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Preface

As an effective means to improve the spectral efficiency in wireless communica-
tions, multiple-input multiple-output (MIMO) systems equipped with multiple
antennas at both transmitter and receiver sides have been well studied in recent
years. In MIMO systems, more careful receiver design than in single-input single-
output (SISO) systems is highly desirable in order to achieve good performances
due to interfering signals by multiple antennas. To this end, we may consider joint
detection and decoding. However, it leads to prohibitively high computational
complexity, which grows exponentially with the number of equipped antennas and
thus it becomes impractical for actual systems. Therefore, it is desirable to develop
suboptimal MIMO receivers to provide good performances with reasonably low
complexities, especially for large systems.

In the book entitled Low Complexity MIMO Detection published by Springer in
2012, a number of complexity-efficient MIMO detection methods and algorithms
have been reviewed and studied. However, the MIMO detection was discussed
only for uncoded systems. Since the separation of signal detection and decoding
may lead to a performance degradation for coded MIMO systems, the MIMO
detection has to be considered with decoding, which becomes the motivation of
this book.

In this book, we focus on the design of low-complexity and high-performance
MIMO receivers, where two techniques, successive interference cancellation (SIC)
and lattice reduction (LR), become the key ingredients in deriving such receivers.
In addition, in conjunction with the receiver design, other topics including the
channel estimation, multiuser, and multicell systems, are further discussed in the
later part of the book. Our book is summarized as follows.

We first present point-to-point MIMO systems and various low complexity
detection methods. In order to provide a background, the detection theory is
reviewed in Chap. 2, the signal detection in a vector space and principles of MIMO
detection are introduced in Chap. 3, different computationally efficient SIC-based
detection approaches are presented in Chap. 4, and the principles of LR and
corresponding detection schemes are discussed in Chap. 5.

In the second part of this book, we focus on iterative detection and decoding
(IDD) schemes in MIMO-bit interleaved coded modulation (MIMOBICM) sys-
tems. A background of MIMO iterative receivers is introduced in Chap. 6. Low
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viii Preface

complexity iterative receivers using LR at bit-level are studied in Chap. 7.
Randomized sampling-based IDD is presented in Chap. 8.

Other issues in conjunction with the LR-based detection schemes are presented
in Chaps. 9 and 10. In particular, various channel estimation techniques are
discussed in Chap. 9. Multiuser and multicell MIMO systems are considered in
Chap. 10.

Our book is intended to introduce the low complexity receiver design in MIMO
systems from fundamentals to practical applications. This book makes an easy-to-
follow presentation from the elementary to the profound level and includes not
only theories, but also updated research outcomes that could be useful for both
graduate students and practicing engineers in wireless communications.

Beijing, January 2014 Lin Bai
Gwangju Jinho Choi
Beijing Quan Yu
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Chapter 1
Introduction

In wireless communications, the maximum achievable data rate of wireless channels
is usually the most critical issue to be addressed for system design, which can be
characterized by the channel capacity. The channel capacity represents the maxi-
mum reliable transmission rate of information over a given channel, which was first
established by Claude E. Shannon, the father of information theory, and becomes
the theoretical foundation of wireless communications. The channel capacity (in bits
per second per Hz) of a single-input single-output (SISO) system can be given by

Csiso = Blog, (1 +SNR), (1.1)

where B and SNR denote the bandwidth and the signal-to-noise ratio (SNR), respec-
tively. As we can see from (1.1) that either high SNR or wide bandwidth has to be
required in order to achieve a high transmission rate.

In wireless communications, since there are always limitations to increase the
SNR due to the propagation loss with practical power amplifiers, the bandwidth has
to be wide enough to support high data rate services. However, the scarce wireless
spectrum has posed a huge challenge in designing wireless communication systems
with increasing data rate demands. Fortunately, by employing multiple antennas at
both transmitter and receiver, the multiple-input multiple-output (MIMO) system [1]
has been developed to improve the spectral efficiency without unrealistic high SNR
or extra bandwidth. In relation to the SISO capacity, the MIMO channel capacity [2]
can be characterized as

Cyvimo 2 min(M, N)Csiso, (1.2)

where M and N are the numbers of equipped transmit and receive antennas,
respectively. According to (1.2), the capacity grows linearly with the minimum of the
numbers of transmit and receive antennas. Due to this linear scaling property, a higher
spectral efficiency can be easily achieved by increasing the number of antennas.

L. Bai et al., Low Complexity MIMO Receivers, DOIL: 10.1007/978-3-319-04984-7_1, 1
© Springer International Publishing Switzerland 2014
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A point-to-point MIMO system equipped with M transmit antennas and N receive
antennas is illustrated in Fig. 1.1. Since each receive antenna is able to receive
signals from all the transmit antennas, supposing that each transmit antenna transmits
different symbols, the received signal of the nth antenna at the receiver is given by

yl’l:hnlsl+hn232+"'+hnMsM+nna (13)

where s;,, hnm, and n,, are the symbols transmitted by the m-th antenna, the channel
gain from the m-th transmit antenna to the n-th receive antenna, and the additive
noise at the n-th receive antenna, respectively. Figure 1.2 illustrates the channel from
the m-th transmit antenna to the n-th receive antenna.

With all the received signals, we have

yi =hust +hisy+ -+ hiysy +ni;
2 = ho1st + hoosa + -+ - + hopysy + no;

YN =hyist +hnesa+ -+ hnusy +ny, (1.4)
or

yi hir hiz -+ iy 81 ni

» hat hy -+ hoy 52 ny

=0 o S (1.5)

YN hyt hya -+~ hyvy SM ny



1 Introduction 3
Letting the channel matrix be

hiy hip -+ him

ha1 hay -+ hoy
= . . , (1.6)
hnt hn2 --- hym
the transmit signal vector be s = [s1, 52, ..., sy]T, the received signal vector be
y = [vi,y2, ..., yN]T, and the additive noise vector be n = [ny, na, ..., nx]7,
(1.5) becomes
y=Hs+n, (L.7)

where the superscript T denotes the transpose operation. The system model in (1.7)
will be widely considered throughout this book. At the receiver, in order to detect
the transmit signal s from the received signal y under the knowledge of estimated
channel state information (CSI), efficient detection schemes in terms of performance
and complexity have to be considered. According to (1.7), the CSI can be defined
as the knowledge of H (under the assumption that the statistical properties of n
are available), which can be estimated via some channel estimation schemes. For
uncoded systems, the spatial diversity order can be used as a performance metric for
various MIMO detection methods, where a full receive diversity gain is the same as
the number of receive antennas in MIMO systems. Asymptotically, optimal detection
schemes should achieve this full receive diversity gain.

The problem of MIMO detection is a joint detection problem as all the symbols in
the signal vector s are to be jointly detected. Using exhaustive search, the maximum
likelihood (ML) detection can be carried out to provide an optimal performance
with a full receive diversity. However, the complexity to detect the M signals jointly
grows exponentially with the number of transmit antennas, M, which easily becomes
impractical in many applications, especially when large MIMO systems are consid-
ered. To reduce the computational complexity, various suboptimal approaches have
been proposed. Linear detectors such as the zero-forcing (ZF) and minimum mean
square error (MMSE) detectors can be considered, in which the signals from the
other antennas are treated as interfering signals. Although they have low complex-
ity, they cannot achieve reasonably good performance and a full receive diversity
gain, in particular, at a high SNR. In order to achieve the two desirable features, i.e.,
low computational complexity and near optimal performance, simultaneously, suc-
cessive interference cancellation (SIC) and lattice reduction (LR)-based approaches
become quite attractive. In this book, we discuss various MIMO detectors based on
SIC and LR in detail for point-to-point MIMO systems. Prior to discussing those
detectors, however, the detection theory is first reviewed in Chap.2 and the signal
detection in a vector space and principles of MIMO detection are introduced in
Chap. 3 in order to provide a background. Then, different computationally efficient
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SIC-based detection approaches are presented in Chap.4 and the principles of LR
and corresponding detection schemes are discussed in Chap. 5.

Since multiple antennas can be used either to improve the reliability of the system
with respect to the spatial diversity or to increase the data rate with respect to the
spatial multiplexing, it is not possible to increase both diversity and multiplexing
gains simultaneously for given numbers of transmit and receive antennas. The spatial
diversity gain d and the spatial multiplexing gain r can be used to characterize the
performance of coded MIMO systems. Using the average error probability P, (SNR)
and the data rate R(SNR), it can be shown that

P.(SNR)

d=— lim
SNR— 00 IOg SNR

(1.8)

and

R(SNR)

r = m .
SNR— oo log SNR

(1.9)

If a system achieves a higher r, d becomes lower, vice versa. However, it is not
possible to increase both r and d simultaneously for given numbers of transmit and
receive antennas. This is called diversity-multiplexing trade-off (DMT) [3], which
can be used as a performance measure for coded MIMO systems. Although the
system design based on DMT is of paramount importance, we do not discuss this
issue in this book. We rather focus on practical systems where MIMO-bit interleaved
coded modulation (MIMO-BICM) is adopted over MIMO channels to obtain good
performance at a data rate near to the channel capacity with a relatively simple
structure for the transmitter. With a soft-input soft-output channel decoder in MIMO-
BICM systems, iterative detection and decoding (IDD) can be employed to improve
the performance with a reasonable complexity for the receiver based on the turbo
principle for MIMO systems. These are the main topics in the second part of this book,
where we focus on IDD schemes in MIMO-BICM systems. A background of MIMO
iterative receivers is introduced in Chap. 6. Low complexity iterative receivers using
LR at bit-level are studied in Chap. 7. Randomized sampling-based IDD is presented
in Chap. 8.

In this book, aiming at providing a comprehensive view to low complexity
MIMO receiver design, while we mainly focus on various MIMO detection and
IDD approaches, where the two techniques, SIC and LR, play a key role in develop-
ing good-performance and low-complexity MIMO receivers, we also discuss other
topics (e.g., the channel estimation, multiuser and multicell systems) that are equally
important in designing MIMO receivers in the later part of the book. In particu-
lar, various channel estimation techniques are discussed in Chap.9. Multiuser and
multicell MIMO systems are considered in Chap. 10.
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Chapter 2
Signal Processing at Receivers:
Detection Theory

As an application of the statistical hypothesis testing, signal detection plays a key
role in signal processing at receivers of wireless communication systems. To accept
or reject a hypothesis based on observations, the hypotheses are possible statistical
descriptions of observations using statistical hypothesis testing tools. As realizations
of a certain random variable, observations can be characterized by a set of candidate
probability distributions of the random variable.

In this chapter, based on the statistical hypothesis testing, we introduce the theory
of signal detection and key techniques for performance analysis. We focus on the
fundamentals of signal detection in this chapter, while the signal detection over
multiple-antenna systems will be considered in the following parts of the book.

2.1 Principles of Hypothesis Testing

Three key elements are carried out in the statistical hypothesis testing, including

(1) Observations.
(2) Set of hypotheses.
(3) Prior information.

The decision process or hypothesis testing is illustrated in Fig.2.1. In Fig.2.1, is
shown that observations and prior information are taken into account to obtain the
final decision. However, considering the cases that no prior information is available
or prior information could be useless, the hypothesis test can also be developed with
observations only.

Under the assumption that there exist M (> 2) hypotheses, we can have an M -ary
hypothesis testing in which we need to choose one of the M hypotheses that explains
observations and prior information best. In order to choose a hypothesis, different
criteria can be considered. According to these criteria, different hypothesis tests are

L. Bai et al., Low Complexity MIMO Receivers, DOIL: 10.1007/978-3-319-04984-7_2, 5
© Springer International Publishing Switzerland 2014
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Fig. 2.1 Block diagram for S
. . Prior information

hypothesis testing

\ 4

oo
o| Hypothesis

Testing -

available. Based on the likelihood ratio (LR)! hypothesis test; three well-known
hypothesis tests are given as follows:

(1) Maximum a posteriori probability (MAP) hypothesis test.
(2) Baysian hypothesis test.
(3) Maximum likelihood (ML) hypothesis test.

In the following section, the hypothesis tests in the above are illustrated respectively.

2.2 Maximum a Posteriori Probability Hypothesis Test

Let us first introduce the MAP hypothesis test or MAP decision rule. Consider that
there are different balls contained in two boxes (A and B), where a certain number
is marked on each ball. Under the assumption that the distribution of the numbers
on balls is different for each box, as a ball is drawn from one of the boxes, we want
to determine the box where the ball is drawn from based on the number of the ball.
Accordingly, the following two hypotheses can be founded:

Ho : the ball is drawn from box A;
‘H; : the ball is drawn from box B.

For example, suppose that 10 balls are drawn from each box as shown in Fig.2.2.
Based on the empirical distribution results in Fig. 2.2, conditional distributions of the
number on balls are given by

4
Pr (1/Ho) = 10’
3
Pr (2/Ho) = 10’
3
Pr (3|'Ho) = 10’

and

! Note that in Chaps.2 and 3, we use LR to denote the term “likelihood ratio,” while in the later
chapters of the book, the LR is used to represent “lattice reduction.”
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Fig. 2.2 Balls drawn from
two boxes

{3,1,2,1,1,3,1,2,3}

A
B {3,1,3,4,12,42,33)

Observation (Knowledge)

1

¢ /

9
Which box is this ball drawn from?
D
A new observation
Pr (1/H1) 2
T = —
1 10’
Pr 2|H1) 2
T = —;
Y= 10
Pr 3|H1) !
iy = —;
Y710
Pr (4[H1) 2
T = —.
Y= 70

In addition, the probability that A () or B (1) box is chosen is assumed to be
the same, i.e.,

Pr (Ho) =Pr(Hy) = l

7 (2.1)

Then, we can easily have

Pr (1) = Pr (Hop) Pr (1/Ho) + Pr (K1) Pr (11'Hy) = i

20’
Pr(2) = Pr (o) Pr (2[Ho) + Pr (Hy) Pr (2[H) =
Pr (3) = Pr (Ho) Pr (3|Ho) + Pr (H1) Pr (3|H1) = 27_0;

2
Pr (4) = Pr (Ho) Pr (4|Ho) + Pr (K1) Pr (4|Hy) = 20’
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where Pr (n) denotes the probability that the ball with number » is drawn. Taking
Pr(Hy) as the a priori probability (APRP) of Hy, the a posteriori probability (APP)
of Hy is shown as follows:

2

Pr (Hol1) = 3
3

Pr (Hol2) = 3
Pr (Hp|3) = 3
0 79

Pr (Hol4) =0,
and 1
Pr (M) = =
2

Pr(H112) = g;
Pr (H1|3) 4
r = =
1 7
Pr(H|4) = 1.

Here, Pr (H|n) is formed as the conditional probability that the hypothesis Hy is
true under the condition that the number on the drawn ball is n. For example, if the
number of the ball is n = 1, since Pr (Hy|1) = % is greater than Pr (H|1) = % we
can decide that the ball is drawn from box A, where the hypothesis H is accepted.
The corresponding decision rule is named as the MAP hypothesis testing, since we
choose the hypothesis that maximizes the APP.

Generally, in the binary hypothesis testing, H and H; are referred to as the null
hypothesis and the alternative hypothesis, respectively. Under the assumption that
the APRPs Pr(H) and Pr(+) are known and the conditional probability, Pr(Y |Hy),
is given, where Y denotes the random variable for an observation, the MAP decision
rule for binary hypothesis testing is given by

Ho : Pr (HolY = y) > Pr (Hi|Y = y): 02
Hi:Pr(HolY =y) <Pr(H1|Y =), '
where y denotes the realization of Y. Note that H is chosen if Pr (Ho|Y = y) >
Pr (H1|Y = y) and vice versa. Here, we do not consider the case of Pr (Hp|Y = y) =
Pr (H1|Y = y) in (2.2), where a decision can be made arbitrarily. Thus, the decision
outcome in (2.3) can be considered as a function of y. Using Bayes rule, we can also
show that

Pr(Y = ylHo) - Pr(Hy)

Py =yH) T Pr(Ho)’

CPr(Y = ylHo) - Pr (H1)
VP (r =y T Pr(Ho)

2.3)
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Fig. 2.3 The pdf of the hypothesis pair

Notice that as Y is a continuous random variable, Pr (Y = y|Hy) is replaced by
f (Y = y|Hk), where f (Y = y|Hy) represents the conditional probability density
function (pdf) of Y given Hy.

Example 2.1. Define by N/ (u, 02) the pdf of a Gaussian random variable (i.e., x)
with mean p and variance o2, where

2
exp (——L(xz_a é) )

N 2mo?

Let the noise n be a Gaussian random variable with mean zero and variance o, while
s be a positive constant. Consider the case that a constant signal, s, is transmitted,
while a received signal, y, may be corrupted by the noise, n, as shown in Fig.2.3.
Then, we can have the following hypothesis pair to decide whether or not s is present
when y is corrupted by n:

N (u, 02) — 2.4)

Ho :y =n;
[ley:s—}—n. 2:5)

Then, as shown in Fig.2.3, we have

FOIHY) =N (0.02):
[ FOIHD =N (s, 0?), (2.6)
and f (Y = y|Ho) Qy —s)
=M o (-2 )
T =yH) exP( 252 ) , 2.7)
when s > 0. Letting
_ Pr(Ho)
7 Pr(ry)

the MAP decision rule is simplified as follows:



