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Study on MIMO-STBC Adaptive Array for Multi-UserCommuni
ation Systems in Fast Fading 
hannelSupawan AnnanabAbstra
t
Wireless 
ommuni
ation using multiple-input multiple-output (MIMO) systems impressivelyimproves 
hannel 
apa
ity and bit error rate (BER) performan
e. MIMO systems provide anumber of advantages 
ompared to a single antenna system. Average 
hannel 
apa
ity of anMIMO system is approximately proportional to the number of array elements. Another wayto use the system is to realize transmit diversity. Re
ently a simple transmit diversity s
heme,or Spa
e Time Blo
k Coding (STBC), using two transmit antennas has been introdu
ed byAlamouti (1998) and extensively studied in many publi
ations in fading effe
t due to multipathtime delay. However, there still exists a question on how to exploit STBC over fading effe
tdue to Doppler spread. Effe
t on 
ompensation s
heme for Doppler spread in fast fading is
onsidered in this thesis. Over a fast fading 
hannel, the 
hannel 
hanges rapidly within asymbol period due to vehi
le motion. In this 
ase 
hannel estimator does not work satisfa
torily.In this thesis, a new transmission s
heme with adaptive beamforming re
eiver has beenproposed for multiuser over Rayleigh fading to improve 
hannel estimation reliability. In the
ase of syn
hronous multi-user transmission, pilot signals and information data are transmitted
on
urrently. Moreover, the beamforming using Re
ursive Least Squares (RLS) algorithms isadopted for the 
ontinuous tra
king of fading environment. Simulation results show that thiss
heme 
an mitigate the effe
t of Doppler spread in high frequen
y and suppress 
o-
hannelinterferen
e up to N � 1 users with N re
eive antennas.The above s
heme is next extended to asyn
hronous multi-user MIMO STBC with adaptivearray under a fast fading 
hannel. The extended s
heme utilizes MIMO-STBC and an antennaarray with a tapped delay line at the re
eiver. Ea
h user employs two transmit antennas andtransmits data using STBC. The proposed s
heme transmits pilot signals and information datain different time slot alternately. A performan
e 
riterion for designing su
h s
heme is derivedunder an assumption of fast fading 
ondition. It shows that the proposed s
heme 
an suppress
o-
hannel interferen
e (CCI) and Doppler spread effe
tively .Finally, the improving performan
e of syn
hronous and asyn
hronous transmission multi-user s
heme in STBC transmission is 
ondu
ted and shown. The performan
e of all re
eiverstru
tures developed in this dissertation is validated by 
omputer simulations.
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Chapter 1Introdu
tion
1.1 Context of WorkMobile 
ommuni
ation systems have explosively grown through three generations for last tenyears. It is providing various types of servi
es su
h as broad
ast, multimedia video, email, andmultimedia message. The need of higher data rate, broader bandwidth and higher 
apa
ity leadsto the limitations and dif�
ulties for system designing. Re
ently, the development is 
ontinuingto support the demand of higher te
hnologies by deploying multiple antennas at the transmittersand re
eivers known as Multiple Input Multiple Output(MIMO) 
hannel. MIMO 
hannel is onemajor breakthrough for in
reasing information throughput and 
hannel 
apa
ity in mobile 
om-muni
ation. In general, ability of MIMO is fully exempli�ed in multipath-ri
h environments.Espe
ially in indoor environment, the s
attering is suf�
iently ri
h to provide substantial link
apa
ity in
reases. The average 
hannel 
apa
ity of su
h system is approximately proportionalto the number of array elements[1℄. Another attra
tive feature of MIMO is the diversity ad-vantage whi
h realizes a reliable 
ommuni
ation link having the diversity order of NtNr whereNt and Nr are the number of array elements at transmitter side and re
eiver side respe
tively.Single-user MIMO in indoor 
hannel su
h as [2℄ whi
h shows how training affe
ts the 
apa
ityof a fading 
hannel. Morover, training based s
heme for SISO and MIMO, whi
h 
alled pilotsymbol assisted, [3℄-[13℄ have been extensively investigated in many publi
ations for single-user. However, there still an existing question on multi-user MIMO transmission s
heme in fastfading.Fast fading due to large Doppler spread is one of the most serious problems in outdoor mo-bile 
ommuni
ation. Fast fading 
hannel is the 
hannel whi
h 
hanges its state rapidly within atime interval between adja
ent symbols due to the motion of user equipment. Therefore 
hannelestimator does not work satisfa
torily for high speed vehi
ular at high frequen
y. The examplefor this appli
ation is intelligent transport system (ITS) su
h as road-to-vehi
le 
ommuni
ationor inter-vehi
le 
ommuni
ation whose type values of Doppler spread is fast fading environmentand the effe
t of delay spread is negligible. However, the parameter values are not spe
i�
 yetin the new servi
e, thereby in this dissertation we employ fDTs for Doppler spread expression.Up to now, the resear
h based on the problem of having reliable 
hannel estimation in fastfading environment has been studied in [14℄ by proposing 
hannel extrapolation te
hniques.1



Although interpolation or extrapolation te
hniques 
an realize delay-less tra
king in some 
ase,we pursue another fast tra
king s
heme without extrapolation in this thesis.In this thesis we 
onsider a transmit diversity s
heme in fast fading environment. Transmitdiversity s
hemes have been more attra
tive and widely applied for redu
ing the effe
t of mul-tipath fading. Some interesting methods of transmit diversity have been suggested [15℄-[24℄.For example, differential-Spa
e-Time Blo
k Coding (D-STBC) proposed in [16℄ is known as asingle user 
ase robust to fast fading and D-STBC MIMO system has been resear
hed in [25℄-[29℄. Although, D-STBC exer
ises effe
tiveness in fast fading, the re
eiving system be
omes
ompli
ated in multi-user 
ases.Furthermore, the adaptive beamforming is devoted at the re
eption. In mid-1990s, the termsof �smart antennas� and �adaptive antennas� were introdu
ed. During the pro
ess of signaling,the array antenna 
an be made adaptive and 
hanges its transmission or re
eption 
hara
teristi
swhen the radio environment 
hanges.Using an array of antenna elements to improve a wireless 
onne
tion is an old te
hniqueused by Gulielmo Mar
oni in 1901 to in
rease the gain of the Atlanti
 transmissions of Morse
odes[30℄. He used four 61 meters high tower antennas arranged in a 
ir
ular array in Poldu,England to transmit the Morse signal for the letter �S�, over the distan
e 3425 km to SignalHill in St.John, Newfoundland. Today, array antennas in wireless 
ommuni
ation systems areused to improve performan
e in several ways, not just for range improvement. Systems witharray antennas in 
ommer
ial operation have been reported for GSM networks [31, 32℄, �xedbroadband wireless a

ess networks (BWA)[33℄ and 3G CDMA networks [34℄. A numerous�eld trials with antenna arrays have also been reported, see[35℄-[41℄ among others. An adaptivebeamforming for STBC in [42℄ is initially introdu
ed for multi-user appli
ation in quasi-stati
multipath 
hannel. Multiuser STBC signals from 
o-
hannel users are led to an adaptive beam-forming stage. Due to array antenna utilization, 
o-
hannel interferen
e 
an be mitigated basedon spatial adaptive signal pro
essing.Working further on the appli
ation of Multiple Input Multiple Output Spa
e Time Blo
kCoding Adaptive Array (MIMO STBC AA) into multi-user mobile 
ommuni
ations over fastfading 
hannels, not any other generalized 
on�guration and performan
e result, was adequatefor time sele
tive fading (narrow band fast fading 
hannels). A generalized 
on�guration ofAdaptive Array for MIMO STBC and, parti
ular, for Doppler spread 
ondition of the next gen-eration wireless 
ommuni
ations networks is thus important. We shall address this problemand propose ef�
ient and �exible 
on�gurations of MIMO STBC AA for both syn
hronous andasyn
hronous transmission s
hemes in fast fading effe
t in this work.The original 
ontributions of our work is presented in the next se
tion.1.2 Original ContributionsSeveral 
ontributions on the Syn
hronous and Asyn
hronous transmission s
heme and its per-forman
e have been made in this work. Parts of these 
ontributions have been published orsubmitted for publi
ation. The following list summarized our main 
ontributions within thes
ope of this work. 2



1. First des
ribes a novel 
on�guration for syn
hronous multi-user Multiple-Input Multiple-Output (MIMO) system in mobile 
ommuni
ation over fast fading 
hannels using STBCand adaptive array, given in Chapter 4. This work is published in the IEICE Transa
tionof Communi
ations, vol.E90-B, no.9, Sept.2007 and also presented at 2006 InternationalSymposium on Antennas and Propagation(ISAP'06), Singapore, Nov.1-4, 2006.2. Se
ond is the evaluation of Asyn
hronousMIMOSTBCAdaptiveArray Transmission S
hemefor Multiuser over Fast Fading Channel, given in Chapter 5. The work is published inIEICE Transa
tion of Communi
ations,Vol.E91-B,No.08,pp.2666-2673,Aug. 2008. andwill be presented in 2008 IEEE 68th Vehi
ular Te
hnology Conferen
e (VTC2008-Fall),Calgary, Canada, Sept. 21-24 2008.1.3 Thesis OverviewThe thesis 
ontains 7 
hapters and is organized as follows.Chapter 2 explains the propagation theory. First, the basi
 
on
epts and small s
ale fading
lassi�
ation is presented. Then the 
hara
teristi
 of small s
ale fading 
hannels are des
ribedin details. These 
hara
teristi
s will 
lassify the type of multipath propagation and lead us tothe s
ope of our interest whi
h is fast fading. The fading model is also given in this 
hapter.In this thesis, the target model is Rayleigh fading model. This se
tion des
ribes how to 
reatesignal model and the its 
hara
teristi
.Chapter 3 gives the overview on spa
e time signal pro
essing. First, we provide the Multi-ple Input Multiple Output (MIMO) 
hannel and its 
apa
ity over �at fading 
hannels based onthe 
ase of 
hannel state information(CSI) known at both ends and, the 
ase of CSI unknown tothe transmitter, but known at the re
eiver. Next is the explanation on diversity te
hniques andspa
e time 
oding whi
h is divided into spa
e time blo
k 
oding(STBC).Chapter 4 investigates MIMO in fast fading with STBC. In order to over
ome fast fadingproblem, the base station allows implementation of adaptive array using re
ursive least squares(RLS) algorithms while the mobile station employs STBC with two transmit antennas. The pro-posed s
heme adopts simultaneous transmission of data and pilot signals redu
ing 
ontrol error
aused by delay of obtaining CSI. The simulation results show that the proposed s
heme 
anmitigate the effe
t of Doppler spread in higher frequen
y and suppress 
o-
hannel interferen
eup to N � 1 users with using N re
eiving antennas.Chapter 5 des
ribes asyn
hronous multi-user MIMO system in mobile 
ommuni
ation ro-bust to fast fading environment. At the mobile station, two transmit antennas in ea
h userapplying STBC transmit signals asyn
hronously while the base station allows implementationof tapped delay line adaptive array (TDLAA). The proposed s
heme transmits the pilot signaland information data in different time slot alternately. It is to show that our s
heme 
an suppress
o-
hannel interferen
e (CCI) and defeat Doppler spread effe
tively.Chapter 6 
on
ludes the thesis and gives topi
s for future resear
h.3
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Chapter 2Propagation TheoryOne of impairments inherently presented in every wireless 
ommuni
ation system, whi
h mustbe re
ognized and effe
tively mitigated for the system to fun
tion well, is fading. Fading itselfhas been studied and 
lassi�ed into a number of different types. In this 
hapter we presenta detailed mathemati
al analysis and some useful models for 
apturing the effe
t of Dopplerspread. In Se
.2.1, we dis
uss the types of fading as the behavior of the wireless 
hannel withrespe
t to the transmit signal. Then we des
ribe the statisti
al of a �at fading re
eived signalenvelop 
alled Rayleigh distribution in se
.2.2.2.1 Multipath Propagation2.1.1 Small S
ale PropagationRadio-wave propagation through wireless 
hannels is a 
ompli
ated phenomenon 
hara
terizedby three basi
 me
hanisms. They are re�e
tion, diffra
tion, and s
attering [43℄:� Re�e
tion o

urs when a propagation ele
tromagneti
 wave impinges on a smooth sur-fa
e with very large dimension 
ompared to the RF signal wavelength(�).� Diffra
tion o

urs when radio path between the transmitter and re
eiver is obstru
ted bydense body with large dimensions 
ompared to �, 
ausing se
ondary waves to be formedbehind the obstru
ting body. Diffra
tion is a phenomenon that a

ounts for RF energytraveling from transmitter to re
eiver without a line-of-sight path between the two. It isoften termed shadowing be
ause the diffra
ted �eld 
an rea
h the re
eiver even whenshadowed by an impenetrable obstru
tion.� S
attering o

urs when a radio wave impinges on either a large rough surfa
e or anysurfa
e whose dimensions are on the order of � or less, 
ausing the re�e
ted energy tospread out (s
atter) in all dire
tions. In an urban environment, typi
al signal obstru
-tions that yield s
attering are lampposts, street signs and foliage. A pre
ise mathemati
aldes
ription systems analyses. However, 
onsiderable efforts have been devoted to thestati
al modeling and 
hara
terization of these different effe
ts. The result is a range of5
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ale fading 
hannel manifestationsrelatively simple and a

urate statisti
al models for fading 
hannels whi
h depend on theparti
ular propagation environment and the underlying 
ommuni
ation s
enario.When a re
eived signal experien
es fading during transmission, both its envelope and phase�u
tuate over time. For 
oherent modulations, the phase �u
tuations 
an severely degradeperforman
e unless measures are taken to 
ompensate for them at the re
eive. Most often,analyses of systems employing modulations assume that �u
tuations are perfe
tly known atthe re
eiver, resulting in what is referred to as 
oherent dete
tion. For non-
oherent dete
tion,phase information is not needed at the re
eiver and therefore the phase �u
tuations due to fadingdo not affe
t the performan
e analyses. Non-
oherent dete
tion over fading 
hannels requiresonly knowledge of the fading envelop statisti
s. We will �rst review some basi
s of the fading
hannels. Figure 2.1 may serve as a table of 
ontents for the se
tions that follow. We willexamine the two manifestations of small s
ale fading: signal time-spreading (signal dispersion)and the time-variant nature of the 
hannel.2.1.2 Chara
teristi
 of Fading ChannelsFading radio 
hannels have been 
lassi�ed in two ways. The �rst type of 
lassi�
ation dis
usseswhether the fading is �at (frequen
y non-sele
tive) or frequen
y sele
tive, while the se
ond
lassi�
ation is based on the rate at whi
h the 
hannel is 
hanging (or in other words, the rate of
hange of the impulse response of 
hannel), i.e. whether the fading is slow or fast. In 
onne
tionwith these 
hara
terizations of fading 
hannels, it is useful to note the following quantities:Coheren
e bandwidthCoheren
e bandwidth is a statisti
al measure of the range of frequen
ies over whi
h the 
hannel
an be 
onsidered �at (i.e. frequen
y non-sele
tive, or in other words a 
hannel whi
h passesall spe
tral 
omponents with equal gain and phase). It may also be de�ned as the range offrequen
ies over whi
h any two frequen
y 
omponents have a strong potential for amplitude
orrelation. It has been shown that 6



B
 / 1�� (2.1)where �� is the RMS delay spread. Also, if we de�ne the 
oheren
e bandwidth as that band-width over whi
h the frequen
y 
orrelation fun
tion is above 0:9 then B
 � 150�� . Note thatif the signal bandwidth is more than Coheren
e bandwidth (Bs > B
), then the different fre-quen
y 
omponents in the signal will not be faded the same way. The 
hannel then appears tobe frequen
y sele
tive to the transmitted signal.Doppler spread and Coheren
e timeWhile �� and B
 des
ribe the time dispersive nature of the 
hannel in an area lo
al to there
eiver, they do not offer any information about the time-variations of the 
hannel due torelative motion between the transmitter and their re
eiver. The Doppler spread BD, de�ned asa measure of spe
tral broadening 
aused by the time-rate of 
hange of the 
hannel (related tothe doppler frequen
y). The 
oheren
e time is a statisti
al measure of the time duration overwhi
h two re
eived signals have a strong potential for amplitude 
orrelation. Thus if the inversebandwidth of the baseband signal is greater than the 
oheren
e time of the 
hannel then the
hannel 
hanges during transmission of the base band message. This will 
ause a distortion atthe re
eiver. It is shown that T
 � 1fD (2.2)If the 
oheren
e time is de�ned as the duration of time over whi
h the time 
orrelationfun
tion is more than 0:5, then [43℄ T
 � 916�fD (2.3)where fD is the maximum Doppler frequen
y given by fD = v=�Flat fadingIf a 
hannel has a 
onstant response for a bandwidthmore than the transmitted signal bandwidth,then the 
hannel is said to be a �at fading 
hannel. The 
onditions for a �at fading 
hannel areBs � B
 (2.4)Ts � �� (2.5)where Bs and Ts are the signal bandwidth and the symbol duration respe
tively.7



Frequen
y Sele
tive FadingA 
hannel is said to be frequen
y sele
tive if the signal bandwidth is greater than the 
oheren
ebandwidth of the 
hannel. In su
h a 
ase, different frequen
y 
omponents of the transmit signalundergo fading to different extents. For a frequen
y-sele
tive fading situationBs & B
 (2.6)Ts . �� (2.7)A 
ommon rule of thumb to 
hara
terize a 
hannel as frequen
y sele
tive is that if [43℄�� > 0:1Ts (2.8)Slow FadingIn a slow fading 
hannel, the 
hannel impulse response 
hanges at a rate mu
h slower than thetransmitted baseband signal S(t). In the frequen
y domain, this implies that the Doppler spreadof the 
hannel is mu
h less than the bandwidth of the baseband signal. Therefore, a signalundergoes slow fading if: Ts � T
 (2.9)Bs � BD (2.10)where BD is the Doppler spread of the 
hannel and T
 is its 
oheren
e time.Fast FadingIn a fast fading 
hannel, the 
hannel impulse response 
hanges rapidly within the symbol dura-tion, i.e. the 
oheren
e time of the 
hannel is smaller than the symbol period of the transmittedsignal. Viewed in the frequen
y domain, signal distortion due to fast fading in
reases with in-
reasing Doppler spread relative to the bandwidth of the transmitted signal. Therefore, a signalundergoes fast fading Ts & T
 (2.11)Bs . BD (2.12)8
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��Figure 2.2: A mobile station moving along the positive x-axis at the velo
ity of v m/s for thenth in
oming wave at an angle of �n(t)2.2 Flat Rayleigh Fading Model[44, 45℄Figure 2.2 shows a mobile re
eiver (mobile station or MS) whi
h is assumed to move alongx axis with a velo
ity v m/s. The �gure shows one of the many waves arriving at the mobilestation. Let us 
all this the nth in
oming wave. Let it be in
ident at an angle �n(t), where thedependen
e on t stems from the fa
t that the re
eiver is not stationary.The motion of MS produ
es a Doppler shift in the re
eived frequen
y as 
ompared to the
arrier frequen
y. This Doppler offset is given byfD;n(t) = fD 
os(�n(t)) (2.13)where fD (maximum Doppler frequen
y) = v=�, � being the wavelength of the radio wave.Waves arriving from the dire
tion of motion 
ause a positive Doppler shift, while those 
omingfrom the opposite dire
tion 
ause a negative Doppler shift. We wish to derive a mathemati
alframework to 
hara
terize the effe
ts of small s
ale fading. Consider the transmit passbandsignal s(t) = Refu(t)ej2�f
tg (2.14)where u(t) is the 
omplex baseband equivalent to the passband transmit signal. If N wavesarrive at the MS, the re
eived passband signal 
an be written asx(t) = Refr(t)ej2�f
tg (2.15)with r(t) = NXn=1 �n(t)e�j2��n(t)u(t� �n(t)) (2.16)9



where multipath delay is �n, amplitude is �n and�n(t) = (f
 + fD;n(t))�n � fD;n(t)t (2.17)is the phase asso
iated with the nth wave. The above expression for r(t) looks like the outputof a linear time-varying system. Therefore the 
hannel 
an be modeled as a linear �lter with atime varying impulse response given by
(�; t) = NXn=1 �n(t)e�j�n(t)Æ(� � �n(t)) (2.18)where 
(�; t) is the 
hannel response at time t to an input at time t� � . The delays themselvesare random. This implies that the phases of the in
oming waves are random. The �n(t) 'sare not very different from one another, i.e. the �n(t)'s do not 
hange mu
h over a smalltime s
ale. Therefore the re
eived signal is a sum of a large number of waves with randomphases. The random phases imply that sometime these waves add 
onstru
tively produ
ing are
eived signal with large amplitude, while at other times they add destru
tively, whi
h lowamplitude. This pre
ise effe
t is termed small-s
ale fading, and the time s
ale at whi
h theresulting �u
tuation of amplitude o

urs is the order of 
arrier frequen
y 
y
le wave. The rangeamplitude variation result 
an be up to 60 to 70 dB. Small s
ale fading is therefore primarily dueto the random variations in phase �n(t) and also be
ause of the Doppler frequen
y fD. Flat fastfading 
ondition, the 
onsideration of delay is ignore, then we 
ontinue to express the modelingof re
eived signal as r(t) = NXn=1 �n(t)e�j�n(t) (2.19)x(t) = Ref NXn=1 �n(t)e�j�n(t)ej2�f
tg= rI(t) 
os(2�f
t)� rQ(t) sin(2�f
t) (2.20)where rI(t) = NXn=1 �n(t) 
os(�n(t)) (2.21)rQ(t) = � NXn=1 �n(t) sin(�n(t)) (2.22)r(t) = rI(t) + jrQ(t) (2.23)rI(t) and rQ(t) are respe
tively the in-phase and the quadrature-phase 
omponents of the
omplex base-band equivalent of the re
eived signal. Now we invoke the Central Limit theorem10



for large N . This makes rI(t) and rQ(t) independent Gaussian random pro
esses. Further,assuming all the random pro
esses are 
hanging slowly enough to 
onsidered 
onstant over thetime intervals of interest, we have fD;n(t) = fD;n (2.24)�n(t) = �n (2.25)�n(t) = �n (2.26)We assume that x(t) is wide-sense stationary (WSS).�xx(t) = Efx(t)x(t + �)g= �rIrI (�) 
os(2�f
t)� �rQrI (�) sin(2�f
t) (2.27)where, �rIrI (�) = EfrI(t)rI(t+ �)g= Eff NXi=1 �i 
os(�it)g:f NXj=1 �j 
os(�j(t+ �))gg (2.28)We 
an assume the �j 's are independent.�n(t) = Uniformly distribution in[��; �℄ (2.29)On the evaluation of expe
tations, we get�rIrI (�) = 
2Ef
os(2�fD;n�)g (2.30)where 
2 = 12 NXi=1 E�2i (2.31)is the total average re
eived power from all multipath 
omponents. Now, in the expressionabove (2.30), we have fD;n = fD 
os(�n) (2.32)Therefore, we have the auto 
orrelation fun
tion of the in-phase 
omponent rI(t)�rIrI (�) = 
2E�f
os(2�fD� 
os(�n))g (2.33)11



Going through a similar series of steps for the 
ross-
orrelation fun
tion between the in-phase and quadrature phase 
omponent, we get�rIrQ(�) = EfrI(t)rQ(t + �)g= 
p2 E�fsin(2�fD� 
os(�n))g (2.34)In order to simplify (2.33) and (2.34), we must make additional assumptions about the prop-agation environment. We will fo
us on the uniform s
attering environment introdu
ed by Clark[44℄ and further developed by Jakes [45℄. In this model the 
hannel 
onsists of many s
atterersdensely pa
ked with respe
t to angle (i.e. the in
oming angle � is uniformly distributed over(��; �)). Then the above is 
alled the Clarke's model. Using the uniform distribution for � inthe above, we get �rIrI (�) = 
2 12� Z ��� 
os(2�fD� 
os(�))d� (2.35)whi
h with a 
hange of variable gives us�rIrI (�) = 
2 1� Z +�0 
os(2�fD� sin(�))d�= 
2 J0(2�fD�) (2.36)where J0(:) is the Bessel fun
tion of the zeroth order of the �rst kind. Similarly, using theuniform pdf for � in the expression for 
ross 
orrelation of the in-phase and quadrature phase
omponent of r(t) gives �rIrQ = 0 (2.37)We are now in a position to talk about the power spe
tral density(PSD) of rI(t)SrIrI = F [�rIrI (�)℄= 8<: 
4�fD 1q1�( ffD )2 jf j < fD0 otherwise (2.38)Having obtained the PSD of rI(t), we 
an now pro
eed to derive the PSD x(t) as follows�rr(t) = Efr�(t):r(t + �)g = �rIrI (�) + j�rIrQ(�) (2.39)Therefore 12
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Figure 2.3: Bessel fun
tion of the zeroth order of the �rst type. This is the shape of the auto-
orrelation fun
tion �rIrI (�) for the in-phase 
omponent of the 
omplex baseband equivalentof the re
eived signal �rr(�) = �rIrI (�) (2.40)Further �xx(�) = Ref�rr(�)ej2�f
tg= Ref�rIrI (�)ej2�f
tg (2.41)Sxx(f) = FfRef�rIrIej2�f
tgg= Ff�rIrI (�)ej2�f
t + ��rIrI (�)e�j2�f
t2 g (2.42)Note that �rIrI (�) = ��rIrI (��), and so for real rI(t), �rIrI (�) = �rIrI (��) Thus we haveSxx(f) = Ff�rIrI (�)ej2�f
t + �rIrI (�)e�j2�f
t2 g (2.43)Sxx(f) = 12fSrISrI (f � f
) + SrISrI (�f � f
)g (2.44)Now we shall make use of the knowledge that the r(t) = rI(t) + jrQ(t) is a 
omplexGaussian pro
ess for large N . Therefore the envelope z(t) = jr(t)j = qr2I(t) + r2Q(t) has aRayleigh distribution. 13



�� ��������������

��	
�	�
� ����� ���� 
����	�� ��������� !"#$%�&& #
�'�(#�)&#*+�,�
%#-.!+/ 0�112	� 31	
����

Figure 2.4: Power spe
tral density of the re
eived signal, Sxx(f)This is 
alled the U-shaped PSD 
hara
teristi
 of Rayleigh fading modeled by the Jake's model
Pz(x) = x�2 � e�x2=2�2 ; x > 0 (2.45)where Ez2 = 
p = 2�2 =average power. Thus we have the probability density fun
tion of there
eived signal given by Pz(x) = x
p=2 :e�x2=
p ; x > 0 (2.46)The above is 
alled Rayleigh fading and is derived from Clarke's fading model, whereinthe PSD of the re
eived signal has the U-shape shown above. Rayleigh fading is generallyappli
able when there is no line-of-sight 
omponent. This is a good model for 
ellular mobileradio. Also note that the squared envelope jr(t)j2 is exponentially distributed at any timePz2(x) = 1
p e�x=
p; x > 0 (2.47)

14



Chapter 3Overview of Spa
e-Time SignalingS
hemes whi
h use multiple transmit and re
eive antennas for 
ommuni
ating over a wire-less 
hannel are usually 
alled Multiple-input multiple-output (MIMO) s
hemes. This 
haptergives an introdu
tion to MIMO systems or more spe
i�
ally, spa
e-time signaling; a te
h-nique used to transmit symbols from multiple antennas. This 
hapter is organized the perfor-man
e of MIMO s
hemes. Moreover, explanation the 
on
ept of diversity, introdu
es transmitdiversity[15℄-[24℄,[46℄,[47℄ and provides a detailed des
ription of the basi
 features of Spa
e-Time Blo
k Codes.3.1 Multiple-Input Multiple-Output (MIMO) 
hannelsTo effe
tively evaluate the performan
e of a MIMO transmission s
heme, models whi
h a
-
ount for all major effe
ts of wireless 
hannel on various signals are required. The most 
om-mon used 
hannel model for MIMO systems is quasi-stati
 �at Rayleigh fading at all antennaelements. This is was employed in [20, 48℄. The quasi-stati
 �at Rayleigh fading MIMO 
han-nel for a system with Nt transmit and Nr re
eive antennas 
an be represented asHHH = 26664 h11 h12 : : : h1Nth21 h22 : : : h2Nt... ... . . . ...hNr1 hNr2 : : : hNrNt
37775 (3.1)where hnrnt is the path gain between re
eive antenna nt and transmit antena nr. We now de�nesome 
on
epts, begining with the MIMO signal modelrrr =HHHsss+ nnn (3.2)where rrr is the Nr � 1 re
eived signal ve
tor, sss is the Nt � 1 transmitted signal ve
tor and nnnis an Nr � 1 ve
tor of additive noise terms, assumed independent and identi
ally distributed(i.i.d.) 
omplex Gaussian with ea
h element having a varian
e equal to �2. For 
onvenien
e wenormalize the noise power so that �2 = 1 in the remainder se
tion.15
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Figure 3.1: MIMO 
hannel and Eigenvalue mode with Nmin is the minimum antenna numberbetween transmitter and re
eiver.Channel Capa
ity of MIMO Flat FadingFor 1� 1 (SISO) system the 
apa
ity is given by [49℄C = log2(1 + �jhj2) b/s/Hz (3.3)where h is the normalized 
omplex gain of a �xed wireless 
hannel or that of a random 
hanneland subsequently, � is the SNR at any re
eive antenna. As we deploy more re
eive antennasthe statisti
s of 
apa
ity improve and with Nr re
eive antennas, we have a SIMO system with
apa
ity given by C = log2 1 + � NrXi=1 jhij2! b/s/Hz (3.4)where hi is the gain for re
eive antenna i. Similarly, if we adopt for transmit diversit, where thetransmitter does not have 
hannel knowledge, we have a multiple-input-single-output (MISO)system with Nt transmit antennas and the 
apa
ity is given by 3.3C = log2 1 + �Nt NtXi=1 jhij2! b/s/Hz (3.5)16



where the normalization by Nt ensures a �xed total transmitter power and shows the absen
eof array gain in that 
ase (
ompared to the 
ase in 3.4, where the 
hannel 
an be 
ombined
oherently). Now, we 
onsider the use of diversity at both transmitter and re
eiver givingrise to MIMO system. For Nt transmitter and Nr re
eiver, we have the now famous 
apa
-ity equation[56℄,[51℄,[52℄CEP = log2 �����IIINr + �NtHHHHHHH ����� b/s/Hz (3.6)where (:)H means transpose-
onjugate Note that both (3.5) and (3.6) are based on Nt equalpower (EP) un
orrelated sour
es, hen
e, the 
apa
ity in (3.6) grows linearlity with Nmin =min(Nr; Nt) rather than logarithmi
ally. It is important to note that (3.6) 
an be rewritten as[51℄ CEP = NminXi=1 log2(1 + �Nt�i) b/s/Hz (3.7)where �1; �2; � � � ; �m are the nonzero eigenvalues ofHHHHHHH andHHHHHHH . This formulation 
an beeasily obtained from the dire
t use of eigenvalue properties. Alternatively, we 
an de
omposethe MIMO 
hannel intoNmin equivalent parallel SISO 
hannels be performing a singular valuede
omposition (SVD) of HHH . Let the SVD be given byHHH = UUUDVVV H , the UUU and VVV are unitarymatrix and D is diagonal matrix with entries spe
i�ed byD = diag(p�1;p�2; 0; � � � ; 0).When the 
hannel is known at the transmitter and at the re
eiver, then there is a simplealgorithm to �nd the solution [51℄-[55℄ 
alled water �lling (WF) optimization and the resulting
apa
ity is given by CWF = NminXi=1 log2(��i)+ b/s/Hz (3.8)where � is 
hosen to satisfy � = NminXi=1 (�� ��1i )+ (3.9)and �+�denotes taking only those terms whi
h are positive.3.2 Diversity Te
hniques and Spa
e Time CodingLet us 
onsider a system with BPSK modulation transmitting under fading 
hannel with Gaus-sian noise. The 
omplex 
hannel 
oef�
ient is denoted by h and its magnitude is denoted by�. It is assumed that the phase of fading 
oef�
ient is perfe
tly known at the re
eiver (i.e. 
o-herent dete
tion). The 
onditional error rate of BPSK as a fun
tion of 
hannel 
oef�
ient overfrequen
y non-sele
tive, slowly fading 
hannel is given by17



Pb(�) = Q(p(2
)) (3.10)where 
 = �2EbN0 is the re
eived SNR andQ(z) = 12erf
(p
) . To �nd un
onditional errorrate, we must integrate over all possible values of fading 
oef�
ient. Assuming Rayleigh fading,this integration is Pb = 12 1�r �
1 + �
! (3.11)where �
 = EbN0 "(�2) is the average SNR. In high SNR region this error probability 
an beapproximated as Pb � 14�
 (3.12)Note that the error rate de
reases inversely with SNR. Compare this to the error rate ofBPSK in non-fading (AWGN) 
hannelPb = Q r2EbN0 ! (3.13)whi
h de
reases exponentially with SNR. This means that the transmitter should transmitwith more power to a
hieve a low probability of error in a fading 
hannel.There are several types of diversity - frequen
y diversity, polarization diversity, time diver-sity and spatial diversity. In this thesis, we are only interested in spatial (antenna) diversity.Traditionally, there is only single transmit antenna and multiple re
eive antenna. This te
h-nique is referred to as re
eive diversity. The re
eiver 
an use one of three te
hniques to improvethe quality of re
eived signal1. Sele
tion : sele
t the re
eived signal with largest re
eived power.2. Equal Gain Combining : The signals on ea
h antenna 
ombined by bringing all phase ofthe signals to a 
ommon referen
e point(
ophasing). That is, the 
ombined signal is thesum of the instantaneous fading envelopes of the individual bran
es.3. Maximal Ratio Combining (MRC) : In maximum-ratio 
ombining, the signal on ea
h an-tenna is weighted by its instantaneous 
arrier-to-noise ration (CNR), refers to maximumCNR.In the method of MRC, it is assumed that the re
eiver has perfe
t 
hannel side information. Ifthe transmitted signal at time t is s(t), the re
eived signal at re
eiver i is given by18
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Figure 3.2: Spa
e Time Blo
k 
oding s
heme with one re
eiverri(t) = s(t)hi(t) + ni(t) (3.14)where ni(t) is 
omplex noise variable. Assuming that this noise is Gaussian, the re
eiver
ombining s
heme is ~r(t) = NrXi=1 h�i ri(t)= s(t) NrXi jh2i j+ n0(t) (3.15)This dete
ted symbol is then passed through a maximum-likelihood dete
tor to produ
e theestimate of transmitted signal ~s(t). MRC provides full diversity, but due to 
hannel estimationthe 
omplexity is high.Transmit Diversity and Spa
e-Time Blo
k CodesThe re
eive diversity s
heme is not suitable for the downlink, as it is dif�
ult and in
onvenientto install multiple antennas on handsets. The multiple antenna burden is preferably pla
ed at thebase station. This is 
alled transmit diversity. Transmit diversity has gained a lot of attra
tionand resear
h in last ten years . Unlike in re
eive diversity, in transmit diversity it is not possibleto transmit the same signal from all antennas. If same signal is transmitted from all the antennas,at the re
eiver the 
opies of this signal add in
oherently, and no diversity gain 
an be a
hieved.Thus in order for transmit diversity to work, one must �nd a transmission s
heme where repli
asof the signal 
ombine 
oherently at the re
eiver. One of the simplest and most attra
tive transmitdiversity s
hemes were proposed by Alamouti [15℄,GGG2 = � s1 s2�s�2 s�1 � (3.16)19



� � � � � � � � � 	 ����
���
���

��
���
����

�����
��������������� !
"# $%%&'� ()* � %)+$%%&'� () *� %)+,(-&'� ()* � %)+,(-&'� ()* � %)+

Figure 3.3: The BER performan
e 
omparison of BPSK with MRRC(Maximum Re
eive RatioCombining)and Alamoti's s
hemewhere the rows denote time instan
es and 
olumns denote transmit antennas. Thus, at timet = 1, s1 and s2 will be transmitted from antennas 1 and 2 respe
tively, and at time t = 2, �s�2and s�1 will be transmitted from antennas 1 and 2 respe
tively. One 
an see that two symbols aretransmitted over two time intervals. Hen
e the 
ode is full rate. Assuming a single re
eiver, leth1 and h2 denote the 
hannel 
oef�
ients for transmit antenna 1 and 2 respe
tively. The fading
oef�
ients are assumed to be 
onstant over Nt = 2 
onse
utive time slots.� h1 = h1(T = 1) = h1(T = 2)� h2 = h2(T = 1) = h2(T = 2)Hen
e the re
eived signal is,� y1y2 � = 1p2 � s1 s2�s�2 s�1 �� h1h2 �+ � n1n2 � (3.17)It 
an be rewritten as follows� y1y�2 � = 1p2 � h1 h2�h�2 h�1 �� s1s2 �+ � n1n�2 � (3.18)yyy = 1p2HHHesss+nnn (3.19)20



With perfe
t CSI, this 
an be maximum-likelihood (ML) de
oded as,rrr =HHHHe yyy = 1p2(jh1j2 + jh2j2)sss+HHHHe nnn (3.20)We observe from the above expression that by using two transmit and one re
eive antenna,the transmitted signals are effe
tively multiplied by jh1j2 + jh2j2 . Hen
e, if one of the paths isin deep fade, the other may still represent the signal with reliably. In fa
t, the use of orthogonalSTBC 
hanges the probability distribution of the 
hannel to distribution with lower varian
e.Tarokh et al. [16℄ extended the Alamouti's 2-transmit diversity s
heme to more than twoantennas. This new generalized spa
e-time signaling s
heme is known as spa
e-time blo
k
odes (STBC). Spa
e-time blo
k 
odes derive their name from the fa
t that the en
oding is donein both spa
e and time, and their en
oder is de�ned simply by a matrix. A spa
e-time blo
k
ode is de�ned by the relationship between the k-tuple input signal x and the set of signals to betransmitted fromNt antenna over p time periods. Su
h a relation is given by p�Nt transmissionmatrix
GGG = 26664 s11 s12 : : : s1Nts21 s22 : : : s2Nt... ... . . . ...sp1 sp2 : : : spNt

37775 (3.21)where sij are fun
tions of k-tuple input sequen
e x1; x2; :::; xk and their 
omplex 
onjugates.At time slot i, sij is transmitted from antenna j. Sin
e k information bits are transmitted overp time interval, the rate of the 
ode is de�ned as R = kp At the re
eiver we 
an use arbitrarynumber of re
eive antennas. The design does not depend on the number of re
eive antennasNr.If GGGGGGH = �I where � = PMn=1jsnj and III is the identity matrix, the 
ode is 
alled orthogonalSTBC. The other example of spa
e time blo
k 
oding 
onstru
tions are
GGG3 =

266666666664
s1 s2 s3�s2 s1 �s4�s3 s4 s1�s4 �s3 s2s�1 s�2 s�3�s�2 s�1 �s�4�s�3 s�4 s�1�s�4 �s�3 s�2

377777777775 (3.22)
From the above equation, With 3 transmit antennas (Nt = 3) 4 types of data (k = 4) and 8time slots (p = 8), the rate of the 
ode is 1=2. 21



GGG4 =
266666666664

s1 s2 s3 s4�s2 s1 �s4 s3�s3 s4 s1 �s2�s4 �s3 s2 s1s�1 s�2 s�3 s�4�s�2 s�1 �s�4 s�3�s�3 s�4 s�1 �s�2�s�4 �s�3 s�2 s�1
377777777775 (3.23)

From the above equation, With 4 transmit antennas (Nt = 4) 4 types of data (k = 4) and 8time slots (p = 8), the rate of the 
ode is 1=2.
HHH3 = 26664 s1 s2 s3p2�s�2 s�1 s3p2s�3p2 �s�3p2 (�s1�s�1+s2�s�22�s�3p2 �s�3p2 (s2+s�2+s1�s�1)2

37775 (3.24)From the above equation, With 3 transmit antennas (Nt = 3) 3 types of data (k = 3) and 4time slots (p = 4), the rate of the 
ode is 3=4.
HHH4 = 26664 s1 s2 s3p2 s3p2�s�2 s�1 s3p2 � s3p2s�3p2 �s�3p2 (�s1�s�1+s2�s�22 (�s2�s�2+s2�s�11�s�3p2 �s�3p2 (s2+s�2+s1�s�1)2 (s1+s�1+s2�s�2)2

37775 (3.25)From the above equation, With 3 transmit antennas (Nt = 3) 3 types of data (k = 3) and4 time slots (p = 4), the rate of the 
ode is 3=4. It 
an be veri�ed that the 
olumns of thesematri
es meet the orthogonality requirement. These 
odes have a simple linear pro
essing rule,followed by a maximum likelihood de
oder. As an example, the de
oder for G3 minimizes thefollowing de
ision metri
s���h PNj=1(jrj1��1;j + (rj2)��2;j + rj3��3;j + (rj5)��1;j + (rj6)��2;j + (rj7)��3;j i� s1���2+ � �1 +PNj=1P3i=1 j�2i;jj � js1j2 (3.26)for de
oding s1, and,���h PNj=1(jrj1��2;j � (rj2)��1;j + rj4��3;j + (rj5)��2;j � (rj6)��1;j + (rj8)��3;j i� s2���2+ � �1 +PNj=1P3i=1 j�2i;jj � js2j2 (3.27)22



for de
oding s2, and,���h PNj=1(jrj1��3;j � (rj3)��1;j � rj4��2;j + (rj5)��3;j � (rj7)��1;j � (rj8)��2;j i� s3���2+ � �1 +PNj=1P3i=1 j�2i;jj � js3j2 (3.28)for de
oding s3, and,���h PNj=1(j � rj2��3;j + (rj3)��2;j � rj4��1;j � (rj6)��3;j + (rj7)��2;j � (rj8)��1;j i� s3���2+ � �1 +PNj=1P3i=1 j�2i;jj � js4j2 (3.29)for de
oding s4.The orthogonal STBC(OSTBC) assumes that the 
hannel 
oef�
ients are 
onstant over aperiod of Nt symbols, i.e. h(t)ij = hij ; t = 1; 2; :::; Nt (3.30)This blo
k fading assumption is required for simple linear de
oding of OSTBC. OSTBCalso assumes that the 
hannel is frequen
y non-sele
tive. At the re
eiver, the Nr re
eive an-tennas use maximum likelihood (ML) de
oding. In orthogonal STBC the ML de
oding isequivalent to maximum ratio 
ombining (MRC). Assuming perfe
t 
hannel State Information(CSI), the de
oder at antenna j maximizespXt=1 NXj=1 jrjt � MXi=1 hjixitj2 (3.31)Sin
e the blo
k 
oding requires only linear pro
essing at the re
eiver, the de
oding 
an bedone ef�
iently and qui
kly. Spa
e-time blo
k 
odes 
an be 
onstru
ted for any type of signal
onstellation and provide full diversity. However, only real 
onstellations su
h as Pulse Ampli-tude Modulation(PAM) 
an give full rate for any number of antennas. For 
omplex 
onstella-tions su
h as Quadrature Phase Shift Keying (QPSK), full rate STBC exist only for Nt = 2.

23
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Chapter 4Syn
hronous Multi-user MIMO STBCTransmission S
heme in Fast FadingEnvironment
4.1 Introdu
tionWe propose a simple STBC s
heme [15℄ with devi
e transmitting sequen
e of pilot signal andinformation data. Moreover, a novel 
hannel tra
king method is introdu
ed in our system. Theidea of this method is to transmit information data and pilot signal simultaneously throughdifferent antennas. Furthermore, introdu
ing a re
eption with adaptive beamforming is a 
oun-termeasure for fast fading.Spatio-temporal equalization for STBC in [42℄ is initially introdu
ed for multi-user appli-
ation in quasi-stati
 multipath 
hannel. Multiuser STBC signals from 
o-
hannel users are ledto spatio-temporal pro
essing whi
h uses MMSE 
riterion and sample matrix inversion (SMI)algorithm. Due to array antenna utilization, 
o-
hannel interferen
e 
an be mitigated based onspatial adaptive signal pro
essing [58℄,[66℄.In our s
heme, the pilot signal and information data are transmitted simultaneously and thenmultiuser STBC signals from 
o-
hannel users will be pro
eeded. The beamforming 
an bedone using Re
ursive Least Squares (RLS) algorithms for the 
ontinuous tra
king of fast fading
hannel. The RLS algorithm in our applied 
ase adapts only one of two weight ve
tors andhen
e the other weight ve
tor 
an be 
omputed based on the value of adapted weight ve
tor.This is parti
ularly useful as it over
omes large Doppler spread in high frequen
y and highspeed 
onditions. Simulation results show that 
o-
hannel interferen
e of up to (N � 1) users
an be suppressed while applying N re
eiving antennas.4.2 Channel EstimationChannel estimation is the pro
ess of 
hara
terizing or analyzing the effe
t of the physi
almedium on the input sequen
e (transmitted data). The importan
e of 
hannel estimation is25
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Figure 4.1: MIMO system for multi user mobile 
ommuni
ation����� �������� !" !# !$ !%Figure 4.2: Conventional transmission signal sequen
e for adaptive array systemthat it allows the re
eiver to take into a

ount the effe
t of 
hannel and to predi
t the transmit-ted signal for removing interferen
e and noise. Sin
e the system studied in this 
hapter is thatin a very rapid time-varying fading, high speed estimation of the 
hannel is essential.There are twomain types of 
hannel estimationmethods, namely blind methods and trainingsequen
e methods. In the blind method, mathemati
al or statisti
al properties of transmitteddata are used. This makes the method extremely 
omputationally intensive and thus hard toimplement in real time systems. In training sequen
e methods, the transmitted data and trainingsequen
es known to the re
eiver are embedded into the frame and sent through the 
hannel.Training sequen
e method makes use of the training bits (pilot symbols) known to the re-
eiver and is 
omputationally simple 
ompared to blind method. Insertion and extra
tion ofpilot symbol enable to derivation the 
hannel information and determination of array weightsfor data transmission. The transmitter periodi
ally transmits known symbols, from whi
h there
eiver 
onstru
t an estimate of the 
hannel for every transmitted data symbol.Performan
e of pilot insertion and extra
tion te
hniques are degraded by many fa
tors, su
has time varian
e of the 
hannel. In the 
ase of fast fading environment, the 
hannel is assumedto be dynami
 and is likely to 
hange within the pilot symbols period. This leads to the demandof a transmitting method robust to time variation and error elimination at the re
eiver.26



Table 4.1: Fast fading index �0 for v = 30m=s (or 108km=h)HHHHHHTs f
 2 GHz 5 GHz1 �se
 0.0002 0.000510 �se
 0.002 0.005100 �se
 0.02 0.054.2.1 Doppler Spread Effe
tsIn order to evaluate the signi�
an
e of Doppler effe
t in a system, we introdu
e fast fadingindex �0 whi
h is given by �0 = fDTs (4.1)Generally, transmitted signal with �0 more than 0:01 [3, 4, 27℄ will be distorted by the effe
tsof Doppler spread. A widely-used diagram of 
onventional transmission sequen
e for AdaptiveArray (AA) is viewed in Fig. 4.2. Ea
h frame Tf 
onsists of pilot period Tp and data period Tdwhile symbol duration is assumed to be Ts.In the 
ase of adaptive array system with a pilot signal for antenna weight determination,transmission signal sequen
e shown in Fig.4.2 is ne
essary to keep a quasi-stationary 
onditionduring a period of Tf .As long as effe
tive fast fading index �e = fDTf is less than or equal to 0.01, the 
hannelwill not 
ause distortion by Doppler spread. Table 4.1 shows �0 whi
h 
an be estimated byassuming that the vehi
ular velo
ity is 30 m/s (108 km/h) at frequen
ies of 2 GHz and 5 GHz.Considering that �e is usually 10 to 100 times larger than �0, it 
an be noti
ed that a system inhigh frequen
y, high velo
ity and low symbol rate easily be
omes fast fading 
ondition.4.2.2 Channel Model and AssumptionsWe assume a narrowband fading 
hannel whi
h means that effe
t of delay spread is negligiblewhile Doppler spread is 
onsidered. One appli
ation for this type of fading environment is road-to-vehi
le 
ommuni
ation or inter-vehi
le 
ommuni
ation in ITS, but not limited to this. In oursimulation, we generate independent time-varying Rayleigh fading 
hannel (i.i.d. Rayleighfading 
hannel) having the Jakes-type power spe
trum [45℄ . A
tually, we generate ea
h fading
hannel based on Eq.(2.20) whi
h 
an be explained in matrix form as the following equationh(k)n;m(t)1 = 1pI IXi=1 ej(2�fD
os�it+�i) (4.2)1Number of transmit antennasNt is N and number of re
eive antennasNr isM .27
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Figure 4.3: Conventional Transmitting method 1 for MIMO STBC AAwhere �i is in
ident angle of path i and �i is initial phase, both of whi
h are given by randomnumber ranging from 0 to 2�. In order to realize a

urate Rayleigh fading statisti
ally, we setI = 100

4.3 Con�guration and Signal Model4.3.1 Conventional MethodFor performan
e 
omparison of proposed method to 
onventional methods, we 
onsider twomethods, both of whi
h transmit the pilot signal and information data in different time slotalternately. The 
onventional adaptive beamformings for STBC s
heme are shown in Fig.4.3[11℄ and 4.4 respe
tively. In method 1 (see Fig.4.3), ea
h frame 
ontains a minimal numberof pilot symbols with a period of Tp = LpTb, where Tb = 2Ts, while mehod 2 (see Fig.4.4)with a period of Tb for weight determination and also in method 1, a number of data symbolswith a period of Td = LdTb while method 2 with a period of LTb. At the base station, are
eption s
heme with using an adaptive algorithm su
h as SMI (Sample Matrix Inversion) 
anbe used for method 1 and RLS (Re
ursive Least Squares) for method 2. For these s
hemes,transmission symbol rate of method 1 and method 2 be
ome Ld�(Lp + Ld) and L�(1 + L)times smaller than original data symbol rate. The rate redu
tion depends on the fast fadingindex for AA. In method 1, in order to work well in fast fading 
ondition, values of Lp and Ldshould be smaller as far as possible. However, if the value is too small (for example, less-than10), the performan
e be
omes degraded due to insuf�
ient number of data during Tp (namely,an ill 
ondition). Therefore we sele
t Method 2 as a 
onventional method. In method 2, thetransmission data rate de
reases with de
reasing L value, and its extreme is L = 1 whi
h givesa half rate and is equal to our method. 28
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Figure 4.5: Proposed transmitting method4.3.2 Proposed S
hemeMIMO STBC Adaptive Array s
heme has been 
onsidered as a 
ountermeasure for fast fadingenvironment. Sin
e delay of obtaining 
hannel state information (CSI) 
auses signi�
ant 
on-trol error of adaptive array in fast fading environment. For obtaining CSI, negligible delay isessential for the 
ontrol. We adopt simultaneous transmission of data and pilot signals throughdifferent antennas.MIMO STBC Adaptive Array s
heme has been 
onsidered as a 
ountermea-sure for fast fading environment. Sin
e delay of obtaining 
hannel state information (CSI)
auses signi�
ant 
ontrol error of adaptive array in fast fading environment. For obtaining CSI,negligible delay is essential for the 
ontrol. We adopt simultaneous transmission of data andpilot signals through different antennas. The 
on
ept of this method is 
lari�ed in Fig4.5.Con
erning Blo
k i for user k, data signal s(k)i and pilot signal r(k)i are transmitted at thesame time. For the 
onvenien
e of following dis
ussions, let us de�ne transmission powersharing between pilot signal and data signal as followsP (k)r =< jr(k)i j2 > (4.3)29
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Figure 4.6: Adaptive Beamforming 
on�guration for multiuser STBC (STE:Spa
e Time En-
oding) P (k)s =< js(k)i j2 > (4.4)�(k) = P (k)sP (k)s + P (k)r ; P (k)r + P (k)s = 
onst: (4.5)Where < : > denotes ensemble average. The suitable value of power ef�
ien
y �(k) for allMSs will be dertermined later.The proposed MIMO s
heme employs STBC with AA at the base station as shown in Fig.4.6. The s
heme uses two transmit antennas in ea
h user and N re
eive antennas. At trans-mission side, kth user at time t sends two symbols, pilot signal r(k)i over its 1st antenna andtransmission data s(k)i over its 2nd transmit antenna. At the next symbol time, time (t + Ts),where Ts is a symbol duration, antenna 1 transmits �(s(k)i )� while antenna 2 transmits (r(k)i )�where (:)� indi
ates the 
omplex 
onjugate. This sequen
e is shown in Table4.2 [15℄.On the other hand, the base station 
onsists of re
eption pro
essing and adaptive beamform-ing. In ea
h re
eive antenna unit, the re
eption pro
essing separates symbol into two streams30



Table 4.2: The En
oding and Transmission sequen
eantenna 1 antenna 2time t r(k)i s(k)itime t + Ts �(s(k)i )� (r(k)i )�namely odd stream (indexed as 1) for symbol transmitted at time t and even stream (indexed as2) for symbol transmitted at time t+ Ts. Note that it is ne
essary to take 
omplex 
onjugate onthe even stream, sin
e all symbols transmitted at time t+ Ts are 
omplex 
onjugated. After re-
eption pro
essing 
ontaining Additive White Gaussian Noise (AWGN) and other user signals,the signals from transmitted Blo
k i in the nth re
eive antenna are given byxn1(i) = KXk=1[r(k)i h(k)n1 + s(k)i h(k)n2 ℄ + nn1 (4.6)and xn2(i) = KXk=1[�(s(k)i )�h(k)n1 + (r(k)i )�h(k)n2 ℄ + nn2 (4.7)Denote xxxn(i) = � xn1(i) x�n2(i) �T (4.8)and de�ne re
eption signal ve
tor for Blo
k i transmitted signal asxxx(i) = � (xxx1(i))T (xxx2(i))T : : : (xxxN (i))T �T (4.9)where (:)T indi
ates ve
tor transpose. The re
eption signal ve
tor xxx(i) and [2N � 1℄ weightve
torwww(k)1 are then 
ombined to produ
e estimated pilot output ~r(k)i and data output ~s(k)i . Theyare given by www(k)1 = h w(k)11 w(k)12 : : : w(k)N1 w(k)N2 iT (4.10)~r(k)i = (www(k)1 )Hxxx(i) (4.11)~s(k)i = (www(k)2 )Hxxx(i) (4.12)where (:)H is the 
omplex 
onjugate transpose. The optimal weights are 
hosen to minimizethe mean-square error (MSE) between beamformer output and the referen
e signal su
h that31



www(k)1opt = argmin < jr(k)i � (www(k)1 )Hxxx(i)j2 > (4.13)The optimal weightwww(k)1opt(i) is time-variant and referred to optimumWiener solution.www(k)1 (i) = RRR�1(i)bbb(k)(i) (4.14)RRR(i) = 
RRR(i� 1) + xxx(i)xxxH(i) (4.15)bbb(k)(i) = 
bbb(k)(i� 1) + (r(k)i )�xxx(i) (4.16)where RRR is usually referred to as the 
ovarian
e matrix or 
orrelation matrix. In this 
hapter,we adopt Re
ursive Least Squares algorithm (RLS) to obtain weight ve
torwww(k)1 . The forgettingfa
tor 0 < 
 < 1 is a parameter of the RLS algorithms, and intends to follow temporal variationof CSI.The weight ve
tor www(k)2 is determined dire
tly from the obtained weight ve
tor www(k)1 (seeAppendix A) as www(k)2 = h (w(k)12 )� �(w(k)11 )� : : : (w(k)N2)� �(w(k)N1)� iT (4.17)The time varying 
hannel 
hara
teristi
 H(k)(t) for user k 
an be written in matrix form asH(k)(t) = 264 h(k)1;1(t) h(k)1;2(t)... ...h(k)N;1(t) h(k)N;2(t) 375 (4.18)Denote the 
hannel amplitude between a transmit antennam of user k and a re
eive antennan is a 
omplex number h(k)n;m(t) (m = 1; 2;n = 1; : : : ; N) and the average 
hannel power gainis set to 1 as follows < jh(k)11 j2 >=< jh(k)12 j2 >= : : : =< jh(k)N2j2 >= 1 (4.19)Data signal power P (k)s and pilot signal power P (k)r are 
omputed as in Eqs. 4.3 and 4.4,respe
tively. Summation of both power is 
alled total power P (k)t , and is given byP (k)t = P (k)s + P (k)r (4.20)Noise signals shown in Eqs. 4.6 and 4.7 
an be explained in average power gain as followsPn =< jn11j2 >=< jn12j2 >= : : : =< jnN2j2 > (4.21)The ratio of noise power Pn and total power P (k)t intends to show CNR(k) 
al
ulation forthe system as follows: 32



CNR(k) = P (k)tPn (4.22)In this 
hapter, we assume that all of CNR(k) have the same value for k and simply denotedby CNR. The estimated ~r(k)i and ~s(k)i are then sent toMaximumLikelihood (ML) dete
tor, whi
his not shown in Fig. 4.6, to make the de
ision rule for phase shift keying (PSK) signal.4.4 Simulation and ResultsTable 4.3 shows the simulation 
onditions for investigating performan
e of 
onventional andproposed MIMO STBC adaptive beamforming s
hemes. Ea
h of 5 users evaluated here hastwo transmit antennas. Carrier to Noise Ratio (CNR) is set to be 0,5,10,15 and 20 dB and bitrate of transmitting data is equal to 1 Mbps for BPSK modulation, so that symbol period Ts is1 �se
. A forgetting fa
tor of 0.95 for RLS algorithms is adopted based on an optimal resultfrom preliminary performed 
omputer simulation. Considered frequen
y f is 5 GHz so thatwavelength � is 6 
m. A mobile station is moving with different velo
ity from 0-120 m/s.Table 4.3: Simulation ConditionsCarrier to Noise Ratio (CNR) 0,5,10,15 dBBit Rate 1 MbpsModulation BPSKVelo
ity 0-120 m/s (0-432 km/h)Frequen
y (wavelength) 5 GHz (6 
m)Forgetting Fa
tor 0.95Number of Basestation Antennas 4 antennasPower Ef�
ien
y � 0:72We �rst provide simulation results for the 
onventional s
heme given in the previous se
tionwhen setting Tp = Td. In the 
ase of CNR equal to 5dB and 1 user (see Fig.4.7), for the s
hemewith velo
ity of 2m/s, BER is smaller than 10�4. When the velo
ity in
reases to 60m/s, BERbe
omes more than 10�3. In Fig. 4.8, for CNR equal to 15 dB and 2 users, BER is smaller than10�5 for the velo
ity of 2m/s, and greater than 10�4 at the velo
ity of 40m/s. We 
an see fromboth results that when the speed is very low su
h as 2 m/s, the optimum numbers of pilot anddata bits are longer 
ompared to the 
ase of high speed. This is 
aused by Doppler spreadingwith velo
ity growth. However, The number of pilot and data bits (LpandLd) are too smallfor example, less than 10. The performan
e be
omes degraded due to insuf�
ient number ofdata during Tp. Moreover, in fast fading 
ondition the number of pilot and data bits should besmall as mu
h as possible. Therefore, this 
onventional s
heme is not suitable for fast fadingenvironment.Then we provide simulation results for the 
onventional s
heme (Method 2) given in theprevious se
tion when CNR equal to 5 dB and 1 user. Fig.4.9 shows BER results of 
onventional2This value is set for proposed s
heme in Fig.4.10-4.21.33
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Figure 4.7: BER of 
onventional MIMO STBC AA method 1 in the 
ase of Tp = Td,1 user(K = 1), CNR = 5 dBtransmitting method 2 when setting L = 1; 2 and 3 
ompared to proposed s
heme with poweref�
ien
y �(k) = 0:5. It is obviously seen that BER is higher a

ording to the velo
ity growthand longer data period. This is 
aused by Doppler spreading with velo
ity and period expansion.From the �gure, proposed method keeps BER of 10�3 up to �0 = 2� 10�3 while 
onventionalmethod 2 (L = 1) keeps it to �0 = 10�3 (i.e, a half value).Due to simultaneous transmission, power sharing between pilot and information bits need tobe examined. Then we evaluate the performan
e of the proposed method. The power ef�
ien
y�(k) for 3-users 
ase K is set to 0.7 (=70 per
entage) of total power P (k)t , the appropriatenessof whi
h is 
learly seen from Fig.4.10. Hereafter, we employ � of 0.7 for all users 
ases (K =1� 5).After that, we de�ne the optimum forgetting fa
tor of RLS algorithms. As we des
ribedthis fa
tor in 
hapter 4, its value is less than or equal one but not less than zero. Even thisfa
tor is 
loser to one, even more the distant past are forgotten. Therefore, we 
ondu
t thesimulationwith various forgetting fa
tor numbers(0.70,0.90,0.92,0.95,0.98) to �nd the optimumvalue for this system. Figure 4.11, 4.12, 4.13 and 4.14 show BER performan
e as a fun
tionof CNR at velo
ity of 20, 30, 50 and 120 m/s respe
tively. It is obviously seen that at lowvelo
ity faogetting fa
tor behave on the theory. With fa
tor equals to 0.98 gives the best BERperforman
e and not mu
h more than that of STBC. However, BER performan
e of high valueforgetting fa
tor (0.95,0.98) in
reases with velo
ity expansion but 0.95 does not give high BER.This is due to higher Doppler spread effe
t in system. From these results, forgetting fa
tor of0.95 is applied for all speed 
ases.From the above results, we 
an express the performan
e 
omparison between 
onventionals
heme (Method2) L = 1 and proposed s
heme with power ef�
ien
y �(k) = 0:7. In the34
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Figure 4.8: BER of 
onventional MIMO STBC AA method 1 in the 
ase of Tp = Td, 2 users(K = 2), CNR = 15 dB
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Figure 4.9: BER of the proposed s
heme 
ompared with a 
onventional s
heme (Method 2)L = 1; 2 and 3 in the 
ase of 1 user (K = 1), CNR = 5 dB
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ien
y (�) for 3 users (K=3)
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Figure 4.11: BER of various Forgetting Fa
tor of RLS algorithms at velo
ity of 20m=s
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Figure 4.12: BER of various Forgetting Fa
tor of RLS algorithms at velo
ity of 30m=s

1 2 3 4 5 61 62 6361786179617:617;617<61=

>?@
ABCDEEFEEGCD

HIJKLMNO PQ RST UVUWXYZ[\]1^_\]1^`1\]1^`2\]1^`a\]1^`5

Figure 4.13: BER of various Forgetting Fa
tor of RLS algorithms at velo
ity of 50m=s
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Figure 4.14: BER of various Forgetting Fa
tor of RLS algorithms at velo
ity of 120m=s
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Figure 4.15: BER of the proposed s
heme 
ompared with the 
onventional s
heme (L = 1)(method 2) for CNR 10 dB and 20 dB, 3 users (K = 3)
38
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Figure 4.16: BER of the proposed s
heme 
ompared with the 
onventional s
heme (L = 1)(method 2) for CNR 10 dB and 20 dB, 4 users (K = 4)
ase of 3 and 4 users, CNR=10 and 20 dB(see Fig.4.15 and 4.16), proposed s
heme at �0 =2�10�3 gives nearly the same BER performan
e of 
onventional s
hemes for �0 of around 10�3.A

ording to the results in Fig.4.9, 4.15 and 4.16, the proposed method, the time sequen
e ofwhi
h is given in Fig.4.5, has a fun
tion to redu
e the pilot repetition period effe
tively. Thiseffe
t enhan
es robustness to fast fading, and 
an extend appli
able vehi
ular speed two timeshigher than that for 
onventional method with L = 1.Comparison proposed s
heme with 
onventional method 1 and 2, the results show that 
on-ventional method 1 
an give good performan
e in very mu
h lower speed 
ompared to ourproposed s
heme. Moreover, both length of pilot and data should not be less than 10. This
onventional method 1 with using SMI algorithms is not appli
able for fast fading environment.In the 
ase of 
onventional method 2, the performan
e de
reases with in
reasing number ofdata bits (L) and speeding up. This method shows the 
ommon frame idea whi
h usually sendsprior pilot bits. As fast fading 
hannels, it is more severe and dif�
ult to dete
t signal at there
eiver. The result in Fig.4.9 
on�rms our thoughts and proposed s
heme is more appli
ablefor fast fading environments.Next, we will evaluate BER performan
e in multi-users system. The propose of this simula-tion is to investigate how many users and re
eive antennas 
an be used in the system. Moreover,how mu
h 
o-
hannel interferen
e does effe
t to ea
h user.Figure 4.17-4.20 shows BER of 2 � 4 MIMO STBC AA as a fun
tion of fast fading index�o with parameters of the number of users (K) and CNR. Fig. 4.17 shows the results for oneuser (K=1). It is seen that CNR � 5 dB at velo
ity = 30 m/s (108 km/h, �o = 0:0005) gives biterror rate more than 10�5. When in
reasing CNR � 10 dB, the s
heme 
an absolutely suppressbit error rate. 39
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Figure 4.17: BER of the proposed 2 � 4 MIMO STBC AA s
heme in fast fading 
hannel, 1user (K = 1)
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Figure 4.18: BER of the proposed 2 � 4 MIMO STBC AA s
heme in fast fading 
hannel, 2users (K = 2)
40



� ��� ��� ��� ��� � ��� ��� ��� ��� �� ���	���
�����������	���
����

�������
������������

� �� !�
"#$ � %&"#$ ' %&"#$ �� %&"#$ �' %&"#$ �� %&

Figure 4.19: BER of the proposed 2 � 4 MIMO STBC AA s
heme in fast fading 
hannel, 3users (K = 3)
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heme in fast fading 
hannel, 4users (K = 4)
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Figure 4.21: BER versus the number of users in different velo
ity and CNRIn Fig.4.18 for K = 2, the result shows that the value of CNR � 10 dB at velo
ity = 50m/s(180 km/h, �o = 0:833� 10�3) gives bit error rate� 10�5 while no errors o

ur for CNR�15 dB in the system. The results of 3 and 4 users 
ase (K = 3 and 4) are illustrated in Fig. 4.19and 4.20 respe
tively. In the 
ase of K = 3, CNR � 15 dB at velo
ity of 30 m/s gives BER ofbetter than 10�5 while K = 4 gives BER of more than 10�4.Figure 4.21 shows the result of BER as a fun
tion of the number of users with parameterof velo
ity (=20,30 and 40 m/s or (�o = 0:33 � 10�3; 0:5 � 10�3 and 0:0667 respe
tively))and CNR(=5,10 and 15 dB). It is obviously realized that in the 
ase of up to 3 users, the sys-tem performan
e improves with in
reasing CNR but gradually redu
es a

ording to velo
ityin
rease. It is due to 
o-
hannel interferen
e o

urred by undesired users leading to redu
esystem performan
e. Sin
e the re
eive array employs N(= 4) antenna elements, it 
an supportN � 1(= 3) users. When the number of user ex
eeds 3, interferen
es 
an not be 
an
eled, thus
ausing the signi�
ant performan
e degradation.The next simulation is 
ondu
ted for the diversity gain study. The BER results of 1 and 2re
eive antennas with 2 transmit antennas are shown in Fig. 4.22. In the 
ase of 1 re
eiver, BER
an be improved up to 10�1 by in
reasing CNR 5 dB. In the other 
ase(2 re
eivers), gaining thesame value of CNR (5dB) 
an de
rease twi
e of BER. This result follows diversity gain theorytherefore we 
an assure that our simulations are 
orre
t.Although our proposed method does not utilize CSI dire
tly, more a

urate CSI 
an bein
orporated in weight determination with in
reasing CNR and with de
reasing vehi
ular speed.Therefore, proposed s
heme is ex
ellent and outstanding for 
hannel estimation in fast fadingenvironment. As mentioned that proposed s
heme has a half rate of the input data rate and thisis a weak point. However, we 
an improve it by adopting higher-rate modulation s
heme duringdata transmission period by utilizing the higher power transmission ef�
ien
y in terms of �.42
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Figure 4.22: BER of one and two re
eivers with 2 transmitters at very low speed4.5 Con
lusionIn this 
hapter we have proposed and evaluated an adaptive beamforming s
heme for MIMOspa
e-time blo
k 
oding over fast fading 
hannels. The s
heme, whi
h in
essantly sends STBCblo
ks 
omposed of pilot and data signals, 
an suppress the signal degradation due to Dopplerspread effe
t signi�
antly at high frequen
y and high velo
ity 
onditions. Sin
e the re
eivearray employs N antenna elements, it 
an effe
tively a

ommodate N � 1 users without �oorerrors dut to 
o-
hannel interferen
e. In order to identify the basi
 performan
e of proposeds
heme, we 
arried out the 
omputer simulation for BPSK transmission system. A

ordingly,the resear
h must be extended to improve system performan
e by optimizing modulation te
h-niques for the future work. Throughout this 
hapter, we assumed that the syn
hronization ofSTBC transmission timing for all mobile terminals is 
ontrolled perfe
tly and that no delayspread is o

urred in the 
hannel. Therefore, performan
e degradation due to imperfe
tness ofthe syn
hronization and its 
ountermeasure s
hemes are also left as a further study.
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Chapter 5Asyn
hronous Multi-User MIMO STBCTransmission S
heme in Fast FadingEnvironment
5.1 Introdu
tionFor syn
hronous transmission multiuser MIMO STBC systems, we proposed an adaptive beam-forming s
heme robust to fast fading in Chapter 4 and in[69℄. The s
heme adopts the simulta-neous transmission of data signal and pilot signal whi
h redu
es 
ontrol errors 
aused by delayof obtaining 
hannel state information (CSI). Data and pilot signals are en
oded using spa
e-time blo
k 
ode, while the implementation of adaptive array is 
onsidered at the base station toover
ome fast fading problem.All users in [69℄ are assumed to be syn
hronous transmission and separated in ea
h group.However, It is high possibility that one user (see Fig.5.1) from another group asyn
hronouslytransmit data with fo
used group and give the interferen
e signals to that group. In order toremove this interferen
e signal, solution must operate based on STBC pro
ess for syn
hronoustransmission in fo
used group. In the 
ase of syn
hronous transmission multiuser MIMO-STBC systems, signals from K users 
an be separated in the base station by using K-elementarray in prin
iple. In the 
ase of asyn
hronous transmission multiuser MIMO-STBC systems,on the other hand, the number of array elements must be in
reased depending on relationsamong blo
k transmission timing of the desired user and those of undesired users. This meansthat additional 
o-
hannel interferen
e (CCI) and inter-symbol interferen
e (ISI) must be takeninto a

ount for asyn
hronous system transmission multi-user MIMO STBC.In this 
hapter, we aim to give the appli
ation of the spatio-temporal equalization [42℄ insolving the effe
ts of both ISI and CCI for the Alamouti's STBC transmission systems. Theproblem of ISI and CCI is 
an
eled simultaneously by proposed tapped delay line adaptivearrays (TDLAA). As mentioned above, our s
heme is investigated in fast fading. In order tosuppress Doppler spread effe
t, the sequen
e of pilot and information data must be differentfrom one in frequen
y sele
tive fading [42℄. For this purpose, using intermittent pilot signals
ombining weights for data signal are determined with blo
k-by-blo
k signal pro
essing based45
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Figure 5.1: The overall image syn
hronous and asyn
hronous transmission systems.on RLS algorithms.5.2 De�nition of Asyn
hronous TransmissionInter-Symbol Interferen
e due to Asyn
hronous TransmissionAsyn
hronous transmission is explained in Fig.5.2. At the re
eption timing in the base stationwith �T = 0 between STBC blo
k for user 1 and that for user k, the system is �syn
hronous�.When 0 < �T < Tb(= 2Ts), the system be
omes �asyn
hronous�. In order to �nd the worstvalue of�T , we 
arried out a simulation on BER as a fun
tion of�T . In this simulation, raised-
osine �ltered signal with roll-off fa
tor of 0.5 is used and 
hannels know at the re
eivers.Fig.5.3 shows the results of BER in the 
ase of 2 users, 2 re
eive antennas and CNR=15 dBunder a quasi-stationary fading 
ondition. From Fig.5.3, it is obviously seen that 0 � �T � TsBER in
reases with in
reasing �T but later falling slowly and rea
hing zero when �T = 2Ts.Therefore, at �T = Tsor(Tb2 ) is the worst 
ase for asyn
hronous transmission. Hereafter weexamine only the worst 
ase.5.3 Con�guration and Signal ModelConventional and Proposed Transmission MethodIn this 
hapter, we 
onsider a 
ase where there are two transmit antennas in ea
h user andP re
eive antennas at the base station. The en
oded transmit signals for both syn
hronousand asyn
hronous users are shown in Table 5.1. Moreover Fig.5.4 shows transmitted signalsequen
e. Frame e 
ontains two pilot symbols with a period of Tb where Tb = 2Ts for weightdetermination and a number of data ( L = 1; 2 and 5 )with a period of LTb. At the base station,adaptive arrays with tapped delay line (TDL) is exploited.46
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Figure 5.3: BER of various asyn
hronous 
onditions in the 
ase of 2 users (K = 2), 2 re
eivers(P = 2) and CNR=15dB as a fun
tion of �TIn order to keep total power of transmission signal be P (k)s , we set< js(k)i j2 >=< js(k)i+1j2 >= 12P (k)s (5.1)where < : > denotes ensemble average. Table 5.1 is provided for en
oded data blo
k (i�1)2 ,where i = [1; 3; 5; :::℄. In the 
ase of desired user, signals s(k)i and s(k)i+1 are sent from antenna 1and 2 respe
tively for time t, while undesired user signals�(s(k)i+1)� and (s(k)i )� are sent. For thenext symbol time, time (t + Ts), antenna 1 transmits �(s(k)i+1)� and antenna 2 transmits (s(k)i )�for syn
hronous user and also in asyn
hronous user, antenna 1 transmits s(k)i+2 and antenna 2transmits s(k)i+3 where (:)� indi
ates the 
omplex 
onjugate. The 
on�guration of the re
eptionside is shown in Fig.5.5. A similar 
on�guration was given in [42℄ where sele
tive fadingenvironment is assumed in a syn
hronous system under nearly time-�at fading. With AdditiveWhite Gaussian Noise (AWGN) and other user signals, the re
eived signal ve
tor xxx is given by47



Table 5.1: The en
oding and transmission sequen
e for syn
hronous and asyn
hronous of userk by 
omparing the timing of user 1 (=desired user)syn
hronous asyn
hronoustime antenna1 antenna2 antenna1 antenna2t s(k)i s(k)i+1 �(s(k)i+1)� (s(k)i )�t+ Ts �(s(k)i+1)� (s(k)i )� s(k)i+2 s(k)i+3�� � ��� ��
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Figure 5.4: Tx signal sequen
e and weight determination pro
ess
xxx(i) = KXk=1[HHH(k)(i)sss(k)1 (i)℄ + nnn(i)� [x11(i) : : : xP1(i)℄T (5.2)xxx(i+ 1) = PKk=1[HHH(k)(i+ 1)sss(k)2 (i)℄ +nnn(i+ 1) (5.3)where (:)T indi
ates ve
tor transpose and K is total number of users in the system, HHH(k) is[P � 2℄ 
hannel matrix for user k, sss(k)1 and sss(k)2 are [2�1℄ en
oding signal ve
tor for user k attime t and t + Ts respe
tively and nnn represents [P�1℄ noise signal ve
tor.We 
an rewrite signals in Eqs. (5.2) and (5.3) in the p re
eive antenna, where Q is totalnumber of taps in ea
h tapped delay line, as followsyyyp(i) = � xp1(i) x�p1(i+ 1) : : : xp1(i� (Q� 1)) x�p1(i� (Q� 2))℄T �T (5.4)Finally, the re
eption signal ve
tor 
an be shown asyyy(i) = � (yyy1(i))T (yyy2(i))T : : : (yyyP (i))T �T (5.5)48
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Figure 5.5: MIMO STBC for asyn
hronousmulti-user Adaptive Array for weight determinationThe weight ve
tor www(k)1 and www(k)2 in Fig.5.5 for tapped delay line 
an be expressed in thefollowing equations (see also Fig.5.6) assuming that the 1st (k = 1) user is the desired user.www(1)1 = h (vvv(1)1 )T (vvv(1)2 )T : : : (vvv(1)P )T iT (5.6)www(1)2 = h (uuu(1)1 )T (uuu(1)2 )T : : : (uuu(1)P )T iT (5.7)where vvv(1)p = h v(1)p1;1 v(1)p2;1 : : : v(1)p1;Q v(1)p2;Q iT (5.8)uuu(1)p = h u(1)p1;1 u(1)p2;1 : : : u(1)p1;Q u(1)p2;Q iT (5.9)49



The re
eived signals for user 1, ~s(1)i and ~s(1)i+1, are given by~s(1)i = (www(1)1 )Hyyy(i) (5.10)~s(1)i+1 = (www(1)2 )Hyyy(i) (5.11)The weight ve
tors,www(1)1 andwww(1)2 are renewed every (L+1)Tb period by using intermittently-inserted pilot blo
k signals (see Fig.5.4). Sin
e re
eived signal ve
tor yyy(a) where a = (e �1)(L + 1) + 1 in
ludes pilot signal blo
ks intermittently, the weight is 
al
ulated only duringthe period. Therefore, the re
eption signal ve
tor yyy(a) and [2QP � 1℄ weight ve
tor www(1)1 arethen 
ombined to produ
e estimated pilot outputs ~r(1)a1 and ~r(1)a2 . They are given by~r(1)a1 = (www(1)1 )H(a)yyy(a) (5.12)~r(1)a2 = (www(1)2 )H(a)yyy(a) (5.13)where (:)H is the 
omplex 
onjugate transpose. This is 
onsidered to be type of r(1)a1 , r(1)a2 be
ause~r(1)a1 and ~r(1)a2 are already de�ned as estimated pilot outputs.www(1)1opt(a) = argmin < jr(1)a1 � (www(1)1 )H(a)yyy(a)j2 > (5.14)The optimal weightwww(k)1opt(i) is time-variant and referred to optimumWiener solution.www(1)1 (a) = RRR�11 (a)bbb(1)1 (a) (5.15)RRR1(a) = 
RRR1(a� 1) + yyy(a)yyyH(a) (5.16)bbb(1)1 (a) = 
bbb(1)1 (a� 1) + (r(1)a1 )�yyy(a) (5.17)where RRR1 is usually referred to as the 
orrelation matrix. In this 
hapter, we adopt Re
ursiveLeast Squares (RLS) algorithm to obtain weight ve
tor www(1)1 . The forgetting fa
tor 0 < 
 < 1is a parameter of the RLS algorithm, and intends to follow temporal variation of Channel StateInformation (CSI). The weight ve
tor www(1)2 
an also be obtained for estimating ~r(1)i2 by doingsimilarly as in Equations (5.15)-(5.17), and is given bywww(1)2opt(a) = argmin < jr(1)a2 � (www(1)2 )H(a)yyy(a)j2 > (5.18)The time varying 
hannel 
hara
teristi
 HHH(k)(i) for data blo
k(i), user k 
an be written inmatrix form as HHH(k)(i) = 264 h(k)1;1(i) h(k)1;2(i)... ...h(k)P;1(i) h(k)P;2(i) 375 (5.19)50
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Figure 5.6: A �nite impulse response (FIR) without 
ontrolling weightsThe average 
hannel power gain is set to 1 as follows< jh(k)11 j2 >=< jh(k)12 j2 >= : : : =< jh(k)P2j2 >= 1 (5.20)Data signal power P (k)s and pilot signal power P (k)r are equally allo
ated in this 
hapter.Noise signals shown in Eqs. (5.2) and (5.3) 
an be explained in average power gain as followsPn =< jn11j2 >=< jn12j2 >= : : : =< jnP2j2 > (5.21)The ratio of noise power Pn and total power P (k)t intends to show input CNR(k) 
al
ulationfor the system as follows: CNR(k) = P (k)tPn (5.22)5.4 Simulation and ResultsIn our simulation, we generate i.i.d. Rayleigh fading 
hannel having Jakes-type power spe
trum[45℄ based on Eq.(5.2). Simulation 
onditions are summarized in Table 5.2.CNR(k) is set to be equal to all users k in this 
hapter therefore it 
an be easily rewrittenin CNR.By adopting RLS algorithm with forgetting fa
tor 
 of 0.95, the effe
tive number ofiterations, m, is estimated to be 15. Figure 5.7-5.12 shows BER of 2 users (K = 2) as afun
tion of CNR in different 3 
ases, namely, Case 1 is syn
hronous transmission between thetwo users, Case 2 is asyn
hronous transmission and re
eption without TDLs, and Case 3 is thesame as 
ase 2 but with TDLs(Q=2). It is obviously seen that the BER performan
e a

ordinglyimproves with in
reasing CNR fairly up to CNR=20 dB while it be
omes saturation probablydue to effe
t of irredu
ible CCI. The asyn
hronous transmission (Case2) gives larger BER thansyn
hronous transmission (Case1). However, it 
an be solved by adding tapped delay line atthe re
eiver side.A

ording to the result (CNR=30dB and �0 = 5� 10�4) the tapped delay line system (Case3) 
an redu
e BER from 2� 10�2 to 4� 10�3 and BER is rather similar to syn
hronous system51
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Figure 5.7: BER of the proposed asyn
hronousMIMO STBC AA s
heme in fast fading 
hannelK = 2 (2users), 2 re
eivers (P = 2) with �0 = 5� 10�4(v = 30m=s)
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Figure 5.8: BER of the proposed asyn
hronousMIMO STBC AA s
heme in fast fading 
hannelK = 2 (2users), 2 re
eivers (P = 2) with �0 = 1� 10�3(v = 60m=s)52
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Figure 5.9: BER of the proposed asyn
hronousMIMO STBC AA s
heme in fast fading 
hannelK = 2 (2users),3 re
eivers (P = 3) with �0 = 5� 10�4(v = 30m=s)
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Figure 5.10: BER of the proposed asyn
hronous MIMO STBC AA s
heme in fast fading 
han-nel K = 2 (2users),3 re
eivers (P = 3) with �0 = 1� 10�3(v = 60m=s)53
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Figure 5.11: BER of the proposed asyn
hronous MIMO STBC AA s
heme in fast fading 
han-nel K = 2 (2users),4 re
eivers (P = 4) with �0 = 5� 10�4(v = 30m=s)
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Figure 5.12: BER of the proposed asyn
hronous MIMO STBC AA s
heme in fast fading 
han-nel K = 2 (2users), 4 re
eivers (P = 4) with �0 = 1� 10�3(v = 60m=s)54



Table 5.2: Simulation ConditionsCarrier to Noise Ratio (CNR) 0-30dBModulation BPSK�0:fDTs 10�4-10�2Forgetting Fa
tor 0.95Number of Total UsersK 2, 3Data blo
k length L 1,2,5Number of Taps Q 1,2,3Number of BS antennas P 2-4for P = 2 (Fig.5.7). While for P = 3 (Fig.5.9), BER from 6 � 10�4 to 2 � 10�5 and P = 4(Fig.5.11), it 
an suppress BER undete
table level. For the result of �0 = 1� 10�3 with P = 2,P = 3 and P = 4, 
an redu
e BER from 3� 10�1 to 1� 10�2 with referen
e to Fig.5.8, from6� 10�3 to 1� 10�3 with referen
e to Fig.5.10 and from 6� 10�3 to 3� 10�5 with referen
eto Fig.5.12. As seen from these results, higher velo
ity 
onditions give more bit error rate thanlower speed 
onditions. This 
aused by high doppler spread at high speed.Figure 5.13 shows results of transmitting method when setting data blo
k length L = 1; 2; 5(see Fig.5.4) as a fun
tion of �0 It is 
learly seen that at BER around 5 � 10�5 s
heme withL = 1 
an extend appli
able vehi
ular speed two and ten times higher than that for L = 2 and5. A

ording to this result, the proposed method with L = 1 enhan
es robustness to fast fadingalthough data rate be
omes half. A

ordingly we adoptedL = 1with �0 = 5�10�4(v = 30m/s)for Fig.5.7),5.9,5.11 and (e) and with �0 = 10�3(v = 60m/s) for Fig.5.8,5.10 and 5.12Figure 5.14-5.16 shows BER performan
e versus CNR when varying Q from 1 to 3 indifferent velo
ity (v = 30; 60 and 90m/s �0 = 5� 10�4; �0 = 10�3 and �0 = 1:5� 10�3). Q isthe number of delay taps (see Fig.5.5). We 
an see from the results that the 
ase of Q = 3 givesnearly the same BER performan
e as that of Q = 2 and the velo
ity 
hanging does not effe
t tothese relations. A

ordingly the proposed s
heme with number of tapped delay with Q = 2 iseffe
tive for the system.Next we evaluated BER performan
e of the s
heme for three-user 
ase (K = 3). In Fig.5.17,Case 2 is two asyn
hronous users (Ka = 2) and is re
eived without TDLs(Q=1), while Case 3is those with TDLs(Q=2). Case 1 is three syn
hronous users for the referen
e of 
omparison.Also in Fig.5.18, Case 2 is one asyn
hronous user (Ka = 1) and is re
eived without TDLs(Q=1),while Case 3 is those with TDLs(Q=2). Case 1 is the same as that in Fig.5.17.In both �gures, thenumber of re
eiving antenna is 4 (P = 4), and other parameter values are given in the �gures.In the 
ase of two asyn
hronous users, sin
e ea
h user transmits two CCI signals, re
eivingstation has to 
an
el four CCI signals in total. Therefore Case 2 of Fig.5.17 with P = 4 isapparently beyond the degree of freedom of the array for 
an
ellation. For Case 3, with the helpof equalization by TDL this limitation is redu
ed. However, 
onsiderable degradation for Case3 
an be observed 
ompared with Case 1. On the other hand, in the 
ase of one asyn
hronoususer, TDL 
an redu
e CCI in Case 2 and give BER nearly the same as in Case 1 (see Fig.5.18).This means two CCI signals 
an be de
reased by adding one tapped delay line.In the next simulation, we explore performan
e of the proposed s
heme in a multi-re
eiving55



���� ���� ������������������������������	


 �
�
���������� ���������

Figure 5.13: BER of the s
heme with L = 1; 2 and 5 in the 
ase of 3 users(K = 3), 4re
eivers(P = 4) and CNR=20dB
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Figure 5.14: BER of the proposed in fast fading with 2 users (K = 2) 3 re
eivers (P = 3)�0 = 5� 10�4(v = 30m=s) 56
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Figure 5.15: BER of the proposed in fast fading with 2 users (K = 2) 3 re
eivers (P = 3)�0 = 1� 10�3(v = 60m=s)
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Figure 5.16: BER of the proposed in fast fading with 2 users (K = 2) 3 re
eivers (P = 3)�0 = 1:5� 10�3(v = 90m=s) 57
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Figure 5.17: BER 
hara
teristi
 for 3 users (K = 3) with �0 = 5� 10�4(v = 30m=s)
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Figure 5.18: BER 
hara
teristi
 for 3 users (K = 3) with �0 = 5� 10�4(v = 30m=s)58
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Figure 5.19: BER 
hara
teristi
 for 3 and 4 users in the fun
tion of re
eiving antenna numbersantenna. The purpose of the simulation is to see how mu
h TDL 
an suppress 
o-
hannelinterferen
e, or equivalently how many total users and asyn
hronous users with and withoutTDLs 
an be a

ommodated. In Fig.5.19, BER of the proposed s
heme is illustrated for threeand four users (K = 3 and 4) with re
eiving antennas varying from four to eight (P = 4� 8).Case 2 is system with one and two asyn
hronous users while Case 3 is those with TDLs(Q=2).It is immediately realized from the �gure that as the number of users in
reases, the performan
ein 
ase 3 is higher. Moreover, in the 
ase of four users, two asyn
hronous users (K = 4,Ka = 2) with TDLs(Q=2) give BER performan
e nearly the same as in the 
ase of three users,two asyn
hronous users (K = 3, Ka = 2) without TDLs. On the other 
ase, four users, oneasyn
hronous user (K = 4, Ka = 1) with TDLs(Q=2) also 
an suppress CCI as good as in the
ase of three users, one asyn
hronous user (K = 3, Ka = 1) without TDLs.We 
an see from the results that BER in
reases a

ording to the total number of usersand asyn
hronous users in the system but gradually redu
e with bigger CNR and number ofre
eivers. This is due to the fa
t that sin
e undesired and asyn
hronous users are treated as
o-
hannel interferen
es. CCI 
an
ellation 
an be provided by adding TDLs into system. Asfor estimation of user a

ommodation 
apability, a general formula as a fun
tion of K, Ka andP must be developed, but it is left as a future study.5.5 Con
lusionIn this 
hapter we have proposed and evaluated asyn
hronous transmission MIMO spa
e-timeblo
k 
oding adaptive array with tapped delay line in fast fading 
hannels. The s
heme, whi
huses intermittent pilot signals and 
ombining weight for data signal blo
k-by-blo
k, 
an effe
-59



tively suppress the signal degradation due to CCI and Doppler spread effe
t signi�
antly. Inorder to identify the basi
 performan
e of proposed s
heme, we 
arried out the 
omputer sim-ulation for BPSK transmission system. It was also shown that the preferable number of tappeddelay line is 2 for asyn
hronous transmission. Moreover, by adopting alternate transmissionof pilot signal and information signal with L = 1 
an a
hieve BER of smaller than 10�4 atfDTs = 10�3 in an asyn
hronous transmission 
ase. Further study on performan
e evaluationfor both syn
hronous and asyn
hronous transmission multi-user systems must be ne
essary fordouble-sele
tive multipath 
onditions, namely, time-sele
tive and frequen
y-sele
tive fading
onditions
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Chapter 6Con
lusion and Future WorkThis 
hapter summarizes the results of this work and des
ribes open topi
s for the future re-sear
h. Finally, 
on
lusion of the work is in
luded.6.1 Con
lusionsIn this work, small s
ale fading and its model were reviewed in Chapter 2. Chapter 3 des
ribedoverview of MIMO and dis
ussed spa
e time blo
k 
oding. Performan
e of Syn
hronous multi-user MIMO STBC AA was analyzed using theoreti
al method in Chapter 4. Finally, MIMOSTBC AA for asyn
hronous transmission over fast fading was presented in Chapter 5.A

ording to the numeri
al and simulation results shown in this work, the following 
on-
luding remarks are obtainedPerforman
e of Syn
hronous Multi-user transmission s
heme1. Detailed mathemati
al models for performan
e analysis of multi-user syn
hronous trans-mission s
heme was su

essfully developed. The models give exa
t expressions for pro-posed s
heme, power ef�
ien
y, performan
e 
omparison between proposed s
heme and
onventional s
heme and optimum number users. The developed model is simple and 
anbe applied for transmission system and enhan
es robustness to fast fading 
hannels2. It was shown that in the 
ase of up to 3 users, the system performan
e improves within
reasing CNR but gradually redu
es a

ording to velo
ity in
rease. It is due to 
o-
hannel interferen
e o

urred by undesired users leading to redu
e system performan
e.Sin
e the re
eive array employs N(= 4) antenna elements, it 
an support N � 1(= 3)users. When the number ex
eeds 3, interferen
es 
an not be 
an
eled, thus 
ausing thesigni�
ant performan
e degradation.3. Our method does not utilze CSI dire
tly, but using weight determination by in
reasingCNR and vehi
ular speed. Therefore, proposed s
heme is ex
ellent and outstanding for
hannel estimation in fast fading environment.61



4. Proposed s
heme has a half rate of the input data rate but it 
an be improved by adoptinghigher-rate modulation s
heme during data transmission period by utilizing the higherpower transmission ef�
ien
y.Performan
e of Asyn
hronous Multi-user transmission s
heme1. we evaluated asyn
hronous transmission MIMO spa
e-time blo
k 
oding adaptive arraywith tapped delay line in fast fading 
hannels. The s
heme, whi
h uses intermittent pilotsignals and 
ombining weight for data signal blo
k-by-blo
k, 
an effe
tively suppress thesignal degradation due to CCI and Doppler spread effe
t signi�
antly.2. Sin
e undesired and asyn
hronous users are treated as 
o-
hannel interferen
es. CCI
an
ellation 
an be provided by adding TDLs into system. One asyn
hronous user hastwo CCI signals whi
h 
an be de
reased by adding one tapped delay line (Q = 2).3. By adopting alternate transmission of pilot signal and information signal with one ofdata blo
k length (L = 1) 
an a
hieve BER of smaller than 10�4 at fDTs = 10�3 in anasyn
hronous transmission 
ase.6.2 Future WorkReferring to the above 
on
lusions, there are several areas of this work whi
h 
ould be extendedfor future resear
h.1. As for estimation of user a

ommodation 
apability, a general formula as a fun
tion ofK, Ka and P must be developed2. Performan
e evaluation for both syn
hronous and asyn
hronous transmission multi-usersystemsmust be ne
essary for double-sele
tivemultipath 
onditions, namely, time-sele
tiveand frequen
y-sele
tive fading 
onditions3. In this thesis, s
heme with two transmit antennas have been proposed. However, trans-mitting with more than two antennas is left for an interesting future study.4. The s
heme with modulated by higher rate modulation (QPSK,16QAM) and in
ludedwith pilot is also an interesting s
heme.
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Appendix ADerivation ofwww1 andwww2In order to derive weight ve
tors, we assume single user with two re
eivers as shown in Fig.A.1.After additive white gaussian noise, the signals from transmitted antennas in the 1st and 2ndre
eive antenna are given by (referen
ed from Eq.4.6 and 4.7)x11(i) = rih11 + sih12 + n11 (A.1)x�12(i) = �sih�11 + rih�12 + n�12 (A.2)x21(i) = rih21 + sih22 + n21 (A.3)x�22(i) = �sih�21 + r�i h22 + n�22 (A.4)Re
eive signals from Eq.A.1,A.2,A.3 and A.4 are then sent through two weight ve
tors asshown in Fig.A.1 and the operation 
an be shown asx11(i)h�11 = rih11h�11 + sih12h�11 + n11h�11 (A.5)x�12(i)h12 = �sih�11h12 + rih�12h12 + n�12h12 (A.6)x21(i)h�21 = rih21h�21 + sih22h�21 + n21h�21 (A.7)x�22(i)h22 = �sih�21h22 + rih�22h22 + n�22h22 (A.8)We 
ombine Eq.A.5,A.6,A.7 and A.8 to obtain ~ri as following equation.~ri = x11(i)h�11 + x�12(i)h12 + x21(i)h�21 + x�22(i)h22= rih11h�11 + rih�12h12 + rih21h�21 + rih�22h22 + n11h�11 + n�12h12 + n21h�21 + n�22h22= (h211 + h212 + h221 + h222)ri + n11h�11 + n�12h12 + n21h�21 + n�22h22 (A.9)63
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Figure A.1: Adaptive beamforming 
on�guration for single userIn similar idea, obtaining ~si as following equations.x11(i)h�12 = rih11h�12 + sih12h�12 + n11h�12 (A.10)�h11x�12(i) = h11sih�11 � h11rih�12 � h11n�12 (A.11)x21(i)h�22 = rih21h�22 + sih22h�22 + n21h�22 (A.12)�h21x�22(i) = h21sih�21 � h21rih�22 � h21n�22 (A.13)Finally, we get ~si as the output signal.~si =11 (i)h�12 � h11x�12(i) + x21(i)h�22 � h21x�22(i)= sih12h�12 + h11sih�11 + sih22h�22 + h21sih�21 + n11h�12 � h11n�12 + n21h�22 � h21n�22= (h211 + h212 + h221 + h222)si + n11h�12 � h11n�12 + n21h�22 � h21n�22 (A.14)64



Considering weight ve
torswww1 andwww2, we see the relation between both.www1 = � h�11 h12 h�21 h22 �T (A.15)www2 = � h�12 �h11 h�22 �h21 �T (A.16)We 
an 
on
lude and remark their relations as follow.www1 = � w11 w12 w21 w22 �T (A.17)www2 = � w�12 �w�11 w�22 �w�21 �T (A.18)Eq.A.17 and A.18 be
ome the pattern of weight ve
tors.
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