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Abstract

Spatial Modulation (SM) is a spatial multiplexing technique designed for MIMO sys-
tems where only one transmit antenna is used at each time. It is considered to be an
attractive choice for future wireless communication systems as it reduces Inter-Channel
Interference (ICI) while maintaining high energy efficiency. It can achieve this goal by
mapping block of data bits into constellation points in the spatial and signal domain.
Combining this innovative method with multiple access techniques could improve the sys-
tem performance and enhance the data rate. In Code Division Multiple Access (CDMA)
method employing parity bit permutation spreading, the bit error rate (BER) performance
could be improved by using the parity bits to select the spreading sequence to use at each
signaling interval. In this thesis, a new system model based on SM and CDMA employing
parity bit permutation spreading is proposed and investigated. The proposed system takes

advantage of the benefits of both techniques.

In this system, in addition to use the parity bits to select the spreading sequences, same
concept is used to select the combination of antennas to activate at each time instant. By
doing so, a reduction of power consumption, Inter-Channel and Inter Symbol Interference
effect can be achieved while keeping a certain diversity order compared to SM. Multiuser
scenario is also discussed in order to investigate the multiple access interference (MAI)
effects in synchronous transmission. In such case, the receiver estimates the desired user’s

information by considering the other users’ signal as additional noise.

Simulation results of the proposed MIMO-CDMA system employing permutation spread-
ing show, for single user and multiuser, a significant improvement of the BER performance

in low signal to noise ratio (SNR) when SM is implemented.
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Chapter 1

Introduction

1.1 Motivation and background

These days, wireless communications is prevalent everywhere in the world and much of our
business and entertainment activities are dependent on wireless communication services.
The demand for these services continues to grow at a rapid pace and service providers are
expected to be able to accommodate a large increase in the number of users with increased
data rate requirements. With the development of the Internet of things (IoT), Ericsson
has announced that more than 50 billion devices will be connected to the network by 2020
[1]. Therefore, future wireless network should be able to face the tremendous increase of

the traffic.

Looking past, wireless communication technologies have witnessed four generations of
technology evolution. The first generation system (1G) was introduced in 1980s and was
designed to support voice transmission using analog cellular technology. 1G was replaced
by the second generation (2G) because it had many limitations such as a poor voice qual-
ity, low transmission speed and no encryption. The 2G systems, also known as the Global
System for Mobile communications (GSM), started to expand all over the world in 1991.
Contrary to 1G, the second generation is designed based on digital cellular technologies,
which helped to enhance the spectral efficiency of the communication system. Text mes-

saging service was first introduced in GSM and a later release allowed low speed data



transmission using General Packet Radio Service (GPRS). The increasing number of 2G
users caused an increasing demand for high-speed data access. To face this issue, the third
generation (3G) came to life in 2001 with a service that can support data rate up to 2Mbps
[2]. The evolution of 3G for CDMA (Code Division Multiple Access) led to CDMA2000,
which is an improved version of CDMA used in 2G. The second widely used 3G technology
is the WCDMA (Wideband CDMA), also called UMTS (Universal Mobile Telecommuni-
cation Service). Although the 3G systems provide high-speed data service, the increasing
number of connected devices and the diversity of content to transmit have required higher
transmission speed and date rate. Therefore, new generation technology was needed in
order to align with the increasing demand. Forth generation (4G), also called long-term
evolution advanced (LTE-A), was launched in 2011 with a main goal to increase the trans-
mission speed by 10-bold compare to 3G and use channel bandwidth up to 20Mhz [3]. 4G
was able to achieve this goal by using multiple-input multiple-output (MIMO) technology
and advanced orthogonal multiple access (OMA) techniques such as orthogonal frequency
division multiplexing (OFDM). Moreover, 4G can achieve a data rate up to 1Gbps for low
mobility applications and up to 100Mbps for high mobility applications [3] [4]. As men-
tioned before, in the coming years the traffic of wireless communication will be enormously
increasing and the boundary of the 4G is approaching. Therefore, a lot of active researches

are shifting the focus towards the fifth generation (5G).

The 5G systems are expected to solve problems such as poor quality of service (QoS),
bad interconnectivity and poor coverage [5]. Although the 5G still a concept, its standard-
isation is expected to be ready by 2020. Compared to 4G, 5G systems will be designed in
order to achieve a system capacity 1000 times higher and to increase the average through-
put, spectral efficiency, data rate and the power efficiency by 10-bold [5]. Moreover, 5G
systems should insure a system latency that is below 1ms and be able to provide a data
bit rate up to 10Gbps [6]. A lot of research papers have been started to investigate the
possibility of adapting the existing technologies or suggesting new ones. For example in [6],
the author discusses some promising technologies for cellular architecture that can be em-
ployed for 5G systems such as femtocells, macrocells, relays and small sells. Furthermore,

several recent papers have discussed some new technologies that can be deployed in 5G



systems in order to achieve the expected requirements such as visible light communication
(VLS), mm-wave communication, massive MIMO technology and spatial modulation (SM)

technology [6] [7] [8].

According to many researches, MIMO systems are able to achieve high data rate without
any increase in the transmit power or the utilization [8], [9]. However, MIMO systems
will require more power amplifiers, RF chains, filters etc., which will decrease the power
efficiency of the system. That is why designing a MIMO system that have a fair tradeoff
between the spectral efficiency and the power efficiency is greatly needed. SM technique has
proven to be one of potential technologies that can achiever this challenging task. Its basic
idea is to activate one transmit antennas at each signaling interval and use the antenna
index as additional modulation scheme [10]. Taking the advantage of the single-RF chain
design and using the transmit antenna array, SM has shown in some recent studies that it
can outperform many conventional MIMO systems with less active transmit antennas [11],

12].

Another key factor that could enable future networks to achieve the best spectrum
utilization is designing innovative modulation schemes. Traditionally, Orthogonal Multi-
ple Access (OMA) techniques have been used to increase the number of users that can
share the same spectrum. These OMA techniques use the orthogonal characteristic to
avoid the Multiple-Access Interference (MATI), which can be reached in different domains
such as frequency, time, space and code domains. Motivated by this concept, three tech-
niques such as Direct Sequence Code Division Multiple Access (DS-CDMA), Orthogonal
Frequency Domain Division (OFDM) and Time Domain Multiple Access (TDMA) have
been developed and used in many standards. Based on these techniques, recent researches
have proposed modified version of OMA that can be employed in future networks. These
techniques include Sparse Code Multiple Access (SCMA) [13], Low Density Spreading
(LDS) [14], Pattern Division Multiple Access (PDMA) [15] and Lattice Partition Multiple
Access (LPMA) [16]. A recent Multiple-access technique, called Non-Orthogonal Multiple
Access (NOMA), shows potential performance compared to the conventional OMA [17].
Unlike OMA where the orthogonality is the key to separate users of the same spectrum,



NOMA encourages using non-orthogonal separation. For instance, in CDMA it is required
to use different spreading codes that are orthogonal, whereas in NOMA users are allowed
to use the same spreading codes. This new technique has been proposed in the 3¢ genera-
tion partnership project (3GPP) LTE standard under the name of Multiuser Superposition
Transmission (MUST) [18]. Exploiting all these concepts can lead to achieve the goal and

design new methods that can enhance the system performance.

1.2 Thesis scope

As discussed in [23], some of the main goals of the future wireless communication gen-
erations are to increase data rates and decrease system latency while keeping low power
consumption. Thus, modern modulation techniques must be able to comply with these re-
quirements. As previously discussed, SM-MIMO systems can achieve the fixed goal based

on two concepts:

e Reducing the number of transmit antennas in order to decrease the power consump-

tion by using less RF' chains.

e Increasing data rates by providing additional modulation scheme.

CDMA systems were designed based on Direct-Spread Spread Spectrum (DS-SS) where
each user is assigned with a unique spreading waveform called chip. This signature is
used to spread the user’s transmit signal over a bandwidth that is larger than its original
bandwidth. At the receiver, the unique signature is used to separates users’ signals. If
the used spreading sequences are not orthogonal, the system will suffer from the MAI
effect, which will decrease the system performance. Inspired by this concept, a modified
version that uses parity bits to select the spreading waveforms is introduced in [22]. This
methods shows that a coding gain can be achieved by combining coding with spreading

code selection.

Combining the SM with Multiple-access techniques could improve their performance.

Several works, e.g., [19], [20], studied the possibility of employing SM design with OFDM

4



and SC-FDMA, but few papers has investigate the performance of SM when CDMA is
used [21]. Therefore, this study focuses on designing a new SM based on parity bit CDMA

technique.

1.3 Thesis objectives

This thesis aims to investigate the possibility of combining the SM-MIMO technique with
the CDMA version introduced in [22]. As discussed in the previous sections, power and
spectral efficiency are the key success of the future communication networks. SM uses the
single-RF chain design to decrease the number of active transmit antennas and therefore
increase the power efficiency. Moreover, it increases the data rate by using the transmit
antenna array as an additional modulation scheme. In the other hand, the CDMA parity
bit selection method adds a significant coding gain to the system and increases the spectral
efficiency. Motivated by these two techniques, this thesis proposes an adapted version of
SM-MIMO for CDMA parity bit selection system. Although, these two methods belong
to two different families; however, they share the same concept of using an index variable
as an additional parameter to convey the data bits. The proposed method should provide

all benefits of SM-MIMO and the CDMA parity bit selection methods.

The objective of this study is to propose a modified version of the SM-MIMO technique
that can be implemented using CDMA. Moreover, the thesis evaluates the bit error rate
(BER) performance of the new technique under frequency-nonselective Rayleigh fading
channels. The proposed system should be able to increase the BER performance compared
to the conventional STBC parity bit permutation spreading design. Also, it should increase
the power efficiency by proposing an optimal number of transmit antennas to activate in
order to ensure a certain diversity order while reducing the number of RF-chains. Addi-
tionally, this thesis should study the MAI effect in synchronous transmission for multiuser
scenarios and verify that the new design outperform the parity bit selection method of the
MIMO-CDMA discussed in [22] when SM is implemented. Inspired from NOMA technique,

the proposed system suggest that all users use the same spreading codes to transmit their



data bit where quasi-orthogonal codes are used to separate the users’ signals. By doing so,
there will be no need to increase the length of chips used when more users are added to

the same spectrum.

1.4 Scientific methods employed

The main purpose of this work is to provide a new design of the SM-MIMO system that
can be implemented with the parity bit selection CDMA method. A mathematical model
has been derived for the proposed system in order to evaluate the BER performance. The
proposed system model has been tested via computer simulations under fading channels
to confirm the mathematical derived model. The simulation results are compared with the
theoretical results and the conventional methods in order to evaluate the overall improve-
ment of the new method. Moreover, the system has been tested in multiuser scenarios and

compared with the parity bit selection CDMA technique.

1.5 Thesis contributions

The key contributions of this thesis is the design of a SM-MIMO system based on the
CDMA permutation spreading technique. The proposed system provides the benefits of
the SM method and the permutation spreading method. It helps to increases the system
performance in terms of spectral and power efficiency by reducing the number of transmit
antenna to activate and using the permutation spreading method to provide additional

coding gain.

The following are the key contributions of this thesis:
e Proposal of a modified version of the MIMO-CDMA spreading permutation technique

when SM method is used.

e Proposal of new design strategy for the transmit antenna selection in SM-MIMO

system. The design strategy is based on Space Time Block Code (STBC) permutation

6



discussed in [24].

e The theoretical analysis of the BER performance of the proposed system in a single

user scenario and over frequency non-selective fading channels.

e Simulations comparison and performance evaluation of the new method and the

conventional methods.

e Investigation of MAI effect on the BER performance for synchronous transmission. In
this scenario, all users are assumed to use the same spreading sequences and signature

codes, also called pseudo-noise (PN), are used to separate the users’ signals.

1.6 Thesis organisation
The remainder of this thesis is organised as follows:

e Chapter 2 introduces the basic idea of two parity bit selection methods for MIMO-
CDMA systems: parity bit selected spreading and permutation spreading techniques.
In this chapter, different design strategies such as STBC design and T-design are
explained. Simulations are performed to evaluate the BER performance for all the

discussed techniques and compared with the theoretical expressions.

e Chapter 3 explains the concept of the SM design and how the spatial positions of
transmit antennas can be used as additional modulation scheme. The chapter also
discusses the generalized idea of Spatial Modulation (GNSM) where more than one
transmit antennas can be activated to send same data at each signaling interval.
Finally, the evaluation of the performance is done through simulation results for

different scenarios.

e Chapter 4 introduces the proposed technique and shows how the SM design could
be combined with permutation spreading method in order to increase the system per-
formance. Moreover, an analytical expression of the BER is derived for the proposed

technique under frequency non-selective Rayleigh fading channels with independent

7



gains and perfect knowledge of the channel state information (CSI) at the receiver.
Finally, a comparison between the proposed technique and the conventional STBC

and SM design is presented and discussed.

Chapter 5 discussed the multiusers scenario of the proposed system. In this chapter,
the effect of MAI are discussed when all users use the same spreading sequences and
scrambling codes are used to separate users from each other. Finally, simulation

results are presented and discussed.

Chapter 6 provides a brief summary of the thesis and addresses some potential

subjects for future research.



Chapter 2

Permutation Spreading For

MIMO-CDMA System

2.1 Introduction

The MIMO-CDMA permutation spreading technique [22] is an extension of the parity bit
selected spreading technique that was first introduced by C. D’Amours in [24]. In the later
method [24], instead of appending the parity bits of a systematic (n, k) linear block code
to the end of the information sequence, they are used to choose a spreading waveform from
a set of 2% mutually orthogonal sequences assigned to the user. Simulation results show

better BER performance of this technique compared to the conventional Direct Sequence

Spread Spectrum (DS-SS) methods [24].

The application of the parity bit selected spreading technique to the MIMO-CDMA
systems is introduced in [22] where two new methods are proposed. For the conventional
MIMO-CDMA system the spreading sequences are fixed regardless the data to be transmit-
ted. The authors then propose two methods where the spreading codes dependent on the
data being transmitted. The first proposed method is MIMO-CDMA employing parity bit
selected spreading, the parity bits are used to select the spreading sequence to be assigned
during one signaling interval to all transmit antennas from a set of mutually orthogonal

waveforms. In the second method proposed in [22] is the permutation spreading where the

9



parity bits are used to select one of N, different spreading sequences from a set of mutu-
ally orthogonal spreading sequences; and each antenna uses one of the selected sequences

during one signaling interval.

Many methods exist for designing the spreading permutation sequences. In [22] a T-
design is used where the rule of designing the spreading sequences is that if an antenna j
uses a spreading sequence in one permutation, it cannot use the same spreading sequence in
any other permutations. The spreading sequence can be reused in a different permutation
but by a different transmit antenna. In [25] another design technique based on space-time
block code (STBC) matrices is proposed. This method shows a slight BER performance

improvement compared to T-design.

2.2 System Model

2.2.1 Transmitter Model

The transmitter block diagram of a MIMO-CDMA system using parity bit selected and
permutation spreading is shown in Figure 2.1. In this model, the information bits are
first segmented into message blocks of k bits, where k = logs(M) * N, for M-ary signal
mapping. The message blocks are then converted into N, parallel streams. During one
signaling interval, the message bits are modulated using binary phase shift keying (BPSK)
and at the same time fed into the spreading sequence selector. Based on the input data,
the spreading sequences to be used on each transmit antenna (wq(t),ws(t),. .., wy,(t)),
are selected from N set of mutually orthogonal sequences (ci(t),ca(t),...,cn(t)), where
N > N;. The chosen spreading sequences will be then multiplied with the message symbols

(81,82, -..,8n,) before transmission.

The basic idea of the design strategy is to divide the message vector into different cosets
(My, My, ..., Mg) that will provide a maximum Euclidian distance between messages in
each coset. The number of cosets (K) depends on the number of antennas (/V;) and the

number of messages in each coset (L): K = 2™ /L.

10
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Figure 2.1: Transmitter of MIMO-CDMA with parity bit selected and permutation spread-

ing

If the parity bit selected spreading method is used, each coset will be assigned one
spreading waveform that will be used by all transmit antennas. In the system presented in
[22], 4 transmit antennas are used with 2 messages per coset. In this case, 8 cosets are gen-
erated: M; = {0000; 1111}, M, = {0001; 1110}, M3 = {0010; 1101}, M, = {0011; 1100},
Ms = {0100; 1011}, Mg = {0101;1010}, M, = {0110; 1001} and Mg = {0111;1000}. For
instance, if a message vector to transmit is [0 1 1 0], all transmit antennas will use the
spreading waveform associated with coset M. Thus, 8 mutually orthogonal waveforms are

needed.

In the case of MIMO-CDMA systems using permutation spreading, each coset has a
unique permutation spreading waveforms. Each permutation uses N; of the N mutually
orthogonal spreading sequences in such a way that all permutations have the minimum pos-
sible waveforms in common. Moreover, a transmit antenna j can use the same waveform
only once in all permutations. The first permutation design was introduced in [22] and is
based on T-design [26]. Tables 2.1 shows the spreading permutations where w;(t) refers to
the spreading waveform assigned to antenna j and ¢;(t) is the ith spreading code. In this

system, 4 transmit antennas are used with 2 messages per coset. Hence, 8 orthogonal wave-
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forms are available. Each permutation of a specific coset shares one spreading waveform

with two other permutations and two spreading waveforms with five other permutations.

The main advantage of this design is that it creates dependence between parallel data

stream by the use of different spreading patterns and without losing orthogonality between

streams.
Coset | Message Vector | wi(t) | wa(®) | ws(®) | wa(t)
M, o at) | e | e® | o)
M, o ) | al) | a®) | o)
M, ??(1)2 ea(t) ealt) ea(t) es(t)
M, o al) | o) | o) | e
M o at) | e | oal | a®
My o1 o) | a®) | ) | a®
My 001 al) | el | el | e
My %éé ea(t) es (1) e () ()

Table 2.1: T-Design Permutations Spreading for MIMO-CDMA system with 4 transmit

antennas

Another permutation design is discussed in [25] which is based on the Alamouti’s or-
thogonal space-time block code (STBC) matrix. [25] shows that this strategy, in addition
to keeping the orthogonality between message vectors, can achieve the same diversity order
as STBC. For a system with 4 transmit antenna 8 orthogonal waveforms are needed, and

thus the permutation table is generated based on the full rate ! 8x8 STBC matrix 2.1 given

LCode rate is equal to 1.
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in [27].

S1
— S
— 83
—S4
— s
—S6

52
S1
Sy
83
S6
S5
S8

S7

53
S4
51
S2
S7
S8
S5

S6

S4
—S5
52
S1
—Sg
S7
—S6

S5

S5
S6
S7
S8
S1
—$9
—S3

S6
—S5
S8
—57
52
S1
S4

S7
—Ss
— S5

S6

53
—S4

S1

59

S8
S7
—5g
— S5
S4
53
— 59

51

The spreading permutation table for 4 transmit antennas is given as follows 2:

(2.1)

Coset | Message Vector | wi(d) | wa(t) | ws(®) | wa(d)
M, o at) | el | o) | )
M, ??% ea(1) 0 er(t) es(1)
M o a) | alt) | o) | e
; 1o alt) | w® | el | e
My o at) | al) | oat) | e
M 010 a1 | el | el | a®
" 001 o) | el | el | e
My 1000 o) | al) | a® | e

Table 2.2: STBC-Design Permutations Spreading for MIMO-CDMA system with 4 trans-

mit antennas

A more specific transmit signal table can be generated using the above concept. For

20nly 4 column from the 8x8 STBC matrix are needed to generate the permutations table. In [25]

column 1, 5, 8 and 6 are used. Other combination may be used as all columns in the STBC matrix are

orthogonal to each other.
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example let us consider a MIMO-CDMA system with 4 transmit antennas using BPSK
modulation. If the message vector to be transmitted is m = [0 0 0 0] from coset M;, then

the transmit signal from antenna 1, 2,3 and 4 are given by:

)

) (2.2)
)

)

where m; is the bit transmitted from the jth transmit antenna; and the w;(t) is the

spreading waveform assigned to antenna j.

Now, if the message vector to be transmitted is m = [1 1 1 1] from the same coset M,

then the transmit signal from antenna 1, 2, 3 and 4 are given by:

my s« wi () = e (t)
ma * wa(t) = c5(t) (2.3)
mg * W3 (t) = Cs (t)
My * wa(t) = c6(t)

The full transmit signals table is given as follows:

2.2.2 Receiver Model

Figure 2.2 shows the receiver block diagram of a MIMO-CDMA system using parity bit se-
lected and permutation spreading. Each receiver antenna is connected to a bank of matched
filters that corresponds to one of the N spreading waveform {c;(t),ca(t)...,cn(t)}. The
estimated transmitted bits are determined using the outputs of the matched filters as de-
cision variables and Maximum Likelihood (ML) as detection method [22]. Although the

receiver model looks to be similar for both techniques, the decision device is different.
Decision variable for MISO-CDMA system with Permutation Spreading

To determine the decision variable let us first consider a MISO-CDMA system with

parity bit selected spreading sequences using BPSK modulation with N, transmit antennas

14



Coset Message Vector w1 (1) wo (1) w3 (t) wy(t)
M, 0000 ci(t) cs(t) cs(t) co(t)
1111 —Cl(t) —C5<t> —Cg(t) _Cﬁ(t)
M, 0001 —co(t) —cg(t) —cq(t) cs(t)
1110 co(t) co(t) cr(t) —cs5(t)
M, 0010 —c3(t) —cq7(t) ce(t) —cg(t)
1101 C3 (t) C7(t) —Cg (t) Cg(t)
M4 0011 —C4(t) —Cg(t) C5(t) C7(t>
1100 cq(t) cs(t) —c5(t) —cq(t)
M, 0100 —c5(t) ci(t) —cy(t) —co(t)
1011 cs(t) —c1(t) ca(t) co(t)
M, 0101 —cg(t) ca(t) —c3(t) c1(t)
1010 co(t) —co(t) c3(t) —c1(t)
M 0110 —cq(t) cs(t) ca(t) —cy(t)
1001 cr(t) —c3(t) —co(t) ca(t)
M, 0111 —cs(t) ca(t) c1(t) c3(t)
1000 cs(t) —cy(t) —c1(t) —c3(t)

Table 2.3: STBC-Design Permutations Spreading transmit table for 4 transmit antennas

and 1 receive antenna. The received signal from a message vector (k), at each signalling
interval, is the sum of all bits multiplied by corresponding waveform and the channels gain

and it can be expressed as:
Ny
k) (k
P = 2 VE B ol w® 4 n® (2.4)
i=1

with Ej, is the received energy per bit; ozgl;) is the complex channel gain between the ith

transmit antenna and the received antenna; bgk) is the message bits transmitted over the ith
transmit antenna from the kth message vector; w® is the spreading sequence corresponding

to message vector k; n*) is the receiver noise when receiving the kth message.

The output of the Ith matched filter at the receive antenna during one signaling interval

1s:
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Estimated bits
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Combiner and decision device

"Nr1

Bank of matched filters INr2

'NeN

Figure 2.2: Receiver of MIMO-CDMA with parity bit selected and permutation spreading

(k)

lpam'ty bit

Ny
Y VE bgk) ozglf) + P, if cl(k) (t) is used
== (2.5)

n((]k) , otherwise

where t € [0, 7], T is the bit duration and n; is the sampled noise after the I[th matched

filter, which is expressed as:

1
nl(k) = /nfgk) cr(t) dt (2.6)
T

ML detection is used in order to estimate data bits when the kth message vector is
transmitted; which is done by finding the spreading sequence that provides the minimum

Euclidian distance between the received message vector and all possible message vectors.
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M
U = minj—;

(2.7)

Nt

/ k k k

r;]fozm"ity bit o Z Eb b’E ) agl) CZ(' )
=1

where M is the total number of cosets.

Similarly, for MISO-CDMA system with permutation spreading the received message

vector can be expressed as:

Nt
=2 VEN ay e (2.8)
i=1
with wgk) is the spreading sequence assigned to the ith antenna when the kth message

vector is transmitted. The output of the [th matched filter at the receive antenna during

one time instant is:

Ny

S VE LY o) + g i wP) = 4V
Tl(je)’r‘m = =1 (29)

ngk) , otherwise

In this case, the decision variable is expressed as follows:

2

M
U = minjzl (210)

Ny

k k k

=SS VB off P
i=1

Decision variable for MIMO-CDMA system with Permutation Spreading

We notice that the decision variable is similar for both parity bit selected and per-
mutations spreading, except in the spreading sequence selection phase. For this reason,
only MIMO-CDMA system with permutation spreading sequences using BPSK modula-

tion with /NV; transmit antennas and N, receive antennas is considered in this section. The

17



output of the [th matched filter at the jth receive antenna during one signalling interval

1s:

Ny

o JE VR el i e = o0

N (2.11)
ny;) ’ otherwise

with Fj is the received energy per bit; a;; is the complex channel gain between the
1th transmit antenna and the jth received antenna; bgk) is the ith message bits in the kth
message vector; w; is the spreading sequence corresponding to message vector k; ny;) is the

sampled noise after the [th matched at the jth receive antenna.

The received vector is expressed as follows:

T
Ty = [7’11,7’12,...,T1N77’21,7’22,...,T2N,...,TNTl,TNTQ,...,TNTN] :ub—i—n (212)

where uy is the 1xN.N, received data matrix that depends on the transmitted data
vector b = [b1,02,...,by,]. For instance if the message to be transmitted, using the STBC-
design based on Table 2.3,ism =[1110],thenb=[111 — 1] and

_ T
Up = [07 11, 07 07 —Q14, 012, (13, O? CRC 707 Oéer, 07 07 _&NT47 AN _y2, N3, O] .

n is the 1xN.N, noise matrix 1 = [ny1, ..., MmN, Moty - -« AN -+« s N1y oy DN, N

ML detection is used to estimate the data bits when the kth message vector is trans-

mitted. The expression of the decision variable is as follows:
M 2
U =minj— ||y — up| (2.13)

where wuy, is the vector made up of all possible received vector with the absence of the noise.
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2.3 Theoretical analysis of the BER performance

2.3.1 BER analysis for MIMO-CDMA system with parity bit

selected spreading

In [28] an analytical expression is shown for the union bound of the BER for a MIMO-
CDMA system employing parity bit selected spreading. The BER is determined by inte-
grating the probability density function (pdf) of the energy per bit to noise power density
ratio (E,/Np) multiplied by a Q-function. The pdf of E,/Ny is shown, in [28], to be a
chi-square distribution with 2L degree of freedom for a MIMO system with NV; transmit
antenna and N, receive antenna. The integration result has the form of the following

expression [29]:

p(L,x) = (1_7“>L S (L_;Hf) (HTMY (2.14)

(2.15)

where

Study in [28] shows that the BER of a MIMO system employing parity bit selected
spreading sequence can be determined by, first, finding the squared Euclidian distance,
between constellation points, then computing the union bound of the BER. This holds

true under the following assumptions:

e Channels are assumed to be frequency-nonselective.
e Channel gains are independent, slowly varying and are known at the receiver.
e Maximum likelihood detection is used.

e Four transmit and received antennas and eight spreading waveforms are used.
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Under these conditions, the union bound of the probability of bit for MIMO-CDMA

system employing parity bit selected spreading sequence is given by:

Py, = p1 + 4ps + 3ps (2.16)
with
4 E,
= Ny, —— 2.17
D1 p( N No) (2.17)
1 E,
— (2N, — 22 218
P2 p< N No) (2.18)

81 (. 3E\ 1 (. 1E\ 8 (. 3E\ 3 (. 1E
L Pt BRI D DL e I (PRt}
Ps 16p(’8N0)+16p<’8N0) 8p<’8N0>+8p(’8N0>

LA05 (8B 405 [ SEN 45 (1B 185 ( 1L
32 P\™sn, ) T2 P\ sy, ) T P\ s N, ) T a2 P\ s

2.3.2 BER analysis for MIMO-CDMA system with Permutation

(2.19)

Spreading

Same analysis of [28] is done in [22] to determine the union bound of the probability of bit
for a CDMA-MIMO system employing permutation spreading sequences based on STBC
design. The channels are assumed to be frequency non-selective with independent gains.
The bit error probability is determined by, first, finding the squared Euclidian distance,

between message vectors, then computing the union bound on the BER:

M -2
Pb = Psame T ( 9 ) Pdiff (220)

where M is the number of message vectors and pume is the probability of error when
the receiver detects the correct spreading sequence but not the same data vector. pgume is

given as follows:

1 E,
same — NNM v 2.21
p P( t N, N0> ( )
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paifs is the probability of error when the receiver detects the incorrect spreading se-

quence. pg;fs is given as follows:

1 E,
o =pl NN, —— =2 92.29
Pdiff P( Nes o7 No) (2.22)

with p(L, z) is computed using equation 2.14.

2.4 Simulation results and discussion

Performance of the bit error rate (BER) of the three techniques discussed in this chapter is
presented in this section. All simulations are performed using Matlab where the following

assumption are considered:

e Orthogonal spreading codes are generated using Hadamard codes with length of 8

bits per chip sequence.

e All channel gains are considered to be independent, frequency non-selective and
slowly varying complex Gaussian random variables with zero means and unit vari-

ance.

e Perfect channel state information (CSI) is considered to be available at the receiver

with zero power penalty.

e BPSK modulation is used for all discussed methods and data bits are generated such

a way to ensure at least 100 errors counted.

The simulations are performed considering two scenarios. In the first one a MISO-
CDMA system with two and four transmit antennas is considered. In the second scenario,
a MIMO-CDMA system with two and four transmit antennas and two and four received
antenna is considered. Simulation results are shown in Figures 2.3 and 2.4 for Parity
Bit Selected spreading and in Figures 2.5 and 2.6 for permutation spreading method. A
comparison of the BER performance between the three techniques is shown in Figures 2.7

and 2.8.
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Figure 2.3: BER performance of MISO-CDMA System with parity bit selected spreading
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Figure 2.4: BER performance of MIMO-CDMA System with parity bit selected spreading
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Figure 2.5: BER performance of MISO-CDMA System with STBC permutation spreading
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Figure 2.6: BER performance of MIMO-CDMA System with STBC permutation spreading
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Figure 2.7: BER performance comparison of MISO-CDMA System using the three tech-
niques
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Figure 2.8: BER performance comparison of MIMO-CDMA System using the three tech-

niques
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2.4.1 Discussion

It can be seen from Figures 2.7 and 2.8 that permutation methods provide better BER
performance compared to the parity bit selected spreading technique. This is due to the
difference in the decision variables of each method. In the case of the parity bit selected
spreading, only one decision variable per antenna contains the sum of the transmitted
signals plus noise; all the other decision variables contain only noise. However, in per-
mutation spreading all decision variables contain one signal component plus noise or only
noise. Moreover, the permutation spreading using STBC design provides slightly improve-
ment in the bit error rate (BER) performance comparing to T-design without any increase
of the system complexity. This is due to the fact that the STBC design adds certain code
symmetry, which adds some degree of freedom in the Euclidean distance between constel-
lation points [25]. Finally, We can notice that the union bound estimation is close to the
simulation results and it is tight as the SNR increases. This is due because the union bound
estimation doesn’t include the probability of intersection events which tends towards zero

as the SNR increases.
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Chapter 3

Spatial Modulation

3.1 Introduction

Spatial modulation (SM) is a spatial multiplexing transmission technique designed for
MIMO wireless systems. It was first proposed in [30] with the main goal to increase the
spectral efficiency and reduce the inter-channel interference (ICI) effect. This is achieved
by combining the spatial position of transmit antennas and conventional digital modulation
schemes. The basic idea behind the Spatial Modulation is to activate only one transmit
antenna at each signaling interval. The position (index) of the activated transmit an-
tenna depends on the incoming data bits and, therefore, this can be used as an additional

modulation scheme.

As shown in Figure 3.1 [32], the incoming data bits are divided into two groups. The
first group is mapped into a constellation symbol in the signal domain using conventional
modulation schemes, and the second group is mapped into a constellation symbol in the

spatial domain using the antenna index [31].

One additional benefit of Spatial Modulation (SM) is the reduction of the cost and
complexity of MIMO systems, as only one radio frequency (RF) chain is needed at the

transmitter. This is because only one transmit antenna is activated at each time instant.

It is shown in [30] [31] that Spatial Modulation (SM) can achieve a spectral efficiency of
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Figure 3.1: SM constellation diagram

logs(N;), where N, is the number of transmit antennas, compared to V-BLAST. However,
this logarithmic increase will require a large number of available antennas '. In order to
overcome this limitation, an extended technique called Generalized Spatial Modulation
(GSM) is proposed in [33] where more than one transmit antenna is activated at each
signaling interval. In GSM, data bits are mapped into different combinations of transmit
antennas at each time instant. Furthermore, GSM technique provides additional spatial

diversity gain, which improves the reliability of the communication channel.

Motivated by the above goal, various versions of Spatial Modulation (SM) were pro-
posed. In [34] a method based on Space Shift Keying (SSK) termed as General SSK
(GSSK) is presented where more than one antenna is activated at each signaling interval
and all data bits are mapped into the activated antennas. Hence, no signal constellation
is used. Simulations in [34] showed that GSSK requires less number of transmit antennas
to achieve the same performance as SM. Another technique called Fractional Bit Encoded
Spatial Modulation (FBE-SM) is proposed in [35] where the theory of modulus conversion

is used. In this case, an arbitrary number of transmit antennas can be used. One of the

Inumber of transmit antenna should be a power of two.
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main drawbacks of this method is the error propagation. As discussed in [33], GSM is
proven to provide the same performance, with less required transmit antennas, as SM,
FBE-SM and GSSK. In this section, only the conventional SM and GSM methods are

discussed.

Figure 3.2 illustrates the difference between the concept of spatial modulation (SM),
Orthogonal Space Time Block Coding (OSTBC) and Spatial Multiplexing (SMX) [9].

It can be seen from Figure 3.2 that, in the case of SMX, the two symbols S1 and
S2 are transmitted at the same time instance using both antennas with a rate of N, x
logs (M), where M is the modulation order and N is the number of transmit antennas. For
OSTBC, the two symbols are first encoded using Alamouti algorithm, then transmitted
in two signaling interval and using both transmit antennas. The data rate for OSTBC
i8 N,y /Ney % loga(M), where N, is the number of channel use and N,, is the number of
transmitted symbols. In the other hand, SM uses one symbol (S2) to select the transmit
antenna to activate and transmit the second symbol (S1) using this transmit antenna. The

data rate in this case is loga(Ny) + loga(M).

3.2 Spatial Modulation (SM) system model

The system model of the Spatial Modulation (SM) is shown in Figure 3.3 below where
4 transmit antennas and 4 received antennas are used [36]. In this system, BPSK is
considered for illustration purpose. Different constellation schemes and number of antennas

can, also, be used as described in details in [30].

3.2.1 Transmitter Model

At the transmitter side, the incoming information bits q(n) are, first, divided into sub-
groups of length m = loga(Ny) + loga (M), where M is the QAM constellation order and N,
is the number of transmit antennas. The matrix & (n) is generated by grouping, in columns,

the subgroups of the incoming bits g(n). The next step is the spatial modulation mapping
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Figure 3.3: Spatial Modulation system model

where the vector (n) is mapped to a new matrix s(n) using the mapping Table 3.1. As
shown in Figure 3.3, the matrix s(n) contains one nonzero element in each column which
is the symbol to transmit, at each time instance, using only one transmit antenna. An
example of this process is shown in Figure 3.3 for two time instants. At the first signaling
interval, the data to transmit is (1) = [0 1 0]” that is mapped, using the mapping table,

to s(1) = [0 —1 0 0]. In this case, only the second antenna will be active and will be

transmitting the symbol s = —1 and all other antennas will be silent.
Grouped | Antenna
Symbol

Bits Index

000 1 -1
001 1 +1
010 2 -1
011 2 +1
100 3 -1
101 3 +1
110 4 -1
111 4 +1

Table 3.1: SM mapping table using BPSK and Nt=4

Other modulation scheme can be used in order to increase the data rate. For instance,
four transmit antennas with 4QAM modulation can be used to transmit 4 data bits as

shown in the mapping Table 3.2 below. In this example, the first two bits are used to
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select the antenna to activate and the second two bits are mapped to a constellation symbol

selected based on the 4QAM modulation.

Input Antenna | Transmit Input Antenna | Transmit
Bits Index Symbol Bits Index Symbol
0000 1 +1+j 1000 3 +1+j
0001 1 -1+ 1001 3 -1+
0010 1 —1—7y 1010 3 —1—y
0011 1 +1—y 1011 3 +1—j
0100 2 +1+y 1100 4 +1+j
0101 2 -1+ 1101 4 -1+
0110 2 —1—7 1110 4 —1—j
0111 2 +1—y 1111 4 +1—j

Table 3.2: SM mapping table using QPSK and Nt=4

3.2.2 Receiver model

At the receiver, the index of the activated transmit antenna and the transmitted symbol are
estimated using different algorithms such as Maximum Receiver Ratio Combining (MRCC)
described in [30] and Maximum Likelihood (ML) described in [37]. This information is then
used to retrieve the transmitted data bits using the same mapping table at the transmitter.

The received signal is expressed as follow:

Y =HS+ N (3.1)

where Y is N, x 1 received matrix, IN is the N, x 1 complex additive white noise
(AWGN) matrix. H is the N, x N; channel gain vector and S is NV, x 1 transmitted signal

matrix.

One of the receiver algorithms used in [36] to estimate the transmitted data bit is the
ML. As described in [36], the ML compares the received vector with all possible transmitted
combinations and selects the option that provides the minimum Euclidian distance. Thus,
the following formula applies in order to estimate the complex symbol (§) and the antenna

index (p):
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Ny
(p, §) = argmin, Z lyi — Hyso8) (3.2)

i=1
where y; is the received vector at the i¢th received antenna when transmitting symbol s

and using the pth antenna with 1 < p < N, and s € {M}.

Equation 3.2 requires high computational complexity O(N;M (4N, — 1)), that increases
linearly with the number of transmit antennas. This is due because the receiver needs to
evaluate all possible combinations. To solve this issue a low-complexity detector, based
on Sphere Decoding (SD) and tree search structure, is proposed in [36]. The SD aims to
decrease the receiver computational complexity by applying ML detection over all points
that are inside a sphere of a specific radius C. The proposed algorithm combines the concept
of the conventional Sphere Decoder, described in [36], and the tree search structure in
order to avoid the main problem of having no point inside the sphere. Moreover, in this
new method the computational complexity of the points inside the sphere is less then the

conventional SD because only one transmit antenna is activated at each time instant[38].

The algorithm, first, sets an initial radius that depends on the noise level at the receiver
as given in 3.3. It, then, searches for any point that has a Euclidean distance less or equal
to the fixed radius C. Next, the algorithm updates the radius value by the Euclidean
distance of the founded point. Finally, the point with the minimum Euclidean distance is

considered to be the solution

C*=2a N, o> (3.3)

Where o2 is the variance of the noise at the signaling interval n and « is a constant
used to maximize the possibility of having transmitted constellation point inside the used

sphere.

Simulations in [36] showed that the proposed Sphere Decoder (SD) could achieve the

same performance as the ML with a reduction of the computational complexity up to 85%.
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3.3 Generalized Spatial Modulation (GSM) system

model

Generalized Spatial Modulation (GSM) was first introduced in [33] and it is an extension
of SM technique described in the pervious section. It was developed in order to overcome
the limitation of the logarithmic increase of the number of transmit antennas in SM. As
oppose to SM, in GSM more than one transmit antenna can be activated at each signaling
interval and the same complex symbol is transmitted over the activated transmit antennas.
Therefore, the antennas combinations are used as spatial constellation points to increase
the spectral efficiency. In GSM, the number of transmit antennas combinations that can
be used should be a power of two and the total number of possible combinations is (1]\\][2),
where NV, is the number of antenna to activate at each time instant and NV is the number
of available transmit antennas. As discussed before, SM has a spectral gain of logs(Ny).
Whereas in GSM the spectral gain is [logy (]]\\;;)J, where |.] is the floor operation. It
can be noticed that GSM has greater spectral gain than SM for the same number of
transmit antennas. Moreover, in Generalized Spatial Modulation the receiver receives

multiple copies of the transmitted symbol, which provides additional diversity gain.

The Generalized Spatial Modulation system model is shown in Figure 3.4 [33]. In this
example, 5 transmit antennas are used where only two can be activated at each signaling

interval.

3.3.1 Transmitter Model

The incoming data bits g(n) are, first, divided into subgroups of length m = m, + m, =
|logs (%Z)J +logo(M). The first m, bits, of each subgroups, are used to select the transmit
antennas combination from Table 3.3. The next m, bits are modulated using any signal

modulations schemes such as M-QAM.

For example, it can be seen from Figure 3.4 that the data bits to be transmitted at the

first signaling interval are g(n) = [0 1 0 1]. The first three bits [0 1 0] are used to select a
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Figure 3.4: Generalized Spatial Modulation system model

combination of transmit antenna from Table 3.3, which are antennas 1 and 4. Then, the last
bit {1} is modulated using BPSK, which is equivalent to a symbol s = +1. Therefore, the
corresponding column of the mapped vector at this time instant is x(n) = [+1 0 0 +1 0].
For the same example, if the SM is used, the required number of transmit antennas is equal

to eight in order to keep the same spectral efficiency.

Other modulation scheme can be used in order to increase the number of transmitted
bits. For instance, in the example shown in Table 3.3 the data bit can be increased to 5

bits by using QPSK modulation.

Motivated by the same concept of GSM, a modified version termed as Variable Gen-
eralized Spatial Modulation (VGSM) is proposed in [39] where the number of transmit
antennas to activate, at each signaling interval, varies from one transmit antenna to more
than one. The aim of this method is to increase the number of combinations that can be

used. In VGSM, the total number of possible combinations is expressed as follows:

pvasm = Z ( Z.t) =2M 1 (3.4)

i=1
Same as GSM, the number of possible combinations to use should be a power of two.

Therefore, the spectral efficiency is expressed as follows:
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Group Bits Antenna Combination (/) | Symbol (s)
0000 (1,2) 1
0001 (1,2) +1
0010 (1,3) ~1
0011 (1,3) +1
0100 (1,4) 1
0101 (1,4) +1
0110 (1,5) ~1
0111 (1,5) +1
1000 (2,3) 1
1001 (2,3) +1
1010 (2,4) ~1
1011 (2,4) +1
1100 (3,5) ~1
1101 (3,5) +1
1110 (4,5) ~1
1111 (4,5) +1

Table 3.3: GSM mapping table using BPSK |, Nt=5 and Na=2

nvasau = [1oga(2N — 1) ] 4 loga (M) (3.5)

To illustrate this concept, an example is shown in Table 3.4 where 4 transmit antennas
are used. It can be seen that 3 bits can be mapped into different combinations using
VGSM. However, if SM or GSM are used with the same number of transmit antennas,

only 2 bits can be mapped to the transmit antennas combinations.

3.3.2 Receiver Model

The same decoding algorithms as SM can be used to estimate the transmitted complex
symbol and the transmit antenna combination used at the transmitter. The received signal
is given by:

Y =HS+ N (3.6)

where Y is NN, x 1 received matrix, IN is the N, x 1 complex additive white noise

(AWGN) matrix. H is the N, x IV; channel gain vector and S is IV; x 1 transmitted signal
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Group Bits Antenna Combination (lygsa)
000 (1)
001 (2)
010 (3)
011 (4)
100 (1.2)
101 (1,3)
110 (1,4)
111 (2,3)

Table 3.4: VGSM mapping table using Nt=4

matrix.

ML is used to estimate the complex symbol (§) and the spatial symbol (p) as follows:

Nr
(b, 3) = argming,s Y _ |y — Hy,s.s|” (3.7)
i=1

where y; is the received message at the ith received antenna when transmitting symbol

s and using the pth antenna with 1 <p < N; and s € {M}.

3.4 Receiver complexity

The receiver complexity can be computed based on the number of complex operations
needed by the detection algorithm. As discussed before, the evaluation of the decision
variable, for the spatial modulation using ML, in Equation 3.2 can be expressed as follows
(36]:

Csnyy, = Ne M (4N, — 1) (3.8)

On the other hand, the GSM receiver complexity using ML can be expressed as follow
[33]:
Casnryy = Ne Ny M (N, +2) (3.9)

The complexity ratio between these two techniques can be computed as follows:
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o Cosanyy _ Ne NeM (No+2) _ N, (Na+2) (310)
Conty, N, M (AN, — 1) (4N, — 1)

Figure 3.5 illustrates the variation of this ratio in terms of the activated antennas N,
for N, = 4. As shown in the Figure 3.5, the GSM receiver complexity increases as the
number of transmit antennas to activate N, increases. For instance, to transmit four bits
using BPSK the number of transmit antennas, using GSM, is N; = 5 with N, = 2. This
corresponds to an increase of 6% of the complexity comparing to SM. However, this increase
is compensated by the reduction of the number of total transmit antennas needed. For the

same example, the number of total transmit antennas needed for SM is N; = 8.

1.8
1.6
1.4
1.2

1
0.8
0.6
0.4
0.2

0
Na=1 Na=2 Na=3 Na=4

Figure 3.5: Comparison of receiver complexity between SM and GSM using ML detection

3.5 Simulation results and discussion

This section discusses the simulation results of different Spatial Modulation configurations.
All simulations are performed using Matlab where the following assumption are considered:
e All simulations are performed over Rayleigh flat-fading channels.

e All channel gains are considered to be independent, frequency non-selective and
slowly varying complex Gaussian random variables with zero means and unit vari-

alce.
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e Perfect channel state information (CSI) is considered to be available at the receiver

with zero power penalty.

e BPSK modulation is used for all discussed methods and data bits are generated such
a way to ensure at least 100 errors counted. All configurations have four receiver

antennas.

Three scenarios are considered in order to achieve a spectral efficiency of n = 4bits/s/H z,
n = 6bits/s/Hz and n = 8bits/s/H z. Figure 3.6 shows the BER performance using Spatial
Modulation of the three scenarios. It can be seen that as the number of bits to transmit
increases, the number of transmit antennas increases as well, which increase the complexity
and thus degrades the SM performance. In Figure 3.7 a comparison of BER performance
for n = 4bits/s/H is shown, where N; = 8 for SM, N; = 5 and N, = 2 for GSM and N; = 4
for VGSM. The performances of the three techniques are close to each other with a slightly
better BER of SM at high SNR. However, GSM and VGSM require about half the number
of transmit antennas compared to SM. For n = 6bits/s/H results are shown in Figure 3.8,
where N; = 32 for SM, N, = 7 and N, = 3 for GSM and N; = 6 for VGSM. Figure 3.9
illustrates results for n = 8bits/s/H, where N, = 128 for SM, N; = 12 and N, = 3 for
GSM and N; = 8 for VGSM. Same observation can be noticed in both figures where SM
has slightly better performance at high SNR. Moreover, it can be seen that VGSM offers

slightly better results than GSM with less required transmit antennas.

In summary, GSM and VGSM can provide acceptable performance, comparing to SM,

with less number of transmit antennas and less complexity.
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Figure 3.6: Comparison of SM performances, where N; = 128 for n = 8bits, N; = 32 for
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Figure 3.7: BER performance of SM, GSM and VGSM where n = 4bits, N, = 4 and using
BPSK modulation.
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Figure 3.8: BER performance of SM, GSM and VGSM where n = 6bits, N, = 4 and using
BPSK modulation.
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Figure 3.9: BER performance of SM, GSM and VGSM where 1 = 8bits, N, = 4 and using
BPSK modulation.
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3.5.1 Discussion

This chapter introduced the concept of SM and how the spatial positions of transmit
antennas can be used as additional information that can increase the spectral efficiency
of MIMO systems. The chapter also discussed the generalized idea of Spatial Modulation
(GSM) where more than one transmit antennas can be activated to send same data at
each signaling interval. GSM aims to overcome the limitation of SM where a power of
two transmit antennas is needed. It also offers additional spatial diversity gain. Then, the
chapter introduced an extension method of GSM where the number of transmit antennas
to activate, at each signaling interval, varies from one transmit antenna to more than one.
This techniques provides higher number of transmit antennas combinations compared to
GSM. Finally, Simulation results showed that the performance of these three techniques is
close to each other with slightly better BER performance of SM. However, the VGSM and
GSM can achieve acceptable performance with less transmit antennas and less complexity

compared to SM.
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Chapter 4

Single User Permutation Spreading
Employing Spatial Modulation for
MIMO-CDMA system

4.1 Introduction

The application of SM has been discussed in different studies and it has been shown that
it can increase the spectral efficiency while avoiding Inter-Channel Interference (ICI) [30].
Moreover, as explained in chapter 2, SM reduces the hardware system cost, complexity and
energy consumption by using less Radio Frequency (RF) chains compared to conventional

MIMO systems.

On other hand, the extension of parity bit selected spreading technique to MIMO-
CDMA systems which was introduced in [22] and discussed in chapter 2, shows that a
performance gain can be obtained when the selected spreading sequences depends on the
data that is to be transmitted. In this chapter we introduce, for the first time, a new
technique that combines the benefits of SM and MIMO-CDMA systems that use permuta-
tion spreading. Rather than activating all NV, transmit antennas at each signaling interval
in a MIMO-CDMA system employing parity bit selected or permutation spreading, only

N, transmit antennas are activated. Similar to SM concept, a combination of transmit
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Ny

Na) available possibilities where the selected combination of

antenna is selected from the (
transmit antennas depends on which coset the messages to transmit comes from. By doing
so, a reduction of system complexity and Inter-Channel Interference effect can be achieved

while keeping a certain diversity order compared to SM.

As it is shown later in this chapter, a significant improvement in the performance of
MIMO-CDMA systems with permutation spreading can be achieved at low SNR values

when SM is implemented.

4.2 System Model

The proposed system model is discussed in this section for MIMO-CDMA systems with
N, transmit antennas and N, receiver antennas. Binary phase shift keying (BPSK) is
considered for illustration purpose. Other constellation schemes and different number of

antennas can be used in order to increase the data rate.

4.2.1 Transmitter Model

The transmitter block diagram of the proposed technique is shown in Figure 4.1 where
a MIMO-CDMA system with N; transmit antennas and N, receiver antennas is con-
sidered. In this system, the binary information streams are first divided into blocks
of k bits, where k = logy(M) * N, for an M-ary modulation scheme. Then, the mes-
sage bits are converted into Ny parallel streams and fed into the SM mapping block and
the spreading code selector. Similar to the permutation spreading technique discussed
in Chapter 2, the spreading code selector chooses, based on the input bits, a unique
spreading sequences (wq(t), wo(t), ..., wy,(t)) from N set of mutually orthogonal sequences
(c1(t), ca(t),...,en(t)), where N > N;. Additionally, the SM-mapping block selects the
pair of antenna to activate and the information bits to transmit. Then, the message bits
are modulated using BPSK and multiplied with the chosen spreading sequence before

transmission.
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Figure 4.1: The Transmitter of MIMO-CDMA with permutation spreading using SM

The design strategy is similar to the permutation spreading method discussed in [3,4]
and introduced in chapter 2, but with some modifications. In the spreading code selector
side, messages carried by the same spreading code are divided into cosets (M7, My, ..., Mk)
so that the Euclidian distance between messages in each coset is maximized. The number
of cosets (K') depends on the number of antennas (IV;) and the number of messages in each
coset (L): K = (2M)/L. Each coset will be assigned with a unique permutation spreading
waveforms. If the parity bit selected spreading method is used, each coset will have the

same spreading waveform that will be used by all transmit antennas.

The permutation design used is based on the Alamouti’s orthogonal STBC matrix in
order to preserve the orthogonality between message vectors and achieve a diversity order
similar to STBC as shown in [25]. For a system with 4 transmit antennas, 8 orthogonal
waveforms are needed, and thus the permutation table is generated based on the 8x8 STBC
matrix shown in 4.1. One of possible spreading permutation table for such system is given
as follows, where w;(t) refers to the spreading waveform assigned to antenna j and ¢;(t) is

the ith spreading code.

In the SM mapping block side, the message vector is divided into subgroups of length
m = mg+ms = |logs (xi)j +1loga(M) % N,, where N, is the number of transmit antenna to

activate at each time instant and Nt is the number of available transmit antennas. The first
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Coset | Message Vector | wi(f) | wa(t) | ws(t) | wa(t)
M, (1)?(1)? c1(t) ca(t) c3(t) cy(t)
M, (1)(3(1)(1) ca(t) c1(t) cy(t) c3(t)
M, o o) | a® | a® | e
M, oo al) | el | el | a®
M, o1 o) | e | el |
My 010 W) | e | el | e
M, o0t at) | et | el |
M, 00 wt) | et | al) |

Table 4.1: Permutation Spreading for MIMO-CDMA system with 4 transmit antennas
Using STBC design

m, bits, of each subgroup, are divided into different cosets (M, Mj, ..., M}.) that provide
a maximum Euclidian distance between messages in each coset. The number of cosets (K’)
depends on the number of antennas to activate (N,) and the number of messages in each
coset (L'): K' = (2N«)/L . Each coset will be assigned with a unique pair of antenna to
activate. The next my bits are modulated using any signal modulations schemes such as

M-QAM modulated and transmitted over the activated antennas.

One of possible SM mapping table for a MIMO system with four transmits antennas

and four received antennas using BPSK modulation is shown in Table 4.2.

To illustrate this concept let us consider an example of MIMO-CDMA system with four

transmit antennas and four receiver antennas as shown in Figure 4.2.

The first step in the design process consists of dividing the message vector into K
cosets with 2 messages per coset. In this case, 8 cosets are generated M; = {0000; 1111},

M, = {0001;1110}, M5 = {0010;1101}, M, = {0011;1100}, M5 = {0100; 1011}, Mg =
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Coset Message Vector Antenna Combination
00
01

Table 4.2: SM mapping table for MIMO system with four transmit antennas

4 transmit antennas
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Figure 4.2: Transmitter for a 4x4 MIMO-CDMA with permutation spreading using SM

{0101; 1010}, M7 = {0110;1001} and Mg = {0111;1000}. Each coset will have unique

spreading sequences waveforms as shown in Table 4.1 .

In the next step, the message vector is divided into two sub-groups. The first sub-group
is used to choose the combination of antennas to activate based on Table 4.2, and the second

sub-group represent the final message bits to transmit after a BPSK modulation.

For example, if a message vector to be transmitted is m = [0 1 1 1] from coset Mg,
then the transmit antennas to activate, based on table Table 4.2, are 2 and 4 and the final

symbols to transmit are [1 1]. Thus, the final transmit signals are given by:
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Antennal Deactivated

Antenna2 | so * wo(t) = cq(t)

Antenna3 Deactivated

Antenna4 | sy * wy(t) = c5(t)

where s; is the symbol transmitted from the jth antenna; and the w,(t) is the spreading

waveform assigned to antenna j.

Now, if the message vector to be transmitted is m = [1 1 0 0] from coset My, then the
antennas to activate, based on Table 4.2, are 1 and 3 and the final symbols to transmit are

[—1 —1]. Thus, the final transmit signals are given by:

Antennal | sy x wy(t) = —cqy(t)

Antenna2 Deactivated

(4.2)
Antenna3 | s3 * ws(t) = —co(t)

Antenna4 Deactivated

The same idea can be applied to the parity bit selected spreading sequence where the
only difference is that the transmit antennas use the same waveform at each signaling

interval.

Table 4.3 shows the full transmit signal table for the system shown in Figure 4.2 using

BPSK modulation.

4.2.2 Receiver Model

The proposed receiver model is shown in Figure 4.3. Similar to the permutation spreading
sequences, each receiver antenna is equipped with a bank of matched filters that correspond
to one of the N spreading waveforms (¢ (t), ca(t),...,cn(t)). The receiver estimates the
transmitted symbols and the index of the activated transit antennas using the ML and
the output of the matched filters as decision variables. The ML compares the received

vector with all possible transmitted combinations and selects the option that provides the
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Coset Message Vector w1 (1) wo (1) w3 (t) wy(t)
M, 0000 —cy(t) —c3(t)
1111 Cl(t) Cg(t)
M, 0001 —co(t) cq(t)
1110 co(t) —cy(t)
M, 0010 cs(t) —c1(t)
1101 —es(t) c1(t)
M4 0011 C4(t) Cg(t)
1100 —ea(t) —ea(t)
M, 0100 —cg(t) —cs(t)
1011 co(t) cs(t)
M, 0101 —c5(t) cr(t)
1010 cs(t) —cz(t)
M 0110 cs(t) —cg(t)
1001 —cs(t) co(t)
M, 0111 cr(t) cs(t)
1000 —cq(t) —cs(t)

Table 4.3: Permutation Spreading transmit table for 4x4 MIMO-CDMA system using SM

minimum Fuclidian distance. This information is then used to retrieve the transmitted

data bits using the same mapping table at the transmitter.
Decision variable

The decision variable for MIMO-CDMA system with permutation spreading sequences
using SM is similar to the one discussed in chapter 2. However, in this case only pair of

transmit antennas are used and therefore the system complexity is reduced.

Let us first consider MISO-CDMA system with /N; transmit antennas and one receiver
antenna where BPSK is used as modulation scheme. The received signal from a given
message vector is the sum of the transmitted bits multiplied by the corresponding spreading
waveforms and the channel gains between the activated transmit antennas and the receiver

antenna. The receiver signal can be expressed as follow:
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Figure 4.3: Receiver of MIMO/CDMA with permutation spreading using SM
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with FEj is the received energy per bit; ozgl;) is the complex channel gain between the

ith transmit antenna and the received antenna; bgk) is the message bits transmitted over

the ith transmit antenna from the kth message vector; wl(k) is the spreading sequence used

by the ith transmit antenna and corresponding to kth message vector. n*) is the receiver

noise when receiving the kth message.

As mentioned before in this section, only some of the transmit antennas will be active
at each signaling interval. Thus bgk) in Formula 4.3 can either be equal to {0} if the
corresponding antenna is not used, or {—1} or {1}, depending on the message bit to

transmit, if the corresponding antenna is used.
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The output of the [th matched filter at the receive antenna when transmitting the kth

message vector is:

i

Ny
(k) S VE, B ot 4 nl(k), if cl(k) (t) is used

(4.4)

ngk) , otherwise

where nl(k) is the sampled noise after the [th matched filter when transmitting the kth

message vector.

ML detection is then used in order to estimate transmit antenna index (p) and data

~

bits (b) when the kth message vector is transmitted; this is done by finding the spreading
sequence that provides the minimum Euclidian distance between the received message
vector and all possible message vectors. Therefore, the decision variable for MISO-CDMA

system with permutation spreading sequences using SM is given as follows:

~ M ?
(ﬁ, b) = minjzl (45)

Ny
ré’“) — Z v/ By bgk) aglf) wl(k)
i=1

where M is the total number of cosets.

Now let us consider a MIMO-CDMA system with permutation spreading sequences
using SM with N, transmit antenna and N, receiver antenna. The received vector is

expressed as follows:

T
Ty = [T117T12a~--7T1N>T21;T227~--7r2N7---aTerer,Qa---aTN,.N] (4-6)

where r;; is the output from the [th matched filter of the jth receiver antenna and it is

expressed as follows:

N
z; fr_i bgk) O‘EJ@ + nﬁ-’f), if Cl(k) is used

n otherwise

i
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(k)

where «;;” is the complex channel gain between the ith transmit antenna and the jth

)

receiver antenna when transmitting message (k), and ny; is the sampled noise after the

[th matched filter of the jth receiver antenna when message (k) is transmitted.

After the output of the matched filter, the received vector would be given as:

Ty =1Up+ N (4.8)

where m is the 1xN. N, noise matrix: 1 = [Ny, ..., 1N, 21, -+, MaN, - -+ NpLs s NN L

and wuy is the 1xN.N, received data matrix that depends on the transmitted data vector

b=[b1,62,...,by,]

For instance, if the message to be transmitted is m = [1 0 1 1], which is from coset
M5 according to Table 4.3. In this coset, antennas 2 and 4 are used and the last two
bits of the message m are to transmit. Then the data vector is b = [0 1 0 1] and up, =

[0, O, 0, 0, 0, 19, O, 14, 0, O, O, 0, 0, 99, O, o4y ..., O, O, 0, 0, O, anN,.2, O, OéNT4]T.

Now, if the message to be transmitted is m = [1 1 0 1], which is from coset M;
according to Table 4.3. In this coset, antennas 1 and 3 are used and the last two bits
of the message m are to transmit. Then the data vector is b = [—-1 0 1 0] and up =

[a137 07 —0aq1, 07 07 07 07 07 23, 07 —Qa, 07 07 07 07 07 ..., N3, 07 aN,.1, 07 07 07 07 O]T

ML detection is then used in order to estimate transmit antenna index (p) and data bits
(13) when the kth message vector is transmitted. Thus, the decision variable for MIMO-
CDMA system with permutation spreading sequences using SM is given by:

.2 M .2
(p,b) = minj— [|7e — ws| (4.9)

where uy is the vector made up of all possible received vector with the absence of the

noise.
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4.3 Theoretical analysis of the BER performance

In order to determine the analytical BER of the proposed system, the same method dis-
cussed in [28] and introduced in chapter 2 will be used under the same assumptions. Based
on study shown in [28], the BER as well as the probability of symbol error, when using
ML detection, can be computed by first finding the squared Euclidian distance between

constellation points, then computing the union bound probability using formula p(L, x)

given by [29]:
1—p\" & (L—1+Fk\ [1+p)\"
N T R
k=0
where
T
P\ TEN (4.11)

L is the diversity order, x is average received energy per bit to noise spectral density

ratio and N, is the number of receiver antenna.

4.3.1 MISO-CDMA system

Let us start with a MISO-CDMA system with permutation spreading sequences using SM
with NV, transmit antenna and one receiver antenna. The channels are assumed to be
frequency-nonselective with independent gains. In this case, the received vector is given
by:

Ty = [rlla T12,... 7T1N] (412)

The first step of the analysis consists of finding the squared Euclidian distance between
constellation points. For MISO system with four transmit antennas, the constellation

points are shown in Table 4.4 where the noise is considered to be equal to zero.
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Coset Message m Receiver vector r,
0000 [VEy(—a11,0, —ay3,0,0,0,0,0)]
M 1111 [VEy(011,0, a13,0,0,0,0,0)]
0001 [VEy(0, —a11, 0, 013,0,0,0,0)]
Mz 1110 [VEy(0, 11,0, —au3,0,0,0,0)]
0010 [VEy(—ay3,0,a11,0,0,0,0,0)]
Ms 1101 VFi(s, 0, —0n1,0,0,0,0,0)]
0011 [VE (0, 13,0, 11, 0,0,0,0)]
Mi 1100 [VEy(0, —au3,0, —a11,0,0,0,0)]
0100 [VE3(0,0,0,0,0, —ya, 0, —r4)]
s 1011 (VEs(0,0,0,0,0, 1s, 0, arg)]
0101 [VE(0,0,0,0, —aa, 0, cs, 0)]
Ms 1010 [VE(0,0,0,0, a2, 0, —arg4, 0)]
0110 [VE(0,0,0,0,0, —ays, 0, ags)]
Mr 1001 [VE3(0,0,0,0,0, s, 0, —aurs)]
0111 [VE(0,0,0,0, a4, 0, ao,0)]
Ms 1000 [VE,(0,0,0,0, —a4, 0, —ar12, 0)]

Table 4.4: Received vector for MISO system with four transmit antennas and one receiver

antenna

Probability of detecting message from the same coset

Let us assume that the transmitted message is m = [0 0 0 0]. To find the probability
of detecting message m = [1 1 1 1], given that message m = [0 0 0 0] is transmitted, we

should compute the squared Euclidean distance between their constellation points:

dia,o = ||7“1111 - 7"0000||2

=|\/Ez(0411— —ay) | ""\/Eb (g — (—au3)) ’2 (4.13)

=4 L [|0611\ + |ous] }
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Similar to study shown in [28], it can be shown that d%lS o) has a chi-square distribution
with 4 degree of freedom and diversity order of 2. Therefore, the probability that the
message m = [1 1 1 1] is detected given that message m = [0 0 0 0] is transmitted is given

by [29]:

p1s = p(2,4%) (4.14)

where 7, is the average received SNR per bit.

Probability of detecting message from different coset but having the same

antenna index

In this section we investigate the probability that the receiver detects a different message
that uses the same set of transmit antennas. From Table 4.4, it can be seen that three
cosets (M, M3 and M,) use the same transmit antenna combination. It can be shown that
all message vectors from these cosets have the same Euclidean distance and therefore the

same probability of error. We refer to this probability as pseme index-

Let us use message m = [1 1 0 0] from coset M, as an example. The distance between

the constellation points of this message and message m = [0 0 0 0] is shown as follows:

d%g,o = H?”lloo - 7’oooo||2

:|\/E;0411‘2+‘\/E0411|2+‘\/E>013}2+{\/E;Chg‘z (4.15)

= 2 Eb [|Oé11|2 + ‘0613’2}

It can be shown that d%Q,O has a chi-square distribution with 4 degree of freedom and
diversity order of 2. Therefore, the probability that the message m = [1 1 0 0] is detected

given that message m = [0 0 0 0] is transmitted is given as follows:

PSame index = p(27 2’)717) (416)
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Probability of detecting message from different coset with different antenna

index

The last case of this analysis is when the receiver incorrectly detects a message from
a different coset that uses a different transmit antenna combination than the transmitted
message. From Table 4.4, it can be seen that the messages of four cosets (Ms, Mg, M and
Ms) use a different transmit antenna combination than message m = [0 0 0 0]. It can be
shown that all message vectors from these cosets have the same Euclidean distance and

therefore the same probability of error. We refer to this probability as ppift index-

Let us use message m = [1 0 0 0] from coset Mg as example. The distance between the

constellation points of this message and message m = [0 0 0 0] is shown as follows:

dﬁ,o = ||71000 — TOOOOH2

:|\/Eb0511‘2+|\/§b0413’2+‘\/fb0412|2+‘\/fbcﬂ4‘2 (4.17)

=k, [|CY11|2 + |Oé12|2 + |0413|2 + + |Oé14|2]

It can be shown that d%2,0 has a chi-square distribution with 8 degree of freedom and
diversity order of 4. Therefore, the probability that the message m = [1 0 0 0] is detected

given that message m = [0 0 0 0] is transmitted is given as follows:

PDiff index = P4, Vb) (4.18)

To estimate the probability of error detection when message m = [0 0 0 0] is transmitted,

the union bound can be used [29]:

15
P(E[[0000] <> pio
=1

(4.19)
<Dpi5 + 6 * DSame index T 8 * PDiff index
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As the probability of error detection is independent of the transmitted message [28], we
can write that P(E) = P(E|[0000]). Likewise, the probability of bit error is independent of

the message that has been sent; the union bound probability can be expressed as follows:

o < p(2, 49,) + 3%p(2, 29) + 4xp(4, V) (4.20)

with p(L, z) is computed using Equation 4.10.

4.3.2 MIMO-CDMA system

Now let us consider MIMO-CDMA system with permutation spreading sequences using
SM with N, transmit antennas and N, receiver antennas. Under the same assumptions as

section 4.3.1, the received vector is given by:

Tz = [T11,T12,- -, 1N, T21,T22, - - -, T2N+ - - - s TNy 1 TNy25 - - - TNoN| (4.21)

For instance, if the transmitted message is m = [0 0 0 0], the received vector is shown

as:

E
Toooo = |: Fb ( _a11a07 _a13707070a0707'"7_aNr1707_aNr37070a07 070} (422)

T

Following the same steps as the previous section, the probability of detecting message

m =[111 1], given that message m = [0 0 0 0] was transmitted is given as follows:

P15 = p(2N;, 4%) (4.23)

Similarly, the probability of detecting messages coming from different cosets but having

the same transmit antenna index is:

PSame index = p(QNry 2'}7b) (424)
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Finally, the probability of detecting messages coming from different cosets and having

different transmit antenna combination is:

PDiff index = P(AN-, Tp) (4.25)

Therefor, the union bound probability of a single user MIMO-CDMA system with

permutation spreading sequences using SM is given by:

o < 2Ny, 49)) + 3% p(2N,, 29)) + 4% p(4N,, Fb) (4.26)

with p(L, z) is computed using Equation 4.10.

4.4 Simulation results and discussion

The BER performance of the proposed technique is discussed in this section where MIMO-
CDMA systems with two or four transmit antennas and one, two or four receiver antennas
are considered. Simulations are performed under the same assumptions as chapter 2 and
3. All channel gains are considered to be independent, frequency non-selective and perfect
channel state information (CSI) is considered to be available at the receiver with zero
power penalties. The orthogonal spreading codes are generated using Hadamard codes

with length of 8 bits per chip sequence.

4.4.1 Theoretical and Simulation results of MIMO/CDMA with
SM design

Figure 4.4 and 4.5 show a comparison between the theoretical union bound of MISO and
MIMO-CDMA systems with permutation spreading using conventional STBC design vs
SM design. In Figure 4.4, MISO-CDMA system with four transmit antennas and one
receiver antenna is considered. Equation 4.20 and 2.20 with N,=1 are used. It can be

seen that the new technique shows a significant improvement of the BER performance of
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about 2dB for an SNR between 0 and 4dB. This is due mainly to the fact of using less
transmit antennas and therefore reducing the inter-channel interferences. However, using
fewer antennas means less diversity gain. This can be noticed from Figure 4.4 where the

BER performance starts to drop for an SNR higher than 6dB.

In Figure 4.5 a MIMO-CDMA system with four transmit antennas and four receiver
antennas is considered. Formulas 4.26 and 2.20 with N, = 4 are used. Same remarks as
Figure 4.5 can be observed, the performance is significantly improved for an SNR between
0 and 10dB. Since this system uses more transmit antennas, we can notice the additional
diversity gain effect where the BER performance starts to drop after an SNR of 12dB
compared to 8dB for the MISO system shown in Figure 4.5.

Figure 4.6 presents the simulation vs, theoretical results of the BER performance of
the proposed technique in MIMO-CDMA systems with 4 and 2 transmit antenna and 1,
2 and 4 receiver antennas. As expected, we can notice that the union bound estimation
derived in the previous section is close to the simulation results and it is tight as the SNR
increases. This is due because the union bound estimation doesn’t include the probability
of intersection events which tends towards zero as the SNR increases. We also notice
additional diversity gain as the number of antennas increases which improves the BER

performances.

4.4.2 Comparison of simulation results

In this section we compare the simulated results of the proposed technique and the con-

ventional STBC design and the conventional SM design.

Figure 4.7, 4.8 and 4.9 show, respectively, the simulated BER performances of the dif-
ferent techniques for 2 and 4 transmit antennas with 1, 2 and 4 receive antennas. It can be
seen that the new SM design provides a significant improvement of the BER performance,
of about 2 dB for 4x4 MIMO system, compared to the conventional STBC technique. Also,
we can notice that the BER performance start to drop as the SNR increases. However,
an important increase of the BER performance can be noticed as the number of antennas

mcreases.
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©—— Theoretical Permutation Spreading with Conventional STBC design
—¥—Theoretical Permutation Spreading with SM design
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Figure 4.4: Theoretical BER performance of 4x1 MISO-CDMA System using Permutation
Spreading with conventional STBC design vs SM design
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Figure 4.5: Theoretical BER performance of 4x4 MIMO-CDMA System using Permutation
Spreading with conventional STBC design vs SM design
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BER
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Figure 4.6: BER performance of MIMO-CDMA System with Permutation Spreading using
SM design

Figure 4.9 shows simulation performance of MIMO systems with spectral efficiency of
n = 4bits/s/Hz using the conventional SM techniques discussed in Chapter 2 and the new
SM permutation spreading proposed in this chapter. The number of transmit antennas are
set in order to achieve this spectral efficiency. Thus, For the conventional SM techniques
N, =4 and N; = 8 for SM, N, =5 and N, = 2 for GSM and N; = 4 for VGSM; where for
the proposed technique N; = 4 and N, = 4. We have to note that the new design uses 8
bits, for the spreading code, to transmit one bit at each time instant, whereas in SM only
one bit is transmitted at each signaling. However, as it will be shown in Chapter 5, the
simulation results show that when CDMA with SM permutation spreading is used a slightly
significant BER performance gain is achieved. This improvement is achieved because the
used design creates dependency between parallel bits and spreading waveforms in addition

to the dependency between bits and antenna combinations.
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Figure 4.7: BER performance of 4x1 MISO-CDMA System using Permutation Spreading
with conventional STBC design vs SM design
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Figure 4.8: BER performance of 2x2 MIMO-CDMA System using Permutation Spreading
with conventional STBC design vs SM design
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Figure 4.9: BER performance of 4x4 MIMO-CDMA System using Permutation Spreading
with conventional STBC design vs SM design
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Figure 4.10: BER performance of MIMO-CDMA System using Permutation Spreading
with SM design vs Conventional SM techniques
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4.4.3 Discussion

In this chapter, a novel technique for MIMO-CDMA system with permutation spread-
ing using SM is introduced. It is shown how the spatial positions of transmit antennas
can be combined with permutation spreading technique in order to create an additional
dependency between the data bits and the antennas combinations. This leads to an en-
hance of the system performance of MIMO systems. An analytical expression of the BER
was derived for the proposed technique under a frequency non-selective Rayleigh fading
channel with independent gains and perfect knowledge of the channel state information
(CSI) at the receiver. The obtained results were compared to the conventional permuta-
tion spreading technique using STBC design. Results show that the proposed technique
provides significant improvement of the BER performance of about 2dB for an SNR less
than 10dB in the case of a 4x4 MIMO system compared to STBC design. Moreover, a
comparison between the analytical expression and the simulated performance was shown.
The comparison shows that the theoretical expression is close to the simulation results and
it is tight as the SNR increases. Finally, a comparison between the proposed technique
and the conventional STBC and SM design was presented. Simulation results show that

the new SM designs outperform the performance of the conventional techniques.
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Chapter 5

Multiuser Permutation Spreading
Employing Spatial Modulation For
Synchronous MIMO-CDMA systems

5.1 Introduction

In the MIMO-CDMA systems that were discussed in the previous chapter, only the single
user scenarios were treated for the proposed permutation spreading technique. In this
chapter, the focus shifts to multiple user scenario in synchronous transmission. In such a
model, each user generates exactly one message vector during the signalling interval and all
users signals are received by the receiver with no relative delay. Therefore, at the receiver,
all users’ messages begin and end at the same time. This is unlike the asynchronous case,
where the interference caused to one user’s message has contributions from two of each of
the other users’ messages [29]. This multiple access interference (MAI) hugely affects the
BER performance of all users who transmit simultaneously on the channel, and thus, an

investigation of the effect of MAI on BER of our proposed system is needed..

In CDMA systems, all users share the same spectrum by using a set of mutually or-
thogonal spreading sequences that are unique for each user [40]. However, this requires

increasing the length of the spreading sequences (chip rate) and thus reducing the spectral

64



efficiency. Another solution can be envisaged in order to improve the spectral efficiency is
by creating spreading codes with low cross-correlation properties, which leads to interfer-
ence between different users. These codes are called pseudo-noise (PN) sequences. Each
is assigned a unique PN that is multiplied by the spreading sequences before transmission.
In this chapter, the receiver is assumed to have perfect knowledge of the used signatures

per user.

In CDMA multiusers systems, the received signal of users close to the base station (BS)
will have higher SNR than those far from the BS, which in turn cause higher interference
to other users than the far users do. This is known as the near-far effect [41]. In order
to avoid this issue, power control techniques are used to mitigate the large scale fading by
adjusting the transmit power of users so that their received powers are nearly the same.
We assume that power control perfectly matches each users’ average signal strength but is
not fast enough to mitigate the small scale fading experienced by each user’s transmission

[41].

Simulation results presented in this chapter show that the performances of the proposed

technique overcome the traditional designs.

5.2 System Model

5.2.1 Transmitter Model

The transmitter block diagram of a multiuser MIMO-CDMA system using the permutation
spreading technique with SM design is shown in Figure 5.1. We consider an uplink channel
of a MIMO-CDMA system with () users in which each user is equipped with N; transmit
antennas and the receiver (BS) is equipped with Nr receiver antennas. As previously
explained, all users have access to the same spectrum and are separated by assigning a

unique signature waveform to each user.

Similar to the single user system discussed in the chapter before, the data bit streams

{d,[i]} for user ¢ = 1,2,...,Q, are first divided into blocks of k bits, where k = logs(M) *
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N;) for an M-ary modulation scheme. The message bits are then converted into N; parallel
streams and fed into the mapping blocks. Based on the input bits, the spreading code
selector and the SM-mapping block choose the pair of antenna to activate and a unique
spreading sequences (w{(t), w3(t),...,wy, (t)) from N set of mutually orthogonal sequences
(c1(t), ca(t),...,en(t)). The spreading sequences are used to spread the BPSK modulated

bits to transmit. The last step of the transmitting process is the scrambling operation,

which is done by multiplying the final symbols to the pseudo-noise (PN) sequence.

The scrambling that can be used should have low cross-correlation values in order to
reduce the multiple-access interference and increase the number of users that can share the
same spectrum. Two codes are well known to meet this condition, Kasami codes and Gold
codes [42]. In this thesis, Gold codes are used to generate the pseudo-noise (PN) sequences
of a length of 8 bits per chips. The codes are chosen such a way to have a cross-correlation

near to zero.

5.2.2 Receiver Model

The receiver block diagram of a multiuser MIMO-CDMA system using permutation spread-
ing technique with SM design is depicted in Figure 5.2. As all users use the same spreading
sequences, the receiver will be equipped with a bank of matched filters that matches one
of the N spreading waveforms (¢ (t), ca(t),...,cn(t)). The receiver first multiplies the re-
ceived signal by the pseudo-noise (PN) code of the desired user and then treats all the
other users’ signals as additional noise. The receiver uses ML to estimate the transmit
antennas index and the transmitted symbol of the desired user by comparing the received
vector with all possible transmitted combinations and selects the option that provides the

minimum Fuclidian distance.
Decision variable

Lets consider an uplink MIMO-CDMA system employing SM permutation spreading
sequences with @) users. Each user is equipped with N; transmit antennas and the base

station (BS) is equipped with N, receiver antennas. For such a system, the decision
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Figure 5.1: Multiuser transmitter of MIMO-CDMA with permutation spreading using SM
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Figure 5.2: Multiuser receiver of MIMO/CDMA with permutation spreading using SM

variable could be derived the same way in the single user scenario discussed in Chapter 4.

The received vector is given by:

T
Ty = [T117T127--~7T1N>T217T227-~7702N7-":TN,«hTN,J;---aTNTN] (5.1)

where 7;; is the output from the [th matched filter of the jth receiver antenna and it is

expressed as follows:

Q N
E
=S g w4 g 52)

q=1 i=1

The notation used in 5.2 is given as follows:

° agj is the complex channel gain between the ¢th transmit antenna and the jth receiver

antenna for the qth user.
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e n;; is the sampled noise after the Ith matched filter of the jth receiver antenna.
e ! is bit symbol transmitted by the gth user using antenna i.

e p? is the pseudo-noise code generated for the gth user.

For a given user g, the receiver treats the other users’ signals as noise and uses ML
to estimate the transmitted data of the gth user. In fact, if we consider that the desired

signal to process is from user 1, the received signal could be rewritten as follows:

Ty =up +n (5.3)
where:
e 71/ is the noise matrix and it’s given by: m/ = [0, ..., 0y, nhy, ..., nhy, Wy 15 Niyn]
! @ E q 4 q
— Lb q .
where nj; = >0 N, b ai; w; (t) i+ nj

g=2i=1
o U = Z 2 bj oj; w}(t) py is the received data matrix from the 1st receiver.

The decision variable, of the qth user, for a multiuser MIMO-CDMA system with

permutation spreading sequences using spatial modulation is given by:

~ M
(ﬁ, b) = rninjzl

2

(5.4)

where u~g is the vector made up of all possible received vector, of the desired user ¢

with the absence of the noise.

5.3 Simulation results and discussion

5.3.1 Simulation results comparison

The simulation results of the BER performance are shown in this section. We consider

a synchronous MIMO-CDMA system with 4 transmit antennas and 4 receiver antennas.
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The simulations are performed under the same assumptions as chapter 4 where all channel
gains are considered to be independent, frequency non-selective and perfect channel state
information (CSI) is considered to be available at the receiver with zero power penalties.
We assume that all users are assigned with the same orthogonal spreading codes. These
sequences are generated using Hadamard codes with length of 8 bits per chip sequence.
The selection of the spreading sequences and the transmit antennas to activate are based
on Table 4.3. Pseudo-noise (PN) sequences are used to separate each user and they are
generated using Gold codes with a length of 8 bits per chip. The codes are chosen such
a way to minimize the cross-correlation value [43]. Finally, we assume that all users have

the same averaging SNR.

The BER performance of the multiuser MIMO-CDMA system employing permutation
spreading sequences with SM design for 2, 3 and 4 users scenario are shown in Figure 5.3.
A comparison between all these scenarios and the STBC permutation spreading sequences
for a multiuser MIMO-CDMA system with 4 transmit antennas and 4 receiver antennas is

shown in Figure 5.4.

From these figures, it can be seen that the BER performance decreases as more as we
add users to the system. Moreover, we can observe that at high SNR values an error floor
for a system with 3 users start to appear for a BER around 3 * 107° and around 10~* for
4 users system. In the single user system discussed in chapter 4, only a pair of transmit
antenna is activated at each signalling interval, which decreases the ICI and therefore en-
hance the system performance. However, in the multiuser system more transmit antennas
are involved which increase the ICI effect and reduce the BER performance as it can be

observed from the simulation results.

In order to keep the same spectral efficiency, all users use the same orthogonal spreading
sequences and scrambling codes are used to separate users from each other. However, these
codes are not perfectly orthogonal and their cross-correlations are not always near to zero.
Thus, for high SNR we can observe that more we increase the number of users more the
probability of having sequences with high cross-correlation values increases. This effect

leads to situations where codes sequences with low minimum distance are used, which
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results the error floor.

The comparison between the SM design and the STBC design presented in Figure 5.4.
shows that the new design outperform the conventional method. It can be seen that the

4 users system with SM design provides better performance than the single user system

with STBC design for a BER greater than 6 * 1074,

100 ¢

—— Simulation 4x4 MIMO SM Permutation Spreading 1 user
Simulation 4x4 MIMO SM Permutation Spreading 2 users

—#— Simulation 4x4 MIMO SM Permutation Spreading 3 users

—4&— Simulation 4x4 MIMO SM Permutation Spreading 4 users
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Figure 5.3: Comparison of BER Performance of 4x4 MISO-CDMA System using SM Per-

mutation Spreading design

5.3.2 Discussion

In this chapter, the multiusers scenario for the proposed MIMO-CDMA system with per-
mutation spreading sequences using SM is discussed. In such a system, all users are
considered to share the same spreading sequences and use scrambling codes to separate
user’s information from each other. The receiver estimates the desired user information by
considering the other users’ signal as additional noise. The simulation results show that
the new design still outperforms the STBC design in synchronous multiuser transmission.

However, for high SNR values the SM design has higher error floor compared to the STBC
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Figure 5.4: Comparison of BER performance of 4x4 MISO-CDMA System using SM Per-
mutation Spreading design vs STBC design

design. This is because the cross-correlation characteristics of the scrambling codes start
to drop as the number of users increases. Furthermore, the low diversity order of the SM
design could affect the performance of the system at high SNR values. In order to decrease
the effects of the MAI, several methods could be used such as increasing the length of the
signature codes in order to enhance the cross-correlation characteristics. Also, multiuser
detection (MUD) methods are a good candidate to increase the system performance by

estimating the MAI of all users and then subtracted out from the received signal.
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Chapter 6

Conclusion and suggestion for future

work

6.1 Conclusion

In this thesis, we have proposed a new modulation technique for MIMO-CDMA systems
that takes the advantage of both SM-design and permutation spreading design. This study
discussed the benefits of combining the conventional permutation spreading techniques for
MIMO-CDMA with the new SM design and how could this strategy increase the system

performance in terms of spectral and power efficiency for single and multiuser scenarios.

In chapter 2, the concept of the parity bit selected sequences and permutation spreading
sequences for MIMO-CDMA systems was presented. The chapter discussed the difference
between the existing design strategies for the permutation spreading technique, such as
T-design and STBC design, and the parity bit selected spreading technique. Simulation
results showed that the permutation spreading methods provide better BER performance
compared to parity bit selected spreading technique. Moreover, results indicated that
the permutation spreading using STBC design provides slightly improvement in the BER

performance comparing to T-design without any increase of the system complexity.

Chapter 3 presented an overview of the SM methods. It explained how the position of
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the transmit antennas could be used in order to increase the data rate and decrease the
number of RF-chains. The chapter also discussed the generalized idea of Spatial Modula-
tion (GSM) in which more than one transmit antennas can be activated to send same data
at each signaling interval. Furthermore, this chapter introduced an extension method of
GSM where the number of transmit antennas to activate, at each signaling interval, varies
from one transmit antenna to more than one. Simulation results showed that the perfor-
mance of these three techniques is close to each other with slightly better BER performance

of SM.

Chapter 4 introduced the proposed MIMO-CDMA system with permutation spreading
using SM. It showed how the spatial positions of transmit antennas can be combined with
permutation spreading technique in order to create an additional dependency between the
data bits and the antennas combinations and thus increase the spectral efficiency of the
system. The analytical expression of the BER was derived using the union bound method.
Simulation and theoretical results showed that that the proposed technique provides sig-
nificant improvement of the BER performance compared to the conventional STBC design

and the conventional SM.

In chapter 5, the multiusers scenario of the proposed technique was discussed. Inspired
from the NOMA technique, all users were considered to use the same spreading sequences
and scrambling codes that are quasi-orthogonal, were used to separate the users’ signals at
the receiver. Verified by simulation results, the proposed technique showed better perfor-
mance compared to conventional methods. However, for high SNR values the new design

had higher error floor.

6.2 Potential future work

The following are some suggestions for future work of this thesis:

e Investigate the BER performance of the multiuser scenario when MUD methods,

such as successive interferences cancelation (SIC), are used.
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e Evaluate the performance of the proposed method under different frequency selective

fading channels

e Evaluate the performance of the proposed technique in partial CSI instead of perfect

CSL

e The application of the proposed concept in OFDM systems. Similar to the SM-
MIMO-CDMA technique, the SM idea can be applied and parity bits can be used to

select the sub-carries used to transmit the signal.
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