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Abstract

In this work, we exploit the SVD assisted Multiuser Transmitter (MUT) and Multiuser
Detector (MUD) technique, using the Downlink (DL) pre-processing transmitter and DL
post-processing receiver matrices with the combination of the MIMO OFDM space Time
block code (STBC). And also propose the pre-coded DL transmission scheme, were both
proposed schemes take advantage of the channel state information (CSI) of al users at the
base station (BS), but only of the mobile station (MS) owns, CSl, to decompose the MU
MIMO channels into parallel single input single output (SISO), these two proposed schemes
are compared to the vertical Bell layered space time (V-BLAST) detector combined with
STBC OFDM (V-BLAST STBC OFDM). Our simulation result on hybrid approach show
that the performance of the proposed scheme with DL Zero Forcing (ZF) transmitter
outperforms the V-BLAST STBC OFDM and the pre-coded DL schemes with ZF receiver,
respectively, in frequency selective fading channels. So this hybrid approach, exploit the time,

space and frequency diversity.
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Introduction

I ntroduction

Emergent services, with the increasing demandystem capacity and high data rate
services for the future wireless communication eayst,especially in the downlink systems,
many attempts in finding techniques to provide bigbystem capacity and data rate services
have been done. Among these, orthogonal frequemnsgiath multiplexing (OFDM) based
multiple input multiple output (MIMO) systems isetimost promising technique to satisfy the
demand for the future wireless communication dudédfact that MIMO-OFDM systems can
provide spatial diversity and combat multipath eowment [1,2,3]. In wireless
communications, exploiting the spatial dimensiomngsantenna arrays at the transmitter
and/or receiver can increase both the reliabilitgt data rate of a transmission. More recently,
researchers have investigated using such a MIM@sy$o service multiple users. MIMO
schemes are known to provide two main types of ggaspatial multiplexing gain and
diversity gain. Spatial multiplexing gain descrilibs higher data rates that can be obtained
using the spatial sub-channels created by the MIbMt@nnel. An example of a pure
multiplexing scheme is the vertical Bell laboragsriayered space-time (V-BLAST) [4]. On
the other hand, pure diversity schemes, like spgame block codes (STBC) [5, 6], are

concerned with diversity gain.

Space Division Multiple Access (SDMA) constitutes atractive MIMO sub-class, which is
capable of achieving a high user capacity by supmpa multiplicity of subscribers within
the same frequency bandwidth [7]. In MIMO aided tusker systems, both the uplink (UL)
and downlink (DL) transmissions experience multiusgerference (MUI), also referred to as
multiple access interference (MAI), as well asiirgetenna interference (l1Al).

A particularly promising candidate for next-geaten fixed and mobile wireless systems is
the combination of MIMO technology with OFDM, knovas MIMO-OFDM schemes. In
practice, OFDM could be used in combination withac® time coding, which can be
performed in a MIMO system, to increase the diwgrgain and/or to enhance the system
capacity over time variant and frequency selectliannels [8, 9, 10, 11]. Otherwise, the
performance of wireless communications is also ariiy limited by MAI in multiuser
applications. And it has been demonstrated thatdbwnlink performance of wireless
communication systems can be significanthproved by properly designed STBC. In this
context, the STBC-OFDM system may be one of mosinging system configurations that

can be adopted for next generation mobile systems.



Introduction

Orthogonal STBC [12] constitutes an attractivev loomplexity technique designed for
attaining spatial diversity, when communicating oRayleigh fading channels. Alamouti's
remarkable orthogonal transmission structure [18) ©e applied in space time (ST9,
exploit the spatial, temporal, diversitiesspace frequendsF) domain,to exploit the spatial
and frequency diversities available in frequendgaere MIMO channels in OFDM systems,
as it is shown in [14] and [15], to exploit the sak time and frequency diversities and to
obtain higher signal quality. Both ST and SF haweven to be an effective technique in
enhancing the error performance and increasingdbpacity of wireless channels [16, 17, 18,
19].

In MIMO-OFDM, the orthogonal designs can be agglas STBC-OFDM or SFBC-OFDM.
In STBC-OFDM, the symbols are transmitted over shene sub-carriers by using two or
more adjacent OFDM symbols. On the other hand, HBGOFDM, the symbols are
combined using an orthogonal matrix through thegheoring sub-carriers in the same
OFDM symbol. In both cases, it is generally assurttet the channel coefficients are
constant over neighboring sub-carriers or OFDM syisilin the orthogonal code structure.
STBC-OFDM and SFBC-OFDM can be used to increasedbealtant Signal to Noise Ratio
(SNR) at the receiver, thus, increasing the coveeaga in a cellular system.

Diversity techniques can be used to obtain religtd@smission systems or beamforming
(BF), it is shown that the transmit beamformingeodfthe best performance but requires high
rate feedback channel, and can be used to incthassignal strength towards a particular
user, thus reducing interference to others [20heWthe wireless channels between transmit
and receive antennas are correlated to each dtiam, transmit diversity scheme is not
expected to perform well, i.e. if independent fgdemong the antenna signals cannot be
achieved, BF is preferred over transmit diversy][

Finally, another type exploits the knowledge ofrainel at the transmitter. It decomposes the
channel coefficient matrix using Singular Value Deposition (SVD) [22] to obtain the
largest Eigen, and uses these decomposed unitanycesaas pre and post filters at the
transmitter and the receiver to achieve near capg2, 23, 24]. If multiple transmit antennas
are employed in combination with single or multipezeive antennas per user MIMO, the
spatial domain can be exploited by means of SDMA, users sharing the same time
frequency resource are then spatially separated oliirogonal or semi-orthogonal

beamforming techniques [25]. In some sense, eigamiorming is an optimal space time
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processing schemeélowever, it requires SVD on every sub-carrier. Taeeiver not only
needs to feedback the largest Eigen, but alsodivesponding eigen-vectors.

The efficient design of the downlink transmitteraf paramount importance for the sake of
achieving a high throughput. The effects of MUI miag mitigated by employing spatio
temporal pre-processing at the transmitter. Coresltyy the downlink receiver’'s complexity
may be reduced with the advent of transmit pregssing at the base station, a technique,
which is also often referred as Multi-User Transwie (MUT) [26]. To obtain this, it is
important to find schemes that are able to redoeeeffects of fading and explore new type of
diversity, as well as to reduce Inter-Path Intenfee (IPI) and MAI. In the case of frequency
selective fading, it can be observed that diffesymhbols suffer from interference from each
other, whose effect is usually known as Inter syiminterference (ISI), which tends to
increase with the used bandwidth.

If the Channel Impulse Response (CIR) informatissogiated to different MS is available at
the BS, the use of pre-processing schemes atdhsntitter, BS allows simpler MS receiver
implementations (and, eventually better performahcBy reducing the signal processing
requirements at the MS, we can reduce the batteipatje and decrease the terminal cost,
key aspects in the MS design. Therefore,dbmplexity costs can be shared by all MS and
should be transferred into tHBTS, and the mobile units (mobile station: Ms) tbe
inexpensive and low power.

In an effort to reduce the receiver complexitytlod MS, substantial research efforts have
been devoted to pre-processing the signal at tlse Btation before transmission. These
systems include the Maximum Ratio Combining (MR@nsmit scheme [27, 28], the Zero-
Forcing (ZF) transmit scheme [29, 30, 31] and tfeeqonding scheme [32, 33]. These signal
pre-processing schemes assume the knowledge oth#enel at the receiver, which is
generated with the aid of channel estimation orutiyizing a feedback link from the
transmitter.

In this thesisSVD based SDMA MUDs designed for DL MUT is investigd. When using
combined SVD-based pre-processing and post-praxeasid assuming that the (CIRs) of all
users are perfectly known both at the MUT and MUDthe instant of transmission and
reception, respectively, then the effect of bote MAI as well known MUI and IAl can
perfectly be eliminated in both the UL and DL, snall signal links are uniquely and

unambiguously identified by their CIRs.
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Thesis outlines

Chapter 1 provides a brief introduction to wireless commutimas and MIMO
transmissions. The main characteristics of radenalkl propagation are described: the time
selectivity, the frequency selectivity and the spaelectivity. The radio propagation effects
such as path loss, frequency selective fading, Ropgpread and multi-path delay spread.
The performance of any wireless communication sysis highly dependent on the
propagation channel, and so a detailed knowledgeadio propagation is important for
optimization of wireless communications. Two widelsed fading models are presented: the
Rayleigh and Rician fading models. The capacitthefMIMO wireless channel in Rayleigh
fading is discussed in the case of transmit dityeesnd receive diversity with and no channel

state information.

In chapter 2we will provide an introduction of diversity teclguies for fading channel, the
definition of diversity gain: time diversity, fregqacy diversity, space diversity and
polarization diversity. Then we provide an introtloc of the space time code, first
background information and basic principle in MIMEIBC is given, describing a
remarkable block code. The Alamouti scheme as & Isé&sne of this theory is clearly
interpreted. The simple mathematical formula in nratorm for general structure of
Alamouti scheme with one and two receive antenmdigration is developed, followed by
the encoding and the decoding process. Secondiraduction about spatial multiplexing or
MIMO-BLAST as a mean to increase spectral efficiencin the other words increasing the
data rate of wireless system is given. The purengka theBell Labs Layered Space Time
(BLAST), we introduces the BLAST schemes and dbsugi the Diagonal BLAST (D-
BLAST) and the vertical BLAST (V-BLAST) architectewr Then the main steps detection
process of the V-BLAST architecture. In additioritse V-BLAST capacity calculation.

Chapter 3, provides an introduction to OFDM iengral and present a Principle basic
concept of OFDM systems, and outlines some of thblpms associated with it. This chapter
describes what OFDM is, and how it can be generatet received. It also looks at why
OFDM is a robust modulation scheme and some ofaiteantages over single carrier
modulation schemes. The association of MIMO and MFystem is discussed and modeled.
At the end the combination of STBC OFDM, describihg coding and the decoding process
in space time coding STBC-OFDM or space frequeruding SFBC-OFDM. Mathematical

expression in time-domain and frequency domaind@ta transmission and reception in a
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very simple and understandable form is developetheSapplications field for MIMO OFDM

is given and discussed.

Chapter 4, an overview of Multi User system (M@d)brief definition of multiple access
technique: TDMA, FDMA, CDMA. The concept of MU det®n technique for interference
canceller is discussed. Follow by the associatibrthe MIMO and MU systems. The
comparison between single and MU systems, witlylsimnd multiple antennas user’s
equipments. This Chapter presents a method forogxm the effects of multi-path
propagation in multiuser OFDM applications in orttermprove the spectral efficiency of the
system and so an understanding of radio propagekhiaracteristics is needed before different
forms of multi user OFDM. The hybrid MU schemesngsV-BLAST detection is described.
The simulation results over frequency selectiveinigdchannel is given under multiuser

environment and discussed.

In chapter 5, we present the combination of t® $chnique with the MU STBC OFDM.
Then we exploit the knowledge of the channel staftermation at the transmitter and the
receiver side, and describing the SVD assisted Mblsimitter and MU detector. This chapter
investigates the feasibility of such techniques &l possible advantages such as increased
capacity, improved quality of service (QoS), andignificant reduction of SNR. We first
investigate the performance of the proposed Zeoosiirg receiver detection technique based
on SVD under multiuser environment. Second we itigate the performance of the proposed
Zeros Forcing transmitter under multiuser environtnénd then examine properties and
performance of the proposed schemes under varlwrmel conditions. Simulation results is

given and discussed at the end.

In chapter 6, results discussion is provided,cwisummarizes the major results obtained in
this thesis, and presents the performance compaaédhe different hybrid MU detection
technique.

Finally, we provide a thesis conclusion and futtogks.
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1.1 Propagation characteristic of Radio channe

Wireless communication suffers from inherent chamm@airments which arise from ti
physical propagation environment and which can sdyalegrade system performance.
shown in Figurel.l. In a real environment radio waves from mobiwices travel throug
the air, the surrounding objects, such as mountdimfdings, trees and houses, ca
reflection, diffraction and scattering of the tramted signal. Due to these effects,
transmitted electromagnetic waves travels alongeuwdfit paths of varying lengths a
therefore have different amplitudes, phases, dedagsangles of arrival. At the receiver,
destructive interaction between these wave compenesuses mu-path fading, and the
power of the waves decreases the distance between the transmitter and receigeeases
The movement of objects in the channel or thahefreceiver causes an apparent shift ir
carrierfrequency. A reliable communication systenes to overcome or take advantage

these channel perturbations.

Transmitter Receiver

Figure 1.1: The mobile radio channel [34]

Typically, propagation models are classified imwo tcategories

Propagation models that predict the mean signangth at a given distance from 1
transmitter are called largale propagation models, since they characterize sigimahgth
over large transmittereceiver distances (usually a few kilometers). the other hand, sm
scaleor fading models are used to characterize the riipoduations of the received sigr
strength over very short distances or short timeatthns, where the received pov

sometimes varies as much as 30 to 40 dB when ttever moves only a fraction of

6
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wavelength. The statistical characteristics ofrigdthannels are determined by many factors,
such as multiple path propagation, the relativeedpef the transmitter and receiver, the
speeds of surrounding objects, and the transmissiodwidth of the signal.

The mobile radio channel may be modeled as a lifikar with a time varying impulse
response, where the time variation is due to matiothe transmitter, receiver or scatterers.
The filtering nature of the channel is caused leyshmmation of amplitudes and delays of the
multiple arriving waves at any instant of time. &aete model for a channel withtaps can

be expressed as

L-1
y(n) = Z h(n,Dx(n —1;) + z(n) (1.1
1=0

wherex(n) is the transmitted signaj;(n) is the received signah(n,l) is the response at
time n of the time-varying channel if an impulse is sdrtiraen — t; andz(n)is the noise .
Two common parameters associated with fading cHamame the coherence bandwidth which
is the range of frequencies over which two freqyetmmponents have a strong potential of
amplitude correlation and the coherence time whthrs to the time rate of change of the
channel characteristics [35, 36]. Multi-path progi@an delaysn a fading channel can cause

time dispersion.

1.1.1 Time Selectivity

Wireless channels vary with time because thestratter or the receiver moves or their
environment changes. When the transmitter and ¢lceiver are both static, the channel
slowly changes because cars and people move, thd wmiakes leafs quiver, etc. The
modifications of the propagation environment impiet channel on a larger time scale than
the moving of the transmitter or the receiver [3Bje faster the transmitter/receiver moves,

the faster the channel changes.

The first Doppler shiftD;, amounts te—f% while the second on®, amounts t(f% ,where

v is the speed of move, amdis the speed of light. The difference betweerhddbppler

shifts is called the Doppler spread of the channel.

DS = Dz - D1 (12)
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In fact it is a sinusoid at frequengywith an envelope whose amplitude varies at frequenc

v 1.3
fz=5 (1.3)

the time between a peak and a valley of this epeele equal toi . To characterize the

time varying nature of the channels often we usedcbherence timeTl,,, which is related

to the Doppler shift given by [35]:
1
Teon, = Z_DS (1.4)
The channel coherence time is related to the re@msquare (RMS) bandwidfhys of the

Doppler power spectrum as [35]

1
T, ~ 1.5
coh fRMS ( )
And from other author is given by [36]:
9
(1.6)

Toop, & ——
" T 16 T fnax

Wheref,,.. IS the maximum Doppler shift given iy, = % :
The coherence timE.,,, is the time difference at which the magnituderoretope correlation
coefficient between two signals at the same frequéalls below 0.5. In other words it can be
assumed that the two signal components separat&aenbyT,,, will undergo independent

attenuations.

If the coherence time is large compared to the $yrdbration,T is much smaller than the
channel coherence timg, < T,,; , Signal experiences slow or time non-selectidnig The
channel can be assumed to be static over sevendlady, we may also say that the channel is
quasi static, which is referred as sldading. When the channel changes more quickly
T, > T.,n , We say that the channel experiences fast fadimjthat it is time selective or
frequency dispersive.

Since the channel coherence time can be approxinigtéaking the inverse of the Doppler
spread, it relates to the degree of mobility in grepagation environment. In particular,
although there may be some motion of the scatteieedixed wireless channel has negligible
Doppler spread, or equivalently a large coheremre,tand is therefore a slow fading
channel. In the context of mobile communicatiomsges the symbol period is also the inverse

of the signal bandwidth or symbol rate, fast fadarges in cases where the bandwidth is
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smaller than the Doppler spread of the channel, when the symbol rate is low and the
mobile unit ismoving rapidly.

As the data rate increases and/or the mobile univkility decreases, the channel becomes
more slowly fading. Also note that the maximum Diepshift is proportional to the carrier
frequency. Thus time selectivity also becomes aenraportant consideration as transmission

frequencies increase [37].

1.1.2 Frequency Selectivity

The channel strength varies with the positiorthef receive antenna. It also varies with the
wave frequency because the propagation delaysdfitact and reflected waves are different.
The multi-path structure of a channel is quantifigdits delay spread or by its RMS value.
The delay spread of the channel, which is the wiffee between propagation delays, is
denoted byf; is given [35]:

T, = 2.dyy

: (1.7)

c
4 dpy

If f changes by , the channel changes significantly; we move fropeak of the

received power to a valley, this quantity is calteé coherence bandwidtfiime domain
parameters for multi-path fading such as RMS dsfagad are derived from the power delay
profile. Coherence bandwidth,,;, is inversely proportional to the RMS delay spreatdich

characterizes the channel in the frequency don&dh [
1

Beon = m (1.8)

And from other author is given by [36]:

B, =— (1.9)
50 Trus

Where, 7z is the RMS delay spread.

The coherence bandwidi®,,, captures the analogous notion for two signals ifierént
frequencies transmitted at the same time. A sigrpériences flat or frequency non-selective
fading if its bandwidthiy is much smaller than the channel coherence baividg <
Fcos, and frequency selective fadinglf5>Fcos.

In narrowband systems, the bandwidth of the trattethisignal is smaller than the channel's

coherence bandwidth and multi-path delay spreadifman excess delgyr,, ., IS smaller
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than a symbol periodz,,,, < Ts . The channel is called frequency non-selecthanael or

a flat fading channel.

In wideband systems, by contrast, the multi-pattaydspread is larger than the symbol
durationt,,,, > Ts;, The channel is time dispersive or frequency s$eledading. In such
cases, the spectrum of the channel varies ovesigimaling bandwidth, which leads to inter-
symbol interference between transmitted signale. @dseband representation of the received
signaly(t) is then

y(t) = h(®)x(t—1) + n(t) (1.11)

Where x(t) and n(t) respectively denote the transmitted signal and rtbise, t is the
propagation delay, anHd(t) denotes the channel which may depend on the tinwhen
T, < T,, the channel is a frequency-selective fading chhrits baseband representation is

made up of several tapst, [):

L-1
y(t) = Z h(t, Dx(t — 1) + n(0) (1.12)
=0

WhereL denotes the number of distinguishable channeldags; is the propagation delay

associated to channel tagt, 1) may denoted b¥;.

1.1.3 Space Selectivity

Transmit Receive
antenna antenna

dtr dI'W

Wall

\4
A

Figure 1.2: The reflector scheme

When using multi elements antennas arrays, therenbe distance represents the minimum
distance in space separating two antenna elements that they experience independent
fading. In Figure 1.2, illustrates the multi-path fadingepbmenon. It shows that the channel
strength may quickly vary with the position of theceive antenna. The direct and the
reflected waves, both of frequengy, add constructivelpr destructively. It depends on their

phase differenca,, given by [35].

10
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we (d. + 2d wed 2wed
A = f( tr rw) 47— fYtr — fYrw + 7 (1.13)
¢ c c c

Both waves add constructively when the phase diffee is an even multiple of. The
electric field is then strong, even stronger tharhie free space case. However, both waves
add destructively when the phase difference isdthrultiple ofr . The received signal is
then weak. This phenomenon is called signal fading.

This distance clearly depends on the wavelengththeotransmitted signal, as the phases of
higher frequency signals are more sensitive to Isdiatance changes than those of low

frequency signals. Thus antenna separations anereate distances are typically expressed

in terms of wavelengths of the carrier signal [35Using the wavelengthl = = 2%
instead of the angular frequency, (1.13) can beitienw as

4 d
Ay= 2T 4 o (1.14)

¢ A
The distance between a valley and a peak of theavedt power i3/4. This distance is called
the coherence distanat.,,. It means that the channel changes a lot whendistance
between the receive antenna and the wgaj) varies byA/4. Also d.,, depends on the

presence of scatterers in the vicinity of the améearray, and generally falls somewhere
A : . .
between,z and 124 [37]. In a rich scattering environment, where masuvatterers are

approximately uniformly distributed ovd0,2m] around the receive array, the envelope
correlation between two signals seen at antennaevated by d.,, > A/4 is less than 0.5
[37]. Thus, given this angle spread and antennaragpn, the channel exhibits independent

or spatially selective fading.

1.1.4 Attenuation

Attenuation is the loss of average received sigower. Factors responsible for attenuation
are the distance between the transmitter and recdhe obstacles in between, their physical
properties, etc. Attenuation due to distance irsgsaexponentially, and, in addition to this,
the presence of very large obstacles such as bgddihills, etc causes another type of
attenuation known as log normal shadowing. Sta##§i, the attenuation is considered as a

random variable having a well known distribution.

11
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A common formula used to model attenuation giveifi36]:
— d
PL(d)[dB] = PL(dy) + 10 a log (d—) +X, (1.15)
0

Where, X, is a zero mean Gaussian distributed random Jari@b dB) with standard
deviationo (also indB) and accounts for the log normal shadowing eff€be path loss at
any arbitrary distance is statistically described relative to the clasedference poind,, the
path loss exponent, and the standard deviation The exponent can have values from 1.6

(in indoor line of sight) up to 6 (in highly bullip cities).

1.1.5 TheDoppler Effect

When there is relative movement between the inétes and receiver scatterers. The carrier
frequency, as perceived by the receiver, gets athbyg some amount; this leads to frequency
spreading of the transmitted signal, called Doppfaeading, which causes signal fading to
vary with time. Here spread is used to denote délosethat a pure tone of frequengyin Hertz
spreads across a finite bandwidfh+ f;. The amount of frequency shift depends on the
relative speed, the direction of movement and thguency of the carrier. The Maximum
Doppler shift of the received signal is denotedfpgnd given by [36].

v
fa = f X cos 6 (1.16)

Wherev is the relative speed, between the transmitteraceiver g is the angle between the

direction of motion and the wave propagation, andfi is the carrier wavelength.
A Doppler shift can be negative as well as posjthmeaning an apparent decrease or increase
in frequency, respectively. However, most often meximum absolute value is considered

and normalized with respect to the symbol ratedgenbted byF,T.

|fal

F;T =
7 fom

(1.17)

Wheref;,,., is the symbol rate. A typical office environmensiaT value of about 2.

The time autocorrelation of the flat fading chanin@l) is approximated by Jakes' model [38].

R(t) = E[h(t) h(t +1)] = Jo(2rfy7T) (1.18)

Where J,(.) is the zeroth order modifed Bessel function offtret kind. Its Fourier

transform is the Doppler power spectrum.

12
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1.1.6 Fading

The result of multi-path and the Doppler shiftfasling. Fading is theapid variation in
signal strength over a short distance or time watewhere the large scale attenuation is
constant. A fade can be flat or frequency seledti®gending on the multi-path structure of
the channel, and slow or fast depending on the [Rogffect.

Flat fading occurs when the bandwidth of the sigedkess than the coherence bandwidth.
This type of fading is common, and some commuracaslystems are designed specifically to
operate in very narrow bandwidth mode. If the sidraandwidth is wider than the coherence
bandwidth then different frequencies undergo indepat fading and the result is ISI. How
rapidly the channel changes as compared to thalsigmiation determine whether the fading
is slow or fast. The Doppler effect is the reasartliiis type of fading as any movement of the
receiver or any object in the channel produces ppl@o shift. The symbol period of the

transmitted signal has to be shorter than the eolver time for a slow fading channel. A

channel can be either flat or frequency selectiether slow or fast fading.

1.1.7 Rayleigh and Ricean Distribution

The Rayleigh distribution is commonly used toalig® the statistical time varying nature of
the received envelope of a flat fading signal, loe envelope of an individual multipath
component. The amplitude of two quadrature Gaussi@gmals follows the Rayleigh
distribution whereas the phase follows a uniforstribution. A very common fading model
is the Rayleigh fading. A complex channel tepthat experiences Rayleigh fading is a
circularly symmetric complex Gaussian random vaeiahp~N,(0, 7).

Whose variance is/. This model is called Rayleigh fading because tipe amplitude is
Rayleigh distributed. As for the tap phase, itngfarmly distributed betweer® and2n. The
Rayleigh fading model assumes that there are @ latgnber of statistically independent
reflected paths that contribute to this tap. Rayleiading corresponds to a non line of sight
(NLOS) situation. The probability distribution fumn (PDF) of a Rayleigh distribution is
given by [38]:

r —r? 0<r<
P(r) ={52P\252 )’ =r= (1.19)
0, r<o0

13
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Where2s? is the mean power of the multi-path signal. Ifrthés a direct (Line of Sight
:LOS) path wave, also called the specular pathh sncan indoor environment where the
chance of a line of sight path is high, the sigeavelope is no longer Rayleigh and the
distribution of the signal is Ricean the fadindduls a Ricean distribution with PDF [36, 38]:

P(T) — ?QXPTI ? A=20r=0 (120)

0, r<0

r —(r? + A?) (Ar)

WhereA is the peak amplitude of the dominant path Riid) is the modified Bessel function
of the first kind and order zero. Figure 1.3, shotve PDFs of Rayleigh and Ricean

distributions

Rayleigh
0.9r ———— Rice

0.8+ A

0.7 B

PDFs
o
o
|

0.3+ v \ i
0.2} 7 N, B

o1l £ , §

0 1 2 3 4 5 6 7 8 9 10
values of element

Figure 1.3: PDFs of Rayleigh and Ricean distrilngio

In a typical land mobile radio channel, it is ofeessumed that there is no direct line of sight
(LOS) wave and the receiver obtains only reflestagtes. Since the fading is a superposition

of a large number of independent scattered compsihiaa].
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1.2 Channél Capacity

The channel capacity is defined as a mutual information, its represémésmaximum data
rate that can be supported by the channel unddraailly small probability of error rate. A
common representation of the channel capacity tisinva unit bandwidth of the channel and
can be expressed in bps/Hz. This representatioalsis known as spectral (Bandwidth)

efficiency and can be derived as:

1.2.1 SISO Capacity without CSI in the Transmitter

When the receiver knows the channel at each tistamt, the system is equivalent to AWGN

channel conditioned ain
CSISO = Eh{logz(]. + SNthlz)} bltS/S/HZ (122)

WhereE,{.} is the expectation operator with respect to trenokl coefficient, which is a
complex Gaussian random variable with zero mearearatiance of 0.5 per dimension, and
SNR is the average signal to noise ratio for eadeiving antenna. This is often termed
ergodic capacity. For a given there is only one way to increase the capacitthefSISO
channel and that is by increasing SNR. Also, theacty increases logarithmically with
increasing SNR.

1.2.2 MISO Capacity without CSI in the Transmitter

The capacity of multiple input single output (MIS€jannels (Transmit Diversity Systems)
As shown in Figure 1.4. The Capacity of a MISO sgsusing transmits diversity only with

Mt transmits and one receive antenna, without CShe ttansmitter with total transmit

P :
powerP; and powelMi; per antenna can be written as:

M
SNRC, L\ .
Coso = En 1109, 1+W2|hi| bits/s/Hz (1.23)
i=1
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o L,
N/

hwit

G

Figure 1.4: Transmit diversity systems

Received signals should combine as with maximuim cambining MRC.

Mt Transmitdiversity

Capacity (bit/s/Hz)

SNR (dB)

Figure 1.5: Capacity of transmit diversity for @ifént values SNR

But Figure 1.5 shows that for transmit diversity Multiple Input Single Output (MISO)
system, the capacity doesn’t increase that mu¢heasumber of transmits antennasrease.
The maximum capacity that can be achieved in trandirersity is that of AWGN'’s channel

capacity. This is also implied in the capacity @gsion of MISO systems.
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1.2.3 SIMO Capacity without CSl in the Transmitter

For a Single Input Multiple Output (SIMO) channedceive diversity systems) with one
transmit andVr receive antennas as shown in Figure.1.6.

h]_ Wl

Figure 1.6: Receive diversity systems

The above capacity corresponds to maximum catmbining of the received signals.

Nr Receive diversity

Capacity(bit/s/Hz)

SNR (dB)

Figure 1.7: Capacity of receive diversity for difént values SNR
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From the Figure 1.7, we can see that for receiverdity or single input multiple output
(SIMO) system, the channel capacity increases dltegsrithmically with the number of
receive antennas for a given signal to noise rdthlos is in agreement with the channel
capacity expression for SIMO system which is gilagn

Ny
CSIMO = Eh logz 1 +SNR Zlhllz bltS/S/HZ (124‘)
i=1
WhereC is the normalized capacity with the channel badtlwiExpression (1.24) shows that
increasing the number of receive antennas resuicieasing the array gain through the
summation, which in turn is related to the capalagarithmically.

1.3 MIMO Capacity

1.3.1 MIMO without CSI in the Transmitter

For Mt transmit antennas arig. receive antennas, the MIMO flat fading channel capa
can be expressed as:

SNR
Ey {logz(det(l,vr + WHHH))} bps/Hz, Nr < Mt

SNR
Ey {logz(det(INr + WHHH))} bps/Hz, Nr = Mt

Cymimo = (1.25)

Unlike Figure 1.6 and 1.7, Figure 1.8 shows thardhexists almost a linear increase in
capacity with the number of transmit and receivieiamas in MIMO system.

Figure 1.8 shows, an analysis of the capacity efsystem having multiple transmitters and
receivers. The capacity of a MIMO system has bdettenl against SNR (dB). This provides
a fundamental limit on the data throughput in MIM@&tems. From the Figure 1.8, it is clear
that with increase in the number of antennas abtik sides capacity increases linearly i.e.
with Mt = 4 and Nr = 4 we have achieved highest capacity in MIMO systelings also
worth mentioning that when we hadt = 2 andNr = 3 the result is almost the same with
Mt = 3 andNr = 2 which shows that the increasing number of anteaha#ther side of the

MIMO system will have same effect in raising th@aaity [39, 40].
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Figur&1MIMO Capacities

1.3.2 MIMO with CSl in the Transmitter

All the analysis shows that it is advantageousrémdamit signals through different sub-
channels with reduced power to enhance the capeatyer than sending the total power
through a single channel.

It is interesting to express the channel capagcityerms of the eigen-values &fH" as
illustratedin [41]. The rank ofH is defined as the number of linear independentnan&ior

rows and it is equal to the number of nonzero eigenes ofH" :

rank(H) = rank(HH") = ry < min(Nr , Mt)

Using singular value decomposition (SVD), the cleimnatrix H can be decomposed as:
H=UDVH (1.26)

WhereD is anNr x Mt diagonal matrix having the singular values ordiggyonal.U is an
Nr X Nr unitary matrix that spans the column spacedoéndV is an Mt x Mt unitary

matrix that spans the row spacetbf
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Figure 1.9: Converting the MIMO channel into a platachannel by SVD

The singular values are non-negative real numbedsdefined as the square roots of the
eigen-values of HHY. Thus, the diagonal matrix D is equal to
diag(\/21,+ 22, .., \[A 0 ...,0) wherery is the rank off and,,, is thery ™" eigen-value of
HHY,

The received samples at timen theNr receive antennas, shown in Figure.1.9, can be

written as:
y=Hx+n (1.27)

Wherex is the Mt x 1 transmitted vector, andis the Nr x 1 additive white Gaussian
noise (AWGN) vector.

Decomposindgd and applying a unitary transformation to (1.27utessin:

y =UDVHix +nUH

y =DVix + Uln

j=DX+1i (1.28)

SinceU andV are unitary matrices, the statisticsyofx andn are preserved. Thus, the MIMO
communication channel is equivalentgparallel SISO channels. Thgt"* channel has a

power of4,,..
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In the decomposed parallel model as shown in Figue independent data are sent across
each of the independent parallel channels so arters the SISO capacity to the parallel
decomposed MIMO channel is as simple as just adiiegapacity of thesg; independent
and scalar channels. If we hame independent parallel channel then the total capacithe

sum of all thery, capacity’s is given by [42]:

c=>a (1.29)

i=1
By using the parallel Gaussian channel capacityia with uniform power distribution, the

MIMO flat fading capacity is written as:

- SNR
Coiimto = z E, [log2 (1 +o Al-)] bps/Hz (1.30)
i=1

In this scheme there is a linear increase in cHaceggacity with the minimum number of
transmitMt and receivéNr antennas. i.e. the spectral efficiency grows lilyeaith number

of parallel Mt andNr antennas at a fixed power.

It is clear that the capacity increases linearlthwicreasingy where, ry; = min(Nr, Mt).
Representing the capacity of MIMO channels in teohthe singular values of the channel
matrix H clearly shows the effect of spatially correlatedank deficient MIMO channels on
the capacity. Correlated MIMO channels have lowankr than independent channels.
Therefore, they have a lower number of non-zerguar values resulting in reduced channel

capacity.
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1.4 Conclusion

In chapter 1, the propagation characteristicadfio channel was studied, and show that the
system performance highly degraded by the fadirigcefwhich arise from the physical
propagation environments. Furthermore, the usetltd diversity gainCorresponds to the
mitigation of the effect of multi-path fadirendimprove the reliability of transmission which
increase the coverage area and QoS, by meanansntitting or receiving over multiple
antennas at which the fading is sufficiently deretated.

The capacity of MIMO channels was studied and itriplied that this capacity is optimally
achieved if the number of transmit and receive ramds are equal. The channel capacity can
be greatly increased by using multiple transmit eewkive antennas, which is usually called
MIMO systems. The linear increasing in MIMO chanoapacity with the minimum number
of transmitsMt and receivedVr antennas. i.e. the spectral efficiency grows liyewith
number of parallelMt andNr antennas at a fixed power. It is clear that theacdy increases
linearly with increasing of the rank;, which indicates the number of spatial degrees of

freedom (DOF) wherery = min(Nr, Mt) rather than logarithmically
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2.1 Diverdsity Techniquesfor Fading Channels

In order to meet the demands on higher data,ratter quality and availability from an
ever increasing number of wireless sub-scribere Tharacteristics of wireless channel
impose fundamental limitations on the performancwiceless communication systems. The
wireless channel can be investigated by compogimgto two parts, i.e., large scale (long
term) impairments including path loss, shadowind amall scale (short term) impairment
which is commonly referred as fading. The formemponent is used to predict the average
signal power at the receiver side and the transomssoverage area. The latter is due to the
multi-path propagation which causes random fluotmst in the received signal level and
affects the instantaneous signal to noise ratidR)5N
For a typical mobile wireless channel in urban sre#ere there is no line of sight
propagation and the number of scatters is conditietarge, the application of central limit
theory indicates that the complex fading channelffcment has two Quadrature components
which are zero mean Gaussian random processes.résuli, the amplitude of the fading
envelope follows a Rayleigh distribution. In terofserror rate performance, Rayleigh fading
converts the exponential dependency of the bitrgnrobability on the SNR for the classical
AWGN channel into an approximately inverse lineaeresulting in a large SNR penalty.
New techniques in signal processing and codingy he®e developped and implemented. To
achieve high data rate communication, the systesrtdiavercome problems such as additive
noise and channel fading. One way is to make skvepéicas of the signal available to the
receiver with the hope that at least some of thesmat severely attenuated. This technique is
called diversity [43].

A common approach to mitigate the degrading effedftdading is the use of diversity
techniques. Diversity improves transmission perfmmoe by making use of more than one
independently faded version of the transmitted aighi several replicas of the signals are
transmitted over multiple channels that exhibitependent fading with comparable strengths,
the probability that all the independently fadednsi components experience deep fading
simultaneously is significantly reduced.

There are various approaches to extract diversiiyn fthe wireless channel. The most
common methods of diversity techniques include tineersity, frequency diversity and
space diversity [35, 39, 43].
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2.1.1 TimeDiversity

In time diversity the same information symbolrépeatedly transmitted at different time
slots with the hope that they will suffer indepemidéding and the receiver will combine
them properly, where the separation between theessove time slots equals or exceeds the
coherence time of the channel. If the channel ngetivarying, each copy will experience
different channel conditions and this results ia teception of multiple, independently faded
copies of the transmitted signal at the receivieerdby providing for diversity. This time
separation is obtained by time interleaving theuseqge of bits or symbols. Since this time
interleaving results in decoding delay, this tegnmi is effective for delay insensitive
applications such as data transmission or fashdadhannels where the channels coherence
time is small. For slow fading channels, the largerleaving distance can lead to significant
delay which is untolerable for delay sensitive &g@tlons such as voice. In addition, time
diversity results in some data rate lose as theesamssage is sent in different time periods
which could have been used for new message. Dtleetcedundancy introduced in the time
domain, time diversity results in a loss in bandtiefficiency.

2.1.2 Frequency Diversity

In frequency diversity, replicas of the same ragesare transmitted in different frequency
slots that are separated enough to ensure indepema#ing. The frequency separation
between these slots should at least be equal tooterence bandwidth of the channel, where
the coherence bandwidth is small compared to theeigth of the signal which is the
frequency band in which the fadirsgatistics is correlated. Frequency diversity hsisally
been provided by spread spectrum such as directeseq spread spectrum (DSSS) and
frequency hopping (FH). More recently, frequencyetsity can also be provided by multi-
carrier modulation methods, such as OFDM. Simitatitne diversity, frequency diversity
induces a loss in bandwidth efficiency due to tedundancy introduced in the frequency

domain.
2.1.3 Spatial Diversity

Space diversity is also called antenna diversitst it is an effective method for combating
multi-path fading. Is the diversity technique tlimtes not require any additional bandwidth
and does not introduce much decoding delay [39% typically implemented using multiple
antennas or antenna arrays arranged together oe $patransmission and/or reception. The
multiple antennas are separated by a sufficienfakie at least equal to the coherence
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distance of the channel. Coherence distance isstandie over which the channel fading
statistics is correlated to allow the signal regdico undergo independent fading. Depending
on the antenna height, propagation environment faeguency, the channel’'s coherence
distance vary. Through the number of paths thatcezated due to these multiple antennas,
the same information signal can be sent such thet enessage from the respective antenna
sees different fading statistics. This is becanserich scattering environment the chance of a
line of sight path is low, and most paths are otéld or diffracted from obstacles. Usually
antenna diversity is used only at the base stdiemause multiple antennas on the portable
unit pose a design challenged do not justify the cost.

Unlike time and frequency diversity, space divgrsibes not result in a loss of bandwidth
efficiency, which makes it very attractive for highata rate wireless communications.
Depending on whether multiple antennas are usedtrforsmission or reception, space
diversity can be classified into two categorieseree diversity and transmit diversity.

Receive Diversityhas been widely used in the uplink of cellulamoounication systems,
with multiple antennas at the base station to pigkindependent copies of the transmitted
signal. Receive diversity is characterized by thenber of independent fading branches or
paths. These paths are also known as the divessitygr and are equal to the number of
receive antennas. The replicas of the transmittgthls are properly combined to increase the
overall receive SNR and mitigate fading. There arany possible combining methods,
including selection combining, switching combiningaximum ratio combining and equal

gain combining [44].

Transmit Diversitywhich uses multiple antennas at the transmiti&s,received less attention
than receive diversity. Transmit diversity ofterquges more signal processing at both the
transmitter and the receiver. Because it is gelyetarder for the transmitter to obtain
information about the channel, transmit diversigheames are often more complex than
receive diversity. But with the advent of spaceetiooding schemes, it became possible to
implement transmit diversity without knowledge @etchannel. In recent years, one new
approach to space diversity has emerged which gephoultiple antennas at both the

transmitter and the receiver, leading to the steddIMO systems.
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2.1.4 Polarization Diversity

Electromagnetic waves have vertical and horidongalarizations that also show
decorrelation [36-40]In this technique multiple versions of signal aransmitted and
received. It is used to minimize the effects okstVe fading of the horizontal and vertical
components of a radio signal. Where the requirddnara spacing for space diversity is not
feasible, polarization diversity is used as anrafieve as the same antenna can be used for
different polarizations. However, it is not possilib have more than 2-way polarization

diversity.

2.2 Space Time code

Space time coding (STC) combines modulation, sebooding and antenna diversity. The
main purpose of space time codes is to combat thg-path fading phenomenon of wireless
channel by using multiple transmit and receive mmés [45]. Each pair of transmit and
receive antennas provides a signal path from Hresinitter to the receiver. In STC, the signal
is coded across both spatial and time domains ttmdace correlation between signals
transmitted from various antennas at various tiredogs. The signal copy is not only
transmitted from another antenna but also at anditne. This delayed transmission is called
Delayed Diversity [46]. Space Time Codes combinatiaband temporal signal copies. By
doing this, both the data rate and the performarare be significantly improved without
sacrificing bandwidth. By sending signals that gahe same information through different
paths, multiple independently faded replicas ofdaa symbol can be obtained at the receiver

end; hence, more reliable reception is achieved.

Let us define some common terminologies in spaxe toding:

* Full rank codes a STC that has full rank. It has full transmiutedsity, and is also called a
full diversity code.

* Full rate codes the one that achieves the maximum rate, whielgusl tob bps/Hz, where
the code symbols are drawn from a constellatan's of size 2. In general, STC's offer

diversity gain and coding gains to the system.

Two approaches exist for STC. Space Time Trellislg3o(STTC) and Space Time Block
Codes (STBC) aim at achieving high diversity gaifise first one is an extension of the trellis
coded modulation [47], (STCM Space Trellis CodeddMlation) [48], and the second one is
based on block codes [5] (STBC Space Time Blockei.othe STTC approach introduces a
time and spatial correlation into the signal spravides a diversity gain at the receiver and a
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coding gain over the uncoded signal. But the degpdomplexity of STTC is much higher
compared to that of the STBC. The STBC uses thekbémcoder to achieve diversity and
orthogonalization of the channels [12]. The orthegochannel allows for a simpler
implementation of the receivers.

Although many designs of STBC exist, additional gandies such as the orthogonality of
matrix code allow improved performance and easydiag at the receiver. Such properties
are realized by the so-called Alamouti space timaec[13], explained later in this chapter.
The total diversity order which can be realizedhia Nr to Mt MIMO channel isMt X Nr
when entries of the MIMO channel matrix are stetaly uncorrelated. While STC
techniques improve the reliability of receptiorgrin are other MIMO techniques that increase
the rate of communication for a fixed reliabiligvel by increasing the degrees of freedom

(DOF) available for communication [49].

2.2.1 Space Time Block Codes

In STBC, the data stream to be transmitted is @adan blocks which are distributed among
spaced antennas and across time. This distribufotransmitted symbols over multiple
transmits antennas and different time slots camelpeesented in the form of a matrix as
shown below.

Sl,l 51,2 Sl,Mt

Sl,l Sl,l SZ,Mt
time slots 4| ° P (2.1)

nr,1 STlT,Z - SnT,Mt
ﬁ

antennas

Mt is the number of transmit antennas amg is the number of time slots. Each row
represents a time slot and each column represemsapntenna’s transmissions over time.
While it is necessary to have multiple transmiteanias, it is not necessary to have multiple
receive antennas, although to do so improves padoce.

2.2.2 The Alamouti code

A simple (STBC) scheme is the famous Alamouti cfd®. As shown in Figure 2.1, the
Alamouti scheme is designed for two transmit anésnrin Alamouti encoding scheme,
during any given transmission period two signaks mansmitted simultaneously from two

transmit antennasThe orthogonal structure of the transmitted sighetouples the two
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symbols sent at the same time and the maximumHib@dl detection of the 2-D structure is

greatly simplified.

)
[s1,—s3] j

sp s2] |—>| [0] [— * :(\\ Time

[s2, si]

Space

Figure 2.1: The Alamouti Space Time Block CodeZdrx antennas

The encoder takes two modulated symBegénds, at a time. The transmit matr&X is given

by equation (2.2).
C=1lc(t) c(t+T)]

_ |51 —S;
C = [Sz SI] (2.2)

Wheres™* is complex conjugate of. During the first transmission period, two signalsand

s, are transmitted simultaneously from antenna orek artenna two, respectively. In the
second transmission period, signak; is transmitted from transmit antenna one andasign
s; from transmit antenna two. It is clear that theashing is done in both space and time
domain. The transmit sequence from antennas onetwadis showed bys! and S2,
respectively.

St = [S1, =53]

5 =[s, si] 2.4

The encoder outputs are thus transmitted in tweetutive transmson periods where the
column of the code matrix indicates symbols trat@disimultaneously and the rows indicate
symbols transmitted from respective antennas. dlear that the encoding is done in both
time and space domainSinceN, symbols are transmitted duriig time slots, the rateR9

of STBC is:

N, symbols
b4 (2.5)

S~ L, time slot

The above matrix is orthogondie code belongs to a special subclass of STBOskias
Orthogonal Space Time Block Codes (OSTBC) [12].
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The code matrices of OSTBCs satisfy the followingstraint.
CPC =D = (Is11* + || I (2.6)
Where is a diagonal matrix.

Is11? + |s,|? 0

chc =
0 |51|2‘*‘|52|2

2.7)

2.2.3 Alamouti Scheme 2x1 Space Time Code

Alamouti proposed a method of signaling that expltransmit diversityHe showed that the
same diversity benefit can be obtained when usiamgsimit diversity as when usimgceive
diversity. Furthermore, the system with two trartsamtennas and one receive antenna can
perform as well in the presence of multi-path &ystem with one transmit antenna and two
receive antennas. The key to Alamouti’'s schemesmed to as the Alamouti 2x1 STC. Figure
2.2, shows the Alamouti's scheme system with twamgmit antennas and one receive

antenna.

[s1,—s3]
s, 5] :{%i [ I

Figure 2.2: Alamoulti transmit diversity scheme

Assuming a flat fading channel and denoting the ¢hannel coefficientd; andh,, the
received vector is formed by stacking two consecutive data sampleqr; ,]7 in time.

The received signal can be represented by a nfatnxas
r=GC+n (2.8)

We define the received signal vectoe [r; 1,]7, the code symbol vectdr = [c; ¢,]7, the
noise vecton = [n; n,]”. Where the channel matrix is defined @s= [h, h,].

The signals received at timeandt + T are respectively:

Tl = h1$1 + thZ + Tll (2.9)

rz = _hls; + thik + nz (210)
Whereh,andh, are the fading channel coefficient gains, ap@ndn, are zero-mean

complex Gaussian noise.
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The received signal at tinteandt + Tcan be written as
HE [51 ‘55] [hl] [ 2.11)
2 Sy 81 1lh; n, '
Where h; = |h,| /%1 and h, = |h,| e/?2 are complex channel responses for antennas 1
and 2, respectively, and; | andp;, are the amplitude gain and phase shift for tth,@nd
n; and n, complex noises at timasandt +T. The signal vector can be rewritten as, or in

short notation
y=HS+n (2.12)

6] _ h1 hz S1 nq

[rz*] - [h; —h{] [sz] + [nZ] (2.13)
Wherey = [r; r;]7 , the symbol vecta$ = [s; s,]7, the noise vectat = [n; n;]7. Where
the equivalent channel matrix is defined as

_[h ha
H—[hz —hi] (2.14)

2.24 Maximum Ratio Combining and Decoding 2x1 Schemes

Assuming perfect channel knowledge at the recewastory is multiplied by the Hermitian
transpose channel matrix, which because of itogadhality results into:

H"H = HH" = h?I,

Where the 22 identity matrixl,as well as the gain of the chanhél= |h,|?> + |h,|*> was
introduced, indicating a two times diversity foetreception of both symbols. Note that each
matrix element; is assumed to be a complex Gaussian random vanatbleinit variance.

Therefore, the decoded signal can be obtained as

$= [?] = HLHS + HY. n’ (2.15)
2
With E[n' n'f] = o621,
- hi hy, 1M
$= [h; —hl] 2] (2.16)

In the above equation, if the channel estimatiqreidect, that isH,; = H , then we have
S = (Jhy]? + |h3|?)S + ng (2.17)
With

E[ns' n?] = (|1 ]* + |hy|®) o7 1, (2.18)
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§1 = hiry + hyry

= [s1(1h1]% + |h3]%) + (hing + hynd)] (2.19)
S, = hyry — hyry

= [s2(Ihs|? + [h2|?) + (R3ny — hyn3)] (2.20)

The soft output data can be detected independenligre is a straightforward way to

evaluate the above expressionfibrreceives antennas.

Despite the fact that both antennas send signamultsineously, we observe that the
interference has been totally removed in (2.19) @#0). The only assumption is that the
receiver has perfect knowledge of the channel g&@nsthe contrary, the transmitter does not
need knowledge of the channel gains with this sehefrhese combined signdlsands, are

then sent to the maximum likelihood decoder (sepefplix A).

2.25 ML Decision

As the signals; depends only os;and §, only ons,, we can decide ons; ands, by
applying the maximum likelihood rule ¢ and §, separately. These combined signals are
sent to a maximum likelihood decoder which for eaahsmitted symbad; i = 1,2, selects
a symbol 3; from the M-ary signal set such thdt(s;, $;) is minimum, wherei?(5;, ;) is
the Euclidean distance between the two symbiipls the estimate of the transmitted symbol
s;. Thus the ML decoding rule of equation (2.17) ¢enseparated in to two independent

decoding rules
§1 = ming,es [((|h1|2 + |y |?) - 1)|51|2 + d2(§1;§1)] (2.21)
§; = ming, s [((|h1|2 + [hy|?) = 1)|52|2 + d2(§2,§2)] (2.22)

For MPSK modulation, all the symbols in the corateln setM have equal energy, hence

the ML decoding rule then becomes

§1 = MiNg es d* (81,51) (2.23)

Sz = MiNg,es d* (3;,57) (2.24)

The complexity of the decoder is linearly propamabto the number of antennas and the

transmission rate.
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2.2.6 ZeroForcing Method
The transmitted symbols can be computed by theppiFoach

) 1
$ = [H"HI'H"y = H'ly (2.25)

Which gives equivalent results to the ML solutiaredo the diagonal structure of tHe{,

however, with less receiver complexity. This carfuréher elaborated on:
S =S+ [H"H]*H"n (2.26)

Revealing the noise filtering. The noise variarmetiie two symbols is given by
202
h?
Using complex valued modulation, only for the twiiemana scheme such an improvement is

o2 trace([H"H]™) = (2.27)

possible.

2.2.7 Alamouti Scheme 2x2 Space Time Code

h11
[s1,—53] j i ri(1) | ri2)
[ ] j hy ho1
S2, S1

hoo i

ra(1) | r2)

Figure 2.3: Alamoulti transmit and receive diver@®?2 STBC

The block diagram of the Alamouti’'s scheme 2x2 SiEh transmit and receive diversity is
shown in Figure 2.3, the fading channel coeffigefiom the transmit antenndsto the
receive antenngsis denoted byy; (t).

Let's assume that two receive antennas are usdideateceiver and also assume that the
fading coefficients are constant across two cortsezgsymbol transmission periods, means
that channel is quasi static within transmissiatkl Hence following equation (2.28), (2.29),
(2.30) and (2.31) for every single channel coedfits at time interval can be written. Where

|hﬁ| andg,, are the amplitude gain and phase shift for thie, @ndT is the symbol duration.

hi1(t) = hy (¢ +T) = hyq = |hy,| €790 (2.28)
hiz(t) = hyp(t + T) = hyy = |hyy| €742 (2.29)
hp1(£) = hpy (t +T) = hyy = |hy,| /2 (2.30)
Rz (8) = hyy(t + T) = hyy = |hy,| €793 (2.31)
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Then the received signals over the two symbol vateat times O and T for a 2x2 MIMO

system is given by

1 (t) =11(0) = hy181 + hyzs; + 1y (2.32)
r(t)  =1,(0) = hyy81 + hyas; + gy (2.33)
rnt+T) = r(T) = —hy15; + hypS] + nyy (2.34)
r(t+T) =1y(T) = —hyyS; + hyysi + 1y, (2.35)

These are the signals that are received by eatiteaintennas at the receiver across the two
time periods. Where;(t) represents the output from thath antenna at time instanceand
n;; is zero mean complex Gaussian noise. Using Eqsafid and 2.4, the received matrix in

a 2x2 system can be written as

[rl(O) 7”1(T)]_ hi1 h1z] [S: —s’z"]_l_[nl(o) nq(T) (2.36)

r2(0) (T lhar o St ny(0) ny(T)
Due to the orthogonal design, decoding of STBGaslg implemented in two steps. The first
is decoupling the received vectors over the whdiseovation time into estimates of the
transmitted symbols using maximum ratio combinikdRC). After that, maximum likelihood
detection of the estimated symbols is performedasgply. To illustrate the decoding

algorithm, let us consider the 2x2 STBC system.cdaferewrite (2.36) as:

T1(0) n1(0)

7"2 (0) hyq hzz nz (0)

n (T)] lhn T[] nl(T) (237)
5 (T) h3, —h3 n,(T)
y=HS+v (2.38)

Where,y = [r1(0),7,(0),r;(T),r; (T)]7, are the received signals, asd= [s; s,]7 is the
transmitted symbol vector.

h’ll h12
h h,, |. . .
andH = hfl ;f is the equivalent channel matrix response of ttR2FKBC system.
12 11
hy,  —hy

And v = [n,(0),n,(0),n;(T),n;(T)]7, is the Gaussian noise vector.
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2.2.8 Maximum Ratio Combining and Decoding

If the channel fading attenuatiohscan be perfectly recovered at the receiver, ifctiennel
estimation is perfect, that isH,; = H, the receiver will use them as the channel state
information (CSI) in the decoder. Sinég, is orthogonal, the transmitted symbols could be
easily estimated by decoupling the received sigradter multiplying y by H,,. This
corresponds to MRC and results in maximizing SNEhefestimated symbols.

The transmitted symbols ands, can be estimated by first combining the receivemhals

according to the following equations:
S=HHE y=HEHS+HE v (2.39)

The resulting channel matriX is orthogonal, i.e.

|R111% + |Ri2]? + |hoe|* + |y |? 0
HEH = (2.40)
es 0 |R11]? + 1he2]? + |hoe|? + |hoa|?
§1 = hi111(0) + hyor (1) + h3175(0) + hoora (1) (2.41)
§2 = hip11(0) — hy 1 (T)" + h5,15(0) — hyy 1 (1) (2.42)

And then using a standard Maximum Likelihood (Mletector to attempt to recovey;and
s, from §;and §;. This is the decoupled ML detection that is comnwrall OSTBCs. By
substituting the values af(0),r,(T), r,(0) andr,(T) from equations (2.32), (2.33), (2.34)
and (2.35) into equations (2.41) and (2.42) to iobi@e following. Substituting the equations

we have

§1 = (Jh1]® + |hip]® + [ha1]? + |hoz[?)s; + el (2.43)
§3 = (|hgq|? + |hio]? + [hgg |? + Ry |?)s, + €2 (2.44)
Where

el = hi;ny(0) + hi,n (T)" + h31n,(0) + hyyn, (T)” (2.45)
e2 = —hyny(T)* + hi,n,(0) — hy1ny(T)* + h3,n,(0) (2.46)

As can be seen, the decision statisticssfoi = 1,2, is a function of only;, thus the ML
decoding rule of equation (2.43) and (2.44) casdygarated in to two independent decoding

rules
§1 = Ming es [((|h11|2 + [hi2]® + |hoq |? + [hpp|?) — 1)|51|2 + d2(§1’§1)] (2.47)

$2 = MiNg,es [(Ahaa? + 1ha2|? + hoa |2 + [hop]?) — 1)Is, 12 + d?(52,8)]  (2.48)
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For MPSK modulation, all the symbols in the corata&n setM have equal energy, hence

the ML decoding rule then becomes

s1 = ming es d* (51, 51) (2.49)

S = Ming,es d* (35, 5;) (2.50)

Equations (2.47) and (2.48) show that when theivedesignals are combined according to
equations (2.41) and (2.42) the transmitted syméascombined coherently and weighted by
a positive factor, i.ghyq|? + |hi2|? + |hy1|? + |hy|?. The noise samples however, get
combined in an incoherent manner. This is how themduti scheme is able to achieve an
improvement in performance over SISO systems (sgAdix A).

The transmitted symbols can be computed by theppFoach, according to [50]

$ = [HesHes] " H: = %Hé"s y (2551)
Whereh? = |hyq|? + |hiz|? + |hpq|? + | Ry |?

Which gives equivalent results to the ML solutiaredo the diagonal structure of tHel",

however, with less receiver complexity. This carfuréher elaborated on:

S=S+[HLH, ] '*HE v (2.52)
Where
S=1[5 817 (2.53)

The ML solution can then be found by inverting tfe@nnel matrix derived in (2.37). Note
that it is not usually the case that the optimal Eltimate can be obtained using linear
techniques. Since the constructed channel matrixaisscaled unitary matrix, i.e.,
det(H) H™! = H* (+: Pseudo inverse matrix), the ML, Zero Forcingl MMSE solutions

are all equivalent [37].

2.3 Spatial Multiplexing

STC is used to combat fading. However, fading also be exploited to increase the data
rate. Essentially, if the path gains between irtiial transmit and receive antenna pairs fade
independently, the channel matrix is well condi@drwith high probability, in which case
multiple parallel spatial channels are created. tBansmitting independent information
streams in parallel through the spatial channbtsdiata rate will be increased. This effect is
also called spatial multiplexing (SMHence, the concept of SM is different from STC
method, which permits to efficiently introduce aase time correlation among transmitted
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signals to improve information protection and imse diversity gain. Unlike spatial
diversity, the main objective in this scheme idrtorease the throughput of communication
channel [51]. SM methods uses multiple antenndiseatransmitter and the receiver and send
independent data streams over the individual tr&nanmiennasln conjunction with a rich
scattering environment, within the same frequenagydbto provide a linearly increasing of
capacity gain in the number of antennas [39].

The data streams are separated by an interferemoeltation type of algorithm. With SM
schemes, the overall data rate can be increasefficagtly (it is proportionalto the number
of transmit antennas) while maintaining the spécitaupation. A well known example of an
SM scheme is the Bell Labs Layered Space Time (BDAshemeln this chapter, we shall
focus on early and well known high rate MIMO arebture, known as the Bell Labs Layered

Space Time system.

2.3.1 Bell LabsLayered Space Time Architecture

One of the earliest communication systems thakevpeoposed to take advantage of the
promising capacity of MIMO channels is the BLASlitecture. It achieves high spectral
efficiencies by spatially multiplexing coded or oded symbols over the MIMO fading
channel.Mt symbols are transmitted througft antennas. Each receive antenna receives a

superposition oMt faded symbols.

\aat
i > M ; ; SM Decoder/ .
bits | Encoder/ Space |! | Space bits
- Modulator Time Time Demodulator| >
“| Encoder j/Mt Nm Decoder [

Figure 2.4: Block diagram of SM system

BLAST system is shown in Figure 2.4. A single dstt@am is de-multiplexed intdt sub-
streams, and each sub-stream is then encoded ymbots and fed to its respective
transmitter. Because streams of independent dat@aasmitted over different antennas, thus
maximizing the average data rate over the MIMO eystThere are three well known
algorithms in SM namely D-BLAST, V-BLAST and H-BLAS The more popular one is V-
BLAST transmission which has optimum tradeoff bedweperformance efficiency and

computational complexity.
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More practical decoding architectures were propasdte literature. They can be classified
under two categories: D-BLAST and V-BLAST. The daglly layered space time
architecture D-BLAST architecture was originallyoposed by Foschini in 1996 [52]. The
target application was for fixed and low mobilityratess networks, such as WLAN.

The D-BLAST uses multiple antennas at both thestrdtier and receiver, and a codec
architecture that disperses the coded blocks adhessliagonals in space time. In a rich
Rayleigh scattering environment, this codec stmgchas capacity that increases linearly with
the number of antenna elements, up to 90% of theni®n theoretical capacity limit.
However, D-BLAST suffers from high implementatioaneplexity, and a simplified coding
technique, vertical BLAST or V-BLAST, is proposed 4, 51]. The essential difference
between D-BLAST and V-BLAST lies in their respeetiransmission coding processes.

In D-BLAST, temporal redundancy is introduced bedw the sub-streams by dispersing the
code blocks along the space time diagonals. In ABL, however, the encoding process is
simply a de-multiplexing operation. The inter stwteam block coding technique is what
leads to D-BLAST's higher spectral efficiency. Folarge number of antennas, D-BLAST
can offer at most 30% increase in capacity overlMBT. The receiver processing for V-
BLAST is much simplified over D-BLAST, however, s the nulling and cancellation

detection algorithm does not extend across the aeshpgomain.

2.3.2 D-BLAST Architecture

The single data stream is encoded, modulateddandultiplexed in taVit branches by a
STC encoder and transmitted by each ofMitdransmit antennas as shown in Figure 2.5. The
mapping of symbols to each of the transmit antexamabe done in to two common schemes:
D-BLAST and V-BLAST.

jl

Encoder |—,| Modulator |,
bits [ Encod Modulat Spatal
S/IP » Encoder —| Modulator | _,
N Interleaver
j Mt
»| Encoder | | Modulator |_,,

Figure 2.5: Block diagram of layers D-BLAST
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In D-BLAST architecture the modulated symbol ofle@acoder is distributed among tHe
transmit antennas along the diagonal of the trassion array. For a three by three antenna

array this encoding process is shown below.

1,1 .1 1.1
Xy X3 X3 e x} oxy X3 Xa o

2 2 2 2 2 Xz o o..
Xy X3 X3 =10 xf x3 x3 7% 3
x X3 X3 v 0 0 x} x3 % ™4

3
xl xf X1 X

2 .3 ..
=10 x} x5 x (2.54)
0 0 x3 «x%

Wherex! is the symbol transmitted from antenirat time t. In the first transmission matrix,
the output of each modulator is supposed to be ethpp each of the respective transmit
antennas. But in D-BLAST architecture the lower soave padded with zeros that introduce
delays as is shown in the second transmissionxn&inally the symbols in the first diagonal
are transmitted from antenna one, symbols in tleree diagonal are transmitted from
antenna two and so on. So, the rows of the laststngssion matrix indicate symbols
transmitted from the respective antennas. As wesearfrom this last transmission matrix, in
the first transmitting time slot only the first anha will transmit and at the second
transmitting time slot only antenna one and twol widnsmit and antenna 3 will start
transmitting at the third time slot. The diagoradring introduces space diversity and thus
achieves a better performance even though thesense rate loss since the portion of the
transmission matrix on the left is padded with serbhe added complexity in D-BLAST
architecture makes its initial implementation sorhatvdifficult and led to V-BLAST

architecture.

2.3.3 V-BLAST Architecture

The V-BLAST system model or known such as SM with transmitted antenna andr
received antenna. This system includes two pahs:tiansmitted part and the received part.
The V-BLAST architecture breaks the input datastreS = [s; s, S3 ...sy]7, into Mt sub-
streams, each sub-stream is then encoded intoetlatish symbols and fed to its respective
transmitter. And each of them is subsequently metddl by arM-level modulation (MQAM
or MPSK) and then de-multiplexed in 3t sub-streams and transmitted simultaneously on
the individual antennas, i.e. the encoding proiessmply a de-multiplexing operation, no

inter sub-stream coding or interleaving of any kimdsed, the system is shown in Figure 2.6.
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Mt Tx Nr Ry
antennas antennas
BLAST j 1 1 1
T TX

X j 1 V-BLAST Rx
— 3| DEMUX : : Receiver |

Coding

j Mt Nr Y;

Figure 2.6: V-BLAST system model

Assume that time is synchronous and transmit pawestandardized the same for each
transmit antenna. The signal processing chaineeliat an individual sub-stream is referred to
as a layer. As shown in Figure. 2.7, the modulatedbols are arranged into a transmission
matrix, denoted by, which consists oMt rows and\N columns, wheré\ is the transmission

block length. The-th column of the transmission matrix, denotedchy
x, = (x} x? ... xMOT, t=12,....,N (2.55)

At a given timet, the transmitter sends th¢h column from the transmission matrix, one
symbol from each antenna. That is, a transmissiainixnentryx; is transmitted from antenna

i attimet, i =1,....,Mt. The vertical architecture above transmit sequé¢heecolumns of
transmission matrix at space time. If without indeding then each symbol is only
transmitted one time. Therefore, the time elemehisode are lost and only attain the space

diversity. Hence, this model is also known suckeial multiplexing.

1
Xt
Encoder |, Modulator j
2
. X
bits j t
— | S/IP »| Encoder | —»| Modulator
xMt
»| Encoder || Modulator j

Figure 2.7: The detail scheme of the transmitter
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We only interest in V-BLAST system without intereing and detect the receive signal at

each time. For example, in a system with threestrahantennas, the transmission ma¥iis

given by
Xt x3 x3 ..
X=|x} x5 x% - (2.56)

Where the first row is symbols transmitted fromesma one and the second row is symbols
transmitted from the second antenna and so ontliéadumber of transmit antenna be greater
than three, the number of rows of the transmissiatrix which is equal to the number of
transmit antennas would be greater than three.m@@uof the transmission matrix indicate
symbols transmitted at time instanis + 1 etc. (Unlike the transmission matrix of (2.2), fou
different symbols are transmitted in two symbol ipgs and hence added rate of
transmission).

Receive antenna$r — 1 receives signals radiated from all transmit arésnihence the need
arise to remove the mixing operation of the chanhiké signals transmitted are assumed to
propagate through a rich scattering environmentkvhauses the signals on different paths to
interfere with each other upon reception at theixkes.

This interference is represented by the followirggnm operation
y=Hx+n (2.57)

where y is an Nr component column matrix of the received signaleossENr receive
antennasy is thet-th column in the transmission mattixandn is anNr component column
matrix of the AWGN noise signals at the receiveeants, where the noise variance per

receive dimension is denoted by and mean by O.

2.34 V-BLAST Detector

The V-BLAST detector decodes the sub-streams gusin sequence of nulling and
cancellation steps. An estimate of the strongeststitted signal is obtained by nulling out
all the weaker transmit signals using the ZF doteror MMSE criterion [53, 54, 55], then
subtract this strongest signal from the receivgdai proceed to decode the strongest signal
of the remaining transmitted signals, and so on.WMemention the algorithm for detection
at receive of V-BLAST system model below. The detecprocess consists of two main

operations [56]:
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1- Interference suppression (nulling): the suppoes®peration nulls out interference by
projecting the received vector onto the null subsp@erpendicular subspace) of the subspace
spanned by the interfering signals. After that, nmar detection of the first symbol is
performed.

2- Interference cancellation (sub-traction): thentdbution of the detected symbol is

subtracted from the received vector.

The interference suppression and cancellation erially repeated until all symbols are

detected as shown in Figure 2.8.

Y1
\(_ MIMO : Null out l : Sink
Ynri|  Channel || Cancel O-1 Detect Signal
N Transmitted i —
‘| Estimation | Detected [ ”] >
symbols Signals
Increment

A

Detect Next
Signal

Figure 2.8: Block diagram of a BLAST receiver: &émterference suppression

and cancellation algorithm

BLAST detection algorithm combines linear (inteeflece suppression) and nonlinear (serial
cancellation) algorithms [54]. This is similar teetde-correlating decision feedback multiuser
detection algorithm. A drawback of BLAST algorithigsthe propagation of decision errors.
Also, the interference nulling operation requirésttthe number of receive antennas be
greater than or equal to the number of transmérards [53, 54]As it is usually considered
for V-BLAST MIMO schemes, the current scheme, isuipged with Mt transmit and
Nr receive antennas, wiltr > Mt .

Furthermore, due to the interference suppressianly detected symbols benefit from lower
receives diversity than later ones. Thus, the #lgorresults in unequal diversity advantage

for each symbol.
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The detection algorithm of a conventional V-BLASJst®m consists of a linear nulling and
Successive Interference Cancellation (SIC) protessstimate théMt transmitted symbols
from the received signal. The signal with thighest Signal to Noise plus Interference Ratio
(SNIR) is first detected using a linear nulling gees such as ZF or MMSE. The detected
symbol is regenerated, and the corresponding sigmidion is subtracted from the received
signal. This cancellation process results in a fedlireceived signal, with fewer interfering

signal components left. This process is repeatatd,all Mt symbols are detected.

2.3.4.1 Detection Process

The detection process of the V-BLAST system invsltfee estimation of giveny andH, of

the received signal given by the equation (2.9Me t elements of the transmit vectay are
constellation symbols which are assumed to be veleded. We also assume that the channel
matrix H is full rank. It is shown later that the secondusption is very crucial to the
operation of the V-BLAST system. The receiver knaws received vectoy and has an
estimation of H. The detection process is then a multiuser detetyipe process. The process

involves two steps [36]:

* Slicing (and then decoding) a symbol while nyllihe others.
» Cancelling the effect of each new decoded syrfroah the rest.

2.3.4.2 Linear Detection

The Diagram for general linear detection is showefigure 2.9.

:( " yl\L Linear |— Ya

Data Transmitter | ' Receiver

j Xmt YNr\L G

—> Y mt

Figure 2.9: Block diagram for general linear datecteceiver

The received vector of equation (2.57F [v1, V2, ...., Ynr)T, is Nr by one column matrix
received signal fronir receive antenna ang depend on each system. Whetes the
symbol transmitted from thieth antenna and; is thei-th column of Nr by Mt transition

matrix H.
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2.3.4.3 Linear Detection Baseon ZF

To perform the un-mixing operation the receivednalgis multiplied by matrixG, Linear

detection base on ZF criterion theims evaluated follow the equation below

¥ =Gy=Hty=HIH)"IH! (2.58)
Where H* is Moore-Penrose pseudo-inverse matrix form:

G =H*= (HYH) 1HY (2.59)

And His the Hermitian matrix form.

Then,% is quantized follow the type of modulation at trensmission.

2.3.4.4 Linear detection baseon MM SE

Linear detection base on MMSE criterion is the saffedetection, except is evaluated

follow the equation below
% =Gy (2.60)
With G = (H"H + o?1y,) *H"

TheX is quantized the same with ZF.

2.3.45 Non Linear Detector

The operation of mitigating the interference wittelr signal processing is normally referred
to as nulling [4, 36, 52, 53]. However, a supeperformance can be reached when a non-
linear spatial processing approach is used. A common-linear detector is based on
interferencecancellation (IC), wherein the contribution of tlletected symbols to the
received signal is reconstructed and subtractedumsig correct decisions, the resulting
signal is free from the interference of the detgéctgmbols, yielding better estimates of the
remaining symbols. One particularly successful I§oathm is called SIC. The important
problem of SIC detectiofind the optimal ordeto obtain BER better. Assume th&§ is the
optimal order, SIC detection implement with foueps below [54]:

» Delete the detected symbol

* Cancellation

» Evaluation

* Optimal order
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2.3.5.1 Nulling
Let consider the received signal at tibnef equation (2.57), hence the received vector @n b
also be written in another form as:

y = x1h1 + xzhz + .- +xMthMt +n (261)

Herex; is the transmitted symbol from theh transmit antenna, ard is thei-th column of
the transition matrix. Nulling is performed by laréy weighting the received symbols to
satisfy the ZF or MMSE performance criterion.
Thei-th ZF nulling vectorw; is defined as the unique minimum norm vector .ZRenulling
vectorw; is chosen to satisfy:

T 0 fori+j
wl'h; = {1 forie] (2.62)
Where (J denotes transpose vector.
Orthogonal to the sub-space spanned by the cotiomtsuto y; due to the symbols not yet
estimated and cancelled and is given byittierow of H. Then, the decision statistic for the

i-th symbol is
X =wly
= xlwiThl + XZWiThZ + -+ le;Fhl e s +xtW,;th + W;Fn

A soft or hard decision now can be madeinto estimate the transmitted symbol

X = Q(%;) (2.64)
WhereQ () is the soft/hard decision function.

In SIC, the layers are detected sequentially. dityti the received signat goes through a
linear detector for layer 1, whose output is usedroduce a hard estimate of the symbols at

this layerx, . Denoting the received vector byy,, if the nulling vector isv;, the first’

symbol is

X =wiy; (2.65)
Then the decision statistic f@y is

£ = Q&) (2.66)
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2.35.2 Interference Canceller

The effect of symbols already detected can be acied from the symbols yet to be detected.
This improves the overall performance when the oodieetection is chosen carefully.

After the suppression by the nulling vectey andif X, = Q(¥;) is the estimate aof; after
the decision (soft or hard), then the interferedce tox; on the other symbols can be

subtracted by taking
Y2 =Y1— X1y (2.67)

The hard decision ofy; will result in the symbok,. The effect ofx; on other symbols yet to
be detected is removed (canceled) through the tperdhen, the contribution of layer 1 to
the received signal is estimated and cancellecergéing the signay,.

Assumingt; = x; , i.e., the decision taken was correct. The nextl®y is then detected by

finding w, and then making a decision gy, and so on. The 'second’ symbol is
fz = W;yz (2.68)

After findingw,, x, can be decoded in similar way usinpg as a received signal and the

process continues till the last symbol. The proocés3C detection is depicted in Figure 2.10.

+ ) 4 + v
> Decodex; (¥ hixy ;C) » Decodex, > hox; :( >
Y1 l oy, l - Y3
X1 X2

Figure 2.10: Block diagram of SIC detection of V/ART

The performance of this successive cancellation detdction scheme depends on the
decision taken on each stage, as any wrong deasfmopagated through all the later stages.
The process is then repeated. In general, attihéyer, the signal; , hopefully free from
the interference of layerg < i, goes through a linear detector that tries togaig the
interference from layens>i. A hard estimate of the symbol at this laggris then produced,
based on the output of this linear detector. Thes contribution of this layer to the received

signaly;, is estimated and cancelled.
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This procedure yields a modified received signaégiby

Yir1 = Yi — Xihy (2.69)

Where h; is thei-th column of the matrix channél corresponding to the channel gains
associated to layar andx;h; represents the estimated interference fromi-thdayer. The
result is thaty;,, is free from the interference coming from laygts...., i}. This signal is
then fed into the linear detector for theX)-th layer. This technique is also known as nglli
and cancelling algorithrib7].

The performance of SIC can be improved if the Iayee detected in an appropriate order
[36, 51], resulting in ordered successive interieeecancellation (OSIC). Indeed, one of the
disadvantages of SIC is that the signal associatttdthe first detection layer may exhibit a
lower received SNR than that of the other layersisTmay increase the probability of
detection errors, which can propagate through tleals detection process, degrading
performance of the overall receiver. This problean be mitigated if the layers are ordered
by decreasing SNR, so that the first layer to beeded is that with the higher SNR. The
effect of this error propagation can be minimizgdoboper ordering of the detection process.
l.e. first recover a symbol corresponding to a aigmith high SNR in such a way that the
probability of committing an error in its detectias minimized. Subtract the effect of this
symbol from the received signal and then recoversymbol corresponding to a signal with
the next higher SNR and keep on till the end. Sonest this approach is called best first
cancellatiof39].

Due to the nulling and cancelling processing of K@ealgorithm in the SIC approach, the
layers coming after the first one take advantagdhef cancelling algorithm and this is
translated into a higher diversity order for thetraetected layers and the performance of the

whole receiver.

2.3.5.3 Optimal Detection Order

To minimize error propagation the strongest symlaoés detected first. This is known to be
the optimal detection order. A simple optimal omdgris based on the post detectlBNRof

each sub-stream. TISNRfor thei™ detected symbol of vectgr is given by [36].

o )
(A D)

Whereg? is the noise power anfi{} denotes the expectation.

(2.70)
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The optimal detection order is determined by chagps$hne row of G with minimum
euclidean norm (to maximize the SNR), whéres defined in (2.59), (2.60). The row index is
obtained from (2.71).

ind = arg{min;||(¢);1I*} (2.71)

As ||wl-Thl-||2 = |lw;|I?|lh;]I? , from (2.62) it is seen that a smallley;||?> value requires the
corresponding; have higher 2 norm. So the SNR in (2.67) for tht@é sub-stream is
proportional to the norm of theth column of H Thus, the optimal detection order is in

decreasing order of the 2 norm of the columnH of

2.3.5.4 Computing the ZF Nulling Vector

The vectorw; in (2.72) is unique and is theh row of the pseudo-inverse Hf

Wl = (H*), (2.72)
Where(. ); denotes thd-th row and (+) denotes the pseudo-inverse.

With the successive cancellation and decodivfgis chosen as thieth row of pseudo-inverse
of H whose 1 td—1 columns are set to zero. This is due to thetfzatt at tha-th stage the
vector w; has to be orthogonal only kg for j =1, ..., Mt.

With optimal ordering, if{ind,, ind,, .....,indy;} denotes the optimal order, at timgl-th

stage the ZF nulling vectow,, is
wi = (Hi_ Dk, (2.73)

WhereH,:'i_1 denotes the matrix obtained fradinby zeroing the columr{sk,, ko, ....., k;_1}

Using the MMSE criterion, the nulling vectow/ is thei-th row of the matrix

1 _1
G = <HHH +;1) HY (2.74)
Wherep is the SNR. For successive decoding and opting@rorg based oG, the matrixG
should be computed on each step from the partedlpedH as in (2.73). The MMSE
criterion always results in better SNR and thusetielb performance. But the disadvantages

are that the SNR has to be known at the receiwénaatrix inverse needs to be computed.
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2.3.5.5 Detection Algorithm
Is given by [54]

initialisation

1. i «— 1

2. Gl = H+

iteration

1. W,fi = (G,

2. di, = wi, y;

3 55\1(1- = Q(dki)

4. Yis1 =Yi— X Hy,
5 Giy1 = H,;“L,

6. ind;4q = minjE{indl,indz,....,indi}”(Gi+1)j||2

1. i «—i +1

Note that in step 3 (and 6)d; = minj||(Gi)j||2 is the optimal detection order ar(@;); is

j column ofG;, which used to pick the strongest symbol.

This is the due to the reason that the &G, which has the minimum norm, corresponds to

thej-th column ofH which will have the maximum norm.

2.3.6 V-BLAST Capacity

The above discussion leads to a general transcaiehitecture that can achieve the channel
capacity and is called V-BLAST. The V-BLAST struauis shown in Figure 2.11. In V-
BLAST the independent data streams are multiplaxadhe unitary matrixQ which can be
dependent ol or not. The-th data stream is allocated a power while p,; + pyp + -+ +
p-u: = Pr; wherePr is the total power constraint.

There are different versions of V-BLAST which difi@ receiver architecture but all of them

share the same transmitter structure.
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Figure 2.11: The V-BLAST Architecture transceiver

The two mentioned circumstances are two speciascakV-BLAST and can be summarized
as follows:

2.3.6.1 Capacity with Perfect channel information at the transmitter

If the channel information (CSI) is available ae ttransmitter, the multiplexing coordinate
system is defined by the matgk=V ; whereV is derived from section (1.3.2) by using the
singular decomposition of where H = UDV*, and the powers are given by waterfilling

allocation method. The channel capacity will beegivy
m
P2 .
C~ Z log, ( 1+ ) bits/s/Hz (2.74)
i=1 0

2.3.6.2 Capacity with no Channel Information at the Transmitter

When the channel information CSI is not availabtetree transmitter, the multiplexing
coordinate system is defined by unitary mag@ix I, independent data streams with equal

power are sent on the different transmit antenhlas.channel capacity will be given by

SNR
C = log, det (INr e H HH> bits/s/Hz (2.75)

So far we have considered the deterministic MIMGarolel whereas wireless channels

characteristically experience fading which resinita random channel gain matfix
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2.3.6.3 Capacity with Perfect Channel Knowledge at the Receiver

Consider the V-BLAST architecture, each realizatibthe fading channel can be treated as a
deterministic channel and has a maximum informatate given by equation (2.76). By
coding over many coherence time intervals of thenakel, the rate of reliable communication
of the fast fading channel can be obtained by tisemble average of the information rate
over the elements of channel matHx The capacity which is also called ergodic capyaisit
given by [41].

1
C = maxq E [logz det (I,W + A H indxHH>] (2.76)
0

Here, the optimaind, depends on the statistics of the channel not oh elaannel realization
since they are not known at the transmitter.
In a richly scattered environment, i.e. the elemeitd are i.i.d.N.(0,1) and we have the

Rayleigh fading model, the optimal covariance masgisimply

K, = (%) I, (2.77)

Using the singular decompositiontdfand (2.76) the resulting capacity is

SNR
C=E [log2 det (INr +——H HH)]

Mt
m
—ZE[Z (1+SNR,1)] 2.78
—'1 049> Mt i (2.78)
i=

In order to observe the performance gains, we aadlye high SNR and low SNR regimes
separately.

SNR <
C=m logW + Z Ellog,A;] (2.79)
i=1

For alli andm = min(Mt, Nr) . Note that the capacity at high SNR scales lineaitly m.
Hence, the larger the number of antenna arrayh, didtansmitter and receiver, the larger the

capacity.
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Figure 2.12: Capacity of an i.i.d. Rayleigh fadoignnel

This is shown in Figure 2.12. At low SNR regimeingshe approximation log,(1 + x) =

log, e for smallx in (2.78), we get

C= z [l0g2(1+ )] ZSNR ] log, e

SNR SNR
= M—E[Tr[HHH]]logze = M—E Z|hl]2| log, e
LJj

= Nr SNR log, e (2.80)
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It is interesting to observe here that the capadiigs not depend oiMt. There is no
multiplexing gain at low SNR, but there is a powam that scales witNr. We can conclude

that at low SNR without any channel knowledge, ipldtantennas at the transmitter are not

useful.

Table 2.1, provides comparisons among V-BLAST, DABI and Alamouti codes in terms

of spectral efficiency, error probability and implentation complexity.

Scheme Spectral Pe Implementation
Efficiency Complexity
V-BLAST HIGH HIGH LOW
D-BLAST | MODERATE MODERATE HIGH
ALAMOUTI LOW LOW LOW

Table 2.1: V-BLAST, D-BLAST and Alamout’'s @e Comparison
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2.4 Conclusion

This chapter focused on the space time codimighnwbenefits from the space time diversity
of the MIMO channel, The main purpose of Space T@ogles is to combat the multi-path
fading phenomenon of wireless channel by using iplaltransmit and receive antennas and
improve the reliability of reception. Space Timeo& Coding (STBC) and Spatial
multiplexing (SM) are promise approaches that explee MIMO channel to provide higher
data rates and diversity gaimgth no sacrifice in bandwidth.

First, the STBC was studied in flat fading chanreid has been demonstrated to be a
powerful diversity technique to combat channel igdin wireless communication. The STBC
uses the block encoder to achieve diversity antiogdnalisation of the channels. In
particular the investigating of ttAdamouti code, which offers very simple encodingfuiging
and is particularly suitable for future wirelesst&ms.

Second, the SM corresponds to the multiplicativediaby which the spectral efficiency is
increased by a given schemf.well-known example of an SM scheme is the Belbta
Layered Space Time (BLAST) schen8pace time layered architectures offer a big irsgea
in capacity, promising a linear growth with the esinf the antenna array under some
circumstances. The more popular one is V-BLASTdrnaission which has optimum tradeoff
between performance efficiency and computationahplexity. However, suffer from error

propagation and exploit the receiver diversity thamsmit antenna diversity.
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3.1 OFDM Systems

3.1.1 Evolution of OFDM

In classical data systems in which more data wate sought by exploiting the frequency
domain, parallel transmissions where achieved byditig the total signal frequency band
into N. non overlapping frequency sub-channels. This tecknis referred to as FDM
(Frequency Division Multiplexing) [3, 58], has beesed for a long time to carry more than
one signal over a telephone line. FDM divides thanmel bandwidth into sub-channels or
sub-carrier is modulated with separate symbol and then tNg sub-channel are frequency
multiplexed, and transmits multiple relatively loate signals by carrying each signal on a
separate carrier frequency.

A simple example of FDM is the use of differentquencies for each FM (Frequency
Modulation) radio station. All stations transmitté same time but do not interfere with each
other because they transmit using different carfrequencies. Additionally they are
bandwidth limited and are spaced sufficiently fpaf in frequency so that their transmitted
signals do not overlap in the frequency domainth&t receiver, each signal is individually
received by using a frequency tune able band pisistb selectively remove all the signals
except for the station of interest. This filteregnal can then be demodulated to recover the
original transmitted information. Spectral overigpavoided by putting enough guard space
between adjacent sub-channels. In this way, interiex interference (ICI) is eliminated.
Typically with FDM the transmission signals needhave a large frequency guard band
between channels to prevent interference. Thisiew® overall spectral efficiency.

This technique, however, leads to a very ineffitiese of the available spectrum. A more
efficient use bandwidth can be obtained with pataitansmissions if the spectra of the
individual sub-channels are permitted to partly rtae This requires that specific
orthognality constraints are imposed to facilitateparation of the sub-channels at the
receiver. Figure 3.1, shows the general structtiraudti carrier system. The data stredi)

is converted to parallel data stream, which are utaddd onto separated sub-channels. The
resulting signals are summed and transmitted. Atréceiver, the different sub-channels are
down converted to parallel baseband signals, delatstly and then concatenated to serial
data stream.
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ejWot e-jWot
Serial E Parallel
to to
. o/ Channel i
—»| Parallel o IWNe-1t + o Serial | —»
Converter l e JWNc-1 Converter

Figure 3.1:9Rastructure of a multi carrier system

3.1.2 Principlesof OFDM Systems

In order to solve the bandwidth efficiency prable orthogonal frequency division
multiplexing (OFDM) was proposed, where the différearriers are orthogonal to each other.
However with OFDM the orthogonal packing of the ®ariers greatly reduces this guard
band, improving the spectral efficiency. With OFDMis possible to have overlapping sub-
channels in the frequency domain, thus increagiegitansmission rate. The basic functions

are represented in Figure 3.2. This carrier spagiogides optimal spectral effiency.

Power

| | | |
450 500 550 600 650 700 750
Frequency (Carriers Spacing)

Figure 3.2: Frequency response of the sub-caineaslO tone OFDM signal
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OFDM is a bandwidth efficient, multi-carrier tramssion technique that is tolerant to
channel disturbances such as multi-path fading. ®dEDmbat the frequency selective fading
of the channel effectively by dividing it into miglke flat fading sub-channels. Tlsgstem’s
operational principle is that the original bandwid divided in a high number of narrow sub-
bands, in which the mobile channel can be consideon dispersive. These OFDM systems
often also termed as FDM or multi-tone systems evi@FDM transmission over mobile
communications channels can alleviate the problemutti-path propagation.

The basic principle of OFDM is to split a higheteralata stream into a number of lower rate
streams which are modulated on a separate sulecamd transmitted simultaneously over a
number of sub-carriers. Since the symbol duratioereases for lower rate parallel sub-
carriers, the relative amount of time dispersioruseal by multi-path delay spread is
decreased, making OFDM efficient in wireless pr@teg scenarios.

By lowering the rate of the stream, the symbolatian is increased so that it is longer
compared to the delay spread of the time dispexdnamnel. Another way of looking at it is
that by lowering the rate of the stream, the badtiwof the sub-carrier is squeezed so that it
is small compared with the coherence bandwidth hef thannel, thereby making the
individual sub-carriers experience flat fading, @fhrequires simple equalization techniques
[59, 60].Hence no channel equalizer is required and instéamplementing a bank of sub-
channel modems they can be conveniently implemenyeithie help of a single Fast Fourier
Transformer (FFT)At the same time, ISl is eliminated almost compyets/ introducing a
guard time in every OFDM symbol. In the guard tinlege OFDM symbol is cyclically
extended to avoid inter carrier interference (ICl)fThus OFDM effectually converts a
frequency selective fading channel into a set ol flat fading channels. Lowering the
rate of the sub-streams can be compensated foelbgtsig a set of orthogonalb-carriers
whose spectra overlap, but at the same time dntestere with each other, thereby avoiding
inter-channel interference [61, 62].

The orthogonality allows simultaneous transmissan a lot of sub-carriers in a tight
frequency space without interfering with each atlRobustness in multi-path propagation
environments is important for broadband wirelessmuoinication systems and thus OFDM is
considered as a promising transmission schemeddability to deal with high delay spread
channels. Today, OFDM has grown to be the most lpogpommunication system in high
speed communications [1, 2, 19, 63].
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3.1.3 Orthogonality

Signals are orthogonal if they are mutually inelegent of each other. The Orthogonality is a
property that allows multiple information signatslie transmitted perfectly over a common
channel and detected, without interference. Lossribtfogonality results in blurring between
these information signals and degradation in comoations. Many common multiplexing
schemes are inherently orthogonal. Time Divisionltiexing (TDM) allows transmission
of multiple information signals over a single chahhy assigning unique time slots to each
separate information signal. During each time sloly the signal from a single source is
transmitted preventing any interference betweenribkiple information sources. Because of
this TDM is orthogonal in nature. In the frequeromain most FDM systems are orthogonal
as each of the separate transmission signals diespgced out in frequency preventing
interference. Although these methods are orthogthreaterm OFDM has been reserved for a
special form of FDM. The sub-carriers in an OFDMyrsll are spaced as close as is
theoretically possible while maintain orthogonalityetween them. OFDM achieves
orthogonality in the frequency domain by allocateagrh of the separate information signals
onto different sub-carriers. OFDM signals are magdefrom a sum of sinusoids, with each
corresponding to a sub-carrier. The baseband frexyuef each sub-carrier is chosen to be an
integer multiple of the inverse of the symbol tinmesulting in all sub-carriers having an
integer number of cycles per symbol. As a consecpie¢he sub-carriers are orthogonal to

each other.

3.1.4 Frequency Domain Orthogonality

OFDM maximizes spectral efficiency by overlappingpsarrier spectra while maintaining
orthogonality between sub-carriers. This impliepacing ofl /T,, between each sub-carrier

frequency as defined in equation (3.1)
k

fi=fo+t=— k=01,...,.N—1 (3.1)
Ty

Are theN sub-carriers which are separated by a distandeeafetciprocal of the useful symbol
timeT, = T; — T, andT is the total symbol time.
WhereT,, is the sub-carrier symbol duration. We define inamn (3.2) and (3.3) a basis of

elementary signals to describe the sub-carrier sysnb

Y(n) = g (t —nT,) n = (—00,00) (3.2)
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e/2mf it 0<t<T,

t) = ’ N u 3.3
9e(®) { 0, otherwise (33)
The elementary signals satisfy the orthogonalitydtton in equation (3.4)

® v o ge Ty n=n'k=Fk
f_ oot/Jk(n) Y, (n)dt = { 0 otherwise (3.4)

Where {) denotes scalar complex conjugate.

This is a result of the symbol time correspondioghe inverse of the carrier spacing. This
symbol time corresponds to the inverse of the suher spacing ofl/Tprr Hz. The
orthogonality between sub-carriers can also be deirated in another way. According to
(3.1), each OFDM symbol contains sub-carrier sigitlat are non-zero over & interval.
Hence, the spectrum of a OFDM signal is a convatutf a group of Dirac pulses located at
the sub-carrier frequencies with the spectrum sfjaare pulse that is one forTa second
period and zero otherwise. This rectangular wawvefor the time domain results insanc
frequency response in the frequency domain. Inftequency domain each OFDM sub-
carrier has &inc, sin (x)/x, frequency response, as shown in Figure 3.2,siifleeshape has

a narrow main lobe, with many side lobes that deslayly with the magnitude of the
frequency difference away from the centre. Eachierahas a peak at the centre frequency
and nulls evenly spaced with a frequency gap etjuaghe carrier spacing. The amplitude
spectrum of the square pulse is equatitec(rfT,,), which has zeros for all frequencigs
that are an integer multiple ofT,, .

The orthogonal nature of the transmission is alrestithe peak of each sub-carrier
corresponding to the nulls of all other sub-casieThe power spectrum of sub-carriers is
shown in Figure 3.3 where tlsenc spectra of individual sub-carriers are overlappidthe
maximum of each sub-carrier spectrum, all other-carbier spectra are zero. Because an
OFDM receiver essentially calculates the spectratnes at those points that correspond to
the maxima of individual sub-carriers, it can demlate each sub-carrier free from any

interference from the rest sub-carriers.
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Power

Frequency

Figure 3.3: An OFDM signal with overlapped spectra

3.1.5 Spectrum efficiency n for singlecarrier vs. OFDM

We assumeR is data rate of each sub-carrier, bandwidth defiinech null to null, N sub-

carriers. The spectrum efficiengyfor single carrier and OFDM symbol can be defined a

follows [64]:

The spectrum efficiency for single carrier is giv®n
R

72,

For OFDM symbol is given by:

_ MR
T=W+Df

WhenOFDM symbol has an infinite number of sub-carri¢hg, spectrum efficiency can be

(3.5)

(3.6)

expressed as:
R

N — oo;n — — (3.7)
0
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3.1.6 Multi path Distortion

The reason that the information transmitted oa s$ib-carrier can be separated at the
receiver is the orthogonality relation giving OFDN§ name. By using an Inverse Discrete
Fourier Transform (IDFT) for modulation, the spagof the sub-channel is implicitly chosen
in such a way that, at the frequencies where tbeived signals are evaluated (at peaks of the
sinc functions in Figure 3.2), all other signals areose In order for this orthogonality to be

preserved, the following must be true:

1. The receiver and the transmitter must be accuraghghronized. This means they
both must have exactly the same modulation frequeamc the same time scale for
transmission.

2. The analogue components’, part of transmitter aadiver, must be very high quality.

3. There should be no multi path channel.

In OFDM the system bandwidth is broken up intosub-carriers, resulting in a symbol rate
that isN, times lower than the single carrier transmissidmns Tow symbol rate makes OFDM
naturally resistant to effects of ISI caused by tirpath propagation. Unfortunately, multi-
path distortion is almost unavoidable in radio cammination system.

Multi-path propagation is caused by the radio tnaission signal reflecting of objects in the
propagation environment, such as walls, buildimgsuntains, etc. These multiple signals
arrive at the receiver at different times due ® tilansmission distances being different. In an
OFDM system, the channel has a finite impulse nespoWe note,,,, the maximum delay
of all reflected paths of the OFDM transmitted sigThis spreads the symbol boundaries
causing energy leakage between them, and, thusedkered signal is affected. The truncated
sub-channel sinusoids are delayed by different amsofi.e. channel delays), the distortion is
mainly concentrated at the on off transmissionthese waveforms.

In an OFDM signal the amplitude and phase of thecarrier must remain constant over the
period of the symbol in order for the sub-carri@rsnaintain the orthogonality. If they are not
constant it means that the spectral shape of thecauiers will not have the corresinc
shape, and thus the nulls will not be at the corfrequencies, resulting in ICI. At the symbol
boundary the amplitude and phase change sudderihetoew value required for the next
data symbol. Hence, a guard space (in frequenng)asguard time by means of cyclic prefix
(CP), chosen longer than the maximal delay spretmvever the length of the OFDM
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symbol cannot be increased indefinitely. Henceyard interval, or a CP of time duratidfy,

or G, samples is inserted in front of the OFDM symbol.

The length of this CP should be ideally greatentbaequal to the maximum delay spread of
the channel. As long as the CP has a duration egrehtan 7,,,,, it would maintain

orthogonality between the sub-carriers afichinate most interference among channels. (i.e,
ICI and between adjacent transmission blocks (&¢),at a cost of a rate loss and power loss

by a factor proportional t6 /(N + G ).

3.1.7 Guard Period

Cyclic prefix is a crucial feature of OFDM to cbat the effect of multi-path. The CP, in
general, is chosen equal to the last part of thBIMdBymbol and, therefore, often is referred
to as cyclic extension. The effect of ISI on an @FBignal can be further improved by the
addition of a guard period (Guard interval: Glthe start of each symbol. This guard period
is a cyclic copy that extends the length of the lsgtlmvaveform.

Each sub-carrier, in the data section of the symbel the OFDM symbol with no CP) has an
integer number of cycles. Because of these plaoipies of the symbol end to end results in
a continuous signal, with no discontinuities atjthias. Thus by copying the end of a symbol
and appending this to the start results in a losgarbol time. Figure 3.4 shows the insertion

of a guard period.

Copy
/ < /
/ G Data | G /
Time
: | .
C Te Teer i
| Te ;
Symbolb-1 | Symbolb | Symbolb+1

Figure 3.4: Addition of a Guard period to an OFDighs

The total length of the symbol i, = T; + Trpr , WhereTy is the total length of the symbol
in samplesT; is the length of the guard period in samples, Bng is the size of the IFFT

used to generate the OFDM signal.

61



Chapter 111 : The Principles Basics of OFDM

In addition to protecting the OFDM from ISI, theagd period also provides protection

against time offset errors in the receiver as shmfigure 3.5. However, in order to preserve
the orthogonality property, that the guard peri®donger than the delay spread of the radio
channels. As shown below, once the above condiiosatisfied, there is no ISI since the

previous symbol will only have effect over sampléthin [0, 7,,,4,] - And it is clear that the

orthogonality is maintained so that there is na ICI

Received Pha

A

Gl| Date

\ Time

Figure 3.5. 4): Function of the guard period for protecting agaiSl, in

Propagation environment with no multi-path

Phase Offset

due to

Received Phase OFDM Symbol

1 multi-path — 5
Gl| Data
Y Ko
W' N\ >
v 1;) Time
AW
Multipath causes ISI Stable phase period FFT
Resulting in transients is taken over the period

in phase as each echo

Figure 3.5.1f): Function of the Guard period for protecting agailSI,

in propagation environment with multi-path .
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To avoid out of band radiation the on off trangsiSomust be smoothened. This can be
implemented by, e.g., windowing each OFDM symbolabraise cosine window. FiguBe6
depicts schematically the implementation of windogun OFDM symbol.

Tiot=Te+ TreT

Time _—

Figure 3.6: The principle of windowing

The validity of windowing each OFDM symbol by as@&il cosine window can be explained
by looking to the shapes of the sub-carriers siiissafter the multi-path fading channel. An
OFDM receiver uses only a part of this signal tieaate the FFT. This part should be chosen
such that in this FFT interval with a lengthTef-r seconds, which at the Nyquist rate equals
N_.T, seconds, every sub-carrier has an integer nunflsictes, which ensures orthogonality.
In the multi-path fading channel, the receiver ingignal will be a sum of delayed and scaled
replicas of the transmitted sub-carriers, Figui® Blote that a sum of scaled and delayed
sinusoid is a gain a sinusoid. So, as long asatget than the maximal channel delay we can
choose the window for applying the FFT such thatrehwill still be an integer number of
cycles within this FFT interval for each multi-patomponent keeping the reflections of

previous symbols out and preserving the orthogtnali

Direct path signal X Gl Data X

Multi path 2 | | X—
delayed signal - -
DS | .

d »
«

Optimum FFT window

Figure 3.7: An OFDM symbol with cyclic prefix
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So, thank to the guard interval and windowing, wha@eband multi-path fading is experienced
in OFDM as set of narrowband fading sub-carrierseut ICI and ISI. The only remaining

effect of multi-path is a random phase and ampditper sub-carrier. This effect can be
minimized by correcting the sub-carriers of theereed signal with reference amplitudes and
phases, i.e., channel estimates, per sub-carriéchvean be obtained during a training phase.
The sub-carriers in deep fades still are a proldemnin order to deal with these weak sub-
carriers that have a large probability to be detkatrroneously, forward error correction

across the sub-carriers can be applied.

3.1.8 OFDM Transceiver

The transmitter section as shown in Figure 8)8donverts digital data to be transmitted, into
a mapping of sub-carrier amplitude and phase. Ve maps the input bits into complex
valued symbols( (k) in the modulation block, which determines the teltetion scheme of
each sub-carrier. Data to be transmitted is typidalthe form of a serial data stream. So a
serial to parallel conversion stage is needed hvex the input serial stream to the data to be
transmitted in each OFDM symbol. In an OFDM systdhe data are modulated onto
different sub-carriers and sent in blocks. It themsforms this spectral representation of the
data into the time domain using an IDFT. The IFEff@ms the same operations as an IDFT,
except that it is much more computationally effindg, and so is used in all practical systems.

Data

Inﬂ Encoder | 5| Modulator —\

QCP%DAC‘\(

—mm-

(a). Transmitter structure

Data
Output

F
Y ADC |5 ::> F || Demodulator | | Decoder | s
T

(b).Receiver structure

Figure 3.8: Block diagram of an OFDM system.
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Figure 3.9 shows the IFFT section of the OFDM graitter. In the frequency domain, before
applying the IFFT, each of the discrete samplabh@fFFT corresponds to an individual sub-
carrier. Most of the sub-carriers are modulatechwdata. The IFFT block modulatégk)
onto N orthogonal sub-carriers, a cyclic prefix is adtiethe multiplexed output of the IFFT
before it is transmitted through a fading channelshown in Figure 3.&j, the cyclic
extension is chosen to be longer than the impw@spanse to avoid inter block interference

and preserve orthogonality of the sub-channels.

X(K) x(n)

PISL

A 4

| smp

A4

—Tm-—

A 4

Figure 3.9: OFDM generation, IFFT stage

Therefore, we assume the channel to have finitalisepresponse (FIR). For simple notation,
we denotesN, = N = Ngpr -

Suppose the data set to be transmitted is

X, (b) = [x,(b), x3(B), e or o Xy (D)]T (3.8)

WhereN is the total number of sub-carriers. Amts the number of the OFDM block sub-
carriers. The discrete time representation of OFfNbols, where = nT and select
fo = 1/NT of the signal after IFFT is:

j2nnk
), =0 N—1 (3.9)

N-1
S(t=nT)=Sn) = \/LN;XR exp( N
Where S(b) = [s1(b), sy(b), ..., sy(b)]T is the time domain of thet® OFDM block.
We can rewrite the equation () by using matrix espntation, the resulting point time
domain signal is given by
S(n) = FH X, (3.10)
WhereF is (N x N) FFT matrix of theglm, n) is given by

Fpn = \/iﬁexp (—jZn (m — 11)V(n _ 1)>, nm=0

SoF! representN x N) IFFT matrix.

......... N-1) (3.11)
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The cyclic prefixT; (guard interval) is inserted to maintain the ogtiality between signals
at different sub-carriers and consecutive OFDM kdo¢ience the total duration of an OFDM
block isTs = Trpr + Tg. WhereTgpr = 1/Af is the IFFT/FFT period, andf = B/N is the
sub-carrier spacing is the total bandwidtbandN is the total number of sub-carriers. With
the insertion of CP, the received signal is congpfete of ISI during0 < t < Tggr, If the
maximum delay of the channel impulse responsesstleari;. A cyclic prefix is then added
to the multiplexed output of IFFT. The obtainednsigis then converted to a time continuous
analog signal before it is transmitted throughgékective fading channel.

The receiver structure, as shown in Figure 338, gerforms the reverse operation of the
transmitter, mixing the RF (Radio frequency) sigimabase band for processing, then using a
Fast Fourier Transform (FFT) to analyze the signahe frequency domain. The amplitude
and phase of the sub-carriers is then picked alitanverted back to digital data. Thus, at the
receiver, the signals at different sub-carriers lsarseparated by FFT of the received signal
after the part during the guard interval is disedrdThe data is recovered by performing FFT

on the received signaf(n).

j2nnk
Ykz—zy(n)exp<— - ) k=0 .. N-1 (3.12)
We can rewrite the equation (3.12) by using matepresentation, the resulting frequency
domain signal is given by
Y, =Fy(n) (3.13)

When the orthogonality is satisfied, i.e.[64]

N-1

j2mnk j2mnk’
Z exp (— )exp( ) = 5k — k) (3.14)

N N

n=0

A N point FFT only requiresVlog(N) multiplications, which is much more computatiogall
efficient than an equivalent system with equalinerme domain [58].

The insertion of cyclic prefix converts the lineamvolution of the channel impulse response
with the transmitted signal to cyclic convolutiofherefore, assuming the channel response
stays constant during each OFDM block, the chafmeguency response for theth sub-
carrier during the OFDM block is

L-1
H(k) = Z h; exp(—j2mkAfT;) (3.15)
1=0
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The channel frequency response overkttie sub-carrier is given by wherée = 1,2, ...., N.
And t; and h; are the delay and complex amplitude matrix of thke path between
transmitters and receivers respectively. is the sub-carrier separation in the frequency

domain. From above expressions the sub-carrier feawe are now given by

s(n) = \/LNNZ_?X(k) exp <j271:[nk>
k=0

The idea behind this is to convert the linear cdmivon (between signal and channel

k=01.N—-1 (3.16)

response) to a circular convolution as shown iue@.10. In this way, the FFT of circularly

convolved signals is equivalent to a multiplicatiarthe frequency domain [58]. However, in

order to preserve the orthogonality propetty,, should not exceed the duration of the time
guard interval. As shown below, once the above itimmdis satisfied, there is no ISI since the
previous symbol will only have effect over sampieshin [0, 7,,4,]. And it is clear that

orthogonality is maintained so that there is na ICI

X(K) x(n) s() r(n) y(n) Y(K)
— | IFFT » CP C » FFT |—

Channel

A 4

A 4

Figure 3.10: Linear to circular convolution convers

r(n) =sm)®h(n) +e(n) k=01,..,N—1
Y(k) = DFT(y(n)) = DFT(IDFT(X(k))®h(n) + e(n))
Y(k) = X(k).DFT(h(n)) + DFT(e(n))
= X(k).H(k) + E (k) (3.17)

Where® denotes circular convolution aft{k) = DFT(e(n)). Another advantage with the
cyclic prefix is that it serves as a guard betweamsecutive OFDM frames. This is similar to
adding guard bits, which means that the problenh witer frame interference also will

disappear.
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Sn.ci IN-G+1—>
—>{SN n >
pX1 5 > S1 S‘ o \Lr‘ o Y ™
X s IFFT PIS SIP 1 EeT pis Ly
P SN-G
> XN SN Y NP N YN

Figure 3.11: OFDM Modulation and Demodulation

At the transmitter side after the serial to patalversion and applying the IFFT operation,
the CP is added as shown ifrigure 3.11, it should be greater than the delagasp of the
channel, the symbol vector to be transmitted caexpeessed as:

3(b) = [51(D) ... Sy (D)Sy41(D) .. Sy 46 (B)]
= [sn—g+1(D) ... sy (b)s1 (D) ... sy (D)]" (3.18)

We assume that the frequency selective Rayleigindadhannel is constant during each
OFDM block (quasi-static, i.e., the fading coeféicis are constant over the transmission of
one packet), and vary from block to another, amdrnibise be neglected. The received signal

can be written as follows:

[ ?EZ; 1 [hL—1 Ry 0 1 _§N—G—L+E1(b — D)
22 _ I O hL-.._l }.l,o LA I Svig(b—1) (3.19)
: [ w0 J ' 5,(b) '
: h,
e 0 -1 h Snic(h)

At the receiver side the CP is removed as showigare 3.11, and the signal vectocan be

expressed as:
(71 (.b) 1 _776+% (b))

r)=| | |=

ENC>) N N5
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th_l Ry 0 1 -SG—L+1:(b — 1]
I 0 hL—l 0 I .
= : ™ S (3.20)
. h’L—l “h ~ :
0 0 L Sytg(D)
We can rewrite-(b) by using the cyclic character i{b), as follows:
_ hO O ces 0 0 h,L_l .... hl - _Sl(b)_
hy, he O .. 0 o ™~ :
: hy ho 0 0 0 hy—1
h : hy o hy ... 0 0
r(b) ="L-1 . 0 3.21
="y, T (3:21)
: 0 Np-1 ¢ ~ 0
0 : P 0 :
L0 o 0 0 h— hi hy 1 Lsy(b)]
The received signal can be expressed as follows:
r(b) = H S(b) (3.22)

According to the guard intervals properties, thargtel matrix is circular, we can perform the
FFT ofr(b), the frequency signal domait(b) can be expressed as:

Y(b) = F.H.FH.X(b)
The matrixF. H. F!

(3.23)
Is the frequency channel expression, where tr®iler matrices are

diagonal in the frequency domain.

H o 0
v(p) =|° :: "o |x® (3.24)
o - 0 Hy
Wheref],, are the channel frequency responses given by:
L-1
i, = Z hyexp (—j2mlk/N) (3.25)
=0

We can write the frequency received signal kftih sub-carrier ant-th symbol block as:
Yie(b) = Hy. x(b) + ny (b) (3.26)

Wheren,, is the AWGN noise vector with varianeg?, wheren, ~(0, ¢2).
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32 MIMO OFDM

Future wireless systems require high data r@tesventional systems are limited by ISI due
to frequency selectivity of the wireless channegl.g8nding information in parallel with larger
symbol durations, OFDM systems avoid the ISI sigaiitly. OFDM is a multi-carrier
transmission scheme that is well recognized for gtgential for attaining high rate
transmission over frequency selective channels. I@R® thus a promising candidate for
mobile broadband wireless and has already beentedlop many high rate wireless
communications standards such as DAB/DVB-T, 802MUIAN, 802.16 WMAN etc. SM
have been used providing a data rate increase.sysiem includes de-multiplexing and
multiplexing units (no coding) with the effect thitae information stream is split into multiple
parallel systems, which are independently encodheldte@nsmitted simultaneously from the
multiple antennas, the data rate can be furtheeased via the exploitation of the MIMO
technique.

MIMO technology can be used to improve further OFBYstems in terms of spectrum
efficiency/capacity, link reliability and coverag@iven an arbitrary wireless communication
system, we consider a link for which the transmitied the receiver are equipped with
multiple antenna elements. The basic idea of MIMOthat the signals on the transmit
antennas and the receive antennas are combinegthnasway that the QOS (bit error ratio -
BER) or the capacity (bits per secondbps) will be improved. We will focus on spatial
multiplexing systems, that offer a linear (in thember of transmit-receive {¥Rx) antenna
pairs or min (Mt,Nr)) increase in the capacity for the same bandwidtd with no
additional power expenditur®IMO offers additional parallel channels in spati@mimain to
boost the data rate [42]. The combination of MIM@l &FDM, Hence, MIMO OFDM is a
promising combination for the high data requiremeintuture wireless systems [1, 2, 8, 18,
63].
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321 MIMO OFDM Transceiver

For a MIMO OFDM system witlMt transmit andVr receive antennas, as shown in Figure

3.12. @) and p), we show the transmitter and receiver structfith® MIMO OFDM system.

The information bits are modulated with a seleatedstellation. The modulation symbols
will then go through the MIMO block and be mappediifferent spatial streams. After that,
the data on each spatial stream are OFDM moduéatddransmitted the frequency selective
channel. In other words, the duplication is repéah the next OFDM symbol rather than the

next sub-carrier frequency. The operations of tf&®M modulation and demodulation are

shown in Figure 3.12.
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Figure 3.12: System diagram of a MIMO OFDM wiift transmit andVr receive antennas.
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Each spatial stream goes through a serial to pai@IP) conversion and the IFFT block to
convert the frequency domain signals into time domahe time domain signal then goes
through the parallel to serial (P/S) conversion endppended with a CP. The length of the
CP has to be longer than the delay spread of tHa-path channel in order to preserve the
orthogonality among the sub-carriers of an OFDM IsginAt the receiver, a reverse process
is implemented, i.e. the CP is removed after theny synchronization is achieved, and FFT
operation is performed to convert the time domanals into frequency domain. The MIMO
detection is then carried out in the frequency darf@ each sub-carrier.

The MIMO OFDM system breaks the modulated symi@ls) and de-multiplexed intd{t
sub-streamawith N time period sub-carrier of OFDM symbols. Denatgsymbol vector

N X 1, correspondingV sub-carriers to be transmitted from antefa= 1,.., Mt.

Let be the modulated data matridt X N:
X=[xIxI ... xI]T (3.27)

Each sub-stream goes through an OFDM modulatorpamfbrming the IFFT operation at
each transmit antenna to make OFDM symbols, the CP is inserted to each OFDM symbo

to avoid ISI due to channel delay spread. The tréttesd time domain is given by:

s; = FH X, (3.28)
X; = [Si(G —-L+ 1) .Sl'(N)Sl'(l) saen Sl(N)] (329)

At the receiver, the received signal at jié receive antenna is the superposition ofvall

transmitted OFDM blocks going through channel plase.

Mt
/Es ~ .
1= m Zh]-,i xpt+n  j= 1,.....,Nr (3.30)
i=1

The equation (4.7) in expanded form can be reptedédyy following matrix form:

,rlf hél Oji 0 0 0 0 0 0 1 xi n:{
7,.] h]l hO Jiooee 0 0 0 xi ,n]
2 e 1 h{i ho o e .2 2
_ Rt N S + ' 331
- L-1  j; : . U NRITEEE N : . ( : )
=] 0 M- jioo:roow w0 : :
0 h . '
. 0 X =1+ .« -~ 0 .
. : : ji i , ,
_I\§+TG_ L o0 o O 0 hi_y = h{" hy | XN 46 nd o
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We can rewrite the received vectpby using the cyclic character gf as follows:

Es fhj’i +n j=1,..,N (3.32)
Tj: — c Si Tl] J=1,....,NTr .
Mt =
7"1] ho 0 0 0 h_4 hq Si n{
rJ h, ho 0 0 0 sk n
lom]f M M0 0 0 hy||” ;
- Z ey B Paowohe o 00l (3.33)
A | e R A I
= . 0 hL—l . . 0 : .
0 : : 0
T 0 0o 0 0h— hi hy Ilsy ny,
The circular matriXV x N, satisfy:
W't =FH 0 F (3.34)
0;,; = diag (H; (1), H(2), ... H;; (V) (3.35)
The channel frequency domain is given by:
L-1 Kl
Hiu() = ) hgp(D e/ (3.36)
=0

We can rewrite the equation (3.33) as follows:

M
Es ; H .
r = WZF Q;F si+n  j=1,...,Nr (3.37)
i-1

After removing CP and FFT transformation by OFDMaelulator, the received signal in
frequency domain at each receive antgihcan be represented by equation (3.37).

yi = Frj
Mt
Es u .
= WZFF "Qj,i FSL'+FTL]' ]:1,.....,N1"
i=1
Mt
Es i Y .
- EZFF 0, F Fi'X;+Fn; j=1,....,Nr
i=1

Mt
’Es
= m Z 'Qj,i Xl' + U]' (337)
i=1
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SinceF is an orthogonal matrix, and the matriggg are diagonal, we can write theth

component of; as follows:

ES Mt
y; (k) = fm Z Hi(k) X)) +v(k) k=1,...,N (3.38)
’Es _

Where X;(k) is the Mt transmitted symbols, at theth sub-carrier. AndH;(k) are the

channel coefficient gains at tkeh sub-carrier.

X;(k) = [X1(k), X5 (K, ..., Xpge (RD]T (3.40)
Hi(k) = [Rj1(k), R 2 (K, oo, By e (K] (3.41)
The resulting of thé/r receive signal vector, can be represented byollexing model:
y1(k) Es H, (k) vy (k)
o= ] X, +]| ] (3.42)
ynr (k) Hy, (k) Uy (k)
Es _
y(k) = mH(k)Xi(k) +v(k) k=1,....,N (3.43)

From the equation (3.43), the frequency selectivigl®I channel is decoupled inid parallel

flat fading channels. We consider all tieone sub-carrier; the all received signal can be

express as.
Es _

y= |3 HXi+w (3.44)
HO) 0 - 0

p=| 0 HO .0 (3.45)
o - O HW

If the frequency selective Rayleigh fading chaniseconstant during each OFDM block
(quasi-static, i.e., the fading coefficients arenxstant over the transmission of an OFDM

symbol), then

H1)=HR)=--=HN)=H (3.46)
The overall received signal can be written as:
Es
Y = /— HX +W (3.47)
Mt
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3.2.2 Capacity Calculations

Considering the channel that is unknown at thestratter and perfectly known at the
receiver, the open loop capacity of MIMO OFDM chanis the mean over all frequency
subcarriers defined in [10, 66]. For large numbleramdom channels, the mean and outage

capacity can be calculated using (3.48) given by.

N¢
1 SNR .
C :N—Ckz_llogz (INr +WHka> (348)

Where SNR = Es/202 andH,, is theNr x Mt channel matrix at thi-th sub-carrier block

index.

3.3 MIMO STBC OFDM Schemes

Recent researches results have shown that thersadeffects of the wireless propagation
environment can be significantly reduced by empigyimultiple transmit and receive
antennas, resulting in MIMO communication systems.

Traditional space time codes were designed to @xspatial diversity from a flat fading
MIMO channel, and are not generally effective ataoting the additional frequency diversity
of a frequency selective fading channel. CombiMiylO systems with OFDM modulation,
MIMO-OFDM systems have been proposed, and two gpdpproaches have been suggested
for such systems: Space frequen&F) coding [10,17,67,68], to exploit the spatiada
frequency diversities, and space tirfeT) coding [11,69,70,71], to exploit the spatial,
temporal, diversities available in frequency sédecMIMO channels. Both ST and SF have
proven to be effective techniques in enhancing dher performance and increasing the
capacity of wireless channels.

In multi-path MIMO channels, the maximum achievathilersity order is the product of the
number of transmit and receive antennas and thdéeuof resolvable propagation paths (i.e.,
the number of nonzero channel taps) [63,72]. Taeaehthis full diversity requires that the
information symbols be carefully spread over theetoas well as over the transmitting
antennas. One advantage in using SFBC insteadB€33 that, in SFBC, the coding is done
across the sub-carriers inside one OFDM symboltaurawhile STBC applies the coding
across a number of OFDM symbols equal to numbéransmit antennas, thus, an inherent

processing delay is unavoidable in STBC.
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3.3.1 SpaceTimeBlock Code OFDM

The encoding of each user data is done by STBC-ORDNbder [9]. Theg-th user's
continuous input signal block$ x N of length S19 and S29 will be encoded as two
consecutive transmitting OFDM symbol blocks. Sp@ee block encoder takes each pair of
input vectors together and applies the Alamoutesod on them. The length of each vector is
N, which is the number of OFDM sub-carriers. Forhepair of two successive data symbol
vectors, ifS1 is the first block data symbol vector asid is the second block vector, which

are the frequency domain symbols, they are defased

S1=[S(1) S(2) SB3) wervvv e . S(N)] (3.49)
S2=[S(N+1) S(N+2)..S2N)] (3.50)

For the first transmittei§1 is transmitted during the first time slot followeg —S2* in the
second time slot. For the second transmifiris transmitted first followed by1*. The
equivalent space time block code transmission matmgiven by

_[S1 =82
Gsrpc = §2  §1* (3.51)
Therefore, entries of the transmission matrix hee@FDM symbol vector$1, S2, and their

complex conjugates.

3.3.1.1 STBC user with Singlereceive antenna case

We assume that the channel responses are constamg the two time slots. Let! (k) and
r2(k) represent the demodulated symbols at single receiges antenna, after the OFDM
demodulator, on thk-th sub-carrier at the first and second time slot, eeipely.r1(k) and

r?(k) ,k =1,2,..,N ,can be represented as

ri(k) = Hy;(k) S1(k) + Hy,(k) S2(k) + n(k) (3.52)
r2(k) = —Hy, (k) S2* (k) + Hy,(k) S1*(k) + n?(k) (3.53)
Assuming that ideal Channel State Information (GSBvailable at the receiver, the decision

variables are constructed by combinindk) , r2(k), and the channel frequency response,

we get
S1(k) = (IHy1|? + [Hiz|?* ) S1(k) + Hyy" (k) n* (k) + Hyp (k) n?" (k) (3.54)
$2(k) = (IHy1|? + [Hi2|? ) S2(k) + Hyp"(k)n' (k) —Hy1 (k) n? (k) (3.55)
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Which are then sent to the maximum likelihood decptio decide the most probable sent

vectorsS1 andS?2.

3.3.1.2 STBC User with Two receive antenna case

We assume that the channel responses are constaimg cdhe two time slots. Let
ri(k), v (k) and r}(k),r?(k), represent the demodulated symbols, after the OFDM
demodulator, on thk-th sub-carrier at the first and second time slot, @eipely, at receive
antenna 1 and 2 .The received sigfdk), r? (k) andr} (k) ,r#(k) , k =1,2,..,N ,can be

represented as

ri(k) = Hyi(k) S1(k) + Hyp(k) S2(k) + nl(k) (3.56)
r2 (k) = —H,1" (k) S2(k) + Hy," (k) S1(k) + n?" (k) (3.57)
ri(k) = Hyy (k) S1(k) + Hyp (k) S2(k) + nk(k) (3.58)
r2 (k) = —Hy,* (k) S2(k) + Hy, (k) S1(k) + n (k) (3.59)

Assuming that ideal Channel State Information (GSBvailable at the receiver, the decision
variables are constructed by combiniddgk), r?(k), 5 (k), 72 (k), and the channel frequency

response we get.
S1(k) = (|Hy1|? + [Hyz|? + [Hapg|? + |Hpo [*)S1(K)
+(Hy1"(k)ni (k) + Hay (k)nj (k)
+Hy,(k)n2" (k) + Hyp (k) n3 (k) (3.60)
§2(k) = (|Hy1|? + |Hiz|? + |Haq|* + |Hpo | )S2(k)
+Hyp (k) nf (k) — Hyy (k) ng” (k)
—Hyy (k) n3 (k) + Hyp (k) ni(k) (3.61)

Which are then sent to the maximum likelihood decptb decide the most probable sent
vectorsS1 andS2. For more detail of encoding and decoding of STBEDM, for more

detail (see Appendix B).
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3.3.2 Space Frequency Block Code OFDM

Now we describe the encoding and decoding procesgy space frequency block coded
OFDM (SFBC-OFDM) proposed in [73].

In SFBC-OFDM, the data symbol vector fpth user is defined a&? = [S(1)S(2) ...S(N)],
whereN is the number of OFDM sub-carrier.

The symbol vector is coded into two lendtkx N vectors,S; andS, by the space frequency

encoder block as:

S, =[S(1) —S*(2) ....S(N—=1) —S*(N)] (3.62)
S, =[S(2) S*(1)....S(N) S*(N-1)] (3.63)

(*) denote the conjugate of symb6l.

S, is transmitted from the first antenna transmitdgrile S, is transmitted simultaneously
from the second antenna transmitter. The opemabbthe space frequency encoder and
decoder can be best described in terms of eveondhdomponent vectors. According to the
operation of the SFBC encoder described in [10, €] symbol vectas is divided into the
even componerft® and theodd component®.

Let S¢ andS° be two lengthV /2 vectors denoting the even and odd component \seofd.

Therefore,
S° =[5(1) S(3) ... S(N-3)S(N—-1)] (3.64)
s€ =1[S(2) S(4) ... ... S(N —2) S(\N)] (3.65)

Similarly, S,¢, S;°, S,¢, andS,° denote the even and odd component vectors, aind S,,
respectively. Then the output of the SFBC encoderle expressed in terms of the even and
odd component vectors as:

Equations (3.64) and (3.65) can then be expresstzims of the even and odd component
vectors as

{Sle = —s¢" {510 =5°

. 3.66
Sze = SO Szo = Se ( )
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3.3.2.1 SFBC User with Singlereceives antenna case

Let r(k) represents the demodulated symbol, after the OlBModulator, on thk-th sub-
carrier,k =1,2,....,N

r(k) = Hy1 (k) Si(k) + Hy,(k) S,(k) + n(k) (3.67)
Where H;; (k) is the channel frequency response from transrniénaai to receive antenrya
on thek-thsub-carrier. Let¢(k) andr®(k),k =1,2,...,N/2 , represent the even and odd

components of (k). Thus,r¢(k) andr®(k), can be represented as:

r?(k) = H{1(k) ST (k) + H{;(k) S3 (k) + n° (k) (3.68)
ré(k) = Hi; (k) Sf (k) + Hf; (k) S3 (k) + n®(k) (3.69)
Where n¢(k) and n°(k) represent the even and odd components, respgctioélthe

demodulated noise vector. Substituting equatiot®6§3nto equations (3.68) and (3.69), we

get
r?(k) = H{1(k) S°(k) + Hiz (k) S¢(k) +n°(k) (3.70)
re(k) = —HE (k) S¢” (k) + HE, (k) S°" (k) + n®(k) (3.71)

From equations (3.70) and (3.71), we conclude 8&@C-OFDM can be represented by the
transmission matrix for adjacent OFDM sub-carrier.
So _Se*

Gsrpc = ge  go* ] (3.72)
Assuming that ideal channel state information isilable at the receiver, the decision
variables are constructed by combinitfgk), r°(k) and the channel frequency response,
and the complex channel gains between adjacentauigrs are approximately constant,
such as
Hfy (k) = Hi, (k) = Hyy  Hf(k) = Hi;(k) = Hyp
Therefore, we get

$°(k) = (IH, 1 + |HE|? )S° () + HEy " (l)n® (k) + HE, (k) n®” (k) (3.73)
Se(k) = (IH{11* + |HP,|?) S(k) + HE, " (kyn® (k) —Hf, (k)ne” (k) (3.74)

WhereS€(k) and $°(k), k = 1,2,..,N/2 are combined together to construitk), k =
1,2,...,N. S(k), is sent to the maximum likelihood decoder, toidethe most probable sent

vectorss.
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3.3.2.2 SFBC User with Two receives antenna case

Letr, (k), r,(k) represents the demodulated symbol, after the OFBMoadiulator, on thé-

thsub-carrierk = 1,2, ..., N at receive antenna 1 and 2.

r1(k) = Hy (k) S1(k) + Hyp(k) Sp(k) + ny (k) (3.75)
1r,(k) = Hyy (k) S1(k) + Happ(k) Sy (k) + np(k) (3.76)

WhereH;; (k)) is the channel frequency response from transménmaj to receive antenna
on thek-th sub-carrier. Let’(k) ,r (k) andry(k), ro(k), k=12,..,N/2, represent
the even and odd componentsdik) , r, (k) respectively. Thus;’ (k) ,r (k) andry (k)

ry (k), can be represented as:

i (k) = Hi; (k) St (k) + Hi,(k) S3 (k) + nf(k) (3.77)
r{ (k) = HYy (k) ST (k) + Hiy (k) S3 (k) + ng (k) (3.78)
r7 (k) = Hz1(k) ST (k) + H3, (k) S7 (k) + n3 (k) (3.79)
r7 (k) = Hz1 (k) S? (k) + Hz, (k) $7 (k) + n3 (k) (3.80)

Wherenj (k), n{ (k) andn$(k), n9 (k) represent the even and odd components, respegtively
of the demodulated noise vector.
Substituting equation (3.66) into equations (3(B778) and (3.79), (3.80) we get

re(k) = —Hg, (k) S€" (k) + HE, (k) S (k) + nf (k) (3.81)
ri (k) = Hpy (k) S°(k) + Hi, (k) S€(k) +ng (k) (3.82)
ry (k) = —H3, (k) S¢7 (k) + Hz (k) $°" (k) + n5 (k) (3.83)
r7 (k) = Hz1 (k) S°(k) + Hz, (k) $°(k) +nz (k) (3.84)

Assuming that ideal channel state information isilable at the receiver, the decision
variables are constructed by combinifdk), r (k), 5 (k),ry (k) and the channel frequency
response, and the complex channel gains betweemtesd] sub-carriers are approximately
constant, such as

Hf (k) = HYy (k) , H (k) = Hf,(k) , H5.(k) = H3, (k) , H5,(k) = H3,(k)
SO(k) = (IH{1 1 + [HE, | + [H,|* + |H5,|*) S°(k)

+HE, (k) ni" (k) + HYy " (k) nf (k) + H, (k) ng" (k) + H3, (k)n3 (k) (3.85)
Se(k) = (|Hf1 | + |H{, | + |H5,|? + |H, 1) S (k)

—H{; (k) n§* (k) —H5, (kK)ns™ (k) + HY," (k)ng (k) + HE," (k)ng (k) (3.86)
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Were $¢(k) and $°(k), k=1,2,..,N/2 are combined together to construtk), k =
1,2, ...,N. $(k), is sent to the maximum likelihood decoder, toidke¢he most probable sent
vectorsS. For more detail of encoding and decoding SFBC-MF@or more detail see
Appendix B.

That is why we denote this scheme by space frequem& each transmitted symbol is
encoded on two consecutive sub-carriers, insteativofconsecutive OFDM frames as in
STBC-OFDM. In SFBC-OFDM, the encoding is done cwee OFDM frame.

34 MIMO and OFDM Applications

MIMO is applicable to all kinds of wireless comnication technologies. However, the
combination of MIMO and OFDM has the following advages. OFDM is adapted for multi-
path propagation in wireless systems. The lengtth@fOFDM frames is determined by the
Gl. This Guard Interval restricts the maximum pdétay and therefore the expansion of the
network area. MIMO also uses the multi-path profiaga
OFDM is a wideband system with many narrowband crbiers. The mathematical MIMO
channel model is based on a narrow band non-freyusalective channel. The latter is
supported by OFDM as well. Fading effects in widebaystems normally occur only at
particular frequencies and interfere with few sabriers. The data is spread over all carriers,
so that only a small amount of bits get lost, amelsé can be repaired by a forward error
correction (FEC). OFDM provides a robust multi-patystem suitable for MIMO. At the
same time OFDM provides high spectral efficiencyg andegree of freedom in spreading the
time dimension of Space Time Block Codes over sdvsub-carriers. This results in a

stronger system.

81



Chapter 111 : The Principles Basics of OFDM

3.5 MIMO Standards

Table 3.1, gives an overview of all current MIMQ@rstlards and their technologies [74]. It is
clear to see, that with the exception of 3GPP Reléa all standards work with OFDM. The
advantages of OFDM can obviously be linked to MIMO.

Standard Technology
WLAN 802.11n OFDM
WIMAX 802.16-2004 OFDM/OFDMA
WIMAX 802.16e OFDMA
3GPP Release 7 WCDMA
3GPP Release 8 (LTE) OFDMA
802.20 OFDM
802.22 OFDM

Table 3.1: MIMO Standards and the correspondinigrtelogy
3.6 Conclusion

In this chapter, we introduced a unified view @FDM technique. First the FDM
evolution and the basic principles of the OFDM eystis explained with introducing its
signal model, and the orthogonality concept .Th#EDM effectually converts a frequency
selective fading channel into a set of parallet feding channels. The general transceiver
consist of converts digital data to be transmitiath a mapping of sub-carrier and a block
IFFT modulation per transmit antenna. Howevenripaosed by the OFDM overhead, i, e., the
guard subcarriers and guard time to preserve thegmality. The removed of the guard time
at the receiver and a block of FFT demodulatorrpeeive antenna to signal recover. Second
the general principle of MIMO OFDM is explained aitsl signal model is introduced after.
Furthermore, MIMO OFDM capacity is calculated. Thithe combination of STBC and
MIMO OFDM is discussed; the investigatingf space timeblock codes for frequency
selective fading channels from a capacity perspedsi an important and interesting direction
for future studies. The general transceiver of hilgbrid scheme consists of an encoder, a
space time mapper, using either space time codpawre frequency code, and per transmit
antenna an IFFT modulation block. The FFT block deufation per receive antenna, after
the decoding process according to each space gpdeRinally, some kinds applications of

MIMO OFDM in wireless communication technologies.
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Chapter 1V : Multi User Systems

4.1 Multiple Access Techniques

Multiple accesses (MA) refer to a technique thlédws several users to share a common
communications channel. The available domains faltiple accesses are space, time and
frequency. In wireless communication, several tepgs such as Time Division Multiple
Access (TDMA, Frequency Division Multiple Access (FDMA) and CobDevision Multiple
Access (CDMA) are used for sharing the spectrurouegs available for use. TDMA assigns
different time slots to users while FDMA assigrdiféerent frequency to each user. However,
the CDMA technique shares the entire bandwidth isyirdjuishing signals with a unique
signature for each user. The most traditional mldtiaccess techniques are based on user
separation using different signature waveforms. ®laest multiple access technique is
frequency division multiple access (FDMA) where feliént signature waveforms use
different frequency. The user separation is thefopmed simply by bandpass filtering.

The introduction of digital modulations enabled thgpearance of time division multiple
access (TDMA) where each user’s signature wavefisritimmited to a predetermined time
interval. Source separation is analogous to extracting thearsis corresponding to each
antenna in the transmit array. However, the trahsimersity detection problem is simpler,
since the sources are discrete rather than contintendom variables. Another superset of
transmit diversity detection is the class of pramde known as multiuser Detection
(MUD)[75]. In this case, the receive antenna obsei signals coming not only from
different antennas, but also from different usBmstecting the signals of the individual users
is also analogous to extracting the streams tratesdy each antenna in a transmit diversity
system. The user separation is then performed hghsgnizing and correlating with the
corresponding user’s signature waveform.

The appearance of spread spectrum techniques fefaamming and low probability of
interception capabilities has led to the developmeicode division multiple accesses
(CDMA). CDMA can be implemented using frequency piog (FH), time hopping (TH),
direct sequence (DS) spread spectrum (SS) as wetludti-carrier (MC) techniques. In FH-
CDMA users’ signature waveforms are located aeddiht center frequencies at different time
intervals. The hopping from one frequency to anotbecontrolled by user specific hopping
sequences. In DS CDMA, different users’ signatuaseforms are allowed to overlap both in
time and in frequency, but they are orthogonahie ¢ode domain. This can be achieved by

allocating each user a unique spreading sequere@etwy the signal redundancy is achieved
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in time domain [76]. On the contrary, in MC-CDMAethhedundancy of each user’s data is
achieved in frequency domain [77].

The simplest way to achieve spatial multiple acesd® simply separate multiple users far
apart in order to allow for sufficient attenuatiohthe signals. More advanced techniques
include space division multiple access (SDMA) [@1,beamforming, which is based on the
use of closely spaced antennas to spatially isdlseusers or spatial multiplexing which
relies on antennas spaced far apart and the riatiesag environment to perform user
separation [78,79].

Unlike in the former case, where it was necessarylifferent users to be placed in different
spatial directions, this is not necessary for @iget one. The difference between SDM and
SDMA is that the latter allows different users tansmit simultaneously on a single antenna
each, whereas in SDM a single user transmits samedtusly on multiple antennas [7].

This can be justified by the fact that, similarly the conventional SDMA case, it is
essentially the spatial position of different usiet allows for their separation at the receiver.
The use of multiple receive antennas theoreticatigbles multiple access using only a single
carrier frequency. In wideband system, however, fteguency selectivity of the channel
becomes one of the factors that dominate receiegfopnance. MC techniques are an
effective way to mitigate this problem by convegtia frequency selective channel into a set
of frequency flat fading channels. By doing so, ttlennel frequency selectivity can be
exploited to achieve additional diversity gains.
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4.2 Multi User Detection

The receiver performance in the presence offarence is dominated by the knowledge it
has about the interference structure. Dependintpisrknowledge, appropriate algorithms can
be applied to use the receiver's DOF( Degree oédiae) to mitigate the degrading effects of
interference. Spread spectrum is a signal proogssichnique that distinguishes CDMA,
where a data symbol is modulated with a noise Wkdeband signal called a pseudo noise
(PN) sequence. Otherwise, the performance of veselmmmunications is also primarily
limited by MAI in multiuser applications.

This process is known as spreading, and is intttmlsuppress MAI due to interference from
other users in the same cell (intra cell interfeegnand possibly users from adjacent cells
(inter cell interference).

In many situations, interference can be modeled\V§N that has structure neither in space
nor in time/frequency domains. The matched filt8@][is well known to be the optimal
receiver for that scenario, if the pulse shapéefdignal of interest is known at the receiver, it
depends on the cross-correlation properties betwsiPN sequences from all active users
and the spreading factor, which is defined as &ti® in bandwidth between the information
bearing signal and the PN sequence. The matched il optimal in a white Gaussian noise
environment, but suffers from the near far effebew MAI is present; the performance of the
matched filter deteriorates when the received psviterm interfering users are greater than
that of the desired user. In case that the intenfe possesses any kind of structure in space
and/or time, the matched filter designed for AWGdHise is not capable of exploiting it.

Signal correlation is another property which resailtn a variety of wide band and narrow
band interference (WBI and NBI, respectively) s@gsion techniques that exploit
interference correlation in time, frequency andigpdomains [76].

In the multiuser case, several works have propésedevelopment of advanced algorithms
that can improve the receiver’s performance by@&@iph this structure. The optimal receiver
for MAI is known to be the MUD, where all the inering signals are detected jointly with
the signal of interest (SOI), providing for the ea@r in the process of eliminating the MAI
and ISI, the considered receivers detect the irdition bearing bits of the desired user while

suppressing interference.
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For ISI the optimal detector is the maximum likelod sequence estimator (MLSE) [7, 81].
The ML multiuser receiver encompasses a bank otedt filters that produces a set of
sufficient statistics, followed by a Viterbi decoddhe complexity of the ML receiver is
exponential in the number of users, rendering gramtical.

The combinations of detection methods that simelasly make use of several signal
properties and perform processing in several dosnaave attracted considerable attention.
The examples are space time interference suppre$8i], time frequency interference
suppression [83] and joint MUD of SOI and interfeze for NBl and WBI interference
suppression [84, 85]. Note that these methods redmiowledge of channel state information
(CSI) at the receiver side. In case that the CSiosavailable but the signals are still of
interest, one could resort to the rich literature ind de-convolution with blind source
separation, blind equalization and blind multiusetection as special cases [76].

In channel coded systems, the complexity of annugdtreceiver that jointly performs signal
and interference detection with channel decodingrizhibitively complex [86, 87, 88].
However, the complexity can be significantly rediid®y means of the suboptimal iterative
receiver structures. In most of the cases the padnce of the suboptimal iterative receivers
is close to that of the globally optimal receivaredto the very reliable signal estimates
obtained after channel decoding. An iterative miskr detection and decoding [89], iterative
equalization and decoding [90], and iterative clehmestimation, equalization and decoding
[91].

Suboptimum linear receivers such as the de-comglaind the minimum mean squared error
(MMSE) receivers have been proposed [19, 83] tdetraff complexity and performance
among the conventional and optimal receivers, hewethey still require computationally
intensive matrix inversion. More practical and siengpproaches include multistage decision-
feedback receivers such as the V-BLAST paralla@riietence cancellation (PIC) detector [92,
93], as well as the serial interference cancela{iIC) detector [93, 94]. Although both
receivers have linear complexity in the number $érg, the SIC causes longer delay, while
the PIC demands more hardware.

The received signals are then combined using optivegyhts, forming a signal with better
quality than each individual one. Three common diNg schemes are maximum ratio

combining (MRC), equal gain combining (ECG) andesgbn combining (SC) [44].
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4.3 Multi User Systems

While traditional wireless communications ( SIS&ploit time or frequency domain pre-
processing and decoding of the transmitted andivededata respectively, the use of
additional antenna elements at either the baserstdBS) or user equipment (UE) side (on
the downlink and/or uplink) opens an extra spatlahension to signal pre-coding and
detection [95]. So called space time processindhatst exploit this dimension with the aim
of improving the link’'s performance in terms of onemore possible metrics, such as the
error rate, communication data rate, coverage amdaspectral efficiency (bits/sec/Hz/cell).
Depending on the availability of multiple anten@dshe transmitter and or the receiver, such
techniques are classified as (SIMO), (MISO) or MIMThus in the scenario of a multi-
antenna enabled base station communicating witlinglesantenna UE, theplink and
downlink are referred to as SIMO and MISO respetyiy96].

When a (high-end) multi-antenna terminal is invdlva full MIMO link may be obtained,
although the term MIMO is sometimes also usedsmadest sense, thus including SIMO and
MISO as special cases. While a point-to-point rpidtiantenna link between a base station
and one UE is referred to as Single user MIMO (SIMRI), multiuser MIMO (MU-MIMO)
features several UEs communicating simultaneoudlly & common base station using the

same frequency and time domain resources.

Mt Y_ U,

— .

Figure 4.1 Block diagram of Single CeMulti User MIMO.
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Figure 4.1, lllustrates the block diagram of a Engell multiuser MIMO withMt transmits
antennas andir receives antennas for all selected users. By sixtenconsidering a multi-
cell context, neighboring base stations sharingr thetennas in virtual MIMO fashion to
communicate with the same set of UEs in differesliscwill be termed multi cell multiuser
MIMO.

4.3.1 Comparing Single User and Multi User MIMO

The set of MIMO techniques featuring data stredrasig communicated to (or from)
antennas located on distinct UEs in the model fiermed to as Multi User MIMO (MU-
MIMO). The MU-MIMO scenario differs in a number ofucial ways from its single user
counterpart. In MU-MIMO,K UEs are selected for simultaneous communicaticer tive
same time frequency resource, from a set) gictive UEs in the cell. TypicalliX is much
smaller thanJ. Each UE is assumed to be equipped withantennas, so the selected UEs
together form a set oNr = KR, UE side antennas. Since the number of streamsniénabe
communicated over amt to Nr MIMO channel is limited tomin (Nr, Mt) (if complete
interference suppression is intended using lineartining of the antennas), the upper bound
on the number of streams in MU-MIMO is typicallyctiitedby the number of base station
antennasvit. The number of streams which may be allocatedatth dJE is limited by the
number of antennag, at that UE. For instance, with single antenna Ukpsto Mt streams
can be multiplexed, with a distinct stream beirlgaated to each UE. This is in contrast to
SU-MIMO, where the transmission oft streams necessitates that the UE be equipped with
at leastMt antennas. Therefore a great advantage of MU-MIME&r &U-MIMO is that the
MIMO multiplexing benefits are preserved even ie ttase of low cost UEs with a small
number of antennas. As a result, it is generalguamed that in MU-MIMO it is the base
station which bears the burden of spatially sepagathe UEs, be it on the uplink or the
downlink. Thus the base station performs receivantferming from several UEs on the
uplink and transmit beamforming towards several O&she downlink. Another fundamental
contrast between SU-MIMO and MU-MIMO comes from tth&erence in the underlying
channel model. While in SU-MIMO the de-correlatibatween the spatial signatures of the
antennas requires rich multi-path propagation erube of orthogonal polarizations, in MU-
MIMO the de-correlation between the signatureshefdifferent UEs occurs naturally due to

fact that the separation between such UEs is tijpileaige relative to the wavelength [96].
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4.3.2 Comparing techniquesfor Singleand Multiple antenna UEs

In the case of MU-MIMO for single antenna UEsjsitworth noting that the number of
antennas available to a UE for transmission iscglpi less than the number available for
reception. Note that no more thamt users can be served (i.€.< Mt) if inter-user
interference is to be suppressed fully.

In theory, essentially two ways, of exploiting tadditional antennas at the UE side. In the
first approachthe multiple antennas are simply treated as meltiptual UEs, allowing high
capability terminals to receive or transmit morarthone stream, while at the same time
spatially sharing the channel with other UEs. Fmtance, a four antenna base station could
theoretically communicate in a MU-MIMO fashion witlio UEs equipped with two antennas
each, allowing two streams per UE, resulting irotltmultiplexing gain of four. Another
example would be that of two single antenna UEsgivng one stream each, and sharing
access with another twantenna UE, the latter receiving two streams. Adhm overall
multiplexing factor remains limited to the numbébase station antennas.

The second approach for making use of additionabbtennas is to treat them as extra DOF
for the purpose of strengthening the link betwelem UE and the base station. Multiple
antennas at the UE may then be combined in MRddash the case of the downlink, or in
the case of the uplink STC could be used. Anteptecson is another way of extracting more

diversity out of the channel.

44 MU MIMO Schemes

In the case of transmit beamforming and MIMO SM&3ed pre-coding [20, 21, 32, 33], the
transmitter then has to acquire this channel kndgde(or directly the pre-coder knowledge)
from the receiver usually through a limited feedbkek, which causes further degradatimn
the available Channel State Information at the 3matier (CSIT). When it comes to MU-
MIMO, the principle advantages over SU-MIMO areatlerobustness with respect to the
propagationenvironment, and spatial multiplexing gain presdregen in the case of UEs
with small numbers of antennas.

However, such advantages come at a price. In thwldk, MU-MIMO relies on the ability
of the base station to compute the required transeamformer, which in turn requir€SIT.
The fundamental role of CSIT in the MU-MIMO dowrltican be emphasized as follows:

In the extreme case of no CSIT being availableidadtical fading statistics for all the UEs,

the MU-MIMO gains totally disappear and the SU-MIN@ategy becomes optimal.
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As a consequence, one of the most difficult chgls in making MU-MIMO practical for
cellular applications, and particularly for an Freqcy Division Duplex (FDD) system, is
devising mechanisms that allow for accurate C3lealelivered by the UE to the base station
in a resource efficient manner. This requires e af appropriate codebooks for quantization
[97, 98].

Another issue which arises for practical implemgats of MIMO schemes is the interaction
between the physical layer and the scheduling pabtén both uplink and downlink cases the
number of UEs which can be served in a MU-MIMO faghs typically limited toK = Mt,
assuming linear combining structures. Often one evan decide to limiK to a value strictly
lessthan Mt to preserve some DOF for per user diversity. Wesrnumber of active usets
will typically exceedK, a selection algorithm must be implemented to tiflemhich set of
users will be scheduled for simultaneous transissier a particular time frequency slot.

A combination of ratemaximization and QoS constraints will typically bensidered. It is
important to note that the choice of UEs that wiiximize the sum rate (the sum over khe
individual rates for a given sub-frame) is one tfators UEs exhibiting not only good
instantaneous SNR but also spatial separabilityrgntioeir signatures.

Notethat in the case of closed loop spatial multiplgxia UE feeds back to the BS the most
desirable entry from a predefined codebook. Théeped pre-coder is the matrix which
would maximize the capacity based on the receiapabilities [31, 32, 33]. In a single cell,
interference free environment the UE will typicailhgicate the pre-coder that would result in
a transmission with an effective SNR following moktsely the largest singular values of its

estimated channel matrix.

45 Multi-user Detection with V-BLAST on MIMO
451 Introduction

A multilayered space time block coded OFDM systavhich is a combination of the
vertical layered space time architecture, knowl-#&1 AST, and the space time block coded
OFDM system, which use the frequency or time ogdiaspectively [67, 71]. This system is
designed tqorovide reliable as well as very high data rate mamications over frequency
selective fading channels with low decoding comiyexOFDM is used to transform the

frequency selective fading channel into multipkg fading sub-channels.
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In this section, we propose a hybrid MU multilayespace time block coded OFDM system,
denoted by MU V-BLAST STBC-OFDM, which provides higlata rates over frequency
selective fading channel with reliable transmissiéor the sake of comparison, we will
mention the MU multilayered space frequency bloocllexl OFDM systems, denoted by MU
V-BLAST SFBC-OFDM.

]
IFFT |,
STBC OFDM || &CP
S, » S/P» Encoder
Ly IFFT ||
& CP
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Figure 4.2: Block diagram of the multilayered Mssgm for downlink system
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The hybrid multilayered space time or frequencyckl@aoded OFDM scheme partitions
antennas at the transmitter into small groups, @&t individual space time or frequency
block coded OFDM encoders to transmit informationf each group of antennas as shown
in Figure 4.2. At the receiver, each individual ywas decoded by a non-linear processing
technique that suppresses signals transmittedh®r groups of antennas by treating them as
interferers. The ordered successive detectioregfied as shown in section 2.3.4 is considered

in the formulation of the receivers is referredz&sOSIC.

45.2 System mode

Frequency selective fading channels can be modsledtapped delay line. For a multi-path
fading channel with_ different paths, the fading channel betweenittietransmit antenna
andj-th receive antenna has discrete time baseband equialge impulse response (FIR)

coefficients collected in the x 1 vector.

T
hii = [A Ay oo BT 0

For 1<j<Nr,1<i< Mtwere h}i s, 1=0,1,..,L—1 are independent and identically
distributed (i.i.d.), zero-mean, complex Gaussiandom variables with variance L/per
dimension. We assume that the MIMO frequency sekecRayleigh fading channel is
constant during each OFDM block, and vary from kltmcanother.

Assuming there arNr receiving antennas for &l user, the received vector can be expressed

as:
y=HS+w (4.2)
WhereH represents the channel matrix of s\zex Mt andw represents AWGN noise.

The channel matrix is given by:

[h}fl h}fz hlfMt]
H=| o b R (43)

hll\clrl hllflrz hllflth
Where hj’-‘i are frequency responses at sub-cakji&etween thegth receive antenna and the
i-th transmit antenna in the case of OFDM. By apiplg STBC OFDM encoding and

decoding as introduced in section 3.4, for STC 8R@ respectively, as shown in Figure 4.2.
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453 MU STC Encoding and Decoding

The received signal of each usgiat receive antennag;, , R, , at different time slots, after

the FFT and the CP removal, tipeh user received signal can be represented by:
yq = Hq’STCS + Wq (44)
WhereH,, st channel response of each user in STC codingwaiiglthe AWGN.

45.3.1 User with Singlereceive antenna

We considerR,;, the receive antenna for each user, the receiigrthls is given by the
following equations:

Tt = Hrgr S11+ Hggyz Siz+ - +Hrp1 Squ + Hrppz Sqz +wl (4:5)

*t2 * * * * %
Tqr" = =—Hp,1 Sizg+Hgy,2 Siat - —Hp,1 SqztHg,2 Squtw'l (4.6)

Wherew1, w™1, represent AWGN, anHqul vHg,,2 andHqul*, Hquz* are frequency
responses and there conjugate, at a given suledgrais depicted in Figure 4.2.
Equations (4.5) and (4.6) can also be written as:

[rqltll ~ [HRq11 Hg,,2 5‘11] -

rql*tz HRq12* _Hqul* S12
Hg,,1 Hg,,2 S

+],, ", [ "1]+[V‘f*1] (4.7)
Hg,2  —Hg,1 Sq2 w1

The received signal by thg-th user is summation of transmitted signal from laltransmit

stream and can be represented by equation (4.8 ).

Tgr 't £ Hg .1 Hg,.2 S Waq1
[ ql*tzl = Z v " “ S‘”] +[ . ] , q=1,..K (4.8)
Tq1 q=1 q2

Hp,,2© —Hpga w1
Equation (4.8) can be rewritten as:

; ST [w(d)
yqzqul 2| = Hove S@) | (w) (4.9)
T sy lwao

WhereH,, . the equivalent matrix for channel user with singleeive antenna is given by:

(4.10)

ql,e

* * * * cee * _ *
Hry2 —Hryy1 Hryya —Hryys Hgyme —Hpyme—1
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‘rqltl _ Hqul Hquz Hqul Hquz S]1 qu
e2| = * H Hy | il Tlw” (4.11)
rql* Hquz _Hqul S 4 Rq12 - Rg11 j2 w q1

Received signal in frequency domain can be repteddyy equation (4.12).

yq = qu,e Sq + Z qu,e S] + Wq
J=1j#q

Yo = Hgre Sq+Zg +w, (4.12)

We can see from (4.12), that the received DL sigmahe MS’s experience MUl component

on theg-th user is represented a@g.

45.3.2 User with Two receive antenna

We considerR,; , Ry, the receive antennas for each user, the recsigedlr, is given by
the following equation :

rqltl = Hqul Si1+ HRq12 Sz 0 + Hqul Sql + HquZ SqZ + Waq1 (4.13)

rqztl = Hqul Si1+ Hquz Sz 0 + Hqul Sql + Hquz SqZ + Waq2 (4.14)

*

«t2 * * * 4
qu = _HRq11 SlZ + HRq12 Sll + = I-IRCll1 qu + I-IRCll2 Sq1 +w ql (415)

*t2 __ * *
T2 = _Hqul Si2+ Hquz S+

—Hgop1" Sqz + Hrpo'  Sqi+ W g2 (4.16)

wherewg,, wga, W g1, W42, represent AWGN antp,,1  Hryy20 Hryy1o Hryyz @NdHR 17
Hquz*, Hqul*, HRqZZ* , are the frequency responses and there conjuaadegiven sub-

carrierk. Equations (4.13),(4.14),(4.15),(4.16) can alswh#en as

[rqltll [HRq11 Hquz]
|

«t2 * *

qu t ZIHquz Hqul |[ 511]

[qum lHqul Hg,,2 J S12

rq2" %] Hrpz  —Hrgpt
[Hrgir  Hrgiz [ War

+|HRq12 —Hg,,1 I[ ] |W q1| 4.17)

lHqul HRqZZ J S WCIZJ .
He,2' —Hrpi'

The received signal by thgth user is summation of transmitted signal fromlaltransmit

stream and can be represented by equation (4.18 ).
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Tq1° [Hrgir  Hrgi2 |
™€ _ c IHquz* —HRq11*| Sq1
Tq2° B qz_llHRq21 Hg,,2 J[ Sq2
qu*e Hquz* _Hqul*

Equation (4.18) can be rewritten as

,otl
[ a1 tz] S()] [ Wa
I L 5(2) w” g1

Yq = [qutl =Hapze| 7 [*] wy

rqz*tz S(K) w q2
[7q1° ] Hr,1 Hgy2
|Tq1*e| _ HRq12 _Hqul [ Sql] n
[quoJ Hr,,1  Hggy2 Sq2
qu*e Hquz* _Hqul*

K
yq = qu,e Sq + Z qu,e S] + Wq
J=1j#q

Vg = qu,e Sq + Zq + w,

We can see from (4.21), that the received DL dighthe MS’s experience MUI component

on theg-th user is represented &s.

[HRq11 HRq12 HRq13 HRq14

qu,e =

* * * *
Hquz Hqul HRq14 HRq13 b

lHqu1 Hg,,2 Hg,s Hppa
* * * * cee
Hg,,2 =Hrp,2 Hrga —Hryys

Wq1
W™ a1 | _
+ Wga q=1,...K (4.18)
w2
(4.19)
HRq11 Hquz Wq1
K * * %
N e [EA T e e
e Rg21 Rq22 j ;12
Hpgp2"  —Hpgpt” W a2
(4.21)

Hg, mt-1  Hpyme 1

|

* *
Hgyme —Hpyyme—1

(4.22)

Hpome-1 Hryyme

* *
Hg,,me —Hrgyme—1

We can rewrite thg-th equivalent channel user for STBC OFDM matriXa®ws:

L Piees b,
KD —h? P —hes
MK e,
Hq,STBC = hg_g) _h_g? hggt _hgﬂt—l (4.23)
MO A D A A
_hgz?z _hz(g,)1 hé?M _hgf,)m—y
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Finally the entire multiuser MIMO channel may beadcterized by the super-matrik |,

which may be constructed by concatenating the spamding channel matrice{qu}I;:l

associated with each of the MS’s, and the compobkiéanel matrix is denote as:
7 _|g@® @ 750G 7 (K)
HSTBC - [HSTBC’ HSTBC’ HSTBC’ e HSTBC] (4'24)

The overall user received signal can be rewriteen a

y(1) S(1) w(1)
y(:Z) = Hgrpc S(;Z) + W(:2) (4.25)
y(K) sl lwao

We can detect the desired signal vecté(g,), g = 1,..,K from equation (4.25), using V-
BLAST (OSIC) based on ZF solution referred to @BIC and hence remove the
interference between thi€ transmitted streams and subsequently implemeritedSTBC

decoding.

4.5.4 MU SFC Encoding and Decoding

In this section we present MU SFBC, as shown infegt.2, where the user stream are coded
in SFC as described in section 3.4, where the nes@iver is equipped witR,;, or R;; and
R4, the received signa} of each user at different time slots can be repteseby:

Yq = HgsrcS + wy (4.26)
WhereH, src channel response of each user in SFC codingwaigithe AWGN.

45.4.1 User with Singlereceive antenna

We considerR,,, the receive antennas for each user, the receigedlr, for theg-th user

can be represented by the following equation:

o __ o (o] (o] e
rq1° =H Rq11l S§°11+H Rq12511 + -

+Hp 11 Sq1 + HOpyy2 SG1 + Waa (4.27)
T C = —H" g 1 STy + H g2 ST + -
—H* g1 Sg1+ H g2 Sg1 + Wgi (4.28)

e
wherew,;, w'qq, represent AWGN anoH"qul, H"quz, and Hequl, Hequz , H” Rqil s

H*equz, are the odd and even component frequency respoasd there conjugate
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respectively, at a given sub-carrieras depicted in Figure 4.2. Equations (4.27),84can

also be written as:

tr™ ] [Hrp1r  Hrg2 159
«t2| T +

Tq1 H*equz _H*equl St1
Hp1 H2 1[SC Wq1
+[ L H "3]+[ i (4.29)
H p2 —H g1 Sq1 Wq1

The received signal by the-th user is summation of transmitted signal fromkltransmit

stream and can be represented by equation (4.30 ).

Horpy1  HRg2 1[5 Wq1
Z e e e +[W,* ] (4.30)
Rqu12 Rq11 q1 q1

Equation (4.30) can be rewritten as:

O S
Tq1 S(2 q1
] K R i R e (431)
q1 S(K) q

WhereH,, . the equivalent matrix for channel user with singleeive antenna

o o o o o o
H qul H quz H Rq13 H Rq14 "‘H quMt—l H quMt

y ] (4.32)

H = * * * * cee *
e [H equz —H eRq11 H eRq14 —H eRq13 H equMt —H Rq1Mt—1
qulol _ lHoqul HORq12 l [531 l
Tq1*e H*equz —H*eRq11 551
e [ A
H*equz _H*equl S]el .
From the equation we can rewrite the received s$ignaector form:

yq = qu‘e Sq + Z qu’e S] + Wq
j=1,j#q

Yq = Hq1e SqtZq twq (4.34)

We can see from (4.34), that the received DL dighthe MS’s experience MUI component

on thek-th user is represented @g.

97



Chapter 1V : Multi User Systems

45.4.2 User with Two receive antenna

We considerR,;, R,,, the receive antennas for each user, the receigedl of theg-th user

can be represented by the following equation:

o __ o (o] (o] e
rq1” =H Rqi1 S$°11+H Rq12 St +

+Hg, 11 Sq1t Heg,,2 Se1t Wqr (4.35)
T = _H*equl St + H*equz St +
—H* g1 Sqr + Hpy2 S+ W (4.36)
quo = HORq21 S% + Hoquz St +
+Hg, 1 Sq1t Heg,,2 Sg1 + wgz (4.37)
T2 = _H*equl St + H*equz St +
—H*rop1 Sq1+ H™ popa S+ Wes (4.38)

wherew,;, w'q1, Wg2, W'g2, represent AWGN an(ﬂzloqul ,H"quz and Hequl, Hequz,

H*equl, H*equz are the odd and even component frequency resp@mgethere conjugate,

at a given subcarride

Equations (5.35), (5.36) , (5.37) , (5.38) can &lsavritten as:

_ o) o) .
o
rql H qul H Rq12
e *€ *€
Tar" | 1P Rpz TH Rgn Sfl]_l_
oy o o e
Tq2 H%g»1 Hgp2 S11
*€ %€ *x€
Tq2 H g2 —H gyt
_HO HO -
*x€ _ *€ 1) px
+ 1o e [+ (4.39)
Rg21 Rq22 q1 a
%€ _ %€ W, 2
[H™ Rppz —H "Ryt | q

The received signal by thgth user is summation of transmitted signal fromlaltransmit

stream and can be represented by equation (4.40)”.

o

o
Tq1 . [H Rt H°Ryy2 qu

Y] *€ *€
Tq1 H Rq12 —H Rq11 q1|

o|=) | yo 1o | W (4.40)
Tq2 Rg21 Rg22 q2

a=1 q q

*€ *€ *€

Tq2 H g2 —H qu1
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Equation (4.40) can be rewritten as:

Tq1° SO T Waq1 I
*x€ px
Tq1 S(2 W g1
Vg = r‘; o | = Haze (5 )| +] W | (4.41)

o o
Tq1° Hrpy1 HOpyp2 ]
Y] *€ _g*e€
rql H quz H qul

| 5]
quo lHORqu HOquz J 551

*€ * *
Tq2 H equz —H equl
[Hoqul HOquz ] Wq1
K *€ *€
|H Rq12 —H Rq11 | St |W'*q1|
+ o 1o o Wy (4.42)
= Rg21 Rg22 i1 q
j*q e e w” o2
Rgp2 Rg21
From the equation we can rewrite the received s$ignaector form:
yq = qu,e Sq + Z qu,e S] + Wq
j=1,j#q
Yqg = Hqze Sq+Zq+wy (4.43)

We can see from (5.43), that the received DL dighthe MS’s experience MUI component

on theg-th user is represented &g.

[Hoqul HOquz HORq13 HoRq14 3 HOquMt—l HoquMt
*€ *€ *€ *€ *€ *€
|H Rgq12 —-H Rg1l H Rq14 —H Rq13 ** H Rq1Mt - quMt—ll (4 44)
Haze = lHoRq21 H° Rq22 H° Rq23 H° Rgz4¢ HORqZMt—l HoquMt J '
Rq22 _H*equl H*eRq24- —H*equa H*equMt _H*equMt—l
We can rewrite thg-th equivalent channel user matrix as follows:
i o(q)
hﬁq) higq) v Mimea htl)IE/;It)
e*(@) e*(@) e’(q) e*(@)
hiz —hy, hzl\gt ~hime=4
o(q
hoy? hos? o Rpge-1 Ry
_ e*(q) )] e*(q _pef(@
Hgsrpc = hzz_ h2_1 h21\/§t) hZ{VIt—l (4.45)
0'(11) O(Q) o(q') qu)
hqu hRq hRth_l h’Rth
e’ (q) e’ (q) e*(q) _pe (@
_h’Rq h’Rq hRth Rth—l_
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Finally the entire multiuser MIMO channel may beadcterized by the super-matrik |,
which may be constructed by concatenating the spamding channel matrice{qu}I;:l

associated with each of the MS’s, and the compobkiéanel matrix is denote as:
7 _|lg@® 7@ 750G 7 (K)
HSFBC - [HSFBC’ HSFBC’ HSFBC’ et HSFBC] (4'46)

The overall user received signal can be rewriteen a

y(1) S [w@)
y(:Z) = Hsrpc S(:Z) + W(;Z) (4.47)
y(K) S(K)]  lw(K)

We can detect the desired signal vectd6g), g=1,..K from equation (4.47), using
V_BLAST (OSIC) based on ZF solution referred t6-@SIC, and hence remove the
interference between thi€ transmitted streams and subsequently implemeritedSTBC

decoding.

4.6 Simulation Results

Monte Carlo simulation results are provided ins teection for the multilayered space
frequency and space time block coded OFDM schemdsmonstrate the performance of the
proposed technique in the downlink transmission.ddesider an Alamouti space time coded
OFDM system withV = 64 (N is the FFT size). The maximum channel delay spasatithe
CP length are the same and equal#d6. In other words, channel with long excess delay
time, €.9.Tax = T¢ (T guard interval or CP length), exhibit a lower camee bandwidth
corresponding to higher frequency selectivity tisaorter channel. The SISO channels from
the transmit antenna to the receive antenna arema&ssto be independent and Rayleigh
distributed The complex symbols are assumed tgbaternary phase shift keying (QPSK).
We employMt transmit antennas at the base station. The reswdtgvaluated for different
number of receive antennas at the MS, the bit eatwe (BER) is plotted according to the
signal to noise ratio (SNR). We use the notafiinx Nr to denote a scheme witit Tx and
Nr Rx antennas from the BTS to the all users receiver.

In simulations where the hybrid schemes STC or @FCcompared using MU V-BLAST
receiver referred by ZF-OSIC, the criterion usedétect the number of Tx and Rx antennas

is the number of DOF available at the receiver Kbl cancellation.

100



Chapter 1V : Multi User Systems

4.6.1 Performance Comparison of Hybrid MU Schemes

Figure 4.3demonstrates the performance of the proposed hddSTBC-OFDM system,
and show the BER under various system loads usia@2IC detection. When each user has
one receive antenna, three cases are investigat@dgle user and 2 transmit antennas at the
BTS denoted by (2x1); a 2 user system with 4 tranantennas at BTS denoted by (4x2); and
a 3 user system with 6 transmit antennas at BT 8tddrby (6x3).

1 =0~ Mt=2,Nr=1 £
] =0~ Mt=4,Nr=2 [ ]
|~ Mt=6,Nr=3 | |
] ——Mt=2,Nr=2 |
1 —6— Mt=4,Nr=4 |

10°

10°

BER

10"

10°

10°

SNR(dB)

Figure 4.3: Performance comparison of single usdrldU STBC-OFDM system with 1 or 2
receive antennas/user, using ZF-OSIC detection.

From Figure 4.3, it is shown that that the perfanoes of a single user with diversity order of
2 at almost a BER=10 performs better than 2 users and 3 users systeth5bdB. The
performance degradation due to the imperfect ciimel of noise and MUI or (MAI from
the multiple transmit antennas). Both of thesediactontribute noise to the decoding process
and therefore limit the STBC-OFDM performance atheaser.

When each user has two receive antennas, agaie thses are studied: single user and 2
transmit antennas at the BTS denoted by (2x2)use2 system and 4 transmit antennas at the
BTS denoted by (4x4); and a 3 user system andn8rirét antennas at the BTS denoted by
(6x6). By contrast, the performance of a 3 usessesy at a BER=1f) performs better than 2
users by 0.5 dB and single user system by 4.5 eldpectively. The multiuser system at high
SNR, achieves better performance than a singleRiEBC-OFDM system, which obtained a
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diversity order of 4. This higher diversity gainegtly improves the BER performance, as

compared to the performance results with one recaitenna per user.

- Mt=2,Nr=1 | |
—-O-+- Mt=4,Nr=2 [ |
== Mt=6,Nr=3 |
J —6— Mt=2,Nr=2 [ ]
—6— Mt=4,Nr=4 [ |

BER

SNR(dB)

Figure 4.4: Performance comparison of single usdrMU SFBC-OFDM system with 1 or 2
receive antennas/user using ZF-OSIC detection.

Figures 4.4demonstrates the performance of the proposed hiyplddSFBC-OFDMsystem,
and show the BER under various system loads usia@2IC detection. When each user has
one receive antenna, three cases are investigat@dgle user and 2 transmit antennas at the
BTS denoted by (2x1); a 2 user system with 4 tranantennas at BTS denoted by (4x2); and
a 3 user system with 6 transmit antennas at BT 8tddrby (6x3).

From Figure 4.4, it is shown that the hybrid MU teys achieves almost the same
performance with a single user SFBC coding schenmnaost a BER=10 In this case at
SNR=30 dB, some BER saturation is observed fousdrs system, due to some unequalized
ISI residual and imperfect MUI cancellation.

When each user has two receive antennas, aga thses are studied: single user and 2
transmit antennas at the BTS denoted by (2x2)use2 system and 4 transmit antennas at the
BTS denoted by (4x4); and a 3 user system andn@riréa antennas at the BTS denoted by
(6x6). By contrast, the performance of a 3 usessesy at a BER=1f) performs better than 2
users by 1 dB and single user system by 5 dB.
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The multiuser system at high SNR, achieves begefopnance than a single user SFBC-
OFDM system, which obtained a diversity order ofT4is higher diversity gain greatly
improves the BER performance, as compared to th®rpgance results with one receive

antenna per user.

4.6.2 Performance Comparison between ST and SF Code

--9--- STBC 6x3 | |
—&— STBC 6x6 | |
=== SFBC 6x3 |
—<— SFBC 6x6 ]

BER

SNR(dB)

Figure 4.5: Performance comparison of 6x6 and 6x®ybrid MU STBC-OFDM and SFBC-
OFDM with ZF-OSIC detection.

Figure 4.5, illustrate the bit error rate for a hghMU scheme with 6x3 and 6x6 antenna
configuration, we can observe that the increasennumber of receive antenna effectively
improves the performance. And show the performaraaparison of hybrid MU STBC-
OFDM and SFBC-OFDM in the same frequency seleciadéing channel. The channel is
block fading but remains constant over two consee@FDM symbol periods as required by
STBC-OFDM.

From theFigure 4.5for the hybrid MU with 6x6 configuration scheme, it da@ observed
that at a BER=18, the STBC-OFDM has a diversity gain of 0.6 dBmotre SFBC-OFDM
scheme. And with 6x3 configuration scheme, at atrad®ER of 10f, the STBC-OFDM has a
diversity gain of 7.5 dB over the SFBC-OFDM.
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It was observed that increasing tdactor introduces more correlation between thenokh

paths and reduces the capacity of the channelhwhgults in a degradation in performance.

4.6.3 Performance of Hybrid MU STBC-OFDM under different channel taps

—Lid

BER

N
o

SNR(dB)

Figure 4.6: BER comparison of HybidU STBC-OFDM for QPSK modulation over

frequency selective fading channel with CP=10.

In this section, we examined the performance urierent channel scenarios, and we
compare the performance of the hybrid MU STBC-OFBi SFBC-OFDM scheme with 2
users for Rayleigh fading channels.

Figure 4.6, illustrates the performance of multiudetectors with 2 users for STBC-OFDM
coding, and compares the performance of the 4xfigromtion of hybrid MU scheme to that
of 4x2 for differentL taps channel conditions. It can be observed #aah configuration have
almost the same performance with slightly diffeesnand the hybrid scheme perform well
even in correlated channels with the increasing ehder the condition diP > L . However,
when adding one antenna to the user, a SNR reduatid5 dB is achieved at a BER=10
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4.6.4 Performance of Hybrid MU SFBC-OFDM under different channel taps

BER

o= Vs,

1 antenna/user -~~~ |

SNR(dB)

Figure 4.7 BER comparison of hybriMU SFBC-OFDM for QPSK modulation over
frequency selective fading channel with CP=10.

Figure 4.7, illustrates the performance of multiudetectors with 2 users for SFBC-OFDM
coding, and compares the performance of the 4xfigroation of hybrid MU scheme to that
of 4x2 for differentL taps channel conditions. It can be observed tra#itx4 configuration
has almost the same performance with slightly cefiee, and perform well even in correlated
channels with the increasing &f under the condition of€P > L. By contrast, it can be
observed that the performance degradation of theidyU 4x2 configuration scheme with
the increasing ot channel taps. However, when adding one antenrtaetauser, a SNR
reduction of 15 dB is achieved at a BER=1@hich increase with the increasinglof

It was observed that increasing tdactor introduces more correlation between the obhn
paths, which results in degradation in performafdes is due to the fact that the SFBC is

very sensitive to the Rayleigh fading channel, ey with high channel order.
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4.7 Conclusion

In Chapter 4, the principle concept of multiusgistem was presented. First part, the
multiple access technique allows users to sharenamon communications channel. The
comparison between a single and MU technique viiles or multiple receive antenna, at the
end of this part SDMA and beamforming techniqu#iMO schemes when the channel state
information (CSI) is available at the transmitterdathe receiver side. Furthermore, brief
discussion about multiuser detection techniques.

The second part, We have proposed the hybrid MUilaygred space frequency and space
time coding schemes for OFDM systems under theaufegy selective channel that provides
both diversity and multiplexing gains, which acl@ewnigher data rates with reliable
transmission. The combined spatial multiplexing @pdce time coding architecture with
orthogonal frequency division multiplexing (OFDMJhe OFDM modulator transforms the
frequency selective MIMO channels into parallelt ffading channels in the frequency
domain.

The hybrid multilayered MU scheme was studied imidnk system using the V-BLAST,
with the ZF-OSIC detection receiver, first the etiog and the decoding process for different
receive antenna per user. Both space time codeS)(&Td space frequency codes (SFC) are
used.

The performance of the hybrid MU scheme, underouarioads oK users for the both, with
lor 2 receive antenna per usegs comparedor Rayleigh fading channel. The hybrids MU
STBC-OFDM outperform and is the best choice moenthybrid MU SFBC-OFDM, and
provide full receive diversity for each layer. Wls@ examined the effect of the delay spread
of the channel, and the performance of the hybrid $¢heme was evaluated under different
channel taps.

Simulations showed that space time coding is molpest than frequency coding in Rayleigh
fading channel. So the hybrid MU STBC-OFDM is maobust in frequency selective
channel under the condition of the CP equal attldss max of the delay spread of the
channel, and the MU SFBC-OFDM is more sensitivahi® delay spread of the channel.
However, the main limitation of the hybrid MU schemwith ZF-OSIC detection is the

increased number of receive antennas is necedstg mobile terminal.
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5.1 Beamforming for Multi User Systems

Multi antenna techniques exploit multiple antesiat transmitter ) and/or receiver (R,
e. g. diversitytechnigues can be used to obtain reliable trangmisystems or beamforming
(BF) can be used to increase the signal strengtfartts a particular user, thus reducing
interference to others. Traditionally spatial dsigr is exploited involving multiple antennas
in transmitter (Transmit Diversity: TD) and/or reex (Receive Diversity: RD). Transmit
diversity is a lucrative and reasonable choicedfmwnlink (DL), i.e, BS to MS, especially for
portable receivers where current drain and physizal are important constraints.
In a system with multiple transmit antennas; infation can be transmitted by employing
various transmission techniques. One way is tostraina weighted version of the same
information symbol from all the antennas. The w&gtan be adjusted to compensate for the
distortion caused by the downlink channel on trahsignals. This method is called transmit
beamformingand requires the receiver to estimate the downdimknnel and feed back this
information to the transmitter from time to time.i$ shown in [21] that for the multiple
access schemes, the BF always performs bettetdgo@uenvironment. Transmit and receiver
beamforming for multiuser systems when each usegispped with a single or multiple
antennas have been studied [30, 33, 99]. Receigamiforming has been shown to be
effective in interference suppression in multivsgstems [31, 32, 33].
In particular, it was proven that MIMO eigen-modM) transmission system is optimal [33,
83], because MIMO capacity is maximized. MIMO EMesghe left and right eigen-vectors
of the channel matrix as eigen-beamformers in theeiver (Rx) and transmitter (Tx)
respectively to form orthogonal spatial eigen-bedorstransmission. Since channel state
information (CSI) regarding the eigen-beamformessrequired, a closed loop system
consisting of a feedback channel from the Rx idadaf the channel is not reciprocal, such
as in a FDD system. As the wireless channel isteotly changing, MIMO EM (as for all
closed loop MIMO systems) is however extremely eultble to the presence of feedback
delay which is unavoidable in a practical systeB].[9
In fact the advantages of MIMO are far more fundat@le The underlying mathematical
nature of MIMO, where data is transmitted over drmaather than a vector channel, creates
new and enormous opportunities beyond just the cadtieersity or array gain benefits.
Under certain conditions, can be transmitin (Nr,Mt) independent data streams

simultaneously over the eigen-modes of a matrixiokhcreated byWr andMt antennas.
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The capacity grows linearly with = min (Nr, Mt) rather than logarithmically as shown in
section1.3. The determinant operator yields a productnohon-zero eigen-values of its
matrix argument, each eigen-value characterizimgSNR over a so called channel eigen-
mode. An eigen-mode corresponds to the transmissorg a pair of right ankft singular
vectors of the channel matrix as transmit antemthraceive antenna weights respectively.
Clearly, this growth is dependent on propertiethefeigen-values.

In [69,100], show that use of the Singular valuedmposition (SVD) to obtain the largest
eigen. In some sense, eigen beamforming is an aptspace time processing scheme
[101,102]. However, it requires SVD on every subiear The receiver not only needs to

feedback the largest eigen, but also the correspgraiigen-vectors.

511 MIMO-OFDM EM

MIMO channel provides a multiplexing gain whiclsuéts from the fact that the channel can
be decomposed into a number of parallel independent channels. By multiplexing
independent data onto these independent channelgetvarm fold increase in data rate in
comparison to a system with just one antenna atrémsmitter and receiver. This increase
data rate is called multiplexing gain or DOF gain.

The enlargement of the MIMO system capacity caddseribed as multiplexing data streams
into parallel sub-channels (pipes) on the sameufeqy band. The pipes can be viewed as
independent radio channels. MIMO channels canrdéestormed into parallel flat fading
chanels through SVD. The column vectors of flatirigdchannel matrix{ are usually non-
orthogonal. However, by a SVD the channel matrix ba decomposed into diagonal matrix
D'/2 and two unitary matricel$ andV .

Consider a single user MIMO-OFDM EM utilizing sub-carriers withMt Tx and Nr Rx
antennas signaling over a MIMO frequency seledtaging channel. The complex baseband

representation of the received signal inkkib sub-carrierk € {1, ..., N}, can be denoted as
Vi = Hy x + wy (5.1)

wherey, € C"™* andx, € CM**1 are the received and transmitted signal vectothfek-th
sub-carrier respectivelyy, € CN"Mt is the frequency domain channel response matrix for
the k-th subcarrier with possibly correlated coeffic'saﬂ;ii € CN(0,1) wherej € {1, ..., Nr},

i €{1,..,Mt}, andw, € C""* is the AWGN with elements, ; € CN(0,5?).
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When the transmitter knows perfectly the chanraksthe MIMO channel matrix of theth
frequency tondd, can be decomposed into orthogonal sub-channetg &VD. Assuming
perfect CSIT, an SVD decomposition of the MIMO cheahnprovidesry orthogonal sub-
channels wherey is the rank of the channel mati. The MIMO channel within each sub-
carrier can be decomposed intg = min(Mt, Nr) equivalent orthogonal SISO channels
(eigen-modes), as shown in section 1.3, by firstopming a SVD on the channel response

matrices as follows:
Hy = Uy D/* Vil (5.2)

whereV{ is the transpose conjugate of the maltjxhe Nr x Nr matrix U and theMt x Mt

matrix V are unitary matrices (i.d/U" = INr andV?V = IMt ) are the Rx and Tx eigen-

beamforming matrices with orthonormal columns a)iéz = diag(\/ A oAy ) 1S @
Nr x Mt diagonal matrix whose non zero diagonal elemenid,, ....,4,,, are the real
nonnegative singular values Bf for eigen-modes, from 1 tey of the k-th sub-carrier
arranged in descending order and other elementzeane

From linear algebra the number of singular valubgkvis also the rank of matriéf cannot
exceed the number of columns or rows of the mairhe rank of matrix is given by, <
min(Mt, Nr) with equality if the matrix is full rank all rowshd columns arendependent.

By substituting the SVD decomposition given in {5rf2o the received signal the following is

obtained:
Vi = UkD;:/ZV]gI Xk + Wp (53)

Left multiplying (5.3) by U and using the unitary property of mattixyields

Uty = UFUD*VE i + Ul wy
Uy, = Di*VE xi + Ul wy (5.4)

If vectorsU'y, ,VH x, andUfw, are denoted,, X, andiw, respectively, (5.4) simplifies

to:

yk = D;/z fk + Wk (55)
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In order to obtain the parallel decomposition & thannel, we define a transformation on the

input and output of the channel via the unitarymoasUandV as follows:
X = Vil xic , I = Ui yie » andivy, = Uflwy,
UUf =utHy =1,vvi =yHy =1
Note thatU andV are unitary matrices so the transformation doésmange neither the

distribution ofw not the energy content of

5.1.2 System Model

Let us consider & users downlink MIMO-OFDM system equipped wiMit transmit
antennas at the base station @&jdreceive antennas for each user ahd=Y%_, R,. The
spatial multiplexer of the-th data branch generategl adimensional vector symbol streams
Sq- In this general setup, uskrreceivesd, data streams from the base station ahe
Z’q(zldq. Thus we havéMt transmit antennas transmitting a totaldobymbols toK users,
who have a total oNr receive antennas. The symbols of each user #eztenl in the data

vector

Sq = [Sq1(1),S42(2), e Sqaq(] (5.6)
and the overall data vector is
S=1[5T(1),87(2),..,.STK)]" (5.7)

Wheren is the number of the transmitted symbols streanedch user before encoding, in

STC or in SFC respectively, defined as:

_ {STC 1,.... ,N (5.8)

SFC 1,..,N/2
WhereN is a sub-carriers OFDM number, afid(q = 1,2,..,K) are symbols chosen
from the same constellation skt. For convenience we assume no error correctiomgod
and a uniform allocation of power across the sudmasts for each user.
Every OFDM symbol hasl sub-carriers. Due to the random positions andrittfe scatters
around the users, the users are mutual indepemndtdnieach either. It is assumed that the
transmitter and receiver both have perfect CSl.ofdiog to the feedback channel, the current
channel condition of each user is sent to the Iséagon correctly and timely. It is also

assumed that the channel response is constangdani®@FDM symbol.
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The frequency selective fading channel withmulti-paths is considered. Léi, represent
The Nr x Mt MIMO channel frequency response matrixketh sub-carrier. Given that the
total power is distributed equally on the frequersmyd spatial sub-channels, then the

instantaneous capacity of MIMO-OFDM systems is giteg [10].

N-1
1
Cyimo = N z log,[det(Iy, + p H Hi)]

k=0

N-1
- Z Ce (5.9)
k=0
P . . . . .
Where p = — It\;)if% , P, is the total transmitted power,? is the noise power;, is the

capacity at thé&-th subcatrrier.
Assuming that the transmitted data streams arepertiently encoded and independently
decoded, the sum rate capacity of the multiusdesyss simply the summation of each user’s

individual channel capacity. Under the uniform povadlocation, the sum rate capacity is

given by
d E
S,q
¢, = Z log, [det <IR,, += H{qu)] (5.10)
q:

At the BS before the STBC OFDM encoding we impletmtiiie eigen-beamforming, pre-
processing spatial multiplexing requires CSltha case of OFDM systems the transmitter
requires pre-processing knowledge for all subcarrigne symbol vectors for the g-th user

is multiplied by a(Mt x d,), pre-processing matrig, as shown in Figure 5.1.

The transmitted data symbdé}, which is pre-processed via

X, =F,S

q = FySq k=12,..,K (5.11)

WhereS, is the transmitted symbol vector after MIMO encapandF, is the beamforming

matrix , and assumed with the pre-processed sywdmbbdrs from the other users to produce

the composite transmitted symbol vector.

X=) PS, (5.12)

q

=
-
=
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The pre-processed symbol vectors are passed thrtgglcombining block STBC-OFDM
encoder, by using the Alamouti schemes in timergp@&@TBC-OFDM or in frequency coding
SFBC-OFDM as introduced in section 3.4.

A block of data symbols (OFDM symbol) transmiti@eer each transmitter passes through
anN point IFFT, and the CP is appended.

S o| IFFTeCP > Y
Encode > IFFT&CP | '
s X N
> e > IFFT&CP 5
Encode >
» IFFT&CP [
S »| IFFT&CP | j
e STBC
Encode > IFFT&CP > Mt

Figure 5.1: Block diagram of the SDMA DL MUT Preeeessing

The BS transmitter broadcast the signal to multiflaisers simultaneously (i,e, in the same
time) over the same frequency band through thei&neqy selective fading channel.

At each receiver as shown in Figure 5.2 and Figu8 the CP removed and the FFT is
applied to revert the received signals back to Uemgy domain. Hence the frequency
selective MIMO channel is decoupled infd parallel flat fading channels. Th&,
dimensional received signg} at theg-th user wher&®, = 1,2 , is a super-position of thé

signal branches distorted by channel fading plusGNWV
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The complex baseband representation of the recesiggaal vectors in th&-th sub-carrier

where k = 1...N can be expressed as:

K
Yo = ) HoG +wg (5.13)
=1

WhereC, is the code matrix of Alamouti scheme of the OFBywhbols.

The channel transfer matrix between the BS andtiheuser is denoted as:

N R
Hlfll ng le’lt
@ @ " @
H21 HZZ HZMf
Hy=| 20 72 : (5.14)
@ @ @
_HRZI HRZZ HRZM_

Hg: (R4 X Mt) is the frequency domain channel response matrisdbrcarriek, and Hj‘%

is the fading coefficient modelled as a finite ingauresponse filter (FIR) with taps,
associated with thei®® BS antenna and-th receive antenna of usgy at a given sub-carrier
k. wherer = {1, ...,R,} andi = {1, ..., Mt}.The elements oft, are samples of independent
and identically distributed (i,i,d) complex Gaussi@ndom variables, circularly symmetric
distributed with unit variancéN(0,1).

The AWGN at ther-th receive antenna of usew, = [Wl,wz, ...,wRq], follows distribution

CN(0,0y; 1), wherel is the (R, x R,) identity matrix. Finally the entire multiuser MIMO

channel may be characterized by the super-mditjxwhich may be constructed by
concatenating the corresponding channel mat{il%z'g};’q(=1 associated with each of the MS’s,

and the composite channel matrix is denote as:
H=[HD,H® HO,  H©O] (5.15)

We rewrite the equation (5.13) by explicit the matoding as function with data symbol,

and introducing the pre-processed data symbol,gtbecsignal form become as follows:

K

Jq = Z H X; +w, (5.16)
j=1
K

T = D HoPyS) +wy (5.17)
j=1
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Where Hq Is the equivalent channel transfer matrix in SIFGFC between the BTS and the

g-th user for STBC-OFDM and SFBC-OFDM respectiveinated by the following channel

matrix:
[ (@) (@ (@) (@
h’11 h12 hll;lt)—l th
(@ (@ q (@
hi, —hi; o (h;Mt —hime-1
@ @ o q @
h21 hzz hRth—l hZMt
~ (@) @ @ @
Hgstee = haz ha1 : o hame-1 (5.18)
@ @ @ @
hqu hqu . hRth_1 h’Rth
(@ @ (@
_hqu _hqu hé?M _h'Rth—l_
[ 0(q) o(q) o(q) o(q)
hi; hi, hime-1 hiyt
e*(q) e*(q) e*(q) e*(q)
h12 _h11 T hzl\/)l _tht—l
o(q) o(q) u oq o(q)
h21 hzz hRth—l hZMt
- e*(q) e’ (@ *(q) e’ (@
Hgsrpc = h22 ha1 : hzeMg ham-1 (5.19)
0(@) 0(a) : o(a)
hqu hqu - h;g‘fv),t_l h’Rth
e*(q) e’ (q) * e*(q)
_hqu _h'qu th(,i’,)t _hRth—l_

Whereh;; , hj; corresponds to the channel response and theregatajdor STBC-OFDM

hf; and ho

it hfi*dennoting the odd and the even component, and there

system, wherej;,
conjugate channel response for SFBC-OFDM systemdmszt transmit antennaand receive

antenng.
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5.2 ZeroForcing Receiver Based On SVD

In the beamforming mode, is derived from the SVD of the channel matrix knolnthe

transmitter. The optimal eign-beamforming as pneeskin [83, 97], is the pre-coding matrix
where P =V , which is derived from the channel SVD as showrsection 1.3, and from

(5.2), where the decompositionleth user channel SVD yielding

H,=U

1/2
. = U Da/* vt (5.20)

q
ThenV, matrix is set ag,, the pre-coding matrix is defined as :

P, =V, gq=12,..K (5.21)
By substituting (5.21) in (5.17) the received sigraen be expressed as:

Vg = Z:;(=1HCIVJSJ' T Wy

= HyV, Sy + Xj=1j2q HyV;S; +wy

g = HeVy Sq + Zg + wy (5.22)
V; and S, is the pre-coding matrix and the transmitted synvaator n corresponding to

theg-th user.

1 L
& FFT > N
— 5
s
& FFT > .
Combining .
[l & !
ZF .
' Detection
1 L
& FFT >
RK > S'K
L & FFT >

Figure5.2: Block diagram of the SDMA DL ZF receiver
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From (5.22) we see that the CCI or MUI componenttag-th user is represented Zg, and

the equivalent effective channel can expressed by:
~ '~ ~ =~ ~ 1T
H=[H,, H,, Hs, ....., H¢| (5.23)

The composite multiuser received signal encountbyedll receivers may be formulated as a
column based super-vector constituted by the redesignal vectors associated with each of

the user terminal thus we have

J=HVS+W (5.24)
[)7(1)] s
~(2 ~ 2

VO = v |SP |+ w (5.25)
() NG

V=[vo,y@,ye,  ye]

W= [w®Ow®,w® . w®]
VV andW are the space time pre-processor super-matrixehss theAWGN noise, the super-
vector constructed by concatenating the correspgnduantities associated with each user

terminals. We may express the effective channedsomatrix HV of (5.25) as follows:

FFOy® FoOy@ ... FOy@ Oy
Oy goy@ ... Foy@ . gy
HV = H(Q):V(l) j_]’(q):V(Z) ﬁ(qu(q) H(Q):V(K) (5.26)
-H(K)I:/(l) ﬁ(K):V(Z) ------ ﬁ(zo:y(q) """ ﬁ(K):V(K)_
The receiver sees the equivalent matrix
H=Hav (5.27)

And we can detect the desired signal vector stre&irfrem (5.25), by the implementation of
the pseudo inverse for ZF detection of the equntatbannel matrix according to [18], hence
remove the interference between the transmitted sissams and subsequently implemented
the STBC decoding.
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We assume transmission symbol vector without poegssing matrix and applies the pseudo
inverse of classical ZF yielding to:

Hyr = (HYE)*HH (5.28)
In contrast, with the pre-processing matrix and dggivalent effective channel, we can
express the ZF based on SVD at the receiver sal® shown in Figure 5.2, which is
referred to ZF-SVD1 as follow:

Hye = (HYE)HY (5.29)
By setting (5.27) into (5.29) it can be easily shawat
ﬁZF = VHHZF (530)

5.3 Simulation Results

We consider the same parameter simulation as nmeation section 4.6, but at the except we
utilize the ZF-SVD1 detection for the hybrid MU STCBOFDM and SFBC-OFDM scheme
over Rayleigh fading channel, and compare the pedace under various loads Kfusers

for the both, with 1lor 2 receive antenna per user.

5.3.1 Performance Comparison of Hybrid MU Schemes

Figure 5.3 demonstrates the performance of thegsexp hybrid MU STBC-OFDM system,
and show the BER under various system loads udig§VD1 detection. When each user has
one receive antenna, three cases are investigatgdgle user and 2 transmit antennas at the
BTS denoted by (2x1); a 2 user system with 4 tranantennas at BTS denoted by (4x2); and
a 3 user system with 6 transmit antennas at BT®tddnby (6x3). From Figure 5.3, it is
shown that that the performances of a single usér dwersity order of 2 at a BER=1p
performs better than 2 users system by 3.5 dB,3anders system by 4.5 dB, where MUI
dominant perturbation The downlink pre-coder cannot completely eliminakdUl
interference at each mobile.

The performance degradation due to the imperfeatedkation of noise and MUI, where in
ZF-SVD1 detection the noise term may be amplifiechiway that influences the decoding
output in negative way. Both of these factors dbote noise to the decoding process and

therefore limit the STBC-OFDM performance at easbru
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Figure 5.3: Performance comparison of single usdrldU STBC-OFDM system with 1 or 2
receive antennas/user, using ZF-SVD1 detection.

When each user has two receive antennas, aga ¢thses are studied: single user and 2
transmit antennas at the BTS denoted by (2x2)use? system and 4 transmit antennas at the
BTS denoted by (4x4); and a 3 user system andn@rré antennas at the BTS denoted by
(6x6).

Similarly, at low SNR, the performance of a singger system performs slightly better than 2
and 3 users system, respectively. By contrast tbiiuser system at high SNR, achieves
better performance than a single user STBC-OFDNEegyswhich obtained a diversity order
of 4. The performance of 3 users at a BER%1flerforms better than 2 users by 1 dB and
single user system by 2.5 dB, respectively. Thghér diversity gain greatly improves the
BER performance, as compared to the performancésesgith one receive antenna per user.
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Figure 5.4demonstrates the performance of the proposed hiddSFBC-OFDM system,

and show the BER under various system loads us§\VD1 detection.

10°

--=9-= Mt=2,Nr=1
--@--= Mi=4,Nr=2
-~ Mt=6,Nr=3
—&— Mt=2,Nr=2
—6— Mt=4,Nr=4

—4— Mi=6,Nr=6
s |

BER

SNR(dB)

Figure 5.4: Performance comparison of single usdrMU SFBC-OFDM system with 1 or 2
receive antennas/user, using ZF-SVD1 detection.

When each user has one receive antenna, three aasasvestigated: a single user and 2
transmit antennas at the BTS denoted by (2x1)uae? system with 4 transmit antennas at
BTS denoted by (4x2); and a 3 user system witlastnit antennas at BTS denoted by (6x3).
From Figure 5.4, it is shown that the performantca single user with diversity order of 2 at
almost a BER=18, performs better than 2 users system by 5 dB3amskrs system by 7 dB
respectively.

The performance degradation is due to the impedactellations of noise and MUI. As the
user numbeK increases, more MUI is observed and the BER fleanore severe. As seen
before the noise enhancement influences to thediteg@rocess and for consequences leads
to performance degradation. Both of these factorgribute noise to the decoding process
and therefore limit the SFBC-OFDM performance atheaser.

When each user has two receive antennas, aga thses are studied: single user and 2
transmit antennas at the BTS denoted by (2x2)use2 system and 4 transmit antennas at the
BTS denoted by (4x4); and a 3 user system andn@riréa antennas at the BTS denoted by
(6x6).
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Similarly, at low SNR, the performance of a singger system performs slightly better than 2
and 3 users system, respectively. By contrast thiiuser system at high SNR, achieves
better performance than a single user STBC-OFDNEegyswhich obtained a diversity order
of 4. The performance of 3 users at a BER& Iferforms better than 2 users by 1.5 dB and
single user system by 2 dB, respectively. This éighversity gain greatly improves the BER

performance, as compared to the performance resiilisone receive antenna per user.

5.3.2 Performance Comparison between ST and SF code

Figure 5.5 compares the BER performance for hylatil scheme with 6x3 and 6x6 antenna
configuration, we can observe that the increasennumber of receive antenna effectively
improves the performance, and shows the performanogparison of hybrid MU STBC-
OFDM and SFBC-OFDM in the same frequency seleciadéng channel. The channel is
block fading but remains constant over two conseeFDM symbol periods as required by
STBC-OFDM.

lo e e e e e |
- ----lZ-—------—d--—-—Z-—Z-—-—Z-—Z-z® |
TEE R e R =+0-+- STBC 6x3 |-
fﬂf:’&'a‘,«g:;g:ifﬂﬂﬂﬂ; 7777777777 —0— STBC 6x6 |-
L "*&i, ‘ -+~ SFBC 6x3 | -
EEEEEER - sme —<— SFBC 6x6 |-

BER

SNR(dB)

Figure 5.5: Performance comparisons over 6x6 ald@xHybrid MU STBC-OFDM and
SFBC-OFDM with ZF-SVD1 detection.
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From the Figure 5.5, the hybrid MU with 6x6 configtion scheme, it can be observed that at
a BER=1C, the STBC-OFDM has a diversity gain of 1 dB ove SFBC-OFDM. And with
6x3 configuration scheme, at almost a BERZ 1ihe STBC-OFDM has a diversity gain of
about 8 dB over the SFBC-OFDM. It was observed theteasing theéK factor introduces

more correlation between the channel paths, whashlts in degradation in performance.

5.3.3 Performance of Hybrid MU STBC-OFDM under different channel taps

In this section, we examined the performance und&rent channel taps, and we compare
the performance of the hybrid MU STBC-OFDM and SFBEDM scheme with 2 users over

Rayleigh fading channels.

BER
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N
o

SNR(dB)

Figure 5.6: BER comparison of HybMdU STBC-OFDM for QPSK modulation over
frequency selective fading channel with CP=10.

Figure 5.6, show the simulation results for différealues of the frequency selective channel
order of multiuser detectors, with 2 users for EFBFDM coding, and compares the
performance of the 4x4 configuration hybrid MU stieeto that of 4x2 for differerit taps
channel conditions. It can be observed that forheeanfiguration has almost the same
performance with slightly difference, and the hgbscheme perform well even in correlated
channels with the increasing bfunder the condition ofP > L. However, when adding one

antenna to the user, a SNR reduction of 14 dBhigesed at almost a BER=10
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5.3.4 Performance of Hybrid MU SFBC-OFDM under different channel taps

Figure 5.7, show the simulation results for différealues of the frequency selective channel
order of multiuser detectors, with 2 users for SFBFDM coding, and compares the
performance of the 4x4 configuration hybrid MU stieeto that of 4x2 for differerit taps

channel conditions.
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Figure 5.7: BER comparison of HybidU SFBC-OFDM for QPSK modulation over

frequency selective fading channel with CP=10.

It can be observed that for 4x4 configuration hiasoat the same performance with slightly
difference, and perform well even in correlatedrecteds with the increasing af under the
condition ofCP > L. By contrast, it can be observed that the perfacealegradation of the
4x2 configuration hybrid MU scheme with the incriegsof L channel taps. However, when
adding one antenna to the user, a SNR reductidd afBis achieved at almost a BER=10
which increases with the increasingLof

It was observed that the increasing thedactor introduces more correlation between the
channel paths, which results in a degradation nfopeance. This is due to the fact that the
SFBC is very sensitive to the Rayleigh fading clenespecially with high channel order.
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54 ZF Transmitter Based on SVD

In this section we present the SVD MU transmisaaod MU detector, the ZF transmitter
based on SVD which is referred to ZF-SVD2. As show Figure 5.1, for each user the
symbol vector stream is pre-processed before ugiegSTBC OFDM encoding by pre-
multiplying it with an (Mt X d;) component DL pre-processing matpx

X, =P, S, q=12.....K (5.31)

After the DL pre-processing, the composite of e component pre-processed symbol

stream can be expressed as:

X = zgzlxq =PS (5.32)
WhereP isan (Mt X Z’Cj:l d,) component matrix given by

P=[P1,P2, IPK] (533)

And S is an (Z’Cj:l d, %X n) component symbols stream containing the transthidle

symbol information, with is the length of symbol vectors stream which 1&egiby:

S=[sT,sT ... SET (5.34)
1 L
> V1 .
& FFT J G s
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& FFT > .
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Figure 5.8: Block diagram of the SDMA DL MUD Posteessing
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As shown in Figure 5.8 the receivet}, component vector symbgj, of theg-th MS can be

expressed as:
K

T = ) Hy X; +wy (5.35)
j=1

By substituting (5.32) into (5.35) the receivedsilyj, may be expressed as:
Vg = Z:ﬁ'(=1Hqu5j T Wy
= HqPS + wy,
= HyPySq + Z§=1J‘¢q HyP;S; + wy
= H,P,Sq + Zy + w, q=12,..,K (5.36)
We can see from (5.36), that the received DL sigihdhe MS’s experience MUl component
as well known the CCI on thgth user is represented dg. Let us assume that the CSl is

available at both the transmitter and the receiaed, then we use the SVD decomposition of

the channel uséf, from (5.2) we arrive at:

1 A

o — 2 H _ 2
A, =u, qu ,ol v =U, qu ,ol lV”
qn

1/2
= U, Dy/*v}! (5.37)

WhereU, andV, are (2R, X 2R,) and(Mt X Mt) component unitary matrices, respectively,

andD, is an (2R, X 2R;) component diagonal matrix containing the eigemesilof Hq FI’{{

i.e., we have:

Dy = diag{2qu Aqzs - oo Aqzr, |

Furthermore in (5.37)U, consist of the eigenvectors §t, Hg’ and Vg, is an(Mt X dg),
whered, = 2 , component matrix, which is constituted by eigmsters correspond- ding to
the non zero eigen-values Hﬁ’ﬁq . By contrast I,, is an[Mt x (Mt—d,)] component
matrix, which is constituted by the eigenvectorsresponding to the zero eigen-values of
H,’I’I:I'q . Upon substituting (5.37) into the first line (&£36) the received DL signal symbgl

of theg-th user may be expressed as:

Jg = Uy DJ? Ve Py Sq+wy q=12,....,K (5.38)
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The composite of collect all th& received DL signals vector streanfig of (5.38) into a

symbol vector stream

¥ = W,5 (2, e, T ()]

Then the overall DL received signal vector stregno$ the K M’s can be expressed as:
y=UDYV2VHPS+W (5.39)
Where we introduced the following definitions:

U =diag{U,(1),U,(2),....,Ux(n)}

D = diag{D1(1),D3(2), ...., Dg(n)}

w = [wl),wl©2),.....,.wEkn)]

V= [ Vls(l)l VZS(Z)' """ ) VKS(n)]

The DL BStransmitpre-processing matriR is designed so that the DL MUI can efficiently
be suppressed. As shown in (5.40), according th {8& MUI can fully be removed when the
DL pre-processing matrix to satisfy:

VAP =B (5.40)

Where the power allocation regime of

B = diag {Bl,Bz, ....,Bzgzldq} = diag {Bll,..,Bldq; ....;BKl,..,Bqu}

Represent the transmission power constraint.

P=[V1'1*"B= PB (5.41)
Where [VF]* denotes the pseudo inverse of the mattfk, and

P =V [V{Ve] ™
When substituting the overall DL pre-processing rimadf (5.40) into (5.39) the overall
received signal vectory of K Ms user can be simplified to

y=UDY?BS+W (5.42)

To be more specific, the, length observation symbol vector of tlggth MS can be

expressed as:

/2 By Sy +w, (5.43)

Vg = U ¢Dq
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Where
B, = diag {Bq1,Bgz, ... Bya,}

Explicitly, the g-th user endures no MUI imposed by the other usersever, there may
exist IAl among the antenna specific symbols tratteoh by the BS to thg-th MS this 1Al
can suppressed with the aid of the SVD based reatfis } of (5.37). By G, = UY

according to Figure 5.8, the user specific decis@mables can individually be expressed as:

& — pl/2 —

Sq=Dg'" By Sq+ Ul w, q=12,....K (5.44)
or jointly as

S=DY?2BS+U"w (5.45)

From (5.46) we can observe Parallel Pipeline chianmetween transmit antennas and receive
antennas without decreasing of channel rank.

The overall of the user decisionréymbol stream can be expressed as:
S =[50 e wee e, Sk (5.46)

A natural power allocation scheme is to allocaie same power to each symbol stream. In

this case the coefficient®; are set B; =..... = BZ{{=1 g = B, where B is the constant,

given by [31]:

_ Yi-1dq
s j trace (VT 647
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5.5 Simulation Results

We consider the same parameter simulation as nmaatim section4.6 , but at the except we
utilize the ZF-SVD2 detection for the hybrid MU STBOFDM and SFBC-OFDM coding
scheme, and compare the performance under vddads ofK users for the both, with 1 or
2 receive antenna per user. We consider the satagamVt X Nr to denote a scheme with

Mt Tx andNr Rx antennas.

5.5.1 Performance Comparison of Hybrid MU Schemes

Figure 5.9, shows the performance of the proposdxidch MU STBC-OFDM system over
Rayleigh fading channel, and compares the BER uvaléous system loads using ZF-SVD2
detection. When each user has one receive antdnea,cases are investigated: a single user
and 2 transmit antennas at the BTS denoted by (2A Juser system with 4 transmit antennas
at BTS denoted by (4x2); and a 3 user system wittafismit antennas at BTS denoted by
(6x3).

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

S CTT T 77 7| =e=@ee= Mt=4,Nr=2
) | | === Mt=6,Nr=3
= | —6— Mt=2,Nr=2
3 - - - - | —©— Mt=4,Nr=4

7777777777 g <--—-----F------—----| —€— Mt=6,Nr=6
- . o ¥ | |
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Figure 5.9: Performance comparison of single usdrldU STBC-OFDM system with 1 or 2
receive antennas/user, using ZF-SVD2 detection.
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It can be seen from Figure 5.9, at a BER%1he performance of a 3 user with diversity
order of 2 outperforms the 2 users system by 3.5ad@ single user system by 11.5 dB. The
downlink pre-processing completely eliminates thgIMnd IAl interference at each mobile.
When each user has two receive antennas, aga ¢hses are studied: single user and 2
transmit antennas at the BTS denoted by (2x2)use? system and 4 transmit antennas at the
BTS denoted by (4x4); and a 3 user system andn@riréh antennas at the BTS denoted by
(6x6).

Similarly, we can observe that at a BERZ1¢he performance of a 3 user system performs
better than 2 users by 1 dB and single user systerd dB, respectively. The system
enhancements due to high diversity order. This drighiversity gain greatly improves the
BER performance, as compared to the performancétsegith one receive antenna per user.
When using the eigen-beamforming to a tone by taneé the ZF-SVD2 detection, this
yielding to form an orthogonal equivalent channehtmx, which leads to preserve the
orthogonality of the code structure, consequersilgnificant performance BER. The system
performance is highly dependent on the number efsuis the system. As the user numier

increases, more MUI is observed and completelyieatas.

,,,,,,,,,,,,,,,,,,

=+-9-= Mt=2,Nr=1
=@~ Mt=4,Nr=2
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Figure 5.10: Performance comparison of single asdrMU SFBC-OFDM system with 1 or

2 receive antennas/user, using ZF-SVD2 detection.
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Figure 5.10, shows the performance of the propbsédid MU SFBC-OFDM system over
Rayleigh fading channel, and compares the BER uvaléous system loads using ZF-SVD2
detection.

When each user has one receive antenna, three a@sasvestigated: a single user and 2
transmit antennas at the BTS denoted by (2x1)uae? system with 4 transmit antennas at
BTS denoted by (4x2); and a 3 user system witlastnit antennas at BTS denoted by (6x3).
It can be seen from Figure 5.10, at almost a BER=the performance of a 3 user with
diversity order of 2 outperforms the 2 users sysbgn2.5 dB, and single user system by 15
dB. The downlink pre-processing completely elim@sathe MUI and IAl interference at each
mobile. When each user has two receive antenna#) #yee cases are studied: single user
and 2 transmit antennas at the BTS denoted by (2x2)user system and 4 transmit antennas
at the BTS denoted by (4x4); and a 3 user systehbdaransmit antennas at the BTS denoted
by (6x6).

From Figure 5.10, we can see at a BER%1Be performance of a 3 user system performs
better than 2 users by 1 dB and single user sy$tgri.5 dB, respectively. The system
enhancements due to high diversity order. This drighversity gain greatly improves the
BER performance, as compared to the performancétsesgith one receive antenna per user.
Similarly, when using the eigen-beamforming to metdy tone and the ZF-SVD2 detection,
this yielding to form an orthogonal equivalent ch@inmatrix, which leads to preserve the
orthogonality of the code structure, consequersilgnificant performance BER. The system
performance is highly dependent on the number efsuis the system. As the user numier

increases, more MUI is observed and completelyieéited.
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5.5.2 Performance Comparison between ST and SF code

Figure 5.11, compares the BER performance for idyMU scheme with 6x3 and 6x6
antenna configuration, we can observe that thecas® in the number of receive antenna
effectively improves the performance, and showspir@ormance comparison of hybrid MU
STBC-OFDM and SFBC-OFDM in the same frequency setedading channel. The channel
is block fading but remains constant over two consee OFDM symbol periods as required
by STBC-OFDM.
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Figure 5.11: Performance comparison over 6x6 arddféxHybrid MU STBC-OFDM and
SFBC-OFDM with ZF-SVD2 detection.

From the Figure 5.11, the hybrid MU scheme with @xdahfiguration antenna, it can be
observed that at a BER={0STBC-OFDM has a diversity gain of 0.6 dB over SEBC-
OFDM scheme. And with 6x3 configuration scheme, 81@8C-OFDM has a diversity gain
of 0.7 dB over SFBC-OFDM.
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5.5.3 Performance of Hybrid MU STBC-OFDM under different channel taps

In this section, we examined the performance ofyteid MU STBC-OFDM scheme under
different channel scenarios, and compare the padnce of the hybrid MU scheme withx2
users over Rayleigh fading channels.

Figure 5.12, show the simulation results for defar values of the frequency selective
channel order multiuser detectors with 2 usersS6BC-OFDM coding, and compares the
performance of the 4x4 configuration hybrid MU stieeto that of 4x2 for differerit taps

channel conditions.
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Figure 5.12: BER comparison of HybfidU STBC-OFDM for QPSK modulation over

frequency selective fading channel with CP=10.

It can be observed that for 4x2 configuration hasoat the same performance at low SNR,
where at high SNR under channel ordel0 has better performance.

Similarly, with 4x4 configuration at high SNR, tperformance under channel order10 is
the best. The hybrid scheme perform well even metated channels with the increasing-of
under the condition ofCP > L. However, when adding one antenna to the usemNR S
reduction of 7.5 dB ischieved at a BER= T0which decreases slightly with the increasing of
L.
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As the number of taps of the channel increasesdiversity order of MU STBC-OFDM
increases as well to the maximum valud_efl0. It is clearly evident that as the number of

taps for the channel increases, the diversity ardgeases as well.

5.5.4 Performance of Hybrid MU SFBC-OFDM under different channel taps

Now, we examined the performance of the hybrid MtBS-OFDM scheme under different
channel scenarios, and compare the performandeedfiybrid MU scheme witK=2 users
over Rayleigh fading channels.

Figure 5.13, show the simulation results for déf#r values of the frequency selective
channel order of multiuser detectors, with 2 ugersSFBC-OFDM coding, and compares
the performance of the 4x4 configuration hybrid Mtheme to that of 4x2 for differeht
taps channel conditions. It can be observed tha#t¥@ configuration has almost the same
performance at low SNR, where at high SNR with dehorderL=1 (flat fading channel) has
better performance.
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Figure 5.13: BER comparison of HybfidU SFBC-OFDM for QPSK modulation over

frequency selective fading channel with CP=10.

Similarly, with 4x4 configuration at high SNR, tiperformance with channel ordes1(flat
fading channel) is the best. However, when addimg antenna to the user, a SNR reduction
of 7.5 dB isachieved at a BER= Towhich increases with the increasingLof
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We can say that, the MU SFBC-OFDM is sensitivehm liigh channel order. As the number
of taps of the channel increases, the diversitgioad MU SFBC-OFDM decreases as well to
the maximum value of=10 under the condition ofP > L. It is clearly evident that as the

number of taps for the channel increases, the sliyasrder decreases as well.

5.6 Conclusion

In this chapter, the combination of SVD with hgoMU schemes is presented. First , the
proposed of the pre-coding data for the downlingtesy, based on the SVD for hybrid MU
space frequency and space time coding schemes FDiMMOsystems under the frequency
selective channel, that provides diversity gainfddmnately, this suffers from induces the
additional problem of noise enhancement, especigltile channel is rank deficient or ill
conditioned. The performance is highly dependenthennumber of users in the system and
highly degraded as the number of active users ase® at low SNR where the user is
equipped with one receive antenna. Simulations shbat the space time coding is more
robust than frequency coding over Rayleigh fadihgnmel. However, the main limitation of
the hybrid MU scheme with ZF-SVD1 detection is ihereased number of receives antennas

is necessary at the mobile terminal.
Second We have proposed the pre-processing and the posegsing for the downlink

system based on the SVD for hybrid MU space tintesgpace frequency schemes for OFDM
systems over the frequency selective channel, ghatides diversity gain, where the MU
MIMO channels were decomposed into parallel SIS&nakls corresponding to their singular
values, efficiently the hybrid MU scheme, explatsersity techniques. These are space, time
and frequency diversity to overcome fading foundhe radio channel and provides high
performance.

Simulations show again, that the performance ofidyldU space time coding and frequency
coding have almost the same performance with jighiference. The both system are robust
in frequency selective channel. The system perfao@as highly dependent on the number of
users in the system. As the number of active usenereases, leads to the increasing of the

system performance.
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Chapter VI : Performances Comparison

6.1 Performances Comparison of all Detection Techniques

Figure 6.1, 6.2 and 6.3, 6.4, shows the performance comparison of the hybrid MU schemes,
STBC-OFDM or SFBC-OFDM with ZF-OSIC, ZF-SVD1, and ZF-SV D2 detection technique,
Performance is determined over frequency selective, time variant fading channels, under
various system loads K with single or two receive antenna. Perfect channel estimation is
assumed at the transmitter and receiver end.

In the case where the number of usersin the system is K = 2, we compare the performance of
the 4x4 configuration scheme of hybrid MU system with that of the 4x2 configuration
scheme. Where in the case of number of users in the system is K=3, we compare the
performance of the 6x6 configuration scheme of hybrid MU system with that of the 6x3
configuration scheme.

6.1.1 Performance Comparison of Hybrid MU STBC-OFDM over 4x4 and 4x2

-=®--= ZF-OSIC 4x2
-=-= ZF-SVD1 4x2
=--@= ZF-SVD2 4x2
—&6— ZF-OSIC 4x4
—<— ZF-SVD1 4x4
—e— ZF-SVD2 4x4

BER

SNR(dB)

Figure 6.1: BER performance over 4x4 and 4x2 STBC-OFDM system using ZF-OSIC,
ZF-SVD1 and ZF-SV D2 detection technique.
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From the Figure 6.1, in the case of 4x4 hybrid configuration STBC-OFDM, it can be seen that
at a BER=10"° the ZF-SVD2 outperforms the ZF-SVD1 by 1.6 dB, and performs slightly
better than the ZF-OSIC. Where In the case of 4x2 configuration hybrid STBC-OFDM, at
almost a BER=10" the SV D2 outperforms the ZF-SVD1 by 10 dB, and outperforms the ZF-
OSIC by 8 dB.

6.1.2 Performance Comparison of hybrid MU STBC-OFDM over 6x6 and 6x3
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Figure 6.2: BER performance over 6x6 and 6x3 STBC-OFDM system using ZF-OSIC,
ZF-SVD1 and ZF-SV D2 detection technique

From Figure 6.2, in the case of 6x6 configuration hybrid STBC-OFDM, it can be seen that at
a BER=10° the ZF-SVD2 outperforms the ZF-SVD1 by 2 dB, and performs slightly better
than the ZF-OSIC at high SNR.

Where In the case of 6x3 hybrid STBC-OFDM, at amost a BER=10" the SV D2 outperforms
the ZF-SVD1 by 15 dB, and outperforms the ZF-OSIC by 11 dB.
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6.1.3 Performance Comparison of hybrid MU SFBC-OFDM over 4x4 and 4x2

In the case where the number of usersin the system is K = 2, we compare the performance of
hybrid MU SFBC-OFDM over 4x4 with that of the 4x2 configuration system.
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Figure 6.3: BER performance of 4x4 and 4x2 SFBC-OFDM system using ZF-OSIC,
ZF-SVD1 and ZF-SV D2 detection technique

From Figure 6.3, in the case of 4x4 hybrid MU SFBC-OFDM, it can be seen that at a
BER=10"° the ZF-SV D2 outperforms the ZF-SVD1 by 2 dB, and performs slightly better than
the ZF-OSIC. Where In the case of 4x2 hybrid STBC-OFDM, a a BER=10" the SVD2
outperforms the ZF-SVD1 by 15 dB, and outperforms the ZF-OSIC by 10 dB.
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6.1.4 Performance Comparison of hybrid MU SFBC-OFDM over 6x6 and 6x3

In the case where the number of usersin the system is K = 3, we compare the performance of
hybrid MU SFBC-OFDM over 6x6 with that of the 6x3 configuration system.
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Figure 6.4: BER performance over 6x6 and 6x3 SFBC-OFDM system using ZF-OSIC,
ZF-SVD1 and ZF-SV D2 detection technique

From Figure 6.4, in the case of 6x6 hybrid SFBC-OFDM, it can be seen that at a BER=10°
the ZF-SVD2 outperforms the ZF-SVD1 by 2 dB, and performs slightly better than the ZF-
OsSIC.

Where In the case of 6x3 hybrid SFBC-OFDM, at a BER=10" the SV D2 outperforms the ZF-
SVvD1 by 18.5 dB, and outperforms the ZF-OSIC by 11 dB.

137



Chapter VI : Performances Comparison

6.2 Summary of Resultsand conclusion

First, the performance of the hybrid multi user space time code and space frequency code with
ZF-OSIC receiver for the downlink system was compared for an AWGN channel and a
frequency selective fading channel under different channel order, with the assumption of
perfect knowledge of the channel estimation at the receiver side. The non linear successive
interference cancellation (SIC) based receiver e, g V-BLAST, its decodes the sub-streams,
substracts its interference and then decodes the later sub-streams. However, V-BLAST was
not designed for exploiting transmits diversity and need more receive antenna diversity.

The performance of V-BLAST receiver is mainly dependent on the first sub-streams, which
has the lowest diversity gain and limited by error propagation. The performance of ZF-OSIC
receiver was highly degraded according to the K system loading since the multiple antenna
interference led to a strong impact on the performance degradation of a multistage
interference cancellation receiver.

The hybrid multi user STBC-OFDM outperforms the SFBC-OFDB system. Furthermore, the
MU STBC-OFDM is more robust than MU SFBC-OFDM over the frequency selective
channel. However, decrease the delay time in decoding.

Second, the combination of the hybrid MU space time and space frequency coding, with the
SVD decomposition of the user channels for the pre-coding downlink with ZF-SVD1
receiver, with the assumption of perfect knowledge of the channel estimation at the
transmitter and the receiver side. Unfortunately, the ZF-SVD1 may suffer from noise
enhancement, especially if the channel is rank deficient or ill conditioned. Again, the hybrid
multi user STBC-OFDM outperforms the SFBC-OFDM system. Furthermore, the MU STBC-
OFDM is more robust than MU SFBC-OFDM over the frequency selective channel.

Third, the performance combination of the hybrid MU space time and space frequency
schemes for OFDM systems with SVD assisted MU transmitter and MU detector, using the
pre-processing and the post-processing for the downlink system based on the SVD of the
channel user ZF-SV D2, with the assumption of perfect knowledge of the channel estimation
at the transmitter and the receiver side, under the frequency selective channel, that provides
diversity gain. The hybrid multi user STBC-OFDM performs dlightly better than the SFBC-
OFDM system. However, decrease the delay time in decoding process for SFBC-OFDM.
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Furthermore, the performance of the hybrid MU schemes is highly dependent on the number
of users in the system. As the number of active users K increases, leads to the increasing of
the system performance.

Finally, the ZF-SVD2 outperforms the ZF-OSIC and ZF-SVD1, respectively, and is more
robust in frequency selective channel, and provides more diversity gain, by exploiting space,

time and frequency diversity.
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7. Conclusion and Future Works

7.1Conclusion

The goal of this thesis was to study the hybmgraach to combine the advantages of
MIMO wireless systems, the Space Time block code gpatial Multiplexing to design
wireless receivers. We summarize the most impogapécts and results of our work, present
some conclusions, and provide suggestions forduttark.

The reliability of the wireless link (downlink, upk) can be improved using MIMO-STBC
system. Increasinghe number of antenna at both ends can enhanceeliability of the
system proportionaly with diversity gain. This riéstan be achieved with no increase in
transmitted power and with no cost of extra banthvidhe robustness of this system in
fading channel environment made it as a possibididate technology for new generation of
wireless system. The performance of MIMO systemhighly depending on channel
estimation algorithms.

Therefore the application of high performance affitient channel estimation in order to
increase the performance of MIMO or MIMO-OFDM systés essential. The challenge in
MIMO-OFDM channel estimation is reducing the congtiainal complexity. The capacity of
MIMO channels was studied. Moreover the resultditMO capacity shows that capacity
increases linearly with increasing in number ofeanas at the both sides. Figurel.8, shows
that, whenMt=4 andNr=4 we achieve the highest capacity as compared Mitt2 andNr=3
and Mt=3 andNr=2 respectively in MIMO system. The resultsMf =2 andNr =3 is the
same adMt =3 andNr =2. Increasing the number of antennas at either sidéIBIO system
will have the same effect of raising the capaditys implied that this capacity is optimally
achieved if the number of transmit and receive ramde are equal. We also showed the
theoretical basis for the Alamouti code and thetigbanultiplexing in MIMO systems.
Finally, it can be concluded that SVD decomposit@an be as an ultimate solution for
reduction computational complexity.

This thesis focused on three advances in MIMO conioation systems. The first studied a
combined spatial multiplexing and space time codirghitecture and MIMO-OFDM systems
in order to bridge the gapetween these two MIMO systems (diversity gainhtdgtarate).
The OFDM modulator transforms the frequency setecMIMO channels into parallel flat
fading channels in the frequency domain. The regestructures for hybrid multiuser V-

BLAST detector for the downlink system for a MIMChannel were illustrated. The
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performance of the receiver for a hybrid MU V-BLASS§ystem was evaluated with
assumption of perfect channel estimation at theivec.

In this system, the information is divided intydas and each layer is encoded by a space
time code. This is known as multi-layered spacestonded system. Space time block codes
(STBC) is used as the layer codes. Due to the stoate length of STBC, the number of
receive antennas should be at least equal to tmebew of layers. This multi-layered
architecture is a spatial multiplexing scheme veiiatial and time or frequency diversity at
each layer.

First, we compared and evaluated the performancendfi-layered space time of serial
detection algorithms for the hybrid MU V-BLAST sches over frequency selective MIMO
channels under different load of the downlink sysd&k. We also consider the design of
bandwidth efficient space frequency time codes NOMO-OFDM systems. Second, we
compared and evaluated the performance of thedhybd schemes under different scenarios
of the channel. The degradation of the performanite the increasing of the downlink
system load when the user is equipped with singgeive antenna. The main results of this
study show that the performance of STBC-OFDM is enoobust than SFBC-OFDM
encoding in frequency selective channel.

The second part, the performance of the hybrid iragkr schemes in the downlink system
was compared and evaluated for fading selectivaralawith the assumption of perfect
knowledge of the channel, the combining of the sliagvalue decomposition with the MU
schemes, when the CSI is available at the transmattd the receiver sides, then using the
SVD MU assisted transmitter and MU detector. The o$ the beamforming, the pre-
processing and the post-processing at the tramsni{iBase station’) and the receiver ('
mobile station’), respectively. Two proposed schem@sed on the SVD, the ZF receiver, and
the ZF transmitter. Simulation results show that thter outperforms the ZF receiver.
However, the performance of ZF receiver was higihdbgraded according to the system
loading, when the user is equipped with one recantenna. Furthermore, the additional term
of noise amplification.

Finally, the performance of the three hybrid MU e#iion was compared and evaluated,
according to the simulation results, the ZF tratsnwith reduction complexity outperforms,
the V-BLAST detection with successive interferencanceller and the ZF receiver,
respectively. For the all proposed schemes the SOBOM is more robust than the SFBC-
OFDM encoding in frequency selective channel. Odaridl approach provides more diversity
gain, by exploiting space, time and frequency dikgr
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7.2 FutureWorks

This project was partially about the performanceestigation of the hybrid Multi User

schemes. The future work can be defined as theonmpeshce investigation of the hybrid

schemes with the high mobility environment. In @lerthere is a lot of open field in MIMO

systems which are attractive to research. As ampba receiver design or designing the

detection algorithm with low computational comptgxifor different MIMO structure.

Different transmission environments can be examiaad compared.

Other extensions include:

1-
2-

Using higher order constellation and higher FFE €iZOFDM sub-carrier.

Investigating the use of the coded modulation teghes, such as (bit interleaved
coded Modulation BICM, trellis modulation) whagsed in conjunction with space
time coding.

The impact of the carrier offset (CFO).

Channel environment scenario when thtapas of the channel is longer than the CP

length.
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Abstract: In this work, we exploit the SVD assisted multiuser transmitter (MUT) and multiuser detector
(MUD) technique, using downlink (DL) preprocessing transmitter and DL postprocessing receiver matrice .In
combination with space frequency block coding (SFBC). And also propose the precoded DL transmission
scheme, were the both proposed schemes take advantage of the channel state information (CSI) of all users at
the base station (BS), but only of the mobile station (MS)’s own CSI, to decompose the MU MIMO channels into
parallel single input single output (SISO), these two proposed schemes are compared to the vertical layered
space time (V_BLAST) combined with SFBC (SFBC_VBLAST). Our Simulation results show that the
performance of the proposed scheme with DL Zero Forcing (ZF) transmitter for interference canceller
outperforms the SFBC_VBLAST and the precoded DL schemes with ZF receiver in frequency selective fading
channels.

Keywords — Post processing, Preprocessing,, SFBC, SVD, ZF.

l. INTRODUCTION
Multiple Input Multiple Output (MIMO) is a new technology that can dramatically increase the spectral
efficiency by using antenna arrays at both transmitter and receiver. An effective and practical way to
approaching the capacity of MIMO wireless channels is to employ space time coding (STC). There are various
approaches in coding structures including space time trellis codes (STTC) [1], space time block codes (STBC)
[2], space time turbo trellis codes and layered space time (LST) codes. The pure example of LST is vertical Bell
laboratories space time (VBLAST) [3].

STBC is a simple and attractive space time coding scheme that was proposed by Alamouti [4]. It
requires only a small degree of additional complexity. In particular, the Alamouti code offers very simple
encoding, decoding and is particularly suitable for future wireless systems. Increasing demand for higher data
rate requires transmission over broadband channel which is frequency selective. As a result, inter symbol
interference (ISI) is introduced, which severely degrades the system performance. Using orthogonal frequency
division multiplexing (OFDM) can turn frequency selective MIMO channel into a set of parallel frequency flat
MIMO channels. In practice, combination OFDM and STBC is very popular and robust technique to mitigate
ISI and improve the performance of the communication in terms of taking advantage of the spatial diversity in
MIMO transmitting systems [5-6]. Alamouti is remarkable orthogonal transmission structure can be applied in
space time or space frequency domain in OFDM systems. The orthogonal designs can be applied as space time
block coded (STBC_OFDM) [7], or frequency block coded (SFBC_OFDM) [8]. The efficient design of the
DL transmitter is of paramount importance for the sake of achieving a high throughput (high data rates), to
obtain this, it is important to find schemes that to reduce the effects of fading and explore new type of diversity,
as well as to reduce the effect of multiuser interference (MUI), also referred to as multiple access interference
(MAI), and inter antenna interference (1Al). Otherwise, the performance of such STBC MIMO OFDM systems
may also seriously degrade in the presence of MAI due to multiuser applications. The effect of MUI can be
mitigated by employing spatio temporal preprocessing at the transmitter. Consequently, the DL receiver
complexity may be reduced at the advent of transmit preprocessing at the base station (BS), a technique which
is also often referred as Multiuser transmission (MUT) [9]. Employing the singular value decomposition
(SVD). More specifically, the spatio temporal preprocessing technique of decomposes a MIMO channel into a
set of parallel single user MIMO channels [10], which facilitates the employments of well known MIMO
processing technique.  If the CSI associated to different mobile station (MS) is available at the BS, the use of
preprocessing scheme at the transmitter BS, allows simpler MS receiver implementation and eventually better
performance.

In this paper, we propose two schemes based on SVD the zero forcing transmit scheme denoted
(ZF_Tx_svd) and ZF receive scheme denoted (ZF_Rx_svd) combined with the MU SFBC OFDM system. This
paper is organized as follows, in section Il we present the MIMO OFDM eigenmode, section Il the system
overview, section IV the multi user detector, describing the ZF interference canceller at the receiver and at the
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transmitter based on SVD, section V the simulation results are provided, finally in section VI we give our
conclusions.

1. MiIMO OFDM EIGENMODE

The DL of multiuser spatial multiplexing (MUSM) communication system is investigated where
antenna arrays are used at both the base transceiver station (BTS) and at K mobile users. Due to the low
complexity realisation at the mobile units, and the large diversity gain, linear processing Maintaining the
Integrity of the specifications for MIMO system also referred to as Closed loop MIMO , where CSI is known
at the transmitter, is used to multiple user and pre-cancel inter user interference. In particular, it was proven
that MIMO eigenmode (EM) transmission system is optimal because MIMO capacity is maximized. MIMO
EM uses the left and right eigenvectors of the channel matrix as eigenbeamformers in the receiver and the
transmitter respectively to form the orthogonal spatial eigenbeams for transmission. We utilize SVD to obtain
the largest eigen. In some sense, eigenbeamforming is an optimal space time processing scheme. However, it
requires SVD on every subcarrier. It has been well known that SVD technique is an appropriate way to
diagonalize the MIMO channel matrix.

MIMO OFDM system utilizing N subcarriers with M, Transmit and M, receive antennas signalling
over MIMO frequency selective fading channel, H;: (M, x M,) is the frequency domain channel response
matrix for the fth subcarrier with possibly correlated coefficient, hijf : CN(0,1) where i =1,..M, , and j =
1,..M,. The columns vectors of flat fading channel matrix H; are usually non orthogonal. However by SVD the
channel matrix, H can be decomposed into diagonal matrix D"? and two unitary matrices U and V. Assuming
perfect CSI an SVD decomposition of the MIMO channels, Hy can be written as Hy = UfoVfH . Where, Vf” is
the transpose conjugate of the matrix V;, the (M, x M,) matrix Uy and the (M, x M,) matrix V; are unitary
matrices (i.e. U;U;”" =M, and V;V;" =IM,), and D is a (M, x M,) diagonal matrixes whose non zero

diagonal elements {Al,lz,...lRHf}are the real non negative singular values of H;. We have Ry, =

min(M, X M,) is the rank of the channel matrix H;. Therefore, the channel matrix Hy can be decomposed into
orthogonal sub channel, the closed loop MIMO OFDM system can use eigenbeamforming on a tone by tone
basis to transform a frequency selecting MIMO channel into a collection of Ry N parallel subchannels.

1. SYSTEM OVERVIEW
We consider a downlink multiuser environment with a BS communication supporting K user mobile
station (MS’s) as shown in Figure. 1, the base station employs M transmit antennas and the kth users MS could
be equipped with Ry receive antennas as shown in Figure. 2.a and Figure. 2.b, where = 1,2, ..., K is the spatial
multiplexer of the kth data branch generates a Ty dimensional vector symbol streams

Sy = [xkl(l),xkz(Z), ...kak(n)]T, where Ty =2, is the transmit Alamouti matrix and n is the number of the
transmitted symbols stream for each user before encoding, in space frequency coding (SFC), where n=1..N/2,
( N= number of OFDM subcarrier). Where symbols S g4 (k = 1,2, ...,K;d = 1,2) are chosen from the same
constellation set S . For convenience we assume no error correction coding and a uniform allocation of power
across the substreams for each user. At the BS before the SFBC encoding we implement the
eigenbeamforming, preprocessing spatial multiplexing units requires CSlI, and in the case of OFDM systems the
transmitter requires preprocessing knowledge for all subcarriers, the symbol vectors n for the kth user is
multiplied by a ( MxTy) preprocessing matrix P, as shown in Figure. 1, yielding:
Xk :PkSk = 1,2, ,K (1)

1
S; —p| P o] STEC IFFT&CP
Encoder
S STBC
2 —p| P2 19 IFFT&CP
Encoder

STBC
Sk —»| P IFFT&CP il\/l
Encoder

Figure. 1. Block diagram of the DL MUT Preprocessing

We assumeu wiui uic M1 EPIULEDDIIY SYITIUUL VELLUIS 1HTULIT LT ULt udel S to produce the Composite
transmitted symbol vector.
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X = Xk PiSi )

The preprocessed symbol vectors are passed through the combining block SFBC_OFDM encoder, by
using the Alamouti schemes in frequency coding. A block of data symbols (OFDM symbol) transmitted over
each transmitter passes through an N point inverse fast Fourier transform (IFFT), and the cyclic prefix (CP) is
appended. The BS transmitter broadcast the signal to multiple K users simultaneously over the same frequency
band through the frequency selective fading channel. At each receiver as shown in Figure. 2.a and Figure. 2.b,
the CP removed and the fast Fourier transform (FFT) is applied to revert the received signals back to frequency
domain. Hence the frequency selective MIMO channel is decoupled into N parallel flat fading channels. The Ry
dimensional received signal vy, at the kth user where R=1,2 is a superposition of the K signal branches
distorted by channel fading plus additive white Gaussian noise (AWGN).
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Figure. 2.a. Block diagram of the DL ZF receiver
Figure. 2.b. Block diagram of the DL MUD

The complex baseband representation of the received signal vectors in the fth subcarrier where f=1... N
can be expressed as:
Vi = Zj Hi G+ wy €))

The component C is the code matrix of Alamouti scheme of the OFDM symbols. The channel transfer
matrix between the BS and the kth user Hy:(RxM) is the frequency domain channel response matrix for

subcarrier f, and h,!(,m is the fading coefficient modelled as a finite impulse response filter (FIR) with L taps,

associated with the mth BS antenna and rth receive antenna of user k, at a given subcarrier f .
Let RSy = [R (0), A, (1), oo B (L = D] (4)
Where r= {1,...,R} and m={1,....M}. The elements of Hy are samples of independent and identically
distributed (i,i,d) complex Gaussian random variables, circularly symmetric distributed with unit variance
CN(0,1). The additive white Gaussian noise (AWGN) at the rth receive antenna of user k, w = [wy, wy, ..., wg, |
follows distribution CN(0, a,,%I), where | is the (R(xRy) identity matrix. Finally the entire multiuser MIMO
channel may be characterized by the supermatrix H, which may be constructed by concatenating the
corresponding channel matrices { H,} X_; associated with each of the MS’s, and the composite channel matrix
is denote as:
H=[HO,H®, . H©O] ®)
We can write the equation (3), hence the signal form become as follows:
Je = HPS+w, = Hy PS+ X HB S +wy

zﬁk PkSk+Zk +Wk k= 1,2,...,K (6)
P, and S, is the preproceesing matrix and the transmitted symbols vector n corresponding to the kth user. From
(6) we see that the MUI component on the kth user is represented as Z,, and H, is the equivalent channel
transfer matrix between the BS and the kth user .If we have CSI available at both the transmitter and the

receiver, and then we use the SVD decomposition of the channel user H, [11] .

~ 1 L Vit

Hy = Uy [Dkzio] Vie = Uk [Dkz:o] [V:nH] )
Where U, and V, are (2R¢x2Ry) and (Mx=M) component unitary matrices, respectively, and D, is an

(2R¢x2R,) component diagonal matrix containing the eigenvalues of HkaH.

V. Multi User Detector
4.1 ZF Receive Scheme Based On SVD

www.iosrjournals.org 26 | Page



Combining SFBC_OFDM Systems with SVD Assisted Multiuser Transmitter and Multi user Detector

The optimal eignbeamforming as shown in [12-13], is the precoding matrix where P=V, which is
derived from (7) and consequently the precoding matrix is defined as:

Pk =Vk k=1,2,...,K (8)
By substituting (8) in (6) the received signal can be expressed as:
Yk = HiViSi + Zy + wy, )

Vi and Sy is the precoding matrix and the transmitted symbols vector n corresponding to the kth user, and the
equivalent effective channel can be expressed by:

ﬁ: [ﬁl,ﬁz,...,ﬁK]T (10)
The composite multiuser received signal may be express as:
Fe =HVS +w (11)

V=[O v@ vOLw=[wDw?, w]
V and w are the space time precoding supermatrix, as well as the AWGN noise. The receiver sees the equivalent
channel matrix.

H=HV (12)

And according to Figure. 2.a we can detect the desired signal vector streams S by the implementation

of the ZF detection of equivalent channel matrix, hence remove the interference between the transmitted user
streams and subsequently implemented the SFBC decoding. With the precoding matrix and the equivalent
effective channel, we can express the ZF receiver based on SVD solution which is referred to ZF_Rx_svd as
follow:
HZF=VH HZF ,Where HZF=(HH H )_1 HH (13)
4.1. ZF Transmit Scheme Based On SVD

In this section we present the ZF transmit scheme to pre-cancel the MUI interference based on the
SVD, at the BS station, from (6) and (7) the received signal of the kth user 7, may be expressed as:

Ve = U, DYV, " PS + w, k=12,..,K (14)
Then the overall DL received signal vector streams j, of the K M’s can be expressed as:
$, = UDV2y PS4+ w (15)

According to [11], The DL BS transmit preprocessing matrix P is designed, that the DL MUI can efficiently be
suppressed. The MUI can fully be removed when the DL preprocessing matrix to satisfy:
P =[v."1*B=PB
(16)
Where the power allocation regime of B = diag{Byy, Bir,; .....; B1, .., Bgr, } and [V;"]* denotes

the pseudo inverse of the matrix V,*, which is referred to ZF_Tx_svd, and P = V,[V,"V,].
When substituting the overall DL preprocessing matrix of (16) into (15) the overall received signal vector y of K
MS user can be simplified to

Jx = UDY?BS +w 17)
The symbol vector of the kth MS can be expressed as:
Ji = Uy D * B Sy + wy (18)

The 1Al can be suppressed with the SVD based matrices {U,.} of (7). By {Gk = Uk”} according to Figure. 2.b
the user specific decision variables can individually be expressed as:

‘§k = Dkl/szSk + UkHWk k= 1,2, ,K (19)
And the overall decision variables can expressed as:
$=DY2BS +Uw (20)
The overall of the user decision symbol stream can be expressed as: S = [$;,$,, ... ..,SK]T
V. Simulation Results

In this section, we consider SFBC system with N = 64 (N: number of subcarrier OFDM). Combined
with the SVD MUT and MUD by applying the ZF receiver and ZF transmitter scheme and compared them with
ZF _VBLAST. The maximum channel delay spread and the CP length are the same and equal to L=16. In other
words, channel with long excess delay time, exhibit a lower coherence bandwidth corresponding to higher
frequency selectivity than shorter channel. The SISO channels from the transmit antennas to the receive
antennas are assumed to be independent and Rayleigh distributed. The complex symbols are assumed to be
quaternary phase shift keying (QPSK).

Figure.3. Shows the BER performance comparison of two users SFBC_OFDM system. When each
user has one receive antenna and 4 BTS transmit antennas (4x2 users/1Rx). It is shown that the ZF_Tx_sdv
scheme’s outperforms the ZF_VBLAST by 16 dB, and the ZF_Rx_svd by 20 db at BER=10" . VBLAST,
decodes the substreams, subtracts its interference and then decodes the later substreams. However, was not
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designed for exploiting transmits diversity. The performance of VBLAST receiver is mainly dependent on the
first substreams, which has the lowest diversity gain and limited by error propagation. Where in ZF_Rx_svd,
the noise term may be amplified in a way that influences the decoding output in negative way.

Figure.4. Shows the BER performance comparison of two users SFBC_OFDM system. When each user has
two receive antenna and 4 BTS transmit antennas (4x2 users/2Rx).

0’ ===
1 T T ===t ZF-Rx-svd
R e e i i
&

t t t t —— = ZFRosw ol I e e e | R ZF-VBlast

wandeee ZEVBlast 10° % — ZFTxsw
< —

—0— ZF-Tx-svd

BER

i
I T

[ | :

0 5 10 15 20 25 30 35 40 0 2 4 6 8 10 12 14 16 18 20

SNR(dB) SNR(dB)
Figure.3. BER performance comparison of 2 users Figure.4. BER performance comparison of 2 users
SFBC_OFDM System, with 4 BTS transmit antenna SFBC_OFDM System, with 4 BTS transmit antenna
and 1 receive antenna per user, using ZF_Tx_svd and 2 receive antenna per user, using ZF_Tx_svd

It is shown that the ZF Tx_svd scheme’s outperforms the ZF_VBLAST by 1dB, and the
ZF Rx_svd by 3 db at BER=10°. By adding one antenna at each receiver, however, a significant SNR
reduction of 10 dB is achieved at BER=10° for ZF_Tx_svd scheme. The eigenmode selection achieves a
higher diversity order than simple spatial multiplexing and increase the diversity gain.

VI. CONCLUSION
Multiuser SFBC_OFDM system combined with SVD assisted MUT and MUD is studied in the
frequency selecting fading channel, from the results the ZF transmit scheme based on SVD for MUI precanceller
outperforms the ZF_VBLAST and ZF receiver based on SVD. It can be concluded that the space frequency
coded system coupled with SVD assisted MUT and MUD with ZF transmit scheme efficiently exploits diversity
techniques. These are, space and frequency diversity to overcome fading found in the radio channel, and provides
high performance.
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Appendix A :
SDM :
S=[s1 s3]

The Alamouti Code Matrix:

S1 _52*]

Gsrac = |
STBC = |5, 5,*

Alamouti 2x1 Schemes :
Tl = h1$1 + hZSZ + Tl1

ry = —hys; + hys; +n,

=1 e+ )
h

[2] - [h; —hl] [ ] [ ]

The equation (A.6) can be written as:

r=HS+n

(A.1)

(A.2)

(A.3)
(A.4)

(A.5)

(A.6)

(A7)

Then, the equivalent matrix channel model of Alamouti 2x1 schemes can be represented as

H= [ —hl]

Alamouti 2x2 Schemes :

71(t) = hy1Sy + hyps; + 1y

12(t) = ha151 + haps; + 1y
r(t+T)=—hy15; + hips] +nyy
r(t + T) = —hyS; + hyysy + 1y,
ry(t +T) = —hi;s; + hiys; +nj,
r;(t +T) = —h3,S, + h3,5, + n,

1 (T) ~|hi2 —hiy n1(T)
5 (T) h3, —h3 n;y(T)

The equation (A.15) can be written as:

[rl(O)'l hqq n1(0)
[7’2(0)} _ ha4 hzz \[ nz(O)

r=HS+n
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(A.9)

(A.10)
(A.11)
(A.12)
(A.13)
(A.14)

(A.15)

(A.16)
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Then, the equivalent matrix channel model of Alamouti 2x2 schemes can be represented as

hll h12
th h22

H=]|, 3 . A.17
R, —hiy (A-17)
Ry —hi

4 x 2 Stacked STBCs:

In this case, two data streams can be sent using a double space time transmit diversity
(DSTTD) scheme that essentially consists of operating two 2x1 Alamouti code systems in
parallel . DSTTD, also called “Stacked STBCs”, combines transmit diversity and maximum
ratio combining techniques along with a form of spatial multiplexing.

The received signals at times 0 and T on antennas 1 and 2 can be represented with the

equivalent channel model as:

|77(T) | _|hiz —hii hiz —hig||s2 +|ni(T)|
72(0) ha1  hyy  hys  hyy

53 n,(0)
15 (T) h3, —h31 h3s —hy3l1Ss n5(T)

[T1(O) 1 hyy  hiz  hiz hiyy 1[$1 [T (O)]
‘ l (A.18)

Then, the equivalent matrix channel model of 4 x 2 DSTTD can be represented as

1] _ [Hi1  Hi2][51 n
_[hi1 hiz ]

Hu = (A.20)
_[ha1  hyp ]

Hy =2 0 (A.21)
_[hiz  hia ]

Hy =2 Ot (A.22)
_Thaz  has ]

Hy =2 pt (A.23)

Thus, DSTTD can achieve a diversity order of Nd = 2Nr (ML detection) or Nd = 2 (ZF
detection) due to the 2 x 1 Alamouti code while also transmitting 2 data streams (spatial

multiplexing order of 2).
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If the same linear combining scheme is used as in the 2 x 1 STBC case, then the following

decision statistics can be obtained.

51 = (|hy1|? + |h2)? + |hp1 )% + |hp2|?) sy + I3 + I, + 2 noise terms (A.24)
Sy = (|h11]? + |hao|? + |hoq|? + |z |?)s, + I + 1y + 2 noise terms  (A.25)
S35 = (|hy3l? + |hyal? + |hy3)? + |hosl?)ss + I + I, + 2 noise terms (A.26)
Sy = (Jhy3l? + |1hqal? + |hy3)? + |hosl?)ss + I + I, + 2 noise terms (A.27)

Where I; is the interference from the i-th transmit antenna, due to transmitting 2 simultaneous
data streams. The detection process of DSTTD should attempt to suppress the interference
between the two STBC encoders, and for this purpose can turn to any the spatial multiplexing
receivers, such as ZF, MMSE, and BLAST. In contrast to OSTBCs (Alamouti codes), the ML

receiver for stacked STBCs is not linear.

4x4 Stacked STBC:

Thit hiz hiz hyg ]
hi, —hi1 hi, —hiz
[7”1(0)] har  hyy  haz hyy |[51 [nl(o)]
[ (T) | _|h22 —hz1 h3s —hysi|S2 +|ni(T)|
|T2(0) | “lhay  hay  has  ha [[S3 |n2(0)|
15 (T) hz, —h3y h3s —hzs|1S4] Iny(T)
hsyr  hay  hsz  hyg

Lhy,  —har has  —his!

(A.28)

Then, the equivalent matrix channel model of 4 x 4 DSTTD can be represented as

T1 _ H11 le] Sl nl
[TZ] - H21 HZZ [SZ] + [nz] (Azg)
hyy hyg ]
_ M2 —his
Hi, = hyy  hyy (A.30)
_h;Z _hzl-
Thsy  hsp ]
_|h32 —hay
H,, = hay  hay (A.31)
'h’ZZ _hjl-l-
Thys  hyg ]
_ M —his
Hyp = hys s (A.32)
_h;4 _h§3-
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h33 h34
_|h3a —has

H22 - h43 h44 (A33)
his  —hys

If the same linear combining scheme is used as in the 2 x 2 STBC case, then the following
decision statistics can be obtained.

§1 = (lhyq|? + |hizl® + |hy |? + |hoo|P)sy + I3 + I'y + 4 noise terms  (A.34)
Sy, = (|hyel? + |hia|? + |hpq|? + |hpp|P)sy + I's + Iy + 4 noise terms  (A.35)
S35 = (Jhqyz]? + |higal? + |hos)|? + |hpal®)ss + I'y + I’ + 4 noise terms  (A.36)
Sy = (lhy3|? + |hial? + |hp3)? + |hpalP)sy + 1"y + 'y + 4 noise terms  (A.37)
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Appendix B:

Space Time Block Code OFDM:

For each pair of two successive data symbol vectors, if S1 is the first block data symbol vector

and S2 is the second block vector, which are the frequency domain symbols, they are defined

as.
S1=[S(1) S(2) SB3) v oo oo . S(N)] (B.1)
S2=[S(N+1) S(N+2)..S2N)] (B.2)

The equivalent space time block code transmission matrix is given by

S1 —-S§2*
GSTBC=[SZ s1* (B.3)

Therefore, entries of the transmission matrix are the OFDM symbol vectors S1, $2, and their

complex conjugates.
STBC User 2x1:

Let r(k)and r2(k) represent the demodulated symbols, r!(k) and r2(k), ,can be

represented as

ri(k) = Hy (k) S1(k) + Hyp (k) S2(k) + nt(k) (B.4)
r2(k) = —Hy, (k) S2* (k) + Hy, (k) S1* (k) + n? (k) (B.5)
r2"(k) = —Hy, (k) S2(k) + Hyy (k) S1(k) + n?" (k) (B.6)

The decision variables are constructed by combining (k) , r2(k), and are calculated by the

following equations:
S1(k) = Hyy"(k) v (k) + Hyp (k) 27 (k) (B.7)
S2(k) = Hy, (k) (k)—Hy, (k)r? (k) (B.8)
Substituting equations (B.4) and (B.6) into equations (B.7) and (B.8), we get
S1(k) = Hy1 (k) ( Hy1 (k) S1(k) + Hyp (k) S2(k) +n*(k))

+ Hip(k) (=Hiy"(k) S20k) + Hyp* (k) S10k) +n2°(k))  (B.9)

$2(k) = Hyp" (k) (H11 (k) S1(k) + Hyp(k) S2(k) + n' (k) —Hy1 (k) (_H11*(k) 52(k)

+ Hyy* (k) S1(k) + nZ*(k)) (B.10)
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S1(k) = (|H111? + |H121* ) S1(k) + ( Hy1"(k)Hyp(k) —Hyy " (K)Hyo (k) )S2(k))
+ (( Hyt" () (k) + Hyp (l)n? () (B.11)

SAz(k) = (|H11|2 + |H12|2 ) S2(k)

+ (Hyp (k) (H11(k)—H11(k)(H12*(k) )S1(k)

+ Hyp" (k) (k)= Hyy (k)n?" (k) (B.12)
S1(k) = (|Hy1|? + |Hyp|? ) S1(K) + Hyy (k) nt(k) + Hyp ()n? (k) (B.13)
$2(k) = (|Hy1|? + |Hyz|? ) S20) + Hyp" (k) nt(l)—Hyy (k) n?" (k) (B.14)

STBC User 2x2:

We assume that the channel responses are constant during the two time slots. Let
ri(k), v2(k) and ry(k),r2(k), represent the demodulated symbols, after the OFDM
demodulator, on the k-th sub-carrier at the first and second time slot, respectively, at receive
antenna 1 and 2 .The received signal = (k),rZ(k) and v} (k) ,r2(k) , k = 1,2,...,N ,can be
represented as

First receiver:

ri(k) = Hyi(k) S1(k) + Hyp (k) S2(k) + nl(k) (B.15)
r2(k) = —Hyq (k) S2*(k) + Hy (k) S1*(k) + n2(k) (B.16)
r2 (k) = —Hy1" (k) S2(k) + Hy, " (k) S1(k) + n? (k) (B.17)
Second receiver:

ri(k) = Hyy (k) S1(k) + Hyy (k) S2(k) + nk(k) (B.18)
r2(k) = —Hy, (k) S2*(k) + Hy, (k) S1*(k) + n2(k) (B.19)
r2 (k) = —Hy," (k) S2(k) + Hy, (k) S1(k) + n3 (k) (B.20)

The decision variables are constructed by combining r{(k),rZ(k), r3(k),r#(k), and the

channel frequency response. And are calculated by the following equations
$1(k) = Hyy"(k) 7 (k) + Hyp(k) 18" (k) + Hay (k) 73(k) + Hyp ()1 (k) (B.21)

$2(k) = Hyp(k) 1 (k) =Hy1 (k)7 (k) + Hap (k) 77 (k) — Hay (K) 77 () (B.22)
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Substituting equations (B.18) and (B.20) into equations (B.21) and (B.22), we get
$1(k) = Hyy" (k) (Hy1 (k) S1(k) + Hyz (k) S2(k) + ni(k))
+ Hyp (k) (—Hyy " (k) S2(k) + Hyp" (k) S1(k) + 3" (k)

+Hy1 (k) (Hz1 (k) S1(k) + Hpa (k) S2(k) + n3 (k)
+Hay (k) (—Hax" (k) S2(k) + Hyz (k) S1(k) +n3" (k) ) (B.23)

S2(k) = Hy,(k)(Hy1 (k) S1(k) + Hy,(k) S2(k)
+ 13 (k) )=Hyy (k) (—Hay " (k) S20k) + Hyp" (k) S10k) +n? " (k)
+ Hy, (k) (Hay (k) S1(k) + Hap (k) S2(k) + nj(k))

— Hy (k) (—Ha1" () S20k) + Ha (k) S10k) + 13" (k) ) (B.24)

S1(k) = (|Hy11? + [Hya|? + [Hpq |? + [Hpal? )S1(K) +
+ (Hy1" (k) Hyp (k) = Hyy " () Hyp () —Hay () Hyp () + Hayy () Hap (K))S2(K)
+ (Hyy " ()b (k) + Hyy (l)md (k) + Hyp (k)nd " (k) + Hya (l)nd (1)) (B.25)
§2(k) = (IHy1|* + |Hiz|? + [Ha1|* + |Hpz|* )S2(K)
(a0 Hyz () = Hyy G0 Hy (1) + Hay () o () = Hay (K)o (1)) S106)
—Hy1 (k) nd (k) + Hyz (k) n} (k) — Hay (k) 13" (k) + Haz (k) n (k) (B.26)
$1(k) = (IH11|* + [Hya|? + [Hy1 1 + |Hp2]*)S1(k)
+ (Hll*(k)n%(k) + Hyy (k)b (k) + Hyp (k)n?” (k) + Hyp(k)n3 (k) (B.27)
$2(k) = (|Hy1|* + |Hyz|? + [Hpg|* + [Hop | )S2(k)

+Hy5 (k) ni(k) — Hyy (k) n? (k) — Hyy (k) n2 (k) + Hyp (k) ni(k)  (B.28)
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Space Frequency Block Code OFDM:

In SFBC-OFDM, the data symbol vector for g-th user is defined as S = [S(1)S(2) ...S(N)],
where N is the number of OFDM sub-carrier. The symbol vector is coded into two length

1 X N vectors, S; and S, by the space frequency encoder block as:

S, =[S(1) = S*(2) .....S(N —1) —S*(N)] (B.29)
S, =[S S$*(1)....S(N) S*(N—1)] (B.30)
S, is transmitted from the first antenna transmitter, while S, is transmitted simultaneously
from the second antenna transmitter. Let S€and S° be two length N /2 vectors denoting the

even and odd component vectors of S. Therefore,
5% =1[5(1) S(3).. S(N—3)S(N —1)] (B.31)
S =1[S(2) S(4) ........ S(N—2) S(\M)] (B.32)

Equations (31),(32) can then be expressed in terms of the even and odd component vectors as
5,° =—s¢" $,°=8°
Sze = SO* Szo == Se (B33)

SFBC User 2x1:

Let r(k) represents the demodulated symbol, after the OFDM demodulator, on the k-th sub-
carrier, k =1,2,....,N
r(k) = Hy; (k) S;(k) + Hyp(k) Sy (k) + n(k) (B.34)

Where H;; (k) is the channel frequency response from transmit antenna i to receive antenna j,
on the k-th sub-carrier. Letr€(k) and r°(k), k = 1,2,....,N /2, represent the even and odd

components of (k). Thus, r¢(k) and r°(k), can be represented as:

(k) = Hi;y (k) Sf (k) + Hi, (k) S3 (k) + n®(k) (B.35)
r?(k) = Hi1 (k) ST (k) + Hp, (k) S3 (k) +n° (k) (B.36)
Where n€(k)and n°(k) represent the even and odd components, respectively, of the

demodulated noise vector. Substituting equation (B.33) into equations (B.35) and (B.36), we

get
ro(k) = H (k) S°(k) + HS% (k) Se(k) + n°(k) (B.37)
ré(k) = —HE& (k) S¢" (k) + HE, (k) S°" (k) + n¢(k) (B.38)
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From equations (B.37) and (B.38), we conclude that SFBC-OFDM can be represented by the

transmission matrix for adjacent OFDM sub-carrier.

s° _Se*] (B.39)

Gsrpc = ge  go*

The decision variables are constructed by combining r¢(k), r°(k) and the channel frequency

response. $¢(k) and $°(k) , k = 1,2, ...., N/2 are calculated by the following equations:

ro(k) = Hy (k) S°(k) + HY, (k) S¢(k) + n° (k) (B.40)
re(k) = —Hi; (k) S¢7(k) + Hf, (k) S°" (k) + n® (k) (B.41)
re"(k) = —Hfy (k) S°(k) + Hi; (k) S°(k) + n®" (k) (B.42)

Assuming the complex channel gains between adjacent sub-carriers are approximately
constant, such as
H?; (k) = Hi (k) = Hyy HP, (k) = Hi;(k) = Hy

Therefore,
SO(k) = H, (k) r¢" (k) + HY, " (k) (k) (B.43)
Se(k) = —Hgy (k) r®" (k) + HY, (k) r°(k) (B.44)

So(k) = HE, (k) ( —HY " (k) Se(k) + HP," (k) S°(k) + n‘f*(k))
+HY " (k) (HYy (k) S°(k) + Hi, (k) S€(k) +n°(k)) (B.45)

§e(k) = —Hf; (k) (=Hpy (k) S€(k) + HE," (k) S°(k) +n®" (k)
+HP, (k) (HP (k) $°(k) + H (k) S°(k) +n°(k)) (B.46)

$°(k) = (IHD11? + |HE, 2 )S° (k) + HE (k) (—HPy (k) $° (k) + n®” (k)
+ HYy (k) (HP, (k) S€(k) + n° (k) (B.47)

$e (k) = (|H 12 + [HE, 1) Se ()—HE, (k) ((HE,' () SO (k) +n” (k)
+ HY, (k) (HY, (k) S°(k) + n°(k)) (B.48)

$°(k) = (IHP11? + [HE, 2 )S° (k) + (—Hfy (k) Hip (k) + HEy " (R)HP, (k) ) $° (k)
+ HY, ' (k)n® (k) + He, (k) n®™ (k) (B.49)

$¢(k) = (|H711? + |HP|?) S€ (k) + (HY," (k) HY, () —HF; (k) HP," (k))S° (k)
+ HY, (k)n° (k) —Hfy (lk)n®” (k) (B.50)
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Therfore,

§O(k) = (IH?|* + [HE,|*)S° (k) + Hy " (k)n® (k) + Hi, (k) n®” (k) (B.51)
Se(k) = (IH|? + |HY,|?) $€(k) + HY, (k)n® (k) —Hsy (k)n®” (k) (B.52)
So(k) = (|HY|? + |HE,|1?) S (k) + 2 terme noise (B.53)
Se(k) = (|H%|? + |HS|?) S€(k) + 2 terme noise (B.54)
S°(k) = (|Hy1|? + |Hy)?) S°(k) + 2 terme noise (B.55)
Se(k) = (|Hy1|? + |Hi|?) S€(k) + 2 terme noise (B.56)

Where $¢(k) and $°(k), k = 1,2,...,N/2 are combined together to construct S(k), k =
1,2,...,N. S(k), is sent to the maximum likelihood decoder, to decide the most probable sent

vectors S.

SFBC User 2x2:

Let r; (k), r, (k) represents the demodulated symbol, after the OFDM demodulator, on the k-

th sub-carrier, k = 1,2, ..., N at receive antenna 1 and 2.

r1(k) = Hy (k) S1(k) + Hyp(k) Sp(k) + nq (k) (B.57)
15 (k) = Hp1 (k) S1(k) + Hyp(k) Sy(k) + ny(k) (B.58)

Where H;; (k)) is the channel frequency response from transmit antenna j to receive antenna ,
on the k-th sub-carrier. Letr (k) ,r’(k) and ry(k), ry(k), k=1,2,...,N/2, represent
the even and odd components of r; (k) , r, (k) respectively. Thus, (k) , (k) and ry (k)

ry (k), can be represented as:

r (k) = Hiy (k) ST (k) + Hiy (k) S5 (k) + ni (k) (B.69)
ri (k) = Hiy (k) S7 (k) + H, (k) S7 (k) + n? (k) (B.70)
ry (k) = Hzy (k) 7 (k) + Hz, (k) S5 (k) + n3 (k) (B.71)
ry (k) = Hz; (k) §7 (k) + Hz, (k) S3 (k) + n3 (k) (B.72)

Where n$(k), n? (k) and n$(k), n3 (k) represent the even and odd components, respectively,
of the demodulated noise vector. Substituting equation (B.33) into equations (B.69), ( B.70)
and (B.71), (B.72) we get

rf (k) = —Hf (k) S¢7 (k) + Hi, (k) SO (k) + nf (k) (B.73)
rP (k) = H; (k) S°(k) + H, (k) Sé(k) +n? (k) (B.74)
rs (k) = —H$, (k) S (k) + HS, (k) S°" (k) + n3 (k) (B.75)
ry (k) = Hz; (k) S°(k) + Hz, (k) S€(k) +nz (k) (B.76)
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rf (k) = —Hf; (k) S¢(k) + Hf, (k) $° (k) + nf" (k) (B.77)
r5 (k) = —H$;" (k) $¢(k) + Hg," (k) S°(k) + ng” (k) (B.78)
The decision variables are constructed by combining rf(k),rL(k),v$(k), 8 (k),Se(k)
and $°(k) are calculated by the following equations:
§°(k) = Hi, (k) £ (k) + HYy (R (k) + HE, (k)rs (k) + Hpy " (k) 8 (k) (B.79)
$e(k) = —Hgy (k) v (k)+HY," (k) v (k)= Hzy (k) v5™ (k) + Hp, " (k)rg (k) (B.80)
§°(k) = Hf, (k) (—=Hf," (k) S€(k) + Hf," (k) S° (k) +nf"(k))
+HYy " (k) (H7y (k) S°(k) + HY, (k) S¢(k) + n? (k)
+ HE, (k) (—HS, () S (k) + H," (k) 5° (k) + S (k) )
+ Hpy (k) (H3, (k) S°(k) + H3, (k) S¢(k) +n3(k))) (B.81)
§€(k) = —H{, (k) (—Hfy (k) Se(k) + H, (k) S° (k) +n§" (k)
+HY," (k) (H7y (k) S°(k) + HP, (k) S¢(k) +nf (k) )
- Hg1 (k) (=H3y (k) S°(k) + Hg, (k) S°(k) + ng” (k)
+HZ," (k) (H, (k) S°(k) + H, (k) S¢(k) +n3(k)) (B.82)
$O(k) = (IH|? + |HE, |? + |H3, 1 + [H5,|* ) S (k)
+ Hip (k) (- Hf; (k) ¢ (k) +ng " (k)
+ HY, (k) (H, (k) S€(k) +nf (k)
+ g (k) (—H " (k) 5° k) + " (1))
+ H3y (k) (H3, (k) S¢ (k) +ng (k) (B.83)
§€(k) = (|H{|? + |HY, 1 + [H51 1> + [HE, %) € (k)
—Hf, (k) (Hf, (k) S°(k) +ng " (k)
+HY," (k) (HY, (k) S° (k) + ng (k)
- HE, (k) (HS;" (k) S° (k) + " (k)
+HZ," (k) (H3, (k) S°(k) + n3(k)) (B.84)
§O(k) = (|H{1 1> + [HE, |* + |HS, |? + |H,1? ) SO (k)
+(=Hfy (k) Hf, (k) ¢ (k) + Hip(k) ng™ (k))
+(HY, (k) HPy (k) S€(k) + HPy " (k) ng (k)
+ (—Hg," (k) HS,(k)Se (k) + HE, (k)ng™ (k)

+ (H3y ()HS, (k) S€(k) + H3, ™ (k)n3 (k) ) (B.85)
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Se(k) = (|HE |2 + |HD|? + [HE 12 + |H, 1% )Se (k)
+ (—Hg, (k) Hf, (k) S°(k) — Hf, (k) n§” (k)
+(HY, (k)HP, (k) S°(k) + HY, " (k)n? (k)

+ (- HE GOHS, " (k) S° ()~ HE, (k) n " (K))

+ (H, (k) HE (k) 5° () + HEy" (k) 3 (K)) (B.86)

SO(k) = (IHP1|* + [Hp | + [H1 12 + |H5,|*) S° (k)
+(HP, (k) HYy (k) —Hfy (K)HE, (k) — (H3, " (k) H3,(K)) + (H3, " (k)H3, (K))) S°(k)
+HE, (k) nf" (k) + HY; " (k) ng (k)
+H5, (k) ng” (k) + H3, " (k)n3 (k) (B.87)

§€Ue) = (IHF 1% + |H{, | + |H5, |? + |H, 1% )S€ (k)
+ (HY; ()HP (k) — Hf; (k) HE," (k)- Hs, (K)HS," (k) + Hp, " (k)H3y (k) )S° (k)
—Hf, (k) n§" (k)—H5, (k)ng” (k)
+HY, (k)ng (k) + Hg," (k)n3 (k) (B.88)
Assuming the complex channel gains between adjacent sub-carriers are approximately

constant, such as
Hf1 (k) = HPy (k) , HEp (k) = Hp(k) , Hsy (k) = Hi(k) . H3p(k) = H3y(k)
$o(k) = (IHY 1> + |HE |2 + [H 12 + |HE, 1% ) S° (k)
+(Hy, (k) Hfy" (k) = Hey (k) HE, (k) — (S, (k) HE, (k) + (Hgy " (k)Hg, (k))) S€(k)
+HE, (k) n§” (k) + HYy" (k) ng (k)
+HS, (k) n§” (k) + H3, " (k)ng (k) (B.89)
Se(k) = (IHf|? + [H, |2 + |HE, |2 + [H, | ) Se(k)
+ (HY, " (K)H{, (k) — Hf; (k) Hy" (k) HS, (k) HS, " (k) + H3,™ (k) H3, (k) )S° (k)
—H{, (k) n§" (k)—H$, (k)n§ (k)
+HP, " (k)ng (k) + HE," (k)ng (k) (B.90)
$o(k) = (IHY 1> + |HE |2 + [HE 12 + |HE, 1% ) S° (k)
+HP, (k) nf™ (k) + HYy (k) nf (k) + H5, (k) n§” (k) + HE,"(k)ng (k) (B.91)
Se(k) = (IHf |2 + [H, |2 + |HE |2 + |H, 2 )Se (k)
—H{, (k) n§" (k)—H5, (l)n§ ™ (k) + HY," (lk)n (k) + HS, " (k)ng (k) (B.92)
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Were S¢(k)and S°(k), k=1,2,..,N/2 are combined together to construct S(k), k =
1,2,...,N. S(k), is sent to the maximum likelihood decoder, to decide the most probable sent
vectors S.
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Abstract

In this work, we exploit the SVD assisted Multiuser Transmitter (MUT) and Multiuser
Detector (MUD) techniques, using the Downlink (DL) pre-processing transmitter and DL
post-processing receiver matrices with the combination of the MIMO OFDM space Time
block code (STBC). And also propose the pre-coded DL transmission scheme, were both
proposed schemes take advantage of the channel state information (CSI) of al users at the
base station (BS), but only of the mobile station (MS) owns CSI, to decompose the MU
MIMO channels into parallel single input single output (SISO), these two proposed schemes
are compared to the vertical Bell layered space time (V-BLAST) detector combined with
STBC OFDM (V-BLAST STBC OFDM). Our simulation results on hybrid approach show
that the performance of the proposed scheme with DL Zero Forcing (ZF) transmitter
outperforms the V-BLAST STBC OFDM and the pre-coded DL schemes with ZF receiver,
respectively, in frequency selective fading channels. So this hybrid approach, exploit the time,
space and frequency diversity.
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