulated
in Table 3.5.

Table 3.5: SNR gain (dB) achieved, with respect to the S-GSM-MBM with EDAS.

Schemes SNR gain of S-GSM-MBM with EDAS
8 b/s/Hz 10 b/s/Hz
MB-SM 9.5dB 8dB
S-GSM-MBM 8dB 6 dB
Normnse) OB 28
> GSM-MBM 5.5 dB 15dB

(Norm-Corr)
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Figure 3.6 BER performance comparison of MB-SM, S-GSM-MBM and S-GSM-MBM with MAP algorithm for 8
b/s/Hz and 10 b/s/Hz.

3.6 Conclusion

In this Chapter, media-based modulation was investigated in the GSM system, based on antenna
combination per transmission instant incorporated with RF mirror to enhance the spectral
efficiency and improve the error performance of the system. The topology based on the S-GSM-
MBM technigue exhibits an improved error performance when compared to the conventional
GSM, SM and MB-SM system of the same spectral efficiency. Likewise, the effect of MAP
selection algorithm has been investigated in the S-GSM-MBM system. The Monte Carlo
simulation results obtained revealed a trade-off between the optimal and sub-optimal MAP

selection algorithm considered, in terms of the error performance and CC.
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CHAPTER 4

Conference Article 1

This article has been published in the proceedings of SATNAC 2018. The detail is as follows:

S. Oladoyinbo, N. Pillay, H. Xu, “Single-Symbol Generalized Quadrature Spatial Modulation,”
in Proceedings of the South African Telecommunication Networks and Applications Conference
(SATNAC) pp. 370-375, Sep. 2018.
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Single-Symbol Generalized Quadrature Spatial Modulation

4 Introduction

An innovative form of multiple-input multiple-output (MIMO) system is spatial modulation (SM)
[1], which requires a single radio frequency (RF) chain at every transmission interval and
improves on the major setbacks experienced in the conventional MIMO system. The basic idea
behind SM is the use of a transmit antenna index to convey additional information in conjunction
with amplitude/phase modulation (APM). The attractiveness of the SM scheme brought about a

great interest in the research community.

The requirement of a large number of transmit antennas to achieve a high data rate in the SM
system impose high complexity [2, 3], which limits its practical implementation in terms of
complexity/cost. This brought about generalized spatial modulation (GSM) [4], an SM-based
scheme, which maps information bits to the index of a transmit antenna combination, allowing a
relatively large number of points to be chosen in the spatial constellation. Thus, reducing the
required number of transmit antennas for transmission. However, the performance of the GSM

system is degraded when compared to the SM system due to the average power effect [4].

Similarly, another criticism of SM is the logarithmic relationship between the number of transmit
antennas and the spectral efficiency. This is unlike vertical Bell Laboratories layered space-time
architecture (V-BLAST) [5], which has a linear relationship. This brought about an enhanced
spectral efficient form of SM called quadrature spatial modulation (QSM) [6].

QSM employs transmit antennas in an innovative manner to convey additional information by
extending its spatial dimension to the in-phase and quadrature dimensions. The APM symbol is
further decomposed into real and imaginary components. This allows significant enhancement in
the overall throughput of the system. Significant improvement in terms of spectral efficiency/error

performance is achieved in QSM when compared to SM and single-symbol GSM [4].

QSM maintains the benefit of SM, as outlined earlier, by modulating the decomposed symbol into
cosine and sine carriers, respectively, eliminating inter-antenna synchronization and inter-channel
interference experienced in the conventional MIMO system, making the system more energy-
efficient [7].

Nevertheless, higher data rates are always desirable in wireless communication, but an increase

in data rate in these systems requires additional transmit antennas, imposing high complexity.

This led to generalized quadrature spatial modulation (GQSM) [8], which employs a unique

symbol transmitted across multi-active transmit antenna groups. The spectral efficiency
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associated to the GQSM system [8] is n,(log,(M) + 2) b/s/Hz, where n;, is the number of
transmit antenna groups and M is the APM modulation order. Hence, a 4 X 4,4-QAM
configuration setting in GQSM, yields a spectral efficiency of 8 b/s/Hz as against 6 b/s/Hz in the

conventional QSM system.

GQSM [8], experiences several limitations, such as the requirement of multiple RF chains, due
to simultaneous transmission of unique symbols, imposing high computational complexity (CC).
Hence, limiting practical implementation. This motivates us to investigate a single-symbol
GQSM (SS-GQSM) scheme, which requires only a single RF chain, thus, imposing a low

hardware complexity.

The contributions of this paper are as follows: we investigate the use of an identical symbol set
transmitted across a unique transmit antenna group for the proposed SS-GQSM system. This will
allow the use of a single RF chain, thereby reducing the complexity of the system. Furthermore,
the theoretical average bit error rate (BER) of the proposed scheme is formulated to validate the

Monte Carlo simulation results obtained.

Finally, the effect of link adaptation is investigated in the proposed SS-GQSM and multi-symbol
GQSM schemes, employing an optimal technique to select the transmit antennas that maximizes
the minimum Euclidean distance. Likewise, a sub-optimal low-complexity transmit antenna
selection algorithm based on the maximization of the channel amplitude and minimization of the
antenna correlation is investigated. This technique exhibits a low CC when compared to the
Euclidean distance antenna selection (EDAS) technique, coupled with superior performance

when compared to other sub-optimal transmit antenna selection techniques in the literature.

The structure of the remainder of the paper is as follows: In Section II, the proposed SS-GQSM
system model is presented and analysis of the average BER is presented in Section IlI. The
formulated CC is presented in Section IV, while the proposed closed-loop SS-GQSM system is
presented in Section V. Numerical analysis of the proposed schemes is presented in Section VI,

while conclusions are drawn in Section VII.

Notation: Bold italic lowercase/uppercase symbols denote vectors/matrices, while regular letters
represent scalar quantities. ||-|| represents Frobenius norm, Q(-) represents the Gaussian Q-

function, argmin(-)/argmax(-) represents the minimum/maximum value of an argument with
w w

respect to w, () represents the binomial coefficient, i represents a complex number, R{-}

represent the real component of the complex number, |-| represents the Euclidean norm, [-]7

represent transpose and || represents the nearest integer less than the input argument.
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4.1 Generalized quadrature spatial modulation

In [8], simultaneous transmission of a unique symbol is introduced to the QSM system termed
GQSM, in which n, symbols are transmitted across n;, transmit antenna groups. The spectral
efficiency is given as: m = n,(log, (M) + 2) b/s/Hz, where M is the APM modulation order, n,,

is the number of transmit antenna groups, such that each group is equipped with two transmit
antennas, i.e. n, = % This configuration setting exhibits an improved error performance at the

cost of high complexity [8].

4.1.1 Proposed single-symbol generalized quadrature spatial modulation system
model

The spectral efficiency m associated to the proposed SS-GQSM is 2n,;, + log, (M) b/s/Hz, for

example a 6 X 4,16-QAM setting in SS-GQSM requires an 8 X 4, 16-QAM setting to yield the

same spectral efficiency of 10 b/s/Hz in QSM. The log, M bits modulates the vector xé, which is

further decomposed into real and imaginary components and 2n,, bits select the transmit antenna

J

required for transmission. Thereafter, the modulated vector x;

is transmitted over a complex
channel matrix H; of dimension Ng X Nr,, where Ny, is the number of transmit antennas
associated with each group, i.e. Ny, = 2. The channel H; is assumed to be independent and

identically distributed (i.i.d) with distribution CN (0,1) in the presence of additive white Gaussian

noise (AWGN) n, of dimension N x 1. The Ni X 1 received signal vector y can be defined as:

np
y = /P/nb Z Hyx) +n (4-1)
7

wherexé is further decomposed into real and imaginary components of the form

J 4aj ;. 4j

x; =[x7 ix;’]" of dimension Ny, x 1 ,j € [1:n,], q € [1:M], p represents the average

signal-to-noise ratio (SNR) at each receive antenna.

Figure 4.1 presents the system model for the SS-GQSM system, where N transmit antennas and
Np receive antennas are assumed. Likewise, Table 4.1 presents an illustration of the mapping

process for the SS-GQSM system.
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Figure 4.1 System model for the SS-GQSM system.
Table 4.1 Mapping process for the proposed SS-GQSM system
Configuration Input bits First Second Third Fourth Group 1 Group 2 Group 3
m=2n, +
Antenna  Antenna  Antenna  log,(M)
log, (M) . . : . - - -
bits bits bits bits
b/s/Hz
M=4 [10] [11]
[01]
Ny =4 101101 Nr, = Nr, = - L1 [-1i,—1] [0,—1—1i] -
-1-—-1i
n, =2 Np,=1 Np, =2
M=16 [11] [01] [01]
[1010]
Ny =6 1101011010 N, =1 Np =1 N =1 33 [3—3i,0] [3,—3i] [3,—3i]
—-3i
n, =3 Np,=1 Ny, =2 Np,=2

4.1.2 Detection
The received signal vector y of dimension N, x 1 is demodulated optimally employing maximum
likelihood (ML) detection, such that:

Jjel1mp]

2
np
[jll"':jnb'x]ﬁ = argmin Y_J'D/nszj xi] (4-2)
q€e[1:M] J

F

a A jl _ : 2 H

v+ Iy X | = argmin(llgllz — 2R{y" g})

[]1 ]nb q] fe[glznb] g F y g (4_3)
q€e[1:M]

where g = H; xé.
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4.2 Average BER analysis for Single-Symbol Generalized Quadrature
Spatial Modulation

A lower bound approach is employed to formulate the theoretical average BER for the proposed
SS-GQSM, based on the analysis of the conventional SM system [3]. Considering identical

symbol is transmitted across multi-active antennas/groups. The general expression is given as:

P 21— ((1-F)(1~-Pp))

(4-)
:Pa+Pb_Pan

where P, is the bit error probability of the antenna index given that symbol is perfectly detected
and Py, is the bit error probability of the estimated symbol given that the antenna index is perfectly
detected.

In the SS-GQSM system, we treat the system as if a single antenna was employed, similar to SM,

but the antenna error P, and symbol error P, are modified, employing an average SNR NL and nﬂ,
T b

respectively, since multi-active transmit antennas convey the APM symbol over n, antenna

groups. These modifications result in a bound of the average BER for the SS-GQSM system.

Therefore, the average BER of the transmit antenna index estimation P, is evaluated similar to
[3] as:
Nt N LA 1 7
L — N(],])P(xé - xé|Hj)

M
P, < Z
q=1j=1j=1 MNrlog,(Nr)

(4-5)

where P ( X, > X ) is the conditional pairwise error probability (PEP) of choosing xq given

that x{z was transmitted and N (j, j) is the number of bit errors associated to the transmit antennas.

To obtain the average PEP, we compute the joint probability distribution of the channel gain
employing the moment generating function and alternative form of Q-function over a frequency-
flat Rayleigh fading channel. The derived PEP of the transmit antenna index P,, considering the
symbol is perfectly detected can be computed similar to [3], employing the triangle inequality

rule with some modifications. The closed-form expression for the PEP becomes [3]:

Ng—1
Np—14+w
P (= ) =ate 5 (M) - “
k=1
where u = %(1 - /ﬁ) and a = |x '+ qu’|2 considering N active transmit antennas.
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The bit error probability of the symbol P, can be estimated similar to [3] and [9], assuming the

antenna index is perfectly detected.

The closed-form expression of P, over a frequency-flat Rayleigh fading channel is presented in
[3] and [9] as:

Ng

1
(k) = ( ) -2 +a
b (k) = 10g2M< [ bp + 2\bp+1 +(
2sin2g  \"F N zil 2sin20  \"R
bp bp + 2sin20 = bp + 2sin?6
i=

0= %, ¢ is the number of summations ¢ > 10, for convergence

(4-7)

1 3
wherea—l—ﬁ,b—m,

of the trapezoidal approximation of the Q-function [10] and p = n%.

4.3 Computational complexity analysis

The receiver complexity of the proposed SS-GQSM system is formulated based on complex
multiplications and complex additions of the ML algorithm of (4-2). The ML detector searches
over g € [1: M] across n;, antenna groups resulting in 2™ points. Considering the received signal
vector y of dimension Ng X 1 with channel matrix H; of dimension Ng X Nr,, je[1:n,] and the
symbol xé of dimension Ny, x 1 across n,, transmit antenna groups. g and ||gl|7 yields Nin,

complex multiplications and N, complex multiplications, respectively across M. Resolving y' g

yields Np complex multiplications and N — 1 complex additions.
Hence, the receiver complexity of (4-2) for SS-GQSM across n;, groups with 2™ points is:
8ss—gosm = 2™ (Ng(Mny, +3) — 1) (4-8a)

In addition, GQSM of [8] employs unique symbols across n, groups. Therefore, the ML detector
searches over M™. Hence, resolving (2) in [8],g and ||g|l? yields Ngn,M™ complex
multiplications and N complex multiplications, respectively. Resolving y* g yields N complex
multiplications and N — 1 complex additions. Hence, the receiver complexity of (4-2) for the

GQSM of [8] across n,, groups with 2™ points is:
Scosmis] = 2™ (Ng(M™ny, +3) — 1) (4-8b)

Table 4.2 illustrates the complexity comparison of the SS-GQSM and GQSM of [8], employing
Np = 4 and M = 4 for ML detector of (4-2).
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Table 4.2 Receiver complexity comparison for GQSM of [8] and SS-GQSM.

8b/s/Hz 12 bl/s/Hz 12 b/s/Hz

Scheme
n, = 2 n, = 2 n, = 3
) 11,008 176,128 241,664
GQSM
GQSM
8l 35584 569,344 831,488

4.4 Improved Single-Symbol Generalized Quadrature Spatial
Modulation via Link Adaptation

In this section, Nr,:4; transmit antennas are allocated to each group, such that n, Ny,¢q; transmit
antennas are available and Ny > Nr,. Ny, transmit antennas is selected for each antenna group
at each transmission interval. Considering the CC of n, > 2 is extremely high for the GQSM
system rendering the method impractical. We considered n;, = 2 for all transmit antenna selection

algorithm considered in this paper.

4.4.1 Euclidean distance-based transmit antenna selection

In this sub-section, the effect of EDAS technique is investigated in the SS-GQSM system,
improving the performance of the system optimally, based on the transmit antennas that maximize
the minimum Euclidean distance. The performance of the system is greatly improved but at a cost

of high CC and memory size. n,Nrq¢q; transmit antennas are considered, where Nro¢q; > Ny,

N . . .
Let Ny = ( ;{;’Twl), which denotes the number of enumerations of selecting N, antennas out of
[1

Nrorq: antennas for the £t group. The Euclidean distance metric for selecting the required

transmit antenna for the SS-GQSM system can be formulated as [11]:

tgp = r,?el)r(l (L

aj | . q; aj . qj 2 )
X +lh}'1 X _th XR _Lhil X ”F (4-9)

qe[1:M]

where x is the set of all transmit antenna combinations, the k" combination is of the form
(kl'"kzv”)- (hj,, hj) and (h;,, h;,) are the Np x 1 channel gain vectors representing the

selected and estimated transmit antennas of the k" combination, respectively.

The final optimal enumeration of antennas is chosen based on:

68



tehoosen = argma(izp) (4-10)
LE[1:Ng

4.4.2 Channel amplitude and antenna correlation-based transmit antenna
selection

The sub-optimal transmit antenna selection based on channel amplitude and antenna correlation

of [12] is investigated in the SS-GQSM system and GQSM of [8]. This technique demonstrates a

low CC when compared to the EDAS technique.

In the proposed topology, the channel vectors are arranged in ascending order such that the
channel with the highest energy corresponding to each transmit antenna set is employed for next

transmission interval. Such that:

2 2 2
|17 = (IR 7 = - = ||y

(4-11)

Nrotal ll

where thT . l,j € [1:n,] is the channel gain vector corresponding to the jt" antenna group.
ota

Furthermore, antenna correlation, which concept was investigated in [12], discarding transmit
antennas based on high correlation is further employed to eliminate the worse channel among the
chosen set, employing the angle of correlation [2, 12] for all possible pairs combinations.
— H_
|hj1 h;,

0 = arccos | == (4-12)
7 ] N1

where the number of pairs combination is given by (NTbe”).

The selected channel vector are relayed to the transmitter via the perfect feedback link and
employed in the next transmission interval.

4.5 Numerical analysis

The notation (NT, Np M, nb) is employed for the SS-GQSM and GQSM system of [8] in the

Monte Carlo simulation results obtained.

In Figure 4.2, the performance comparison for the GQSM of [8], SS-GQSM and QSM system is
presented. The GQSM of [8], SS-GQSM and QSM system are equipped with 4 X 4,4 QAM,
4 x4, 16-QAM with n,, = 2, 6 X 4, 4-QAM with n, = 3 and 4 X 4, 16-QAM, respectively,

which yields a spectral efficiency of 8 b/s/Hz. The Monte Carlo simulation results obtained reveal
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that the GQSM of [8] exhibits significant improvement over the SS-GQSM and QSM scheme.
However, the SS-GQSM imposes a low CC of approximately 70% reduction over the GQSM of

[8].

The trade-off between that GQSM of [8] and the proposed SS-GQSM, in terms of performance
and complexity is revealed in the Monte Carlo simulation results obtained and the computed CC
in Section IV. As the GQSM of [8] outperform the SS-GQSM at a cost of high CC, at a BER of
1075 at high SNR region, a significant improvement is achieved in 8 b/s/Hz configuration settings

with n, = 2 and n,, = 3 with an SNR gain of approximately 0.9 dB and 4.8 dB, respectively.

In addition, as the number of group increases, i.e. as the required number of transmit antennas

increases the performance of the SS-GQSM is improved compared to the GQSM of [8].

The theoretical average BER result for each setting demonstrates a tight fit with the Monte Carlo

simulation results, validating the proposed scheme.
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Figure 4.2 BER performance comparison of GQSM, SS-GQSM and QSM for 8 b/s/Hz.
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Figure 4.3 BER performance comparison of improved GQSM and improved SS-GQSM for 8 b/s/Hz and 12 b/s/Hz,

respectively.

Likewise, the performance comparison for the GQSM of [8] and SS-GQSM is presented in Figure
4.3. The GQSM based on the EDAS technique outperforms the SS-GQSM based on the EDAS
technique, norm-correlation based SS-GQSM and norm-correlation based GQSM. Furthermore,
GQSM with a norm-correlation based antenna selection algorithm outperforms the SS-GQSM
with EDAS based antenna selection algorithm. Significant improvement is achieved in terms of

error performance in the GQSM and SS-GQSM scheme with antenna selection algorithm

compared to the conventional GQSM and SS-GQSM. An SNR gain of approximately 3 dB is
achieved at a BER of 10> with respect to GQSM based on the EDAS technique when compared

to the conventional GQSM and an SNR gain of 2 dB when compared to the SS-GQSM scheme
with respect to SS-GQSM based on EDAS technique.

Generating a BER at a high SNR region is difficult and takes time, considering the BER becomes
very low in this region. For example, a BER at 10~> means only one bit out of millions of bits
will be in error. Therefore, ensuring the results obtained are statistically correct and significant,

each SNR of interest we simulate in this paper most generates a prescribed number of errors. As
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we need about 1000 (or more) errors at each SNR point in the low SNR region and about 100

errors at the high SNR region, to have confidence that our BER is statistically valid.

4.6 Conclusion

The SS-GQSM scheme has been investigated in this Chapter, based on antenna grouping per
transmission instant with the requirement of a single RF chain to reduce the complexity of the
system. The topology, which is based on the SS-GQSM approach, exhibits a low CC when
compared to the GQSM system of [8] with the same spectral efficiency. Likewise, the effect of
link adaptation has been investigated in the SS-GQSM system. The Monte Carlo simulation
results obtained reveal a trade-off in the optimal and sub-optimal transmit selection algorithm

considered in terms of the error performance and CC.
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Generalised Quadrature Spatial Modulation in Two-way
Decode-and-Forward Relaying Cooperative Networks

5 Introduction

Tremendous promise has been shown over the years with regards to the high-capacity
transmission and improved link reliability in multiple-input multiple-output (MIMO) systems [1].
This has led to several innovative forms of MIMO schemes being proposed in the literature [2-
5].

An example to consider is spatial modulation (SM) [2], an improved MIMO scheme, which
requires only a single radio frequency (RF) chain per transmission interval and improves upon
the major setbacks experienced in the conventional MIMO systems. The basic idea behind SM is
the use of a transmit antenna index to convey additional information in conjunction with the
amplitude/phase modulation (APM). However, the requirements of a large number of transmit
antennas to achieve a high data rate in SM limits its practical implementation in terms of

complexity/cost. This brought about generalized spatial modulation (GSM) [3].

GSM is an SM-based scheme, which maps information bits to the index of a transmit antenna
combination, allowing a relatively large number of points to be chosen in the spatial constellation.
This reduces the number of transmit antennas required for transmission. However, the system

performance of GSM is degraded when compared to SM due to the average power effect [3].

Similarly, in the study of Jinlin et al. [4], a multi-symbol GSM system (M-GSM) was proposed,
where multiple APM symbols are transmitted via the selected transmit antenna combination. It is
evident from the Monte Carlo simulation results obtained [5] that M-GSM achieves a significant
improvement in terms of error performance over the conventional GSM system. However, M-
GSM requires multiple RF chains, which impose high system complexity; hence, limiting
practical implementation. This led to an enhanced spectral efficient form of SM called quadrature
spatial modulation (QSM) [5].

QSM employs transmit antennas in an innovative manner to convey additional information by
extending its spatial dimension to the in-phase and quadrature dimensions. The APM symbol
employed in QSM is decomposed into its real and imaginary components, which are modulated
into cosine and sine carriers, respectively. QSM requires a single RF chain and is more energy-
efficient compared to GSM. Furthermore, QSM exhibits an improved error performance
compared to SM and GSM [3].

More recently, an improved spectral efficient QSM scheme termed generalized quadrature spatial

modulation (GQSM) was proposed [6]. In GQSM, the available transmit antennas are divided
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into n;, groups, which transmits a unique symbol across the multi-active transmit antenna groups.
The data rate associated with the GQSM system [7] is n;, (log,M + Nr,) b/s/Hz, where n,, is the
number of transmit antenna groups, Nr, is the number of transmit antennas in each group and M
is the APM modulation order. A GQSM scheme requires 4 transmit antennas coupled with 4-
quadrature amplitude modulation (QAM) to achieve a data rate of 8 b/s/Hz. The same
configuration settings in the conventional QSM system vyields a data rate of 6 b/s/Hz. Hence,
GQSM achieves a relatively high data rate with few transmit antennas when compared with SM,
GSM, M-GSM and QSM [6].

Cooperative relay-based communication systems have shown tremendous promise in terms of
enhancing link reliability. This is achieved by employing multiple relay nodes (active or passive

nodes) available in the communication network as a virtual antenna to transmit user information

[71.

The commonly known cooperative relay configurations are decode-and-forward (DF) and
amplify-and-forward (AF) [7]. In DF, the received signal at the relay node is decoded and re-
transmitted to the destination. Similarly, in AF, the received signal at the relay node is firstly
amplified then forwarded to the destination. In both cases, the communication between the source
and the target node is conducted over two-time slots/phases [8]. Thus, enhancing the reliability

of the system.

Motivation: In the literature [8-11], two -way relaying has been proven as a spectral efficient
relaying scheme. This technique employs two or more source nodes, which are allowed to
simultaneously transmit a message block to the relay node. The relay node estimates the received
signal and applies the network coding principle on the received messages, such that one data block
is extracted and transmitted towards all source nodes. Each source node can then obtain the

message block of the other node via reversing the operation performed at the relay [8].

In the study of Asil et al. [9], a two-way relaying technique was investigated in SM to improve
the error performance of the conventional SM system. This was achieved by employing the
multiple relay nodes available in the network as a virtual antenna to improve the error

performance of the system coupled with improved spectral efficiency.

Similarly, in [8], the two-way DF relaying technique is investigated in QSM. This exhibits
significant improvement over the conventional QSM and one-way DF-QSM relaying system in
terms of error performance. Meanwhile, as stated earlier, GQSM exhibits several advantages over
QSM, such as the requirement of fewer transmit antennas to achieve a high data rate. Likewise,

GQSM outperforms QSM in terms of error performance. Hence, two-way DF-GQSM is expected
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to outperform two-way DF-QSM in terms of error performance. This motivates us to investigate
two-way DF relaying with GQSM.

Contributions: The contributions of this paper are as follows: a) We investigate the two-way DF
relaying technique with two source nodes, which simultaneously transmit a message block to the
relay node employing the GQSM modulation technique. The received signal at the relay node is
decoded, employing a maximum-likelihood (ML) detection algorithm and a network coding
principle is employed to formulate a new message block, which is forwarded towards all source

nodes. Each source node can then obtain the message block of the other node via network coding.

b) Secondly, we investigate one-way DF relaying for GQSM as a benchmark by transmitting
information from a single node to the relay node. The received signal at the relay node is DF to

the destination node over two-time slots/phases.

The structure of the remainder of the paper is as follows: In Section 5.1, the system model of the
proposed scheme is presented. The one-way relaying DF for GQSM is presented in Section 5.2
and numerical analysis of the proposed scheme is presented in Section 5.3, while conclusions are

drawn in Section 5.4.

Notation: Bold italic lowercase/uppercase symbols denote vectors/matrices, while regular letters
represent scalar quantities. ||-|| represents Frobenius norm, Q(-) represents the Gaussian Q-

function, argmin(-)\argmax(:) represents the minimum/maximum value of an argument with
w w

respect to w, () represents the binomial coefficient, |-| represents the Euclidean norm, &

represents the XOR operator, E{-} is the expectation operator and [-]7 represents transpose.

5.1 System model

In two-way DF-GQSM, data transmission is performed over two-time slots/phases, namely, the
transmission phase and the relaying phase. In the transmission phase, both source nodes (Node A

and Node B) transmit its message blocks x4 and xj to the relay node (Node R), simultaneously.

The transmitted message blocks from Node A and Node B are detected optimally at the relay
node. After that, network coding is employed to pre-code the estimated bits to generate a new
message block xg. This is transmitted to both source nodes (Node A and Node B),
simultaneously, in the relaying phase, such that Node R is the source node, while Node A and

Node B represent the destination nodes.

Figure 4.1 presents the system model of a half-duplex two-way DF relaying scheme for GQSM,

which consists of two source nodes (Nodes A and Node B), exchanging information via Node R.
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Node A, Node B and Node R are equipped with Nz ,, Ny, and N, transmit antennas,
respectively, coupled with the same number of RF chains. Likewise, the number of receive
antennas is denoted as Ng ,, Ng 5, Ng, for Node A, Node B and Node R, respectively, coupled
with the same number of RF chains. The antennas used for transmission in one phase are also
used for reception in the other phase. In both phases, the GQSM transmission model is employed

to transmit the message block.

For ease of presentation, we consider a typical system model of the conventional GQSM system
[6], which consists of a transmitter (source) as Node X and a receiver (destination) as Node Y.
The source node is equipped with N7, transmit antennas and the destination node is equipped

with Ng,, receive antennas. The total number of transmit antennas available in the system Ny,

are divided into ny, i.e.np, = N% transmit antenna groups, such that each group is equipped with

2 transmit antennas. The spectral efficiency associated with the GQSM scheme is given as: m =
ny(log, M + 2) b/s/Hz, where M is the M-QAM modulation order.

In each group, log, M bits modulate the M-QAM symbol and the remaining 2 bits is mapped to
the transmit antenna indices corresponding to the group, such that n;, log, M bits modulate n; M-
QAM symbols and 2n,, bits are mapped to the transmit antenna indices across all groups. If the
indices of the transmit antennas of a group are different, the M-QAM symbol of that group is
decomposed into its real and imaginary components. Therefore, each transmit antenna
corresponding to that group transmits either the real (xg.) or the imaginary (x;,,) component of

the decomposed symbol, such that E{|xz, + ix;,|?} = 1.

However, if the transmit antenna selected to transmit the real (xg.) and the imaginary (x;,,)
component of the M-QAM symbol of a group is the same; then, the symbol is transmitted as an
undecomposed symbol. Hence, xz, + x;,, is transmitted via the selected transmit antenna and the
other transmit antenna is silent. The complete transmission message block: xy = [x}( x;”]T of
dimension N7, X 1, which is composed of a concatenated output of all groups, where x%,

£e[1:n,] of dimension 2 x 1, is the message vector corresponding to the £¢" group.

Taking an example of a GQSM system with the following configuration settings: M = 4, Ny, =
4,i.e.n, = 2, a spectral efficiency of 8 b/s/Hz is yielded. Assuming the input bits m =
[00110101], the first 4 bits, i.e. [0 01 1] are employed in Group 1 and the last 4 bits, i.e.
[0 1 0 1] are employed in Group 2, such that the first two bits [0 0] in Group 1 and the first two
bits [0 1] in Group 2 selects the 4-QAM symbol —1 + i1 for Group 1 and —1 — i1 for Group 2,
respectively. Likewise, the last two bits [1 1] in Group 1 and the last two bits [0 1] in Group 2

selects the required transmit antennas for Group 1 and Group 2, respectively. Based on the input
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bits, the message vector in Group 1 given by x% is [0, —1 + i1]7, considering the transmit antenna
indices are the same. Likewise, the message vector in Group 2 given by x% is [—1,—i1],

considering the transmit antenna indices are different. Thus, xy = [0, —1 + i1, —1,—i1].

The message block xy is transmitted over a Rayleigh frequency-flat fading channel represented
by the complex channel gain matrix Hy, of dimension Ng, X Nz, with independent and

identically distributed (i.i.d) entries and CN(0,1) distribution. The modulated message block is
received in the presence of additive white Gaussian noise (AWGN) n, of dimension N, X 1

with CN(0,1) i.i.d entries. Hence, the received signal vector y, at Node Y can be written similar

to [8] as:
, p
Yy = n_HYXxX +ny (5-1)
b

where ni represents the average signal-to-noise ratio (SNR).
b

The message block is detected optimally employing the ML detector at Node Y, which searches
the entire signal space of constellation points and all possible transmit antenna indices. The ML

detector is defined as:

2

_ . /p

[Xx] = a;gg;n Yy — - Hy xx (5-2)
F

where X is the set of all possible message blocks from Node X.

Now we extend the above GQSM transmission model to the two-way DF-GQSM relaying

scheme.
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Figure 5.1 System model of the proposed two-way DF-GQSM relaying system

5.1.1 Phase 1: Transmission phase

In the transmission phase, Node A and Node B simultaneously transmit m bits to Node R
employing the GQSM modulation technique. The input bits a = [a4, -, a,,] at the source Node
A with the length given by n, (log, M, + 2) bits, where M, is the M,-QAM modulation order
employed at Node A is mapped to the message block x,4. Likewise, the input bits b = [by, -+, b, ]
at the source Node B with the length given by n;, (log, My + 2) bits, where M is the Mz-QAM
modulation order employed at Node B is mapped to the message block xz. The received message

blocks at the relay node from both source nodes are decoded, resulting in an estimate of 2m bits.

In a situation where the number of transmit antennas N, # Nr,, the modulation orders M, and

My are adapted accordingly, such that the target spectral efficiency is achieved.

The modulated message block is transmitted over a Rayleigh frequency-flat fading channel

represented as Hg , and Hp,, of dimension Ng, X Nr, and Ng, X N, for Node A and Node B,

respectively, with i.i.d entries and CN(0,1) distribution. The message blocks x, and xp are

received in the presence of AWGN ny of dimension Np, X 1 with i.i.d entries and CN(0,1)

distribution. Hence, the received signal vector y at Node R can be written as:
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’PA ’PB
Yr = _HRAxA + _HRBxB +nR (5'3)
np np

where Z—A and Z—B represents the average SNR corresponding to the transmission from Node A and
b b

Node B, respectively, Hg, and Hg, represents the complex channel matrices corresponding to

Node A and Node B, respectively. An ML detector is employed to estimate the transmitted

message block from the received signal vector yj at the relay node and is defined as:

2
~ . Pa PB
[X4,Xp ] = a;ferr)}fqn Yr — ’E Hp, x, + ’n_b Hp xp (5-4)
F

xp € Xp

where X, and X are the set of all possible transmission vectors corresponding to Node A and

Node B, respectively.

5.1.2 Phase 2: Relaying Phase

In the relaying phase, the relay pre-codes the estimated bits employing an XOR operation to

generate the bits r = [ry, -+, 13,,] using [8]:
r=a® b (5-5)

where @ and b are the estimated bits for Node A and Node B, respectively at Node R. The vector
r bits modulates the block x5, which is forwarded to both nodes (Node A and Node B) at the
second time-slot/phase, employing the GQSM modulation technique. This is transmitted from
Node R over a Rayleigh frequency-flat fading channel represented as a complex channel matrices
H,, and Hg, for Node A and Node B of dimension Ng, X Nr, and Ng, X Nr., respectively,
with i.i.d entries as CN(0,1). The message block is received in the presence of AWGN n, and ng
for Node A and Node B, respectively, with i.i.d entries as CN(0,1) of dimension Ng, x 1 and
Ng, x 1, respectively. The N, X 1and Nk, X 1 received signal vectors y, and yg at Node A

and Node B, respectively, can be written as:

Pr
Ya = ;_A Hy xp +ny (5-6)
np

Y= |5 Hp xp +ng (5-7)
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where %“ and pni: denotes the received SNR from the relay corresponding to Node A and Node

B, respectively. H,, and Hg, are the Rayleigh frequency-flat fading channels between the relay

and the source for Nodes A and Node B, respectively. An ML detection algorithm is employed to

detect the transmitted message block at both nodes. This is defined accordingly as:

2

~ . Pr
[%r,] = argmin |[y, — |2 H, xx (5-8)
XR € XR nb
F

~ . Pr
[%r,,] = argmin [|y5 — /—B Hp, xp (5-9)
XR € XR nb

where Xy, is the set of all possible message blocks from Node R. The detected vector is mapped

to the corresponding bit block for each node. Let #, represent the obtained bits block at Node A
and 7z be the obtained bits block at Node B. An estimated version of the transmitted bits can be
extracted from the other node by performing an XOR operation with its own transmitted bits,
such that [8]:

CA = ?.A @ a (5'10)
CB = f‘B @ b (5'11)

where C, is the estimated version of b obtained at Node A and Cj is the estimated version of a

obtained at Node B, thus, estimating the 2m bits.

In the next sub-section, we investigate one-way DF relaying for the GQSM scheme, which will

serve as a benchmark for comparison with the two-way DF-GQSM relaying technique.

5.2 Benchmark: One-way DF relaying for DF-GQSM

In one-way DF relaying, Node A transmits its message block to Node R. The message block is
decoded at Node R and then transmitted to the destination (Node B). The spectral efficiency
associated to one-way DF-GQSM relaying is m = M b/s/Hz, where M, is the M,-

QAM modulation order employed at Node A.

Note, in two-way DF-GQSM relaying, the spectral efficiency was given by n;,(log, M, + 2)
b/s/Hz. Hence, for identical spectral efficiency, a higher modulation order or a larger number of
transmit antennas are required in the one-way relaying technique.

Considering an example of a two-way DF-GQSM system with the following configuration
settings: My = 4,Np, = 4,n, = N% = 2, this yields a spectral efficiency of 8 b/s/Hz. In one-
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way DF-GQSM relaying, the following configuration settings are required to match the spectral

efficiency of the two-way DF-GQSM relaying: My = 64, Ny, = 4,n; = Nzﬁ = 2.

In the first time-slot/transmission phase, the complete transmission message block x, of
dimension N, X 1 modeled earlier in Section 5.1 is transmitted from Node A to Node R over a
Rayleigh frequency-flat fading channel Hg, of dimension Ng, X N, with entries modeled as
i.i.d complex Gaussian random variables with distribution CN(0,1). The message block is
received in the presence of AWGN ny of dimension Ng, x 1 with i.i.d entries distributed as

CN(0,1). Therefore, the Ng, X 1 received message block yg at the relay can be written as:

Pa
Yr = ’n_bHRAxA +nR (5'12)

The message block is detected optimally at the relay node employing the ML detection algorithm

to estimate the transmitted message block. The ML detector is defined as:

2

[x4] = argmin ||y; — fp—AHRAxA (5-13)
xXp€ X nb
F

where X, is the set of all possible message blocks from Node A.

In the second time-slot/transmission phase, the decoded message block at the relay node is
transmitted from Node R to Node B, employing the GQSM modulation technique over a Rayleigh
frequency-flat fading channel Hp, of dimension Ng, X Nr. with entries modeled as i.i.d
complex Gaussian random variables with distribution CN(0,1). The transmitted message block is
received in the presence of AWGN ng of dimension Ng, x 1 with i.i.d entries distributed as

CN(0,1). The Ng, X 1 received message block yg at Node B can be written as:

PB
yB = n_HBRxB + nB (5'14)
b

where xp is of dimension Ny, X 1. ML detection is employed at the destination node to estimate

the transmitted message block, which is defined as:

~ . PB
[X5] = ingErnXl; Y — n_bHBRxB (5-15)
F
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where X5 is the set of all possible message blocks from the relay node.

5.3 Numerical analysis and discussion

In this section, the Monte Carlo simulation results obtained for the two-way DF-GQSM relaying
system is presented. We consider the average BER versus the SNR in dB. Full knowledge of the

channel is assumed at the receiver.

The notation 2W and 1W represents two-way relaying and one-way relaying, respectively and
the notation (N, Ng, M, n;) is employed for the DF-GQSM relaying system. In all cases, ML

detection is employed.

Itis clearly evident from the Monte Carlo simulation results obtained (Figure 5.2, Figure 5.3) that
two-way DF-GQSM relaying with two groups, i.e. n, = 2 achieves an improved system
performance compared to when n, = 3. At a BER of 107>, two-way DF-GQSM with n, = 2
achieves an SNR gain of approximately 4 dB over two-way DF-GQSM relaying with n;, = 3.

Figure 5.2(a) presents the performance comparison between the two-way DF-GQSM relaying and
one-way DF-GQSM relaying, employing n;, = 2 and 3, respectively. The Monte Carlo simulation
results obtained revealed that the two-way DF-GQSM relaying exhibits superior performance
over its counterparts considered, with an SNR gain of approximately 8 dB and 12 dB compared
to the one-way DF-GQSM relaying with n, = 2 and 3, respectively. Likewise, one-way DF-
GQSM relaying with n,, = 2 outperform the one-way DF-GQSM relaying with n;, = 3 with an
SNR gain of 9 dB. The notation 1 represents one-way relaying and the notation (N, Nz, M, n})
is employed for the one-way DF-GQSM relaying.

The performance comparison between the two-way DF-GQSM relaying and two-way DF-QSM
relaying is presented in Figure 5.2(b). This comparison is limited to only two-way DF QSM
relaying as one-way DF-QSM will require 16 transmit antennas coupled with 256-QAM
modulation order to match the spectral efficiency of one-way DF-GQSM. Similarly, only two
groups, i.e. n, = 2 is considered as two-way DF-QSM relaying requires higher modulation order
coupled with a large number of transmit antennas to match the spectral efficiency of two-way DF-

GQSM. This imposes high system complexity.
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Figure 5.2 BER performance comparison of two-way DF-GQSM, one-way DF-GQSM and two-way DF-QSM.

The Monte Carlo simulation results obtained revealed that the two-way DF-GQSM relaying
exhibits superior performance over the two-way DF-QSM relaying with an SNR gain of 5 dB.
Furthermore, two-way DF-QSM relaying exhibits an improved system performance when

compared to one-way DF-GQSM relaying as expected with an SNR gain of 2.5 dB.

In Figure 5.3, a comparison is drawn between the conventional QSM system, GQSM system,
two-way DF-GQSM relaying, two-way DF-QSM relaying and one-way DF-GQSM relaying. In
this comparison, 12 b/s/Hz is considered for the QSM scheme as 128 transmit antennas coupled
with 256-QAM modulation order is required to match the spectral efficiency of two-way DF-
GQSM. Similarly, SM is not considered as 256 transmit antennas with a high modulation order
is required to match the spectral efficiency, which is not practical realizable as this will impose

high system complexity.

The Monte Carlo simulation results obtained revealed that the two-way DF-GQSM relaying
exhibits superior performance over its counterparts with an SNR gain of approximately 13 dB
compared to the conventional QSM system. In addition, two-way DF-QSM relaying exhibits an
improved system performance when compared to one-way DF-GQSM relaying, GQSM and QSM
while GQSM outperforms one-way DF-GQSM with an SNR gain of approximately 0.5 dB.

85



10 I I I T T T
' : : —e— QSM (4,4,256)
—+— GQSM (4,4,64,2) 1
—®— 2W-DF-GQSM (4,4,4,2) |1
* s Lo : —b— 1W-DF-GQSM (4,4,64,2)|
NG —0— 2W-DF-QSM (4,4,16,2)
10°'F \ TN, 5
. 1
AY
]
\
Y
\
1072 ® <
. 1
o
L
[a1]
107 .
X
AN
\
\
3
\
107 \ i
\
Y
)
\
\
\
1075 | | I I \
0 5 10 15 20 25 30

Es/No, (dB)

Figure 5.3 BER performance comparison of QSM, GQSM, two-way DF-GQSM, two-way DF-QSM and one-way
DF-GQSM

The comparison drawn in Figure 5.2 and Figure 5.3 reveals that significant improvement is
achieved in terms of error performance in a two-way DF-GQSM relaying technique compared to

its counterparts.

The Monte Carlo simulation results obtained with respect to the two-way DF-GQSM relaying in
Figure 3 revealed an SNR gain of approximately 4 dB, 5 dB, 8 dB, 17 dB compared to two-way
DF-GQSM relaying with n;, = 3, two-way DF-QSM relaying, one-way DF-GQSM relaying with
n, = 2, one-way DF-GQSM relaying with n, = 3, respectively.

Similarly, in Figure 5.3, the two-way DF-GQSM relaying reveal an SNR gain of approximately
7.5 dB, 8 dB and 13 dB compared to the conventional QSM system, the conventional GQSM
system and one-way DF-GQSM relaying, respectively.

5.4 Conclusion

In this Chapter, two-way DF relaying is investigated with GQSM to improve the error
performance of the system. The topology based on the two-way DF-GQSM relaying technique

employed n,;, groups coupled with two source nodes to transmit user information via the relay
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node. The received information at the relay node is decoded via an ML detection algorithm and a
network coding principle is employed to create a new message block, which will be forwarded to
the destination at the second time slot. Each source node can then obtain the message of the other

node via reversing the operation performed at the relay.

Likewise, a one-way DF-GQSM is introduced as a benchmark, which is compared to the proposed
two-way DF-GQSM in terms of error performance. In the Monte Carlo simulation results
obtained, the two-way DF-GQSM relaying with two groups exhibits an improved error
performance compared to the two-way DF-GQSM relaying with three groups, two-way DF-QSM
relaying and one-way DF-GQSM relaying.
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CHAPTER 6

Conclusion and Future Work

The conclusion and suggested future work of this thesis is presented in this chapter
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6 Conclusion

The background study coupled with the transmission model for the conventional MIMO schemes
was presented in Chapter 1, stating the benefits and the setbacks experienced in the scheme. This
led to several innovative forms of MIMO schemes found in the literature, which
improves/mitigates these setbacks. Thereafter, the contribution of this thesis is presented in the

preceding chapters

In Chapter 2, an adaptive scheme for media-based SIMO schemes was investigated. A decision
metric employed was based on minimizing the IBEP at every transmission instant. Hence, the
IBEP for each candidate mode considered was derived and the candidate mode with the minimum
IBEP was selected as the transmission mode. The Monte Carlo simulation results obtained
demonstrated an enhanced performance over its counterparts, viz. the conventional SIMO, MB-
SSK and SIMO-MBM.

In Figure 2.2, a spectral efficiency of 4 b/s/Hz and 6 b/s/Hz was considered for the Monte Carlo
simulation with M-QAM, it was clearly evident in the results obtained that the proposed

ASIMOMBM scheme achieves a better performance compared to its counterparts.

Similarly, in Figure 2.3, M-PSK was considered for the Monte Carlo simulation results and
ASIMOMBM scheme exhibits an improved error performance when compared to its
counterparts. The SNR gains achieved with respect to the proposed ASIMOMBM scheme is
tabulated in Tables 6.1 and 6.2 for M-QAM and M-PSK, respectively.

Table 6.1: SNR gain (dB) of the ASIMOMBM system, based on M-QAM employing N = 2

Schemes 4 b/s/Hz 6 b/s/Hz
SIMO 4.4 dB 5.1dB
MB-SSK 2.1dB 1.3dB
SIMO-MBM 1.1dB 1.0dB
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Table 6.2: SNR gain (dB) of the ASIMOMBM based on M-PSK with Ny = 2

Schemes 4 b/s/Hz 6 b/s/Hz
SIMO-PSK 7.5dB 14.5dB
MB-SSK-PSK 0.7dB 1.3dB
SIMO-MBM-PSK 0.6 dB 1.0dB

In Chapter 3, the application of RF mirrors was investigated with GSM to enhance the spectral
efficiency and improve the error performance of the system at a reduced hardware complexity.
The theoretical average bit error probability for the proposed scheme was formulated. In addition,
the effect of MAP selection algorithm was investigated in the S-GSM-MBM system. The S-GSM-
MBM technique demonstrates an improved system performance compared to the conventional

GSM, SM and MB-SM system of the same spectral efficiency.

The Monte Carlo simulation results obtained revealed that a media-based modulation technique
based on RF mirrors improves the system performance of the conventional GSM scheme.
Similarly, the proposed S-GSM-MBM achieves better performance when compared to MB-SM
in the literature. The theoretical analysis conforms well with the Monte Carlo simulation results,
which validates the proposed S-GSM-MBM scheme. The SNR gains achieved with respect to the
S-GSM-MBM scheme is tabulated in Table 6.3.

Table 6.3: SNR gain (dB) achieved, with respect to the S-GSM-MBM system

Schemes 8 b/s/Hz 10 b/s/Hz
GSM 7.5dB 6.5dB
SM 6.5dB 55 dB

MB-SM 3.5dB 5 dB

In addition, a MAP selection algorithm was introduced to the proposed S-GSM-MBM, which
further improved the error performance of the scheme. The S-GSM-MBM scheme with EDAS
based MAP selection outperforms its counterparts, followed by the S-GSM-MBM with norm-
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correlation based MAP selection algorithm. The SNR gain achieved with respect to S-GSM-
MBM with EDAS based MAP selection algorithm with N, = 2 is tabulated in Table 6.4.

Table 6.4: Achieved SNR gain (dB) with EDAS based S-GSM-MBM.

Schemes 8 b/s/Hz 10 b/s/Hz
MB-SM 9.5dB 8dB
S-GSM-MBM 8dB 6 dB
S-GSM-MBM (Norm-based) 6 dB 2dB
S-GSM-MBM (Norm-Corr) 5.5dB 1.5dB

Likewise, a comparison is drawn between the conventional index modulation schemes and the
proposed topology based on the optimal and sub-optimal MAP selection algorithm considered,

which revealed the trade-off in terms of the error performance and CC.

Similarly, in Chapter 4, we investigated a SS-GQSM scheme based on antenna grouping with the
requirement of a single RF chain to reduce complexity/cost. The proposed scheme exhibits a low
CC compared to the GQSM system of [8] with the same spectral efficiency. Furthermore, the
effect of link adaptation was investigated in the proposed SS-GQSM system and the theoretical
framework for the proposed scheme is derived. The Monte Carlo simulation results obtained
reveal a trade-off in the optimal and sub-optimal transmit selection algorithm considered in terms

of the error performance and CC.

The conventional GQSM scheme outperforms the SS-GQSM at the cost of high CC. The trade-
off in terms of error performance and complexity is evident in the Monte Carlo simulation results

obtained and the computed CC. The comparison is tabulated in Table 6.5 and Table 6.6.

Table 6.5 SNR gain (dB) achieved, with respect to the GQSM system

Schemes n, =2 n, =3

S-GSM-MBM 0.9dB 48dB

Table 5.6 illustrates the complexity comparison of SS-GQSM and the conventional GQSM
scheme with N, = 4 and M = 4.
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Table 6.6 Receiver complexity comparison for GQSM and SS-GQSM.

Scheme 8 b/s/Hz, ny, = 2 12 b/s/Hz, ny, = 2 12 b/s/Hz, n, =3
SS-GQSM 11,008 176,128 241,664
GQSM 35,584 569,344 831,488

The last contribution of this thesis was presented in Chapter 5, where we investigated two-way
DF relaying with GQSM to enhance the link reliability and improve the error performance of the
system. This was based on two-way DF-GQSM relaying technique employing Ny, groups
coupled with two source nodes to transmit user information via the relay node. The received
information at the relay node was decoded via ML detection algorithm and a network coding
principle was employed to extract the new bits, which was forwarded to the destination at the

second time slot.

In addition, we introduced a one-way DF-GQSM as a benchmark to draw comparisons in terms
of system performance. The results obtained revealed that the two-way DF-GQSM relaying with

two groups outperform all other configurations and schemes considered, as shown in Figure 5.4.

6.1 Future work

This study can be further aimed at providing future research advances in the following direction:

1. Improving receiver complexity: investigating a low complexity detector, such as sub-
optimal detector in S-GSM-MBM and SS-GQSM to further reduce the complexity of the
scheme to make the proposed scheme more realizable.

2. A decision metric of the minimum BER can be investigated in ASIMOMBM coupled
with a low-complexity detector.

3. Transmit antenna combination with minimized antenna correlation can be introduced to
the S-GSM-MBM system, such that each group employs a less correlated antenna

combination.
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