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Abstract

Gurigbal Singh. Space Shift Keying Modulation in the Presence of Multiple Co-Channel
Interferers (Under the Supervision of Dr. Salama Ikki).

In this thesis, the performance of Space Shift Keying (SSK) Modulation, a technique for
Multiple Input Multiple Output (MIMO) wireless communication systems is studied. The results
are analyzed and compared assuming absence as well as presence of Co-Channel Interference
(CCI).

SSK Modulation is based on the concept of Spatial Modulation (SM) technique for MIMO
systems. In SM, only one transmitting antenna remains in the state of action at a single point
in time while others remain in sleep mode, resulting in no Inter Channel Interference (ICI). This
is another reason for the increase in system performance and spectral efficiency.

Unlike SM, in SSK Modulation there is no transmission of data symbols. However, the index
of transmitting antenna is transmitted, resulting in advantages such as a reduction in detection
complexity and hardware cost as there is no need for Amplitude Phase Modulation (APM)
elements at both transmitting and receiving end.

In this work, the exact analytical expression for Average Bit Error Rate (ABER) of SSK
Modulation in the presence of CCI has been derived, and the same is further supported by
MATLAB simulated results. The analysis with CCI is necessary because the spectral efficiency
of the communication system can be improved by a reduction in the re-use factor of the co-
channel; however, reducing the re-use factor also raises the co-channel interference.

Performance for the systems with single as well as multiple receiving antennas has been
analyzed twice considering correlated and uncorrelated Rayleigh fading channels. The asymptotic
analysis results for uncorrelated Rayleigh fading channels have also been derived and compared

with exact results.
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Chapter 1

Introduction

1.1  Wireless Communication and Communication Systems

Wireless communication is one of the biggest gifts to mankind among technologies. Based
on the survey conducted by Statista, the number of users were exponentially increased from 4.01
billion to 4.43 billion over the years from 2013 to 2015, and are further expected to increase
up to 4.77 billion in 2017 [1]. The number of users and cellular data traffic are interdependent
where data traffic and the number of users are proportional. The increase in data traffic can
be explained because the users are extensively using e-books, Android/ Apple applications such
as social networking, video streaming, emails etc. Due to this increase of data traffic, mobile

operators are struggling to satisfy the users with a faster data rate [2].

Depending upon the number of antennas (antenna configuration) at the transmitting and
receiving ends, communication systems are divided into four categories: the single input single
output (SISO) systems, single input multiple output (SIMO) systems, multiple input single
output (MISO) systems, and multiple input multiple output (MIMO) systems. In SISO systems,
a single antenna is used at both transmitting and the receiving ends as shown in Fig. 1.1. In
SIMO systems, there is only one antenna at the transmitting end and multiple antennas at the
receiving end as shown in Fig. 1.2. In MISO systems, as shown in Fig. 1.3, there are multiple
antennas at the transmitting end but only one antenna at the receiving end. However, in MIMO

systems, as shown in Fig. 1.4., there are multiple antennas at both the transmitting as well as
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the receiving ends.

Even though wireless communication provides countless benefits such as satellite commu-
nications or driver-less vehicles, there are many challenges to overcome. Each wireless system
suffers from the problems of the reliability of transmitted information, high-speed data transfer or
data rate and high spectral efficiency. Other problems include optimal data detection technique
with low complexity at low-cost [3], power-efficient data processing, signal fading, Co-Channel

Interference (CCI), and restricted availability of frequency spectrum.

It was shown that MIMO systems are an efficient solution to the above challenges by Fos-
chini et al. [4-6]. This study concluded that the asymptotic capacity of systems with multiple
antennas at the transmitting and receiving ends are linearly proportional to the transmitting

antennas under the effect of Rayleigh fading channels.

The multiple element antenna array set up in the MIMO system results in the capacity of
the system to be increased linearly with the increase in the number of antennas [3]. If the per-
formance of MIMO systems is compared with the performance of SISO systems, MIMO systems
offer high reliability of data transfer along with higher data rate [7]. For MIMO systems with a
small number of transmitting and receiving antennas, there was a linear increase in information-
theoretic capacity observed in scattering environments, at a high SNR. (Signal to Noise Ratio) [8].
MIMO works on the principle of multiplexing multiple data symbols in space and transmitting
them without an increase in bandwidth. MIMO systems also reduce the effect of multi-path
fading. MIMO systems can be exploited in different ways to achieve the multiplexing gain of
an antenna array, but this is achieved at the cost of high complexity and at a high cost of im-
plementation [9]. MIMO systems are divided mainly into three sections: spatial multiplexing,

diversity transmission, and hybrid transmission.

In spatial multiplexing, multiple antenna arrays are used at the transmitting end to transmit

more information at a time. Vertical Bell Laboratory Layered Space Time (V-BLAST) is an
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example of spatial multiplexing. V-BLAST is a layered structured data detection algorithm pro-
posed by Bell laboratories to exploit high spectral capacity offered by MIMO channels [4,10]. In
V-BLAST, multiple data symbols are multiplexed and transmitted at the same time over all the
channels without the need of an increase in bandwidth. At the detector location, data streams
are separated and detected using an interference elimination and combination of array processing

techniques.

In diversity transmission, multiple antennas are used to increase the reliability of informa-
tion. Alamouti scheme is an example of diversity transmission [11], in which two transmitting
antennas are used in order to obtain diversity at the transmitting end. The drawback of in-
creasing the system diversity is that with the increase in diversity there is a decrease in spectral
efficiency, which does not change in SIMO systems [12]. Researchers have overcome this problem
by adding a third section to the MIMO systems, which is named hybrid multiple input multiple
output (HYB MIMO) systems.

HYB MIMO system is the combination of both a spatial multiplexing technique and a di-

versity transmission technique. HYB MIMO system is a multi-layered space-time coding system
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that provides diversity gain along with the increase in spectral efficiency [13].

1.2 Spatial Modulation Technique for MIMO Systems

SM is one of the MIMO system techniques in which SSK is used along with the amplitude
phase modulation to transfer data symbols over the MIMO channels [14]. SM and SSK entirely
avoids Inter Channel Interference and attains high Spectral efficiency at low system complexity

and low implementation cost, without requiring antenna synchronization at transmitting end

[9,15].

Using a SM technique, Spectral efficiency shows a rise by logarithm to the base two of the
number of transmitting antennas (loga Ny, where N; is the number of transmitting antennas) as
compared to SISO system [16]. If compared with other MIMO techniques like Vertical Bell Lab-
oratory Layered Space-Time and Space-time Coding (STC), SM has higher error performance

with a moderate number of transmitting antennas [17].

In SM, the information is modulated by activating a single transmitting antenna at a time
(i.e. in each time slot) while keeping other transmitting antennas in a sleep state, which results
in the elimination of inter-channel interference along with the achievement of high multiplexing
gain [9,18]. As only one antenna is being used at a single point in time, this requires only one
Radio Frequency (RF) chain, which reduces the hardware cost and signal processing power of
the system [16]. Activating a single antenna at each time reduces the complexity of the system
without reducing data rate and system performance [18]. Also, in SM there is no requirement

for time synchronization between antennas [15,19].

In SM, information data are mapped with an antenna index of the active transmitting an-
tenna to be used for transmission [9]. In SM, the receiver part is designed using a Maximum
Likelihood (ML) detection technique for the estimation of transmitted data as well as the index
of active transmitting antenna from which the received data were transmitted [20]. The ML

detector is considered as an optimal detector for MIMO systems to minimize the Average Error
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Probability(AEP) [21].

ML detector offers very low complexity and works on the principle of minimizing the Eu-
clidean distance to the receive vector [22]. ML detector performs a search operation on all the
received combinations of data and selects the best-related data. As in SM, there is activation
of one antenna at a single point in time, so the complexity of the ML detector decreases as
compared to the complexity of other detection techniques used in MIMO systems. For MIMO
SM the complexity of the ML detector is shown to be identical to the complexity for SIMO system.

SM is shown to be a better technique for implementation in large MIMO systems [23-26].
The high increase in data traffic has focused researchers on using a large number of antennas;
i.e.; tens to hundreds of antennas at both transmitting and receiving ends. This technique is
termed Large MIMO or Massive MIMO; [27-31] shows the growth in data rate and improved
Bit Error Rate (BER) performance of large MIMO systems.

1.3 Problem Statement, Relevant Works and Motivation

There are several types of digital communication systems, but almost each of the commu-
nication system needs a physical channel to transmit data, and these physical channels are not
only subjected to noise but also to fading. Multi-path fading is commonly observed in wireless
communication systems, which occurs because of constructive and destructive multi-paths re-
ceived with delays and attenuation. Rayleigh distribution is one of the very common multi-path

fading models with no line of sight.

Besides fading, Inter User Interference (Interference from other users) plays an important
role to degrade the performance of wireless systems. Wireless signals are more severely sub-
jected to Interference because of more base stations and mobile users. One of the main kinds of

interference is Co-channel Interference (CCI), which is produced due to the frequency re-use.

Many researchers have studied and analyzed the performance of SSK, SM in the presence
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of different types of fading channels with perfect/ imperfect Channel State Information(CSI) or
channel estimation. The works in [26,33,39] showed that the performance of SSK is better than

many other conventional techniques of modulation.

By computing the Outage error probability and Shannon capacity of SM in the presence of
Rayleigh fading channels, M. M Ulla Faiz et al. in [34] have developed an information theoretic
framework. When compared to space-time block coding, the framework shows that SM provides

the increase in capacity on increasing the number of transmitting antennas.

The authors in [19,32, 35|, have studied the Average Bit Error Probability (ABEP) for SM
in a presence of Rayleigh fading channels. Researchers have analyzed Symbol Error Probability
of SM for a suboptimal receiver in [19] and have clearly shown that, as compared to V- BLAST
and Alamouti scheme, SM provides better performance along with low detection complexity and
the same spectral efficiency. In [32], the authors have derived closed form expression for ABEP
for SM using optimal detection technique at the receiver. In [35], the authors derived the upper
bound closed form expression for ABER of SM in the presence of correlated Rayleigh fading

channel.

The authors of [12] have provided detailed analysis for the performance of coded-SSK and
have derived closed form upper bound expression for Bit Error Probability (BEP) of SSK. The
authors have observed that SSK provides gain over the Amplitude Pulse Modulation (APM),

demonstrating that coded-SSK provides more capacity over APM.

In the presence of correlated Rician fading channels, the performance of SK has been ana-
lyzed in [36]. Marco Di Renzo et. al. in [36] proposed a general framework for the calculation of
ABEP, considering the random number of receiving antennas and two transmitting antennas in
the presence of arbitrary independent co-relation and channel coefficients of Rician fading chan-
nels. In [37] and [38], the authors have derived closed form exact and asymptotic upper bound

expressions for ABER of SM, SSK in the presence of correlated Nakagami-m fading channels.
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In all of the above-mentioned studies, the perfect CSI is considered whereas in [39] and [40],
the authors have assumed imperfect CSI at receiver. In [39], Salama S. Tkki et al. have obtained
an exact closed form and asymptotic expressions for ABEP of SSK, using the ML detection tech-
nique at receiver, in the presence of Rayleigh fading channels. In [40], the authors have studied
through Monte Carlo simulations, and have shown that as compared to other techniques, SM is

more robust to channel estimation error.

These works have improved an understanding of SSK. Motivated by the various benefits of
using SSK and SM for MIMO systems and recent works on SSK have pushed an interest to
analyze the performance of SSK in the presence of CCI. To study the effect of CCI is of major
importance because spectral efficiency can be raised by decreasing the re-use factor of the co-

channel but this also raises CCI [41].

1.4 Thesis Contribution
1. In this thesis, exact expressions for ABER have been derived using ML detection technique
and the performance of SSK in the presence of multiple co-channel interferers has been an-
alyzed for a system with a single receiving antenna. The results are derived and analyzed,
assuming that the perfect CSI is available. The exact expression of ABER has been derived
for two cases, a) when the fading channels are uncorrelated, and b) when the fading chan-
nels are correlated. In this thesis, ABER is used as a performance parameter to analyze
the performance of system because its is considered as the most enlightening illustrator of
the performance of the system. ABER can be derived by averaging Conditional Bit Error
Rate (CBER) over fading statistics. The expression of asymptotic ABER has also been
derived, as this gives insight into the performance of the system at high Signal to Noise
Ratio (SNR). Furthermore, the mathematically derived results have also been verified by

comparing with simulations developed in MATLAB.
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2. The exact and asymptotic expressions of ABER have been generalized for the system
with an arbitrary number of multiple receiving antennas using Maximum Ratio Combining
(MRC) based ML detector. MRC is an optimal receiver diversity combining technique for
noise limited systems. MRC improves the reliability and performance of transmission in
flat fading channels. In MRC, each received signal after being multiplied with weight, is
linearly added to another. The weights are chosen in such a way that the output SNR of
the combiner or adder should be maximum (weights are the conjugate of fading channel
coefficients) [46,47]. When the power of the noise at all antennas is the same, the weight
vector is the desired user’s channel vector. Throughout the analysis in this thesis, the same
noise power at all the branches is assumed. Moreover, the mathematically derived results
have also been compared with MATLAB simulations in order to justify the accuracy of

results.

1.5 Thesis Outline

The rest of thesis has been organized as follows:

In Chapter 2, two system models of SSK have been analyzed. Firstly, the system model with
two antennas at transmitting end and one antenna at receiving end is studied. Secondly, the
system model with two transmitting and an arbitrary number of N, (multiple) receiving antennas
is studied. For both the systems, mathematically derived exact analytical expressions for ABER
in the absence of CCI are provided, assuming two different conditions. In the first condition,
zero correlation in fading channels (uncorrelated fading channels) is assumed and in the second
condition, correlated fading channels are assumed. Moreover, MATLAB based simulation results
are provided in order to support the accuracy of theoretical results. In this chapter, asymptotic

analysis has also been provided for both the system models.

In Chapter 3, the detailed mathematical analysis has been provided to calculate the exact
expressions of ABER for both systems mentioned in Chapter 2, with and without correlation

in fading channels. Also, the asymptotic ABER expressions for both the systems are derived.
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Whereas in chapter 2 no CCI is assumed, in Chapter 3, it is assumed that the receiving anten-

nas are subjected to Gaussian CCI. In this chapter also, the MATLAB simulation results are

provided to justify the accuracy of theoretical results.

In Chapter4, the conclusion is stated and the future applications of SSK Modulation are

highlighted.



Chapter 2

Space Shift Keying Modulation

SM was introduced by R. Mesleh [15,19] with the intention to avoid inter channel interference
(ICI), to get rid of inter-antenna synchronization(IAS), to reduce system complexity, to enhance

spectral efficiency of MIMO systems as compared to the other MIMO techniques.

SSK Modulation is the special case of SM, in which only the antenna indices are transmitted
to relay the information; the data symbols are not transmitted. As in SSK Modulation data
symbols are not transmitted; therefore, there is no need of transceiver elements for the trans-
mission and detection of APM (Amplitude/Phase Modulation). As compared to SM, SSK offers

less detection complexity.

2.1 System Model
2.1.1 Single Receiving Antenna

Shown in Fig. 2.1 and 2.2 is the first system, where two transmitting antennas and the single
receiving antenna are considered. In SSK, only one transmitting antenna is in a state of action
at a single point in time, resulting in the need for only one RF chain. Fig. 2.1 refers to the time
instance when 0 is the data to be transmitted; therefore, transmitting antenna Tx1 is in active
mode and Tx2 is in sleep mode. Similarly, Fig. 2.2 shows the time instance when 1 is the data

to be transmitted; thus, transmitting antenna Tx2 is in active mode and Tx1 is in sleep mode.
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Figure 2.1: When transmitting data= 0, single receiving antenna
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Figure 2.2: When transmitting data= 1, single receiving antenna
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2.1.2 Multiple Receiving Antennas

Figures 2.3 and 2.4 show the second system, where two transmitting antennas and N, (mul-
tiple) receiving antennas are considered. In this system, MRC is used as the diversity combining
scheme. Figures 2.3 and 2.4 give an idea of the working of transmitting antennas. Fig. 2.3
tells about the system when 0 is the data to be transmitted, which causes the activation of
transmitting antenna Tx1 and deactivation of Tx2; therefore, Tx 1 is sending data to all the
receiving antennas. Similarly, Fig. 2.4 shows the system at a time when transmitting antenna

Tx2 is in active mode and Tx1 is in sleep mode; this happens when 1 is the data to be transmitted.

2.2 System Model for Simulation
2.2.1 Single Receiving Antenna

Figure 2.5 shows the system model with single receiving antenna developed for the simulations

in MATLAB.
2.2.2 Multiple Receiving Antennas

Figure 2.6 shows the system model with multiple receiving antennas developed for the sim-

ulations in MATLAB.

2.3 Performance Analysis for Single Receiving Antenna with Perfect CSI and no

Co-channel Interferer

2.3.1 Exact Analysis in Presence of Uncorrelated Rayleigh Fading Channels

Transmission and Reception

The received signal at the receiving end can be written as

y = VEh; +n, j=1,2, (2.1)

where, V/E is the energy of desired signal, h; is the complex Gaussian Rayleigh fading channel
of activated transmitting antenna with mean zero and variance 1, h; ~ CN (0,1) and n is the

complex Gaussian white noise with mean 0 and variance Ny, n ~ CN (0, Np).
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As shown in the first system model, two transmitting antennas and one receiving antenna
have been considered. Therefore, to transmit symbol 0, Tx1 (Transmitting antenna 1) is ac-
tivated and to transmit symbol 1, Tx2 (Transmitting antenna 2) is activated. When there is
activation of Tx1, the received signal is written as, y; = vV Eh; +n and when there is activation

of Tx2, the received signal is written as, y» = vV Ehy + n.

Table 2.1: SSK Mapping for single receiving antenna

symbol Tx activated Received Signal

0 1 ylZ\/Eh1+n
1 2 y2 = VEhs +n

Detection

For the detection of transmitted signal, ML detector has been used, which is as written below

) (2.2)

Assuming that, the data symbol to be transmitted is 0, resulting in the activation of Tx1. The

u=arg mm (‘y

received signal in this case can be written as
=y = VEh +n. (2.3)

If y; is the received signal, therefore, using ML detection method, the error can be defined as

PE:P,,(y —\/Em’2 —\/Eh2‘2>, (2.4)
P.=P, (2@ R {(hy — hy)n*} > \\/E(hl - hz>(2> :
P.—P (‘\/E(hl—hQ) 2<ﬁ), (2.5)

where, 1 = (2VE R{(hy — hy)n*}.
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The variance of 7 can be computed as, 02 = E (72?), where, E is an Expectation operator.

Therefore,
N,
O'Z = 4E70 |h1 - h2|2 = 2ENO |h1 - h2|2 .

Hence, the Conditional Error Probability or Conditional Bit Error Rate (CBER) is defined as

P, [n>a]l =Q (a _QM) : (2.6)

ON

where, p is the mean which is assumed as zero,

E|hy — hsl?
V2EN, [y — hof?

P -0 E2 |hy — hy|*
‘ 2ENy |hy — ho|* )’

therefore, CBER can be computed as

Pe:Q

Y

Bl —tal*) _ [ [EIH] @7

P, =
@ 2N, 2N,

where, H = hy — hs.

Now, CBER can be expressed in terms of v as

P.= Q). (28)

2 2
where, vy = Zlhell _ EIHE o (x) is a gaussian () function defined as

2Ng 2Ng
1 00 _t2

Probability Density Function (PDF)

The PDF of v can be derived as follows
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Firstly, the PDF of h is to be calculated, where, h = x 4 jy (x is the real part and y is the
imaginary part). Therefore, the joint PDF of x,y i.e fxy (z,y) can be written as

1 (¢ m)? 1 (y_m)?
exp 2% exp 0 (2.10)

2102 \ /27?05

where, m is the mean, which has been considered zero for this analysis, m = 0 and o2 is the

fXY(xay) =

variance, which is considered equal for both x and y. Therefore, 07 = o) = 0.

On substituting m = o, and o = o7 = ¢* in (2.10)

1 (ac+2y>2
exp 2o
27 o?

fxy(z,y) =

Now, converting the above equation to polar co-ordinates.

Assuming, a = |h| = y/2? +y? and § = tan™'Z, then,

1 a
fao(a,0) = 5 P J(ay)»

where, J(,,) is the Jacobian of x,y, which comes out to be J,, = a. Therefore, the above

equation can be written as

a

fao(a,0) = exp2e? . (2.11)

2mo?

From Eqn. (2.11), the individual PDF of f4(a) can be written as

2m a 2
fala) = / 5 exp2? df,
0 270

a _a?
fala) = ﬁexpmﬂ :

The above equation can be written in terms of x as follows

xr «?

fx(a) = —5 expa?. (2.12)

As vy = L;'—f\;‘oz Therefore, applying the Cumulative Distribution Function (CDF')

Fx(x) = Pr[X<x],

E|h|”
Fx(z) = Pr L<ac]

2Ny
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Let it be assumed that % = d; therefore, Fx(z) can be written as

Fx(z) = Pr|d |h|” <z,

A <\/§] : (2.13)

Equation 2.13, shows the expression of CDF, but we are interested in the PDF. Therefore, on

Fx(xz) = Pr

differentiating (2.13)
—— fx(z)dx. (2.14)

On substituting, Eqn 2.12 in Eqn 2.14, the PDF can be written as

z
Eg?2

1
fx(x) = Fy(z) = 5 exp Mo,
No

where ET‘f = %, therefore, PDF can further be computed as

fy (@) = %eXp <—Tx> : (2.15)

Average Bit Error Rate (ABER)

The ABER can be computed by averaging CBER given in (2.8) over the PDF of ~. Since H is
circularly symmetric, Gaussian distributed and v is Rayleigh distributed. Subsequently, its PDF

can be written as

fy(v) = L exp (j) : (2.16)

Wh@e,ﬁ:E(y):E(EVg—];:""Q) :E<E|H|z> :E_a'2.

Average BER can be written as

ABER = /000 P. () fy () dv, (2.17)

where, P, () is given in (2.8) and f, () is given in (2.16). Therefore, substituting (2.8) and
(2.16) in (2.17), ABER can be written as

ABER = /OOO Q (V) %eXp (?) dr. (2.18)
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On integrating (2.18), ABER can further be computed as

ABER — » (1— 1/2 >

1+7/2

2
1 gl
ABER=_ (1—/5-—=]. (2.19)

Simulation Results

In this section, MATLAB simulated result for ABER performance of SSK with perfect channel
estimation and without any CCI for single receiving antenna are presented. In the simulation
at least 10% channel realizations over the uncorrelated Rayleigh fading channel are considered.

Furthermore, the simulation result is compared with the analytically derived result.

Fig. 2.7 shows the ABER versus SNR graph plotted for different values of SNR ranging from
0 dB to 30 dB. It can be clearly seen in the plot that simulation and analytical results are exactly
overlapping each other, which indicates the accuracy of results. The graph depicts that as SNR

increases, the ABER decreases, thus providing increase in the performance.

2.3.2 Asymptotic Analysis in Presence of Uncorrelated Rayleigh Fading Channels

By using the PDF given in (2.16), it is possible to numerically evaluate the system per-
formance. However, these evaluations do not offer insight into how the system parameters are
affected. Based on [56] and [42], the error probability in the fading channels depend on how the
behavior of PDF is at the output SNR. It is seen that as SNR takes on larger values, the behavior
of PDF becomes more irrelevant. This is due to the Q function approaching zero quickly, thus
making the integrand almost null over the given integration range. But still, the behavior of
PDF around zero is important since Q(0) = 1/2. The Taylor series can properly approximate
this behavior and in general, the terms obtained from the Taylor series are easier to manipulate.
Generally, for any large value of SNR, the PDF can be accurately approximated to the first term
of Taylor series since the other terms are near zero. These arguments have been recognized by
[56] and [42]. The approximate PDF of effective total SINR at the destination of the system is

determined in this section by applying the Taylor series as in [57,58].
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Figure 2.7: Analytical, Simulation results of ABER versus SNR for SSK system with no CCI over

uncorrelated Rayleigh fading channels
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From eqn. 2.15 and 2.16, the PDF can be written as

o= Lo ()

Wheref_y:E(fy):E(MQI—];:ﬂz) :E(M) — Eo?

Applying Taylor series expansion, the PDF can be written as

() = % + HOT, (2.20)

where, HOT refers to the Higher Order Terms.
Asymptotic ABER

Using the equation of ABER given in equation 2.17

ABER = /Ooo Po(v) [ (v) dv, (2.21)

where, P, () is given in (2.8) and f, (y) is given in (2.20). Hence, neglecting the Higher Order
Term of (2.20), asymptotic ABER can be written as:

AABER ~ /000 Q") %d’y, (2.22)

1 o0
AABER ~ - dr.
7/0 Q (V) dy

On integrating the above equation Asymptotic ABER can be computed as

1
AABER ~ —. 2.2
R= o 2.2

Simulation Results

In this section, a comparison of exact theoretical and simulation ABER result with the asymp-
totic ABER result is provided. Asymptotic result is an approximate result which provides an

idea of performance at high SNR.
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It can be observed from Fig. 2.8 that the asymptotic result exactly overlaps the exact results

in the region of high SNR. Therefore, asymptotic result is more tight at high SNR

— Theoretical
* Simulation
— Asymptotic

= >
0 KN
I I

Average Bit Error Rate (ABER)
7

o \ \ \ \ |
0 5 10 15 20 % 30

Signal to Noise Ratio

Figure 2.8: Comparison of Asymptotic and Exact results of ABER versus SNR for SSK system with no
CCI over Uncorrelated Rayleigh fading channel

2.3.3 Exact Analysis in Presence of Correlated Rayleigh Fading Channels
In sections 2.3.1 and 2.3.2, it is assumed that fading channels are independent of each other.
As the variance of hy = 1 and the variance of hy = 1, the resulting variance of hy — hy = 2.

However, in this section, fading channels are assumed dependent on each other; in other words,
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fading channels are correlated, with the resulting variance of hy — hy # 2.

The above-mentioned condition is commonly to be found in practical communication sys-
tems, especially in MIMO systems. Fading Correlation is caused due to the inadequate distance
between the antennas, mainly in compact sized devices equipped with space-antenna diversity.
It is important to analyze the performance of a system in the presence of Correlated Fading

Channels because due to fading correlation, maximum diversity gain cannot be achieved.

In this section, the system as defined in section 2.3.1 has been analyzed assuming, the pres-

ence of Correlated Rayleigh fading channels, where p is the correlation coefficient.

Using the Eqn. 2.7 for CBER

E|hy — hyl? p

P, =
© 2N, 2N,

where, H = hy — hs.
Similar to (2.8) CBER can be expressed in terms of .

Pe:Q(\/%)a

where, v, = Bl —hal’ Using Eqn. 2.16 for the PDF

2No
1 —Ve
fc(ryc):_exp()7
A Ve e

B Bt —hol? 2 o2
where, 5, = E () = E (25520) = E (555) = 22 (1- ),
where, p is the coefficient of Correlation between fading channels and o2 is the variance of each

fading channel; therefore, o2 = 1.
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Average Bit Error Rate (ABER)

ABER can be written as given (2.17)

ABER = /0 Pe(Ve) fre () dve

ABER = /OOO Q (V77) %exp (_%) .. (2.24)

ABER can be computed as

ABER = (1 |2/ :1(1— %>, (2.25)
2 14+7./2 2 2+ 9.

where, 7, = Nﬂo (1—p).

Simulation Results

In this section, MATLAB simulated results for exact ABER performance of SSK in the pres-
ence of Correlated Rayleigh Fading Channels are provided. The results for different values of
correlation coefficient (p) are provided in order to study the effect of fading correlation on the

performance of the system.

Fig. 2.9 demonstrates that the fading correlation and ABER are directly proportional. As
the value of correlation coefficient increases, the performance decreases. It can be noted from
the figure that, for p = 0 i.e when there is no correlation between fading channels or they are
completely independent, the ABER of 1072 is obtained at SNR = 17dB, and for p = 0.3, the
ABER of 1072 is achieved at SNR = 18dB, which shows the loss of 1dB. However, on further
increasing the value of p to 0.6 and 0.9, the ABER of 1072 is achieved at SNR of 21dB and 27dB,
thus showing the loss by 4dB and 10dB respectively.
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Figure 2.9: Analytical, Simulation results of ABER versus SNR for SSK system with no interference

over Correlated Rayleigh fading channels
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2.4 Performance Analysis for Multiple Receiving Antenna with Perfect CSI and

no Co-channel Interferer

2.4.1 Exact Analysis in Presence of Uncorrelated Rayleigh Fading Channels

Transmission and Reception

In this section, performance analysis for a system with multiple receiving antennas has been
studied, using MRC based ML detector.

The received signal at receiving end can be written as
Yr = VEhy + 1.,  t=12, (2.26)

where, r is the receiving antenna, ¢ is the transmitting antenna, v/E is the energy of desired
signal, h,, is the complex Gaussian Rayleigh fading channel of activated transmitting antenna
and r'* receiving antenna with mean zero and variance 1, h,; ~ CN (0,1) and n is complex

Gaussian white noise with mean 0 and variance Ny, n ~ CN (0, Np).

As shown in the second model, two transmitting antennas and N, receiving antennas has
been considered. Therefore, to transmit symbol 0, Tx1 (Transmitting antenna 1) is activated
and to transmit symbol 1, Tx2 (Transmitting antenna 2) is activated. On the activation of
Tx1, y1 = \/Ehm + n,, is received at the receiving antennas and on activation of Tx2,

Yr2 = VEh, 2 +n,, is received at the receiving antennas.

Table 2.2: SSK Mapping for multiple receiving antennas

symbol Tx activated Received Signal at 7* Receive Antenna

0 1 Yr1 = VEh1 +n,
1 2 Yr2 = \/Ehr,2 + ny
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Detection

ML detector, used for the detection of transmitted signal is defined as

N, )
u=arg tril%% (Z Yr — \/Ehm > ) (2.27)

r=1
Assuming that 0 is the symbol to be transmitted, resulting in the activation of Tx1. In this case,

received signal at the r* antenna can be written as
yr = VEh,1 +n,. (2.28)

As, y; is the received signal, therefore, using ML detection method, the error can be defined as

Ny 9 Ny 9
Pe = Pr Z Yy — \/Ehryl > Z ’yl - \/Ehng > s (229)
r=0 r=0

P, =P WE R {i (hyy — hy2) n:} > 2 \/E(hr,l — hng)‘Q) )

r=0 r=0
N,
P. =P, g
r=0

where 7 = 2VE R {Zi\f:ro (hr1 — hr2) nji}

VE (hyy — hy5)

’ < n) : (2.30)

The variance of 7 can be computed as, 02 = E (7?), where E is an Expectation operator.

Therefore,

N,
2 _ g0 Byt — hyol?
O, 2 TZ:;| ,1 ,2| P

Nr

o7 =2ENy > |y — heof*.
r=0

Hence, the Conditional Error Probability is defined as

P [n>a] = Q (a _2”> , (2.31)

ON
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where, 1 is the mean which is assumed as zero.

ZfﬂV:TO E |hr,1 B hn2|2
Pe = Q ~ 5 )
VN 2ENy [y — o]

N 4
"o E?he 1 — hy
P.=Q 2.2 N‘ 1= gl - (2.32)
2ENy ZT:TO |hr,1 - h?‘,2|
Therefore, CBER be written as
SN E Byl
P, = L ’ ’ , 2.33
Q \/ X (2.39)
Now, CBER can be expressed in terms of v, as
P, = Q (ﬁ) ) (234)
_ XN Elhea—hea)? . . . .
where, 7, = N , and @ (z) is a gaussian @ function defined in (2.9) as
Q) -— [ (_t2>dt (2.35)
T)=—— exp | — | dt. .
V2 Jo P\ 2

Probability Density Function (PDF)
The PDF of v, can be written by using [43, 14-4-13] as

for >=;(i)Nr N e (i) (2:36)
LAt (Nr - 1)‘ ’}77" r 77’ 7 ‘

Ny B 9
where 7, = E (,) = E (Z,ZO E|2f;\%1 hr2| )

Average Bit Error Rate (ABER)

The ABER can be computed by averaging CBER in (2.34) over the PDF of 7, given in (2.36).

Hence, the ABER can be computed as in (2.17). Therefore, substituting (2.34) and (2.36)
in (2.17) ABER can be written as

o0 1 1\ —
ABER:/ B —<—) Nr=Lex ( T)d - 2.37
i Q(ﬁ)(Nr_l)! =) Pl )h (2.37)
Nyp—1
/N, -1
appr= Y (VT e (2.38)
k=0

st = (1) =4 (1) =
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Simulation Results

In this section, the MATLAB simulated result for ABER performance of SSK without any CCI
for multiple receiving antennas has been provided. At least 10° channel realizations over the
Rayleigh fading channel are considered for this simulation. Furthermore, simulation and analyt-

ically derived results are compared.

Fig. 2.10 shows the ABER versus SNR plot for different values of SNR ranging from 0 dB to
30 dB. This figure is plotted for the variable number of receiving antennas, varying from N, = 1
to N, = 5, in order to study the effects of increase/decrease in the number of receiving antennas
or the receive diversity. It can be seen that the simulated and analytical results are similar,
which is the evidence for the accuracy of the theoretical result. The graph depicts that as SNR
increases, the average bit error rate decreases, thus giving an increase in performance. Also, on
an increase in the number of receiving antennas, a decrease in ABER is observed, resulting in
better performance. It can be said that with more receiving antennas, the less signal power is
needed for high performance. It is observed from the figure that, to obtain the ABER of 1073,

different SNR is needed, depending on the number of receiving antennas in the system.

In the case of 1 receiving antenna; i.e., if N, = 1, there is a need for around 27dB of SNR
to obtain ABER of 1073dB. Whereas, in the case of N, = 2 there is a need of around 14dB of
SNR, which shows a gain of 13dB. Similarly, if there are five receiving antennas, i.e., N, = 5,
then 5.5dB of SNR is needed to obtain the ABER of 1073, which provides a gain of 27.5dB when

compared to the case of N, = 1.

It is clearly visible from the figure 2.10 that, there is the biggest gap in the curve for N, =1
and N, = 2, therefore, showing the significant increase in the performance. However, as the
value of N, is increasing, the gap of the curve when compared with the curve of the adjacent
lower value of N, goes on decreasing which shows that as we increase the number of antennas so

does the performance increases but the increase in performance is getting limited or the gain in
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Figure 2.10: Analytical, Simulation results of ABER versus SNR of SSK system with no interference

over Uncorrelated Rayleigh fading channels

2.4.2 Asymptotic Analysis in Presence of Uncorrelated Rayleigh Fading Channels

Using the Conditional Error Probability given in (2.33)

P —Q \/ZEOE |Pr = heal”

2Ny



CHAPTER 2. SPACE SHIFT KEYING MODULATION 33

Similar to (2.34), above equation can further be expressed in terms of ~, as

Fe=Q (), (2.39)

>y Elhra—hr ol

where 7, = N

Using the PDF given in (2.36)

f ()—u——L——(l>M”NPHm <Zﬁ> (2.40)
v \Vr) = (Nr—l)! . Yr p =) . .

On applying Taylor series expansion and similar to [39, 12], the above equation can be written

as

1 I\
frr () = o, —1)! (%> YW+ HOT, (2.41)

Ny 2
where H.O.T stands for Higher Order Terms and v, = E(v,) = E (ZT:O ngg_hwl ) .

Asymptotic ABER

Now, Substituting (2.39) and the first term of (2.41) in (2.17), asymptotic ABER can be written

as

r

o0 1 I\ N
AABER:/O Q(W)m<—) Y dy

On solving the integral, above equation can be computed as

1/ 1\ 2-Dp(N, 4 0. 1\
AABER = — (= Y +05) _ (L) (2.42)
N \ % VT Yr
1 20 DP(N,40.5)

where C' = T is a constant. Beign a constant relying on the number of receiving

antennas N,, 2.42 clearly indicates that the diversity order equal to the number of receiving
antennas N, can be obtained.
Simulation Results

In this section, a plot showing the comparison of exact performance analysis with the asymptotic

analysis is provided. Asymptotic results are approximate results used to study the performance
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of the system at high SNR. In Fig. 2.11, results are presented considering variable number of

number of receiving antennas, varying from N, =1 — 5.

It can be seen in the figure that, for N, = 1 the asymptotic result starts overlapping the exact
result from SNR = 17dB, whereas, for N, = 2 the results start overlapping from SNR= 20dB
which goes on increasing as there is an increase in the number of receiving antennas. Therefore,

it can be said that asymptotic result loses its tightness with increase in receive diversity.

2.4.3 Exact Analysis in Presence of Correlated Rayleigh Fading Channels
Using (2.33), the CBER can be written as

N By — heol?
p - D e : v , 9.43
@ \/ 2N, (2.43)

Now, similar to (2.34), CBER can be expressed in terms of 7, as

P.=Q (/7). (2.44)

Ei\;r() E‘hr,l_hr,le
2No !

where v,. =

Using (2.36), PDF can be written as

G p——— (i) N N exp (_%C) (2.45)
e " (NT - 1)' '7;“0 " 7;0 ’
Nr
Where, re = E (%“c) —E <ZT:0 E|2};\7};)1*hr,2|2> _ N,}\Jiag (1 _ Pr),

where, N, is number of receiving antennas, 2 is the variance of each fading channel = 1, and p,

is the correlation coefficient between fading channels.
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Figure 2.11: Comparison of Asymptotic and Exact results of ABER v/s SNR for SSK system with no

interference over Uncorrelated Rayleigh channels
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Average Bit Error Rate (ABER)

Using Eqn. 2.17 and similar to 2.37, the ABER can be computed by substituting 2.44 and 2.45
in 2.17

o0 1 1\ —
ABER:/ Q (\VVre) ——— (—) A= 1exp( )d%c,
0 ( ) (Nr - 1)' Yre Vre
N 14k
ABER =} T ~ Vadl® :
0 D G IEEW (2.46)
k=0
_ /2 c
where, V4. = % (1 — ,/11*’%6/2> = ( 211’%)
where, Y. = WT and V.. = (1 — pr) -

Simulation Results

In this section, MATLAB plotted simulation and analytical results for ABER in the presence
of correlated Rayleigh fading channels are presented. The results are provided by varying the

values of correlation coefficient for a different number of receiving antennas.

It can be seen in Fig. 2.12 that as the value of correlation coefficient increases, the perfor-
mance of the system decreases whereas the performance of the system is enhanced by increasing
number of receiving antennas. The results are provided assuming 1, 3, and 5 are the number
of receiving antennas with the correlation coefficient (p) = 0, 0.5 and 0.9 for each number of

receiving antennas.

As per the results illustrated in Fig. 2.12, it can be said that the system with NV, = 1 and
p = 0.9 is the system with the lowest performance among all the systems shown. However, the
system with N, = 5 and p = 0 is the system with highest performance or with most efficiency

among all the systems shown.

It can be seen that for N, = 5, on increasing the value of p the gap between curves is greater
as compared to the gap between the curves for N, = 3. The least gap between the curves occurs

for N, = 1. Therefore, it can be said that with an increase in the number of receiving antennas
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the effect of correlation also increases. The figure also depicts that an effect of correlation also
increases with an increase in SNR, as the gap between the curves of different values of p keeps

on increasing with an increase in SNR for each value of N,.
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Figure 2.12: Analytical, Simulation results of ABER versus SNR for SSK system with no CCI over
correlated Rayleigh fading channels



Chapter 3

Space Shift Keying Modulation in
Presence of Multiple Co-Channel

Interferers

In this chapter, the performance of SSK Modulation in presence of multiple co-channel interferers

has been studied.

This chapter is divided into two sections. In the first section, performance is studied assuming
single receiving antenna and in the second section, multiple receiving antennas are assumed. In
both the sections, exact expressions for ABER over correlated and uncorrelated Rayleigh fading
channel using the ML detection method are derived. Also, the expressions for asymptotic ABER

are provided. Throughout the analysis, equal power multiple co-channel interferers are assumed.

3.1 System Model
3.1.1 Single Receiving Antenna

Shown in Fig. 3.1 an 3.2 is the first system with two transmitting antennas and a single
receiving antenna. Similarly, as mentioned before in chapter 2 section 2.1.1, that in SSK system
only one transmitting antenna is in a state of action at a time. Fig. 3.1 refers to the time instance,

when 0 is the data to be transmitted; therefore, transmitting antenna Tx1 is in active mode and
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Tx2 is in sleep mode. Similarly, Fig. 3.2 shows the time instance, when 1 is the data to be

transmitted, therefore, transmitting antenna Tx2 is in active mode and Tx1 is in sleep mode. In

this system model, L equal power co-channel interferers are assumed to affect the received signal.

Tl I \ «—— K=3
— T K=2

RECEIVER
Tw2

TRANSMITTERS

Figure 3.1: When transmitting data= 0, single receiving antenna in presence of CCI

/ K=L

Tyl — K=3
"“vi——— k=2
K=1
RECEIVER
Tu2

TRANSMITTERS

Figure 3.2: When transmitting data= 1, single receiving antenna in presence of CCI

3.1.2 Multiple Receiving Antennas

The second system is shown in Fig. 3.3 and 3.4. In this system, two transmitting antennas
and N, (multiple) receiving antennas are considered. In this system, MRC is used as diversity
combining scheme. These figures 3.3 and 3.4 gives an idea for the working of antennas. The

working of antennas is very similar to what was described in section 2.1.2. Fig. 3.3 shows the
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time, when 0 is the data to be transmitted, which activates transmitting antenna Tx1 to transmit

data over all the receiving antennas, whereas, Tx2 is in sleep mode. Therefore, there is no data
transmission from Tx2. Similarly, Fig. 3.4 shows the time when transmitting antenna Tx2 is in
active mode and Tx1 is in sleep mode, and this happens when 1 is the data to be transmitted.
In both of these conditions each of the received signal is exposed to L equal power co-channel

interferers.

Txl
Tx2

TRANSMITTERS

- —K=3
k=2
R’xh k=1

RECEIVERS
Figure 3.3: When transmitting data= 0, Multiple receiving antennas in presence of CCI

3.2 System Model for Simulation
3.2.1 Single Receiving Antenna

Figure 3.5 shows the system model with single receiving antenna developed for the simulations

in MATLAB.
3.2.2 Multiple Receiving Antennas

Figure 3.6 shows the system model with multiple receiving antennas developed for the sim-

ulations in MATLAB.
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Figure 3.4: When transmitting data= 1, Multiple receiving antennas in presence of CCI
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Figure 3.5: Block diagram of system with single receiving antenna used for simulation
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Figure 3.6: Block diagram of system with multiple receiving antenna used for simulation

3.3 Performance Analysis for Single Receiving Antenna with Perfect CSI and Mul-

tiple Co-channel interferers

3.3.1 Exact Analysis in Presence of Uncorrelated Rayleigh Fading Channels

Transmission and Reception

The received signal at the receiving antenna is
L
y=vVEh+Y VEwg+w,  j=12 (3.1)
k=1

where, v/Fj is the energy of desired signal, v/Ej; is the energy of k" interfering user, w is the
complex Gaussian white noise, with mean zero and variance Ny, Ny ~ CN (0, Ny) h; and g are
the complex Gaussian Rayleigh fading channel of activated user antenna and the k' interfering
user with mean zero and variance 1, hj ~ CN (0,1), gy ~ CN (0,1). Both h; and g, are consid-
ered mutually independent of each other. Perfect channel estimation is assumed at the receiving

end.

In first model, two transmitting antenna and one receiving antenna is considered. Therefore,
to transmit symbol 0, Tx1 is activated and to transmit symbol 1, Tx2 is activated and if data
is transmitted by Tx1 then, y, = /E hi + Zizl V' Eirgr + w is the received signal and if data is
transmitted by Tx2 then, yo = v/Esho + Zﬁzl VEg.gr + w is the received signal.
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Table 3.1: SSK Mapping for single receiving antenna with CCI

symbol Tx activated Received Signal
0 1 yi = VEhi + Y5y VErge + w
1 2 Y2 = V Esho + Zi:l VEirgr +w

Detection

ML detector written below, has been used to detect the transmitted signal

u=arg mig (‘y —  Esh;
.]:7

Assuming that the symbol to be transmitted is 0, resulting in the activation of Tx1, the received

) . (3.2)

signal in this case can be written as

P =Y = \/_hl—i-Z\/_gk-i-w (3.3)

In case, y; is the received signal, therefore, using ML detection method, the error can be defined

B(yr J_hl
P,«((Z\/_% hl hg U) —|— hl hg Z\/ gk)>‘\/_ hl hg
Pe:Pr W_ (hy — hy)

where, @ = (2\/EJE (hy — ha) w* + (hy — ho) %, \/Eikgz>.

as

P

_ \/gs;hr) | (3.4)

1)

<u>) | (3.5)

Fe

2

The variance of @ can be computed as : 02 = E (%), where E is an Expectation operator.

Therefore,

— I 9
N, \/E'k ’gk‘
2 — AE, |hy — ho|? =0 E A Sl A L

L
O'i :2Es‘h1—h2‘2 N0+Z V Ezk |gk|2] .
L k=1
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Hence, using (2.6) CBER can be written as

VE; (hy — hs)|”

P, = Q ’
2B = f? [N+ S, VE o]
Ey |hy — hol?
P -0 oo = hal (3.6)
2| No+ Y Bulgel?
Using (12 — 17) of [44], (3.6) can be written as
2
P -0 Eq|hy Lh2|
2 [NO +0E Ek}
E 2
= |hy — hy|
P.=Q 2o — | = Q ) (37)
\ 1+ ®
where, H = hy — hy, (3.7) can further be expressed in terms of ~,
Pe = Q (\/%) ) (38)

F L and Q is defined n (29)
1+Z£:1%)7 N

where, 7, =
Probability Density Function (PDF)

Since H is a circularly symmetric Gaussian distributed and . is Rayleigh distributed, similar to

(2.16), the PDF can be written as

o) = = exp (—_%> , (3.9)

e Ve

Ls|hy—ho|?
where, 7. =E(v.) = E (M) :

4305, %
Average Bit Error Rate (ABER)

The ABER can be computed by averaging CBER in (3.8) over the Probability Density Function
(PDF) of 7, given in (3.9) .

ABER= [ " PG £ G0 e (3.10)
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Therefore, placing (3.8) and (3.9) in (3.10), ABER can be written as

ABER = /OOOQ (v Ye) ,Yiexp (_%) de. (3.11)

€ €

After solving the integral, ABER can be computed as

1 Ve/2
ABER = 1—4/——
( |/ 1 +v‘e/2> ’

2
ABER = (1— /- (3.12)
2 2+, ) '

Simulation Results

In this section, MATLAB simulated results for ABER performance of SSK with perfect channel
estimation and in the presence of CCI for the single receiving antenna are presented. For the
simulation, at least 10 channel realizations are considered over the uncorrelated Rayleigh fading
channel. Furthermore, simulated results are compared with the analytically derived result to

show the accuracy of the analytical result.

Figure 3.7, shows the ABER versus SNR, graph for single receiving antenna. This graph has
been plotted by varying the number of interferers, ranging from L = 0 (no interference) to L =

5, in order to briefly analyze the effect of an increase in CCI on performance of the system.

It can be seen in the figure that, with the increase in the number of interferers, there is an
enhancement in ABER, i.e., as interfering users are increasing, the performance of the system
is degrading. When there is no interference (L = 0), ABER of 1072 is observed at 17dB SNR.
Whereas, when L = 1, ABER of 1072 is observed at 19dB SNR, which shows the loss by 2dB.
Furthermore, in the case of L = 2 the ABER of 1072 is achieved at 29dB SNR, showing the loss
of 12dB as compared to ABER with no interference. Also, it can be clearly seen in the figure
that for all the cases when number of interferers are more than 2, i.e., L. = 3, 4 or 5, the ABER

of 1072 cannot be achieved till 30dB of SNR.

Figure 3.7 also illustrates that with the increase in SNR there is a rise in the performance,
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Figure 3.7: Analytical, Simulation results of ABER versus SNR for SSK system with multiple interferers

over uncorrelated Rayleigh fading channels
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and at low SNR the performance for L = 1 to L = 5 is approximately equal. Moreover, with

the simultaneous increase in SNR and interference, there occurs an error floor, which can be
explained as when energy of desired signal and energy of the interference both increase simulta-
neously, the ABER gets independent of both, as energy of the desired signal and energy of the

interference cancel out each other.

3.3.2 Asymptotic Analysis in Presence of Uncorrelated Rayleigh Fading Channels

Using (3.9), the PDF can be written as
1 —Ye
Fi) = = o ().

e Ye

) |h1— h2|
B s
where 7, =E(v.) = E ( I+ & )

Applying the Taylor series expansion, PDF can be written as

1
fre(Ye) = —— + HOT, (3.13)

No
1+35_ Bk

where HOT refers to the Higher Order Terms.

Asymptotic ABER
Using the equation of ABER given in (3.10)

ABER = / ’Ye f% ’Ve) d’Yea

where P, () is given in (3.8) and f,, (7.) is given in (3.13). Hence, neglecting the Higher Order
Terms of (3.13), asymptotic ABER can be written as

* 1
AABER ~ / Q (V) ,yfd%, (3.14)
0 e
AABER ~ ~ / Q (v0) de.
Ve Jo

On integrating the above equation asymptotic ABER can be computed as

AABER ~ 21_ S (3.15)

Es

Ve No
2 3 £,
43750 we
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Simulation Results

In this section, comparison of asymptotic and exact ABER results of the SSK Modulation com-

munication system in presence of CCI is provided.

It can be seen in Fig. 3.8 that asymptotic and exact results overlap each other or both are
exactly the same in the region of higher SNR. The results have been presented by varying the

number of cochannel interferers for the system with single receiving antenna.

It can be noticed from the figure that, for L=0, the asymptotic and exact results start over-
lapping from around SNR = 17dB. Whereas, for L. = 1, they start overlapping around SNR=
25dB. However, for L = 3 and L. = 4 they do not even overlap at SNR = 30dB, which shows
that the accuracy of asymptotic result keeps on decreasing with increase in interference; i.e., the

asymptotic result loses its tightness with the increase in number of interfering users.

3.3.3 Exact Analysis in Presence of Correlated Rayleigh Fading Channels
Using (3.6) and (3.7), CBER can be written as

FE. 2

v h1—h2|
P.=Q QN—L =Q

1+ Y 0, 2

where, H = hy — hy, similar to (3.8) the above Eqn. can further be expressed in terms of 7.

Pe:Q(\/ﬂ)v

E. 2
3y [P1—h2| D .

where, Y. = 5~ and @ function is given in (2.9).
430k No

Using (3.9), PDF can be written as

1 —Vec
f%c (7@0) = —exp ( - ) )

Y

Es 2 Eso2(1 p)
h1—ha| B v
_ 2N, |h1—h2 N,
where, Yoo = E (Yee) = E o | = o
7 14751 Tg 1+L1\Tg

where, 02 is the variance of each fading channel = 1 and p is the correlation coefficient between

fading channels.
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Figure 3.8: Comparison of Asymptotic and Exact results of ABER v/s SNR for SSK system in presence

of CCI over Uncorrelated Rayleigh fading channels
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Average Bit Error Rate (ABER)

ABER can be written as in eqn 3.10 and 3.11

ABER = / P, (760) f'yec (’Vec) d7607
0

oo 1 B
ABER = / Q (\/ 7@0) ,_)/T exp ( 760) AVee-
0

€ec "Y@C

ABER can be computed as

ABER = (1 | Jeel?_ :1(1—,/ 7) (3.16)
2 1+fyec/2 2 2+7€C

where, vec =

Simulation Results

In this section, MATLAB simulated results for ABER in the presence of correlated Rayleigh
fading channels have been illustrated. Results are provided by varying the value of correlation
coefficient, for p = 0, 0.5, and 0.9, along with varying the number of cochannel interferers for L

=0, 1, and 5.

It can be observed from the figure 3.9 that correlation coefficient and number of cochannel
interferers both are inversely proportional to the performance of the system. The increase in

both degrades the performance of the system, resulting in an increase of ABER.

3.4 Performance Analysis for Multiple Receiving Antenna with Perfect CSI and

Multiple Co-channel interferers

3.4.1 Exact Analysis in Presence of Uncorrelated Rayleigh Fading Channels

Transmission and Reception

The Received signal at receiving end can be written as

L
Yr = \/Eshr,t + Z V Ezkgk + Wy, t= 17 27 (317)
k=1
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Figure 3.9: Analytical, Simulation results of ABER v/s SNR for SSK system with CCI over Correlated
Rayleigh fading channels
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where, \/E; is the energy of desired signal, v/Ej; is the energy of k' interfering user, h,; and

g, are the complex Gaussian Rayleigh fading channel of activated ¢* transmitting and r** re-
ceiving antenna, and the ky, interfering user with mean zero and variance 1, h,; ~ CN(0,1),
gr ~ CN(0,1) and w is the complex Gaussian white noise, with mean zero and variance Nj,
w ~ CN (0, Ny). Both h,; and g are considered mutually independent of each other. It has been

assumed that, there is perfect channel estimation at the receiver.

In the system model, two transmitting antennas and N, receiving antennas are considered.
Thus, to transmit symbol 0, Tx1 is activated and to transmit symbol 1, Tx2 is activated. On
the activation of Tx1 received signal can be written as, y,1 = v/ Eh,1 + Zle VEi,gi +w, and
on the activation of Tx2 received signal can be written as, y,o = v/ Fsh,2 + 25:1 VEiLgr + w,

is our received signal.

Table 3.2: SSK Mapping for multiple receiving antennas with CCI

symbol Tx activated Received Signal at r*"* Receive Antenna

0 1 Yr1l =V Eshr,l + Zézl vV Eikgr + wy
1 2 Yr2 =V Eshr,Q + Zézl vV Eikgr + wr

Detection

MRC based ML detector used at the receiver is as written below

Yr — \/Ehr,tr) . (3.18)

Nr

u = arg min E
t=1,2

r=1

Assuming that the symbol to be transmitted is 0. Therefore, the received signal at 7" receive

antenna can be written as

L
Y1 = \/Eshr,l + Z vV Eikgr + w,. (3.19)
k=1
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Using ML detection method, error (FP,) is defined as

N,
P, =P, —/Eshyy >Z Yy — \/Ehm), (3.20)
r—1

)

Ny
P.=P S |VE: (b — hr,z))2 <w> , (3.21)

r=1

P z<zface =)+ ( r22r9k>>z\ﬁ .

r=1

Where,wzz <2\/_3?( r1— hp2)w* + (hey — TZ)Zk 1\/_9k>

The variance of @ can be computed as : 02 = E (10?), where E is the Expectation operator.
Therefore,
L
Ny + Z vV Ei, |gk’2
k=1 2 ’

L
- h2\2 Ny + Z vV Eig ’9k‘2
k=1

Hence, using (2.20) CBER can be written as

Ny
0'721 = 4Es Z |hr71 — h7»72|2
r=1

o2 =2E,|m

N,

3

‘\/FS (hr,l - hr,2) ‘2

Pe = Q ’
r=1 \/ZES |h'r,1 - hr,2|2 |:N0 + Zi:l \ EZk |gk|2]
Ny 2
Es hr - hr
r=-q|% P = hral” | (3:22)

=\ 2 [No + > B ng!2]

Using the similar process as used to obtain (3.7),(3.19) can be written as

Zi\/:rl Es |hr,1 - hr,2‘2

Pe:Q I )
\ o]
Ny s 2
P.=Q 20t i Mot — oo 3.23
e L E, ( : )
\ L+ &

(3.23) can further be expressed in terms of 7. as

Pe=Q (V) (3.24)
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S0y gy e —he 2| . .
L , and @ is defined in (2.9).
k
43751 ~g

where, v, =

Probability Density Function (PDF)

Similar to (2.36), PDF of 4, can be written as

fro ( )—;(i)]vr Nr=1ox (1) (3.25)
Ve ’76 - (Nr_ 1)' ’}7@ 7 p '}7@ ) .

_ PO [ e b
where, 7. = E(7.) = E T :
4300w

Average Bit Error Rate (ABER)

The ABER can be computed by averaging CBER in (3.24) over the PDF of 7, given in (3.25).

Hence, the ABER can be written as in (2.17). Therefore, substituting (3.24) and (3.25) in
(2.17)

ABER = /0 ) Q (V7e) ﬁ (i) " N exp <_%> de. (3.26)

Ve

The above equation can further be computed as

Ne—1
. N, —1+k
appr=2 Y (N e (3.27)
k=0
7C2 7C
where, 7, %(1—,/%-/3):%(1—1/#),

Simulation Results

In this section, MATLAB simulated results for ABER performance of SSK with the perfect chan-
nel estimation and in the presence of CCI for multiple receiving antennas are presented. In this
simulation at least 10° channel realizations have been considered over the uncorrelated Rayleigh
fading channels. Furthermore, simulation results are compared with the mathematically derived

analytical results.
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Figure 3.10: Analytical, Simulation results of ABER versus SNR for SSK system with multiple inter-

ferers over uncorrelated Rayleigh fading channels
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Figure 3.10 shows the ABER versus SNR graph, plotted for different numbers of receiving

antennas (N, = 1,2, 3,4,5). In this simulation, each of the received signals is subjected to 7 equal
power co-channel interferers. This graph has been plotted for different values of SNR ranging
from 0dB to 30dB. This figure has been plotted to study the effect of receive diversity in the

presence of a fixed number of interfering users on the performance of the system.

It can be seen in the figure that, with the increase in the number of receiving antennas,
there is a decrease in ABER, which indicates the increase in performance. However, due to the
presence of interference, performance cannot be as good as in the absence of interference. It
can be seen in the figure that, at SNR = 0dB, there is a significantly smaller gap between the
curves for different number of receiving antennas; however, as the SNR goes on increasing, the
gap between curves also goes on increasing. Due to this it can be stated that performance is

increased with the increase in number of antennas and SNR, while keeping interference constant.

Also, it can be noted from the figure 3.10 that, for N, = 1 in presence of 7 co-channel in-
terferers ABER of 10716 is reached at SNR of 20dB and for N, = 2, ABER of 1072 is reached
at SNR = 20dB. Curve for N, = 3 shows that the ABER of 1073 is obtained at SNR = 20dB.
Moreover with N, = 4 at SNR = 20dB, ABER = 10~*® is measured. Furthermore with N, =5
at SNR = 20dB, ABER = 107%% is observed. By comparing all the curves it is noticed that with
the increase of 1 antenna when SNR and number of co-channel interferers with same power are

kept constant, there is an approximately equal increase in performance or decrease in ABER.

It can also be noticed from the figure that, due to the high interference energy, there is an

error floor at high SNR.
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3.4.2 Asymptotic Analysis in Presence of Uncorrelation Rayleigh Fading Channels

Using the CBER given in 3.23

>t g [ = il
L E
1+, F’S

Similar to (3.24), above Eqn. can further be expressed in terms of ~, as

Fe=Q (/) (3.28)

Pe:Q

oty axg e —hea|?
L E
4+ Vg

Using, PDF given in (3.25)

o) = e () et e (22
e) = 77 g |\ — . €X — ],
Ye ’7 (Nr_].)' 'Ye 7 p 76

N_T &hr —h, 2
Where, ’}76 =K (f}/e) —F (zrl 2NO| 11 2] )

L E
300 &

where, v, =

Applying Taylor Series to above written equation, the PDF can be re-written as

1 Y N
fre (e) = N, =1 (i) Y '+ HOT, (3.29)

where, H.O.T refers to Higher Order Terms.

Asymptotic ABER

Substituting (3.28) and (3.29) in equation 2.17, the asymptotic ABER can be written as

0o Ny
AABER=/0 Q(ﬂ)ﬁ(i) YN L dy.

Ve
The above written equation of AABER can further be computed as
1 1\ 20%=DT(N, + 0. 1\
AABER = — (N, +05) == C, (3.30)
N\ e e g

where C is a constant dependent on the diversity order at receiver, Beign a constant relying on
the number of receiving antennas N,, 2.42 clearly indicates that in the absence of interference,
the diversity order equal to the number of receiving antennas N, can be obtained. 2.42 also
indicates that when interference energy is independent of SNR error floors could be seen, However
the Gaussian interference decreases with the increase in SNR, the diversity gain of N, can be

acquired.
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Simulation Results

In this section, the comparison of exact and asymptotic ABER results for a different number
of receiving antennas ((N,)= 1,2,3,4 and 5) has been provided. It is clearly visible from Fig.
3.11 that at high SNR, as the value of NV, is increasing i.e., as the number of receiving antennas
in the system are increasing, the gap between, asymptotic and exact results is also increasing.
It is illustrated in the figure that, for N, = 1 at SNR = 30dB there is very little gap between
asymptotic and exact results or they are almost similar. However, as the N, is increasing the gap
between both the curves is increasing, as seen in N, = 5 where the gap at SNR = 30dB is most
among all shown. This clearly indicates that as the number of receiving antennas increases, the

asymptotic results loses its tightness.

3.4.3 Exact Analysis in Presence of Correlated Rayleigh Fading Channels
Using 3.23, CBER can be written as

27{\; 2%0 Py = hﬁ2’2

L F
L2 w

P.=Q (3.31)

Similar to (3.24), the above Eqn. can be represented in terms of 7. as

Fe=Q(Vec) (3.32)

P A R
L by
21~

Using (3.25), the PDF can be written as

Free (ec) ! LYY et exp (2 (3.33)
ec) = Tar v \ T "oex — ) :
Tee ’Y (Nr - 1)' ’YEC ,yec p ,YEC

Nr E 2 NrEso2(1 p)
B b, —h, NrBso?Q p)
Where’ Vec = E (’Yec) =K <Zr1 2N0| 1—hr 2l ) _ No

E E
435w L+L5E
where, N, is the number of receiving antennas, o2 is the variance of each fading channel =1, and

where, Ve, =

’

p is the correlation coefficient between fading channels.
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Figure 3.11: Comparison of Asymptotic and Exact results of ABER versus SNR for SSK system in

presence of CCI over Uncorrelated Rayleigh fading channels
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Average Bit Error Rate (ABER)

Hence, using 2.17 an similar to 3.26 the ABER can be computed as

ABER — / ec ( ) é\g’r ! €X <_?ec> d ecy 334
0 Q( fy ) (NT ) ’yec K P Vec 7 ( )
Pl (NT 1+ k

ABER =~ [1—7ae]” (3.35)
k

k=0

_ 1 /2 \ _ 1 c
where, 7ae = 5 (1 N 11%’/2) 2 (1 - 2+71-)’

where, 7, = V“ < and Y. =

Simulation Results

In this section, MATLAB based plot showing the analytical and simulation results for exact
ABER in the presence of correlated Rayleigh fading channels have been provided. Results for
a different number of receiving antennas (N, = 1, 3, and 5 ), varying the values of correlation
coefficient (p = 0, 0.5, and 0.9 ) are provided. Moreover, it has been assumed that all the desired

signals are interfered by 7 (L = 7) equal power interferers.

Fig. 3.12 shows that the value of correlation coefficient and ABER are proportional i.e with
an increase in one, there is an increase in other or vice-versa (enhancement in ABER shows
degradation in performance). Whereas, the number of receiving antennas and ABER are in-
versely proportional; i.e., increase in one degrades other. Among all the systems shown in Fig.
3.12, system with NV, = 5 and p = 0 gives the best performance, but the system with N, =1

and p = 0.9 gives the worst performance among all the systems plotted in the figure.

The figure also demonstrates that the effect of correlation increases with the number of re-
ceiving antennas in the system. For example, in the case of N, = 1 the gap between curves for p
=0, 0.5 and 0.9, which is less compared to the gap for N, = 3 and the gap is most pronounced
for N, = 5. Therefore, it can be said that the effect of correlation increases with an increase in

the number of receiving antennas.
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Figure 3.12: Analytical, Simulation results of ABER versus SNR for SSK system in presence of inter-

ference over Correlated Rayleigh fading channels



Chapter 4

Conclusions and Future Applications

4.1 Conclusions

In this thesis, the Average Bit Error Rate, as the performance parameter for Space Shift
Keying Modulation in absence and presence of Co-Channel Interference has been studied, there-
fore, studying the effects of Co-Channel Interference on Space Shift Keying Modulation system.
The analysis has been studied twice considering Correlated and Uncorrelated Rayleigh fading

channels.

In the first section of Chapter 2, the performance of Space Shift Keying Modulation in the
absence of Co-Channel Interference was studied, assuming that there is a perfect channel esti-
mation available at the receiver, and the noise at receiving antenna is Additive White Gaussian
Noise. The exact mathematical expression for Average Bit Error Rate and the expression for
asymptotic Average Bit Error Rate for Binary Phase Shift Keying signal over Rayleigh fading
channels, using the Maximum Likelihood detection method has been derived. The expression for
exact Average Bit Error Rate has been derived twice, considering Correlated and Uncorrelated
Rayleigh fading channels. In this section, a system with two transmitting antennas and a single
receiving antenna has been considered for the analysis. Later, MATLAB simulated results were
provided to support the accuracy of theoretically derived results for the exact ABER in the
presence of Correlated and Uncorrelated Rayleigh fading channels. It has been observed that

the asymptotic and exact results are exactly the same at high SNR. Correlation in the fading
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channels degrades the performance of a system; the more correlation between fading channels,

the more degradation occurs in performance (increase in Average Bit Error Rate).

In the second section of Chapter 2, an exact analytical expression for Average Bit Error
Rate and expression for asymptotic Average Bit Error Rate of SSK Modulation communication
system has been derived. The expression for the exact Average Bit Error Rate has been derived
twice, considering Correlated and Uncorrelated Rayleigh fading channels. In this section, the
communication system with two transmitting and an arbitrary number of receiving antennas
have been considered for the transmission and reception of Binary Phase Shift Keying signals.
MATLAB simulations for ABER in the presence of Correlated and Uncorrelated Rayleigh fading
channels were performed with multiple receiving antennas ranging from N, =1 to N, = 5. In
this analysis, the Maximum Ratio Combining based Maximum Likelihood detection technique
has been used. On comparing the results, it has been observed that there is a significant gain
in Signal to Noise Ratio with an increase in receive diversity. Also, the asymptotic result loses
its tightness with the increase in receive diversity and the effect of correlation enhances with an

increase in the number of antennas at receiver.

Chapter 3 provides the analysis for the exact Average Bit Error Rate and asymptotic per-
formance of Space Shift Keying Modulation over the Rayleigh fading Channels for Binary Phase
Shift Keying signal in the presence of multiple co-channel interferers and Additive White Gaus-
sian Noise. It has been assumed that there is perfect Channel State Information available at
the receiving end of the communication system. The exact Average Bit Error Rate expression
has been derived twice, considering Correlated and Uncorrelated Rayleigh fading channels. To
obtain the exact analytical expressions, it was considered that the decision variable is condi-
tioned only on the fading channel of active or desired user [44] and the Gaussian distribution
of Interference-plus-Noise Ratio was found by conditioning only on the fading channel of the
desired user, resulting in the exact expression of Conditional Bit Error Rate and Average Bit

Error Rate [44].
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In the first section of Chapter 3, the performance was analyzed, considering two transmit-
ting antennas and single receiving antenna; MATLAB simulated results have also been provided
as proof of the accuracy of theoretical result for exact Average Bit Error Rate in presence of
Correlated and Uncorrelated Rayleigh fading channels. The results were compared, varying
the number of Co-Channel Interferers attacking the desired received signal. Interfering users
have been varied from L=0 (no interference) to L=>5 (5 interfering users). From the analysis,
it has been observed that there is a significant loss of Signal to Noise Ratio with an increase
in Co-Channel Interference. Also, with the enhancement in interference, asymptotic results lose
tightness. Moreover, with the simultaneous increase in the energy of desired signal and energy

of interfering users, there is an occurrence of an error floor.

In the second section of Chapter 3, Average Bit Error Rate and asymptotic Average Bit
Error Rate performance for Space Shift Keying Modulation communication system with two
transmitting antennas and Nr (multiple) receiving antennas have been analyzed. The exact an-
alytical expression for Average Bit Error Rate, considering Correlated and Uncorrelated Rayleigh
fading channels and expression for asymptotic Average Bit Error Rate considering Uncorrelated
Rayleigh fading channels have been derived. Also, MATLAB simulated results were provided in
support of mathematically derived theoretical results for Average Bit Error Rate in the presence
of Correlated and Uncorrelated Rayleigh fading channels. Later, the results were compared by
varying the number of receiving antennas from N, = 1 to N, = 5, when subjected to a fixed
number of co-channel interferers. A total of seven users was considered to be interfering with
the desired signal. It has been observed that there is an enhancement in performance with the
increase in the number of receiving antennas; however, there is a significant degradation in the
performance with an increase in the interference. It has also been observed that after the par-
ticular range of Signal to Noise Ratio there is an occurrence of error floor, which means that
there is no significant increase in performance; i.e., after a particular range of SNR, even upon
increasing the SNR, no increase in performance is observed. This is because, when there is a
constant increase in the energy of desired signal and the energy of interference, they cancel out

each other; therefore, the performance becomes independent of Signal to Noise Ratio as well as
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Interference-plus-Noise Ratio. Also, it has been observed that for systems with more receiving
antennas, there is more degradation in performance with an increase in the value of correlation

coefficient as compared to systems with fewer number of receiving antennas.

4.2 Future Applications

Due to high system capacity, high reliability, achievable energy and high spectral efficiency,
Multiple Input Multiple Output systems have attained a huge interest in research for the variety
of works such as machine to machine communication (M2M) [59]. Machine to machine communi-
cation is referred to as a technique used for direct communication between devices using trillions
of intelligent wireless devices with or without human interference. This concept of the machine
to machine communication can be used in a variety of applications like Intelligent Transport
System, Home Automation, Emergency, and many other industrial applications. Machine to
machine communication requires highly reliable and efficient communications for which MIMO
and Large MIMO systems are the best options. Other examples of the applications of large
MIMO are wireless high definition television, smart phones, laptops, computers, wireless fidelity

(wi-fi) and much more.
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