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AbstractAbstractAbstractAbstract    

This thesis proposes a joint spatial diversity scheme in MIMO systems in order to 
improve the transmission reliability of the wireless links, thereby to extend the 
transmission range and increase the information throughput. Cyclic delay diversity (CDD) 
and antenna selection are employed here for their low complexity, high flexibility, no 
spectrum efficiency reduction and high compatibility with many existing standards. A bit 
error performance bound for CDD system with orthogonal frequency division 
multiplexing and convolutional coding in multipath Rayleigh fading channel is generated, 
which renders a fundamental understanding of the mechanism of CDD and can be used 
instructively for CDD system design. A transmit cyclic delay diversity and receive 
antenna selection (TCDD/RAS) system is proposed here to achieve a performance gain 
with lower additional complexity and no data rate reduction compared with a transmit 
orthogonal space-time block coding (OSTBC) system, which is combined with the 
optimum receive antenna selection scheme. A hybrid system with both OSTBC and CDD 
in the transmitter and antenna selection in the receiver is also derived to avoid the high 
complexity requirement and data rate degradation of the OSTBC system as well as the 
performance loss of the CDD system.  A receive antenna selection criterion for the 
TCDD/RAS system based on the previous performance analysis results is defined, 
however it demands high computational complexity. Therefore a much simpler and faster 
selection rule, named maximum minimum post-processing SNR criterion, is generated 
for the TCDD/RAS system in flat fading channels and another maximum group minimum 
post-processing SNR selection principle is developed in frequency selective channels. 
Both of these two selection rules achieve higher diversity gains with lower additional 
complexity compared with the traditional norm and capacity selection rules. Two relay 
systems embedded with the TCDD/RAS scheme are also constructed: the MIMO relay 
system and the cooperative relay system. The joint diversity scheme in the MIMO relay 
system obtains a higher diversity gain than in the cooperative relay system. Moreover, 
these two relay systems could be combined to a system with multiple cooperative relay 
nodes on which multiple antennas are deployed depending on the practical requirement in 
the future wireless communication systems.  
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IntroductionIntroductionIntroductionIntroduction    

1.11.11.11.1 AAAA BBBBrrrriiiieeeeffff HHHHiiiissssttttoooorrrryyyy ooooffff WWWWiiiirrrreeeelllleeeessssssss CCCC                    ommunicatiommunicatiommunicatiommunicationsonsonsons    

There are many early forms of wireless communications in the pre-industrial age, for 

instance smoke signals, signal flags and the signal flares mainly used in the military or 

the navigation areas, although the terminology ‘wireless’ had not been used at that time. 

Between 1861 and 1864, James Clerk Maxwell postulated the theory of electromagnetic 

waves [1]. This was verified by Heinrich Hertz in 1887. He demonstrated the existence of 

radio waves by generating a spark and receiving it several meters away, though without 

the awareness of the practical importance of it [2]. However the young Guglielmo 

Marconi took over his work and explored the commercial value of radio wave in wireless 

communications. Marconi made a great effort establish the first radio communication 

service in the world [3]. Since then, wireless communication had been regarded as 

synonymous with radio communication for a long time.  

 

In the last century, wireless communications have experienced a flourishing period. In 

1916, Reginald Fessenden made the first voice broadcast over North Atlantic. In 1921, 

shortwave radio, also known as high frequency (HF) radio, was developed, which made 

long distance wireless transmission available. In 1931, Edwin Armstrong introduced 

frequency modulation (FM), which has become very important for transmitting digital 
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signals. In 1946, the first mobile service connected to the public switched telephone 

network (PSTN) was launched in 25 cities in the United States. The number of 

subscribers to this mobile radio telephone service was limited because of the inefficient 

use of the radio spectrum. The introduction of the cellular system by AT&T Bell 

Laboratories largely solved this problem [4]. The cellular system divided a wide area into 

smaller cells. Therefore the signals could be transmitted within a cell with lower power. 

Two cells separated by a sufficient distance could share the same frequency band with 

little mutual interference, which rendered higher spectrum efficiency and thereby 

accommodated more users. In 1979, NTT DoCoMo in Japan deployed the first 

commercial cellular communication system. Analog telecommunications technologies in 

this time were referred to as the first-generation (1G) of wireless telephone technology. 

There were many 1G standards applied in different areas of the world, such as Nordic 

Mobile Telephone (NMT), used in Nordic countries, Switzerland, Netherlands, Eastern 

Europe and Russia, Advanced Mobile Phone System (AMPS) used in the United States 

and Australia, and Total Access Communications System (TACS) in the United Kingdom. 

 

In 1982, the European Conference of Postal and Telecommunications Administrations 

(CEPT) decided to develop a new standard for a digital mobile telephone system that 

could be used across Europe. In 1989, the Groupe Special Mobile (GSM), also known as 

the Global System for Mobile communications, was defined as the European digital 

cellular standard based on a narrowband time division multiple access (TDMA) 

technology [5]. The first GSM service was available in 1991 by Radiolinja network in 

Finland with technical support from Ericsson, which indicated the start of the second-
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generation wireless telephone technology (2G).  The codecs for compressing and 

multiplexing digital signals in the 2G system rendered higher spectrum efficiency than 

previous systems [6]. Also the digital encryption of the conversations provided higher 

security. The ubiquitous standards allowed global roaming for the subscriber without 

changing the handset. Also data services, such as short message service (SMS) and email, 

were introduced to mobile devices. A GSM network is deployed in more than 200 

countries and serves more than 3.9 billion users nowadays [7] [8]. 2G systems provide a 

data rate ranging from 9.6 kbit/s to 28.8 kbit/s.  

 

The third-generation mobile telecommunication technology (3G), also named as the 

International Mobile Telecommunications-2000 (IMT-2000) was defined by the 

International Telecommunication Union (ITU) in 1999 [9] and also adopted by other 

standard bodies afterwards. There are several radio interfaces for IMT-2000. The most 

popular standards include EDGE (which is deployed worldwide), UMTS (which is 

deployed in Europe and Asia), CDMA2000 (which is deployed in the United States and 

Asia) as well as DECT (which is deployed in Europe, Asia, Australia and the United 

States) and WiMAX (which is used worldwide). 3G promised a much higher data rate 

than 2G systems, “a minimum speed of 2 Mbit/s for stationary or walking users, and 348 

kbit/s in a moving vehicle” [10]. Based on high speed transmission, 3G systems are able 

to provide a variety of multimedia entertainment and infotainment services, including 

voice conversation, web browsing, video teleconference, sensing and file transferring 

with lower cost, lighter, smaller and cheaper mobile terminals. 3G also promised 

seamless global roaming due to its multiple mode-switched techniques [9].  
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Other wireless communication networks have emerged in the last decade. In 1993, the 

European Launching Group (ELG) renamed itself as the Digital Video Broadcasting 

(DVB) project in order to explore a commercial digital television broadcasting network 

for private users [11]. Among the DVB standard family, the DVB specification for 

satellite television (DVB-S) was released in 1994; the DVB specification for terrestrial 

broadcasting (DVB-T) was first broadcast in UK in 1997 [12]; the DVB specification for 

handheld devices (DVB-H) was ratified in 2004. DVB is used for delivering digital high 

definition television programs worldwide. The development of digital audio broadcasting 

(DAB) started even earlier in 1981 at the Institut für Rundfunktechnik (IRT). Currently 

there are more than 1000 stations broadcasting audio programs using DAB forms all over 

the world [11]. The original IEEE 802.11, also known as Wireless Fidelity (Wi-Fi) which 

carries out the wireless local area network (WLAN) computer communications was 

released in 1997 [13]. In 1999, a competitive technique, Bluetooth 1.0 (IEEE 802.15.1) 

was released for wireless personal area networks (WPAN) [14]. IEEE 802.16, a standard 

for wireless metropolitan area networks (WMAN), also called Worldwide 

Interoperability for Microwave  Access (WiMAX) was created in 2001 [15].  

 

1.21.21.21.2 CCCCuuuurrrrrrrreeeennnntttt WWWWiiiirrrreeeelllleeeessssssss CCCCoooommmmmmmmuuuunnnniiiiccccaaaattttiiiioooonnnn TTTT            echniquesechniquesechniquesechniques    

Driven by the demand for high fidelity, high speed multimedia wireless communication 

services, fourth-generation (4G) wireless telecommunication, also defined as IMT 

Advanced as by the International Telecommunication Union, is currently being 

developed. The data rate of the fourth generation mobile communication system is 

elevated to a nominal data rate of 100 Mbit/s while the client physically moves at high 
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speeds relative to the base station, and 1 Gbit/s while the client and station are relatively 

stationary as defined by ITU-R [16]. 4G accommodates wireless communication 

applications in diverse networks such as cellular telephone systems, wireless broadband 

systems, as well as DVB and DAB networks. It has been developed to deliver high 

quality multimedia content among different all IP-based wireless components with 

seamless connectivity and global roaming across these heterogeneous networks [17] [18]. 

The Long Term Evolution (LTE) standard, which is proposed by the 3rd Generation 

Partnership Project (3GPP) organization, is an evolution from 3G to 4G. The LTE 

advanced standard is designed to fulfill the requirements of 4G [19].    

 

Wireless communication by its nature is not as stable and predictable as wired 

communication systems. The signal suffers from reflection, diffraction, refraction, 

scattering, shadowing and attenuation while being transmitted through the wireless 

channel. This complicated process is named fading. Many techniques have been 

developed to mitigate these random fluctuations and guarantee a decent performance.  

 

After the discrete Fourier transform (DFT) was introduced in multicarrier modulation by 

Weinstain and Ebert, orthogonal frequency division multiplexing (OFDM) became 

popular [20]. Nowadays OFDM has been used in many standards including ANSI ADSL 

standards, ANSI HDSL standards, the original ETSI DVB standards, ETSI DVB-T 

standards, ANSI VDSL and ETSI VDSL standards, Wi-Fi standards (IEEE 802.11a, g, n), 

WiMAX standards (IEEE802.16) and wireless personal area network (WPAN) standard 

( IEEE802.15.3a) [21]-[29].  
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Multiple-input and multiple-output technique (MIMO), which introduces multiple 

antennas to both the transmitter and receiver sides, is also attractive [1]. MIMO improves 

the data throughput and service coverage without sacrificing spectral efficiency or 

consuming additional transmit power. MIMO is proposed to be combined with 3G 

techniques and all proposed 4G systems may employ MIMO technology, which supports 

data rate up to 1 Gbit/s [30]. MIMO is also included in wireless broadband standards such 

as wireless metropolitan area networks (WMAN, also named WiMAX) standards 

802.16e, 802.16m and wireless local area networks (WLAN, also named Wi-Fi) standard 

802.11n [15], [31], [32]. The utilization of the MIMO system is divided into two groups: 

multiplexing (data-rate oriented) and diversity (reliability oriented). For the multiplexing 

technique, the Bell Laboratories Layered Space-time (BLAST) coding has been proposed, 

and achieves a spectral efficiency of 42 b/s/Hz compared to spectral efficiencies of 2-3 

b/s/Hz in 2G cellular mobile services and current WLAN links [33] [34]. In this thesis, 

we will explore the diversity branch. 

 

1.31.31.31.3 DDDDiiiivvvveeeerrrrssssiiiittttyyyy SSSS    trategiestrategiestrategiestrategies    

The technique of obtaining variant versions of the same signal is called diversity [35].  As 

the wireless link is corrupted by fading, it appears randomly fluctuating and deviating, 

which makes the radio signal difficult to detect. Diversity schemes are proposed to 

combat fading and build a reliable communication system with guaranteed performance. 

As the fading effects exist in the time domain, the frequency domain and the space 

domain, diversity also can be obtained in these three domains. In this thesis, we are 

mainly concerned with spatial diversity in MIMO systems. However, diversity scheme in 
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one domain always renders selectivity in the other two domains as well. For instant, 

multipath diversity (refer to Chapter 2) utilizes multiple paths in space incurs frequency 

selectivity which can be exploited by the channel coding.    

 

Equipped with the MIMO technique, many spatial diversity schemes have been derived, 

which can be deployed both in the transmitter side and the receiver side. There are three 

common spatial receive diversity techniques: selection diversity, equal gain combining 

and the well-known optimal SNR approach, maximal ratio combining (MRC) [36]. The 

maximal ratio combining scheme is designed to combine the received signals with 

optimum weighting factors which maximize the signal to noise ratio of the processed 

symbols. Although MRC attains a maximum SNR and hence a full diversity gain, it 

demands multiple radio frequency (RF) chains (including the low-noise amplifier, 

up/down converters, and digital-analog converters, etc.) equal to the number of the 

receive antennas, which cost a lot of space, power and money [1]. Equal gain combining 

has the same demand for RF chains. Limited by the power consumption, size and the cost 

of the mobile subscriber unit, the application of MIMO system should be as simple as 

possible. Thereafter, antenna selection can be utilized to eliminate unnecessary RF chains 

whilst obtaining the same diversity gain [37] [38]. The application of antenna selection in 

a MIMO system can be found in [39]. 

 

The idea of transmit diversity was originally investigated in [40] and [41] in 1993. The 

term of “space time coding” was first suggested in 1998, where a space-time trellis code 

(STTC) is introduced [42]. In the same year, the simple and popular Alamouti space-time 
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block code is constructed in [43]. The Alamouti scheme has been employed in 802.11n 

[32]. Subsequently, considerable work has been done in space-time code construction, 

among which quasi-orthogonal space-time block code (QSTBC) is an important branch 

[44]. Although the orthogonal space-time block coding (OSTBC) scheme obtains a full 

diversity gain, it requires the channel to stay constant for two consecutive symbol times 

or subcarriers. Moreover, OSTBC for complex signals suffers from a data rate reduction 

when the transmitter number is larger than two [35].  

 

Cyclic delay diversity (CDD) was generated in 1993 to provide a diversity gain with 

much less complexity and more flexibility, however it suffers a performance degradation 

comparing to orthogonal space-time block coding [45] [46]. CDD can be employed in 

arbitrary number of antennas both at the transmitter side and the receiver side. In addition, 

it does not require any static channel condition and renders no data rate loss [47] [48] 

[49]. Moreover, cyclic delay diversity has high compatibility to many current wireless 

communication standards for broadcasting and broadband networks as well as mobile 

services, such as the DVB-T standards [12], the Wi-Fi standards (IEEE 802.11a, g, n) 

[13], the WiMAX standards (IEEE802.16) [15] and the wireless personal area network 

(WPAN) standard ( IEEE802.15.3a) [29].   
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1.41.41.41.4  TTTTrrrraaaannnnssssmmmmiiiitttt CCCCyyyycccclllliiiicccc DDDDeeeellllaaaayyyy DDDDiiiivvvveeeerrrrssssiiiittttyyyy aaaannnndddd RRRReeeecccceeeeiiiivvvveeee                        

AAAAnnnntttteeeennnnnnnnaaaa SSSSeeeelllleeeeccccttttiiiioooonnnn SSSSyyyysssstttteeeemmmm            

Due to the high performance requirement of wireless links (a data rate of more than 

100Mbps and a bit error rate (BER) of 10-8 or less [50]), systems with multiple diversity 

schemes are suggested both at the transmitter side and the receiver side [51] [52]. When 

channel state information (CSI) is available at the transmitter side, transmit antenna 

selection outperforms OSTBC (using all the transmit antennas) for a higher coding gain 

and the same diversity gain [53]. However, in some circumstances the CSI is absent at 

the transmitter, for instance, a base station with limited feedback from the handset. For 

these cases, the aforementioned transmit diversity schemes can be combined with receive 

diversity schemes to obtain higher transmission quality than systems with a single space 

diversity scheme.  

 

There is a considerable amount of published research concerned with the performance 

analysis of orthogonal space-time coding with optimum antenna subset selection where 

antenna selection is executed at either the transmitter side or the receiver side [54], [55], 

[56], [57], [58], [59]. In [60], antenna selection combined with orthogonal space-time 

coding techniques was analyzed based both on exact channel knowledge (ECK) and on 

statistical channel knowledge (SCK). The antenna selection criterion for ECK is based on 

the instantaneous outage probability of the system, which achieves an equal diversity 

gain as if all of the antennas provided were employed. On the other hand, the antenna 

selection criterion for SCK is based on the average error probability of the system, which 

obtains a diversity order depending on the number of the selected antennas. Some papers 
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also reported on the investigation of the performance for antenna selection criteria from 

the perspective of average SNR gain, such as in [54], or the channel capacity, such as in 

[61]. From the results given in these papers, the norm selection criterion, which selects 

the antenna subset with the largest Frobenius norm of the MIMO channel matrix, 

achieves the optimum error probability performance for the antenna selection system 

combined with OSTBC. 

 

In this thesis, a transmit cyclic delay diversity and receive antenna selection (TCDD/RAS) 

system will be proposed. This system combines two space diversity schemes, and it 

significantly improves the error probability performance of the system with low 

additional complexity and no spectrum efficiency reduction compared with the 

aforementioned antenna selection system combined with OSTBC. At the same time, as 

both CDD and antenna selection are applicable to various existing standards, the resulting 

system is also highly compatible with these standards.  

 

An antenna selection criterion based on the error probability analysis is proposed for the 

TCDD/RAS system. However, this selection rule is highly computationally demanding. 

Another much simpler and faster antenna selection criterion, named maximum minimum 

post-processing signal to noise ratio (MMP-SNR) antenna selection criterion is derived 

for the TCDD/RAS system in a flat fading channel. For the frequency selective channel, a 

further new antenna selection rule named maximum group minimum post-processing 

signal to noise ratio (MGMP-SNR) criterion will be proposed here which offers lower 

complexity. In addition, in order to make the proposed system simple to be implemented, 
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a low complexity antenna selection algorithm is presented to supplant the exhaustive 

search.  

 

From the numerical results based on Monte Carlo simulations, it is shown that the 

TCDD/RAS system with the MMP-SNR selection rule achieves a diversity order of 8 

compared to a diversity order of 9 for the corresponding transmit orthogonal space-time 

block coding diversity scheme with optimum receiver antenna selection of the same 

number of antennas, but cyclic delay diversity has the advantages of much lower 

complexity, as well as higher spectral efficiency and compatibility to existing standards. 

The MGMP-SNR selection rule performs 3dB better than other traditional antenna 

selection rules and 2dB better than the principle based on the error probability bound at a 

bit error rate (BER) of 52 10−×  with lower computational complexity. The optimum 

selection parameter for the MGMP-SNR criterion is demonstrated to be irrespective to 

the channel coding but dependent on the numbers of the antennas. 

 

1.51.51.51.5 OOOOrrrrggggaaaannnniiiizzzzaaaattttiiiioooonnnn ooooffff tttthhhheeee TTTT            hesishesishesishesis    

This thesis continues as follows. Chapter 2 summarizes a variety of background literature 

that describes a fairly general MIMO-OFDM system model. The statistic characteristics 

of the multipath fading and operation mechanism of spatial diversity schemes are also 

presented as a basis for the system design in the following chapters. Chapter 3 presents 

the BER performance analysis of a cyclic delay diversity system with convolutional 

coding in a multipath Rayleigh fading channel which provides a mathematical basis for 

the antenna selection criterion design. In chapter 4 and 5, a MIMO system with cyclic 
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delay diversity on its transmitter and antenna selection on its receiver (TCDD/RAS) is 

derived. This system achieves a similar diversity gain as the transmit orthogonal space-

time block coding and receive antenna selection system, but renders much lower 

complexity, no data rate reduction and higher compatibility to existing standards. A 

combined system with both CDD and OSTBC in the transmitter and antenna selection in 

the receiver is constructed to balance the complexity requirement of the OSTBC scheme 

and the performance degradation of CDD. A selection criterion based on the bit error rate 

analysis bound derived in Chapter 3 is generated which demands high computational 

complexity. A much less complex MMP-SNR antenna selection rule is generated to 

achieve the optimum BER performance for flat Rayleigh fading channels. While for the 

frequency selective channels, a MGMP rule is also proposed. In Chapter 6, the 

TCDD/RAS scheme is introduced to the relay systems. Cyclic delay diversity is applied 

in either a single relay station with multiple antennas or cooperative multiple relay nodes, 

with a single antenna on each node. Assuming a non-regenerative relay with no 

knowledge of the channel state information, antenna selection plays a more important 

role in the first system while cyclic delay diversity obtains larger diversity gain in the 

second. Finally, Chapter 7 summarizes the work and points to areas for future research. 
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Chapter 2  

2222 DDDDiiiivvvveeeerrrrssssiiiittttyyyy SSSScccchhhheeeemmmmeeeessss        

2.12.12.12.1 IIIIntroductionntroductionntroductionntroduction    

Owing to the dynamic and randomly fluctuating nature of wireless channels, when radio 

signal propagates through the channel, it experience deviation, distortion and attenuation 

which vary in time, space and frequency. This distortion effect is generally termed as 

fading. Fading makes it difficult to design a reliable system with guaranteed performance. 

Therefore, diversity technologies have been derived to combat fading and even make use 

of it to improve the system performance in terms of the bit error rate. 

 

Diversity scheme is a technique which provides duplicate copies of the same signal in the 

time, frequency or space domain. As the probability that all of them suffer severe channel 

fading is much smaller than the probability that one copy suffers fading, the error 

detection probability is greatly reduced. Diversity schemes are especially important for 

orthogonal frequency division multiplexing (OFDM) systems which have poor inherent 

error performance. A well known diversity scheme, space time codes have been derived 

to eliminate wireless channel fading and improve the transmission reliability [1]. This 

scheme transmits multiple replicas of the original signal in space and time domain, which 

are orthogonal with each other and can be detected separately after combination and 

equalization in the receiver. One of the well known space time codes is the orthogonal 

space-time block coding (OSTBC) scheme [2] [3]. Another approach, cyclic delay 
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diversity (CDD) has been adopted, due to its low complexity and flexibility [4]. CDD 

generates cyclically shifted replicas of the original signal, which can be transferred to 

fluctuations of the channel transfer functions in the frequency domain by OFDM and 

utilized by channel error correction coding. The compatibility of CDD with many 

existing standards, such as the terrestrial digital video broadcasting (DVB-T) standards, 

wireless local area network (WLAN) standards and wireless metropolitan area (WMAN) 

standards as well as wireless personal area network (WPAN) standard makes CDD 

attractive. Antenna selection (AS) is another diversity scheme which selects the antenna 

subset with the best performance from a large group of antennas, in order to save radio 

frequency (RF) chains and significantly cut down on the system complexity [5].  

 

In this chapter, the fading characteristics are introduced in Section 2.2. The multiple-

input and multiple-output channel model is shown in Section 2.3. The concept of OFDM 

is presented in Section 2.4. Diversity schemes in time, frequency and space domains are 

introduced in Section 2.5. In Section 2.6, the features of a simple CDD system with 

OFDM are analyzed. In Section 2.7, antenna selection is presented in details. Section 2.8 

concludes the chapter. 

 

2.22.22.22.2  CCCChhhhaaaannnnnnnneeeellll PPPPaaaarrrraaaammmmeeeetttteeeerrrrssss aaaannnndddd SSSSiiiiggggnnnnaaaallll FFFFaaaa                dingdingdingding    

The wireless communications channel is unstable and unpredictable. It can not be simply 

described as the ideal additive white Gaussian noise (AWGN) model, in which 

statistically independent Gaussian noise samples corrupt data samples free of inter 

symbol interference (ISI), which denotes the interference between the current symbol and 
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the previous symbols, and inter carrier interference (ICI), which denotes the interference 

between signals on different carriers. Therefore, channel fading has to be considered, 

which can be defined as the deviation, distortion and attenuation that a wireless 

transmitted signal experiences in certain propagation media. 

 

There are two types of fading in wireless communications: large-scale fading and small-

scale fading [1]. Large-scale fading occurs when signals are transmitted over large areas, 

and they can be shadowed, eclipsed or distorted by terrain factors such as hills, forests, 

buildings, etc. Solutions for large scale fading are addressed mostly at the system level 

(e.g., base station placement, power control). Small-scale fading represents the short-term 

fluctuations both in signal amplitude and phase that can take place as a result of small 

changes (as small as a half-wavelength) in the spatial positioning between a receiver and 

a transmitter. As this thesis focuses on diversity schemes in MIMO systems, small-scale 

fading is of more interest in this case.  

 

Small-scale fading composes of three main dimensions: time-variance, frequency-

variance and space-variance of the channel parameter. Time-variance of the channel can 

also be called Doppler spreading or time selectivity of the channel, which is caused by 

the relative movement between the transmitters and the receivers. Frequency-variance of 

the signals is caused by multipath fading, which is due to that the signals travel from the 

transmitter to the receiver over multiple propagation paths and experience differences in 

attenuation and distortion. Space-variance can be defined as the position of the 
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transmitter or receiver changes, the amplitude, phase and angle of the received signals 

change. 

 

In this thesis, I will focus on small-scale fading channels and elaborate on the channel 

properties and their impacts on the system performance with different fading behaviours. 

The work will be generalized to MIMO channels, which are the basis for the diversity 

schemes introduced in the following chapters. 

 

2.2.12.2.12.2.12.2.1 CCCChhhhaaaannnnnnnneeeellll PPPPaaaarrrraaaammmmeeeetttteeeerrrr    ssss    

The channel impulse response (CIR) can be presented by ( ), ,
r tn nh t τ  which is a function 

of time, delay as well as positions of the transmit and receive antennas. It can be regarded 

as the receive signal which is observed by the nrth receive antenna at time t, when a unit 

impulse was transmitted τ time in advance from the ntth transmit antenna. 

 

Selectivity can be considered as diversity of which particular strategies can be applied to 

take advantage. For instance, a MIMO system with spatial selectivity provides frequency 

diversity. With proper combination and equalization schemes, the selectivity helps to 

improve the system performance. However, sometimes selectivity adds complexity to the 

system solution. For example, a fast fading channel whose CIR varies rapidly will place 

heavy demand for a system to response in a real time application. 
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Frequency Selectivity 

In the multipath propagation environment, as stated previously, several versions of the 

original signal arrive at the receiver which cause time spreading and can make the 

observed channel coefficients frequency selective. In order to quantify the coherence 

bandwidth, the RMS delay (square root of the second central moment of the power delay 

profile of the channel transfer function), RMSτ  needs to be introduced [6] 
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where ( )Deψ τ is the power delay profile or spectrum (the average power of the channel 

output as a function of delay τ ), maxτ is the maximum path delay and τ  is the average 

delay spread given by [6] 
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The coherence bandwidth is the frequency spacing between two subcarriers by which the 

amplitude of the correlation coefficient for the channel transfer functions reduces to a 

predetermined value. The coherence bandwidth, Bc, can be approximated by the inverse 

of the RMS delay [6] 

 
1

c
RMS

B
τ

≈ .                                                    (2.3) 

By comparing of the channel coherence bandwidth and the signal bandwidth, the 

definition of frequency selectivity is derived. A signal experiences flat or frequency-
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nonselective fading when its bandwidth W is smaller than the channel coherence band-

width, and frequency selective fading if W is equal to or larger than Bc. 

 

Although the time dispersion is an intrinsic property of the channel, its effect varies on 

signals with different symbol periods. The relative time dispersion becomes more severe 

as the transmitted symbol period decreases, because a larger number of symbols will be 

influenced by the same delay spread time when the duration of each symbol decreases. 

Thereafter, to combat the time spreading, the signal bandwidth should be narrow enough 

and the symbol duration should be long enough. OFDM is conceived to reduce the 

symbol bandwidth and use separate uncorrelated narrow bands to carry the signals. Guard 

intervals are applied to avoid inter symbol interference (ISI) [7]. 

 

Time Selectivity 

Time selectivity is caused by the phenomenon that the channel changes its propagation 

characteristics when the signal is in transmission. It is due to Doppler spreading or other 

frequency dispersion. For the estimation of the signal duration time when time selectivity 

is noticeable, the concept of coherence time should be introduced. Coherence time 

indicates the time separation Tc at which the amplitude of the correlation coefficient 

between two signals falls below a predesigned value.  

 

By comparing the coherence time and the symbol duration, we can define three important 

terms, slow fading, fast fading and quasi-static channel. If the channel transfer function 

keeps constant over the whole transmission time, the signal undergoes slow or time-
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nonselective fading in transmission. Whereas when symbol period is comparable with the 

coherence time, the channel transfer function changes within the period that a detection 

takes place, such as an interleaving depth or an OFDM frame, then it is characterized by 

fast fading or time-selective fading. Particularly, when the parameter of a channel is static 

within a block of symbol intervals, which is larger than the period over which one 

detection takes place, and changes independently from block to block, the channel can be 

called quasi-static [1] [8]. For instance, assume a 3G system with an interleaving depth of 

20ms and a carrier frequency of 900MHz. Then a relative moving speed of 3m/h between 

the ends of the link generates a Doppler shift of 2.5x10-5Hz and therefore a channel 

coherence time of 400s [1]. In this case, the channel can be regarded as a slow fading 

channel. Whereas a relative moving speed of 3km/h (a walking speed) renders a channel 

coherence time of 400ms. In this case, the channel can be regarded as a quasi-static 

fading channel. For a vehicle speed of 300km/h (maglev speed), the channel coherence 

time is 4ms. In this case, the channel can be regards as a fast fading channel. This thesis 

is mainly concerned with quasi-static channels.  

 

It should be noticed that since the time variance of the channel is determined by the 

coherence time (which is the inverse of the relative Doppler shift, but not the absolute 

Doppler spreading), the time selectivity is determined by two aspects of the system 

property. One is the relative movement speed between the transmitter and the receiver; 

the other is the system data rate. When the data rate is low and the mobile unit is moving 

rapidly, fast fading is generated. Meanwhile, in broadband transmission with a very high 

data rate, the time selectivity can be negligible.  
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Space Selectivity 

Signals reflected from different scatterers experience different attenuation and delay, 

therefore the amplitudes and phases of received signals change as the antenna element 

locations vary. The coherence distance represents the minimum distance in which two 

antenna elements are separated such that the channel transfer function for each antenna is 

independent with the other. Space selectivity can also be regarded as angle dispersion. 

The extension of the fading is dependent on the channel condition as well as the symbol 

wavelength. Signals with higher frequencies are more sensitive to small distance changes 

than those of low frequencies. 

 

2.2.22.2.22.2.22.2.2 SSSSttttaaaattttiiiissssttttiiiiccccaaaallll MMMMooooddddeeeellllssss ffffoooorrrr MMMMuuuullllttttiiiippppaaaatttthhhh FFFFaaaaddddiiiinnnngggg CCCChhhhaaaannnnnnnneeeellll                    ssss    

As small-scale fading was briefly described in the previous section, here we will focus on 

the mathematical model of multipath fading channels. The characteristics of the received 

signal, which is a combination of the complex signals propagated through different paths, 

are very complicated in phase, amplitude and angle. Therefore, we introduce some 

statistical models to analyze the effects of the multipath channel. 

 

If there is no line-of-sight (LOS) path between the transmitter and the receiver, and we 

consider the real and imaginary parts of the complex channel coefficient as independent 

zero-mean Gaussian processes, then the amplitude of the complex channel parameter can 

be modeled by Rayleigh distribution and its phase is uniformly distributed between 0 and 

2π . The probability density function (pdf) of Rayleigh distribution can be written as [9] 
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where the mean value of α  is ( )
2

E
πα σ=  and its average power is( )2 22E α σ= . 

 

In some cases, e.g. in rural areas, there exists a LOS path between the transmitter and the 

receiver. A Ricean distribution is suggested to describe this channel statistical pattern. Its 

probability density function is given by [9] 
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where A is the peak amplitude of the dominant signal and ( )0I i is the zeroth first kind 

modified Bessel function. The Ricean channel is usually described using the K-factor [10] 
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K

σ
= = .                                 (2.6) 

Notice that when K= 0 the Ricean distribution turns to the Rayleigh distribution. 

 

The Nakagami-m distribution is an alternative two-parameter statistical model for 

describing the amplitude of a complex channel response. This model encompasses 

Rayleigh fading as a special case and can approximate Ricean fading as well. In addition, 

it provides a best fit for urban channel fading. However, Rayleigh fading is more popular 

for its simplicity. The probability density function of Nakagami-m distribution is [11] 
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where σ  represents the power of the real and imaginary Gaussian components and the 

fading factor m is 
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For more detailed generation of the statistical models of multipath fading channels, 

please refer to [1]. 

 

2.32.32.32.3 MMMMIIIIMMMMOOOO CCCChhhhaaaannnnnnnneeeellll        

As the demand for transmission reliability and data rate grows, and the limitation of 

channel bandwidth and power as well as the size of the handheld unit exists, multiple 

antenna systems have appeared to provide the desired performance. 

 

2.3.12.3.12.3.12.3.1 MMMMIIIIMMMMOOOO CCCChhhhaaaannnnnnnneeeellll MMMMooooddddeeeellll            

In a multiple-input multiple-output (MIMO) system, there are tN transmit antennas and 

rN  receive antennas. The signals are transmitted simultaneously through t rN N×  largely 

independent channels. The channel impulse response between the ntth ( 1,2, ,t tn N= ⋯ ) 

transmit antenna and the nrth ( 1,2, ,r rn N= ⋯ ) receive antenna is denoted as , ( , )
r tn nh t τ . 
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This impulse response is applied to a signal transmitted at time t τ−  and received at time 

t. The MIMO channel transfer function matrix can be written as 
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The row vector corresponds to the channel impulse responses at the nrth receiver and the 

column vector corresponds to the channel parameters from the ntth transmitter [12].  

 

Combined with error correction coding, the multipath propagation, which was historically 

a penalty to the performance of the wireless systems, can be transformed into a diversity 

benefit for improving the signal quality. MIMO takes advantage of the variance of the 

channel parameters, referred to as fading in Section 2.2, to provide a diversity gain or use 

multiple channels to transmit different signal streams simultaneously in order to increase 

the data rate without extra cost of spectrum or power. These features meet the demand of 

the current wireless communication systems. 

 

Therefore the aims of MIMO system can be divided to two categories: data rate 

maximization and diversity maximization. In the first scheme, spatial multiplexing 

technique is used to improve the channel capacity and therefore increase the data rate. 

The second approach is employed to minimize the outage probability and improve the 

signal reliability at a given transmission speed. 

 



 

 31 

2.3.22.3.22.3.22.3.2 MMMMIIIIMMMMOOOO CCCChhhhaaaannnnnnnneeeellll CCCCaaaappppaaaacccciiiittttyyyy            

Shannon defined the channel capacity as the maximum asymptotical error-free 

transmission rate supported by the communication channel. In this section the capacity 

property of MIMO channels will be introduced briefly. Here we focus on the channel 

capacity of single user systems. More general cases for multiuser systems are included in 

[8] and [13]. 

 

The capacity of a single-input single-output (SISO) system is defined as [1] 

( )2

2log 1  b/s/HzC hρ= + ,                                              (2.10) 

where h denotes the complex gain of a fixed wireless channel, and ρ  is the signal to 

noise ratio (SNR) observed by the receiver. The capacity of the MIMO channel with 

static fading is defined by [8] 

*
2log det(I HH )  b/s/Hz

rEP N
t

C
N

ρ 
= + 

 
,                                 (2.11) 

where [ ]*i  means transpose-conjugate, H is a t rN N×  channel matrix, and the subscript 

EP is short for equal power, which means the transmit power is equally spreading over 

the tN  transmit antennas. The determinant operatordet( )i , yields a product of the 

minimum ( ,t rN N ) nonzero eigenvalues of the inner matrix. From (2.11) we can see that 

the total capacity can be a summation of the individual capacity per channel if proper 

weighting strategies are applied here. 
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Calculation of the capacity of various fading MIMO channels can be found in [12], and 

detailed derivation of performance analysis can be found in [8]. Information theory 

reveals the potential capacity gain which can be obtained through MIMO techniques. The 

outstanding features of MIMO make it attractive for current wireless communication 

systems. In addition, MIMO has already been employed in WiMAX [14], the third 

generation mobile communication system [15] and Wi-Fi [16]. 

 

2.42.42.42.4 OOOOrrrrtttthhhhooooggggoooonnnnaaaallll FFFFrrrreeeeqqqquuuueeeennnnccccyyyy DDDDiiiivvvviiiissssiiiioooonnnn MMMMuuuullllttttiiiipppplllleeeexxxxiiiinnnngggg                    

At high data rates, when the bandwidth of the channel is broad, the frequency selectivity 

distorts the data significantly. Therefore, a very complex receiver structure is needed with 

computationally extensive equalization and channel estimation algorithm to correctly 

eliminate the channel distortion and recover the originally transmitted data. With OFDM, 

we can simplify the equalization by turning a frequency selective channel to multiple flat 

fading subchannels, so that only simple on-tap equalizers are needed for channel 

estimation [7]. 

 

OFDM achieves a better spectral efficiency than conventional FDM systems. To make it 

easy to separate the signals at the receiver side, classical FDM inserts guard bands 

between subchannels, which result inefficient use of spectral resource [17]. The 

orthogonal nature of the OFDM scheme makes it possible to arrange the subcarriers in 

such a way that the side-bands of the individual carriers overlap and still the signals are 

received at the receiver without suffering by inter carrier interference (ICI) [18]. This 
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orthogonality is achieved by placing the peak signal power in one subband coincident 

with the zero-crossing points of all other subbands. 

 

Zero-padding (ZP) and Cyclic Prefix (CP) are introduced to maintain the orthogonal 

characteristics of the transmitted signals and combat inter symbol interference (ISI) and 

inter carrier interference. The general idea of CP is to use a cyclic extension of OFDM 

symbols: a copy of the last part of an OFDM symbol is appended to front of the symbol 

[19]. CP is capable to keep the integrity of the delayed OFDM symbols to prevent ISI and 

ICI. Meanwhile, zero padding only transmits zeros during the guard interval which is 

added after an OFDM frame is finished [20]. With the overlap-add (OLA) technique [21], 

ZP is able to spread the delayed signal parts in the guard interval to the beginning of the 

OFDM frame in order to make the delayed signals have integral circles and avoid the ICI.  

 

OFDM is highly sensitive to time and frequency synchronization errors, especially to 

frequency synchronization errors. Demodulation of an OFDM symbol with an offset in 

the frequency can lead to high bit error rate. In addition, OFDM has a higher peak to 

average power ratio (PAPR) comparing to the conventional single carrier system, which 

is proportional to the number of subcarriers used for an OFDM frame. Large PAPR 

makes the implementation of digital-to-analog converter (DAC) and analog-to-digital 

converter (ADC) extremely difficult. The design of the RF amplifier also becomes 

difficult as the PAPR increases. 
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2.52.52.52.5 DDDDiiiivvvveeeerrrrssssiiiittttyyyy SSSSttttrrrraaaatttteeeeggggiiiieeeessss        

As explained in Section 2.3, channel fading leads to the variation and instability of the 

propagating signals, which may cause system performance degradation. However, this 

unstable feature of the signals is not necessarily detrimental. Under certain conditions, the 

varying characteristic can be taken advantage of and can help to detect the transmitted 

signals more accurately. For instance, if the channel has two paths and the signals 

transmitted from different paths experiencing independent fading, two copies of the 

desired signals arrive at the receiver. The probability that both of them are severely 

degraded is much lower than the case when at least one observation is available. Thus the 

probability of severe fading is reduced and better detection can be achieved. The 

technique of obtaining variant versions of the same signal is called diversity. Diversity is 

used to improve the signal reliability and can be combined with OFDM system which 

itself lacks inherent diversity. 

 

There are several kinds of diversity schemes corresponding to different channel 

selectivity in different domains. In this thesis, we are mainly concerned with spatial 

diversity for MIMO systems. Nevertheless, time, frequency as well as the multipath 

diversity is introduced for completeness. In practical scenarios, we always combine 

several diversity schemes together which cooperate with each other and provide essential 

performance improvement. 

 

2.5.12.5.12.5.12.5.1 DDDDiiiivvvveeeerrrrssssiiiittttyyyy iiiinnnn DDDDiiiiffffffffeeeerrrreeeennnntttt DDDDoooommmmaaaaiiiinnnnssss                

 



 

 35 

Space Diversity  

The magnitude of the channel fading coefficient varies as a function of the antenna 

location. A number of independent fading processes exist when the space between two 

antenna elements is greater than the coherence distance. As space diversity can be 

obtained with multiple transmit antennas or receive antennas, it can be divided into two 

categories: transmitter diversity or receiver diversity. Transmitter spatial diversity will be 

illustrated in detail in the next section. Here we introduce some receiver diversity 

schemes. 

 

There are three common receiver diversity techniques as stated in Section 1.3: selection 

diversity, equal gain combining and the well-known optimal SNR approach, maximal 

ratio combining (MRC) [22]. Antenna selection at the receiver side cuts down the number 

of the RF chains. However, it requires channel status information, which is usually 

unavailable in the mobile unites, to carry out the selection schemes. Limited by the size, 

power and complexity of the mobile units, these diversity schemes are almost exclusively 

implemented in the base stations. Therefore the transmit diversity schemes become 

absolutely attractive to current wireless communication research. Two typical transmit 

space diversity schemes, orthogonal space time block coding and cyclic delay diversity, 

will be introduced in the following sections. 

 

Frequency Diversity 

As described before, in a multipath channel, delay spread causes frequency selectivity. 

This selectivity can be explained by observing signals transmitted at the different carrier 
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frequencies experiencing different fading. Thus, diversity can be achieved by sending 

signals through uncorrelated fading channels on different frequencies. This diversity is 

termed frequency diversity. 

 

Frequency diversity can be applied with a simple scheme, called frequency-hopping (FH). 

System using FH modulation periodically changes the carrier frequency of a single 

transmitter. Therefore, a block of symbols are transmitted during the first dwell time on a 

carrier frequency and on another carrier frequency during the next time interval. The 

frequency difference between adjacent symbols should be greater than the coherence 

bandwidth to produce sufficient selectivity. A more powerful means of exploiting 

frequency-hopping diversity is to employ forward error correction coding and 

interleaving so that encoded symbols are spread over multiple independent frequency 

dwells. Since signals are transmitted on different frequencies as well as in different time 

intervals, frequency hopping can also be referred to as a frequency-time diversity scheme. 

 

There are also other frequency diversity strategies that are widely used. For instance, the 

space-frequency diversity, which will be introduced in the next section, is a combination 

of space diversity and frequency diversity.  

 

Time Diversity 

Recalling Section 2.4, time selectivity is caused by the movement of the mobile unit 

which leads to the channel instability in time. In a time diversity scheme, the samples 

should be spaced widely to make sure that the time separation of two copies of a sample 
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is larger than the coherence time of the wireless channel. The same as frequency diversity, 

channel coding and interleaving can be used to ensure that the adjacent signals are 

encoded and transmitted in time slots separated far enough so that independent fading 

takes place in each time slot. 

 

Time diversity with powerful error correction coding and interleaving is already used in 

all second-generation cellular systems on both down link and up link [23]. However, as 

the span of the interleaver is fixed, the performance gain of time diversity is limited by 

the speed of the mobile. The system performance improves when the subscriber unit is 

moving in high speeds but with little gain when the unit is moving in a speed slower than 

a threshold at which the time space between two uncorrelated symbols is not small 

enough for the interleaver to take place. 

 

Space-time coding will be introduced in the following subsection which is a combination 

of space diversity and time diversity and plays an important role in the future 

communication systems. 

 

According to the performance analysis results generated in [8], the pairwise error 

probability upper bound for a space-time coding system in Rayleigh fading channels can 

be simplified to 

dG
e cP G γ≈                                                       (2.12) 

when γ  is large enough, where γ denotes the signal to noise power ratio. The exponent 

of γ , Gd is defined as the diversity gain of system with diversity schemes. Whereas Gc is 
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called the coding gain. These two terms will be used frequently in describing the 

numerical simulation results in the following chapters.  

 

2.5.22.5.22.5.22.5.2  SSSSppppaaaattttiiiiaaaallll DDDDiiiivvvveeeerrrr    ssssiiiittttyyyy SSSScccchhhheeeemmmmeeeessss        

Although this thesis is primarily concerned with cyclic delay diversity and antenna 

selection, several other diversity schemes are introduced here for comparison. Further 

investigation of these schemes can be found in [24], [25] and [26]. 

 

Delay Diversity 

Delay diversity can be referred as a kind of frequency diversity as well, for it is indeed 

similar to the structure of a multipath channel [4]. In a delay diversity scheme, multiple 

copies of the signal are fed to the transmit antennas with different delays, or delayed in 

the receivers before combination. Figure 2.1 shows the system structures of the transmit 

delay diversity and the receive delay diversity. 

 

  (a) Transmitter Delay Diversity Structure                  (b) Receiver Delay Diversity Structure 

Figure 2.1 Delay diversity Structure 

The delay time n∆  has to fulfill the condition 
1

n B
∆ ≥ , where n ( )1,  ,  1n N= −⋯ denotes 

the antenna index, B is the bandwidth of the transmitted signal. Equalization or rake 
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receiver should be used in the receiver to recover the overlapped signals. Delay diversity 

increases the total delay spread and therefore lengthens the guard interval. 

 

Permutation Diversity 

The system structure of permutation diversity is similar to the delay diversity. Here we 

replace the delay block in Figure 2.1 with a permutation block, which is a permutation 

matrix transforming the original signals to a different order [24]. The permutation block 

can also be regarded as an interleaver. This diversity strategy does not prolong the total 

delay spread therefore we do not have to increase the guard interval. 

 

Cyclic Delay Diversity 

Defining the permutation matrix as a form 

0

0
m

N m

I
P

I −

 
=  
 

,                                                                 (2.13) 

which cyclically shifts the last m symbols to the front, we generate cyclic delay diversity. 

Cyclic delay diversity will be explained in detail in Section 2.5. 
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Figure 2.2 Phase diversity Structure 
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Phase Diversity 

In a phase diversity scheme, the signals undergo phase shift ,tn kD on the tn th transmit 

antenna and kth subcarrier before the OFDM modulation [24]. The block diagram is 

shown in Figure 2.2. 

 

When the phase shift of each branch is constant during one OFDM symbol but appears 

time-variant over different OFDM symbols, the system obtains time diversity as well as 

the frequency and space diversity. This diversity technique can be called as time-variant 

phase diversity. 

 

Polarization Diversity and Angle Diversity 

Polarization diversity uses orthogonally polarized antennas to obtain largely independent 

fading channels [24]. This strategy is relatively low-cost and small-size that can be used 

in mobile units. In an angle diversity system, two or more antennas can be pointed in 

different directions at the receiver site to provide independent replicas of the original 

signals. 

 

Orthogonal Space-Time Coding 

It was in 1998 that the concept of space-time coding was first introduced by Tarokh, 

Jafarkhani and Calderbank in their pioneering work [2]. The object of space-time 

diversity coding is to extract the total available spatial diversity in the MIMO channel 

through appropriate construction of the transmit space-time codewords.  
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Figure 2.3 A single receiver STTC system 
 
Space-time trellis code (STTC) uses convolutional codes to achieve diversity spreading 

in temporal and spatial dimensions [2] [3]. STTC combines the functions of error control 

coding and the diversity scheme, hence achieves maximum diversity gain as well as a 

high coding gain. But the complexity of the decoder increases exponentially when the 

numbers of transmit antennas and trellis states become larger. Figure 2.3 shows the 

structure of a single receiver STTC system. 
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Figure 2.4 A simple Alamouti schemes with one receiver 

The Alamouti scheme is a well known orthogonal space-time block code with two 

transmitters [27]. As shown in Figure 2.4, the information data is divided into two blocks 
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of symbols. In the first time slot, signal 1s  and 2s  are transmitted simultaneously on 

separate antennas. In the next time slot, the signals *
2s−  and *

1s  are transmitted. Since we 

assume that perfect CSI is available in the receiver, a linear combining of received 

signals weighted by the fading gains is employed. This simple block coding scheme 

achieves a full diversity gain and renders no loss of the spectrum efficiency. However the 

orthogonal design of space-time block codes for complex signals suffers a data rate loss 

when the transmit antenna number is larger than two.  

 

In practical communication systems, two or more different diversity techniques are 

always employed together, using certain combining schemes, e.g., selection combining or 

switched combining, to obtain the required performance. 

 

2.62.62.62.6 CCCCyyyycccclllliiiicccc DDDDeeeellllaaaayyyy DDDDiiiivvvveeeerrrrssssiiiittttyyyy            

In this section the cyclic delay diversity (CDD) scheme will be elaborated from system 

construction to performance analysis. Numerical results of the CDD system performance 

are presented compared with the space-time block coding scheme. 

 

2.6.12.6.12.6.12.6.1 CCCCDDDDDDDD ffffuuuunnnnddddaaaammmmeeeennnnttttaaaallllssss        

Cyclic delay diversity was proposed to provide spatial diversity for multicarrier based 

transmissions without increasing the decoding complexity. CDD can be referred as a kind 

of space-time coding. In CDD schemes, normally the signal is transmitted off the first 

antenna with no delay, while over the second or each additional antenna the signals are 
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cyclically shifted. According to the location of the diversity scheme, there are two kinds 

of cyclic delay diversity structures: transmit CDD and receive CDD. 

• Transmit CDD 

Figure 2.5 shows the block diagram of a communication system with CDD deployed in 

M transmit antennas. The signal bits are modulated after being coded by a forward error 

control/correction (FEC) block. Then the signals are OFDM modulated, split and 

transferred to the CDD block where the signal frames for each antenna are cyclically 

shifted with a specific fractional delay time. Here ( ) 1,  ,  1l tl Nδ = −⋯  denotes the cyclic 

shift for the lth antenna. Normally signal on the first antenna is transmitted without 

additional cyclic shift.  After that, an additional cyclic prefix acting as the guard interval 

is inserted. Then the signals are ready for DA (digital to analog conversion) and UC (up 

conversion, conversion of signals from base band into RF-band) and transmission from 

the antennas. At the receiver side, DC (down conversion) and AD (analog to digital 

conversion) are employed and an OFDM decoder is implemented in reverse.  
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Figure 2.5 Transmit cyclic delay diversity system structure 

CDD incorporated with OFDM system can be referred to as a kind of phase diversity 

(PD). The signal on the first antenna can be denoted as  

21

1
0

1
( ) ( )

s

s

N j kt
N

ks

s t S k e
N

π−

=

= ∑ ,                                                     (2.14)  
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where Ns, t, k, s1(t) and S(k) stand for the length of FFT in OFDM, discrete time, the 

subcarrier index of OFDM, the complex-valued signals in time domain and frequency 

domain respectively at time t, and frequency k ( 1,  ,  1sk N= −⋯ ). While the signal 

transmitted in another additional antenna is shown as the following format: 

 
2

2 21

2
0

1
( ) ( )

s

s s

N j k j kt
N N

ks

s t e S k e
N

π πδ− −

=

= ⋅ ⋅∑ ,                                      (2.15) 

Here 2δ  stands for a cyclic time shift. Theoretically, 2δ  can be any integer, but due to the 

nature that ( )modl s s lk N Nδ δ+ ⋅ =  and then
2 2

2 2
( )s

s s

j k N j
N Ne e
π πδ δ+ ⋅

= , the range of 2δ  can 

reasonably be constricted to2 0,  ,  1sNδ = −⋯ . 

 

CDD does not add to the length of cyclic prefix (guard interval) for the reason that it is 

done within the OFDM symbol duration and does not increase the overall channel delay 

spread in the sense of ISI occurrence. Therefore CDD keeps the system spectrum 

efficiency. But it increases the channel delay spread within an OFDM symbol time. Like 

delay diversity, it adds echoes to the original signal which will cause an increment of 

frequency selectivity and reduction of the coherence bandwidth of the channel. Examined 

from the receiver in a transmit CDD system, the cyclically shifted signal streams can be 

viewed as delayed reflections of the original signal and contribute to the overall channel 

transfer function: 
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Here , ( , )
requ nH k n  denotes the equalized channel transfer function at the rn th receiver and 

tnδ  stands for cyclic delay time at the tn th transmitter ( 0δ = 0), k denotes the kth 

subcarrier and n denotes the nth OFDM frame. The increase of the channel frequency 

selectivity cooperating with channel coding contributes to a diversity gain and improves 

the bit error rate performance. 

 

As the signal streams transmitted from different antennas are partially correlated and not 

orthogonal, CDD can not achieve the maximum diversity gain. However, CDD does not 

impose any additional combination structure at the receiver side than the single antenna 

system. This feature significantly reduces the receiver complexity compared with 

orthogonal space-time coding systems. In addition, CDD can be deployed for any 

arbitrary number of antennas, while the orthogonal space time block codes can only be 

used in several special numbers of antennas. Moreover, when the transmit antenna 

number is larger than two, the orthogonal space time block coding for complex signals 

induces a data rate loss. Last but not least, CDD has good compatibility to many existing 

standards, such as the terrestrial digital video broadcasting (DVB-T) standards, the 

wireless local area network (WLAN, also known as Wi-Fi) standards (802.11a, g, n), the 

wireless personal area network (WPAN) standard (802.15.3a) and the wireless 

metropolitan area network (WMAN, also known as WiMAX) standards (802.16).  

 

In order to obtain any diversity effects, i.e. to get constructive and destructive 

interference within the OFDM signal bandwidth B, the delay 
tnδ  has to fulfill 
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1
,  1,  ,  1,

tn t t
s

n N
B T

δ ≥ = −
⋅

⋯                                                 (2.17) 

where Ts denotes the sampling time of the OFDM time domain signal. 

 

• Receive CDD 
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Figure 2.6 Receive cyclic delay diversity system structure 

Due to its linearity, CDD can also be implemented at the receiver side [4]. Figure 2.6 

shows the structure of a communication system with CDD in the receiver incorporated 

with OFDM. After DC, the guard interval is removed from the received signal arrays, and 

then resulting signals are cyclically shifted at 
rnδ , 1,  ,  r rn N= ⋯  on the nrth antenna. 

After that, the signals are summed and demodulated by the FFT transformer. Because of 

the exact equivalence, all properties of transmit CDD mentioned above are valid for the 

receive CDD as well. 

 

2.6.22.6.22.6.22.6.2 SSSSyyyysssstttteeeemmmm MMMMooooddddeeeellllssss aaaannnndddd SSSSiiiimmmmuuuullllaaaattttiiiioooonnnn                ResultsResultsResultsResults    

The CDD system combined with OFDM is shown in Figure 2.7, which employs QPSK 

modulation, ½ rate convolutional coding and interleaving. Perfect channel estimation is 

assumed here to simplify the simulation. Each block has been tested individually and then 

assembled together. The simulations results of this system were compared with numerical 
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results presented in [28] and [29], and found to be identical. This indicates the simulation 

is operating correctly. 

 

Figure 2.7 CDD system structure 

Figure 2.8 shows the channel spectra of a flat Rayleigh fading channel before CDD is 

implemented and the equalized channel after CDD is utilized. It is clear that the flat 

fading channel is transformed to a frequency selective channel. Figure 2.9 illustrates how 

CDD changes the error distribution in the time-frequency-plane. A black spot represents 

an OFDM symbol error. The number of carriers is Ns = 128 and the cyclic delay on the 

second antenna is δ  = 33. From Figure 2.9, it can be seen that not the total number of 

errors changes but the error distribution changes when CDD is applied. The error points, 

which occurred within one OFDM frame before CDD was added, have been largely 

separated and distributed over different OFDM frames. By virtue of this feature, channel 

error correction code can take advantage of the dispersed error distribution and obtain a 

diversity gain.  
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(a)   Flat Fading Channel Spectrum                       (b)       Equalized CDD Channel Spectrum 

Figure 2.8 Simulated channel spectrum comparison between a flat fading channel and the 

equalized channel in a 4 transmitter CDD system 
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(a)  Uncoded error distribution without CDD                      (b)    Uncoded error distribution with CDD 

Figure 2.9 Simulated comparison of error distribution between an uncoded single antenna system 

and an uncoded CDD system 

Figure 2.10 shows a performance comparison between a coded CDD system and an 

uncoded CDD system. It is observed that without the error correction coding, CDD could 

not change the error performance of the system. But after combined with the error 

correction coding, CDD achieves the same diversity gain as an orthogonal space time 

block coding scheme. 
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Figure 2.10 Simulated comparison of uncoded and coded CDD systems, a uncoded Alamouti 

system and a single antenna system 

 

2.72.72.72.7 AAAAnnnntttteeeennnnnnnnaaaa SSSSeeeelllleeeeccccttttiiiioooonnnn        

In a MIMO system, it is widely known that the capacity is linearly proportional to the 

minimum number of the transmit antennas and the receive antennas [13]. However, the 

complexity of the MIMO system is increasing along with the capacity, and thus the cost 

is increasing, too. Comparatively, the additional antenna elements and the baseband 

digital processing units are not expensive. Whereas, the RF chains (including the low-

noise amplifier, up/down converters, and digital-analog converters, etc.) are more costly. 

Normally a MIMO system with Nt transmit antennas and Nr receive antennas requires Nt 

complete RF chains at the transmitter side, and Nr RF chains at the receiver side 
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respectively. To reduce this complexity, antenna selection (AS, or a so-called hybrid-

selection schemes) is introduced [30]. Antenna selection schemes usually choose L 

antennas of the best performance, from a cluster of N (Nt at the transmitter and Nr at the 

receiver) antennas. This scheme reduces the number of the RF chains and consequently 

saves the cost. If the multiple antennas are used for diversity purpose, the antenna 

selection scheme can be called as “hybrid selection/maximum-ratio-combining” (H-

S/MRC) [31], [32], [33]; if they are used for the purpose of spatial multiplexing, the 

approach can be referred as “hybrid selection/MIMO” (H-S/MIMO) [34], [35]. In my 

present research, only the first case is considered. 

 

2.7.12.7.12.7.12.7.1 AAAAnnnntttteeeennnnnnnnaaaa SSSSeeeelllleeeeccccttttiiiioooonnnn MMMMooooddddeeeellllssss            

Antenna selection can be allocated in the transmitter or the receiver, or both of them. 

Figure 2.11 shows the block diagrams of these three kinds of antenna selection schemes. 

Antenna selection located in the transmitter requires feedback of channel knowledge 

from the receiver, which may lead to inefficiency when the feedback length is limited in 

some communication circumstances. 
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(a) Transmitter antenna selection structure 
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(c) Antenna selection on both sides of MIMO System 

Figure 2.11 Antenna selection systems 

2.7.22.7.22.7.22.7.2 AAAAnnnntttteeeennnnnnnnaaaa SSSSeeeelllleeeeccccttttiiiioooonnnn        CriteriaCriteriaCriteriaCriteria    

To select the optimal antenna subset, an exhaustive search takes place of all possible 

combinations of L antennas from N antennas in order to maximize the SNR (for diversity) 

or capacity (for multiplexing). There are a variety of antenna selection criteria. 

 

The simplest selection scheme is to choose antenna elements which provide the largest 

power. This algorithm suffers a great inefficiency when combining with spatial 

multiplexing strategies. This is because that the selected signal streams with the largest 

power may suffer high correlation between them, which severely reduces the channel 

capacity. Another selection algorithm is based on the mutual information (a quantity that 

measures the mutual dependence of two variables) of the channel [36]. Another approach, 

which chooses the channels with the largest power gain in a group of highly correlated 
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channels are suggested in [37]. An opposite criterion is to eliminate the worst antennas in 

N-L passes of loops, which can be found in [38].  

 

2.7.32.7.32.7.32.7.3  DiscussionDiscussionDiscussionDiscussion    

Antenna selection is a new and valuable concept for the future communication systems 

using MIMO techniques. The selection algorithms are fast developed within the recent 

few years. Research on antenna selection schemes is carried out in a large number of 

transceiver antennas and in various fading environments. 

 

However it is well known that antenna selection operated in highly frequency selective 

channels obtains low performance gain. It can be inferred from the fact that in highly 

frequency selective channel, every specific subband calls for a specific optimal selection 

strategy, which is highly unlikely to be satisfied simultaneously. It can also be considered 

as, when the number of the multiple paths is large, the channel itself is already highly 

frequency diverse, therefore the fading in the wireless channel has been mostly 

eliminated, the channel becomes asymptotic to additive white Gaussian noise (AWGN) 

channel. The antenna selection is redundant along with such large multipath diversity. 

 

2.82.82.82.8 ConclusionsConclusionsConclusionsConclusions    

Firstly, fundamental channel properties have been introduced in this chapter. Because of 

the fading in the wireless channels, MIMO technology has been developed to improve the 

signal transmission reliability as well as the data rate. OFDM was introduced to combat 

the multipath fading in broadband communication links. A number of diversity schemes 
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have been proposed to enhance the system performance in the perspective of error 

probability. Cyclic delay diversity has been suggested for its low additional complexity, 

high flexibility and spectrum efficiency as well as the compatibility to many existing 

standards. Antenna selection has been introduced to cut down the number of the 

expensive RF chains and also has the features of high flexibility and compatibility. In the 

following chapters, cyclic delay diversity, antenna selection and their combination will be 

discussed thoroughly.  
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CCCChhhhaaaapppptttteeeerrrr 3333        

3333 PPPPeeeerrrrffffoooorrrrmmmmaaaannnncccceeee AAAAnnnnaaaallllyyyyssssiiiissss ooooffff CCCCDDDDDDDD                

SystemsSystemsSystemsSystems    

3.13.13.13.1 IntroductionIntroductionIntroductionIntroduction    

Because of the benefit of diversity gain that CDD can provide, the performance analysis 

of a CDD system is now investigated, to obtain a comprehensive understanding of the 

physical mechanism of the systems and optimum system design. In [1], a performance 

analysis of space-time trellis coding system for a narrow-band channel is provided, which 

claims that the system performance is determined by the correlation matrices of pairs of 

distinct code sequences. This theory also has been applied in the analysis of space-time 

block coding in [2] and it is fundamental for the analysis of CDD systems as well. In [3], 

the symbol error rate and outage probability analysis of CDD system in the UWB channel 

with a repetition code as the channel coding are derived. An approximation is used to 

simplify the computation based on the mathematical results of [1] and [4]. Meanwhile, in 

[5] and [6], the performance of CDD in MC-CDMA sensor network is explored. The 

symbol error probability in these papers is obtained by transferring the multiple-input and 

multiple-output CDD channel to a single-input and multiple-output Nakagami channel 

with varied power and fading parameter. This analysis ignores the effect that the cyclic 

delay times cause and therefore is only applicable to MIMO channel with extensive 

frequency selectivity.  



 

 59 

The optimum delay shift is a very important issue for CDD performance. The research in 

this area is at early stage, being mainly based on simulation results without sufficient 

theoretical analysis. For instance, in [7], Bosert showed that the optimum cyclic delay 

lengths should be the reciprocal of the cardinality of the modulation alphabet. On the 

other hand, in [8, 9, 10, 11], Bauch showed that the optimum cyclic shifts depend on code 

rate, channel memory but not on the modulation constellation size. He also derived a 

condition for full spatial diversity in [12], which is that the free distance of the channel 

code should be equal to or larger than the number of transmitters. However, the condition 

in [12] is not enough to guarantee a full diversity gain in CDD, which is indicated by the 

slopes of the bit error rate (BER) performance curves in [12]. Moreover, Bauch also 

investigates the performance of CDD systems from a capacity perspective, which 

indicates CDD performs worse when the cyclic delay shift equals to the maximum factor 

or other factors of the OFDM length [9]. In fact, the capacity equation should be 

constructed over a group of subcarriers which are explored by the channel codes, but not 

over the whole OFDM bandwidth, to obtain the exact effect of the cyclic delay times.  

 

Because of the limitations of the above research, an extensive and general performance 

analysis of CDD OFDM systems on multipath channel is developed in this chapter. This 

analysis can be applied to a wide range of channel codes, modulation schemes and 

multipath or flat fading channels. Although it is based on Rayleigh fading channel, the 

result can be readily extended to other catalogues of fading channel models. A criterion 

for selecting the optimum delay shift was investigated. At the end of this chapter, the 

performance bound of CDD systems with PSK signals and convolutional coding in 
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Rayleigh fading channel is calculated for a detailed understanding of the analysis 

methods. 

 

3.23.23.23.2 CCCCDDDDDDDD SSSSyyyysssstttteeeemmmm MMMMooooddddeeeellll            

Initially, a CDD system with a forward error control/correction (FEC) block, used as the 

channel coding, and an OFDM block was constructed. The system diagram is as 

following: 

 

Figure 3.1 A CDD system model 

As depicted in Figure 3.1, the signal bits were modulated after being coded by a FEC 

block. Then OFDM was applied as an inverse fast Fourier transform (IFFT) with length 

of Ns, which is very important for the CDD scheme to convert the spatial diversity to 

frequency diversity. Afterwards, the signal vector was transmitted over Nt separate 

transmit antennas with cyclic delays 
tnδ , where tn  denotes the transmitter order. A cyclic 

prefix was inserted before the signal was transmitted to avoid the inter symbol 

interference (ISI) and inter carrier interference (ICI). Therefore, if the transmit signal 

vector at one OFDM frame in the frequency domain is 

 1 2' [ , ,... ]
sNX X XΧ = .                                             (3.1) 

The transmit signal matrix after CDD arranging can be expressed as  
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,                            (3.2) 

where 
2

( 1)nt
s

j k
N

kX e
π δ −

 is the signal symbol transmitted by the ntth transmitter on the kth 

subcarrier, 1, , , 1, ,t t sn N k N= =⋯ ⋯ , 
tnδ  is the cyclic delay shift on the ntth transmitter. 

The transmitted signals have been normalized so that 
( )

22
1 1nt

s

j k
N

k
t

E X e
N

π δ − 
  =
 
 

 . 

 

On the receiving side, maximal ratio combining (MRC) was used to combine the received 

symbols over the receive antennas. Following this, a standard OFDM demodulator was 

applied to recover the signal. By virtue of CDD and Fourier transform, multiple input 

channels had been converted into equalized single input channels with increased 

frequency selectivity. Let t r sN N N× ×Η ∈ℂ  denote the original multiple-input multiple-

output (MIMO) channel matrix. The equalized channel can be written as  

( )1
2

( , )
,

1

( ) ( ),
ntt

s t rr

t

kN j
N n nn

equ k k
n

H i e H i

δ
π

−

=

=∑                                          (3.3)  

based on [13], where ( , )( )t rn n
kH i  represents the channel transfer function of the channel 

between the ntth transmitter and the nrth receiver on the kth subcarrier in the ith OFDM 

frame, , ( )rn
equ kH i  is the equalized channel transfer function as in a single input channel 

subcarrier.  
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The received signal at the kth subcarrier can be represented as  

,

( ) χ ( ) ' ( ) ( )

( ) ( ) ( )
k k k k

k equ k k

i i i i

X i i i

ϖ
ϖ

ϒ = Η +
= Η +

  ,                                     (3.4) 

where( ) 'i  denotes the transpose operation,  1( ) rN
k i ×ϒ ∈ℂ 1

χ ( ) tN
k i ×∈ℂ , ( ) t rN N

k i ×Η ∈ℂ , 

1
, ( ) rN

equ k i ×Η ∈ℂ  and 1( ) rN
k iϖ ×∈ℂ  denote components of the received signal matrix 

( ) s rN Ni ×ϒ ∈ℂ , the transmitted signal matrix χ t sN N×∈ℂ , the channel coefficient matrix 

t r sN N N× ×Η ∈ℂ , the equalized channel matrix s rN N
equ

×Η ∈ℂ  and the additive white 

Gaussian noise vector ( ) s rN Ntϖ ×∈ℂ . As the result of this formulation, the MIMO channel 

t r sN N N× ×Η ∈ℂ can be treated as a single-input and multiple-output (SIMO) 

channel s rN N
equ

×Η ∈ℂ . 

 

Let D(X) be a s sN N×  diagonal matrix with the elements of X on its main diagonal. The 

received signal over one OFDM frame can be stated as 

( ) D( ) ( ) ( )equi i iϖϒ = Χ Η +                                            (3.5) 

As the MRC is applied in the receiver, the signal after equalization is 

,

, , ,

( ) ( ) ( )

( ) ( ) ( ) ( ) ( )

H
k k equ k

H H
k equ k equ k k equ k

C i i i

X i i i i iϖ
= ϒ Η
= Η Η + Η

  ,                             (3.6) 

where ( )Hi  denotes the Hermitian transpose operation. ( )kC i  is the kth component of the 

combined signal vector 1( ) sNC i ×∈ℂ . Therefore the effective signal energy per symbol to 

noise power spectral density ratio, s

o

E

N
 (where sE denotes the signal energy per symbol 

and oN  denotes the noise spectral density), on the kth subcarrier is 
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2

,s equ k

k
o

E

N
γ

Η
= ,                                                    (3.7) 

where 
2
i  denotes the Frobenius norm operation. 

 

In this section, a system model of cyclic delay diversity is constructed combined with 

OFDM and channel coding in fading MIMO channel. The performance analysis of this 

system is investigated in the following sections. 

 

3.33.33.33.3 PerfPerfPerfPerfoooorrrrmmmmaaaannnncccceeee AAAAnnnnaaaallllyyyyssssiiiissss ooooffff CCCCDDDDDDDD ssssyyyysssstttteeeemmmm iiii                    nnnn    

RRRRaaaayyyylllleeeeiiiigggghhhh FFFFaaaaddddiiiinnnngggg CCCChhhhaaaannnnnnnneeeellllssss            

In this section, the bit error probability bound for CDD systems with Nt transmit antennas 

and Nr receive antennas in Rayleigh fading channel is investigated. The derivation is 

similar as in [3], which is a performance analysis of a CDD system combined with 

repetition coding in UWB channels and conducted contemporaneously as my work. In 

next section a new bit error rate performance analysis of CDD system combined with 

convolutional coding in Rayleigh channels will be generated. 

 

The system structure has been shown in Figure 3.1. The input signals were encoded by a 

FEC block (which can be any kind of error correction code such as the convolutional 

code). Then, they were modulated and transferred by the IFFT block. Afterwards, cyclic 

shift was introduced to map the signal sequence onto different antennas. In the receiver, 
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the received signal steams were firstly combined with the MRC scheme. After this, they 

were demodulated and decoded by the error correction decoder.   

 

For a certain kind of channel coding, the detection is normally applied on a specific 

length of code word but not the whole OFDM frame length. Assume the detection length 

is M. The receiver signals can be presented as 

R( ) D(S( )) ( ) ω( )equi i i i= Α + ,                                           (3.8) 

where R( ) rM Ni ×∈ℂ ,  1S( ) Mi ×∈ℂ ,  ( ) rM N
equ i ×Α ∈ℂ  and ω( ) rM Ni ×∈ℂ  are the received 

signal matrix, transmitted signal vector, the equalized channel transfer function and the 

white Gaussian noise matrix over a group of channel subcarriers of length M. 

 

Now, we assume the maximum likelihood algorithm is applied in the receiver and the 

receiver has ideal channel state information. Maximum likelihood detection is used to 

find the code sequence with the minimum squared Euclidean distance to the received 

sequence. MRC is applied as stated in (3.6), and FEC is applied to M subcarriers, the 

detection metric can be denoted as  

2
2

,
S S 1 1

S arg min R D(S) arg min
r

r r

r

N M
n n

equ k k equ k
n k

r X H
= =

= − Α = −∑∑
ɶ ɶ

ɶ ɶ ɶ ,              (3.9) 

where rn
kr is a component of the received signal matrix R on the kth subcarrier and on the 

nrth receiver, Sɶ  is the detected signal vector and kXɶ  denotes the kth component of Sɶ . 

The index i has been eliminated for simplicity. 
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The pairwise error probability (PEP) is the probability that the detector selects an 

erroneous sequence 1 2
ˆ ˆ ˆ ˆS ( , , , )MX X X= ⋯  when the real transmitted signal sequence was 

1 2S ( , , , )MX X X= ⋯ [2]. According to Appendix.A and the description in [14], the PEP of 

our system can be written as  

  

2

2

,
1 1

2

ˆ( )
2

r

r

r

s
e S equ

t o

N M
Ns

k k equ k
n kt o

E
P E Q

N N

E
E Q X X H

N N = =

  
= ∆ Α   

   

   = −  
    

∑∑

,                      (3.10) 

where s

o

E

N
 is the signal to noise power ratio per symbol, ˆD(S)-D(S)S∆ =  and ( )E i  is the 

expectation operation of the inner function. Let 
2

S equη = ∆ Α  and use the alternative 

form of Q function:
2

2
0

1
( ) exp

2sin

x
Q x d

π

θ
π θ

 
= − 

 
∫ , the PEP can be represented as 
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∫

∫

∫ ∫

,                     (3.11) 

where the inner integral is in the form of a Laplace transform with respect to the variable 

η . As defined in [15] the moment generating function (MGF) of η  

(
0

( ) ( )ss e p dη
η η η η

∞

Μ = ∫ ) is the Laplace transform of  ( )pη η  with the exponent reversed in 

sign. Therefore the PEP equation can be rewritten as 
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/2

2
0

1

4 sin
s

e
o t

E
P d

N N

π

η θ
π θ

 
= Μ − 

 
∫ .                                     (3.12) 

 

Then we consider a simplification of the above equation according to the operation in [4]. 

We assume the channel is Rayleigh fading channel. Therefore the channel transfer 

functions ( , )t rn n
kH  are complex Gaussian distributed with zero mean and variance of unit 1. 

Then ,
rn

equ kH  are also complex Gaussian distributed with zero mean. As both kX  and ˆ
kX  

are constant, ,
ˆ( ) rn

k k equ kX X H−  are zero-mean complex Gaussian random variables as well. 

According to [4] and [16], the quadratic form of a zero-mean Gaussian random vector x 

can be represented by a weighted summation of 
2

nυ , where nυ  are mutually independent 

standard Gaussian random variables, and the weights are the eigenvalues of the 

covariance matrix of x. As S equη = ∆ Α  is in the quadratic form of the Gaussian random 

vector x, 

( ) ( ) ( ) ( ) ( )1 1 1
1 1 ,1 2 2 ,2 , , 1 1 ,1 ,

x [ ]'

ˆ ˆ ˆ ˆ ˆ, , , , , ,

r

r r

N S equ

N N
equ equ M M equ M equ M M equ M

I B

X X H X X H X X H X X H X X H

= ⊗∆

 = − − − − −
 

⋯ ⋯ ⋯
 ,  

 (3.13) 

where 1 1 1
,1 ,2 , ,1 ,2 ,, , , , , , , 'r r rN N N

equ equ equ equ M equ equ equ MB H H H H H H =  ⋯ ⋯ ⋯ , I
rN  is an identity 

matrix with size rN and ⊗  is a Kronecker product operation.  Then we have 

2

1

( )
r

r r

r

N M
n n
n n

n k

eigη µ
=

≈ Φ∑∑ ,                                             (3.14) 

where rn
nµ  are independent identically distributed standard complex Guassian random 

variables, and  
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( ) ( )r

r r r r

H HN
n S equ n S equ n S M n SE I B I B I R I Φ = ⊗ ∆ ⊗ ∆ = ⊗ ∆ ⊗ ∆

  
,             (3.15) 

where ( )rN H
M equ equR E B B=  is the covariance matrix of equB . From [4], by Ostrowski’s 

theorem [17], the eigenvalues of  Φ  can be given by 

( ) ( ) ( )r r

r r

HN N
n n n S M n S n n Meig eig I R I v eig R Φ = ⊗ ∆ ⊗ ∆ =

  
,                (3.16) 

where nv  are nonnegative real numbers that satisfy  

( ) ( )1r r r r

H H

M n S n S n n S n Seig I I v eig I I   ⊗ ∆ ⊗∆ ≥ ≥ ⊗ ∆ ⊗∆
      

 for 1,2,...n M= .    (3.17) 

 

As rn
nµ  are of Rayleigh distribution (complex Gaussian distribution),  

2
rn

nµ  follow a 

Gamma distribution or Chi-square distribution of freedom degree 2. The probability 

density function of 
2

rn
nµ  can be denoted as 

1
( )P e

α
αα

α
−

=     ( )0α ≥ ,                                          (3.18) 

where α  is the mean value of the variable α . The MGF of this distribution is  

1
( )

1
s

sα
Μ − =

+
.                                              (3.19) 

For a Rayleigh distribution 1α = , the MGF can be written as
1

( )
1

s
s

Μ − =
+

. 

 

Therefore the PEP of equation (3.11) can be represented as  
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This analysis is a prediction of the pairwise error probability of a CDD system with 

various kinds of channel codes and modulation schemes in multipath Rayleigh fading 

channels with arbitrary numbers of transmitters and receivers. It also can be readily 

extended to other classes of fading channels. The bit error probability or symbol error 

probability can be developed for any specific catalogue of channel codes. As for 

convolutional coding, the bit error probability is generated according to (A.15). 

 

For the correlation matrix rN
MR , let ( ), 'R n n  be the ( ), 'n n th entry of the matrix rN

MR , 

0 , ' rn n MN≤ ≤ .  
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Firstly, assume the channel transfer function is flat fading Rayleigh distributed. 

According to (3.3), 
2

( , )
,

1

( ) ( ),
ntt

s t rr

t

kN j
N n nn

equ k k
n

H i e H i

δ
π

=

=∑  the elements on the main diagonal of 

the correlation matrix are given by 

( ) 2( , )*
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1

,
t

t rr r
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N
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equ k equ k k t
n

R n n E H H E H N
=

  = = =    ∑ ,                     (3.21) 

where ( )1 *rn n M k= − + . The correlations of the channel transfer functions from 

different transmitters are zero-mean, so they can be eliminated. 

 

For the off-diagonal elements, the correlations of channel transfer functions from 

different receivers or transmitters can be eliminated. Therefore, ( ), 'R n n can be denoted 

as 

( )
( ) ( )' '

2 22( , )

1 1

'
, '

0 '

n nt tt t

t r s s

t t

k k k kN Nj j
n n N N

r r
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r r

E H e e n n
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n n

δ δ
π π

− −

= =


  = = =  

 ≠

∑ ∑ .            (3.22) 

 

For multipath Rayleigh fading channel, a common non-line-of-sight channel model can 

be written as  

0

( ) ( ) ( )
L

l
L

h t l tα δ τ
=

= −∑ .                                          (3.23) 

The multipath gain coefficient ( )lα  is modeled as a zero-mean, complex Gaussian 

random variable on the lth path. Its absolute value follows Rayleigh distribution and its 

phase is uniformly distributed between 0 and 2π . The variance of ( )lα  is given as 
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2

0( )
l

l E l e
τ
λα

−
 Ω = = Ω
 

,                                        (3.24) 

where 0Ω  is the mean energy of the first path, and λ is the decay factor. The powers of 

the multipath components are normalized such that
0

1
L

l
l =

Ω =∑ .  

 
The elements on the main diagonal of the equalized channel covariance matrix are given 

by 

( ) 2( , )*
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For the off-diagonal elements, ( ), 'R n n can be denoted as 
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At this point, the optimum delay times for the CDD system need to be considered. To 

optimize the performance of the CDD system is to minimize the error probability, or 

equally the pairwise error probability. According to (3.10) and (3.20), the optimum delay 

time can be obtained by 
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 From the PEP equation (3.20), only the terms of ( )r rn N
n Meig R  depend on the delay time in 

CDD. Therefore, to minimize PEP is to maximize ( )r rn N
n Meig R . According to the analysis 

in [3], with relative high s

o

E

N
, the PEP of (3.20) can be written as 
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where rn
nϕ  are the nonzero eigenvalues ofrN

MR , and ˆ
nr

M is the number of nonzero 

eigenvalues of rN
MR  for the nrth receiver. Therefore the optimum delay time can be 

determined by 
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If rN
MR  has a full rank then ( )
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=∏∏ , where ( )det i  denotes the determinant 

operation. Then the optimum criteria can be represented similarly to [3] 
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However, according to simulation results, when the number of the transmitters is large 

enough, normally equal to or greater than four, the maximum division criterion can be 

applied: 

1
s

n n
t

N

N
δ δ −= + .                                                  (3.31) 

This selection principle is much simpler, and therefore is more applicable when the 

transmit antenna number is large enough. 



 

 72 

In this section, a general pairwise error analysis of CDD system in a multipath Rayleigh 

fading channel has been derived. This PEP can be applied to any specific class of channel 

coding such as a convolutional coding and any kind of modulation schemes. This PEP is 

also extendable to fading channels obeying statistic models other than Rayleigh 

distribution. The MIMO channel is investigated with MRC at the receiver side to 

combine the received signals. Finally, a principle for the selection of the optimum cyclic 

delay time has been derived in (3.29) basing on the PEP in (3.20). 

 

3.43.43.43.4 PerformaPerformaPerformaPerformannnncccceeee AAAAnnnnaaaallllyyyyssssiiiissss ooooffff            aaaa 2222xxxx1111 CCCCDDDDDDDD ssssyyyysssstttteeeemmmm            

wwwwiiiitttthhhh CCCCoooonnnnvvvvoooolllluuuuttttiiiioooonnnnaaaallll        CCCCodingodingodingoding iiiinnnn RRRRaaaayyyylllleeeeiiiigggghhhh FFFFaaaaddddiiiinnnngggg            

ChannelsChannelsChannelsChannels        

A new bit error probability bound for a CDD system with two transmit antennas and one 

receive antenna (2x1 CDD system) combined with convolutional coding is investigated 

in this section. As shown in Figure 3.2, input signals were encoded by a convolutional 

coding block, and then modulated as BPSK signals. IFFT transferred the signals from 

frequency domain to time domain. Afterwards, cyclic shift was introduced to map the 

signal sequence onto two different antennas. In the receiver, signals were transferred to 

the frequency domain again. After this, they were demodulated to binary signals and 

decoded by the Viterbi trellis decoder.   
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Figure 3.2 Structure of a 2x1 CDD system with convolutional coding 

According to (3.20), the pairwise error probability of this simple CDD system can be 

denoted as 
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where d is the Hamming distance between the erroneous codeword and the transmitted 

codeword. In this system, nν =4 for BPSK signals, tN =2， rN =1, so rN and rn  have 

been eliminated for simplicity, and s b
c

o o

E E
R

N N
= ( b

o

E

N
 is the signal to noise power ratio per 

bit). Therefore (3.32) can be represented as 
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where dR  can be calculated from (3.21) and (3.22). 

 

Using (A.15), a newly derived bit error rate bound for CDD system combined with 

convolutional coding can be written as 
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where freed  is the free distance of the convolutional trellis code and dβ is the weight of 

each 2( )P d .  

 

This calculation is an approximation of the error probability bound because of using the 

approximation of (3.14). The exact bound can be generated with the original form of the 

PEP equation (3.10). The pairwise error probability of (3.10) can be denoted as 
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where 1 2δ δ∆ = − , is the relative cyclic shift between signals mapped onto two different 

transmit antennas.  As the transfer functions(1)
lH  and (2)

lH  are complex numbers, they 

can be presented as: 1(1)
1( ) j

lH h l e φ=  and 2(2)
2( ) j

lH h l e φ= , where { ( )}nh l  and { }nφ are the 

absolute values and the phase shifts of the channel transfer functions ( ){ }n
lH  respectively. 

Let 1 2φ φ φ= − . Because both of the channel transfer functions are i.i.d. Rayleigh 

distributed, phases 1φ  and 2φ  should be two random variables that are uniformly 

distributed between 0 and2π . Then φ  is also a random variable uniformly distributed 

between - 2π and2π . Assume the channel is a flat Rayleigh fading channel. Therefore 

the index of OFDM subcarrier l for the channel transfer functions can be omitted. Then 

the pairwise error probability for a possible erroneous path can be expressed as 
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 where 
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s
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N

π
ϕ φ ω

∆
= + + . Because 0k  can be any integer between 0 and 1sN − , ω is a real 

constant if the convolutional coding trellis is fixed, and φ  is a random variable uniformly 

distributed between - 2π  and2π . Considered the symmetric feature of function cos(x), ϕ  

can be regarded as a random variable which is also uniformly distributed between 0 and 

2π .  

 

Because the absolute values of the channel transfer functions, { }
tnh , obey identically 

independent distributed Rayleigh distributions, so we can integrate the pairwise error 

probability (3.36) over their distributions: 
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The previous pairwise error probability can also be expressed as: 
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Substitute (3.38) into (A.15), the bit error probability can be expressed as 
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This performance bound is much more complex than (3.34), however it provides a more 

exact analysis. The comparison of these two error probability bounds is provided in the 

following section along with the numerical results.  

 

3.53.53.53.5 NNNNuuuummmmeeeerrrriiiiccccaaaallll RRRReeeessssuuuullllttttssss        

3.5.13.5.13.5.13.5.1 TTTThhhheeee CCCCoooommmmppppuuuuttttaaaattttiiiioooonnnnssss ooooffff CCCCoooonnnnvvvvoooolllluuuuttttiiiioooonnnnaaaallll CCCCooooddddiiiinnnngggg                    

For the exact bound (3.37), the only component which cyclic delay times have an effect 

on is the sum of the phase shifts over the possibly erroneously decoded symbols between 
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the original path and the error path with a Hamming distance of d:
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Meanwhile for the performance bound with the approximation (3.34), only the 

correlation matrix MR  is influenced by the cyclic shifts. Both 

2

1

l

s

kd j
N

l

e
π∆

=
∑  and MR  depend 

on the codewords constructed by the channel coding, which we assume as convolutional 

coding here.  

 

As the convolutional codes are symmetric codes [14], the difference of two arrays of 

uncoded signals determines the difference of two sequences of coded signals. Such as the 

encoded codeword of signal sequence ‘000000’ is ‘000000000000’. ‘100000’ (which 

differs with ‘000000’ on the first bit) generates a codeword ‘111011000000’. The two 

codewords differ on the 1st, 2nd, 3rd, 5th and 6th symbols. Meanwhile the signal sequence 

‘111111’ generates ‘110110101010’ and ‘011111’ generates ‘001101101010’. The two 

codewords differ on the 1st, 2nd,3rd, 5th and 6th symbols as well. Because the probable 

erroneously decoded information bits are decided by the transmitted signal and the 

convolutional codes, every possible allocation of the error bits has to be included in the 

error probability calculation except the duplicated ones. (This case will be discussed in 

the following paragraph.) Therefore, when the trellis structure of a convolutional code is 

fixed, the probable error bits in each erroneous signal sequence are fixed and are 

unchanged for whatever the transmitted information bits are. That indicates the error 

symbols for each erroneously decoded codeword are the same for all possibly transmitted 

codewords. For instance, if the transmitted codeword is all zero, the erroneously decoded 
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codeword is ‘111011000000’, which differs with the correct codeword on the 1st, 2nd, 3rd, 

5th and 6th symbols. Then for any other transmitted codeword there is one probable 

erroneous codeword with errors on the 1st, 2nd, 3rd, 5th and 6th symbols.  

 

As stated in Appendix A, whether the information signal 0lC =  or 1, the pairwise error 

probability is the same for a BPSK signal. Therefore, the pairwise error probability only 

depends on the places of the symbols where two codewords differ, or, the absolute 

difference of the two codewords, which is independent of the exact phases of the BPSK 

signals. Therefore, codewords of all-zero signals can be assumed without loss of 

generality.  The numerical calculation is based on all-zero signals in the following section. 

However for other modulation schemes, the pairwise error probability is dependent on 

the Euclidean distance of the two symbols. 

 

All error paths that may cause an error at the first information bit (which is the one being 

decoded accounting for a sequence of signal bits of a certain traceback length) must be 

included for the calculation of error probability bound whereas the duplicate codewords 

should be excluded. We assume the convolutional coding for a constraint length of 3, the 

octal form of the generator polynomial of [7 5], and the trace back length of 5. The 

Viterbi decoding traces back to 5/coderate (coderate = 1/2) symbols for the detection of 

the first bit. As all-zero signals are assumed to be transmitted, only codewords which may 

introduce a ‘1’ in the first bit should be calculated. In addition, repetitive codeword must 

be avoided. For example, ‘110011’ has to be excluded because this case has already been 



 

 79 

counted in with ‘110000’. Therefore, all signal arrays with two or more continuous ‘0’ 

should be excluded from the calculation.  

 

To save time, the Viterbi decoding always records the merits, pre-states and input symbol 

of the previous bits. Therefore the merits cumulate from the first bit to the one being 

decoded. This mechanism causes a continuous feature. Although only the previous bits 

within a trace back length are recorded, the decision is based on all information bits that 

are transmitted beforehand.  Therefore, the error probability (3.5.14) is not exactly the 

real case as in the practical world. However, this state merits left by the previous 

detection have little effect on the current detection as shown by the simulation results. 

 

3.5.23.5.23.5.23.5.2 SSSSiiiimmmmuuuullllaaaattttiiiioooonnnn RRRR    esultsesultsesultsesults    

The CDD system is shown in Figure 3.1. Firstly we considered a 2x1 CDD system, which 

had two transmit antennas and one receive antenna. The channels were quasi-static 

Rayleigh flat fading channels (quasi-static means the channel transfer functions keep 

static over a block of signals and vary block by block). BPSK signals were coded by 

convolutional coding. Two convolutional codes were considered. For the first case, the 

constraint length was 3, the octal form of the generator polynomial was [7 5], and the 

traceback length was 5 or 7. The other case had a constraint length of 5, a trellis 

generation code [23 35], and a traceback length of 5 or 7. On the receiver, the signals 

were decoded by Viterbi soft decision detection. For an OFDM system with frame length 

of 16, the comparison of the exact performance analysis bound produced by (3.39) and 
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the approximate performance analysis bound (3.34) as well as the simulation results at an 

Eb/No of 20dB is shown in Figure 3.3. 

 

Figure 3.3 Comparison between the performance bounds and simulation results of the bit error 

probability of a 2x1 CDD system with varying cyclic delay time and an OFDM frame length of 

16 in Rayleigh flat fading channels 

From Figure 3.3, it can be seen both the exact BER performance bound and the 

approximated one yield the same varying shapes as the simulation results for different 

cyclic delay shifts. This feature demonstrated that the performance bounds provide a 

valuable prediction of the BER performance of CDD system with varying cyclic delay 

shift. Therefore, the performance bound, especially the one with approximation, can be 

used to calculate the optimum cyclic delay time for a minimum error probability. 

Compared to the exhaustive simulation or experimental search, this performance analysis 

saves a lot of time and is more efficient. In addition, performance analysis renders a 
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fundamental understanding of the mechanism of cyclic delay diversity and is instructive 

for CDD system design. 

 

For an OFDM system with frame length of 64, the comparison of the BER between 

performance bounds and simulation results at an Eb/No of 20dB is shown in Figure 3.4. It 

can be observed that for both convolutional codes the approximated performance analysis 

bounds lays lower than the simulation results, while the exact performance analysis 

bounds lays upper than the simulation results. This error loss is because of the 

approximation scheme used in (3.34). However, the simulation results have the same 

shape as predicted by both of the performance analysis bounds. 

 

Figure 3.4 Comparison between the performance bounds and simulation results of bit error 

probability of 2x1 CDD systems with cyclic delay time varying and OFDM frame length of 64 in 

Rayleigh flat fading channels 
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3.63.63.63.6 ConclusionsConclusionsConclusionsConclusions    

For this chapter, based on the error probability analysis of CDD system with repetition 

coding in UWB channel in [3], a new bit error probability analysis bound for a cyclic 

delay diversity system combined with OFDM and convolutional coding in multipath 

Rayleigh fading channels has been derived. An approximation method has been used to 

reduce the computational complexity. These performance analysis results can be readily 

extended to any other kind of channel codes and fading channels. From the numerical 

results presented in Section 3.5 it can be observed that performance bounds provide a 

valuable prediction of the BER performance of a CDD system with varying cyclic delay 

shift. Therefore, the performance bound especially that developed with an approximation 

method can be used to calculate the optimum cyclic delay time for a minimum error 

probability. Compared to the exhaustive simulation or experimental search, this 

performance analysis saves a significant amount of time and is less computationally 

complex hence more efficient. In addition, the performance analysis renders a 

fundamental understanding of the mechanism of cyclic delay diversity and is instructive 

for CDD system design. This aspect will be utilized in the following chapters.  
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Chapter 4  

4444 TTTTrrrraaaannnnssssmmmmiiiitttt CCCCDDDDDDDD aaaannnndddd RRRReeeecccceeeeiiiivvvveeee                

AAAAnnnntttteeeennnnnnnnaaaa SSSSeeeelllleeeeccccttttiiiioooonnnn        

4.14.14.14.1 IntroductionIntroductionIntroductionIntroduction    

Antenna selection is another diversity scheme which saves radio frequency (RF) chains 

and therefore significantly cuts down on the system complexity [1]. When channel state 

information (CSI) is available at the transmitter, transmit antenna selection outperforms 

OSTBC (using all the transmit antennas) for a better bit error rate performance [2]. 

However in some scenarios CSI is absent at the transmitter, e.g. in the mobile unit for a 

up link, in this case, transmitter diversity schemes can be combined with receiver antenna 

selection to obtain higher transmission quality rather than the systems with a single space 

diversity scheme.  

 

There is a considerable amount of published research concerned with the performance 

analysis of orthogonal space-time coding with MIMO antenna subset selection and the 

optimum selection criteria. In [3], antenna selection combined with the orthogonal space-

time coding techniques was analyzed based both on exact channel knowledge (ECK) and 

on statistical channel knowledge (SCK). The antenna selection principle for ECK is 

based on the instant outage probability of the system, which provides an equal diversity 

gain as if all of the antennas provided were employed. On the other hand, the antenna 
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selection criterion for SCK is based on the average probability of error, which offers a 

diversity order which depends on the number of the selected antennas. Some papers also 

report on the investigation of the performance for antenna selection criteria from the 

perspective of average SNR gain, such as in [4], or the channel capacity, such as in [5]. 

 

In this chapter, we investigate a new system with transmit cyclic delay diversity and 

receive antenna selection (TCDD/RAS). This system combines two space diversity 

schemes therefore it significantly improves the error probability performance of the 

system with very low additional complexity. At the same time, as both CDD and antenna 

selection are applicable to a variety of existing standards, so the resulting system is also 

practical. A novel antenna selection criterion, the maximum minimum post-processing 

signal to noise ratio (MMP-SNR) antenna selection rule for this system in a flat fading 

channel has been derived. A performance comparison is presented in the last section for 

different selection principles, which illustrates the advantage of the MMP-SNR criterion 

over the other selection criteria. The performance of TCDD/RAS system in frequency 

selective channels is investigated in the next chapter.  

 

4.24.24.24.2 SSSSyyyysssstttteeeemmmm MMMMooooddddeeeellll    ssss    

Firstly, the transmitter cyclic delay diversity and receiver antenna selection system are 

introduced in Figure 4.1. For comparison, another transmitter orthogonal space-time 

block coding and receiver antenna selection system is also provided. Furthermore, a new 

hybrid system which combines CDD and OSTBC in the transmitter as well as antenna 

selection in the receiver is also proposed to compensate the performance loss of CDD, 
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and to avoid the data rate reduction and the high decoding complexity incurred by 

OSTBC.   

 

In order to isolate the diversity effect of the CDD transmitter, we assume i.i.d. quasi-

static flat Rayleigh fading channels plus additive white Gaussian noise all through this 

chapter. As proved in [6], [7], CDD can retain a substantial diversity gain even in 

relatively strong frequency-selective channels. Therefore, our method can be further 

generalized to frequency selective channels, which will be introduced in the next chapter. 

However, the cyclic delays have to be large enough to be distinguished from the existing 

resolvable taps in the multipath channel as indicated in [8].  

A. TCDD/RAS System 

 

Figure 4.1 Transmit CDD and receive antenna selection system model 

First, we consider the TCDD/RAS system as depicted in Figure 4.1. The signal bits were 

modulated after being coded by a forward error control/correction (FEC) block. OFDM 

was applied as an inverse fast Fourier transform (IFFT) with length of Ns. Afterwards, the 

signal vector was transmitted over Nt separate transmit antennas with cyclic delays 
tnδ , 

where tn denotes the transmitter order. A cyclic prefix was inserted before the signal was 

transmitted to avoid the inter symbol interference (ISI) and inter carrier interference(ICI).  
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Antenna selection was implemented at the receiver side to choose Lr optimum receive 

antennas from Nr available receive antennas. Let t r sN N N× ×Η ∈ℂ  denote the original MIMO 

channel matrix, ̂ t r sN L N× ×Η ∈ℂ  is the channel submatrix selected. Afterwards, maximal 

ratio combining (MRC) was used to combine the received symbols over the selected 

antennas. Following this, a standard OFDM demodulator was applied to recover the 

signal. 

 

B. TOSTBC/RAS System 

Figure 4.2 shows a traditional diversity system with OSTBC at the transmitter and 

antenna selection at the receiver side (TOSTBC/RAS).  
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Figure 4.2  Transmit OSTBC and receive antenna selection system model 

After the modulation, the signal streams were coded by the orthogonal space-time bock 

code and assigned to parallel IFFT blocks. Also a cyclic prefix was inserted as in a 

normal OFDM system. At the receiver side, antenna selection was carried out to select Lr 

antennas from Nr. After the FFT modulation, a STBC decoder was applied to combine 

the signals from the Lr receivers. It can be seen that the STBC scheme induces more 

complexity than CDD. 

 

C. TCDD-OSTBC/RAS System 



 

 89 

 

Figure 4.3 Transmit OSTBC-CDD and receive antenna selection system model 

A new system with both orthogonal space time block coding and cyclic delay diversity in 

the transmitter is presented in [9], to obtain more diversity gain. Figure 4.3 shows a 

TCDD-OSTBC/RAS system with both OSTBC and CDD in the transmitter and antenna 

selection applied in the receiver as a comparison. After the channel coding and 

modulation, signals were firstly fed to an Alamouti encoder to map each two consecutive 

symbols onto two parallel signal streams. Then these two streams were modulated by an 

IFFT separately. Afterwards, CDD was employed to assign these two symbol arrays onto 

Nt transmit antennas. CDD usually ensures the channel coefficients for two neighbouring 

subcarriers to be uncorrelated, and this may result in total failure of the Alamouti scheme. 

Therefore, an interleaver should be introduced to make sure that the channel parameters 

on two successive subcarriers are highly correlated. Channel estimation should be applied 

for each group of transmit antennas which send out the same signal array coded by 

OSTBC but shifted and mixed by CDD.  

 

This concatenated CDD-STBC transmitter diversity is derived to compensate the 

performance loss of CDD, and meanwhile reduce the complexity demand compared with 

the OSTBC schemes. Moreover, it does not decrease the data rate when the transmit 

antenna number is larger than two for transmitting complex signals. 
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The TCDD/RAS system will be investigated in the following sections. The optimum 

antenna selection criterion of TCDD/RAS will be analyzed. The performance of the 

TOSTBC/RAS system and the TCDD-OSTBC/RAS system will be provided for 

comparison. 

 

4.34.34.34.3 TTTTCCCCDDDDDDDD////RRRRAAAASSSS SSSS    ystemystemystemystem AAAA    nalysisnalysisnalysisnalysis    

4.3.14.3.14.3.14.3.1 ReceiveReceiveReceiveReceive    AntennAntennAntennAntennaaaa SSSSeeeelllleeeeccccttttiiiioooonnnn CCCCrrrriiiitttteeeerrrriiiioooonnnn BBBBaaaasssseeeedddd oooonnnn                    

SSSSyyyysssstttteeeemmmm PPPPeeeerrrrffffoooorrrrmmmmaaaannnncccceeee AAAAnnnnaaaallllyyyyssssiiiissss            

A novel antenna selection criteria based on the system performance analysis can be 

designed according to either statistical channel knowledge (SCK) or exact channel 

knowledge (ECK).  

1) SCK Based 

In the TCDD/RAS system, the optimum antenna selection principle, to minimize the 

error probability, is based on the BER performance analysis generated in Chapter 3. As 

stated in (3.20), 

( )
/2

1 10

2

1 1

1
4 sin

r

r r
r

N M

e n N
n n s n n M

o t

P d
E eig R

N N

π

θ
π ν

θ
= =

=

+
∏∏∫ ,                              (4.1) 

to minimize the error probability is to maximize the eigenvalues ( )r rn N
n Meig R .  Let 

,1 ,2 ,H [ , , , ] 'r r r rn n n n
equ equ equ equ MH H H= ⋯ . The covariance matrix of H rn

equ is ( )H Hr r rn n n H
M equ equr E= . 

According to (3.22), the elements of the covariance matrix of equB , ( ), 'R n n  are equal to 

zero when 'r rn n≠ . Therefore,  
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( ) ( )r r rn N n
n M p Meig R eig r= ,                                           (4.2) 

where ( )rn
p Meig r  is the pth eigenvalue of the covariance matrix rn

Mr . Now, to minimize the 

pairwise error probability of the TCDD/RAS system, it is necessary to select the receiver 

antennas with the largest eigenvalues ( )rn
n Meig r . The selection criterion based on the 

pairwise error probability can be presented as 

( )*
_ 2

1 1

arg max 1
4 sin

rr

r r r

nL M
s n n M

pe SCK
L N n n o t

E eig r

N N

ν
ϖ

θ≤ = =

    = + 
    

∏∏ ,                     (4.3) 

where *
_pe SCKϖ  denote the selected channel subset indices. The integral can be eliminated 

for simplification. However, not only one pairwise error probability has to be considered 

but the pairwise error probability for every possibly erroneous codeword of a practical 

channel coding scheme, such as convolutional coding, has to be taken into account. 

Therefore, the selection criterion based on bit error rate probability can be represented as  

( )
*

_
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2

1
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1
4 sin
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r r free r d
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L N d d n n s n n M
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≤ = = =

 
 
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 

∑ ∏∏ ,                   (4.4) 

where r

d

n
Mr denotes the covariance matrix of the equalized channel for the dth codeword 

and the nrth receiver.  

2) ECK Based 

As in Chapter 3, the pairwise error probability for a CDD system with forward error 

correction  (FEC) in a MIMO channel is given in (3.11) 
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Because the antenna selection is applied on exact channel information, the expectation 

operator can be elimitated. According to (A.15), the bit error probability bound for 

convolutional code as the FEC code can be written as 
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For a certain modulation scheme, S∆ can be denoted as a constant v, then (4.6) can be 

rewritten as  
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The bit error probability over one OFDM frame can be written as 

21
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where sN  is the OFDM frame length.  

Therefore, the antenna selection scheme based on the bit error probability can be written 

as 
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,       (4.9) 

where *
Pf

ϖ indicate the selected channel subset indices. 

 

Even if (4.4) and (4.9) are the ideal optimum antenna selection criteria for TCDD/RAS 

systems, it is difficult to obtain because of the high complexity. Therefore, in the 

following sections, alternative antenna selection principles are introduced to minimize the 

error probability at the same time with reasonable computation complexity. 

 

4.3.24.3.24.3.24.3.2 AnAnAnAn OOOOppppttttiiiimmmmuuuummmm     RRRReeeecccceeeeiiiivvvveeeerrrr AAAAnnnntttteeeennnnnnnnaaaa SSSSeeeelllleeeeccccttttiiiioooonnnn CCCCrrrriiiitttteeeerrrriiii            onononon    

In this section, we apply antenna selection based on the exact channel knowledge (ECK) 

as discussed in Section 4.3.1. The best antenna subset is selected with maximum post 

processing SNR and therefore the lowest BER. 

1) Norm Selection Criterion  

The norm selection was proposed for antenna selection combined with the OSTBC 

schemes. Extensive work has been done with respect to combining transmit orthogonal 

space-time block coding diversity with antenna selection, where the antenna selection is 

executed at either the transmitter side or the receiver side. The antenna selection methods 

in these papers are mostly based on the post-processing SNR, [3], [4], [5], [12], [13], [14], 

[15], except [16] which is based on a capacity perspective. From the simulation results in 
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these papers, it can be seen that the selection criterion based on post-processing SNR 

achieves a better performance. As indicated in [16], [17], the post processing SNR for 

OSTBC is 

2

0OSTBCγ γ= Η ,                                                 (4.10) 

where 0γ  is the average SNR at one receiver from one transmit antenna, H is the t rN N×  

channel matrix between the transmit and receive antennas and
2
i denotes the Frobenius 

norm operation. The relationship between the symbol error probability and the post-

processing SNR has been presented in [11]. Therefore, the selection criterion for OSTBC 

and antenna selection system is to select the antenna subset with the largest Frobenius 

norm. This selection rule is denoted as the norm selection criterion here. Let ̂Η denote the 

channel matrix of the selected antenna subset, so the antenna selection principle can be 

represented as 

{ }2
* ˆarg max

r r

Norm
L N

ω
≤

= Η ,                                             (4.11) 

where *
Normϖ denote the optimal selection indices of Η̂  from H with the norm selection 

criterion. 

2)  Optimized Selection Criteria for the TCDD/RAS System 

TCDD/RAS system means the system with transmit CDD and receive antenna selection. 

After selecting Lr antennas from Nr at the receiver, MRC was applied to combine the 

signal streams over the selected antennas. It has been proven in [18] that the post-

processing SNR after MRC is just the sum of the SNRs from all receive antennas. 

Therefore, in the TCDD/RAS system, the post-processing SNR at the kth subcarrier can 

be denoted as 
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where ,
rn

equ kH  denotes the equalized channel transfer function defined in Chapter 3. As 

denoted in Section 4.2, because we assume the channels are flat-fading, the channel 

transfer functions ,t rn n
kH  can be simplified as ,t rn nH  without loss of the generality. Hence 

the average post-processing SNR over the whole spectrum will be 
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,      (4.13) 

which is the same as in the TOSTBC/RAS system, where { }E i  denotes the expectation 

operation over all of the subcarrier orders k, ( )*
i denotes conjugation operation. However, 

in the TCDD/RAS system, as indicated in (4.12), the post-processing SNRs on different 

subcarriers are not equal. The correlations between the channels from different transmit 

antennas have an effect on 
2

,
rn

equ kH and thereafter make , /k TCDD RASγ frequency selective 

[10]. Therefore, the norm selection criterion for TOSTBC/RAS systems cannot be 

applied to the TCDD/RAS system directly.  
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As we know, , /k TCDD RASγ �has a lower bound
2

0 ,
1

min
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r

L
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equ kk

m

Hγ
=

 
 
 
∑ . The performance of the 

selected transmit CDD and receive MRC system will be improved as the smallest 

possible post-processing SNR increases, since the BER is mostly determined by 

relatively small SNRs where most errors occur. However, the impairment of SNRs on a 

small number of subcarriers can be combated by channel coding. As stated in Chapter 3, 

for a system with more than four transmit antennas, the cyclic delay shift selection 

criterion (3.31) can be applied. In this case, the sum of equalized channel parameters 

,
rn

equ kH  only has Nt distinct states. Whent sN N≪ , the channel parameters at each state 

will have a significant influence on the BER performance. Hence, if we select a receiver 

subset to have the maximum value of the quantity 
2

,
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L
n
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k
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H
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 
 
∑ , the possible lowest 

, /k TCDD RASγ  will be maximized, and consequently, the error probability will be reduced. 

Therefore a new maximum minimum post-processing SNR (MMP-SNR) criteria can be 

represented as 
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∑ ,                             (4.14), 

where *
MMP SNRϖ −  are the optimal indices of selected receivers from the Nr receive antennas 

with the MMP-SNR selection criterion. 

3) Optimized Selection Criterion for the TCDD-OSTBC/RAS System 

Assuming the serial signals before OSTBC in the frequency domain askS , the parallel 

signals encoded by OSTBC in the frequency domain are stn
kS , where stn  denotes the order 
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of the encoded OSTBC signals and k denotes the subcarrier index. As shown in Figure 

4.3, after the IFFT block, the parallel signals were shifted by CDD. The cyclic delay shift 

was applied within the nstth signal array. The received signal at the nrth receive antenna 

in the frequency domain can be presented as 

 , 2 , , 
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where st

t

n
nδ  denotes the cyclic delay time on the ntth transmit antenna for the nstth OSTBC 

signal array, rn
kn denotes the additive white Gaussian noise at the nrth receiver on the kth 

subfrequency, , 
, 

rst n
equ kH denotes the equalized channel for the nstth OSTBC signal array at 

the nrth receive antenna, , 2 , 
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denotes the order of CDD transmit antenna for the nstth OSTBC signal array, and Ns 

denotes the OFDM frame length. Channel estimation is employed to estimate each , 
, 

rst n
equ kH  

for the nstth signal array, and the separate channel estimation for each transmit antenna 

using specific cyclic delay time can be eliminated. Then the combination scheme for 

OSTBC mentioned in [17] is implemented. Here we assume that a 2 transmitter Alamouti 

scheme is employed.  Then the detected signal after combination and MRC can be 

written as  
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As an interleaver is applied here to guarantee that the channel coefficients on consecutive 

subcarriers stay as a constant, it is assumed that 
1 2 1 2

, , ,
, , , ,

t r t r t rn n n n n n
equ k k equ k equ kH H H= = . Therefore the 

signal power gains achieved by the joint OSTBC and CDD scheme can be presented as 
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+∑ . Compared with the 

TCDD/RAS system, a new receive antenna selection rule similar to the MMP-SNR rule 

can be generated as 
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(4.17) 

where *
MMP normϖ −  denote the selected antenna subset indices. This antenna selection 

criterion is a combination of the MMP-SNR rule and the norm selection rule so that it can 

be simply called as MMP-norm criterion. 

 

4) Capacity Selection Criterion 

A capacity selection criterion should also be introduced here for comparison. It is 

designed to select the antenna subset with the maximum possible channel capacity [16]. 

The selection principle can be denoted as  

* 0
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s
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L N ks tN N
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∑ ,                         (4.18) 

where *
Capϖ  denote the selected antenna subset indices, ( )det i  stands for the determinant 

operation, ( )H
i  denotes the Hermitian transpose operation and 

rNΙ  is a r rN N× identity 

matrix. 
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4.3.34.3.34.3.34.3.3 RRRReeeecccceeeeiiiivvvveeee AAAAnnnntttteeeennnnnnnnaaaa SSSSeeeelllleeeeccccttttiiiioooonnnn AAAAllllggggoooorrrriiiitttthhhhmmmm wwwwiiiitttthhhh CCCCrrrroooossssssss                        

EEEEnnnnttttrrrrooooppppyyyy OOOOppppttttiiiimmmmiiiizzzzaaaattttiiiioooonnnn MMMMeeeetttthhhhoooodddd            

To further optimize the computation of the selection criteria and reduce the calculation 

complexity, a cross entropy optimization method is introduced in this section (the 

algorithm is developed by Y. Zhang [23]). 

 

In order to execute these selection criteria efficiently, we transform the antenna selection 

problem into a combinatorial optimization problem, which can be solved by the cross 

entropy optimization (CEO) method. The CEO algorithm has been proved to be a global 

random search procedure in [19] and [20]. It was firstly presented by Rubinstein as a 

principled adaptive importance sampling to estimate the probabilities of rare events in the 

complex stochastic networks [21]. It has also been adopted to solve complicated 

combinatorial optimization problems, such as the nondeterministic polynomial time (NP) 

problems [19]. In order to apply the CEO method to the antenna selection schemes, we 

have to formulate the antenna selection problem as a combinatorial optimization 

problem:[22] 

( )* arg max
q

qS
ω

ϖ ω
∈Ω

= ,                                             (4.19) 

where *ϖ denotes the indicator corresponding to the global optimum of the objective 

function ( )qS ω , which is used for evaluating the potential solutions, qω , and chosen 

according to the specific selection criteria, such as the norm and the capacity selection 
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criteria. Ω  is the set of receive antenna subset selection indicators { }1 2, , Qω ω ω⋯ . Herein, 

qω  is defined as 

 { } { }
1
,  0,1 ;  1,2, ,

r

r r
r

N

q n nn
I I q Qω

=
= ∈ = ⋯ ,                                 (4.20) 

where 
rnI �indicates whether the nrth receive antenna is selected or not. For example, if the 

first, fourth, fifth and eighth receive antennas are selected out of eight receive antennas, 

then qω �will be equal to { }1,0,0,1,1,0,0,1. Q is the number of all possible antenna subsets 

and is equal to r

r

N

L

 
 
 

, where 
x

y

 
 
 

 denotes the binomial coefficient,( )
!

! !

x

y x y−
. The flow 

of the receive antenna selection algorithm based on the CEO method is described as 

follows: [22] 

Step 1: Start with an initial ( ) ( ){ } ( )0 0 0

1

1
,  

2

r

r r
r

N

n n
n

P p p
=

= = . Set the iteration counter : 1t = ; 

Step 2: Generate samples ( ){ }
1

CEON
i

q
i

ω
=

 from the density function ( )( )1, tf P −
i , where CEON  is 

the total number of the samples; 

Step 3: Calculate the performance functions ( )( ){ },

1

CEON
i t

q
i

S ω
=

and order them from largest to 

smallest, ( ) ( )1 CEONS S≥ ≥⋯ . Let ( )tr  be ( )1 ρ−  the sample quantile of the performances: 

( ) ( )( )1 CEONtr S
ρ−  = , where   i  is the ceiling operation. 

Step 4: Update the parameter ( )tP  via 

 
( )

( )( ) ( ){ }
( )( )

( )( ) ( ){ }

,

,

,

1

1

CEO

i t rt q

r CEO

i t
q

N
i t

n qS r t
i

n N

S r t
i

I I
p

I

ω

ω

ω
≥

=

≥
=

=
∑

∑
.                                          (4.21) 
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Step 5: If stopping criterion is satisfied, then stop; otherwise set t := t+1 and go back to 

step 2. Here, the stopping criterion is the predefined number of iterations.  

 

Due to space restriction, the detailed description about the antenna selection algorithm 

with the CEO method will not be presented in this thesis, but reader can refer to [23]. The 

algorithm converges without requiring a particular starting point, but for simplicity we set 

( )0 1

2rnp = . 

 

Now, two antenna selection criteria are produced and an optimization algorithm with 

cross entropy optimization method is also introduced. In the following section, the 

numerical results of these selection criteria and the performance with other selection 

principles are presented. 

 

4.44.44.44.4 NNNNuuuummmmeeeerrrriiiiccccaaaallll RRRReeeessssuuuullllttttssss        

In this section, Monte Carlo simulation results of the TCDD/RAS system with multiple 

receive antenna selection criteria are presented. Performances of the TCDD-OSTBC/RAS 

system and the TOSTBC/RAS system are also provided for comparison.  

 

Firstly we consider the performance comparison of the TCDD/RAS system with three 

different antenna selection rules, and the TOSTBC/RAS system with two selection 

criteria as well. Here we set Nt = 4, Lr = 4 and Nr = 8. The cyclic delay is chosen 

according to (3.31). The OSTBC code in [24] is adopted to form a 4 transmitter OSTBC 
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scheme with a code rate of ¾, which indicates a data rate reduction to 3/4. The signals are 

mapped to 16QAM constellation and coded by a half rate convolutional code with a 

constraint length of 3 and a free distance of 5. 

 

Figure 4.4 Performance comparison of a TCDD/RAS system with three antenna selection criteria 

and a TOSTBC/RAS system with norm selection criterion, Nt = 4, Lr = 4, Nr = 8. 

From Figure 4.4, it can be seen that the MMP-SNR selection criterion yields the best 

BER performance among the three antenna selection criteria for the TCDD/RAS system, 

where Eb/No denotes the signal energy per bit to noise power spectral density ratio. The 

norm criterion for the TCDD/RAS system performs 3dB worse at a BER of 10-6 than the 

MMP-SNR selection rule. The capacity criterion obtains a better diversity gain (which is 

indicated by the slope of the curve) than the norm selection rule but still suffers 1.2dB 

loss at a BER of 10-6 compared with the MMP-SNR. On the other hand, the TCDD/RAS 

system using the MMP-SNR criterion achieves a diversity gain of 8 compared to a 

diversity gain of 9 for the corresponding transmit orthogonal space-time block coding 

diversity scheme combined with optimum receive antenna selection of the same number 
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of antennas. The diversity gain is calculated according to (2.12) and normalized by the 

diversity gain of a single antenna system with no diversity scheme neither in the 

transmitter or the receiver. The diversity gain of the reference single antenna system is 

defined as 1 unit. However the TCDD/RAS system requires much lower additional 

complexity, suffers no data rate loss and offers compatibility to many existing standards.  

 

Since for the four transmitter system, the OSTBC code suffers from a data rate loss to a 

rate of 3/4, we can puncture the convolutional code from a rate of 1/2 to a rate of 2/3 to 

retain the full data rate as in the CDD system, which has been suggested in [18]. The free 

distance of the punctured convolutional code is 3. The performance curve of this 

punctured STBC system is inferior to our TCDD/RAS system when Eb/No is smaller than 

8dB as depicted in Figure 4.3. It is predictable that with a more powerful channel coding 

scheme, the spatial diversity provided by CDD can be exploited more efficiently, and the 

performance gap between the TCDD/RAS system and the TOSTBC/RAS system can be 

further reduced. But the performance is already acceptable even with our simple channel 

coding scheme. 
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Figure 4.5 Performance comparison of a TCDD/RAS system, a TOSTBC/RAS system and a 

TCDD-OSTBC/RAS system with a convolutional code of a constraint length of 3, Nt = 4, Lr = 4, 

Nr = 8. 

Figure 4.5 shows the performance of a TCDD-OSTBC/RAS system compared with the 

TCDD/RAS system and the TOSTBC/RAS system. It is observed that without antenna 

selection in the receiver, the CDD-OSTBC scheme, which has both CDD and OSTBC 

employed in the transmitter, performs 1.5dB better than the CDD system but only 0.2dB 

worse than the OSTBC system at a BER of 10-4, but the CDD-OSTBC scheme incurs no 

data rate degradation and requires much lower additional complexity compared with the 

OSTBC system. For the TCDD-OSTBC/RAS system with antenna selection in the 

receiver, the antenna selection criterion can be a combination of the norm selection for 

the OSTBC scheme and the MMP-SNR selection for the CDD scheme. The only 

difference is to apply the MMP-SNR selection after the combination of the signal powers 

from the equalized parallel channels which carry the OSTBC signals. It can be seen that 
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the TCDD-OSTBC/RAS system appears 0.6dB better than the TCDD/RAS system and 

0.5dB better than the punctured TOSTBC/RAS system at a BER of 10-5. Even it still 

performs 0.4dB worse at a BER of 10-5 than the TOSTBC/RAS system, it suffers no 

spectral efficiency reduction and is of much lower complexity. 

 

Figure 4.6 Performance of a TCDD/RAS system with four antenna selection criteria, with 

convolutional coding, Nt = 4, Lr = 2, Nr = 4. 

Figure 4.6 shows BER performance of a TCDD/RAS system with four antenna selection 

criteria. The FEC code is a convolutional code with a constraint length of 3. The number 

of the transmit antennas is 4, the number of the selected receive antennas is 2 and the 

total available receive antenna number is 4. The MMP-SNR selection rule performs 

2.5dB better than the norm selection principle and 2.3dB better than the capacity 

selection rule at a BER of 42 10−× . It even performs 0.3dB better at a BER of 42 10−×  

than the error probability selection criterion.   
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Figure 4.7 Performance comparison between exhaustive search and CEO, Nt =4, Lr = 4, Nr = 8. 
 

( ),  r rN L  CEON  t O(CEO) O(ES) ϑ  

(8, 2) 5 3 15 28 1%≤  

(8, 4) 10 3 30 70 1%≤  

(8, 6) 5 3 15 28 1%≤  

 

Table 4.1 Complexity comparisons between the CEO algorithm and ES method with Nt = 4. [22] 

 

Table 4.1 presents a computational complexity comparison between antenna selection 

schemes based on the CEO and the exhaustive search (ES) algorithms. The complexity is 

measured by the number of function evaluations O(CEO) and O(ES). In this table, t and 

NCEO are parameters of the CEO algorithm, standing for the numbers of algorithm 
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iterations and samples, respectively. ϑ (equals to CEO optim

optim

S S

S

−
, CEOS  and optimS  denote the 

BER obtained by the CEO algorithm and the ES method) is the performance difference 

ratio of the bit error rate produced by the CEO algorithm. From Table.4.1, we find that 

the CEO algorithm only requires approximately 50% of the computational complexity 

required by the exhaustive search strategy. From the performance difference ratio, ϑ , it 

can be observed that the performance difference in terms of BER between the CEO 

algorithm and the ES method is less than 1%. Figure 4.7 shows the performance 

comparison between the CEO and the ES algorithms. From it, we find that the BER 

performance obtained by the CEO algorithm is very close to the optimum performance 

obtained by the ES method for a wide range of SNR values. 

 

Figure 4.8 Performance comparison between TCDD/RAS systems with the receive antenna array 

size Lr varying. Nt =4,  Nr = 8. 
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Figure 4.8 shows the performance of the TCDD/RAS system with different numbers of 

selected antennas Lr. Here the simulated system is similar as that of Figure 4.4, except 

that Lr varies between 1 and 8. It is seen that when Lr increases, the diversity gain of 

TCDD/RAS system does not change but the coding gain is enhanced. This feature 

implies that the diversity order is retained through our antenna selection scheme as if all 

the receive antennas are used. The result is similar to that described in [6], [11] for 

OSTBC systems. 

 

4.54.54.54.5 ConclusionsConclusionsConclusionsConclusions    

In conclusion, an original system with joint cyclic delay diversity in the transmitter and 

antenna selection scheme in the receiver, named TCDD/RAS system has been proposed. 

This system provides significant performance improvement with very low additional 

complexity, high compatibility and no data rate reduction compared to the TOSTBC/RAS 

system. Another new system, the TCDD-OSTBC/RAS system is also proposed, to avoid 

the disadvantages of OSTBC and utilize the high flexibility of CDD to provide a 

balanced BER performance without sacrificing the complexity and data rate.  

 

A novel receive antenna selection criterion based on bit error rate performance analysis 

has been derived. However this antenna selection rule is of high computational 

complexity. Therefore, a further new MMP-SNR antenna selection criterion is derived 

for the proposed TCDD/RAS system in flat fading channel. The MMP-SNR rule obtains 

a better BER performance compared with norm selection principle and capacity criterion 

with much lower complexity. With the MMP-SNR rule, the TCDD/RAS system achieves 
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a similar diversity gain compared with the corresponding transmit orthogonal space-time 

block coding diversity scheme combined with optimum receive antenna selection of the 

same number of antennas, but the TCDD/RAS system requires much lower additional 

complexity, suffers no data rate loss and offers compatibility to many existing standards. 

Diversity gain is retained by the antenna selection scheme with the MMP-SNR criterion 

in the TCDD/RAS system as if all the provided receive antennas are used. In addition, 

with another novel selection rule, the MMP-norm selection criterion, the TCDD-

OSTBC/RAS system achieves better performance than the TCDD/RAS system and the 

punctured TOSTBC/RAS system. Even it still performs slightly inferior to the 

TOSBC/RAS system, it suffers no spectral efficiency reduction and is of much lower 

complexity.  

 

In the newly published IEEE standard 802.11n, two transmitter structures have been 

proposed. In the first system only CDD (named cyclic shift diversity in 802.11n) is 

adopted in the transmitter in the same way as in Figure 4.1. In the second system, both 

CDD and STBC are applied in the transmitter before the inverse Fourier transform block, 

to achieve an even higher diversity gain by increasing the system complexity.  
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CCCChhhhaaaapppptttteeeerrrr 5555        

5555 RRRReeeecccceeeeiiiivvvveeee AAAAnnnntttteeeennnnnnnnaaaa SSSSeeeelllleeeeccccttttiiiioooonnnn ffffoooorrrr                

TTTTrrrraaaannnnssssmmmmiiiitttt CCCCyyyycccclllliiiicccc DDDDeeeellllaaaayyyy DDDDiiiivvvveeeerrrrssssiiiittttyyyy                

overoveroverover MMMMuuuullllttttiiiippppaaaatttthhhh RRRRaaaayyyylllleeeeiiiigggghhhh FFFFaaaaddddiiiinnnngggg                

ChannelChannelChannelChannelssss    

5.15.15.15.1 IIIInnnnttttrrrroooodddduuuuccccttttiiiioooonnnn        

The Transmit cyclic delay diversity and receive antenna selection system is introduced in 

the last chapter. This provides significant performance improvement with low additional 

complexity and high compatibility to the existing standards with OFDM. Receive antenna 

selection criteria for transmit cyclic delay diversity over flat fading channel have been 

investigated in last chapter. Antenna selection for a flat fading channel is much simpler 

than for a frequency selective channel, because with cyclic delay diversity at the 

transmitter, the channel transfer function varies following certain regular patterns. 

However for multipath channel, the channel transfer function varies greatly for different 

subcarriers, and the optimum antenna for a specific subcarrier may not be the optimum 

antenna for another subcarrier. Therefore the antenna selection scheme should be 

redesigned for selective channel parameters.  
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Many papers explore the antenna selection scheme in multipath channels based on the 

channel capacity, such as in [1, 2, 3]. Although this capacity selection scheme guarantees 

a high diversity order for the system, it may not provide the lowest error probability. 

Other papers propose a selection scheme to maximize the minimum SNR, which is 

similar as the MMP-SNR criterion derived in the last chapter, such as in [4]. However, 

this selection rule does not work well when the number of the multiple paths for each 

channel is large.  

 

This chapter proposes two new receiver antenna selection criteria for transmit CDD 

system over multipath Rayleigh fading channels. The first one is based on the error 

probability analysis of the system. However it is highly computationally demanding. A 

further new antenna selection rule named maximum group minimum post-processing 

signal to noise ratio (MGMP-SNR) criterion is proposed here which offers lower 

complexity. The numerical results show that these two selection rules provide much 

better BER performance than the traditional norm selection and capacity selection criteria.  

In addition, the MGMP-SNR criterion also performs 2dB better at a BER of 10-5 than the 

error probability selection rule.   

 

5.25.25.25.2  SSSSyyyysssstttteeeemmmm MMMMooooddddeeeellll aaaa        nnnndddd CCCChhhhaaaannnnnnnneeeellll MMMMooooddddeeeellll            

As the receive antenna selection for transmit cyclic delay diversity in a flat fading 

channel has already been discussed in the last chapter, here we extend the channel to a 

more practical case of independent identically distributed quasi-static multipath Rayleigh 

fading channel with additive white Gaussian noise (AWGN). The multipath channel 
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model is based on [5]. Here we adopt p paths each having a fixed delay τp. The decay of 

each path is defined in an exponential profile                             

 max,0 ,
0,

p

pp
Ke

elsewhere

τ
σ τ τα

−
 ≤ ≤= 


 (5.1) 

where σ  is the standard deviation of the delays around the mean value, and K is a 

constant. The delay spread depends on the environment where fading takes place. In our 

study, we mainly focus on a typical urban area where σ  is 1µs [5]. Therefore the transfer 

function between the ntth transmit antenna and the nrth receive antenna can be written as 

 
( , )( , )
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,0

0, 1

p

t r
t r

n nn n
pp

s

Ke h p ph
p p N

τ
σ

−
 ≤ ≤= 
 + ≤ ≤

, (5.2) 

where ( , )t rn n
ph  is the i.i.d quasi-static Rayleigh fading channel impulse response of the pth 

path between the ntth transmit antenna and the nrth receive antenna, pmax is the order of 

the max delay path.   

 

Figure 5.1 System diagram of a TDD/RAS system 

We consider a system with transmit cyclic delay diversity and receive antenna selection 

(TCDD/RAS). As depicted in Figure 5.1, the signal bits were modulated after being 

coded by the forward error correction (FEC) block, using a convolutional coding. OFDM 

was applied as an inverse fast Fourier transform (IFFT) afterwards with a length of Ns. 
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Then the signal arrays were transmitted over Nt separate transmit antennas after being 

shifted cyclically. A cyclic prefix was inserted as a guard interval (GI) before the signal 

was transmitted to avoid the inter symbol interference (ISI) and inter carrier interference 

(ICI).  

 

At the receiver side, antenna selection was implemented to choose Lr optimum receive 

antennas from Nr available receive antennas. After that, maximal ratio combining was 

used to combine the receive symbols over the selected antennas. Following this, a 

standard OFDM demodulator was applied to recover the signals. By virtue of the FFT in 

the demodulator, CDD was able to convert the multiple input channels into equalized 

single input channel with increased frequency selectivity as denoted in (3.3) 

 
2

( , )
,

1

( ) ( ),
ntt

s t rr

t

kN j
N n nn

equ k k
n

H i e H i

δ
π

=

=∑                                         (5.3) 

where ( , ) ( )t rn n
kH i  represents the channel transfer function of the channel between the ntth 

transmitter and the nrth receiver on the kth subcarrier in the ith OFDM frame, and 

, ( )rn
equ kH i  is the equalized channel transfer function as in a single input channel. As a 

cyclic prefix was applied in the system, despite the interference of the noise, ( , ) ( )t rn n
kH i  

can be denoted as  
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π
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− +
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where ( , ) ( )t rn n
kH i  is the Fourier transform of the channel impulse response ( , )( )t rn n

ph i  in the 

time domain. 
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The following analysis and simulation are both based on this system. 

 

5.35.35.35.3 OOOOppppttttiiiimmmmuuuummmm AAAAnnnntttteeeennnnnnnnaaaa SSSSeeeelllleeeeccccttttiiiioooonnnn CCCCrrrriiiitttteeeerrrriiiioooonnnn                    

5.3.15.3.15.3.15.3.1 EEEErrrrrrrroooorrrr PPPPrrrroooobbbbaaaabbbbiiiilllliiiittttyyyy SSSSeeeelllleeeeccccttttiiiioooonnnn CCCCrrrriiiitttteeeerrrriiiioooonnnn                

Extensive research has been performed on antenna selection schemes for frequency 

selective channels from a capacity perspective. The selection rules are the same as the 

capacity selection rule in flat fading channels given in (4.18). However the capacity 

selection criterion obtaining the largest possible data throughput capacity may not 

provide lowest error rate performance. In this section, an antenna selection rule based on 

the error probability analysis is investigated. 

 

As stated in Chapter 4, a new antenna selection scheme based on the bit error probability 

for exact channel state knowledge can be denoted as 
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where *
Pf

ϖ indicate the selected channel subset indices, rL  denotes the number of the 

selected receive antennas, rN  denotes the number of the available receive antennas, tN  

denotes the number of the transmit antennas, sN  denotes the OFDM frame length, M 

denotes the trace back length of the convolutional coding, freed  denotes the free distance 
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of the convolutional code,dβ  denotes the weighting factor for each codeword, v  is a 

constant determined by the modulation scheme, sE  denotes the transmit energy per 

symbol, oN  denotes the noise spectral density and ,
rn

equ k nH +  denotes the equalized 

channel transfer function observed by the rn th receive antenna on the ( )k n+ th 

subcarrier.  

 

In this chapter, a 16QAM modulation scheme is adopted rather than PSK as it is more 

commonly used in the existing standards. For this reason, the error bound (4.8) 
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has to be modified slightly for 16QAM modulation scheme.  

 

The average symbol error probability of 16QAM signal over AWGN channel is given as 

[7] 

 
3

2
s

s
o

E
P erfc

N

 
≈   

 
,                                               (5.7) 

where ( )erfc i  is the complementary error function and ( ) 1

2 2

x
Q x erfc

 =  
 

. However 

this average symbol error probability gives the total probability of error for a signal 

symbol. For a system with channel coding, the specific pairwise error probability for each 

pair of codewords should be taken into account. 
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Consider a typical 16QAM constellation pattern as given in [7]. The alphabet is given as 

16

1 , 1 3

3 3 , 310
s

QAM

j jE
X

j j

± ± =  ± ± 
. Therefore the average energy per symbol is normalized 

to sE .   The constellation is shown in Figure 5.2: 

 

Figure 5.2 16QAM constellation 

Assuming that all the symbols are of equal likelihood, there are three main cases of 

symbol error probability. The first case includes four symbols in the corner, such as 0S ; 

the second case includes four symbols in the middle, such as 5S ; and the third case 
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includes the other eight symbols, such as1S . Symbols in each case has the same pairwise 

error probability. The pairwise error probability of symbols for each case is generated in 

Table.B.1 (see Appendix B).  

 

Therefore the bit error probability bound (5.6) for 16QAM can be rewritten as 

( )
1

0 0
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1
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x d

free

N M M

f S y x
n d d ks

P E P S S
N M

− −∞

= = =
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∑ ∑ ∏  .                          (5.8) 

where ( )
dy xP S S  denotes the probability that 

dyS  is detected whereas xS  was 

transmitted, ( )( )xE f x  denotes the expectation of ( )f x  over the distribution of x, 

dyS denotes the erroneously decoded symbol and xS  is the transmitted symbol. The 

effective SNR can be denoted as  

2

,
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N
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The antenna selection criterion based on this error probability analysis can be expressed 

as 

{ }
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x d
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,                 (5.10) 

where *
Pf

ϖ indicate the selected channel subset indices. 

 

Then the issue remaining is to calculate the expectation of the error probability over the 

distribution of the transmitted symbolxS .  As stated in Chapter 3, when the convolutional 
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code has been fixed, the probable differences between the erroneously decoded 

codewords and the transmitted codewords are fixed. In addition, the error probability is 

determined only by the absolute difference between the error codewords and the 

transmitted codewords. With 16QAM, four encoded information symbols are 

transformed to one 16QAM symbol. For a given absolute difference, such as ‘1000’ 

(which means the erroneously decoded 16QAM symbol differs with the transmitted 

16QAM symbol only on the first signal position), there are three possible computations 

of error probability which belong to the three cases as mentioned previously and shown 

in Figure 5.2. Considering this feature, the calculation of the expectation of the error 

probability over the distribution of the transmitted symbol xS  can be simplified to these 

three cases. Each codeword can be transformed to a combination of symbols from three 

cases, so consequently the number of combination is 43
codewordL

, where codewordL  is the length 

of the unmodulated codeword. In addition, each combination has to be weighted by its 

probability. Therefore, (5.8) can be represented as 

( ) ( ) ( )( )
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= = = =

 
 <
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  

∑ ∑ ∑ ∏ ,                   (5.11) 

where cn  denotes the order of the erroneously decoded codeword (there are cN  probable 

error codewords constricted by the traceback length), tbL and cR  denote the traceback 

length and the code rate of the convolutional code respectively. ( )
nc

yS k  and ( )
cxS k  

denote the kth erroneously decoded symbol and the kth transmitted symbol for the cth 



 

 122 

kind of combination of xS respectively. ( )c cp x stands for the probability of the cth 

combination of ( )
cxS k . 

 

The antenna selection criterion of (5.10) can be represented as 

( ) ( ) ( )( )
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This new selection criterion is based on the error probability analysis, and should provide 

an optimum performance in the respect of error probability. However, this selection rule 

demands high computational complexity and therefore simpler and more applicable 

antenna selection rules will be proposed in the following sections. 

 

5.3.25.3.25.3.25.3.2 MMMMaaaaxxxxiiiimmmmuuuummmm GGGGrrrroooouuuupppp MMMMiiiinnnniiiimmmmuuuummmm PPPPoooosssstttt            ----PPPPrrrroooocccceeeessssssssiiiinnnngggg SSSSNNNNRRRR        

SSSSeeeelllleeeeccccttttiiiioooonnnn        

A selection criterion for TCDD/RAS system in flat-fading channel has been discussed in 

Chapter 4, which is denoted as maximum minimum post-processing SNR (MMP-SNR) 

criterion. It can be presented as 

 * 2
,

1

arg max{min{ | | }}MMP SNR

r r

Lr
m
equ k

kL N
m

Hϖ −
≤ =

= ∑ .                                (5.13) 

As stated in Chapter 4, the channel between each pair of transmitter and receiver is flat 

fading and the relative cyclic delay time is chosen by dividing Ns by Nt. Consequently, 

the equalized channel only has several states which are independent of each other. 

Therefore, the state with the lowest amplitude of channel transfer function determines the 
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error probability of the whole system. However, in frequency-selective channels, the 

channel will have a number of pmax*N t states at least. This leads to a large spacing 

between the subcarriers in the same state. For a normal FEC scheme, such as the 

convolutional code we adopted here, two errors separated by several subcarriers can be 

easily corrected. In this case, the MMP-SNR criterion, which only considers the 

minimum channel coefficient on one subcarrier has to be modified for multipath channel 

to its advantage.  

 

To select the optimum antennas in a frequency-selective channel, the MMP-SNR 

criterion has to be modified slightly. As discussed in Chapter 4, the mean value of the 

power of the equalized channel transfer function over the whole bandwidth is equal to the 

Frobenius norm of the exact channel transfer function matrix. Norm selection is the 

optimum antenna selection criterion for systems with orthogonal space-time block coding 

in the transmitter, but it does not perform that well in cyclic delay diversity systems. But 

if we consider the mean power of a group of subcarriers with the minimum amplitudes 

for the channel transfer function, the results will be different. There are two approaches to 

find the minimum group. The first way is to find channel coefficients below a certain 

threshold; the other one is to find a certain number of subcarriers with the lowest channel 

coefficients. In the first case, if a threshold is chosen, the number of channel coefficients 

below it varies in time. When this number is too small, it will not have a determinant 

effect on the error probability even when the coefficients themselves are of very low 

amplitudes (referring to the property of the FEC code). Therefore in this section, we 
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choose the second method. A novel maximum group minimum post-processing SNR 

(MGMP-SNR) selection rule can be denoted as 

* 2
,

1

1
arg max{ { | | }}

num

r
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r r
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g Lr
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where *
MMP SNRϖ − stand for the selected antenna subset indices, ki  subjects to the subcarrier 

index for the ith minimum value of 2
,

1

| |
Lr

m
equ k

m

H
=
∑ , numg  is the number of subcarriers with 

minimum amplitudes considered in this rule. 

 

5.45.45.45.4 NNNNuuuummmmeeeerrrriiiiccccaaaallll RRRReeeessssuuuullllttttssss        

In this section, the simulation results of the TCDD/RAS system with various receive 

antenna selection criteria are presented for comparison. 

 

Simulation results of the TCDD/RAS system with MGMP-SNR criterion in frequency-

selective channel are presented. A typical urban channel model is applied in Figure 5.1, 

in which σ is 1µs and K is chosen in order to normalize the total transmitting power. The 

time spacing between two paths, which can be denoted as 1p pτ τ+ − , is equal to one 

symbol time. In our simulation there are 128 symbols per OFDM frame.  

 

Firstly, we consider the TCDD/RAS system with two transmit antennas and eight receive 

antennas amongst which four of them are selected for further decoding 

( 2,  8,  4t r rN N L= = = ). The signals are mapped onto a 16QAM constellation and 

encoded by a half rate convolutional code with a constraint length of 7.  Figure 5.3 shows 
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the simulation results for the TCDD/RAS system with MGMP-SNR antenna selection 

rule compared with the capacity selection and norm selection rules. The number of the 

subcarriers, numg , which have the minimum post-processing SNRs, varies. It can be seen 

that the bit error rate decreases when numg  increases from 10 to 25, but becomes higher 

when numg  varies from 25 to 128 (The MMP-SNR selection rule with 128numg = equals 

to the norm selection rule). That means the system performs best on a certain value of 

numg . With the optimum numg , MGMP-SNR selection rule performs 0.5dB better than the 

capacity selection rule and 1dB better than norm selection rule at a BER of 510− . In 

addition, The MGMP-SNR selection criterion requires lower computational complexity 

than the capacity selection rule and the norm selection rule. The next task is to determine 

the optimum numg . 

 

Figure 5.3 Simulation results for a TCDD/RAS system with the MGMP-SNR selection criterion 

of a varying numg , compared with the capacity selection rule and the norm selection rule. The 

constraint length for the convolutional code is 7. 2, 8, 4t r rN N L= = = . 
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If numg  varies for the above system with an /b oE N of 7dB, it is observed that the bit error 

rate of the system approaches to the lowest value when numg  is around 25 in Figure 5.4. 

In Figure 5.5, if we change the constraint length of the convolutional code to 3, it can be 

seen 25 is still approximately the optimum choice. It indicates that the optimum numg  

does not depends on the constraint length of the convolutional code. Figure 5.6 shows the 

performance of a TCDD/RAS system with 4 transmit antennas and varying numg . The 

optimum numg  is 2 in this case. Therefore, it seems that the optimum numg  is becoming 

smaller when the number of the transmitters increases. In addition, considering the 

complexity, numg should be chosen to be as small as possible. 

 

Figure 5.4 Simulation results of the MGMP-SNR selection criterion with a varying numg  at an 

Eb/No=7dB. The constraint length of the convolutional code is 7. 2, 8, 4t r rN N L= = =  
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Figure 5.5 Simulation results of the MGMP-SNR selection criterion with a varying numg  at an 

Eb/No=7dB. The constraint length of the convolutional code is 3. 2, 8, 4t r rN N L= = =  

 

Figure 5.6 Simulation results of the MGMP-SNR selection criterion with a varying numg  at an 

Eb/No=7dB. The constraint length of the convolutional code is 3. 4, 8, 4t r rN N L= = =  
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Figure 5.7 Comparison of the simulation results of the error probability selection criterion, the 

MGMP-SNR selection criterion and also other selection rules. The constraint length of the 

convolutional code is 3. numg =9, 2, 4, 2t r rN N L= = =  

 

The simulation results for the receive antenna selection criterion based error probability 

are shown in Figure 5.7. Compared to the capacity selection criterion and the norm 

selection criterion, the error probability selection rule performs much better with respect 

to the bit error rate. However, the performance of MGMP-SNR selection criterion 

appears 2dB better at a BER of 10-5 than the error probability selection rule, for the 

reason that the error probability selection is based on the error probability upper bound, 

but not the exact bit error probability. This approximation renders a reduction on the 

performance of the error probability selection rule. Moreover, the MGMP-SNR criterion 

is of much lower complexity than the error probability selection rule. Therefore, for a 
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given the optimum numg , the MGMP-SNR selection criterion is more applicable than the 

error probability selection rule. 

 

5.55.55.55.5 ConclusionsConclusionsConclusionsConclusions    

In conclusion, a transmit cyclic delay diversity and receive antenna selection system is 

constructed which achieves significant high diversity gain and is compatible with many 

existing standards with very low additional complexity and no data rate reduction 

compared to the system of transmit orthogonal space time block coding combined with 

receive antenna selection. A new antenna selection criterion based on bit error probability 

analysis has been generated for this system. However, this rule demands high 

computational complexity. Therefore another novel maximum group minimum post-

processing signal to noise ratio (MGMP-SNR) selection criterion is proposed for the 

receive antenna selection scheme in frequency selective channels, which is much simpler 

and faster. The optimum selection parameter for the MGMP-SNR criterion is 

demonstrated to be independent of the channel coding but dependent on the numbers of 

the antennas. The MGMP-SNR selection rule achieves a better performance than other 

traditional antenna selection rules and even the principle based on the error probability 

analysis with much lower computational complexity, for the reason that the BER 

performance analysis only generates an upper bound of the system BER performance but 

not the exact BER performance.   
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CCCChhhhaaaapppptttteeeerrrr 6666        

6666 TTTTrrrraaaannnnssssmmmmiiiitttt CCCCyyyycccclllliiiicccc    DDDDeeeellllaaaayyyy DDDDiiiivvvveeee        rsityrsityrsityrsity    

aaaannnndddd RRRReeeecccceeeeiiiivvvveeee AAAAnnnntttteeeennnnnnnnaaaa SSSSeeeelllleeeeccccttttiiiioooonnnn iiiinnnn                    

RRRReeeellllaaaayyyy SSSSyyyysssstttteeeemmmm    ssss    

6.16.16.16.1 IIIInnnnttttrrrroooodddduuuuccccttttiiiioooonnnn        

Relay systems are attractive schemes to extend the range of wireless communications or 

save unnecessary transmission power from the source [1]. There are mainly two groups 

of relay systems. The first is described as a regenerative relay which employs a decode-

and-forward (DF) scheme; while the other is called a non-regenerative delay which only 

includes a amplify-and-forward (AF) scheme. Comparisons of these two schemes have 

been presented in [1] and [2]. It is observed that the AF scheme provides a better 

diversity gain than the DF scheme while maintaining the same multiplexing gain. 

Moreover, as the AF scheme does not need to demodulate the received signals, its 

complexity is lower than the DF scheme and therefore exhibits less delay than the DF 

scheme. In addition, the AF scheme offers greater security. Relay scheme has been 

included in many standards, such as the WLAN standard IEEE 802.11s, the WPAN 

standard IEEE 802.15.5, the WMAN standard IEEE 802.16j and the Mobile Broadband 

Wireless Access (MBWA) standard IEEE 802.20 [3, 4, 5, 6]. 
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In this chapter, the aforementioned TCDD/RAS scheme is embedded into a relay system 

in order to increase the transmission reliability of the wireless links, thereby to extend the 

transmission range and increase the information throughput. Two approaches are 

proposed here which combine the TCDD/RAS scheme with the relay system. The first 

one is to apply the TCDD/RAS scheme in a MIMO relay system. In this case, cyclic 

delay diversity is integrated into the relay station with multiple transmit antennas and 

antenna selection into the destination terminal. However, in some scenarios, multiple 

antennas are inapplicable for the relay nodes, especially for distributed relay diversity 

schemes, where the relay nodes are mobile units. Therefore single antenna relay stations 

have been used cooperatively to form distributed virtual multiple-input multiple-output 

(MIMO) systems. This is reported in many previous papers [7, 8, 9, 10]. Cooperative 

relaying based on Alamouti diversity has been investigated in [11, 12]. Distributed cyclic 

delay diversity relay has been described in [13, 14]. The difference between these two 

diversity schemes has already been discussed in Chapter 2 and 3. In a cooperative relay 

system, the advantage of CDD is even more valuable because of the limitation of 

complexity and energy in the relay stations. With this virtual multiple-antenna transmitter 

coded by cyclic delay diversity, the antenna selection scheme which has been derived in 

the last two chapters can be employed in the destination station to further improve the 

robustness of the wireless links.        

 

6.26.26.26.2 SSSSyyyysssstttteeeemmmm MMMMooooddddeeeellll        

In this section, two system models are presented. The first one is a MIMO relay system 

with cyclic delay diversity in the relay station and an antenna selection scheme at the 



 

 133 

destination. The second system model is a cooperative relay system with distributed 

cyclic delay diversity and antenna selection scheme at the destination.   

 

6.2.16.2.16.2.16.2.1 MMMMIIIIMMMMOOOO    RRRReeeellllaaaayyyy    SSSSystemystemystemystem    

 

Figure 6.1  The structure of a MIMO relay system with cyclic delay diversity in the relay station 

and antenna selection at the destination 

The MIMO relay system with cyclic delay diversity in the relay station and antenna 

selection at the destination is shown in Figure 6.1. A two-hop MIMO relay system model 

with multiple antennas in the relay station can be found in [15], where MRC is used as a 

receive diversity scheme. In Figure 6.1, the signal was transmitted from the source to the 

destination with the assistance of the relay. This diagram only illustrates the baseband 

structure and eliminates the up/down converter blocks. We assume there was no direct 

link from source to the destination. The number of antennas on source, relay and 

destination were 1, M, N respectively.  The transmission was a non-regenerative two-hop 

link. In the first hop the signal was transmitted from the source to the relay, and then in 

the second hop the relay retransmitted the signal to the destination after amplification 

without decoding of the signal, while the source kept silent. In addition we assume i.i.d. 

quasi-static Rayleigh flat fading channels between the source, relay and the destination. 
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Cyclic delay diversity (CDD) was applied in the relay with fixed delay shifts. At the 

destination, antenna selection was applied to reduce the number of the radio frequency 

(RF) chains and to obtain a diversity gain directly proportional to the number of the 

available receive antennas. The selection criterion named maximum minimum post-

processing signal to noise ratio (MMP-SNR) was employed at the destination to optimize 

the joint performance of CDD and antenna selection [16].  

 

The received signal at the mth antenna on the relay node in the frequency domain can be 

written as 

 m m m
R SR S SRR H S w= + ,                                               (6.1) 

where m
RR  denotes the received signal at the mth antenna on the relay node, mSRH  denotes 

the channel between the source and the mth antenna on the relay node, 1 1
SS ×∈ℂ denotes 

the transmitted signal from the source, m
SRw  denotes the additive white Gaussian noise at 

the mth antenna on the relay node. If the channel status information is available at the 

relay, maximal ratio combining can be applied in the receiver side of the relay station. 

The combined signal can be written as 

2 *

1 1

M M
m m m

c SR S SR SR
m m

R H S w H
= =

= +∑ ∑  .                                         (6.2) 

However, limited by the complexity of the relay node, the channel status information is 

normally absent in the relay node. Therefore a simple summation of the received signals 

or just a single antenna receiving scheme can be deployed at the receiver side of the relay 

node. The summation of the received signals can be denoted as: 
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1 1

M M
m m

s SR S SR
m m

R H S w
= =

= +∑ ∑ .                                            (6.3) 

The average effective Es/No can be calculated as 

( )
2

2
0

01
0

M
m

mSR
SRm

s
o o o

H E
M H E E

MN MN N
γ

=

 
Ε  Ε 
 = = =
∑

,                          (6.4) 

where ( )Ε i  denotes the expectation operator, 0E denotes the energy of the transmitted 

signal from the source per symbol, and oN denotes the power density of the additive 

white Gaussian noise. m
SRH  is Rayleigh distributed with variance of 1, therefore 

( )2
1m

SRHΕ = . 

 

If only one antenna is used in the relay node for receiving the signal from the source, then 

the received signal can be rewritten as 

m m
R SR S SRR H S w= + .                                                   (6.5) 

Then there is no need for combination. The average effective Es/No can be written as 

 
( )2

0
0

m
SR

R
o o

H E E

N N
γ

Ε
= = .                                             (6.6) 

Although these two schemes achieve the same effective SNR, the summation scheme has 

more SNR fluctuation. As there is no blockwise diversity technique in this system, this 

fluctuation can not be taken advantage of. Consequently it is detrimental for further 

detection. Therefore, in this chapter we adopt the single receive antenna scheme, and the 

index can be ignored for simplification.  
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 Let  F  denote the gain provided by the amplifier in the relay node and mD  denote the 

generating factor of cyclic delay diversity on the mth transmit antenna. Then the signal 

transmitted by the relay node is 

 m m m
R SR S SRS D FH S D Fw= + .                                         (6.7) 

Let ,m n
RDH denote the channel between mth the transmit antenna in the relay station and nth 

receive antenna in the destination station. The received signal at the destination can be 

presented as 

, ,

1 1

M M
n m n m m n m n
D RD SR S RD SR RD

m m

R H D FH S H D Fw w
= =

= + +∑ ∑ ,                        (6.8) 

where n
RDw  denotes the additive white Gaussian noise at nth the receiver antenna on the 

destination. 

 

As given in (3.3), the multiple-input multiple-output channel between the relay node and 

the destination can be substituted with a single-input multiple-output channel which can 

be represented as { }( ) ( )n
equ equk H kΗ = , 

2 ( 1)
,

1

( ) ( )
m

s

M j k
Nn m n

equ RD
m

H k H k e
δπ −

=

=∑  , where m
δ  is the 

relative cyclic delay time on the mth transmit antenna of the relay node, while k is the 

carrier order (which has been ignored in the previous statement). Therefore the received 

signal at the destination can be written as 

( ) ( ) ( ) ( ) ( ) ( )n n n n
D equ SR S equ SR RDR k H k FH S k H k Fw k w k= + + .                          (6.9) 

 

The quantitative performance of this scheme will be presented in Section 6.3. 
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6.2.26.2.26.2.26.2.2 CoCoCoCoooooppppeeeerrrraaaattttiiiivvvveeee RRRReeeellllaaaayyyy SSSSyyyysssstttteeeemmmm            

The system structure of a cooperative relay system with distributed cyclic delay diversity 

in the relay nodes and antenna selection at the destination is shown in Figure 6.2. 

Figure 6.2 The structure of the cooperative relay system with distributed cyclic delay diversity in 

the relay nodes and antenna selection at the destination 

Again, this diagram only illustrates the baseband structure and eliminates the up/down 

converter blocks. And there is no direct link from source to the destination.  The source 

only has one antenna. There are M relay nodes, each of which has one antenna used for 

both transmitting and receiving. The destination has N receive antennas, from which L 

antennas are selected for further detection. This transmission is a non-regenerative two-

hop link as introduced in the MIMO relay system. Distributed cyclic delay diversity is 

applied in the relay nodes with fixed delay shifts. At the destination, antenna selection is 

applied. The MMP-SNR selection criterion is employed at the destination to optimize the 

joint performance of CDD and antenna selection [16].  

 

The received signals at the relay nodes in the frequency domain can be written as 

 R H wR SR S SRS= + ,                                                 (6.10) 
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where 1 2R ( , , , ) 'M
R R R RR R R= ⋯    denotes the receive signal at relay nodes, 

( )1 2H ,  ,  ,  'M
SR SR SR SRH H H= ⋯  denotes the channel between the source and the relay nodes, 

1 1
SS ×∈ℂ denotes the transmitted signal from the source, and ( )1 2w , , , M

SR SR SR SRw w w= ⋯    

denotes the additive white Gaussian noise at the relay nodes.  

 

Let  ( )1 2F ,  ,  ,  Mdiag F F F= ⋯  denote the gain matrix provided by the amplifiers in the 

relay nodes and D M M×∈ℂ  denote the generating matrix for cyclic delay diversity. Then 

the signal transmitted by the relay node is 

 S DFH DFwR SR S SRS= + ,                                              (6.11) 

 

Let H N M
RD

×∈ℂ denote the MIMO channel between the relay node and the destination. 

The receive signal at the destination can be written as 

 R H DFH H DFw wD RD SR S RD SR RDS= + + ,                                (6.12) 

where wRD  denotes the additive white Gaussian noise at the receiver side of the 

destination.  

 

As given in (3.3), the multiple-input multiple-output channel between the relay node and 

the destination can be substituted with a single-input multiple-output channel where  

H DRD  can be represented as { },H ( ) ( )n m
equ equk H k= , 

2 ( 1)
, ,( ) ( )

m

s

j k
Nn m n m

equH k e H k
δπ −

=  . 

Therefore the received signal at the destination can be written as 

R H ( ) FH ( ) H ( )Fw ( ) w ( )D equ SR S equ SR RDk S k k k k= + + .                           (6.13) 
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The numerical simulation results of this cooperative relay system with cyclic delay 

diversity among the relay nodes and the antenna selection scheme at the destination will 

be given in the next section. 

 

6.36.36.36.3 NNNNuuuummmmeeeerrrriiiiccccaaaallll RRRReeeessssuuuullllttttssss        

In this section, a performance comparison of the MIMO relay system and the cooperative 

relay system is presented in numerical results based on Monte Carlo simulations in 

Matlab.  

6.3.16.3.16.3.16.3.1 MMMMIIIIMMMMOOOO RRRReeeellllaaaayyyy SSSSyyyysssstttteeeemmmm            

The simulation results of the MIMO relay system are presented in this section. Figure 6.3  

shows the simulation results of the MIMO relay system with different channel codes. The 

MMP-SNR selection criterion is employed as the antenna selection rule at the destination. 

There are three convolutional codes deployed with the constraint length varying as 3, 5 

and 7. For a convolutional code with a constraint length of 3, although the slope of the 

BER curve of the MIMO relay system is steeper than the BER curve of a relay system 

without CDD, its error probability is larger than the later system when the Eb/No is 

smaller than 20dB. As the constraint length of the convolutional code increases, the 

performance of the MIMO relay system improves. When Eb/No is larger than a certain 

threshold, the BER performance of the MIMO relay system is lower than the relay 

system without CDD. For a convolutional code with a constraint length of 5, the crossing 

point is at 19dB, while for a convolutional code with a constraint length of 7, the crossing 

point is at 14dB. The simulation results verify again that the performance of CDD 
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depends significantly on the design of the channel coding. Simple convolutional coding, 

e.g. with a constraint length equal to 3, renders less coding gain even when a diversity 

gain is achieved, for the reason that the trace back spreading of the convolutional code is 

not broad enough to explore the frequency diversity provided by CDD. 

 

Figure 6.3 Performance comparison of MIMO relay systems with different convolutional codes.  

There are 4 antennas in the relay station and 1 antenna is selected from 2 at the destination. The 

MMP-SNR selection criterion is used as the antenna selection rule. 
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Figure 6.4 Performance comparison of MIMO relay systems with and without CDD of 2 antennas 

in the relay station and antenna selection of varying antenna number at the destination, the MMP-

SNR selection criterion is applied as the antenna selection rule. The constraint length of the 

convolutional code is 7. 

 

Figure 6.4 shows the simulation results of the relay system with 2 antennas in the relay 

station. The constraint length of the convolutional code is 7. The performance of the 

MIMO relay system with cyclic delay diversity scheme in the relay node and antenna 

selection at the destination is obviously much better than the system without any spatial 

diversity scheme or with single diversity scheme (only CDD in the relay station or only 

antenna selection at the destination). The MIMO relay system with CDD performs 0.2dB 

better than the system without CDD at a BER of 10-3 when the antenna selection scheme 

chooses 1 antenna from 2 for both systems. While the MIMO relay system with antenna 
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selection at the destination performs 5dB better than the relay system without antenna 

selection at a BER of 10-2 when the antenna numbers of CDD for both systems are 2 and 

2 receive antennas are used at the destination, which means that 2 RF chains are required. 

From the slopes of BER simulation curves of the only CDD system with 2 antennas in the 

relay and the only antenna selection system with 2 available antennas at the destination, it 

can be observed that the CDD in the relay station brings less diversity gain than the 

antenna selection scheme at the destination.  

 

It is also observed that the diversity gain (indicated by the slope of the BER curve) 

increases when the number of available antennas is larger at the destination. When the 

number of the available antennas at the destination is larger, the diversity gain increases 

more slowly with increasing Eb/No. When the number of the antennas is larger than 4, the 

diversity gain barely increases. It means that the channel diversity property has been 

mostly exploited and the channel is very close to an AWGN channel without fading. 

From the performance comparison of the MIMO relay system with antenna selection 

choosing 1 receive antenna from 2 available antennas for detection and the MIMO relay 

system which employs 2 receive antennas without selection, it can be seen that the MMP-

SNR selection criterion achieves the same diversity gain as if all of the receive antennas 

are used for detection.  In addition, the coding gain (indicated by the horizontal shift) 

increases when the number of selected antennas increases.  
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Figure 6.5 Performance comparison of MIMO relay systems with and without CDD of 4 antennas 

in the relay station and antenna selection with varying antenna number at the destination, the 

MMP-SNR selection criterion is applied as the antenna selection rule. The constraint length of the 

convolutional code is 7. 

Figure 6.5 shows the simulation results of the relay system with 4 antennas in the relay 

station and the constraint length of the convolutional code is 7. The relay system with 

CDD performs 1dB better than the system without CDD at a BER of 10-5 when the 

antenna selection scheme chooses 2 antennas from 4 for both systems. While the MIMO 

relay system with antenna selection at the destination performs 10dB better than the relay 

system without antenna selection at a BER of 10-2 when the same number of antennas in 

the relay station for CDD is applied and the same number of antennas at the destination is 

used, which means the same number of RF chains. From the slopes of simulation result 

curves of the only CDD system with 4 antennas in the relay station and the only antenna 
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selection system with 4 available antennas at the destination, it can be observed that the 

CDD in the relay station brings less diversity gain than the antenna selection at the 

destination.  

 

6.3.26.3.26.3.26.3.2 CoopeCoopeCoopeCooperrrraaaattttiiiivvvveeee RRRReeeellllaaaayyyy SSSSyyyysssstttteeeemmmm            

The simulation results of the cooperative relay system are discussed in this section. From 

Figure 6.6, it is observed that when the number of relay nodes which work cooperatively 

increases, the diversity gain becomes larger. Figure 6.7 shows the diversity gain variation 

with the number of relay nodes increasing. The diversity gains are calculated according to 

(2.12) and normalized by the diversity gain of the single antenna system with a single 

relay station and single antenna at the destination. The diversity gain of the single 

antenna system is assumed to be 1 unit. It can be seen that the diversity gain increases 

more slowly when the number of the relay nodes is larger. This feature is similar to the 

MIMO relay system.  
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Figure 6.6 Performance comparison of cooperative relay systems with different numbers of relay 

nodes. Antenna selection is employed at the destination, 1 antenna is selected from 2 using the 

MMP-SNR selection criterion. The constraint length of the convolutional code is 7. 

 

Figure 6.7 Diversity gains of cooperative relay systems with different numbers of relay nodes. 

Antenna selection is employed at the destination, 1 antenna is selected from 2 using the MMP-

SNR selection criterion. The constraint length of the convolutional code is 7. 
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Figure 6.8 shows a performance comparison of the cooperative relay system with varying 

antenna number at the receiver of the destination. There are 2 relay nodes which employ 

a cyclic delay shift of half of the OFDM frame length. Similar to the results in Figure 6.4 , 

the diversity gain increases with the number of the available antennas for selection while 

the coding gain depends on the number of the selected antennas for further detection. The 

BER curves of the cooperative relay system with 2 receive antennas used without antenna 

selection at the destination and the cooperative relay system which select 1 antenna from 

2 with the MMP-SNR selection criterion at the destination have the same slope, which 

indicates that the MMP-SNR selection criterion achieves the same diversity gain as if all 

of the receive antennas are used for detection. The normalized diversity gains are shown 

in Figure 6.9. Comparing Figure 6.7 and Figure 6.9, it can be observed that the multiple 

relay nodes achieve larger diversity gain than the multiple receive antennas at the 

destination with the same numbers of antennas. This is because the multiple relay nodes 

provide not only multiple independent channels between the relay stations and the 

destination, but also multiple channels between the source and the relay stations. 

However the multiple antennas at the destination only receive independent copies of the 

signals transmitted from the relay nodes, with a fixed number of channels between the 

source and the relay nodes. 
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Figure 6.8 Performance of a cooperative relay system with varying receive antenna number at the 

destination. 2 relays work cooperatively with cyclic delay diversity. The MMP-SNR selection 

criterion is adopted as the antenna selection rule at the destination. The constraint length of the 

convolutional code is 7. 

 

Figure 6.9 Diversity gains of a cooperative relay system with varying receive antenna number at 

the destination. 2 relays work cooperatively with cyclic delay diversity. The MMP-SNR selection 

criterion is adopted as the antenna selection rule at the destination. The constraint length of the 

convolutional code is 7. 
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Figure 6.10 Performance of a cooperative relay system with varying receive antenna number at 

the destination. 4 relays work cooperatively with cyclic delay diversity. The MMP-SNR selection 

criterion is adopted as the antenna selection rule at the destination. The constraint length of the 

convolutional code is 7. 

 

Figure 6.11 Diversity gains of a cooperative relay system with varying receive antenna number at 

the destination. 4 relays work cooperatively with cyclic delay diversity. The MMP-SNR selection 

criterion is adopted as the antenna selection rule at the destination. The constraint length of the 

convolutional code is 7. 
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Figure 6.10 shows the performance of cooperative relay system with 4 relay nodes. The 

cooperative relay system with CDD and a receive antenna selection scheme that chooses 

2 antennas from 4 achieves a diversity gain of 3.6 compared to a diversity gain of 0.3 for 

the system without CDD but having the same antenna selection scheme and a diversity 

gain of 1.9 for the system without antenna selection but having the same CDD scheme. 

The diversity gain increases when number of the available receive antennas for selection 

is increased until the total number of the receive antennas is larger than 4, which means 

the diversity property of the wireless channels is saturated. The normalized diversity 

gains are given in Figure 6.11. 

 

6.3.36.3.36.3.36.3.3  ComparisonComparisonComparisonComparison    

 

Figure 6.12 Performance comparison of a MIMO relay system and a cooperative relay 

system with varying receive antenna number at the destination. The MMP-SNR selection 

criterion is adopted as the antenna selection rule at the destination. The constraint length 

of the convolutional code is 7. 
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Figure 6.12 shows a comparison of the performance of a MIMO relay system and a 

cooperative relay system. The constraint length of the convolutional code is 7. It can be 

observed that the MIMO relay system with 4 antennas in the relay station performs 1.5 

dB better than the cooperative system without antenna selection. Meanwhile, with a 

receive antenna selection scheme that chooses 1 antenna from 2, the MIMO relay system 

performance is 2.5dB better than the cooperative relay system. With a receive antenna 

selection scheme that chooses 2 antennas from 4, the MIMO relay system performance is 

3.5dB better than the cooperative relay system.  

 

6.46.46.46.4 ConclusionsConclusionsConclusionsConclusions    

This chapter proposes two new non-regenerative relay systems with joint diversity 

schemes both in the relay station and the destination. In the MIMO relay system cyclic 

delay diversity is applied on multiple transmit antennas in the relay station. Meanwhile in 

the cooperative relay system, distributed cyclic delay diversity is employed in separated 

relay nodes which work cooperatively. Antenna selection is adopted at the destination for 

both systems with a selection criterion named the maximum minimum post-processing 

signal to noise ratio selection rule.  

 

From the numerical results, it can be observed that both two relay systems achieve high 

diversity gains, which depend on the number of the antennas in the relay stations and the 

number of the available antennas at the destination. These relay systems perform much 

better than the systems with only one diversity scheme (only cyclic delay diversity in the 

relay stations or only antenna selection scheme at the destination). Comparing the 
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simulation results of the MIMO relay system and the cooperative relay system, it is 

observed that the MIMO relay system achieves better a BER performance compared with 

the cooperative relay system. This is due to that in the cooperative relay system, the 

fluctuation feature of the multiple channel transfer functions is amplified by the diversity 

between the source station and relay nodes. This fluctuation renders an unequal power 

allocation between the relay nodes which work cooperatively with CDD scheme, and 

therefore leads to a BER performance loss. 

 

The simulation results also show that when the multiplication of number of the antennas 

in the relay stations and the number of the available antennas at the destination is larger 

than 16 (which can be obtained with 4 antennas in the relay station and 4 antennas 

available at the destination), the diversity gain rarely increases with larger antenna 

number. This is due to there being significant diversity in the channel to mitigate the 

fading. In this case, after combination and equalization, the channel is close to an AWGN 

channel. In addition, the MMP-SNR antenna selection criterion achieves the same 

diversity gain as if all of the receive antennas are used at the destination. The coding gain 

depends on the number of the selected antennas for the maximal ratio combining at the 

destination. 
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Chapter 7  

7777 CCCCoooonnnncccclllluuuussssiiiioooonnnnssss aaaannnndddd FFFFuuuuttttuuuurrrreeee WWWWoooorrrrkkkk                

7.17.17.17.1 ConclusionsConclusionsConclusionsConclusions    

Radio signals are corrupted by reflection, diffraction, refraction, scattering, shadowing 

and attenuation while being transmitted through wireless channels. This corruption, 

termed fading, makes the wireless communication systems unpredictable and unstable. 

The demand for high fidelity and high speed (a bit error rate as low as 10-8 and a data rate 

as high as 100Mbps) requires current wireless communication systems to be reliable and 

robust. In addition, limited by the size, power and cost of the remote unit, the intended 

systems should be of very low complexity and power consumption. Therefore many 

techniques have been derived to combat the fading effect and provide a guaranteed 

transmission quality.   

 

The fading properties of wireless channels were introduced in Chapter 2. Then several 

statistical models describing the multipath fading channels were presented, which were 

used for the performance analysis and the system design of the wireless communications 

system in the following chapters. Two key technologies, MIMO and OFDM were 

included here as two basic components for the systems constructed in this thesis. OFDM 

was introduced to combat the multipath fading in broadband communication links, while 

MIMO had been developed to improve the signal transmission reliability or the data rate. 

For improving the link reliability, spatial diversity schemes were employed to enhance 
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the system performance in the perspective of error probability. Cyclic delay diversity was 

suggested for its low additional complexity, high flexibility and spectrum efficiency as 

well as the compatibility with many existing standards compared with the orthogonal 

space time block coding. While antenna selection was proposed to cut down the number 

of the expensive RF chains and also has the features of high flexibility and compatibility.  

 

In chapter 3, a new exact bit error rate bound for a cyclic delay diversity system 

combined with OFDM and convolutional coding in multipath Rayleigh fading channels 

was developed. An approximation method is introduced to reduce the computational 

complexity. This performance analysis result also can be readily extend to other classes 

of channel codes and statistical fading channel models. From the numerical results 

presented in Section 3.5 it can be observed that performance bounds provide a valuable 

prediction of the BER performance of the CDD system with varying cyclic delay shift. 

This performance analysis renders a fundamental understanding of the mechanism of 

CDD systems and is instructive for CDD system design in Chapter 4 and Chapter 5. 

Compared to the exhaustive simulation or experimental search, this performance analysis 

saves a significant amount of time and is less computationally complex. 

 

In Chapter 4, a original system with joint cyclic delay diversity in the transmitter and 

antenna selection scheme in the receiver, named as a TCDD/RAS system, was proposed 

to provide significant performance improvement with very low additional complexity, 

high compatibility and no data rate reduction compared to the TOSTBC/RAS (transmit 

orthogonal space-time coding and receive antenna selection) system. Another new 
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TCDD-OSTBC/RAS system was also derived to avoid the disadvantages of OSTBC and 

utilize the high flexibility of CDD to provide a balanced BER performance without 

sacrificing the complexity and data rate.  

 

Based on the performance analysis bounds generated in Chapter 3, a new receive antenna 

selection criterion was generated for the TCDD/RAS system. However, this rule demands 

high computational complexity. Therefore a further new maximum minimum post-

processing SNR (MMP-SNR) antenna selection criterion, which is much simpler and 

faster, was derived for the proposed TCDD/RAS system in flat fading Rayleigh channel. 

The MMP-SNR rule achieves a better BER performance than the norm selection rule and 

the capacity criterion with even lower additional complexity. Using the MMP-SNR rule, 

the TCDD/RAS system achieves a similar diversity order compared to the corresponding 

transmit orthogonal space-time block coding diversity scheme combined with optimum 

receive antenna selection of the same number of antennas, but the TCDD/RAS systems 

requires much lower additional complexity, suffers no data rate loss and offers 

compatibility with many existing standards. Diversity gain is retained by the antenna 

selection scheme with the MMP-SNR criterion in the TCDD/RAS system as if all the 

available receive antennas are used. In addition, with another new selection principle, the 

MMP-norm criterion, the TCDD-OSTBC/RAS system achieves a BER performance 

which is better than the TCDD/RAS system and the punctured TOSTBC/RAS system. 

Even its performance is still slightly inferior to the TOSTBC/RAS system, it suffers no 

spectral efficiency reduction and is of much lower complexity. 
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In Chapter 5, the TCDD/RAS was analyzed and estimated by simulation in frequency 

selective channels. A new selection rule, named maximum group minimum post-

processing SNR (MGMP-SNR) selection criterion, was proposed for the receive antenna 

selection. The optimum selection parameter for the MGMP-SNR criterion was 

demonstrated to be irrelevant to the channel coding but dependent on the numbers of the 

antennas. The MGMP-SNR selection rule performs better than the traditional norm 

selection, the capacity selection rules, and even the principle based on the error 

probability, with much lower computational complexity. 

 

Chapter 6 proposed two new non-regenerative relay systems with joint diversity schemes 

both in the relay stations and the destination in order to increase the transmission 

reliability of the wireless links, thereby to extend the transmission range and increase the 

information throughput. In the MIMO relay system cyclic delay diversity was applied on 

multiple transmit antennas in the relay station. Meanwhile in the cooperative relay system, 

distributed cyclic delay diversity was employed in separated relay nodes which work 

cooperatively.  From the numerical results, it can be observed that both two relay systems 

achieve high diversity gain which depends on the multiplication of antenna number in 

relay stations and the number of the available antennas at the destination. These relay 

systems with joint diversity schemes achieve much better performance gains compared 

with the systems with single diversity scheme (only cyclic delay diversity in the relay 

stations or only antenna selection scheme at the destination). The numerical results show 

that the BER performance of the MIMO relay system is better than the cooperative relay 

system. This is due to that the fluctuations, which are generated by the multiple channels 
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between the source station and the relay nodes in the cooperative relay system, cannot be 

utilized by CDD and even become a burden for the system as they enlarge the differences 

of the power allocation among different relay nodes. The simulation results also show 

that when the multiplication of antenna number in the relay stations and the number of 

the available antennas at the destination is larger than 16, the diversity gain rarely 

increases with larger antenna numbers. This is due to there being significant diversity in 

the channel to mitigate the fading. In this case, after combination and equalization, the 

channel is close to an AWGN channel. The diversity schemes introduced in this thesis are 

mainly concerned with the channel fading but not the additive white Gaussian noise. 

 

7.27.27.27.2 FFFFuuuuttttuuuurrrreeee WWWWoooorrrrkkkk        

Cyclic delay diversity has already been applied in the 802.11n standard which published 

in Oct. 2009. And it will be used widely in future wireless mobile, wireless broadband 

networks, digital audio and video broadcasting networks. It may also be applied in sensor 

networks as well. Due to the high flexibility of CDD, it can be combined with various 

other technologies. In this thesis, we consider OFDM as a necessary block which turns 

the space diversity, which is provided by CDD, to frequency diversity, which can be used 

by the error correction coding. However, CDD can also be applied in non-OFDM 

systems, such as the multicarrier-CDMA system introduced in [8], the KR coding system 

(which has been developed by Riqing Chen in our group) and other frequency spreading 

coding systems. Similarly, the convolutional codes can be replaced by other error 

correction codes, such as the Low-density parity-check codes and turbo codes. 
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Although the performance analysis of cyclic delay diversity system is based on a simple 

mathematical model with PSK signals or QAM signals modulated by OFDM and coded 

by convolutional code in a multipath Rayleigh fading channel, the statistical model can 

be generated to more practical and complicated scenarios. The channel model can be 

extended to other channel models such as the Nakagami model [1] [2], the Saleh-

Valenzuela model [3], the log-normal model [4] and also real channel data. Alternative 

channel models can be directly introduced to equation (3.10) for the calculation of the 

expectation with respect to specific channel coefficient distributions. Moreover, the exact 

performance analysis for convolutional codes or more complex channel codes, such as 

the turbo codes [5] [6] and other concatenated channel codes [7], which are more 

commonly used in current wireless communication standards compared to a single 

channel coding scheme, needs to be developed for future wireless system design.  

 

This thesis proposed a transmit cyclic delay diversity and receive antenna selection 

scheme. Mathematical performance analysis of CDD is provided here for a thorough 

understanding of the system mechanism and the optimum system design. The 

performance gains brought by the diversity schemes are verified by numerical simulation 

results with a Monte Carlo method. However either the performance analysis or the 

simulation is conducted based on a number of ideal assumptions and mathematical 

simplifications. Therefore extensive experimental demonstration has to be implemented 

for a practical estimation of the diversity gain obtained by the TCDD/RAS system as well 

as the TCDD/RAS embedded relay systems. The trade-off between complexity and link 

reliability should be investigated by experiments for the comparison of the TCDD/RAS 
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system, the TOSTBC/RAS as well as the TCDD-OSTBC/RAS system. Particularly, the 

performance of the diversity schemes highly depends on the wireless channel conditions 

as verified in this thesis. The performance of the TCDD/RAS system has to be exploited 

in variant channel conditions, such as the typical rural area, the typical urban area as well 

as the typical indoor environment. This estimation can specify the practical utilizations of 

the TCDD/RAS scheme in different environments.  

 

In addition, relay systems, which are investigated in Chapter 6, are two-hop non-

regenerative relay systems where it is assumed that there is no direct link between the 

source and the destination. However in real cases there may be a weak connection 

between the source and the destination. Meanwhile, the two-hop transmission model is of 

low spectrum efficiency and thereby leads to data rate degradation. Modifications should 

be made for the joint diversity schemes to adjust to the practical environments and 

guarantee a maximum performance gain with a combination of all received signals from 

both the source and the relay nodes. Further more, both of the MIMO relay system model 

and the cooperative relay system model are extreme cases: the MIMO relay system only 

employs a single relay station while the cooperative relay system only has a single 

antenna on each relay node. For practical implementation, a combination of these two 

systems has to be considered to balance the complexity of multiple antennas on the relay 

stations and the performance gain promised by the cooperative spatial diversity scheme.   

 

A considerable amount of further research can be undertaken from this work. The 

performance analysis proposed in this thesis can be used as a basis for the cyclic delay 
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diversity system design and is hoped to be used in other CDD systems. The TCDD/RAS 

scheme can be applied to numerous other systems due to its high flexibility and 

compatibility. Experimental work needs to be undertaken to demonstrate the performance 

of this scheme in a variety of real-world environments.  
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Appendix A   

PPPPeeeerrrrffffoooorrrrmmmmaaaannnncccceeee AAAAnnnnaaaallllyyyyssssiiiissss        ffffoooorrrr BBBBPPPPSSSSKKKK        SSSSignalignalignalignalssss wwwwiiiitttthhhh        

CCCCoooonnnnvvvvoooolllluuuuttttiiiioooonnnnaaaallll CCCCoooodddd    inginginging    inininin AAAAWWWWGGGGNNNN CCCChhhhaaaannnnnnnneeeellll        ssss    

In this section, a simple performance analysis of a single antenna system without any 

diversity scheme in AWGN channel is investigated to provide the theory basic for the 

analysis of the CDD system in multipath fading channel. BPSK signal is assumed to be 

generated after the convolutional coding. The performance analysis can be produced 

based on the derivation in [1].  

 

A bit of BPSK signal can be denoted as 

  (2 1)c lx E C= − ,                                                     (A.1) 

where 0lC =  or 1, is the original information bit and cE  is the transmitted signal energy 

for each code bit. If we assume an AWGN channel, for convolutional coding, the 

received signal can be denoted as 

 ( ) ( )
, , ,(2 1)i i

j m c j m j mr E C n= − +  ,                                            (A.2) 

where ( )
,
i

j mn  represents the additive Gaussian noise, which has zero mean and variance of 

2
0

1

2n Nσ = , index i denotes the ith path in a convolutional coding trellis, index  j indicates 

the jth branch and the index m denotes the mth bit in that branch. According to the 

distribution of ( )
,
i

j mn , the probability distribution function of the random variable ,j mr  

conditioned on the transmitted signal ( ) ( )
, ,(2 1)i i

j m c j mx E C= −  is 
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( ) 2
, ,

0

( ) ( )2 2
, , , ,

0

[ (2 1)]

( )
, ,

0

(2 1) 2 (2 1)

0

1
( ) e

1
e

i
j m c j m

i i
j m c j m j m c j m

r E C

Ni
j m j m

r E C r E C

N

P r C
N

N

π

π

− −
−

+ − − −
−

=

=

.                        (A.3) 

As ( )
,
i

j mn  is independent identically distributed (i.i.d.) on each bit, the joint distribution 

probability function for the signal array of the whole path conditioned on the transmitted 

sequence { }( )i
jmC  for the ith path is: 

( ) 2
, ,

0

( ) ( )2 2
, , , ,

0

[ (2 1)]

( )

, 0

(2 1) 2 (2 1)

, 0

1
( ) e

1
e

i
j m c j m

i i
j m c j m j m c j m

r E C

Ni

j m

r E C r E C

N

j m

P r C
N

N

π

π

− −
−

+ − − −
−

=

=

∏

∏
 .                  (A.4) 

In order to simplify the calculation, a metric can be defined for the joint probability of the 

ith path through the coding trellis [1] 

 ( ) ( )log ( )i iP r Cµ = .                                                  (A.5) 

In this case, if we neglect the terms that are common to all paths, the metric for the ith 

path can be expressed as 

( ) 2
, ,(2 1)i

j m j m
j m

r Cµ = −∑∑ .                                              (A.6) 

If we assume the 0th path is the original path for the transmitted signal, and eth path is 

the error path that the Viterbi decoder considered. Then the probability of erroneously 

decoding the eth path as the transmitted path, which is identical as the pairwise error 

probability for the first bit on that signal path, is 
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( ) (0)
2

( ) (0)

0
, , ,

( ) ( )

( 0)

( ) 0

e

e

e
j m j m j m

j m

P d P

P

P r C C

µ µ
µ µ

= ≥
= − ≥

 
= − ≥ 

 
∑∑

   .                            (A.7) 

As path i=0  and path i=e are identical expect d positions, the equation above can be 

represented in a simpler form: 

 0
2

1

( ) ( ) 0
d

e
l l l

l

P d P r C C
=

 = − ≥ 
 
∑ .                                         (A.8) 

Substituting (A.2) into (A.8), the  error probability can be denoted as 

0 0 0
2

1

( ) (2 1)( ) ( ) 0
d

e e
c l l l l l l

l

P d P E C C C n C C
=

  = − − + − ≥   
∑ .                   (A.9) 

Because ln  is a random variable of Gaussian distribution with 0 mean, ( )0e
l l ln C C−  has 

the same distribution as ln . Therefore it can be substituted directly with ln . (A.9) can be 

expressed as  

0 0
2

1

( ) (2 1)( ) 0
d

e
c l l l l

l

P d P E C C C n
=

  = − − + ≥   
∑ .                          (A.10) 

As BPSK signals are transmitted here, 0lC =  or 1, we can calculate (A.10) as following. 

a. If 0 0lC = , then 1e
lC = ,  

0 0(2 1)( ) ( 1) 1 1e
l l lC C C− − = − × = −  

b. If  0 1lC = , then 0e
lC =  

0 0(2 1)( ) 1 ( 1) 1e
l l lC C C− − = × − = −  

Therefore whether 0lC =  or 1, the pairwise error probability can be written as 
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( )

[ ]

2
1

1

( ) 0

0

0

d

c l
l

d

l
l

P d P E n

P y

P y

=

=

 = − + ≥ 
 

 = ≥ 
 

= ≥

∑

∑  .                                         (A.11) 

As { }ly  are i.i.d Gaussian distributed with mean cE−  and variance 0

1

2
N , y are 

Gaussian distributed with mean cd E−  and variance 0

1

2
dN . Therefore the probability 

distribution function for y can be denoted as  

2

0

[ )]

0

1
( ) e

cy d E

dNP y
dNπ

−
−

= .                                                (A.12) 

Therefore the error probability of the pairwise comparison of these two paths which 

differ in d bits is 

 

( )

2

0

[ )]

2 0
0

0

1
( ) e

2

2

cy d E

dN

c

b c

P d dy
dN

E
Q d

N

Q R d

π

γ

−
−∞

=

 
=   

 

=

∫

  .                                     (A.13) 

where 0/b bE Nγ =  is the received signal energy per bit to noise ratio, cR  is the code rate 

of the convolutional coding and the Q-function is  

2

21
( )

2

x

x
Q x e dx

π
∞ −

= ∫ .                                                (A.14) 

As derived in [1], the bit error probability for convolutionally coded signals can be 

denoted as  
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( )

2( )

2

free

free

b d
d d

d b c
d d

P P d

Q R d

β

β γ

∞

=

∞

=

<

<

∑

∑
.                                            (A.15) 

where freed  is the free distance of the convolutional trellis code and dβ  weight of each 

2( )P d . Here dβ  is the number of paths which differ with the correct path on d positions. 

 

This performance analysis of a single antenna system without any diversity scheme in 

AWGN channel is basic for the analysis of the CDD system in multipath fading channels.  

 

ReferenceReferenceReferenceReference    

[1] J. G. Proakis, Digital Communications , McGraw-Hill, 4th Edition, 2000. 
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AAAAppppppppeeeennnnddddiiiixxxx BBBB        

PPPPaaaaiiiirrrrwwwwiiiisssseeee EEEErrrrrrrroooorrrr PPPPrrrroooobbbbaaaabbbbiiiilllliiiittttyyyy ffffoooorrrr 11116666QQQQAAAAMMMM SSSSiiiiggggnnnnaaaallllssss iiiinnnn                            

AAAAWWWWGGGGNNNN CCCChhhhaaaannnnnnnneeeellllssss        

Assume that the received signal for a simple 16QAM system in AWGN channel can be 

presented as 

 R S n= +                                                        (B.1) 

whereS denotes the signal transmitted, while n is the additive Gaussian noise and 

Rdenotes the received signal. 

 

For a typical 16QAM scheme, the corresponding codewords are shown in Figure B.1: 
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Figure B.1 16QAM codeword constellation 

As described in Section 5.3.1, there are three cases in the constellation. One in the corner, 

such as 0S ; one in the middle, such as5S ; one for the rest of the symbols, such as 1S .  

Symbols in one case have the same error probability expression provided by the 

symmetric characteristics of the four quadrants in the constellation. Meanwhile the 

pairwise error probability for different cases should be calculated differently.  

 

According to Section 5.3.1, for the first case, assuming 0S  is transmitted, the probability 

that 0S  is detected correctly can be written as 

( ) ( ) ( )2 0 0 02 2
10 10

s sE E
P S S p real R S p imag R

   
= ≤ − >      

   
 ,               (B.2) 

where ( )real i denotes the operation of taking the real part of a complex number and 

( )imag i denotes taking the imaginary part. As the noise is Gaussian distributed with zero 

mean and a variance of 0

2

N
. Therefore, the real part of R obeys the following 

distribution function: 

( )( )
( )

0

3
10

0

0

1

sE
real R

Np real R S e
Nπ

 
+  

 −
=  .                              (B.3) 

While the imaginary part of R follows the distribution function: 

( )( )
( )

0

3
10

0

0

1

sE
imag R

Np imag R S e
Nπ

 
−  

 −
= .                              (B.4) 

Therefore, the probability that 0S is detected correctly (B.2) can be represented as 
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( ) 0 0

3 3
10 10

2
10

2 0 0 2
100 0

2

0

1 1

1
1

2 10

s s

s

s

E E
r I

E
N N

E

s

P S S e dr e dI
N N

E
erfc

N

π π

   
+ +      

   − −− +∞

−∞
= ×

  
= −    

  

∫ ∫
.        (B.5) 

Meanwhile, the probability that 1S  is erroneously detected can be written as  

( ) ( ) ( )2 1 0 0 0

0 0 0

2 0 2
10 10

1 1 1
1 3

2 10 2 10 2 10

s s

s s s

E E
P S S p real R S p imag R S

E E E
erfc erfc erfc

N N N

   
= ≤ − < ≤      

   

       
= − −              

       

.   (B.6)   

Therefore the pairwise probability that yS is detected while xS was transmitted can be 

presented in the following table: 

Assuming 0S  is transmitted: 

yS  ( )0yP S S  

0S  2

0

1
1

2 10
sE

erfc
N

  
−    

  
 

1S  

0 0 0

1 1 1
1 3

2 10 2 10 2 10
s s sE E E

erfc erfc erfc
N N N

       
− −              

       
 

2S  

0 0 0

1 1 1
1 3 5

2 10 2 10 2 10
s s sE E E

erfc erfc erfc
N N N

       
− −              

       
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3S  

0 0

1 1
1 5

2 10 2 10
s sE E

erfc erfc
N N

    
−        

    
 

4S  

0 0 0

1 1 1
3 1

2 10 2 10 2 10
s s sE E E

erfc erfc erfc
N N N

       
− −              

       
 

5S  2

0 0

1 1
3

2 10 2 10
s sE E

erfc erfc
N N

    
−        

    
 

6S  

0 0 0 0

1 1 1 1
3 3 5

2 10 2 10 2 10 2 10
s s s sE E E E

erfc erfc erfc erfc
N N N N

         
− −                  

         
 

7S  

0 0 0

1 1 1
3 5

2 10 2 10 2 10
s s sE E E

erfc erfc erfc
N N N

      
−            

      
 

8S  

0 0 0

1 1 1
3 5 1

2 10 2 10 2 10
s s sE E E

erfc erfc erfc
N N N

       
− −              

       
 

9S  

0 0 0 0

1 1 1 1
3 5 3

2 10 2 10 2 10 2 10
s s s sE E E E

erfc erfc erfc erfc
N N N N

         
− −                  

         
 

10S  2

0 0

1 1
3 5

2 10 2 10
s sE E

erfc erfc
N N

    
−        

    
 

11S  

0 0 0

1 1 1
3 5 5

2 10 2 10 2 10
s s sE E E

erfc erfc erfc
N N N

      
−            

      
 

12S  

0 0

1 1
5 1

2 10 2 10
s sE E

erfc erfc
N N

    
−        

    
 

13S  

0 0 0

1 1 1
5 3

2 10 2 10 2 10
s s sE E E

erfc erfc erfc
N N N

      
−            

      
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14S  

0 0 0

1 1 1
5 3 5

2 10 2 10 2 10
s s sE E E

erfc erfc erfc
N N N

      
−            

      
 

15S  2

0

1
5

2 10
sE

erfc
N

  
   
   

 

Assuming 5S is transmitted: 

yS  ( )5yP S S  

0S  2

0

1

2 10
sE

erfc
N

  
    

  
 

1S  

0 0

1
1

2 10 10
s sE E

erfc erfc
N N

    
−        

    
 

2S  

0 0 0

1 1 1
3

2 10 2 10 2 10
s s sE E E

erfc erfc erfc
N N N

      
−            

      
 

3S  

0 0

1 1
3

2 10 2 10
s sE E

erfc erfc
N N

   
      
   

 

4S  

0 0

1 1
1

2 10 2 10
s sE E

erfc erfc
N N

    
−        

    
 

5S  2

0

1
1

2 10
sE

erfc
N

  
−    

  
 

6S  

0 0 0

1 1
1 3

10 2 10 2 10
s s sE E E

erfc erfc erfc
N N N

       
− −              

       
 

7S  

0 0

1
1 3

10 2 10
s sE E

erfc erfc
N N

    
−        

    
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8S  

0 0 0

1 1 1
3

2 10 2 10 2 10
s s sE E E

erfc erfc erfc
N N N

      
−            

      
 

9S  

0 0 0

1 1
3 1

2 10 2 10 10
s s sE E E

erfc erfc erfc
N N N

       
− −              

       
 

10S  2

0 0

1 1
3

2 10 2 10
s sE E

erfc erfc
N N

    
−        

    
 

11S  

0 0 0

1 1 1
3 3

2 10 2 10 2 10
s s sE E E

erfc erfc erfc
N N N

      
−            

      
 

12S  

0 0

1 1
3

2 10 2 10
s sE E

erfc erfc
N N

   
      
   

 

13S  

0 0

1
3 1

2 10 10
s sE E

erfc erfc
N N

    
−        

    
 

14S  

0 0 0

1 1 1
3 3

2 10 2 10 2 10
s s sE E E

erfc erfc erfc
N N N

      
−            

      
 

15S  2

0

1
3

2 10
sE

erfc
N

 
  
 

 

Assuming 1S is transmitted: 

yS  ( )5yP S S  

0S  

0 0

1 1
1

2 10 2 10
s sE E

erfc erfc
N N

    
−        

    
 

1S  

0 0

1
1 1

2 10 10
s sE E

erfc erfc
N N

     
− −          

     
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2S  

0 0 0

1 1 1
1 3

2 10 2 10 2 10
s s sE E E

erfc erfc erfc
N N N

       
− −              

       
 

3S  

0 0

1 1
1 3

2 10 2 10
s sE E

erfc erfc
N N

    
−        

    
 

4S  

0 0 0

1 1 1
3

2 10 2 10 2 10
s s sE E E

erfc erfc erfc
N N N

      
−            

      
 

5S  

0 0 0

1 1
3 1

2 10 2 10 10
s s sE E E

erfc erfc erfc
N N N

       
− −              

       
 

6S  2

0 0

1 1
3

2 10 2 10
s sE E

erfc erfc
N N

    
−        

    
 

7S  

0 0 0

1 1 1
3 3

2 10 2 10 2 10
s s sE E E

erfc erfc erfc
N N N

      
−            

      
 

8S  

0 0 0

1 1 1
3 5

2 10 2 10 2 10
s s sE E E

erfc erfc erfc
N N N

      
−            

      
 

9S  

0 0 0

1 1
3 5 1

2 10 2 10 10
s s sE E E

erfc erfc erfc
N N N

       
− −              

       
 

10S  

0 0 0 0

1 1 1 1
3 5 3

2 10 2 10 2 10 2 10
s s s sE E E E

erfc erfc erfc erfc
N N N N

         
− −                  

         
 

11S  

0 0 0

1 1 1
3 5 3

2 10 2 10 2 10
s s sE E E

erfc erfc erfc
N N N

      
−            

      
 

12S  

0 0

1 1
5

2 10 2 10
s sE E

erfc erfc
N N

   
      
   
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13S  

0 0

1
5 1

2 10 10
s sE E

erfc erfc
N N

    
−        

    
 

14S  

0 0 0

1 1 1
5 3

2 10 2 10 2 10
s s sE E E

erfc erfc erfc
N N N

      
−            

      
 

15S  

0 0

1 1
5 3

2 10 2 10
s sE E

erfc erfc
N N

   
      
   

 

 

Table B.1 Pairwise error probability for 16QAM modulated signals 

Assuming all the symbols are distributed with equal likelihood, therefore the pairwise 

error probability of 16QAM can be denoted as 

( ) ( ) ( )( )2 0 5 1

1
4 4 8

16 e e eP P S S P S S P S S= × + × + ×                   (B.7) 

where eS is the probably erroneously detected symbol.  


