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Abstract

Current trends in the development of high-data-rate wseky/stems focus on the integration of
orthogonal frequency-division multiplexing (OFDM), miple-input multiple-output (MIMO) and
closed-loop techniques. In closed-loop systems, trana@dioding reacts to channel conditions in
order to improve the system capacity or bit error rate (BER)sed-loop MIMO OFDM allows
transmit precoding on frequency-selective channels teppoeess signals at the subcatrrier level,
and facilitates the utilization of capacity or performamgan. OFDM is being widely adopted
in several wireless standards due to its spectrum efficiamclother advantages. Recent inte-
gration with multiple-antenna techniques promises a 8ant boost in performance of OFDM.
However, OFDM is sensitive to frequency offset, which immagely results in intercarrier inter-
ference (ICl) and degrades the system performance. On liee band, MIMO systems are also
constrained by limited antenna spacing, which may lead teetaitions among antennas. The an-
tenna correlation always reduces the system data rate areses the error rate. Furthermore, the
original space-time techniques have poor performanceyf #ne directly employed over antenna-
correlated channels.

This thesis contributes to transmitter precoding desigdliMO OFDM systems for reducing
ICI, and mitigating the degradation due to antenna coiiglat Transmitter-based techniques usu-
ally require the complete channel state information at thesmitter (CSIT), which is difficult to
obtain in practical applications. The complete channa@rimfation, including frequency offset and
channel gains, is not readily estimated at the transmittéexback capability from the receiver
is limited. Therefore, precoding with partial CSIT is firgirnsidered. An important property of
the ICI matrix is derived and non-linear Tomlinson-Harashiprecoding (THP) with only partial
CSIT, not including frequency offset, is developed. Toliertreduce the feedback requirements,
linear and non-linear limited-feedback precoders are@segd. Our results significantly reduce the
BER increase due to frequency offsets in single-user antiusal MIMO OFDM.

Precoders are developed to mitigate the impact of tranaménna and path correlations for
MIMO OFDM systems. A pairwise error probability (PEP) opéihprecoder is derived, which
requires only covariance information at the transmittene Tovariance (second-order statistics)



information is primarily determined by transmitter coatbn matrix, which significantly reduces
feedback requirements. Furthermore, mean (first-ordastta) -feedback SNR-maximizing pre-
coders are designed for a general transmit-antenna-atacelfrequency-selective fading MIMO
channel model in an OFDM downlink system with estimatiomeyand feedback delay. The qual-
ity of CSIT (mean feedback) will be degraded due to estinmagiwmors, and it is more sensitive to
the channel time variations and feedback delay than cawaiprecoding. In contrast, covariance
precoding may become less effective when mean feedbaclcisaie. An adaptive dual-mode
precoder is thus proposed, in which either new mean-feédtr@coding or covariance precoding
is adaptively chosen at the receiver according to the ch@oneitions. The intuition is confirmed
that if mean feedback is sufficiently accurate, it improvessystem performance. Our proposed
precoders, both the mean-feedback precoder and the dwhd-precoder, reduce the error rate.
Adaptive precoding outperforms both mean-feedback piiagaahd covariance precoding applied
individually.

Our techniques offer the flexibility of adapting originabsie-time multiple-antenna techniques
to the antenna correlations, and require reduced feedbémkriation at the transmitter. The pro-
posed schemes are expected to have good performance, ivatderequirements and low com-
plexity, which are desirable for interference reductiothia future wireless systems.
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Chapter 1

Introduction

Wireless communications technologies have recently maglat @dvances. Personal communi-
cation devices now enable ubiquitous communications. Peetacular growth of data commu-
nication, voice and video service over Internet, and thealyguapid expansion of mobile tele-
phony, justify great expectations for high data rates in ilealadio communication systems. Cur-
rent communication systems integrate various functiorsapplications, such as a mobile tele-
phone or high-rate data in a wireless local area network (W), Avhich is expected to provide
its users with over 100 Mbps information rates. Since ragiecgum is limited, supporting such
high data rates and overcoming the radio channel impaisnamsents challengs to the design
of future high-speed mobile radio communication systemsrdéht trends in wireless system de-
sign focus on multiple-input multiple-output (MIMO) tecigues to provide capacity (data rate)
gains [1, 2], closed-loop techniques to offer capacity gainbit-error rate (BER) performance
improvements [3, 4], and orthogonal frequency-divisioritiplexing (OFDM) to facilitate the uti-

lization of these performance gains on frequency-selectnannels [5, 6].

1.1 MIMO

MIMO antenna techniques have recently emerged as a prappsiriormance enhancing solution
for high-data-rate wireless communications. The MIMO apgh employs multiple antenna ar-

rays at both the transmitter and the receiver, effectiveplats the spatial dimension in addition



to time and frequency dimensions, and offers significanbhokhcapacity gains [1]. These gains
are available in a rich multipath scattering environmericl provides independent transmission
paths from each transmit antenna to each receive antenecifisally, the capacity of MIMO sys-
tems grows linearly asiin(Mr, My), whereMr is the number of the transmit antennas angd is
the number of the receive antennas. The system capacitg Iseates linearly witlin(Mr, Mz)
relative to a single-input single-output (SISO) system [1]

MIMO systems use space-time signal processing, which @g@patial dimension inherent in
multiple spatially-distributed antenna systems. Cursgice-time processing techniques typically

fall into two categories: spatial diversity coding and sanultiplexing.

1.1.1 Spatial Diversity Coding

Spatial diversity codes improve power efficiency and réliigbof transmission by maximizing
spatial diversity gain. These codes ensure that transmibels are sent over multiple indepen-
dently fading paths without signal power or bandwidth exgyam. If the MMz MIMO links fade
independently and the transmitted signal is constructesiiigble diversity codes, the receiver can
combine the arriving signals such that the resultant sigxlaibits considerably reduced amplitude
variability in comparison to a SISO link and achieve il M z-order diversity. These techniques
include delay diversity [7,8], space-time trellis codigJ{TC) [9,10], and space-time block coding
(STBC) [11,12].

A space-time code is transmitted ovErtime slots and from\/; transmit antennas, and can

generally be represented byax M transmit matrix

11 -+ CiMyp

¢r1 ... CTrMyp
wherec,, is the modulation symbol transmitted at timet = 1,2,..., T, from thewv-th transmit
antenna and’ is the number of time slots for transmitting the code maffixe transmission (code)

rate R. is defined as?/T’, whereP represents the number of different data symbols transinitte



over theT time slots. The number of rowg,, is equal to the total number of time slots necessary
to transmitP symbols.R. is the maximum possible rate of a full-diversity code. Atletime slot
t, thet-th row of C is transmitted from all transmit antennas simultaneoushe v-th column of

C represents the sequence of symbols transmitted from-thantenna.
1.1.1.1 Delay Diversity

Delay diversity, first proposed in [7] for flat-fading chats)eintroduces a deliberate resolvable
multipath dispersion by transmitting the data bearingaligrand its)M — 1 delayed replicas over
M transmit antennas. The delays are unique to each antenrarectiosen to be multiples of
the symbol interval. At the receiver, a maximum likelihoddlL( estimator resolves the artificial
multipath in an optimal manner to obtain diversity orderldf. For T time slots, the number of

columns isM, thus the transmit matrix can be given as

&1 cr ... CT—Mp42
C2 1 CT—Mr+3

Cdelay = . . . ) (1-2)
cr Cr—i CT—Myp+1

where each row represents a signand its)M; delayed versions from/; antennas.
A generalized delay diversity scheme that maximizes therdity gains for frequency-selective
fading channels was reported in [8], and applied to Globat&y for Mobile Communications

(GSM) and Enhanced Data Rates for GSM Evolution (EDGE) if.[13
1.1.1.2 Orthogonal Space-Time Bock Coding

To minimize decoding complexity, STBC has been discovetdd12]. The orthogonal design of
this scheme supports ML detection based only on linear geiicg at the receiver. In this thesis,
emphasis within space-time coding is placed on block ambres which currently dominate the
literature rather than on trellis-based approaches.

STBC based on orthogonal design obtains full diversity gath low decoding complexity,



and therefore is widely used. An OSTB@atrix is composed of linear combinations of con-
stellation symbolg, ¢, . .., cp and their conjugates, and encoding therefore only reqliimear
processing. The most important special case is the Alancodg for two transmit antennas [11].
It is used to achieve space-time transmit diversity (STTHEDY has been adopted in several third-
generation (3G) cellular standards because it maximizessity gain [14, 15].

TheT x My code matrix for OSTBC satisfies

CIC = (XL, [etf?) Tase, (1.3)

for all complex code symbols. For example, the Alamouti code is an OSTBC with 2 transmit

antennas, for which the transmit matrix is

C - ( o Cz) | (L4)
—Cy €
i.e., two symbols; andc, and their conjugates are transmitted over two time slotk JhXhe first
time slot,c; andc, are transmitted from the antenhand2, respectively; during the next symbol
period,—c} is transmitted from the antennaandc; is from the antenna. More general OSTBC

structures are discussed in [12]. For instance, code reatfar ratel /2 and3/4 code using four

antennas are given by
C1 C2 C3 C4

—C9 (&1 —Cy C3
-G & G —C
Cl/2 _ —C4 —C3 C2 &1 (1 5)
- * * * * ) .
Cq Cy Cs Cy
>k >k >k k
>k >k k >k
—CG G G TG
>k >k k k
—C G G =
and
(&1 Co ‘c/i \/2
_CS CT €3 <3
3/4 __ 2
Cc¥t = 3 ¢ —a—cjte—cy  —ce—cita—cy |, (1.6)
\C/g \/g* c + *3_ — * 2 — *
c3 _c3 2+c5+c1—c] _cl+cl+02 [
V2 V2 2 2

1OSTBC stands for orthogonal space-time block-coded ambganal space-time block coding, depending on the
context.



respectively.
Theoretically, the number of antenna elements through hviidependent symbols can be

transmitted in ond” x My code block bounds the achievable order of spatial diversity

1.1.2 Spatial Multiplexing

Instead of maximizing spatial diversity, spatial multixiley uses a layering approach to increase
capacity. Accordingly, M independent symbols are transmitted per symbol period atotlile
transmission rate i8/r. The SM variants include vertical-Bell laboratories laespace-time (V-
BLAST) [16, 17], horizontal BLAST [18], diagonal BLAST [18&nd turbo BLAST [19]. Among
the above spatial multiplexing techniques, V-BLAST [16]the most promising technique due
to its implementation simplicity. V-BLAST architectureassordered serial zero-forcing (ZF) or
minimum mean square error (MMSE) nulling and successiverfietence cancellation (SIC). This

scheme has three main steps to detect received signals:
1. Estimate the channel state information (CSI) at the vecgi

2. Determine the optimal detecting order and the nullingaec The nulling vector is orthogo-
nal to the subspace spanned by the distributions to thevestsignal vector with the weaker

signals and will detect the strongest signal.
3. Detect the received signals based on the optimal ordeBHnd
e ZF or MMSE nulling: ZF or MMSE estimation of the strongeste®ed signal is

obtained via nulling out the weaker signals.

e Detecting: The value of the strongest signal is detectedibyng to the nearest value

in the constellation.

e SIC: The effect of the strongest signal on the other wealgnads to be detected is
removed from the vector of the received signals, after wknethreturn to the second

step and continue the decoding successively.
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Since the data symbols are detected consecutively in spatigical) rather than temporal (hori-
zontal) direction, this approach is called V-BLAST.

In spatial multiplexing, independent data streams aresiréited over multiple antennas to in-
crease the data rate, but full spatial diversity is not addg20]. Since a spatial multiplexing
detector uses some form of inverse channel matrix, a uniglutien for receiver processing is
only possible if the number of receive antennas is greager tr equal to that of independently
transmitted signals. Performance of spatial multiplexdegrades over spatially correlated chan-

nels.

1.1.3 Diversity-Multiplexing Tradeoff

A MIMO system can provide two types of gains: spatial muéiiphg gains and diversity gains.
Spatial multiplexing is usually used to achieve the formeadt 8TBC is used to extract the latter.
Given a MIMO channel, both gains can be simultaneously abthi However, maximizing one
type of gain trends to minimize the other. As discussed if}, [&ere is a fundamental tradeoff
between diversity and spatial multiplexing: higher sgatialtiplexing gain comes at the price of
sacrificing diversity, and vice versa. The diversity-nulkxing tradeoff is essentially the tradeoff
between the system error probability and the data rate. 1@iynepeaking, to achieve high band-
width efficiency, spatial multiplexing is a better choicen e other hand, without coding in the
time or space dimension, spatial multiplexing may have l@gbr rates. Hence, STBC offers a
lower BER.

MIMO opens the space dimension to offer the advantage ofsliyeand thus has been adopted
in various standards and wireless networks, includingdivaad wireless access systems, IRBE11n
WLAN standard [21], and 3G cellular standards. MIMO can dsomplemented in the high-
speed downlink packet access (HSDPA) channel, which istaptire Universal Mobile Telecom-

munications System (UMTS) standard [22].



1.2 OFDM

OFDM usesN orthogonal subcarriers so that a high-rate data streanlitsrgp N lower rate
substreams, which are transmitted in parallel on the sulecar The time duration of an OFDM
symbol is thereforeV times longer than that of a single-carrier symbol. Becabgesymbol
duration increases for the lower rate parallel subcarrities relative amount of time dispersion
caused by multipath delay spread is decreased. The contaping parallel data transmission
and frequency division multiplexing (FDM) with orthogonspbectral overlap was published in
the mid 1960s [23, 24]. Some early development can be traael im 1957, which was for
bandwidth efficient transmission over telephone and higguency (HF) radio channel [25]. The
basic idea was to use parallel data and FDM with overlapputigarriers to avoid the use of
high-speed equalization and to combat impulsive noise amtipath distortion as well as to fully
use the available bandwidth. The initial applications wiarenilitary communications, such as
KINEPLEX [25] and KATHRYN [26] in HF military systems in the9b0s.

For a large number of subcarriers, in order to avoid the wmmeably expensive and complex
sinusoid generators and coherent demodulators, the tideoairier transform (DFT) was imple-
mented in the mid-1960 in military HF radios [26]. Weinstaimd Ebert applied inverse and direct
fast Fourier transform (IFFT/FFT) to simplify the OFDM mddtion and demodulation process
in the early 1970s [27]. IFFT/FFT is needed for a completagytal implementation so that the
bank of subcarrier oscillators and coherent demodulaegsired by the original OFDM pro-
posal [23,24] can be eliminated. Rapid advances in verglacgle integration (VLSI) technology
make high-speed large size FFT chips commercially affdeddb 1985, Cimini first investigated
OFDM for mobile wireless communications [28]. In 1990, Biragn has studied the performance
and complexity of OFDM and concluded that the time for OFDM lcame [29]. In the 1990s,
OFDM has been investigated for voice-band modems such asnasiric digital subcarrier loop
(ADSL), high-bit-rate digital subscriber line (HDSL), andry high-speed digital subscriber line
(VHDSL) [30]. OFDM has also been exploited for wideband datenmunications over mobile
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radio frequency modulation (FM) channels, digital audiodatcasting (DAB) [31], digital video
broadcasting (DVB) [32] and high-definition television () [33].

A broadband wireless system with a very high data rate eneosuitarge delay spread, and
therefore, has to cope with frequency selectivity. OFDMwvarts a frequency-selective channel
into a number of parallel frequency-flat subcarriers. THecatriers have the minimum frequency
separation required to maintain orthogonality of theiresponding time-domain waveforms yet
the signal spectra associated with the different subearoserlap in frequency domain. The avail-
able bandwidth is hence used efficiently. If knowledge of ¢hannel is available at the trans-
mitter, OFDM can allocate the transmitted power on a sulErabasis to match the channel so
that the optimal BER and/or ideal water filling capacity ofraguency-selective channel can be
approached [5]. Therefore, closed-loop OFDM facilitates wtilization of the capacity or BER
performance gains on frequency-selective channels.

OFDM has been exploited for several wireless standardijdmg IEEES02.11a LAN stan-
dard [34] and IEEER02.16a, metropolitan area network (MAN) standard [35]. The IEBE 11a
operates at raw data rate upstbMb/s with a20 MHz channel spacing, thus yielding a bandwidth
efficiency of2.7 b/s/Hz. The actual throughput is highly dependent on theiume@ccess control
(MAC) protocol. IEEER02.16a operates in many modes depending on channel conditiohsawit
data rate ranging form.20 to 22.91 Mb/s in a typical bandwidth o6 MHz, the efficiency is then
0.7 t0 3.82 b/s/Hz [35]. OFDM is also being considered in IEEE.20a, a standard in the making
for maintaining high-bandwidth connections to users mgwahspeeds up to00 km/h. OFDM is
in addition being regarded as a potential candidate for 4Gilmavireless systems [22]. Recent
integration with MIMO techniques promises a significant &taa performance of OFDM. Broad-
band MIMO OFDM systems with bandwidth efficiency on the ordei0 b/s/Hz are potentially
feasible for LAN/MAN environments [5].



1.2.1 OFDM Systems

An OFDM system can be implemented in discrete time domaimguain IDFT as a modulator and
DFT as a demodulator. The transmitted data are the frequaoimyain symbols and the samples
at the output of the IDFT are time-domain samples of the tratbad waveform. LetX [n| denote
an M-ary phase shift keyed (PSK) or QAM symbol on th¢h subcarrier. The length* input
data vector can then be written Xs= [X[0] X[1]... X[N — 1]}T. The OFDM signal may be
expressed as

N-—1
— Z X[k]e?m et 0 <t < T, (1.7)
k=0

wheref, = f, + k Af is thek-th subcarrier frequencyA f is the subcarrier separation. To satisfy
the orthogonal conditionAf 7, = 1 is needed, wherg, is the OFDM symbol period. Without
loss of generality, settingy = 0, f, = Tﬁ is obtained. With sampling rat}ég, then-th sample in

the discrete-time domain is

N—-1 - N—-1

n s 27
=Y X[k N =3 X[kl N, (1.8)
k=0 k=0

which is a form of the IDFT. Consequently, the time-domairDM-symbol can be generated by

taking an IDFT of an input data vector:
x = [2(0) (1) ... 2(N = 1)]" = FyX, (1.9)

whereFy istheN x N IDFT matrix with entriesFy (m,n) = %eﬂ%ﬂmn. The IDFT can be imple-
mented efficiently by the IFFT algorithm, which reduces thienber of computations drastically
by exploiting the regularity of the operations in IDFT. A &igcprefix, which is longer than the
expected maximum excess delay, is customarily inserteeabéginning of each time-domain
OFDM symbol to prevent inter-symbol interference (ISI).

As discussed in [36], the following key advantages make OFddivactive in several wireless
applications. OFDM is an efficient way to cope with multipéding channels. Due to parallel
transmission on different subcarriers, the deleteriofecebdf fading is spread over the entire sym-

bol duration. This weakens the effects of deep fading or isip&inoise, so that only a few signals
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are slightly affected instead of a number of adjacent sgyoainpletely distorted. Further improve-
ment can be obtained with a proper coding and interleavihgree for many practical systems,
especially in a wide-band mobile environment. Spectratiefficy is another important advantage
of OFDM. The spectra of subcarriers are permitted to oveslaile preserving orthogonality. An-
other advantage lies in its easy implementation using thedforithm. For a given delay spread,
the implementation is much simpler than that of a singleieasystem with equalization.
However, there are two major drawbacks in OFDM. One is thd2Kks sensitive to frequency
offset and phase noise, which result in intercarrier ietenice (ICI) and severely degrade system
performance. The other is that OFDM has a relatively largekfie-average power ratio (PAPR),
which reduces the power efficiency of a radio frequency (RRpldier. In this thesis, approaches

will be considered to reduce ICI due to frequency offset oseld-loop MIMO OFDM systems.
1.2.1.1 Impairments Due to Frequency Offset

Frequency offset due to the Doppler shift caused by theivelatotion between the transmitter
and receiver, or movement of other objects around transedestroys the orthogonality between
the OFDM subcarriers. In addition, the oscillator at thesreer may not produce the exactly same
carrier frequency as the transmitter’s oscillator. Themaitch of oscillators also leads to frequency
offset. Consequently, frequency offset exits at an OFDMeinar. Before the subcarriers are
demodulated, the receiver has to estimate and correct therdaequency offset of the received
signal to eliminate the ICI. Otherwise, the system perfaroeawill be dramatically degraded.

In the presence of frequency offset, the FFT output for eaditarier will contain interfer-
ences from all other subcarriers [37,38]. The lack of orthmadity results in ICI, which will be
added to the desired signal and cause an error floor thatisesewvith the Doppler shift [39]. As
determined in [40], the signal-to-noise power ratio (SN&jhdation caused by a frequency offset,
Af,is approximately proportional to the square of the norpealifrequency offset= A f7,. The
performance degradation due to ICI thus becomes signifiwghtincreasing carrier frequency,

block size and vehicle velocity [40]. The maximum normaliZeequency offset should be around
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1% if an SNR degradation is required to be less than 0.1 dB [46}.example, for WLAN sys-
tems [34], with 5 GHz carrier frequency af#l2.5 kHz subcarrier spacing, the oscillator accuracy

needs to be-3 kHz or 0.6 ppm; otherwise the SNR degradation is not tolerable.

1.2.2 MIMO OFDM

vi 1<
— o OFDM | | | | OFDM
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~ 2 E\uQ’U 2~
M-PSK/QAM
M-PSK/QAM MIMO OFDM . OFDM MIMO |, De—ma;?per -
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Figure 1.1: Block diagram of a MIMO OFDM link.

As the transmitted data rate (and the transmitted signats ichte) increases, the MIMO chan-
nel can become frequency-selective. OFDM transforms aiéecy-selective MIMO channel into
a set of parallel frequency-flat MIMO channels, and decredle complexity of the receiver
structure. A combination of OFDM and MIMO is hence attragetior broadband wireless access
schemes [5, 6].

The structure of a MIMO OFDM link is shown in Fig. 1.1. At theatrsmitter, the source
bitstream is mapped to a modulation constellation by a sigrag@per, and processed by a MIMO
encoder. Each of the parallel output symbol streams casreBpg to a certain transmit antenna
undergoes the same transmission processing by an OFDM atodiirst, the frequency-domain
symbol sequence is mapped by IFFT to a time-domain OFDM sysdzpuence. A cyclic prefix
is then customarily inserted to prevent ISI. Finally, théedaame is converted to an RF signal for

transmission. At the receiver, the cyclic prefix is first reqaw from the received symbol stream
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at the output of the RF front end, and the remaining OFDM syinsbinen demodulated by FFT.
A single-tap equalizer per antenna is usually used to cosgierfor distortion caused by the
transmission channel.

The two space-time signal processing techniques, spatiatsity coding and spatial multi-
plexing, can be extended to MIMO OFDM. Let us consider, asxamgple, an Alamouti-coded
OFDM system with2 transmit antennas. Note that implementation of the Alamsxiieme re-
quires that the channel remains constant over at least tweecative symbol periods. Consider
the space-frequency coding: two data symhglandc, to be transmitted over two consecutive
OFDM subcarrierg: andk + 1. Through an Alamouti encoder, symhglandc, are transmitted
over antenna 1 and 2, respectively, on subcafrjavhereas—c; andc; are transmitted over an-
tenna 1 and 2, on subcarrie# 1, in the same OFDM symbol. The receiver detects the transahitt
symbols from the signal received on the two subcarriersguie Alamouti combining scheme
as discussed in [11]. The Alamouti scheme achieves trardivatsity of order 2 and the same
diversity combining gain as maximum ratio combining (MRThe technique can be generalized
to systems with more than 2 transmit antennas using OSTBChie\g full diversity gain.

Analogous to spatial multiplexing for frequency-flat fagliMIMO channels with single-carrier
systems, the objective of spatial multiplexing in conjumectwith MIMO OFDM is to maximize
the data rate by transmitting independent data streamddiffenent antennas. Thus, spatial mul-
tiplexing in MIMO OFDM reduces to spatial multiplexing oveach subcarrier with the choice of
receiver architectures being identical to that for freaquyeftat fading MIMO channels with single-
carrier systems.

MIMO OFDM is also sensitive to frequency offset. Over the, v}-th channel, frequency
offsete, , may exist. In multiuser OFDM, different users will have dist values of frequency
offsets. In the most general case, each transmit-receteaaa pair may have a different frequency

offset, i.e., the maximum possible number of frequencgeifalues is\/z x M.
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1.2.3 Multiuser OFDM

OFDM systems are likely deployed in environments where theelstation (BS) communicates
with many users simultaneously. For a multiuser systemetaee two cases: the uplink, where a
group of users transmits data to the same BS, and the downlivdre the BS attempts to transmit
signals to multiple users. Since there is no coordinatioaragithe users, different problems arise
for the uplink and downlink channels.

In the uplink case, the challenge is for the BS to separatsigmals transmitted by the users,
using array processing or multiuser detection (MUD). Sitimeusers are not able to coordinate
with each other, the transmitted signals are hard to opéimiizfeedback is allowed from the BS
back to the users, some joint process may be possible, batyireguire that each user knows all
other users’ channels in addition to its own. Otherwisectialenge in the uplink is mainly in the
processing done by the BS to separate all the users.

In the downlink case, since the BS simultaneously transtmigésgroup of users, there is mul-
tiuser interference (MUI) among the users. Using MUD teghes, a given user may overcome
the MUI, but such techniques are often too costly to use atdbeiver. To achieve complete pro-
cessing at the receiver, degree of freedom is requiredth&number of receive antenna of each
user must be equal to or greater than the number of intesteféis may not be practical for many
application cases. Alternatively, the MUI can be mitigabgdntelligently designing the transmit-
ted signals whenl; > Mgy. If CSl is available at the BS, it is aware of where interfeeins
being created for the given user by the signal transmittesthier users. The MUI can therefore
be suppressed by transmitter precoding at the BS. The excatiucture is then simplified from
a multiuser receiver. Moreover, correlated fading modetsnultiple antennas and closed-loop
solutions for the same have been considered recently in 8@nfg arising when operators are
constrained by considerations of space from placing aatnlose to each other at the BS.

Multiuser OFDM is sensitive to frequency offsets, whichdea ICl and MUI. ICI and MUI

suppression schemes will be proposed for multiuser MIMO ®IFIDwnlink in Chapter 4 and 5.

13



1.2.4 OFDM Access

Orthogonal frequency-division multiple access (OFDMAgpanbination of OFDM and frequency-
division multiple access (FDMA), inherits OFDM'’s attraatifeatures [41]. This broadband wire-
less access technology allows an efficient layer for matiper wireless applications. It allows
different users to share one OFDM symbol such that sepgrdifferent users using subcarrier
orthogonality can avoid the MUI in a cell. Multiple subcans can be assigned per user to sup-
port high data rate applications. OFDMA systems can aleopatver and data rate adaptively and
optimally among the subcarriers to achieve high throughpigo, compared with single-carrier
multiple-access systems, OFDMA offers increased robgstteelSI and narrowband interference,
allows straightforward dynamic channel assignment, amgkiies channel equalization at the re-
ceiver by performing one-tap equalization. MIMO OFDMA hash found to be capable of pro-
viding further system capacity gain by exploiting multiudeersity in both the frequency domain
and the space domain [42]. It thus becomse a strong candaabeoadband multiuser wireless
communication systems, and have been considered for eeergtion wireless systems such as
broadband wireless multiple-access systems in the IEEELBAMAN standard [35], which spec-
ifies the air interface for fixed broadband wireless accesterys supporting multimedia services.
OFDMA is also adopted in the Mobile WIMAX Air Interface [43pf improved multi-path per-
formance in non-line-of-sight environments. Mobile WIMAX a broadband wireless solution
that enables convergence of mobile and fixed broadband netwlrough a common wide area
broadband radio access technology and flexible networktacture.

In the 802.16a standard, the FFT space of OFDMA is dividemlsnbchannels. They are used
in downlink for separating the data into logical streamsoSéstreams employ different modula-
tion, coding, and amplitude to address subscribers witereift channel characteristics. In uplink
the subchannels are used for multiple access. The subscaitgeassigned on subchannels through
Media Access Protocol (MAP) messages sent on the downlin&.stibchannel is a subset of sub-

carriers out of the total set of available subcarriers. lkheotto mitigate the frequency selective
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fading, the subcarriers of one subchannel are spread dhenghtannel spectrum. In essence the
principle of OFDMA consists of different users sharing tipéink FFT space, while each transmits
over one or more subchannels. The division in subchannalfisn of FDMA. A low uplink data
rate is consistent with the traffic asymmetry where the steeiom each subscriber add up in a
multipoint-to-point regime, while in downlink all the sut@nnels are transmitted together. So the
OFDMA allows for fine granulation of bandwidth allocatiomgrsistent with the needs of most
subscribers, while high consumers of uplink bandwidth diccated more than one subchannel.
The subchannels in an OFDMA system are orthogonal, reguiltizero same-cell interference:
the interference comes only from other cells. A variety ofling and modulation schemes are
allocated selectively to each subscriber, in both upstraachdownstream. There are trade-offs
between throughput and robustness. The coding and manlulsthemes provide efficient uti-
lization of the spectrum, with subscribers in difficult gasns taking robust schemes with low
throughput. Those in better positions employ higher thhpug schemes and are able to transmit
the same amount of data in shorter allocations. The assiginohgarious modulation and coding
schemes to subchannels can be used to optimize cell cagamityrban and suburban propagation

environments an OFDMA system can achi@év& bit/s/Hz to1.84 bit/s/Hz [43].

1.3 Closed-Loop Techniques

Closed-loop techniques aim to optimize SISO or MIMO systeisiag the CSI at the transmit-
ter (CSIT). Closed-loop MIMO techniques can better exppitial diversity, help customize the
transmitted waveforms to provide higher link capacity ameotghput, improve system capacity
by sharing the spatial channel with multiple users simdtarsly, simplify multiuser receivers
through interference avoidance, and enable channel-asghszluling for multiple users [44]. Im-
portantly, when CSI is available at the transmitter, it isieato obtain the benefits of MIMO,
while reducing the complexity of MIMO reception. Closedndiversity techniques, switched

transmit diversity (STD) and transmit adaptive array (TXABave been used in the 3G standards,
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including wideband code-division multiple access (WCDNald cdma2000 [3, 4].

The availability of CSIT is a primary requirement for closedp systems. This information
can be estimated at the transmitter when a time-divisiotedu@ DD) mode is employed, when
the forward and reverse links are approximately reciprogdiernatively, in frequency-division
duplex (FDD) systems, i.e., when the forward and reverdeslare independent, the CSI can be
estimated at the receiver and sent back to the transmitiex féedback link. Closed-loop systems
overcome the disadvantage of open-loop systems, whereShis Got available at the transmitter
but only known at the receiver, such that open-loop teclesdqre one-size-fits-all approaches to
achieve transmit diversity or capacity for all users. If@ede instantaneous feedback is available,
closed-loop systems may offer a considerable performaaiceoyger their open-loop counterparts.
Closed-loop techniques, such as transmitter precodingpeadesired to react to the current or
average channel conditions, and significantly improveesystapacity or BER performance.

In closed-loop MIMO OFDM, if complete CSI, including bothetlirequency offset and chan-
nel response, is available at the transmitter, precodipgssible on frequency-selective channels
to pre-process signals at the subcarrier level, and famghtthe utilization of the capacity or per-
formance gain. Feedback requirements increase as the nwinibansmit and receive antennas,
delay spread and the number of users grow, while the feedizaacity is usually limited. Imper-
fect feedback additionally results in CSI transmitter maseh, i.e., the CSI which is available at
the transmitter differs from the actual CSl at the time ofisrission, which significantly degrades
the system BER due to residual interference. Consequeadygction of feedback requirements is
an essential issue for precoding design in closed-loop MIVEDM systems.

It has been shown that additional performance can be eattdicim multiple antennas in the
presence of CSIT through, e.g., waterfilling [45]. It shobkl noted that although waterfilling
may be optimal from an information theoretic point of vietisi not necessarily the best scheme
using CSIT in practice [1]. This is because the performariaea-world MIMO links are sen-

sitive to BER performance rather than mutual informationfgrenance. Schemes that exploit
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CSIT to directly minimize BER-related metrics are thereforf interest, examples of which are
found in [46-52]. In this thesis, the objective is to desigmsmitter precoding that could mitigate
interference and save feedback capacity in closed-loopNDBRer uncorrelated and spatially-
correlated MIMO channels. Linear precoding and non-linBamlinson-Harashima precoding
(THP) are considered. The proposed precoders are expedeste¢ good performance, relatively
low complexity and low feedback requirements, which arallis features for interference miti-

gation schemes in closed-loop MIMO OFDM systems.

1.4 Organization and Contributions

In this thesis, several precoding schemes with only pa@&lIT are proposed for ICI reduction in
closed-loop MIMO OFDM systems. Precoders are also devdlapeeduce BER for OFDM over
spatially correlated MIMO channels. The rest of the thesmrganized as follows.

Chapter 2 reviews pre-processing and post-equalizatioenses, and compares their perfor-
mance. It shows advantages of non-linear THP over linearopliag and successive interference
cancellation (SIC) for MIMO transmission. The concept aratnix design of THP in MIMO sys-
tems are introduced. It is clarified that the non-linear THgoder offers a significant BER gain
over its linear counterpart and the SIC scheme, which is us@eBLAST.

In Chapter 3, a TH precoder for closed-loop MIMO OFDM systeithvrequency offsets is
introduced when only partial CSI (no knowledge of frequenffgets) is available at the trans-
mitter. Firstly it is shown that the ICI coefficient matrix approximately unitary. An immediate
consequence is that the proposed precoder at the transdu#s not need to know the frequency
offset. This avoids feedback in a TDD system, where frequefisets may not be readily esti-
mated at the transmitter. In FDD systems, this leads to gawi feedback capacity since a sys-
tem with M transmit and\/ receive antennas may havér x My different frequency offsets.
Frequency-offset mismatch due to imperfect feedback s al®ided. The proposed precoded

OFDM significantly suppresses the BER degradation due tpuéecy offsets. Furthermore, for
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spatially-correlated MIMO channels, proposed THP perfomith negligible BER-performance
loss.

Chapter 4 presents a novel two-stage technique for ICI and $dippression in closed-loop
multiuser spatially-multiplexed (SM) OFDM downlink. Thedi stage applies non-linear THP at
the BS transmitter to mitigate the MUI and the second staga@ra an iterative MMSE equalizer
at each user’s receiver to suppress the ICI due to the freguaffset. The spatial channel gain
matrix H is available at the BS in a typical closed-loop system. Stheeprecoder only needs
H at the BS, the feedback load is reduced. The MMSE equalizeact user’s receiver has low
complexity due to the unitary property of the ICI matrix. Gaaheme significantly reduces the
BER increase due to frequency offsets. When the feedbaklksliperfect, the proposed technique
almost completely cancels the ICI and MUI, and experienbessame BER as in the case when
only full-CSI (channel gains and frequency offset) preagdis used at the BS. Hence, sending
frequency offset information to the BS does not offer addiéil BER improvement. When the
feedback is inaccurate, our technique outperforms theafdsé-CSI feedback since it avoids the
possible frequency-offset mismatch.

In Chapter 5, both linear precoding and non-linear limiteedback THP (LFB-THP) are de-
veloped for closed-loop multiuser MIMO OFDM systems witkeduency offsets. SM MIMO
OFDM with a linear receiver and OSTBC MIMO OFDM with an ML reeer are considered. Fre-
guency offsets are shown to have no impact on precoding, ancelprecoding on per-subcarrier
basis is possible. Exploiting this property, the codeboegigh criterion previously used for flat-
fading MIMO systems [53-56] is generalized to OFDM systenith fvequency offsets. A pre-
designed codebook of precoding matrices, available at thatiransmitter and the receiver, is
proposed. The receiver selects optimal matrices at theasticlevel according to a certain cri-
terion and sends only their indexes to the transmitter. HKpdict values of CSI are hence not
needed at the transmitter. Three precoding matrix selectiteria are analyzed. To further reduce

the number of feedback bits, grouping with interpolationesoes is also introduced. In our pre-
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coders, the feedback load is reduced to only a limited nurabkits, which reduces feedback bit
rate, and the non-linear property reduces power efficieogy inherent in linear precoding, which
makes non-linear precoding outperform linear precodingr @ecoders also display significant
BER improvement for OFDM with frequency offsets over sptieorrelated MIMO channels.

Chapter 6 considers covariance-based linear and norn-jmeeaoding for MIMO OFDM sys-
tems. The main objective is to design precoders to mitigegarhpact of transmit-antenna and
path correlations. First, the impact of path correlationgtee pairwise error probability (PEP) is
analyzed, and closed-form, waterfilling-based linear amtimear precoders are derived to min-
imize the worst-case PEP in OSTBC OFDM. Second, an adaptwsrission strategy is also
developed for switching between precoded SM OFDM and pret@STBC OFDM. The system
is designed to achieve a low BER with a target fixed transimissate. The switching criterion is
the minimum Euclidean distance of the received codebookowet complexity switching crite-
rion is also developed. The switching decision sent to #esimitter requires one feedback bit per
subcarrier. To reduce the number of feedback bits, the bimgadecision can be made for groups
of neighboring subcarriers. The proposed precoders cerahty reduce the error rate in antenna
and path-correlated channels. The adaptive strategydoitpes either SM or OSTBC individually
in terms of the BER.

In Chapter 7, precoding is investigated to effectively eXpmean and covariance feedback
for error-rate improvement in OSTBC OFDM downlink. A gerlesgstem model is considered
in which the receiver imperfectly estimates CSI and sendsrhccurate estimates back to the
BS via a feedback channel which introduces delay. The condit mean and covariance of the
channel matrix are derived. Mean-feedback precoding ipgeed to achieve the maximum pos-
sible SNR in the general OSTBC OFDM system model. Our prexpthkes into account the
estimation errors and channel time variations over feddibatay and offers the optimal power
allocation. The long-term channel statistics, includihg tiariance of the estimation error and

feedback delay, are assumed to be available at the trapsnftt adaptive dual-mode precoding
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which switches between new mean-feedback precoding aratiaoce precoding is developed.
Our adaptive precoding significantly reduces the requiggzicity of the feedback link since only
covariance feedback is used when the channel conditiormsreesevere, and individually outper-
forms either mean-feedback or covariance precoding.

Chapter 8 concludes this thesis by summarizing the majatribations and suggesting the

future work.
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Chapter 2

Transmitter Precoding for Closed-Loop
MIMO Systems

This chapter reviews transmitter pre-processing schemi8MO channels. It shows advantages
of non-linear THP over linear precoding and successivefgtence cancellation (SIC) for MIMO

transmission. The concept and matrix design of THP in MIMGtems are introduced. Simu-
lation results clarify that the non-linear TH precoder oéfa significant BER gain over its linear

counterpart and the SIC scheme, which is used in V-BLAST.

2.1 Introduction

In an M x My MIMO system, different data streams are transmitted siamglously from the
My transmit antennas to th&/; receive antennas. The general system model can be described
by the basic relatioy = Hx + w (2.1). The transmitted data vectorcomprises the transmitted
symbols of M parallel data streams. These streams can be formed bygharafi of a high-
rate data signal, or they can belong to different and indeégenusers. The parallel transmission
of independent streams ensures a high data rate, but re@sdévere inter-stream (inter-layer)
interference at each receive antenna.

The main challenge in MIMO detection is the separation ofl#lyered data streams. To re-
cover the components of the transmitted data vectwhich interfere at the receiver, interference

cancellation algorithms at the receiver or precoding atttaesmitter need to be applied. The
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simplest strategy for separating the data streams is lidEachemes at the receiver, where the
decision vector is generated ky= H'y, wheref stands for Moore-Penrose pseudo-inverse op-
eration. Both ZF and MMSE linear layer separation schemtsrduom noise enhancement and
hence have poor BER performance. This disadvantage carebeoowe by SIC or V-BLAST [16].
V-BLAST is a non-linear approach, but error propagation regur.

The above methods are signal detection algorithms, whied @S| only at the receiver. Most
practical systems will require some CSI available at thegmaitter, in addition to the usual as-
sumption of CSI known at the receiver. It is necessary sinaetigal MIMO channels show highly
varying transmission characteristics, which have to bewaated for in order to reach acceptable
average performance. Complete CSIT enables the receivadalbe separated by means of pre-
processing at the transmitter, which reduces the comgleXiMIMO receivers. With perfect
CSIT, interference at the receiver can be completely adoiyea multiplication of the data vector
A with the right (pseudo) inversH' of the channel matrix at the transmitter under the ZF cri-
terion. Instead of transmitting the original data symbAlsthe pre-distorted symbois = HfA
are transmitted through the channel. However, linear mleagoincreases the transmit power such
that it has the same loss in power efficiency as the linearagpa scheme at the receiver. An-
other popular method for channel pre-processing in MIMCGeays is to use the singular value
decomposition (SVD) of the channel matikas in (2.3). Since the SVD-based precoding matrix
is unitary, transmit power increase is avoided. However,gbrformance of SVD-based precod-
ing is mainly determined by the smallest singular value ef¢hannel. It thus approaches linear
precoding at high SNR.

If CSl is available at the transmitter, the SIC at the reaecan be moved to the transmit-
ter, leading to a TH precoder [57—-61]. It is a transmittesdzhpre-processing technique, which
was originally proposed for temporal equalization of disp& channels [57-59], and has been ex-
tended to flat-fading MIMO systems in [60,61] to combat theiiference between different spatial

transmission layers. Generally, each pre-processingegirat the transmitter has its counterpart
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of signal detection algorithm at the receiver [62]. Norekn THP avoids the error propagation
typical of DFE or SIC (its signal-detection counterparisge the feedback filter is shifted to the
transmitter, and eliminates the transmit power increassénenhancement) typical of linear pre-
coding (its linear counterpart). This chapter studiesdirand non-linear precoders, which require
CSIT and reduce complexity of the receiver. The SIC sign&a®n algorithm is also investi-
gated for performance comparison. THP is shown to outp@rfts linear precoding counterpart,
SVD-based precoding and its signal-detection countefiart

The remainder of this chapter is organized as follows. 8e@i2 describes a general MIMO
system model. Linear precoding schemes and V-BLAST are bhniefly reviewed. Section 2.3
introduces the background and basic concept of TH precaddrgives the matrix design of the
THP with the ZF criterion. The simulation results are pr@ddn Section 2.4 to illustrate the

advantages of TH precoder. Section 2.5 concludes this ehapt

2.2 Layer Separation in MIMO Channels

This section first gives a general flat-fading MIMO system elott then briefly introduces linear
ZF/IMMSE precoding, SVD-based precoding and V-BLAST teghes. Different scheme requires
different system configurations. Degree of freedom is neééd@erform the inverse format of the
channel matrix. Generally speaking, complete transmgterprocessing needs the number of
transmit antennas is equal to or greater than the numberereive antennas/r > Mpg. Post-
processing schemes requivg; > M.

The general model of transmission over a Rayleigh flat-iadiMO channel can be consid-
ered as

y =Hx+w, (2.1)

wherex = [xl xMT}T is the vector of the transmitted symbols;, v = 1, ..., My is the
symbol sent by the-th antenna. Thé/z x M+ H = [hw} denotes the channel matrix of complex

channel gains. The-th additive white Gaussian noise (AWGN) sample in ffig-dimensional
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vectorw has zero mean and variangg, andy = [yl o yMR]T is the complex-valued vector of
received signals. The data symbols transmitted in paigérience inter-layer interference at the
receiver. This interference caused by the MIMO channel bd®teliminated, i.e., an end-to-end

transfer matrixd,,,. is desired such that/; parallel, independent channels are generated.

2.2.1 Linear Precoding

For simplicity, linear precoding considers the number ahmit antennas is equal to or greater
than the number o of receive antennas, iMd; > Mpz. When complete CSI is available at the
transmitter, anV/; x Mpg linear transformation matrix. can be used to pre-process transmitted
symbols so thak = LA instead ofA is transmitted. With the ZF criterion, the end-to-end
transfer matrix needs to @dL,- = I, such thafL,: = H'. The inter-layer interference is thus
eliminated. However, the channel inveldé may increase the average transmit power, which will
vary from symbol to symbol. In practical implementationg verage transmit power should be
constant and large fluctuations are undesirable. Moreibtiee, channel transfer function has zeros
outside the unit circle, the pseudo inverse of the channdiixnaill be unbounded. To alleviate
these problems, one can design a linear precoder subjegawer constraint. Under the average

transmit power constrairif; and the MMSE criterion, the precoding structure is

L =4+/—H" (HH —Ryw , 2.2
MMSE M ( + B, (2.2)

whereR.,,,, = E [WWH} . MMSE precoding outperforms ZF precoding at low SNR and epgines

the latter at high SNR due to noise enhancement.

2.2.2 Singular Value Decomposition
Given the channel matrii at both the transmitter and the receiver, an SVIMojenerates
H =UIV¥«, (2.3)

whereU is Mg x My andU#U =1,,.; V is anMy x My unitary matrix.T" is the singular value

matrix of H; it is an M x My diagonal matrix with real, non-negative entrigsn =1, ..., My,
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in descending ordey; > v, > --- > vy, > 0. The SVD-based transmission scheme is to apply
V as the transmitter precoding matrix abid’ at the receiver such that/; independent parallel
channels are generated. Sindeand V are unitary matrices, in contrast to linear precoding,
the noise enhancement is avoided. SVD-based precodindesnahterfilling power allocation,
which increases capacity of the MIMO link. However, SVD-&dgrecoding may suffer from
highly unequal distribution of the singular values. The st@hannel (the smallest singular value)
dominates the error rate. Therefore, at high SNR the pedoom of the SVD-based scheme

approaches that of linear precoding.

2.2.3 V-BLAST

The noise enhancement of linear precoding can be overcorveBWAST, which involves suc-
cessive cancellation of inter-layer interference. V-BUIAS the most popular spatial multiplexing
technique, the details of which have been described in @hapfThe architecture uses an ordered
serial ZF or MMSE nulling and SIC scheme [16]. V-BLAST needsfpct CSI only at the receiver,
andMpr > Myp. Since there is no precoding at the transmitter, the chasymebolsz, are equal
to the data carrying symbols, i.e:, = a,, v = 1,..., M’'. The key idea in V-BLAST is layer
peeling where the individual data streams are successikgded and stripped away layer by
layer. Under the ZF or MMSE criterion, V-BLAST finds optimaider of processing the receive
signals such that the most reliable decisions are takeillyito reduce the probability of error
propagation. It thus selects the stream with highest sitmaiterference-plus-noise power ratio
(SINR) at each decoding stage. Upon detection of the chogabd, its contribution from the
received signal vector is subtracted and the procedureésated until all the symbols are detected.
In the absence of error propagation V-BLAST converts the [@Ibhannel into a set of parallel
SISO channels with increasing diversity order at each sstee stage. However, in practice,
error propagation may be encountered. One possible soliticome close to the performance of

an error-free SIC is to move the feedback filter of SIC to tlam$mitter, which leads to the TH
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precoder.

2.3 Tomlinson-Harashima Precoding

THP was invented independently by Tomlinson [57], and Hairaa and Miyakawa [58] for equal-
ization of dispersive SISO channels. It is a very efficieratsigy to remove ISI in single-carrier
systems. It enables the application of coded modulatiorsieeanless fashion and is able to come
close to the channel capacity of the underlying channel. [Zjatial separation in MIMO sys-
tems is tightly related to temporal equalization for SIS@hamission over ISI channels. The TH
precoder is then extended to MIMO channels to combat thefemence between different spatial
transmission layers [60, 61]. This section first briefly esvs the THP structure and matrix calcu-
lation, and then describes the concepts of THP. For conmeeief signal detectiomy/p > My

and the zero-forcing criterion is assumed.

2.3.1 THP Structure and Matrix Calculation

‘4————— Tansmitter — — — — —»

\ \
\ \ \
\ \ W } A \
| CH X | v ax |
M-QAM > _ > ‘ M-QAM |
Mapper A MOD o H PD MOD Demapper
q
1 B-l |=

Figure 2.1: The block diagram of THP in MIMO links.

The structure of the TH precoder is shown in Fig. 2.1. Thedsmatter includes a modulo
arithmetic device and ai/ x My feedback filtelB — I, and the receiver consists of &y, x My
scaling matrixP, an My x My feedforward filteD, and a modulo arithmetic device. As discussed
in [61], the feedback matrix must be strictly upper triaragub allow data precoding in a recursive

fashion.

26



To explain the rationale behind the THP transmit structure temporarily neglect the non-
linear operator in Fig. 2.1. The precoded symbols are raalyscomputed from the feedback

structure as follows:
My

vy =ax — Y _(B(k,i) — D). (2.4)
i=k
Eq. (2.4) can be re-written in a matrix format as

x = B7la, (2.5)

where theM; x My feedback filteB needs to be unit diagonal so that the average transmit power
is constant. For the ZF criterion, the cascad®®HB ! must be an identical matrix such that
the interfering parallel channels are transformed intoimb@rfering ones. Therefore, the feedback

matrix and feedforward matrix need to satisfy
H = (PD)'B. (2.6)

Therefore, the calculation of the filters in THP can be cosi®d as performing a QR decom-
position of the channel matrix:

H=DAT, (2.7)

whereT = [T(u, v)} isanMy x My upper triangular matrix an) is an My x Mz matrix and
DD# =1,,,. The matrice® andB can be obtained by:

B =PT;
(2.8)
P =diag[7T'(1,1) ... T-"(My, My)]
The scaling matri3P is to keep the average transmit power constant. IDP&’ = I, andP is
a diagonal matrix, no matrix inversion is needed. The remestructure is thus simplified. At the

receiver, the cascade of the matrix is
PDHB ! = PDDATT'P ! =1. (2.9)

The inter-layer interference are therefore eliminatec flitered noise then has the variance matrix

R = P?02. Discarding the congruent signals, the data symtpbse corrupted by an additive
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noise asy;, = a; + wj,, wherewy, is thek-th entry of filtered noise vectox’. The extension from

ZF to MMSE design is straightforward. The general case isudised in [61].

2.3.2 Basic Concepts

By passing through the feedback structure, the transnsitatolsz; are successively calculated

for the data symbols; drawn from the initiald/-ary QAM square signal constellation
A= {a| + a0 | @, ag € +1,43,..., (VM — 1)}. (2.10)

Inspection of (2.4) reveals that the dynamic range of theqated sequence dependsBrand
may become large in the presence of deep fades. To overcamattit power boosting, THP
adopts a non-linear modulbyM device, which acts independently over the real and imaginar
parts of its input. The modulo operation generates a unigeeoging sequencg,, ¢ € Q =
{2\/M(q| +ij)}, wheregq, go € I andI is the set of integers. From the sét= {a + ¢la €

A, q € Q}, the effective data symbols, + ¢, instead of data symbols;, are passed into the
modulo arithmetic feedback structure. Mathematicallieger multiples o+/M are added to the

real and imaginary part af,. The transmitted symbols after the mod@lg-\/ operation can be

written as
My Mrp
2 = MOD, /3, {ak ~Y Bk, z)x} =ap+q— Y B(k,i)z;. (2.11)
i=k i=k

The modulo device periodically limits the expansion duéditiversion oB to a set7. From
J the current effective data symbol is selected, which min@sithe magnitude of the correspond-
ing transmitted channel symbo}. The real and imaginary parts ¢f are chosen symbol-by-
symbol by the memoryless moduia/M operation, such that the transmitted channel symbols
R{x.} € (—\/M, \/M] andS{x,} € (—\/M, \/M} Hence, the transmitted channel symbols
xy are restricted in the boundary region df resulting in a transmit signal with smaller power.
At the receiver, a slicer produces estimaigst ¢, of the effective data symbols, from which the

unique estimated data symbols are generated by the samémupamation.
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The extension to a non-square constellation is straightfad if the boundary regiomd is
rotated by45°. For M-ary QAM, whenlog, (M) is odd, the length of a side of is 2¢/M andg,
comes fromy/2M OI, whereO = ( i _11 ) is the rotation operator.

THP generates a nearly independent and identically digé&ib(i.i.d) transmit sequencs,,
uniformly distributed over the initial signal constellati.A. The approximation of i.i.d transmit
sequence becomes accuratelagjoes to infinity. The average transmit power of THP is thus by
E[|zx|?] = 2M/3 for the M-ary square constellation [61]. For ari-ary constellation the average
power E||a;|?] = 2(M — 1)/3; the precoding loss can thus be obtained by

CEllm?] M
9= Elal = =T (2.12)

As M increases, the precoding loss becomes negligible. Morgoyean be assumed mutually

uncorrelated with varianc&; = E ||z,

2], Vk. In MIMO systems, each symbol interval is pro-
cessed separately. The precoding loss of spatial THP isrltvea (2.12) because the channel
symbols take on more discrete levels when going from compon€eto x,,. [61].

The non-linear property of THP eliminates transmit power@ase in linear precoding or, in
the case of spectral zero, linear precoding even does nst. eki addition, THP avoids error
propagation, the main shortcoming of V-BLAST, since thelfesck filter is moved to transmitter.

Consequently, THP can provide better performance thaaidipeecoding and V-BLAST.

2.4 Simulation Results

Fig. 2.2 compares BERs of linear precoding, SVD-based pliagp V-BLAST (SIC) and THP.
The ZF criterion is used. A x 4 16-QAM MIMO system is considered. The fading gains are i.i.d
Gaussian random variables with unit variance. The4 channel matrix is assumed to change
independently from symbol to symbol, and the receive argsane already sorted in optimal order.
Obviously, THP can achieve considerable performance gaigsits linear precoding counterparts
and the SVD-based scheme. SVD-based precoding outperforeas precoding at a low SNR

region since it avoids noise enhancement, however, it @gpes linear precoding for high SNRs
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because the BER of linear precoding is also dominated byntladlesst singular value of the channel
matrix. Since THP can avoid the error propagation, it hagarcidvantage over SIC. Hence, like
in SISO transmission, the same advantages of THP over éariprecoding counterparts and SIC

(DFE for a SISO link) are achievable.
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Figure 2.2: BERs for THP, SIC, SVD-based precoding and fipeacoding with the ZF criterion
ina4 x 4 16-QAM system.
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2.5 Summary

This chapter has introduced linear pre-equalization selseand SIC, which is used in V-BLAST

technique. The basic concept of a non-linear TH precodernlsasbeen reviewed and the appli-
cation of THP to the transmission over multiple-antennamamication links has been described.
TH precoder outperforms the linear pre-equalization saseand V-BLAST because it avoids

noise enhancement and error propagation.
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Chapter 3

|ICI Reduction for Closed-Loop MIMO
OFDM

As discussed in Chapter 1, MIMO OFDM is sensitive to freqyeoitset. ICI reduction schemes
thus need to be applied. In a typical closed-loop systenghihanel gains can be readily obtained
at the transmitter, while the frequency offset may not bea IFDD system, the frequency offset
may be difficult to be estimated at the transmitter. In an FBtem, the frequency offset has
to be estimated at the receiver and fed back to the transmitterefore, a conventional closed-
loop scheme may not be used for ICI suppression since theletan@SI, including both channel
gains and frequency offsets, is needed at the transmittes.f@edback link is needed to convey
the frequency offset in a TDD mode and the complete CSI in FRfesns. This chapter thus
investigates the possibility to use precoding for ICI natign in closed-loop MIMO OFDM when
only partial CSI (no knowledge of frequency offsets) is &lale at the transmitter.

We first show that the ICI coefficient matrix is approximatalyitary. An immediate conse-
guence is that the proposed precoder at the transmittemdd@eed to know the frequency offset.
This avoids feedback in a TDD system. In FDD systems, thiddéa significant savings of feed-
back capacity since a system willi; transmit andMy receive antennas may hawé, x Mg
different frequency offsets. Frequency-offset mismateé th imperfect feedback is also avoided.
The proposed precoder includes two parts: the feedback diitene transmitter and the feedfor-

ward filter at the receiver. It takes advantage of the prgpefrthe ICI matrix and the receiver
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structure is effectively designed for ICI reduction. Thegented precoded MIMO OFDM system
significantly suppresses the impact due to frequency asff$airthermore, for spatially-correlated
MIMO channels, proposed THP performs with negligible BE€&fprmance loss.

Previous work on ICI reduction has focused on open-loop SI8@OMIMO OFDM. For SISO
systems, an optimum time-domain Nyquist windowing functias been derived in [63], which
mitigates the joint effect of AWGN and ICI. Selected mappargl partial transmit sequence ap-
proaches have been developed in [64] to reduce ICI. In [65]3EMeceivers based on a finite
power series expansion for the time-varying frequencyarse have been proposed. A two-stage
ICI-suppressing equalizer is presented in [66], which igsg@ linear preprocessing at the transmit-
ter and an iterative MMSE estimation at the receiver. Saifeellation schemes involving mapping
of each input symbol to a group of subcarriers have beentigeatsd in [67,68], at the price of
halving the bandwidth efficiency. For open-loop MIMO OFDMbank of time-domain ICI can-
cellation filters is proposed to maximize ratio of signalmgiyeto ICI-plus-noise energy [69].

The remainder of this chapter is organized as follows. 8e@il describes a MIMO OFDM
system model in the presence of frequency offsets. In Se&i, the ICI coefficient matrix is
proven to be unitary and a TH precoder is proposed based spribperty. Two cases of channel
mismatch are analyzed. Section 3.3 analyzes the proposé&difidpatial correlated channels.
Simulation results in Section 3.4 show how the proposed Tétqguter reduces ICI. Section 3.5

concludes this section.

3.1 System Model

This section will introduce the MIMO OFDM system model witledjuency offsets. This model
can also be simplified to SISO OFDM systems.

Consider an OFDM system witl/ transmit antennas andy receive antennas (Fig. 1.1). Let
X,[n| denote anV/-ary QAM symbol on the:-th subcarrier sent by theth transmit antenna. The

length-N input data vector can then be writtenXs = [X,[0] X,[1] ... X,[N — 1]}T. In MIMO
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OFDM transmission, each of thie/; time-domain transmitted vectors is generated by taking an

IDFT of an information vector:
X = [2,(0) 2,(1) ... (N = 1)]" = FyX,. (3.1)

Considering a wideband frequency-selective fading chanrk L resolvable paths between
the v-th transmit antenna angth receive antenna, the discrete-time domain receivathbitan

be represented as

L—1
Yuo(k) = NN "B (Do (k= 1) + w (k) (3.2)
=0
wheres,, , = Af., T is the normalized frequency offset betweendhd (u = 1, ..., Mg) receive

andv-th (v =1, ..., My) transmit antenna. The complex channel gajn(l),! =0,1,...,L —1
refers to theé-th path. Each path gain is a zero-mean complex Gaussianmauariable (Rayleigh
fading) with variancer? (see the simulation section for details). The channel gaiegssumed to
remain constant over several OFDM symbol intervals.

Discarding the cyclic prefix and performing DFT on the reeeigamples, the signal received
at theu-th receive antenna for theth subcarrier is given by

M~ Mt -
=3 Suul0] Hy K] X +Z Z +ZWM/~€ (3.3)
v=1

v=1 n=0,n#k

~
desired signal ICI component

fork=0,1,---, N — 1, whereW,, ,[k] is an AWGN sample with zero mean and variange and
W...[k], V k, are assumed i.i.d. The channel gain onkké subcarrier is

N—-1 )
(D) N (3.4)

=0
H, ,[k] arei.i.d. complex Gaussian random variables with zero naeanvariance normalized to
unity. S,..[n — k] is an ICI coefficient given by [67, 70]

sin 7w (ey, +m)

gw(l—i)(eu,v+m) =0.1 N —1 3.5
NSIH <€uv+m) N 9 m g Ly e ooy . (-)

Sunlm] =
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All received signals can thus be represented in matrix faem a
Y=SHX+W=GX+W (3.6)

where theN Mp-dimensional vectol = [Y;[0] ... Yi[N — 1] ... Y, [N — 1]}T; the NMp x 1
transmitted vectoX = [X7 ... XLT]T; the noise vectoW with the {(u — 1)V + k}th entry

W lk] = M W, [k], ¥ k,u. The N My x N My overall channel matrix i€ = SH, whereS is
an N Mg x NMgMr ICl matrix

S = dlag [Sl R SMR:| (37)

with S, = [Su1 ... Suar]; the{u,v}th elementis the ICI coefficient matrix between théh

receive and-th transmit antenna

Suw[0] Suwll] coe SN —1]
Suv[—1] Suv[0] e Sup[N 2]
Suv[—(N =1)] Sys[—(N—-2)] ... Suv[0]
And H is anN Mz My x N My channel gain matrix, which is given by
T
. H171 0 HMR,l 0
H=[H, ... Hyl] =| : . : : : ; (3.9)
0 HLJ\/[T 0 HJ\/[R,MT
whereH, = diag [le . HU,MT} with elements being théu, v }th channel gain matri,, ,
at the NV orthogonal subcarriers,
H,, =diag[H,.[0] H,,[1] ... H,[N-1]]. (3.10)

WhenM;r = 1 and My = 1, (3.6) reduces to the system model of a SISO OFDM system.

3.2 ICI Reduction in MIMO OFDM

To eliminate the interference from the overall channel mgitncluding bothS andH), transmitter

pre-processing or receiver post-processing needs to dea@pp-or a system with conventional
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precoding, the full CSI information is required at the tnauitter. As discussed in Chapter 2, the
ZF-THP require88 = PDH. The feedforward matrix of THP is thus designed at the recediy

using a QR decomposition of the overall channel matrix
G =DAT, (3.11)

whereDD¥ =T andT = [T(z’,j)} is an upper triangular matrix [71]. The feedback malBix
and the scaling matri¥ can be constructed as in Chapter 2.

This conventional precoding design requires complete €8leatransmitter. The provision of
frequency-offset estimates at the transmitter is difficauttd hence is undesirable. A precoder for
MIMO OFDM with only partial CSIT is therefore of interest. €1CI coefficient matrix between
the v-th transmit and the-th receive antennd,, , is first proven to be unitary. Consequently, the
frequency offsets do not need to be fed back to the trangmittee proposed THP can thus take

advantage of the frequency offset at the receiver and red@ien its feedforward filter.

3.2.1 Unitary Property of ICI Coefficient Matrix

The following unitary property related to the ICI coefficienatrix on the{u, v}th channel (3.8)
can be derived using (3.5):

The ICI coefficient matrix can be approximated as a unitaririma.e., SMSuhfv = S{;{USM =1Iy.
Therefore, the inverse of the matrix can be easily calcdlayeaking the conjugate transpose since
S;j) = S{;{U. A proof of this property is in the appendix. The property $&d in the design of the

proposed precoder.

3.2.2 THP for MIMO OFDM

For convenience of signal detection, the number of receitermas is assumed greater than or
equal to that of the transmit antennas, i&ly > My. Considered the case df; different
frequency offsets is , i.e., for the-th receive antenna,; = c,2 = -+ = €y, = €4, and

Eu F Eu, Vu#u.
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Since the frequency offset, ,, Vv, is identical toe,, S,,; = - -+ = S, ;. = Sy @andS, is an

N x N unitary matrix. The overall channel mati@ can be re-written as
G =SH, (3.12)

where theN My x N My channel gain matrix is

H1,1 ce Hl,MT
HMR,l T HMR,MT
and theN Mz x NMp IClI matrix is
S = dlag [81 cee SMR} . (314)

SincesS, is unitary,S is also a unitary matrix.
Instead of factorization of the overall channel matdxthe filters of THP are designed by QR

decoposition of the channel gain matfik
H=F T (3.15)

with an N Mz x N My matrix F satisfyingFF# = I,,., and anN My x N Mz upper triangular
matrix T. The feedforward matrix needs to sati¥WD” = I,,,. SinceS is unitary, the feedfor-
ward matrix is designed d3 = FS so thatG = DT = SF!T = SH, which meets the basic
relationship of ZF THP in (2.6).

The feedback filter is set as aWMr x NMr matrix B = PT, where theNMy x NMr
diagonal matrixP satisfies E[THPHPT] = I. The received signals at the output of the slicer can
be given as

A =PDGB'A + PDW = WA + W/, (3.16)

where¥? = PDGB~! = PDD?P~!is an NM; x NM;y identity matrix, if the channel gain
matrix H is perfectly known at the transmitter. The feedforward imatr the proposed precoder
consists of the inverse (Hermitian) ICI matrix, and elinteslCl. Because the ICI matrix is uni-

tary, no inversion operation is needed and the receivectsirelis simple.
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With the property of the ICI matrix, the proposed precod&esaadvantage of the CSIR (fre-
guency offset at the receiver), and intelligently reduckifCthe feedforward structure. No ad-
ditional ICI reduction schemes [63-67, 69] are needed. Tbegsed THP for MIMO OFDM
systems, which does not require the knowledge of frequeffegts at the transmitter, reduces
information load in the feedback channel and avoids theiblesisequency-offset transmitter mis-
match due to feedback errors and delay in practical impléatien. With perfect information of
channel gains at the transmitter and knowledge of frequeffsgt at the receiver, proposed THP
outperforms linear precoding. Furthermore, because #ubfzck filter is moved to the transmit-
ter in the TH precoder, the error propagation, which indhtalegrades BER in SIC, is avoided.

Therefore, lower BER can be expected for THP.

3.2.3 The Effect of Mismatch on Precoding Performance

If ideal feedback and precise channel estimates existedimop systems offer a substantial ad-
vantage over their open-loop counterparts. However, eoos estimates and/or imperfect feed-
back results in transmitter channel mismatch, i.e., thawebbnformation which is available at the
transmitter differs from the actual channel at the time ahgmission due to imperfect estimation,
feedback delay and errors. Two cases of channel mismatdoasédered. In the first case, the re-
ceiver knowsH perfectly, but the transmitter has imperfect channel mafrbecause of feedback
delay or noise. In the second case, the receiver has thefespehannel estimatH z, while the
transmitter ha$l, which is a noise-corrupted versionHi; because of imperfect feedbadd.;

is unknown at the receiver. Since frequency offsets do ned ne be sent back to the transmitter,
the frequency-offset transmitter mismatch is not congiddrere. The impact of frequency-offset

mismatch in conventional THP is shown in the simulationisect
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3.2.3.1 First Case

In the first case, the receiver has perfect knowledge of tharmméiH, but the transmitter has an

incorrect estimat#I because of errors or delay in the feedback link. The receiigrthls are
A =PDGB'A+ W' =TA + W/, (3.17)

where® = PTB~! = BB~!. Obviously,¥ is not a diagonal matrix a& in (3.16). Generally,

BB~ is an upper triangular matrix and introduces residual ICI.
3.2.3.2 Second Case

In the second case of channel information mismatch, theverdeas an imperfect frequency offset
estimateS and the incorrect channel gain estimbig, while the transmitter hal, which is the
noise-corrupted version diz. The Hy is unknown at the receiver, add; # Hrp # H. At
the transmitteB is constructed fronH;, and at the received from Hy andS. This leads to a
non-identity matrix® = PDGB ..

With the proposed THP ia x 2 OFDM, the received signals become
L

A=TA L+ W =
* {\1,3 o,

} A+W, (3.18)

where theV x N matrix &; and ¥, are not approximately identity, anBl, and ¥ ; are not zero
matrices. Clearly, co-channel interference (CCI) anddegiICI are introduced to the combined
signals. In SISO systems, no CCl occurs, however, sInBe’ £ Iy andTT ! + I, residual

ICl is still introduced.

3.3 Correlated Spatial Channels

The MIMO channel with spatial correlations of its gains igdéd in this section. The correlated
channel model builds on previous work reported in [72]. Har $ake of simplicity, a uniform

linear array (ULA) is assumed at the transmitter and recewth identical antenna elements. The
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channel matrix is assumed to be zero-mean circularly symmetric complexs&an (Rayleigh
fading) distributed with a separable spatial correlatiamction.

For a frequency-selective channel with- transmit and\/; receive antennas, tlig¢h tap gain
can be represented by ari; x My matrixh(/), V [. According to the model in [72], the spatial

gain correlation matrix can be represented by
R = Rp ® RL ® Ry, (3.19)

whereRp is theL x L path correlation matrix; if the paths between each transacitive antenna
pair are uncorrelate® » = diag [0—8 . .o—%_l] is only determined by the power delay profilét,

andRy are the transmit and receive antenna correlation matridésewtries [72]

Ry(m,n) = Jo (2m|m —n|Cr)
(3.20)
Rr(m,n) = Jo (27[m — n[Cr)
where, is zero-order Bessel function of the first king: = A‘i—f and(r = Ci—f; Ae = ¢/ f.isthe
wavelength at the carrier frequengy, A is the angle of arrival spread. The transmit and receive

antennas are respectively spacedibyanddy. The tap gain vector therefore can be obtained as
vec(h(l)) = [RE ® Ry "? vec(h, (1)), (3.21)

where vech, (1)) is an My Mr-dimensional vector of i.i.d zero mean complex Gaussiadgan
variables with variance?.

Usingh(l) in (3.21),V [, the channel gain matrix with spatial correlatidsan be constructed
having the same structure BHs(3.9) orH (3.13). The proposed non-linear TH precoder can be also
used in MIMO OFDM when the spatial channels are correlatedh Whown fading correlations
at the transmitter, QR factorization Bf is performed instead o or H. The design of feedback

and feedforward filters is the same as that described in tbgoRe3.2.
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3.4 Simulation Results

In this section, simulation results show how proposed THIpeesses ICl in OFDM. The vehicular
B channel specified by ITU-R M. 1225 [73], is used where thendeataps are zero-mean complex
Gaussian random processes with varianceso$ dB, —2.4dB, —15.2dB, —12.4dB, —27.6 dB,
and —18.4 dB relative to the total power normalized to unity. The excdslays of the channel
taps ared, 300 ns, 8900 ns, 12900 ns, 17100 ns, and20000 ns, respectively. For many wireless
systems, the multipath channels fade slowly. Thus the ¢adains are assumed constant over

several OFDM symbol intervals.

3.4.1 SISO OFDM

Fig. 3.1 gives the BER as a function of SNR for different valwé the normalized frequency
offset in SISO OFDM with perfect channel knowledge at bothttansmitter and the receiver. The
performance of OFDM without precoding is shown as a refexenthe proposed THP-OFDM
reduces ICI significantly. For instance, with a normalizezhfiency offset 010%, THP-OFDM
has almost the same BER as an OFDM system in the absence wéf®goffset, i.e., the ICI has
been cancelled almost completely.

Fig. 3.2 presents BER of THP-OFDM when the receiver has pekisowledge of channel
gain matrixH, while the transmitter has an imperfect chankeldue to the feedback channel
noise. Since the feedback channel bandwidth is usually rsoddller than the downlink traffic
channel capacity, the noise variance of the feedback lidsssimed to be? = o,/100. The
frequency offset is perfectly estimated at the receivee BER of OFDM with conventional THP
is also shown as a reference in the Fig. 3.2. In that referease, conventional THP uses a noise-
corrupted frequency offset at the transmitter, which lgadserious ICI residuals. The proposed
precoder minimizes the BER degradation by avoiding suajuacy-offset mismatch.

In Fig. 3.3, the channel gain matrix estim&lg, is assumed imperfect at the receiver, while the

transmitter uses a channel gain matrix estimate corrupt#lodr by feedback errors. The frequency
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Figure 3.1: BER with THP as a function of the SNR for differ@atues of the normalized fre-
guency offset for closed-loop SISO 4-QAd4-subcarrier OFDM, with perfect channel gain matrix
at both the transmitter and the receiver.

offset is also estimated at the receiver with reasonablétgudhe estimation schemes used are
described in [5] and the references therein. The channalmaitrix H does not change within
two consecutive OFDM symbol periods. At SNRrIB, with the frequency offset estimation
algorithm described in [5], the average normalized MSE efftequency offset estimateisi4 x
1073 for 10% normalized frequency offset, asd30 x 10~2 for 30% normalized frequency offset.
With the estimated frequency offset assumed constant vleast one OFDM symbol, the channel
gains are estimated using pilot symbols as in [74], whemt gymbols are multiplexed with the
OFDM blocks in the time domain to enable channel estimatiorarder to guarantee reasonable

performance of the channel estimator, every OFDM symballlewed by a pilot block of length
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Figure 3.2: BER with THP as a function of the SNR for differeatues of the normalized fre-
quency offset for closed-loop SISO 4-QAM-subcarrier OFDM, with perfect channel gain matrix
at the receiver, and inaccurate channel gain matrix at #msinitter.

2Ncp, WhereNgp is the length of cyclic prefix. In the simulatiop = 64 and Nop = 16. The
throughput loss incurred due to the pilot block®i$.r/(N + Ncp). For a given data rate, it is
possible thatv > N¢p if the number of subcarriers is large. In this case, the thinput loss
will be small. With the estimation algorithm used, at SNR€B, the average normalized MSE of
the channel gain estimates is aroun@B6 with a normalized frequency offset 6%, and0.047
with a normalized frequency offset 80%. The value of MSE decreases as SNR increases. The
channel gain estimates are conveyed to the transmittemoeg feedback link with noise variance
0% = o3,/100. In OFDM with conventional THP, the estimated frequencyseffhas to be sent

back, which introduces further mismatch due to errors igdency offset information available at
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the transmitter and results in severe performance losgojoged THP, however, frequency offset
information is not needed at the transmitter, and the ermochannel estimates only lead to slight

BER degradations.
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Figure 3.3: BER with THP as a function of the SNR for differ@atues of the normalized fre-
guency offset for SISO 4-QANs4-subcarrier OFDM with inaccurate channel gain matricesiuse
at both transmitter and receiver.

3.4.2 MIMO OFDM

The performance of MIMO OFDM with THP is shown in this subsatt For simplicity, both
the transmitter and the receiver are assumed to have thecpetfannel gain matrii, and the
receiver has the perfect knowledge of frequency offsetserdegal case is considered where there

are My, different frequency offsets. The values of normalized fiestpy offsets are assumed to be
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uniformly distributed in two intervalg = (0,0.1] andZZ = (0.1, 0.3].

In Fig. 3.4, the spatial channels between different trahand receive antenna pairs are uncor-
related. This figure shows the BER performance af 2 and2 x 4 spatially-multiplexed OFDM
with THP in the presence af/; different frequency offsets. The BER 2fx 2 OFDM without
THP whene, € 7 is provided as a reference. Just as previous results, tppged THP-OFDM
reduces ICI significantly in this case. When the normalizedudency offsets, € Z, the ICI can

be cancelled almost completely.

10 L L
....... THP (or no THP), € =0
——— THP.g 01
-1 |o-— e omw ) omw
10 6: R = = =THP,g I
N - @ =No THP,sUD [

2% 2 systems

BER

E,/N, (dB)

Figure 3.4. The BER as a function of the SNR for different ealwf the normalized frequency
offset for2 x 2 and2 x 4 4-QAM 64-subcarrier OFDM with THP; perfect channel estimates and
uncorrelated spatial channels.

Fig. 3.5 considerg x 2 OFDM with My different frequency offsets. The angle spre&dn

(3.20) is set td).1. Antenna spacing is assumed to be less thyan which causes sufficient fading
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Figure 3.5: The BER as a function of the SNR for different eslwf the normalized frequency
offset for2 x 2 4-QAM 64-subcarrier OFDM with THP and correlated spatial channdlke
fading correlations are unknown apd= 0.3 in Group 1. The fading correlations are known at the
transmitter angh = 0.7 in Group 2.

correlations. The correlation coefficiemts defined ag = max {%} , V'm # n, where

r(m,m)r(n,n)

r(m,n) is the{m, n}th entry of[RT ® Rj] 12

in (3.21).

Fig. 3.5 shows two groups of BER curves for two cases of catiggis. In the first group,
p = 0.3 and the fading correlations are unknown at the transmittethe second group; = 0.7
and the fading correlations are known at the transmitteth ttie known fading correlations at the
transmitter, we QR factorizH instead ofH. The BERs of x 2 OFDM with zero frequency offset
and THP-OFDM withe, € 7 in uncorrelated spatial fading channels are given as nefee The

fading correlations degrade the MIMO OFDM performance. gy, THP reduces the effect of

46



fading correlations and the BER loss is marginal when thenfadorrelations are known at the

transmitter.

3.5 Summary

This section has derived a non-linear TH precoder for ineddel®op MIMO OFDM with frequency
offsets. It has been shown that the ICI coefficient matrixpgpraximately unitary. With this
property the designed precoder only needs partial CSlahailat the transmitter, not including
the knowledge of frequency offsets. Since frequency dffae¢ not necessary to be fed back to
the transmitter, the proposed approach reduces the fdedtet in closed-loop MIMO OFDM
systems and avoids detrimental effect of frequency-offisismatch due to imperfect feedback.
The degradation due to frequency offset can be significaatiyced in the proposed THP-OFDM
systems. For spatially-correlated channels, the propsgsigm performs with negligible BER-

performance loss.
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Chapter 4

MUI and ICI| Suppression in Multiuser
Multiple-Antenna OFDM Downlink

This chapter considers the multiuser spatially-multipteXDFDM downlink. Multiuser MIMO
OFDM inherits the attractive features of OFDM but also siresto frequency offset. Frequency
offset estimation and ICI suppression schemes [75—78] baga reported to address the ICI and
MUI problem in for the uplink case. However, the ICI and MUillsemain to be mitigated in the
broadcast (downlink) case because of the difficulty of MUtigaition and signal detection caused
by lack of coordination among the independent mobile uderghe downlink case, each mobile
station (MS) knows the frequency offset and channel gaiestfg its receiver only, but not those
of other users. If only post-processing techniques are asedch user’s receiver to reduce MUI
due to spatial multiplexing, the number of receive anteratasach user terminal must be greater
than or equal to the number of transmit antennas, which melyenpractical for many applications.
The processing at the user level can hence be quite compéssenrimpossible. On the other hand,
since the users are decentralized, it may be difficult to kabthie BS the frequency offsets of all
users. Hence, the application of only transmitter preagpdam IClI and MUI mitigation, which
requires full CSl including botliI andS at the BS, is problematic.

A novel two-stage technique for ICI and MUI suppression isstbroposed, in which the first
stage applies non-linear THP at the BS transmitter to nigi¢fee MUI and the second stage em-

ploys an iterative MMSE equalizer at each user’s receiveuppress the ICI due to the frequency
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offset. The overall channel matrix can be divided into twatgiathe spatial channel gain matrix
H which is determined by the channel gains, and the IClI m&nxhich depends on frequency
offsets. In a typical closed-loop systdrhis available at the BS. Since the precoder only needs
H at the BS, the feedback load is reduced. The MMSE equalizeact user’s receiver has low
complexity due to the unitary property of the ICI matrix damtrated in Chapter 3. Our scheme
significantly reduces the BER increase due to frequenceifis closed-loop multiuser spatially-
multiplexed OFDM downlink. When the feedback link is petfeébe proposed technique almost
completely cancels the ICI and MUI, and experiences the €fakeas in the case when only full-
CSI (channel gains and frequency offset) precoding is uséteaBS. Hence, sending frequency
offset information to the BS does not offer additional BERommvement. When the feedback is
inaccurate, our technique outperforms the case of full4€&tlback since it avoids the possible
frequency-offset mismatch.

The remainder of this chapter is organized as follows. Inti8ect.1 briefly describes the
system model of a multiple-antenna downlink multiuser OFBystem with frequency offsets.
Section 4.2 proposes a two-stage equalizer with a nontlifldgrecoder at the BS and an iterative
MMSE symbol estimation at the receiver for ICI and MUI sugsien. The simulation results of

downlink multiuser OFDM are given in Section 4.3. Sectiof doncludes this chapter.

4.1 System Model

|
| BS trasmitter el
\\W ~
S e mm e .

| OFDM | | '~ vl User u’s receiver
! Modulation AN 1
! User 1's datd Yo I |
™ | v !
| , 74 —— |
| User 2's daig M-PSKIQAM subcarriel OFDM 3 ot OFDM Data M-PSK/QAM | User u's data |
| : i Modulation |~~~ . Selection for ™ _ "
! Mapper Allocation A 3 Demodulation User u De-mapper !
| User U's data : Y | | |
| I I

(o7 1Y

Modulation |

Figure 4.1: Block diagram of a multiuser MIMO OFDM downlink.
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This section introduces a model for the downlink of multiuseltiple-antenna OFDM systems
with frequency offset.

Consider a multiuser OFDM system employifgsubcarriers withV/ transmit antennas and
U simultaneously active users. Each user has a single remeigana and the-th user is assigned
a subseik, containingNV, < N subcarriers. The same subcarriers can be used for tramemiss
to different users (spatial multiplexing). The transmit@d theu-th user’s receiver are shown
in Fig. 4.1. At the BS, a subcatrrier allocation algorithm mé#pe user data to the corresponding
subcarriers, and this algorithm is known at both the BS aadiier side.

A wideband frequency-selective fading channel witlhesolvable paths is considered, and it
remains constant during at least one OFDM symbol intefyalThe received signal for thee-th

subcarrier of thei-th user can be expressed as

MT NQu

Yulk] = Sul0]Hy oKX, [K] + >~ Suln — k] Huu[n) Xy [n]

v=1 n#k,
n=ni

desirga signal ~~
ICI
4.1)

Mr gy

—+ Z Z Su[n — ]{?]Hu,v[n]Xv[n] + Z Wu,v[k]v

v=1 n#k,
n=ji
A - -

MUI

wherek = 0,...,.N —1,v =1,...,Mp andu = 1,...,U; n, is the index of the subcarriers
assigned only to the-th user, belonging to the subg@t, = {n,, ¢ =1, ..., Qu, Q. < N,} C
K.; j, € Q, is the index of subcarriers assigned to other usgsis the complementary set of
Qu- Huulk] = Zfz‘ol huvv[l]e‘ﬂ%”ﬂ and the interference coefficieit[n — k| is as in (3.5) with
the normalized frequency offsef = ¢, , = €, Of theu-th user. Since different users experience
different fading channels and may move at different spetbas;, offsets are different, # ./, V
u#u.

The matrix format of the received signal can therefore beesgqed as

Mt
Y, =) SH,X,+W,,=SHX+W, (4.2)

v=1
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where theN-dimensional receive vector 18, = [YU[O] Y, [N — 1]]T; the N x N My channel

gain matrix of theu-th user is
Hu = [Hu,l Hu,2 Hu,]\/IT} ) (43)

whereH,, , is anN x N diagonal matrix as in (3.10). Th¥ x N interference matrix of the-th

user can be given as

Su[—1] S,[0 SN —2]
Su = . " : ’ (44)
Su[-(N=1)] Su[=(N=2)] ... 8[0]

where the{m, k}th entry is an MUI coefficient it: € Q,; otherwise it is an ICI coefficient. The
S. has the same structure as #g,, in (3.8), therefore it is unitary as shown in Appendix. The

received signals of all users can hence be expressed as

Y, SiHi: ... SiHiwm, X W,
Y, _SHX 4+ W — 32}'12,1 Szle,MT X.2 . Wz (4.5)
YU SUHU,l SUHU,MT X]\/IT WU

whereS = diag [Sl SU] ,andH isthe NU x N My spatial channel gain matrix, which is given

by
H-[H, H, .. H] . (4.6)

4.2 MUI and ICI Reduction

From the observation oY, in (4.2), each user attempts to detect the transmitted sig¥o
A non-linear TH precoder at the BS is proposed to mitigateitiygact on IClI and MUI due to
the spatial channel gain matrBFl, and a linear equalizer at each user’s receiver to suppness t
remaining ICl and MUI due to frequency offset. With propesid@, the transmitted data symbols

can be directly detected from the equalized samples.
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Figure 4.2: Block diagram of THP in multiuser MIMO OFDM for ckntralized receivers.

4.2.1 Non-Linear Tomlinson-Harashima Precoding

Non-linear THP is proposed as the first stage to mitigate riiy@act of the spatial channel gain
matrixH (4.2) at the BS. For detection convenience, wthe numbeaaosmit antennas is assumed
greater than or equal to the number of users, i&:,> U.

The structure of the TH precoder in multiuser OFDM downlialshown in Fig. 2. Because
the users are distributed, the received symbg|s], V u, cannot be processed jointly by the feed-
forward receiver filter. The feedforward matidiX is thus moved to the transmitter side as in [60].
Similar to Chapter 2, the linear pre-distortion Ba! equalizes the cascad®D. The feedfor-
ward matrix can be obtained by

H = TD”, (4.7)

whereT isanNU x NU lower triangular matrix with thg¢m, n}th entryZ’(m, n); D isanN M x
NU matrix andD?D = I,;. The calculations oB andP are similar to Section 2.3. The feed-
back matrixB = PT, and theVU x NU scaling matrix i® = diag[1/7'(1,1) ... 1/T(NU, NU)].
For each usel?, is anN x N diagonal matrix with the main-diagonal entB[k] = T~ (N (u —
1)+ k Nu—1)+k).

The proposed TH precoder in multiuser OFDM completely sepgpes the interference due to

H. Because onlH is needed at the BS, the feedback capacity requirementusedd
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4.2.2 lterative ICI and MUI Equalization

Iterative linear MMSE equalization is introduced to sumgsréhe remaining MUI and ICI due to
frequency offset at the individual receiver level. Tixh user is assumed to know its frequency
offset,s,, and its channel gairts, ,({), V(.

After modulo reduction at the users’ receivers, as shownign H.2, the received signals

become:

[Y, ... Yy]" = PSHDB'A + PW
(4.8)
=PSTD DT 'P'A + PW = PSP !A + PW.

Clearly, the spatial channel gain matiikbecomes a diagonal matrix, i.e., the spatial channel has
been converted int&/U parallel, independent sub-channels. SiSce diag [Sl SU} andP
is a diagonal matrix, the received signal vector of thth user in (4.2) is reduced to the single

transmit-antenna case with the interference due to fregyueffisets only, which is
Y,=P,S.P;'A+ W', (4.9)

whereW! = P,W,. Here the index of the transmit antennaAnis omitted for simplicity. The
MMSE linear estimator ofi[k] givenY, is [79, page 382]
alk] = E (a[k]) + Cov (a[k], Y,) Cov (Y., Y.,) " (Y, — E(Y.)). (4.10)

If E [W,] =0, E[W, W] =3P, P! E[AW/] = 0 and independence among:] with
E [a[k]] = a[k], alk] € A = E[A] are assumed, the statistical properties are
[ « =P, S, PTA,

Cov (alk],Y,) = L[k]SH [k|PH (4.11)
Cov (Yu, Y,) = aavp P! +P,S,P,'C,P,"SIPI,
whereC, = diag[C.[0] ... C,[N —1]] = EJIy with entriesC,[k] = E[a[k]|’] = E,, and

Sulk] = [Sulk] Sulk —1] ... Su[k — (N — 1)}T is the k-th column inS,. The linear iterative
MMSE estimate ofi[k] is

alk] = alk] + A,[K] (Y, — P,S,P;'A), (4.12)
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whereA,,[k] = E,P; ' [K|SH [k]P (Cov (Y., Y.)) .

With the first-stage precoding at the BS, the design for s&@bage equalization at each
user’s receiver is simplified to process a single-input OFBtem. The complexity of the re-
ceiver's MMSE equalization is hence primarily determingdthe operation of the inversion of

Cov (Y., Y,) in (4.12). Sinces,, is unitary, the covariance is given by

Cov (Y., Y,) = o}, P, P +P,S,P,'C,P, 'SIP!

(4.13)
=P,S, [o} Iy + E;P'P 7] SIPT = P,S, 0, SIPL.
SinceP,, is a diagonal matrix constant for a&ll= 0, ..., N — 1 over at least one OFDM symbol
interval, ¥, is a diagonal matrix as well. Therefore, one can easily abtai
(Cov (Y., Y,)) " =P, 7s, ;'SP (4.14)

The inversion in (4.12) only requires simple operationsileva typical MMSE estimator needs at
leastO(N?) operations [80]. Complexity of calculations in (4.12) igrsificantly reduced.

The iterative algorithm is initialized with[k] = 0 andC,[k] = 1. a[0] is calculated via (4.12)
and updated the initial values0],e = a[0]. a[1] is next calculated and then immediately update
a[l]new = a[l]. This calculation continues unti[N — 1] is computed, and then repeats again
starting froma[0]. a[k|new iS used for next calculation instead of the initigk]. The algorithm
terminates when the estimate k| converges or a specified number of iterations elapses. After
the algorithm terminates, the-th user selects thé[k|, £ € K,, which are the data symbols

transmitted on thé-th subcarrier assigned to theth user, and discards the otligk|.

4.3 Simulation Results

The simulation results show how the proposed two-stageogdestequalizer suppresses ICI and
MUI in multiuser multiple-antenna OFDM. A multiuser MIMO @MV system with64 4-QAM
subcarriers and or 8 transmit antennas over a 6-tap Rayleigh fading channelrisidered. The

channel model is vehicular B as defined in ITU R-225 [73]. Each user exactly estimates the

54



frequency offset and channel gains affecting its rece@ed the channel gains are sent back to
the BS. Two intervals are considered for the normalizedueegy offsets7 = [—0.1,0.1], and

77 = [-0.3,—-0.1) U (0.1,0.3], and the frequency offset values are assumed to be uniformly
distributed in these intervals. The maximum possible nurobdistinct frequency offset values is

U.

Two benchmark systems are provided for reference. In thesiystem (System 1), the BS
employs non-linear THP with perfect or imperfect full kneate of CSI, i.e., botls and H
are available at the transmitter. Full-CSI THP pre-eqgealibothS and H, and no individual
equalization at each user’s receiver is applied. Sincedbdldfack channel bandwidth is usually
much smaller than the downlink traffic channel capacityritbise variance of the feedback link is
assumed to be? = o3, /100. In the second system (System 2), THP or linear precodingésd at
the BS to pre-equalizH; time-domain compensation (phase-rotation in (3.2)) feqfiency offset
is used at users’ terminals.

Fig. 4.3 gives the BERs of our technique and System 1 (zexrg full-CSI THP only)
with perfect or imperfect feedback; four transmit antenaad four users are considered. The
performance oft-user MIMO OFDM without any precoder/equalizer and withaé&equency
offset are also shown for reference. With perfect feedbauktechnique exhibits practically the
same BER as System 1 when full-CSI THP only is used, and aloowspletely cancels the ICI
and MUI, even for normalized frequency offsets as high akénntervalll. Hence, System 1, in
which all users’ frequency offsets are sent back to the B8s dwt offer any BER improvement
over our scheme. Therefore, frequency offsets do not nelee ted back, which reduces feedback
bandwidth requirements. When the feedback link is noisysocheme has a noise-corrupidcat
the BS and accurate frequency offset at each user’s recemde bothS andH are inaccurate
at the BS in System 1. Hence, the proposed scheme outperfeystem 1 since it avoids the
frequency-offset mismatch at the BS. It is also easier tdempent, because for System 1 the BS

needs to know the frequency offset of each user, which mayftieutt to achieve.
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Figure 4.3: BER of the proposed precoder/equalizer andd8IIT THP as a function of the SNR
for different values of the normalized frequency offset édrsubcarrier 4-QAM4-user MIMO
OFDM with perfect and imperfect feedbacki; = 4, U = 4.

Fig. 4.4 shows the BERSs of our technique and for both refersgstems for multiuser MIMO
OFDM with four transmit antennas, wousers, and eight tranantennas4 users;c € 7. Zero-
forcing linear precoding (LP) and ZF-THP are consideredr $tmplicity, perfect feedback is
assumed. THP with full perfect CSI (System 1) and THP/fregyeoffset-compensation (System
2) do not offer BER gain over our scheme. Furthermore, in&8ys2, THP/FO-compensation
outperforms LP/FO-compensation, i.e., lower BER can beebaal if non-linear precoding is used

at the BS.
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Figure 4.4. BER of the proposed precoder/equalizer, f8IACTHP, THP/frequency-offset-
compensation and LP/frequency-offset-compensation asdaibn of the SNR for different values
of the normalized frequency offset fo4-subcarrier multiuser 4-QAM MIMO OFDM with perfect

feedbackMr =4, U =2 andMr = 8,U = 4.

4.4 Summary

Two-stage transmitter/receiver processing has beena@eito reduce ICI and MUI in downlink

multiuser OFDM with multiple transmit antennas. The firgtgg employs a TH precoder at the

BS to mitigate multiuser interference in a spatial MIMO chah The second stage applies a low-

complexity linear equalizer to suppress ICl and MUI due égjfrency offset at each user’s receiver.

Our proposed precoder/equalizer significantly reduce8HER increase due to frequency offset.
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Chapter 5

Limited-Feedback Precoding for Multiuser
MIMO OFDM Systems with Frequency
Offsets

In an open-loop spatially-multiplexed (SM) system, the bemof receive antennas must be equal
to or greater than the number of transmit antennas. In clzssgalsystems, transmitter precod-
ing can overcome ill-conditioning of the channel matrix danmgprove the system performance.
In Chapter 3 and 4, non-linear THP has been proposed to s[t¢ using only partial CSl,
not including the knowledge of frequency offsets, at thegmitter. Perfect channel gains at
the transmitter may require a high-rate feedback link. Thuosted-feedback signal design and
linear precoders have been explored for flat-fading MIMOncteds for feedback volume reduc-
tion [44,53-55, 81, 82]. The basic idea of this approach ishimose the precoding matrix at the
receiver (rather than at the transmitter) using full CSlhstitat only the index of the selected
matrix needs to be sent back to the transmitter. Limitedifeek precoding not only can reduce
the number of feedback bits, but also can minimize the systeor rate and maximize capac-
ity. Nevertheless, this approach so far has only been cereidfor single-user systems over
flat-fading channels, and is suitable for an ideal OFDM cagkowut frequency offset, in which
the overall channel gain matrix is a block-diagonal mati¥ith frequency offsets, the overall
channel gain matrix is not a block-diagonal matrix any morbe original limited-feedback de-

sign in [53-55, 81, 82] cannot hence be applied to a moreipeh@FDM system with frequency
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offsets.

This chapter develops both linear precoding and non-liledted-feedback THP (LFB-THP)
for closed-loop multiuser MIMO OFDM systems with frequeraffsets. SM MIMO OFDM with
a linear receiver and OSTBC MIMO OFDM with an ML receiver amnsidered. Frequency
offsets are shown to have no impact on precoding, and heeceging on per-subcarrier basis is
possible. Exploiting this property, the codebook desigteon previously used for flat-fading
MIMO systems [53-56] is generalized to multiuser OFDM systevith frequency offsets. The
use of a pre-designed codebook of precoding matrices,aaibt both the transmitter and the
receiver, is proposed. The receiver selects optimal nestrat the subcarrier level according to
a certain criterion and sends only their indexes to the métter. The explicit CSI is hence not
needed at the transmitter. Three precoding matrix selectiberia, MMSE, maximum singular
value (MSV) and maximum mutual information (MMI) are anadgiz To further reduce the number
of feedback bits, grouping and interpolation schemes a® iatroduced. In our precoders, the
feedback load is reduced to only a limited number of bits,clvlrieduces feedback bit rate, and
the non-linear property reduces power efficiency loss iahiein linear precoding, which makes
non-linear precoding outperform linear precoding. Oucpders also significantly improve BER
for OFDM with frequency offsets over spatially correlatedMO channels.

This chapter is organized as follows. Section 5.1 propaseaid and non-linear precoding for
both SM and OSTBC multiuser MIMO OFDM in the presence of freraey offset along with the
matrix selection criteria. The impact of the ICI matrix o thptimal precoding matrix and develop
the codebook design scheme is studied. Section 5.2 coasipatially correlated MIMO channels,
and analyze the effect of fading correlations on the feeklbaatrix design. The simulation results
for SM MIMO OFDM, OSTBC MIMO OFDM and OFDM in spatially corrated channels are

given in Section 5.3. Section 5.4 concludes this chapter.
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5.1 Limited-Feedback Precoding for MIMO OFDM with Fre-

P
BS Transmitter \1
{
Cwo
| OFDM | || \“‘\ User u’s receiver
| User 1's data Modulation ! \
| = A i
M-QAM . , |
Q MIMO OFDM b OFDM MIMO QAMm | Userusdata
R | \ . = =
Mapper Encoder Modulation ! ! Demodulation Decode Demappe
L
1 User U's data
| —
|
OFDM ||
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,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 5.1: Block diagram of a multiuser OFDM downlink.

This chapter considers the system model oNasubcarrier multiuser OFDM downlink system
with M transmit antennas arid simultaneously active users in the presence of frequerisgtsf
The u-th user has\/, receive antennas\/,, < My, and the total number of receive antennas is
Mg ="V M,. The structure of a MIMO OFDM link is shown in Fig. 5.1.

My, different frequency offsets are assumed, i.e., forihth receive antenna,,; = --- =

Eu My = Eu, ANde,, # 4, V u # u'. For theu-th user, theV A/, x N My channel matrix is
G, =S,H,, (5.1)

where theN M, x N M7 channel gain matrix is

H: --- Hium,
Huy, 1 - Huomp

with elements being théu,,, v}th channel gain matri¥l,, , , for the N orthogonal subchannels,
H,, ., =dag[H,,.[0] Hu, 1] ... Hy,o[N—-1]. (5.3)
And the N M, x NM, ICl matrix is
S, =diag[S; --- Su,] (5.4)
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with the unitaryS,, . as in (3.8). Stacking all the users, the\/r x N My overall channel matrix
G as (3.12) s,
G = SH, (5.5)
where theN Mgz x N My channel gain matrix is
H,
H=|: |, (5.6)
Hy
and theN My x N Mp ICl matrix is

SimilartoS,, S is a unitary matrix.
Previous limited-feedback precoding work focused on tiealidase of MIMO OFDM without

frequency offsets [81, 82]. In this case, tNé// x N M, overall channel matrixz (5.5) is only
determined by channel gains and becomes
G’ =diag[H[0] ... H[N —1]]. (5.8)

The Mr x My sub-matrixH[£] is the channel matrix on the subcarriemwith i.i.d. CN(0,1)
entries. Precoding can thus be designed on a subcarrierumsg the limited-feedback approach
for flat-fading MIMO systems [54, 55]. However, in the presemf frequency offsets, the overall
channel matrix is dependent on both frequency offset andretegains. The limited-feedback
precoding design in [54,55, 81, 82] cannot be directly agapli

Before developing a limited-feedback precoder for both $id @STBC MIMO OFDM sys-
tems with frequency offset, the relationship betwéem (5.5) andG’ in (5.8) is first analyzed.

The channel gain matrik can be permuted intG’:

H=Q,G'Q, (5.9)

whereQ; is an N Mgz x N My unitary permutation matrix an@, is an N My x N My unitary

permutation matrix. The SVD d&’ is given by
G =UTV" (5.10)
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whereU’ is anN My x N My matrix andU 77U = Ina; VVisanN My x N My unitary matrix.
SinceG’ is a block-diagonal matrixy’ can be constructed by’[£], which is generated from the
SVD of H[k] in (5.8). ThereforeV’ is also a block-diagonal matrix. The singular value malkyix
isanN My x N My diagonal matrix with real, positive entrieg, n = 1,..., NMr, in descending

ordery; > vy > - -+ > vy, > 0. The SVD of the overall channel matrix becomes
G =SH = SQ,;G'Q, = SQ,UT'V7Q, = Urvi. (5.11)

SinceQ; andQ, are unitary matrices, we ha¥é = SQ,U’, T' = I" andV = Q'V'. Similarly,

for theu-th user, the SVD of the channel matrix is

whereU, =S, Q,U, T, =T’ andV, = Q¥V,,.

For each user, the precoding matrix is &/ x N M matrix, i.e., on each subcarrier the
incoming data streams are multiplexed int, streams and sent ovér, transmit antennas,
M~y > Mc. For convenience of detection, we ne&fg > M. In the single-user case, we assume
Mpr > M. We construct a finite codebook of matrices and choose thmogieg matrix from
the codebook at the receiver. The codebook is known at bettréinsmitter and the receiver such
that only the index of the selected matrix needs to be sert toathe transmitter. We analyze the

matrix selection criteria, and propose the codebook desmgrithms.

5.1.1 Precoding Matrix Selection Criteria for Linear Recevers

The matrix selection criteria are analyzed for SM MIMO OFDMwa ZF receiver. The precoding
matrix of the user B, = P(G,) is assumed, wher®(G,) is a mapping from the channel
matrix G, to the codebool3 = {Bl, ce BK}, optimizing the precoding matrix based on some
performance criterionf is the size of the codebook. All users share the same codelioodée
the optimaIBu,Opt is chosen, the ZF receiver applies\a//c x N M, matrixD, = [GuBuyopt}T.

For simplicity, in the following analysis, the user indexs omitted.
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5.1.1.1 Minimum Mean Squared Error (MMSE) Criterion

The MSE for precoding matril can be expressed as [46, 54]

o v o\ —1
MSE(B) = B, (Tvu. + EB7G Ry}, GB)
B . N\l (5.13)
= E <INMC + —QSBHQgG HG/Q2B) ;
Ow
whereRyw = E [WWH] is the noise covariance matri¥, is the average power of the trans-
mitted symbols. Eq. (5.13) is used to selBcfrom 53 according to minimize the MSE
P(G) = arg min tr [MSE(BZ-)} . (5.14)
B;eB
The relationship betwee@ and G’ in (5.11) suggests that the precoding matrix €iis related
to that forG’. Let B’ = Q,B be the precoding matrix fo&’. In [46,82], forH[k] in G’ (5.8),
the optimal precoding matrix on the subcarriers ngt[k;] = V[k], whereV[k] is formed
from the firstM columns of the right matrixv’[%] yielded by the SVD of thél[k]. SinceG’
is a block-diagonal matrixB,, = Vi = diag[V,[0]... VL[N — 1]] is also anN My x NMc

block-diagonal matrix, and the desired overall optimatpring matrix isB = Qf]f%’.
5.1.1.2 Maximum Singular Value (MSV) Criterion

A selection criterion based on the minimum SNR is difficultingolement since it requires the
computation of the SNR for every OFDM symbol interval. Witleqequalization b)}é, the system
experiences atv M x N M effective channel matriGB. Since the minimum SNR for a ZF
receiver is lower bounded by the minimum singular value efeffective channel [46,54B can
be selected such that the minimum singular value is as largessible. The optimization problem
therefore is

P(G) = arg max ymin (E;BY/GYRy},, GB) . (5.15)
B;,eB

Similar to the MMSE criterion, the solution is given lﬁ;ept = Q¥VL.
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5.1.1.3 Maximum Mutual Information (MMI) Criterion

The mutual information under an average transmit powertcainsis given by [83]
9 1 5 .
C(B) = ~ log, |det(Lae + ESBHGHR;[}WGB)] . (5.16)

The mutual information (5.16) can be maximized by the silaabf the feedback matri$ ac-
cording to

P(G) = argmax C(B;). (5.17)
B;eB

The optimization problem (5.17) is equivalent to

P(G) = arg min det(MSE(B;)). (5.18)
B;eB

Similar to the MMSE criterion (5.14), the solution]ﬁ)pt = QIvy.

5.1.2 Matrix Selection Criterion for Maximum-Likelihood R eceiver

Now the precoding matrix selection criterion for an OSTBCMM OFDM with an ML receiver
is considered. Each user has an ML receiver. The user’s iméermitted here for simplicity.

To minimize the system BER given the channel maixthe Frobenius norm of the effective
channelGB must be maximized [55]. The precoding matrix from the coaébB is therefore

chosen according to
P(G) = arg max IGB;|r = [|SQ:G'Q.B;| ». (5.19)
i€

This selection criterion can be easily implemented by perflog a matrix multiplication and com-
puting a Frobenius norm for each of ti#é codebook matrices. With the SVD &' in (5.10),
the optimal]éopt Is given by]§0pt = QI'V{. The receiver performs ML decoding on the effective
channelG By

Similarly as proven in [55], limited-feedback precoding@8TBC systems achieves full-
diversity order. The proposed LFB-TH precoder thus can led usa generalized OSTBC system

with an arbitrary number of transmit antennas and with fidedsity.

64



5.1.3 Limited-Feedback Precoding Design

To find the optimal precoding matrBu,opt = Q?V’u,c, we need to look folV;, .. SinceV, . is
a block diagonal matrix, we can build up a codebdbk {B;,...,Bx} tofind B/ optk] ata sub-
carrier level. Therefore, in our codeboBkeach complex matriB; has a size of/; x M, rather
thanN My x N M. The optimalB/, optk] is chosen from the codebodkat theu-th user’s receiver

according to the current channel conditions. After theroptiV;, -[k] for all subcarriers are ob-

tained, theV M, x N M optimal precoding matriB, opt = QL dlag[ uopt 0] - - B, optV — 1]]
can be constructed. The overall precoding matrix is builasifollows:
Bopt = [Bropt - - Buopt] - (5.20)
The effective overall channel therefore becomes
Gl]él,opt e Gl]éu,opt
GBopt = . . (5.21)
GU:Bl,opt e GU:BU,opt

Since the codebook is known at both the transmitter and eseh oanly the index of the selected
precoding matrix needs to be fed back to the BS transmitez. B® transmitter broadcasts every
user’s precoding index such that each user will also knowsraisers’ precoding matrix. At the
u-th user's receiver, the effective channelGs, ", Byope Since the index 0By, V u, is
available at each user’s receiver, the transmitted siggnabe detected. For the single-user case,

the overallN My x N M, precoding matrix isBoy = QX diag Opt[ ].. ngt

[N — 1]] . Zero-
forcing detection can be used at the receiver with the assamgf M > M.

For each user, the total[log, K| feedback bits are required for a codebook wittprecoding
matrices. When a better performance is required, a largdebmmok can be constructed, i.e., more
bits can be sent to the transmitter. To reduce the total ahaiuhe feedback information, we can
exploit the correlation of precoding matrices on adjaceicarriers. The significant correlations
between adjacent subcarriers lead to substantial caoelbetween the precoders corresponding

to neighboring subcarriers. The neighboring subcarriarstberefore be combined into a group
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and use the precoding matrix corresponding to the centerasuér for all the subcarriers in the
group. If the N subcarriers are divided int®, groups, each group includég/N, subcarriers.
Since the subcarriers near the group boundary may experggréormance degradation, an inter-
polation scheme can be used to improve the performance dpeuping. Interpolation introduces
a unitary matrixQ; which takes the unitary-invariance of the optimal precgdimatrix into con-
sideration. The optimal); can be determined by the same criteria used for precodiegtsa,
and a codebool can be built up for optimal interpolation matrix selectiddaturally, a larger size
of the codeboolQ will lead to a better BER performance. The details of intémpon schemes
can be found in [81, 82].

The following subsections develop the matrix selectioteda for both SM and OSTBC

MIMO OFDM systems and propose the codebook design schemes.

5.1.4 Codebook Design

The construction of the precoding codebdd®k= {Bl, ce BK} is now considered. Frequency
offsets have been first shown to have no impact on the codetesign, which makes precoding
on per-subcarrier basis possible. Next, the codebook aesitgrion which is valid only for flat-

fading MIMO channels in [53-56] is generalized to OFDM sys$ewith frequency offset. The

user index is omitted here.
5.1.4.1 Impact of the ICI Matrix

Since the ICI matrixXS is a unitary matrix, the singular value matrix and the riglattnx in (5.11)

are actually generated from the eigenvalue decomposEUD] of the channel gain matrild 7/ H:
GG =H"H =QYG""QIQ,G'Q, = QYG""G'Q, = VI'*V~, (5.22)

We thus find
Lemma 11n an OFDM system, if the values of frequency offsets onlgiredie on different receive

antennaslégpt[k] = V. [k] is uniformly distributed on the s&i( M7, M¢), i.e., the frequency offset
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does not have impact on the codebook design compared to aMQlyBtem without frequency
offset.

Proof: If there is no frequency offset, the overall channel magireduced to a block diagonal
matrix G/, andV’ = Q,V = diag[V’[0] ... V'[N — 1]] is also a block diagonal matrix. Each
subblock matrix is uniformly distributed o@(Mr, Mr) [84], where©(m, n) is the set ofn x n
matrices withn orthonormal columns. As in [54], the optimal precoding mabn the subcarrier

kB!

optlk] = VK] is also uniformly distributed on the s€{ My, M¢). [

5.1.4.2 Codebook Design Criteria

Sinceﬁ’opt[k] is uniformly distributed ove® (M, M), the codebook matrices are in the set of
O(Mr, M¢). The set of all possible column spaces of the matriBgsY i, in ©(My, M) is

a complex Grassmannian manifati M, M¢), in which =Z(m,n) is the set ofn-dimensional
subspaces in am-dimensional vector space. Since each codebook matrixgsea subspace,
there is a set of subspaces yielded by the codebook mal{rﬁgs . ,BK}. These subspaces
can be related by several different distances. The choid@nte between any two subspaces is
defined as

Oehord <]§pv Eq) ‘Bp]éf - ]éq]éfHF- (5.23)

V2
The projection two-norm distance between two subspaces is

dnorm (Bp, Bq) — HBPBI{_] - BfoHQ, (5.24)
where||.||2 is two-norm distance. The Fubini-Study distance betweenswbspaces is

drs <]§p, Bq> = arccos | det }]?’)f]éq‘ |. (5.25)

The codebook can be designed according to a specific pragsdlaction criterion. This set
of subspaces is a packing of subspaces(it/, M¢). In OSTBC MIMO OFDM, a packing can

be described by the its minimum chordal distance on the @raiss manifold

Grin = _min_donora (B, By ). (5.26)

1<p<g<K
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As in [56], we need to minimize

p= max |BIB,|pr, (5.27)

1<p<q<K
which is related to a packing in a complex Grassmannian sggioee minimizingp in (5.27) is
equivalent to maximizing the minimum distance of (5.23¢ todebook design criterion turns out
to be the problem of Grassmannian subspace packing. Thé sesobspaces must therefore be
chosen irE(Mr, M¢) such that g,y is as large as possible. Each precoding matrix in th&sst
given asB; = ®'~'B,, whereB, is formed by the firsf/- columns of a unitary matrix in the set

of ©(Mz, M¢), and® is anMy x My diagonal unitary matrix an@®”® =1, i.e., ® is a K-th root

of unity. The parameter s@ = {¢, ..., ¢, } iS selected to achieve
min p= min max BIBZ , (5.28)
0<p1, oy <K—1 0<p1,prp <K—-11=2,.. . K F
i.e., the parameter sdt of the diagonal entries @b is
o= i (B @*B). 2
arg max IS12‘1;1111(1_1 d (B, 1 (5.29)

Geometrically, this construction rotates an initid}--dimensional subspace using&ath root of
unity to form K different M-dimensional subspaces.

In SM MIMO OFDM, for MSV and MMSE selection criteria, the cdut®ok can be designed
by maximizing the minimum projection two-norm distancevibetn any pair of codeword matrix
column space. For capacity selection criterion, the codklzan be designed by maximizing the
minimum Fubini-Study distance between any pair of codewoadrix column space [54]. Once
the codebook is designed, the matrix on ki subcarrieB[k] € B using the performance criteria
in (5.14), (5.15) or (5.18) is chosen at the receiver. Itei then delivered to the transmitter

using only[log, K| bits.
5.1.5 Non-Linear Tomlinson-Harashima Precoding

The linear pre-distortioB = B is equivalent to the feedback structure in Fig. 2. THP can

therefore be proposed for limited-feedback precoding. ddsgn of THP is described in Chapter

68



2. For better clarificationB is named as the feedback matrix of THP in the rest of the chapte
while B as the precoding matrix.

Specific design targets for linear precoding are consider8éction 5.1.1 to improve the over-
all system performance. If the input sequengg is a sequence of i.i.d. symbols with variance
the output of the modulo arithmetic feedback structureds alsequence of i.i.d. random variables,
and the real and imaginary parts are independent,X.g} with varianceE, = E [|X[k]?] ,V k
can be assumed. The linear precoding design criteria id(53.15) and (5.16) can thus be applied

to our non-linear precoding selection criteria. Similathe feedforward matrifd = [G]UB}T.

5.2 Limited-Feedback Precoding for Spatially Correlated Ghan-
nels

The section focuses on OFDM in spatially correlated fadimgrenments. Insufficient scattering
around antennas of the BS transmitter and/or the receivkesrthe channels spatially correlated
[85]. The precoding matrix is restrained to lie in the codsb# = {B;,B,,....Bx}. The
receiver chooses the matrix as a function of the channelitonsl to minimize the error rate or

maximize the capacity. The correlated MIMO channel modsliieen introduced in Section 3.3.

5.2.1 Receive Antenna Correlations Only

First consider the case that each pair of transmit antenagsuificient distance, i.e., only the

effect of receive correlations needs to be analyzed. Thereas given by

Gr = SQ:GRQ., (5.30)

whereG/, = (IN ® R}f) G’ is a block diagonal matrix, an€’ is given by (5.8). Thek-th
subblock on the main diagonal 6f; is Hg.[k] = R}{sz[k]. Thus, precoding can be designed
on a subcarrier basis. The SVD Hfz.[k] is Hg.[k] = Ug.[k|Tg.[k]V £ [k] with singular values
of Yrealk] > ... > Yrenp [k]. The following lemma describes the distributionVdf;. [k ].

Lemma 2 V. [k] is a uniformly distributed unitary matrix ovéd(Mr, M) and is independent
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of I'r.[k], if the channel gain matrik,, [%] (5.6) has i.i.dCN (0, 1) entries.
Proof: The entriesH,, ,[k| of the channel gain matri¥,,[k] are i.i.d. complex Gaussian ran-
dom variables with zero mean and unity variance (see déta8ection 3.1). The distribution of
an uniformly distributed unitary matrix is unchanged whiea matrix is multiplied by any deter-
ministic unitary matrix. Hg.[%] is thus a right-rotationally invariant random matrix, awck. %]
is thus uniformly distributed o®(Mr, My) [84], i.e., 2V g.[k] is also uniformly distributed if
Q € O(Mr, Mr) [86]. O

Thus, the matrix which is formed by the firdf columns ofV g.[k] is uniformly distributed on
the se©(Mr, M¢). The codebook design criterion in Section 5.1 is also abkEltor the case that
only receive antenna array is correlated. The feedbackx@an be chosen from the codeboBk

by (5.14) or (5.16) for SM MIMO OFDM and (5.19) for OSTBC MIMORDM.

5.2.2 Both Receive and Transmit Antenna Correlations

This subsection considers the fully correlated channeleh@&@d31). The overall channel matiG
can be given by
G =SQ,G'Q., (5.31)

where theV My x N My spatially-correlated channel gain matrixGs = diag [H[0] . .. H[N — 1]]
with H[k] = R;{°H, [k|R;/*. We first need to find the optimal matr}[k] for H[k], and the
desired overfall optimal precoding matrixiy, = Q3 By,

Intuitively, we want to choose a precoding matrix with thieefive channeH|[%|B'[k] to pro-
vide a performance approaching to that giventby:| B Opt[ |. Since improvement of probability

of error or capacity is relative to maximiz@1[k]B’[k]|| », we will attempt to minimize

— E|IHK] Bl k] I3 — [FKB k]| (5.32)
Eq. (5.32) can be bounded as
0 = E | [HK Bkl |3 — | GrlkRY B[k

(5.33)
< E [ IFIM B3 — 22| BE ol MR B
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Where]f%Rc,opt[k] is the M1 x M optimal precoding matrix oH g.[k] in G, (5.30). SinCeV g.[k]

is a uniformly distributed unitary matrix ovéd( M7, M) and independent of the singular value
matrix, the distribution of (5.33) only has one term whictpeeds on the codebook. As a con-
sequence, it is sufficient to only considﬁ;’T{/zBRcvopt[k], which is a subspace correlation as it
only depends on the column space]i)jgcvopt[k], ]UBRcvopt[k] € O(Mr, M¢). All column spaces
in ©(Mr, M) generate the complex Grassmannian manift(ldl/;, M). As shown in Section
5.1, the Grassmannian subspace packing problem in unadethannels can be described by

designing a codebodk = {by, .., bk } to maximize the minimum distance

Opin = min  d(b,,, b,). (5.34)

1<m<n<K
The proposed codebook in correlated channels from muiltiglgach element a8 by er/z can be
obtianed. Therefore, we design the codebBdby picking{b, .., by} that maximize (5.34) and
normalize the codebook to meet the average transmit povmsitraint

H/2
5 _ Ri”bi (5.35)
© IRy '

This design criterion adapts the precoder to the correlet@thnel conditions. The transmit spatial
correlation matrixR; can be estimated at the transmitter so that no feedback dordirelation

matrix is needed.

5.3 Simulation Results

The BER performance of the proposed precoders is simuld@teslcodebook is known a priori at
both the transmitter and the receiver. A MIMO 4-QAM-OFDM s with 64 subcarriers over

a 6-tap Rayleigh fading channel is considered. The vehidilehannel specified by ITU-R M.
1225 [73] is used. For many wireless systems, the multipadineels fade slowly. Thus the fading
gains can be assumed constant over several OFDM symbolaigerEach user hakl, receive
antennas and different frequency offset$; different values of normalized frequency offsets are

assumed to be uniformly distributed in two intervals- (0, 0.1] andZZ = (0.1, 0.3].
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5.3.1 Spatially Multiplexed OFDM
This subsection considers spatially uncorrelated MIMOncleds.

5.3.1.1 Perfect CSI at the Receiver

P 1 E:O
10 °f el 1, THP, K=64, N Groups| 1
—O0— ¢l |, LP, K=64, N Groups
=[] |, THP, K=32, N Groups
=—8— (11, LP, K=64, N/8 Groups
----- el 1l, THP, K=64, N Groupg
10_2 5 -
o
L
m
10°}F .
10} . , ) .
0 2 4 14 16 18 20

8 10 12
E /N, (dB)

Figure 5.2: BER of LFB-THP and LFB linear precoding (LFB-L®iXh MMSE codebook selec-
tion criterion as a function of the SNR for different valudgle normalized frequency offset and
64-subcarrier 2-user 4-QAM-OFDM; perfect CSI at the reeeivl; = 4, Mo = 2, M, = 2.

Here, the receiver has perfect CSI, including frequencgetfbnd channel gains. Fig. 5.2
shows the BER of 2-user 4-QAM OFDM for two group¥r = 4, Mo = 2, M, = 2. First, the
codebook consists @f4 matrices, i.e.p bits are transferred to the transmitter; whilematrices
are included in the second group. The BER of an OFDM systeiin »ato-frequency offset is

shown as the reference. MMSE precoders are used. The BERpisved notably: even with
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normalized frequency offsets in the intenzal, OFDM with the proposed precoder performs as
well as the zero-frequency offset reference, i.e., the BdReiase due to ICI has been reduced
completely. Our non-linear LFB-THP outperforms its lineaunterpart. The system has lower
BER when the number of feedback bits increases. The cassis@hsidered when grouping with
the interpolation scheme is used. TNesubcarriers are divided int® groups, and each group
has8 subcarriers. The size of the codebo@kfor interpolation is4 as in [81]. Thus, the total
number of feedback bits 8 x (log 64 + log4) = 64 bits. If the grouping scheme is not used,
64 x log 64 = 384 bits are needed. Due to grouping, there.isdB performance loss at the BER
of 10~*. However, more thaR0% feedback bits are saved. The optimal higher-order intatjui

design (large-size af is more complicated and still under investigation).
5.3.1.2 Impact of Inaccurate Channel Estimation

Fig. 5.3 presents BER when the receiver has imperfect krigelef channel gains and frequency
offset. The MMSE selection criterion is used and the sizehef¢odebook i$4. Section 3.4
provides the details of channel estimation and frequenfsgbéstimation are introduced. The BER
of OFDM with zero-frequency offset is also shown as a benckm&learly, limited-feedback
linear precoding is more sensitive to estimation errors ttiee proposed THP. Compared with
the ideal case of zero-frequency offset, the BER degradasiemall for the imperfect channel
and frequency offset estimates. Consequently, even wigeifact CSI, the proposed precoders

improve BER significantly.
5.3.1.3 Different Performance Criteria

The BERs of two-user 4-QAM uncoded and coded OFDM systentsmaih-linear limited-feedback
precoding are shown in Fig. 5.4. The codebook gizes set to64. Each user hag receive an-
tennas. The BER of OFDM with zero-frequency offset is showraaeference. In Fig. 5.4,
the MMSE, MSV and MMI selection criteria are used in an SM MIMIFDM system with

My =3, Mc =2, Mr = 2. As before, the proposed precoder reduces ICI significastign for
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Figure 5.3: BER of LFB-THP and LFB linear precoding (LFB-L®Xh MMSE codebook selec-
tion criterion as a function of the SNR for different valudgle normalized frequency offset and
64-subcarrier 2-user 4-QAM-OFDMY/+ = 4, Mo = 2, M,, = 2; estimated CSI at the receiver.
K = 64.

the normalized frequency offsets in the inter¥4l, the BER is significantly improved. Further-
more, the MMSE based system outperforms the MSV and the MM diy0.6 and1.8dB at a

BER of 10~* with normalized frequency offsets if

5.3.2 OSTBC OFDM

Fig. 5.5 presents the BER 2 4 and3 x 4 single-user OFDM with the MMSE criterion and shows
that the proposed precoder can be used in OSTBC systems.|dim®iti code is considered. The
BER increase due to ICI is significantly reduced by the poedasrecoder, and the Alamoulti-

coded OFDM achieves3dB gain over the uncoded SM MIMO OFDM at a BERI®F* in 2 x 4
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Figure 5.4. BER for LFB-THP as a function of the SNR for dié#at values of the normalized
frequency offset and 64-subcarrier 2-user 4-QAM SM OFDW}; = 3, Mo = 2, M, = 2. The
MMSE, MSV and MMI codebook selection criteria are compared.

systems. Ir8 x 4 Alamouti-coded OFDM, once again, ICI is almost completelgmessed. As a

result, our precoder can be used for OSTBC MIMO OFDM with &iteary number of transmit

antennas.

5.3.3 Spatially Correlated MIMO Channels

In Fig. 5.6, a correlated Rayleigh fading channel is sineddor two-user OFDM systeni/; =
3, Mo =2, M, = 2. The MMSE selection criterion is used and the codebook sigé.i The
angle of arrival spread\ in (3.20) is set td).1; the transmit and receive antenna spacingand

0.45\, respectively. The transmit antenna correlation md®ixis known at both the transmitter
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Figure 5.5: BER of LFB-THP with the MMSE selection criterias a function of the SNR for
different values of the normalized frequency offset andsGBearrieR x 4 4-QAM uncoded (SM)
OFDM, 4-QAM Alamouti-coded OFDM, ang x 4 4-QAM Alamouti-coded OFDM.

and the receiver. The proposed LFB-TH precoder reducesu€lal frequency offset. Although

marginal BER loss occurs as a result of antenna correlatibiesproposed LFB-THP performs

quite well.

5.4 Summary

Linear and non-linear limited-feedback precoding haventamseloped for both SM and OSTBC
MIMO OFDM with frequency offsets. The ICI matrix does not ighce precoding, which makes
precoding design on per-subcarrier basis possible. Bxmiathis property, the limited-feedback

codebook design algorithm and the precoding matrix seleatriteria have been derived. The
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Figure 5.6: BER for LFB-THP with the MMSE criterion as a fuioct of the SNR for different
values of the normalized frequency offset and 64-subagat¥i@AM SM MIMO OFDM in spatially
correlated channeldi/r = 3, M- =2, M, = 2.

proposed limited-feedback precoders reduce the feedeagkrement and non-linear precoding
outperforms linear precoding. The results demonstratettbgnificantly reduces the BER degra-
dation due to frequency offset. Furthermore, our precoderalso be used in OSTBC MIMO

OFDM systems with an arbitrary number of transmit antenmak spatially correlated MIMO

channels.
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Chapter 6

Covariance Precoding Schemes for MIMO
OFDM over Transmit-Antenna and
Path-Correlated Channels

MIMO OFDM systems can achieve capacity increase or diwegain, when antenna and path
correlations are negligible [85]. However, these correfet are not negligible in practice be-
cause of many reasons such as insufficient antenna spawngygsence of scatterers far from the
transmit antenna array in a narrow angular range, and o#fasions. Spatial correlations signif-
icantly reduce the system capacity [72] and increase thesyBER [87]. Thus, techniques are
required to mitigate the impact of correlations on SM andsgame coding (STC) systems. Pre-
coding/beamforming can mitigate capacity loss in SM MIMQtsyns [88] or improve BER for
OSTBC systems in spatially correlated flat-fading chanf#1s48, 51, 89, 90], if the channel cor-
relation matrices are available at the transmitter. For SANDM over antenna and path-correlated
frequency-selective channels, precoding enables preepsing of the signals at a subcarrier level
and improves capacity [91]. However, precoders designedhpoove the error rate in OSTBC
OFDM have not been studied yet. Precoders are derived tgatgtthe impact of transmit-antenna
and path correlations.

Several schemes that switch between SM and STC and adagtemes have been investigated
in the literature. The fundamental diversity-multipleximade-off in the high SNR region has been

analyzed in [20]. A switching algorithm between SM and ST@rigposed in [92]. Reference [93]
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presents an antenna selection scheme to choose transemnastfor SM or selection diversity
combining mode. A multi-mode linear precoder with limitextéiback is proposed in [94]. These
approaches [92—-94] employ selection diversity combinomgrtprove error rate in high data-rate
transmission over spatially-uncorrelated fading chamnéh [95], an adaptive scheme is devel-
oped to achieve maximum-possible capacity subject to alpfieed BER value. However, these
schemes do not deal with OFDM, assuming only flat-fading MIBt@nnels, and [92, 95] do not
consider precoding.

This chapter considers covariance based linear precodohg@n-linear THP for MIMO OFDM
systems. The main objective is to design precoders to nhtidpe impact of transmit-antenna and
path correlations. First, the impact of path correlationgtee pairwise error probability (PEP) is
analyzed, and closed-form, waterfilling-based linear amtimear precoders are derived to min-
imize the worst-case PEP in OSTBC OFDM. Second, an adaptwsrission strategy is also
developed for switching between precoded SM OFDM and pret@{STBC OFDM. The system
is designed to achieve a low BER with a target fixed transmissate. The switching criterion
is the minimum Euclidean distance of the received codebdodkwer complexity switching cri-
terion is also developed. The switching decision sent tdrdmesmitter requires one feedback bit
per subcarrier. To reduce the number of feedback bits, tlietswg decision can be made for
groups of neighboring subcarriers. The proposed precantgrsiderably reduce the error rate in
antenna and path-correlated channels; non-linear precpaeform better than linear precoders.
The adaptive strategy outperforms either SM or OSTBC inldiglly in terms of the BER.

The remainder of this chapter is organized as follows. 8edil briefly describes the system
model of SM OFDM and OSTBC OFDM over transmit-antenna ant-patrelated channels. The
impact of the path correlations on the error rate of OSTBC ®R®analyzed. Section 6.2 derives
new linear and non-linear precoders for OSTBC OFDM in catesl channels. In Section 6.3
a selection criterion is developed for switching betweenlt&ded and OSTBC-based precoding

modes, along with adaptive linear and non-linear precodérs simulation results and conclusions
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are given in Sections 6.4 and 6.5.

6.1 System Model

This section will introduce the system model of &rsubcarrier OFDM system with/; transmit
antennas and/y receive antennas in the presence of transmit-antenna amdqgaelations. The
downlink case is analyzed where spatial correlations &esteen the transmit antennas, but none
between the receive antennas. At the receiver (mobileosdata sufficiently uncorrelated set of
antennas can be assumed if antenna spacing is half waveleitite carrier or more [85]. This
condition is easily satisfied by practical systems that usighl carrier frequency in the order of

GHz. The impact of path correlations in OSTBC OFDM is alsolyred.

6.1.1 Transmit-Antenna and Path Correlations in OFDM

The channel between theth transmit antenna andth receive antenna is a wideband frequency-
selective fading channel witlh resolvable paths. Théth path gain is a zero-mean complex
Gaussian random variable (Rayleigh fading) with variasnceThe set of thé-th path gains can be
represented by ai/y x M matrix H; with entriesh,, ,[{], V I. The channel gains remain constant

over several OFDM symbol intervals. As in [91], the path gaimtricesH, can be represented as
[H,---H, 4] =H, [REoRy]"”, (6.1)

whereH,, is an My x My L matrix of i.i.d zero mean complex Gaussian random variabiés

unit variance. The. x L path correlation matriR » is defined as (3.19) with then, n}th entry
Rp(m,n) = opo,p™ " e?fmn 0 <p<1 (6.2)

wherep is the path correlation factor afg, ,, is the phase of the path correlation betweenthth
and then-th path. The entries of the transmit-antenna correlatiatrimR; are given in (3.20).

At the receiver, thé/i x My channel on thé-th subcarrier can be represented as

L—-1
H[E] = He /% (6.3)
=0
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If the path gain matriceH, satisfy (6.1), (6.3) can be re-written as

H[k| = H, (R} F[K] @ RY?) = HR[H, (6.4)

27

whereF[k] = [ % k0. e‘JQW’T’f(L—l)]T is anL-element vectorR }/2[k] = R/*F[k] @ RY/* is an

MrL x My matrix. Thek-th received signal vector thus can be given by
Y [k] = H[k|X[k] + WE]. (6.5)

With SM OFDM, My independent data symbols are transmitted at each time slthedk-th
subcarrier. Since the space-time code rate is defing®) as whereP is the number of symbols

transmitted over th&' time slots, SM OFDM has a rate &fsy = M.

6.1.2 Impact of Path Correlations

Correlated fading can significantly affect the wirelesdgrenance. In SM OFDM, the achievable
spectral efficiency (in bits/sec/Hz) can decrease due togmatelations and transmit-antenna cor-
relations [91]. The latter has been shown to increase the BEBRSTBC OFDM [87]. We now
show the impact of path correlations on PEP in OSTBC OFDM.

The PEP is the probability that a transmitted signal ma¥X(x| is erroneously decoded as a
matrix X[k]. For an ML receiver that uses the Euclidean distance mehécoutput decision is
given by

X[k] = argin Y 6] — HUX[K][3, (6.6)

where||.|| is the Frobenius norm. The PEP for theh subcarrier can be upper bounded as [87]
A |H[K)2]|7
P, (X[ — X[K]) < exp <_W , 6.7)

~

where@d = X[k] — X[k] is the codeword difference matrix. As in [50], by taking thepectation

of (6.7) over the channel statistics, the average PEP caonuieded by

log P. < —Mplog det |Q[]

: (6.8)
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whereQlk] = ff; Rpr[k] + L, Rpr[k] = REZ KR} [K] is anMy x My matrix, and depends
onRY/’ andR}/*, given by (6.4). For OSTBG@" = .l is a diagonal matrix [12], wherg

is the distance between the codewords in a pair, dependitiieaspecific codeword pair. Singe
dominates the error probability exponent, the minimumadtiseé over all pairs of the codewords,
Imin, Primarily determines the worst system performance in aimBISsystem. Minimizing the

worst average PEP is hence equivalent to maximizing theabielioction of Q:

£(Q) = log det |Quin[k]| = log det

Z;I—SV;RPTU{?] + Iy | (6.9)

To analyze the impact d /%, the two correlation matrices are decomposed by using th2 SV

as follows:
RL°F[k] = UpLpVH

(6.10)
RY? = U; T, VE,

whereU; andV are My x My unitary matricesI'y is the singular value matrix (R%/Q. Since
RITD/QF[k;] isanL x 1 vector,Upisanl x 1 vectorandUZUp = 1; Vp = 1 and thel'p is a rank-
one matrix with the only entry,, = F”[k|RpF[k]. The matrixR%/2 [k] in (6.4) can therefore be

represented as
Ry7[k] = RYF[k] @ Ry = (Upp) ® (UrDrVE) =4, UTr VE, (6.11)

whereU = Up ® Uy is anL My x My matrix, andU? U = I, becausdJ is a unitary matrix.

The correlation matriR p7[k] can thus be given by
Rprlk] = 73, VAT U UL VI = 3 VTV (6.12)

The performance degradation due to the path correlatiohag/s in Fig. 6.1. The transmit
antenna correlation parametgr is set to zero, i.e.Ry = I,.,.. Perfect channel estimates are
assumed available at the receiver. Three groups of BERsraxdpd for different values of

the path correlation factqr and phasé#,, ,, at SNRs of5 dB, 10 dB and15 dB, respectively; the
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impact ofp andé,, ,, on the path correlation matriR » is shown by (6.2). In each group, when
Omn = 0, Vm,n, the BER monotonously increasesyagrows. Compared with the BER of zero
phase, the random phase can mitigate the impact of pathatoore, especially at the high path
correlation fp — 1). However, the BER at a positive value ofs always higher than the BER at

zerop, i.e, the propagation path correlation always degradestrtioe rate.

10 T T T T T T T T T
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Figure 6.1: BER as a function of the path-correlation fagtdor different values of SNR for a
2 x 2 4-QAM Alamouti-codedi4-subcarrier OFDM system with perfect channel estimation.

6.2 Precoding Schemes for OSTBC MIMO OFDM

This section develops covariance linear precoding andinear THP to mitigate the performance

degradation of OSTBC OFDM over transmit-antenna and patrelated channels. Capacity-
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optimal precoding is discussedfor SM OFDM.

In covariance precoding systems, the correlation matacesknown to the transmitter. The
transmit-antenna correlation matrices depend on trarembénna spacing, which changes slower
than the channel response or even does not change at all. IAgraesmit-antenna spacing is
known at the transmitter, i.e., feedback #8x is not needed. The feedback load in covariance

precoding is thus significantly reduced.

6.2.1 Optimal Precoding Scheme for OSTBC OFDM

With an M7 x My precoding matriXtst|k] on thek-th subcarrier the transmitted signal vector on

the k-th subcarrier i€s1[k]X[k], instead ofX[k]. The cost metric€(Q) (6.9) becomes

£(Q) = log det | BP0 ESNR | (1) 4 1,
w
(6.13)
= log det —”"‘“‘Ezl[gvleg %] Rpr(k] + Iy, .
The optimal precoding matrix is thus given by
Estlklop = arg _ max logdet [EZ[KIR pr[k] + Tasy |, (6.14)

r(Z[k])=Mr
where{ = Zo—ﬁv Z[k] = Estlk|EZ;[k], and tf-) denotes the matrix trace. Substituting (6.12) into
(6.14) and applying the determinant identity [96], the oyati precoding matrix is given by

E = 1 LT VHEZIEI VD + 1
stlk]opt A e ogdet |&v3, DoV Z[K]V Ty + Tug, |
=arg max logdet ‘f‘TZ[k]f‘T + I,
tr(Z[k])=¢Mr

(6.15)

Y

wherel'; = ~, T'r andZ[k] = EVHEZ[E]V . As in [45], a waterfilling solution can be derived

from (6.15). The optimal main-diagonal entries’Z{k]opt will then be
Zkvv: (p—:yv_f)_’_, ’U:l,...,MT, (616)

where(a), denotesnax(a,0); the parametep is chosen to satisfy rZ[k]) = ¢Mr; 7, are the

main-diagonal entries df;. Hence, the optimal precoding matrix can be obtained by

Esr[Jopt = y/Z[KJom = \/ FVrZ{HoVIK (6.17)
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whereK can be anyl/ x My unitary matrix, and hence the optimal precoder may not bguei
[97]. In this chapterK is chosen as the identity matrx;...

The precoder (6.17) requires singular values of the caooglahatrices and is based on the
classical waterfilling optimization. With this precodengeteffective channel matrix on thieth
subcarrier becomeH [k|Egt[k], with which the receiver performs ML decoding. The precoder

only needs the correlation matricesRJf)/?, i.e, only covariance feedback.

6.2.2 Non-Linear Tomlinson-Harashima Precoding

- Transmitter ~~----~---~-----~ »< - Channel - >=<------------ Receiver------------- -
| 1 wi | 1
| | | 2\ |
I M-QAM alk X[k] I alk M-QAM I
MQ []\1\/ - MOoD k] ' H h . MoDé& kKl 5 Q
apper L | ML Decoding emapper
B-1 (=

Figure 6.2: Tomlinson-Harashima precoding in OSTBC OFDM.

The transmitter in Fig. 6.2 includes a modulo arithmetiafegeck structure employing matrix
B[k], with which the transmitted symbols k] are successively calculated for the data symbols
a[k] drawn from the initial)/-ary QAM signal constellation. The feedback structure al@mith-
out the modulo device, the purpose of which is to constragnréimge ofX [k]) is equivalent to
B~![k], which can be optimally designed as in (6.1B)k]opt = E7[k]opt. The effective channel
is H[k]Est[k]opt and ML decoding is used at the receiver. The overall pregpdiatrix can be

written asB = diag[B[0]... B[N — 1]].
6.2.3 Precoding in SM OFDM

We have not been able to derive error-rate-minimizatioradance precoders for SM OFDM. In-
stead, a result from [91] is adopted for capacity-subogdtprecoding for SM OFDM with only co-

variance feedback of CSI for transmit-antenna and patteladed channels. The capacity-optimal
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solution can loosely be considered as an MMSE-optimal solutvhich can be considered as an
indirect way of reducing the error rate.

The capacity-suboptimal solution of tié; x M precoding matrixsy|k] is given by [91]

N—-1
N-1 1 M 7
Eqyk —arg  max  — Y lo det)If 4 wMep 7o T 6.18
{Esu ]Opt}k:O gtr(ZSM[k]):MTNkzo & e Tl AL s ( )

wheren, = iy Zsulk] = VHZsu[k]Vr, Vo and T are given in (6.10), andgy[k] =

Esm[k|E&,[k]. Diagonal matrices m{ZSM[k:]}::01 achieve optimality. This fact can be easily
proven by assuming the fixed power is allocated to eadhsgfk] and applying the proof in [98].
The optimization entries OFZSM[IC] }iv:_ol can be found by useing water-filling technique [98]. The
suboptimal solution is more practical and efficient; it notyoavoids numerical optimization, but
also leads to almost the same capacity as the optimal sol®ig. Similarly, non-linear precoding
can be used for SM OFDM witBgy[k] = Eg,},l[k;]opt, which can be designed according to (6.18).
Using THP the entire capacity of the underlying MIMO chancah be achieved [60]. Detailed
discussion of how THP can be applied to reach MIMO capacitydkided in [60].

Clearly, the precoders in (6.17) and (6.18) need covarié@edback only, not the full CSI
at the transmitter. They are designed for either capaciprowvement in SM OFDM or error-rate
improvementin OSTBC OFDM. We next show how to effectivelpleit the two precoding modes

for OFDM over transmit-antenna and path-correlated chianne

6.3 Adaptive Dual-Mode Precoding

This section develops an adaptive strategy which switchesden precoded SM OFDM and OS-
TBC OFDM. For each subcarrier, the minimum Euclidean distaof the received codebook is
computed for SM and OSTBC and is used to select the transmissode. A lower complexity
switching criterion is also derived. The selection degisgsent to the transmitter at a cost of one
feedback bit per subcarrier. To reduce the number of feddbits, the choice of SM or OSTBC

can also be made for groups of neighboring subcarriers. étabeiver, ML decoding is used for
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both modes.

The system is designed to maintain a fixed desired transsnisaie ofR: bits per codeword, or
R/T bits per symbol, wher& is the number of symbols per codeword. In the case of Alamouti
coding for diversityl” = 2, and for SMT" = 1. If minimum bandwidth Nyquist pulses are used for

transmissionR /T is also equal to spectral efficiency in bits/s/Hz.

6.3.1 Euclidean-Distance Based Selection of Precoding-ke

With a precodeiE[k] at the transmitter (either (6.17) or (6.18)), the effectihannel isHq[k] =
H[k|E[k].
In an SM OFDM system, the squared minimum Euclidean distahtee received codebook,

d%y, can be found by exhaustive search over all possible codisyas follows

B = min, FF Esulklo (X[K] = X)) (6:19)

In the SM mode the codeword is the transmitted signal veémaa. full-rate OSTBC system with

precoding (6.17), the minimum Euclidean distance is giwe o8]

2

d2.
dgr = ﬂn’3t||H[k]EST[k]opt||§m (6.20)
T

wheredmin st IS the minimum Euclidean distance of the transmit congtelieof the OSTBC sys-
tem. The precoding mode which offers a larger minimum distefior each channel realization is
selected. Whedsy is greater than or equal sy, the precoder (6.18) is used with SM OFDM,;
otherwise the precoder (6.17) with OSTBC OFDM. The decigdhen conveyed to the transmit-
ter by one bit per subcarrier; hence the total number of faekibits is/V.

The decisions on several neighboring subcarriers aredljpigighly correlated. This suggests
the grouping of neighboring subcatrriers, i.e., all the swbers are divided intaV, groups, and
each group had//N, subcarriers. A single mode decision is thus made for eactestiér group,
rather than for each single subcarrier. This arrangemeoices the total number of feedback bits

to V,, and simulations results are provided to evaluate thetreguerformance loss.
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The basic structure of the proposed system is shown in Fig. ®he transmitter switches
between the precoding modes (6.17) and (6.18) for OSTBC O=RB#ISM OFDM. The receiver
unit contains the corresponding ML decoder and a mode satamit. A low-bandwidth feedback
link exists from the receiver to the transmitter. If nongar precoding is included in either SM
OFDM or OSTBC OFDM, the THP structure in Fig. 6.2 is appliedhe precoding unit in Fig.

6.3; the receiver structure changes accordingly.

-~ Transmitter - - -------------»<=- Channet -»=-------------------—- Receiver---------------------»
| Precoding for |
! WIK] |
1 SM OFDM i 1 ‘
L | MQAM ){ : Mode ML Decoding M-QAM | !
Mapper Selection Demapper
Precoding for
OSTBC OFDM

Feedback Channel

Figure 6.3: The adaptive dual-mode precoder.

6.3.2 Suboptimal Metric

Exhaustive search required to calculate the minimum dist€6.19) for SM may be prohibitive
for a large constellation and a large number of transmitrardse. The calculation requirements
can be reduced by finding a tight lower bound of the minimuntatise. The received minimum

Euclidean distance is lower bounded by [92]

dr2nin sm
In,sm 6.21
My’ ( )

d%M = %iin (Her[£])
wherey,in (Hett|£]) is the smallest singular value B¢ [ k] anddmin smis the minimum Euclidean
distance of the transmit constellation for SM. The equdildids if and only if the effective channel
gain matrix is unitary. Since the lower bound in (6.21) iswwst case in precoded SM OFDM, it
is used for mode selection.

Eg. (6.20) gives the maximum achievable minimum Euclideatadce of space-time coding

[99]. The comparison of (6.20) and (6.21) reveals when thestvmase of (6.18) in SM OFDM
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is better than the best case of (6.17) in OSTBC OFDM. Theeeftie precoding mode (6.18) is

selected when

dm t 2 2 i
min,s < ) min,sm
;. HetlFllle < i (Herlk]) =7,

6.22
[Het Bl _ dminsen (6.22)

B “Vmin (Heﬁ[k]) o dmin,st7
and SM OFDM is used for transmission; otherwise, (6.17) gliagd for OSTBC OFDM. Al-

or

though the suboptimal criterion (6.22) avoids potentiadiéascale search, thereby reducing the

computational requirements, it may result in some BER msee

6.4 Simulation Results

This section presents simulation results to show how oysgsed precoders improve the system
performance in OFDM over transmit-antenna and path-catedichannels. The vehicular B chan-
nel specified by ITU-R M. 1225 [73] is used. ML decoding is usétie transmitter only knows
the correlation matriceR; andR.p with the antenna-correlation paramefer= AdTT and path-
correlation factorp, respectively; the path-correlation phasg, in (6.2) is zero. The angle of
arrival spread is assumead°, i.e., A =~ 0.2.

The simulation cases consider both perfect and imperfetrotl estimation. ML estimation
is assumed. The estimation error affects the power loaditigegrecoders and the variance of the
estimation error?, is known at both the transmitter and the receiver. As chaesi@ination be-
comes accurate, i.e., the variance of estimation efdptsecomes negligible, the CSIR approaches

the actual channel.

6.4.1 PEP-Optimal Precoding for OSTBC OFDM

This subsection demonstrates how the proposed linear amdimear precoder&st(k]op: (6.17)

reduce the system BER for OSTBC OFDM in transmit-antenngpaticlcorrelated channels.
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""""" Uncorrelated
Correlated, p=0, THP
= = = Correlated, p=0, LP
----- Correlated, p=0, NoP|

4x 2 MIMO, ZT:O.25

BER

E,/N, (dB)

Figure 6.4: BER with linear precoding (LP), THP and no preosgdNoP) as a function of the
SNR for different values of the normalized transmit-antespacing for x 2 and4 x 4 16-QAM
1/2-rate OSTBC systems in transmit-antenna correlated chewith perfect channel estimation,
N =1, L =1, andp = 0. Vehicular B channel is considered.

6.4.1.1 Flat-Fading MIMO Channels

The special case witth = 1 and L = 1 is first considered, where the channel model (6.4) is
reduced to a flat-fading MIMO channel. Only transmit-angenarrelations need to be considered
and perfect channel estimation is assumed. The BERs of 1I8-QA 2 systems and x 4 systems
are shown in Fig. 6.4, and antenna-correlation paranigtés set to0.25 and0.5, respectively.
The code rateRst of the OSTBC matrix isl/2 as in [12]. The BER for uncorrelated MIMO
channels is shown as reference. Clearly, the transmitiaateorrelations significantly degrade

the BER performance. As they become high (antenna spacuohgratihe angle of arrival spread
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decreases), the degradation becomes severe. Both lireardimg and non-linear THP mitigate
the degradation. The TH precoder almost completely caricelst a BER of 1074, the linear
precoding obtaing.5dB gain in4 x 4 systems and dB gain in4 x 2 systems; THP achieves

0.8 dB and1.8 dB, respectively.

6.4.1.2 Frequency-Selective Fading MIMO Channels

o e Uncorrelated
Correlated, p=0, THP,Qe:O

= = = Correlated, p=0, LP,Qe:O

2% 4 OEDM| ' =" =" Correlated, p=0, NoP,Q_=0
—+— Correlated, p=0, THP,Qe:1/25
— + — Correlated, p=0, LP,Qe=1/25

. —4— . Correlated, p=0, NoP,Qe:1/25

e
W 10°F :
m
2x 2 OFDM
10} 1
N
~N
N
¥,
10} N S
0 5 10 15 20

E /N, (dB)

Figure 6.5: BER with linear precoding (LP), THP and no preagdNoP) as a function of the
SNR for2 x 2 and2 x 4 4-QAM Alamouti-coded64-subcarrier OFDM systems in transmit-
antenna correlated channels with perfect and imperfectrei@stimationg, = 0.25, 2. = 1/25,
andp = 0. Vehicular B channel is considered.

64-subcarrier 4-QAM OSTBC OFDM over the vehicular B channd][i& now considered.
In Fig. 6.5,2 x 2 and2 x 4 Alamouti-coded OFDM systems with perfect and imperfectncie

estimation are considered. The variance of the estimationis (2. = 1/25. The path-correlation
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factor is zero, and is 0.25. Both linear and non-linear precoders suppress the BERaser
due to the transmit-antenna correlations. Compared wélpérfect CSI case, channel estimation
errors result in additional performance degradation, lbutpyecoders still offer BER gains over

the no-precoding case. The non-linear TH precoder outpagdinear precoding.

10 L] L] L] L] L] L] L) L) L)

""""" Uncorrelated
Correlated, p=0.9, ZT:O.ZS, NoR

1 = = = Correlated, p=0.9, ZT:O.ZS, LP
~, — Correlated, p=0.9, ZT:O.ZS, THH

Correlated, p=0.9, ZT:O.S, NoP

. _ _ _ Correlated, p=0.9, ZT:O.S, LP |

Correlated, p=0.9, ZT:O.S, THP
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10}
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Figure 6.6: BER with linear precoding (LP), THP and no preagdNoP) as a function of the
SNR for different values of the normalized transmit-antespacing fo2 x 2 4-QAM Alamouti-
coded64-subcarrier OFDM systems in antenna and path-correlatadneis with perfect channel
estimationp = 0.9. Vehicular B channel is considered.

Fig. 6.6 assumes the path correlation coefficiert 0.9 and perfect CSl at the receiver (CSIR);
(r is sett00.25 and0.5. Although the BER substantially increases in this casd) tiae linear and

non-linear precoders mitigate the impact of path correfesti

92



6.4.2 Adaptive Dual-Mode Precoding

This subsection shows how our new adaptive precoders irepgieey BER of MIMO OFDM in

transmit-antenna and path-correlated channels. For gityplthe Alamouti code for 2 trans-
mit antennas is considered. In the simulation, the trarsonisrateR/7 is fixed to4 bits/s/Hz

in both cases. Witl2 transmit antennas, the adaptive precoding selects betpreending for

spatial multiplexing (6.18) in 4-QAM SM OFDM and precodiny idiversity (6.17) in 16-QAM

Alamouti-coded OFDM.

10 L L
— B — STBC (Case 1), LP
— © — SM (Case 2), LP
10" '% = + = Adaptive LP, Optimal |
3 = = = Adaptive LP, Suboptimal
—&8— STBC (Case 1), THP
" —©— SM (Case 2), THP
10 f =——t— Adaptive THP, Optimal 1
Adaptive THP, Suboptimal
o -3
w 10 F L
m
10_4 r "
10"} 1
N
10° >
0 5 10 15 20 25

E,/N, (dB)

Figure 6.7: BER as a function of SNR for linear and non-ling@acoding with and without the
adaptive structure i x 2 64-subcarrier OFDM systems in transmit-antenna correlatechicels
with perfect CSIR. One subcarrier per groug, (= N), R = 4 bits/s/Hz and» = 0, {r = 0.25.
Adaptive precoders use the optimal (exhaustive searchanoptimal (metric (6.22)) criteria.

Fig. 6.7 illustrates the BERs of adaptive dual-mode prewgdi 2 x 2 64-subcarrier OFDM,
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where the path-correlation factor is zero and the anteonlation parametef; is 0.25. Both
linear and non-linear precoders with perfect CSIR are camsd. In adaptive precoding, the
mode-selection decision is sent back for each subcarriee optimal switching criterion using
exhaustive search and the suboptimal criterion using trhear(6.22) are considered. The BERs
of precoding (6.17) for 16-QAM Alamouti-coded OFDM (Caseahd precoding (6.18) for 4-
QAM SM OFDM (Case 2) in spatially-correlated channels ase akeparately given for reference.
The linear precoder or TH precoder in the both cases do na adaptive structure. Different
diversity orders of spatial multiplexing and Alamouti cogi(for the2 x 2 MIMO system they
are two versus four, respectively) change the slope of tkeeage BER curves of Case 1 and 2
at high SNR. The curves of Case 1 and Case 2 cross approxynaatidie SNR ofl3dB in the
case of linear precoding, and &t dB for THP. The curves represent the average BER over all
channel realizations. In our adaptive precoding, the bgitecoding mode is chosen for each
channel realization, which offers additional selectiovedsity gain. When using the suboptimal
criterion, almost dB improvement over Case 1 aRdB gain over Case 2 in the high SNR region
are obtained. Non-linear adaptive THP outperforms lingpéve precoding. The suboptimal
criterion saves on computational complexity, but suffedivarsity gain loss. Exhaustive search
with the optimal criterion offers about5 dB over the suboptimal metric at a BER 1f °.

Fig. 6.8 shows the BERs of adaptive linear/non-linear pileapin 2 x 2 64-subcarrier OFDM
with imperfect channel estimation. The variance of theneation error(2, is 1/25, {r is 0.25, and
the path-correlation factor is zero. The suboptimal doters used. The selection decision is sent
back per subcarrier\ groups) and per pair of subcarriefS 2 groups). Clearly, the estimation
errors degrade the system performance, but our proposedding still outperforms cases 1 and 2
implemented individually. The group-wise decision feedbigesults inl dB degradation for linear
or non-linear adaptive precoding. HoweV&i’, on the feedback requirements are saved. Clearly,
there is a trade-off between the feedback requirement arfiorp®nce.

The BERs of proposed adaptive precoding with perfect CSElRsaown in Fig. 6.9. The
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Figure 6.8: BER as a function of SNR for linear and non-ling@acoding with and without the
adaptive structure i x 2 64-subcarrier OFDM systems over transmit-antenna corm@lgtannels
with imperfect CSIR. One or two subcarriers per grodfy & N, N, = N/2), R = 4 bits/s/Hz,

2, =1/25,p =0, and(r = 0.25. Vehicular B channel is considered. Adaptive precodinguse
the suboptimal criterion.

path-correlation factor i8.9 and the antenna-correlation parameteris 0.25. The optimal and
suboptimal criteria are considered for adaptive precqdamgl the selection decision is fed back
on a subcarrier basis\, = N). The proposed linear and non-linear precoders are compare
precoding without adaptive structure in Case 1 and Case 2. lilbar and non-linear adaptive
precoders individually outperform their non-adaptivertauparts in Case 1 and 2. The non-linear
adaptive THP outperforms linear adaptive precoding: at & BE 10~°, there is1.2dB gain.
Adaptive precoding suffers a BER increase for MIMO OFDM wiitbth transmit-antenna and

path correlations compared to that for MIMO OFDM with onlgrismit-antenna correlations in
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Figure 6.9: BER as a function of SNR for linear and non-ling@acoding with and without the
adaptive structure i x 2 64-subcarrier OFDM systems over antenna and path-corretathels
with perfect CSIR. One subcarrier per groug, (= N), R = 4 bits/s/Hz,(; = 0.25 andp = 0.9.
Vehicular B channel is considered. Adaptive precoding tise®ptimal and suboptimal criteria.
Fig. 6.7. The suboptimal selection criterion leads to alia@B loss at a BER of 0~°.

Fig. 6.10 shows the performance of adaptive linear and maait precoding using the optimal
selection criterion. Both perfect and imperfect channéhestion are considered. The variance
of estimation error id /25. The number of subcarrier groupsisor N/2. The path-correlation
factor is0.9 and the antenna-correlation parameters 0.5. When the mode decision is sent back

every two subcarriers\/2 groups), there is almosdB degradation, but the required feedback

bandwidth is reduced by0%. Imperfect channel estimation increases the system BER.
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Figure 6.10: BER as a function of SNR for linear and non-lmadaptive precoding using the
optimal switching criterion ir2 x 2 64-subcarrier OFDM systems over antenna and path-correlated
channels with perfect and imperfect channel estimatiore @rtwo subcarriers per group/{ =

N, N, = N/2), R = 4bits/s/Hz,(z = 0.5 andp = 0.9. Vehicular B channel is considered.

6.5 Summary

Covariance-based linear precoding and non-linear Towtistdarashima precoding have been de-
veloped for a MIMO OFDM wireless link over transmit-antenswad path-correlated channels.
The impact of path correlations on the PEP was analyzed.e@ltemm, waterfilling-based linear
and non-linear precoders that minimize the worst-case REPSTBC OFDM are derived. An
adaptive strategy that switches between precoded SM OFDMpetoded OSTBC OFDM has
also been developed. For each subcarrier, the minimumdsaaciidistance of the received code-

book was used to select between SM and OSTBC. A lower contplsglection criterion was
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also derived. To reduce the number of feedback bits, mo@etsah could be based on groups of
neighboring subcarriers. Our proposed precoders signtficeeduce the impact of antenna and
path-correlated channels; non-linear precoders perf@tteibthan linear precoders. The adaptive

strategy outperforms either SM or OSTBC individually inmnterof the BER.
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Chapter 7

Precoding for OSTBC OFDM Downlink:
Mean or Covariance Feedback?

7.1 Introduction

This chapter considers precoding for MIMO OSTBC OFDM dowk]iwhere both the conditional
mean of the channel gain matrix (the first-order channeksizg) and the channel gain covariance
matrix (the long-term/ second-order channel statistics)aaailable at the transmitter (these two
cases are referred to asean-feedbackndcovariance precodingespectively). The application
of the original OSTBC is constrained by insufficient antespacing at the transmitter, which
leads to transmit-antenna correlations. Precoding whichaptimize the MIMO transmission is
thus needed to offer the original OSTBC the flexibility of ptiag to correlated MIMO channels
[47,100, 101].

A typical precoding design needs either the channel cavegianatrix [47, 101, 102] or full
CSIT [50,103-105]. CSIT thus can be an outdated (due to eidinme variations) and imperfect
(due to estimation and feedback errors) estimate. Giverm @8t channel statistics, the con-
ditional mean of the actual channel gain matrix can be cated| and used for mean-feedback
precoding. On the other hand, since the channel covariaat@ds primarily determined by the
antenna correlation, which can be readily evaluated atéimsinitter, the feedback requirement for

covariance precoding in Chapter 6 is much smaller than famieedback precoding. Naturally,
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the quality of mean-feedback precoding will be degradedtdwestimation errors, and in general
it is more sensitive to the channel time variations and feeklwelay than covariance precoding.
In contrast, covariance precoding may become less efeeativen mean feedback is accurate.
Mean-feedback precoders have been developed for OSTBEnsysiver an uncorrelated flat-
fading MIMO channel in [50, 103] with the assumption of petf€SIR or imperfect CSIT with
additive estimation noise but no feedback delay. A more ggmaodel has not been consid-
ered yet. If mean feedback and channel covariance matriawaiéable, [104] studies precoding
schemes designed to approach capacity in spatially-uglated flat-fading MIMO channels and
multiple-input single-output (MISO) OFDM downlink (eacker has one receive antenna). How-
ever, from available results it is still not clear whetheramdeedback could be helpful to reduce
error rates. This paper aims to examine whether and when feedback is necessary to achieve a
lower error rate when considering precoding strategiesa fgeneral OSTBC-OFDM system with
channel estimation errors and feedback delay over a dyat@irelated frequency-selective fad-
ing MIMO channel. We assume that the long-term channelssizgi including the variance of the
estimation error and feedback delay, are available at #msmtnitter. In the mean-feedback model,
the complete channel matrix is sent back so that the tratesrodn calculate the conditional mean
of the actual channel matrix given the channel statistinghé covariance precoding model, the

channel covariance matrix is available at the transmiti@mplete CSIT is not necessary.

7.1.1 Contributions

Precoders are developed to effectively exploit mean feddaad channel covariance for error-rate

improvement in OSTBC MIMO OFDM downlink. Our contributioase summarized as follows:

1. A general system modslderived, in which the receiver imperfectly estimates @81 sends
the inaccurate estimates back to the transmitter via a &sdbhannel, which introduces

delay. The conditional mean and covariance of the channeboaae derived.

2. Mean-feedback precoding proposed to maximize the SNR in a general OSTBC OFDM
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system; SNR determines the error rate in OSTBC systems. IBet#r precoding and non-
linear THP are considered. The proposed precoders takadctmunt the estimation errors
and channel time variations over feedback delay and offémap power allocation. We
confirm the intuition of the fundamental trade-off betweeeam-feedback and covariance
precoding. As mean feedback becomes accurate, mean-&edbecoding can achieve
a lower BER than covariance precoding considered in Chaptee., mean feedback is

helpful. Non-linear precoding is shown to outperform linpeecoding.

3. Adaptive dual-mode precodinghich switches between the proposed mean-feedback pre-
coding and covariance precoding in Chapter 6 is also deedlophe maximum achievable
SNR is derived and used as the precoding-mode selectioiciBte receiver calculates the
metric and decides whether mean feedback is necessary .ol hetdecision is sent back
to the transmitter using only one bit per subcarrier. Oumpédea precoding significantly
reduces the required capacity of the feedback link sincg th@ channel covariance ma-
trix available at the transmitter is used when the channetlitons become severe, and it

outperforms both mean-feedback and covariance precogiplged individually.

7.1.2 Organization

The remainder of this chapter is organized as follows. IrtiBed.2, the system model of OSTBC
OFDM with transmit-antenna correlations is briefly desedb The model of mean feedback is
introduced, and the conditional mean and variance of tharaklanatrix is derived. Section 7.3
proposes mean-feedback precoding. Both linear precodidghan-linear precoding are consid-
ered. covariance precoding is also reviewed. In Sectiont@ielmaximum achievable SNRs are
derived for both mean-feedback and covarianc precodin@ riiétric for switching between the
two precoding modes is developed. Simulation results foppsed precoding are given in Section

7.5. Section 7.6 concludes the chapter.
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7.2 System Model

This section will introduce the system model of &rsubcarrier OFDM downlink system with/-
transmit antennas antd; receive antennas in the presence of transmit antennaatoored. The

path correlation is not considered.

7.2.1 MIMO OFDM with Transmit-Antenna Correlations

At the timei, the set of the-th path spatial gains can be represented bywanx M, matrix
H,,,[:] with entriesh,,,,;[i] which are i.i.d zero mean complex Gaussian random variatis
unit variance. The sum of channel tap power gains is nor@aliz unity. Similar to (6.4), the

My x My channel on thé-th subcarrier at the timecan be represented as [72]
H[k, i = ZHM Je I FHRI?. (7.1)
R is the transmit antenna correlation matrix with entriescliFare expressed by (3.20)

Rr(p,q) = Jo (27|p — ql¢r) (7.2)

where(; = Ai—f. Ry = RZ.

At the receiver, thé-th received signal vector can thus be given by
Y[k, i] = H[k, | X[k, 1] + Wk, ]. (7.3)
Stacking all theV received signal vectors, théM x N My overall channel matrix is then
H[i] = diag[H[1,] ... H[N,4]] . (7.4)

This chapter considers the structure described by (7.8)ytiach precoding can be designed indi-

vidually for each subcarrier.
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7.2.2 Models for Mean Feedback and Channel Covariance

Here we introduce general MIMO channel models accountimgniperfect channel estimates,
multiplicative time-varying effects, and transmit-antarcorrelations. The conditional mean and

covariance of the channel matrix are derived by exploitirggdhannel statistics.
7.2.2.1 Channel Covariance Model

For simplicity, the sum of the channel tap power gains is radized to unity. The channel gain
matrix on the subcarriek in (7.1) is assumed to be a zero-mean complex Gaussian mathix
autocovariance

Cuulk] = E [HY [k, i/H[k, i]] = Ro. (7.5)

Hence, the autocovariance matrix is independent of thesstibcindexesR 7 is mainly dependent
on the angle of arrival spread and antenna spacing, whickasiéy available at the transmitter.
Cunlk] can also be readily determined at the receiver from the alastimates. Evaluation of

Cun k] needs to be done very infrequently, because of the very lwofechange oR 7.
7.2.2.2 Mean Feedback Model

In this model, the complete complex channel gain matrix g sack to the transmitter and the
transmitter calculates the conditional mean of the actuahnel matrix given the channel statistics.
It is called mean feedback in the rest of the chapter. Theweckas inaccurate estimats; [k, /|

of the current actual, but unknown, channel gain makfix, i|. The imperfect estimates are sent
to the transmitter via a feedback channel which introducdslay r. The transmitter thus has
the inaccurate estimald |k, ] of the actual (unknown) but outdated channel makix, i — 7},
which is T seconds older than the current channel maijk, i|. The variance of the estimation
error and feedback delay are available at both the traremaitid the mobile receiver.

The time-variant frequency-selective channel is modeseididows:

e The entries in atap gain vector for the, v}th antenna pain,, , [i] = [huvolil, - - -, P, —1]]] 4
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are time-varying according to Clark&sD isotropic scattering model with maximum Doppler
shift fp [85]. Sinceh, ,[i — 7] is a delayed version df, ,[:], they are jointly Gaussian with
an autocovariance matrix

E [h,,[i]hl i — 7] = JRp, (7.6)
whereRp = diag[o?,...,07_,], J = Jo(27e) is the normalized autocovariance ane-
fp7 is the normalized maximum Doppler shift with respect to thedback delay. From

(7.5) and by analogy to (7.6), the following covariance mxatan be obtained:

The channel estimates at the receiver can be expressed as
HR[]{:7 Z] - H[kj, 'I/] + Eerr[kj]7 (7.8)

whereEg.[k] is the estimation error matrix with i.i.d. entrids, ,[k] ~ CN (0, £2.), Vi, k;
Eeq|k] is independent of all other stochastic processes. Thexetoe cross-covariance ma-

trix of H[k, i] andHg|k, i] can be shown as
Cun, = E[HY[k, i|Hg[k,i]] = Ry (7.9)
The channel matrix estimaid |k, i| available at the transmitter can be modeled by
Hylk,i] = Hglk,i — 7] = H[k,i — 7] 4+ Eeq[k]. (7.10)

ObviouslyH[k,i| # Hy|k,i—7] # Hg[k, i]. The cross-covariance &fr [k, i] andHg|[k, i]
can be obtained similarly to (7.5), (7.6) and (7.7)

Cu,u, = JRr + Q2JIyy,;
(7.11)
CHTH = JRr.

GivenHr |k, i], the transmitter can obtain the conditional mean and camee matrices of
the user following the approach in [79, pp.324] as
s, [k, i] = JHr[k, i (Rr + 20h,) ' Ry,

) (7.12)
Cun, = Rr — Ry (Rr + 21y,) Ry
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A more detailed derivation of (7.12) can be found in the Apprrand [105]. Since the
receiver has the informatiaH z [k, ¢ — 7] = Hylk, 7], the conditional mean of the channel
matrix at the transmitteH [k, i| can be calculated at both the transmitter and the receiver,
and the variance is dependent on the correlation m&yix Similarly, givenHp|k, i], the

conditional channel and covariance matrices can be olit@se
Huju, [k, i) = Hglk, i) (R + 2.1u,) "' Ry

(7.13)
Cuju, = 2Rr (Rr + 21u,) ' R

The conditional meanblyu, [k, :] andHuju, [k, ?] can be described as equivalent channels
exploiting the channel statistics and uncertainty stngcta mitigate the impact of imperfect CSI
at the transmitter and the receivers [106, 107]. The caoili covariance matriceSyy,. and
Cuju,, indicate the CSIT and CSIR channel uncertainty given by thevalent channels, respec-
tively. Clearly, the CSIR uncertainty is determined by ttasmit antenna correlation matrix and
the estimation error. At the transmitter, besRlg and estimation errors, the CSIT uncertainty also
depends on the autocovariantewhich is the function of the normalized maximum Dopplefishi

As the maximum Doppler shift increases, which may be caugeddoeasing velocity of the user,

the mean-feedback uncertainty becomes significant.

7.3 Precoding with Mean Feedback and Channel Covariance

This section proposes mean-feedback precoding to maxi@hik in the general OSTBC OFDM
system. By exploiting the conditional channel mean and Gamae, our precoders take into ac-
count the channel uncertainty due to estimation errors &adrel time variations. Both linear

precoding and non-linear THP are presented. The THP stauigshown in Fig. 6.2.

7.3.1 Mean-Feedback Precoding

Here a general case with multiplicative time-varying effeand imperfect CSIR is considered.
With the precoding matriEyg[k], the effective transmitted signal Bye[k]X[k]. For simplicity,

the time index is omitted.
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If the channel’s mean and covariance matrices are avajlgiten Hr [k, i] the transmitter
can calculateHy i, [k, | of the actual channel matrix (7.12), and perform SVD, whiatlds
Huu, k] = U[k|T K]V [k]. U[k] andV [k] are unitary matrices, and the diagonal singular value
matrix f‘[k] has real, non-negative entries. As in [103] and [46], a gdrferm of the precoding

matrix Eye[k] can be given by

Eve[k] = VIE|Awe K]V [K], (7.14)

whereAwe[k| is an My x My diagonal matrix representing the power distribution wite main
diagonal entries. In OSTBC systems, the minimum SNR (whiclukl be maximized) determines
the BER performance. With precoding (7.14), the SNR onkthie subcarrier in OSTBC OFDM

can be given by [99]

SNRue k] = 2 [tr ( Affe KV [T [HIRIV 4] Ave 1) ] (7.15)

where E; is the average energy of the transmitted symbols) ttenotes the trace of a matrix.
Since the actual channel has the conditional mHayy;,. [k] and covarianc€y y,, as shown in

(7.12), the error-rate minimization problem becomes

subject to t{E{jc[k|Eye[k]) = tr (A}e[k]) = My, which is a normalization condition guaran-
teeing that precoding will not increase the transmittedgrowhe function in (7.16) is linear and
therefore it is concave ildye[k]. The objective of (7.16) is to find the power allocatidfyg ]
that maximizes the SNR. This maximum SNR will depend on thaityuof the conditional mean
H.[k]. As Hy[k] approaches the actual channel malfix:], V|[k] approached/[k] (the right
unitary matrix from the SVD of the actual channel matrix) akgg[%] is primarily determined
by the singular values of the channel matrix. The optimaaproblem of (7.16) can be solved
numerically or analytically. Furthermore, it has been shakat for some specific uncertainties,

the problem can be simplified and closed-form solutionst @5 103]. Several software packages
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are available includingptimization toolboxn MATLAB. For example, the functiofminconcan

be used, which offers efficient computation within a polymalrtime.

7.3.2 Non-Linear Tomlinson-Harashima Precoding

Mean-feedback THP is proposed for SNR maximization in OST8IMO OFDM downlink.
Ignoring the modulo device, the user’s feedback structsiequivalent tdB~![k], which can be
optimally designed as in (7.16B[k]opt = Eyr[k]opt- The effective channel id [k]Eye[k] and ML

decoding is used at the receiver.

7.3.3 Covariance Precoding

When mean feedback is not available, the transmitter knowstbe channel covariance matrix

(7.5). The PEP optimal covariance precoding introducedhapfer 6 has the following form
Ecp,, = VrAcpVE, (7.17)

whereVr is the right My x My unitary matrix from SVD of the transmit-antenna correlatio
matrix Ry. The optimalAcp can be found as discussed in Chapter 6.

The precoding design, involving either mean-feedbacka(7ot covariance precoding (7.17),
aims to minimize the system error rate, which is determine&KR in OSTBC systems. Mean-
feedback precoding requires a high capacity feedback &énk,is more sensitive to the channel
time variations and feedback delay. On the other hand, @ precoding is a one-size-fits-
all solution which does not reflect the instantaneous angigrchannel conditions. Covariance
precoding thus becomes less helpful when mean feedbackecacchrate. Naturally, the quality

of the mean and covariance matrices used in precoding detesrie achievable error probability.

7.4 Mean-Feedback Precoding or Covariance Precoding?

This section develops adaptive precoding which switchésdrEn mean-feedback (7.16) and co-

variance precoding (7.17). The maximum achievable SNR th bases of (7.16) and (7.17) is
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derived. The SNRs are calculated at the receiver and usdteaelection metric, according to

which the precoding mode is chosen.

7.4.1 Maximum Achievable SNR

In a precoded OSTBC system, the maximized SNR:-¢h subcarrier can be given by

e fir (et )| =

w Ow

SNRk| = tr [E{){)t (Hﬁ‘HT [k Hge, (k] + Crjmy) Eopt} . (7.18)

If only the channel covariance matrix is availabléy i, = Cyr and the conditional mean is an

all-zero matrix. The SNR is then

E;
SNRep = p tr (EgPOmCHHECPopt) . (719)

2
w

Substituting the covariance from (7.5) and the precodingimér.17) into (7.19), the SNR of a

covariance precoded system is identical for all subcarrend becomes

E, Es
SNRCP = 50_2 tr (VTACPVJI!RTVTACPVJI!) = 5—2“' (I‘%«A%P) , (720)

(1% Ow

whereR; = VT2 VE. Clearly, the SNR of covariance precoded OSTBC OFDM is iedelent
of the index of subcarriers and the channel time variatioDgferent users will have identical
SNRs.

When mean feedback is available, the transmitter can ed&ethe equivalent channel matrix
Hpyu, k] and the SNR becomes

SNRye[K] = —tr (Bffe [opt (Hff g, M Elre, (8 + G, ) Buelllo) . (7.21)
Ow

Substituting (7.12) into (7.21), we have

SNRye K]

E, —1 -1
= (VEfeMopRr (Re + 2Las,) ™ HEMH(ERs (Re + 2Lar,) ™ Ene ko)

E, _
- O_—Ztr (EﬁF[k]optRT (Rr + 21y, ! (1= TRy + 2Iyr,) EMF[/{;]Opt) .
w
(7.22)
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The SNR for a mean-feedback precoded OSTBC system is adarati/. The precoding matrix
(7.16) is determined b¥,[k] andRr in (7.12), whose accuracy is dominated.bynd(2.. SNR

in (7.21) is sensitive to the channel estimation errors drahoel variations.

7.4.2 When to Use Mean Feedback

The SNRs are used as an indicator of the accuracy needed for feedback to give a lower
BER than covariance precoding. The accuracy of mean fekdizacbe gauged by its correlation
with the actual channel matrix, which primarily depends lo@ mormalized autocovariandeand
estimation errord?.. There may exist certain values dfand (2. such that for some channel
realizations, the SNR of mean-feedback precoded systares gy (7.21) is greater than the SNR
of covariance precoded systems given by (7.19), i.e., meadblack is helpful to achieve a lower
BER.

The mean-feedback precoding on the subcatrieill outperform covariance precoding if
SNRye[k] > SNRcp. (7.23)

A simple case of perfect CSIR is first considered, i.e., thenage error(2, = 0, Yu. The mean

and variance of the actual channel are thus simplified to
Hyju, (k] = JHr[k], Cum, = (1 - J*)Ry. (7.24)

Since from (7.14Ewe[k]opt = V[k]Ame[k] VK] andHE [k]H[k] = V[K]T2[k]VH[k], we have

E M
SNRcp = ; (F%A%P = 2 Z V1 A CPm
§oiv 5 (7.25)
SNRye[k] = == [ 72tr (AZe[MT2[K] ) + (1= It (Awe K]V KR VK Ave [K]) |
Ow
Eq. (7.23) can now be simplified to
f—c<J*b—oc), (7.26)

with f = L3207 52 N2 b=t (AZe[KT?[H] ), ande = tr (Awe [V (R VK Awe [K]).
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The mode selection inequality (7.23) is the selection kateused by our proposed adaptive
precoding scheme. The inequality dependsJjoand (2., indicating when mean feedback has
better performance. The receiver calculates (7.19) ai2d ),/and adaptively selects the precoding
mode which achieves a higher SNR. The same selection onteriused for non-linear precoding.
The decision is sent back to the transmitter; one bit perauiec is required. The transmitter
allows different subcarriers to use different precodingdes In an OFDMA system, different
subcarriers may be assigned to different users, and sufi@r different channel conditions. When
the channel time variation is fast or the channel conditimspoor, covariance precoding may
outperform mean-feedback precoding. The channel infoam&hen does not need to be sent back
to the transmitter, which significantly reduces the fee#lbaguirements. If mean feedback can
be accurate, mean-feedback precoding may offer a higher. $N&receiver can thus use mean
feedback to achieve a lower error rate.

To further reduce the feedback load, subcarrier groupinly interpolation can be introduced.
Higher-order interpolation design will lead to a betterfpenance, but is more complex. There
is a trade-off among complexity, performance, and the faekiboad. It thus remains a future

research topic to develop a simpler mode switching metric.

7.5 Simulation Results

This section presents simulation results to show how oysgsed precoders improve the system
performance in &4-subcarrier OSTBC MIMO OFDM system with transmit-antenoerelations.
The vehicular B channel specified by ITU-R M. 1225 [73] is us&tl decoding is used at the
receiver. The BS and the user terminals know the correlatnatrix R+ with the correlation

parametet; = AdTT; the angle of arrival spread is assumeéq, i.e., A ~ 0.2.
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Figure 7.1: The mean-feedback SNR to covariance SNR ratfolimear precoding (LP) and THP
as a function of the normalized autocovarianceXot 2 4-QAM Alamouti-codeds4-subcarrier
MIMO OFDM systems over transmit-antenna-correlated ceénwith different values of’r;
2. =0.

7.5.1 Maximum Achievable SNR

Fig. 7.1 compares the maximum achievable SNR of mean-fe&givacoding and covariance pre-
coding in Alamouti-coded OFDM systems. We considetadceive antennas and perfect CSIR,
i.e.,J = J(2me), 2. = 0. The mean-feedback SNR to covariance SNR ratio (MCSR) id tese
show the gain that mean feedback can obtain over covariaeceding. Clearly, ag/, increases
with decreasing user’s speed, the MCSR monotonously iseseaOn the other hand, as the cor-
relation paramete(r increases, i.e., the transmit-antenna correlations weake MCSR also

increases. Whedqy is greater thai.2 and.J is greater tha.8, the value of MCSR is larger than
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1, i.e., the proposed mean-feedback precoding achievesham@NR than covariance precoding.
This tells us that in this case, mean feedback is sufficiemtlyurate to have a lower error rate.

Furthermore, THP performs better than linear precoding.

3.5 T

LP,Z;:O.?;, Q.e:0.0l
..... LP,,=0.4, Q_=0.01
- - LP,;=05,0_=0.01
—_LPZ=03,0.=01 |
25| .. _. LP,{,=0.4, Q_=0.1 {/1
_ LP,;=05,Q_=0.1

—g— THP,2,=0.4,Q =001

—e— THP,2,=0.5,0 =001
g— THP,(.=0.4,Q =0.1

Mean—to—Covariance—SNR Ratio

Figure 7.2: The mean-feedback SNR to covariance SNR ratfolimear precoding (LP) and THP
as a function of the normalized autocovarianceXot 2 4-QAM Alamouti-coded64-subcarrier
MIMO OFDM systems over transmit-antenna-correlated ce&nwith different values ofr,
2., =0.0landf2, = 0.1.

Fig. 7.2 assumes that the variances of the estimation emedr. aand0.01. As the variance
becomes large, the gain of mean-feedback precoding ovarieoce precoding decreases. The
values in Fig. 7.1 and 7.2 are comparable, i.e., the reatomshimation errors do not have a

significant impact on the SNR gain that mean feedback camaehi
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7.5.2 BER Performance

The intervalZ = [0.9, 1] is considered for the normalized autocovariard¢cend the values are
assumed to be uniformly distributed in this interval. In thiervalZ = [0.9, 1], the Doppler shifts
e = fp,7 normalized with respect to feedback delayare in the rang€0, 0.1]. This range of
normalized Doppler shifts corresponds to the range of reaalocities from zero t@16 km/h (at

5 GHz carrier frequency anth0 is feedback delay).

7.5.2.1 Mean-Feedback Precoding

- NoP,Z.=0.5,J0 |

—e— MFB-LP,Z.=0.5, J=0.998
- @ = C-LP {.=0.5,J=0.998

. =@= MFB-LP,{.=0.5, J=0.9

10

BER

.

\/
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Figure 7.3: BER as a function of SNR for mean-feedback lipeacoding (MFB-LP), covariance
linear precoding (C-LP) and no precoding (NoPpiasubcarriert-QAM Alamouti-coded2 x 2
OFDM systems with perfect feedbacll.£ Tand.J = 0.9 and.J = 0.998.

Fig. 7.3 shows the BERs of the proposed mean-feedback lipemoding (MFB-LP) in
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Alamouti-coded® x 2 OFDM with perfect channel estimation. The normalized aovaciances
J of 0.9 and0.998 are considered. BER of the covariance linear precoding RCgroposed in
Chapter 6 is shown for reference. When the user is movingeaspieed 080 km/h (J = 0.998),
the user’s speed is around 30km/h (assundigHz carrier frequency and = 100 us, as be-
fore). The value of/ decreases as the speed increases. The proposed mearckepizmder
offers a0.4 dB gain over covariance precoding at the BER16f?. Clearly, as CSIT becomes
more accurate, mean-feedback precoding outperformsieocarprecoding. The BER increases
with decreasing/. At J of 0.9, the BER of mean-feedback precoding increases drasticaly
covariance precoding is more suitable in this case.

Fig. 7.4 shows the performance of our proposed mean-fekdbesar precoding (MFB-
LP), mean-feedback THP (MFB-THP) and the impact of impéréd@annel estimation4-QAM
Alamouti-coded2 x 2 OFDM is considered. The variance of the channel estimatioor &2,
is 1/16. Our MFB-THP outperforms the no-precoding case even if thenoel’s time-variation
range is as high 6.9, 1]. Clearly, non-linear precoding outperforms linear préocgdAt a BER
of 1073, covariance THP has6 dB gain over covariance LP, and MFB-THP has abioitiB gain
over MFB-LP.

Fig. 7.5 shows the impact of the number of transmit antennab®proposed mean-feedback
precoding. We consider6-QAM 1/2-rate-OSTBC4 x 2 OFDM and 4-QAM full-rate OSTBC
2x2 OFDM systems when the antenna correlation coeffigjens 0.3. Clearly, Fig. 7.5 con-
firms the intuition that a large number of transmit antenmagroves the BER in the high SNR
region and increases robustness against the channel gstireaors. Once again, non-linear THP

outperforms linear precoding, in both perfect and imper@8IR cases.
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Figure 7.4: BER as a function of SNR for mean-feedback lirgacoding (MFB-LP), MFB-
THP, covariance linear precoding (C-LP), C-THP and no pieap(NoP) in64-subcarried-QAM
Alamouti-code@ x 2 OFDM systems with perfect and imperfect channel estimatjpn= Ai—f =
04, J €l

7.5.2.2 Adaptive Precoding

This subsection now shows how our new adaptive precodingoves the BER in OSTBC OFDM
with transmit-antenna correlations and imperfect chaesémation. Fig. 7.6 shows the BERs
of the proposed adaptive linear precoder 46QAM Alamouti-coded2 x 2 OFDM when the
correlation parameter; is 0.5. Perfect CSIR is considered. Adaptive precoding switcletwden

the mean-feedback and covariance precoding modes, whiers @fdditional selection diversity.
As a result, it achieves almost5 dB improvement over covariance precoding. Also, adaptive

precoding eliminates error floors at a BER16f * present with mean-feedback precoding.
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Figure 7.5: BER as a function of SNR for mean-feedback lirgacoding (MFB-LP), MFB-
THP and no precoding (NoP) ié4-subcarrier16-QAM 1/2-rate-OSTBC OFDM and-QAM
Alamouti-coded OFDM systems with perfect and imperfecteteh estimation(, = Ai—i =0.3,
Mr=2,J €l

Fig. 7.7 shows the BERs of our proposed adaptive THRGHQAM 1/2-rate OSTBC4-
transmit-antenna OFDM with perfect and imperfect CSIR whens 0.4. Adaptive precoding
individually outperforms MFB-THP and C-THP for both perfand imperfect channel estimation

cases; non-linear THP outperforms linear precoding.

7.6 Summary

For a general transmit-antenna-correlated, frequeniegtsee fading MIMO channel model in an

OSTBC OFDM downlink system with estimation errors and fesbdelay, the conditional mean
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Figure 7.6: BER as a function of SNR for mean-feedback THPEMIHP), covariance THP (C-
THP), adaptive LP and THP, and no precoding (NoP) éd-subcarried-QAM Alamouti-coded
2 x 2 OFDM system(; = AL = 0.5, J € L.

and covariance of the channel matrix have been derived. BERmizing mean-feedback pre-
coding has been proposed. Adaptive dual-mode precodingageoposed, in which either new
mean-feedback precoding or covariance precoding is addythosen at the receiver according
to the channel conditions. The receiver calculates theogiiag-mode switching metric and de-
cides whether mean feedback is necessary. We have confine@aaition that if mean feedback
is sufficiently accurate, it improves the system perforneanthe proposed precoders, both the
mean-feedback precoder and the dual-mode precoder, réuiegror rate. Adaptive precoding

outperforms both mean-feedback precoding and covariamoe@ing individually applied.
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Figure 7.7: BER as a function of SNR for mean-feedback THP BMMHP), covariance THP
(C-THP), adaptive non-linear precoding, adaptive lingacpding and no precoding (NoP)6d-
subcarrierl6-QAM 1/2-rate OSTBC4 x 2 OFDM systems with perfect and imperfect channel
estimation{r =04, J € Z.
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Chapter 8

Conclusions and Future Work

8.1 Conclusions and Summary of Contributions

In this thesis, we have developed transmitter precodingreels to mitigate ICI in closed-loop
MIMO OFDM and multiuser MIMO OFDM downlink. We have also praged precoders to reduce
BER in MIMO OFDM systems with spatial correlations.

In Chapter 3, ICI reduction in closed-loop MIMO OFDM has bestadied. A non-linear
TH precoder has been proposed for closed-loop MIMO OFDM \iriglgiuency offsets. It has
been shown that the ICI coefficient matrix is approximatetytary. Exploiting this property,
the proposed TH precoder only needs partial CSI, channel maitrix, at the transmitter. The
knowledge of frequency offset hence does not need to be fadtbahe transmitter, which reduces
the feedback load and avoids possible frequency-offsestniter mismatch. The proposed THP-
OFDM significantly reduces the BER increase due to frequerfiset. In addition, it has been
shown that proposed THP also works well for spatially-datesl MIMO channels.

In multiuser OFDM downlink, if only post-processing techues are used at each user’s re-
ceiver to reduce MUI due to spatial multiplexing, the praieg at the user level can hence be
quite complex or even impossible. On the other hand, sineaigiers are decentralized, the ap-
plication of only transmitter precoding for ICl and MUI ngation, which requires full CSI at the
BS, is problematic. Chapter 4 has thus proposed two-stagemritter/receiver processing to re-

duce ICI and MUI in downlink multiuser OFDM with multiple tnamit antennas. The first stage
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employs a TH precoder at the BS to mitigate multiuser interfee in a spatial MIMO channel.

The second stage applies a low-complexity linear MMSE egerato suppress ICl and MUI due

to frequency offset at each user’s receiver. The MMSE egeahas low complexity due to the
unitary property of the ICI matrix. Our proposed equalizagngicantly reduces the BER increase
due to frequency offset. Sending frequency offset inforamato the BS does not offer additional
BER improvement.

In the previous two chapters, to apply precoding channelggaie needed at the transmitter.
Chapter 5 has developed a LFB-TH precoder for closed-loojiusar MIMO OFDM with fre-
guency offset. Frequency offsets have been shown to havenpact on precoding, and hence
precoding on per-subcarrier basis is possible. The lirfiéedback codebook design algorithm
is proposed, and the precoding matrix selection critergadarived. With the limited-feedback
feature, the precoding matrix is determined at the receiver, the CSI is not required at the
transmitter. Since only a limited number of bits needs todakldack, a low feedback rate can be
maintained, which is desired for closed-loop system desigpe proposed LFB-THP significantly
reduces the BER degradation due to frequency offset in Sk¢gs OSTBC systems, and OFDM
with spatial correlations.

MIMO OFDM systems are also constrained by limited antenracisyyg, which may lead to
correlations among antennas. The antenna correlatioryslvealuces the system data rate and
increases the error rate. Furthermore, the original spaeeMIMO techniques have poor perfor-
mance if they are directly employed over antenna-corrélat@annels. In Chapter 6, covariance-
based linear precoding and non-linear Tomlinson-Haraalprecoding have been developed for
a MIMO OFDM wireless link over transmit-antenna and pathrelated channels. The impact of
path correlations on the PEP is analyzed. Closed-form,rilte-based linear and non-linear
precoders that minimize the worst-case PEP in OSTBC OFDM baen derived. An adaptive
strategy that switches between precoded SM OFDM and prddd@@ BC OFDM has also been

proposed. The system is designed to achieve a low BER witlhgattéixed transmission rate.
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For each subcarrier, the minimum Euclidean distance ofebeived codebook is used to select
between SM and OSTBC. A lower complexity selection criten® also derived. To reduce the
number of feedback bits, mode selection could be based apgiaf neighboring subcarriers. The
proposed precoders significantly reduce the impact of aatand path-correlated channels; non-
linear precoders perform better than linear precoders atlaptive strategy outperforms either SM
or OSTBC individually in terms of the BER.

Taking estimation errors and feedback delay into consiaeraChapter 7 has derived the con-
ditional mean and covariance of the channel matrix in an GSMBMO OFDM downlink sys-
tem over a general transmit-antenna-correlated, frequeelective fading MIMO channel model.
SNR-maximizing mean-feedback precoding has been dewlofi@s chapter has also proposed
adaptive dual-mode precoding, in which either new meadkaek precoding or covariance pre-
coding is adaptively chosen at the receiver according tocttemnel conditions. The receiver
calculates the precoding-mode switching metric and decideether mean feedback is necessary.
We have confirmed the intuition that if mean feedback is defiity accurate, it improves the sys-
tem performance. The proposed precoders, both the medhéele precoder and the dual-mode
precoder, reduce the error rate. Adaptive precoding ofatpes both mean-feedback precoding
and covariance precoding applied individually.

Our techniques have good performance, low feedback regaints and low complexity, which

are desirable features in the future wireless systems.

8.2 Future Work

Future research may be carried out in the following threeondijections.

8.2.1 Complexity Reduction

There is a trade-off between the amount of CSI fedback tortresinitter and the gain available

from the using CSI. For precoding over MIMO OFDM systems, fisedback may need to be
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on a subcarrier basis. To reduce the total amount of the &sddinformation, the correlation of
precoding matrices on adjacent subcarriers can be expl@tezisignificant correlations between
adjacent subcarriers lead to substantial correlation éatvihe precoders corresponding to neigh-
boring subcarriers. The neighboring subcarriers canther®e combined into a group and use the
precoding matrix corresponding to the center subcarriealfidhe subcarriers in the group. Since
the subcarriers near the group boundary may experienocarpefce degradation, an interpolation
scheme can be used to improve the performance due to grodhgn a better performance is
required, a smaller group can be used, i.e., more bits caerriid®sthe transmitter. Higher-order
interpolation design will lead to a better performance, isunore complicated. It thus remains
a future research topic to address the trade-off among tiplexity of the interpolation design,

performance, and the feedback load.

8.2.2 Robust Precoding in Multiuser OFDM

Precoding schemes need instantaneous CSI or long-teristisgatt the transmitter. Accurate
CSIT requires perfect channel estimation and time-inmighannel conditions. However, estima-
tion errors introduce channel mismatch at both the tranemaind the receiver, i.e., the channel
information which is available at the transmitter and theeieer differs from the actual channel at
the time of transmission. The time variations and feedbaigenlead to unbalanced CSI between
the transmitter and the receiver and make CSIT mismatch seneus. As the CSI mismatch
becomes severe, the performance of precoders significdetfyades. Thus, there is a need to
solve the problem of imperfect and mismatched CSI at thestrétter and the receiver. A new
precoder which is robust against estimation errors andofsgddelay for multiuser OFDM over
spatially-correlated MIMO channels is of interest to inigate. A key feature of future wireless
system design is the quality of CSl at the transmitter aratedlfeedback requirements. The robust

precoder with limited feedback is also of interest to ex@lor
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8.2.3 Precoding Design in Medium Access Control Layer

A successful broadband wireless system design must inelnasficient co-designed MAC layer
for reliable link performance over the wireless channele MAC layer design will involve auto-
matic retransmission and fragmentation mechanism, wiher&ansmitter breaks up packets into
smaller sequentially sent subpackects. If a subpacket&wvwed incorrectly, the transmitter re-
guests re-transmission of it. This automatic retransmimssequest (ARQ) algorithm introduces
time diversity (delay) into the system, which may help toosesr the transmitted signals from
noise, interference and fades. It is interesting to devilogamental diversity-multiplexing-delay
tradeoffs of a MIMO retransmission channel, and have irsigito benefits of ARQ schemes for

future multiuser MIMO OFDM systems.
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Appendix

Proof of Unitary Property of the ICI Coefficient Matrix
For simplicity, in the following proof the subscrigt;, v} of (3.8) is omitted.

As N — oo, forl < k < & andk > ¢, we have

sinm(e + k) jresny  sinme e sin TE jme (1)

Slk] ~ (e +k) Cw(e+ k) ok

Note that wherk = 0, S[0] ~ #22<¢/™, From (3.5), one can immediately g&tV — k] = S[—k].

The proof includes two steps. Firstly, the diagonal enwfegd = S7S, Z(m, m), are shown to

|Z(m,m)|?

TZmmE ase — 0.

approach unity. Secondly, off-diagonal terms are proveratosh, i.e
SinceS[N — k| = S[—k], the{m, n}th entry ofZ is hence given by

N—-1-m
Z(m.n)= > SkS [k+m—n]=>_ S[klS*[k+m—n]. )
0

2

B
Il

k=—m

Let us first consider diagonal entries@f Whenm = n, Z(m, m) are the diagonal entries

=2

Zim,m) = 5™ SIS T = SI01S°[0] + S S[ES" [k

0 k=1

N—
sm TE sm TE Z 1
"~ (me)?

B
Il

where the second term in (3) is the Riemann’s Zeta functien )", - , ig = %2 [108]. WhenN is
sufficiently large, the terms df/k?, vV k& > N, can be omitted. We thus haEN ! &~ . The
(3) can be approximated & m, m) ~ sin?(re) [(7@2 + } andlim._o Z(m, m) = 1.

Now the off-diagonal terms are considered. Whens n, sinceZ is a Hermitian matrix, i.e.,

Z(m,n) = Z*(n,m), itis sufficient to consider the caseaf > n:

N-1
Z(m,n) = S[0]S*[m —n] + Y S[k]S*[k +m — n]
k=1
sin? e 1 sin? e = 1
72 [5(m—n)}+ 2 Zl{:l{:+m—n) @)
_ sin“7e <1+N 11 — )Vm>n
m(m—n) \e <=k k:1k+m_



Obviously, only whenn—n = 1, Z(m,n) can reach the maximum valgm, n) ., = 27 (L 41— 1),

T2

The least power ratio of the diagonal entries to the nonafiafjentries can be given by

2
Z2(m,m)  [1+ %2
K = ’ g I 5

Z%(m,n) ><€2—|—5 ®)

Ase — 0, K — E% The value of the normalized frequency offset has the domietiect on
the power ratioX. For instance, whea = 0.3, K > 11.1, which means ove90% energy is
concentrated on the main diagondk rapidly increases when decreases. Therefore, the ICI

coefficient matrixS can be approximated as a unitary matrix.

125



Proof of (7.12)
Note that ve¢ABC) = (CT ® A)vedB), where ve¢A) is a vectorization of the matriA,
and is denoted a&. We omit the time index.
Proof of (7.5). SinceH[k] = H, [k]R} R/ given in (7.1), the covariance of the channel vector
H[k] = ved H[k]) can be given by
Crig = E[H[MH"[4]
= (R @ L, ) vecH, [k])vec” (L, [k]) ((RY*)" @ L, ) 6)
=Ry @Iy,
where the entries oH,[k] are i.i.d. Gaussian random variables with zero mean andmnegi
normalized to unity. After expanding the left and right Saé (6), we can calculate the entries in
the matrixCg5, and thus obtain (7.5).
The vectorization format of the channel maffik] = veq H[k]) givenH[k] with conditional
mean and covariance [79, pp. 324]

Hi s, (K] = Cia, Cg g, Hrlk]

| HrHr

1
CH\H CHH o CHHTC CHTH7

(7)

whereHg g, [k] = vec(Hym, [k]). Crim, Is the covariance of the veH[k]) given ve¢Hr[k]).
The vectorization oHy g, [£] in (7.12) |sHHIH [k], and can be expressed by
Hy s, M = Caa, Cql g, Hrlk]
— J (RE@ Tug,) (RE+ 2:0as,) © Lgy,) ™ Holk] 8)
=7 ((RE (RE + 2.Ly,) ") @ Tary ) HirlK],

We thus have
-1

Hum, [k] = JHr[k]Rr (Rr + QI 9)
Similarly, the conditional covariance &, [k] can be shown to be given by
Cun, = Rr — J*Rr (RT + -QeIMT)_l Rr. (10)
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