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Abstract

Multiple-input multiple-output (MIMO) wireless communication systems promise a
higher data rate to meet the demand of future wireless applications. However multiple
expensive RF chains, that include power amplifiers, are required at both the basestation
and subscriber unit. The system complexity also increases significantly as the number
of signal dimensions increase. Orthogonal frequency division multiplexing (OFDM) can
reduce complexity of a wide band system. The thesis investigates whether MIMO and
MIMO-OFDM system complexity can be reduced by using antenna selection techniques,
while maintaining good performance. This study emphasizes MIMO systems.

To date, the performance of antenna selection has not been examined under imper-
fect instantaneous channel knowledge with a specific channel estimation technique. In
this thesis, orthogonal space-time block coded (OSTBC) MIMO antenna selection sys-
tems are investigated with maximum-likelihood (ML) and linear minimum-mean-square
error (LMMSE) channel estimation techniques. A novel MIMO antenna selection system
that takes short-term instantaneous and long-term statistical channel state information into
account is developed. The achievable outage and ergodic capacity are evaluated under spa-
tially uncorrelated and correlated Rayleigh block fading channels with different channel
estimation strategies. The numerical results indicate that the developed system does not

always benefit appreciably from deploying additional transmit antennas. It has been found



since the channel spatial correlation improves the LMMSE channel estimation quality, spa-
tial correlation may not always reduce capacity for some signal-to-noise ratios is in contrast
to prior studies of systems under perfect channel state information assumption.

It can be shown that the performance enhancement due to additional transmit antennas
for MIMO-OFDM systems is upper bounded by the enhancement obtained for MIMO sys-
tems. It will also be shown that the total number of transmit antennas should be relatively
small for both MIMO and MIMO-OFDM systems under these more practical considera-

tions.
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Chapter 1

Introduction

1.1 Motivation

The continuing increase in demand for services such as data, video on demand, high speed
multimedia and mobile internet access has driven wireless communications toward the
next generation. In response, wireless communication technology has improved greatly in
terms of spectral efficiency to satisfy the increasing capacity and data rate. Multiple-input
multiple-output (MIMO) systems and orthogonal frequency division multiplexing (OFDM)
are the major technologies that boost the data rate of wireless communications systems.
One of the earliest MIMO wireless communication systems was proposed by Jack
Winters in 1984 [75]. OFDM was first implemented in 1957 in the Collins Kineplex
system [13]. An implementation by fast Fourier transform is proposed in [74] to lower
the system cost and is first described in the context of mobile wireless communications
in [11]. OFDM is adopted in various standards, such as ETSI digital audio broadcast-
ing (DAB) [14], digital video broadcasting (DVB) [15], and IEEE 802.11 [29,30] wireless
LAN. The deployment of OFDM in GSM systems is currently under consideration [1]. The

first MIMO-OFDM system was presented in 1996 [57]. MIMO-OFDM has been adopted in



ETSI HIPERLANY/2 [16] with a maximum of two transmit antennas and IEEE 802.11n [26]
with a maximum of four transmit antennas.

However the major drawback of MIMO/MIMO-OFDM systems is that system com-
plexity and cost increase dramatically with number of transmit antennas. Antenna selec-
tion has been proposed to target this problem. Current studies on antenna selection focus
on systems with perfect channel state information (CSI). With this ideal assumption, this
simplified MIMO system performance can improve without bound. However in practice,
CSI is never perfect. The most common way to acquire CSI is through transmitting train-
ing symbols from the transmitter. The receiver then estimates the channel by techniques
such as maximum likelihood (ML) or linear minimum-mean-square error (LMMSE) esti-
mation. The channel estimation does not only induce error but also reduces capacity due to
training overhead. The system performance and design of antenna selection incorporating

imperfect CSI has not been investigated according to the best of our knowledge.

1.2 Thesis Overview

This thesis investigates practical aspects of the antenna selection for orthogonal space-time
block coded MIMO and MIMO-OFDM wireless communication systems. A total of five
chapters in this thesis addresses this topic.

In Chapter 2, the wireless channel models for both MIMO and MIMO-OFDM are de-
scribed. The analogy between MIMO and MIMO-OFDM spatially correlated channels are
derived. The orthogonal space-time block coded MIMO/MIMO-OFDM with perfect chan-
nel knowledge and their corresponding antenna selection algorithms are reviewed. Dif-
ferent channel estimation techniques for both MIMO and MIMO-OFDM systems are also

reviewed.



In Chapter 3, the orthogonal space-time coded system with antenna selection under
consideration is defined in greater detail. The relations among the channel quality, esti-
mate training length, channel spatial correlation and signal-to-noise (SNR) are formulated
mathematically. However due to the order statistics resulting from antenna selection, it
is difficult to analytically evaluate the outage and ergodic capacities. Therefore extensive
numerical studies involving Monte Carlo channel realizations with a wide range of SNR,
transmission block lengths, and spatial correlations with different training strategies have
been undertaken and are presented in Chapter 4. In the same section, the performance en-
hancement for the MIMO-OFDM system due to additional transmit antennas is shown to
be upper bounded by the enhancement of the MIMO system, given that the channel on each
MIMO-OFDM subcarrier is statistically identical to those of the MIMO channel. Finally

Chapter 5 summarizes the conclusions and suggests possible directions for future research.

1.3 Summary of Contributions
The primary contributions of this thesis are summarized as follows:

e A statistical characterization of the true channel, channel estimate and estimation er-
ror for linear-minimum-mean-square error channel estimation is presented in Section

3.3, clarifying previous studies.

e Application of the above statistical characterization to orthogonal space time block

decoding in correlated fading channels is presented in Section 3.4.

¢ An OSTBC MIMO system with antenna selection that takes short-term instantaneous

and long-term statistical channel state information into account.

e An analysis, in terms of Monte Carlo analysis, of the orthogonal space-time block



coded MIMO system with antenna selection under various settings is performed,

which takes training overhead into account, in Chapter 4.

e An analysis of OSTBC MIMO-OFDM systems with antenna selection is conducted
and an upper bound on performance enhancement due to additional transmit antennas

1s determined in Section 3.7.



Chapter 2

Background and Objectives

2.1 MIMO Channel Model

We consider a multiple-input-multiple-output (MIMO) wireless communication system
where the transmitter has N; antennas, and the receiver has N, antennas (Fig. 2.1). The
channel coherence bandwidth (B,) is defined as the range that frequency responses are
closely correlated. The coherence bandwidth is inversely proportional to delay spread (L).
Depending on the relation between the bandwidth of the transmitting signal By and B,, the
system might experience frequency-flat or frequency-selective fading. In this section, we

will discuss both types of fading.

2.1.1 Frequency-Flat Fading

For narrow-band wireless communications, the signal bandwidth is assumed to be smaller
than the coherence bandwidth. Under this assumption, the channel experiences frequency-

flat fading. The channel frequency response can be treated as flat across the occupied



MIMO

TXYz

MIMO

2 Rx

Figure 2.1: MIMO System

frequency band. The MIMO channel can be expressed in a matrix form

]’l|71 h172 h17N[
h271 /’l272 h2,N,

H= . 2.1)
hn, o hn,2 o - B,

The channel matrix H comprises the short-term instantanous channel state information
(CSD). It is assumed that all the antenna elements in the MIMO system have the same
polarization and radiation pattern. Let m; and m; be values of 1...N; representing indices
for any two transmit antennas and n; and n; be values of 1...N, representing indices any
two receive antennas. The spatial correlation coefficient between impinging waves between

any of the two transmit antennas is defined as

pi{i),c,m] = E[hnk7m,'hnk7mj]7 (2.2)

Similarly, the spatial correlation coefficient at the receiver is defined as

pffi)fnj = E[h”ivmkhnpmk]' 2.3)

6



Given (2.2) and (2.3) the correlation matrices are defined as follows

Tx Tx Tx
P11 Pip 0 Pin,
Tx Tx Tx
P21 P22t Pan,

Ry = : 2.4)
Tx Tx Tx
PN PN,2 " PNN,

and

Rx Rx Rx
Pi1 Pizp 0 Pin,
Rx Rx Rx
Py P2t Pan,

Rpy = (2.5
Rx Rx Rx
PN,y PN,2 " PN.N,

In the model provided in [54], the spatial correlation matrix of the MIMO wireless channel
is the Kronecker product of the spatial correlation matrix at the transmitter and receiver and
is presented as

R = E[hh"] = R1y @ Rpy. (2.6)

To generate the channel matrix H according to the spatial correlation defined in Eq. (2.6),

it is easy to see

H « Rg,'’H,Ry,'/?, 2.7)

h ~R'h,, (2.8)

where H,, is a complex zero-mean Gaussian random matrix and the variance of each
quadrature element is 1/2. h is the vector obtained by stacking the columns of H on top
of each other, and h,, is the vector form of H,,. In Eq. (2.7), the notation x -~ y means that
“the statistical distribution of x is identical to the statistical distribution of y” Such a model
has been supported with experimental validation in [61]. The information regarding Ry

and Rpgy is called the long-term statistical CSI.



2.1.2 Frequency-Selective Fading

Consider a wide band MIMO communication system, where the signal bandwidth is greater
than the channel coherence bandwidth. Such a MIMO channel is called frequency-selective

fading. The received MIMO signal is a sum of delayed replicas of the transmitted signal.

AN OH (DS (t —7(1)), (2.9)

M=

Y(t) =

=1

where H'(t) and A'(z) are the channel response and the power at each path, respectively,
and L is the number of resolvable paths of the channel. The information regarding L and A’

is called the channel delay profile, and is closely associated with a given environment.

2.1.3 Time-Selective Fading

Relative motion between the environment and system causes variation of a channel over
time. Therefore the transmitted signal experiences different fading at different times. This
characteristic of the wireless channel is referred to as time-selective fading. Motion causes
frequency shift (Doppler spread). Time-selective fading can be characterized by the chan-
nel coherence time, 7., which is inversely proportional to Doppler spread. Most com-
munications systems require channel state information (CSI) at the receiver to decode the
transmitted information. For channels with relatively small 7;., CSI needs to be estimated
frequently, which increases overhead. As 7. decreases, it is more difficult for systems that
require CSI at transmitter to obtain useful CSI related information through feedback from

the receiver.

2.1.4 Power Azimuth Spectrum

Let the two random signals observed by two antennas be
rm = Xm + jYm, m=1 or 2. (2.10)

8
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Figure 2.2: Normalized PASs for a single cluster case. For the three PASs, AS=30° and angle of incidence

¢ = 0°. PASs are confined within [—180°, 180°]

In order for ||r{||? and ||r2||* to be equal power Rayleigh random variables and the quadra-

ture components are uncorrelated, the following are sufficient conditions: [31].

to = RN%1(0) = R (0) = R (0) = R™™(0)
t =R¥%(D(p,q)) = R""(D(p,q))
1 =R¥"(D(p,q)) = —R"*(D(p,q))

0=R""(D(p,q)) = R*"(D(p,q)), (2.11)

where D(p,q) = 271'% is the normalized distance between the p-th and g-th antenna el-
ements where A is the wavelength and d is distance. The cross-correlation functions,
RX%2(D(p,q)) and RX1"2(D(p, q)) can be obtained through power azimuth spectrum (PAS).
The PAS are commonly modeled by three different distributions, namely uniform, Gaus-
sian and Laplacian. All three PASs are reviewed in [62]. A PAS of an environment with N,
scattering clusters depends on angle of incidence ¢ i, azimuth spread (AS) o, and distribu-

tion boundary A ¢y, such that the PAS is defined in the range [@o x — Ak, Po . + A @], where



k =1...N.. To maintain generality, the mathematical expression of PAS for each case is
summarized in the following sections for a multi-cluster scenario (N, > 1). An example of
a single cluster (N, = 1) PAS is shown in Fig. 2.2 (¢ = 0°, AS= 30, A¢ = 180°) for all
three distributions for visualization purposes. In the following discussions, m presents the
number of signal paths. If m is large enough we may apply the Central Limit Theorem to
conclude the channel is a complex Gaussian process, so the envelope of the fading channel
is Rayleigh distributed. As suggested in [31], this Rayleigh approximation is quite good

form > 6.

2.1.4.1 Uniform PAS

First introduced in [58], a uniform PAS with multi-cluster is modeled as

PASy (¢ ZCUk — (G0 — Adx)] — [0 — (G0 + L)), (2.12)

where £(¢) is a step function. Normalization factors Cy 4 are derived such that PASy (¢)

meets the requirement of a probability density function (p.d.f.), e.g.,

0ok + Dk

/ PASy (¢)d¢ = Z / Cyxdd = 1. (2.13)

0ok — Dy

From Eq. 2.13, the normalization constants Cy x need to satisfy the following condition:

Ne
2Y Cuxligp=1. (2.14)
k=1

The cross correlation function between the real components is

RE(D(p.0)) 2 [ cos(D(p.g)sing)PAS(9)d0 (2.15)
=Jo(D(p,q))
+4 Z CU k Z sz )) Cos(2m¢0’k) sin(ZmAgbk). (216)
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On the other hand, the correlation between the quadrature components is

RY(D(p.) £ [ sin(D(p,q)sing)PAS(9)d0 @.17)

N, 400
=4Y Cox ¥, "ngn(ﬂ(’; D) Ginl(2m+ 1) o] sin[(2m+ 1) Agy].

m=1

(2.18)
2.1.4.2 Gaussian PAS

A Gaussian distributed PAS is introduced in [2]. For a multi-cluster scenario, the PAS is

modeled as
G Con (¢ — ¢o)?
PASG(9) = Z] T [——26(2;7](
x ([0 — (o — Ax)] — €[ — (dok+ L)) - (2.19)

From (2.13), the normalization constants Cg 4 are derived such that

N,
< Ay
Coxerf —1, (2.20)
kz'] (GG,k\/j )
where erf(x) denotes the error function, defined as
erf / - dt. (2.21)
\/_

By definition of (2.19) and (2.20), the cross-correlation functions for the Gaussian PAS are

RG*®(D(p,q)) = Jo(D(p,q))
+ 2 Cox io Jom(D(p,q)) cos(2meo 1) exp(—ZGékmz)
k —

erf( B ij‘Gk\f)
xR K2

—er, f( \f JmGGk\[) 222

2
RI™(D Z Co i Z Jom+1(D(p,q)) sin[(2m + 1) o ] exp <_2Gé’k <m+ %> )

11



% erf(ajfkﬁfj(m%)oc,kﬁ)
~erf (520~ m+ )02

x : (2.23)

where R (x) denotes the real component of x.

2.1.4.3 Laplacian PAS

The most recently proposed PAS is the Laplacian distribution. It is first introduced in [54]

with supporting experimental data obtained both from urban and rural areas. The PAS is

modeled as
G Crx V2]l¢ —goll
PAS
L(¢) = kzlaLk\/E [ o7,
x (e[ — (Pox — Adi)] — €[ — (G0 + LA¢r)]) - (2.24)

The normalization constants are defined to satisfy the following condition.

NC
Y Cri|l—exp (—@H =1. (2.25)

= o+Lk

The cross-correlation functions are

RY™(D(p,q)) = Jo(D(p,q))
& Crp = Da(D(p,q))

=1 0LiV2 T <ﬁ)2 + (2m)2
V2 A¢’k\/_ 2msin(2mAdy)
% { @ exp or.k fLL,k cos(2mA@y) ’ (2.26)

R2(D(p,q)) = 4 Yo Cox = w1 (D(p,q)
L ’ - 2
=1 0LV 2 i) (ﬁ) +(2m+1)2

{£+exp< A(Pk\/_> [2m—|—l sin[(2m+1) Ady]

OL k oL,k +or cos[(2m+1) Ady]

+4

cos(2m@o x)

sin[(2m + 1)(])07](]

} : (2.27)

X

where J,,, is the Bessel function of the first kind and m-th order.
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2.1.5 MIMO Channel Correlation Matrix and Cross-Correlation Func-

tions

The purpose of this section is to state the relationship of cross-correlation functions, RX1%2
and R¥12| to the overall MIMO channel correlation matrix. The correlation coefficient
between the envelope of the two radio waves was first studied in [39], however the resulting
expression is difficult to compute. A close approximation was then proposed by [9] and
then summarized in [41,42]. The approximate normalized correlation function between

the envelopes is

» AJlZLXiXb]—%ZZP¥1Yi
pq = 2
E [x7]

RY%2(D(p,q)) +R¥1"2(D(p,q))
_ R . (2.28)

Now let us construct the correlation matrix in Eq. (2.6) from the above result. As
Eq. (2.6) and [62] suggested, the MIMO channel correlation matrix can be separated into
correlations at transmit Ry, antennas and receive antennas Rg,. Now let us generalize the
result to N; > 2. Redefine Eq. (2.10) to represent the observed signal at the p-th transmit

antenna. Let 77, be the column vector consisting of the observed signals at all the transmit

antennas.
rTx1
Ty = : . (2.29)
rTXNf
The cross-correlation matrix is defined by
Ryy = E[Freiy, ). (2.30)
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which has element p;{ given by

;

RY¥*%2(0) + RM™2(0), p=q

Ppg = R5%(D(p,q)) + RN (D(p,q)) + j[RN (D(p,q)) — R 2(D(p,q))], p>q

RY%2(D(p,q)) +R"2(D(p,q)) — jIR"™ 2(D(p,q)) — R*""2(D(p,q))], p<q.
(2.31)

\

Following the same steps, the correlation matrix of the observed signals at the receiver can

be determined as well.

2.1.6 Spatially Uncorrelated and Semi-Correlated MIMO Channels

In a rich scattering environment, it is assumed that both basestation (BS) and subscribed
unit (SU) are surrounded by local scatterers. The impinging waves observed at both the
SU and BS can be considered to be independent in this case (Rry = Rgy = I). Therefore
Eq. (2.7) becomes

H-H,. (2.32)

This model is applicable to indoor/office wireless LAN environments, where the transmitter

and receiver are at the same height as the furniture.

Figure 2.3: Illustration of “one-ring” channel model. TA: transmit antenna. RA: receiving antenna.

14



However in general environments, the BS is usually situated high above the ground,
while only SU is in a rich scattering environment. This kind of model is usually referred as
the “one-ring” channel model in the literature. The geometric interpretation of the model
is shown in Fig. 2.3, where ¢y and o are the angles of incidence and azimuth spread (AS),

respectively, D;(p,q) = 27rd’(§—’q), where d(p,q) is the distance between the p-th and g-th

transmit antenna elements and A is the wavelength. D, (m,n) = 2%@ is the correspond-
ing normalized distance between the m-th and n-th receive antenna elements. Due to the
rich scattering at the SU, only Rgy = I. The overall channel is determined completely

by the correlation between the impinging waves observed by the BS in this environment.

Therefore Eq. (2.7) can be rewritten as
H < H,Rp,'?. (2.33)

This type of channel is usually referred as a semi-correlated channel and has been validated

by empirical measurements in urban environments [38].

2.2 Orthogonal Space-Time Block Coding

Orthogonal space-time block codes (OSTBC) was first proposed by Alamouti [3] and then
generalized in [67]. We will focus on linear orthogonal design for complex-valued signals
since the linearity ensures simple code construction and current communication systems
tend to employ complex-valued constellations due to their higher spectral efficiencies. The

designed codes have the following generalized form

5 ) T,

C =
Ny N N
S ) ‘T,



Each element ¢! is a linear combination of data symbols x1, X2, ..., x;. This code has the

following properties:

1. All the columns are orthogonal to one another such that C'C = [(ZQ/’ZI |xk|2>] Iy,.

2. The code rate is r, = Ti,,

It is shown that the rate-one linear orthogonal space-time block code only exists when

N; =2 [67], which is the Alamouti space-time block code.

2.2.1 Maximum-Likelihood Decoding with Perfect Channel State In-

formation

Assume the channel is constant at least for the entire coded block 7}, and the receiver
obtains perfect CSI. The signal received at the j-th receive antenna from a transmitter with

uniform power allocation at time ¢ is given by

r = N )3 hi jct+ni, (2.34)

where the noise 7} is a complex Gaussian variable with zero mean and unit-variance, and

p is the transmit signal power. The optimal maximum-likelihood (ML) decoding problem

takes the following formulation form [68]:

~~1 ~ 22 o~ ~N; ~N; ~N;
(c1cy...CpC1Ch - Cp v c'cy ...cr)
Tb Nr ] p NI‘ . 2
. l
=argmin ; y | 22 o Ny Ny N ri——Y h;ic (2.35)
8 C1CgeerCp, €1CYsCTy vovvee cllczt...chit_Z]j; t N, =~ 1,J%t

16



2.2.2 Performance Analysis with Perfect CSI

From [60, 67] the effective signal model induced by orthogonal space-time block codes for

y= ,/%HHH%HW, (2.36)
t

where y is a k x 1 vector after OSTBC decoding of the received N, x T, matrix Y, X is a

complex-value constellations is

k x 1 vector of the complex symbols from the transmitter with power % per dimension,
||H||% denotes the squared Frobenius norm of channel matrix, and  is the noise vector
after OSTBC decoding. It can be shown that the elements in w are i.i.d complex Gaussian
random variables with zero mean and variance % per dimension.

For a 2-by-2 MIMO system with Alamouti space-time block code, Eq. (2.36) becomes

Y1 hir ho w11
y* h A X1 w
2 | g 21 11 N 2| 2.37)
Y12 hi2  hp X2 w12
V2 h5, —hi, Wi,
Hoow

The new (N, T') X k channel matrix Hp,, has following property
Hye Hyew = |[H||F I (2.38)

The above illustration shows that OSTBC decouples the MIMO system into k£ SISO chan-

nels, each with instantaneous effective signal-to-noise ratio

P

2 =, 2.39
Ntrc” |7 (2.39)

SNReffective =

The capacity of the OSTBC coded MIMO system is the summation of k SISO channels,
which is
Cs =rclog, (1 +SNReffective) . (2.40)
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When the instantaneous capacity in Eq. (2.40) falls below the transmission rate the system

is said to be in outage, and the outage probability is

Pout (Coumge) — ]P)(Cs < Coumge)

T —NT,, P
=P (T/logz <1 +3g7) < Comase ) (2.41)

The average effective SNR and ergodic capacity are, respectively,

SR, e = |23 @.42)
t e
Cy =E [rclogy (1+SNRffective) | - (2.43)

2.3 MIMO-OFDM Wireless Communication Systems

Wide-band wireless communications can further increase the data rate. However as band-
width of the signal increases, the channel is more likely to experience frequency-selective
fading. This type of channel has been discussed in Section 2.1.2. The major challenge for
this type of wireless communication system is the inter-symbol interference (ISI). Conven-
tional techniques to mitigate this destructive effect is through channel equalization [55],
which increases the system complexity significantly. Orthogonal frequency division multi-
plexing (OFDM) using a cyclic-prefix (CP) with length Lcp is able to convert a frequency-
selective channel into parallel frequency-flat channels if Lcp is greater than the length of
the discrete-time channel impulse response L, therefore avoiding channel equalization. The
channel decoupling is shown in greater detail in Section 2.3.1. By combining OFDM
with MIMO, a high-data rate and lower-complexity wireless communication system can
be attained. MIMO-OFDM systems can be efficiently implemented using inverse DFT
(IDFT) as a modulator, and DFT as a demodulator. The signals before the IDFT and af-

ter the DFT are in the frequency-domain, while the signals between the IDFT and DFT
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are in the time-domain. Consider a MIMO-OFDM system with N + L¢cp subcarriers. Let
T;[n] = {#i[n,0],%[n,1],...,#[n,N — 1]} denote the length-N frequency-domain data symbol
block through transmit branch i at time n. The IDFT of the data block gives the time-domain

signal T;[n] = {#;[n,0],#;[n,1],...,t;[n,N — 1]}, then
tijn, k| = IDF Ty {T;[n]}[]. (2.44)

A CP is then appended to the time-domain signal T;[n|. The system scheme is illustrated in
Fig. 2.4.
The post-FFT signal at the k-th subcarrier from the j-th receive branch for each time

instant n within the block length 7' can be expressed as
Filn, k] = Y hi jlK]Ei[n, k] +;[n, k], (2.45)
ti=1

where h; j[k] denotes the channel frequency response from the i-th transmit branch to the

Jj-th receive branch at the subcarrier k, w;[n,k| denotes the additive Gaussian noise at the

IDFT Insert CP RF Chain g
Antenna ®
Data I nput ® . .
Mapping e
IDET Insert CP RF Chain j

RF Chain Remove CP DFT
Signal
° an Data Output
° ° ) Processing [
®

N
) )
l RF Chain Remove CP DFT

Figure 2.4: MIMO-OFDM System
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Jj-th receive branch at the k-th subcarrier and each element is a Gaussian random variable
with unit variance, and p is the transmit power at the k-th subcarrier. All the subcarriers at
all the transmit antennas are assumed to have identical power. Uniform power allocation
among the subcarriers is a natural choice for transmitters without CSI. The received signal

at the k-th subcarrier can also be expressed in vector form as

Fln, k] = ]%H[k]?[n,k] [, K, (2.46)
where
Bl = ‘f‘lm[k] ?2,1[14 Tkl = #1[n, k] k] = W [n, k] |
hi2lk]  hoo k] A ol ]

and w[k| satisfies

E{i#[n, k[ [n,K]} =1y,

Therefore we can see the frequency-selective MIMO fading channel decouples into parallel
frequency-flat MIMO fading channels. A similar expression can be seen in [43] for a four-
by-N, configuration. This result can only be obtained when the length of the cyclic prefix
Lcp is greater than the maximum delay of the channel. In practice, it is recommended
that Lcp should be about two to four times the root-mean-square (RMS) value of the delay
spread L [20]. In summary, the OFDM-MIMO system can be treated as N narrow-band

MIMO wireless systems, each operating at a distinct carrier frequency.

2.3.1 Channel Statistics

In the previous section, we have shown that a properly designed MIMO-OFDM system
can decouple a frequency-selective wide band channel into parallel frequency-flat chan-
nels. However the characteristics of each decoupled channel have not been described. It

has been mathematically verified in [8] that all the effective frequency-domain channels
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Y Y B

BS

Figure 2.5: Illustration of MIMO delay spread channel consisting of multiple clusters.

observed at each subcarrier, H[k] for k =0...N — 1, are identically distributed for a semi-
correlated channel as described in Section 2.1.6. We will verify that it is also true for more
general channels that are spatially correlated at both the transmitter and receiver. We con-
sider a wireless channel with L significant delay paths, each from a different scattering

cluster. A geometric interpretation of the model is illustrated in Fig. 2.5. The /"

delayed
channel is defined by an N, x N; complex random matrix H'. The elements of the indi-
vidual H' are complex Gaussian random variables under a spatially correlated Rayleigh

fading assumption. As we can see from Fig. 2.5, most paths experience double scattering

as described in [21,63]. The channel matrices for those paths can be written as

1
H = \/E—SRfexl/szMRgl/szv’ZR’Tx1/2 [=0...L—1, (2.47)

where vaJ “ N:(0,ATy, 1), Hf‘“2  Ne(0,I; @ I,), A! is the power associated with the
[-th path, s is number of scatters (usually large) in the cluster, RlTx, Ré and Rﬁx are the
transmit, scatterer, and receive correlation matrices, respectively. In this thesis, we assume

that the system does not experience a pinhole channel. In particular we let Ré =1 [21].
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After applying central-limit theorem and performing some manipulations, the channel at

the /-th path becomes

H =R, '"H.RL” (2.48)

where H,, -~ N:(0,Iy,«n,). The expression in Eq. (2.48) is identical to the narrow-band
MIMO case with additional path energy factor absorbed into H,ﬂ,. The channels from dif-

ferent clusters are assumed to be uncorrelated, i.e.,
/Al /
ER'h | =0p;N where l £ 1.

We first consider the general case with arbitrary cluster locations, where a scattering
cluster might not be around the subscriber unit and basestation. In this case, the signal
observed at both the transmitter and receiver are correlated. The covariance matrix of each
H! is defined as

R = E[n'n"]
= Ri, © Rl
(2.49)

This relationship between transmit and receive correlations is experimentally verified in

[77]. Then A has the equivalent distribution given as
o (R Rl)
~ (R RV i, (2.50)
where k!, is zero-mean Gaussian vector with covariance defined as
E[nLEL = Iy 2.51)

The MIMO channel of the k-th subcarrier can be expressed as

L—1
Hk =Y Hoy ;. (2.52)
=0
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where

. ki
ON 1 = e( JZENHCP), (2.53)

Since H' for [ =0...L — 1 are independent Gaussian matrices, H[k] for k =1...N are also
Gaussian matrices. After substituting Eq. (2.50) into Eq. (2.52) and converting it into

vector representation, we have

L—-1

hk) =Y Koy cpu
=0

ll/2 11/2 1, ki
N Z <R >h wN+LCP7

then the covariance of H|[k] is given as

. . T
E{hk|h[k] }
L-1

1/2 ¥ 1/2 12, _
Y (Re " @Rp'?)H, "’zkvl+chZhl Ry, R, o,
1=0 =0
L-1

Y (Rke 2 RE)

=0

(2.54)

Eq. (2.54) shows that the channel covariance is identical for all the subcarriers, since the

expression is independent of k. Hence it follows that

1/2
hy

L-1

Y (Rhx ®RYy)

=0

- Z (Rl 2o R 1/2)h1

ilk] ~

P & pl 120 o1 1/2
Hlk] -~ Z(R H,Rg. ') by property (A.5), (2.55)
1=0

where
L—1
hy =Y H,. (2.56)
1=0
Since h{v are independent zero-mean Gaussian vectors, h,, also a zero-mean Gaussian vec-

tor with covariance matrix A;Iy,y,. If a cluster is present around the SU, the channels at the
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SU can be considered to be mutually independent so Réi’x =1Iy,. Then Eq. (2.55) can be

expressed as
1/2

Hk] ~ H, (2.57)

L-1
) Ry,
I=0

The H,, is outside of the summation because '’ are Gaussian and assumed to be indepen-

dent between different paths. For data transmission from SU to BS under the identical

environment, RlTx = Iy,. The expression becomes

1/2

Hk] H,. (2.58)

L-1
Y Rk
=0

The expression for downlink transmission is identical to the result from [8].

2.4 Antenna Selection

MIMO wireless systems promise high data rate communications. However transmitting
through multiple antennas requires an equivalent number of RF chains that consist of am-
plifiers, A/D converters, and mixers, etc. Those components are generally very expensive.
Also the system complexity increases as the size of the antenna array increases. There-
fore there are strong incentives for developing low-cost and low-demodulation-complexity
MIMO systems. Antenna selection is one of most efficient techniques developed to achieve
that goal. In antenna selection, RF switches along with a smaller number of RF chains
(NgrF) are deployed at transmitter and/or receiver, instead of having a number of RF chains
equal to the number of antennas (N; > Ngrr ). A subset of the transmitter and/or receiver
antennas in the array is selected for data transmission and reception, based on a selection
criterion.

For uncoded MIMO systems, the antenna selection for maximizing instantaneous ca-

pacity is proposed in [23] where it is shown that capacity of the selected system can be

24



greater than a system without antenna selection under low-rank channels. A selection al-
gorithm for the system applying a water-pouring method at the transmitter is developed
in [59]. The antenna selection technique based on a capacity bound is proposed in [49]. A
selection technique based on minimum error rate is presented in [28]. However since all
of the above selection methods use exhaustive search to perform selection, the complexity
becomes unaffordable for large antenna arrays. Efforts to reduce complexity for antenna
selection techniques are presented in [10, 25,32, 56, 80]. Receive and transmit antenna se-
lection have many similarities. Therefore almost all of the techniques discussed in the prior
literature can be applied to both types of selection. The main difference is that feedback
is required for transmit antenna selection. Different types of feedback information have
been proposed including CSI, channel correlation, and selection-decision. The selection-
decision type of feedback seems to be most attractive because only the information on
which transmit antennas are selected is transmitted from the receiver through a feedback
channel. The performance of most selection techniques is evaluated by assuming perfect
CSI is available except in [52]. In [52], it is shown that the ergodic capacity for systems
with imperfect CSI is comparable to that of a system with perfect CSI. However neither the
effect of training overhead nor the channel estimation method is considered in the literature.
For orthogonal space-time block coded systems, antenna selection based on instanta-
neous SNR is studied in [24]. The performance of such a system against different degrees
of channel correlation is analyzed in [79]. Again perfect CSI is assumed in those studies.
The selection criterion for maximizing instantaneous SNR and capacity of such systems is
to select the transmitter antennas that results in largest channel squared Frobenius norm.
Antenna selection for MIMO-OFDM has been proposed in [18]. A maximum instan-
taneous SNR, averaged over all subcarriers, is developed as the selection technique in [4].

However like in the MIMO systems, perfect CSI is assumed. For MIMO-OFDM systems,
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the antenna selection is conceptually similar to that for MIMO, given that all the subcarriers
use the identical antenna subset after antenna selection. The antenna selection algorithm
would need to select the transmit antenna that yields the largest instantaneous effective

SNR or capacity.

2.4.1 Performance Enhancement due to Antenna Selection

To obtain a rough idea of how antenna selection improves the system performance, we look
at an Alamouti space-time block coded MIMO systems with N; transmit antennas and two

receive antennas. Perfect CSI is assumed. The antenna selection criterion is

max ||Hy||%. (2.59)
Hgecolumns of H

Now define 7;,, m = 1...N; as the squared Frobenius norm of each of the N; columns of

the channel matrix H. That is

N,
Tm — Z ’hi,m‘z
i=1

2

Ny
= Z |xi7m + jyi,m
i=1

A
2 2
xi,m +yi,m
i=1
2N,
. v 2 . iid
= Z Zim since X y are 1.1.d,
i=1

N

where i.1.d. denotes “independent and identically distributed”. For independent Rayleigh

fading, h «~ N(0,I). The p.d.f. of T,, can be expressed as [55]

1
P(ty) = ———tNr 1=t
) = Ewym™ ¢

which is Gamma distributed with shape parameter N,, scalar parameter 1, and location

parameter 0. The mean values of the order statistics of 7, have been summarized in [27].
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The expected squared Frobenius norms of the selected two-by-two channel matrices, Hj,
for different numbers of available transmit antennas are summarized in Table 2.1. The

instantaneous effective SNR after antenna selection can be expressed as

p
SNReffective = ]VI_FHHSH% (260)
[

The average effective SNR is given as

SNReffective = Np E [HHsH%“} . (2.61)

tTe

From Table 2.1, we notice that the average effective SNR increases logarithmically with

the number of available transmit antennas.

2.5 Channel Estimation

CSlI is required in OSTBC coded systems with antenna selection for decoding at a receiver
with antenna selection. The accuracy of initial channel estimation is essential for a system
with antenna selection. In this section, we provide an overview of various channel esti-
mation techniques for both MIMO and MIMO-OFDM systems. In most communication
standards, the initial channel estimation is performed within a dedicated interval. Such a
signal frame is illustrated in Fig. 2.6. A transmission frame of 7" symbols is divided into
training and data phases, occupiing 77 and 7; symbols, respectively. The training phase
needs to be larger than N; symbols in order for the receiver to obtain a meaningful channel

estimate.

Training Symbols Data Symbols

Figure 2.6: Signal frame structure of a training-based wireless communication system
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Number of Transmit Antennas(N;) | E[||Hy]|%]
2 4.0000
4 5.7575
6 6.7604
8 7.4647
10 8.0074
12 8.4483
14 8.9044
16 9.1399
18 9.4215
20 9.6728
22 9.8995
24 10.106
26 10.296
28 10.471

Table 2.1: Expected value of squared Frobenius norm for the selected channel matrix

2.5.1 MIMO Channel Estimation

Here we introduce the two most commonly used channel estimation techniques, namely
linear minimum-mean-square error (LMMSE) and maximum-likelihood (ML). Let us de-
fine H, H and H be the true channel, channel estimate and estimation error, respectively.
The corresponding vector representations are h, hand h. A general relation between them

18
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MIMO LMMSE channel estimation assumes the channel is a realization of a random vec-

tor. The channel estimate is obtained as [6,33]

h =E (hly:)

Nt <N[ -1 + >1 +
== (2RI +Xx'X) Xy,
o \p hh T

The ML channel estimation assumes the channel is a deterministic but unknown constant.

The channel estimate [37,48] is given as

. N, _
A=, /FIYSI(STSI) g

2.5.2 MIMO-OFDM Channel Estimation

In this section, we present three channel estimation approaches for MIMO-OFDM, namely
frequency-domain, time-domain, and enhanced time-domain estimation. Training sequences
are transmitted through all the subcarriers during the training phase as described in the

802.11n proposal [26]. The frame structure is shown in Fig. 2.7.

: o o o
™18 S C S & & ) O
o o o
Tx: 2 % % (@) % ?_3 O % @)
| % |
T, Ty

Figure 2.7: Training-based MIMO-OFDM Frame Structure
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2.5.2.1 Frequency-Domain Channel Estimation

MIMO-OFDM can be represented as multiple MIMO systems operating at different fre-
quencies. The most intuitive way to perform channel estimation is by deploying MIMO
channel estimation on each subcarrier at the receiver. The ML and LMMSE channel es-
timation methods described in Section 2.5.1 can be used on each subcarrier. Since the
channel on each subcarrier is identically distributed, the statistical properties for chan-
nel estimation on all subcarriers are also identical. Although the total number of channel
parameters is larger than for a single-carrier MIMO system, the overall training time to
achieve equal estimation quality remains the same, given that the power on each subcarrier

is identical to that of the single-carrier MIMO system.

2.5.2.2 Time-Domain Channel Estimation

As shown in Section 2.3.1, all the H[k] are functions of H'. Therefore the receiver can
estimate the time-domain channel H! at each delayed path. This estimation method is stud-
ied in [5, 43, 44, 53]. The time-domain channel estimation method allows the receiver to
estimate the channel with fewer observations because there are only N; X N, X L param-
eters, which is usually less than the number of parameters in the frequency domain, e.g.,
N; X N, x N. One of the major applications of this technique is on channel estimation re-
fining or tracking techniques based on pilot insertion. The time-domain channel estimation
offers additional spectral efficiency gain since pilot symbols need not to appear on each
subcarrier. However this approach has a limited applicability to antenna selection systems.
If the system does not acquire accurate channel estimates, the resulting system might re-
sult in sending information-bearing symbols through unfavorable transmit antennas. The
loss in performance is not recoverable by techniques that refine the channel estimates dur-

ing the data phase of transmission, since they can only be applied to the selected channel.
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Decision-feedback or pilot-symbol-aided channel estimation are examples of such tech-
niques.

One challenge for channel estimation is that the temporal length of the channel’s delay
profile is an environmentally dependent variable, therefore is generally unknown. In prac-
tice, a rule of thumb is to assume a length of two to four times the RMS-value of the delay
spread as is suggested for CP length [20]. Having extended length is important since the
performance degradation is large when the system fails to capture energy in most signal
paths [44]. However merely performing channel estimation in the time domain should not
improve the quality of channel estimation in the frequency domain since it only transforms
the problem onto a lower dimensional space. The corresponding channel estimation quality

in the frequency domain is directly related to system performance.

2.5.2.3 Enhanced Channel Estimation

The real benefit of time-domain channel estimation comes from exploiting the temporal
correlation within the channel delay profile. As empirical data shows, the delay profile
has exponential decay characteristics [77]. By exploiting temporal correlation within the
channel delay profile, the accuracy of frequency-domain estimates can be improved. This
technique is first presented in [45] and then summarized in [65]. The time-domain estimate
can be obtained by projecting the channel estimate obtained in the frequency-domain by

the channel estimation method described in Section 2.5.2.1. Herein

A= (@ 'o'h

—H+H, (2.62)
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where the FFT matrix is defined as

1 1 1
| e RTUWNENG) g2 1)/(N+Ne)
o= || ppmene)  pmey/ne) | 263)
N+ Ncp
| o P2AN-D/(N+Nep) e j2R(N—1)(L—1)/(N-+Ncp)

where Ncp is the number of subcarriers that is occupied by CP. The frequency-domain

estimate can be improved by computing

. L-1
i I 77l okl
1=0
It has been proven [45] that the optimal weight factors o are
o
o7 +02
- 2.65
%= P (2.65)
I'=0 6/>+02
h

ij

where 612 is the power of the /-th delay path, and G;l% is the equivalent time-domain error
i.j

power of the i, j-th element of H'. The estimation error for each channel element in the
frequency domain is given by

L—1 O;
Z"l:() GIZJFO'NZ
! 2 2 i.j
o= kf=0f —= (2.66)
hi‘j[ ] h[,j ZL_] 614
=0 6?+c2
1 hi,j

=B joi . (2.67)

o

where f3; ; is defined as the improvement factor that depends on the actual channel delay
profile. The exact power distribution within the delay profile needs to be estimated in prac-
tice. Since the channels corresponding to different antenna pairs should have approximately

identical delay profiles, 612 can be estimated via
1

O N5 2
H 2 (2.68)
Nter':ZIjzzl l,]’

G[Z -
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2.6 Objectives

All the MIMO signal processing techniques mentioned in the previous sections require
CSI at the receiver. When transmit antenna selection is deployed in orthogonal space-time
block coded MIMO systems, the system’s average effective SNR increases as the number
of available antennas increases. In the majority of existing studies it is usually assumed that
the CSI is perfectly known at the receiver and CSI estimation does not consume system re-
sources. Based on this assumption, the system capacity would monotonically increase with
the number of transmit antennas. However the most common way to obtain the CSI at the
receiver is through transmitting training symbols, which reduces capacity. The length of
training is directly proportional to the number of transmit antennas. So in training-based
MIMO systems the increase in capacity due to additional transmit antennas is offset by
the increased amount of required training [6]. Prior studies on effects of imperfect CSI on
antenna selection systems exclude the degradation of capacity due to training. In this the-
sis, we redesign the antenna selection algorithms to accommodate both LMMSE and ML
channel estimators and provide a more realistic perspective of the system performance.
Also this thesis intends to reveal insights into system design by determining the perfor-
mance of OSTBC coded MIMO/MIMO-OFDM systems with antenna selection under both

spatially uncorrelated and semi-correlated channels.
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Chapter 3

Training-Based MIMO Antenna Selection with

Orthogonal Space-Time Block Coding

3.1 Introduction

Wireless communications systems can significantly enhance the data rate by having mul-
tiple antennas at transmitters and receivers given rich scattering environments [19, 69].
However multiple-antenna deployment requires multiple RF chains, including amplifiers,
A/D converters and mixers. Those RF components are generally very expensive. The
complexity of signal processing also becomes extremely high as the number of antennas
increases. Therefore there are strong incentives to develop a low-cost and low—complexity
multiple-input multiple-output (MIMO) system. Antenna selection is one of the most ef-
ficient techniques that has drawn significant attention [23,28,49,59]. The cost of antenna
elements is much less than that of other RF components. By making more antenna ele-
ments available at both transmitter and receiver without additional RF chains, the system
can exploit additional spatial dimensions while maintaining the cost and signal processing

complexity at a reasonable level. In [22], it is shown that a system with antenna selection
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can achieve the same diversity order as a full MIMO system. If channel state informa-
tion (CSJ) is assumed to be perfect, as in many instances in the literature, diversity order
can increase without any tradeoff. However in a real system, the most common way to
estimate the CSI is by transmitting known symbols from the transmitter to receiver. This
type of system is referred to as a training-based system in this thesis. The influence of
the channel estimation error on both ergodic and outage capacity for an uncoded antenna
selection system with maximum-ratio transmission/combining has been studied in [50,51].
It is claimed that the channel estimation errors do not decrease the capacity significantly if
the signal-to-noise ratio (SNR) during the training is comparable to or larger than the SNR
during the data transmission. It is shown that both the ergodic and outage capacity are
non-decreasing functions of the number of antennas. However [50, 51] neither considers
the capacity degradation due to training overhead nor specifies the channel estimator.

In wireless communications, a subscriber unit (SU) usually has limited space for an-
tenna allocation. A large number of antennas at the SU are unlikely. Therefore it is more
reasonable to perform antenna selection at a basestation (BS). In this chapter, we study a
downlink wireless communication with the BS acting as the transmitter and the SU acting
as the receiver. One of the challenges for the downlink communication of this setup is
that the BS requires additional information in order to select an optimal antenna subset.
Instantaneous channel matrix, channel covariance matrix, and selection decision have been
proposed as feedback information. In most of the literature, instantaneous channel and
channel covariance matrices are referred to as short-term and long-term CSI, respectively.
It is usually undesirable for the transmitter to obtain the CSI through a feedback channel.
For a system employing antenna selection at the BS, the situation is generally worse since

there are fewer antenna elements at the SU. The amount of information per antenna at the
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SU could be potentially large, which implies that it would take longer for the SU to reli-
ably transmit this information back to the BS under bandlimited channels. Therefore the
feedback information rate should be minimized through techniques such as quantization or
other transformation into an alternative representation. Depending on the type of transfor-
mation, limited or explicit feedback are used, in contrast to implicit feedback, where the
receiver-estimated CSI is transmitted without modification. Selection-based decision is an
effective solution since only one bit of information per antenna is required for the feedback
as discussed in Section 2.4. For a frequency division duplex (FDD) system, this feedback
is mandatory to perform transmit antenna selection. However for a time division duplex
(TDD) system, it is more convenient for the transmitter to obtain the explicit CSI by taking
advantage of reciprocity between uplink and downlink channels. A TDD system, like the
one described in the IEEE 802.11n proposal [26], can also optionally operate in the implicit
feedback mode.

One of the advantages in using an orthogonal space-time block code (OSTBC) is that it
allows the system to achieve full transmit diversity even when the transmitter does not have
explicit CSI without sacrificing significant data rate [3]. It is superior over conventional
repetition coding in terms of data rate and coding gain while achieving identical diversity
order [70]. On the other hand, OSTBC can achieve the same diversity order as a system
with transmit beamforming without CSI at the transmitter while imposing a 3dB loss in
coding gain [37]. Those properties are very attractive to wireless systems with multiple
transmit antennas. It is worth noting that OSTBC is already a part of the 3G standard [17].
Combining antenna selection and OSTBC under spatially uncorrelated Rayleigh fading has
been studied in [22,24,76,79]. All of these studies assume that perfect CSI is available,

and show that the SNR or BER improves with the number of total available antennas.
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In this chapter, we study a training-based OSTBC MIMO downlink wireless commu-
nication medium with N; antennas at the BS and two antennas at the SU. Directed by the
selection decision feedback from the receiver, the transmitter uses two out of its N; antennas
for data transmission. The following discussion will focus on the following aspects of the
problem. The length of the required training increases as the number of transmit antennas

increase. So the capacity is offset by two major competitors:
e increased capacity resulting from an increase of N;.
e decreased capacity resulting from the increase in training overhead for larger N;.

In this chapter, we will analyze the tradeoff between those two effects in order to provide

some insights to the following questions:
e 1) How many transmit antennas are worth deploying?
e 2) How does spatial correlation affect the capacity?

This chapter is organized as follow: First we describe the system and channel model in
Section 3.2. In Section 3.3, we introduce the channel estimation errors and relate them to
the training overhead. Then we use the results to evaluate the performance of the OSTBC
coded MIMO system without antenna selection in Section 3.4. In Section 3.5, we present
the antenna selection algorithms for the system under study.

A note on the notation is in order. Vectors and matrices are represented in lowercase
and uppercase boldface, respectively. The superscript T represents transpose, | denotes
hermitian and * represents complex conjugation. The operator E denotes statistical expec-
tation. CM*N represents the M x N complex domain. Iy is the identity matrix of dimension
N x N and Opy«n is the M x N matrix of zeros. M and N are omitted whenever referring

to arbitrary dimension or no confusion can occur. N.(lt,R) represents a circular symmetric
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complex Gaussian random variable with mean £ and covariance matrix R. x «~ y denotes
the statistical distributions of x and y are equal. 7r denotes trace of a matrix. i.i.d. denotes

“independent and identically distributed”.

3.2 System and Channel Model

The system under consideration is illustrated in Fig. 3.1, which is an Alamouti space-time
block coded single-carrier MIMO system with transmit antenna selection in a single-user
scenario. The transmitter is equipped with N; antennas with two RF chains, and the receiver
has two antennas and RF chains. Downlink communication is considered. In this study,
we assume N; is a multiple of two. The selection is performed at the receiver, and the
transmitter obtains the decisions through a feedback channel that has negligible error. The
feedback delay, T, is defined as the time between when the CSI is estimated at the receiver
and when the feedback is actually used by the transmitter in the downlink transmission. In
order to use the feedback information in a meaningful way, the feedback needs to arrive at

the transmitter within the channel coherence time, 7. Both the downlink transmission and

Y.

RF Chain1 —{2 2 1 RF Chain 1
OSTBC ﬁl‘:t of - OSTBC
Encoder - RF ' Y - Decoder
RF Chain 2 switch ) | RFChain2

LY.

Figure 3.1: Transmit Antenna Selection with Orthogonal Space-Time Block Code
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feedback must be accomplished within 7. The relationship between timing is
T.=T+Ty, (3.1)

where T is the transmission block length. Both spatially uncorrelated (R7y = Rry = 1)
and semi-correlated MIMO channels (only Rg, = I) described in Section 2.1.6 are con-
sidered. The geometric interpretation of the semi-correlated MIMO channels is shown
in Fig. 2.3. We assume that the antennas at the BS and SU have identical spacing so
Di(p,q) = Dy(m,n) = 27:%, where d is the distance between antenna elements, and A is
the wavelength. Since the line-of-sight signal component is likely to be blocked by the rich
scattering around the SU and the single-carrier MIMO system is considered to operate in
a narrow band, we assume a frequency-flat Rayleigh block-fading MIMO channel, where
the single-tap channel is constant for some discrete time interval of 7, symbols, and then
changes independently to another value over another time interval of 7, symbols. Also we
assume both SNR and spatial correlation are constant during the entire transmission. This
assumption is valid in a fixed or low mobility wireless environment. In the study for semi-
correlated channels, we assume the power azimuth spectrum (PAS) observed at the SU
obeys a Laplacian distribution described in Section 2.1.4.3. This PAS distribution shows
a good fit with empirical measurements [54]. The antenna elements are considered to be
omnidirectional. Therefore the PAS is not truncated.

The statistical model for the Rayleigh fading MIMO channel employed in this thesis is
given as [54,61]

H = RRxl/szRTxl/za

where H,, «~ N.(02xn,,In,«2). The received signal of a general MIMO system with N;
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transmit antennas and two receive antennas under frequency-flat fading channel is repre-

[p
Y=,/—H 2
N, S+ W, (3.2)

where Y € C>*7 is the received signal matrix. § € CV*7 is the transmitted signal with unit

sented as

average power on each of the antenna elements, W -~ N.(On, <7, In,xT) is an additive noise
matrix, H € C?*Mt ig the channel matrix within each block of 7', and p is the channel SNR

at each receive antenna.

3.2.1 Training-Based MIMO

The described system requires the CSI at the receiver to perform coherence detection and
antenna selection. For a training-based MIMO system, each transmission frame is divided
into two time segments, a training phase and a data phrase. The duration of a transmission
frame is therefore

T=T.+T1y, (3.3)

where 7% is the duration of the training phase and 7; is the duration of the data phase. The
channel estimation is performed at the end of the training phase, and the resulting channel
estimate is then used as the true channel for antenna selection and OSTBC decoding. The

details of the transmission scheme is described in the subsequent sections.

3.2.1.1 Training Phase

For a MIMO system with transmit antenna selection, there are fewer RF chains than the
number of transmit antennas. So instead of transmitting training symbols through all of
the antennas simultaneously, we let the system transmit the training symbols from two

antennas at a time and then scan through all the transmit antennas. The idea is illustrated
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Figure 3.2: Illustration of Training Phase.

in Fig. 3.2. At the end of the training phase, the received signal can be expressed as

YT - A / ]%HST + Wf, ST € CNtXTT, TF(STS;) - Nl X Tf,
t

3.4)

where S; is the training symbol, which is known to the receiver, within duration 7;, and

Y; € CV*Tx is the received signal. A total of T; > N; training symbols are transmitted in

order to have meaningful channel estimation at the receiver. Let the training symbols from

any two paired transmit antennas be X, then

Xz

Xz

Xz
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The off-diagonal terms in the above matrix are zero. The details on the channel estimation

method are discussed in Section 3.3.

3.2.1.2 Data Phase

During the data phase, the Alamouti OSTBC coded data are transmitted through the two
selected antennas. Within each coded block, two symbols, x; and x;, are encoded in space

and time. Table 3.1 shows this encoding map. The signal model can be expressed as

Y, — ]%HSd Wy, SqeCTa E[Tr(S.Sh)] =2x 1T, (3.6)
t

where Sy is the data symbol with duration 7}, and ¥; € C?*74 is the received signal. Since
the data is random and unknown to the receiver, the signal power in Eq. (3.6) has expecta-

tion.

Antenna 1 | Antenna 2

t X1 —X

t+1 X2 x]

Table 3.1: The encoding for Alamouti space-time block code

3.3 MIMO Channel Estimation

After receiving the entire N, x T; training block, the receiver performs the channel estima-
tion for the 2 x N; channel matrix H. The CSI at the receiver can be obtained by the follow-
ing channel estimation techniques, namely linear minimum-mean-square error (LMMSE)
and maximum-likelihood (ML). LMMSE channel estimation is a classical approach that
assumes the channel is a realization of random variable, while the ML channel estimation
assumes the channel is a deterministic but unknown constant. LMMSE channel estimation
requires knowledge of SNR and channel spatial correlation, while ML channel estimation

does not. Since we assume a fixed or low mobility wireless environment, both SNR and
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spatial correlation can be obtained with high accuracy. In this section, we will examine the
statistical properties of both channel estimation techniques under block-fading channels.
Quality of SNR estimation tends to decrease as true SNR increases [33]. However it can
be shown in the following discussions, the statistical properties of the ML channel esti-
mation converges to that of the LMMSE channel estimation in a high SNR environment.
Therefore a receiver with ML channel estimator should be implemented to avoid using in-
accurate SNR knowledge when designing a system that is only expected to operate in high
SNR environments.

Let us define h, IAz, and h as the vector representations of true channel H, channel esti-

mate H, and channel estimation error matrices H, respectively. Therefore

h=h—h. (3.7)

3.3.1 LMMSE Channel Estimation and Optimal Training Sequence

In order to derive the properties of LMMSE MIMO channel estimation, we rewrite the

signal model in Eq. (3.4) into vector form.

ve=(SToL) | Lh+we, (3.8)
hv_/ N[
X

where h and y; are jointly Gaussian. The joint Gaussianity can be verified by the following.

Letz = [hTy"]7, so that from Eq. (3.8) we have

X./I%h%—wf
z:
h
X/ 2 1 h
= N : (3.9)
1 0 wr

where the identity matrix at the upper right is of dimension N; X N;, and T; X Tz, is the

dimension of the one at the lower left, and 0 is an T; x N; matrix of zeros. Because h and
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wr are independent of each other and are both Gaussian, they are jointly Gaussian. Because
z 1s an affine transformation of a Gaussian vector, it is also a Gaussian vector itself. So this
verifies that & and y; are jointly Gaussian.

We use the well known equation from [33], where the LMMSE channel estimator is

given as

h =E (hly)

N [N~ -
= /= [—’Rh,,’ +SJST] S:'ys. (3.10)
pLp
As indicated by Eq. (3.10), the LMMSE estimator requires the knowledge of SNR and

spatial correlation of the channel. The covariance of the channel estimation errors is given

as [33]
| p-1, P
Ry = {th + N,

—1
Sﬁi@lz} : (3.11)

and the mean-square error (MSE) is
-1

Pgs.t ®12} . (3.12)

e=Tr|R 1+ =
r { RNY
For independent Rayleigh fading, Ryj, = Iy, 2, so we can rewrite Eq. (3.12) as
P ~1
N

The optimal training sequences would be those that minimize the MSE by solving

min €
Sz, Tr(S:S:")=NT:
N 1
= min _
llr--vAle; ZlmgMTTmzl 1 + I%Am

(3.13)
which is solved by letting A; = ... = Ay, = T;. Therefore the optimal training sequences
are in the forms of an orthogonal matrix such that

S:S: = Tily,. (3.14)
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For correlated Rayleigh fading, the orthogonal matrix is only suboptimal [7]. The optimal
training sequence when the CSI is known at the transmitter under the correlated fading
is presented in [35]. However the orthogonal training sequences are a natural choice for

transmitters that cannot acquire the CSI.

3.3.1.1 Properties of LMMSE Channel Estimation with Orthogonal Training Se-

quences

With orthogonal training sequences, the covariance matrix of channel estimation errors in
Eq. (3.11) becomes
pT:

-1
R = {Rh,f + TINM} : (3.15)
t

The mean value of the estimation errors is

Epy,(h) = Epy {h— E[h — E(h|y:)]}
=Ey, [Eh\yf (h) - Eply, (hlyz)]

= Ey[E(hly:) — E(hly:)] = 0. (3.16)

Therefore the error is on average zero. By the orthogonality principle for LMMSE esti-
mations, the channel estimate and estimation error are independent. From Eq. (3.7), the

vector form of the estimation error can be represented as

~ N, .18t
h :h—1/5t {%RMHS;ST} Sy (3.17)

From Eq. (3.17), we can see that the channel estimation error is a linear transformation of
H, Y, which themselves are jointly Gaussian. Hence the estimation error is also Gaussian

and has the following distribution
~ pT -1
h N, (o, {thl + TTINM} ) : (3.18)
t
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From the orthogonality principle for LMMSE estimates and Eq. (3.7), the following rela-

tion holds.

Run =Ry + R, (3.19)

E[h) =E[h) +E[h). (3.20)

Since h is a linear transformation of a Gaussian matrix, it is also Gaussian. Therefore the

distribution is given as

-1
~ _ T
h N, <0NtX2,R,,,, — {Rh,f + —INN} ) . (3.21)

Fig. 3.3 shows the MSE of a four-by-two MIMO with LMMSE channel estimation method
under spatially uncorrelated and correlated channels. It is interesting to see that the qual-

ity of LMMSE channel estimation is significantly improved when the channel is highly

-20
(0] o (o] (o] (o] (o] (o] (0]
_21 - h
O uncorrelated
ool : A As=10’
& A A A A
=
o —231 ]
2
=
—24r1 : : T
_25 - i
A A A A
_26 1 1 1 1 1 1
Hl,l Hl,2 H2,1 H2,2 H3,l H3,2 H4,1 H4,2

channel coefficients

Figure 3.3: The MSE of each channel coefficient of a four-by-two MIMO system with LMMSE channel

estimation under different channel spatial correlation. SNR= 10dB
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spatially correlated. The corresponding Rty for AS= 10° is shown in Appendix C.1.

3.3.2 ML Channel Estimation and Optimal Training Sequence

The ML MIMO channel estimator [37,48] is given as

H=vsi(s.8)"
—H+W.Si(S.50)”" (3.22)

—H-+H.

As we can see from Eq. (3.22), ML channel estimation does not require knowledge of
SNR and spatial correlation of the channels. For some simple systems, the ML channel
estimator is attractive since the SNR and spatial correlation of the channel is not required
at the receiver. Without the above prior information, the LMMSE estimator is identical to
the ML estimator [33]. Since

E[W’CW‘CT] = IZXTTa

and using the properties in Appendix A, the covariance of the estimation errors is

=
=
=

(>
=

=
._.‘l‘

(1S5(S:85) 1) @L}Ewwi{[SL(S:SD) T @ L}

I
T~ N/~ —— @

(1S5S )" @ LI{(SL(S:SH) )" @ I}

(S87) T (S8 )T [(S<(S5) 1) * &Iy) by (A.2)

[(S:ST) T @I (3.23)

DNIZ2D|IZDIZOIZ

N N N N S

The 4/ % in Eq. (3.23) is a normalization factor to invert the scaling effect due ML esti-

mation. It is done merely for the analytical convenience and has no effect on the system
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performance. The MSE is given as

e=Tr K%) (S8~ T @12]] . (3.24)

The optimal training sequence would need to minimize the MSE subject to energy con-
straint Tr(STSz) = N; x T stated in Eq. (3.4). To achieve that, we first represent S; ac-
cording to its SVD, §; = ®VW¥ where ® is N; x N; with orthogonal columns, ¥ is N; x T

unitary, and V is an N; X N; diagonal matrix. Then the MSE equals.
N,
e=Tr KF’) (S8~ ®IZ}
N,
—2 (—’) Tr [(Srsi)*l}
P
(M —2gt
=2 ; Tr(®V “d'). (3.25)

The MSE is proportional to Zln\le v,.2. Subject to energy constraint, Zln\i’: | v =N, x T,
Eq. (3.25) is minimized when all the singular values are equal, that is v,, = /7. Then the
training symbol S; = /T; ®¥". Therefore the optimal training sequences are in the form
of an orthogonal matrix. It is important to notice that the orthogonal training sequence is

optimal regardless of the channel spatial correlation.

3.3.2.1 Properties of ML Channel Estimation with Orthogonal Training Sequence

With optimal training sequences, the resulting error covariance and MSE are

N,

R = (p_Ttr) In, 2, (3.26)
N2

€= pLT (3.27)
T

The white Gaussian noise matrix W is independent of H and E[W:| = 0. Therefore from
Eq. (3.22)

Epy.[H|=0. (3.28)
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So the distribution of the channel estimation error is

~ N,
H ~ N, <02th, p—TtTIN,xz) : (3.29)

which is consistent with the result from [48]. It can be observed that Eq. (3.27) is un-
bounded as SNR decreases. At low SNR, ML channel estimation deteriorates due to noise

amplification. Since the H and H are independent of each other using Eq. (3.7),

RIAzIAt =Ry +Ri~zl~z (3.30)

E[h] = E[h] +E[h). (3.31)

The channel estimate H is a Gaussian matrix, since both H and H are Gaussian matrices and
independent of each other. Then the distribution of the channel estimate is also Gaussian

and is given as

~ N,
h N, (oNtxz, Ry + — IN,XZ) : (3.32)
pT;

Now let consider the correlation between ﬁ and E
E [ﬁﬁf] —E [(h +5) E*]
_E [I?Iﬂ

N;
=— )1 . 3.33
<pTr) 2xN, (3.33)

As it can be observed, H and H both are Gaussian random matrices, and can be assumed

to be independent as the channel SNR gets large.

3.4 Detection of Training-based Alamouti OSTBC

In this section, we present the signal detection under the channel estimation error. A two-

by-two Alamouti OSTBC coded MIMO system is considered. Since the receiver treats the
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estimated channel as the true channel, we may rewrite the signal model as

[P = [P
Y,=./—HS —HS W,. 3.34
d N, dt N, dat+tWa (3.34)

— argmin ||Y; — HS4||%. (3.35)
f xl7x2

X2

The detection rule is

This detection rule is only suboptimal and ||¥y —ﬁSdH% is usually referred to as a mis-
matched metric. However the properties of simple decoding and diversity gain of OSTBC
are preserved, while an optimal decoder requires a Viterbi algorithm [66]. As we can see
from the previous section, the channel estimation errors resulting from LMMSE channel
estimation are spatially colored Gaussian. Therefore in order to use a decoder designed for

i.i.d noise, whitening the noise is necessary [37]. Rewrite Eq. (3.34) into vector form as

ya = /PN, (I @ H)sg+ /PN, (I; @ H)sq +wg. (3.36)

The received signals are multiplied by a whitening matrix Q so that the overall noise re-
sulting from the ML and LMMSE channel estimation methods are spatially whitened with

unity power for each channel coefficient. That is

Zd = QYya

- /]%(12 @ H')sq+ng, (3.37)
t

where

H =QH, (3.38)

ng=0 {\/%(12 ®ﬁ)sd+wd} (3.39)

It can be shown that the whitening matrix is

o s —1/2
Q: (ﬁlz ®E[HHT]—|—INt><Nr) , (340)
t
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where E [ﬁfl 7] can be calculated from Eqs. (3.18) and (3.29) for LMMSE and ML channel

estimations, respectively. The resulting noise has the following distribution:
Ny N:(0,I).

The noise whitening is not necessary in practice for a system with the ML channel estimator
since the estimation error is already spatially white (see Eq. (3.29)).

Now let zé’t and né’t be the received data signal and white noise from the j-th receiving
antenna at time ¢, respectively. The time index for the channel matrix is dropped due
to the block-fading channel. After taking the channel estimation error into account and

reorganizing the equation, the received signals at the j-th receive antenna at time ¢ are

it _ [P (3 7 j,1
Y=\ N (hj,lxl +hj,2x2> +y
2 [P 5 - 2
W' =\N (—h3-71x§+h/j72x’f> +ni?, (3.41)

The channel estimation error is treated as part of the noise term because the receiver uses
the estimated channel for signal demodulation. It can be shown that the combined noise
terms are temporally uncorrelated. The estimates of the data signal from the ML decoder
are

Ne=2 | j,177x 527
X [Zd hiv+za= ho

o 1} o
N=2 [_j177 j 247
kS L [fo f2= *hll] (3.43)
2= = . .
1}

Substituting Eq. (3.41) into Eq. (3.42) and after some manipulation the estimate X has

components

Ny=21 j 15 27
N p Lili [ng H 40y h )
X1 = ﬁXl—i— =~
' 1H'||%
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Ny=27 Jj, 17 2
D= £x2+zj:1 [”Zi /j.,2_ é h;’,l] (3.44)
N |H' ||

where n| and n), are the effective noise terms. For the ML estimation at high SNR and
LMMSE estimation, the channel estimation error H and channel estimate H are indepen-
dent. The general expression for instantaneous effective noise power in each frame is given

as

Gn == Gnll == 0-n/2
S (3.45)
g
(3.46)
The equivalent instantaneous effective SNR is
SNReffective = L . (3.47)
207

n

It can be shown that the effective noise components n) and r), are uncorrelated, and inde-
pendent of the data signal x;, xo. This claim is generally not true for systems with the MLL
estimator, since the noise term is highly correlated with the data signal at low SNR (see
Eq. (3.33)). For the system with an ML or LMMSE channel estimator operating at appro-
priate SNR regions, where the uncorrelated assumption holds, the effective instantaneous

capacity is

T —N;T,
5 2> %ﬂv{ 10gz (1 + SNReffective)
T _NtTr/N P
= 1] 1 3.48

where Ty, 1s the number of training symbols per transmit antenna and it must be real
valued such that 77 is an integer. We can observe that the effective noise terms in Eq.
(3.44) are not Gaussian. Therefore the capacity expression in Eq. (3.48) is a lower bound

since Gaussian noise provides worst-case performance (see appendix B).
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3.5 Antenna Selection Algorithm

From Eq. (3.47) and Eq. (3.48), the antenna selection algorithms would choose the an-
tenna subset that results in minimum instantaneous effective noise power. This method
maximizes instantaneous SNR and capacity. It is obvious that an antenna selection method
should select the transmit antennas that results in largest ||H’||%, which maximizes both
instantaneous effective SNR and instantaneous capacity. From a signal processing point
of view, it is equivalent to selecting the two columns of H' with largest squared Frobenius
norm. This antenna selection method for OSTBC systems is in a similar form to the one
developed in [24]. This selection method is optimal for both ML and LMMSE channel
estimation. However the novelty of this proposed method is the fact that the selection algo-
rithm exploits knowledge of both H and Ry, Letting H be the selected sub-matrix from

H , the mathematical representation of the transmit selection method is given as

min an

PAISG columns of H

= max || H|}. (3.49)
H,cH

The average effective SNR after selection is

P

SNReffective = m
L LOn

(3.50)

3.6 Performance Criterion

We treat the space-time block code as an inner code while an outer code operates across the
effective channel resulting from OSTBC decoding. As shown in the previous section, the
effective channel is equivalent to two parallel single-input signal-output (SISO) channels
as shown in Eq. (3.44). In designing a system, a delay constraint on how frequently a

receiver can decode the encoded messages to usable outputs is needed. The appropriate
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value depends on the nature of service. For low-delay real-time application, such as voice,
the delay constraint is generally small, while a data transmission service could tolerate
longer delays. For a long duration non-real-time applications, the delay could be as long as
the entire transmission. In this section, we study the different achievable rates under two

extreme delay constraints, namely infinite delay and one-block delay.

3.6.1 No Delay Constraints

When there are no delay constrains, the outer code could ideally span an infinite number of
fading blocks. The channel is information stable and capacity coincides with the maximum
expected instantaneous capacity [71], which is called the ergodic capacity. After taking the

training overhead into account the achievable rate is expressed as

T —NT, ),
T”Eﬁs (105 (1+ SNRe  fecrive)] - 3.51)

3.6.2 One-Block Delay Constraint

When the outer code only spans one fading block, the channel is not information stable and
capacity cannot be represented by the maximum expected instantaneous capacity. Due to
the nature of the fading channel, the instantaneous capacity of each block is a random vari-
able. Therefore the error probability cannot be made arbitrarily small for any transmission
rate. When the instantaneous capacity falls below the transmission rate the system is said

to be in outage, and the outage probability is

pout<coutage) = P<Cs < Coulage)

T —N,T.
—P(—t T/Nllo

o T 22 (1 +SNReffective) < R) . (3.52)
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The outage probability is defined for block length 7' — oo. In practice, a value of T of about
100 coded symbols is sufficient to represent frame-error rate (FER) [36]. The correspond-

ing €-outage capacity is the largest rate Cpyzqge that such that

Pout(Coutage) < €. (3.53)
For a system with a bit rate R, the FER is lower bounded as follows:

FER > Pout (Coumge)- (3.54)

3.6.3 Performance Enhancement

LetCM (N, and Eﬁ”(N,) be the outage capacity and ergodic capacity, respectively, for

outage
the MIMO antenna selection system with N; transmit antenna. The marginal ergodic and
outage capacity gains expressed as percentage due to an additional pair of transmit antennas

is defined as

G () —Cy (N, —2)

GM(N,) = — x 100%, (3.55)
S ( t) CS(N[)
cM (N)—CM (N —2)
GM  (N,) = —uase oulage 100%. 3.56
oulage( f) C%zage(Nt) X 0 ( )
where
s (V) —Cy (N, —2), (3.57)

Cjovblttage (M) - CM

outage

(N, —2), (3.58)

are referred to as marginal ergodic and marginal outage capacity gain, respectively, in the

future discussions.
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3.7 Extension to OSTBC MIMO-OFDM System with An-
tenna Selection

MIMO-OFDM wireless communication systems are designed to further increase data rates.
However MIMO-OFDM inherits the disadvantages from MIMO systems. The system cost
and signal processing complexity increases dramatically with the spatial dimension of the
signal. To remedy the problem, antenna selection for MIMO-OFDM has been proposed
[4,18]. However antenna selection for MIMO and MIMO-OFDM are typically discussed
as two separate entities. In this chapter, performance enhancement due to an additional pair
of transmit antennas for an OSTBC MIMO-OFDM system with transmit antenna selection
is discussed by using the signal processing method developed in Chapter 3 and the results

in Chapter 4.

3.7.1 System and Channel Model

For a system without channel knowledge at the transmitter, OSTBC can be applied to a
MIMO-OFDM system to achieve higher diversity. In the system proposed in [40], each
subcarrier is independently encoded with an orthogonal space-time block code. The or-
thogonal space-time block coded MIMO-OFDM system with antenna selection under con-
sideration is depicted in Fig. 3.4, where N; antennas are located at the transmitter and N,
antennas are located at the receiver. The system uses N subcarriers for data transmission.
From Section 2.3.1, we recall that the channel at each subcarrier has identical spatial cor-
relation.

At each time instant, blocks of signal #;[n,k| fori=1...T, and k = 1...N are mapped
onto the two OFDM branches. On the subcarrier k, #;[n,k| forn = 1...T}, forms an OSTBC

block. At each OFDM branch, an (N x 1) vector is transformed by an N-point IFFT, FNH .
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Figure 3.4: Illustration of orthogonal space-time block coded MIMO-OFDM system
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Before transmission, an N x 1 vector is appended with a CP of length Lcp to construct an
OFDM symbol. The CP-prefix is removed at each receiver branch, and then the received
signal is transformed into the frequency domain by an N-point FFT, Fy. The output signals

after FFT transformation are blocks of rj[n,k| for j=1...2andk=1...N.

3.7.2 Performance Analysis

Since each subcarrier can be seen as an independent space-time coded MIMO system, the
instantaneous effective SNR becomes
SNRe oo = - ¥ LI (3.59)
N = Ny r
The capacity of the OSTBC coded MIMO-OFDM system is the summation of N OSTBC
coded MIMO systems, shown in Eq. (2.40). By taking the CP and training overhead into

account, the instantaneous capacity is

T— (NtTT/M +LCP N

) -1
Cy= ; re Y logy (14 SNRef fective) » (3.60)
k=0

where T is the total transmission time. The average SNR and ergodic capacity are

SNRy  feurive = Nf P \H|2 3.61)
ef fective = N & N r Fl> :
_ T —(NTyn +Lep N
C. — (N: TT/N )rcE Z log, (1+SNReffective) ) (3.62)
k=0

The channel at each subcarrier has identical spatial correlation. After using the channel
estimation scheme defined in Section 2.5.2.1, which views each subcarrier as a MIMO
system, the channel estimates and estimation errors are identical to the ones described in
Section 3.3. Let us define i [k] the channel estimate at subcarrier k. The antenna selection

algorithm would need to select the transmit antenna that yields the largest instantaneous
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effective SNR which is

X max Z | k] - (3.63)
Hqlk|ccolumns of H[k] k=0..N—1;

all Hyk] are from the same antenna subset

where ﬁs [k] is the selected channel matrix at subcarrier k and all ﬁs k] fork=0...N—1
are from an identical antenna subset. It is equivalent to select the two slices with largest
squared Frobenius norm. Similar to the MIMO case, the optimality in terms of instanta-
neous capacity is also achieved by this selection method. The resulting two-by-two system

is then used for data transmission. The instantaneous SNR after antenna selection is

1 N—1 P ~
SNRef fective = 3; I;O WHHS k] ||%. (3.64)
The average effective SNR is
- 1 N—1 p ~ 5
SNReffective = ]T] k;() N, I”CE |:HHs [k] HF:| . (3.65)

The corresponding instantaneous and ergodic capacities

T —(NiTyyn, +Lep) '\
P T

Z lng 1+SNReffectlve) ’ (366)
=0

and
— T — (NIT’L'/N, —|—ch) N— 1

Eg 1082 (14 SNReffective) - (3.67)
k=0 °
Even though H[k] has the same statistics for all %, it is very complicated to further simplify

Eq. (3.67) due to the properties of the order statistics.

3.7.3 Upper Bound on Performance Enhancement

As we can see from Eq. (3.63), the antenna selection for the MIMO-OFDM system chooses
the antennas that yields the largest squared Frobenius norm summing over all the subcarri-

ers. All the channels seen at each subcarrier are statistically identical as shown in Section
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2.3.1. Therefore the resulting channel after antenna selection is not always optimal at each
subcarrier.

Let CMO[H

outage

(N;) and E‘iwo[k} (N;) be the outage capacity and ergodic capacity, respec-
tively, for the MIMO-OFDM antenna selection system at subcarrier k for k =0...N — 1
with N; transmit antennas. If the channel of the MIMO-OFDM system at each subcarrier

and the channel of the MIMO system have identical statistics, then

CHOM () < CMe (N:), (3.68)
and
MM vy < (). (3.69)

Eq. (3.68) and Eq. (3.69) hold because the antenna selection in MIMO-OFDM does not
guarantee the optimality at each subcarrier. Now let us look at the performance enhance-
ment due to additional transmit antennas. For the MIMO-OFDM system, the enhancement

in outage capacity becomes

1 NZL OO o (Ny) — CYE o (N; —2)

GMO (N)) = — oudse outase x 100%. (3.70)
outage \!Vt N kgl C%%ge(Nt)
By Eg. (3.68),
Goutage V) < Gonrage(V:)- (3.71)

For the MIMO-OFDM system, the enhancement in outage capacity becomes

NSLCYO (V) —CY O (N, —2)

o x 100%. (3.72)
& o)

1
GYO(N:) = N

By Eq. (3.69),
GYO(N,) < GY(N,). (3.73)
From Eq. (3.73) and Eq. (3.71) we can conclude that the performance gain in both ergodic

and outage capacity due to additional transmit antennas of a OSTBC coded MIMO-OFDM
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antenna selection system is upper bounded by the performance of a OSTBC MIMO antenna
selection system for a given value of channel spatial correlation. Therefore the results on
marginal capacity gain in Chapter 4 can be used as an upper bound for a OSTBC MIMO-
OFDM with transmit antenna selection. This bound is tight when the correlation between
the channels at subcarriers are high. It is expected to become looser when the channels at

subcarriers are uncorrelated.

3.8 Chapter Summary and Discussions

In this chapter, we have defined the training-based Alamouti space-time coded MIMO
system with transmit antenna selection under study and developed the antenna selection
method. We also have defined the training-based Alamouti space-time coded MIMO-
OFDM with transmit antenna selection under study. The mathematical expressions for
both the resulting outage and ergodic capacities are derived. The extension to OSTBC
MIMO-OFDM systems with antenna selection is discussed, and an upper bound of perfor-
mance enhancement on the system is determined. The mathematical expressions for both
the resulting outage and ergodic capacities are derived. Although Eq. (3.51) and Eq. (3.52)
provide closed-form expressions for ergodic capacity and outage capacity, respectively, it
is still difficulty to numerically evaluate the performance due the order statistics resulting
from antenna selection.

Therefore we make the following observations concerning Eq. (3.51) and Eq. (3.52).
After taking the training overhead into consideration, the ergodic capacity upper bound

based on Jensen’s inequality is given as

_ T-NT
C, < UM

< 7 re logs (1+E [SNReffective) ) - (3.74)

The ergodic capacity upper bound based on Jensen’s inequality is shown to be tight for
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semi-correlated MIMO channels [34, 35,46] under perfect CSI assumption. The tightness
of Eq. (3.74) is not verified previously but it still reveals more insight into performance.
From the above upper bound, we can see that as the number of transmit antennas increases,
the increase in capacity due to increasing SNR, ffective 18 Offset by training overhead. As the
training length 7; /N, increases, the SNR, ffective Als0 increases. However SN_Ref fective ONLy
increases logarithmically with N;, as demonstrated in Section 2.4.1. Also, Eq. (3.74) is a
logarithmical function of SNR, ffective and decreases linearly with increasing T /N, From
the aforementioned reasons, the capacity should be a concave function of both 77/, and
N;.

The LMMSE channel estimation uses knowledge of channel spatial correlation. As
demonstrated in Section 3.3.1.1, the LMMSE channel estimation quality of spatially cor-
related channels is better than that of spatially uncorrelated channels. Therefore a system
under a spatially correlated channel might outperform a system under a spatially uncor-
related channel, in terms of capacity, in some regions of operation. The aforementioned

observations will later be confirmed by the Monte Carlo analysis in the next chapter.
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Chapter 4

Numerical Results and Discussions

4.1 Monte Carlo Analysis Description

Downlink wireless communication is considered. In this section, we study the system per-
formance under both spatially uncorrelated and correlated Rayleigh channels. Capacity
with delay constraints specified in Section 3.6 are considered. Since 1%-outage capacity
is considered throughout, the terms 1%-outage capacity and outage capacity are used in-
terchangeably in the following discussions. Although we have obtained the closed-form
expressions for both the ergodic capacity in Eq. (3.51) and outage capacity in Eq. (3.52),
it is still difficult to analytically evaluate both expressions due to the order statistics result-
ing from the antenna selection. Therefore Monte Carlo analysis with 10° realizations are
used to evaluate performance. The worst-case 99.9% confidence interval for ergodic ca-
pacity and 1%-outage capacity, in bits/sec/Hz, are £0.014 and +0.080, respectively. The
one-ring channel model in Fig. 2.3 is deployed by placing a cluster at the receiver of the
SU. Therefore R, = I. Different channel correlations are achieved by adjusting the angle
spread at the BS transmitter. It is shown in [61] that angle spreads below 60° are typically

observed in many environments. Therefore angle spreads between 10° to 60° in increments
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of 10° are chosen in the analysis. The corresponding Ry, for each AS is shown in Appendix
C. SNR ranging from 0dB to 30dB with an increment of 2dB is chosen. We assume that
the antenna arrays at the transmitter and receiver are parallel to each other. Block lengths
ranging T from 100 to 800 symbols are used to consider different coherence times 7;.. The
feedback time T is assumed to be negligible. Only the LMMSE MIMO channel estimator
is considered, since it has been shown that the ML estimator converges to the LMMSE
estimator at high SNR. Therefore the results of the LMMSE estimator implicitly indicate
the performance for the ML estimator in a high SNR environment. Knowledge of SNR and
channel spatial correlation are assumed to be perfect at the receiver due to a low mobility
wireless environment.

The parameters for the Monte Carlo analysis are tabulated in Section 4.1.1. Realiza-
tions of the channel are randomly generated under both spatially uncorrelated and semi-
correlated Rayleigh fading channels. The spatially semi-correlated Rayleigh fading are
simulated based on Tables 4.1, 4.2, and 4.3. Eqgs. (3.51) and (3.52) are evaluated by gener-
ating H according to Eq. (3.21), and evaluating Eq. (3.38) and (3.47), followed by antenna

selection. The results and discussion are presented in Section 4.2.

4.1.1 Parameters

The parameters for the Monte Carlo Analysis are stated below.

Parameter Range Increment

N, 2~20 2

N, 2 —

T 100, 800 symbols 2 symbols
Tperfantenna 1~ 1% symbols 1/2 symbol

Table 4.1: Transmitter Parameters for MIMO Physical Layer
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Parameter Value(s)

SNR 0,2,...,28,30dB
Channel realizations 10°

Antenna spacing (%) 1/2

Power azimuth spectrum Laplacian
Number of clusters 1 around the SU
Angle of incident ¢ 0°

Azimuth Spread ¢ 10°,20°, ..., 60°
PAS Distribution Boundary 180°

Table 4.2: Channel Parameters for MIMO Physical Layer

Parameter Value
Channel estimation LMMSE
OSTBC decoder (3.35)
Antenna selection criterion (3.49)
RF impairment None

Table 4.3: Receiver Parameters for MIMO Physical Layer

4.2 Results and Discussions

We now present and discuss the results of the Monte Carlo analysis with the parameters
stated in the previous section. All the results are expressed in terms of capacity under
different delay constraints described in Section 3.6. Various spatial channel correlations,
block lengths and training strategies are considered. For the system with an optimal training
strategy, the optimal training length and number of transmit antennas are found by a two-

dimensional exhaustive search. We will not state the optimal training length because no
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general relation is observed. Since not all the systems can intelligently adjust the training
length, we also present the simulation results on the number of available transmit antennas
with minimum training length (7; = N;). In this scenario, the optimal number of transmit

antennas are found through exhaustive search.

4.2.1 System with Minimum Training Length

Fig. 4.1 shows the achievable ergodic capacity under spatially uncorrelated Rayleigh fading
as a function of the number of available transmit antennas »;, SNR, and block lengths,

T = 100, 200, 400, 800, for selecting two transmit antennas using the antenna selection
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Figure 4.1: Achievable ergodic capacity for the minimum-trained system as a function of N;, SNR under

spatially uncorrelated Rayleigh fading.
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Figure 4.2: Achievable outage capacity for the minimum-trained system as a function of N;, and SNR under

spatially uncorrelated Rayleigh fading.

algorithm discussed in Section 3.5. Fig. 4.2 shows the corresponding achievable outage
capacity. As we can see, the capacity is an increasing function of the block length. From
Fig. 4.1 and Fig. 4.2 we observe that the achievable outage capacity is generally a concave
function of N; and becomes a strictly concave function of N; as the block length decreases.
The achievable outage capacity has lower values as expected. The concavity relation is
more obvious in Fig. 4.3 and Fig. 4.4, which shows the corresponding marginal gains in
ergodic capacity and outage capacity, respectively. As indicated by the area masked by
the zero-reference plane, the optimal N, increases as T increases. However very little gain
or even a loss in capacity 1s observed for N; > 4, except when the block length is large

(T =800) and SNR is extremely low (SNR = 0dB).
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Figure 4.3: Marginal achievable ergodic capacity gain for the minimum-trained system as a function of N;,
SNR under spatially uncorrelated Rayleigh fading. The nontransparent plane represents the numerical value,

zero, and the transparent plane indicates the numerical value, five.

Despite the fact that marginal capacity gain is smaller in low SNR regions, it is more
significant in terms of percentage improvement. About 30% improvement in ergodic ca-
pacity is attained at SNR = 0dB as N, increases from two to four, while there is less than
10% improvement at SNR = 30dB. Similar to the ergodic capacity, the marginal gain in
outage capacity is smaller in low SNR regions and is more significant in terms of percent-
age improvement. About 80% improvement in outage capacity is attained at SNR= 0dB as
N; increases from two to four, while the improvement is about 30% at SNR = 30dB. From
the figures we can see that both the ergodic capacity and outage capacity exhibit either very

little gain or even a loss when N; > 4. The decrease in marginal gain in outage capacity due
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Figure 4.4: Marginal achievable outage capacity gain for the minimum-trained system as a function of N,
and SNR under spatially uncorrelated Rayleigh fading. The nontransparent plane represents the numerical

value, zero, and the transparent plane indicates the numerical value, 15.

to additional antenna is more significant, compared to that of the ergodic capacity.

4.2.2 Effects of Spatial Correlation on a System with Minimum Train-
ing Length

Now let us shift the focus onto spatially correlated channels. Fig. 4.5 shows the marginal
gain in achievable ergodic capacity for AS = 10°, and 30°. Fig. 4.6 shows the correspond-
ing marginal gain in achievable outage capacity. All the curves exhibit similar trends to the

uncorrelated case where either very little gain or even a loss in ergodic capacity is observed
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when N; > 4. One exception is that when the block length is large (T=800) and SNR is
extremely low (SNR = 0dB). Also, the marginal gains for spatially correlated channels are
smaller than that of spatially uncorrelated channels. A 4 ~ 8% loss in marginal ergodic ca-
pacity and a 15% loss in outage capacity are observed for 7= 100, 800 when AS changes
from 30° to 10°. Thus, as the channel becomes more spatially correlated, the advantage of
using antenna selection decreases. Therefore, the OSTBC MIMO antenna selection system
with minimum training length under spatially correlated Rayleigh fading channels does not
benefit significantly from having a number of transmit antennas larger than four.

Fig. 4.7 compares the ergodic capacity resulting from different degrees of spatially cor-
related Rayleigh fading. There is no need to discuss various 7" here since 77 is independent
of T and channel spatial correlation due to the minimum training length. It is interesting
to notice that the ergodic capacity can actually increase with increasing spatial correlation
as indicated by the regions below the 0%-reference plane. Also the spatial correlation does
not significantly reduce the ergodic capacity in the region above the 0%-reference plane.
The capacity loss due to spatial correlation is generally quite small and is at most about
5% when AS = 10°, when comparing to the uncorrelated case. The region of ergodic ca-
pacity gain due to spatial correlation expands toward the lower SNR region as the channel
becomes less spatially correlated and does not completely vanish at AS = 60°.

Fig. 4.8 compares the outage capacity resulting from different degrees of spatially un-
correlated Rayleigh fading. As compared to ergodic capacity, we can observe that channel
spatial correlation has more negative effects on outage capacity. For outage capacity, the
region of capacity gain due to the spatial correlation only occurs for the system without
antenna selection and at extremely high spatial correlation (AS = 10°, 20°) at relatively

lower SNR.
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4.2.3 System with Optimal Training Length

In this section, we assume the system has the ability to adjust the training length accord-
ing to channel conditions such as SNR, spatial correlation and block length. Fig. 4.9
shows the achievable ergodic capacity under the spatially uncorrelated Rayleigh fading
as a function of the number of available transmit antennas N;, and the SNR, block lengths,
T =100, 200, 400, 800, for selecting two transmit antennas using the algorithm discussed
in Section 3.5. Fig. 4.10 shows the corresponding achievable outage capacity. The curves
exhibit similar trends as in the minimum-training-length case in Section 4.2.1. The perfor-

mance improvement due to optimal training length is not noticeable due to the resolution
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Figure 4.9: Achievable ergodic capacity for the optimally-trained system as a function of N;,, SNR under

spatially uncorrelated Rayleigh fading.
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spatially uncorrelated Rayleigh fading.

of the figures. However it will be quantified in Section 4.2.5.

Fig. 4.11 shows the marginal ergodic capacity gain under spatially uncorrelated Rayleigh
fading for various block lengths 7'. Fig. 4.12 shows the corresponding marginal outage ca-
pacity gain. Again when N; > 4, depending on the frame length, there is no significant gain
and even a loss in capacity. The optimal »V;, indicated by the nontransparent zero-reference
plane, is generally less than that of the minimum-training-length case. The marginal gain
in direction of N; also increases more as 7' increases, compared to the minimum-training-
length case (see Fig. 4.3 and Fig. 4.4). Also the capacity gain at N; = 4 is much larger than
that of the minimum-training cases. From Fig. 4.11 and Fig. 4.12, we can see that both

the ergodic capacity and outage capacity exhibit either very little gain or even a loss when
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N; > 4. The decrease in marginal gain in outage capacity due to additional antenna is more

significant, compared to that of the ergodic capacity.

4.2.4 Effects of Spatial Correlation on a System with Optimal Train-
ing Length

Fig. 4.13 shows the marginal gain in achievable ergodic capacity. Fig. 4.14 shows the cor-
responding marginal gain in achievable outage capacity. All the curves exhibit a similar

trend as the uncorrelated case. From Fig. 4.11, 4.12, 4.13, 4.14, we observe that when
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the channel becomes more spatially correlated, the marginal capacity gain lowers. There-
fore, the attraction of using antenna selection in an optimally-trained system decreases as
the channel becomes more spatially correlated. The marginal capacity gain at N; = 4 is
generally lower than that of the minimum-training case. Again we observe that in terms
of capacity, the number of transmit antenna should not be larger than four for the OSTBC
MIMO antenna selection system with optimal training length under spatially correlated
Rayleigh fading channels.

Fig. 4.15 and Fig. 4.16 are plots of the ergodic capacity loss under various degrees of

spatial channel correlation for different 7. Fig. 4.17 and Fig. 4.18 show the corresponding
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outage capacity loss. Similar to the minimum-training-length case (see Fig. 4.8) , the ca-
pacity can be higher for spatially correlated channels. By observing Fig. 4.15 and Fig. 4.16,
we can see that the system with antenna selection (V; > 4) does not benefit from the chan-
nel correlation as 7 increases. Also the region of capacity gain due to spatial correlation

shrinks and eventually disappears as 7" increases .

4.2.5 Capacity Gain Resulting from Optimal Training Length

Fig. 4.19 shows the ergodic capacity gain for using optimal training length while Fig. 4.20
shows the outage capacity gain for using optimal training length. We can observe that the

improvement due to optimal training length is more significant when:
e transmission block length is large.
e channel spatial correlation is small.
e SNR is low.

We also notice that the curves are never masked by the zero-reference plane, so minimum

training length (7; = N;) is never optimal within the range of parameters chosen.
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4.3 Chapter Summary

The performance of the training-based Alamouti space-time coded MIMO with transmit
antenna selection in terms of ergodic capacity and outage capacity is evaluated by exten-
sive Monte Carlo analysis. The marginal gain in capacity due to additional transmit an-
tennas are shown for various SNR, block lengths, channel spatial correlations, and training
strategies. The discussions in Section 3.8 have been validated by the results from Monte
Carlo analysis. The capacity is a concave function of both the number of available transmit

antenna and training length. The spatial correlation does not always lower the capacity.
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Chapter 5

Summary, Conclusions and Future Work

5.1 Summary and Conclusions

This thesis investigated the performance of antenna selection for both OSTBC MIMO and
OSTBC MIMO-OFDM system under a more realistic scenario. After providing motivation
and background in Chapter 1 and Chapter 2, the N;-by-two training-based Alamouti space-
time coded MIMO with transmit antenna selection under study is defined in Chapter 3. In
the same chapter, we conduct the performance analysis with focus on LMMSE channel
estimation. In Section 3.3, we show that the LMMSE channel estimation provides a source
for the correlated noise at the receiver. This justifies the need for a whitening operation for
the OSTBC decoding. The antenna selection technique for the system with a specific chan-
nel estimator is also developed in Section 3.5. Although conceptually similar to the prior
selection techniques, it is the first one that takes both the instantaneous channel estimate
and spatial channel correlation into account in the selection criterion.

Chapter 4 shows the numerical performance analysis in terms of ergodic capacity and
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outage capacity based on extensive Monte Carlo simulation of realization of channel matri-
ces. The marginal gain in capacities due to additional transmit antennas are shown for var-
ious SNR, block lengths, channel spatial correlations, and training strategies. It is shown
that both ergodic capacity and outage capacity increase most significantly when a small
number of transmit antennas (NV; = 4) are used. The capacity may even decrease or have
negligible gain when the number of available transmit antennas is increased further. The
one exception is that when SNR is extremely low (0dB), N; = 6 has a significant gain. It
is also found that the channel spatial correlation does not always decrease ergodic capacity
even for systems without antenna selection under very high correlation (AS = 10°). Also
even in the operating region that the spatial correlation has negative influence, less than 5%
decrease in the ergodic capacity due to correlation is observed. However, the spatial chan-
nel correlation does not benefit antenna selection performance in terms of outage capacity.
The outage capacity seems to be degraded by spatial correlation more significantly and a
20% decrease is observed in low SNR regions. Those results are opposite to some prior un-
derstanding [64] since channel spatial correlation enhances the channel estimation quality.
Also we note that the training length should be longer than N; because capacity can still
benefit from longer training length at high SNR (30dB). The capacity improvement margin
due to longer training length is more significant when considering outage performance.

In Section 3.7, we show that the percentage marginal capacity gain due to additional
transmit antenna for the OSTBC MIMO-OFDM system with antenna selection is shown to
be upper bounded by marginal gain for an OSTBC MIMO system with antenna selection if
the channel on each subcarrier has identical spatial correlation as the channel at an OSTBC
MIMO system. Therefore a desirable number of transmit antennas for OSTBC MIMO-

OFDM systems with antenna selection is four (N; = 4) as well.
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5.2 Future Directions

In this section, several recommendations are suggested for future research.

e The wireless channel in this study is assumed to be quasi-static and the time variation
of the channel is simulated by adjusting the block length 7. A more realistic channel

that models the temporal correlation could be considered.

e We can see that the training overhead is a key issue that forbids antenna selection
system to benefit from a higher spatial dimension. An antenna selection algorithm

that requires less training overhead could be a promising research area.

e In this thesis, we only state the performance enhancement for the OSTBC MIMO-
OFDM with antenna selection due to an additional transmit antenna is upper bounded
by the equivalent MIMO system, if the channel observed at each subcarrier of MIMO-
-OFDM is statistically identical to the MIMO system. A further analysis on order

statistics could lead to the quantification of actual performance loss.

e The MIMO-OFDM system in this study is independently processed at each subcar-
rier. A system with joint space-time-frequency signal processing could be consid-

ered.

e Transmit antenna selection due its feedback requirement is only suitable under slow
fading channels. Channel dynamic range is reduced by both space-time coding and
antenna selection. Slowing fading channel and limited channel dynamic range place
a challenge to scheduling under multiuser environment, since the same user remains
to be the best for a very long time. Opportunistic beamforming is introduced [72]
to resolve the fairness issue by randomizing the transmit power and phase. The

user is scheduled when it is closest to the beam. In this configuration, the only
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feedback information is the SNR from each user. However the performance only
improves significantly when the number of users is sufficiently large. Antenna selec-
tion combined with opportunistic beamforming can be beneficial for a small number
of users [73,78]. However additional information is required for the transmitter to
perform antenna selection, which produce additional feedback information. One pos-
sible system setup to maintain the reduced feedback information is to randomize the
antenna subset. Therefore the resulting system would transmit to the user that is clos-
est to the beam on the randomized antenna subset. The performance of this setup in

a multiuser environment could be study further.

92



Appendix A

Some Matrix Properties [47]

e The Kronecker product of two matrices A (m x n) and B(p X q) is defined as

allB oo alnB
A®B2 Do . (A.1)

amB ... a,B

where a;; is the (i, j)™ element of the matrix A.

(A®B)(C®D) =AC®BD. (A.2)
(A®B)'=AToB". (A.3)

[ J
A®B) '=A"'oB ! (A4)

e For matrices A;, B;, X,and Y,

L—1 L—1
if Y=Y A, XB, then y:<ZBf®m>x (A.5)
=0 =0

x and y are the vector representations of X and Y, respectively.
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Appendix B

Burg’s Maximum Entropy Theorem [12]

The maximum entropy rate stochastic process X; satisfying the constraints
E[Xl'XH_k]:ak,k:(),l,...,p,Vi, (Bl)
is the p-th order Gaussian-Markov process of the form

p
Xi=— )Y aXi_y+Zi, (B.2)
k1

where the Z; are i.i.d. «~ N(0,0?) and ay,ay, ...,a,,0? are chosen to satisfy Eq. (B.1). X;

does not need to be 1) zero mean, 2) Gaussian, 3) wide-sense stationary.
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Appendix C

Transmit Correlation Matrices

In this appendix, a set of channel correlation matrices at the transmitter Ry, are presented
for each Azimuth Spread. The size of the matrix correspond to the number of available
transmit antennas. We consider a downlink wireless communication link. Therefore the
basestation acts as the transmitter. Only the case for 20 transmit antennas is presented.
However for scenarios with fewer antennas, the correlation matrices can be obtained by
partitioning the 20-by-20 matrix, i.e. for a system with N; < 20 transmit antennas, the

correlation matrix is the most up-left N;-by-Nt sub-matrix of the 20-by-20 matrix.
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