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ABSTRACT

This thesis investigates the simulation performance of muitiplet multiple-
output (MIMO) systems utilizing Alamouti-based space-time blockrap{f6 TBC) tech-
nique. The MIMO communication systems using STBC technique employingibeth
gle-carrier modulation and orthogonal frequency division multiplei@igDM) are
simulated in Matlab. The physical layer part of the IEEE 802.te¢alard is used in con-
structing the simulated OFDM schemes. Stanford UniversityitmgSUI) channel mod-
els are selected for the wireless channel in the simulatamegs. The performance re-
sults of the simulated MIMO systems are compared to thosene€ational single an-

tenna systems.
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EXECUTIVE SUMMARY

Future military and commercial wireless communication systmmsequired to
provide higher data rates and reliable communication. Two major chedl@amgystem
design are the limited spectrum and the fading caused by multipattocentg in the
wireless channel. To obtain higher data rates, larger bandwidthsoaieed. To keep the
same reliability under severe channel conditions, a higher traedmiwer level is nec-
essary. The emerging multiple-input multiple-output (MIMO) commuiaoaechnolo-
gies have the potential to improve the performance without inogetiee bandwidth or
the transmitted power. MIMO systems exploit spatial divetsitgmploying multiple
antennas at either side of the communication link. MIMO systemgsaniérobustness to

future military communication systems under battlefield conditions.

Due to its robustness under frequency selective channels, orthogonaiicyg
division multiplexing (OFDM) has been adopted in several wirelessmunication stan-
dards, such as the IEEE 802.11a local area network (LAN) standatiearitEE

802.16a metropolitan area network (MAN) standard.

The combination of OFDM and MIMO technologies is a potential carelidat
future wireless systems. When the spatial diversity gainigedwby a MIMO system is
added to robustness to fading provided by the OFDM systems, the perferofidhe
resulting system is significantly enhanced compared to the coomahsingle antenna

and single-carrier systems.

The main objective of this thesis was to investigate MIMM@® IIMO-OFDM
systems. The space coding techniques and the decoding algorithms stthigthesis
are based on the widely accepted Alamouti scheme. The Alamoutieebtesoriginally
proposed for flat fading channels. The extended scheme, spaceditkebtling
(STBC), has been developed for frequency-selective, multipath deafihe STBC
technique is investigated for systems employing both singleecamd OFDM modula-
tion. Systems with two transmit antennas and a single recemeranare the most inves-
tigated schemes utilizing the Alamouti and the STBC MIMO teqlmni By extending the
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existing results for this case, in this thesis, we develtpedput-output relations and
decoding equations for the other possible antenna combinations, suehtememitting

and two receiving antennas, and two transmitting and two receintegnas.

The widely used Stanford University Interim (SUI) channel modeleselected
to represent the wireless channel. The use of multiple antennak ahstof a commu-
nication system results in multiple channels between the transemtildghe receiver. The
multiple channels of MIMO systems are constructed using the Sdhehmodels. In
practice, the spacing between antennas and the environment effegesdf arrival and
angle of departure of the electromagnetic waves) may causation between these
multiple channels. We investigated the spatial correlati@tesffon both frequency-flat

and frequency-selective MIMO channels.

The MIMO systems with single-carrier and OFDM modulatiomeasgmulated in
Matlab. Simulation results are presented in the form of theriut rate (BER) curves. A

performance comparison among the various MIMO systems is reported.

The most significant result of the simulations was that thesysemploying
higher number of antennas at either side of the communication lifdenped better than
the ones with fewer antennas. In the work reported here, thpdrs&siming system was
the MIMO-OFDM system with two transmitting and two receivimgeanas. In a simula-
tion using the SUI-2 channel model, at a BER0Of, MIMO-OFDM performed 12 dB
better than the conventional single antenna system employing simgés-nzodulation;

the total transmitted power was kept at the same level inseheme.
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INTRODUCTION

One of the biggest challenges in wireless communication is tatega a time-
varying multipath fading environment under limited power constraints. The dihe
lenge is the limited availability of the frequency spectrum. FEutemmercial and mili-
tary wireless systems will be required to support higher data with reliable communi-
cation under spectrum limitations and multipath fading environmentgalilcommuni-
cation systems must maintain reliable communication under the conditibostié
jamming and other interference without increasing emitted powwqairing larger
bandwidth.

In order to improve the reliability without increasing the esditbower, time, fre-
guency or space diversity could be exploited. In time diversigyrdéceived signal is
sampled at a higher rate, thus providing more than one samplensanittad symbol. In
frequency diversity, the same information is sent over a nuoflearriers [1]. Both di-
versity techniques require larger bandwidth. To exploit space diyerse same infor-
mation is transmitted or received through multiple antennas. Employultiple anten-
nas at the receiver and/or the transmitter improves the qoahbtyvireless communica-
tion link without increasing the transmitted power or bandwidth [2]. Thexefbe design
and implementation of multiple-input multiple-output (MIMO) commurn@asystems

is an attractive research area.

Orthogonal frequency division multiplexing (OFDM) is a widelgdisnethod in
wireless communication systems. Due to its effectivenesaiitipath channel condi-
tions, OFDM has been adopted by several wireless communicatnatasda, such as the
IEEE 802.11a local area network (LAN) standard and the IEEE 802.16a miamopol
area network (MAN) standard. The combination of OFDM and MIMO syspersents
better solutions by adding more diversity gain to the conventionBMD$ystems em-
ploying a single antenna at both the receiver and the transmjtt&éhfBrobustness to
fading provided by OFDM is enhanced by the spatial diversity of ®lystems, and
the resulting performance of MIMO-OFDM systems is signifilyaimproved.



A. OBJECTIVE AND METHODOLOGY

The main objective of this thesis was to investigate MIMM@® IIMO-OFDM
systems and compare their performance to the conventional amglea systems. The
first step to achieve this goal was to study the fundamesftd$MO systems by inves-
tigating their performance in a communication system. Inthi@sis, the published tech-
niques for the systems with single-carrier modulation and wib I were investigated.
Several communication systems with various numbers of antennamgtioth single-
carrier modulation and OFDM were developed in Matlab. The developtohs/sere
simulated using the widely used Stanford University Interiml($hnnel models.
B. RELATED RESEARCH

Due to their efficiency in providing an improved performanceeut increasing
the bandwidth or the emitted power, MIMO systems are the subjeonsiderable re-
search effort. Probably the most attractive scheme frorstémel point of implementation
and performance is the Alamouti’'s transmit diversity schethbdsed on maximal ratio
combining (MRC) [5]. Numerous studies have been performed to investigaierform-
ance and led to the development of several variations [6, 7]. ikensowvas originally
developed for flat fading channels. Subsequently, it has been extended tadyesgre
lective channel cases [8, 9] and renamed as “the space-time block (®8B1Q) tech-
nique”. Later, the extended scheme has been selected to behtparEEE 802.16a
standard [10].

Channel modeling is another research area in MIMO systemsEB&802.16
Broadband Wireless Access Working Group proposed SUI channel modgystiem
simulation [11]. The presented channel models have been widely usedhypyesearch
studies.

C. ORGANIZATION OF THE THESIS

This thesis is organized into six chapters. Chapter Il introdheggsput-output
relations in MIMO systems and Alamouti’s transmit diversitheme designed for flat
fading channels. Chapter Il introduces the SUI channel models. The elateirMIMO

channels based on SUI modeling and their extension to correlated khiels are

2



also discussed. Chapter IV introduces the STBC scheme thdiaikesngle-carrier
modulation and OFDM. Chapter V presents the simulation results obthmunication
systems developed in Matlab. Chapter VI provides a summary wfatke the conclu-

sions and suggestions for future studies.

Appendix A lists the SUI channel parameters. Appendix B providesglana-

tion of the Matlab simulation.
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.  MIMO SYSTEMS AND ALAMOUTI SCHEME

The goal of this chapter is to introduce a widely used space ctatihgique
called the Alamouti scheme. An overview of the input-output relabdbMIMO systems
is presented to describe the space coding algorithm at the ittensmnd the decoding
process at the receiver in the Alamouti scheme.

A. MULTIPLE-INPUT MULTIPLE-OUTPUT (MIMO) SYSTEMS

In order to develop the input-output relations of single-input multiplptdut
(SIMO), multiple-input single-output (MISO) and MIMO systems, single-input sin-
gle-output (SISO) system is described first.

1. Single-Input Single-Output (SISO) Systems

The schematic diagram of a SISO system is shown in FigUieeltime-variant

channel impulse response from the transmitter to the receivenrdsadeash(r,t) where

it represents the response at time&ith an impulse applied at tinte- 7, which indicates
that in a general setup, the system is time-varying. The oyptit relation for a SISO

system is given by
r(t)= jor“"d h(r,t)x(t=7)d7r =h(z,t) Ox(t) (2.1)
where x(t) is the transmitted signal andt) denotes the received signal at timéThe

upper limit of the integral,,, is the duration of the impulse response. The opeta

denotes the convolution operation [2].

Transmittel j E Receiver

Figure 1. Schematic of a SISO System (After Ref. 2.)




2. Single-Input Multiple-Output (SIMO) Systems

A SIMO system has a single transmit antenna and multile) {eceive anten-

nas. Figure 2 illustrates the schematic of a SIMO system.

B (0

O
O
X (t) o _
Transmitter o o Recelver
O

hMr (T,t er (t)

Figure 2. Schematic of a SIMO system (After Ref. 2.)

The channel$y (7,t), i =1,2,.. M, represent the impulse responses from the

single transmit antenna to ti, receive antennas. The received signals at thectgp

receive antennas are given by
r(t) = h(7,1) Ox(t)
r,(t) =h,(z,t) Ox(t)
ry, (t)= hh.ﬂr (7,t) Ox(t).

Representing the signals at the receiver antemnasector form, we have the received

(2.2)

signal vector

r(t) =[rl(t) rz(t) Ty, (t)T' (2.3)

Similarly, the channel vector is given by

h(t)=[h(t) h(t) — h, )] (2.4)
Therefore, we can express the input-output relaligmof a SIMO system as
r(t) =h(r,t) *x(t) (2.5)

where the operatokx denotes the element-by-element convolution.



3. Multiple-Input Single-Output (MISO) Systems

Figure 3 depicts a simple MISO system with multigié, { transmit antennas and

a single receive antenna. Input-output relationship of a MISO systetreadeveloped

on the lines of a SIMO system as discussed above. The muléipsartitted signals

x (r,t), j=1,2,.. M,, are convolved with the channel impulse responses
h(z,t), j=1,2,.. M,. The receiving antenna receives a superposititheomultian-

tenna transmissions through the channels [12]. Altegly, the received signal can be

expressed as

r(t) =x(t) Oh(z.t) + x,(t) Ohy(7,t) +...+x, (t)Oh, (7.t) . (2.6)
Using the vector notation for the received sigmplagion (2.6), we can write the input-

output relation for a MISO system as

r(t) =h(z,t)xx(t) (2.7)
Wherex(t):[xl(t) %(t) - Xy (t)]T is the transmission vector, and the channel

vector is denoted als(t) =[ h (t) hy(t) - h, (t)].

hlrt

©)
Transmittef i / Receiver

Mt

Figure 3. Schematic of a MISO System (After Ref. 2.)

4, Multiple-Input Multiple-Output (MIMO) Systems

After discussing the input-output relations for 8I&0 and the MISO systems,
we now proceed to develop the MIMO system relatidgnsimple MIMO system is illus-
trated in Figure 4. The received signal at the feseive antenna is expressed by



r(t) = x(t) Oh,(7.t) +...+ %, (t)Chy, (7.t) . (2.8)
This is analogous to the MISO system input-outplgtion. The received signal at the

M, -th receive antenna is given by

fy (1) =% (t) Oy L (7.t) +...+ %, () Ohy 0 (701) (2.9)
The general input-output relation for a MIMO systenmatrix-vector notation is given
by

r(t)=H (z,t)*x (t) (2.10)
Wherex(t):[xl(t) %(t) - Xy (t)]T is the M, x1 transmission vector,
r(t)=[rn(t) () - n, (t)]T is the M, x1 receive vector, andl (7,t) is the

M, xM, channel matrix given by

| hl.,l(z-!t) hz,z(r’t) h1M1 (Z',t) ]

H(Z’,t): hz,l(.z-’t) hz,zsr’t) th‘:(T’t) . (2.11)

hy (7.0 B, L@0) . hM,,M:(r,t)_

Receiver

Transmitter E ;

Figure 4. Schematlc of a MIMO System (After Ref. 2.)

B. ALAMOUTI SCHEME

The Alamouti transmit diversity technique was pregubin 1998 [4]. The tech-
nique is generally referred to as the Alamouti sobén the literature. Alamouti scheme
is one of the first space coding schemes develtgatie MIMO systems. Since the
scheme has a simple transmit coding technique aid@e decoding implementation, it

gained considerable interest.



The Alamouti scheme was developed for systems under flat fading cosdliti
i.e., over frequency independent channels. Therefore, while discussiagheme, the
indices of delayr and timet of the channels are dropped. The channels are denoted as
h,i=1,2, representing single-tap impulse responses. Prior to developindgtine i
scheme, we first need to present the input-output relations 8ikh®© system using a
maximal ratio combining scheme.

1. Maximal Ratio Combining (MRC) Scheme for 1x2 Systems

Maximal ratio combining (MRC) scheme is developed for theegysthaving
multiple receive antennas, i.e., multiple channels. The schemeets tiashe assumption
that the receiver has perfect channel knowledge. The transmitbechation is estimated
by processing the channel state information (CSI) and the eecsignals [5]. The chan-
nel information may be obtained by inserting known pilot symbols. &tever esti-

mates the channel information by interpolating the samples of teiwedqilot symbols
[4].

Figure 5 illustrates a 1x2 system employing MRC. The impulg®nse of the
channel from the transmit antenna to the receive antenna 1 is dendtedr/to the
receive antenna 2 is denoted iy Assuming that the channels have flat fading, received
signals with additive noise are expressed by

r.1 =hlsl-'-nl
r.2 = h251+n2

(2.12)
wheres is the transmitted information symbol andand n, denote the complex noise
components. The MRC uses the CSI and the received sigraaislr, to compute the
estimated value o§ . The MRC obtains an estimate glsing the relation [4]

§ =hTr+hr,. (2.13)
The combining scheme compensates for the phase shift in the chammakiplying the
received signal with the complex-conjugate of the corresponding cHahreubstitut-
ing (2.12) into (2.13), we can rewrite the estimatg afs

§ = (InJ" +[nf") s, + iy + b, (2.19)

9



The constructed complex val@e is the maximum likelihood estimate of the transmitted

symbol [4]. The estimate of the transmitted symbol is maijyendent upon the magni-

tudes of the channelg andh,, i.e., MRC is resistant to phase changes of the channels.

|
N7\

2 Maximal Ratio
\ Combining
P

Channel
State
Information

Figure 5. Maximal Ratio Combining for a 1x2 System (After Ref. 4.)

2. Alamouti Scheme for 2x1 Systems
The Alamouti scheme for a system with two transmit anteands single re-

ceive antenna is shown in Figure 6. Two consecutive syn®alsd s, are transmitted
simultaneously during the first symbol period (at tim.During the next symbol pe-
riod (attime =t + T), —s) and s’ are transmitted from antenna 1 and 2, respectively,

where the asteriskl indicates complex conjugation. The transmission sequence is shown
in Table 1.

v/ v

0 0 h
55755 = >
h21
$S;S, S | . b g & & &
45352 5y Alamouti \ 2/ hl2 \ 2/ Alamouti SR
encoder decoder
> r, r
—\— h22 4 2 [
d d
S 88 S,
Channel
State
Information

Figure 6. Alamouti Scheme for a 2x2 System (After Ref. 4.)
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_ Transmit An- | Transmit An-
Time
tenna-1 tenna-2
t s S
+T _SZD §D
Table 1. Transmission Sequence of the Alamouti Scheme

The received signal at tintiewhich is the superposition of the two incoming sig-

nals, can be expressed by
r=r(t)=hs+hs,+n, (2.15)
wheren, is the additive complex noise component. Assuming that the chanoeksisuct
across two consecutive symbol periods, we can express the cesiginal at timé+T as
r,=r(t+T)=hs/-hs,+n, (2.16)

wheren, is the additive complex noise component.

Two consecutive received signals and the CSI are employed Alatheuti de-

coder. The estimates of the transmitted symbols are computed by [4]
§=ht+hy,

(2.17)
§2 = hzmrl_ hlrzm-

Substituting (2.15) and (2.16) into (2.17), we cawnrite the decoder equations as
5 =(lnf +|nf) s+ hin+h
5, = ([ +[hf') s, + - hp

This outcome shows that the Alamouti decoder cosgiers the phase changes of the

(2.18)

channel in a manner similar to that in the MRC sobe
3. Alamouti Scheme for 2x2 Systems
We can extend the 2x1 Alamouti scheme to a 2x28y$ly adding one more re-

ceiving antenna. A schematic of the Alamouti schéona 2x2 system is illustrated in

Figure 7. The transmission sequence is identicdldmne in the 2x1 system (see Ta-

ble 1), but the decoding scheme will be different.
11



S, S, S,S 5,588
4 S5 52 51 Alamouti \2/ Alamouti 4 535, 5
encoder decoder

. ‘

Channel
State
Information

Alamouti Scheme for a 2x1 System (After Ref. 4.)

Figure 7.

Assuming that the channel is constant across consecutive symbol pergocts
ceived signals can be expressed by
r.l = hl,lsl+ h 1,282+ n 1
I’2 = h2,1sl+ h 2,252+ n 2
_ . . (2.19)
- _h1,152+ h 191Ny
=-h 2,132"' h 2,2S|]1+ n,

wheren, i=1,2,3,4 are the complex noise components. Table 2 lists the notation for

the received signals at the receive antennas. The channel ingapeases

h,;, 1,]=12, represent the four possible paths in the scheme.
. Receive Receive
Time
Antenna-1 | Antenna-2
t r.1 r.2
t+T r.3 r.4
Table 2. Notation for the Received Signals in 2x2 Alamouti Scheme

The Alamouti decoder constructs the estimates @nd s, using the CSlI, the re-

ceived signals and the decoding equations given by [4]

12



§=h r+h g +h,r+h o7,

. - . (2.20)
S = hl,zrl_hl,fs'l'h 23 2_h ok 4
Substituting (2.19) into (2.20), we can rewrite the decoder equations as
_ 2 2 2 2
%:(‘hm‘ +‘h1,21 +‘h 2,1 +‘h 2& )Sl+hD1,r1] #h g'#h'n+h 1, 2.2
2.21

s, :(\hm\z sy S +n L)+ 2}f)s +h%n h f+h"n sh o
Clearly, we can see that the estimates mostly @eperthe magnitudes of the channels
so that the scheme is resistant to phase changes.
C. SUMMARY
This chapter discussed the input-output relationdliMO systems, the MRC
scheme for 2x1 systems and the Alamouti schem2Xbrand 2x2 systems. In all cases,
only flat channel models are used to introducedd@ding process. In the next chapter,

MIMO channel models for the frequency selectiveesaare introduced.
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.  MIMO CHANNEL MODELS

Building a channel model is important for investigating the perémrce of wire-
less communication systems. Channel parameters are extractech&asurements in-
cluding path loss, Ricedf-factor, delay spread and Doppler spread for SISO systems
and spatial correlation for MIMO systems. The Stanford Uniwehsterim (SUI) chan-
nels are widely used channel models based on such measuremdmditénature, most
simulations, especially the IEEE 802.16a standard-based OFDNinsyisteilations, are
conducted using the SUI channel models. Generation of the SUI chaanm®@IS© sys-
tems and the spatial correlation effects on correlated MINEDieels are discussed in
this chapter.

A. STANFORD UNIVERSITY INTERIM (SUI) CHANNELS FOR THE IEEE
802.16a STANDARD

The IEEE 802.16 Broadband Wireless Access Working Group proposadetha
models for fixed broadband systems in the year 2001. These channel medsisvan
as Stanford University Interim (SUI) channel models becau#ieeafontribution of the
Stanford University in the development process. The detailethehgeneration is de-
scribed in [11].

Three different terrain categories are defined in thec®dhnel models. The
maximum path loss category is hilly terrain with moderate-toshéree densities (Cate-
gory A). The minimum path loss category is typically flatdaar with light tree densities
(Category C). The intermediate path loss category is Cat&drige SUI channel mod-
els define two models for each terrain type, thus leading upat@aleof six categories.
Each channel model is characterized by a time delay, arRfcésector and a Doppler
spread in addition to the path loss behavior. The broad parameteriZatienSdJl chan-
nels is summarized in Table 3. From this classification,ameeasily see that the SUI-1
channel is the least severe channel model with a low delay sfrdads for the 2% tap
and 0.9 s for the 3 tap), a low Doppler spread (0.4 Hz, 0.3 Hz, 0.5 Hz for the™{
and ¥ taps, respectively) and a higghfactor (8 dB for the $ttap). The most severe
channel is certainly the SUI-6 model with a high delay spréads(for the 2% tap and
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10 us for the 3 tap), a high Doppler spread (2 Hz, 1.5 Hz, 2.5 Hz, for the"{and &

taps, respectively) anl =0, i.e., no direct path component but only a fading component

(see Appendix A for details of all SUI model parameters).

SUI-Model | Terrain Type | Delay Spread RiceanK Factor| Doppler
SUI-1 C Low High Low
SUI-2 C Low High Low
SUI-3 B Low Low Low
SuUl-4 B Moderate Low High
SUI-5 A High Low Low
SUI-6 A High Low High

Table 3. SUI Channel Characterization (After Ref. 13.)

Each of the six SUI channels is modeled as a 3-tap discrégensysth non-
uniform delays, i.e., multipath fading exists for each SUI model. THe&kannels are
also modeled for different antenna types. Each channel has pasadedieed for an

omni-directional antenna and for3@ directional antenna. The detailed parameters for

the omni-directional and for the0 directional antenna case are given in Appendix A.

The latest IEEE 802.16 Broadband Wireless Access Working Grougt f&pp
contains a complimentary Matlab code for generating channels f8tth& model. In
this thesis, to create a simulation environment, an expanded vef$itatlab code (con-

taining all six SUI channels) was developed based on the coti#]in [

After generating the SUI channel model in Matlab, the frequersporeses of the
channel models were investigated. The frequency response plots different SUI
channels are shown in Figure 8. The frequency range was chosen teriesiof the
subcarrier index 0-255 in accordance with the fast Fourier trangfefin) size of the
IEEE 802.16a standard. The frequency response was normalized sublk thakimum

magnitude was 1. By observing the fluctuations of the magnitudesjahe SUI-1
16



channel’'s magnitude response changes smoothly between 0.9 and re @Gsvtiee SUI-5
channel’'s magnitude response varies rapidly between 0.5 and JaQ@e#uslt, the higher

the SUI channel index, the more frequency selective is the channel
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Figure 8. The Frequency Response Plots of Different SUI Channel Models

B. GENERATING CORRELATED MIMO CHANNELS

Since there are multiple antennas at both ends of MIMO systeengrésence of
spatial correlation has an effect on the channels. The ideakdhase all channels in a
MIMO system are independent, i.e., uncorrelated with each other litg,reawever, the
physical configuration of the antennas (antenna spacing) and opeminghnment pa-
rameters (angle of arrival and angle of departure ofldatremagnetic waves) cause
spatial correlation on the antenna array of a MIMO systemIM®Isystem’s perform-
ance is reduced by this spatial correlation. An analysis of kpati&lation is discussed
in [14].

1. Uncorrelated MIMO Channels

Consider a system with, transmit andM, receive antennas. Assuming that all

the channels are flat and uncorrelated (i.e., each path is represeateshghe complex

tap weight), the MIMO channel can be modeled to be zero mearranididy symmet-
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ric with unit variance. The uncorrelated channel is an identiealtiyindependently dis-

tributed channel, denotedds with dimension®, xM, . The properties oH , are

E{ Hy, 2} =1 (3.1)

E{H ‘me‘n‘}=0 ifizmorj#n

where E{+} denotes the expectation operator [2].

2. Correlated MIMO Channels

In practice, MIMO channels can differ froht,, because of the spatial correla-
tion. A more practical MIMO channel can be expressed as [2]
H=R*H R/? (3.2)
whereR, istheM, XM, receive correlation matrix and, is the M, xM, transmit cor-
relation matrix. The correlation matrices andR, are positive semi-definite Hermitian

matrices and have the following properties:

R = R 1/2R 1/2
r r r (3'3)
Rt = Rtllthllz-
The correlation matrices for a 2x2 system can lbeigged in the following
form [11]:
1
R, :L} ﬂ , (3.4)
1
R, {p ’ﬂ (3.5)
t

where p, and p, denote the receive and transmit correlation coefits. The spatial fad-

ing coefficient is dependent upon the distance betwthe antennas, the wavelength and
the geometry of the physical environment and takdéises betwee® and1. When the
transmit and receive correlation coefficients asthlequal to zero, the correlation matri-

cesR, and R, become identity matrices, and then the MIMO chamkbe equal to the

uncorrelated channéd ,. The computation of the correlation coefficientpigsented in
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detail in [14]. In this thesis, the environmental parametergifaatspacing, angle of arri-
val and angle of departure of the electromagnetic waves) wetakeot into account to
compute the correlation coefficients. The correlation coeffiganameters were chosen
arbitrarily.

3. LOS Component

In the presence of a line-of-sight (LOS) component, MIMO channelsanfixed
and a random component. The MIMO channel with a LOS component can bentgatese
as [2]

H:\/ K H+\/ Ly, (3.6)
1+K 1+ K

where /K /(1+K)H is the LOS and1/(1+K)H,,is the random uncorrelated fading

component. The elements Bf have unit power. The Rice&afactor in (3.6) is the ratio
of the LOS component power to the fading compopemter. WhenK =0, the channel
becomes pure Rayleigh faded channel, i.e., thare IOS component. WheK =, all
we have is the LOS component, and there is no dacimponent. Then the channel be-

comes flat [2].

In the presence of both spatial correlation and lcO®ponent, to achieve a com-
plete MIMO channel, only the fading component immpoited using (3.2), and the fixed
LOS component is added to the fading componenguy&§ire).

The generation of the correlated SIMO and MISO adeénare similar to the
MIMO channels. Consider a system with a singlegmaihand two receive antennas. The

uncorrelated SIMO channél , is a 2x1 row vector. Since we have a single transm
tenna, there is no transmit correlation, joes 0. The transmit covariance matrig, is
then an identity matrix. From (3.2), the correla®8¥O channel can be expressed as

H=R;"H, (3.7)
where R!'?is the square-root of the receive correlation maR;j .

For the MISO case, consider a system with two tréin@ntennas and a single re-

ceive antenna. The uncorrelated MISO charthgivill be a 1x2 column vector. Since
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there are multiple antennas only at the transmitter, the recaikaation matrixR, is an
identity matrix. The correlated MISO channel is expressed by
H=H,R}? (3.8)
where R}'?is the square-root of the transmit correlation majx
In the presence of a LOS component, the fixed components of the MIS@eand

SIMO channel are added to the correlated fading components of the MISeBIdN1O
channels, respectively. The complete MISO or SIMO channehis\axl by the relation

given in (3.6).
C. GENERATING CORRELATED FREQUENCY-SELECTIVE MIMO
CHANNELS

The generation of the SUI channels for SISO systems and calrB&ts1IMO

channels have been discussed so far. The uncorrelated chiing|3.2) has single-tap

complex components for the flat channel case. The frequency seldwiveels have
multi-tap components. To study the correlated frequency selective MHdg@nels, con-
sider a system with two transmit and two receive anteop@sting over the MIMO
channels generated by the SUI models. Each tap is charadtbyia delay spread, a
power level, a Doppler spread and a Rickaactor. Therefore, a SUI channel has a
fixed and a fading component for each tap. The fading component includetathe de
spread, the Doppler spread and the power level. The fixed compogeneiated with
the specified Riceal-factor for the given SUI model [11]. In a MIMO channel for 2x
system based on SUI channel modeling, the fading and fixed components gan be e
pressed as
0 nl3 b9 bl ndd ndy @9
(1) ha(2) hy(3 ho() h{d hy{3

. {@1(1) h(2) P9 Rl A2 ﬁlxa} 310

(D) hau(2) ha(3 hy(Y h{F hof3

respectively, wherdy, (k) is the channel response betweenittigi =1, 2) transmit an-

tenna and thpth ( j =1,2) receive antenna for theth(k =1,2,3 tap. Assuming that all
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tap correlations are equal, the correlated fading component of th©Mhdnnel is ex-

pressed by
H; (k) =R"H,, (k)R (3.11)

whereH,, (k)is the 2x2 uncorrelated channel matrix for ki@ tap.

To achieve the complete MIMO channel, the LOS component will be added
correlated fading component. Then the MIMO channel is given by

[K o [1 4
H; (k)= 1+KHij(k)+ ﬁHij(k) (3.12)

whereH; (k)is the fixed component between kil (i =1, 2)transmit antenna and the

j-th (j =1,2) receive antenna for theth (k =1,2,3 tap. Generation of a correlated

MIMO channel is illustrated in Figure 9.
D. SUMMARY

In this chapter, the generation of SUI channelsSi&0O systems, uncorrelated
MIMO channels and spatial correlation effects @t #nd frequency selective MIMO
channels were discussed. It was demonstratednthahtainnel becomes more frequency

selective as the SUI index increases.

In the next chapter, we will develop the input-autpelations for the Alamouti
scheme based STBC systems over frequency seleatiietap channels.
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V. ALAMOUTI-BASED SCHEMES OVER FREQUENCY-
SELECTIVE CHANNELS

The transmitted signals experience different types of fadipgnding upon the
relationship between the signal parameters (bandwidth, symbol peogdrel the
channel parameters (Doppler spread, delay spread, etc.). When théedtfaodithe
channel is greater than the bandwidth of the transmitted stgeakceived signal ex-
periences a flat fading channel. A flat channel is approximatadsiasgle-tap weight
with zero delay. When the bandwidth of the channel is greater thiarnlevidth of the
transmitted signal, the received signal experiences a fregjgelective channel or a
multipath fading channel. Over frequency selective channels, muleps@ons of the
transmitted signal having faded amplitudes arrive at the recaiwtightly different time
instants. Frequency selective channels are modeled by mulppléstaete systems with
different delay parameters [15].

Alamouti’s transmit diversity scheme, which was discussethapter Il, was
originally proposed for flat channels. The space coding technique @smped over a
symbol pair, i.e., two consecutive symbols (see Table 1). The decygliagjons (2.17)
and (2.20) are developed for flat channels. The frequency-flat chantieése equations
are represented as one-tap complex weights. The extension of theufilacmeme to
frequency-selective channels was investigated iaf8][9]. The extended scheme is
called space-time block coding (STBC), since space coding igmpedoover blocks of
symbols. The scheme presented indi&l [9] is for the systems with two transmit anten-
nas and a single receive antenna (2x1). In this thesis, theesch@mther extended to

1x2 and 2x2 systems using the original Alamouti scheme.

OFDM has emerged as an attractive alternative schenomtemtional modula-
tion schemes due to its effectiveness in reducing the effectsquieincy selective chan-
nels [7]. The combination of MIMO systems and OFDM modulation is otieeofvidely
discussed areas in the MIMO research. Different space codimgdees in MIMO-
OFDM systems have been investigated by many authors [6, 7, 16is imdrk, we have
selected the STBC scheme as the space coding scheme for MHD®ISystems to
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study its simulation performance and compare its performartbattof STBC-SC sys-
tems. The STBC scheme is chosen as an optional technique in the @#Bidal layer
specifications of the IEEE 802.16a standard.

In this chapter, we discuss the STBC coding technique for the Miyjd@ms
with both single-carrier modulation and OFDM. Input-output relations leadecoding
eqguations are presented for SISO, SIMO, MISO and MIMO systems.

A. SPACE-TIME BLOCK CODING-SINGLE CARRIER (STBC-SC) SYS-
TEMS OVER FREQUENCY-SELECTIVE CHANNELS

Before discussing the STBC schemes, in order to get tamilth the notation,
the discrete-time SISO system relations over frequencytisel@hannels are introduced
first.

1. SISO Systems over Frequency-Selective Channels

Consider that a block of symbols is transmitted from a singl@aatey assum-
ing that the channel characteristics do not change during the pétradsimission. The

transmitted block of symbols is expressed by
S=[s(1) s(2) ... s(N)] (4.1)
whereN is the block size. The transmitted symbol block will experienfrequency se-

lective channel. The channel can be represented as a disceefdténgiven by
h(a™®)=h+hg™+...h.q™" (4.2)

whereq™ is the unit delay operator arig n5 1,2 are the filter coefficients. The
received signal can be expressed as

r(t)= h(q‘l) s(t) =hys(t) +hs(t-1) +...h.s(t - P). (4.3)
The noise component of the received signal is omitted here foeimmce. The maxi-
mum likelihood estimate of the transmitted symbols block is comgyted

5(t)=n"(a)r (t) =hpr (t) +hr (t+1) +...+ hor (t+P) (4.4)
whereh”(q) represents a non-causal realization of the fijteen in (4.2) [8].

2. SIMO Systems over Frequency-Selective Channels
The schematic of a SIMO system over frequency Beéchannels is illustrated
in Figure 10 for a 1x2 realization. The transmitidalck of symbols is identical to the
24



SISO case (see Eq. (4.1)). Since there are two receivenastave have two channel fil-

ters given by
hl(q‘l) =h +hqg'+..+hqg”
h(a*)=h, +h,a*+...+h,q".

The transmitted signal is passed through these two channe, fdtet the received sig-

(4.5)

nals are expressed by

(4.6)

m
—
—+
SN—"

Maximal Ratio
s(t)\A r, (t) Combining
() i

Channel
State
Information
Figure 10. Schematic of a 1x2 SIMO-SC System Utilizing MRC over Frequency

Selective Channels

The estimate of the transmitted signal block is computed on tlsedfrtbe
maximal ratio combining scheme. The multiplication operatiohendecoding equation
(2.13) is turned into a filter operation for the frequency selechannels. Accordingly,
the estimate of the transmitted symbol block is given by [8]

s(t) =h’(a)r.(t)+n;(a)r,(t). (4.7)
Notice that the conjugates of the filtéts(q) and h;(q) in (4.7) are non-casual filters.

By substituting (4.5) into (4.7), the estimate of the trartschisignal block in (4.7) can be
rewritten as
§(t) =hr (t) +hr, (t+1)+ .. +hir (t+P)+hor(t)+

.8
hr, (t+2) +...+ ) r,(t+P). (4.8)
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3. MISO Systems over Frequency-Selective Channels

The Alamouti scheme for a 2x1 system over flat channelglisagssed in Chap-
ter 1. The flat-channel implementation was based on applying thracAit encoding
scheme over a symbol pair, i.e., two consecutive symbols. Thexsas@n be extended
to the frequency-selective channel case by utilizing the STBQitpee. A schematic of
a 2x1 MISO system utilizing STBC is illustrated in Figure The transmitted blocks of
symbols are given by

S,=[s(1) s(2) ... s(N)]
S, =[s(1) s,(2) ... sy(N)]

whereS, andS, are the simultaneously transmitted blocks of syisirom antenna 1

(4.9)

and antenna 2, respectively. The Alamouti space-gnctoding scheme is performed
over these two symbol blocks. The first antennastmats a complex-conjugated and
symbol-inverted version d&,, and the second antenna transmits a complex-catejdg
version ofS, in the second transmission burst. The transmiitecks of symbols in the
second burst are given by
5,=-$=[-51) -§(2) .. -<(N)]
S.=5=[$(1) $(2 .. $(N)]

whereS,; and S, are transmitted from antenna 1 and 2, respectiVdlg.transmission

(4.10)

symbol block sequence for the STBC for a 2x1 systseshown in Table 4.

Sz(t) S.L(t) STBC W " (t) sTBC | S|t §l(t)
Encoder r (t) Decoder]

Channel
State
Information

Figure 11. Schematic of a 2x1 STBC-SC System over Frequen®cBee Channels
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Time Transmit An- Transmit An-
tenna-1 tenna-2
1% transmission burst | S, S,
2" transmission burst S, =-S, S,=S
Table 4. Transmission Sequence for STBC

The notation of the channels for a 2x1 system is identical tortbe for the 1x2
system (see Eg. (4.5)). Assuming that the channel charactemgstiagn constant during

consecutive transmissions of symbol blocks, the received sigealsvan by [8]
r(t) = (a™)s,(t) +hy(a7) s, (t)
r,(t) = rll(q‘l)s3(t) + hz(q‘l)s4(t)

wherer, (t) andr, (t) denote the received signals during tflead 2° transmission

(4.11)

bursts, respectively. The 2x1 STBC decoder estimates the ttetshiocks of symbols
using the decoding equations given by [4, 8]

§ () =h(a)ru(t) + o) r2 (1)
5,(t) =h(a)r(t) - hu(a™) 2 (1)

where h’(q) and h;(q) represent the non-causal realizations of the channel filters.

(4.12)

4, MIMO Systems over Frequency-Selective Channels

After discussing the SISO, SIMO and MISO systems over frequsglective
channels, we now proceed to develop the MIMO system relationheinstic of a 2x2
MIMO system utilizing STBC is illustrated in Figure 12. Thatsg encoding scheme is
identical to the MISO system utilizing STBC. The transmittextkd of symbols were
introduced in Equations (4.9) and (4.10). The four MIMO channels for they&t@m

are expressed as
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hl,l(q_l) =h, +h, g"+..+h q”"
hl.,z(q_l) =h,, +h,,g"+...+h .q" e
hz,z(q_l) = hz,% +h22q_1+ +h2’2q—P :
hz,z(CI_l)‘h2’2J+h;1¥q Ly +h,,q P
V v
s(t)=-s(t) s(t) ha?)
: (1) n(t)
s(t) s(t) )
] Esnzgger Whu(cl'1 W sTBC | > (t) s(1)
—\— g r, (t) 3 (t) Decode
h22 N
s(1)=s() s() () )
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Figure 12. Schematic of a 2x2 STBC-SC System over Frequen®cBee Channels

Assuming that the channel characteristics remanstemt over two transmission bursts,

the received signals are given by
(1) = by (o) si(t) +hy (o) s ft)
r,(t)=h ( )sl(t)+h22( )sz(t)
r(t)=h ( )53()+h12( ) s,(t)
ry(t) = hz,l(q_l) Syt )+h2,2(q )54(t)-

The sequence and the location of the received slybibcks in (4.14) are given in Ta-

(4.14)

ble 5. The STBC decoder estimates the transmittezk® of symbols by using the de-
coding equations [4, 8]

8 (t)=hia)r(t)+h, {a)rs( +hDJ(Q) {t)+h ofa)rft)
%(t)=h52(Q)f1(t)—hl,(q )ra(t) +h%ga)r {)=h o) rift).

wherehﬁj(q), 1=1,2;) =1,z represent the non-causal realizations of the retidit-

(4.15)

ters. The equations in (4.15) are similar to taedhannel Alamouti decoding equations
previously introduced in (2.20). The multiplicatioperation in the flat channel case is

now replaced by the filter operation.
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Receive An- Receive An-
tenna-1 tenna-2

1% transmission burst | , (t) r, (t)

2" transmission burst r (t) r, (t)

Table 5. The Sequence and the Location of the Received Signals for a 2x2 STBC
System

B. SPACE-TIME BLOCK CODING-ORTHOGONAL FREQUENCY DIV I-
SION MULTIPLEXING (STBC-OFDM) SYSTEMS OVER FREQUENCY-
SELECTIVE CHANNELS

In the previous section, we discussed the single-carrier MIM@ragsutilizing
STBC over frequency-selective channels. The combination of STBC RDM@s dis-
cussed in this and the following sections. OFDM has emergaa ai$ractive and alter-
native scheme to the conventional modulation schemes due to itsvefiess in reduc-
ing the effects of frequency-selective channels [7]. In OFDM, ithieeesignal bandwidth
is divided into a number of orthogonal subcarrier bands, and then theisigaasmitted
in these narrowbands over a number of subcarriers. The OFDM and &f&Gqgbers
were selected from the IEEE 802.16a standard [10]. The IEEE 802dtkard includes
the 2x1 STBC scheme as an optional specification for systemsywgngpOFDM.

1. SISO-OFDM Systems over Frequency-Selective Channels

A block diagram of a SISO-OFDM system is shown in Figure 13etailed ex-
planation of each block is given in the following discussion. The physigai part of
the IEEE 802.16a standard is used in describing the SISO-OFbdvhschere.
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Figure 13. Block Diagram of a SISO-OFDM Scheme

a. Channel Encoding

The information bit sequence is first encoded by the channel en&oeer
ror control coding is used to rearrange the transmitted inform@timerease its resis-
tance to noise. The IEEE 802.16a standard uses concatenated foratacdreection
(FEC), which is based on the serial concatenation of a Reed-Solonesrcade and a
rate compatible Trellis coded modulation (TCM) inner code. Between teeand the
inner code, employing an interleaver is optional. Since our main fo¢bssithesis was
to study the MIMO and MIMO-OFDM systems, the simulation only ukedconvolu-
tional encoder to keep it simple. The encoder had a rate of %2, consingtht 7 and
generator polynomials in octal form 171 and 133 [10].

b. Symbol Mapping

The channel encoded bits are mapped to | and Q symbol coordinates using
a gray code symbol map depending on the modulation scheme. Figure 14 cineved s

the constellations introduced in IEEE 802.16a standard.
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Figure 14. Gray coded (a) BPSK, (b) QPSK and (c) 16-QAM constellatioran{MRef.
10.)
C. Inverse Fast Fourier Transform (IFFT) Operation

Mapped symbols are next input to the IFFT block. The FFT sizpis e
to the number of subcarriers. In the IEEE 802.16a standard, twodfy@g<DM schemes
are included, OFDM with 256 subcarriers and OFDMA (for highéa dates and multi-
ple access) with 2048 subcarriers. In this thesis, the OFQM2&6 subcarriers was cho-
sen for simulation purposes. Three types of subcarriers aredlefititee OFDM tech-
nique of IEEE 802.16a standard: data carriers for informatiosrresion, pilot carriers
designed to extract the channel information at the receindrgaard carriers (also called
null carriers) placed on the either edge of the spectrum to enerference from adja-
cent bands. The assignment of subcarriers in the IEEE 802.16ardtengiaen in Table
6. These carrier allocations will be used in organizing thernmétion and pilot symbols
before the IFFT operation. Figure 15 illustrates the subcamganization prior to IFFT

operation according to the carrier allocation given in Table 6.
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Size of FFT 256

# of information subcarriers 192

# of pilot subcarriers 8

# of null subcarriers (including the DC c6
subcarrier)

# of lower frequency guard subcarriers | 28

# of higher frequency guard subcarriers | 27

Frequency indices of null subcarriers (in-| -128,-127,.. + 101,
cluding the DC subcarrier) +101,+102,.. + 127

Frequency indices of pilot subcarriers -84,-60,- 36;- 12,12,36,60,¢

Table 6. Allocation of OFDM Subcarriers in the IEEE 802.16a Standard

-128
28 null subcarrier. :
-101

192 information
symbols

COIFFT

DC subcarrier

8 pilot subcarriers™

+101
27 null subcarrier

+128

Figure 15. Allocation of Subcarriers before the IFFT Block (see Table 6)

The output of the IFFT block in discrete time can be expressed by

1 Nggr -1 .
D> s n=0,1.Ng, —1 (4.16)

\ NFFT k=0

X[n] =
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where s, is thek-th symbol entering to the IFFT block arfg is thek-th subcarrier fre-
quency. The index of subcarrier frequency in (4.16) is chosen todblQ.t—1 instead

of —128 to +128, for convenience. The length of the IFFT output is called the useful
time T, .

d. Cyclic Prefix Addition

Multipath delay spread causes intersymbol interference (I&l)ihee 1SI
brings about performance degradation. To deal with this problemya@ ua is intro-
duced for each OFDM symbol. The guard time is chosen to be largeh¢haxpected
delay spread so that multipath components from one symbol would né&raterth

those from the next symbol. In the IEEE 802.16a standard, optionallgogtisT, are
specified with respect to the useful tifije The optional guard ratiok, /Tb are

1/4,7 8,1 1¢and1/32. The desired length of the guard interval is derived from this. rati
The addition of cyclic prefix (CP) is shown in Figure 16. Consildat the guard ratio is
chosen to béd/16. The output of the IFFT block has a length of 256; therefore, the guard
length will be 16. The CP is formed by taking the last 16 sangbiése IFFT output and
concatenating them to the beginning of the symbol sequence in (4.16¢sUleéng new

sequence is

Xp =[x[240] x[24] ... x[ 25} X[ 25b X[ P x[]1... x[ 285 (4.17)

The total interval after adding the CP is refetieds the symbol tim&,.

ya ~
- -
T, T,
T,
- -

Figure 16. OFDM Symbol Time Structure (From Ref. 10.)
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e Digital-to-Analog Conversion and RF Modulation

After CP addition, the discrete time domain samples are deavEr ana-
log signals using a digital-to-analog (D/A) converter. The cdrdesignal is a continu-
ous time baseband OFDM symbol. Then the OFDM symbols are upcontweaeddio
frequency carrier, amplified and transmitted through the antenna. TEe8&E16a stan-
dard is specified for the 2-11 GHz band. In this thesis, the siongavere conducted at
the baseband level, i.e., no RF modulation was implemented.

f. RF Demodulation and Digital to Analog Conversion

The transmitted OFDM symbols experience the channel and reah the
ceiver. Assuming that the channel is modeled as a multitap thtetransmitted signal is
passed through a discrete time filter. The coefficients of ttee &fe the complex tap

values of the channel. The received signal now can be expressed by
r(t)=h(q‘l)x(t) (4.18)

whereh(q‘l) is the discrete-time filter representation of the channebe(n)is the
baseband OFDM symbol transmitted from the antenna.

0. Cyclic Prefix Removal and FFT Operation

The cyclic prefix added at the transmitter is removed to pottee needed
information. After removal of the CP, we have the 256 sampteging the transmitted
symbol and channel information. These 256 samples are processed thrdtigh the

block, and the information symbols and the channel information arenebtdihe esti-

mate of the symbol sent on tke¢h subcarrier is given by

5(k)=H"(k)f (k) (4.19)
where H (k) is the frequency response of the channel at-thesubcarrier frequency
and f (k)is k-th element of the sequence obtained by the FFTatipar In all simula-

tions, we assumed that there was full channel kedgé at the receiver, i.e., the channel

estimation was not performed. The frequency respohthe channeH (k) was ob-

tained by taking the discrete Fourier transfornthefchannel impulse response with an
FFT of size 256.
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In practice, channel state information is carried to thewvece the pilot
carriers. Since the channel estimation was not included in our siomslathe pilot sym-
bols were set to zero. Hence pilot insertion was not casted the simulation steps but
left open for future work.

h. Demapping and Decoding

The estimates of the transmitted symbols are then demappedwuatibits
reference to the constellation and sent to the Viterbi decodeNilérbi decoder is used
to decode bit streams encoded by the convolutional encoder. A Viterbi deeadehes
the trellis to determine the path that can create the bénstotosest to the received one.
The measure of closeness can be measured using hard or sofindgecsiding tech-
niques. The hard decision decoding technique tries to find the bihgpegh that has the
minimum Hamming distance from the received sequence. In softatediscoding, the
bit stream path that has the minimum Euclidian distance fromet®tved sequence is
computed [17]. In the simulation process, hard decision decodingmasyed at the
Viterbi decoder. The details of the Viterbi decoder can be found in [18]

2. SIMO-OFDM Systems over Frequency-Selective Channels

Since we have given a detailed explanation for SISO-OFDMmgstethe pre-
ceding discussion, we will skip the following steps in discusgiegMIMO-OFDM sys-
tems: channel encoding, symbol mapping, pilot insertion, digital-to-gmalaversion,
and RF modulation at the transmitter; RF demodulation, analog-taddigitversion,
cyclic prefix, extracting the information symbols from the A#dck, and Viterbi decod-
ing at the receiver. The resulting schematic of a system ngl@FDM with single

transmit antenna and two receive antennas is illustrated uneFiJ .
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Figure 17. Schematic of a 1x2 SIMO-OFDM System Utilizing MRC

The transmitted OFDM symbol will experience two differentrefeds h and h, .

The received signals are given by
r (1) =hy(a™)x(t)
r,(t)=h, (q‘l) x(t)

whereh(q‘l) andh, (q‘l) are the discrete-time filter representations of the two SIMO

(4.20)

channels and<(t) is the transmitted OFDM signal. At the receiver, the CP is rechov
and the FFT of the 256 time-domain samples is taken. By usilndRIGescheme, the
estimate of the transmitted symbol at kil subcarrier is computed by

3(k) = Hy'(k) (k) + HZ (k) (k) (4.21)
where H,; (k) and H, (k) are the complex conjugate versions of the frequieesponses

of the channels at tHeth subcarrier, and (k) and f, (k) are thek-th output of the FFT

blocks.

3. MISO-OFDM Systems over Frequency-Selective Channels

A schematic of a MISO-OFDM system with two transamtennas and a single
receiving antenna utilizing STBC is shown in Fig@i& In SISO-OFDM and SIMO-
OFDM systems, only one OFDM symbol (carrying 19%imation symbols as specified
in the IEEE 802.16a standard) is transmitted thincaigiven transmit antenna at a time.

Since there are two transmit antennas for the MCEDM, two different OFDM sym-
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bols (making it a total of 384 information symbols) are trartsohifrom the two transmit

antennas simultaneously. The STBC encoder performs encoding ovesrisecutive

symbol blocks. The four encoded symbol blocks for transmission are consasdtéd

lows:

s=[s[1] s[q ..
s, =[s[193 s[194 ...
s,=[-s[193 -s 194 ... -s7 38}
s,=[sTY] sT9 ... sT19d].

s[199 |

s| 384

(4.22)

This block construction is analogous to the STBC-SC schemeiin®é,; therefore, in

the literature this scheme is also called STBC-OFDM. Theatltwt of subcarriers is
carried out as specified in the IEEE 802.16a standard for OFB&/IHigure 15).

—s,(k) (k)

IFFT
&

aditon % ()% (t)
Esrﬁger— 0 (1) _FgT (k)] sTeC [5(K) 8(K)
/ 2 (1) Vremovar | (K)] Pecoder
IFFT h,(a?) “
— (K k_’Cci:;g(Preix
1= edition X, (1) %, (t) ng;lgtl;el
—sZD[O] r %[0] 7 Informa’iion
ara] ] o] 1] o
-5 [N-1] |s[N-1]) s(k)= . (k)= .
[N -1 $[N-1]
21 sl )
s(=5(0= W .| ol
s{N-1 [N

Figure 18. Schematic of a 2x1 MISO-OFDM System Utilizing STBC

Each of the OFDM symbolg (t),i =1,2,3,<, contains a block of 192-symbol,

S,1=1,2,3,4, presented in (4.22), respectively. Assuming thatchannel characteris-
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tics remain constant over two consecutive OFDM symbols, tleéveztsignals are ex-

pressed by

r(t)= hl(q‘l) X (t)+ hz(q‘l) X,(t)
r,(t) = hl(q‘l) X, (t) + hz(q‘l) X,(t)

whereh(q‘l) andh, (q‘l) are the discrete-time filter representations of the two MISO

(4.23)

channels. The STBC decoder at the receiver computes the estintesransmitted

signal at theék-th subcarrier frequency using the decoding equations given by [4, 7]
5.(K)=Hy(k)f (k) +H,(k)F; (k)
5 (k) =H; (k) fi (k) = Hy (k)5 (k)

where H, (k) and H, (k) are the complex conjugates of the frequency responses of the

(4.24)

channels at thieth subcarrier frequency, arf( k) and f, (k) are thek-th output of the

FFT blocks.

4, MIMO-OFDM Systems over Frequency-Selective Channels

A schematic of a MIMO-OFDM system utilizing STBCtlvitwo transmit and
two receive antennas is shown in Figure 19. Thestratter side of the system is identical
to the MISO-OFDM employing STBC. Assuming that ttennel characteristics remain
constant over the period of two transmission butkesreceived signals are given by

r(t)= hlyl(q‘l) x,(t) + hzll(q‘l) X (t)
r,(t) = hz'l(q’l) x,(t) +h, 2(q‘l) X (t)
r(t) =h, ( ) (t)+h21( _1) xt)
r,(t)=h ( ) x3(t) +h,, 2( ) x,(t)

whereh (q‘l), 1=1,2)=1,2, are the discrete-time filter representationshefe¢hannel

(4.25)

from thej-th transmit antenna to theh the receive antenna. The STBC decoder at the
receiver antenna will estimate the transmitted syt thek-th subcarrier frequency
using the decoding equations given by [4, 7]

§ (k)= Hyy (k) Fi (k) + H (k) Py (k) + HE (k) F LK)+ H , £k)F{k)

S (k) = HEz(k) Icl(k) —-H 1,1(k) 3( )+ H 2,2(k) ik) B 2,( ) ADél(k)
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whereH, ; (k), i=1,2] = 1,Z, are the frequency response values of the chémumelthe

j-th transmit antenna to theh the receive antenna for tke¢h subcarrier, and

;, (k), i =1,2,3,4 are the output of FFT blocks at tkéh subcarrier.

FFT

IFFT 2

—s(k)s(k)» &

s

(k)

e “Tenae [0
Esn-cl;gdcer_ : DSéTCE((j:e 5 (k) s(k)
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addition o ot e (k) Cgigtr;el
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s@=-s:) 5 | stoe| * (0] ] s[o]
-5, [N-1] |s[N-1]] 5 (k)= 3!1] 5,(K)= ~%:[1]
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s(g=gg= SH | o] sl
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Figure 19. Schematic of a 2x2 MIMO-OFDM System Utilizing STBC

C. SUMMARY
This chapter discussed the MIMO schemes usingesicairier and OFDM modu-
lation over frequency-selective channels. In tresence of a frequency selective chan-

nel, STBC was used to realize these MIMO schemes.

The discussion of the single-carrier and OFDM syistevas based on the simula-
tion developed in Matlab. While developing the ittputput relations and the decoding
equations of the systems, the transmitted signate wssumed to be in baseband, i.e., RF
modulation was not conducted in the simulation® gmannel information given in the
decoding equations were based on the assumptibthdra was full knowledge of the
channel characteristics at the receiver, i.e., hl@stimation was not performed in the

simulation process.
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The next chapter discusses the simulation model developed to study BOMO-
and MIMO- OFDM schemes over the frequency selective SUI chaanel presents the

simulation results.
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V.  SIMULATION RESULTS

The previous chapters covered the principles of the Alamouti scheendlat
channels, STBC systems with single-carrier and OFDM modulakiuie chapter pre-
sents performance comparisons of the MIMO systems developed mbMatlthe simu-

lation process, the goal was to reach a bit error rate (BE®R)leastlO™ to evaluate the

performances of the systems. Therefore for éggtN, , at least 1,000,000 information

bits were simulated for each system. One run of sending about@QO0Q4dits for all

E,/N, values is called a Monte Carlo run. The systems were simulatadfercified

number of Monte Carlo runs and the results were averaged such thaiRleuBEs
were smooth enough for evaluation.
A. PERFORMANCE OF SYSTEMS USING ALAMOUTI SCHEMES

Initially a Matlab code was generated including the SISO (1k&)StMO (1x2),
the MISO (2x1) and the MIMO (2x2) systems with single-camedulation. The
Alamouti coding scheme discussed in Chapter Il was performedonsecutive symbol
pairs. The developed systems were simulated over Rayleigh fadingpzero mean,

circularly symmetric and complex valued channd|s (see properties dfl , in (3.1)).

For the MISO and the MIMO cases, it was assumed that the chararatteristics re-
mained constant over consecutively transmitted symbol periods. Each lohaargen-
erated independently, i.e., it was assumed that the channels intgdleraritenna cases
were uncorrelated. For this simulation, channel encoding was nobysdplt was as-
sumed that the total transmitted power from two antennas for £&® ldind the MIMO
systems was the same as the transmitted power from the aimgfamas for the SISO and
SIMO systems. Additionally, we assumed that there wakifalvliedge of the channel at
the receiver. After computing the received signal(s) at thevexs), estimates of the
transmitted symbols were computed using the relations given in,(R21Bj) and (2.20).
Table 7 lists the parameters of the simulation run using tf8KQ@Rodulation. By using
the QPSK modulation, 1,000,000 information bits were mapped into E08ydtbols.
The BER curves were smooth enough for evaluation with 10 Monte @as.
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# of transmitted information bits for each E;/N, | 1,000,000

# of symbols transmitted for eachE, /N, 500,000
# of Monte Carlo runs 10
Table 7. Parameters for Alamouti and MRC Single-Carrier Simulations

Figure 20 shows the BER performance of SISO (1x1), SIMO (1x2, MRISOM
(2x1, Alamouti Scheme) and MIMO (2x2, Alamouti Scheme) systemsRaxdeigh
fading channels. The performance of the MISO (2x1) is 3 dB worsghte&@IMO

(1x2), i.e., the performance gap between the two schemes is 3dBhd, /N, value.

This 3 dB gap has occurred because the transmitted power for thedyd&n is kept at
half the power for the SIMO system. If each antenna of the M{S@rmm had transmitted
at the same power level as the single transmit antenna ofi\i@ ystem, the BER
curves of these two schemes would be identical. As a result, welhawe that a SIMO
system utilizing the MRC scheme is identical to a MISO sysemploying the Alamouti

scheme [4].
On the other hand, both systems have a significant improvemerthev&tSO
system. Increasing the number of antennas either at the tremsinithe receiver gave

spatial diversity gain. Even at a BER2%10°, the MISO system performs approxi-
mately 10 dB better than the SISO system. By observing the sldpe airves, we can

remark that for higheE, /N, , the gap will increase. Adding one more transmit antenna

to the SIMO system gave us more gain. Although the transmittedrpoas halved, the
MIMO system has about 10 dB better performance than the SIMO syisteBER of

10°. As E,/N, is increased, the performance gap increased as well.
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Figure 20. The BER Performance Comparison of the Alamouti Schemes to the MRC
Scheme over Rayleigh Fading Channels (The simulation pararasters
given in Table 7)
B. PERFORMANCE OF MIMO-SC SYSTEMS OVER SUI CHANNELS
We discussed the SUI channels in Chapter 11l and the STBC{&®Inss in

Chapter IV. The parameters in STBC-SC simulations were chosendomparable to

the OFDM parameters of the IEEE 802.16a standard since wedMantompare the per-

formances of the single-carrier schemes to the OFDM sch@mesmulate the STBC

schemes, a Matlab code was generated. The generation oflthbe®idels was achieved

with the modified version of the Matlab code presented in [11].0Liyut of the channel

generation code was three complex numbers that represent twaihi®UI channels. A

sampling operation was carried out to implement the genesatedhannels. The sam-

pling frequencyf, = 22.857 MHz was chosen based on the IEEE 802.16a standard

specification. The derivation of; will be discussed later in the OFDM simulation sec-
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tion. In STBC, space coding was performed over two consecutive bloskmbbls as
discussed in Chapter Ill. To make a fair comparison of the sgagtéer schemes to the
OFDM systems, the block size was chosen as 192 since the numfierm&tion sym-

bols transmitted in an OFDM symbol is 192.

After setting the sampling frequency and the symbol block sizeretiéstime
domain representations of the SUI channels were investigatede Rityghows the three-
tap SUI channels with sampling frequenty=22.857 MHz. This figure highlights the
different delay spreads encountered by different SUI channelsx&woipée, the SUI-3
channel model has a second tap=a0.4 s and a third tag = 0.9us. All other samples

were set to zero in the sequence of the sampled chanr®. implementation, the delay
spread parameters matched the SUI channel parameters shown in Apgpédyaiice

that SUI-5 and SUI-6 have delay spreads upGgrsand 20 is, respectively.

1 1
° SUI-1 ©
g 3 SUl-4
€05 €0.5
& g
= =
0 L 'y 1 L L] L 0 f L L
0 0.2 04 0.6 0.8 1 0 6 8 10
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Figure 21. SUI Channel Impulse Responses on a Sampling Grid with a Sampéing F

quency f, =22.857 MHz
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The next step was to simulate the SISO system over diffetdratannels. The
generation of the 192-symbol block is illustrated in Figure 22. Tipéementation util-
izes a rate %2 convolutional encoder. Consequently, 192 information b&snapped
into 192 QPSK symbols. The simulation parameters for the systagthe QPSK
modulation are listed in Table 8. In line with the generation gosbown in Figure 22,
1,536,000 information bits were mapped into 4000 symbol blocks of lengthnl@2
simulation, it was assumed that the channel characteristiesneginconstant over the

transmission period of a 192-symbol block.

. Rate =1/2 . Symbol
192 bits > Conv. 384 bits »|  Mapping 192 symgols
Encoder (QPSK)

Figure 22. Schematic of Generation of 192-symbol Blocks

# of transmitted information bits for each E, /N, | 1,536,000

# of symbol blocks transmitted for eachE, /N, 4000

Convolutional Encoder generator polynomials 171,133
# of Monte Carlo runs 30
Table 8. Parameters for SISO System Simulations over SUI Channels

The received signals and the estimates of the transmitted sywdrelsomputed
using the relations given in (4.3) and (4.4), respectively. THe p&formance plots of
the SISO system utilizing QPSK over AWGN and SUI-1 td-6dhannels are shown in
Figure 23. Not surprisingly the system has the best performa®d&@GN. As the sys-
tem experiences higher SUI channels, the BER performance/gests. The SUI-3, 4, 5
and 6 channels cause considerable performance degradation.d@imethigand, the SUI-
1 and the SUI-2 channels have less severe effects on the dysteenremaining simula-
tions, SUI-2 channel is used to study the performance of the Mid@ms. SUI-4, 5

and 6 are not further considered here because of their largersgetayls 4 — 20 1/ s).

SUI-2 is a reasonable channel model for an overall performancesstuwdyit accounts
for multipath and yet has a stronger direct signal compared t8.SU
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Figure 23. The BER Performance of the SISO-SC System over DiffeddhC&annels
(The simulation parameters are given in Table 8)

After selecting the SUI-2 channel as the simulation environm&TBC sys-
tems with single-carrier were simulated over the SUI-2 chaRkoelthe MISO and the
MIMO systems, the 192-symbol blocks were generated as illusirateégure 24. By
using a rate ¥z convolutional encoder, 384 information bits are mapp&8HEPSK
symbols, which are then divided into two symbol blocks, one for each anidreaimu-
lation parameters of the single-carrier schemes are list€dhle 9. As investigating the
performance of STBC-SC schemes was one of the major goais ofdrk, the number
of information bits and the number of Monte Carlo runs were chiosea higher than
those of the previous simulations. By choosing a higher numbetspfia aimed to

measure the bit error performance at lower rates.
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Figure 24. Schematic of Generation of 192-symbol Blocks for each TransminAate

# of transmitted information bits for each E;/N, | 3,840,000

# of symbol blocks transmitted for eachE, /N, 10,000

Convolutional Encoder generator polynomials 171,133

# of Monte Carlo runs 50

Table 9. Parameters for Simulations of the Single-Carrier Systaras SUI-2
Channel

In the simulations, it was assumed that we had the perfect chamuveledge at
the receiver. We also assumed that the channel characteastiasmed constant over
two transmission burst periods for the MISO and MIMO systems. atakttansmitted
power is kept at the same level for all schemes, i.e., favitB® and the MIMO cases

the power for each antenna is halved as compared to the SIMOS(Dat&ses.

The equations used to compute the received signals and estimatesimula-
tion are (4.3)-(4.4), (4.6)-(4.7), (4.11)-(4.12) and (4.25)-(4f@65ISO-SC (1x1),
SIMO-SC (1x2), MISO-SC (2x1) and MIMO-SC (2x2) systemspeetvely.

The simulation results of all single-carrier schemes are showigure 25. The 3
dB performance gap between the MISO and the SIMO systems waseubaggin. The
MIMO-SC outperformed all other schemes. At a BERGf, MIMO-SC performed
better than the SIMO-SC by about 1.0 dB. The performance gap iasedrast, /N, is

increased. The performance gap is about 2.5 dB at a BRRIG° . The largest gap is
certainly between the SISO-SC and the MIMO-SC. At a BER>dI0®, the MIMO-SC
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outperforms the SISO-SC by approximately 11 dB. This result shdweddding more
antennas at both ends of the communication link gave us significhoitnpance im-

provement.

10

C ::::::‘I:::::]‘:::::::
. SISO-SC (Ix1) [~
09 = -e~ MISO-SC (2x1) £
SIMO-SC (1x2) £
| -6~ MIMO-SC (2x2) [
T T

o
Ny
IN

Figure 25. The BER Performance Comparisons of Single-Carrier Schemesheve
SUI-2 Channel (The simulation parameters are given in Table 9)

The next simulation was conducted to observe the effects of spatialation on
the single-carrier systems. The SISO and the MISO system<h@sen for examining

the correlation effects. The BER performance of the MIS@sysvith different transmit

correlation coefficientso, is compared to that of the SISO case. The transmit correlation

matrix was constructed as given in (3.5). The correlated MIS@Gnehavas rebuilt with
the relation given in (3.8). The simulation parameters of the Mi3&m over the corre-
lated channel are listed in Table 10. By using the QPSK modulat&86,000 informa-
tion bits were mapped into 8000 symbols blocks, each of length 192. TReWBiZzes

were plotted based on 30 Monte Carlo runs.
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# of transmitted information bits for each E,/N, | 1,536,000

# of symbol blocks transmitted for eachE, /N, 8,000

Convolutional Encoder generator polynomials 171,133
# of Monte Carlo runs 30
Table 10. Parameters for Simulations of the MISO System over Gue@ISUI-2
Channels

The BER performance of the MISO single-carrier system oweelated channels
is shown in Figure 26. At a BER @x10*, the MISO system performed about 4 dB bet-
ter than the SISO system over uncorrelated channels. As theatiorreloefficient in-

creased, the BER got worse. For example, when0.9 the performance gap at the

BER of 2x10” decreased to 2 dB. As a result, correlation between the chaanekx
significant performance degradation on the systems with multipteaas. The correla-

tion coefficientsp, and p, mostly depend on the spatial parameters, such as distance

between the antennas and the wavelength. Therefore, placingegheamand selecting
the wavelength play important roles on the performance of thensyst
C. PERFORMANCE OF MIMO-OFDM SYSTEMS OVER SUI CHANNELS

The final goal of this thesis was to investigate the perfocmaf MIMO-OFDM
systems. The OFDM parameters were chosen from the IEEE 8@2ab@ard. The pa-
rameters in the IEEE 802.16a standard were specified for véramasvidths. For this
thesis, the bandwidtiW) was chosen as 20 MHz for a license-exempt band. The sam-

pling frequencyf, was derived from the ratio [10]

f, _8
—= ==, 5.1
w7 (5.1)

SubstitutingW =20 MHz into (5.1), the sampling frequency was determined to be
f. =22.857 MHz (5.2)
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Figure 26. The BER Performance of the MISO Single-Carrier Systeen Qorrelated
Channels (The simulation parameters are given in Table 10)

The sampling frequency is the most important parameter inrthdasion, be-
cause the sampling of the impulse response of the three-tagh&tHeat, subcarrier spac-
ing, useful time, guard interval and the symbol duration are adbason it. The carrier
spacing was derived from the relation

Af =—s (5.3)
NFFT

where N, is the FFT size. Substitutin..; =256 and f, =22.857 MHz, the carrier

spacing was calculated to be

Af =89.3 kHz. (5.4)
The useful timeTl, was computed with the relation
T, —i-llz/,ls (5.5)
N S '
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The total OFDM period is given to be

T, =T, +T, (5.6)
whereT, is the guard interval in an OFDM symbol. The guard intgsveetermined
from the optional guard ratio'g/Tb . Table 11 lists the OFDM symbol durations for

various guard ratios, which range for 1/32 to 1/4. By choosingniéest guard ratio

T, /T, =1/32, the total OFDM symbol duratiom, is pretty close to the useful time
T, =11.2us. As the guard ratiCFg/Tb increases, the length of CP and OFDM symbol

also increases. The guard time (i.e., the CP length) is choberldamer than the ex-
pected delay spread of the channel so that multipath components frogmdoed would
not interfere with those from the next symbol. In choosing tieedytime, we trade-off
between robustness against multipath and bandwidth efficiency.tiataithe effects of
multipath, a large guard time can be chosen, which, on the otherthauogiires wider
bandwidth.

Guard Ratio CP length with respect to OFDM symbol
T,/T, the FFT size N, =256 duration T,
1/32 8 11.55us

1/16 16 11.9us

1/8 32 12.6us

1/4 64 14.0us

Table 11. OFDM Symbol Durations for Various Guard Ratios

After selecting the OFDM channelization parameters, a SISDMD$ystem was
simulated and the performances were compared to those of theS8IS@stem. The
SISO-OFDM system was simulated without CP and with tlgeesrguard ratio
T,/T,=Y4, i.e., from Table 11 the CP size is 64. The simulation parametdistadein
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Table 12. By using the QPSK modulation, 1,536,000 information lgite mapped into
8,000 symbols blocks of length 192 and 8,000 OFDM symbols.

# of transmitted information bits for each E;/N, | 1,536,000

# of symbol blocks transmitted for eachE, /N, 8,000

# of OFDM symbols transmitted for eachE, /N, | 8,000

Convolutional Encoder generator polynomials 171,133

# of Monte Carlo runs 30

Table 12. Parameters for Simulations of the SISO-SC and SISO-OBpétems
over the SUI-2 Channel Model

The BER comparison of SISO-OFDM to the SISO-SC is shown in&@urThe
SISO-OFDM system without CP has about 1 dB better perfornaribe BER ofL0
when compared to the SISO-SC. For lower bit error rates, the parfoenof the SISO-
OFDM gets much better. At a BER b0, the performance difference is about 6 dB al-
though no CP was added at the transmitter. This result is due t&S0@eCHDM sys-
tem’s robust performance over frequency selective channels compdanedltsO-SC
scheme. When the guard ratio was choseli 4sthe BER curve moved to left about 1
db.

The last step was to present all multiple antenna schemes grapite To make a
fair comparison, the symbol block size of the single-carrier selveas selected to be

192. The guard ratid, /T, in all the OFDM schemes was chosen td/sk For all mul-

tiple transmit antenna schemes (MISO-SC, MISO-OFDM, MIMQ-BIIMO-OFDM),
the transmitted power from each antenna is halved when comparedsioglleetransmit
antenna schemes (SISO-SC, SISO-OFDM, SIMO-SC, SIMO-OFDM) .channel char-
acteristics were assumed to be constant over consecutivediwsgisbol blocks or
OFDM symbols. The multiple channels were generated independestlyt was as-

sumed that all channels were uncorrelated.
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Figure 27. The BER Comparison of SISO-OFDM with Various CP Sizes 8088C
over the SUI-2 Channel (The simulation parameters are givEahie 12)

The equations used to compute the received signals and estimaesimula-
tion are (4.18)-(4.19), (4.20)-(4.21), (4.23)-(4.24) and (4.25)-(426831SO-OFDM
(1x1), SIMO-OFDM (1x2), MISO-OFDM (2x1) and MIMO-OFDM (2x&ystems, re-
spectively.

The simulation parameters for all schemes are listed in T&bl€he parameters
were chosen to be of the same as in the single-carrier simula®igble 9). By choos-
ing the QPSK simulation, 3,840,000 information bits were maped.0,000 OFDM
symbols and 192-symbol blocks.

The BER plots for all schemes are shown in Figure 28. The daglesdlie for
the SC schemes and the solid lines are for the OFDM schemasu€ipthe MIMO-

OFDM system outperforms all other schemes by reaching addER> with
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E,/N, =7.5 dB. When the MIMO-OFDM is compared to the worst performing syste

SISO-SC, the performance difference is about 12 dB at a BERofThe 3-dB gap is
again observed between the SIMO-OFDM and the MISO-OFDM sysAdtheugh

there are totally three antennas used in the SIMO-OFDM sy#tersIMO-OFDM per-
forms better than MIMO-SC (totally four antennas) until the BERboutl0™. The per-

formance of the two schemes is fairly close after this BEERsover point.

# of transmitted information bits for each E;/N, | 3,840,000

# of symbol blocks transmitted for eachE, /N, 10,000

# of OFDM symbols transmitted for eachE, /N, | 10,000

Convolutional Encoder generator polynomials 171,133

# of Monte Carlo runs 50

Table 13.  Parameters for Simulations of the all Single-Carrier@R®M Systems
over the SUI-2 Channel
D. SUMMARY
This chapter has presented the simulation results of sevetiabMesed com-

munication systems. Simulations were performed over three mpm &iest, the
Alamouti-scheme-based MIMO systems were simulated oveeighyfading, single tap,
zero mean and circularly symmetric channels. Next, the siron$atf all single-carrier
systems over frequency-selective SUI channels were conducteg, BHSDFDM sys-
tems were simulated. As expected, overall the systems with amtennas performed
better than the systems with fewer antennas. Another expectedwvastltiat the OFDM

systems performed better than the systems utilizing soagkeer modulation.
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Figure 28. The BER Comparison of all Schemes over the SUI

tion parameters are given in Table 13)
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VI. CONCLUSION

The goal of this thesis was to compare the performance of Mijd@ms to the
conventional SISO systems. This goal was accomplished by invesiitiaed STBC
technique and the corresponding decoding algorithms. The investigatedispacod-
ing techniques were combined with OFDM to develop the MIMO-OFRydtems and
the BER performance of these systems were obtained through eebemgive simula-
tion study.

A. SUMMARY OF THE WORK DONE

A comprehensive background of the MIMO systems was presented, incthding
input-output relations, space-coding techniques over flat and frequeactivaethannels
and the decoding algorithms. The presented schemes were invesiigdieth the sin-
gle-carrier and the OFDM modulation cases. For the simulatienomment, the fre-

guency-selective SUI channels were utilized.

Matlab-based MIMO-SC and MIMO-OFDM communication systems were
veloped. The simulations were performed for both uncorrelated aredated MIMO
channels based on the SUI models. Simulation results were presetitedarm of the
BER performance curves and compared among the various MIMé@nsystudied in this
work.

B. SIGNIFICANT RESULTS AND CONCLUSIONS

The most significant result of this study was the observdlianthe system per-
formance improved as the number of antennas at either sideaafrtimeunication system
was increased. As more antennas were added to the converntigi@abatenna systems,
higher diversity gains improved the performance. Obviously, theraywith the largest
number of antennas, i.e., the 2x2 system in this work, outperformetthedisystems

with fewer antennas by exploiting the spatial diversity gain.

The 3-dB penalty for the MISO systems utilizing STBC when compardte
SIMO systems utilizing MRC was observed in all single-caaret OFDM schemes.
This penalty has occurred because the transmitted power for eachaawizs halved for

the MISO systems when compared to the transmitted power forlt@ Sistems. On
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the other hand, if the total transmitted power is doubled for the M{S@m, then its
performance was found to be identical to the SIMO system. Irrgebailding multiple
antennas at the base stations (i.e., at the transmitter) idensiiele than building multi-
ple antennas at the mobile stations (i.e., at the receiver) [4gdMer, to achieve the
same performance, having multiple antennas at the base statianhsmore profitable

than having multiple antennas at all mobile stations.

The other significant result was that the combination of OFDM\INMIO
yielded significant performance improvement over frequency-setattultipath chan-
nels. Increasing the number of antennas at both/either the re@ed/er the transmitter
added more gain to the OFDM systems. The use of multiple antedded spatial diver-
sity gain to the conventional single-antenna OFDM systems. Ther&idMO-OFDM
systems appear to be attractive for future wireless comatigncsystems.
C. SUGGESTIONS FOR FUTURE WORK

There are four areas identified for future work. First, thenchbinformation can
be extracted from the pilot carriers at the receiver. Isi@ulations, we assumed that
there was perfect channel knowledge at the receiver. Especralhef®FDM simula-
tions, having known the channel (i.e., all three taps of the SUI clsrimedbed us to
compute the exact frequency response of the channel at all 256 muldoaguencies.
Therefore, in the decoding process for all schemes, perfect clkanandbedge boosted
the performance. In practice, the channel information must beagstirby using the pi-
lot subcarriers. Accordingly, the frequency response of the charkrewsh at the re-
ceiver with some inaccuracies. These inaccuracies maydgmaformance degradation.
In this work, while computing the IFFT in the Matlab code, thet@ymbols were set to
null. These null spaces may be filled with pilot symbols and thenmeaince of the
MIMO systems may be investigated with the channel informaidracted from the pilot

subcarriers.

A more extensive channel encoder may be used. The specificatiadhs OFDM
systems were chosen from the IEEE 802.16a standard. Although thecoatedt-EC

encoders or block turbo encoders were introduced in the standard, omly/acanvolu-
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tional encoder was used in all simulations in this work. Thereford/#ilab code may

be enhanced with a concatenated channel encoder.

In the correlated MIMO channels, the correlation coefficigmind p, were

chosen arbitrarily in this thesis. In the literature, severtilas investigated the corre-
lated MIMO channels [14, 19-22]. New Matlab code may be generatsmhtpute the
correlation coefficients with respect to the antenna spacing, eagtél the angle of arri-

val and the angle of departure of the electromagnetic waves.

Lastly, the number of antennas, either at the receiver or aatigmitter, may be
increased. The space coding techniques for higher number of antenmbhsrbtdse
Alamouti scheme were investigated by [23]. With higher number of antennas, the de-
coding equations will be much more complicated but performance impemismay be

achieved due to possible spatial diversity gain.
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APPENDIX A. SUI CHANNEL PARAMETERS
This appendix lists the SUI channel parameters. Each channel modédférant
parameters for the omni ar3® directional antenna systems. TH& ap power of the

30 directional channel is attenuated by 6 dB and thp@ver is attenuated by an addi-
tional 12 dB compared to the omnidirectional caketactors are defined for 90% and

75% cell coverage. Only the 90% coverage parameters are shavivioee detailed

channel parameters are available in [11].

SUI-1 Channel
Tap-1 | Tap-2| Tap-3] Units
Delay 0 0.4 0.9 us
Power (omni ant.) 0 -15 -20 dB
Power (30 ant.) 0 -21 -32 dB
K-factor (omni ant.) 4 0 0 dB
K -factor (30 ant.) 16 0 0 dB
Doppler 0.4 0.3 0.5 Hz
SUI-2 Channel
Tap-1 | Tap-2| Tap-3] Units
Delay 0 0.4 1.1 us
Power (omni ant.) 0 -12 -15 dB
Power (30 ant.) 0 -18 -27 dB
K -factor (omni ant.) 2 0 0 dB
K -factor (30 ant.) 8 0 0 dB
Doppler 0.2 0.15 0.25 Hz
SUI-3 Channel
Tap-1 | Tap-2| Tap-3] Units
Delay 0 0.4 0.9 us
Power (omni ant.) 0 -5 -10 dB
Power (30 ant.) 0 -11 -22 dB
K -factor (omni ant.) 1 0 0 dB
K -factor (30 ant.) 3 0 0 dB
Doppler 0.4 0.3 0.5 Hz




SUI-4 Channel
Tap-1 | Tap-2| Tap-3 Units
Delay 0 1.5 4 us
Power (omni ant.) 0 -4 -8 dB
Power (30 ant.) 0 -10 -20 dB
K -factor (omni ant.) 0 0 0 dB
K -factor (30 ant.) 1 0 0 dB
Doppler 0.2 0.15 0.25 Hz
SUI-5 Channel
Tap-1 | Tap-2| Tap-3] Units
Delay 0 4 10 us
Power (omni ant.) 0 -5 -10 dB
Power (30 ant.) 0 -11 -22 dB
K -factor (omni ant.) 0 0 0 dB
K -factor (30 ant.) 0 0 0 dB
Doppler 2 1.5 2.5 Hz
SUI-6 Channel
Tap-1 | Tap-2| Tap-3 Units
Delay 0 14 20 us
Power (omni ant.) 0 -10 -14 dB
Power (30 ant.) 0 -16 -26 dB
K -factor (omni ant.) 0 0 0 dB
K -factor (30 ant.) 0 0 0 dB
Doppler 0.4 0.3 0.5 Hz
Table 14. Parameters of the SUI Channel Models
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APPENDIX B. MATLAB CODE EXPLANATION

This appendix briefly explains the Matlab code, the function di eadile, and
the interrelationships.

To simulate the discussed schemes, two outer functions wegeatgd. The func-
tion alamouti_schemes_over_rayleigh.m was used for simulating the single-carrier
Alamouti schemes over Rayleigh fading channels. For simulatirgjrigke-carrier and
the OFDM schemes over the SUI channels, the functloofdm and single carrier
_schemes.m was used.

A. SIMULATION PARAMETERS

Each function starts by reading the simulation parameters. Théasion pa-

rameters are divided into four sections: main parameters, chazamaeheters, noise pa-

rameters, and channel encoder parameters.

The variables in each parameter section are listed in Tableh&Sotal number

of information bits to be transmitted for the givEp/N, value can be chosen such that

the resulting BER rates are satisfactory for evaluatiothdrsimulations, it was chosen
to be at least 1,000,000 to reach bit error rates on the ordérofor the OFDM and
single-carrier simulations over SUI channels, it was chosbre somultiple of

192x log, (M ) to match the 192-symbol block size.

The number of Monte Carlo runs were controlledh®y tariable ‘MonteCarlo’.
Before choosing ‘MonteCarlo’, it is recommended tine Profiler function of Matlab be
used. By setting up the ‘MonteCarlo’ as 1, theltbtae of the desired simulation can be
measured. Then, the expected time of the simulatonbe estimated easily, for larger

number of Monte Carlo runs.
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Main Parameters

N FFT size

M mrary PSK constellation

total number of information bits to be transmitted for the given

E,/N, value

Tg_rate CP rate with respect to the FFT size

MonteCarlo | number of Monte Carlo runs to be simulated

EbNo_db E,/N, interval to be simulated (in dB)

Channel Parameters

SUIl_index | SUI model index, from 1 -6

direct antenna directivity, omni antenna = 0, 30 deg directional =1
rho_tx p, transmit correlation coefficient

rho_rx p, receive correlation coefficient

fs sampling frequency

Noise Parameters

sig standard deviation of the noise sequence
No linear noise power
No_db noise power in dB

Convolutional Encoder Parameters

constlen constraint length
codegen generator polynomials in octal form
trel trellis description of the encoder

Table 15.  The Variables Representing the Simulation Parameters
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B. CONDUCTED ITERATIONS

After the system is configured with these parameters, thraeitagtions start. A
conceptual diagram of the iterations and the steps taken inte@tlon are shown in
Figure 29. The main iteration is the Monte Carlo iteration controleitid variable
‘MonteCarlo’. The next iteration is thg, /N, iteration controlled by the variable
‘EbNo_db’. The most inner loop is the bit iteration controlled by th&kke ‘n’. From
Figure 29, all system steps are conducted in the bit iteratiathém loops, such as
Monte Carlo andE, /N, iterations, the number of bit errors are summed up and saved for
computing the bit error rate subsequently. The numbers of bit ereosaged until the
Monte Carlo loop ends. To compute the BER, the total number of einsply di-
vided by the iterated number of bits.
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Monte Carlo iteration

A 4

E,/N, iteration

bit iteration

A 4

* generate the symbols to be transmitted

* generate the channels

» compute the received symbols

« compute the estimates

» demap and decode the estimated symbols

« compare the encoded bits to the generated biesegu
« compute the number of bit errors

« sum up the number of bit errors for the given SNR

A 4

bit iteration ends

» save the total number of bit errors for the itedaSNR value

A 4

E,/N, iteration ends

» save the total number of bit errors for the itedaVionte Carlo run

Monte Carlo iteration ends

Y

« compute the BER dividing the total number of esrby the
simulated number of bits

Figure 29. A Conceptual Diagram of the Iterations for the Outer Functions

C. EXPLANATIONS OF THE SUB-FUNCTIONS
While generating the outer codes, both Matlab’s built-in and usetraotesl

functions were used. Here, we explain the important functions usedaondbe

randint.mis the Matlab’s built-in function generating random bits "0"1drwith
equal probability.
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convenc.mis the Matlab’s built-in function which convolutionally encodes the
randomly generated bits. The configuration of the convolutional encoder charged

in the channel encoder section.

bin_2_mary.m converts the convolutionaly-encoded bitsrt@ary symbols. The
resulting sequence of this function is a vector with decimal ntswbpresenting the

symbols in the given constellation.

dmodce.mis the Matlab’s built-in function which makes tireary mapping op-
eration. Decimal numbers, representing the symbols in the catistellare turned into

complex numbers.

ifft 802 _16.mtakes a 192-symbol block sequence and creates an OFDM symbol.
The function, organizes the information symbols as specifidteitBEE 802.16a stan-
dard (see Figure 15 and Table 6). Prior to the IFFT operatiogutivd and pilot subcar-
riers are set to zero. After the IFFT operation, the functigmes the desired CP length
elements and adds them to the beginning of the output of the IFF Bloe CP length
can be controlled by the variable ‘Tg_rate’ which is the optionaldgtaioT /Tb . The

guard ratio can be chosen®4,Y 8,1 1¢ or 1/32. The resulting CP length will be pro-

portional to the FFT size 256. The output of the function is the basebardeeation of
an IEEE 802.16a OFDM symbol.

UI_model.m generates a 3x1 complex vector including threesgdypes of a SUI
channel. All six SUI channel parameters are sanetis function. The function gener-

ates the channel tap values using the desiredriéldki(1 to 6) and the directivity of the

antenna (omni oBO directional antenna).
UI_model_resample.m holds the delay spread values for all six SUI cleds

The function takes a 3 tap SUI channel and sanifpleth the desired sampling fre-
quency.

create_mimo_channel.m generates the channels for a 2x2 system. The &umcti
callsSUI_model.m four times and generates the uncorrelated fourspaitthe 2x2
MIMO channel matrix. Next, the correlated chansetomputed using the fading com-
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ponents of the four SUI channels and the desired correlation ca@Si¢®andp, ). The

complete correlated MIMO channel is computed with adding the fadinghonent to the
fixed component. The diagram shown in Figure 9 gives the steps tatenfunction.
Lastly, the functiorBUI_model_resample.mis called to sample the four MIMO paths

with the desired sampling frequency.

create_miso_channel.m generates the channels for a 2x1 system. The steps taken
in generating the correlated MISO channel are similar to tloogbe functioncre-

ate_ mimo_channel.m.

create_ ssimo_channel.m generates the channels for a 1x2 system. The steps taken
in generating the correlated SIMO channel are similar to ttoogbe functioncre-

ate_ mimo_channel.m.

add_noise.m generates a sequence of complex random numbers chosen from a
normal distribution with zero mean and desired noise variancedifrfension of the
generated sequence is the same as the sequence that ndiseadded.

fft_802_16.m takes the received OFDM symbol, removes the CP, takes the FFT

and organize the information carriers. The output is a sequertedimiénsions 1x192.

freq _res info_carriers.m computes the frequency response of the corresponding
192 information subcarriers. The information subcarrier aliocas identical to the
functionsifft 802 16.mandfft 802 16.m

non_causal_filter.mis used in decoding equations when a non-causal filter opera-

tion is needed.

ddemodce.mis the Matlab’s built-in function which makes theary demapping
operation. The function takes the computed estimated complex sequetcEsraps

them to decimal numbers, representing the symbols in the constellation

mary_2_bin.m converts the decimal number to bits by using the desired danstel

tion size.

Vitdec.mis the Matlab’s built-in function which makes the Viterbi decodilgg-a

rithm. In the simulation, the function is configured for hard decisiaodiag.
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