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Abstract

This thesis proposes a joint spatial diversity ssen MIMO systems in order to
improve the transmission reliability of the wirededinks, thereby to extend the
transmission range and increase the informaticoutiiyput. Cyclic delay diversity (CDD)
and antenna selection are employed here for thairdomplexity, high flexibility, no
spectrum efficiency reduction and high compatipmitith many existing standards. A bit
error performance bound for CDD system with orthwdo frequency division
multiplexing and convolutional coding in multipa®ayleigh fading channel is generated,
which renders a fundamental understanding of thehar@sm of CDD and can be used
instructively for CDD system design. A transmit kycdelay diversity and receive
antenna selection (TCDD/RAS) system is proposed teelachieve a performance gain
with lower additional complexity and no data rageluction compared with a transmit
orthogonal space-time block coding (OSTBC) systevhich is combined with the
optimum receive antenna selection scheme. A hyystem with both OSTBC and CDD
in the transmitter and antenna selection in theivec is also derived to avoid the high
complexity requirement and data rate degradatiothefOSTBC system as well as the
performance loss of the CDD system. A receive rardgeselection criterion for the
TCDD/RAS system based on the previous performandysis results is defined,
however it demands high computational complexityergfore a much simpler and faster
selection rule, named maximum minimum post-procgsSNR criterion, is generated
for the TCDD/RAS system in flat fading channels andther maximum group minimum
post-processing SNR selection principle is devedopefrequency selective channels.
Both of these two selection rules achieve higheerity gains with lower additional
complexity compared with the traditional norm arapacity selection rules. Two relay
systems embedded with the TCDD/RAS scheme arecalsstructed: the MIMO relay
system and the cooperative relay system. The gbuarsity scheme in the MIMO relay
system obtains a higher diversity gain than indbeperative relay system. Moreover,
these two relay systems could be combined to &msystith multiple cooperative relay
nodes on which multiple antennas are deployed dapgron the practical requirement in
the future wireless communication systems.
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Chapter 1

Introduction

1.1 A Brief History of Wireless Communications

There are many early forms of wireless communioation the pre-industrial age, for
instance smoke signals, signal flags and the sifigwas mainly used in the military or
the navigation areas, although the terminologyéleiss’ had not been used at that time.
Between 1861 and 1864, James Clerk Maxwell postulltite theory of electromagnetic
waves [1]. This was verified by Heinrich Hertz i88r. He demonstrated the existence of
radio waves by generating a spark and receivisgveral meters away, though without
the awareness of the practical importance of it Rpwever the young Guglielmo
Marconi took over his work and explored the comnanealue of radio wave in wireless
communications. Marconi made a great effort esthbthe first radio communication
service in the world [3]. Since then, wireless camination had been regarded as

synonymous with radio communication for a long time

In the last century, wireless communications haxgegenced a flourishing period. In
1916, Reginald Fessenden made the first voice besadver North Atlantic. In 1921,
shortwave radio, also known as high frequency (HE)o, was developed, which made
long distance wireless transmission available. 311 Edwin Armstrong introduced

frequency modulation (FM), which has become verponant for transmitting digital



signals. In 1946, the first mobile service conneécte the public switched telephone
network (PSTN) was launched in 25 cities in the tebhi States. The number of
subscribers to this mobile radio telephone servias limited because of the inefficient
use of the radio spectrum. The introduction of te#lular system by AT&T Bell
Laboratories largely solved this problem [4]. Tlddar system divided a wide area into
smaller cells. Therefore the signals could be tratted within a cell with lower power.
Two cells separated by a sufficient distance calldre the same frequency band with
little mutual interference, which rendered highgrectrum efficiency and thereby
accommodated more users. In 1979, NTT DoCoMo inadafdeployed the first
commercial cellular communication system. Analdgdemmunications technologies in
this time were referred to as the first-genera{ib@) of wireless telephone technology.
There were many 1G standards applied in differemé&saof the world, such as Nordic
Mobile Telephone (NMT), used in Nordic countriesyi@erland, Netherlands, Eastern
Europe and Russia, Advanced Mobile Phone SystemR@Muised in the United States

and Australia, and Total Access Communicationse3ggiTACS) in the United Kingdom.

In 1982, the European Conference of Postal andcdeimunications Administrations
(CEPT) decided to develop a new standard for aalignobile telephone system that
could be used across Europe. In 1989, the Groupei&pgVobile (GSM), also known as
the Global System for Mobile communications, wadingel as the European digital
cellular standard based on a narrowband time dwismultiple access (TDMA)
technology [5]. The first GSM service was availaliel991 by Radiolinja network in

Finland with technical support from Ericsson, whialdicated the start of the second-



generation wireless telephone technology (2G). Thdecs for compressing and
multiplexing digital signals in the 2G system reratk higher spectrum efficiency than
previous systems [6]. Also the digital encryptidntiee conversations provided higher
security. The ubiquitous standards allowed glolm@ming for the subscriber without
changing the handset. Also data services, suchatsmessage service (SMS) and email,
were introduced to mobile devices. A GSM networkdeployed in more than 200
countries and serves more than 3.9 billion usevgadays [7] [8]. 2G systems provide a

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

The third-generation mobile telecommunication tetbgy (3G), also named as the
International Mobile Telecommunications-2000 (IMU&®) was defined by the
International Telecommunication Union (ITU) in 1999 and also adopted by other
standard bodies afterwards. There are several ratédaces for IMT-2000. The most
popular standards include EDGE (which is deployeatldwide), UMTS (which is
deployed in Europe and Asia), CDMA2000 (which ipldged in the United States and
Asia) as well as DECT (which is deployed in Europsia, Australia and the United
States) and WIMAX (which is used worldwide). 3G mised a much higher data rate
than 2G systems, “a minimum speed of 2 Mbit/s fatienhary or walking users, and 348
kbit/s in a moving vehicle” [10]. Based on high sgdransmission, 3G systems are able
to provide a variety of multimedia entertainment @nfotainment services, including
voice conversation, web browsing, video telecomfeee sensing and file transferring
with lower cost, lighter, smaller and cheaper msbiérminals. 3G also promised

seamless global roaming due to its multiple modeeswed techniques [9].



Other wireless communication networks have emergédtie last decade. In 1993, the
European Launching Group (ELG) renamed itself as Migital Video Broadcasting
(DVB) project in order to explore a commercial thditelevision broadcasting network
for private users [11]. Among the DVB standard figgznthe DVB specification for
satellite television (DVB-S) was released in 198% DVB specification for terrestrial
broadcasting (DVB-T) was first broadcast in UK @9Y [12]; the DVB specification for
handheld devices (DVB-H) was ratified in 2004. DV&Bused for delivering digital high
definition television programs worldwide. The dey@hent of digital audio broadcasting
(DAB) started even earlier in 1981 at the Instftiut Rundfunktechnik (IRT). Currently
there are more than 1000 stations broadcasting gudgrams using DAB forms all over
the world [11]. The original IEEE 802.11, also knoas Wireless Fidelity (Wi-Fi) which
carries out the wireless local area network (WLA®®mMputer communications was
released in 1997 [13]. In 1999, a competitive téghe, Bluetooth 1.0 (IEEE 802.15.1)
was released for wireless personal area networlBANY [14]. IEEE 802.16, a standard
for wireless metropolitan area networks (WMAN), aalscalled Worldwide

Interoperability for Microwave Access (WIMAX) waseated in 2001 [15].

1.2 Current Wireless Communication Techniques

Driven by the demand for high fidelity, high speedltimedia wireless communication
services, fourth-generation (4G) wireless telecomication, also defined as IMT
Advanced as by the International Telecommunicatidnion, is currently being
developed. The data rate of the fourth generati@bil® communication system is

elevated to a nominal data rate of 100 Mbit/s wltie client physically moves at high



speeds relative to the base station, and 1 Gbiltile whe client and station are relatively
stationary as defined by ITU-R [16]. 4G accommosateireless communication
applications in diverse networks such as celludgphone systems, wireless broadband
systems, as well as DVB and DAB networks. It hasnbdeveloped to deliver high
quality multimedia content among different all 1Bsed wireless components with
seamless connectivity and global roaming acrossetheterogeneous networks [17] [18].
The Long Term Evolution (LTE) standard, which isoposed by the 3rd Generation
Partnership Project (3GPP) organization, is an wimi from 3G to 4G. The LTE

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

Wireless communication by its nature is not as Istadnd predictable as wired
communication systems. The signal suffers fromengibn, diffraction, refraction,
scattering, shadowing and attenuation while beir@gnsimitted through the wireless
channel. This complicated process is named fadWgny techniques have been

developed to mitigate these random fluctuationsguatantee a decent performance.

After the discrete Fourier transform (DFT) was adlnced in multicarrier modulation by
Weinstain and Ebert, orthogonal frequency divisioultiplexing (OFDM) became
popular [20]. Nowadays OFDM has been used in mémydards including ANSI ADSL
standards, ANSI HDSL standards, the original ETSIBDstandards, ETSI DVB-T
standards, ANSI VDSL and ETSI VDSL standards, Wstiendards (IEEE 802.11a, g, n),
WIMAX standards (IEEE802.16) and wireless persarab network (WPAN) standard

( IEEE802.15.3a) [21]-[29].



Multiple-input and multiple-output technique (MIMQO)which introduces multiple
antennas to both the transmitter and receiver sisiedso attractive [1]. MIMO improves
the data throughput and service coverage withoutifg@ng spectral efficiency or
consuming additional transmit power. MIMO is proposto be combined with 3G
techniques and all proposed 4G systems may emplMQvtechnology, which supports
data rate up to 1 Gbit/s [30]. MIMO is also incldda wireless broadband standards such
as wireless metropolitan area networks (WMAN, alsmmed WiIMAX) standards
802.16e, 802.16m and wireless local area netwdksAN, also named Wi-Fi) standard
802.11n [15], [31], [32]. The utilization of the MIO system is divided into two groups:
multiplexing (data-rate oriented) and diversitylifaility oriented). For the multiplexing
technique, the Bell Laboratories Layered Space-{BiAST) coding has been proposed,
and achieves a spectral efficiency of 42 b/s/Hz maned to spectral efficiencies of 2-3
b/s/Hz in 2G cellular mobile services and curreritAM links [33] [34]. In this thesis,

we will explore the diversity branch.

1.3 Diversity Strategies

The technique of obtaining variant versions ofgame signal is called diversity [35]. As
the wireless link is corrupted by fading, it apgeesandomly fluctuating and deviating,
which makes the radio signal difficult to detectiv@sity schemes are proposed to
combat fading and build a reliable communicatiostasyn with guaranteed performance.
As the fading effects exist in the time domain, freguency domain and the space
domain, diversity also can be obtained in theseettdomains. In this thesis, we are

mainly concerned with spatial diversity in MIMO $gm1s. However, diversity scheme in



one domain always renders selectivity in the otfa domains as well. For instant,
multipath diversity (refer to Chapter 2) utilizesultiple paths in space incurs frequency

selectivity which can be exploited by the chanmelicg.

Equipped with the MIMO technique, many spatial dsty schemes have been derived,
which can be deployed both in the transmitter sidé the receiver side. There are three
common spatial receive diversity techniques: seeatliversity, equal gain combining
and the well-known optimal SNR approach, maximébraombining (MRC) [36]. The
maximal ratio combining scheme is designed to cambhe received signals with
optimum weighting factors which maximize the sigtalnoise ratio of the processed
symbols. Although MRC attains a maximum SNR andckea full diversity gain, it
demands multiple radio frequency (RF) chains (idiclg the low-noise amplifier,
up/down converters, and digital-analog convertets,) equal to the number of the
receive antennas, which cost a lot of space, pawdrmmoney [1]. Equal gain combining
has the same demand for RF chains. Limited by ¢tlneep consumption, size and the cost
of the mobile subscriber unit, the application ofMMD system should be as simple as
possible. Thereafter, antenna selection can beadito eliminate unnecessary RF chains
whilst obtaining the same diversity gain [37] [38he application of antenna selection in

a MIMO system can be found in [39].

The idea of transmit diversity was originally intigated in [40] and [41] in 1993. The
term of “space time coding” was first suggested 998, where a space-time trellis code

(STTC) is introduced [42]. In the same year, tmepde and popular Alamouti space-time



block code is constructed in [43]. The Alamouti extie has been employed in 802.11n
[32]. Subsequently, considerable work has been dorspace-time code construction,
among which quasi-orthogonal space-time block de®TBC) is an important branch
[44]. Although the orthogonal space-time block egd{OSTBC) scheme obtains a full
diversity gain, it requires the channel to staystant for two consecutive symbol times
or subcarriers. Moreover, OSTBC for complex sigsaifers from a data rate reduction

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

Cyclic delay diversity (CDD) was generated in 1983provide a diversity gain with
much less complexity and more flexibility, howeviesuffers a performance degradation
comparing to orthogonal space-time block coding [4%]. CDD can be employed in
arbitrary number of antennas both at the transnsttee and the receiver side. In addition,
it does not require any static channel conditiod eanders no data rate loss [47] [48]
[49]. Moreover, cyclic delay diversity has high qoatibility to many current wireless
communication standards for broadcasting and brradilmetworks as well as mobile
services, such as the DVB-T standards [12], theFW\standards (IEEE 802.11a, g, n)
[13], the WIMAX standards (IEEE802.16) [15] and tiweeless personal area network

(WPAN) standard ( IEEE802.15.3a) [29].



1.4 Transmit Cyclic Delay Diversity and Receive
Antenna Selection System

Due to the high performance requirement of wirelisiss (a data rate of more than
100Mbps and a bit error rate (BER) of®16r less [50]), systems with multiple diversity
schemes are suggested both at the transmitteasatiéhe receiver side [51] [52]. When
channel state information (CSI) is available at trensmitter side, transmit antenna
selection outperforms OSTBC (using all the transamtiennas) for a higher coding gain
and the same diversity gain [53]. However, in sameumstances the CSI is absent at
the transmitter, for instance, a base station Vintited feedback from the handset. For
these cases, the aforementioned transmit divessitgmes can be combined with receive
diversity schemes to obtain higher transmissiorityuhan systems with a single space

diversity scheme.

There is a considerable amount of published reBeemacerned with the performance
analysis of orthogonal space-time coding with optimantenna subset selection where
antenna selection is executed at either the tratesnside or the receiver side [54], [55],
[56], [57], [58], [59]. In [60], antenna selectiamombined with orthogonal space-time
coding techniques was analyzed based both on ekacinel knowledge (ECK) and on
statistical channel knowledge (SCK). The antentecten criterion for ECK is based on
the instantaneous outage probability of the syst@hich achieves an equal diversity
gain as if all of the antennas provided were emgdoyOn the other hand, the antenna
selection criterion for SCK is based on the avemger probability of the system, which

obtains a diversity order depending on the numbéhneselected antennas. Some papers



also reported on the investigation of the perforoeafor antenna selection criteria from
the perspective of average SNR gain, such as i) §4he channel capacity, such as in
[61]. From the results given in these papers, thennselection criterion, which selects
the antenna subset with the largest Frobenius nafrthe MIMO channel matrix,

achieves the optimum error probability performaae the antenna selection system

combined with OSTBC.

In this thesis, a transmit cyclic delay diversibydaeceive antenna selection (TCDD/RAS)
system will be proposed. This system combines tpace diversity schemes, and it
significantly improves the error probability penmfioance of the system with low
additional complexity and no spectrum efficiencyduetion compared with the
aforementioned antenna selection system combindd @6TBC. At the same time, as
both CDD and antenna selection are applicable tiows existing standards, the resulting

system is also highly compatible with these staaslar

An antenna selection criterion based on the enmbability analysis is proposed for the
TCDD/RAS system. However, this selection rule ighy computationally demanding.
Another much simpler and faster antenna selectiberion, named maximum minimum
post-processing signal to noise ratio (MMP-SNR)ean& selection criterion is derived
for the TCDD/RAS system in a flat fading channelr the frequency selective channel, a
further new antenna selection rule named maximuaugminimum post-processing
signal to noise ratio (MGMP-SNR) criterion will ppoposed here which offers lower

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

search.

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

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

compared to a diversity order of 9 for the corresfiog transmit orthogonal space-time
block coding diversity scheme with optimum receiatenna selection of the same
number of antennas, but cyclic delay diversity hias advantages of much lower
complexity, as well as higher spectral efficieneoyl @ompatibility to existing standards.
The MGMP-SNR selection rule performs 3dB betterntlaher traditional antenna

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

bit error rate (BER) of2x10° with lower computational complexity. The optimum
selection parameter for the MGMP-SNR criterion é&ndnstrated to be irrespective to

the channel coding but dependent on the numbeleantennas.

1.5 Organization of the Thesis

This thesis continues as follows. Chapter 2 sunmeara variety of background literature
that describes a fairly general MIMO-OFDM systemadeilo The statistic characteristics
of the multipath fading and operation mechanisnsdtial diversity schemes are also
presented as a basis for the system design irotlosving chapters. Chapter 3 presents
the BER performance analysis of a cyclic delay diig system with convolutional

coding in a multipath Rayleigh fading channel whprovides a mathematical basis for

the antenna selection criterion design. In chaptand 5, a MIMO system with cyclic
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delay diversity on its transmitter and antennaciele on its receiver (TCDD/RAS) is
derived. This system achieves a similar diversaings the transmit orthogonal space-
time block coding and receive antenna selectiortegys but renders much lower
complexity, no data rate reduction and higher cdibpigy to existing standards. A
combined system with both CDD and OSTBC in thedmaitter and antenna selection in
the receiver is constructed to balance the comlezguirement of the OSTBC scheme
and the performance degradation of CDD. A seleatigerion based on the bit error rate
analysis bound derived in Chapter 3 is generatethvlemands high computational
complexity. A much less complex MMP-SNR antennaed@&n rule is generated to
achieve the optimum BER performance for flat Raghefading channels. While for the
frequency selective channels, a MGMP rule is alsop@sed. In Chapter 6, the
TCDD/RAS scheme is introduced to the relay systedyslic delay diversity is applied
in either a single relay station with multiple amas or cooperative multiple relay nodes,
with a single antenna on each node. Assuming aregenerative relay with no
knowledge of the channel state information, anteselaction plays a more important
role in the first system while cyclic delay diveysobtains larger diversity gain in the

second. Finally, Chapter 7 summarizes the workperaits to areas for future research.
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Chapter 2

Diversity Schemes

2.1 Introduction

Owing to the dynamic and randomly fluctuating nataf wireless channels, when radio
signal propagates through the channel, it expegieleviation, distortion and attenuation
which vary in time, space and frequency. This digin effect is generally termed as
fading. Fading makes it difficult to design a rblesystem with guaranteed performance.
Therefore, diversity technologies have been derteetbmbat fading and even make use

of it to improve the system performance in termghefbit error rate.

Diversity scheme is a technique which provides idap copies of the same signal in the
time, frequency or space domain. As the probaltitiat all of them suffer severe channel
fading is much smaller than the probability thateotopy suffers fading, the error

detection probability is greatly reduced. Diverssisthemes are especially important for
orthogonal frequency division multiplexing (OFDWssems which have poor inherent
error performance. A well known diversity schemeace time codes have been derived
to eliminate wireless channel fading and improve tfansmission reliability [1]. This

scheme transmits multiple replicas of the origsighal in space and time domain, which
are orthogonal with each other and can be detesgpdrately after combination and
equalization in the receiver. One of the well knogpace time codes is the orthogonal

space-time block coding (OSTBC) scheme [2] [3]. thep approach, cyclic delay
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diversity (CDD) has been adopted, due to its lomglexity and flexibility [4]. CDD
generates cyclically shifted replicas of the orajisignal, which can be transferred to
fluctuations of the channel transfer functions lwe frequency domain by OFDM and
utilized by channel error correction coding. Themgpatibility of CDD with many
existing standards, such as the terrestrial digitd¢o broadcasting (DVB-T) standards,
wireless local area network (WLAN) standards anceless metropolitan area (WMAN)
standards as well as wireless personal area net@WHAN) standard makes CDD
attractive. Antenna selection (AS) is another diitgrscheme which selects the antenna
subset with the best performance from a large gadugntennas, in order to save radio

frequency (RF) chains and significantly cut dowrtlos system complexity [5].

In this chapter, the fading characteristics areothiced in Section 2.2. The multiple-
input and multiple-output channel model is showrsecttion 2.3. The concept of OFDM
is presented in Section 2.4. Diversity schemesnie,tfrequency and space domains are
introduced in Section 2.5. In Section 2.6, the Uszgt of a simple CDD system with
OFDM are analyzed. In Section 2.7, antenna seledsipresented in details. Section 2.8

concludes the chapter.

2.2 Channel Parameters and Signal Fading

The wireless communications channel is unstableuapdedictable. It can not be simply
described as the ideal additive white Gaussian endSWGN) model, in which
statistically independent Gaussian noise samplesumio data samples free of inter

symbol interference (ISI), which denotes the irgerhce between the current symbol and
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the previous symbols, and inter carrier interfeeei€l), which denotes the interference
between signals on different carriers. Thereforegnoel fading has to be considered,
which can be defined as the deviation, distortiond attenuation that a wireless

transmitted signal experiences in certain propagatiedia.

There are two types of fading in wireless commuiocs: large-scale fading and small-
scale fading [1]. Large-scale fading occurs whgmals are transmitted over large areas,
and they can be shadowed, eclipsed or distortetdrogin factors such as hills, forests,
buildings, etc. Solutions for large scale fading are addressedlynasthe system level
(e.g., base station placement, power control). Bseale fading represents the short-term
fluctuations both in signal amplitude and phase taam take place as a result of small
changes (as small as a half-wavelength) in theadpgaisitioning between a receiver and
a transmitter. As this thesis focuses on diversifyemes in MIMO systems, small-scale

fading is of more interest in this case.

Small-scale fading composes of three main dimessidime-variance, frequency-

variance and space-variance of the channel paraniétee-variance of the channel can
also be called Doppler spreading or time selegtigitthe channel, which is caused by
the relative movement between the transmittersti@deceivers. Frequency-variance of
the signals is caused by multipath fading, whictue to that the signals travel from the
transmitter to the receiver over multiple propagagpaths and experience differences in

attenuation and distortion. Space-variance can éBnet as the position of the
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transmitter or receiver changes, the amplitudes@lrand angle of the received signals

change.

In this thesis, | will focus on small-scale fadinlgannels and elaborate on the channel
properties and their impacts on the system perfooc@avith different fading behaviours.
The work will be generalized to MIMO channels, whiare the basis for the diversity

schemes introduced in the following chapters.

2.2.1 Channel Parameters

The channel impulse response (CIR) can be preséntéd  (t,7) which is a function

of time, delay as well as positions of the transaidl receive antennas. It can be regarded
as the receive signal which is observed byrthie receive antenna at tinbewhen a unit

impulse was transmittedtime in advance from thath transmit antenna.

Selectivity can be considered as diversity of wipeltticular strategies can be applied to
take advantage. For instance, a MIMO system wittialpselectivity provides frequency
diversity. With proper combination and equalizatiechemes, the selectivity helps to
improve the system performance. However, sometgakstivity adds complexity to the
system solution. For example, a fast fading chanmelse CIR varies rapidly will place

heavy demand for a system to response in a realdpplication.
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Frequency Selectivity

In the multipath propagation environment, as stageViously, several versions of the
original signal arrive at the receiver which causee spreading and can make the
observed channel coefficients frequency selectineorder to quantify the coherence
bandwidth, the RMS delay (square root of the seaamral moment of the power delay

profile of the channel transfer functior),,s needs to be introduced [6]

[ (r-1) oo (r)dr | 21

J-Ormawae (r)dr

RMS

Wherez//De(r) is the power delay profile or spectrum (the averageer of the channel

output as a function of delay), r,,,,is the maximum path delay ardis the average

delay spread given by [6]

IOT"W Wy (r)dr
J';maxtpDe(r)dr .

T =

(2.2)

The coherence bandwidth is the frequency spacihgdasm two subcarriers by which the
amplitude of the correlation coefficient for theadnel transfer functions reduces to a
predetermined value. The coherence bandwigthcan be approximated by the inverse
of the RMS delay [6]

B~ (2.3)

(o
TRMS

By comparing of the channel coherence bandwidth #r& signal bandwidth, the

definition of frequency selectivity is derived. Agsal experiences flat or frequency-
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nonselective fading when its bandwidtiis smaller than the channel coherence band-

width, and frequency selective fading/ifis equal to or larger thay.

Although the time dispersion is an intrinsic prdgesf the channel, its effect varies on
signals with different symbol periods. The relattirae dispersion becomes more severe
as the transmitted symbol period decreases, be@alsger number of symbols will be
influenced by the same delay spread time when tihation of each symbol decreases.
Thereafter, to combat the time spreading, the sigaadwidth should be narrow enough
and the symbol duration should be long enough. OFBMonceived to reduce the
symbol bandwidth and use separate uncorrelatedwdrands to carry the signals. Guard

intervals are applied to avoid inter symbol intezfece (1SI) [7].

Time Selectivity

Time selectivity is caused by the phenomenon thatchannel changes its propagation
characteristics when the signal is in transmissdliois. due to Doppler spreading or other
frequency dispersion. For the estimation of thealgluration time when time selectivity

is noticeable, the concept of coherence time shdadintroduced. Coherence time
indicates the time separatioi at which the amplitude of the correlation coeffitie

between two signals falls below a predesigned value

By comparing the coherence time and the symboltdurave can define three important

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

keeps constant over the whole transmission time,signal undergoes slow or time-
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nonselective fading in transmission. Whereas wlyembsl| period is comparable with the
coherence time, the channel transfer function changthin the period that a detection
takes place, such as an interleaving depth or dbNDffame, then it is characterized by
fast fading or time-selective fading. Particulasshen the parameter of a channel is static
within a block of symbol intervals, which is largdran the period over which one
detection takes place, and changes independeattyftock to block, the channel can be
called quasi-static [1] [8]. For instance, assun®&sasystem with an interleaving depth of
20ms and a carrier frequency of 900MHz. Then aiweganoving speed of 3m/h between
the ends of the link generates a Doppler shift &x20°Hz and therefore a channel
coherence time of 400s [1]. In this case, the chhnan be regarded as a slow fading
channel. Whereas a relative moving speed of 3keniuglking speed) renders a channel
coherence time of 400ms. In this case, the chacaelbe regarded as a quasi-static
fading channel. For a vehicle speed of 300km/h (evagpeed), the channel coherence
time is 4ms. In this case, the channel can be dsgas a fast fading channel. This thesis

is mainly concerned with quasi-static channels.

It should be noticed that since the time variant¢he channel is determined by the
coherence time (which is the inverse of the regafdoppler shift, but not the absolute
Doppler spreading), the time selectivity is detewi by two aspects of the system
property. One is the relative movement speed betvlee transmitter and the receiver;
the other is the system data rate. When the degasédow and the mobile unit is moving
rapidly, fast fading is generated. Meanwhile, indatband transmission with a very high

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

Signals reflected from different scatterers expexe different attenuation and delay,
therefore the amplitudes and phases of receivathlsighange as the antenna element
locations vary. The coherence distance represaetsninimum distance in which two
antenna elements are separated such that the thi@mséer function for each antenna is
independent with the other. Space selectivity dan be regarded as angle dispersion.
The extension of the fading is dependent on thamélacondition as well as the symbol
wavelength. Signals with higher frequencies areensensitive to small distance changes

than those of low frequencies.

2.2.2 Statistical Models for Multipath Fading Channels

As small-scale fading was briefly described inpihevious section, here we will focus on
the mathematical model of multipath fading chann&he characteristics of the received
signal, which is a combination of the complex slgmaopagated through different paths,
are very complicated in phase, amplitude and anblerefore, we introduce some

statistical models to analyze the effects of thétipath channel.

If there is no line-of-sight (LOS) path between thensmitter and the receiveand we

consider the real and imaginary parts of the complannel coefficient as independent
zero-mean Gaussian processes, then the amplitutie cbmplex channel parameter can
be modeled by Rayleigh distribution and its phaseniformly distributed between 0 and

27r. The probability density function (pdf) of Rayl&idistribution can be written as [9]
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a _lj;
f(a): ?ez , 0’20’ 24)

0, a<0

where the mean value of is E(a) :\/ZZTO' and its average powerh‘s(az) =20°.

In some cases, e.g. in rural areas, there exis®Sapath between the transmitter and the
receiver. A Ricean distribution is suggested tacdbe this channel statistical pattern. Its

probability density function is given by [9]

20?2
e lo

a O (Ax
f(a)=107

, (2.5)
0, a<0

whereA is the peak amplitude of the dominant signal dap(d) is the zeroth first kind

modified Bessel function. The Ricean channel isallguwescribed using the K-factor [10]

K = power in the main path _ A?
power in the scattered paths 0%

(2.6)

Notice that wherK= 0 the Ricean distribution turns to the Rayleiggtrdbution.

The Nakagami-m distribution is an alternative twargmeter statistical model for
describing the amplitude of a complex channel respo This model encompasses
Rayleigh fading as a special case and can appréxiRiaean fading as well. In addition,
it provides a best fit for urban channel fadingwéweer, Rayleigh fading is more popular

for its simplicity. The probability density functicof Nakagami-m distribution is [11]
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: (2.7)

where o represents the power of the real and imaginary Sanscomponents and the

fading factor mis

1
, m=—. 2.8
> (2.8)

For more detailed generation of the statistical e®df multipath fading channels,

please refer to [1].

2.3 MIMO Channel

As the demand for transmission reliability and degte grows, and the limitation of
channel bandwidth and power as well as the sizhefhandheld unit exists, multiple

antenna systems have appeared to provide the dg@&rrmance.

2.3.1 MIMO Channel Model

In a multiple-input multiple-output (MIMO) systerthere areN, transmit antennas and
N, receive antennas. The signals are transmittedltsineously through, x N, largely
independent channels. The channel impulse respoetsecen thenth (n, =1,2,--,N,)

transmit antenna and tieth (n, =1,2,-- ,N,) receive antenna is denotedgs, (t,7).
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This impulse response is applied to a signal tratednat timet —7 and received at time

t. The MIMO channel transfer function matrix canvinitten as

hl,l(r’ t) hl,Z(T7 ) - hm () 1

hZ,l(T1 t) hz,z(T7 ) - tht ()

H(7r,t) = (2.9)

_hN,,l(T1t) hN,,z(Tit) hN N (7, t)_
The row vector corresponds to the channel impuwspanses at thgth receiver and the

column vector corresponds to the channel paramitarsthenith transmitter [12].

Combined with error correction coding, the multipptopagation, which was historically
a penalty to the performance of the wireless syste@n be transformed into a diversity
benefit for improving the signal quality. MIMO takeadvantage of the variance of the
channel parameters, referred to as fading in Se&i, to provide a diversity gain or use
multiple channels to transmit different signal atres simultaneously in order to increase
the data rate without extra cost of spectrum orgrowhese features meet the demand of

the current wireless communication systems.

Therefore the aims of MIMO system can be dividedtw® categories: data rate
maximization and diversity maximization. In thestirscheme, spatial multiplexing
technique is used to improve the channel capacity therefore increase the data rate.
The second approach is employed to minimize thageuprobability and improve the

signal reliability at a given transmission speed.
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2.3.2 MIMO Channel Capacity

Shannon defined the channel capacity as the maxinasymptotical error-free

transmission rate supported by the communicati@niél. In this section the capacity
property of MIMO channels will be introduced brieflHere we focus on the channel
capacity of single user systems. More general dasasultiuser systems are included in

[8] and [13].

The capacity of a single-input single-output (SISg9tem is defined as [1]
C =log, (1+ ol HZ) bls/Hz, (2.10)

where h denotes the complex gain of a fixed wireless chiarare p is the signal to

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

static fading is defined by [8]
C..= Iog{det(lN +Nﬁ HH )} bls/H:, (2.11)
t

where[<]* means transpose-conjugate, H idla N, channel matrix, and the subscript
EP is short for equal power, which means the trangawer is equally spreading over
the N, transmit antennas. The determinant operdé&té), yields a product of the

minimum (N,, N, ) nonzero eigenvalues of the inner matrix. FromXPwe can see that

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

weighting strategies are applied here.
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Calculation of the capacity of various fading MIMBannels can be found in [12], and
detailed derivation of performance analysis canfdxend in [8]. Information theory
reveals the potential capacity gain which can kaiobd through MIMO techniques. The
outstanding features of MIMO make it attractive farrrent wireless communication
systems. In addition, MIMO has already been emmoye WiMAX [14], the third

generation mobile communication system [15] andRNL6].

2.4 Orthogonal Frequency Division Multiplexing

At high data rates, when the bandwidth of the ckamnbroad, the frequency selectivity
distorts the data significantly. Therefore, a veoynplex receiver structure is needed with
computationally extensive equalization and charestimation algorithm to correctly
eliminate the channel distortion and recover thegimally transmitted data. With OFDM,
we can simplify the equalization by turning a fregay selective channel to multiple flat
fading subchannels, so that only simple on-tap letpra are needed for channel

estimation [7].

OFDM achieves a better spectral efficiency tharveational FDM systems. To make it
easy to separate the signals at the receiver sldssical FDM inserts guard bands
between subchannels, which result inefficient us$espectral resource [17]. The
orthogonal nature of the OFDM scheme makes it ptes$o arrange the subcarriers in
such a way that the side-bands of the individuali@s overlap and still the signals are

received at the receiver without suffering by intarrier interference (ICl) [18]. This
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orthogonality is achieved by placing the peak digrawer in one subband coincident

with the zero-crossing points of all other subbands

Zero-padding (ZP) and Cyclic Prefix (CP) are introeld to maintain the orthogonal
characteristics of the transmitted signals and ainriier symbol interference (ISI) and
inter carrier interference. The general idea ofi€B use a cyclic extension of OFDM
symbols: a copy of the last part of an OFDM synibappended to front of the symbol
[19]. CP is capable to keep the integrity of thiaged OFDM symbols to prevent ISI and
ICI. Meanwhile, zero padding only transmits zerasing the guard interval which is
added after an OFDM frame is finished [20]. Witk thverlap-add (OLA) technique [21],
ZP is able to spread the delayed signal partsargtlard interval to the beginning of the

OFDM frame in order to make the delayed signalshategral circles and avoid the ICI.

OFDM is highly sensitive to time and frequency dymmization errors, especially to
frequency synchronization errors. Demodulation @fGFDM symbol with an offset in
the frequency can lead to high bit error rate. ddiion, OFDM has a higher peak to
average power ratio (PAPR) comparing to the coneeal single carrier system, which
is proportional to the number of subcarriers usedan OFDM frame. Large PAPR
makes the implementation of digital-to-analog cotere(DAC) and analog-to-digital
converter (ADC) extremely difficult. The design tie RF amplifier also becomes

difficult as the PAPR increases.
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2.5 Diversity Strategies

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

propagating signals, which may cause system pediocen degradation. However, this
unstable feature of the signals is not necessaeilfmental. Under certain conditions, the
varying characteristic can be taken advantage dfcam help to detect the transmitted
signals more accurately. For instance, if the cbhimras two paths and the signals
transmitted from different paths experiencing inelggent fading, two copies of the
desired signals arrive at the receiver. The prdibalihat both of them are severely
degraded is much lower than the case when atdeasbbservation is available. Thus the
probability of severe fading is reduced and bettetection can be achieved. The
technique of obtaining variant versions of the saigeal is called diversity. Diversity is

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

itself lacks inherent diversity.

There are several kinds of diversity schemes cpording to different channel

selectivity in different domains. In this thesise vare mainly concerned with spatial
diversity for MIMO systems. Nevertheless, time,qginency as well as the multipath
diversity is introduced for completeness. In piadtiscenarios, we always combine
several diversity schemes together which coopevdateeach other and provide essential

performance improvement.

2.5.1 Diversity in Different Domains
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Space Diversity

The magnitude of the channel fading coefficientiesras a function of the antenna
location. A number of independent fading processast when the space between two
antenna elements is greater than the coherencandést As space diversity can be
obtained with multiple transmit antennas or recem&nnas, it can be divided into two
categories: transmitter diversity or receiver dsitgr Transmitter spatial diversity will be

illustrated in detail in the next section. Here weroduce some receiver diversity

schemes.

There are three common receiver diversity techrsqaeestated in Section 1.3: selection
diversity, equal gain combining and the well-knoaptimal SNR approach, maximal
ratio combining (MRC) [22]. Antenna selection a tieceiver side cuts down the number
of the RF chains. However, it requires channelustahformation, which is usually
unavailable in the mobile unites, to carry out $keéection schemes. Limited by the size,
power and complexity of the mobile units, theseetiity schemes are almost exclusively
implemented in the base stations. Therefore thestn# diversity schemes become
absolutely attractive to current wireless commuimcaresearch. Two typical transmit
space diversity schemes, orthogonal space tim& ldoding and cyclic delay diversity,

will be introduced in the following sections.

Frequency Diversity

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

This selectivity can be explained by observing aigriransmitted at the different carrier
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frequencies experiencing different fading. Thusjedsity can be achieved by sending
signals through uncorrelated fading channels oferdifit frequencies. This diversity is

termed frequency diversity.

Frequency diversity can be applied with a simpleeste, called frequency-hopping (FH).
System using FH modulation periodically changes d¢heier frequency of a single
transmitter. Therefore, a block of symbols aregraitted during the first dwell time on a
carrier frequency and on another carrier frequesheyng the next time interval. The
frequency difference between adjacent symbols shbel greater than the coherence
bandwidth to produce sufficient selectivity. A mopswerful means of exploiting
frequency-hopping diversity is to employ forwardroer correction coding and
interleaving so that encoded symbols are spread mngtiple independent frequency
dwells. Since signals are transmitted on diffefeequencies as well as in different time

intervals, frequency hopping can also be referoesista frequency-time diversity scheme.

There are also other frequency diversity stratetfiasare widely used. For instance, the
space-frequency diversity, which will be introdugedhe next section, is a combination

of space diversity and frequency diversity.

Time Diversity
Recalling Section 2.4, time selectivity is causedtiie movement of the mobile unit
which leads to the channel instability in time.drtime diversity scheme, the samples

should be spaced widely to make sure that the separation of two copies of a sample
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is larger than the coherence time of the wireléssnel. The same as frequency diversity,
channel coding and interleaving can be used torenthat the adjacent signals are
encoded and transmitted in time slots separate@rfaugh so that independent fading

takes place in each time slot.

Time diversity with powerful error correction codimnd interleaving is already used in
all second-generation cellular systems on both dimknand up link [23]. However, as
the span of the interleaver is fixed, the perforogagain of time diversity is limited by
the speed of the mobile. The system performanceovas when the subscriber unit is
moving in high speeds but with little gain when thet is moving in a speed slower than
a threshold at which the time space between twmmelated symbols is not small

enough for the interleaver to take place.

Space-time coding will be introduced in the follogisubsection which is a combination
of space diversity and time diversity and plays iarportant role in the future

communication systems.

According to the performance analysis results gaedrin [8], the pairwise error
probability upper bound for a space-time codingesysin Rayleigh fading channels can
be simplified to

P =Gy~ (2.12)
when y is large enough, whergdenotes the signal to noise power ratio. The expione

of y, Gqis defined as the diversity gain of system withedsity schemes. Where&s is
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called the coding gain. These two terms will bedusequently in describing the

numerical simulation results in the following chexst

2.5.2 Spatial Diversity Schemes

Although this thesis is primarily concerned withchy delay diversity and antenna
selection, several other diversity schemes ar®@doted here for comparison. Further

investigation of these schemes can be found in [28] and [26].

Delay Diversity

Delay diversity can be referred as a kind of fretpyediversity as well, for it is indeed
similar to the structure of a multipath channel W] a delay diversity scheme, multiple
copies of the signal are fed to the transmit ardenmith different delays, or delayed in
the receivers before combination. Figure 2.1 shihessystem structures of the transmit

delay diversity and the receive delay diversity.

\/
VARV, ,
Vs Remove Output
Az 4‘\\ Guard —» FFT ——»
y Interval
[ J
[ J
[}
N/ \V,
5]

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

<

Input Guard
IFFT

Figure 2.1 Delay diversity Structure

The delay timeA, has to fulfill the conditiom, 2%, wheren (n=1, ---, N- 1) denotes
the antenna index8 is the bandwidth of the transmitted signal. Eqadlon or rake
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receiver should be used in the receiver to rectheeoverlapped signals. Delay diversity

increases the total delay spread and thereforéheng the guard interval.

Permutation Diversity

The system structure of permutation diversity milsir to the delay diversity. Here we
replace the delay block in Figure 2.1 with a peatiah block, which is a permutation
matrix transforming the original signals to a diéfet order [24]. The permutation block
can also be regarded as an interleaver. This diyestsategy does not prolong the total

delay spread therefore we do not have to incréesguard interval.

Cyclic Delay Diversity
Defining the permutation matrix as a form

0o I,
P—(I oJ’ (2.13)

N-m
which cyclically shifts the lagh symbols to the front, we generate cyclic delayeity.

Cyclic delay diversity will be explained in detail Section 2.5.

Transmitter

» IFFT—>» UC j Receiver
> o/ D2 IFFT—>{ UC j [ Output
—

DC (> FFT

Input
—>

> ,/Px s> IFFT—> UC j

Figure 2.2 Phase diversity Structure
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Phase Diversity

In a phase diversity scheme, the signals undergsepishiftD, ,on then th transmit

antenna andth subcarrier before the OFDM modulation [24]. Tileck diagram is

shown in Figure 2.2.

When the phase shift of each branch is constanhglwne OFDM symbol but appears
time-variant over different OFDM symbols, the systebtains time diversity as well as
the frequency and space diversity. This divergghhique can be called as time-variant

phase diversity.

Polarization Diversity and Angle Diversity

Polarization diversity uses orthogonally polarizedennas to obtain largely independent
fading channels [24]. This strategy is relativedywicost and small-size that can be used
in mobile units. In an angle diversity system, taromore antennas can be pointed in
different directions at the receiver site to previthdependent replicas of the original

signals.

Orthogonal Space-Time Coding

It was in 1998 that the concept of space-time apdims first introduced by Tarokh,
Jafarkhani and Calderbank in their pioneering wf#k The object of space-time
diversity coding is to extract the total availaBleatial diversity in the MIMO channel

through appropriate construction of the transmatcgptime codewords.
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Figure 2.3 A single receiver STTC system
Space-time trellis code (STTC) uses convolutiommales to achieve diversity spreading
in temporal and spatial dimensions [2] [3]. STT@ntines the functions of error control
coding and the diversity scheme, hence achievesnmiax diversity gain as well as a
high coding gain. But the complexity of the decodereases exponentially when the
numbers of transmit antennas and trellis state®rbeclarger. Figure 2.3 shows the

structure of a single receiver STTC system.

Transmitter Receiver
Y
Input . STBC [Lisy, \/ . Output
—» Splitter :>Encoder _ »Modulator /h' Demodulator»Combiner ="~
o 2 hTTh,
Channel
Estimation

Figure 2.4 A simple Alamouti schemes with one reeei
The Alamouti scheme is a well known orthogonal sp@me block code with two

transmitters [27]. As shown in Figure 2.4, the mfiation data is divided into two blocks
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of symbols. In the first time slot, signa| ands, are transmitted simultaneously on

separate antennas. In the next time slot, thelsigrsa ands are transmitted. Since we

assume that perfect CSI is available in the recgiaelinear combining of received
signals weighted by the fading gains is employekis Bimple block coding scheme
achieves a full diversity gain and renders no tdfghie spectrum efficiency. However the
orthogonal design of space-time block codes forglersignals suffers a data rate loss

when the transmit antenna number is larger than two

In practical communication systems, two or morded#nt diversity techniques are
always employed together, using certain combingigemes, e.g., selection combining or

switched combining, to obtain the required perfanosa

2.6 Cyclic Delay Diversity

In this section the cyclic delay diversity (CDD)heme will be elaborated from system
construction to performance analysis. Numericallteof the CDD system performance

are presented compared with the space-time blodikgscheme.

2.6.1 CDD fundamentals

Cyclic delay diversity was proposed to provide gpaldiversity for multicarrier based
transmissions without increasing the decoding cexipl. CDD can be referred as a kind
of space-time coding. In CDD schemes, normally digmal is transmitted off the first

antenna with no delay, while over the second oh ealditional antenna the signals are
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cyclically shifted. According to the location ofetliiversity scheme, there are two kinds
of cyclic delay diversity structures: transmit C2Bd receive CDD.

e Transmit CDD
Figure 2.5 shows the block diagram of a commurocasiystem with CDD deployed in
M transmit antennas. The signal bits are modulafted laeing coded by a forward error
control/correction (FEC) block. Then the signale @FDM modulated, split and

transferred to the CDD block where the signal frarf@ each antenna are cyclically

shifted with a specific fractional delay time. Heﬁe(l =1 ---,N, - ]) denotes the cyclic

shift for thelth antenna. Normally signal on the first antennarasmsmitted without
additional cyclic shift. After that, an addition&jclic prefix acting as the guard interval
is inserted. Then the signals are ready for DAi(@igo analog conversion) and UC (up
conversion, conversion of signals from base batal RF-band) and transmission from
the antennas. At the receiver side, DC (down caiwe) and AD (analog to digital

conversion) are employed and an OFDM decoder iseimgnted in reverse.

V'V
g
uc AD Gl
. DA& DC&|  [remove
| uc AD Gl
nput Equalizin
™ FECd ModulatorIFFT q& e FFT —»Demodulator FEC louny
encoder ° i decoder
° Combining
°
V'V
DA& DC§&
b et

Figure 2.5 Transmit cyclic delay diversity systemusture
CDD incorporated with OFDM system can be referrecs a kind of phase diversity

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

s(t = J_ Z SR et (2.14)
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whereNg, t, k, s(t) and §k) stand for the length of FFT in OFDM, discrete dinthe
subcarrier index of OFDM, the complex-valued signial time domain and frequency
domain respectively at timg and frequencyk (k=1, ---, N,—1). While the signal

transmitted in another additional antenna is shasvthe following format:

”k

=13 e ng poe”. (2.15)
N>

Here J, stands for a cyclic time shift. Theoreticall), can be any integer, but due to the

]—(52+kEN ) =0,
nature that(d +k[N,)modN, =4, and there " =e" , the range ofd, can

reasonably be constricteddp=0, ---, N, — 1.

S

CDD does not add to the length of cyclic prefixdgliinterval) for the reason that it is
done within the OFDM symbol duration and does notease the overall channel delay
spread in the sense of ISI occurrence. Therefor® (Beps the system spectrum
efficiency. But it increases the channel delay agreithin an OFDM symbol time. Like

delay diversity, it adds echoes to the originahalgwhich will cause an increment of
frequency selectivity and reduction of the coheednandwidth of the channel. Examined
from the receiver in a transmit CDD system, thelicglly shifted signal streams can be
viewed as delayed reflections of the original sigaal contribute to the overall channel

transfer function:

N,-1 _'Zizk(j

Hegyn (1) = FM “UH L (kD (2.16)
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Here H,,, , (k, n) denotes the equalized channel transfer functidheat, th receiver and

o, stands for cyclic delay time at thgth transmitter ¢,= 0), k denotes thekth

subcarrier andh denotes theith OFDM frame. The increase of the channel frequenc
selectivity cooperating with channel coding conitds to a diversity gain and improves

the bit error rate performance.

As the signal streams transmitted from differerteanas are partially correlated and not
orthogonal, CDD can not achieve the maximum diveigain. However, CDD does not
impose any additional combination structure atrdeeiver side than the single antenna
system. This feature significantly reduces the iv@recomplexity compared with
orthogonal space-time coding systems. In additiG®D can be deployed for any
arbitrary number of antennas, while the orthog@mace time block codes can only be
used in several special humbers of antennas. Mergeavhen the transmit antenna
number is larger than two, the orthogonal space tiock coding for complex signals
induces a data rate loss. Last but not least, C&#good compatibility to many existing
standards, such as the terrestrial digital videoadicasting (DVB-T) standards, the
wireless local area network (WLAN, also known asMistandards (802.11a, g, n), the
wireless personal area network (WPAN) standard .@03a) and the wireless

metropolitan area network (WMAN, also known as WikK)Astandards (802.16).

In order to obtain any diversity effectse. to get constructive and destructive

interference within the OFDM signal bandwidghthe delayd, has to fulfill
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,n=1 - ,N-1 (2.17)

whereTs denotes the sampling time of the OFDM time domajnad.

* Receive CDD

Output
FFT Demodulator FEC e
decoder

Input| FEC
encoder_'MOdmator» ol

Figure 2.6 Receive cyclic delay diversity systematre
Due to its linearity, CDD can also be implementédh& receiver side [4]. Figure 2.6
shows the structure of a communication system WIilID in the receiver incorporated

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

then resulting signals are cyclically shifteddt, n =1, ---, N. on thenth antenna.

After that, the signals are summed and demodulayethe FFT transformer. Because of
the exact equivalence, all properties of transniiDOmentioned above are valid for the

receive CDD as well.

2.6.2 System Models and Simulation Results

The CDD system combined with OFDM is shown in Fegg@r7, which employs QPSK
modulation, %2 rate convolutional coding and intaviag. Perfect channel estimation is
assumed here to simplify the simulation. Each bluaek been tested individually and then

assembled together. The simulations results ofsstem were compared with numerical
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results presented in [28] and [29], and found tadeatical. This indicates the simulation

is operating correctly.
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Figure 2.7 CDD system structure

Figure 2.8 shows the channel spectra of a flat é&¥glylfading channel before CDD is
implemented and the equalized channel after CDDtilzed. It is clear that the flat
fading channel is transformed to a frequency sekechannel. Figure 2.9 illustrates how
CDD changes the error distribution in the time-treacy-plane. A black spot represents
an OFDM symbol error. The number of carrierdNis=s 128 and the cyclic delay on the
second antenna i@ = 33. From Figure 2.9, it can be seen that nottote number of
errors changes but the error distribution chandgeswCDD is applied. The error points,
which occurred within one OFDM frame before CDD wadded, have been largely
separated and distributed over different OFDM franfy virtue of this feature, channel
error correction code can take advantage of theedsed error distribution and obtain a

diversity gain.
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Figure 2.8 Simulated channel spectrum comparisomesn a flat fading channel and the

equalized channel in a 4 transmitter CDD system
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Figure 2.9 Simulated comparison of error distribatbetween an uncoded single antenna system
and an uncoded CDD system

Figure 2.10 shows a performance comparison betveeended CDD system and an

uncoded CDD system. It is observed that withoutetiier correction coding, CDD could

not change the error performance of the system. &8igr combined with the error

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

block coding scheme.
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Figure 2.10 Simulated comparison of uncoded andd@DD systems, a uncoded Alamouti

system and a single antenna system

2.7 Antenna Selection

In a MIMO system, it is widely known that the capwds linearly proportional to the
minimum number of the transmit antennas and theivecantennas [13]. However, the
complexity of the MIMO system is increasing alonghwthe capacity, and thus the cost
is increasing, too. Comparatively, the additionateana elements and the baseband
digital processing units are not expensive. Wherthas RF chains (including the low-
noise amplifier, up/down converters, and digita&lag converters, etc.) are more costly.
Normally a MIMO system with\; transmit antennas ard receive antennas requirlis

complete RF chains at the transmitter side, &hdRF chains at the receiver side
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respectively. To reduce this complexity, antenni@ct®n (AS, or a so-called hybrid-
selection schemes) is introduced [30]. Antennactsiele schemes usually choose
antennas of the best performance, from a clust& @f at the transmitter and, at the
receiver) antennas. This scheme reduces the nuohltke RF chains and consequently
saves the cost. If the multiple antennas are usedliversity purpose, the antenna
selection scheme can be called as “hybrid seldati@ximum-ratio-combining” (H-
S/IMRC) [31], [32], [33]; if they are used for theirpose of spatial multiplexing, the
approach can be referred as “hybrid selection/MIMB=S/MIMO) [34], [35]. In my

present research, only the first case is considered

2.7.1 Antenna Selection Models

Antenna selection can be allocated in the tranemdt the receiver, or both of them.
Figure 2.11 shows the block diagrams of these tkire#s of antenna selection schemes.
Antenna selection located in the transmitter rexpuifeedback of channel knowledge
from the receiver, which may lead to inefficienciiem the feedback length is limited in

some communication circumstances.
? \ \V Channel
Estimation Demodulating | g iput

Ant . pu
S;eecqroan (] & ] & >

[ ]

° /

J

Input|Modulatiing
—> &
Coding

Signal Decoding
Processing

|
Selection Feedback :

(a) Transmitter antenna selection structure
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* * Receive Selection | |
]

]

(c) Antenna selection on both sides of MIMO System

Figure 2.11 Antenna selection systems

2.7.2 Antenna Selection Criteria

To select the optimal antenna subset, an exhauségech takes place of all possible
combinations of. antennas frorl antennas in order to maximize the SNR (for divg)ysi

or capacity (for multiplexing). There are a variefyantenna selection criteria.

The simplest selection scheme is to choose antelemaents which provide the largest
power. This algorithm suffers a great inefficiengghen combining with spatial
multiplexing strategies. This is because that #lected signal streams with the largest
power may suffer high correlation between them,clwhseverely reduces the channel
capacity. Another selection algorithm is basedrenrhutual information (a quantity that
measures the mutual dependence of two variablegbpathannel [36]. Another approach,

which chooses the channels with the largest powar i a group of highly correlated
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channels are suggested in [37]. An opposite coiteis to eliminate the worst antennas in

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

2.7.3 Discussion

Antenna selection is a new and valuable concepth@rfuture communication systems
using MIMO techniques. The selection algorithms fast developed within the recent
few years. Research on antenna selection schenezsried out in a large number of

transceiver antennas and in various fading envissrim

However it is well known that antenna selectionraped in highly frequency selective
channels obtains low performance gain. It can bermed from the fact that in highly
frequency selective channel, every specific subluatid for a specific optimal selection
strategy, which is highly unlikely to be satisfigicdhultaneously. It can also be considered
as, when the number of the multiple paths is latige,channel itself is already highly
frequency diverse, therefore the fading in the legge channel has been mostly
eliminated, the channel becomes asymptotic to mddithite Gaussian noise (AWGN)

channel. The antenna selection is redundant alatingswch large multipath diversity.

2.8 Conclusions

Firstly, fundamental channel properties have be&duced in this chapter. Because of
the fading in the wireless channels, MIMO technglbgs been developed to improve the
signal transmission reliability as well as the datte. OFDM was introduced to combat

the multipath fading in broadband communicatiokdinA number of diversity schemes
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have been proposed to enhance the system perfoemanthe perspective of error
probability. Cyclic delay diversity has been sudgddor its low additional complexity,
high flexibility and spectrum efficiency as well #se compatibility to many existing
standards. Antenna selection has been introducedutodown the number of the
expensive RF chains and also has the featuregbffleixibility and compatibility. In the
following chapters, cyclic delay diversity, antersgection and their combination will be

discussed thoroughly.
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Chapter 3

Performance Analysis of CDD

Systems

3.1 Introduction

Because of the benefit of diversity gain that CDdh provide, the performance analysis
of a CDD system is now investigated, to obtain mpe@hensive understanding of the
physical mechanism of the systems and optimum syskesign. In [1], a performance
analysis of space-time trellis coding system faaerow-band channel is provided, which
claims that the system performance is determineth&ycorrelation matrices of pairs of
distinct code sequences. This theory also has appled in the analysis of space-time
block coding in [2] and it is fundamental for theadysis of CDD systems as well. In [3],
the symbol error rate and outage probability anslgsCDD system in the UWB channel
with a repetition code as the channel coding areseld An approximation is used to
simplify the computation based on the mathemateesults of [1] and [4]. Meanwhile, in
[5] and [6], the performance of CDD in MC-CDMA sensetwork is explored. The
symbol error probability in these papers is obtdibg transferring the multiple-input and
multiple-output CDD channel to a single-input andltiple-output Nakagami channel
with varied power and fading parameter. This angalignores the effect that the cyclic
delay times cause and therefore is only applicabl®IMO channel with extensive

frequency selectivity.
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The optimum delay shift is a very important issae@DD performance. The research in
this area is at early stage, being mainly basedimmlation results without sufficient
theoretical analysis. For instance, in [7], Bosgrowed that the optimum cyclic delay
lengths should be the reciprocal of the cardinaditythe modulation alphabet. On the
other hand, in [8, 9, 10, 11], Bauch showed thatdptimum cyclic shifts depend on code
rate, channel memory but not on the modulation tetlaton size. He also derived a
condition for full spatial diversity in [12], whicls that the free distance of the channel
code should be equal to or larger than the numbieasmitters. However, the condition
in [12] is not enough to guarantee a full divergigin in CDD, which is indicated by the
slopes of the bit error rate (BER) performance esrin [12]. Moreover, Bauch also
investigates the performance of CDD systems froncapacity perspective, which
indicates CDD performs worse when the cyclic delaift equals to the maximum factor
or other factors of the OFDM length [9]. In fachet capacity equation should be
constructed over a group of subcarriers which aptoeed by the channel codes, but not

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

Because of the limitations of the above researnhexdensive and general performance
analysis of CDD OFDM systems on multipath chanseleveloped in this chapter. This
analysis can be applied to a wide range of chanodks, modulation schemes and
multipath or flat fading channels. Although it iaded on Rayleigh fading channel, the
result can be readily extended to other catalogfiéading channel models. A criterion

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

performance bound of CDD systems with PSK signald eonvolutional coding in
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Rayleigh fading channel is calculated for a dethilenderstanding of the analysis

methods.

3.2 CDD System Model

Initially, a CDD system with a forward error cortomrrection (FEC) block, used as the
channel coding, and an OFDM block was constructdite system diagram is as

following:

\WV4
Prefix
Y Y
Cyclic
MRC Lo dulat FEC Output
i —> o
o ° combiner| FFT emodulator decoder
[ ] [ ]
° °
Y Y
S Cyclic

Figure 3.1 A CDD system model

Inputf FEC
—>encoder—>Modulator IFFT

As depicted in Figure 3.1, the signal bits were utagkd after being coded by a FEC
block. Then OFDM was applied as an inverse fastiEptransform (IFFT) with length
of Ns, which is very important for the CDD scheme to cemivthe spatial diversity to
frequency diversity. Afterwards, the signal vectwas transmitted oveN; separate

transmit antennas with cyclic delags , wheren, denotes the transmitter order. A cyclic

prefix was inserted before the signal was trangwhitto avoid the inter symbol
interference (ISI) and inter carrier interferen¢€l). Therefore, if the transmit signal
vector at one OFDM frame in the frequency domain is

X" =[Xy, X0 Xy 1. (3.1)

The transmit signal matrix after CDD arranging barexpressed as
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25 276 (N,1)

X, Xer X, e
12, i 275, (Ns 1)

x = X, Xew e X, e , (3.2)

2 L2
159 j—0n (N-1)

X, XpeM ' X e%

2 () . . .
where X, e " is the signal symbol transmitted by thg¢h transmitter on thédth

subcarrier,n, =1,---,N,,k=1;-- ,N,, ¢, is the cyclic delay shift on theth transmitter.

2 2
. . . j==8, (k-1)
The transmitted signals have been normalized 408 F)(ke N

-1
N,

On the receiving side, maximal ratio combining (MR€&s used to combine the received
symbols over the receive antennas. Following thistandard OFDM demodulator was
applied to recover the signal. By virtue of CDD araolurier transform, multiple input

channels had been converted into equalized singpeitichannels with increased

frequency selectivity. LeH OCM™*™ denote the original multiple-input multiple-

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

(k_l)b—nz

) Ne  jorr ]
Hi, ()= e ™ HM(), (3.3)
n=l

based on [13], wherel ™" (i) represents the channel transfer function of thenual

between thexth transmitter and theth receiver on thé&th subcarrier in the&eh OFDM

Ny

frame, HZ,

(i) is the equalized channel transfer function as single input channel

subcarrier.
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The received signal at theh subcarrier can be represented as

Yi) = xu@)'HO+a@,0)

X, (WH o () +@ i) (3.4)

where(+)' denotes the transpose operatiol, (i) DC*™ y,(i))OCM*, H, ()OCY ™,
Hewk(i)D(C1er and @, (i))DC*™ denote components of the received signal matrix

Y(i)OC"N | the transmitted signal matrixJC"*", the channel coefficient matrix

HOC"™*N | the equalized channel matrid.,,0C™™ and the additive white

Gaussian noise vectaw(t) JC"*™ . As the result of this formulation, the MIMO chahn
HOCY™™ can be treated as a single-input and multiple-dutg8IMO)

channeH,,, 0C™™ .

Let D(X) be aN,x N, diagonal matrix with the elements of X on its mdiagonal. The
received signal over one OFDM frame can be stated a

Y(i) = D(X)Hq,(1) + @) (3.5)
As the MRC is applied in the receiver, the sigrisdraequalization is

C() = Yi(H g )"

X, (Do i)H o )+ OH ) (3.9

where(s)" denotes the Hermitian transpose operat@yfi) is thekth component of the

combined signal vecto€(i) JC"*. Therefore the effective signal energy per syntbol

noise power spectral density rat'ﬁ,i (where E_denotes the signal energy per symbol

[o]

and N, denotes the noise spectral density), orkthesubcarrier is
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E[H e |

VE—y (3.7)

o

2 . .
where|s||” denotes the Frobenius norm operation.

In this section, a system model of cyclic delayedsity is constructed combined with
OFDM and channel coding in fading MIMO channel. Tgexformance analysis of this

system is investigated in the following sections.

3.3 Performance Analysis of CDD system in
Rayleigh Fading Channels

In this section, the bit error probability bound @DD systems witlN; transmit antennas
and N, receive antennas in Rayleigh fading channel i®stigated. The derivation is
similar as in [3], which is a performance analysfsa CDD system combined with
repetition coding in UWB channels and conductedtemporaneously as my work. In
next section a new bit error rate performance amalgf CDD system combined with

convolutional coding in Rayleigh channels will bengrated.

The system structure has been shown in FigureTBd.input signals were encoded by a
FEC block (which can be any kind of error correctmnde such as the convolutional
code). Then, they were modulated and transferretthéyFFT block. Afterwards, cyclic

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

were demodulated and decoded by the error corredgooder.

For a certain kind of channel coding, the deteci®mormally applied on a specific
length of code word but not the whole OFDM frameglia. Assume the detection length

is M. The receiver signals can be presented as
R()=D(S)Aq )t ol), (3.8)
where RGi)OC" ™, SGOC™?, A,,()0C"™ and o@i)JC"™ are the received

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

white Gaussian noise matrix over a group of chasuabktarriers of lengti.

Now, we assume the maximum likelihood algorithmapgplied in the receiver and the
receiver has ideal channel state information. Maxmmikelihood detection is used to
find the code sequence with the minimum squaredidaan distance to the received
sequence. MRC is applied as stated in (3.6), and BEapplied toM subcarriers, the

detection metric can be denoted as

2

=X Hll (3.9)

2 N, M
= arg miiz
S

n =1 k=1

S= arg~mirﬂ R- D(SA.,
S

wherer,™ is a component of the received signal magion thekth subcarrier and on the

nith receiver,S is the detected signal vector aXg denotes théth component of.

The indexi has been eliminated for simplicity.
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The pairwise error probability (PEP) is the proligbithat the detector selects an
erroneous sequenée: ()21,5(2 ,5<M ) when the real transmitted signal sequence was

S= (X, X, .+, X, )[2]. According to Appendix.A and the description[ia], the PEP of
our system can be written as

- )
el e S8x-sone |

where% is the signal to noise power ratio per symlil,= D(S)-D(é) and E() is the

0o

qo)
I

(3.10)

expectation operation of the inner function. IL;;ectHASAqu2 and use the alternative

m 2
form of Q functionQ(x) :Ilexp(—)_(—} dé, the PEP can be represented as
o 7T 2sint 6
2 E5,7
P = e —= | dd
° { I Xp{ 4N_N, sir’ 8
17¢ Esn
= — | E|exp ~——————=||d8 , 3.11
= { Xp[ aN Nsinzé?ﬂ 54
71/2
= de
{ &P~ 4N,N smzé?jp"@)d”}

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

n . As defined in [15] the moment generating functiofMGF) of n
(M, (s) =Ie” R (7) d7) is the Laplace transform ofy, (7) with the exponent reversed in
0

sign. Therefore the PEP equation can be rewriten a
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177/2 E
P=—|M,| ————1|df. 3.12
¢ IT'[ ”[ 4N0Ntsin20] (3.12)

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

We assume the channel is Rayleigh fading channeérefore the channel transfer

functions H{™" are complex Gaussian distributed with zero meahvaniance of unit 1.

ThenH_ . are also complex Gaussian distributed with zerarmés bothX, and Xk

equ
are constant(X, — X,) He,, « @re zero-mean complex Gaussian random variableglas

According to [4] and [16], the quadratic form ozaro-mean Gaussian random vector
can be represented by a weighted summatiqunﬁt whereuv, are mutually independent

standard Gaussian random variables, and the weiglgsthe eigenvalues of the

covariance matrix of x. Af =[AA |

is in the quadratic form of the Gaussian random

vector x,
X = [1y OAB]
= (%5 Haa X 5 Haors % 30 i X4 Bl %7 ) A}
(3.13)
where B, =| Hi Higor Hquw H g H e HY o L 1 is an identity

matrix with sizeN, and O is a Kronecker product operation. Then we have

Y eigh (@) [ (314

. k=l

n= My

Nr
n,

where 1" are independent identically distributed standawchglex Guassian random

variables, and
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H
)

CD:E[Inr OAB.,(1,00 8 eq”: | Oa Y1 oA ) (3.15)

whereR}" = E( = B;qu) is the covariance matrix oB,,,. From [4], by Ostrowski's

theorem [17], the eigenvalues @b can be given by
. : H .
eig, (®) = elg{ L08R, (1,08 }: v, eig( R,), (3.16)
wherev , are nonnegative real numbers that satisfy

eigM[Inr 041, DAS)H}ZV nzeigl[lnDAE(IrnDA ;H} for n=1,2,.M. (3.17)

As wu are of Rayleigh distribution (complex Gaussiantriistion), * follow a

Hy
Gamma distribution or Chi-square distribution oéddom degree 2. The probability

density function o‘,un“' * can be denoted as

R

P@)==e? (az0), (3.18)

Q|

wherea is the mean value of the varialte The MGF of this distribution is

1
1+sa

M(-s) = @)1

For a Rayleigh distributiosm =1, the MGF can be written &4(-s) :%.

+S

Therefore the PEP of equation (3.11) can be reptedas
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2
P = 1.[ E| exp ——Eﬂ. dg
Ty 4N N, sin’ 8

N, M
L EY Y veigh (R )|ul]
~ —I E{exp —— = — de
T, 4N N, sin" @
m2 | N, Ev eig* |, 02
_ lj. E ﬁexp _ V.elg, (RTI/IZ) Hyq do- (3.2(
Ty |nah- 4NN, sin" @
nl2 N, E g™ n|?
= EI - E{exp — /B, (R_J)'u” do
o hh 4N, N, sir? 8
1 m2 N, M 1
= = dég
T 0 n=1n= Esl/neig:r ( R\\/‘;)
1+ _
4N, N, sir? 8

This analysis is a prediction of the pairwise empoobability of a CDD system with
various kinds of channel codes and modulation selseim multipath Rayleigh fading
channels with arbitrary numbers of transmitters aeckivers. It also can be readily
extended to other classes of fading channels. Ttheritmr probability or symbol error
probability can be developed for any specific aaggak of channel codes. As for

convolutional coding, the bit error probabilitygenerated according to (A.15).

For the correlation matriR) , let R(n n’) be the(n,n)th entry of the matriR) ,

0<n,n's MN.
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Firstly, assume the channel transfer function igt flading Rayleigh distributed.

Koy

Ne  jor 2t
According to (3.3)HX, (i)=Y e ™ H{*™(i), the elements on the main diagonal of
n=1

the correlation matrix are given by
Nl
R(nM=H Hy Hye|= EU HL‘"”)\Z}: N, (3.21)
n=1

wheren=(n -1)* M+k. The correlations of the channel transfer functidnom

different transmitters are zero-mean, so they @aalininated.

For the off-diagonal elements, the correlations cofinnel transfer functions from

different receivers or transmitters can be elinredatT hereforeR( n n') can be denoted

as

k-k')J, k-K')J,
() (K

iE ‘H(nt ﬂf)‘z 2 N
\ ' €
()= 2l

0 n #n

(3.22)

n=1

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

be written as
h(t) = ZL:a(I)d(t -7,). (3.23)

The multipath gain coefficientr(I) is modeled as a zero-mean, complex Gaussian
random variable on thieh path. Its absolute value follows Rayleigh dimition and its

phase is uniformly distributed between 0 &rd. The variance otr(l) is given as
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Q = E[|a(l)|2} = Qoe_%, (3.24)

where Q, is the mean energy of the first path, ahd the decay factor. The powers of

L
the multipath components are normalized suchZE@q =1.
1=0

The elements on the main diagonal of the equaltheshnel covariance matrix are given

by

R(N )= B Hiy Hiy ] =3 e () = N, (3.25)

n=11=0
For the off-diagonal element&(n n’)can be denoted as

L j2”(k—k‘)(c5nl+l)+i

- 2 M N A .
SET B IL (AU DI LR EL S

n=11=0 11=0

n#n'

At this point, the optimum delay times for the CBistem need to be considered. To
optimize the performance of the CDD system is toimize the error probability, or
equally the pairwise error probability. According(8.10) and (3.20), the optimum delay

time can be obtained by

{0} o = argmin{PR.}

—_ H ES 2
= ar%“rpm{E{Q[\/ZNtNOHASAqu H} . (3.27)

4N, N, si’ 8
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From the PEP equation (3.20), only the termsigf ( Ry ) depend on the delay time in

CDD. Therefore, to minimize PEP is to maximieig), (F{} ) According to the analysis

in [3], with relative highE , the PEP of (3.20) can be written as

_ N, My B lg -1
Pe~(r|,:|1|:|¢ J IT'([[4N N, sirn® HJ 9, (3.28)

where g% are the nonzero eigenvaluesR)f , and M,, is the number of nonzero

eigenvalues oR for the nth receiver. Therefore the optimum delay time ca&n b

determined by

N, My
{3} ont :arg{ m}ax l_l /A (3.29)
Jnt n =1 n=

N, MW

If Ry has a full rank theITl |_| P =det(R§,‘L ) wheredet(+) denotes the determinant
n=1 1

operation. Then the optimum criteria can be repriesesimilarly to [3]

{3} on :arg{ ;Bax[det( R )] : (3.30)

However, according to simulation results, when lnenber of the transmitters is large
enough, normally equal to or greater than four, rtteximum division criterion can be
applied:

3 =0, +%. (3.31)

t
This selection principle is much simpler, and tifiene is more applicable when the

transmit antenna number is large enough.
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In this section, a general pairwise error analg§i€DD system in a multipath Rayleigh
fading channel has been derived. This PEP can fleedfo any specific class of channel
coding such as a convolutional coding and any kinchodulation schemes. This PEP is
also extendable to fading channels obeying statistiodels other than Rayleigh
distribution. The MIMO channel is investigated wiMRC at the receiver side to
combine the received signals. Finally, a principlethe selection of the optimum cyclic

delay time has been derived in (3.29) basing orPtER in (3.20).

3.4 Performance Analysis of a 2x1 CDD system
with Convolutional Coding in Rayleigh Fading
Channels

A new bit error probability bound for a CDD systenth two transmit antennas and one
receive antenna (2x1 CDD system) combined with otutonal coding is investigated

in this section. As shown in Figure 3.2, input signwere encoded by a convolutional
coding block, and then modulated as BPSK sign&BT Itransferred the signals from
frequency domain to time domain. Afterwards, cyddft was introduced to map the
signal sequence onto two different antennas. Irrébeiver, signals were transferred to
the frequency domain again. After this, they weeenddulated to binary signals and

decoded by the Viterbi trellis decoder.
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Prefix

[

Figure 3.2 Structure of a 2x1 CDD system with cdational coding

According to (3.20), the pairwise error probabila§ this simple CDD system can be

denoted as
1 ml2 ¢ 1
R(d)== . dg, (3.32)
=2 Even(R)
4N, N, sin’ 8

whered is the Hamming distance between the erroneouswardeand the transmitted

codeword. In this systemy, =4 for BPSK signalsN,=2, N, =1, soN, andn, have

been eliminated for simplicity, an% =N5 RC(N5 is the signal to noise power ratio per

o (o] (o]

bit). Therefore (3.32) can be represented as

177/2 d 1
P(d)=— _ do 3.33
() ﬂl L, BReig(R) 33
2N, sin’ @

where R, can be calculated from (3.21) and (3.22).

Using (A.15), a newly derived bit error rate boufod CDD system combined with

convolutional coding can be written as
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R < > 4,B(d)

d_dfree
77/2 d
1 , (3.34)
< By — do
2 Al Erearn)
2N, sin’ @
whered,, is the free distance of the convolutional treticde andg, is the weight of
eachP,(d).

This calculation is an approximation of the erroohability bound because of using the
approximation of (3.14). The exact bound can beegged with the original form of the

PEP equation (3.10). The pairwise error probabdfty3.10) can be denoted as

271k, szK

R(d)=E % (I H F+IH? )+ 2R S HA e ot . (3.35)

=1 =1

whereA =9, - J,, is the relative cyclic shift between signals megphpnto two different
transmit antennas. As the transfer functids and H® are complex numbers, they
can be presented a$” =h(l)e’® andH® =h,(1)¢’*, where{h(} and{g} are the
absolute values and the phase shifts of the chararedfer functiongH ™} respectively.
Let p=¢g—¢@ . Because both of the channel transfer functiores idard. Rayleigh
distributed, phasegy and ¢ should be two random variables that are uniformly

distributed betwee® and277. Theng is also a random variable uniformly distributed

between-277and277. Assume the channel is a flat Rayleigh fading adeanTherefore
the index of OFDM subcarridrfor the channel transfer functions can be omitidten

the pairwise error probability for a possible esouns path can be expressed as
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F,(d)

E 5 d-(lf+ I32)+2R b ngﬁ(ﬁ’f@i jez%s'ﬁ
Y E

- (2%, oy | a2
E Q[% d-(n2+n2)+2Re[rme‘ v e m . (3.36)

‘ -]

2mkg . :
whereé = —— *+ ¢+ @. Becausek, can be any integer betwe@mndN, -1, wis a real

27k
N

d
De
1=1

2F,
2N,

I
m

f—%
QO

[d-(rf+ v°)+28h,

constant if the convolutional coding trellis isdtk, andg is a random variable uniformly
distributed between2/r and2/r. Considered the symmetric feature of function xpsf

can be regarded as a random variable which isusdgormly distributed betweef and

21T.

Because the absolute values of the channel trafisfetions,{h,} , obey identically

independent distributed Rayleigh distributions,ve® can integrate the pairwise error

probability (3.36) over their distributions:

R0)= ] 2hexpt 1] 2 expt 1f | =
’ ’ ’ (3.37)

g 2k

> e |cost )D dhdnd

1=1

Q[Nild-( W+ h?)+2h by

0

The previous pairwise error probability can alsekpressed as:
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() = | 2hexpE )| 20 expt 1 j L,

272

{ (n+n)+2mze

0 2sinf @

cosg )} . (3.38)

exp| - d@dg dn dh

Substitute (3.38) into (A.15), the bit error proltigpcan be expressed as

R < > APAQ)
> A j 2h exp(-1?) j 2h, expt- 1y )j [
y 2k (3.39)
< ER{ (2 +@)+2h@2e cos@)}
exp - |i|0 " dédgdh dh}

This performance bound is much more complex thaddj3however it provides a more
exact analysis. The comparison of these two enmogbility bounds is provided in the

following section along with the numerical results.

3.5 Numerical Results

3.5.1 The Computations of Convolutional Coding

For the exact bound (3.37), the only component isigclic delay times have an effect

on is the sum of the phase shifts over the possittyneously decoded symbols between
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g 2

2™

=1

the original path and the error path with a Hammuoligtance ofd:

Meanwhile for the performance bound with the appration (3.34), only the

g 2K

correlation matrixR,, is influenced by the cyclic shifts. BolEe Ns
1=1

and R, depend

on the codewords constructed by the channel cosihgsh we assume as convolutional

coding here.

As the convolutional codes are symmetric codes, [ii#gd difference of two arrays of
uncoded signals determines the difference of twgniseces of coded signals. Such as the
encoded codeword of signal sequence ‘000000’ i©000000000°. ‘100000’ (which
differs with ‘000000’ on the first bit) generatescadeword ‘111011000000°'. The two
codewords differ on the®1 2", 39 5" and &' symbols. Meanwhile the signal sequence
‘111111’ generates ‘110110101010’ and ‘011111’ getes ‘001101101010’. The two
codewords differ on the®1 2" 39 5" and &' symbols as well. Because the probable
erroneously decoded information bits are decidedth®y transmitted signal and the
convolutional codes, every possible allocationha érror bits has to be included in the
error probability calculation except the duplicatatkes. (This case will be discussed in
the following paragraph.) Therefore, when the igedtructure of a convolutional code is
fixed, the probable error bits in each erroneoumai sequence are fixed and are
unchanged for whatever the transmitted informatits are. That indicates the error
symbols for each erroneously decoded codewordhareame for all possibly transmitted

codewords. For instance, if the transmitted coddvi®irll zero, the erroneously decoded
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codeword is ‘111011000000, which differs with tberrect codeword on thé'12", 3¢9,
5" and &' symbols. Then for any other transmitted codewdrere is one probable

erroneous codeword with errors on tfie 2 39 5" and &' symbols.

As stated in Appendix A, whether the informatiogrsil C, =0 or 1, the pairwise error

probability is the same for a BPSK signal. Therefdhe pairwise error probability only
depends on the places of the symbols where twowmds differ, or, the absolute
difference of the two codewords, which is independg the exact phases of the BPSK
signals. Therefore, codewords of all-zero signas® e assumed without loss of
generality. The numerical calculation is base@lbizero signals in the following section.
However for other modulation schemes, the pairweiger probability is dependent on

the Euclidean distance of the two symbols.

All error paths that may cause an error at the iif®@rmation bit (which is the one being
decoded accounting for a sequence of signal bits aértain traceback length) must be
included for the calculation of error probabilitpund whereas the duplicate codewords
should be excluded. We assume the convolutionahgddr a constraint length of 3, the
octal form of the generator polynomial of [7 5],dathe trace back length of 5. The
Viterbi decoding traces back to 5/coderate (coéeral/2) symbols for the detection of
the first bit. As all-zero signals are assumedddransmitted, only codewords which may
introduce a ‘1’ in the first bit should be calc@dt In addition, repetitive codeword must

be avoided. For example, ‘110011’ has to be exdumrause this case has already been
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counted in with ‘110000'. Therefore, all signalays with two or more continuous ‘0’

should be excluded from the calculation.

To save time, the Viterbi decoding always recohdsrerits, pre-states and input symbol
of the previous bits. Therefore the merits cumufaten the first bit to the one being
decoded. This mechanism causes a continuous fe&tilheugh only the previous bits
within a trace back length are recorded, the decis based on all information bits that
are transmitted beforehand. Therefore, the errobability (3.5.14) is not exactly the
real case as in the practical world. However, ttiste merits left by the previous

detection have little effect on the current detetts shown by the simulation results.

3.5.2 Simulation Results

The CDD system is shown in Figure 3.1. Firstly wesidered a 2x1 CDD system, which
had two transmit antennas and one receive antefima.channels were quasi-static
Rayleigh flat fading channels (quasi-static medres ¢hannel transfer functions keep
static over a block of signals and vary block bgch). BPSK signals were coded by
convolutional coding. Two convolutional codes weomsidered. For the first case, the
constraint length was 3, the octal form of the getwe polynomial was [7 5], and the
traceback length was 5 or 7. The other case hadnatraint length of 5, a trellis

generation code [23 35], and a traceback length of 7. On the receiver, the signals
were decoded by Viterbi soft decision detectior. & OFDM system with frame length

of 16, the comparison of the exact performanceyaigbound produced by (3.39) and
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the approximate performance analysis bound (3.84)all as the simulation results at an

Ep/N, of 20dB is shown in Figure 3.3.

0
1 D E T T T T T T T

—H8&— Performance bound of c3 t5 with approximation
Perfarmance bound of c3 t7 with approximation
—H&— Performance bound of c5 15 with approximation |
—H&— Performance bound of cb t7 with approximation 3
—<— Performance bound of c3 t5 exact
Performance bound of c3 t7 exact
—&— Performance bound of c5 t7 exact E
—&— Performance bound of c5 t5 exact 3
—#— Simulation results of c3 t5
Sirnulation results of £3 t7
—#— Simulation results of c5 t5
—#— Simulation results of ¢5 t7
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Relative Cyclic Shift
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Figure 3.3 Comparison between the performance tsand simulation results of the bit error
probability of a 2x1 CDD system with varying cyctielay time and an OFDM frame length of
16 in Rayleigh flat fading channels
From Figure 3.3, it can be seen both the exact BiERormance bound and the
approximated one vyield the same varying shapesesimulation results for different
cyclic delay shifts. This feature demonstrated tta performance bounds provide a

valuable prediction of the BER performance of CDBtem with varying cyclic delay
shift. Therefore, the performance bound, especihléyone with approximation, can be
used to calculate the optimum cyclic delay time #&minimum error probability.
Compared to the exhaustive simulation or experiailesgarch, this performance analysis

saves a lot of time and is more efficient. In aiddit performance analysis renders a
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fundamental understanding of the mechanism of cyilay diversity and is instructive

for CDD system design.

For an OFDM system with frame length of 64, the panson of the BER between
performance bounds and simulation results at@NEBf 20dB is shown in Figure 3.4. It
can be observed that for both convolutional colesapproximated performance analysis
bounds lays lower than the simulation results, evltie exact performance analysis
bounds lays upper than the simulation results. Témn®r loss is because of the
approximation scheme used in (3.34). However, thailation results have the same

shape as predicted by both of the performance sisdbpunds.

exact performance bound of c3 17
approximate performance bound of c3 17
simulation result of c3 17

—&— exact performance bound of c5 17
10'2 —H&— approximate performance bound of c5 17
] —#— simulation result of c5 t7

BER

Relative Cyclic Shift

Figure 3.4 Comparison between the performance t®and simulation results of bit error
probability of 2x1 CDD systems with cyclic delayng varying and OFDM frame length of 64 in

Rayleigh flat fading channels
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3.6 Conclusions

For this chapter, based on the error probabilitglysis of CDD system with repetition
coding in UWB channel in [3], a new bit error prbbiy analysis bound for a cyclic
delay diversity system combined with OFDM and cdational coding in multipath
Rayleigh fading channels has been derived. An aqupeadion method has been used to
reduce the computational complexity. These perfagaaanalysis results can be readily
extended to any other kind of channel codes anshdachannels. From the numerical
results presented in Section 3.5 it can be obsettvatdperformance bounds provide a
valuable prediction of the BER performance of a C&Btem with varying cyclic delay
shift. Therefore, the performance bound especthly developed with an approximation
method can be used to calculate the optimum cyidiay time for a minimum error
probability. Compared to the exhaustive simulation experimental search, this
performance analysis saves a significant amountineé and is less computationally
complex hence more efficient. In addition, the pegrfance analysis renders a
fundamental understanding of the mechanism of cyilay diversity and is instructive

for CDD system design. This aspect will be utilizedhe following chapters.
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Chapter 4

Transmit CDD and Receive

Antenna Selection

4.1 Introduction

Antenna selection is another diversity scheme wkenves radio frequency (RF) chains
and therefore significantly cuts down on the systemmplexity [1]. When channel state
information (CSI) is available at the transmittegnsmit antenna selection outperforms
OSTBC (using all the transmit antennas) for a bebie error rate performance [2].
However in some scenarios CSl is absent at thaertrdter, e.g. in the mobile unit for a
up link, in this case, transmitter diversity scheman be combined with receiver antenna
selection to obtain higher transmission qualitheathan the systems with a single space

diversity scheme.

There is a considerable amount of published rekeemacerned with the performance
analysis of orthogonal space-time coding with MIN@tenna subset selection and the
optimum selection criteria. In [3], antenna sel@etttombined with the orthogonal space-
time coding techniques was analyzed based bothxact ehannel knowledge (ECK) and
on statistical channel knowledge (SCK). The antesel@ction principle for ECK is
based on the instant outage probability of theesgstwhich provides an equal diversity

gain as if all of the antennas provided were emgdoyOn the other hand, the antenna
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selection criterion for SCK is based on the avenagability of error, which offers a
diversity order which depends on the number ofsilected antennas. Some papers also
report on the investigation of the performance datenna selection criteria from the

perspective of average SNR gain, such as in [4h®channel capacity, such as in [5].

In this chapter, we investigate a new system wiséimdmit cyclic delay diversity and
receive antenna selection (TCDD/RAS). This systeamhines two space diversity
schemes therefore it significantly improves theoenprobability performance of the
system with very low additional complexity. At teame time, as both CDD and antenna
selection are applicable to a variety of existitapdards, so the resulting system is also
practical. A novel antenna selection criterion, thaximum minimum post-processing
signal to noise ratio (MMP-SNR) antenna selectiole for this system in a flat fading
channel has been derived. A performance comparsspresented in the last section for
different selection principles, which illustratégetadvantage of the MMP-SNR criterion
over the other selection criteria. The performaotd CDD/RAS system in frequency

selective channels is investigated in the next igrap

4.2 System Models

Firstly, the transmitter cyclic delay diversity aneceiver antenna selection system are
introduced in Figure 4.1. For comparison, anotlandgmitter orthogonal space-time
block coding and receiver antenna selection systeaitso provided. Furthermore, a new
hybrid system which combines CDD and OSTBC in tla@dmitter as well as antenna

selection in the receiver is also proposed to corsge the performance loss of CDD,
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and to avoid the data rate reduction and the higtoding complexity incurred by

OSTBC.

In order to isolate the diversity effect of the C@ansmitter, we assume i.i.d. quasi-
static flat Rayleigh fading channels plus additwieite Gaussian noise all through this
chapter. As proved in [6], [7], CDD can retain éstantial diversity gain even in
relatively strong frequency-selective channels. réfeee, our method can be further
generalized to frequency selective channels, wimdibe introduced in the next chapter.
However, the cyclic delays have to be large endaodte distinguished from the existing
resolvable taps in the multipath channel as indita [8].
A. TCDD/RAS System
—ad

5 Cyclic
2 Prefix
Inputl FEC MRC Output
~—*encoder[ "Modulator>IFFT o |combiner—¥| FFT |—>/Demodulator dchE)%er

L] [ ]
[ ] [ ]
"V E
Cyclic

Figure 4.1 Transmit CDD and receive antenna selestystem model

First, we consider the TCDD/RAS system as depistdéigure 4.1. The signal bits were
modulated after being coded by a forward error rodfaorrection (FEC) block. OFDM
was applied as an inverse fast Fourier transfoRRT) with length ofNs. Afterwards, the
signal vector was transmitted oviéy separate transmit antennas with cyclic delgys

where n denotes the transmitter order. A cyclic prefix waserted before the signal was

transmitted to avoid the inter symbol interfere(i&) and inter carrier interference(ICl).
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Antenna selection was implemented at the receinvi ® choosd., optimum receive
antennas fron\, available receive antennas. LetJC"*™*" denote the original MIMO

channel matrixA OC"=*™ is the channel submatrix selected. Afterwards, imak
ratio combining (MRC) was used to combine the nem@isymbols over the selected
antennas. Following this, a standard OFDM demodulatas applied to recover the

signal.

B. TOSTBC/RAS System

Figure 4.2 shows a traditional diversity systemhw@®STBC at the transmitter and

antenna selection at the receiver side (TOSTBC/RAS)

Prefix

Cyclic
IFFT Prefix

Input| FEC FFT 0STBC | y|pemodulator ompm
encoder_’NIOdL”amr_>OSTBC$ ° o [RAS| e combiner decoder
° L]
b °

YY_
Cyclic
IFFT

Figure 4.2 Transmit OSTBC and receive antennatefesystem model

After the modulation, the signal streams were cooedhe orthogonal space-time bock
code and assigned to parallel IFFT blocks. Alsoydic prefix was inserted as in a
normal OFDM system. At the receiver side, antergl@ction was carried out to selégt
antennas fronN;. After the FFT modulation, a STBC decoder was i@ppto combine
the signals from thé, receivers. It can be seen that the STBC schemecésdmore

complexity than CDD.

C. TCDD-OSTBC/RAS System
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Figure 4.3 Transmit OSTBC-CDD and receive antemhection system model

A new system with both orthogonal space time bloatting and cyclic delay diversity in
the transmitter is presented in [9], to obtain mdreersity gain. Figure 4.3 shows a
TCDD-OSTBC/RAS system with both OSTBC and CDD ia transmitter and antenna
selection applied in the receiver as a compariséiter the channel coding and
modulation, signals were firstly fed to an Alamoericoder to map each two consecutive
symbols onto two parallel signal streams. Thendhe® streams were modulated by an
IFFT separately. Afterwards, CDD was employed wgrsthese two symbol arrays onto
N transmit antennas. CDD usually ensures the chamaafficients for two neighbouring
subcarriers to be uncorrelated, and this may raswdttal failure of the Alamouti scheme.
Therefore, an interleaver should be introduced &kersure that the channel parameters
on two successive subcarriers are highly correlda@®ddnnel estimation should be applied
for each group of transmit antennas which sendtib@tsame signal array coded by

OSTBC but shifted and mixed by CDD.

This concatenated CDD-STBC transmitter diversity disrived to compensate the
performance loss of CDD, and meanwhile reduce ¢neptexity demand compared with
the OSTBC schemes. Moreover, it does not decrdasaldta rate when the transmit

antenna number is larger than two for transmittiogplex signals.

89



The TCDD/RAS system will be investigated in theldeling sections. The optimum
antenna selection criterion of TCDD/RAS will be Baad. The performance of the
TOSTBC/RAS system and the TCDD-OSTBC/RAS systeml wé provided for

comparison.

4.3 TCDD/RAS System Analysis

4.3.1 Receive Antenna Selection Criterion Based on

System Performance Analysis

A novel antenna selection criteria based on theéesysperformance analysis can be
designed according to either statistical channedwiadge (SCK) or exact channel
knowledge (ECK).

1) SCK Based
In the TCDD/RAS system, the optimum antenna se&lacprinciple, to minimize the
error probability, is based on the BER performaanalysis generated in Chapter 3. As

stated in (3.20),

P :1”f T 1 d6 (4.1)
° T 0 N =1n= Esvneig?1r ( R\\/‘; ) ’ .
4N N, sir? @

to minimize the error probability is to maximizeetteigenvalueig, (RC,‘) Let

H =[H Jy H g+ H

o .l - The covariance matrix dfif,, is ry :E(H" H? H).

equ equ’ ' equ
According to (3.22), the elements of the covariamegrix of B R( n n') are equal to

equ’?

zero whenn, # n '. Therefore,

90



eigy (R} )= eig( ), (4.2)
whereeig, (1) is thepth eigenvalue of the covariance matrjk. Now, to minimize the

pairwise error probability of the TCDD/RAS systeains necessary to select the receiver
antennas with the largest eigenvalugg, (1) . The selection criterion based on the

pairwise error probability can be presented as

W, <o = arg max T Bw (4.3)
e SCK ELN, |_|1 rl AN,N, sirt 8 ||’ '
wherew,, ., denote the selected channel subset indices. Tégrai can be eliminated

for simplification. However, not only one pairwiseror probability has to be considered
but the pairwise error probability for every pos$gibrroneous codeword of a practical
channel coding scheme, such as convolutional codiag to be taken into account.

Therefore, the selection criterion based on bitrerate probability can be represented as

— e M 1
Dpe_so =BG MIn d;ﬂ%ﬁdﬂg Evoeig (7| (4.4)
4NN, sir? @

wherer,’ denotes the covariance matrix of the equalized roiafor thedth codeword

and thenith receiver.
2) ECK Based
As in Chapter 3, the pairwise error probability BorCDD system with forward error

correction (FEC) in a MIMO channel is given in1(B)
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2 E
P:El.[exp— =
T

e
0

2
qu

4NN, si’ 8

(4.5)

Because the antenna selection is applied on ekartnel information, the expectation
operator can be elimitated. According to (A.15)e thit error probability bound for

convolutional code as the FEC code can be written a

2

2 Es ASA qu
R < Z B,— j —4N0Nt ey do . (4.6)

d= c|free

For a certain modulation scheme;can be denoted as a constanthen (4.6) can be

rewritten as

2
712
equ

Bo< Zﬁj “anNsite | %

d= dfree

L EVZ_:“Z;‘ eun : (4.7)
< YA I 4NN, sir 8 a6

d= dfree

The bit error probability over one OFDM frame canwvritten as

N, M-1
Ng—M 77/2 Esvnz_:]_;)‘ Hequ k- r‘
P i s & A O e [ 49

where N, is the OFDM frame length.

Therefore, the antenna selection scheme basedednitterror probability can be written

as
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@, = argmin{P;|L.}
2
N, - mz E VZ Z‘ equ ke f‘ ) (4-9)

n =1 k=0
S 5 2 ] Y sie |

n=0 d=dgee

wherew,, indicate the selected channel subset indices.

Even if (4.4) and (4.9) are the ideal optimum angeselection criteria for TCDD/RAS
systems, it is difficult to obtain because of thghhcomplexity. Therefore, in the
following sections, alternative antenna selectiangiples are introduced to minimize the

error probability at the same time with reasona@ol@putation complexity.

4.3.2 An Optimum Receiver Antenna Selection Criterion

In this section, we apply antenna selection basethe exact channel knowledge (ECK)
as discussed in Section 4.3.1. The best antenrsetsig selected with maximum post
processing SNR and therefore the lowest BER.

1) Norm Selection Criterion
The norm selection was proposed for antenna sefecombined with the OSTBC
schemes. Extensive work has been done with respeximbining transmit orthogonal
space-time block coding diversity with antenna ct&ba, where the antenna selection is
executed at either the transmitter side or theivecside. The antenna selection methods
in these papers are mostly based on the post-miogeSNR, [3], [4], [5], [12], [13], [14],

[15], except [16] which is based on a capacity pecsve. From the simulation results in
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these papers, it can be seen that the selectiterion based on post-processing SNR
achieves a better performance. As indicated in, [[5]], the post processing SNR for
OSTBC is

YVostec = yo”H”z! 4.10)

where ), is the average SNR at one receiver from one trar@itenna, H is théN, x N,

channel matrix between the transmit and receivenmas anH}||2denotes the Frobenius

norm operation. The relationship between the syndvodr probability and the post-
processing SNR has been presented in [11]. Thexelfoe selection criterion for OSTBC

and antenna selection system is to select the matembset with the largest Frobenius

norm. This selection rule is denoted as the nolacten criterion here. LeH denote the
channel matrix of the selected antenna subsetheartenna selection principle can be

represented as

H

2} , (4)11

%orm = arg ma){
L <N,

wherew,, _denote the optimal selection indices Fffrom H with the norm selection

Norm
criterion.
2) Optimized Selection Criteria for the TCDD/RAS Syste

TCDD/RAS system means the system with transmit GIDD receive antenna selection.
After selectingL, antennas fronN, at the receiver, MRC was applied to combine the
signal streams over the selected antennas. It Bas proven in [18] that the post-
processing SNR after MRC is just the sum of the SNIRm all receive antennas.
Therefore, in the TCDD/RAS system, the post-pracgsSNR at thekth subcarrier can

be denoted as
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Vicopiras = VOZ‘H equL ’ (4.12)

where H'™

ek denotes the equalized channel transfer functidmete in Chapter 3. As

denoted in Section 4.2, because we assume the elbaare flat-fading, the channel
transfer functionsH " can be simplified a$i™" without loss of the generalitidence

the average post-processing SNR over the wholdrspeevill be

Vicooiras = E{ykTCDD/RAS}
Ne-1 L,
- _VOZ Z‘Hequk
s k=0 n =1
= N, 5 N —qu
= il H(nt ﬂf)e Ns H(ﬂ n)
N o2 2 {; MZ}( ) e }}
1 LZ Ns_lwt‘Hm)r NZ Z I (g 26,6 ,  (4.13)
= — M4
Ns yon,:1 k=0 n=1 k=0 p=1,1=1
p#l
=0
IR SR TS
= WVOZNsZ‘HrM‘

which is the same as in the TOSTBC/RAS system, e\ﬂﬁ{a} denotes the expectation

operation over all of the subcarrier order:{-l)j denotes conjugation operation. However,

in the TCDD/RAS system, as indicated in (4.12), pst-processing SNRs on different

subcarriers are not equal. The correlations betveerchannels from different transmit

antennas have an effect hﬂeq 0

‘ and thereafter make, .o rasfrequency selective

[10]. Therefore, the norm selection criterion foOSTBC/RAS systems cannot be

applied to the TCDD/RAS system directly.
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nr
equ, k

Lf
As we Know, , coprash@s a lower boung, mkin{Z‘H 2}. The performance of the
m=1

selected transmit CDD and receive MRC system wdl improved as the smallest
possible post-processing SNR increases, since tBR B mostly determined by
relatively small SNRs where most errors occur. Hevethe impairment of SNRs on a
small number of subcarriers can be combated byngHaioding. As stated in Chapter 3,
for a system with more than four transmit antennhs, cyclic delay shift selection

criterion (3.31) can be applied. In this case, shen of equalized channel parameters

Her. . only hasN; distinct states. WheN, < N, the channel parameters at each state

will have a significant influence on the BER perfance. Hence, if we select a receiver

Lr
subset to have the maximum value of the quamtlhy{Z‘HQauk‘z}, the possible lowest
m=1

Vi reoorras Will be maximized, and consequently, the errorbpatmlity will be reduced.

Therefore a new maximum minimum post-processing $MRIP-SNR) criteria can be

ZH (4.14),

where@,,_.\ are the optimal indices of selected receivers ftloeN, receive antennas

represented as

Lr
N _ . n
wMMP—SNR_ arg max{ Tlr{Z‘HeqU, K
n =1

L <N,

with the MMP-SNR selection criterion.

3) Optimized Selection Criterion for the TCDD-OSTBCERystem

Assuming the serial signals before OSTBC in theuency domain & , the parallel

signals encoded by OSTBC in the frequency doma®ear wheren, denotes the order
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of the encoded OSTBC signals akndenotes the subcarrier index. As shown in Figure
4.3, after the IFFT block, the parallel signals evehifted by CDD. The cyclic delay shift
was applied within thesth signal array. The received signal at tith receive antenna

in the frequency domain can be presented as

t
ok

RN =3 S ™ o =3 @ Hyl+ b, (4.15)
n=1 ng =1

where Jgﬂ denotes the cyclic delay time on thth transmit antenna for theth OSTBC
signal array,n; denotes the additive white Gaussian noise anfthereceiver on théth

subfrequencyHj;'uf‘kdenotes the equalized channel for tiggh OSTBC signal array at

ok
Negg — j N

thenith receive antennai sy = > & ™ HI " (0 = nygg + (0, =D% Negyo Nogy = ), Noad
Meaq =1

denotes the order of CDD transmit antenna forrifgta OSTBC signal array, anls

denotes the OFDM frame length. Channel estimat@miployed to estimate ea ;’uf‘k

for the ngth signal array, and the separate channel estim&ioeach transmit antenna
using specific cyclic delay time can be eliminatdthen the combination scheme for
OSTBC mentioned in [17] is implemented. Here waiassthat a 2 transmitter Alamouti
scheme is employed. Then the detected signal aftetbination and MRC can be

written as

N, N,
S = (o M ) s X ( Mt g e Wi t)
| ”'N:rl . (4.16)
(‘ H 2+‘Hr§43£ 5‘2)55-"“2:1( HLE T+ HE nnl

]
1
-

T

pd

GU))
I

equ k, k equk X eAukok Ty

pm}
iy

T T

97



As an interleaver is applied here to guaranteethieathannel coefficients on consecutive

subcarriers stay as a constant, it is assumedHfjgt  =H 2!, = H ;. Therefore the

signal power gains achieved by the joint OSTBC @mbD scheme can be presented as

(‘Hequ.i o HHE ) (‘Hew |§12+‘H[}q’;’K 5‘2) . Compared with the

TCDD/RAS system, a new receive antenna selectitensimilar to the MMP-SNR rule
can be generated as

N

Doprp-norm = @Y max{ mlr{z Hen 2+‘ A ) Z(‘H L ‘H .k ‘2)}}

n =1
(4.17)
where @},0_.om denote the selected antenna subset indices. Théenre selection

criterion is a combination of the MMP-SNR rule ghd 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 idtrced here for comparison. It is
designed to select the antenna subset with thermemipossible channel capacity [16].

The selection principle can be denoted as

wcap—argmax{ Z Iog{ e( +ﬁ|:||:|”ﬂ}, (4.18)
L <N skl Nt

wherew..  denote the selected antenna subset inddmég) stands for the determinant

Cap

operation,(-)H denotes the Hermitian transpose operation lands a N, x N, identity

matrix.
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4.3.3 Receive Antenna Selection Algorithm with Cross

Entropy Optimization Method

To further optimize the computation of the selattaiteria and reduce the calculation
complexity, a cross entropy optimization methodiriroduced in this section (the

algorithm is developed by Y. Zhang [23]).

In order to execute these selection criteria effidy, we transform the antenna selection
problem into a combinatorial optimization problewhich can be solved by the cross
entropy optimization (CEO) method. The CEO alganithas been proved to be a global
random search procedure in [19] and [20]. It wastlfi presented by Rubinstein as a
principled adaptive importance sampling to estintiageprobabilities of rare events in the
complex stochastic networks [21]. It has also beelopted to solve complicated
combinatorial optimization problems, such as thedsberministic polynomial time (NP)
problems [19]. In order to apply the CEO methodh® antenna selection schemes, we
have to formulate the antenna selection problemaasombinatorial optimization

problem:[22]

w =arg maxS(a)q) , (4)19
w,0Q

where @ denotes the indicator corresponding to the glolminum of the objective

function S(a)q) which is used for evaluating the potential saln$, «,, and chosen

according to the specific selection criteria, sashthe norm and the capacity selection
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criteria. Q is the set of receive antenna subset selectidodMs{q,wz,---%} . Herein,

w, is defined as

NI’
“%:{thq"nD{Q@:q::LZr'Q, (4.20)
where | indicates whether theth receive antenna is selected or not. For exantitiee i

first, fourth, fifth and eighth receive antennae aelected out of eight receive antennas,

then e, will be equal to{1,0,0,1,1,0,01. Q is the number of all possible antenna subsets

N I
and is equal t{ 'J, Where(XJ denotes the binomial coefficieme;. The flow
L y yi(x-y)!

T
of the receive antenna selection algorithm basedhenCEO method is described as

follows: [22]

Step 1 Start with an initiaP® :{ p(o)}

ny

Nr 0) _ 1 . . .
, pﬁ —E. Set the iteration countér=1;

n =1
Step 2:Generate sample{&)g)}_N_clEo from the density functiorf ( P(“l)), whereN, is

the total number of the samples;

H NCEO
Step 3 Calculate the performance functio{rs(a}"))} i and order them from largest to

4 i=1
smallestS” >-..> "= Let 1) be (1- p) the sample quantile of the performances:

r (1) — S(f(l-p)NchW)

, where[ «] is the ceiling operation.

Step 4 Update the paramet@m via

Z I{S(“éi’l))zr(t)}l & (a}qil))

p =12 . (4.21)
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Step 5 If stopping criterion is satisfied, then stophetwise set := t+1 and go back to

step 2. Here, the stopping criterion is the pregefinumber of iterations.

Due to space restriction, the detailed descripibout the antenna selection algorithm
with the CEO method will not be presented in thissis, but reader can refer to [23]. The

algorithm converges without requiring a particudgarting point, but for simplicity we set

Now, two antenna selection criteria are produced am optimization algorithm with
cross entropy optimization method is also introduck the following section, the
numerical results of these selection criteria amel performance with other selection

principles are presented.

4.4 Numerical Results

In this section, Monte Carlo simulation resultstloé TCDD/RAS system with multiple
receive antenna selection criteria are presenttofances of the TCDD-OSTBC/RAS

system and the TOSTBC/RAS system are also provaetbmparison.

Firstly we consider the performance comparisonhef TCDD/RAS system with three
different antenna selection rules, and the TOSTBGRsystem with two selection
criteria as well. Here we s&; = 4, L, = 4 andN; = 8. The cyclic delay is chosen

according to (3.31). The OSTBC code in [24] is @dd@o form a 4 transmitter OSTBC
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scheme with a code rate of %, which indicates a gde reduction to 3/4. The signals are
mapped to 16QAM constellation and coded by a hati convolutional code with a

constraint length of 3 and a free distance of 5.

Bit Error Rate(BER)

—H&— SIS0 system

—&— TOSTBC/RAS-MNorm

—HB— TOSTEC/RAS-punctured-Norm
TCDD/RAS-Narm

107 F | —e— TCDD/RAS-Capacity

E | —— TCDD/RAS-MMP-SHR

—+—TCDD 48 no AS

10 1 1 1 1
2 0 2 4 3 g 10 12 14

Eb/MNa in dB

Figure 4.4 Performance comparison of a TCDD/RA$esgswith three antenna selection criteria
and a TOSTBC/RAS system with norm selection core, = 4,L, = 4,N, = 8.

From Figure 4.4, it can be seen that the MMP-SNIRcen criterion yields the best
BER performance among the three antenna seledti@ni@ for the TCDD/RAS system,
where E/N, denotes the signal energy per bit to noise popwectsal density ratio. The
norm criterion for the TCDD/RAS system performs 3aBrse at a BER of 10than the
MMP-SNR selection rule. The capacity criterion ataa better diversity gain (which is
indicated by the slope of the curve) than the negatection rule but still suffers 1.2dB
loss at a BER of I®compared with the MMP-SNR. On the other hand i8®D/RAS
system using the MMP-SNR criterion achieves a ditgrgain of 8 compared to a
diversity gain of 9 for the corresponding transmithogonal space-time block coding

diversity scheme combined with optimum receive mméeselection of the same number
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of antennas. The diversity gain is calculated atiogrto (2.12) and normalized by the
diversity gain of a single antenna system with neermsity scheme neither in the
transmitter or the receiver. The diversity gaintloé reference single antenna system is
defined as 1 unit. However the TCDD/RAS system iregumuch lower additional

complexity, suffers no data rate loss and offeraatibility to many existing standards.

Since for the four transmitter system, the OSTBG@ecsuffers from a data rate loss to a
rate of 3/4, we can puncture the convolutional ciopde a rate of 1/2 to a rate of 2/3 to
retain the full data rate as in the CDD systemcWhias been suggested in [18]. The free
distance of the punctured convolutional code isTBe performance curve of this
punctured STBC system is inferior to our TCDD/RAStem when EN, is smaller than
8dB as depicted in Figure 4.3. It is predictabks thith a more powerful channel coding
scheme, the spatial diversity provided by CDD carekploited more efficiently, and the
performance gap between the TCDD/RAS system and@TBC/RAS system can be
further reduced. But the performance is alreadgptadle even with our simple channel

coding scheme.
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Eit Error Rate

—+— SIS0 system
—+— OSTECdxd noAS
10tk —+— CDDdd noAS
CDD-0OSTBCAx4 noAs
—o— TCDDRAS-MMP
—&— TOSTEC/RAS-norm
10k —B— TOSTBC/RAS-punctured-Morm
TCDD-OSTBC/RAS - MMP-norm
—+—TiCDD 4X8 no AS

- 1 | |
-2 1] 2

Ebﬁ\l0 in dB&

Figure 4.5Performance comparison of a TCDD/RAS system, a TRESRAS system and a

TCDD-OSTBC/RAS system with a convolutional codeaafonstraint length of 3, = 4,L, = 4,
N, = 8.

Figure 4.5 shows the performance of a TCDD-OSTB@R#Astem compared with the
TCDD/RAS system and the TOSTBC/RAS system. It iseobed that without antenna
selection in the receiver, the CDD-OSTBC schemédchvhas both CDD and OSTBC
employed in the transmitter, performs 1.5dB bettan the CDD system but only 0.2dB
worse than the OSTBC system at a BER of, Hut the CDD-OSTBC scheme incurs no
data rate degradation and requires much lower iaddltcomplexity compared with the
OSTBC system. For the TCDD-OSTBC/RAS system witlteana selection in the
receiver, the antenna selection criterion can lberabination of the norm selection for
the OSTBC scheme and the MMP-SNR selection for @D scheme. The only
difference is to apply the MMP-SNR selection aftex combination of the signal powers

from the equalized parallel channels which carey @STBC signals. It can be seen that
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the TCDD-OSTBC/RAS system appears 0.6dB better thanTCDD/RAS system and
0.5dB better than the punctured TOSTBC/RAS systerm BER of 10. Even it still
performs 0.4dB worse at a BER of ®L6han the TOSTBC/RAS system, it suffers no

spectral efficiency reduction and is of much lowemplexity.

—=— norm selection

| —8B— capacity selection

b —&— error probability selection
10 F MMP-SHR E

Bit Error Rate

E, /M, in dB

Figure 4.6 Performance of a TCDD/RAS system witlr fantenna selection criteria, with
convolutional codingN; = 4,L, = 2,N, = 4.
Figure 4.6 shows BER performance of a TCDD/RASeaswsivith four antenna selection
criteria. The FEC code is a convolutional code witbonstraint length of 3. The number
of the transmit antennas is 4, the number of tihect receive antennas is 2 and the
total available receive antenna number is 4. The IMBNR selection rule performs

2.5dB better than the norm selection principle &8dB better than the capacity
selection rule at a BER ak10™. It even performs 0.3dB better at a BER2of10™

than the error probability selection criterion.
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| | | |
—8— TOSTBC/RAS-Cap-ES |

TOSTBC/RAS-Cap-CEO []
—4—TCDD/RAS-Cap-ES U
—&— TCDD/RAS-Cap-CEQ
—— TCDDRAS-MMP-ES |l
—b— TCODIRAS-MMP-CEQ ||

Bit Error Rate(BER)

1
-2 0 2 4 B 8 10 12 14

Eb/No in dB

Figure 4.7 Performance comparison between exhaustiarch and CE®, =4,L, = 4,N, = 8.

(N, L) Nego t O(CEO) O(ES) 9
(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 CEOrihm and ES method witk; = 4. [22]

Table 4.1 presents a computational complexity comspa between antenna selection
schemes based on the CEO and the exhaustive {E&Yhlgorithms. The complexity is
measured by the number of function evaluat@SEO) andO(ES. In this tablet and

Nceo are parameters of the CEO algorithm, standing @ mumbers of algorithm
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SCEO - S)ptim

iterations and samples, respectivefy(equals to————, S, and S

optim

denote the

optim
BER obtained by the CEO algorithm and the ES m@tiothe performance difference
ratio of the bit error rate produced by the CECQoatgm. From Table.4.1, we find that
the CEO algorithm only requires approximately 5084he computational complexity
required by the exhaustive search strategy. Frapérformance difference ratid,, it
can be observed that the performance differenceerims of BER between the CEO
algorithm and the ES method is less than 1%. Figui®e shows the performance
comparison between the CEO and the ES algorithmesn Rt, we find that the BER
performance obtained by the CEO algorithm is vdoges to the optimum performance

obtained by the ES method for a wide range of Shllees.

Bit Error Rate (BER)

Eb/No in dB

Figure 4.8 Performance comparison between TCDD/RysEems with the receive antenna array

sizel, varying.N; =4, N; = 8.
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Figure 4.8 shows the performance of the TCDD/RASew with different numbers of
selected antennds. Here the simulated system is similar as thatigtife 4.4, except
that L, varies between 1 and 8. It is seen that whemcreases, the diversity gain of
TCDD/RAS system does not change but the coding gaienhanced. This feature
implies that the diversity order is retained throwyr antenna selection scheme as if all
the receive antennas are used. The result is sitalahat described in [6], [11] for

OSTBC systems.

4.5 Conclusions

In conclusion, an original system with joint cyctielay diversity in the transmitter and
antenna selection scheme in the receiver, namedDIRAS system has been proposed.
This system provides significant performance improent with very low additional
complexity, high compatibility and no data rateuetibn compared to the TOSTBC/RAS
system. Another new system, the TCDD-OSTBC/RASesyst also proposed, to avoid
the disadvantages of OSTBC and utilize the higkilfiety of CDD to provide a

balanced BER performance without sacrificing thepkexity and data rate.

A novel receive antenna selection criterion basedio error rate performance analysis
has been derived. However this antenna selectide a1 of high computational

complexity. Therefore, a further new MMP-SNR anterselection criterion is derived
for the proposed TCDD/RAS system in flat fadingrafmea. The MMP-SNR rule obtains
a better BER performance compared with norm selegirinciple and capacity criterion

with much lower complexity. With the MMP-SNR ruklae TCDD/RAS system achieves
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a similar diversity gain compared with the corrasfing transmit orthogonal space-time
block coding diversity scheme combined with optimrgoeive antenna selection of the
same number of antennas, but the TCDD/RAS systguiress much lower additional
complexity, suffers no data rate loss and offersatibility to many existing standards.
Diversity gain is retained by the antenna selecticmeme with the MMP-SNR criterion
in the TCDD/RAS system as if all the provided rgeeantennas are used. In addition,
with another novel selection rule, the MMP-normes&bn criterion, the TCDD-
OSTBC/RAS system achieves better performance thafifCDD/RAS system and the
punctured TOSTBC/RAS system. Even it still perforralightly inferior to the
TOSBC/RAS system, it suffers no spectral efficiemegluction and is of much lower

complexity.

In the newly published IEEE standard 802.11n, twamgmitter structures have been
proposed. In the first system only CDD (named cyslhift diversity in 802.11n) is

adopted in the transmitter in the same way as gur€i4.1. In the second system, both
CDD and STBC are applied in the transmitter befbesinverse Fourier transform block,

to achieve an even higher diversity gain by indreathe system complexity.
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Chapter 5

Receive Antenna Selection for
Transmit Cyclic Delay Diversity
over Multipath Rayleigh Fading

Channels

5.1 Introduction

The Transmit cyclic delay diversity and receiveesnia selection system is introduced in
the last chapter. This provides significant perfance improvement with low additional
complexity and high compatibility to the existinigusdards with OFDM. Receive antenna
selection criteria for transmit cyclic delay divigysover flat fading channel have been
investigated in last chapter. Antenna selectionafdiat fading channel is much simpler
than for a frequency selective channel, becausé wjclic delay diversity at the
transmitter, the channel transfer function varieioving certain regular patterns.
However for multipath channel, the channel tranffection varies greatly for different
subcarriers, and the optimum antenna for a spesificcarrier may not be the optimum
antenna for another subcarrier. Therefore the aateselection scheme should be

redesigned for selective channel parameters.
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Many papers explore the antenna selection schemauitipath channels based on the
channel capacity, such as in [1, 2, 3]. Althoughk tapacity selection scheme guarantees
a high diversity order for the system, it may nobvide the lowest error probability.
Other papers propose a selection scheme to maxitheeminimum SNR, which is
similar as the MMP-SNR criterion derived in thetlabapter, such as in [4]. However,
this selection rule does not work well when the hamof the multiple paths for each

channel is large.

This chapter proposes two new receiver antennatgeiecriteria for transmit CDD

system over multipath Rayleigh fading channels. Tite one is based on the error
probability analysis of the system. However it ighty computationally demanding. A
further new antenna selection rule named maximuaugminimum post-processing
signal to noise ratio (MGMP-SNR) criterion is prged here which offers lower
complexity. The numerical results show that these telection rules provide much
better BER performance than the traditional norfacé®n and capacity selection criteria.
In addition, the MGMP-SNR criterion also perforngéBbetter at a BER of 10than the

error probability selection rule.

5.2 Systemm Model and Channel Model

As the receive antenna selection for transmit cydelay diversity in a flat fading
channel has already been discussed in the lastech&yere we extend the channel to a
more practical case of independent identicallyritigted quasi-static multipath Rayleigh

fading channel with additive white Gaussian noi8&/GN). The multipath channel
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model is based on [5]. Here we adpgtaths each having a fixed delgy The decay of

each path is defined in an exponential profile

™o

a,= Ke 7,0< Ty S T, (5.1)
0,elsewhere

where o is the standard deviation of the delays aroundniean value, and is a
constant. The delay spread depends on the envirdnaieere fading takes place. In our
study, we mainly focus on a typical urban area wleeris 1us [5]. Therefore the transfer

function between thath transmit antenna and thgh receive antenna can be written as

hént"}): Ke?rtnt,n)’og p= pnax, (52)
0, pma\x-'-:l'S ps NS

whereh™) is the i.i.d quasi-static Rayleigh fading chaningbulse response of thth

path between thath transmit antenna and thgh receive antenngmax is the order of

the max delay path.
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Figure 5.1 System diagram of a TDD/RAS system

We consider a system with transmit cyclic delayedsity and receive antenna selection
(TCDD/RAS). As depicted in Figure 5.1, the sign#ék bwere modulated after being
coded by the forward error correction (FEC) blagsing a convolutional coding. OFDM

was applied as an inverse fast Fourier transfoffr () afterwards with a length of..
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Then the signal arrays were transmitted dMeseparate transmit antennas after being
shifted cyclically. A cyclic prefix was inserted asguard interval (Gl) before the signal
was transmitted to avoid the inter symbol intenfieee (ISI) and inter carrier interference

(ICl).

At the receiver side, antenna selection was impteeteto choosé, optimum receive
antennas fronN; available receive antennas. After that, maxim#breombining was
used to combine the receive symbols over the ssleahtennas. Following this, a
standard OFDM demodulator was applied to recovestgnals. By virtue of the FFT in
the demodulator, CDD was able to convert the mleltipput channels into equalized
single input channel with increased frequency seieégcas denoted in (3.3)

ko,
—t

) N2 0
H(:(rqu, k(l) :Ze N H(knty r)(I)l (53)
n=1

where H{*")(i) represents the channel transfer function of treechl between theth
transmitter and thenth receiver on thékth subcarrier in theth OFDM frame, and

He (i) is the equalized channel transfer function as single input channel. As a

cyclic prefix was applied in the system, despite itfiterference of the noisé{ ™™ (i)

can be denoted as
Pmax —i+j2nﬁ
HMM () =Y Ke 7 MHMMM(), (5.4)
p=1

where H{*"(i) is the Fourier transform of the channel impulsmomsehé“'“)(i) in the

time domain.
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The following analysis and simulation are both loage this system.

5.3 Optimum Antenna Selection Criterion

5.3.1 Error Probability Selection Criterion

Extensive research has been performed on antereetiee schemes for frequency
selective channels from a capacity perspective. Sdtection rules are the same as the
capacity selection rule in flat fading channelsegivin (4.18). However the capacity
selection criterion obtaining the largest possibdkta throughput capacity may not
provide lowest error rate performance. In thisisectan antenna selection rule based on

the error probability analysis is investigated.

As stated in Chapter 4, a new antenna selectioenselbased on the bit error probability

for exact channel state knowledge can be denoted as

w, = argmin{P;|L,}
Ne-M o 2 EVZ Z‘Hequw4 , (5.5)
= argmln— Zﬁ—lj n =L k=0 de
LN N-M+1 & S Ty 4N0leir126?

wherew,, indicate the selected channel subset inditesdenotes the number of the

selected receive antennd$, denotes the number of the available receive aatem
denotes the number of the transmit anteniasgenotes the OFDM frame lengthl

denotes the trace back length of the convolutionding, d, . denotes the free distance

free
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of the convolutional cod¢}, denotes the weighting factor for each codeweords a

constant determined by the modulation schefedenotes the transmit energy per
symbol, N, denotes the noise spectral density ah'lg’i,glu‘k+n denotes the equalized

channel transfer function observed by theth receive antenna on thig+n) th

subcarrier.

In this chapter, a 16QAM modulation scheme is aglbpather than PSK as it is more
commonly used in the existing standards. For #ason, the error bound (4.8)

N, M-1

Ns—M 77/2 Esvnz_:l.;)‘Hequkrr‘
N, - M+1Z > by I st %9 (56)

n=0 d=d, o

P <

has to be modified slightly for 1L6QAM modulatiorhseme.

The average symbol error probability of 16QAM silgomeer AWGN channel is given as

[7]

3 E
P.=—erfc s, )

o

whereerfc(+) is the complementary error function aQq{x) :%erf{%j. However

this average symbol error probability gives thealtgirobability of error for a signal
symbol. For a system with channel coding, the $jpguairwise error probability for each

pair of codewords should be taken into account.
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Consider a typical 16QAM constellation pattern agg in [7]. The alphabet is given as

X - [E 1l 123 Therefore the aver ner r symbol is nazedl
L60AM = 1—03131,, 3 [ erefore the average energy per symbol is

toE,. The constellation is shown in Figure 5.2:
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Figure 5.2 16QAM constellation

Assuming that all the symbols are of equal liketitipthere are three main cases of

symbol error probability. The first case includesif symbols in the corner, such §s

the second case includes four symbols in the midslieh ass; and the third case
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includes the other eight symbols, suclsasSymbols in each case has the same pairwise

error probability. The pairwise error probability symbols for each case is generated in

Table.B.1 (see Appendix B).

Therefore the bit error probability bound (5.6) I&QAM can be rewritten as

1 N -M oo

I:)f<N M+1n0ddfee {DPQW} &9

where P(SMQ) denotes the probability tha§, is detected whereas, was

transmitted, E, ( f(x)) denotes the expectation df(x) over the distribution of,
S,, denotes the erroneously decoded symbol 8nds the transmitted symhollhe

effective SNR can be denoted as

N N Z‘ equ k+r1 ) (59)

0'Yc n=1
The antenna selection criterion based on this gmaibability analysis can be expressed
as

@, = arg mln{P |Lr}
(5.10)

Ne-M o

1 M-1 ’
"’“gf‘ﬂ'w”{Ns-—w 5 2 lf]els 5)}}

wherew; indicate the selected channel subset indices.

Then the issue remaining is to calculate the egpiect of the error probability over the

distribution of the transmitted symifg). As stated in Chapter 3, when the convolutional
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code has been fixed, the probable differences letwihe erroneously decoded
codewords and the transmitted codewords are fikedddition, the error probability is
determined only by the absolute difference betwé®n error codewords and the
transmitted codewords. With 16QAM, four encoded oinfation symbols are
transformed to one 16QAM symbol. For a given alsollifference, such as ‘1000’
(which means the erroneously decoded 16QAM symliftéred with the transmitted
16QAM symbol only on the first signal position)etie are three possible computations
of error probability which belong to the three ass mentioned previously and shown
in Figure 5.2. Considering this feature, the caltiah of the expectation of the error

probability over the distribution of the transmétsymbol S, can be simplified to these

three cases. Each codeword can be transformeadamhination of symbols from three

Lcodeworcl

cases, so consequently the number of combinati@n fs , whereL ,,.q iS the length

of the unmodulated codeword. In addition, each doatlon has to be weighted by its

probability. Therefore, (5.8) can be represented as

Lip+l
Ns-M N, | 3R

Pf<NS_;M+12 >, ch(yb)“[‘!lP(%%( B (K| (5.11)

n=0 n=1| c=1

where n, denotes the order of the erroneously decoded andiefthere areN_ probable
error codewords constricted by the traceback lgndthand R, denote the traceback

length and the code rate of the convolutional cmiﬂ)ectively.sync(k) and S_(K)

denote thekth erroneously decoded symbol and ke transmitted symbol for theth
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kind of combination ofS, respectively.pc(xc) stands for the probability of theth

combination ofS, (K.

The antenna selection criterion of (5.10) can Ipeasented as

Lip+L

@ =agmp g & 2 e CI[]P(s (W s 6

This new selection criterion is based on the gorobability analysis, and should provide
an optimum performance in the respect of error @lodlly. However, this selection rule
demands high computational complexity and therefsimpler and more applicable

antenna selection rules will be proposed in thiewdhg sections.

5.3.2 Maximum Group Minimum Post-Processing SNR
Selection
A selection criterion for TCDD/RAS system in flatefing channel has been discussed in

Chapter 4, which is denoted as maximum minimum-postessing SNR (MMP-SNR)

criterion. It can be presented as
. . Lr
De-sne = AIY errgﬁlrx{n"knn{g1 Hou P11 (5.13)

As stated in Chapter 4, the channel between eactobaansmitter and receiver is flat
fading and the relative cyclic delay time is chosgndividing Ns by Ni. Consequently,
the equalized channel only has several states whiehindependent of each other.

Therefore, the state with the lowest amplitudeharmel transfer function determines the
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error probability of the whole system. However, fiequency-selective channels, the
channel will have a number qf,.,*N; states at least. This leads to a large spacing
between the subcarriers in the same state. Forrmahd=EC scheme, such as the
convolutional code we adopted here, two errors regpe by several subcarriers can be
easily corrected. In this case, the MMP-SNR cuiteri which only considers the
minimum channel coefficient on one subcarrier lwalsa modified for multipath channel

to its advantage.

To select the optimum antennas in a frequency-sedechannel, the MMP-SNR
criterion has to be modified slightly. As discussedChapter 4, the mean value of the
power of the equalized channel transfer functioerdkie whole bandwidth is equal to the
Frobenius norm of the exact channel transfer fonctnatrix. Norm selection is the
optimum antenna selection criterion for systems withogonal space-time block coding
in the transmitter, but it does not perform thatlwecyclic delay diversity systems. But
if we consider the mean power of a group of sulb@with the minimum amplitudes
for the channel transfer function, the results ldifferent. There are two approaches to
find the minimum group. The first way is to findainel coefficients below a certain
threshold; the other one is to find a certain nundéesubcarriers with the lowest channel
coefficients. In the first case, if a thresholcti®sen, the number of channel coefficients
below it varies in time. When this number is tooalimit will not have a determinant
effect on the error probability even when the deefhts themselves are of very low

amplitudes (referring to the property of the FEQ&p Therefore in this section, we
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choose the second method. A novel maximum grougnmim post-processing SNR

(MGMP-SNR) selection rule can be denoted as

Gnum LI

* 1 n
O ycup-snr = arg LrTlﬁX{g_ Z {Z He(r]u,k F}} ’ (514)
<N ko0l

num

where@,,....Stand for the selected antenna subset indigesjbjects to the subcarrier

m

Lr
index for theith minimum value on|Hequ,k

m=1

P, 9., is the number of subcarriers with

minimum amplitudes considered in this rule.

5.4 Numerical Results

In this section, the simulation results of the TORBS system with various receive

antenna selection criteria are presented for coisgrar

Simulation results of the TCDD/RAS system with MGMRR criterion in frequency-
selective channel are presented. A typical urbammoél model is applied in Figure 5.1,
in which gis 1us andK is chosen in order to normalize the total transngtpower. The

time spacing between two paths, which can be ddnagz,,, -7, is equal to one

p )

symbol time. In our simulation there are 128 syrslpdr OFDM frame.

Firstly, we consider the TCDD/RAS system with twanismit antennas and eight receive
antennas amongst which four of them are selected fiother decoding

(N,=2, N, =8, L = 4). The signals are mapped onto a 16QAM consteliatod

encoded by a half rate convolutional code with ast@int length of 7. Figure 5.3 shows
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the simulation results for the TCDD/RAS system wWilGMP-SNR antenna selection
rule compared with the capacity selection and nsefection rules. The number of the

subcarriers g,,,,, Which have the minimum post-processing SNRsgegaift can be seen
that the bit error rate decreases whgp, increases from 10 to 25, but becomes higher
when g,,, varies from 25 to 128 (The MMP-SNR selection rwi¢h g,,,, =128equals

to the norm selection rule). That means the sygierforms best on a certain value of

Onum- With the optimung,,,., MGMP-SNR selection rule performs 0.5dB bettentkize

capacity selection rule and 1dB better than norfectien rule at a BER 0f0™. In
addition, The MGMP-SNR selection criterion requiteser computational complexity

than the capacity selection rule and the norm 8elecule. The next task is to determine

the optimunyg,,,,..

—+—MoMP-g_ =10
——MGMP-g =18
10°k MGMP-g =35
MGMP-g =32
e MGMP-g_ =64

) —%— Capacity selection %
10 F —=— MNorm selection

Bit Error Rate
=)

8 1 I 1 1 1
-2 1] 2 4 5 g
Eb:’ND in dB

Figure 5.3 Simulation results for a TCDD/RAS systeith the MGMP-SNR selection criterion

of a varyinggd,,,,, compared with the capacity selection rule andhthren selection rule. The

constraint length for the convolutional code idN,.=2,N, =8,L, = 4.
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If 9., varies for the above system with &py/ N, of 7dB, it is observed that the bit error

rate of the system approaches to the lowest vahenw, ., is around 25 in Figure 5.4.
In Figure 5.5, if we change the constraint lendtthe convolutional code to 3, it can be
seen 25 is still approximately the optimum choitendicates that the optimurg,,,
does not depends on the constraint length of theatotional code. Figure 5.6 shows the
performance of a TCDD/RAS system with 4 transmiteanas and varying, .. The
optimum g,,,, is 2 in this case. Therefore, it seems that thémmn g, is becoming
smaller when the number of the transmitters in@gasn addition, considering the

complexity, g,,,,should be chosen to be as small as possible.

Bit Error Rate

20 40 B0 g0 100 120

gnum
Figure 5.4 Simulation results of the MGMP-SNR sktgccriterion with a varyingg,,,, at an

Eb/No=7dB. The constraint length of the convolutibcode is 7N, =2,N, =8,L, = 4
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Figure 5.5 Simulation results of the MGMP-SNR sktgccriterion with a varyingg,,,,, at an

Eb/No=7dB. The constraint length of the convolutibcode is 3.N, =2,N, =8,L, = 4

Bit Error Rate

num

Figure 5.6 Simulation results of the MGMP-SNR seteccriterion with a varyingg,,,, at an

Eb/No=7dB. The constraint length of the convolutibcode is 3.N, =4,N, =8,L, = 4
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Figure 5.7 Comparison of the simulation resulttheferror probability selection criterion, the

MGMP-SNR selection criterion and also other setectules. The constraint length of the

convolutional code is 39,,,=9, N, =2,N, =4,L, = 2

num
The simulation results for the receive antennactiele criterion based error probability
are shown in Figure 5.7. Compared to the capaatgcton criterion and the norm
selection criterion, the error probability selentimle performs much better with respect
to the bit error rate. However, the performanceM&MP-SNR selection criterion
appears 2dB better at a BER of°lthan the error probability selection rule, for the
reason that the error probability selection is Hase the error probability upper bound,
but not the exact bit error probability. This appmeation renders a reduction on the
performance of the error probability selection riMoreover, the MGMP-SNR criterion

is of much lower complexity than the error probépikelection rule. Therefore, for a
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given the optimung,,., the MGMP-SNR selection criterion is more applieathan the

error probability selection rule.

5.5 Conclusions

In conclusion, a transmit cyclic delay diversitydareceive antenna selection system is
constructed which achieves significant high diwgrgiain and is compatible with many
existing standards with very low additional compigxand no data rate reduction
compared to the system of transmit orthogonal spaoe block coding combined with
receive antenna selection. A new antenna selectiterion based on bit error probability
analysis has been generated for this system. Howedhés rule demands high
computational complexity. Therefore another novelximum group minimum post-
processing signal to noise ratio (MGMP-SNR) setectcriterion is proposed for the
receive antenna selection scheme in frequencytsaeahannels, which is much simpler
and faster. The optimum selection parameter for ME@MP-SNR criterion is
demonstrated to be independent of the channel gdalih dependent on the numbers of
the antennas. The MGMP-SNR selection rule achiavbstter performance than other
traditional antenna selection rules and even tlecipte based on the error probability
analysis with much lower computational complexifgr the reason that the BER
performance analysis only generates an upper boltig system BER performance but

not the exact BER performance.
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Chapter 6

Transmit Cyclic Delay Diversity
and Receive Antenna Selection in

Relay Systems

6.1 Introduction

Relay systems are attractive schemes to extendattye of wireless communications or
save unnecessary transmission power from the s¢ifc&here are mainly two groups
of relay systems. The first is described as a regeive relay which employs a decode-
and-forward (DF) scheme; while the other is calledon-regenerative delay which only
includes a amplify-and-forward (AF) scheme. Conguans of these two schemes have
been presented in [1] and [2]. It is observed i@ AF scheme provides a better
diversity gain than the DF scheme while maintainthg same multiplexing gain.
Moreover, as the AF scheme does not need to deatedthe received signals, its
complexity is lower than the DF scheme and theesfoxhibits less delay than the DF
scheme. In addition, the AF scheme offers greateurgtly. Relay scheme has been
included in many standards, such as the WLAN stahdBEE 802.11s, the WPAN
standard IEEE 802.15.5, the WMAN standard IEEE B§2and the Mobile Broadband

Wireless Access (MBWA) standard IEEE 802.20 [%,4].
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In this chapter, the aforementioned TCDD/RAS schem@mbedded into a relay system
in order to increase the transmission reliabilityh@ wireless links, thereby to extend the
transmission range and increase the informatiomutiiyput. Two approaches are
proposed here which combine the TCDD/RAS schemk thi¢ relay system. The first
one is to apply the TCDD/RAS scheme in a MIMO retgsgtem. In this case, cyclic
delay diversity is integrated into the relay statwith multiple transmit antennas and
antenna selection into the destination terminalweler, in some scenarios, multiple
antennas are inapplicable for the relay nodes,cedpefor distributed relay diversity
schemes, where the relay nodes are mobile uniexeldre single antenna relay stations
have been used cooperatively to form distributetual multiple-input multiple-output
(MIMO) systems. This is reported in many previowpers [7, 8, 9, 10]. Cooperative
relaying based on Alamouti diversity has been itigated in [11, 12]. Distributed cyclic
delay diversity relay has been described in [13, The difference between these two
diversity schemes has already been discussed ipt€ha and 3. In a cooperative relay
system, the advantage of CDD is even more valubbleause of the limitation of
complexity and energy in the relay stations. Witis wvirtual multiple-antenna transmitter
coded by cyclic delay diversity, the antenna saacscheme which has been derived in
the last two chapters can be employed in the dsgiim station to further improve the

robustness of the wireless links.

6.2 System Model

In this section, two system models are presentkd.fifst one is a MIMO relay system

with cyclic delay diversity in the relay stationdaan antenna selection scheme at the
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destination. The second system model is a cooperaélay system with distributed

cyclic delay diversity and antenna selection schahtbe destination.

6.2.1 MIMO Relay System

Source

Destination

Lalg
—<1 —<

Signal [t
Generating

RF

Switch
(AS)

e

Maximal
Ratio
Combining

—>

Figure 6.1 The structure of a MIMO relay systerthvayclic delay diversity in the relay station

and antenna selection at the destination

The MIMO relay system with cyclic delay diversity the relay station and antenna

selection at the destination is shown in Figure A.iwo-hop MIMO relay system model

with multiple antennas in the relay station carfdaend in [15], where MRC is used as a

receive diversity scheme. In Figure 6.1, the sigves transmitted from the source to the

destination with the assistance of the relay. Ti@gram only illustrates the baseband

structure and eliminates the up/down converterksodVe assume there was no direct

link from source to the destination. The numberaotennas on source, relay and

destination were 1, M, N respectively. The trarssioin was a non-regenerative two-hop

link. In the first hop the signal was transmittednh the source to the relay, and then in

the second hop the relay retransmitted the signahé destination after amplification

without decoding of the signal, while the sourcetkglent. In addition we assume i.i.d.

guasi-static Rayleigh flat fading channels betwtensource, relay and the destination.
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Cyclic delay diversity (CDD) was applied in theaglwith fixed delay shifts. At the

destination, antenna selection was applied to edioe number of the radio frequency
(RF) chains and to obtain a diversity gain diregitpportional to the number of the
available receive antennas. The selection criteiamed maximum minimum post-
processing signal to noise ratio (MMP-SNR) was @ygdl at the destination to optimize

the joint performance of CDD and antenna seledti6h

The received signal at thith antenna on the relay node in the frequency docen be

written as

Rl?: = H;nRSS-'- V\,TS]F' @
where R} denotes the received signal at thi& antenna on the relay noddg, denotes
the channel between the source andnttie antenna on the relay nodg, 0C**denotes

the transmitted signal from the soure€;, denotes the additive white Gaussian noise at

the mth antenna on the relay node. If the channel stafiesmation is available at the
relay, maximal ratio combining can be applied ia tlceiver side of the relay station.

The combined signal can be written as
M m 2 M -
R = |Ha Se+ " Wi HT: . (6.2)
m=1 m=1

However, limited by the complexity of the relay meodhe channel status information is
normally absent in the relay node. Therefore a Empmmation of the received signals
or just a single antenna receiving scheme can pleykd at the receiver side of the relay

node. The summation of the received signals catebeted as:
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M

M
R =) H&Se+ ) v (6.3)
el

m=1

The average effectivesl, can be calculated as

E MHmz o
) (; SR ]Eo ) ME(‘HsR‘ )EO _5 (6.4)
Vs = MN - MN TN '

o (o] (o]

where E() denotes the expectation operatBydenotes the energy of the transmitted
signal from the source per symbol, aNgdenotes the power density of the additive

white Gaussian noisedg; is Rayleigh distributed with variance of 1, theref

2
E(\H;“R\ ):1.

If only one antenna is used in the relay node dgeiving the signal from the source, then

the received signal can be rewritten as
RR = H?RSS-'- V\?;I' (65)
Then there is no need for combination. The aveeffgetive E/N, can be written as

VR=E(‘H;;R‘)EO=%. (6.6)

o (o]

Although these two schemes achieve the same e#eB8tlR, the summation scheme has
more SNR fluctuation. As there is no blockwise dity technique in this system, this
fluctuation can not be taken advantage of. Consatud is detrimental for further
detection. Therefore, in this chapter we adoptsingle 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 teay node and™ denote the
generating factor of cyclic delay diversity on tméh transmit antenna. Then the signal

transmitted by the relay node is
St = D"FHg, S+ D" Fwg, (6.7)
Let HZy'denote the channel betweeth the transmit antenna in the relay station rathd

receive antenna in the destination station. Theived signal at the destination can be

presented as

M M
Ry =Y HE'D"FHe Se+ Y HEID Fwgs Wh, (6.8)
m=: el

1
wherew;, denotes the additive white Gaussian noisetlathe receiver antenna on the

destination.

As given in (3.3), the multiple-input multiple-outipchannel between the relay node and

the destination can be substituted with a singbetirmultiple-output channel which can

M '2n$(k—1)
be represented &sequ(k):{H';qd(k)}, HIL(K) =Y Hgb”(k)e] ", whered, is the

m=1
relative cyclic delay time on theth transmit antenna of the relay node, wikles the
carrier order (which has been ignored in the previstatement). Therefore the received

signal at the destination can be written as

Ro(K) = HZ (K FHGS{ B+ Ho Kk Fwg k+ Wi k. (6.9)

The quantitative performance of this scheme wilpbesented in Section 6.3.
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6.2.2 Cooperative Relay System

The system structure of a cooperative relay systémdistributed cyclic delay diversity

in the relay nodes and antenna selection at théendéen is shown in Figure 6.2.

Destination
- Y M Relay Notes M Y Y N L
_' F, » Gl '-‘ Y Y —

. Signal j " _ Gl o . g RF .= Maximal -
enerating : i : . L Rati etector+—»

o e o Switch * Comet‘)ilr?ing

o 0 o >

o o Y Y ;‘ i

C o H P

Figure 6.2 The structure of the cooperative relayesn with distributed cyclic delay diversity in
the relay nodes and antenna selection at the déetin
Again, this diagram only illustrates the basebatndcture and eliminates the up/down
converter blocks. And there is no direct link fr@ource to the destination. The source
only has one antenna. There Meaelay nodes, each of which has one antenna used fo
both transmitting and receiving. The destinatios Nareceive antennas, from whith
antennas are selected for further detection. Thisstnission is a non-regenerative two-
hop link as introduced in the MIMO relay systemstibuted cyclic delay diversity is
applied in the relay nodes with fixed delay shifisthe destination, antenna selection is
applied. The MMP-SNR selection criterion is emplby the destination to optimize the

joint performance of CDD and antenna selection.[16]

The received signals at the relay nodes in thairgy domain can be written as

Rr = HgrSctw g, 6.10)
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where R,=(R,, R, ---, RY)' denotes the receive signal at relay nodes,

Her :(HlsR H’%g -+, H Ms)z' denotes the channel between the source and therretles,

S, O0C* denotes the transmitted signal from the source,vm.gw=(\/\llsg Wer = V‘Ms)e

denotes the additive white Gaussian noise at tag rodes.

Let F=diag( F. k., -, FM) denote the gain matrix provided by the amplifiershe

relay nodes and OC"*™ denote the generating matrix for cyclic delay dsity. Then
the signal transmitted by the relay node is

SR = DFHSRSS+ DFWSI’ (ﬁ)l

Let Ho, OC" denote the MIMO channel between the relay nodethadiestination.
The receive signal at the destination can be warite

Ry =Hgp DFH S+ H . ,.DFW & W , (6.12)
where w, denotes the additive white Gaussian noise at #uoeiver side of the

destination.

As given in (3.3), the multiple-input multiple-outipchannel between the relay node and
the destination can be substituted with a singtedinmultiple-output channel where

j272%m (1)

H.,,D can be represented dti;equ(k):{H';g[](k)} , Hoo(k)y=e ™ H"M(K

Therefore the received signal at the destinationbeawritten as

F\)D = Hequ(k) FHSRSS( k)+ H eql( k) FW Slg k)+ w Rg@ (613)
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The numerical simulation results of this coopemtrelay system with cyclic delay
diversity among the relay nodes and the antenmetsmh scheme at the destination will

be given in the next section.

6.3 Numerical Results

In this section, a performance comparison of th&MIrelay system and the cooperative
relay system is presented in numerical results dase Monte Carlo simulations in

Matlab.

6.3.1 MIMO Relay System

The simulation results of the MIMO relay system presented in this section. Figure 6.3
shows the simulation results of the MIMO relay systwith different channel codes. The
MMP-SNR selection criterion is employed as the angeselection rule at the destination.
There are three convolutional codes deployed vhighdonstraint length varying as 3, 5
and 7. For a convolutional code with a constraamigth of 3, although the slope of the
BER curve of the MIMO relay system is steeper ttiee BER curve of a relay system
without CDD, its error probability is larger thahet later system when the/H, is
smaller than 20dB. As the constraint length of doavolutional code increases, the
performance of the MIMO relay system improves. WIEgtN, is larger than a certain
threshold, the BER performance of the MIMO relawteyn is lower than the relay
system without CDD. For a convolutional code witboastraint length of 5, the crossing
point is at 19dB, while for a convolutional codelwa constraint length of 7, the crossing

point is at 14dB. The simulation results verify iag#at the performance of CDD
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depends significantly on the design of the chacoding. Simple convolutional coding,
e.g. with a constraint length equal to 3, rendess Icoding gain even when a diversity
gain is achieved, for the reason that the trac& bpreading of the convolutional code is

not broad enough to explore the frequency divemityided by CDD.

i) T T

Bit Error Rate

—#— noCDD, c3
—&— CDD4, &3
——naCDD, c5
—&— CDD4, ¢
noCOD, c7
CDD4, c7

i 1 I I
g 10 12 14 18 18 20

E,/M, (©E)

Figure 6.3 Performance comparison of MIMO relaytetyss with different convolutional codes.
There are 4 antennas in the relay station andehnatis selected from 2 at the destination. The

MMP-SNR selection criterion is used as the antesahaction rule.
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Figure 6.4 Performance comparison of MIMO relaytesyss with and without CDD of 2 antennas
in the relay station and antenna selection of wgrgintenna number at the destination, the MMP-
SNR selection criterion is applied as the antemfection rule. The constraint length of the

convolutional code is 7.

Figure 6.4 shows the simulation results of theyralgstem with 2 antennas in the relay
station. The constraint length of the convolutionatle is 7. The performance of the
MIMO relay system with cyclic delay diversity scherm the relay node and antenna
selection at the destination is obviously muchdretian the system without any spatial
diversity scheme or with single diversity schemely{dCDD in the relay station or only
antenna selection at the destination). The MIM@yalystem with CDD performs 0.2dB
better than the system without CDD at a BER of wfien the antenna selection scheme

chooses 1 antenna from 2 for both systems. WhdeMiMO relay system with antenna

141



selection at the destination performs 5dB bettantthe relay system without antenna
selection at a BER of 0when the antenna numbers of CDD for both systam® and

2 receive antennas are used at the destinatiochwéans that 2 RF chains are required.
From the slopes of BER simulation curves of they@DD system with 2 antennas in the

relay and the only antenna selection system wakdlable antennas at the destination, it
can be observed that the CDD in the relay statiomgb less diversity gain than the

antenna selection scheme at the destination.

It is also observed that the diversity gain (inteéchby the slope of the BER curve)
increases when the number of available antennksger at the destination. When the
number of the available antennas at the destinaiterger, the diversity gain increases
more slowly with increasingdiN,. When the number of the antennas is larger thame4,

diversity gain barely increases. It means that dhannel diversity property has been
mostly exploited and the channel is very close noAAWGN channel without fading.

From the performance comparison of the MIMO relggtsm with antenna selection
choosing 1 receive antenna from 2 available anteforadetection and the MIMO relay
system which employs 2 receive antennas withoetteh, it can be seen that the MMP-
SNR selection criterion achieves the same divergin as if all of the receive antennas
are used for detection. In addition, the codintn dandicated by the horizontal shift)

increases when the number of selected antennasases.
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Figure 6.5 Performance comparison of MIMO relaytesyss with and without CDD of 4 antennas
in the relay station and antenna selection witlyimgrantenna number at the destination, the
MMP-SNR selection criterion is applied as the angeselection rule. The constraint length of the

convolutional code is 7.
Figure 6.5 shows the simulation results of theyralgstem with 4 antennas in the relay
station and the constraint length of the convohadlocode is 7. The relay system with
CDD performs 1dB better than the system without CBtDa BER of 10 when the
antenna selection scheme chooses 2 antennas ffonbdth systems. While the MIMO
relay system with antenna selection at the destimaterforms 10dB better than the relay
system without antenna selection at a BER 6f wen the same number of antennas in
the relay station for CDD is applied and the sammalver of antennas at the destination is
used, which means the same number of RF chainm #re slopes of simulation result

curves of the only CDD system with 4 antennas ertiay station and the only antenna
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selection system with 4 available antennas at #@stirthtion, it can be observed that the
CDD in the relay station brings less diversity g#wan the antenna selection at the

destination.

6.3.2 Cooperative Relay System

The simulation results of the cooperative relayt@ysare discussed in this section. From
Figure 6.6, it is observed that when the numbeelafy nodes which work cooperatively
increases, the diversity gain becomes larger. Eiguf shows the diversity gain variation
with the number of relay nodes increasing. Themditaegains are calculated according to
(2.12) and normalized by the diversity gain of tegle antenna system with a single
relay station and single antenna at the destinafidve diversity gain of the single
antenna system is assumed to be 1 unit. It carede that the diversity gain increases
more slowly when the number of the relay nodesiigdr. This feature is similar to the

MIMO relay system.
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Figure 6.6 Performance comparison of cooperatileg/ rgystems with different numbers of relay
nodes. Antenna selection is employed at the deistindl antenna is selected from 2 using the

MMP-SNR selection criterion. The constraint lengttihe convolutional code is 7.
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Figure 6.7 Diversity gains of cooperative relaytegss with different numbers of relay nodes.
Antenna selection is employed at the destinatiamt&nna is selected from 2 using the MMP-

SNR selection criterion. The constraint lengthhaf tonvolutional code is 7.
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Figure 6.8 shows a performance comparison of tbpe@tive relay system with varying
antenna number at the receiver of the destinalibere are 2 relay nodes which employ
a cyclic delay shift of half of the OFDM frame lghgSimilar to the results in Figure 6.4
the diversity gain increases with the number ofdhailable antennas for selection while
the coding gain depends on the number of the selesttennas for further detection. The
BER curves of the cooperative relay system witbcive antennas used without antenna
selection at the destination and the cooperatilay igystem which select 1 antenna from
2 with the MMP-SNR selection criterion at the destion have the same slope, which
indicates that the MMP-SNR selection criterion agbs the same diversity gain as if all
of the receive antennas are used for detection.ndhmalized diversity gains are shown
in Figure 6.9. Comparing Figure 6.7 and Figure B.8an be observed that the multiple
relay nodes achieve larger diversity gain than iindtiple receive antennas at the
destination with the same numbers of antennas. i$tbecause the multiple relay nodes
provide not only multiple independent channels leemv the relay stations and the
destination, but also multiple channels between dbarce and the relay stations.
However the multiple antennas at the destinatidyg meteive independent copies of the
signals transmitted from the relay nodes, withxadi number of channels between the

source and the relay nodes.
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Figure 6.8 Performance of a cooperative relay systith varying receive antenna number at the
destination. 2 relays work cooperatively with cgaelay diversity. The MMP-SNR selection
criterion is adopted as the antenna selectionatuliee destination. The constraint length of the

convolutional code is 7.
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Figure 6.9 Diversity gains of a cooperative relggtem with varying receive antenna number at
the destination. 2 relays work cooperatively wigklic delay diversity. The MMP-SNR selection
criterion is adopted as the antenna selectionatuliee destination. The constraint length of the

convolutional code is 7.
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Figure 6.10 Performance of a cooperative relayesystith varying receive antenna number at
the destination. 4 relays work cooperatively wigklic delay diversity. The MMP-SNR selection
criterion is adopted as the antenna selectionatuliee destination. The constraint length of the

convolutional code is 7.
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Figure 6.11 Diversity gains of a cooperative redggtem with varying receive antenna number at
the destination. 4 relays work cooperatively wigklic delay diversity. The MMP-SNR selection
criterion is adopted as the antenna selectionatuliee destination. The constraint length of the

convolutional code is 7.
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Figure 6.10 shows the performance of cooperatilagy reystem with 4 relay nodes. The
cooperative relay system with CDD and a receiveramd selection scheme that chooses
2 antennas from 4 achieves a diversity gain ofcBrépared to a diversity gain of 0.3 for
the system without CDD but having the same antesahection scheme and a diversity
gain of 1.9 for the system without antenna selechaot having the same CDD scheme.
The diversity gain increases when number of thélaa receive antennas for selection
is increased until the total number of the receaméennas is larger than 4, which means
the diversity property of the wireless channelsasurated. The normalized diversity

gains are given in Figure 6.11.

6.3.3 Comparison

. —+—noCDD, noAS
e noCOD, AS 2 from 4
—e— MIMO-CDD4, noAS
WMIMO-CDD4, AS 1 from 2
—+— MIMO-CDD4, AS 2 from 4
0E | —e— coop-CDD4, noAS
coop-CDD4, AS1T from 2
—=— coop-CDD4, AS 2 from 4

Bit Error Rate

Il 1 L 1 L L
1] 2 4 B a8 10 12 14 16 18
E N (dB)

[

Figure 6.12Performance comparison of a MIMO relay system aodaperative relay
system with varying receive antenna number at dstimhtion. The MMP-SNR selection
criterion is adopted as the antenna selectionatdke destination. The constraint length

of the convolutional code is 7.
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Figure 6.12 shows a comparison of the performarica MIMO relay system and a

cooperative relay system. The constraint lengtthefconvolutional code is 7. It can be
observed that the MIMO relay system with 4 anteninase relay station performs 1.5
dB better than the cooperative system without argeselection. Meanwhile, with a

receive antenna selection scheme that chooseedrantrom 2, the MIMO relay system
performance is 2.5dB better than the cooperatiley reystem. With a receive antenna
selection scheme that chooses 2 antennas frone MO relay system performance is

3.5dB better than the cooperative relay system.

6.4 Conclusions

This chapter proposes two new non-regenerativey relstems with joint diversity
schemes both in the relay station and the destimaln the MIMO relay system cyclic
delay diversity is applied on multiple transmitemas in the relay station. Meanwhile in
the cooperative relay system, distributed cycliageliversity is employed in separated
relay nodes which work cooperatively. Antenna dededs adopted at the destination for
both systems with a selection criterion named tlimum minimum post-processing

signal to noise ratio selection rule.

From the numerical results, it can be observedlb#t two relay systems achieve high
diversity gains, which depend on the number ofahiennas in the relay stations and the
number of the available antennas at the destinalibase relay systems perform much
better than the systems with only one diversityesah (only cyclic delay diversity in the

relay stations or only antenna selection scheméhatdestination). Comparing the
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simulation results of the MIMO relay system and tdwoperative relay system, it is
observed that the MIMO relay system achieves bat@ER performance compared with
the cooperative relay system. This is due to thathe cooperative relay system, the
fluctuation feature of the multiple channel tramdtenctions is amplified by the diversity
between the source station and relay nodes. Tihésuttion renders an unequal power
allocation between the relay nodes which work coajpesly with CDD scheme, and

therefore leads to a BER performance loss.

The simulation results also show that when the iplidation of number of the antennas
in the relay stations and the number of the avkalabtennas at the destination is larger
than 16 (which can be obtained with 4 antennashénrelay station and 4 antennas
available at the destination), the diversity gaamely increases with larger antenna
number. This is due to there being significant diitg in the channel to mitigate the
fading. In this case, after combination and eqa#ibn, the channel is close to an AWGN
channel. In addition, the MMP-SNR antenna selectooiterion achieves the same
diversity gain as if all of the receive antennas ased at the destination. The coding gain
depends on the number of the selected antenndkefanaximal ratio combining at the

destination.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

Radio signals are corrupted by reflection, diffract refraction, scattering, shadowing
and attenuation while being transmitted througheless channels. This corruption,
termed fading, makes the wireless communicatiotesys unpredictable and unstable.
The demand for high fidelity and high speed (aehior rate as low as faand a data rate

as high as 100Mbps) requires current wireless camoation systems to be reliable and
robust. In addition, limited by the size, power awdt of the remote unit, the intended
systems should be of very low complexity and powensumption. Therefore many
techniqgues have been derived to combat the fadifegteand provide a guaranteed

transmission quality.

The fading properties of wireless channels wersothiced in Chapter 2. Then several
statistical models describing the multipath fadat@nnels were presented, which were
used for the performance analysis and the systamgrdef the wireless communications
system in the following chapters. Two key techn@eg MIMO and OFDM were
included here as two basic components for the syst®nstructed in this thesis. OFDM
was introduced to combat the multipath fading iodoiband communication links, while
MIMO had been developed to improve the signal traasion reliability or the data rate.

For improving the link reliability, spatial divetgischemes were employed to enhance
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the system performance in the perspective of gmabability. Cyclic delay diversity was
suggested for its low additional complexity, hidexibility and spectrum efficiency as
well as the compatibility with many existing starata compared with the orthogonal
space time block coding. While antenna selectioa praposed to cut down the number

of the expensive RF chains and also has the featdifgigh flexibility and compatibility.

In chapter 3, a new exact bit error rate bound docyclic delay diversity system
combined with OFDM and convolutional coding in npédth Rayleigh fading channels
was developed. An approximation method is introdut® reduce the computational
complexity. This performance analysis result alan be readily extend to other classes
of channel codes and statistical fading channel elsodFrom the numerical results
presented in Section 3.5 it can be observed thébnpeance bounds provide a valuable
prediction of the BER performance of the CDD syst&ith varying cyclic delay shift.
This performance analysis renders a fundamentaérgtahding of the mechanism of
CDD systems and is instructive for CDD system desig Chapter 4 and Chapter 5.
Compared to the exhaustive simulation or experiailesgarch, this performance analysis

saves a significant amount of time and is less adatpnally complex.

In Chapter 4, a original system with joint cyclielay diversity in the transmitter and
antenna selection scheme in the receiver, namadT&DD/RAS system, was proposed
to provide significant performance improvement wittry low additional complexity,

high compatibility and no data rate reduction coragao the TOSTBC/RAS (transmit

orthogonal space-time coding and receive antenhectsm) system. Another new
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TCDD-OSTBC/RAS system was also derived to avoiddisadvantages of OSTBC and
utilize the high flexibility of CDD to provide a Enced BER performance without

sacrificing the complexity and data rate.

Based on the performance analysis bounds generahpter 3, a new receive antenna
selection criterion was generated for the TCDD/RAStem. However, this rule demands
high computational complexity. Therefore a furthegew maximum minimum post-
processing SNR (MMP-SNR) antenna selection criteriwhich is much simpler and
faster, was derived for the proposed TCDD/RAS sydteflat fading Rayleigh channel.
The MMP-SNR rule achieves a better BER performdhaa the norm selection rule and
the capacity criterion with even lower additionahlexity. Using the MMP-SNR rule,
the TCDD/RAS system achieves a similar diversiggeorcompared to the corresponding
transmit orthogonal space-time block coding diwgrscheme combined with optimum
receive antenna selection of the same number ehaas, but the TCDD/RAS systems
requires much lower additional complexity, suffem® data rate loss and offers
compatibility with many existing standards. Divéysgain is retained by the antenna
selection scheme with the MMP-SNR criterion in T@DD/RAS system as if all the
available receive antennas are used. In additigh, amother new selection principle, the
MMP-norm criterion, the TCDD-OSTBC/RAS system aeleie a BER performance
which is better than the TCDD/RAS system and thechued TOSTBC/RAS system.
Even its performance is still slightly inferior tbe TOSTBC/RAS system, it suffers no

spectral efficiency reduction and is of much lowemplexity.
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In Chapter 5, the TCDD/RAS was analyzed and estichéity simulation in frequency
selective channels. A new selection rule, namedimax group minimum post-
processing SNR (MGMP-SNR) selection criterion, weagposed for the receive antenna
selection. The optimum selection parameter for M&MP-SNR criterion was
demonstrated to be irrelevant to the channel cobdutglependent on the numbers of the
antennas. The MGMP-SNR selection rule performsebdtian the traditional norm
selection, the capacity selection rules, and even principle based on the error

probability, with much lower computational complgxi

Chapter 6 proposed two new non-regenerative rgistess with joint diversity schemes
both in the relay stations and the destination tidep to increase the transmission
reliability of the wireless links, thereby to extethe transmission range and increase the
information throughput. In the MIMO relay systenchy delay diversity was applied on
multiple transmit antennas in the relay stationahighile in the cooperative relay system,
distributed cyclic delay diversity was employed separated relay nodes which work
cooperatively. From the numerical results, it barobserved that both two relay systems
achieve high diversity gain which depends on thdtiplication of antenna number in
relay stations and the number of the availablerma® at the destination. These relay
systems with joint diversity schemes achieve muetteb performance gains compared
with the systems with single diversity scheme (ocyglic delay diversity in the relay
stations or only antenna selection scheme at teéndéion). The numerical results show
that the BER performance of the MIMO relay systsmetter than the cooperative relay

system. This is due to that the fluctuations, wtdoh generated by the multiple channels
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between the source station and the relay nodé®indoperative relay system, cannot be
utilized by CDD and even become a burden for tistesy as they enlarge the differences
of the power allocation among different relay nodBse simulation results also show
that when the multiplication of antenna numberha telay stations and the number of
the available antennas at the destination is latijan 16, the diversity gain rarely
increases with larger antenna numbers. This istaldleere being significant diversity in
the channel to mitigate the fading. In this casteraombination and equalization, the
channel is close to an AWGN channel. The divesityemes introduced in this thesis are

mainly concerned with the channel fading but netdtditive white Gaussian noise.

7.2 Future Work

Cyclic delay diversity has already been appliethm 802.11n standard which published
in Oct. 2009. And it will be used widely in futurareless mobile, wireless broadband
networks, digital audio and video broadcasting oeks. It may also be applied in sensor
networks as well. Due to the high flexibility of ©D it can be combined with various
other technologies. In this thesis, we consider ®FEs a necessary block which turns
the space diversity, which is provided by CDD,rexqtiency diversity, which can be used
by the error correction coding. However, CDD casoabe applied in non-OFDM

systems, such as the multicarrier-CDMA system thiced in [8], the KR coding system
(which has been developed by Riging Chen in oungy@and other frequency spreading
coding systems. Similarly, the convolutional codms be replaced by other error

correction codes, such as the Low-density parigeklcodes and turbo codes.
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Although the performance analysis of cyclic delayetsity system is based on a simple
mathematical model with PSK signals or QAM signalsdulated by OFDM and coded
by convolutional code in a multipath Rayleigh faglichannel, the statistical model can
be generated to more practical and complicatedasicen The channel model can be
extended to other channel models such as the Nekagedel [1] [2], the Saleh-
Valenzuela model [3], the log-normal model [4] addo real channel data. Alternative
channel models can be directly introduced to equafB.10) for the calculation of the
expectation with respect to specific channel cogffit distributions. Moreover, the exact
performance analysis for convolutional codes oreanmmplex channel codes, such as
the turbo codes [5] [6] and other concatenated mélacodes [7], which are more
commonly used in current wireless communicatiomdaads compared to a single

channel coding scheme, needs to be developedttoefwireless system design.

This thesis proposed a transmit cyclic delay diyerand receive antenna selection
scheme. Mathematical performance analysis of CDPravided here for a thorough
understanding of the system mechanism and the optinsystem design. The
performance gains brought by the diversity scheaneserified by numerical simulation
results with a Monte Carlo method. However eithee performance analysis or the
simulation is conducted based on a number of id@aumptions and mathematical
simplifications. Therefore extensive experimentamgnstration has to be implemented
for a practical estimation of the diversity gairtaihed by the TCDD/RAS system as well
as the TCDD/RAS embedded relay systems. The trHdeetween complexity and link

reliability should be investigated by experimeras the comparison of the TCDD/RAS
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system, the TOSTBC/RAS as well as the TCDD-OSTBCRAstem. Particularly, the
performance of the diversity schemes highly depamdthe wireless channel conditions
as verified in this thesis. The performance of IBDD/RAS system has to be exploited
in variant channel conditions, such as the typigedl area, the typical urban area as well
as the typical indoor environment. This estimatan specify the practical utilizations of

the TCDD/RAS scheme in different environments.

In addition, relay systems, which are investigatedChapter 6, are two-hop non-
regenerative relay systems where it is assumedititiea¢ is no direct link between the
source and the destination. However in real casesetmay be a weak connection
between the source and the destination. Meanwthietwo-hop transmission model is of
low spectrum efficiency and thereby leads to data degradation. Modifications should
be made for the joint diversity schemes to adjosthe practical environments and
guarantee a maximum performance gain with a cortibmaf all received signals from

both the source and the relay nodes. Further rbott,of the MIMO relay system model

and the cooperative relay system model are exteases: the MIMO relay system only
employs a single relay station while the coopeeatiglay system only has a single
antenna on each relay node. For practical impleatient a combination of these two
systems has to be considered to balance the coityptdxmultiple antennas on the relay

stations and the performance gain promised bydbepearative spatial diversity scheme.

A considerable amount of further research can bdemaken from this work. The

performance analysis proposed in this thesis canskd as a basis for the cyclic delay
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diversity system design and is hoped to be usedher CDD systems. The TCDD/RAS
scheme can be applied to numerous other systemstadues high flexibility and
compatibility. Experimental work needs to be undken to demonstrate the performance

of this scheme in a variety of real-world enviromtze
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Appendix A

Performance Analysis for BPSK Signals with
Convolutional Coding in AWGN Channels

In this section, a simple performance analysis single antenna system without any
diversity scheme in AWGN channel is investigatedotovide the theory basic for the
analysis of the CDD system in multipath fading arelnBPSK signal is assumed to be
generated after the convolutional coding. The perémce analysis can be produced

based on the derivation in [1].

A bit of BPSK signal can be denoted as
x=[E.(2G -1), (A1)
whereC, =0 or 1, is the original information bit anf, is the transmitted signal energy

for each code bit. If we assume an AWGN channdl, donvolutional coding, the

received signal can be denoted as
[m =E. (2C9 -1)+n0) (A.2)

wheren{) represents the additive Gaussian noise, whictzéasmean and variance of

n

o’ :%NO, indexi denotes thé&h path in a convolutional coding trellis, indgxndicates

the jth branch and the indem denotes themth bit in that branch. According to the

distribution of n{")

J,m?

the probability distribution function of the raord variabler,

conditioned on the transmitted signd}, = /E, (2C", 1) is
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B2 -1
e No

P(r;|C")
J,m 1,m
\ /ﬂN0
_rjzm +Ec(2C(Jivl>ﬂ_1)2_2ri.m\/E—c (Zc(iiym_ 1) '

= e No

T,

As n{ is independent identically distributed (i.i.d.) each bit, the joint distribution

(A.3)

probability function for the signal array of the @l path conditioned on the transmitted

sequence{Cfrin)} for theith path is:

I m—Ec2Cl) P
e No

1
L TN,
1 i +E(2C -1 2 [E (- 1)
= e No

JEUIRY; ITNO

In order to simplify the calculation, a metric da@ defined for the joint probability of the

P(r |c?)
(A.4)

ith path through the coding trellis [1]
1Y =log P(r‘C“’) . (A.5)

In this case, if we neglect the terms that are comto all paths, the metric for thh

path can be expressed as

{0 =Y 3 r (22, 1), (2.6

If we assume théth path is the original path for the transmittegnsi, andeth path is
the error path that the Viterbi decoder considefidten the probability of erroneously
decoding theeth path as the transmitted path, which is identa&slthe pairwise error

probability for the first bit on that signal path,
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R,(d) P = 1)

P(u® - 1 >0) ) (A.7)

ST (G20

As pathi=0 and pathi=e are identical expedl positions, the equation above can be

represented in a simpler form:
d
R(d)= P{Z r(Cf—C?)EO] (A.8)
1=1

Substituting (A.2) into (A.8), the error probatylcan be denoted as
(@)= PS[VEEG-2(G - &) pee- )]z, »9)

Becausen is a random variable of Gaussian distribution viitmean,n (qe - C}”) has

the same distribution as . Therefore it can be substituted directly with (A.9) can be

expressed as

P(d) = P{i[ﬁ(zcr—l)(c:— &)+ n|> 0}. (A.10)

1=1

As BPSK signals are transmitted he@,=0 or 1, we can calculate (A.10) as following.
a. If C°=0, thenC’ =1,
(2C°-1)(G - G)=(1x1=-1
b. If C’=1,thenC®=0
(2C) -G - Q)= 1x (1)=~1

Therefore whethe€, =0 or 1, the pairwise error probability can be wnittes
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F,(d)

A3 (VE )20

1=1

P{i Y = o} . (A.11)

1=1

P[y=0]

As {y} are iid Gaussian distributed with meag/E, and variance% N,, y are

Gaussian distributed with mead,/E. and varianc%dNO. Therefore the probability

distribution function fory can be denoted as

[y-dJE)

L o ™ 1R)

7N,

P(y) =

Therefore the error probability of the pairwise g@amson of these two paths which

differ in d bits is

|
—
© 8
'_\
(]
o
&
o
<

F,(d)

—_ 2EC
= Q( N dj . (A.13)
Q(21,R.d)

where ), = E, I N, is the received signal energy per bit to nois®s&. is the code rate

of the convolutional coding and the Q-function is

Q) :%j 67 dy )

As derived in [1], the bit error probability for weolutionally coded signals can be

denoted as
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R < Y AR

d:dfree

< Y 89 2be{d).

d:dfree

(A.15)

whered,., is the free distance of the convolutional tretlde andg, weight of each

P,(d). Here g, is the number of paths which differ with the cetrpath ord positions.

This performance analysis of a single antenna syst@hout any diversity scheme in

AWGN channel is basic for the analysis of the COBtem in multipath fading channels.
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Appendix B

Pairwise Error Probability for 16QAM Signals in
AWGN Channels

Assume that the received signal for a simple 16Qg\gtem in AWGN channel can be
presented as

R=S+r (B.1)
whereS denotes the signal transmitted, whiteis the additive Gaussian noise and

Rdenotes the received signal.

For a typical 16QAM scheme, the corresponding caatdgrare shown in Figure B.1:

A
0000 0001 ﬂ 0010 0011

Y
10
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Figure B.1 16QAM codeword constellation

As described in Section 5.3.1, there are threescastne constellation. One in the corner,

such as; one in the middle, such 8s; one for the rest of the symbols, suchSs

Symbols in one case have the same error probalehiyression provided by the
symmetric characteristics of the four quadrantstha constellation. Meanwhile the

pairwise error probability for different cases shible calculated differently.

According to Section 5.3.1, for the first case uasing S, is transmitted, the probability

that S, is detected correctly can be written as

(sls)= § e B2 8 [pmdolealS). @2

where real(-)denotes the operation of taking the real part @omplex number and
imag(-) denotes taking the imaginary part. As the noiggasssian distributed with zero
mean and a variance e'f\;—" Therefore, the real part dR obeys the following

distribution function:

[real( R)+3\/% ]

1 - No

real( R = e B.3

p(real(R)|$) N (B.3)
While the imaginary part dR follows the distribution function:
[imag(R)—s 1%]
. 1 N

p(imag( R| $)= e ™ (8.4)

5

Therefore, the probability thef is detected correctly (B.2) can be represented as
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R(sl9) \/WOI“’ e v O nNOL\/Ee D d. (B.5)

2
1—1erfc =
2 10N,

Meanwhile, the probability tha®, is erroneously detected can be written as

;E rea| R<-2 %| gs} {pO< imdg )R Z\/%I }
By PR e

Therefore the pairwise probability th&f is detected whileS was transmitted can be

R(s|s)
(B.6)

presented in the following table:

Assuming§, is transmitted:

S, P(s|$)
S) 2
(1—1erfc( = D
2 10N,
3 (1—1erfc( E, ] [—1 erfc[ E, J——l erfn{3 E, JJ
10N, 2 10N, 2 10N,
> (1——erfc[ E, B Eerfc{3 —ES ]——1 erf({S E, D
10N, 2 10N, 2 10N,
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e
EriERmrey o

tc)

2
1erfc & —}erf 3 &
2 10N, | 2 1N,

Eerfc B —Eerf 3 & —1erf 5 &
2 10N, 2 10N, 2 10N,
1erfc 3 i —} erfg 5 —ES 1——1 er
2 10N, 2 10N, 2

i)

[Eerfc(B i}——l erf{S in

2 10N, | 2 | 10N,

[}erfc(3 i}——l erfc{5 ij}—l erfn{S/i]
2 10N, ) 2 1N, )) 2 10,

e

Eerfc 5 5 1——1 er

2 10N, 2
1erfc 5 —ES —1erf —ES ——1 erf
2 10N, J| 2 10N, 2

7o)

S

S Ee”‘{ o eds %%M-lzerf{s IRt T%\J]

S,

S

s (gem{g i]__lem{s g]}{} erf{ £J-_l erf£3 _ESD
2 10N, 2 1N, 2 10N, 2 10|,

So

Su

S




S 1erfc 5 i —1erf 3 i ——1 erf¢ 5 i
2 10N, J| 2 10N, 2 10N,

Ss 2
F erfC(S = H
2 10N,

Assuming S, is transmitted:

S P(s|s)

| i)
—erfc
2 10N,
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BEEE

(1—1erfc
2

1 E 1 E 1 E
—erfc] |—— |-=erfd 3 |—— | |- erf¢ |——
2 10N, 2 10N, 2 10N,
Eerfc i —Eerf 3 i 1- er
2 10N, 2 10N,

ey

[zerfc[ i}zeﬁ{g i]}
2 10N, | 2 1N,

[m{ i}__leﬁ{g 5]}1 eﬁ{g £j
2 10N, | 2 10N, )| 2 10,

ol st
e e G ey

1erfc 3 & —}erf 5 i —1erf 3 i
2 10N, 2 10N, 2 10N,

1erfc 5 i —1erf i
2 10N, ) 2 10N,

S

S

S

S,

S

S

S
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2 1erfc(S ij(l— erfc[ E, JJ
2 \/ 10N, \f 10N,
S 1erfc(5 E, ]{—1 erfc[ E, J——l erfn{S E, JJ
2 \/ 10N, J| 2 \/ 10N, 2 10N,

3 1erfc 5 i —1erf 3 E,
2 10N, ) 2 10N,

Table B.1 Pairwise error probability for L6QAM mdalied signals
Assuming all the symbols are distributed with eqlikadlihood, therefore the pairwise

error probability of 16QAM can be denoted as

p=oc(4xP(s]§)+4x R § §+8< PSR (®.7)

where S, is the probably erroneously detected symbol.
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