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ABSTRACT

This thesis is concerned with developing a novel way of transmitting information using non-

modulated symbols in sequence. In this scheme, which is named Space Shift Keying-Sequence

Modulation (SSK-SqM), multiple time-slots are used. This enables the proposed scheme to

accommodate the use of an odd number of transmit antennas instead of a multiple power of

two in the cutting-edge technology of spatial modulation schemes.

The proposed technique in this thesis is based on a unique sequence of frequency-flat fading

channels, on an incoming pattern of information bits. The flat-fading channels transmit data

exclusively in the spatial domain. The proposed mapping table for the transmitter is utilized to

build a system model equation. The suggested technique additionally incorporates the derived

system model equation and a simple maximum likelihood detector. In a single-input-multiple-

output (SIMO) setup, a validation framework is established by utilizing the mutual information

(MI) and sample variance (SV) criteria. The closed-form theoretical performance framework

for noise and flat-fading was then validated with a Monte-Carlo simulation, which was tightly

bounded. Simulations were carried out on Octave Software with the use of a signal processing

package.

The proposed scheme results show that a sequence of channels can be used as transmit entities

in index modulation. At the same time, enjoy the benefits of classical spatial modulation with

enhanced information security. The performance of the proposed model was evaluated using bit

error performance curves under the Additive White Gaussian Noise (AWGN) channel model in

flat-fading channels. Performance curves for the simulated transmission were compared with

theoretical bit error rate (BER) curves. The Rayleigh channel was shown to perform better

than the Rician when performance curves were compared. This was due to the fact that high

scattering of Rayleigh paths contributed to a low probability of error as the paths are used

for conveying information. The use of unique pattern assignment in the mapping table also

provides some security since the information can only be decoded if the same table is known

at the receiver. This was shown by a secrecy rate analysis employing a wiretap model. The

proposed model outperformed both the SIMO (Single-Input-Multiple-Output) and classical

SSK in terms of secrecy rate. The secrecy enhancement in the SSK-SqM, suits it well in security

sensitive scenario / systems such as in military, vehicle-to-vehivle (V2V) communication, as well

as space communication system. A reduction of about fifty percent in receiver computational

xiii



complexity was achieved in comparison to other state of the art techniques. The proposed

model can be generalized to accommodate various sets of receiver antennas in future work, also

using generalized fading distribution such as Nakagami-m as transmit entity.

xiv



CHAPTER ONE

INTRODUCTION

1.1 Background

The next generation of wireless communication systems has demanded an exponential and

immediate demand for high-throughput and low-energy digital transmission techniques, driven

by the popularity of mobile terminals and a vast range of data-intensive applications such as

Internet-of-Things-related services (IoT) [1].

There are many difficulties in dealing with wireless communication channels, which is the only

aspect the design engineer has less control over. In wireless communications, channel-fading

refers to the variation that the signal parameters experience due to propagation features of a

wireless channel. The numerical data model shows that the instantaneous power received over

some time resembles the realizations of random processes. As power intensity varies randomly,

it may tends to a negligible level, which in turn the wireless channel undergo a deep fade. The

wireless-fading channel’s random nature is significantly different compared to a wired channel,

which generally modeled as deterministic. In general, wireless propagation fading effects are

categorized into three types: large, medium-scale, and small-scale fast-varying path loss. The

third kind is represented by a random channel amplitude that follows a Rice distribution if

the line-of-sight (LOS) component is present, a Rayleigh distribution if the LOS component is

absent, or a Nakagami distribution that can approximate a Rayleigh or Rice distribution. [2], [3]

In wireless communication systems, a technique known as diversity is used to reduce the small-

scale fading effect. To put it simply, diversity is achieved by sending many copies of signals

over independent resource dimensions in order to reduce the likelihood of a deep fade. The

diversity gain, defined as the decaying order of the error probability curve as a function of

SNR, quantifies the performance gain associated by a diversity schemes. Diversity schemes can

be classified into the following types based on the system resource. [2]- [4]:

• Time diversity is accomplished by transmitting numerous copies of the same signal

across multiple time slots with independently responding channels.
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• Frequency Diversity obtained in a system that operates over a wide-band channel (i.e.,

with a large enough bandwidth) to distinguish different propagation paths.

• Space diversity is achieved by equipping the transmitter and receiver with multiple

antennas.

When multiple antennas are positioned at the transmitter, a technique called transmit diversity

is typically used to achieve diversity gain via a method called space-time coding (STC). On the

other hand, if the receiver has many antennas, the diversity gain can be accomplished using

combining strategies such as maximum-ratio, equal-gain, or selection combining, i.e., MRC,

EGC and SC. These are termed as receive diversity techniques.

Naturally, both the transmitter and receiver can utilize multiple antennas, a system with mul-

tiple inputs and multiple outputs (MIMO) is constructed. The advantage of a MIMO system

over a single-antenna system is that it can increase the capacity of a wireless connection with-

out increasing the required bandwidth. The more antennas a transmitter/receiver has, the

more signal paths are possible. The higher the data rate and link reliability, the better. V-

BLAST (Vertical Bell-Labs Layered-Space-Time) is a well-known application of this MIMO

strategy. This technique demultiplexes a data-stream into multiple individual streams known

as sub-streams for transmission over a network with multiple transmit antennas. However,

implementing this technique provides a difficulty in terms of mitigating inter-channel interfer-

ence (ICI) and guaranteeing inter-antenna synchronization (IAS) across data-streams sent by

separate transmit antennas. Additionally, this scheme necessitates a high level of decoding

complexity at the receiver. More importantly, V-BLAST cannot achieve the transmit-diversity

gain.

Spatial modulation (SM) has been presented as an enhanced and more versatile solution to

typical MIMO communication [5], [6]. Unlike a standard MIMO communication system, which

broadcasts multiple data-streams over all existing antennas, SM in MIMO (SM-MIMO) exclu-

sively transmits across a selection of available antennas. As a result of the limited quantity

of data streams, ICI as well as IAS are either eliminated or drastically suppressed. A dis-

tinguishing feature of SM is the ability to send additional information bits by appropriately

indexing (i.e., switching) between antenna subsets. SM-MIMO’s spectral efficiency will be

2



more than one symbol per channel when this feature is used. SM-MIMO is able to attain both

spatial-multiplexing as well as transmit-diversity gains associated with typical MIMO commu-

nications, but only having a few (or possibly a single) active broadcast antenna at any given

modulation time frame. [7]. By employing a limited number of RF path chains, signal pro-

cessing and circuitry design complexities are reduced considerably, hence increasing the energy

efficiency of the communication system. [8]. Energy efficiency, along with spectrum efficiency,

has been identified as a critical performance indicator for driving the design and optimization

of next-generation wireless transmission systems and protocols. In essence, energy efficiency

quantifies the throughput per unit of energy by explicitly considering energy consumption and

the complexity of the system. [9]. Recent analytical and modeling studies reveal that SM-

MIMO approaches are capable of outperforming a variety of state-of-the-art MIMO schemes.

The transmitter must have a sufficient number of antenna components, but only a few must be

active at the same time under this design. [10].

Among many systems, Spatial Modulation techniques (SMTs), which is an Index Modulation

(IM) in Spatial Domain (SD-IM), has been envisaged as one feasible digital modulation method

to suit future technology demands [11].

SSK is a low-complexity variant of SD-IM due to its uniqueness in conveying information

using only spatial domain, thus low-complexity at the receiver as only channels are required to

estimate the transmitted information, this is the primary advantage of SSK, but at the expense

of lower data rate when compared to other SMT’s. The proposed technique in this thesis was

able to boost the data rate of SSK while retaining the beneficial aspects of traditional SSK.

1.2 Problem statement

New applications like IoT imply skyrocketing in the number of wirelessly connected terminals.

Studies forecast that about 11.6 billion connected devices by next year [12] that have to comply

with next-generation wireless standards. Consequently, this necessitates better efficiency in the

spectrum and energy use, low cost, and improved reliability [13].

Spatial, Frequency and Time-Domain techniques use antennas, sub-carrier, and time-slots,

respectively, as transmitting entities. These techniques have demodulation complexity, receiver

errors, and low data rates that do not vary linearly with the number of transmitting entities in

3



SM [11]. This work opts to provide an alternative way of spatial modulation transmission by

using channels only in a unique sequence of patterns, i.e., channels as transmit entities.

1.3 Objective

To formulate a digital modulation scheme based on SSK in Sequence Modulation (SqM).

1.3.1 Specific Objectives

i) To Model Gaussian Channels as a transmitting entity in sequence modulation (SqM).

ii) To Simulate and validate the proposed Model under different SNR for BER.

iii) To analyze the secrecy rate and receiver computational complexity of the proposed model.

1.4 Justification

MIMO configuration schemes pose a lot of challenges due to inter-channel and inter Antenna

synchronization. The proposed modulation system can eliminate these drawbacks due to the use

of channels to convey information. With SqM in IM and flat-fading channels implementation,

this thesis is geared towards reducing receiver computational complexity, increase data rate and

enhace security by using channels in sequence for information transmission. This model can

transmit 4 bits of incoming information, use an odd number of transmit antennas, achieving

data rate 2
Nτ

log2(Nτ + 1) and increase data rate compared to classical SSK (⌊log2Nt⌋), where
Nτ and Nt are number of time-slot and antenna respectively. For the same transmit antennas

(say 3 antennas) SSK-SqM achieved 1.333 bpcu while SSK 1 bpcu.

1.5 Scope of Work

This thesis focused on developing a novel transmission scheme based on SSK in SqM. The

channel considered in this scheme is Rayleigh and Rician Flat fading with added white Gaus-

sian noise (AWGN). The Modeling is done on Octave and Signal Processing package. Three

sequences of channels in three-time slots were used to transmit four bits of information. De-

coding at the receiver was done when all three-time slots were received.
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1.6 Thesis Organization

The rest of the thesis sections are set up as follows: Literature review, system model, and

theoretical system model equation in chapter 2, chapter 3 is the methodology, while chapter 4

is the results and Analysis, and chapter 5 is the conclusion and recommendations. Finally, the

references used are listed and Appendices, published papers, and similarity index report are

attached.
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CHAPTER TWO

LITERATURE REVIEW

2.1 Introduction

This segment discusses the required as well as necessary background to understand the devel-

oped modulation scheme. The first section describes the basic wireless transmission system.

The system’s building blocks are described, including digital modulation schemes, channel mod-

els, fading, and modulation and demodulation schemes. The following section presents multi-

antenna wireless transmission systems—MIMO system configurations. Next, the classical SM

system and its variants are presented for a frequency-flat fading channel, and their merits and

demerits are conferred. This section is dedicated to discussing spatial modulation techniques

(SMTs) and their variants, as the proposed scheme is based on them. Finally, the proposed

scheme mapping table, system model, and its ABEP closed-form equation were formulated.

2.2 Digital Communication System

Digital communication, as defined in [14], is concerned with the transmission of information

using finite symbols during a finite time interval. The Figure 2.1 depicts a functional setup and

elements of digital-communication system. Each block’s function is outlined below:

• Information Source: Generates an analog / digital information signal for broadcast.

• Encoder: is in charge of decreasing redundant information so that it could be rendered

at the lowest bit rate feasible.

• Mapping: The mapping block is capable of translating a set of bits into series of values

that relate towards the modulated signal’s low-pass analogous form.

• Modulator: The block gives the signal characteristics that make it much more appro-

priate for transmission across a specific physical link.

• physical medium: It is the medium that connects the transmitter and receiver and can

sometimes be air, vacuum, copper / coaxial cable, as well as an optical fiber.

• Detection: The detection block is in charge of retrieving the signal’s so-called decision

variables.
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• Decision and De-mapping: Translates the decision bits variables to estimated bits as

well as other relevant variables for processing by the channel decoder block, allowing for

the detection and correction of some bit errors.

• Information sink: The estimated data bits that result are conveyed towards the desti-

nation and information sink.

Figure 2.1: Digital Communications System

2.3 Modulation Schemes

A modulator is vital to convey information over a communication network. In BPSK, binary

data are denoted by two signals with two angles, 0 and π. The signals are:

g1 = Gℜ{exp(j2πfaT )} (2.1)

g2 = −Gℜ{exp(j2πfaT )} (2.2)

The equations 2.1 and 2.2 represents signals known as antipodal. The BPSK has better per-

formance over Amplitude, Frequency, and Phase-Shift Keying techniques in the additive noise.

Correlation coefficient of g1 and g2 is minus one, which results in a negligible error probability.

The BPSK has outstanding noise resistance in contrast to other schemes [15].
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BPSK signals can be represented graphically by symbol points in the x-y coordinates system

with,

φ1 =

√
2

T
cos(2πfaT ) (2.3)

φ2 = −
√

2

T
cos(2πfaT ) (2.4)

as its x and y axis, respectively. The constellation of BPSK is shown in Figure 2.2 where g1

and g2 are represented as points on the x-axis with Energy, E as,

E =
G2T

2

Figure 2.2: BPSK Constellation points

2.3.1 BPSK Modulator

The modulator which generates BPSK is given in Figure 2.3, binary data sequence β(t) is

formed from the binary data sequence,

β(t) =
∞∑

n=−∞

βnp(t− nT ) (2.5)
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Figure 2.3: BPSK Modulator

where βn ∈ {+1,−1} and β(t) is a unit pulse on the range [0, T ]. The BPSK signal is then

given as,

g(t) = G cos(2πfat)
∞∑

n=−∞

βnp(t− nT ) (2.6)

g(t) = Gβ(t) cos(2πfat),−∞ ⩽ t ⩽ ∞ (2.7)

2.3.2 Additive White Gaussian Noise (AWGN)

Communication system channel paths are not free of disturbances; the prevalent one is thermal

noise. Thermal noise PN is random, and its maximum power transfer depends on temperature

T and frequency range ∆F , as related below [16],

PN = KT∆F (2.8)

The Model used for thermal noise is AWGN, which has a Gaussian-distribution amplitude.

Model is presented in Figure 2.4, the received information-bearing signal in the range [0, T ] is

denoted as,

g′(τ) = g(τ) + η(τ)

where η(τ) , - modeled noise process, g (η)- transmitted signal, g′ (η)-received signal. As noise is

added to the received signal, the probability density function has a Gaussian distribution [17],

given as,

p(η) =
1√
2πσ2

exp

(
−(η − µ)2

2σ2

)
(2.9)

with µ = 0 and σ2 = N0

2
, where N0 is spectral density.
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Figure 2.4: AWGN Model

2.3.3 Bit Error Rate (BER)

The system performance of a communication model depends on BER. Transmitted signal is

related to noise by SNR performance parameter. SNR and BER are inversely related. Figure

Figure 2.5: Probability of BER for M-PSK

2.5 depicts the theoretical performance curve of BPSK over AWGN. BER curves reveal the

behavioral nature of the system [18]
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2.3.4 Quadrature amplitude modulation (QAM)

QAM belongs to amplitude-varying scheme with increased efficiency bandwidth than M-PSK

with the same energy [19]. QAM modulations alter the phase as well as amplitude of the signal.

The symbol constellation points are scattered in the complex-plane with variable energies. In

QAM, a signal trait of the carrier is used in the M-ASK amplitude and M-PSK phase to send

information. QAM modulated signal is given as;

g(τ) = G cos(2πfat)
∞∑

n=−∞

βnp(τ − nT )−G sin(2πfat)
∞∑

n=−∞

anp(τ − nT ) (2.10)

An M-QAM modulation is systematic if βn and an are equivalent, then the states are a complete

square, with M2.

2.3.5 QAM Constellation

For M-ary square QAM, its signal can represent a linear combination with the following form,

gi(τ) = Ii

√
E0

2
φ1 +Qi

√
E0

2
φ2 (2.11)

(Ii, Qi) pairs of independent integers that locates symbol point in the array of constellation

map, min(Ii, Qi) are [±1,±1]. (Ii, Qi) is an entry in a K ×K matrix, given by equation 2.12,

where Γ =
√
M and M -modulation order.

(−Γ + 1, Γ − 1) (−Γ + 3, Γ − 1) · · · (Γ − 1, Γ − 1)

(−Γ + 1, Γ − 3) (−Γ + 3, Γ − 3) · · · (Γ − 1, Γ − 3)
...

...
...

(−Γ + 1,−Γ + 1) (−Γ + 3,−Γ + 1) · · · (Γ − 1,−Γ + 1)

 (2.12)

As an illustration, consider 4-QAM, with M = 4 and Γ = 2, hence the matrix becomes,[
(−1, 1) (1, 1)

(−1,−1) (1,−1)

]
(2.13)

Figure 2.6 [3] shows a constellation map for 4-QAM and 16-QAM. The symbol point can readily

be found from equation 2.12 as stated by [19]
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Figure 2.6: 4-QAM and 16-QAM constellations

2.3.6 Theoretical Symbol Error Rate - BPSK and 4QAM

Probability error for MQAM is given as [20],

PMQAM = 4

(√
M − 1√
M

)
Q

(√
3

M − 1
γ

)
− 4

(√
M − 1√
M

)2

Q2

(√
3

M − 1
γ

)
(2.14)

where Q(•) is defined as Q(ℏ) = 1√
2π

∫∞
ℏ exp(−x2

2
)dx and known as Q-function, γ is SNR

measured at the receive side [21]. The probability error for BPSK (M = 2) and 4-QAM

(M = 4) can be found as,

PBPSK = Q
(√

2γ
)

(2.15)

P4QAM = 2Q (
√
γ)−Q2 (

√
γ) (2.16)

These equations give theoretical symbol error probability over AWGN.

2.4 Wireless Communication Channels

Wireless communication systems transmit data via an open-space medium. Data is transmitted

into the communication channel via the transmitter, which as an input. The receiver, alter-

natively referred to as the output, receives the data transmitted from the input. There are
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numerous configurations based on the number of receiving and transmitting antennas. There

are several configurations available: Single-Input / Single -Output (SISO), which uses one an-

tenna for both the receiver / transmitter, Multiple output - SIMO, Multiple input - MISO, and

MIMO.

Figure 2.7: 4-QAM and 16-QAM Constellation Map

At transmit, antenna data bits are assigned to symbols based on the modulation technique used.

Typically, modulation schemes are depicted as constellation points in a two-dimensional plane,

as illustrated in Figure 2.7. The constellation diagram is said to be an M-ary constellation

when there are M-mapped symbols on it. For M = 2n Where n is an integer, then n bits per

constellation point. Consider M-QAM with M=4 and M=16 as depicted in Figure 2.7, then

the number of bits per constellation point is two and four, respectively.

In communication systems, two items are considered as requirements for bench-marking the

quality of service, namely:

1. High Spectral efficiency, and

2. Minimal Bit Error Rate.

It is clear; the first requirement can be achieved by incorporating M-ary schemes shown above

since several bits are transmitted per symbol. But this lowers the BER performance because, in

higher-order, M-ary constellation points are nearer to each other, hence the high probability of
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Figure 2.8: BER Comparison for 4, 16, 64-QAM

error in locating transmitted symbol as is shown in Figure 2.8. M-ary schemes exhibit a trade-off

performance amongst spectral efficiency and BER metrics [20]. Apart from BER degradation

by higher-order M-ary modulation schemes, the environment also plays a significant role in

lowering BER performance as the signal undergoes fading phenomena when transmitted in a

scattering environment.

2.4.1 Rayleigh Fading

The fading characteristics are channel-dependent. The channel coefficient is treated as a com-

plex random variable whose distribution is determined by the scattering environment’s nature

for flat-fading channels. Rayleigh, Rician, and Nakagami distributions are all examples of dis-

tributions [?]. Rayleigh fading is the most severe type of fading that may occur in wireless

communication channels. When the received signal is not in Line-of-Sight (LOS), the fading

follows Rayleigh distribution, and probability density function (PDF) for the amplitude fading
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in Rayleigh distribution is as follows:

pX (x) =
2x

Ω
e−

x2

Ω (2.17)

where Ω = E(X2) is the fading power. Then SNR is exponentially distributed as,

pγ (γ) =
1

γ̄
e−

γ
γ̄ (2.18)

where γ̄ and γ are the average and instantaneous SNR, respectively. Figure 2.9 shows fading

channel model. This Model can be used to understand the effects of fading in a communication

channel. The base-band received signal is as,

y[i] = h[i]x[i] + n[i] (2.19)

Where h [i] ∼ N (0, σ2) are the flat-fading channel coefficient and n [i] ∼ N (0, N0) AWGN. A

Figure 2.9: Wireless Channel Model

review of the effects of AWGN only is necessary to appreciate the influence of fading. Equation

2.19 without fading as,

y[i] = x[i] + n[i] (2.20)

For BPSK with mapping of 0 −→ -A and 1 −→ +A, the ML detection of the system symbol is

given as,

x̂i = arg |yi − xi|x [i] ∈ {A,−A} (2.21)

And probability error is found to be,

PeAWGN = Q

 A√
No

2

 = Q

(√
2.
A2

No

)
(2.22)
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PeAWGN = Q
(√

2SNR
)

(2.23)

where A2

No
is the average received SNR and Q (⋆) is the Q-function defined mathematically as,

Q (x) = (
√
2π)−1

∫ ∞

x

e

(
− t2

2

)
dt (2.24)

Detection of x[i] from received y[i] for BPSK under flat-fading can be deduced from,

r =
h∗
i

|hi|
yi = |hi|xi +mi (2.25)

where m[i] follows same distribution as n[i]. For channel h[i],probability error is calculated as

in AWGN,

PeRayleigh = Q

A |h [i]|√
No

2

 = Q

(√
2 |h [i]|2 A

2

No

)
= Q

(√
2. |h [i]|2 SNR

)
(2.26)

For random channel h[i] with N (0, 1) , the overall error probability is evaluated by averaging

over random gain h[i], which is given [22],

PeRayleigh = E[Q

(√
2. |h [i]|2 SNR

)
] (2.27)

PeRayleigh =
1

2

(
1−

√
SNR

1 + SNR

)
(2.28)

For high SNR, the error probability is approximated as [23],

PeRayleigh
∼=

1

4SNR
(2.29)

Figure 2.10 shows BPSK performance over AWGN and Rayleigh fading channel. It can be

seen that operating at BER of 10−3 requires about 24dB mean SNR, which is much larger

than that needed over non-fading Gaussian noise channel, at about 7dB. Equation 2.29 shows

that diversity order is one for the system described above, therefore the poor performance of

channel because of one link between transmitter and receiver. If it undergoes deep fade, then

the transmitted signal will be erroneously detected at the receiver. The Rician fading model is

considered in the LOS scenario.
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Figure 2.10: BPSK Perfromance

2.4.2 Rician Fading

For the case where LOS exists, i.e., the transmitter and receiver can see each other along the

LOS path. For the LOS environment, Rician fading is preferable to characterize channel’s

amplitude, and the channel thus undergoes Rician fading [18], [22], [24]. Rice distribution is

also known as Nakagami-n distribution. The PDF of Rice-distributed amplitude can be given

by,

pX(x) =
2(1 + Ķ)

Ω
xe(−Ķ− (1+Ķ)x2

Ω
)Io

(
2x

√
Ķ(1 + Ķ)γ

γ̄

)
, γ ≥ 0 (2.30)
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The PDF of the SNR for which the amplitude is modeled as Rician distributed can be given

by,

pγ(γ) =
(1 + Ķ)

γ̄
e(−Ķ− (1+K)γ

γ̄
)Io

(
2

√
Ķ(1 + Ķ)γ

γ̄

)
, γ ≥ 0 (2.31)

This channel is modeled in MIMO as a sum of LOS and Rayleigh channel matrix components.

[18],

HRician =

√(
Ķ

1 + Ķ

)
H̄ +

√(
1

1 + Ķ

)
H (2.32)

The first and second terms in equation 2.32 are the LOS and fading components respectively,

where Ķ is referred to as the Rician Ķ factor and is defined as ratio of LOS to scatter power

components, H̄ is a unity matrix and H is an NRx ×NTx MIMO channel matrix encapsulates

the path gains (hnRxnTx
) between the transmit and receive antennas, and presented as,

H =


h11 · · · h1nTx

h21 · · · h2nTx

...
. . .

...

hnRx1 · · · hnRxnTx

 (2.33)

From no fading (Ķ = ∞) to Rayleigh fading (Ķ = 0), the Rician fading parameter Ķ can be

used to model the channel conditions. Rician distribution can be used to model the fading

scenarios when there is LOS and less severe levels of fading.

2.4.3 Correlated Channel Model

The size of the distance between antenna elements has a significant impact on the level of

channel correlation. In fact, the correlation magnitude is determined by the signal’s frequency

/ wavelength.

The model developed here is designed for MIMO configuration;, therefore, it is best to consider

channel correlation affected by antenna array spacing. For the case of Rx only, the signal

correlation for the Rayleigh channel is given as [25]

Ĥ = R1/2
r Hf (2.34)

Where: Rr = Spatial Covariance (SC) Matrix at the receiver and Hf = is NRx × NTx ma-

trix complex Gaussian coefficients. The correlation coefficients ρmn between the mth and nth
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branches is given as,

ρmn =
E
[
ĥmĥ∗

n

]
√
σ2

ĥm
σ2

ĥn

(2.35)

Where σ2
ĥm

and σ2
ĥm

represent the variance of random variables (RV)’s ĥm and ĥm respectively,

m,n = [1, . . . , NRx]. The normalized correlation matrix R can be given as,

R =


1 ρ12 · · · ρ1NRx

ρ21 1 · · · ρ2NRx

...

ρNRx1

...

ρNRx2

. . .
...

· · · 1

 (2.36)

In this work, the correlation matrix is assumed to be positive-definite and positive eigen values

[26]. Hence correlation coefficients can be found by the Jacobian coefficients of zero-th order of

the 1st-kind, i.e., ρ = J0
[
2π
(

δ
2ν

)]
,where δ, ν is antenna spacing and wavelength of the carrier,

respectively. For instance, with antenna spacing of δ = 0.2ν, and for three equally spaced

receive antennas, the normalized positive-definite correlation matrix R is given as,

R =


1 0.6425 −0.055

0.6425 1 0.6425

−0.055 0.6425 1

 (2.37)

Diversity techniques are used to improve performance without need of increasing power.

2.5 Diversity Techniques

Diversity Strategies use the concept of several copies of received signals due to scattering envi-

ronments of different strength and nature, and extracting the strongest signal, which improves

BER performance. Diversity techniques can utilize time, frequency, and space (Antenna) re-

sources. The first two cost time and bandwidth expansions, while the space diversity technique

uses multiple paths ( wireless links ), hence time and /or bandwidth expansion are not neces-

sary. In the next section, the Diversity schemes and MIMO wireless communication systems

are described.

Proper diversity combining schemes can effectively mitigate fading effects on wireless communi-

cation. The main idea behind diversity combining is to transmit information signals over several
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independent channels – links. By appropriately combining these signal copies, the probability

of deep fade is considerably reduced; therefore, improved performance is realised. The channel

links or copies of signals can be created using different entities, like, frequencies, time-slots,

code words, or even antennas, as stated earlier. The use of antennas to realize diversity is ideal

since no spectral resources are required. Figure 2.11 illustrates the general setup of diversity

methods.

Figure 2.11: Diversity Model

MRC and SC are two commonly used combining techniques, with MRC providing the best

performance. The SC scheme has a simple algorithm than the MRC method. However, its

performance is lower [20]. Diversity techniques increase diversity order. Figure 2.12 [20] shows

a BER performance comparison for BPSK over Flat-Fading Rayleigh channels for several chan-

nel links at the receiver. As in Figure 2.12, performance improvement increases as the number

of channel link branches added at the receiver increases. It should be noted that the receiver’s

channel count cannot be increased indefinitely. As a result, the requirement for spectral ef-

ficiency (see sec. 2.4) cannot be met. This scenario necessitates several antennas to be used

at transmitter in attempt to transmit data concurrently, resulting in transmit diversity. The

following section describes the MIMO communication setup, emphasizing its variants for in-

creasing spectral-efficiency and BER performance.
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Figure 2.12: BER Performance (BPSK with Fading and MRC Diversity)

2.6 MIMO Wireless Communication System

MIMO technologies include spatial-multiplexing (SMX), space-time block-codes (STBC), and

SM. MIMO configuration system in Figure 2.13, where NTx and NRx transmit and receive

antennas. MIMO system described has a total number of NRxNTx paths, with the system

Figure 2.13: MIMO System

described in terms of matrix dimension as NRx ×NTx MIMO system. The generalized Model,

its channel coefficients, is a matrix of NRx ×NTx, with the received signal as a vector of NRx×
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1 dimensions. The system can be modeled in matrix form as,

y = Hx+ n (2.38)

SIMO and MISO, are unique categories of MIMO systems. As apparent from the terms, a

SIMO system uses multiple receive antennas to provide receive diversity, whereas a MISO

system uses multiple antennas at the transmitter to provide transmit diversity. Figure 2.14

illustrates a receiver equipped with NRx receive antennas to pick up a signal transmitted from

a single antenna. The corresponding discrete-time base-band signal at the ith receive antenna

for a given time-slot is expressed as,

yi = hix+ ni , i = 1 . . . NRx (2.39)

where x is the symbol transmitted from the digital modulation constellation maps (e.g., M-

Figure 2.14: SIMO System

QAM), hi flat fading channel coefficients, and ni ∼ CN (0, No) is AWGN. In matrix form the

model is represented as, y = hx+ n where y = [y1, . . . ., yNRx
]T , h = [h1, . . . , hNRx

]T and n =

[n1, . . . ., nNRx
]T .

2.7 Index Modulation

Index modulation (IM) techniques have emerged as an ideal approach for enabling next-

generation wireless systems, i.e., 6G [27], because of the agreeable merits of energy and spectral
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efficiency specifications, with enhanced BER performance over the traditional digital modula-

tion scheme. IM alleviates the requirement for using all the resources at the transmit side to

convey the data message, hence permitting a less complex hardware design at the transmitter.

The core principle behind the IM technique is the use of indices of entities at the transmitter

like antennas, frequencies, time-slots, and RF mirrors as a means of conveying information.

Spatial Modulation (SM), which uses antennas at the transmit side as indices, is a well-known

IM application.

2.8 Classical SM and Its Variants

Classical SM concept was introduced by [5], [6]. In addition to traditional Amplitude-Phase

Modulation (APM) systems, SM uses index of transmit antenna in a MIMO layout to transmit

extra information [6]. The traditional MIMO technologies use SMX and spatial-diversity to

improve data rates as well as BER performance and is achieved by conveying different bits

from multiple antennae for SMX, and as for spatial diversity, use of multiple copies of symbols

[28], [29]. In Classical SM, incoming bits are split into two; one set is used for antenna mapping

Figure 2.15: Spatial Modulation Transmitter

indexing and second to modulate data symbol by APM as is shown in Figure 2.15 [27], hence for

a given transmission, SM ferries two information units, i.e., antenna index and APM symbols,

given as

ηSM = log2NTx+ log2M bpcu-spectral efficiency (2.40)

where bpcu – bits per channel use.
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Table 2.1: Example of the SM Mapper Rule NTx = 4 and BPSK

EXAMPLE OF THE SM MAPPER RULE
Input bits Antenna Antenna BPSK Symbol BPSK Symbols

b bits index bits
000 00 1 0 −1
001 00 1 1 +1
010 01 2 0 −1
011 01 2 1 +1
100 10 3 0 −1
101 10 3 1 +1
110 11 4 0 −1
111 11 4 1 +1

Because SM employs only one active antenna in a given time slot, it achieves higher energy

efficiency [30], reduces detection complexity, avoids ICI and IAS, and, most importantly, is

compatible with conventional MIMO configurations [31]. SM is a superior option to VBLAST

[32] due to the advantages listed above.

Two tasks are carried out at SM receiver. Antenna index and APM symbol detection from

encoded transmit antenna for demodulation of M-ary symbol constellation. The detection can

be achieved by Maximum Likelihood detector where it searches jointly all antenna mapped bits

and APM symbol map, leading to search complexity of (NTxM) [33]. Sub-optimal detector

searches the two tasks one at a time, with search complexity of (NTx + M) [5], [34]. It is

seen that there is a noticeable reduction in complexity with a higher number of antenna and

high orders of modulation, but error performance is inferior to ML [35]. ML detector will be

used in our the proposed Model, since sub-optimal detector is worse in terms error performance

compared to ML. Therefore using sub-optimal as a detector can a problem especially for systems

that require high performance. Table 2.1 shows a typical mapper rule for four antennas and

BPSK as APM scheme.

2.8.1 SSK and G(SSK)

Space Shift Keying (SSK) [36] further reduces detection complexity since it uses only one active

antenna to convey information, constellation symbols are not used; hence detection complexity

is significantly reduced at the expense of spectral efficiency,

ηSSK = log2NTx (2.41)
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since no APM symbols are used in this scheme. Typical Mapper rule for four antennas, is shown

in table 2.2. In [37] , generalized SSK (GSSK) has been postulated, in which information is

transmitted via several antennas, resulting in a high SE gain but nonetheless a drastic IAS

concern. Additional hardware is required to address the IAS issue at the transmitter, whilst

SSK does not. The SE for GSSK is given as,

ηGSSK =

⌊
log2

(
NTX

na

)⌋
(2.42)

where ⌊•⌋ and
(•
•

)
are floor and binomial operator respectively.

Table 2.2: An illustration of SSK Mapper Rule NTx = 4

EXAMPLE OF THE SSK MAPPER RULE
Input bits Antenna Antenna

b bits index
00 00 1
01 00 2
10 01 3
11 01 4

2.8.2 GSM and MA-SM

One of the flaws of classic SM is that its spectral efficiency is proportional to the logarithm

of the number of transmit antennas. Antennas used must be of a factor of power of two. In

contrast, VBLAST, SE rises in a linear fashion in relation to NTX , this implies that given

the same SE, classical SM would require additional transmit antennas over VBLAST. These

obstacles were resolve with the advent of generalized SM (GSM) [38]. Multiple active antennas

are utilized in GSM, to transmit the same information, allowing GSM to obtain identical

benefits as conventional SM, while improving SE. For the active antenna, say, Nat, where

Nat < Ntxspectral efficiency for GSM is given as,

ηGSM =
⌊
log2

(
NTx
Nat

)⌋
+ log2M (2.43)

From 2.43, the SE is better than of SM. ; for instance, if we consider NTx = 8, SM can convey

only 3 bits, while GSM with Nat = 4 can transmit double the number, i.e., 6 bits [35].

The principle of GSM has been generalized to multiple-active spatial modulation (MA-SM)

in [39] by conveying different data symbols from various active transmit antennas to increase

25



spectral. The difference among GSM as well as MA-SM is that in GSM, all enabled antennas

transmit the same symbol, whereas in MA-SM, different activated antennas transmit different

symbols. As a result, the MA-SM scheme’s spectral efficiency is described as

ηMA−SM =
⌊
log2

(
NTx
Nat

)⌋
+Nat log2M (2.44)

2.8.3 Enhanced SM (ESM)

ESM overcomes the SE limitation inherent in SM by transmitting information through the

use of symbols constellation points [40], ESM transmits data using a variable combination of

spatial indexing and symbol constellation points. For NTx = 2 and with APM of order M , the

spectral efficiency of ESM for two antennas is given as,

η = log2M + 2 (2.45)

2.8.4 MRM

Since SM uses antenna index, i.e., spatial domain, to convey information, it demands that

channel coefficients for the active antennas be sufficiently diverse; consequently, rich scattering

is highly needed for better performance. Another challenge of classical SM is that transmit

diversity is not achieved [35].

Consequently, the SM mentioned above and its variants; are likely to lose information if a

similar channel exits in the environment. Although ESM can overcome this due to the use

of power levels to detect antenna indices instead of the spatial domain, it requires additional

transceiver design, hence hardware complexity.

Multiple Rank Modulation (MRM) introduced by [41], [42] , mitigates these challenges by

cleverly using multiple antennas known as rank index as source of information, in each rank

for a given time slot, the same information is transmitted hence all benefits of classical SM

are enjoyed. MRM uses various channel shapes to decode the ranking index, and since a given

rank has varying channels, the ranking index can be decoded even if the channels are alike [41].

Figure 2.16 [41] shows the MRM System model and Table 2.3 its Mapping table rule.
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Figure 2.16: MRM System model

Table 2.3: MRM Mapping Table

Example of MRM Mapping Rule
Input bits Antenna Antenna BPSK Modulation

b bits index bits
000 00 1 +1
001 00 1 −1
010 01 1 , 2 +1
011 01 1 , 2 −1
100 10 1 , 2 , 3 +1
101 10 1 , 2 , 3 −1
110 11 1 , 2 , 3 , 4 +1
111 11 1 , 2 , 3 , 4 −1

2.8.5 Polar coded spatial modulation - PCSM

In the proposed work by [43], where the need to transmit index of antennas is eliminated by

using polar codes, scheme termed as polar coded spatial modulation (PCSM). The proposed

PCSM modulates the symbol bits using an M-ary quadrature amplitude modulation (MQAM)

technique, whereas the bits that identify the transmit antenna index are a predetermined ran-

dom sequence stored into the frozen polar set, and this sequence is likewise known at the

receiver. As a result, the bits that identify the antenna index do not need to be transmitted

to the receiver. The main contribution of this work was to eliminate the overheads of detec-
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tion complexity. The work is unfortunately has limited applications since the requirement for

NRX ≥ NTX is highly emphasized, also longer code block length with a lower code rate is

required.

2.8.6 Layered Baud-Spatial Modulation

Scheme proposed by [44] where lower number of receive antennas are used than classical SM but

with same data rates achieved and lower complexity was realized. LSM transmits the APM

symbols via multiple asynchronous transmissions (MAT) within a single baud-space period

and also makes use of the spatial domain to convey additional information to the receiver.

In the design the received signal are over-sampled through fractional sampling (FS) and later

combined before detection. Although FS may achieve multi-path diversity gains with limited

number of receive antennas, multiple de-modulators are required for FS.

2.8.7 Subcarrier-Index Modulated OFDM (SIM-OFDM)

SIM-OFDM was introduced in [45], in which a portion of the sub-carriers are modulated by

QAM and the indices of these activated sub carriers from each OFDM symbol or block are

defined by the respective majority bit-values of an on-off-keying (OOK) stream of data. SIM-

OFDM, on the other hand, has an unsteady data rate due to the random nature of the OOK

data stream, which can lead to burst of errors.

2.8.8 Pulse Index Modulation (PIM)

In [46], the pulse index modulation (PIM) as well as generalized (G)PIM techniques are devel-

oped, wherein information is conveyed via Hermite-gaussian pulse shape and size rather than

antenna indexing.

2.8.9 Sequence Modulation

Frequency sequence modulation (FSM) is a new transmission method which is based on a se-

quence of center carrier-frequencies to transmit data. [47] It is a variant of sequence modulation

(SqM) system described in the patent [48]. The FSM is inspired by genetic-coding, in which

three nucleotides represent up to twenty amino acids. The similarity enables building of less

complex system that communicates using only three sub-carriers.
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SqM also includes antenna-symbol (ASM) [49] and code-word (ACSM) [50] and symbol only

(SSM) [51] in sequence modulation. In SqM schemes, the sequence patterns of transmit entities

at the transmitter convey information. This thesis developed the use of wireless fading channels

in unique sequence pattern to transmit information by mapping channel patterns of information

bits onto SSK technique.

2.9 Knowledge Gap / Motivation

The aforementioned Spatial modulation techniques illustrate that the transmit antennas used

impacts the spectral-efficiency of ‘bits per channel use’ - bpcu. Classical SM, GSM, ESM,

MRM, and (G)PIM all use APM in addition to antenna indexing for conveying information.

This means at the receiver side, two detection are needed, i.e., antenna index and APM symbol,

which leads to transceiver detection complexity and power consumption than in SSK. SSK

transmits information using only antenna indexing. This reduces detection complexity, but

achievable data varies linearly with the number of antennas; 16 antennas are needed to transmit

4 bits.
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CHAPTER THREE

PROPOSED SCHEME - SPACE SHIFT KEYING SEQUENCE MODULATION

(SSK-SqM)

The SqM schemes reviewed in section 2.8 each uses an extra resource to convey information

apart from the spatial domain, frequency, antenna code, and word code. The scheme developed

here uses channels only to convey information, hence much less complexity than former variants

of SqM. By cleverly using antenna patterns in the SSK technique and mapping three unique

source channels to 4 bits. In comparison to classical SM and its variants, the new scheme can

accommodate an odd number of transmit antennas, three, in a unique order for transmitting

information, and able to achieve increased data rate than the conventional SSK, but lower than

the other SM variant. In terms secrecy enhancement SSK-SqM outperformed the conventional

SM and SSK, 4-QAM SIMO, and ASM, this is accomplished through the mapping of incoming

sequences to a given sequence at the transmitter.

3.1 SSK-SqM System Model

Figure 3.1 depicts the SSK-SqM system concept, which consists wireless paths, with multiple

antennas at receiver and transmitter, specifically three at transmitter and 3 − 5 for receiver.

Figure 3.1: SSK-SqM System Model.
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Incoming bits b are sent through the proposed model mapper, and segmented as,mb = log2 2
Nt+1

bits and assigned to the vector associated with the known constellation,

s
(j)
i =

[
s
(1)
i s

(2)
i s

(3)
i

]T
(3.1)

according to the mapper rule table described in Table 3.1 with power constraint of unity(i.e.,

Es

[
sHs = 1

]
). For SSK-SqM, in any given instant, just one antenna is engaged, during trans-

mission, and therefore only one non-zero element entry of s
(j)
i ‘s in s. Signal is then sent

through channel H and is influenced by AWGN n = [n1, n2, . . . , nNr]
T . At the j-th time-slot,

the received signal is as,

r(j) = Hs
(j)
ij + n(j) (3.2)

where n is iid entry as per C ∼ N (0, 1). Maximum Likelihood-detector at receiver, approximates

channel mapping index s
(j)

î
=
[
s
(1)

î
s
(2)

î
s
(3)

î

]T
used in a given time-slot and de-maps the to

estimated incoming bits b̂, after all three estimates from time-slots are received. Table 3.1

illustrates mapper rule table of SSK-SqM, where si denotes the source channel from i (si). The

three transmit antennas are set-up to convey information via sequence of pattern.

Table 3.1: SSK-SqM Mapper

Tx Antenna Source Channels
Input bits First TS Second TS Third TS

b j = 1 j = 2 j = 3
0000 s1 s1 s1
0001 s1 s1 s2
0010 s1 s1 s3
0011 s1 s2 s2
0100 s1 s2 s3
0101 s1 s3 s2
0110 s2 s2 s2
0111 s2 s2 s1
1000 s2 s2 s3
1001 s2 s1 s1
1010 s2 s3 s1
1011 s2 s1 s3
1100 s3 s3 s3
1101 s3 s3 s1
1110 s3 s3 s2
1111 s3 s2 s2
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3.1.1 SSK-SqM Transmission

SSK-SqM is based on the idea of transmitting information using only channels in a pattern. A

distinct pattern is employed to transmit messages as per the table 3.1. Thus, for the postulated

SSK-SqM, we employ three antennas sequentially to convey four bits, because three time-slots

are being utilized, then SE equals to 4/3 bits per channel use (bpcu), this is significant since

the SE possible with three antennas in traditional SSK and SM is one.

As an illustration, let incoming bit b be [0000 0011 1010], then segmented to m groups,

based on the mapper rule in Table 3.1. Segment 0000 is then assigned to [s1 s1 s1] and

transmitted as s1 in jth Time-slot one, and again s1 in j = 2 as depicted in Table 3.2, where i is

ith activated channel path in time-slot jth. Therefore, sij implies Nj-dimensional vector, where

Nj known, each constellation point symbol is conveyed through a given TS j, j ∈ [1 : Nj], as

an illustration, active antenna one in TS one is given as sij = [si1 0 0]T .The symbols sij in

Table 3.2 are known, i.e., sij = si1 = si2 = si3.

Table 3.2: SSK-SqM Transmission Example

b=[b1 b2 b3 b4] TS j sij = [si1 si2 si3]
T

[0 0 0 0] 1 1 [1 0 0]T

2 1 [1 0 0]T

3 1 [1 0 0]T

[0 0 1 1] 1 1 [1 0 0]T

2 2 [0 1 0]T

3 2 [0 1 0]T

[1 0 1 0] 1 2 [0 1 0]T

2 3 [0 0 1]T

3 1 [1 0 0]T
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3.1.2 SSK-SqM ML Detector

The ML-detector determines the active channel indexes for each TS assigned at transmitter.

Considering that every active channel stream entries are equally probable, then ML-detector is

thus represented as,

s
(j)

îj
= argmax

s
(j)
ij

pR

(
r(j)
∣∣∣s(j)ij ,H

)
(3.3)

= arg min
g
(j)
ij

[
∥ g

(j)
ij ∥2 −2R

(
r(i)Hg

(j)
ij

)]
(3.4)

where g
(j)
ij = h

(j)
j si , j ∈ [1 : Nj] , , i ∈ [1 : M ], PDF of r given H & sij for a single SSK-SqM

stream is written as,

pR

(
r(j)
∣∣∣s(j)ij ,H

)
= π−Nr

exp
(
− ∥ r(j) −Hs

(j)
ij ∥F

2
)

(3.5)

3.2 THEORETICAL FRAMEWORK

The SSK-SqM scheme’s performance metric is deduced by utilizing method formulated by [25]

for analysis of MA-SM system using single close-from BEP equation. Same techniques is applied

intuitively to analyze SSK-SqM model. The technique employs error evaluation analysis of

SIMO configuration to compute the BEP for typical SM schemes. A concept is applied in

which an comparable equivalence bits in error is evaluated from the two criteria known as

mutual information (MI) as well as sample variance (SV) and employed to determine the

combined BEP for the spatial and modulation domains. The actual SEP with square M-ary

M-QAM is given in [insert], typical SIMO system. Equivalent SEP,

Ps−SIMO (e|γ̄) = aQ
(√

bγ̄
)
− 4a2Q2

(√
bγ̄
)

(3.6)

where, a =
(
1− 1√

M

)
, b =

(
3

M−1

)
and Q (•) , Q2 (•) , are Craig’s first and second equations

given as,

Q (ξ) =
1

π

∫ π
2

0

exp

(
− ξ2

2 sin2 θ

)
dθ (3.7)

and

Q2 (ξ) =
1

π

∫ π
4

0

exp

(
− ξ2

2 sin2 θ

)
dθ. (3.8)
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Q(ξ) and Q2 (ξ) can be approximated using definite integral approximation-trapezoid rule,∫ β

α

f (x) dx =
β − α

N

[
f (α) + f (β)

2
+

N−1∑
κ=1

f

(
α + κ

β − α

N

)]
(3.9)

as

Q (ξ) =
1

2N

exp
(

−ξ2

2

)
2

+
N−1∑
κ=1

exp

(
−ξ2

2sin2θk

) (3.10)

and Q2 (ξ) as ,

Q2 (ξ) =
1

4M

[
exp (−ξ2)

2
+

2M−1∑
κ=1

exp

(
− ξ2

2sin2βκ

)]
(3.11)

The SEP in 3.6 is simplified as,

Ps−SIMO(e|γ̄) =
a

z

[
1

2
exp(−bγ̄

2
)− a

2
exp(−bγ̄)

]
+

a

z

[
(1− a)

z−1∑
i=1

exp(−bγ̄

Si

) +
2z−1∑
i=z

exp(−bγ̄

Si

)

]
(3.12)

z being the number of iterations and Si = 2 sin2
(
πi
4λ

)
. For fading channel, we average the

Ps−SIMO over flat-fading distribution of the received SNR γ for the correlated channel. The

average Ps−SIMO is then given as

Eγ [Ps−SIMO (e|γ̂)] =
∫ ∞

0

Ps−SIMO (e|γ̂)pγ (γ) dγ (3.13)

Evaluation of Ps−SIMO is even further modified through MGF [18],

Mγ (s) =

∫ ∞

0

· · ·
∫ ∞

0

exp

(
−s

NRx∑
k=1

γk

)∏
(pγ (γk) dγk) =

∏
Mγk (s) (3.14)

The transmitted SER denoted,Ps, is similar to M-QAM’s average SER under diversity technique

MRC over i.i.d Flat Fading channels in APM - MQAM. From [25], the SIMO SEP is given in

its expanded version as the APM signal with ML detection, hence,

Ps−SIMO =
a

z

[
1

2

NRx∏
k=1

(
2

bγ̄κ + 2

)
− a

2

NRx∏
κ=1

(
1

bγ̄κ + 1

)]

+
a

z

[
(1− a)

z−1∑
i=1

NRx∏
κ=1

(
Si

bγ̄κ + Si

)
+

2z−1∑
i=z

NRx∏
κ=1

(
Si

bγ̄κ + Si

)]
(3.15)
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3.2.1 Joint-Antenna & Symbol BEP

Provided here, total SEP for SM scheme, PS−SM , is available, then BEP,

PB ≤ PS−SM

bmax

(3.16)

wherein bmax is indeed cumulative bits that can be transmitted via SM [6]. Hence, BEP of

SM may be re-stated,

PB =
PS−SM

bmax

=
PS−SIMOve

bmax

=
PS−SIMO

be
(3.17)

where ve denotes the error-increasing coefficient above that of a SIMO space and be = bmax

ve

,is the corresponding SIMO system’s bit error density. The challenge is to evaluate principal-

components in combined space, which will be similar to be bits.

3.2.2 Effective error density in bits (be) for SSK-SqM

SSK-SqM model de-maps transmitted information after three time-slots are received. As a

result, increased in detected errors with linear relationship transmit channel chains (Na) over

multiplexed space [25]. The fact that each covariance matrix element is formed in between 2

data,total covariance samples Ic in the concatenated space in ASM is calculated [25],

Ic =
(
Na
2

)
=

Na!

2! (Na − 2)!
(3.18)

For Na chains over 3 times-lots, results in an increased of spatial-space NTx by factor Ic for

every covariance chain stream, and this increase in space in turn reduces density bits by IcNTx,

as a result, the error is multiplied. Therefore, using the SV criterion, we can rewrite the channel

and symbol bit density as,

be,sv =
1

Ic

√
IcNTx

M −1

(3.19)

Similarly, and in accordance with the MI criteria, we have, q (x) = 1
IcNtx

, whereas p(x) is

unchanged from p (x) = 1
M−1

and consequently,

be,MI =

∣∣∣∣log2( IcNtx

M − 1

)∣∣∣∣ (3.20)

As an illustration, for Ic = 1 it conforms to SM. To optimally choose criteria to apply, lowest

be is chosen,

be, ASM = min(be,sv, be,MI) (3.21)

35



3.2.3 Overall Bit Error Rate for SSK-SqM

Equation 3.21 in conjunction with 3.17 and 3.18 can then be used to compute BEP of SSK-SqM

as a factor of SER, PS−SM , and be,as lower-bound average error. The average approximated

PEB is then given as,

PB =
PS−SIMO

be(ASM)
= PASM (3.22)

In estimating the SSK-SqM error, the contribution of SER error of conventional MQAM is

removed from the joint-channel error. For 4QAM signal under SSK-SqM, the error for SSK-

SqM joint channel and symbol error less BER of 4-QAM,

PSSK−SqM =

[
P 4QAM
S−SIMO

be (ASM)
−

ηeP
4QAM
S−SIMO

log2M

]
(3.23)

where ηe = 8, combination of unique error source in patterns, for three time-slots (23). For

SSK-SqM, Na = 3, Ic = 3, Nj = 3, M = 4 and ηe = 8, are utilized to evaluate BEP of

SSK-SqM. Equation 3.23 was used to find the probability error of the system developed.

3.3 Computational Complexity

Main benefit of SM systems is lower receiver complexity due to simpler receiver architecture

design, compared to SMX and other MIMO systems. Further, SSK based systems have re-

duced complexity compared to classical SM systems. The receiver’s computational complexity

is measured by counting the quantity of arithmetical operations, i.e., real multiplication / di-

vision operations. For two complex multiplication four real multiplication are performed 1.

Considering Equation 3.5, for NRx,is expressed,

NRx∑
k=1

|r(k)(j) −H(k)s
(j)
ij (k)|2 (3.24)

For SM based systems s
(j)
ij is unknown, hence computational of H(k)s

(j)
ij (k) will require four

real multiplication and extra four for the square, resulting eight operations, performed over

NRx times over cardinality of the input bits set , 2ηSE , where ηSE is the spectral efficiency for

the given SM scheme. Therefore computational complexity of SM- based scheme is given as,

O(SM) = 8NRx × 2ηSE (3.25)

1(x+ jy)(n+ jm) = (x× n− y ×m) + j(x×m+ y × n)
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For SSK-SqM scheme, sij is known, hence only square operation is needed, following same

argument as that of SM-based system, we derived receiver computational complexity for SSK-

SqM as,

O(SSK − SqM) = 4NRx × 2ηSSK−SqM (3.26)

3.4 Secrecy Rate - SSK-SqM

The performance of SSK-SqM can be compared to that of conventional SIMO systems, partic-

ularly in terms of physical layer security. As a result, because data is transmitted across three

time slots, SSK-SqM is evaluated for secrecy rate. The secrecy rate is known to be difference in

mutual information between legitimate user and eves dropper, normally termed as Bob and Eve

respectively. Using MIMOME wiretap model [52] where legitimate and eavesdropper matrix

channel are presented as Hb and He respectively, hence the received signal for Bob and Eve is

given as,

yb = Hbs+ nyb (3.27)

ye = Hes+ nye (3.28)

For NRXe ≤ NRXb
, the MIMOME secrecy capacity for SSK-SqM can be evaluated as,

CSSK−SqM = max
PS(s)

(I(s;yb|Hb)− I(s;ye|He)) (3.29)

and achievable secrecy rate as,

RSSK−SqM
s = max {0, I(s;yb|Hb)− I(s;ye|He)} (3.30)

Mutual information for MIMO system can shown to be [53],

I(s;y|He) = EH

{∑
x∈S

∫
y

PSY|H(s, y|H)×

log
PSY|H(s, y|H)

PS|H(s|H)PY|H(y|H)
dy

} (3.31)

Equation 3.31 can be expressed in terms of entropy HE(y|sm, H) as,

I(s;y|H) = HE(y, H)− Eθ [HE(y|sm, H)]

= β + Eθ [HE(y|sm, H)]

HE(y|sm, H) =
∑

xm∈M

p(y|sm, H) log2 p(y|sm, H)

(3.32)
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From Fano’s inequality,

HE(S|Y ) ≤ H(e) + P (e) log2(|χ|) (3.33)

the inequality can be strengthened by replacing |χ| with |χ| − 1 the equivocation, Eθ [HE(S|Y )]

is given by

HE(S|Y ) ≤ H(e) + P (e) log2(|χ| − 1) (3.34)

where H(e), is given by,

H(e) = P (e) log2 P (e)− [1− P (e)] log2 [1− P (e)] (3.35)

Using Equation 3.23 in Equation 3.34, then Equation 3.32 is solved, and hence achievable

secrecy rate (Eq.3.30) is evaluated for given SNR.
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.1 BER Performance

To illustrate performance metrics of the suggested technique, BER, computational complexity

and secrecy rate for SSK-SqM is examined. The traditional SSK is utilized as a benchmark.

The SNR used in monte-carlo numerical simulations is Es

N0
, whereas Es and N0 are energy per

Figure 4.1: BER of SSK-SqM with Nr = 3, 4, 5 - MI Criteria

symbol and noise respectively. Maximum Likelihood detection is considered at the receiver.

Transmit entity are Flat Fading channels, i.e., Rayleigh/Racian.

Figure 4.1 illustrates the theoretical and Numerical simulation performance plots of SSK-SqM

with Nr = 3, 4, 5 for MI criteria. The channel considered is Rayleigh Flat fading in the pattern

sequences. In Figure 4.1 simulations deviates from MI criteria, this is beacuse MI criteria uses
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probabilistic distance between symbols to determine error probability among symbols and since

our proposed scheme solely uses sequence of Gaussian channel to convey information, hence

deviation. In the case of the SV criteria, as shown by the Figure 4.2, both analytical and

Figure 4.2: SSK-SqM Performance at 4/3 SE with NRX = 3 to 5 - SV

simulation outputs concur well over the SNR range.
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Furthermore, Figure 4.3 depicts BER of SSK-SqM with four receive antennas compared with

SSK. At 10−4BER, the proposed model needs 1dB additional power compared to classical SSK,

although the proposed scheme can achieve extra a third bpcu for 3 by 4 SSK.

Figure 4.3: Performance Compar1son of SSK vs. SSK-SqM, NRX = 4.
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Further simulations were performed as illustrated in Figure 4.4, in demonstrating SSK-SqM

performances under the Rayleigh vs. Racian channel. It is noticed that for the same BER of

10−4 Racian channel required an extra of 7.5 dB than that of Rayleigh channel. Hence, the poor

Rayleigh channel was observed to behave better than the good Racian channel. It is because

Figure 4.4: SSK-SqM under Rayleigh/Rician Channels.

channels are exclusively utilized to transfer information, therefore there is less error detection

towards a more dispersed channel than a less scattering channel.
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Figure 4.5 shows simulations under correlated Rayleigh and Rician channel with Rice factor

K = 10 and antenna spacing d = 0.5λ, where λ is the wavelength of the carrier. Simulations

confirmed the previous results of uncorrelated channels showing rayleigh channel performing

better. An extra 1 dB is needed for the same BER (10−3). Correlated channel performance

curve for antenna spacing d = 0.1λ is depicted in Figure 4.6. Comparing Figure 4.5 and 4.6, it

Figure 4.5: SSK-SqM under Correlated (d = 0.5λ) Rayleigh and Rician Channels (K = 10).

is noticed that the performance (BER) decreases as the antenna spacing is reduced, for example

rayleigh channel with (d = 0.1λ) required an extra 5 dB for the same BER than that of spacing

(d = 0.5λ). Due to closer interaction between antennas for reduced spacing, more errors are

detected.
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Figure 4.6: SSK-SqM under Correlated (d = 0.1λ) Rayleigh and Rician Channels (K = 10).
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Additional comparisons with 4-QAM, SM, and ASM were made for completeness. As illustrated

in Figure 4.7 and 4.8, the proposed model outperforms the aforementioned techniques in terms

of BER performance. It is also noted that for the same BER of 0.01, SSK-SqM needs 6.5dB,

while ASM(4-QAM) and ASM(BPSK) requires an extra 1 and 1.75 dB respectively.

Figure 4.7: SSK-SqM vs. ASM (4QAM and BPSK)
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In Figure 4.8, SSK-SqM achieved BER of 10−4 at SNR of 11.5 dB, whilst SM and 4-QAM

SIMO at 12 and 13 dB respectively, this indicates performance superiority of SSK-SqM. More

power is needed to attain for SM and SIMO-4QAM for the same performance.

Figure 4.8: SSK-SqM vs. SM (NTX = 2, NRX = 4), 4QAM (NRX = 4)

4.2 Receiver Computational Complexity

Computational complexity at receiver is analyzed From Equation 3.25 and 3.26. It is clear

that using SSK-SqM complexity is lowered by 50% compared to classical SM, for the same SE,

i.e, ηSSK−SqM = ηSM . Further for SE of 2bpcu, the SM (with BPSK as APM) and classical

SSK, the computational complexity at receiver of SSK-SqM is reduced by 40% and 62% when

compared to SM and SSK respectively. This is illustrated in Table 4.1.
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Table 4.1: Receiver Computational Complexity

Spectral Efficiency (SE) SSK-SqM SSK-SqM SSK
vs. vs. vs.
SM SSK SM

1 − 126% −
2 31% 62% 50%

4.3 Secrecy Rate

Secrecy rate was also analyzed for the proposed model and compared with Classical SM and

SSK. Fig. 4.9 depicts the secrecy rate for the case with three receive antenna at the legitimate

receiver and the eavesdropper.

Figure 4.9: SSK-SqM Secrecy Rate with half sequence known to Eve.

47



This rate is evaluated by equation 3.30. In this analysis, we consider i.i.d. channel coefficients

from NRX antenna, the secrecy rate is averaged over many channel realizations and plotted

versus Bob’s signal SNR, while keeping Eve’s SNR fixed at 0, 8 and 20 dB. This shows that

more SNR given to eavesdropper the secrecy rate is lowered and vice-versa.

In Figure 4.10,secrecy capacity was evaluated by varying the legitimate receiver’s SNR for

three cases in which the eavesdropper’s SNR was fixed at 0, 3, and 20 dB, respectively and

compared with increasing number of receive antennas. Figure 4.10 shows that secrecy rate

Figure 4.10: SSK-SqM Secrecy Rate, NRX = 3, 5

is lowered when there is an increase in Eve’s SNR, this is because increasing Eve’s SNR we

are actually reducing the SNR gap between Bob and Eve’s, consequently reduced difference in

mutual information. It is also noted that increasing the number of antennas at the legitimate

receiver and the eavesdropper reduces the level of secrecy, this is due to the fact that capacity

gain is achieved for both Bob and Eve, reduced mutual information between them.
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Further comparisons of the SSK-SqM model’s secrecy rate were conducted, as illustrated in

Figures 4.11 and 4.12. The secrecy rate of SSK-SqM was compared to that of SIMO in Figure

Figure 4.11: Secrecy Rate comparison: SSK-SqM vs 4QAM-SIMO.

4.11 and to that of SSK in Figure 4.12. SSK-SqM outperformed the SIMO and classical SSK in

both cases and for the given Eve’s scenario. This was due to the mapping table’s design, since

the mapper is only known to transmitter and legitimate user. Secrecy analysis was analyzed

for the case when eavesdropper knows half of the mapper table. In this case low capacity is

achieved compared to SSK-SqM (full mapper is known), and this turns to have high mutual

information in the case SSK-SqM than SIMO, between Bob and Eve.
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Figure 4.12: Secrecy Rate comparison: SSK-SqM vs SSK.
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CHAPTER FIVE

CONCLUSION AND RECOMMENDATION

This thesis focused mainly on developing and analyzing SSK-SqM transmission technique for

wireless communication systems operating on frequency-flat channels. This thesis’s primary

contributions and findings are summarized here.

5.1 Contributions and Findings

i) In section 3.1, a new transmission technique for a MIMO configuration was developed

by combining SM-SSK and SqM (SSK-SqM) as depicted in the system model in Figure

3.1. The mapper rule for implementation of the system model was tabulated as in ta-

ble 3.1,Which demonstrated how three transmit antennas are mapped in a predefined

sequence set at the transmitter.

ii) The performance closed-form equation 3.23 developed was accurately validated with the

Monte-Carlo simulations.

iii) The analysis of computational complexity at receiver of the proposed model is shown to

be much less that the classical SSK and SM, a reduction of 40% and 62% respectively.

This was due to the sequencing nature of the predefined mapping table in conveying

information.

iv) The use of predefined mapping table in sequence to convey information also managed

to enhance secrecy rate. The secrecy enhancement is shown in Figure 4.11 and 4.12,

SSK-SqM achieved a secrecy rate of 0.5 bits/s/Hz while that of SIMO (4QAM) and

conventional SSK is 0.25 bits/s/Hz and 0.22 bits/s/Hz respectively.

5.2 Conclusion

The novel SSK-SqM based scheme, which exploits both antenna indices and pattern in convey-

ing information, accommodates the odd number of the antenna in transmission and additional

SE of 1.333 bpcu than that of classical SSK.

The flat-fading channels used in conveying information showed that bad channel Rayleigh

performed better than the Rician channel; this means that the proposed model can work in

51



a high scattering environment which is advantageous compared to other systems. Due to the

uniqueness of the antenna pattern, this scheme was able to enhance security.

5.3 Recommendation

Secrecy enhancement achieved makes the scheme suitable for security sensitive scenario such

as military, space communication. Future studies can be carried out to generalize the SSK-

SqM for different set of transmit antennas, and using generalized fading distributions such as

Nakagami-m, η − µ, κ− µ, and α− µ fading as transmit entities.
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APPENDIX B: Tables of Results

Table 5.1: SSK-SqM BER Performance using MI criteria.

BER of SSK-SqM with NRX = 3, 4, 5 - MI Criteria

Theory - MI Criteria Simulation

dB NRX = 3 NRX = 4 NRX = 5 NRX = 3 NRX = 4 NRX = 5

0 0.41587 0.25321 0.1564 0.12 0.076 0.047

2 0.22628 0.11406 0.058453 0.07 0.036 0.0194

4 0.10618 0.042134 0.017035 0.033 0.0145 0.00567

6 0.043118 0.012814 0.0038871 0.014 0.00448 0.001267

8 0.015401 0.0032767 0.00071267 0.00544 0.00112 0.000245

10 0.0049553 0.00072729 0.00010924 0.00175 0.00024 3.50E-05

12 0.0014731 0.00014498 1.46E-05 0.000567 6.00E-05 5.00E-06

Table 5.2: SSK-SqM BER Performance using SV criteria.

BER of SSK-SqM with NRX = 3, 4, 5 - SV Criteria

Theory - SV Criteria Simulation

dB NRX = 3 NRX = 4 NRX = 5 NRX = 3 NRX = 4 NRX = 5

0 0.14765 0.089899 0.055529 0.12 0.076 0.047

2 0.080337 0.040495 0.020753 0.07 0.036 0.0194

4 0.037697 0.014959 0.0060482 0.033 0.0145 0.00567

6 0.015309 0.0045494 0.0013801 0.014 0.00448 0.001267

8 0.005468 0.0011634 0.00025303 0.00544 0.00112 0.000245

10 0.0017593 0.00025822 3.88E-05 0.00175 0.00024 3.50E-05

12 0.00052299 5.15E-05 5.19E-06 0.000567 6.00E-05 5.00E-06
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Table 5.3: BER: Flat Fading Channels - Uncorrelated.

Flat Fading Channels - Uncorrelated

Rayleigh Rician NRX = 3 Rician NRX = 4

dB NRX3 NRX4 NRX5 K = 3 K = 10 K = 3 K = 10

0 0.1206 0.0764 0.0485 0.1583 0.1327 0.1106 0.0867

2 0.0696 0.0364 0.0189 0.0996 0.0791 0.0591 0.0429

4 0.0343 0.0140 0.0058 0.0546 0.0403 0.0260 0.0175

6 0.0144 0.0044 0.0013 0.0253 0.0173 0.0092 0.0056

8 0.0052 0.0011 0.0003 0.0101 0.0066 0.0101 0.0066

10 0.0017 0.0003 0.0000 0.0035 0.0022 0.0035 0.0022

12 0.0005 0.0001 0.0000 0.0011 0.0006 0.0011 0.0006

14 0.0001 0.0000 0.0000 0.0003 0.0002 0.0003 0.0002

Table 5.4: BER: Flat Fading Channels - Correlated.

Flat Fading Channels - Correlated

Rayleigh Rician

d = 0.1λ d = 0.5λ d = 0.1λ d = 0.5λ

dB NRX3 NRX4 NRX3 NRX4 NRX3 NRX4 NRX3 NRX4

0 0.1635 0.1191 0.1132 0.0713 0.1992 0.1545 0.1384 0.089

2 0.1139 0.0743 0.0645 0.0339 0.1448 0.1013 0.0821 0.0443

4 0.076 0.043 0.032 0.0133 0.096 0.0619 0.0433 0.0177

6 0.0416 0.0212 0.0136 0.0042 0.0595 0.0342 0.0189 0.0062

8 0.0222 0.0105 0.0049 0.0011 0.0334 0.0166 0.0075 0.0019

10 0.0111 0.0044 0.0016 0.0003 0.0171 0.008 0.0027 0.0005

12 0.0048 0.0018 0.0005 0.00005 0.0079 0.0035 0.001 0.0001
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Table 5.5: BER - SSK-SqM Vs. ASM.

BER - SSK-SqM Vs. ASM-NRX = 3

SSK-SqM ASM

dB dB 4-QAM BPSK

0 0.12114 0 0.25 0.15

3 0.04972 2 0.18 0.1

6 0.01408 4 0.1 0.05

9 0.002955 6 0.05 0.022

12 0.000526 8 0.02 0.008

15 7.40E-05 10 0.007 0.0027

18 9.00E-06 12 0.002 0.0008

Table 5.6: BER - SSK-SqM Vs. 4QAM, SM and SSK.

BER - SSK-SqM Vs. (4QAM, SM and SSK)NRX = 4

dB 4QAM SSK SqM SM SSK

0 0.17828 0.076 0.09 0.037578

2 0.10199 0.036 0.045 0.016927

4 0.04618 0.0145 0.02 0.006253

6 0.015548 0.00448 0.0065 0.0019017

8 0.0049683 1.12E-03 0.0018 0.00048629

10 1.12E-03 2.40E-04 0.0004 0.00010794

12 2.14E-04 6.00E-05 0.00008 2.15E-05

14 3.83E-05 1.30E-05 0.000016 3.97E-06
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Table 5.7: SSK-SqM Secrecy Rate.

Half Sequence Known to Eve - at various dB

NRX = 3 NRX = 4 NRX = 5

dB 0-dB 3-dB 20-dB 0-dB 3-dB 20-dB 0-dB 3-dB 20-dB

0 0.122 0.003 -0.407 0.182 -0.05 -0.31 0.177 -0.08 -0.23

5 0.399 0.279 -0.133 0.436 0.204 -0.058 0.383 0.13 -0.025

10 0.513 0.394 -0.016 0.492 0.259 -0.0031 0.408 0.154 -0.0006

15 0.528 0.409 -9.3E-04 0.494 0.262 -6.9E-05 0.408 0.155 -4.7E-06

20 0.529 0.410 7.3E-05 0.494 0.2623 1.7E-06 0.408 0.155 3.8E-08

25 0.529 0.410 1.2E-04 0.494 0.2623 2.8E-06 0.408 0.155 6.3E-08

30 0.529 0.410 1.2E-04 0.494 0.2623 2.8E-06 0.408 0.155 6.3E-08

35 0.529 0.410 1.2E-04 0.494 0.2623 2.8E-06 0.408 0.155 6.3E-08

Table 5.8: Secrecy Rate SSK-SqM vs. SSK and SIMO

Half Sequence Known to Eve - at various dB with NRx = 3

SSK-SqM SIMO Classical SSK

dB 0-dB 3-dB 0-dB 3-dB dB 0-dB 3-dB

0 0.1219 0.0028209 0 -0.12109 0 0 -0.20136

5 0.3985 0.27942 0.18043 0.059345 4 0.15364 -0.047716

10 0.51328 0.3942 0.24034 0.11925 8 0.22794 0.026584

15 0.52833 0.40925 0.24752 0.12643 12 0.24534 0.043978

20 0.52933 0.41025 0.24797 0.12689 16 2.48E-01 0.046373

25 0.52938 0.41029 0.24799 0.12691 20 2.48E-01 0.046614

30 0.52938 0.4103 0.24799 0.12691 24 2.48E-01 0.046635
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