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MULTI-ANTENNA COMMUNICATION SYSTEMS WITH 

SIGNAL SPACE DIVERSITY 

ABSTRACT 

In this Ph.D. thesis, I studied multiple antenna systems that incorporate signal space 

diversity (SSD) from a broad perspective. The combination of SSD with multiple 

antenna systems is shown to be a highly rewarding concept that can provide a reliable 

and high data rate communication with minimal complexity and cost. The results 

presented here are very promising for potential future work and system design ideas. 

The contributions of the thesis cover the journal and conference paper studies that I 

have done throughout my Ph.D. education. The first chapter is the analysis and field 

programmable gate array (FPGA) implementation of SSD zero-forcing beamforming 

with different coordinate interleaving (CI) techniques. The results show that SSD can 

enhance the error performance of a system significantly and spatial and time CI 

techniques have various benefits and drawbacks. The performance of zero-forcing 

multiple-input multiple-output (MIMO) systems with SSD under transmit antenna 

correlation is also analyzed. It is shown that transmit antenna correlation affects the 

performance of MIMO SSD systems in a negative way, however different correlation 

types are less detrimental than others. The second chapter is improving physical layer 

security in Alamouti orthogonal frequency division multiplexing (OFDM) systems 

with subcarrier CI. The results show that SSD, when used with subcarrier CI, can be 

very beneficial to improve the physical layer security of a communication network. 

Enhancement of the physical layer security of Alamouti OFDM systems is studied 

under both Rayleigh and Nakagami-m fading channel models. Finally, the third 

chapter is about the performance of minimum mean-squared error (MMSE) 

beamforming with time and spatial CI. The results exhibit that SSD technique that is 

capable of working with different CI strategies can lead up to a huge error performance 

improvement in MMSE beamforming systems. 

Keywords: Multi-antenna systems, signal space diversity, coordinate interleaving, 

zero-forcing beamforming, minimum mean-squared error beamforming, Alamouti 

space-time block coding, orthogonal frequency division multiplexing, physical layer 

security 
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İŞARET UZAYI ÇEŞİTLEMELİ ÇOKLU-ANTEN SİSTEMLERİ 

ÖZ 

Bu doktora tezinde işaret uzayı çeşitlemesi (İUÇ) kullanan çoklu-anten sistemlerini 

geniş bir alanda inceledim. İUÇ’nin çoklu-anten sistemleriyle birleştirilmesinin geniş 

faydalara sağlayan bir konsept olduğu ve bu sayede güvenilir ve yüksek veri hızlarına 

sahip bir haberleşmenin oldukça düşük karmaşıklık ve maliyetle 

gerçekleştirilebileceği gösterilmiştir. Burada sunulan sonuçlar gerçekleştirilebilecek 

potansiyel çalışmalar ve sistem tasarımı fikirleri açısından oldukça gelecek 

vaadedicidir. Bu tezin ortaya koyduğu katkılar doktora eğitimim sırasınca üzerinde 

çalıştığım dergi ve konferans yayınlarını içermektedir. Birinci bölüm, farklı koordinat 

serpiştirme (KS) teknikleri altında İUÇ sıfıra-zorlayıcı hüzme oluşturma sistemlerinin 

analizi ve alanda programlanabilir kapı dizilerinde (APKD) gerçeklenmesidir. 

Sonuçlar göstermektedir ki, İUÇ sistem hata performansını önemli ölçüde geliştirirken 

uzamsal ve zaman KS teknikleri çeşitli avantaj ve dezavantajlara sahiptir. Bu bölümde 

verici anten ilintisi altındaki İUÇ kullanan sıfıra-zorlayıcı çoklu-giriş çoklu-çıkış 

(ÇGÇÇ) sistemlerin performansı da incelenmiştir. Burada verici anten ilintisinin 

ÇGÇÇ İUÇ sistemlerini olumsuz yönde etkilediği gözlemlenirken farklı ilinti 

tiplerinin diğerlerine göre daha tercih edilebilir olduğu gösterilmiştir. İkinci bölüm, 

Alamouti dikgen frekans bölmeli çoğullama (DFBÇ) sistemlerinde alt-taşıyıcı KS 

kullanarak fiziksel katman güvenliğinin artırılmasıdır. Sonuçlar göstermektedir ki İUÇ 

alt-taşıyıcı KS ile beraber kullanıldığı zaman ağ fiziksel katman güvenliğine oldukça 

faydalı olabilmektedir. Alamouti DFBÇ sistemlerde fiziksel katman güvenliğinin 

geliştirilmesi Rayleigh ve Nakagami-m sönümlemeli kanallar altında çalışılmıştır. Son 

olarak üçüncü bölüm, zaman ve uzamsal KS minimum ortalama-kare hatası (MOKH) 

hüzme oluşturma sistemlerinin performansıdır. Ortaya çıkan sonuçların işaret ettiği 

üzere İUÇ tekniği farklı KS stratejileri kullanarak MOKH hüzme oluşturma 

sistemlerine yüksek derecede hata performansı iyileştirmesi sağlayabilmektedir. 

Anahtar Kelimeler: Çoklu-anten sistemleri, işaret uzayı çeşitlemesi, koordinat 

serpiştirmesi, sıfıra-zorlayıcı hüzme oluşturma, minimum ortalama-kare hatası hüzme 

oluşturma, Alamouti uzay-zaman blok kodlama, dikgen frekans bölmeli çoğullama, 

fiziksel katman güvenliği 
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CHAPTER 1 

INTRODUCTION 

1.1 Literature Review 

Modern history of multiple antenna telecommunication systems can be traced back to 

[1], where the theoretical channel capacity of a communication system with multiple 

transmit and multiple receive antennas was provided. In Telatar’s groundbreaking 

paper [2], the expression of theoretical capacity of a multiple-input multiple-output 

(MIMO) system was derived based on information theory. Following these pioneer 

works, there have been numerous studies about multiple antenna system applications 

in wireless channels and some of them have also been implemented in important 

standards [3]. IEEE 802.11n standard exploits both MIMO and orthogonal frequency 

division multiplexing (OFDM) techniques in order to achieve a maximum throughput 

of 600 Mbps within a 40 MHz channel bandwidth and can attain four spatial streams 

per channel [4]. IEEE 802.16 can reap the benefits of MIMO systems both in terms of 

diversity and capacity, and also uses MIMO precoding for spatial multiplexing  and 

space-time block codes to maximize the data rates up to 75 Mbps [5]. One of the most 

important standards that incorporate MIMO is the 3rd generation partnership project’s 

(3GPP) long term evolution (LTE) where MIMO is joined with orthogonal frequency 

division multiple access in the downlink and single carrier-frequency division multiple 

access in the uplink [6]. For downlink 4x2, 2x2 and 1x2 schemes are utilized to achieve 

a maximum 100 Mbps and for uplink 1x2 scheme is considered to obtain a peak rate 

of 50 Mbps. Multiple antenna systems are also one of the most important cornerstones 

of the contemprorary 5th generation (5G) communication systems [7]. 5G systems fully 

exploit the diversity and spatial multiplexing gains that MIMO offers and also takes a 

step further by using massive MIMO beamforming communication that enormously 

improves the spectral efficiency and data rate up to Gbps levels. Other important 

developments in multiple antenna communication technoogy can be found in the 

literature surveys such as [8-12].  
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Another resource that can be used in order to improve the error performance of a 

system is the signal space. Signal space diversity (SSD) is a technique that utilize the 

signal space and its dimensions in order to combat the detoriating channel effects. 

Because that SSD uses just the dimensions of the signal space that is already found in 

the system itself, it does not require additional resources and brings in a non-significant 

increment of overall system complexity. SSD has been a very popular research subject 

since its inception with [13]. The technique then has been put on a more generalized 

form in [14]. In [15] it has been demonstrated that with a suitable constellation rotation 

angle it is possible to increase the diversity gain of 8 level phase shift keying (PSK) 

schemes as much as 8 level PSK trellis coded modulation technique. SSD has been 

used for frequency-selective channels also, such as in the paper [16]. In [17] SSD has 

been extended into new system models that incorporate iterative demodulation and 

decoding using convolutional codes. A technique called bit-interleaved coded-

modulation with iterative decoding (BICM-ID) utilizes N-dimensional SSD in [18]. 

BICM-ID and SSD has been also joined with OFDM systems under frequency-

selective Rayleigh-fading channels in [19]. In [20] SSD is further extended into low 

density parity check (LDPC) codes and shown to provide great performance 

improvement with the selection of a suitable constellation rotation angle. 

There have also been some studies on combining multiple antenna systems with SSD 

from different perspectives. In [21] vertical Bell labs layered space-time scheme is 

joined with BICM and SSD over frequency selective channels to enhance the diversity 

gain. A system of high-rate full-diversity space–time–frequency codes is utilized with 

MIMO structure for frequency-selective block-fading channels in [22]. In [23] space-

time, space-frequency and space-time-frequency coding schemes are summarized for 

MIMO-OFDM systems. SSD is implemented to enhance the performance of MIMO 

systems in fading channels in [24] and rotated modulation, space-time component 

interleaving is joined with optimized channel coding. SSD scheme is utilized with 

receive maximal ratio combining (MRC) to be able to obtain improved diversity gains 

in fading channels in [25]. A generalized space–frequency block coding structure is 

shown to be capable of providing full-rate and full-diversity transmission benefits for 

MIMO-OFDM systems in [26]. 
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1.2 Purpose of the Thesis 

The main purpose of this thesis is to investigate the already established schemes that 

utilize multiple antenna systems and SSD in detail and propose new system models 

that can reap the benefits of the combination of these two important techniques. Some 

of the most important goals that are tried to achieve in this thesis can be listed as: 

 To demonstrate the benefits of using multiple antenna systems instead of 

single antenna schemes 

 To present the error performance improvement benefits that come along with 

SSD that also requires little tradeoff in terms of other design criterias 

 To exhibit various models of wireless channel medium, their effects on 

telecommunication signals and propose system models to cope with them 

 To provide knowledge about popular techniques that can be found in the 

literature for wireless telecommunication enviroments and implement them to 

various system models to improve the overall performance of a system 

 To propose different coordinate interleaving techniques that can be employed 

within SSD applications and show their advantages and disadvantages over 

each other 

 To implement different types of equalizers used with multiple antenna systems 

in order to eliminate the effects of fading wireless channels 

 To show various types of spatial correlation and their distorting effects on the 

overall system performance 

 To provide knowledge about the concept of physical layer security, its 

importance and propose methods to increase the physical layer security of a 

communication network 

 To present space-time coding methods, motivation behind incorporating them 

and Alamouti space-time block coding scheme 

 To show the importance of OFDM in frequency selective fading channel 

enviroments 

 To demonstrate application of SSD along with different modulation 

techniques, diversity gains achieved and side benefits that come along with 

these schemes. 
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1.3 Original Contributions of the Thesis 

The original contributions of the thesis are as follows: 

 A journal paper has been published of this thesis [27]. The details of this study 

are given in Chapter 3. In this work, MIMO zero-forcing receive beamforming 

(ZFRBF) is joined together with time and spatial component interleaved SSD 

in order to improve the error performance of the original system. Also the exact 

average bit error probability expression for BPSK under time interleaving and 

a close approximation of the average symbol error probability for QPSK are 

derived. Optimum or sub-optimal constellation diagram rotation angles are 

accordingly calculated. It is shown that the error performance can be improved 

significantly by utilizing SSD especially with the time interleaving method. 

Also, with the implementation of the proposed scheme on FPGA, it is 

demonstrated that SSD brings in just an insignificant increase to the system 

complexity. 

 One of the conference papers that has been published of this thesis is [28]. The 

details of this study can be found in Chapter 3. In this work, SSD is 

incorporated into a zero-forcing MIMO system with various numbers of 

correlated transmit antennas and uncorrelated receive antennas. A number of 

different component interleaving strategies are compared for different realistic 

transmit antenna correlation models. 

 In one of the journal papers submitted of this thesis, Alamouti space-time block 

coded OFDM with SSD is implemented in order to significantly strengthen the 

physical layer security of a communication network [29]. The details of this 

study can be found in Chapter 4. The coordinate interleaving step of SSD is 

performed amongst OFDM subcarriers. Theoretical bit error probability 

analysis for an authorized user that uses BPSK modulation is also derived. It is 

shown that with proper coordinate interleaving strategies, it is possible to 

enhance the physical layer security by guaranteeing a better performance for 

the legitimate user than an eavesdropper. What is more, it is demonstrated that 

SSD is also beneficial in terms of improving the immunity against channel 

estimation errors. 
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 In one of the conference papers submitted of this thesis, it is shown that 

coordinate interleaving amongst subcarriers of an Alamouti OFDM system can 

enhance the physical layer security under Nakagami-m fading channels [30]. 

The details of this study are given in Chapter 4. The results demonstrate that 

depending on the knowledge of the CI strategy by the eavesdropper, the 

performance of the eavesdropper either gets completely destroyed or is always 

lower than the legitimate user. 

 One of the conference papers presented of this thesis is [31]. In this work, 

minimum mean square error beamforming (MMSE BF) is utilized along with 

various number of transmit antennas with SSD. Coordinate interleaving is 

performed in the spatial and time domains. It is demonstrated that by using 

time or spatial CI, it is possible to highly improve the error performance of a 

MMSE BF system without needing extra bandwidth, time slots or significant 

complexity increment. Different CI strategies used in this work present 

alternative solutions for different system design criteria in terms of error 

performance and latency. The details of this study can be found in Chapter 5. 
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CHAPTER 2 

FUNDAMENTALS 

2.1 Introduction 

Modern telecommunication technologies try to exploit almost every kind of medium 

that it can in order to provide reliable and fast services for the ever increasing user 

number from all around the world. Despite some great developments in the traditional 

wireline mediums, such as the great brekathroughs within fibre optoelectronic tech, 

most influential innovations still appear for wireless communication systems. Mobile 

phone standards continue to achieve expectional standards and still has a huge 

potential waiting to be explored. Similarly, wireless local area networks continue to be 

implemented instead of the traditional wired networks in many places. Other wireless 

services, such as wireless sensor networks, wireless communication between vehicles 

and infrastructure, smart homes and workplaces, wireless biomedical implementions, 

are becoming a part of our daily lives. Thus, wireless telecommunication engineers 

should overcome lots of challenges that gets in the way of meeting the huge demands 

from the users. In order to obtain a reliable communication system, one of the most 

popular techniques is to use diversity techniques such as SSD. Another 

groundbreaking innovation is the utilization of multiple antennas instead of single 

antennas at the terminals. With the help of multiple antenna configurations, greater 

data rates and improved reliablity can be achieved. However, the most important 

obstacle that stands in the way of achieving higher performance systems is the wireless 

channel medium itself [32,33]. 

2.2 Wireless Channel Effects 

Wireless communication medium is a lot more challenging than wired systems, as it 

is vulnerable to stochastically time-varying noise, interference and fading. The 

continuous movement of terminals bring new problems to combat against. The main 

distorting component in wireless channels is path loss that is is caused by the 

weakening of the transmitted power throughout the medium. Path loss stays the same 
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for very large distances between the transmitter and receiver. The second important 

deterioting component is shadowing which is caused by obstacles along the 

communication medium that absorb the transmitted signal power. Unlike path loss, the 

shadowing effect changes within smaller distances that are proportional to the length 

of the obstacles. These two effects are also called as large-scale propagation effects as 

they stay constant through large distances. On the contrary, the third effect which is 

called multipath occurs over very short distances that is proportional to the signal 

wavelength. Thus, multipath effects are also termed as small-scale propagation effects 

(or multipath fading). 

Multipath fading is the channel effect that has the strength of varying the channel 

characteristics most in a short time period. The multipath fading effect can be modeled 

deterministically such as ray-tracing models, however in reality multipath fading 

channels are stochastic almost every time. Thus, it is reasonable to model multipath 

channels as randomly varying impulse responses in time, where a single pulse 

transmitted will be received as a pulse train at the receiver. Time delay spread is an 

important metric used to define multipath channels, where delay spread is defined as 

the time delay between the first and last received signal components of the original 

transmitted signal. If time delay is larger than the inverse of the signal bandwidth, the 

received signal will be spreaded in time significantly, resulting in distortions and 

errors. The other important aspect of the multipath channel is its time-varying nature, 

that occurs because of the constantly moving terminals and the location of reflectors 

in the transmission path. 

The received signal after passing through a time-varying multipath channel can be 

defined as: 

r(t)=R {∑ αn(t)u(t-τn(t))e
j2π[fc(t-τn(t))+(ϕDn

+ϕ0)]N(t)
n=0 }                          (2.1) 

where, n = 0 represents the line of sight path and N(t) is the total number of resolvable 

multipaths. αn(t) is the amplitude, τn(t) is the delay component and ϕ
Dn

 is the Doppler 

phase shift of each multipath. The received signal is the result of convolution of the 
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baseband input signal u(t) and the lowpass time-varying channel impulse response 

c(τ,t): 

r(t)=R{(∫ c(τ,t)u(t-τ)dτ
∞

-∞
)ej2πfct}                                   (2.2) 

It can be seen that c(τ,t) has two parameters to consider, where t is the observation 

time of the impulse response at the receiver and τ is the delay between the transmit and 

receive times of the impulse response. The channel impulse response is given by: 

c(τ,t)=∑ αn(t)e
-jϕn

(t)δ(t-τn(t))
N(t)
n=0                                                (2.3) 

where δ(t) is the transmitted impulse and ϕ
n
(t)=2πfcτn(t)-ϕDn

-ϕ
0
. 

Two zero-mean Gaussian random variables X and Y with variance σ2, it can be shown 

that Z=√X2+Y2 is Rayleigh-distributed and Z2 is exponentially distributed. Because 

that rI and rQ are both zero-mean Gaussian random variables with a variance of σ2, 

then the signal envelope z(t)=|r(t)|=√rI
2(t)+rQ

2(t) has a Rayleigh distribution with: 

p
Z
(z)=

z

σ2
exp [

-z2

2σ2
]                   (2.4) 

Rayleigh and Rician distributions are two of the most commonly used channel models, 

especially within the theoretical literature. Despite the fact that they are successful at 

practically modeling most of the properties of real channels they do not thoroughly 

cover all the aspects of them. Nakagami-m fading distribution is one of the oftenly 

utilized channel models that is more capable of covering the properties of real channels 

that are acquired from real-time experimental measurements as a whole: 

p
Z
(z)=

2mmx2m-1

Γ(m)Pr
m exp [

-mz2

Pr
]                             (2.5) 

for fading parameter m being greater than or equal to 0.5 and Pr is the average power 

of the received signal. It should be noted that for m = 1 Nakagami-m distribution turns 

into Rayleigh fading, whereas when m gets closer to infinity no fading will occur, thus 

a Nakagami-m channel will turn into an AWGN channel. On the contrary the more m 
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gets smaller than one the more distorting the effect of the channel will be, even worse 

than Rayleigh fading. 

One of the most important parameters of a wideband multipath fading channel is the 

power delay profile which is defined as the average power associated with a given 

multipath delay. Coherence bandwidth is the frequency spectrum where two frequency 

components of a signal are likely to experience correlated fading. If a narrowband 

signal with a bandwidth that is much smaller than the coherence bandwidth is 

transmitted, the fading will be almost equal through all of the signal spectrum, which 

is the case of flat fading. The opposite case is called as frequency-selective, where the 

channel amplitude changes across the signal spectrum significantly. Similarly, channel 

coherence time is the duration where the channel impulse response stays almost the 

same. The cases where the signal duration is smaller and bigger than the coherence 

time are called as slow and fast fading, respectively [33]. 

2.3 Capacity of Wireless Channels 

Channel capacity defines the limit of maximum data rate that can be achieved within 

a communication channel without the addition of encoding techniques. The concept of 

channel capacity was proposed by Claude Shannon who defined capacity in terms of 

the maximum mutual information between the input and output of a channel. It has 

been shown that with various encoding techniques it is possible to obtain a reliable 

communication with a data rate very close to the Shannon capacity. 

Shannon channel capacity is the mutual information of the channel maximized over 

all possible input distributions: 

C= max
p(x)

I(X;Y)= max
p(x)

∑ p(x,y) log (
p(x,y)

p(x)p(y)
)x,y                (2.6) 

Assuming the received signal of through an AWGN channel with a bandwidth of B is 

shown as y(t)=x(t)+n(t), where x(t) is the input signal with a power of S and n(t) is 

the AWGN. The signal-to-noise ratio can be defined as the power of the transmitted 

signal divided by the power of the noise γ=
S

N0B
, where N0 is the power spectral density 
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of n(t). For the AWGN channel, the maximizing input distribution is Gaussian, which 

results with the channel capacity in terms of bits per second: 

C=B log
2
(1+γ)                               (2.7) 

Shannon capacity of a fading channel with CSI known at the receiver is given as: 

C=∫ B log
2
(1+γ) p(γ)dγ

∞

0
                  (2.8) 

The Shannon capacity of a fading channel with receiver CSI only is always less than 

the capacity of an AWGN channel with the same average SNR. What is more, if the 

CSI of the receiver is imperfect, the capacity decreases even further [33]. 

2.4 Diversity 

In order to combat the effects of fading diversity is one of the most important 

techniques to consider. With diversity statistically independent replicas of the same 

transmitted signal that travel among different paths are combined at the receiver. 

Diversity aims to exploit the low probability of deep fades existing and affecting the 

transmitted copies in all the diversity branches. As a result, the error rate can be 

decreased, because of the fact that the probability of each independent signal path to 

experience bad fading gets lower as the number of paths increase. The receiver 

combines the replicas in a way that the received signal experience a fading that is much 

lower than a single path. The simplest form of diversity is to choose the strongest of 

all the replicas received, which is termed as selection combining technique. Other 

popular methods incude threshold combining, equal gain combining and maximal ratio 

combining. 

In order to achieve diversity gain we need independent fading paths. To obtain these 

paths various methods can be used such as: 

 Space (antenna) diversity: Multiple receive antennas that are seperated with a 

distance big enough to make the signals transmitted from the antennas 

uncorrelated are utilized. With uniform antennas, the minimum distance 

between the antennas should be at least equal to half of the wavelength. On the 
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other hand, for directional antennas a larger seperation is needed. The diversity 

gain will be less if there is correlation amongst the antennas. 

 Antenna polarization diversity: Another method is to use transmit and receive 

antennas with cross-polarizations. Although the waves are transmitted through 

same paths, the power is distributed equally to the polarization dimensions so 

that the error performance will roughly be equal to the first technique. The 

drawbacks of this method are there are only two dimensions that the 

polarization space can use (horizontal and vertical) and we need double of the 

actually needed transmit power because the power is divided into two of the 

dimensions. 

 Antenna direction diversity: The angle of the antennas can be made so small 

that, the multipath effect for each single antenna can be eliminated. The 

disadvantages of this method is that it can need a high number of antenna to 

cover the communication range. 

 Frequency diversity: By using multiple (carrier) frequency channels whose 

separation is larger than the coherence bandwidth of the channel. Frequency 

hopping and multicarrier systems are suitable to obtain this kind of diversity. 

 Time diversity: The same signal is transmitted at different time periods that are 

seperated by the coherence time of the channel. 

 Multipath diversity: With resolution of multiple paths that have different 

transmission times from the transmitter to the receiver. 

 Transmit diversity: Achieved by using multiple antennas at the transmitter and 

sending the same signal from them with a predefined coefficient. The technique 

is the same as receiver diversity, where the diversity is implemented at the 

transmitter instead of the receiver and has the same gain as receiver diversity. 

The hard part of the transmit diversity design is to acquire the information of 

channel phase and channel gain at the transmitter. While, it is easier to do this 

with receive diversity where these values can be measured at the receiver with 

the help of pilot or trainer symbols and then fed back to the transmitter, there 

is no such chance with transmit diversity. Thus, transmit diversity requires high 

computational power transmitters such as base stations that can measure the 

channel values. Another technique of obtaining transmit diversity is utilizing a 
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space-time code. The simplest but still one of the most important schemes is 

the Alamouti STBC. Alamouti STBC uses two transmit antennas that transmits 

the same symbols in two seperate time periods. The diversity gain will be less 

if there is correlation amongst the transmit antennas.  

 Signal space (modulation) diversity: SSD is achieved by sending the symbol 

components that are mapped from a multidimensional signal constellation 

diagram over independent fading channels. 

2.4.1 Signal Space Diversity 

Utilization of rotated signal constellation diagrams date back to [13]. SSD, which is 

based on this idea of constellation diagram rotation, has an old background being 

proposed first in [14] and generalized in [15]. There has been a huge interest towards 

SSD throughout the years and a fine amount of literature about the subject has been 

formed. The studies about SSD still continues, whether it is about offering new 

developments about the technique or implementing it to the already existing systems 

for improving the performance of these schemes, such as the optimum rotation angle 

calculations, applying SSD with different modulation schemes (possibly with as many 

dimensions as can be came up with), effect of channel impairments on SSD and 

integrating SSD with multiple antenna systems. 

SSD is capable of providing great performance enhancements over fading channels 

and does it so without the requirement of additional bandwidth or power expediture 

[16]. There would be no performance improvement with rotated constellation 

diagrams under an AWGN channel transmission [34]. On contrast, with the signal 

constellations designed for Rayleigh fading AWGN channel performances suffer 

because of the low packing density of the lattices [35]. SSD comes up as a good 

alternative herein. The main idea behind SSD is transforming a modulation scheme 

into signal points with distinct multidimension components and sending these 

components from independent paths (which provides the diversity gain). The first case 

is achieved by constellation diagram rotation and the second is obtained by coordinate 

interleaving. Consequently, we can say that SSD exploits the potential diversity that is 

in the nature of signal constellations themselves. As the diversity gain increases one 
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more degree of freedom is added to the system. Figure 2.1 shows the application of 

constellation rotation on the conventional BPSK diagram.   

 

Figure 2.1 Rotation of BPSK constellation diagram 

As we rotate the diagram we should arrange the rotation angle in such a way that any 

two points are distinguishable in the maximum number of distinct components. With 

the help of rotation, the probability of two points experiencing deep fading at the same 

time gets drastically reduced. In the original diagram if a deep fade hits even only one 

of the components of the transmitted sginal point, two points may collapse together 

due to the effect of noise. It can be seen from Figure 1 that even if fading hits the 

transmitted signal, unlike the non-rotated constellation, the rotated constellation points 

each have distinct I and Q components, which increases the immunity against channel 

distortions.The signal constellation rotation operation for 4-ASK (amplitude shift 

keying) modulation scheme, with an angle of 45 degree counter clock-wise just like 

BPSK, is shown in Figure 2.2. 
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Figure 2.2 Rotation of 4-ASK constellation diagram 

For one-dimensional modulation schemes such as BPSK or ASK the optimum rotation 

angle that provides the best diversity gain will be the same. For a two-dimensional 

constellation diagram such as QPSK we can rotate the original diagram to obtain 

distinct I and Q components for all the signal points as in Figure 2.3. 

Two dimensional modulation schemes with SSD has a maximum achievable diversity 

order of two [36]. This diversity gain can be achieved with the second step of SSD, 

component interleaving which is reversed at the receiver with the component 

deinterleaving operation [37]. If the fading paths that I and Q components are 

transmitted from are uncorrelated the maximum attainable diversity gain is achieved 

[38]. The realization of independently fading paths for the interleaving step can be 

done in different domains such as spatial paths, time slots, frequency bands and 

subcarriers. 
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Figure 2.3 Rotation of QPSK constellation diagram 

Besides the benefit of diversity gain, SSD is attractive also because of the fact that it 

does not need extra bandwidth or power resources. Also it does add a non-significant 

complexity to the system, mostly a slightly more complex ML detector than the 

original one. In [14], it is demonstrated that to reduce the error probability of multi-

dimensional signal sets that use SSD, there are four factors to be considered: 

1. Minimizing the average energy per constellation point. 

2. Maximizing the diversity order. 

3. Maximizing the minimum-product distance between the transmitted and received 

set of signal constellations. 

4. Minimizing the total number of points at the minimum-product distance. 

Some of the important telecommunication standards has also exploited the advantages 

of SSD by making it a part of them, such as the digital terrestrial video broadcasting 

system (DVB-T2) [39]. The rotation number can even be increased to get more gain 
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out of SSD, with a tradeoff requiring a more complicated interleaver and detector 

structure as the number increases  [13]. The attainable diversity of digital terrestrial 

video next generation handheld (DVB-NGH) standard is increased up to four with the 

help of a second rotation and interleaving process. It has been shown in [40] that the 

traditional approach which try to maximize the minimum Eculidean distance does not 

always minimize the error probability with fading channels, unlike AWGN channels. 

As a result different modulation approaches may be needed for fading channels. The 

studies in [14] show that diversity of a system under a block fading channel can be 

enhanced by interleaving I and Q components of QPSK symbols, and the rotation angle 

of the constellation diagram will determine the error performance, which is not the 

case with AWGN channels. The signal constellation rotation operation can be 

represented with a rotational matrix. An exemplary rotational matrix, where θ 

represents the rotation angle can be shown as: 

R= [
cos(θ) sin(θ)

- sin(θ) cos(θ)
]                   (2.9) 

The optimum rotation angles should be determined according to the modulation 

schemes used and the characteristics of the channel that the transmission takes place 

in [33,41]. In [42], it is tried to find the optimum angle that maximizes the minimum 

Euclidean distance. Another method is to find the angle that maximizes the minimum 

product distance [43]. 

2.5 Multiple Antenna Systems 

Multiple antenna systems defines the signal processing methods that use multiple 

antennas at either the transmitter or receiver only or both the transmitter and receiver 

in order to improve the performance of telecommunication systems for specific goals. 

To do so, multiple antenna systems either try to eliminate the effects of multipath 

scattering or use them in favor of its own advantages. The first one is called the spatial 

diversity methods and the second is referred as the spatial multiplexing techniques. 

Diversity methods improve error performance, whereas spatial multiplexing 

techniques increase data rate. There is a tradeoff between these two gains. The more 

diversity gain acquired the less spatial multiplexing gain we can have, and vice versa. 
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Two common performance criterias to define diversity within a MIMO system are 

diversity order and diversity gain. Diversity order (Nd), is the number of independent 

copies of a transmitted signal. As an Nt×Nr MIMO system may have a maximum of 

NtNr independent paths between the transmitter and the receiver, with MIMO diversity 

it is possible to achieve a maximum Nd of NtNr. The slope of a MIMO system’s BER 

vs SNR graph is the diversity gain (Gd). In the linear region (high SNR region), we 

can write: 

Pb=Κ(Gcγ̂)-Gd                             (2.10) 

where K is a constant dependent on the modulation scheme, Gc is the coding gain 

constant and γ̂ is the average SNR. Diversity gain is much more than often equal to the 

diversity order with Rayleigh fading. In order to achieve the maximum possible 

diversity gain, MIMO systems utilize space-time coding coding techniques. 

The maximum maximum number of data streams that a spatial multiplexing MIMO 

system can have is Ns= min(Nt,Nr). Thus, it can be deduced that for a NxN MIMO 

system the throughput increases linearly with the number of antennas CNxN=NCN. 

Similarly, spectral efficiency also increases as the bandwidth does not change. 

For a flat-fading channel a MIMO system with n transmit and m receive antennas can 

be represented by: 

[

y
1

⋮
y

m

] = [
h11 ⋯ h1n

⋮ ⋱ ⋮
hm1 … hmn

] [

x1

⋮
xn

]+ [

n1

⋮
nm

]               (2.11) 

or y=Hx+n, where x is the n-dimensional transmitted symbol, n is the m-dimensional 

AWGN vector, and the channel matrix H consists of zero mean Rayleigh fading 

complex circular Gaussian random variables hij representing the channel gain from 

transmit antenna j to receive antenna i.  

When both transmitter and receiver have perfect knowledge of the channel matrix H, 

the channel capacity is given by: 
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C= max
Q:Tr(Q)≤P

log|I+HQH
+|= max

{Pi}:∑ Pi≤Pi

∑ Bi log (1+
λi

2
Pi

N0B
)            (2.12) 

where the maximum is taken over all matrices Q (instantaneous input covariance 

matrix) that satisfy the average power constraint P. Here, I is the instantaneous identity 

matrix. The optimal power allocation for MIMO systems is the same with SISO, water-

filling. The capacity is then given by for a cutoff value of γ
0
 and γ

i
=

λi
2
Pi

N0B
 : 

C=∑ Bi=1(γi≥γ0
) log(γ

i
/γ

0
).                (2.13) 

For a MISO system that has the CSI at the receiver, because that ‖H‖2=Nt, the capacity 

can be written as: 

C= log
2
(1+SNR).                 (2.14) 

Thus, the capacity of a MISO system with CSI at the receiver is the same with a SISO 

one. Multiple transmit antennas only provides a capacity improvement if the 

transmitter has the CSI knowledge that it can use this knowledge to adjust the 

transmitted signal. Thus, MISO systems with only CSI at the receiver often integrate 

space-time coding to achieve transmit spatial diversity. On the contrary, for MISO 

systems with CSI knowledge both at the transmitter and receiver the capacity enhances 

into [33]: 

C= log
2
(1+NtSNR).                            (2.15) 

2.5.1 Alamouti Space-Time Block Coding 

Alamouti space-time coding was one of the first space-time codes to be developed and 

it is widely used in MIMO techniques to achieve transmit diversity. Alamouti coding 

has some advantages over other transmit diversity schemes. Firstly, it requires CSI at 

the receiver only. It does not need any extra bandwidth and finally, it has a low 

complexity thanks to its simplicity. 

The most basic form of the Alamouti scheme is the 2x1 type. This model has the 

following steps: space-time coding, diversity combining, CSI estimation at the 
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receiver and maximum likelihood detection. Alamouti space-time coding is shown in 

Table 2.1. 

Table 2.1 Alamouti space-time block coding 

Time period Antenna 1 Antenna 2 

T s1 s2 

t+Ts -s2
* s1

* 

 

Table 2.1 table shows that Alamouti coding is applied both in the spatial and time 

domains. Hence, as the name suggests it is a space-time code. 

The estimation of the transmitted symbols at the receiver is done with the decoding 

operations: 

s̃1=(∑ |h1,i|
22

i=1 ) s1+h11
* z1(1)+h12

* z1
*(2)               (2.16) 

s̃2= (∑ |h1,i|
22

i=1 ) s2+h12
*

z1(1)-h11z1
*(2)               (2.17) 

Thus, 2×1 Alamouti coding has the same performance with 1×2 MRRC, which shows 

that it can achieve transmit diversity with optimum performance without a reduction 

in the data rate or the requirement for CSI at the transmitter. Alamouti method can also 

be generalized to multiple number of receive antennas without changing the space-

time coding performed by the transmitter.  

2.5.2 Spatial Multiplexing 

Spatial multiplexing is achieved by utilizing layered space-time (LST) coding, where 

a layer describes a data stream from a single transmit antenna. LST techniques can be 

classified as: vertical Bell Laboratory layered space-time (V-BLAST), horizontal 

BLAST (H-BLAST), diagonal BLAST (D-BLAST), multi-group space-time coding 

(MGSTC), threaded space-time coding (TSTC). In addition to LST techniques, spatial 

multiplexing can also be achieved with beamforming. 
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With V-BLAST, the bit stream is split into Nt streams and each stream is separately 

modulated before being transmitted from their antennas. It is called vertical because 

that the input stream is split into parallel streams that are often shown vertically to 

describe. Each layer can be adjusted to have different modulation schemes and data 

rates where the overall bandwidth used by the antennas does not change. The overall 

space-time code rate of the V-BLAST method is rs = Nt and the spectral efficiency is 

accordingly Ntrtlog2(M) bps/Hz; where M is the modulation level, if the same order is 

used on all layers. The diversity gain of spatial multiplexing changes along with the 

layers. For V-BLAST, the diversity order changes amongst the layers in the range of 

(Nr − Nt + 1) to Nr. The overall performance on the other hand is mostly affected by 

the layer with the least spatial diversity. Thus, it can be said that the overall spatial 

diversity of V-BLAST is approximately equal to (Nr − Nt + 1) [3]. 

2.6 Orthogonal Frequency Division Multiplexing 

With multicarrier modulation the spectrum is divided into several subchannels and 

transmission of symbols are done via these subcarriers instead of the whole frequency 

band. If the subchannels are orthogonal it is called as orthogonal frequency division 

multiplexing (OFDM). The important thing to consider is to attain each subchannel a 

bandwidth that is smaller than the coherence bandwidth in order to have flat fading 

with each of them. By adding a cyclic prefix (CP), OFDM systems are able to 

completely remove ISI. 

Multicarrier modulation has been very popular with contemprorary standards although 

it has been around for a long time. In 1950s multicarrier systems were used within 

military high frequency radios. Now it is a big part of wireless LANs. There is still a 

race between single carrier transmission and multicarrier systems. It has been shown 

that for mobile radio, single carrier equalization has almost the same performance with 

some supportive techniques such as interleaving. On the other hand, with the help of 

other methods such as adaptive loading multicarrier system performance can be highly 

improved. Multicarrier systems are sensitive against frequency or timing offset, as they 

can distort the orthogonality. What is more, the peak-to-average power ratio of 

multicarrier systems is a big problem as nonlinear amplifiers are commonly used. 
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Orthogonal frequency division multiplexing (OFDM) transmission scheme is a type 

of multi-carrier modulation. It divides the total spectral bandwidth into smaller 

portions of subcarrier bandwidths and also overlaps them for greater bandwidth 

efficiency. The overlapping process is realized according to the Nyquist criterion. To 

produce these orthogonal signals discrete Fourier transform (DFT) and inverse DFT 

(IDFT) are used. DFT and IDFT are in practice implemented efficiently with fast 

Fourier transform (FFT) and inverse fast Fourier transform (IFFT), respectively. In 

OFDM the N-point IFFT of the modulated symbols is taken firstly, which are indeed 

the samples for the sum of N orthogonal subcarrier signals. After the addition of a CP 

transmission is realized. CP is important in order to eliminate or mitigate the effects 

of inter-symbol interference (ISI) between consecutive OFDM symbols. The receiver 

removes the CP and takes the N-point FFT of the received samples. The spectrum of 

an OFDM signal consists of the sum of the frequency shifted versions of sinc functions 

in the frequency domain seperated by a bandwidth of 1/T. The subcarrier bandwidth 

should be less than the channel coherence bandwidth in order to remove ISI and 

experience flat-fading for each subchannel. For nonoverlapping channels, fn = 

fc+n(2BN) for n=0,1,2,…,N-1, where fn is the frequency of the nth subcarrier and fc is 

the central frequency. The subcarrier bandwidth is BN = B/N, for B being the baseband 

bandwidth and N being the total subcarrier number. For each subcarrier transmission 

the data rate is RN=R/N for a total data rate of R. The transmitted signal during one 

symbol period TN is: 

s(t)=R{∑ sng(t)ej2πfntN-1
n=0 }                (2.18) 

where, sn is the symbol transmitted via the nth subcarrier and g(t) is the transmitted 

pulse. 

OFDM with nonoverlapping subchannels is a technique that is not very sensitive 

against small frequency offsets and timing jitters but its spectral efficiency is also low. 

By overlapping the subcarriers, spectral efficiency can be enhanced. The subcarrier set 

of {cos(j2πfn) , j=1,2,…,N} form a set of orthonormal basis functions. The minimum 

frequency seperation that must be preserved for the subcarriers to be orthogonal is fn. 

For overlapping channels, fn=fc+nBN for n=0,1,2,…,N-1. The spectral efficiency is 
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improved to twice but the system is more vulnerable against distorting effects that can 

destroy the orthogonality and cause high error numbers. 

Despite being invented in the 1950s, implementation of modulators and demodulators 

for each subchannel was too complex for the era. What made OFDM popular was the 

development of FFT and IFFT algorithms in the 1970s, that enabled the OFDM 

scheme to be implemented with much less complexity and cost. This discrete 

implementation of OFDM with FFT algorithms is also called discrete multitone 

modulation (DMT). 

After modulation, the symbol stream is divided into N parallel streams via a serial-to-

parallel converter. An inverse DFT is applied on these N symbols, which can be 

efficiently implemented using the IFFT algorithm. After IFFT the set of 

{x0,x1,x2,…,xN-1} is obtained: 

xn=
1

√N
∑ Xkej2πnk/NN-1

k=0 ,n=0,1,2,…,N-1                 (2.19) 

After the cyclic prefix addition and parallel-to-serial converter and digital to analog 

converter blocks the baseband OFDM signal is obtained. In the receiver the reverse of 

the transmitter operations are employed. 

With DMT it is possible to remove all ISI if the maximum delay spread of the channel 

is known. In order to do this, we can add a guard time between two symbol 

transmissions that is equal to the channel delay spread. Another popular method is 

adding a cyclic prefix after the IFFT, that will be removed in the receiver. For a channel 

delay spread with a maximum value of μT
N

/N, the channel delay spread has a 

maximum duration of μ additional samples. The CP {xN-μ,…,xN-1} consists of the last 

μ values of the IFFT symbols set and attached to the beginning of the set [33]. 

For a channel impulse response of c(t), the received signal without AWGN will be 

y(t)=x(t)*c(t). In the receiver cyclic prefix is removed with the last μ samples of {y
n
}. 

The input to the FFT block is equal to the circular convolution of {xn} and {cn}. By 

doing so, adding the cyclic prefix at the transmitter effectively converts the circular 

convolution of the FFT to a linear convolution. The FFT output without AWGN is 
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X̂k=CkXk. As a result, the effects of the channel can be completely removed by 

frequency equalization [33,44]. 

2.7 Physical Layer Security 

Because of its broadcasting nature that makes every receiver able to capture the signals 

within the communication range, wireless systems have always been prone against 

dangerous security risks. It is not safe anymore to just rely on cryptography based 

security systems that have been the security standard for years because of the everlong 

increasing wireless connectivity. Crypto based systems that forms a secret key between 

the terminals follow the basic Shannon security model. For large wireless networks 

that does not have a centralized structure, formation, management and trafficking the 

keys are very demanding processes. Also, long key lengths that are neccesarry for 

increased security require more resources. Most importantly, computing process of 

modern machines, with especially the newly emerging quantum computing technology 

is able to decypher keys that assume the eavesdropper will have limited computational 

capabilities which is no more true. What is more, new technologies such as internet of 

things, vehicular communication and remote surgery are prone to latencies and power 

limitations which make encryption based techniques not compatible. Finally, privacy 

sensitive services such as financial or personal secret information can not rely on any 

discovery of their datas which can happen frequently with traditional techniques. In 

order to prevent these unwanted eavesdropping, physical layer security (PLS) is a new 

concept proposed that is not prone to much of these traditional security system 

problems. 

Shannon was the first one that defined the fundamentals of secrecy concept. 

Applications that are based on Shannon techniques however use crypto based keys that 

assume the existence of a noiseless channel which is not the case with wireless 

systems. Wyner was the initiator of PLS who showed that secure communication is 

possible without the utilization of keys, when the unauthorized receivers’ channel has 

a much worse performance than the legitimate ones’. As a result codes that try to 

achieve this feature have been started to use instead of secret keys. However Wyner 

approaches may have some problems too, such as the legitimate user’s signal-to noise 
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ratio must always be lower than that of an eavesropper. But we know that this is not 

always maintable with wireless communication medium as there are many random 

elements. What is more, in order to increase secrecy it is usually necessary to sacrifice 

capacity. There have been lots of PLS studies that is based on Wyner’s original work 

throughout the years that are considered for different enviroments and scenarios. 

Generally, with PLS approaches it is assumed that three terminals exist: the legitimate 

transmitter node (Alice), the legitimate receiver node (Bob) and the eavesdropper 

(Eve). Alice sends her private data to Bob, while Eve tries to capture the information. 

In order to achieve PLS, system models are used between Alice and Bob that can 

obtain benefits from the physical enviroment such as noise, fading diversity. The 

models also use already existing signal processing methods that will ensure security 

between the legitimate terminals. 

In order to show the level of security of a system certain secrecy performance metrics 

are used. There are two subgroups of these metrics: SNR based and complexity based. 

Some SNR based metrics are the secrecy rate, capacity, outage probability, throughput. 

Secrecy capacity is the difference between the authorized user’s and illegitimate user’s 

channel capacities. It represents the maximum rate of secure communication avaliable 

between Alice and Bob. Complexity based metrics are utilized with key based methods 

that are defined as the measurement of the length of the key extracted from the channel. 

Some of the most important PLS techniques utilize signal processing techniques that 

are already found in the literature such as: polar coding, adaptive modulation, OFDM 

subcarrier-based power allocation, beamforming, artificial noise addition, space-time 

coding and signal space diversity [45]. 
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CHAPTER 3 

ANALYSIS AND FPGA IMPLEMENTATION OF  

ZERO-FORCING RECEIVE BEAMFORMING WITH 

SIGNAL SPACE DIVERSITY UNDER DIFFERENT 

INTERLEAVING TECHNIQUES 

This chapter is based on [27] and [28], where multiple-input multiple-output zero-

forcing receive beamforming (ZFRBF) is combined with time and spatial component 

interleaved signal space diversity (SSD) and the system’s error performance and 

implementation complexity are analyzed. A transceiver system with two transmit and 

M (M ≥ 2) receive antennas is considered where the number of simultaneous 

substreams equals two. The error performance of the proposed scheme with binary 

phase-shift keying (BPSK) and quadrature phase-shift keying (QPSK) modulations is 

studied. Under the time component interleaved SSD case, an exact average bit error 

probability expression for BPSK and a tight approximation on the average symbol 

error probability for QPSK are derived. The signal constellation rotation angles are 

accordingly computed. Using a similar approach, the signal constellation rotation 

angles are also determined for the scenario of spatial component interleaved SSD. It is 

demonstrated that the performance of the original ZFRBF model can be improved 

significantly by utilizing SSD especially with the time interleaving method. Another 

contribution to the literature is to study hardware complexity of the proposed scheme 

on FPGA. It is shown that while achieving considerable performance gain, SSD 

introduces only an insignificant increase to the system complexity without any extra 

bandwidth or time slot usage. Finally, spatial interleaving is incorporated into a zero-

forcing multiple-input multiple-output system with various numbers of correlated 

transmit antennas and uncorrelated receive antennas. Different realistic transmit 

antenna correlation models are adopted. A number of different component interleaving 

strategies are compared for these correlation models. 
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3.1 Introduction 

Multiple-input multiple-output (MIMO) systems have been attracting huge attention 

thanks to their potential for high data rate transmission without any need for extra 

bandwidth or time slots. Provided rich enough scattering, a MIMO system with 

respectively t and r antennas at the transmitter and receiver enables a linear increase 

in the channel capacity with the minimum of t and r (min(t,r)). The amount of the 

channel state information (CSI) knowledge at the transmitter also plays an essential 

role in determining the channel capacity. If there is no CSI knowledge at the 

transmitter side, the optimal strategy is to send the data through independent streams 

over all the transmit antennas [2]. 

Zero-forcing beamforming (ZFBF) is a spatial multiplexing technique with low-

complexity that removes interference among different substreams of a MIMO system 

by coding each of min(t,r) substreams independently and employing a linear 

processing (spatial filtering) operation on the substreams either at the transmitter (zero-

forcing precoding) or at the receiver (zero-forcing receive beamforming, ZFRBF). For 

the linear processing step, beamforming weight vectors acquired from the pseudo-

inverse of the channel matrix can be used [46]. Another approach is to use the null 

space bases of a linear space spanned by the transmission streams [47]. With the help 

of ZFBF method, we can split a t×r MIMO channel (assuming a full-rank channel 

matrix) into min(t,r) independent parallel subchannels. Thus, ZFBF can be utilized to 

achieve the full spatial multiplexing gain [48-52]. ZFBF can be used with both single 

and multi-user MIMO schemes. Low-complexity of implementation and no possibility 

error propagation among substreams are the two most significant benefits of ZFBF. 

Contrarily, the selection of the beamforming weight vectors may boost the noise power 

at the receiver significantly in a ZFBF system, which in return reduces the error 

performance specifically in low signal-to-noise ratio (SNR) region. 

In this chapter, signal space diversity (SSD) (also known as modulation diversity) is 

resorted to enhance the error performance of ZFRBF system with negligible 

complexity while requiring no additional bandwidth or time slots. The SSD concept 

was first presented in [53] and achieves diversity by ensuring two conditions for two 



27 
 

dimensional signal constellations. The first requirement is that no two symbols in the 

signal constellation share identical in-phase (I) or quadrature (Q) components. This 

criterion can be met by properly rotating the signal constellation [13]. The second 

condition is making sure that both I and Q components of a transmitted symbol are 

affected by different fading characteristics which is accomplished by utilizing 

component interleaving at the transmitter and deinterleaving at the receiver [13-15]. It 

has been shown that the diversity level can be doubled with SSD for two dimensional 

signal constellations. SSD has been a widely researched subject for single-input single-

output systems so far. It has been demonstrated that for a two-dimensional modulation 

scheme, SSD introduces no increment in the decoding complexity. 

Recent studies about SSD also include MIMO systems [54-68]. In some of these 

works, the component interleaving/deinterleaving is performed in the time domain, 

which is referred to as the time interleaving method hereafter. With time interleaving, 

I and Q components of a symbol are transmitted at different time slots so that they can 

pass through different paths with possibly different fading states. This method uses 

independent component interleaving/deinterleaving blocks at the transmitter and 

receiver, respectively. Since the subchannel gains become uncorrelated in time 

interleaving (assuming an interleaving depth greater than channel coherence time) 

under ZFBF, it has a considerably low bit error rate. This technique on the other hand 

may necessitate a long interleaving depth which can cause problems for latency-

sensitive applications. In [54], a concept called coordinate interleaved spatial 

multiplexing (CISM) is presented. Assuming availability of CSI at both the transmitter 

and receiver, component interleaved data streams are transmitted over the different 

eigenmodes of the channel to increase the diversity order. The performance of 

precoded bit-interleaved coded modulation (BICM) spatial multiplexing MIMO 

system with spatial component interleaver is inspected in [55]. For Nakagami-m fading 

channels, the performance of orthogonal space-time block codes with SSD is 

investigated in [56]. SSD is combined with Vertical Bell Labs Layered Space-Time 

(V-BLAST) and orthogonal frequency-division multiplexing (OFDM) techniques in 

[57] and the system performance is analyzed for Rayleigh fading channels. SSD is 

utilized with BICM and spatial division multiplexing over frequency selective 

Rayleigh fading channels in [21]. 
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The component interleaving can also be realized by means of transmitting distinct 

components of a symbol from different transmit antennas, [58-63] which is called as 

spatial interleaving in this chapter. For spatial interleaving, I and Q components of a 

transmitted symbol are sent over different transmit antennas. This strategy prevents 

the extra time latency caused by the interleaver and deinterleaver blocks. In [59], 

coordinate interleaved orthogonal design is introduced and shown to achieve full-

diversity, full-rate, and single-symbol maximum likelihood (ML) decodability for 

complex signal constellations. Its performance is assessed over quasi-static flat 

Nakagami-m fading channels in [59]. In [60], SSD is combined with V-BLAST 

method in order to improve the diversity gain of the original V-BLAST technique. A 

coded MIMO system with SSD is introduced for block-fading channels and found to 

achieve full spatial multiplexing and diversity gains [61]. A closed-loop scheme with 

full CSI at the transmitter is considered in [62] where SSD is coupled with zero-forcing 

precoding. In [63], SSD is integrated with maximal ratio combining and transmit 

antenna selection under correlated receive antennas. M-ary quadrature amplitude 

modulation (QAM) with SSD and generalized selection combining is studied in [64], 

where the system error performance under Rayleigh fading channels is presented. 

Coordinate interleaving is utilized in a diagonal fashion across the space-time axes for 

a 2×2 MIMO-OFDM scheme in [65]. The study in [66] proposes a space-time 

signaling scheme that encodes data along multiple dimensions and applies interleaving 

to the components of the symbols over all the layers such that the diversity gains of 

the weak layers are improved. In [67], a coded SSD scheme that uses space-time-

frequency component interleavers is proposed to improve the performance of MIMO–

OFDM systems in frequency-selective and time-varying fading channels. The study in 

[68] adds SSD into multi-antenna models and extends the coordinate interleaved non-

orthogonal amplify and forward method for multi-antenna relay scenarios. 

In this chapter, SSD is integrated with ZFRBF in an open-loop (full CSI knowledge 

available only at the receiver side) MIMO scenario. It is demonstrated that the 

performance of ZFRBF systems can be improved by utilizing SSD with time or spatial 

component interleaving. It turns out that the time interleaving approach yields much 

higher error performance as compared to the spatial interleaving method. Hence, there 

exists a trade-off between the time and spatial interleaving approaches in terms of error 
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performance and latency. The error performances of the presented schemes are 

analyzed over slow flat Rayleigh fading channels. An exact expression on the average 

bit error probability (ABEP) for time-interleaved binary phase shift keying (BPSK) 

with SSD is presented. The union bound is exploited to approximate the average 

symbol error probabilities (ASEP) for both the time and spatial-interleaved quadrature 

phase shift keying (QPSK) with SSD. The optimum signal constellation rotation angle 

value for the time-interleaved BPSK and the near-optimum signal constellation 

rotation angle values under the QPSK scenarios with two and three receive antennas 

are derived. The proposed schemes are implemented on field-programmable gate array 

(FPGA) and the implementation complexities of the studied schemes are illustrated. 

The results indicate that SSD introduces an insignificant amount of complexity 

increase while obtaining considerable performance gains. Finally, the performance of 

transmit antenna correlated ZF MIMO systems with SSD is investigated for slow flat 

Rayleigh fading channels under the assumption of different models of transmit antenna 

correlation. For each type of correlation model, bit error rate (BER) performance is 

illustrated for three, four and five transmit/receive antennas. 

3.2 System Model 

In this chapter, a single-user 2×M MIMO system with two simultaneous substreams is 

considered. Figure 1 shows the block diagram of the proposed ZFRBF with SSD 

model. 

 

Figure 3.1 Block diagram of the system model 
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The received complex baseband signal can be formulated as 

y = Hx+n = h1x1+h2x2+n              (3.1) 

where h1 and h2 represent the first and second columns of the Mx2 channel matrix H, 

respectively. Here, the vector x ∈ C2×1 shows the transmitted baseband signal. The end 

goal is to transmit two independently modulated symbols si = siI+jsiQ, i ∈ {1,2}, where 

the subscripts I and Q refer to the I and Q components of the corresponding symbol, 

respectively. 

3.2.1 Transmitter 

The modulated symbols are formed with using rotated BPSK or QPSK modulators. 

The modulated symbols are arranged according to the per-symbol (per-bit) power 

constraint of |si|
2 = Es (|si|

2 = Eb) where Es (Eb) shows the energy per-symbol (per-

bit). The vector n∈CM×1 represents the additive white Gaussian noise (AWGN) where 

E[nnH] = N0I with I denoting the identity matrix. Also, N0 stands for the one-sided 

power spectral density of AWGN at the receiver. The (m,i)th element of H, i.e., 

[H]mi ∈ C, symbolizes the fading coefficient of the path between the ith transmit 

antenna and mth receive antenna. The existence of a rich enough scattering 

environment and a homogeneous network with enough spacing among the antennas 

are assumed. Therefore, the elements of H are independent and identically distributed 

(IID) zero-mean complex Gaussian random variables with unit variance, i.e., a 

Rayleigh fading scenario. The fading coefficients remain constant during the time slot 

of one codeword transmission and independently change between transmissions. The 

complete CSI is only available at the receiver side. 

The formation of the interleaved vector x changes according to the adopted 

interleaving strategy. For the scheme with time interleaving, the vector x is obtained 

by applying time interleaving to I and Q components of each of s1 and s2 in an 

independent and parallel manner. Hence, two independent time domain component 

interleavers are required in this case. Additionally, the depth of the time domain 

component interleavers must be at least as large as the channel coherence time to 
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benefit from independent fading. On the other hand, for the spatial interleaving 

method, the vector x is formed as 

x = [
x1

x2
]  = [

s1I+js2I

s1Q+js2Q
] .              (3.2) 

As the preceding expression indicates, interleaving is performed in the spatial domain 

independently of the channel coherence time under spatial interleaving. 

3.2.2 Zero-Forcing Receive Beamforming with Signal Space Diversity 

ZFRBF with Spatial Interleaving 

In this case, I components of s1 and s2 are orthogonally combined and transmitted from 

the first transmit antenna as x1 = s1I+js2I. Within the same time period, Q components 

of s1 and s2 are sent from the second transmit antenna as follows x2 = s1Q+js2Q. 

Representing the received baseband symbol vector as y and the (M-1) dimensional 

orthogonal projection matrices on the null spaces of h1 and h2 respectively by Ph1

⊥  and 

Ph2

⊥ , the ZFRBF receiver first projects y onto the vector h1
H

Ph2

⊥ . This yields 

h1
H

Ph2

⊥

‖h1
H

Ph2

⊥ ‖
y = ‖h1

H
Ph2

⊥ ‖x1+
h1

H
Ph2

⊥

‖h1
H

Ph2

⊥ ‖
n =

‖h1
H

Ph2

⊥ ‖s1I+R {
h1

H
Ph2

⊥

‖h1
H

Ph2

⊥ ‖
n} +j(‖h1

H
Ph2

⊥ ‖s2I+I {
h1

H
Ph2

⊥

‖h1
H

Ph2

⊥ ‖
n}).              (3.3) 

Then, by projecting y onto h2
H

Ph1

⊥   

h2
H

Ph1

⊥

‖h2
H

Ph1

⊥ ‖
y = ‖h2

H
Ph1

⊥ ‖x2+
h2

H
Ph1

⊥

‖h2
H

Ph1

⊥ ‖
n= 

‖h2
H

Ph1

⊥ ‖s1Q+R {
h2

H
Ph1

⊥

‖h2
H

Ph1

⊥ ‖
n}+j(‖h2

H
Ph1

⊥ ‖s2Q+I {
h2

H
Ph1

⊥

‖h2
H

Ph1

⊥ ‖
n})              (3.4) 

is obtained. If we define γ
1
 = h1

H
Ph2

⊥
h1, γ

2
 = h2

H
Ph1

⊥
h2 and the noise components as 

n1I = R {
h1

H
Ph2

⊥

‖h1
H

Ph2

⊥ ‖
n}, n1Q = I {

h1
H

Ph2

⊥

‖h1
H

Ph2

⊥ ‖
n}, n2I = R {

h2
H

Ph1

⊥

‖h2
H

Ph1

⊥ ‖
n}, n2Q = I {

h2
H

Ph1

⊥

‖h2
H

Ph1

⊥ ‖
n}, the 

decision variables for the two transmitted symbols (s1 and s2) at the receiver are 
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subsequently given by d1 = √γ
1
s1I+j√γ

2
s1Q + n1I + jn2I and d2 = √γ

1
s2I+j√γ

2
s2Q +

n1Q + jn2Q, respectively [69]. Note that γ
1
 and γ

2
 are identically distributed correlated 

random variables. 

ZFRBF with Time Interleaving 

Suppose that two time-domain component interleavers function in an independent 

manner at the transmitter, i.e., the components of s1 and s2 are independently 

interleaved. Also, assume that interleaving depths in the two interleavers are greater 

than the channel coherence time. Consequently, after the application of deinterleaving 

at the receiver, it can be concluded that I and Q components of both s1 and s2 are 

affected by independent fades through the channel. ZFRBF operation is carried out in 

the same manner as in the spatial interleaving scenario. It can be shown that the 

decision variables in this case have the following form 

d1=√γ
11

s1I+j√γ
21

s1Q+n1I+jn1Q             (3.5) 

d2=√γ
12

s2I+j√γ
22

s2Q+n2I+jn2Q              (3.6) 

where γ
11

 , γ
21

 , γ
12

, γ
22

 are IID random variables denoting the squared signal gains. It 

can be shown that the distribution of γ
ij
 for {i,j}∈{1,2} is identical to that of γ

1
 and γ

2
 

[56]. Additionally, the noise components n1I, n1Q, n2I, n2Q are IID zero-mean 

Gaussian random variables each with a variance of N0/2. This is a direct consequence 

of the employed interleaving structure. 

3.2.3 Transmit Antenna Correlation 

In this scenario, a spatially interleaved single-user MIMO transmission system with t 

transmit antennas and r receive antennas with t = r is assumed. The goal is to 

simultaneously transmit t independently modulated symbols in a parallel fashion from 

the transmitter to the receiver. In the transmitter, a rotated binary phase shift keying 

(BPSK) signal constellation is first employed to map the (possibly coded) data bits 

into the modulated symbols (si, (i ∈ {1, 2, . . . , t})). As the rotation angle for the BPSK 

signal constellation, 45 degree counter-clockwise is used [62]. Then, the component 
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interleaving is applied to the t modulated symbols. The component interleaving is 

implemented over transmit antennas. Hence, the used component interleaving 

technique is not as troublesome as the component interleaving in time domain, which 

requires time domain interleaving depths greater than the channel coherence time. The 

entries of the transmitted baseband signal x for a certain interleaving strategy are given 

by saI+jsbQ, (a, b ∈ {1, 2, . . . , t}). Here, the choice of a and b depends on the 

interleaving strategy used. A set of digital-to-analog conversion (DAC) operations are 

used to transmit the baseband signal x from the transmit antennas. The received 

complex baseband signal y is: 

y=Hx+n=h1x1+h2x2+…+htxt+n              (3.7) 

where H is the r-by-t channel matrix with its (i, k) entry, i.e., [H]ik ∈ C, denoting the 

fading coefficient between the kth transmit antenna and ith receive antenna. Also, h1, 

h2,..., ht denote the columns of the matrix H. Additionally, the vector x ∈ Ct×1 denotes 

the transmitted baseband signal. Also, x1, x2,..., xt denote the elements of the vector x. 

Additionally, n ∈ Cr×1 represents additive white Gaussian noise at the receiver such 

that E{nnH} = N0I with I denoting the identity matrix. A slow flat Rayleigh fading 

scenario with rich scattering and enough antenna spacing only at the receive side is 

assumed. Hence, the scenario of interest involves uncorrelated receive antennas and 

correlated transmit antennas. We have: 

H=H̃R
1/2              (3.8) 

where the t-by-t matrix R is the correlation matrix capturing the effect of the 

correlation among the transmit antennas. The elements of the matrix H̃ are independent 

and identically distributed (IID) zero-mean complex Gaussian random variables with 

unit variance. In this chapter three types of correlation matrix structures R are used 

namely uniform, dual, and exponential correlation models. All of these models have 

practical applications. 

The entries of the uniform correlation matrix are given by [R]ik=1 for i = k and [R]ik=ρ 

for i ≠ k, where [R]ik represents the ith row kth column element of R. Also, ρ (0 < ρ < 

1) denotes the correlation coefficient between any two transmit antennas. We have: 
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R=[

1 ρ ρ ρ … ρ ρ
ρ 1 ρ ρ … ρ ρ
⋮ ⋮ ⋮ ⋮ ⋱ ⋮ ⋮
ρ ρ ρ ρ … ρ 1

]              (3.9) 

For an antenna array, the uniform correlation matrix is applicable when all the transmit 

antennas are separated with the same distance from each other. 

The elements of the dual correlation matrix are given by [R]ik=1 for i = k, [R]ik=ρ for 

|i-k|=1, and [R]ik=0 for the remaining entries. We have: 

R= [

1 ρ 0 0 … 0 0

ρ 1 ρ 0 … 0 0

⋮ ⋮ ⋮ ⋮ ⋱ ⋮ ⋮
0 0 0 0 … ρ 1

]            (3.10) 

For an antenna array, the dual correlation matrix provides a more realistic model as 

compared to the uniform correlation matrix. The reason behind this can be explained 

based on the fact that the correlation between two antennas reduces when the distance 

between them increases and when separated far enough the correlation may be equal 

to zero. 

The entries of the exponential correlation matrix are given by [R]ik=ρ|i-k|. We have: 

R=

[
 
 
 

1 ρ ρ2 ρ3 … ρt-2 ρt-1

ρ 1 ρ ρ2 … ρt-3 ρt-2

⋮ ⋮ ⋮ ⋮ ⋱ ⋮ ⋮
ρt-1 ρt-2 ρt-3 ρt-4 … ρ 1 ]

 
 
 

            (3.11) 

For an antenna array, the exponential correlation matrix provides a more realistic 

model as compared to the other discussed correlation models. The reason behind this 

can be explained again by the fact that the correlation between two antennas reduces 

when the distance between them increases. 

The receiver uses ZF equalization to suppress the intersymbol interference, under the 

assumption of full CSI being only available at the receiver. For equalization, the 

received complex baseband signal y is projected onto the vector hi
H

Pi
⊥, for all i, where 
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i ∈ {1, 2, . . . , t} and Pi
⊥ denotes the projection matrix onto the null space of the vectors 

h1, h2,..., hi-1, hi+1, hi+2,..., ht. This yields: 

hi
H

Pi
⊥

‖hi
H

Pi
⊥‖

y=‖hi
H

Pi
⊥‖xi+

hi
H

Pi
⊥

‖hi
H

Pi
⊥‖

n  

=‖hi
H

Pi
⊥‖saI+R {

hi
H

Pi
⊥

‖hi
H

Pi
⊥‖

n}+j (‖hi
H

Pi
⊥‖sbQ+I {

hi
H

Pi
⊥

‖hi
H

Pi
⊥‖

n})            (3.12) 

for i∈{1,2,...,t}. Suppose that I and Q components of the ith symbol si (i∈{1,2,...,t}) are 

sent from the αth and βth transmit antennas, respectively. The maximum likelihood 

detector at the receiver forms the decision variable for the ith symbol (si) as: 

di=R {
hα

H
Pα
⊥

‖hα
H

Pα
⊥‖

y} +jI {
hβ

H
Pβ
⊥

‖hβ
H

Pβ
⊥‖

y} for i ∈ {1, 2, . . . , t}. 

3.3 Performance Analysis 

This section provides BPSK ABEP and QPSK ASEP expressions under time and 

spatial-interleaved ZFRBF. Optimum and near-optimum signal constellation rotation 

angles are derived. 

3.3.1 ABEP & optimum rotation angle for BPSK under time interleaving 

The pairwise error probability (PEP) is the probability of detecting a transmitted 

symbol erroneously at the receiver. Let P(si→s̃i) be the probability that the transmitted 

symbol si is erroneously detected as s̃i. Because of the symmetry, we have the 

relationship between the two conditional PEP expressions as P(s1→s̃1|γ11
,γ

21
)  = 

P(s2→s̃2|γ12
,γ

22
). Using the ML decision rule, the conditional PEP can be written as 

P(s1→s̃1|γ11
,γ

21
)= P (|d1-(√γ

11
s̃1I+j√γ

21
s̃1Q)|

2
 < |d1-(√γ

11
s1I+j√γ

21
s1Q)|

2
) 

= P(2√γ
11

∆In1I+2√γ
21

∆Qn1Q < -γ
11

∆I
2-γ

21
∆Q

2 )                                           (3.13) 

where, ∆I = s1I-s̃1I and ∆Q = s1Q-s̃1Q represent the distances between I and Q 

components of the two rotated BPSK signal constellation points, respectively. Here, 

conditioned on the squared channel gains γ
11

 and γ
21

, the sum 
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2√γ
11

∆In1I+2√γ
21

∆Qn1Q is a zero-mean Gaussian random variable with a variance of 

2N0(γ11
∆I

2+γ
21

∆Q
2 ). Using this information, we can write [62] 

P(s1→s̃1|γ11
,γ

21
)  = Q (√

γ11ΔI
2
+γ21ΔQ

2

2N0
)            (3.14) 

where Q(.) is the Q-function formulated as Q(x) = 
1

√2π
∫ exp(-u2/2) du

∞

x
. In order to 

determine the unconditional PEP, the joint probability density function of independent 

random variables γ
11

 and γ
21

 is required. It can be shown that γ
11

 and γ
21

 are chi-

squared random variables each with (2M-2) degrees of freedom [70]. Hence, we can 

write 

f(γ
11

,γ
21
) = 

γ11
M-2γ21

M-2

((M-2)!)
2 e-γ11-γ21            (3.15) 

for γ
11

≥ 0 and γ
21

≥ 0. 

Using Craig’s formula [71] the conditional PEP expression in (3.9) can be rewritten as 

P(s1→s̃1|γ11
,γ

21
)  = 

1

π
∫ exp (-

γ11ΔI
2
+γ21ΔQ

2

4N0sin
2
ϕ
) dϕ

π/2

0
.            (3.16) 

The unconditional PEP is then given by 

P(s1→s̃1)  =
1

π
∫ ∫ ∫ exp (-

γ11ΔI
2
+γ21ΔQ

2

4N0sin
2
ϕ
)

∞

0

∞

0

π/2

0
f(γ

11
,γ

21
)dγ

11
dγ

21
dϕ.           (3.17) 

For BPSK modulation, the ABEP Pb and PEP are identical. Consequently, the PEP 

formula can directly be used to find the optimum rotation angle. For BPSK, we have 

∆I = 2√Eb cos(θ) and ∆Q = 2√Eb sin(θ) where θ refers to the rotation angle counter-

clockwise. It can mathematically be shown that the optimum rotation angle minimizing 

(3.17) is 45-degree counter-clockwise [62, Theorem 2]. 

When the optimum rotation angle value of 45-degree is used, we have ∆I = ∆Q = √2Eb 

and we can accordingly write 
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Pb=
1

π
∫ ∫ ∫ exp (-

Eb(γ11+γ21
)

2N0sin
2
ϕ
)

∞

0

∞

0

π/2

0

γ11
M-2γ21

M-2

((M-2)!)
2 e-γ11-γ21dγ

11
dγ

21
dϕ.            (3.18) 

Using the following integral identity 

Pb = ∫ exp(-ax)xcdx
∞

0
=c!/ac+1            (3.19) 

where a is a positive real number and c is an integer such that c ≥ 2, we can write 

Pb = 
1

π
∫ (

sin2ϕ

sin2ϕ+
Eb
2N0

)

2M-2

dϕ
π/2

0
.            (3.20) 

Using [72, Eq. (5A.4b)], the preceding integral can be solved in an exact closed-form 

as 

Pb = (
1-√

Eb/2N0

1+Eb/2N0

2
)

2M-2

∑ (
2M-3+k

k
)(

1+√
Eb/2N0

1+Eb/2N0

2
)

k

2M-3
k=0 .            (3.21) 

3.3.2 ABEP & near-optimum rotation angle for BPSK under spatial interleaving 

In this case, an approximation on the unconditional PEP is provided in [69] as follows 

P(s1→s̃1) ≈
1

π
∫ ∫ ∫ exp (-

γ1ΔI
2
+γ2ΔQ

2

4N0sin
2
ϕ
)

γ1
M-1γ2

M-1Γ(M+1,γ1+γ2
)

(M-1)!(M-2)!(γ1+γ2
)

M+1

∞

0

∞

0

π

2

0
dγ

1
dγ

2
dϕ.            (3.22) 

Here, Γ(s,x) represents the upper incomplete gamma function [73]. It is also known 

from [69] that the near-optimum value for θ is 45-degree counter-clockwise for spatial-

interleaved BPSK. With the condition of θ = 45°, the ABEP expression for BPSK 

under spatial interleaving is approximated as [69] 

Pb≈
M!(M-1)!

(2M-1)!
∑ (

M+i-2

M-2
) [

1

2
-√

Eb/N0

2+Eb/N0

∑
(2k)!

2k+1(k!)2(2+Eb/N0)k
M+i-2
k=0 ]M

i=0             (3.23) 

where the expansion Γ(M+1,x)=M!e-x∑ xi/i!M
i=0  is exploited. 
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3.3.3 ASEP & near-optimum rotation angles for QPSK 

To find the ASEP for QPSK with time interleaving, we need to find the PEP expression 

as a function of the rotation angle θ. Let P(sa→sb) be the probability that the detector 

erroneously decides in favor of sb when the transmitted symbol is sa. Substituting 

(3.15) into (3.17) and using (3.19) yields P(sa→sb) as 

P(sa→sb)=
1

π
∫ ∫ ∫ exp (-

γ11ΔI
2
+γ21ΔQ

2

4N0sin
2
ϕ
)

∞

0

∞

0

π/2

0

γ11
M-2γ21

M-2

((M-2)!)
2 e-γ11-γ21dγ

11
dγ

21
dϕ.           (3.24) 

Taking the integral with respect to γ
11

 and γ
21

 yields 

P(sa→sb)  = 
1

π
∫ (

sin
2
ϕ

sin
2
ϕ+

ΔI
2

4N0

)

M-1

(
sin

2
ϕ

sin
2
ϕ+

ΔQ
2

4N0

)

M-1

dϕ
π/2

0
.            (3.25) 

Assuming ΔI ≠ ΔQ and using [72, (5A.58-60)], we can further evaluate the expression 

as 

P(sa→sb)= 
(

ΔI
ΔQ
)

2M-4

2(1-(
ΔI
ΔQ
)

2

)

2M-3 [∑ ((
ΔQ

ΔI
)

2

-1)
k

BkIk (
ΔQ

2

4N0
)M-2

k=0 - (
ΔI

ΔQ
)

2

∑ (1-M-2
k=0

(
ΔI

ΔQ
)

2

)

k

CkIk (
ΔI

2

4N0
)]                                                                                      (3.26) 

where 

Bk ≜ (-1)M-2+k (
2M-4-k

M-2
) ,                                                                           (3.27) 

Ck ≜ ∑ (
k

n
)
(2M-4-n)!(-1)M-2+n

(M-2-n)!(M-2)!

M-2
n=0 ,                                                                    (3.28) 

Ik(c) = 1-√
c

1+c
[1+∑

(2n-1)‼

n!2
n(1+c)n

k
n=1 ] .                                                               (3.29) 

Here, the double factorial notation (2n-1)‼ represents the product of only odd integers 

from 1 to (2n-1). (3.26) can be taught as the exact generalized PEP expression between 
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any two symbols in the generalized PSK signal constellation under time interleaving. 

The requirement ΔI≠ΔQ must be satisfied for (3.26) to be valid. This condition is 

satisfied for any pair of signal points by the appropriate signal constellation rotation. 

To approximate the exact ASEP (Ps) expression of a generalized PSK modulation with 

an order that is equal to or greater than 4, the union bound can be used [70]. For QPSK 

modulation, the following union bound is utilized 

Ps ≤ 
1

4
∑ ∑ P(sa→sb)

4
b=1
a≠b

4
a=1                    (3.30) 

where sa and sb show the symbols of the rotated QPSK signal constellation such that a 

≠ b. 

Within a rotated QPSK signal constellation, for any two symbols sa and sb (({a,b} ∈ 

{1,2,3,4}, a ≠ b)), ΔI and ΔQ are given by 

∆I = √Es(cos(θa+θ) - cos(θb+θ)),                                                               (3.31) 

∆Q = √Es(sin(θa+θ) - sin(θb+θ)),                                                                (3.32) 

where θ (0°< θ < 45°) is the counter-clockwise rotation angle and, θa and θb represent 

the phases of sa and sb in the original (non-rotated) signal constellation, respectively. 

To be able to derive the near-optimum rotation angles for QPSK modulation, the union 

bound method is utilized. For time interleaving, ∆I and ∆Q expressions are substituted 

into the generalized PEP expression for every symbol pair of the constellation diagram 

and the rotation angles that minimize the union bound are obtained by using the 

“NMinimize” function of the Mathematica software package for different Es/N0 and 

M values. The angle optimization search space is constrained within the range of (0°, 

45°). Table 3.1 shows the obtained rotation angles for different Es/N0 values when M 

= 2 and M = 3 under time interleaving. 
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Table 3.1 Near-optimum rotation angle values for 2×2 and 2×3 QPSK time-interleaved SSD scheme 

M = 2 M = 3 

Es/N0 

(dB) 

Θ Es/N0 

(dB) 

θ 

0 32.119° 0 44.966° 

5 33.037° 3 42.797° 

10 31.475° 6 37.495° 

15 30.321° 9 34.245° 

20 29.862° 12 32.391° 

25 29.706° 15 31.397° 

30 29.656° 18 30.881° 

 

In order to find the near-optimum rotation angles for spatial interleaving, ∆I and ∆Q 

expressions are implemented into the generalized PEP expression in (3.26) for every 

symbol pair of the constellation diagram. Then, Mathematica is used (with a step size 

of 1°) to determine the rotation angles. The near-optimum rotation angle is found to 

be equal to 44° for all the Es/N0 values between 0 and 30 dB when M = 2 and for all 

the Es/N0 values between 0 and 15 dB when M = 3. 

3.4 Results 

Using the optimum and near-optimum angle values of Section 3.3, performance of the 

proposed schemes under different scenarios is demonstrated. In addition, FPGA 

implementations of the relevant methods are presented in order to compare 

complexities of the different techniques. 

3.4.1 Simulation Results 

In this section, the proposed time and spatial-interleaved schemes are compared with 

the standard ZFRBF with no SSD model under BPSK and QPSK modulations. SSD 
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simulations use the derived optimum or near-optimum rotation angle values as given 

in Section 3.3. 

In Figure 3.2, 2×2 time and spatial-interleaved BPSK models are compared against 

ZFRBF without SSD. It is clear that SSD yields major gains when incorporated into 

the standard ZFRBF. It can also be seen that time interleaving provides much more 

performance gain as compared to spatial interleaving. For instance, for an ABEP of 

10-4, the time interleaving method provides 14.7 dB gain whereas the spatial 

interleaving method has just a benefit of 2 dB when compared with the no SSD 

counterpart. This significant performance gap between the two interleaving 

approaches can be attributed to the degree of the correlation between the channel gains 

which suggests that the performance of the studied ZFRBF scheme significantly 

benefits from uncorrelated channel gains. Looking from a designer perspective, it can 

be proposed that it would be much better to use time interleaving instead of spatial 

interleaving with BPSK whenever latency does not cause a serious problem. The trade-

off between these two methods in terms of latency and error performance can be 

exploited according to the need. The strong match between the analytical curves and 

their simulated counterparts in Figure 3.2 validates the analytical derivations. In 

addition, the similar trend between the theoretical and simulation results for spatial 

interleaving method shows the correctness of approximation under this case. 

In Figure 3.3, the error performances of 2×3 BPSK models are demonstrated. It is 

again obvious that time interleaving outperforms spatial interleaving technique. For an 

ABEP of 10-4, the time interleaving method is capable of providing a 6.35 dB gain, 

whereas the spatial interleaving method supplies a gain of 1.23 dB beyond ZFRBF 

with no SSD. These results reveal that the gains attained by SSD decrease with higher 

number of receive antennas. Moreover, increasing the number of receive antennas has 

the effect of reducing the difference between the SSD gains of the two interleaving 

techniques (12.7 dB in 2×2 case and 5.12 dB in 2×3 case). The main reason behind 

this is that the two substreams tend to become less correlated with spatial interleaving 

method as the number of receive antennas gets larger [62]. Hence, the performance of 

spatial interleaving approaches to the performance of time interleaving as M increases. 

The analytical derivation regarding to the time interleaving method is also justified in 
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Figure 3 by the strong correlation between the analytical and simulation curves. 

Comparing Figure 3.2 and Figure 3.3 at an ABEP of 10-4, one can observe that the 

performance of time interleaving in 2×2 case gets close as near as 1 dB to that of no 

SSD scenario in 2×3 case. 

In Figure 3.4, 2×2 time and spatial-interleaved QPSK models are compared against 

the ZFRBF model without SSD. It is one more time clear that SSD helps in improving 

the system performance of ZFRBF significantly. It can also be seen that time 

interleaving provides higher performance gain as compared to spatial interleaving. For 

instance, for an ASEP of 10-4, the time interleaving method provides a 14.24 dB gain 

whereas the spatial interleaving method has a gain of 1.06 dB. From a design point of 

view, again there exists a trade-off between latency and error performance. The 

analytical and simulation curves have a high degree of matching between each other; 

thus confirming the correctness of the analytical results. Also, Figure 3.4 reveals that 

the union bound approximation in the theoretical ASEP expressions for both time and 

spatial interleaving methods follows a similar trend with the simulated results and the 

match with the exact simulation results gets better as SNR increases. 

In Figure 3.5, 2×3 QPSK schemes are compared. It is demonstrated that for an ASEP 

of 10-4, the time interleaving method provides a 6.1 dB gain whereas the spatial 

interleaving method has a gain of 0.9 dB when compared to no SSD case. Similar to 

the BPSK case, increasing the receive antenna number highly improves the error rate 

performance for QPSK. Finally, for the spatial interleaving method, as the number of 

receive antennas increases, the degree of match between the union bound 

approximation and the simulation results gets better. 

3.4.2 FPGA implementation results 

In order to assess the additional hardware complexity introduced due to SSD, two 

versions of a 2×2 MIMO ZFRBF system (one version without SSD and second version 

with SSD under spatial interleaving) are implemented on an FPGA. As the hardware 
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Figure 3.2 Performance comparison of different schemes with 2×2 BPSK system. 

 

Figure 3.3 Performance comparison of different schemes with 2×3 BPSK system. 



44 
 

 

Figure 3.4 Performance comparison of different schemes with 2×2 QPSK system. 

 

Figure 3.5 Performance comparison of different schemes with 2×3 QPSK system. 
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Figure 3.6 Performance comparison of the fixed point and floating point models. 

complexities of spatial interleaving and time interleaving methods are similar, only 

spatial interleaving technique is implemented with BPSK and QPSK modulations. 

As a first step for the FPGA implementation, the 32-bit float variables and 32-bit 

floating point arithmetic operations in simulation model are converted to a fixed point 

model. Compared to a floating point model, a fixed point implementation entails less 

hardware complexity and lower power consumption while achieving a faster clock 

speed or higher throughput. In fixed point model of 2×2 system, all the variables are 

represented in a 20-bit 2’s complement format and all arithmetic operations are carried 

out in 20-bit. This bit-width value of 20 is determined after extensive performance 

simulations, where negligible or no performance degradation in average error 

probability simulations is aimed. Figure 3.6 shows that performance of 2×2 system 

with 20-bit fixed point closely matches to the floating point performance for all SNR 

values. 

As a second step for the FPGA implementation, the fixed point designs of 2×2 MIMO 

system are modelled in Verilog Hardware Description Language (HDL) for SSD and 
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with no SSD cases. Xilinx Vivado Design Suite is used for functional verification, 

synthesis, and place and route design steps. Both architectures are implemented on 

Xilinx Virtex-7 VC709 FPGA where 100 MHz clock speed and 400 Mbps throughput 

are attained in both designs. The Verilog design of transmitter section consists of 

modulation, signal rotation, and component interleaving modules where ZFRBF, 

deinterleaving, and detector modules are included at the receiver side. Figure 3.7 

demonstrates the schematic diagram of the synthesized design of the receiver. Here, 

(3.3) is implemented on FPGA. In this scheme, firstly the projection matrices are 

formed (N_F1 and N_F2) and channel fading coefficients are estimated (F_C1 and 

F_C2). Next, beamforming matrices (BF1 and BF2) are constructed for ZFRBF and 

spatial deinterleaving operation (ZFRBF_SDI) is performed onto the received 

baseband signal y. Finally, symbol estimation (S_E) is done according to the Euclidean 

distances. The N_F blocks calculate Ph1

⊥  and Ph2

⊥ , while F_C yields the values of √γ
1
, 

√γ
2
, h1

H
Ph2

⊥  and h2
H

Ph1

⊥ . Outputs of BF1 and BF2 are 
h1

H
Ph2

⊥

‖h1
H

Ph2

⊥ ‖
 and 

h2
H

Ph1

⊥

‖h2
H

Ph1

⊥ ‖
, respectively. 

These architectures employ full pipelining to achieve higher clocking speed on FPGA. 

In the implementations, Xilinx IP cores are used for division and square root 

operations. 

 

Figure 3.7 Schematic of the synthesized ZFRBF design. 
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Table 2 gives transmitter and receiver resource usages of FPGA implementations for 

SSD and with no SSD. In contrast to no SSD design, SSD design introduces additional 

10 Flip-Flops (FFs) at the transmitter, which is due to the interleaving operation. As 

for the receiver side, integration of SSD technique to the ZFRBF system adds only 

1.25% more FF and 1.77% more look-up table (LUT) while it uses 2.6% less memory 

LUT modules compared to ZFRBF with no SSD. In addition, two extra DSP48 

modules are used with SSD design to perform the additional operation resulting from 

decision stage. Considering the significant performance advantage of SSD approach, 

this extra implementation complexity is highly tolerable. To be more practical and 

accurate in terms of real systems, the complexity of SSD system is also analyzed in a 

complete receiver system where more complicated blocks such as symbol time 

synchronization, LDPC decoder, and channel estimator blocks are included. Table 3 

shows the resource usage of a complete receiver system with SSD and no SSD. When 

the comparison is performed for an entire receiver, the extra complexity introduced by 

SSD technique turns out to be at most 0.71% which is highly negligible. 

Table 3.2 Resource utilization for ZFRBF 

 Transmitter  Receiver 

No SSD With SSD No SSD With SSD Increment 

% 
FF 136 146 47680 48265 1.23 

LUT 69 69 47668 48513 1.77 

MLUT - - 269 262 -2.6 

DSP48 - - 72 74 2.78 
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Table 3.3 Resource utilization for the complete receiver 

 No SSD With SSD Increment 

% 
FF 111819 112404 0.52 

LUT 119112 119957 0.71 

MLUT 6203 6196 -0.11 

DSP48 639 641 0.31 

 

3.4.3 Results of transmit antenna correlation scenarios 

The scenario of three transmit / receive antennas 

For the scenario with three transmit and receive antennas, there are two different 

interleaving strategies to test. These two strategies are labeled as Strategy 1 and 

Strategy 2. For the sake of comparison, the original ZF scheme without SSD is also 

shown. This is called as Strategy 3. The baseband transmit vectors for these strategies 

are respectively given as: 

x= [

s1I+js2I

s1Q+js3Q

s3I+js2Q

] ,x= [

s1I+js2I

s3I+js3Q

s1Q+js2Q

] ,x= [

s1I+js1Q

s2I+js2Q

s3I+js3Q

]            (3.33) 

The correlation coefficient ρ is chosen to be equal to 0.85 in all simulations. It can be 

seen from Figure 3.8 that under uniform correlation, Strategy 1 and Strategy 2 (both 

with SSD) yield better performance as compared to Strategy 3 which has no SSD. For 

a BER of 10−2, Strategy 1 and Strategy 2 provide about 2.8 and 2 dB gains. It can be 

seen from Figure 3.9 that under dual correlation, Strategy 1 outperforms Strategy 2 

and Strategy 3. For a BER of 10−2, Strategy 1 provides almost 2.2 dB gain as compared 

to the other schemes which perform very close to each other for this scenario. It can 

be seen from Figure 3.10 that under exponential correlation, Strategy 1 again performs 

better than Strategy 2 and Strategy 3. For a BER of 10−2, Strategy 1 provides about 2.3 

dB gain as compared to Strategy 3. In this case, Strategy 2 attains around 0.6 dB gain 
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as compared to Strategy 3. Hence, Strategy 1 yields the best performance in all the 

considered correlation models when t = r = 3. 

Figure 3.8 The comparison of the BER performances for the relevant strategies with three transmit 

and receive antennas under uniform correlation. 
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Figure 3.9 The comparison of the BER performances for the relevant strategies with three transmit 

and receive antennas under dual correlation. 

Figure 3.10 The comparison of the BER performances for the relevant strategies with three transmit 

and receive antennas under exponential correlation. 



51 
 

The scenario of four transmit / receive antennas 

There exist three different interleaving strategies for the case of four transmit and 

receive antennas. These strategies are labeled as Strategy 1, Strategy 2, and Strategy 

3. Here, the original ZF scheme without SSD is called Strategy 4. The baseband 

transmit vectors for these strategies are respectively given as: 

x=

[
 
 
 

s1I+js2I

s3I+js4I

s1Q+js2Q

s3Q+js4Q]
 
 
 

,x=

[
 
 
 

s1I+js2I

s3I+js4I

s3Q+js4Q

s1Q+js2Q]
 
 
 

,x=

[
 
 
 

s1I+js2I

s1Q+js2Q

s3I+js4I

s3Q+js4Q]
 
 
 

,x=

[
 
 
 
 
s1I+js1Q

s2I+js2Q

s3I+js3Q

s4I+js4Q]
 
 
 
 

            (3.34) 

The correlation coefficient ρ is chosen to be equal to 0.85 in all simulations. It can be 

seen from Figure 3.11 that under uniform correlation, the Strategies 1, 2 and 3 perform 

very similarly and all outperforms Strategy 4 by around 3.3 dB gain at a BER of 

2×10−2. 

Figure 3.11 The comparison of the BER performances for the relevant strategies with four transmit 

and receive antennas under uniform correlation. 
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Figure 3.12 The comparison of the BER performances for the relevant strategies with four transmit 

and receive antennas under dual correlation. 

It can be seen from Figure 3.12 that under dual correlation, Strategy 3 outperforms all 

the other strategies. For a BER of 10−2, Strategy 3 produces more than 5.2 dB gain as 

compared to Strategy 4 without SSD. It can be seen from Figure 3.13 that under 

exponential correlation, Strategy 3 performs better than all the other strategies as 

before. 
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Figure 3.13 The comparison of the BER performances for the relevant strategies with four transmit 

and receive antennas under exponential correlation. 

In this case, for a BER of 2×10−2, Strategy 3 yields about 6 dB gain as compared to 

Strategy 4. It can be deduced from the results that Strategy 3 has a more beneficial CI 

strategy than the other strategies for the considered correlation models. 

The scenario of five transmit / receive antennas 

There are four distinct interleaving strategies for the scenario with five transmit and 

receive antennas. These strategies are labeled as Strategy 1, Strategy 2, Strategy 3, and 

Strategy 4. In this case, the original ZF scheme without SSD is represented as Strategy 

5. The baseband transmit vectors for these strategies are respectively given as: 

x=

[
 
 
 
 
 

s1I+js2I

s3I+js4I

s5I+js5Q

s3Q+js4Q

s1Q+js2Q]
 
 
 
 
 

,x=

[
 
 
 
 
 

s1I+js2I

s3I+js4I

s5I+js5Q

s2Q+js4Q

s1Q+js3Q]
 
 
 
 
 

,x=

[
 
 
 
 
 

s1I+js2I

s3I+js5I

s4I+js5Q

s2Q+js3Q

s1Q+js4Q]
 
 
 
 
 

,x=

[
 
 
 
 
 
s1I+js1Q

s3I+js4I

s2Q+js5I

s3Q+js4Q

s1Q+js5Q]
 
 
 
 
 

,x=

[
 
 
 
 
 
s1I+js1Q

s2I+js2Q

s3I+js3Q

s4I+js4Q

s5I+js5Q]
 
 
 
 
 

      (3.35) 
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The correlation coefficient ρ is chosen to be equal to 0.85 in all simulations. It can be 

seen from Figure 3.14 that under uniform correlation, all the strategies with SSD 

performs very similarly. 

Figure 3.14 The comparison of the BER performances for the relevant strategies with five transmit 

and receive antennas under uniform correlation. 

The four strategies with SSD yield about 2.7 dB gain for a BER of 2×10−2 as compared 

to Strategy 5 without SSD. It can be seen from Figure 3.15 that under dual correlation, 

Strategy 3 outperforms other strategies. Strategy 3 produces around 2.5 dB gain as 

compared to Strategy 5 at a BER of 2×10−2. It can be seen from Figure 3.16 that under 

exponential correlation, Strategy 1 performs better than other strategies. Strategy 1 

produces around 4.3 dB gain as compared to Strategy 5 at a BER of 10−2. 
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Figure 3.15 The comparison of the BER performances for the relevant strategies with five transmit 

and receive antennas under dual correlation. 

Figure 3.16 The comparison of the BER performances for the relevant strategies with five transmit 

and receive antennas under exponential correlation. 
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3.5 Conclusion 

In this chapter, the performance of ZFRBF with SSD for two different (time and 

spatial) interleaving techniques has been analyzed and its hardware complexity has 

been studied by means of FPGA implementation. The exact ABEP expression and the 

optimum rotation angle value of time-interleaved BPSK have been derived. Union 

bound is used to find the approximate ASEP expression of QPSK with SSD. The near-

optimum rotation angles for QPSK with SSD have also been determined. The 

simulations show that the error performance of ZFRBF can be improved highly by 

utilizing SSD especially under the time interleaving method. There is a trade-off 

between the time and spatial interleaving approaches in terms of latency and error 

performance. It has been shown that with a bit-width value of 20, the performance of 

the fixed point model approximately matches the floating point model. It has also been 

demonstrated with the FPGA implementation that SSD causes only a slight increase 

in complexity whilst using no extra bandwidth or time slots. SSD brings in 0.71% extra 

complexity at most for a complete receiver, which is highly negligible and tolerable 

regarding the huge error performance increment that comes along with it. Finally, 

spatial interleaving is implemented into a ZF MIMO system over slow flat Rayleigh 

fading channels with BPSK modulation for correlated transmit antennas and 

uncorrelated receive antennas. Assuming three models for transmit antenna 

correlation, bit error rate performances of the different component interleaving 

strategies have been examined. It is shown that the performance of the system depends 

on the used component interleaving strategy as different interleaving strategies 

perform differently under distinct types of correlation models. The presented method 

in this chapter can also be applied to other two-dimensional modulation schemes. The 

optimal rotation angles under these schemes can also be derived based on the PEP 

expressions presented in this chapter. 
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CHAPTER 4 

IMPROVING PHYSICAL LAYER SECURITY IN 

ALAMOUTI OFDM SYSTEMS WITH SUBCARRIER 

COORDINATE INTERLEAVING 

This chapter is based on [29] and [30], where Alamouti space-time block coded OFDM 

is incorporated with signal space diversity (SSD) in order to significantly strengthen 

the physical layer security of the communication network. The coordinate interleaving 

step of SSD is performed amongst OFDM subcarriers. Based on the correlation 

coefficients between the subcarrier channel gains, distinct coordinate interleaving 

strategies are used and compared in terms of bit error rate. The proposed system model 

is able to improve the security by enabling a legitimate user to have much less error 

than an eavesdropper, even under the worst-case scenario where the unauthorized 

receiver somehow captures the interleaving strategy compromised by the transmitter 

and legitimate receiver. An exact closed-form expression of the bit error rate is derived 

for the legitimate user and shown to match with the simulation results. Finally, it is 

demonstrated that the system is also capable of enhancing the resistance against 

channel estimation errors at the receiver. The proposed system does not require high 

complexity or additional bandwidth or time resources. 

4.1. Introduction 

Security has always been one of the most important challenges regarding wireless 

communications. Due to its broadcasting structure, any receiver in the coverage area 

of the transmitter can access wireless channels. Thus, wireless links are vulnerable 

against illegitimate eavesdropping threatening the privacy of legitimate users. Many 

traditional upper layer security solutions that have been proposed are either not capable 

enough or require high computational complexity and cost. The most common method 

using secret keys between the transmitter and receiver is becoming more vulnerable 

against security threats with the tremendous increment of computational power [73]. 

Physical layer security (PLS) is being considered as a better alternative or a 
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performance booster of traditional security methods that rely on encryption and secret 

keys. In order to achieve this type of security, key traits of a wireless communication 

environment, such as fading, interference, and path diversity are generally utilized 

[74]. There are two main benefits of PLS over the encryption techniques. First, it does 

not depend on computational complexity and secondly it does not have a centralized 

structure [75]. Various PLS capacity studies have been applied for wireless fading 

channels where both the transmitter and receiver are equipped with a single antenna 

[76-81]. Recently, PLS of multiple antenna schemes are also investigated [82-90]. 

Alamouti space-time block coding (STBC) scheme is one of the most utilized 

techniques to attain transmit diversity without the requirement for channel state 

information (CSI) at the transmitter. With Alamouti STBC, multiple transmit antennas 

provide space diversity by sending two signals over two distinct time periods. Another 

commonly used technique is the orthogonal frequency division multiplexing (OFDM), 

which has become a part of contemporary standards throughout the years. It is well 

known that frequency selective fading channels can be converted into several 

narrowband flat fading channels by exploiting OFDM. Thus, Alamouti scheme and 

OFDM can be jointly used in order to attain a good performance/complexity tradeoff 

in frequency selective fading environments [90-97]. OFDM is also frequently used 

along with other multiple-input multiple-output techniques in order to improve PLS 

[98-102]. 

Signal space diversity (SSD), known for its bandwidth and power efficiency, increases 

the diversity of a communication system by utilizing the orthogonal dimensions 

already within the signal space [14]. In order to achieve this with two-dimensional 

signal constellations, such as phase shift keying (PSK) and quadrature amplitude 

modulation (QAM), SSD first applies signal constellation rotation in such a way that 

every point in the signal constellation has distinct in-phase (I) and quadrature (Q) 

components. Following that, coordinate interleaving (CI) operation takes place so that 

the I and Q components of each symbol is transmitted via independent paths. With 

multiple antennas and multi carrier systems, the latter condition can be realized by 

sending the components of the transmitted signal from different antennas, time slots 

or subcarrier channels. 
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The concept of coordinate interleaved orthogonal design has been proposed in [58], 

which is demonstrated to be able to achieve full-rate, full-diversity and single-symbol 

maximum likelihood (ML) decodability for complex signal constellation diagrams. 

STBC and SSD are integrated in [56] and the error performance of the system is 

presented under Nakagami-m fading environments. A combination of SSD and 

Alamouti STBC is proposed in [103] to boost the diversity order. Similarly, in [104] 

SSD has been combined with Alamouti scheme and new full-rate STBCs that can 

attain full diversity for QAM are constructed. To obtain more diversity gain in fading 

environments, SSD with Alamouti STBC is considered in [105] and the effect of 

constellation rotation angle on the performance is demonstrated. 

In [106], OFDM is used with SSD in such a way that the constellation rotation angle 

is optimized for every subcarrier. A grouped linear constellation precoded (GLCP) 

OFDM technique is analyzed in [107] and it is found out that it can achieve maximum 

multipath diversity with subcarrier grouping. The optimal subcarrier grouping for 

GLCP OFDM is derived in [108] by taking the correlation structures of subcarriers 

into consideration. In [109], different CI approaches that try to minimize the 

correlation coefficient between the fading coefficients affecting the components of a 

transmitted symbol have been offered for various scenarios. The studies [110-112] 

mainly focus on the OFDM-SSD schemes for security purposes. Dynamic subcarrier 

CI is applied for OFDM in [110]. The case for imperfect channel reciprocity is 

considered in [111] and a compensation model based on minimum mean square 

prediction is proposed. With an adaptive interleaving scheme that is based on the CSI 

between the transmitter and legitimate receiver, the study in [112] attains security 

enhancement. Here, the components affected from fading badly are interleaved with 

those having less fading. 

In this chapter, a novel technique that applies a CI strategy similar to the one in [109] 

for Alamouti OFDM SSD systems is offered in order to highly improve the PLS of the 

network. The method enhances the error performance of a legitimate user without 

serious complexity increase. Even in the worst-case scenario, where the unauthorized 

user somehow discovers the CI strategy of the transmitter, it experiences a 

significantly lower error performance than the legitimate user. The reason behind this 
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is that the CI approaches used in the system are dependent on the main communication 

link between the transmitter and the legitimate receiver. Furthermore, it is shown that 

the proposed model significantly increases the immunity against channel estimation 

errors (CEE) at the receiver. Rotated binary phase shift keying (BPSK) modulation for 

symbol mapping is used. In order to apply CI, only Q components of two different 

symbols are swapped by taking the correlation coefficient between the subcarrier gains 

into consideration. Thus, different CI approaches are used for distinct communication 

scenarios in which it is tried to make the correlation coefficients between the subcarrier 

gains affecting the symbol components equal to zero. An exact closed-form bit error 

rate (BER) expression for the legitimate user is derived and demonstrated to be 

compatible with the simulation results. 

4.2. System Model 

In this chapter, a three node wireless network is considered. Alice is the transmitter 

and communicates with an authorized user Bob through the main channel H. An 

unauthorized user Eve tries to eavesdrop the transmission channel between Alice and 

Bob. The channel between Alice and Eve is represented with H'. The eavesdropper is 

of passive type, which implies that it just attempts to tap the main channel but does not 

transmit anything to distort the communication between Alice and Bob. For both of 

the transmissions between Alice and Bob, and between Alice and Eve, a multiple-input 

single-output system with two transmit antennas under a frequency selective channel 

is considered. OFDM is utilized in order to transform the frequency selective fading 

channel into a series of parallel flat fading channels. In addition, it is assumed that the 

channel characteristics do not change during the transmission of one Alamouti OFDM 

period and alter independently between two transmission periods. Full CSI is known 

only at the receivers, i.e., Bob (Eve) has knowledge of H (H'). 

4.2.1 Transmitter 

Let 2N be the total number of symbols transmitted over an Alamouti OFDM period. 

Note that N represents the number of OFDM subcarriers (assumed a power of two) 

and L denotes the number of resolvable transmission paths for the both channels. 

Suppose that the length of the CP (in terms of symbol number) equals L. Each of the 
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OFDM subcarriers carries one modulated symbol coming from a π/4-rotated BPSK 

signal constellation. Note that, the system can also be used with other π/4-rotated one-

dimensional modulation schemes (such as amplitude shift keying or pulse amplitude 

modulation) optimally. The transmitter block diagram is given in Figure 4.1. 

 

Figure 4.1 Block diagram of the transmitter. 

The modulator produces an independent modulated symbol sequence {s
1
,s2,…,s2N}, 

where Eb represents the energy per bit and |sα|
2=Eb(N/(2N+2L)) for α∈{1, 2,…,2N}. 

The coefficient N/(2N+2L) is needed in order to normalize the symbol power by taking 

the power loss caused by the cyclic prefix symbols during an Alamouti OFDM 

transmission. The symbols can be further decomposed as sα=sαI+ js
αQ

, where sαI and 

sαQ show the αth symbol’s I and Q components, respectively. CI is applied on the 

symbol sequence {s
1
,s2, …,s2N} by interleaving Q components only according to the 

interleaving strategy. The interleaved sequence of symbols is denoted as 

{X
1
,X2,…,X2N}. We can express Xα as Xα=sαI+js

βQ
 for α,β∈{1, 2,…,2N} with α ≠ β. 

Alamouti STBC is applied on {X
1
,X2,…,X2N}. In this sense, four sequences each of 

which contains N elements are produced. These four sequences are given by 

{X
1
,X3,…,X2N-1}, {X

2
,X4,…,X2N}, {-X2

*,-X4
*,…,-X2N

* }, and {X1
*,X3

*,…,X2N-1
* }. In the 

first time period, {X
1
,X3,…,X2N-1} and {X

2
,X4,…,X2N} are fed to two independent 

N-IFFT blocks, output of which are respectively transmitted (after CP addition) from 

the first and second transmit antennas. Note that this operation (called transmission of 

an OFDM frame) requires a duration of N symbol time slots. The same process takes 

place in the second time period where two independent IFFT operations are applied on 

{-X2
*,-X4

*, …,-X2N
* } and {X1

*,X3
*,…,X2N-1

* }. 
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4.2.2 Channel models 

Rayleigh fading channel 

Under the Rayleigh fading channel scenario, the channel has a multipath structure that 

can be modelled as a finite impulse response filter with L taps. The tap coefficients are 

independent and identically distributed (IID) zero-mean complex Gaussian random 

variables each having an average power of 1/L. Assume that hv,l denotes the lth 

(l∈{1,2,…,L}) tap of the channel between the vth (v∈{1,2}) transmit antenna and the 

receive antenna for the main channel. 

Nakagami-m fading channel 

It is assumed that, when shown in the polar coordinate system for hv,l=|hv,l|e
jθv,l , |hv,l| 

and θv,l are independent random variables. Following that, |hv,l| magnitudes has 

Nakagami-m probability distribution function (pdf) for r≥0 as shown below: 

 f|hv,l|
(r)=

2mmr2m-1 exp(-mr2)

Γ(m)
.                 (4.1) 

Here, m is the parameter that defines the shape of the pdf. Additionaly, E {|hv,l|
2
}=1 

thus all of the channel coefficients have identical average power (uniform power delay 

profile). The effect of the fading will decrease as m increases. Also, all of the θv,l values 

have a uniform distribution between 0 and 2π. It is assumed that all channel 

coefficients have the same m value. It can be shown that the elements Hv,k are 

identically distributed and correlated between each other Gaussian random variables 

and they are also equal to the summation of L IID Nakagami-m random phase vectors. 

4.2.3 Receiver 

The block diagram of the receiver is given in Figure 4.2. 
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Figure 4.2 Block diagram of the receiver. 

At the receiver, CP removal and N-FFT operations are respectively applied on the first 

received frame to yield {Y
1,1

,Y1,2,…,Y1,N}. The same procedure is repeated on the 

second received frame and {Y
2,1

,Y2,2,…,Y2,N} is obtained. Alamouti decoding is 

subsequently performed N times. The Alamouti decoding process can be explained for 

the kth step (k ∈ {1,2,…,N}) as follows: Let Xk=[X2k-1 X2k]
T, and Yk=[Y1,k Y2,k

* ]
T
, and 

Hk= [
H1,k H2,k

H2,k
* -H1,k

* ] where Hv,k for v ∈ {1,2} represents the kth element of the vector 

obtained by applying N-point FFT on {h
v,1

,hv,2,…,hv,L}. It can be shown that Hv,k ‘s 

are identically distributed zero-mean complex Gaussian random variables with 

E{|Hv,k|
2
}=1. We can write: 

Yk=HkXk+Zk              (4.2) 

where Zk is a noise vector with IID zero-mean complex Gaussian noise components 

each with a variance of N0/2 per dimension. A zero-forcing (ZF) equalizer is utilized 

to recover Xk where the left-hand side of (4.2) is multiplied with AkHk
-1 where Hk

-1 

represents the inverse of Hk and the matrix Ak is given by Ak=√|H1,k|
2
+|H2,k|

2
I2 (I2 

is a 2x2 identity matrix). The equalization procedure can be shown as 

Ỹk=AkHk
-1

Yk=AkXk+Z̃k with Ỹk=[Ỹ1,k Ỹ2,k]
T
 and Z̃k=AkHk

-1
Zk. Assume that the 

ML detector forms the decision variables  d2k-1 and  d2k to recover the (2k-1)
th

 and 2k
th

 

modulated symbols (s2k-1 and s2k) by applying coordinate deinterleaving (CD) in 

accordance with the CI process applied at the transmitter for k ∈ {1,2,…,N}. We have 
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d2k-1=R{Ỹ1,k}+jI{Ỹ1,m}  

=√|H1,k|
2
+ |H2,k|

2
s2k-1,I+j√|H1,m|

2
+ |H2,m|

2
s2k-1,Q+Ž2k-1              (4.3) 

and 

 d2k=R{Ỹ2,k}+jI{Ỹ2,m} 

=√|H1,k|
2
+ |H2,k|

2
s2k,I     +j√|H1,m|

2
+ |H2,m|

2
s2k,Q+Ž2k              (4.4) 

where the value of m (m ∈ {1,2,…,N} and k ≠ m) is determined by the CI strategy. 

Also, Ž2k-1 and Ž2k are the noise components after CD and their real and imaginary 

parts are IID zero-mean Gaussian random variables each with a variance of N0/2. 

In order to determine the interleaving strategy, the approach in [109, Section IV.B] is 

utilized. Using this method, it is ensured that H1,k and H1,m (H2,k and H2,m) are 

uncorrelated for all k and m values, where k,m ∈ {1,2,…,N} and k≠m. It is assumed 

that N and L have multiple common factors such that more than one CI strategies 

making H1,k and H1,m (H2,k and H2,m) uncorrelated exist. 

4.3 Bit Error Rate Analysis 

In this section, a bit error rate analysis of the proposed system under Rayleigh fading 

channel is performed, where perfect CSI at the receiver is assumed, i.e., φ=1. Let the 

channel gains affecting the I and Q components of the (2k-1)th and (2k)th modulated 

symbols be denoted by {γ
2k-1

, ψ
2k-1

} and {γ
2k

, ψ
2k

} respectively. Then, it can be 

written that γ
2k-1

=γ
2k

=√|H1,k|
2
+ |H2,k|

2
 and ψ

2k-1
=ψ

2k
=√|H1,m|

2
+ |H2,m|

2
 (k,m ∈ 

{1, 2, …, N} and k≠m). Let eα (α∈{1,2,…,2N}) be the event that the αth modulated 

symbol is erroneously detected at the receiver. Note that eα (α∈{1,2,…,2N}) are 

equiprobable. Thus, the conditional BER (instantaneous BER) is given by: 
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P(e|γ
1
, γ

2
, … γ

2N
,ψ

1
,ψ

2
,…,ψ

2N
)= 

P(e1|γ1
, ψ

1
) + P(e2|γ2

, ψ
2
)+P(e3|γ3

, ψ
3
) + …+P(e2N|γ2N

,ψ
2N
) 

2N
.              (4.5) 

Assuming ML decision rule and utilizing the symmetry among the unconditional error 

probabilities, the unconditional BER can be written as P(e)=E{P(e1|γ1
, ψ

1
)} where 

the expectation is taken over γ
1
 and ψ

1
. Using the approach in [109], we can write: 

P(e)= 
1

π
∫ ∫ ∫ exp (-

N

2N+2L

γ1
2Eb+ψ1

2Eb

2N0sin
2(∅)

)
∞

0

∞

0

π
2⁄

0
f(γ

1
)f(ψ

1
)dγ

1
dψ

1
d∅.             (4.6) 

Applying change of variables as x1=γ
1

2 and x2=ψ
1

2, we can write: 

P(e)= 
1

π
∫ ∫ ∫ exp (-

N

(2N+2L)

Eb

2N0

x1+x2

sin
2(∅)
)

∞

0
x1x2

∞

0

π/2

0
exp(-(x1+x2)) dx1dx2d∅     (4.7) 

where x1 and x2 are IID chi-squared random variables each with four degrees of 

freedom. Integrating (4.7) with respect to x1 and x2 leads to: 

P(e)  =
1

π
∫

16

(2+
N

(2N+2L)

Eb
N0

1

sin
2(∅)

)
4 d∅

π/2

0
.                 (4.8) 

It is given in [72, 5A.4b] that the definite integral  

Im=
1

π
∫ (

sin
2
θ

sin
2
θ+c
)

m

dθ
π/2

0
 can be evaluated as Jm(c)= (

1-μ(c)

2
)

m

∑ (
m-1+k

k
) (

1+μ(c)

2
)

k
m-1
k=0 , 

where μ(c)=√
c

1+c
 and m is an integer. Using this result, we can evaluate (4.8) as: 

P(e)= (
1-ρ

2
)

4

∑ (
3+z

z
) (

1+ρ

2
)

z
3
z=0                   (4.9) 

where ρ=√
Eb/2N0

2+2
L

N
+

Eb
2N0

. For sufficiently high Eb/N0 values, we can neglect the term “2”. In 

such a case, the diversity order of the system can be shown to be equal to 4. 

 

 



66 
 

4.4. Numerical Results 

In this section, some numerical results regarding the system model’s error performance 

under different scenarios and channel models are presented. 

4.4.1 Scenarios under Rayleigh fading channel model 

Firstly, how the usage of CI affects the error performance for both a random CI scheme 

and the optimum CI strategy proposed in this chapter is shown. Secondly, a scenario 

as follows is considered. A transmitter (named Alice) communicates with an 

authorized (legitimate) receiver (named Bob) while an unauthorized (illegitimate) 

receiver (named Eve) tries to eavesdrop the conversation. The performances of Bob 

and Eve are compared and how the suggested technique can improve the PLS is 

demonstrated. Finally, it is illustrated how the system model can also be useful for 

enhancing resistance against CEE. 

In the first scenario, the performances of the proposed CI method, a random CI 

scheme, and no CI case for N = 32 and L = 4 are compared. The random CI technique 

randomly interleaves Q components (without any consideration on the correlation 

between the channel gains affecting any modulated symbol) as in [109]. In Figure 4.3, 

the error performances of the relevant models for the first scenario are compared. It 

can be clearly seen that when CI is used, a significant improvement can be achieved 

even with the random CI method. Approximately 2.13 dB gain can be attained at a 

BER of 10−3 with the random CI strategy as compared to the standard Alamouti OFDM 

model without CI. The performance gain is even greater with the proposed scheme as 

it outperforms the no CI case by approximately 4 dB. Moreover, the total match 

between the analytical and simulation results under the proposed optimum CI strategy 

shows the accuracy of the theoretical BER formula in (4.9). In the following four 

scenarios, Bob’s error performance is compared with Eve’s according to different CI 

strategies that change relative to the relationship between N and L. In the simulations, 

the scenarios where N = 32 and L = 4, N = 32 and L = 8, N = 128 and L = 4, N = 128 

and L = 8 are assumed. It is assumed that Alice and Bob have an identical lookup table 
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Figure 4.3 BER comparison of the relevant models for N = 32 and L = 4. 

including indices to the different CI strategies making H1,k and H1,m (H2,k and H2,m) 

uncorrelated. For the considered scenarios, there are multiple such CI strategies. 

Hence, Bob performs a comparison among these strategies and sends back the index 

of the strategy minimizing the instantaneous BER to the transmitter. This process 

requires a low-rate (only a few bits) feedback channel from Bob to Alice. In addition, 

it is demonstrated how the proposed model affects Eve’s performance under two 

conditions. First, it is assumed that Eve has the knowledge of the values of N and L 

but does not know which interleaving strategy Alice is employing. Therefore, Eve 

randomly chooses one of the appropriate deinterleaving strategies that make the 

correlation between H1,k and H1,m (H2,k and H2,m) equal to zero. Later, as a worst-case 

scenario, it is considered that Eve knows the values of N, L and even has the ability to 

intercept the feedback information sent from Eve to Alice. Thus, Eve can adjust her 

deinterleaving strategy to match exactly with Alice’s interleaving strategy. 

In the first scenario, Bob’s and Eve’s performances for N = 32 and L = 4 are compared 

in Figure 4.4. 
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Figure 4.4 BER comparison of the legitimate user Bob and the illegitimate user Eve for N=32 and 

L=4. 

There are three CI strategies making H1,k and H1,m (H2,k and H2,m) uncorrelated in this 

case. These are represented by three different (k-m) values given by: 8, 16, and 24. 

The receiver uses a ⌈log
2

3⌉=2 bits feedback channel to inform the transmitter about 

the appropriate strategy that should be used. In Figure 4.4, it is definitely obvious that 

Eve’s performance is totally ruined when she has no feedback information that shows 

that the communication link between the transmitter and legitimate user is secure. In 

addition, it can clearly be seen that even under the worst-case where Eve captures the 

feedback information, the proposed approach still provides a significant error 

performance advantage in favor of the legitimate user. For this worst-case, Bob has an 

approximate 1.63 dB gain lead over Eve at a BER of 10-4 with the CI strategy. The 

reason behind this can be explained as follows: The system decides on which strategy 

to use according to Bob’s channel-dependent feedback. Even though Eve knows the 

strategy of Bob, it may not be the optimum strategy to use with her own channel. In 

fact, the probability that the strategy of Bob is the optimum strategy for Eve is equal 
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to 1/3. In this sense, the curve corresponding to Eve’s performance when she has the 

feedback information also represents Bob’s error performance with no instantaneous 

feedback. This is justified by the strong match between the analytical results and Eve’s 

performance with the feedback information. 

In the second case, Bob’s and Eve’s performances for N = 32 and L = 8 are 

demonstrated in Figure 4.5. 

Figure 4.5 BER comparison of the legitimate user Bob and the illegitimate user Eve for N=32 and 

L=8. 

There exist seven values of (k-m) that make H1,k and H1,m (H2,k and H2,m) 

uncorrelated: 4, 8, 12, 16, 20, 24, and 28. However, (k-m) = 20 is excluded, as it leads 

to the same instantaneous BER with (k-m) = 12. The feedback channel needed for this 

scenario is ⌈log
2

6⌉=3 bits. In Figure 4.5, it can be clearly seen that Eve’s performance 

is completely deteriorated without the feedback information that enables a secure 

communication link between Alice and Bob that prevents Eve to detect the transmitted 

data in a correct fashion. It is also demonstrated that Bob benefits a much higher gain 

than Eve under the worst circumstance. Bob has an approximate 2 dB advantage over 
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Eve for a BER of 10-4. Finally, the theoretical curve of Bob that uses no feedback 

totally matches the performance of Eve with 3 bits feedback as expected. In Figure 

4.6, Bob’s and Eve’s performances under the conditions N = 128 and L = 4 are 

compared. 

Figure 4.6 BER comparison of the legitimate user Bob and the illegitimate user Eve for N=128 and 

L=4. 

There are three values of (k-m) that make H1,k and H1,m (H2,k and H2,m) uncorrelated: 

32, 64, and 96. The receiver needs a ⌈log
2

3⌉=2 bits feedback channel in this case. In 

Figure 4.6, it is definitely obvious that Eve’s performance is totally ruined with the 

lack of feedback information showing that the communication link between the 

transmitter and legitimate user is secure. Furthermore, it is clear that under the worst-

case security assumption, the proposed interleaving strategy favors the legitimate user 

heavily. Bob leads over Eve with an approximate 1.56 dB gain at a BER of 10-4. The 

strong match between the theoretical curve of Bob that uses no feedback and the 

performance of Eve with 2 bits feedback is once again observed. Bob’s and Eve’s 

performances for the parameters N = 128 and L = 8 are studied in Figure 4.7. 
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Figure 4.7 BER comparison of the legitimate user Bob and the illegitimate user Eve for N=128 and 

L=8. 

Seven values of (k-m) make H1,k and H1,m (H2,k and H2,m) uncorrelated: 16, 32, 48, 

64, 80, 96, and 112. As before, (k-m) = 80 is excluded because that it results with the 

same instantaneous BER with (k-m) = 48. The feedback channel required is also 

⌈log
2

6⌉=3 bits. In Figure 4.7, it is definitely obvious that Eve’s performance is entirely 

demolished demonstrating that the communication link between the transmitter and 

legitimate user is reliable. It can also be clearly seen that Bob has a much higher gain 

than Eve even when Eve captures the feedback information. For a BER of 10-4, Bob 

possesses an approximate 2 dB gain lead over Eve. Lastly, it is one more time clear 

that the theoretical curve of Bob that uses no feedback and the performance of Eve 

with 3 bits feedback yield the same result. 

As a practical impairment, the receiver is assumed to have an erroneous CSI for the 

final scenario. In this sense, the imperfection in CSI is modeled as follows: 

ĥv,l=φhv,l+√1-φ2ev,l                 (4.10) 
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where hv,l denotes the actual channel coefficient regarding the lth path between the vth 

transmit antenna and the receive antenna (l= 1, 2, …, L and v = 1, 2) [113]. Also, ev,l 

shows the associated CEE. The two complex random variables hv,l and ev,l are IID 

zero-mean complex Gaussian random variables with a variance value equal to one. 

The variable φ represents the correlation coefficient between hv,l and ev,l. It is an 

indicator of how accurate the channel estimation is. In Figure 4.8, the proposed model 

with and without CI are compared under CEE for N = 32, L = 4 and φ=0.99. 

Figure 4.8 BER comparison of the proposed model with and without CI under CEE for N = 32, L = 4, 

and φ = 0.99. 

It is clearly noticed that addition of CI to the system significantly lowers the error floor 

introduced by the CEE. The model without CI has an error floor at around 10−3 where 

the one with CI achieves an error floor of about 6×10−5. This implies that even very 

slight CEE has a huge negative impact on the performance of the original system and 

this issue can be considerably solved by utilizing CI. Thus, CI highly increases the 

immunity of a system against CEEs. 
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4.4.2 Scenarios under Nakagami-m fading channel model 

In this section, Bob’s error performance is compared with Eve’s according to different 

CI strategies that change relative to the relationship between N and L under Nakagami-

m fading channel, in order to demonstrate how the suggested technique can improve 

the PLS. 

In the first scenario, Bob’s and Eve’s performances for N = 32 and L = 4 are compared. 

There are three CI strategies making H1,k and H1,m (H2,k and H2,m) uncorrelated in this 

case. These are represented by three different (k-m) values given by: 8, 16, and 24. 

The receiver uses a ⌈log
2

3⌉=2 bits feedback channel to inform the transmitter about 

the appropriate strategy that should be used. In the second case, Bob’s and Eve’s 

performances for N = 32 and L = 8 are demonstrated. There exist seven values of (k-

m) that make H1,k and H1,m (H2,k and H2,m) uncorrelated: 4, 8, 12, 16, 20, 24, and 28. 

However, (k-m) = 20 is excluded, as it leads to the same instantaneous BER with (k-

m) = 12. The feedback channel needed for this scenario is ⌈log
2

6⌉=3 bits. In the third 

scenario Bob’s and Eve’s performances under the conditions N = 256 and L = 4 are 

compared. There are three values of (k-m) that make H1,k and H1,m (H2,k and H2,m) 

uncorrelated: 64, 128 and 192. The receiver needs a ⌈log
2

3⌉=2 bits feedback channel 

in this case. What is more, two analyses where the Nakagami-m shaping factor m = 2 

and m = 3 are realized for all scenarios. 

It is definitely obvious from the results obtained of the figures that Eve’s performance 

is totally ruined when she has no feedback information that shows that the 

communication link between the transmitter and legitimate user is secure. The reason 

behind is that even the illegitimate user Eve has the critical knowledge of sub-carriers 

N and channel path numbers L it has to choose one of the possible CI strategies 

randomly, which leads to a totally detoriated and unreliable tapping. In addition, it can 

clearly be seen that even under the worst-case where Eve captures the feedback 

information, the proposed approach still provides a significant error performance 

advantage in favor of the legitimate user. Even under this worst-case, Bob has 

respectively an approximate 1 dB for Figure 4.9, 1.3 dB for Figure 4.10 and 1.3 dB for 

Figure 4.11 gain lead over Eve at a BER of 10-3 with the CI strategy. The reason behind 
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Figure 4.9 The BER comparison of Bob and Eve for N = 32 and L = 4. 

Figure 4.10 The BER comparison of Bob and Eve for N = 32 and L = 8. 
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Figure 4.11 The BER comparison of Bob and Eve for N = 256 and L = 4. 

this can be explained as follows: The system decides on which strategy to use 

according to Bob’s channel-dependent feedback. Even though Eve knows the strategy 

of Bob, it may not be the optimum strategy to use with her own channel. In conclusion, 

it is demonstrated that the proposed technique can enhance PLS by either completely 

distorting Eve or by providing a much better error performance for the legitimate user 

compared with the illegitimate one. 

By observing the results of the previous PLS scenarios, the error performance gains 

can be directly translated for the secrecy capacity metric as well, since both secrecy 

capacity and error rate are functions of resulting signal-to-noise ratios (SNR) at the 

receivers. Assuming that the channel capacity for the legitimate user is given by: 

Cleg=E{∑ log
2
(1+ζ

k

leg)N-1
k=0 }                (4.11) 

and similarly for the eavesdropper it is shown as: 

Ceve=E{∑ log2(1+ζk
eve)N-1

k=0 }                (4.12) 
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then, the secrecy capacity for the studied network scheme can be written as: 

Cs=Cleg-Ceve.                  (4.13) 

Here, ζ
k

leg
 and ζ

k

eve
 respectively denote the resulting SNR value at the k

th
 subcarrier for 

the legitimate user and eavesdropper. Under the original Alamouti OFDM approach 

with no CI, it is straightforward to show that Cs=0 as long as the channel matrices for 

both the legitimate user and the eavesdropper have identical statistics. With the 

proposed scheme on the other hand, ζ
k

leg
 can be obtained by using the decision 

variables. We can write: 

ζk
leg
=(|H1,k|

2
+ |H2,k|

2
+|H1,m|

2
+ |H2,m|

2
)
Eb

2N0
             (4.14) 

where |Ha,b|
2
 represents the squared channel gain from the ath transmit antenna to the 

legitimate receiver on the b
th

 subcarrier. On the other hand, as the eavesdropper does 

not know the CI strategy employed by the transmitter, she randomly chooses a CI 

strategy to form the decision variables. Regarding that the CI process is applied only 

on Q components, it is highly probable that Eve combines different symbols I and Q 

components to form a certain decision variable. In other words, the signal power at 

Eve comes from I component only, whereas Q component’s contribution acts as noise. 

As a result, we can write: 

ζk
eve=(|H1,k|

2
+ |H2,k|

2
)

Eb/2

N0+Nk
                (4.15) 

where Nk is the noise power due to the Q component. By substituting ζ
k

leg
 and ζ

k

eve
 into 

(4.11) and (4.12) respectively and taking the corresponding averages, it is clear that a 

positive Cs is obtained under the proposed technique. 

4.5. Conclusion 

In this chapter, a model that significantly improves the PLS of Alamouti OFDM 

systems with the help of SSD and CI strategy arranged according to the channel 

properties between a transmitter and an authorized user is proposed. The main 
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objective of the chapter is to enhance the PLS by ensuring that the legitimate user will 

always have a better error performance than an unauthorized user. Regarding different 

scenarios, appropriate CI strategies that make the correlation coefficients between the 

subcarrier gains affecting I and Q components of the transmitted modulated symbols 

equal to zero are utilized. An exact closed-form BER expression of the legitimate user 

under a frequency selective Rayleigh fading channel is derived and shown to be totally 

compatible with the simulation results. The numerical results demonstrate that the 

error performance of a standard Alamouti OFDM system can be highly enhanced with 

the addition of subcarrier coordinate interleaved SSD. It has also been shown that the 

approach improves the PLS by providing more immunity against unwanted 

eavesdropping. The model degrades the error performance of an unauthorized 

eavesdropper as much as it enhances the legitimate receiver’s. Even in the situation 

where the unauthorized user somehow captures the CI strategy by intercepting the 

feedback channel, the error rate of the eavesdropper still turns out to be higher than 

the legitimate receiver. The reason for this is as follows: the CI approaches that the 

system uses are dependent on the main communication link between the transmitter 

and the authorized user. Hence, the proposed system enables a positive secrecy 

capacity unlike the original Alamouti OFDM approach that has zero secrecy capacity. 

It has also been demonstrated that the proposed scheme is beneficial in terms of 

resistance against channel estimation errors at the legitimate receiver. The approach 

induces only a non-significant increase in complexity and does not require extra 

bandwidth or time resources. Also, it can be shown that the inclusion of the CI 

strategies presented in the chapter does not alter peak-to-average-power ratio in the 

original Alamouti OFDM system. 

For future work, the presented model can be utilized with other modulation techniques 

with modulation levels higher than two. The optimum rotation angles for these 

modulation schemes can be derived. In addition, the performance of the proposed 

model can be investigated by adopting minimum mean-squared-error or other types of 

equalizers instead of ZF. 
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CHAPTER 5 

PERFORMANCE OF MMSE BEAMFORMING WITH 

TIME AND SPATIAL COORDINATE INTERLEAVING 

This chapter is based on [31], where minimum mean square error (MMSE) 

beamforming (BF) schemes utilizing various number of transmit antennas with signal 

space diversity (SSD) are incorporated. Coordinate interleaving (CI) is performed in 

the spatial and time domains. The system has no channel state information (CSI) at the 

transmitter and imperfect CSI is assumed at the receiver in order to study the benefit 

of SSD under channel estimation errors. A parallel transmission takes place between 

the transmitter and the receiver, where MMSE BF is performed according to the 

erroneously estimated CSI. It is demonstrated that by using time or spatial CI, it is 

possible to highly improve the error performance of a MMSE BF system without the 

need of extra bandwidth, time slots or significant complexity increment. Different CI 

strategies used in this chapter present alternative solutions for different system design 

criteria in terms of error performance and latency. 

5.1 Introduction 

It is well known that the channel capacity of a single user multiple-input multiple-

output (MIMO) communication system that uses N transmit and M receive antennas 

can be linearly increased by min(N,M) under specific conditions [2]. Minimum mean 

square error (MMSE) beamforming (BF) is a low complexity technique that can highly 

improve the bit error rate (BER) performance of a MIMO system [114,115]. The 

spatial multiplexing gain of an NxM (N≤M) MIMO MMSE-BF system that uses 

parallel data transmission at the transmitter is equal to N. Thanks to its advantages for 

both single and multiple users scenarios, MIMO MMSE systems are included in 

modern communication standards such as IEEE 802.11n and IEEE 802.16e. 

In order to improve the error performance of a communication system under fading 

channels without the requirement of additional bandwidth or time slots, signal space 

diversity (SSD) is commonly used [18,53]. SSD has two steps to be performed with 



79 
 

systems that employ two-dimensional modulation schemes with constant envelope. 

The first step is to rotate the signal constellation diagram with a specific rotation angle 

that results in unique in-phase (I) and quadrature (Q) coordinates for each point in the 

signal constellation diagram. Following that, the second step is to apply coordinate 

interleaving (CI) so that the I and Q coordinates of a transmitted symbol experience 

independent fading coefficients in the channel [13]. The second step is performed 

usually by using CI techniques in the time domain [14,68]. Under this case the 

interleaving depth however, should not be smaller than the channel coherence time, 

which can be disadvantageous for latency-sensitive systems. An alternative technique 

for MIMO schemes is to apply CI in the spatial domain [58,63]. MIMO and SSD are 

combined with component interleaved orthogonal design, which is a type of space-

time block codes and uses single symbol maximum likelihood (ML) detection property 

in [58]. Zero-forcing BF technique is utilized with SSD in [62]. 

In this chapter, SSD is introduced to a MMSE BF system by applying CI both at time 

and spatial domains. The error performance of the system is investigated under slow 

and flat Rayleigh fading channels by utilizing rotated binary phase shift keying 

(BPSK) and quadrature phase shift keying (QPSK) modulations. Such a system is 

studied in [116] with the assumption of no channel state information (CSI) at the 

transmitter and perfectly estimated CSI at the receiver. It is demonstrated that with the 

incorporation of SSD, it is possible to obtain a significant error performance 

improvement with only a negligible complexity increment and even a decrement in 

complexity for some special cases. In [117], an MMSE-BF BPSK system with an even 

number of transmit antennas and spatial CI is analyzed and tested under imperfect CSI 

at the receiver. It is shown that even slight channel estimation errors affect the system 

performance very badly and SSD is a significantly beneficial technique to cope with 

this problem. In this chapter, the approach in [117] is extended for BPSK MMSE-BF 

systems with an odd number of transmit antennas and QPSK MMSE-BF systems. 

Time CI is applied along with spatial CI. It is demonstrated that both time and spatial 

CI techniques are highly capable of handling the error performance degradation effect 

of channel estimation errors. While time CI is the best solution in terms of BER 

improvement, it may not be suitable for delay-sensitive systems. Spatial CI does not 

have the problem of latency and its performance is dependent on the interleaving 
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strategy used. Thus, the results of the chapter can offer solutions for different system 

design criteria. 

5.2 System Model 

In this chapter, a single-user NxM MIMO system (2 ≤ N ≤ M) that transmits N streams 

simultaneously in a parallel fashion from the transmitter is assumed. The complex 

baseband received signal vector can be written as 

y = Hx+n              (5.1) 

where H represents the MxN channel matrix and the ith row and kth column element of 

H corresponds to the fading coefficient between the kth transmit and ith receive 

antennas. Additionally, x=[x1 x2 ... xN]TℂNx1 and nℂM1 demonstrate the 

transmitted baseband vector signal (xi{1,2,…,N} represents the transmitted 

baseband signal from the ith transmit antenna) and additive white Gaussian noise 

(AWGN) vector at the receiver, respectively. The equation E{nnH}= N0I is true, where 

I and N0 represent the identity matrix and the single sided power spectral density of 

AWGN that corresponds to each receive antenna, respectively. A slow and flat 

Rayleigh fading channel and uncorrelated antennas are considered. In this manner, the 

elements of H are considered as independent and identically distributed (IID) zero-

mean complex Gaussian random variables that satisfy the equation E{|Hik|
2}=1 for any 

pair of i and k. It is assumed that there is no information of CSI at the transmitter and 

the receiver cannot estimate the CSI perfectly. The erroneous CSI of the receiver is 

modeled as 

H = ρH̃+√1-ρ2E                    (5.2) 

where, 𝐇̃ is the receiver’s estimation of channel matrix and E is the error contained 

within this estimation [113]. 𝐇̃ and E matrices are uncorrelated and each of their 

elements are IID zero-mean complex Gaussian random variables. In addition, for any 

i and k pair E{|𝐇̃ik|
2}=E{|Eik|

2}=1 equation is true. Also,  (0    1) is proportional 

to the correlation coefficient between the ith (i1,2,...,N) columns of actual H and 

estimated 𝐇̃ channel matrices. It is assumed that the channel does not change its 
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characteristics during a transmission period and changes independently from one 

transmission to another. N independently modulated signals (si=siI+jsiQ for 

i1,2,...,N}) are transmitted simultaneously in a parallel fashion, where I and Q sub-

indices represent the I and Q coordinate components of a symbol. Transmitted symbols 

are mapped according to an /4 anti-clockwise rotated BPSK (regarding the optimum 

rotation angle given in [69]) or a /6 anti-clockwise rotated QPSK (regarding the 

rotation angle study done in [27]) constellation diagram (where the signal points on 

the diagram have equal probability) and hold the equation |si|
2=Eb where Eb is the 

energy per bit for BPSK and |si|
2=Es where Es is the energy per symbol for QPSK. The 

proposed system block diagram is given at Figure 5.1. 

 

 

Figure 5.1 Block diagram of the system model 
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Here, after the rotated modulation and serial-to-parallel (S/P) transformation, CI takes 

place. For time CI, I and Q components of a symbol are transmitted in different time 

slots. With the time interleaving strategy xi is equal to 

xi = siI+jsiQ

(τ)
, for i{1,2,...,N}                           (5.3) 

where siQ

(τ)
 symbolizes the ith modulated symbol at the τth transmission time, i.e., only 

Q components are interleaved in time domain. It is assumed that the interleaving depth 

(a function of τ) is greater than the coherence time of the channel. It can be seen that 

time CI has a disadvantage in terms of latency, as it needs two transmission periods 

instead of one. On contrast, for spatial CI, the I and Q components of a symbol should 

be sent from different antennas within the same transmission period. Two distinct CI 

strategies for spatial interleaving with both even and odd number of transmit antennas 

is used. For strategy 1 with even number of transmit antennas, xi is defined as [117] 

xi = {
siI+js(i+1)I,   for i{1,3,5,...,N-1},

s(i-1)Q+jsiQ, for  i{2,4,6,...,N}.
                    (5.4) 

For strategy 2 with even number of transmit antennas, xi is given as 

xi = {
siI+js(i+1)Q, for  i{1,3,5,...,N-1},

siI+js(i-1)Q, for  i{2,4,6,...,N}.
                  (5.5) 

Similarly, for scenarios with odd number of transmit antennas and spatial interleaving, 

two CI approaches are utilized. Strategy 1 for an odd number of transmit antennas is 

demonstrated as 

xi = 

{
 
 

 
 siI+js(i+1)I,   for i{1,3,5,...,N-2},

s(i-1)Q+jsiQ, for  i{2,4,6,...,N-3},

s(i-1)Q+js(i+1)Q, for  i=N-1,

siI+js(i-1)Q, for  i=N.

                    (5.6) 

Strategy 2 for an odd number of transmit antennas is on the other hand defined as 

xi = {

s1I+jsNQ, for  i=1,

siI+js(i+1)Q, for  i{2,3,4,...,N-1},

sNI+js1Q, for  i=N.

                  (5.7) 



83 
 

The baseband vector signal x is transmitted after digital-to-analog conversion (DAC) 

and radio-frequency (RF) upshifting operations. Following RF downshifting and 

analog-to-digital (ADC) conversion, the baseband vector signal y is formed at the 

receiver. Subsequently, MMSE BF is performed on this signal by multiplying y with 

a specific RℂNM matrix from left. R matrix is selected in such a way that the mean 

square error between x and Ry is minimized; R= arg min
R

E{‖Ry-x‖2}. It is 

demonstrated in [118] that R= [ρ2PH̃
H

H̃+ ((1-ρ2)NEb+N0) I]
-1

ρPH̃
H

, where P= 

E{xxH} and tr(P)=NEb for BPSK (tr(P)=NEs for QPSK) where tr(.) shows the matrix 

trace operation. Using the approach in [116], for the /4 anti-clockwise rotated BPSK 

scheme with an even number of transmit antennas, it can be demonstrated that P matrix 

has a block diagonal structure for the CI strategy 1 given in (5.4). For B=Eb [
1 1

1 1
], it 

can be written [114] 

P = [

B 0 … 0

0 B … 0

⋮ ⋮ ⋱ ⋮
0 0 … B

] .                        (5.8) 

On the other hand, for the scenarios with an even number of transmit antennas and 

rotated BPSK, if spatial CI strategy 2 given in (5.5) or time CI is used the P matrix is 

diagonal and equals to EbI. 

For /4 anti-clockwise rotated BPSK scheme with the CI strategy 1 given in (5.6), it 

can be shown that P matrix is equal to 

P = C ,                               (5.9) 

P = Eb

[
 
 
 
 
1 1 0 0 0

1 1 0 0 0

0 0

0 0 C/Eb

0 0 ]
 
 
 
 

 ,                 (5.10) 
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P = Eb

[
 
 
 
 
 
 
1 1 0 0 0 0 0

1 1 0 0 0 0 0

0 0 1 1 0 0 0

0 0 1 1 0 0 0

0 0 0 0

0 0 0 0 C/Eb

0 0 0 0 ]
 
 
 
 
 
 

 ,              (5.11) 

for N=3, N=5 and N=7, respectively, where 

C = Eb

[
 
 
 
 1

1

2

1

2

1

2
1

j

2

1

2
-

j

2
1]
 
 
 
 

 .                  (5.12) 

For /4 anti-clockwise rotated BPSK scheme with the CI strategy 2 given in (5.7), it 

can be shown that P matrix is equal to 

P = D ,                             (5.13) 

P = Eb

[
 
 
 
 
1 0 0 0 0

0 1 0 0 0

0 0

0 0 D/Eb

0 0 ]
 
 
 
 

 ,                 (5.14) 

P = Eb

[
 
 
 
 
 
 
1 0 0 0 0 0 0

0 1 0 0 0 0 0

0 0 1 0 0 0 0

0 0 0 1 0 0 0

0 0 0 0

0 0 0 0 D/Eb

0 0 0 0 ]
 
 
 
 
 
 

              (5.15) 

for N=3, N=5 and N=7, respectively, where 

D = Eb

[
 
 
 
 1

j

2

-j

2

-j

2
1

j

2

j

2
-

j

2
1]
 
 
 
 

 .                (5.16) 
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Additionally, with time CI, a diagonal P matrix as EbI and EsI for BPSK and QPSK 

exists, respectively. Also, for both time and spatial CI with QPSK, the P matrix can be 

shown to be EsI. 

Suppose that the kth diagonal element (k  1,2,...,N) of RH̃ square matrix is 

represented by ak. After applying maximal ratio combining technique on Ry, z = [z1 z2 

… zN]T is obtained, where zk is equal to the multiplication of ak
* and the kth element of 

Ry. Also, assume that the decision variable that the ML detector uses for the kth 

modulated symbol (sk) is shown by gk (k1,2,...,N). These decision variables are 

obtained by applying coordinate deinterleaving operation on the z vector according to 

the CI strategy at the transmitter. If we are to assume the I and Q components of s
k
 are 

transmitted from β. and λ. transmit antennas, respectively, it can be written that 

g
k
=|a

β
|2s

kI
+j|a

λ
|2s

kQ
+ς

k
+υ

k
. Here, ς

k and υ
k represents the inter-symbol interference 

and AWGN that affects s
k
, respectively. When the ML detector decides for the kth 

modulated symbol, I and Q components of each signal point in the signal constellation 

are scaled by |a
β
|2 and |a

λ
|2, respectively. Finally, the signal point that is closest to g

k
 

in the signal constellation is declared as the decided result and the estimated bit stream 

is obtained by parallel-to-serial (P/S) transformation. 

5.3. Simulation Results 

In this section, the proposed MIMO MMSE system and the original MIMO MMSE 

system are compared in terms of BER for  = 0.99. The proposed schemes use rotated 

BPSK or QPSK constellation diagrams and the MMSE BF matrices can be obtained 

by replacing the suitable P matrix according to the CI strategy used. Figures 5.2, 5.3, 

5.4 and 5.5 compare these systems under different numbers of antennas and CI 

strategies. 

It can be clearly seen that in situations where channel estimation error exists, 

communication systems’ error performances are inevitably limited by an error floor. 

This problem arises even in cases where  has a very big value (which means quite 

accurate channel estimation). It is demonstrated that the original MIMO MMSE 

schemes without CI suffer from this problem in the worst way in all scenarios. The 
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proposed method significantly lowers the error floor of the original scheme no matter 

what CI strategy is used. Because of the totally uncorrelated transmission of a symbol’s 

I and Q components, time CI yields the best error performance in all cases. There is 

no correlation between the fading coefficients affecting I and Q components of a 

symbol with time CI, as the receiver applies MMSE BF in two different time slots 

separated more than channel coherence time. Regarding spatial CI, it is demonstrated 

that strategy 1 leads to performances that are either equal to or be seen that for the 

N=2, M=3 case strategy 1 yields a slightly better improvement of the error floor than 

strategy 2. However, for the scenario with N=3, M=3 the error performances of 

strategies 1 and 2 are the same. In Figure 5.3, it can be seen that with spatial CI, 

strategy 1 is much more beneficial than strategy 2 for both N=4, M=5 and N=5, M=5 

cases. In Figure 5.4 and Figure 5.5, the results demonstrate that for spatial CI, using 

strategy 1 or 2 present the same result. Thus, it can be deduced that the performance 

of spatial CI is dependent on the interleaving strategy being used. 

Figure 5.2 BER performances of BPSK schemes with N = 2, M = 3 and N = 3, M = 3 for  = 0.99. 
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Figure 5.3 BER performances of BPSK schemes with N = 4, M = 5 and N = 5, M = 5 for  = 0.99. 

Figure 5.4 BER performances of QPSK schemes with N = 2, M = 3 and N = 3, M = 3 for  = 0.99. 
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Figure 5.5 BER performances of QPSK schemes with N = 4, M = 5 and N = 5, M = 5 for  = 0.99. 

5.4 Conclusion 

In this chapter, the error performance of a MMSE BF receiver combined with SSD is 

studied where there is no CSI at the transmitter and erroneous CSI exists at the 

receiver. It is shown that under a slow and flat Rayleigh fading channel and with BPSK 

and QPSK modulations, the error floor of the system can be significantly improved by 

SSD without the need for additional bandwidth or time slots. Time CI provides the 

best performance improvement, although it may cause problem for latency sensitive 

systems. Spatial CI strategies offer different error floor performances depending on 

the interleaving strategy being used. As a result, the chapter proves that the immunity 

against channel estimation errors for a MMSE BF system can be highly increased with 

SSD and the CI strategy can be implemented according to the design criteria. 
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CHAPTER 6 

DISCUSSION AND CONCLUSION 

In this thesis, multiple antenna systems are combined with SSD and implemented into 

various system models in order to enhance the performance. With these applications, 

multiple antenna systems with SSD are investigated from a wide perspective. In order 

to deal with the ever increasing user numbers and the demand for faster, more reliable 

and more quality communication services, telecommunication engineers are always 

on the search for new ideas which some of them can be really groundbreaking. 

Utilization of multiple antennas instead of single antennas is one of them. By 

increasing the antenna number at a communication system more potential for higher 

data rates and better quality with less errors is achieved. Another important technique 

that achieved popularity after its introduction is SSD. This method enables to improve 

the error performance of a system with very little sacrifice from complexity and no 

extra need for resources. Thus, the joint usage of multiple antennas and SSD can lead 

to huge performance improvements and it is shown in this thesis to be true for many 

applications. In Chapter 2, the fundamental insight theory of the thesis subjects, such 

as wireless channels, physical layer security, OFDM, multiple-antenna systems and 

SSD are presented. In Chapter 3, zero-forcing receive beamforming with signal space 

diversity systems are studied under different interleaving techniques. It has been 

shown that with the incorporation of SSD the error performance of a system can be 

highly improved especially with time interleaving method. Spatial method also 

provides some increment and it does not have latency problem which can be 

problematic for sensitive systems. With the FPGA implementation of the system, it 

has been shown that SSD brings in a non-significant extra complexity. Also, zero-

forcing MIMO systems with SSD are studied under transmit antenna correlation in this 

chapter. It has been shown that SSD can provide significant performance leaps despite 

the negative effects of transmit antenna correlation. In addition, it has been 

demonstrated that different spatial correlation types have various amounts of impact 

on the system. In Chapter 4, the physical layer security of an Alamouti OFDM system 

is enhanced by the help of SSD. It is demonstrated that, with suitable strategies that 
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are designed to make the correlation coefficients between subcarrier channel gains as 

minimum as possible, it is possible to improve the PLS of a network, thus to provide 

a reliable and secure communication enviroment. The PLS of a network under 

Nakagami-m fading channels is also shown to be advanced with the addition of SSD 

in this chapter. It has been clearly exhibited that, by using proper subcarrier coordinate 

interleaving strategies, it is possible to make the coefficients between the subcarrier 

channel gains equal to zero. Also, it is demonstrated that, an eavesdropper will perform 

worse than a legitimate user even if she captures the strategy used via the main 

communication channel. Finally in Chapter 5, the performance of MMSE 

beamforming is studied under different coordinate interleaving techniques of SSD. It 

has been shown that utilization of SSD with either time or spatial coordinate 

interleaving significantly improves the performance of MMSE beamforming systems 

even under the case where channel estimation errors exist at the receiver. In 

conclusion, the various studies done and results obtained in this thesis prove that the 

combination of multiple-antenna systems and SSD has a huge potential to be used 

within the system models that are proposed in the thesis and also is a very promising 

idea for future studies and applications. 

The proposed techniques in this thesis can also be applied for different studies and can 

be extended into various new ideas. In order to shed light on some potential future 

work ideas, some of the suggestions that can be proposed are: 

[1] In the thesis, the coordinate interleaving step has been realized for time, spatial 

and subcarrier domains. This technique can be extended to other domains that 

diversity can be achieved such as polarization and antenna angle. 

[2] Throughout the thesis work, modulations with a maximum of two dimensions 

has been used. The proposed techniques here can be further developed for 

modulation schemes with dimenisons higher than two, and further be 

generalized. The optimum rotation angles that are suitable for these schemes 

can be found and CI strategies can be adapted accordingly. The theoretical 

error probability expressions can also be derived. 

[3]  In the thesis, the effect of transmit antenna correlation has been examined for 

the proposed scheme. This work can be extended for models with no transmit 
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antenna correlation and the existence of receive antenna correlation. To take 

one step further, the case where correlation exists for both transmit and receive 

antennas can be examined. 

[4] Throughout the thesis, Alamouti STBC has been implemented into SSD 

system models. Different diversity techniques and STBC structures other than 

Alamouti model can be incorporated with SSD and the error performance can 

be improved even further. 

[5] In the thesis, the physical layer security has been provided with the help of 

SSD and subcarrier CI. The same experimentation can be repeated with 

observing different secrecy metrics. The graphs for these metrics can be 

obtained in order to prove the strength of the proposed model in terms of 

security. 

[6] Throughout the thesis, OFDM with cyclic prefix has been used against the 

effects of frequency selective channels. Other forms of OFDM, such as 

polynomial cancellation coded OFDM (PCC-OFDM) can be considered to use 

alongside with multiple-antenna SSD systems. PCC-OFDM can help to 

improve the robustness against deteriorating effects of wireless channels like 

time and frequency offsets. 

[7] The hardware implemetation of the proposed schemes in the the thesis is 

always a welcoming idea for researchers. Either with FPGAs or experimental 

set-ups it is possible to examine the performance of the proposed models in 

realistic conditions and compare them with the simulated results that are given 

in the thesis. 
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