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SUMMARY

Multipath fading has been long viewed as an impairment in wireless communication
systems that limits the reliability and data rate of the communication link. By deploying
multiple antennas at the transmitter and receiver, multipath fading can be turned into
an advantage, allowing for greater reliability and higher data rates than would otherwise
be possible. Furthermore, the rate and reliability benefits can be achieved without extra
cost of bandwidth, making multiple antenna technology a cornerstone of current and future
wireless systems.

The potential benefits of multiple antenna systems can be harnessed through the use of
space-time coding. In space-time coding, information symbols are coded across two dimen-
sions, the spatial dimension, which corresponds to the multiple antennas at the transmitter,
and time dimension, which corresponds to the multiple signaling intervals. In this thesis,
we focus on linear space-time block codes, in which the information symbols are linearly
combined to form a two-dimensional code matrix, wherein the rows of the matrix corre-
spond to transmission across multiple intervals, and the columns of the matrix correspond
to transmission from different antennas.

In this thesis, we consider the problem of designing space-time block codes that have
low maximum-likelihood (ML) decoding complexity. We first present a unified framework
for determining the worst-case ML decoding complexity of space-time block codes. We use
this framework to not only determine the worst-case ML decoding complexity of our own
constructions, but also to show that some popular constructions of space-time block codes
have lower ML decoding complexity than was previously known. Specifically, we show that
the golden code, which harnesses both the reliability and rate benefits of the two-input two-
output channel, has a worst-case ML decoding complexity that is substantially lower than

that of an exhaustive-search decoder.
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Recognizing the practical importance of the two transmit and two receive antenna sys-
tem, we propose the asymmetric golden code, which is designed specifically for low ML
decoding complexity. Unlike some previous constructions, which lose their reduced com-
plexity decoding when the channel varies during the transmission period of the code matrix,
the asymmetric golden code maintains its low decoding complexity regardless of channel
variability. The asymmetric golden code has the lowest decoding complexity compared to
previous constructions of space-time codes, regardless of whether the channel varies with
time.

Space-time codes that layer or multiplex rate-one space-time codes to achieve arbitrary
rates ranging from one to maximal rate have been proposed in literature. Two of the most
important constructions are the threaded algebraic and perfect space-time codes. These
codes, however, suffer from high decoding complexity and worse bit-error-rate performance
when compared to other space-time codes that have been proposed for a particular rate
and a particular number of transmit and receive antennas. In this research, we propose the
embedded orthogonal space-time codes, which is a family of codes for an arbitrary number
of antennas, and for any rate up to half the number of antennas. The family of embedded
orthogonal space-time codes is the first general framework for the construction of space-time
codes with low-complexity decoding, not only for rate one, but for any rate up to half the
number of transmit antennas. Simulation results for up to six transmit antennas show that
the embedded orthogonal space-time block codes are simultaneously lower in complexity
and lower in error probability when compared to some of the most important constructions
of space-time block codes with the same number of antennas and the same rate larger than
one.

Having considered the design of space-time block codes with low ML decoding complex-
ity on the transmitter side, we also develop efficient algorithms for ML decoding for the
golden code, the asymmetric golden code and the embedded orthogonal space-time block
codes on the receiver side. Simulations of the bit-error rate performance and decoding
complexity of the asymmetric golden code and embedded orthogonal codes will be used to

demonstrate their attractive performance-complexity tradeoff.
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CHAPTER 1

INTRODUCTION

In the last decade, there has been a dramatic increase in the demand for higher data rates
in cellular networks, wireless local area networks and high-definition audio and video broad-
casting services. Providing wireless access to the Internet and multimedia services requires
an increase in data rates that is orders of magnitude beyond the capability of today’s tech-
nology. One of the most significant and promising advances in digital communications that
can meet the demand for higher data rates is the use of multiple antennas at the trans-
mitter and receiver. Deploying multiple antennas at the transmitter and receiver creates
a multiple-input multiple-output (MIMO) channel that not only offers higher transmission
rates, but it can also improve the system’s reliability and robustness to noise compared to
single antenna systems.

Signal transmission over the wireless channel suffers not only from additive noise, but
also from multipath fading. Specifically, a transmitted radio signal propagates through
multiple paths, due to scattering and reflections from different objects in the environment,
before it reaches the receive antenna. At the receiver, the multipath signals combine,
and depending on the amplitude, delay and phase of each of the multipath signals, the
result could be that the signals cancel each other completely or significantly attenuate the
combined signal. Due to multipath fading, the received signal can be significantly attenuated
that the receiver cannot correctly detect the transmitted signal.

One way to overcome the problem of multipath fading is diversity. The basic concept
of diversity is to transmit the same information symbols over multiple channels that are
fading independently. This way, if one of the channels is in a deep fade, the receiver can
still recover the transmitted signal if one of the other channels is in a good enough state
to allow for reliable detection. Diversity can be harnessed along the time, frequency and

spatial dimensions, wherein the same information is transmitted at different time instances,



transmitted in different frequency bands, or transmitted or received from different points
in space, respectively.

Space or spatial diversity can be exploited by using multiple antennas that are suffi-
ciently separated at the receiver such that the signal received at each antenna undergoes
independent fading. Many modern day communication systems use receive diversity at the
base station. For example, the base stations in the global system for mobile communica-
tions (GSM) typically have two receive antennas [1]. Receive diversity at the base station
improves the quality of the communication link from the mobile unit to the base station
(uplink).

In the early 1990’s, researchers realized that the spatial diversity benefits of receive
antennas can also be harnessed at the transmitter by using multiple antennas to achieve
transmit diversity. Since then, several transmit diversity techniques have been developed
with early development efforts focusing on using the antennas at the base station, which
were used for receive diversity, to harness transmit diversity. These techniques attracted
a lot of attention because they improved the quality of the link from the base station to
the mobile unit (downlink) without incurring the additional cost of antennas at the mobile
unit. Combined with receive diversity at the base station, the quality of both the uplink and
downlink is improved. Wireless links with receive and transmit diversity enabled by multiple
antennas at the base station are shown in Figure 1.1(a) and Figure 1.1(b), respectively. By
deploying multiple antennas at the transmitter and receiver, we can harness transmit and
receive diversity at the base station and the mobile unit as shown in Figure 1.1(c).

Early research efforts focused on harnessing the diversity benefit of the MIMO channel.
An additional benefit of the MIMO channel in Figure 1.1(c) is that we can increase the
throughput of the communication link, and do so at both ends of the link. The seminal work
in [2] showed that the capacity or throughput of the channel can be significantly increased
by using multiple antennas at both the transmitter and receiver. Under certain conditions,
multiple independent data streams can be sent or multiplexed from the transmit antenna
array and be decoded reliably at the receiver. The prospect of improving the reliability and

throughput of the wireless communication link - at no cost of extra spectrum - is largely
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responsible for the incorporation of MIMO technology into current and future commercial
wireless products and standards such as CDMA-2000, W-CDMA, Long Term Evolution
(LTE), IEEE 802.11n (WiF1i), and IEEE 802.16e (WiMAX).

The use of multiple antennas to increase the throughput of the communication channel or
increase its reliability has been quantified by defining three related terms: rate, multiplexing
gain and diversity gain. The rate of a communication system is the number of transmitted
symbols per signaling interval. The multiplexing and diversity gains define how fast the
rate increases or how fast the error probability decreases, respectively, with increase in
signal-to-noise ratio (SNR) in the high SNR region. For any number of antennas, there is
a continuous tradeoff between the diversity and multiplexing gains [3]. The diversity gain
and code rate, however, can be simultaneously maximized [4][5].

A key idea in multiple antenna systems is space-time coding, in which the time dimen-
sion inherent in digital communications is complemented by the spatial dimension inherent
in the use of multiple antennas. A key benefit of space-time coding is the ability to turn
multipath propagation, an impairment in single antenna wireless communications, into a
benefit for multiple antenna systems by taking advantage of the random fading in increas-
ing the transmission rate of the communication link as well as increase its reliability. As
a result of the two different benefits of MIMO channels, early transmission schemes typ-
ically fell into two categories: diversity gain maximization schemes or rate maximization
schemes. However, recent work in space-time code design has shifted away from increasing
the diversity gain or transmission rate alone to increasing both simultaneously.

Achieving higher rates and improved reliability in multiple antenna systems comes with
a cost. Although there is no additional cost of bandwidth, there is a significant increase in
complexity compared to single antenna systems. Specifically, a maximum-likelihood decoder
for the transmitted signal can have a worst-case complexity that grows exponentially with
the number of transmitted symbols.

Recognizing the importance of decoding complexity in practical systems, this thesis

designs space-time block codes that not only harness both the rate and reliability benefits



of MIMO systems, but do so with low maximum-likelihood decoding complexity. A by-
product of the design of such space-time codes is a unified framework for determining the
worst-case ML decoding complexity of space-time block codes. We also address the high
decoding complexity on the receiver side by presenting novel maximum-likelihood decoders
with low average complexity for the practically important configuration of two transmit and
two receive antennas.

We mentioned that spatial diversity can be exploited using space-time coding. Time
diversity can be exploited using error-control coding and interleaving. Error-control coding
introduces redundancy in the transmitted data, and interleaving spreads the redundant data
symbols so that they experience independent fading. In situations where the channel varies
slowly with time, we might not be able to exploit time diversity because the interleaver
length might become too prohibitive for practical implementation. Specifically, a long
interleaver might introduce an unacceptable amount of latency into the system. A similar
situation occurs in the case of frequency diversity where the channel undergoes flat fading
such that the interleaved redundant data symbols across different frequency bands do not
experience independent fading. Because time and frequency diversity cannot always be
exploited by error-control coding, space-time coding can complement error-control coding.
Specifically, space-time coding complements error-control coding by encoding the redundant
and interleaved data symbols across time and space.

Digital communication systems are often partitioned into different modules or elements,
wherein error-control coding and space-time coding constitute different elements. The de-
sign and decoding of space-time block codes and error-control codes has followed this tradi-
tional partitioning such that space-time codes are designed independently of error-control
codes and vice versa. In this thesis, we will only focus on the design and decoding of space-
time block codes. We do so for the sole purpose of being able to compare the complexity
and error-rate performance of space-time codes fairly, irrespective of a particular choice
of an error-control code. We emphasize, however, that space-time coding complements
error-control coding in practical systems.

An important consideration in practical systems is the availability of channel state



information (CSI) at the transmitter and receiver. Throughout this research, we will assume
that the receiver has perfect knowledge of the channel, but the transmitter does not have
any knowledge of it. Such system is known as open-loop system since there is no feedback
path from the receiver to the transmitter where CSI can be communicated. Systems where
CSI is also available at the transmitter are known as closed-loop systems. In both systems,
the channel can be estimated at the receiver using a preamble or pilot symbols, which are
known signals at both the transmitter and receiver. The receiver can use these known
signals to estimate the channel and refine or adapt the channel estimate. In a closed-loop
system, the CSI is then fed back to the transmitter.

In closed-loop systems, space-time processing known as eigenbeamforming is used rather
than space-time block coding. Eigenbeamforming converts the MIMO channel into a bank
of independent scalar channels. Furthermore, eigenbeamforming is optimal in the sense of
achieving the capacity of the MIMO channel and achieving full diversity gain [6].

One of the main challenges in eigenbeamforming is how to obtain channel knowledge at
the transmitter. Most current wireless standards allocate a feedback channel to transmit
CSI. Furthermore, the CSI is usually quantized to reduce the transmission load required to
feedback the CSI to the transmitter. An important issue that arises in closed-loop systems
is CSI mismatch. Specifically, CSI mismatch between the transmitter and receiver due to
either long feedback delay or due to a rapidly time-varying channel results in significant
performance loss in eigenbeamforming. Due to their inherently different costs, both open-
loop and closed-loop techniques are important in practical wireless systems. In fact, most
current and future wireless systems use both open-loop and closed-loop MIMO techniques.
For example, the next generation WiFi (802.11n) and WiMAX (802.16e) standards use
both open-loop techniques in the form of space-time coding and closed-loop techniques in
the form of eigenbeamforming.

In the remainder of this chapter, we highlight our contributions on both the transmitter
side and the receiver side. Finally, we outline the organization of the remainder of the

thesis.



1.1 Research Objective and Contributions

Mobile communication systems having two transmit antennas and two receive antennas are
of great practical importance for two main reasons: First, a transmitter with two antennas
can communicate at a higher data rate and more reliably than a transmitter with a single
antenna. Second, power and size constraints prevent many devices, especially in mobile
applications, from having more than two antennas. Several space-time block codes have
been proposed specifically for this practically important configuration. Arguably, the most
important of these codes is the golden code [7][8]. The golden code has many advantages:
it is full-rate, it is fully diverse and in terms of the SNR required to achieve a target error
probability, it performs better than previously reported codes. Furthermore, the coding
gain of the golden code is independent of the alphabet size, which ensures that the golden
code achieves the full diversity multiplexing frontier of Zheng and Tse [3][9], and which
makes it compatible with adaptive modulation. For these reasons, the golden code has
been incorporated into the 802.16e WiMAX standard [10].

The golden code applied to a system with two receive antennas leads to an effective
four-input four-output channel that maps each block of four g-ary information symbols to
a vector of four complex-valued received samples [11]. An exhaustive search maximum-
likelihood (ML) decoder would consider each of the ¢* possible input vectors in turn and
choose as its decision the one that best represents the channel output in a minimum-distance
sense. Therefore, the complexity of such an exhaustive search ML decoder is proportional to
¢*. Although significant reductions in average complexity are possible by adopting a tree-
based ML decoder, the worst-case complexity of a sphere decoder is generally no better
than that of an exhaustive search.

The perception that ML decoding of the golden code has high complexity has had two
effects: First, it has motivated a search for suboptimal decoders for the golden code with
reduced complexity and near-ML performance [12]-[15]. Second, it has motivated a search
for lower-complexity alternatives that perform almost as well as the golden code [16]-[18].

A drawback to the use of suboptimal decoders is the performance loss compared to

the maximum-likelihood decoder. Furthermore, the suboptimal decoders in [12][13] do not



exploit the special properties of the effective channel matrix induced by the golden code
to potentially reduce the decoding complexity. Specifically, the decoders in [12][13] treat
the golden code decoding problem in the same manner as decoding of a spatial multiplex-
ing system with four transmit antennas, transmitting four complex information symbols
per signaling interval. On the other hand, the suboptimal detectors in [14][15] do exploit
the special structure of the effective channel matrix in reducing the worst-case decoding
complexity. However, their average decoding complexity is the same as the worst-case
complexity.

A drawback to the alternative constructions of the golden code in [16]-[18] is that they do
not offer any reduction in decoding complexity when the channel varies with time, a common
occurrence in wireless applications with high mobility. In particular, device mobility results
in channels that could vary quickly between quasistatic fading and rapid fading, depending
on the mobile speed or Doppler frequency.

We address both of these drawbacks in this research. First, we prove that the golden code
with g-ary quadrature amplitude modulation (QAM) alphabet is fast decodable, by which we
mean that ML decoding is possible with a worst-case complexity of only O(¢?®). The golden
code is fast decodable regardless of whether the channel varies with time. We also present
an efficient implementation of a fast decoder that has low average complexity. Second, we
propose the asymmetric golden code, in which one layer of the golden code is scaled with
respect to the other. Similar to the golden code, we prove that the asymmetric golden
code has a worst-case decoding complexity of O(q%%), regardless of whether the channel is
time varying. For the special case of a slowly varying channel where the channel remains
constant for the duration of a codeword, we prove that its worst-case decoding complexity
is even smaller, namely O(¢?). Furthermore, we present an efficient implementation of a
fast decoder for the asymmetric golden code.

Having discussed our contributions for the two-input two-output channel, we shift our
focus to the design of space-time block codes with low maximum likelihood decoding com-
plexity for any number of antennas. The design or choice of a space-time code depends

strongly on the size of the receiver antenna array relative to the size of the transmitter



antenna array. At one extreme, when the number of receive antennas is equal or greater
than the number of transmit antennas, good candidates include the threaded algebraic
space-time (TAST) [4][5] codes and the perfect space-time codes [19][20], both of which
achieve maximum diversity order and full transmission rate. In fact, the golden code that
we mentioned earlier is an example of a perfect space-time code for the two-input two-
output channel. At the other extreme, when there is only a single receive antenna, good
candidates include the Alamouti code [21], the quasiorthogonal space-time block codes [22]
and the semi-orthogonal algebraic space-time (SAST) block codes [23].

There are two main approaches to the construction of high-rate codes, by which we
mean space-time block codes that have a transmission rate higher than one symbol per
signaling interval. The first approach is puncturing, in which a maximal-rate space-time
code is punctured to obtain the high-rate code. For example, TAST and perfect space-time
codes for four transmit antennas of rate R € {1,2,3,4} are easily obtained by puncturing
4 — R threads of the rate-4 code. The second approach is multiplexing, in which lower rate
space-time codes are multiplexed or combined to form the high-rate code. For example, the
rate-two space-time code in [24] for the four-input two-output channel is constructed as a
combination of two quasiorthogonal codewords.

High-rate space-time block codes constructed by puncturing or multiplexing suffer from
high decoding complexity and/or worse bit-error-rate performance when compared to other
space-time codes that have been proposed for a particular rate and a particular number of
transmit and receive antennas. For example, the SAST [23] codes not only outperform the
rate-one TAST and perfect codes in terms of the SNR required to achieve a target error
rate, but they also have a lower decoding complexity. A general framework for the design
of high-rate space-time codes with low decoding complexity remains elusive.

This research examines the problem of designing high-rate space-time codes whose rate
is larger than one but less than full, appropriate in between the two extremes. In addressing
the design problem, we introduce the concept of embedding, in which complex orthogonal

designs [25][26] assume the role of complex symbols in the encoding process. Based on the



embedding concept we propose a new family of codes called embedded-orthogonal space-
time (EOS) codes, defined for an arbitrary number of antennas and for any rate up to
half the number of antennas. When compared to previously reported space-time codes,
the proposed family of codes is lower in decoding complexity. Furthermore, simulation
results up to six transmit antennas show that the proposed embedded orthogonal space-
time codes outperform quasiorthogonal [22], diagonal algebraic [27]]28], thread algebraic [4]
and perfect space-time block codes [19] for all rates higher than one symbol per channel
use, when performance is measured in terms of the SNR required to achieve a target error

probability.
1.2 Organization of the Thesis

Chapter 2 presents background information related to space-time coding. More specifi-
cally, we present the channel model, review the design criteria and survey the different
constructions of space-time block codes.

The novel contributions of this thesis are presented in the next four chapters.

e Chapter 3 presents a unified framework for determining the worst-case ML decoding
complexity. This framework is used to show that the worst-case ML decoding com-
plexity for certain families of space-time block codes is less than what is reported for
an exhaustive-search ML decoder. The framework is used in subsequent chapters to
determine the worst-case ML decoding complexity of the golden code, the proposed

asymmetric golden code, and the proposed embedded orthogonal space-time codes.

e Chapter 4 uses the unified framework in Chapter 3 to prove that the golden code is
fast-decodable and that it retains its fast decodability on quasistatic fading as well as
rapid time-varying fading. Chapter 4 also presents an efficient ML decoding algorithm

with low average decoding complexity [29][30].

e Chapter 5 presents the asymmetric golden code, which has a lower decoding complex-

ity than the golden code on quasistatic channels with QAM alphabet and the same
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decoding complexity on rapid time-varying channels. Efficient ML decoding algo-
rithms with low average decoding complexity for quasistatic and time-varying fading

are also presented [31][32].

e Chapter 6 presents the embedded-orthogonal space-time (EOS) codes, a family of
codes for any number of antennas, and for any rate up to half the number of antennas.
For rate larger than one, simulation results show that embedded orthogonal space-
time codes are simultaneously lower in complexity and lower in error probability on

quasistatic Rayleigh channels than previous constructions of space-time codes [33][34].

Chapter 7 summarizes the conclusions from this research and discusses some areas for

future research.
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CHAPTER 2

SPACE-TIME BLOCK CODES

Space-time coding is a method used in multiple antenna systems to not only increase the
reliability of the communication link, but also increase its throughput. This is accomplished
by encoding multiple streams of data across the spatial domain (i.e., antennas) and across
the time domain.

The delay diversity scheme of Wittenben [35] inspired the first attempt to develop space-
time codes in [36]. The key development of the space-time coding concept is due to Tarokh
et al. in [37], in which they proposed space-time trellis codes. These space-time trellis codes
had a high decoding complexity and required a vector Viterbi algorithm at the receiver
for decoding. In addressing the high decoding complexity of space-time trellis codes, space-
time block codes (STBC) were discovered. The first space-time block code was a remarkable
scheme for two transmit antennas developed by Alamouti [21]. The Alamouti space-time
block code allowed the receiver to harness the spatial diversity of the transmit antennas
while maintaining simple maximum-likelihood (ML) decoding at the receiver.

The first family of space-time block codes proposed in the literature is orthogonal designs
[26], in which all the transmitted symbols are decoded independently. The maximum rate
of orthogonal designs, however, is less than one symbol per signaling interval for more than
two antennas. The diagonal algebraic [27] and quasiorthogonal space-time block codes [38]-
[43] achieved a transmission rate of one symbol per signaling interval, at the expense of
an increase in decoding complexity. The semi-orthogonal algebraic space-time block codes
[23] were proposed as an alternative to quasiorthogonal and diagonal algebraic space-time
codes because they achieve comparable bit-error rate performance, but they require a lower
decoding complexity.

Orthogonal, quasiorthogonal, diagonal algebraic and semi-orthogonal algebraic space-

time block codes achieve a maximum rate of one symbol per signaling interval. In addressing
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the need for higher rates, the threaded algebraic [4] and perfect space-time block codes
[19][20] were proposed. These high-rate space-time codes achieve the maximum rate of the
communication link.

In this chapter, we provide background information related to the problems being pur-
sued in this research. First, we describe the MIMO communication system model and the
channel model. Next, we briefly review some useful design criteria for space-time block
codes in quasistatic fading channels. Then, we discuss maximum-likelihood (ML) decod-
ing of space-time block codes and define a few terms related to ML decoding. Finally, we
provide a survey of many important constructions of space-time block codes including or-
thogonal, quasiorthogonal, semi-orthogonal algebraic, diagonal algebraic, thread algebraic,

and perfect space-time block codes.
2.1 System and Channel Model

We consider a MIMO system with M transmit antennas and N receive antennas. The

transmitted codeword of a space-time block code can be expressed as a T' x M matrix:

01[1} 02[1} e CM[l]
c112| ¢202] -+ cm|2
C— 1[2]  e2[2] M (2] | 2.1)
all] eT] -+ cem[T]]
where ¢, [t] denotes the symbol transmitted from antenna m € {1,---, M} at time t €
{1,---,T}. The received signal y,[t] at receive antenna n € {1,--- , N} at time ¢ is given
by:
M
ynlt] = Y hunnltlemlt] +walt], (2.2)
m=1
where

e wy,[t] is the complex additive white Gaussian noise at receive antenna n at time interval

t with E(|wy[t]]?) = No.

® hpplt] is the channel coefficient between the m-th transmit antenna and n-th receive

antenna at time ¢.
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Throughout the thesis, we will assume Rayleigh fading, wherein the channel coefficients
hmnlt] are independent and identically distributed (i.i.d) complex Gaussian random vari-
ables with variance of one half. The Rayleigh fading model accurately describes a rich
scattering environment with many reflectors. It is also used in a typical cellular environ-
ment even with a relatively small number of reflectors [44].

We next define a few terms related to the channel model, delay spread, flat fading, and

quasistatic and time-varying fading.

Definition 2.1. Multipath delay spread is the difference in propagation time between the

longest and shortest paths, when we only count the paths with significant energy.

Definition 2.2. A channel is flat fading when the delay spread of the channel is much less
than the symbol period of the transmitted signal such that the frequency response of the

channel is flat over the allocated bandwidth of the system.

In this thesis, we will assume flat fading. Systems with large bandwidth where the fre-
quency response of the channel is not flat over the signal bandwidth are common in practice.
The assumption of flat fading, however, is not restrictive since systems with large bandwidth
can be combined with orthogonal frequency division multiplexing (OFDM) technique that
effectively transforms the large bandwidth signal into multiple parallel smaller bandwidth

signals such that the fading on each smaller bandwidth signal is flat.

Definition 2.3. Fading is quasistatic when the channel coefficient Ay, ,[t] is assumed con-
stant over a block of T' symbol periods, but it is independent from block to block. The

channel fading coefficient is then independent of the time index t such that hy, ,[t] = A p.

Definition 2.4. Fading is time-varying when the channel coefficient Ay, ,[t] is not constant

over T symbol periods.

In this thesis, we consider both quasistatic and time-varying fading. In fact, the ML
decoder for the golden code in Chapter 4 applies equally to quasistatic and time-varying
channels. Furthermore, the asymmetric golden code in Chapter 5 is designed for low de-
coding complexity on both quasistatic and time-varying channels.

We next define what it means to be a linear space-time block code.
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Definition 2.5. A linear space-time block code is a T x M matrix whose entries are complex
linear combinations of K complex information symbols xj = ka + ia:i, ke{l,---,K}, and
their complex conjugates, where i = v/—1 and the superscripts “R” and “I” denote the real

and imaginary components of the complex information symbol xj, respectively.

Example 2.1. The Alamouti space-time block code [21] is:

I T2
C= . (2.3)
—x5 T}
The Alamouti code is clearly linear transmitting two complex information symbols in two

time intervals. Note that the Alamouti space-time code transmits both the complex infor-

mation symbol and its conjugate. O

In this thesis, we restrict our attention to linear space-time block codes. This is not a
restrictive assumption since linear space-time block codes have been shown to be optimal
in terms of maximizing the mutual information between the transmit and receive signals
[45]. Furthermore, linear space-time block codes are also optimal in terms of the diversity-
multiplexing tradeoff of the MIMO channel [19][20]. In addition, linear space-time block
codes can be decoded efficiently using linear processing algorithms such as the sphere de-
coding algorithm [46][47], which was proposed for the ML decoding of lattice codes and
space-time block codes in [48] and [49].

The transmitted complex information symbols for a linear space-time block code are
drawn from an alphabet A, with cardinality ¢ (i.e., ¢ = |A|). In particular, the complex

information symbols are drawn from one of three alphabets:

e quadrature amplitude modulation (QAM) alphabet. A QAM alphabet is a subset
of Z[i] = {a + bi}, a,b € Z, where i = /—1. Specifically, a g-ary QAM alphabet is
A={£1,43,-- , £(/g— 1)} +i{£l,£3,--- ,£(/g—1)}. The real or imaginary part
of the QAM alphabet defines a real alphabet known as pulse-amplitude modulation
(PAM) alphabet.

e hexagonal (HEX) alphabet. A HEX alphabet is constructed from the two-dimensional

hexagonal lattice Z[j] = {a+bj}, a,b € Z, where j = €'*"/3. The optimum hexagonal
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constellations, in terms of minimizing the error probability for a given SNR, were
studied in [50][51]. We illustrate the optimum hexagonal constellations for 4-HEX,

16-HEX, and 64-HEX in Appendix A.

e phase shift keying (PSK) alphabet. A PSK alphabet is given by A = {e’?”p/ 9:p€
{0,1,--- ,¢g—1}}.
We next present a more useful form of the system model in (2.2). We begin the discussion

with an example.

Example 2.2. Let us consider the Alamouti space-time block code in Example 2.1. As-
suming quasistatic fading and a single receive antenna, the received signal at the two time

instances is given by

yill] = hiiz1 + hojpzo +wi[l],

yi[2] = —hiixs + heia] + wi]2]. (2.4)
It is usually desired to express the system of equations in (2.4) in matrix form as a function

of only the information symbols, and not their conjugates. This can be done by conjugating

the second received sample as follows:

yi[1] hin  hen | |21 wi [1]
= + . (2.5)
yi (2] h§,1 - T,l T2 wi[2]
—_—
y H X w

Note that the vector y contains either the received sample or its conjugate. Similarly, the
vector w contains the noise sample or its conjugate. This is necessary in order to express
the system as a function of the vector x that contains only the information symbols, but

not their conjugates. ]

Having discussed the specific case of the Alamouti space-time block code in Example
2.2, we now consider the general system model in (2.2). In order to facilitate the use of

efficient decoding algorithms, the system model in (2.2) can be expressed in the form
y =Hx+w, (2.6)

where
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oy = [l ;2 0T = 10, ;lT), -, gn[1],gn5(2], - N [T — 1], gn[T]] T is the
TN x 1 complex vector of received samples or their conjugates at all time intervals,

from all receive antennas

Un[t] is the received sample y,[t] or its conjugate v ]

His a TN x K matrix, termed the complez-valued effective channel matrix
e X = [21,9, -+ ,xx] " is K x 1 vector of complex information symbols

o W = [11}1[1],11)1[2], e ,’lI}l[T — 1],?]}1[T], ce ,?I]N[l],’LT}NP], e ,QI}N[T — 1], ’LT)N[THT is
the TN x 1 vector of noise samples or their conjugates at all time intervals, from all

receive antennas.

The system model in (2.2) is a linear system of equations in the complex information
symbols and their conjugates, and hence, it is not always possible to express (2.2) in matrix
form as a function of only the complex information symbols as in (2.6). We overcome this
problem by converting the complex-valued system in (2.6) to the equivalent real-valued
system as follows

¥y = Hx + W, (2.7)
where

o ¥ =il yi (1), yf [T, uf [T, - yR ], yN (1], - yRIT], YN [T T is the real vec-

tor of size 2T'N x 1 of received samples at all time intervals, from all receive antennas

H is a 2T'N x 2K matrix, termed real-valued effective channel matriz

o x = [zl ol alf 2l .. 2 21 )7 is the 2K x 1 vector of transmitted real information
symbols
* W= [w{%[l]a U}{[l], T ’w{%[T]’w{[T]a T awﬁ[l]vw]]\f[l]v T awﬁ[T]’w]IV[THT is the 2T'N x

1 real vector of noise samples at all time intervals, from all receive antennas.

The real-valued system model in (2.7) will be used whenever it is more convenient

or simply not possible to use the complex-valued model. In particular, the real-valued
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system model will be used when we discuss the decoding of orthogonal and the proposed
embedded-orthogonal space-time codes. For all other space-time block codes considered in
this research, it is more convenient to use the complex-valued system model in (2.6).

In Example 2.2, we discussed the complex-valued system model of the Alamouti space-
time block code. We next give an example of the real-valued system model of the Alamouti

code.

Example 2.3. From the definition of the Alamouti space-time block code in (2.3) in Ex-

ample 2.1 and using the real-valued system model in (2.7), the received signal is given

by
y{:{[l] hﬁl —h{@ hé{,l _hé,l 5”?’1% w{{[l]
I I R I R I I
Y11 h h h h T wi|l .
5= 1[1] _ M 11 2,1 2.1 1 n 1] _ Iz 4w (2.8)
y5[2] h§,1 hé,l _hfl _h{,l xQR w{%[Z]
_y{[2]_ _hé,l —hgﬁ _h{,l hfl i _55’5_ _w{[2]_

We next define the rate of a space-time block code. We also define other terms used in

describing the rate.

Definition 2.6. The rate of a T x M space-time block code transmitting K complex

information symbols over T symbol periods is R = K /T symbols per signaling interval.
Definition 2.7. A space-time block code with M transmit is full-rate if R = M.

Definition 2.8. A space-time block code with M transmit antennas is high-rate if R > 1.
2.2 Design Criteria of Space-Time Codes

In this section we discuss some useful design criteria for space-time block codes on quasistatic
channel fading; the rank and determinant criteria. The design criteria of space-time codes
are derived based on the union bound for the codeword error probability. Assume that a
codeword C is transmitted, wherein the columns of the codeword are normalized so that a

randomly chosen column has unit energy. Assuming quasistatic Rayleigh fading, and given

18



perfect knowledge of the channel at the receiver, the pairwise error probability, which is the
probability that a maximum-likelihood receiver prefers another codeword C to the actual

codeword C is bounded by [52]

Fp —rN
(C—H) = <4M> ; (2.9)

where

e 7 is the rank of the M x M matrix:

X = (C - C)*(C - ), (2.10)

= (M X2--- A7 is the geometric mean of the nonzero eigenvalues of the matrix

X,
e p is the signal-to-noise ratio (SNR) per receive antenna.

Assuming all codewords are equally likely, the union bound for the average error probability
is related to the pairwise error probability as follows:

Pe < KZZ (C—CJH)

vC VC
C+£C

< (¢© —1)max P ~_, 2.11

(¢ —1) aox oo (2.11)
The second inequality in (2.11) results when each pairwise error probability is replaced the
worst-case value. The pairwise error probability in (2.9) along with the union bound for

the average error probability in (2.11) lead us to the design criteria of space-time codes,

namely the rank criterion and determinant criterion [37).

e Rank Criterion: To achieve maximum diversity order of M N, the matrix X in (2.10)

must have rank M for any pair of distinct codewords C and C.

The rank criterion follows from (2.9) and (2.11). Specifically, the exponent d = rN
in (2.9) is the diversity order or diversity gain of the pairwise error probability, and
it determines how fast the pairwise error probability decays, as a function of the

average SNR. From (2.11), we have that the error probability will be dominated by
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the worst-case pairwise error probability. Therefore, the maximum diversity order of
a space-time code is M N, which is achieved when the rank of the matrix X is equal

to M.

e Determinant Criterion: To further optimize performance, a space-time code that
achieves diversity order M N should be chosen to maximize the asymptotic coding

gain:

I = mindet(X)Y™

= min det(C — C)*(C — C)'/M, (2.12)
c-¢

The determinant criterion also follows from (2.9) and (2.11). The factor I' in (2.9)
decreases the pairwise error probability since it amplifies the SNR. Consequently, I"
can be viewed as a pairwise coding gain. From (2.11), the coding gain for a space-time
code is the worst-case pairwise coding gain. Therefore, we can decrease the error rate

by maximizing the coding gain in (2.12).

Both the diversity and coding gain improve system performance by decreasing the error
rate, but they do so in two different ways. We discuss the difference between the coding

and diversity gain by taking the logarithm of both sides of (2.11) to obtain
log(Pe) < ¢ —dlog(p), (2.13)

where ¢ is a constant that depends in part on the coding gain and number of transmit
antennas, and where d = rN is the diversity gain. From (2.13), we see that the diversity
gain improves system performance by increasing the magnitude of the slope of the error rate
curve, when the error rate curve is plotted on a logarithmic scale. The coding gain, on the
other hand, shifts the error rate curve to the left. Furthermore, the SNR advantage due to
diversity gain increases with an increase in SNR but remains constant with the coding gain
at high enough SNR. We now discuss an example that highlights the differences between

the diversity and coding gain in improving performance.

Example 2.4. Consider three space-time block codes for two transmit antennas, C irculant,
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Cpast and C gjgmouti given by the following code matrices:

xr1 T2

Ccirculant = 5 (214)
To I
Cxr1 + ST 0

Cpasr = , (2.15)
0 —sx1 + cxq

X1 €2

CAlamouti = 5 (216)
—ry I}

where ¢ = cos(0), s = sin(f), and 6 = 1 tan~!(2). Assume that the information symbols are
drawn from 4-QAM. Let us discuss each matrix in terms of the diversity and coding gain.
The matrix Cjreulant 1S @ 2 X 2 circulant matrix. One can easily verify that the max-

imum diversity gain is 1. This is because the matrix does not have rank 2 for all distinct

1+¢ 0 0 14
pairs of codeword matrices. For example, the rank of — =
0 142 1+¢ 0
1+4¢ 144
is one. We will not consider the coding gain since it is meaningful when the
1+4 1479
rank of the matrix is 2.

The matrix Cpagr is the diagonal algebraic space-time (DAST) block code for two
transmit antennas. We will discuss this important family of space-time block codes later in
the chapter. For the sake of this example, however, it is sufficient to note that the diagonal
algebraic space-time block code achieves second-order diversity gain. Furthermore, the
coding gain is I' = 3.2.

The matrix C gjgmouts 1S the Alamouti space-time block code. We will also discuss the
Alamouti code later in the chapter. We simply note that the Alamouti space-time block
code also achieves second-order diversity gain, and its coding gain is I' = 4.

Of course, for the case of 4-QAM, one can easily verify by exhaustive-search over all pairs
of distinct codeword matrices that Cp a7 and C 4;4mouts achieve second order diversity, with
coding gain of I' = 3.2 and I" = 4, respectively.

The bit-error rate performance of the three codes is given in Figure 2.1. The slope of

the three error rate curves can be calculated from Figure 2.1. Specifically, one can easily
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Figure 2.1: Bit-error rate performance for circulant (+), diagonal algebraic (<) and
Alamouti space-time ([J) block codes.

verify that the slope of the error rate curve for the circulant, DAST and Alamouti codes is
-1.05, -1.92, and -2.17; respectively, where the slope is calculated in the 14 dB to 20 dB SNR
region. This is expected since the diversity gain for the circulant, DAST and Alamouti codes
is 1, 2, and 2; respectively. for As can be seen from Figure 2.1, the circulant code performs
worse than the diagonal algebraic and Alamouti space-time block codes, in terms of the
SNR required to achieve a target error probability. This is expected since the circulant
code has a diversity gain of 1. For the diagonal algebraic and Alamouti space-time block
code, we see that there is a change in the slope of the error-rate curve compared to the
circulant code due to the higher diversity gain. The difference in performance between the
diagonal algebraic and Alamouti space-time block code is due to the fact that the Alamouti
code has higher coding gain than the diagonal algebraic code, which is manifested as a shift

of the entire error-rate curve more to the left. O
We next give two definitions related to the rank and determinant criteria.

Definition 2.9. A space-time block code is said to be fully diverse or has full diversity if

the matrix X in (2.10) has rank M for any pair of distinct codewords C and C.
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Let C be a space-time block code encoding information symbols from a QAM or HEX
alphabet without normalizing the alphabet for the average transmit energy. In other words,
the average energy of the alphabet is allowed to grow as the size of the alphabet grows. For
example, the average energy of 4-QAM, 16-QAM and 64-QAM is 2, 10 and 42, respectively.
Then, we have the following definition related to the coding gain of a fully diverse space-time

block code.

Definition 2.10. A space-time block code is said to have the nonvanishing determinant
property if, without normalizing the codeword for the average energy of the alphabet, the

coding gain for a fully diverse code is bounded away from zero as the alphabet size grows.

Designing space-time block codes that satisfy the nonvanishing determinant property is
desirable since it was shown in [53] that a sufficient condition for a space-time block code
to achieve the optimal diversity-multiplexing tradeoff is that it satisfies the nonvanishing

determinant property.
2.3 Decoding Complexity

Assuming perfect channel state information, the maximume-likelihood decoder at the receiver

chooses K complex information symbols xy, k € {1,--- , K}, that minimize the metric:
T N M 2
Pz, ax) =Y |ynltl = Y hannemlt]| - (2.17)
t=1 n=1 m=1

We next define three terms related to ML decoding.

Definition 2.11. The decoding complexity of an ML decoder is the number of metric
computations required to reach the ML decision. The decoding complexity cannot exceed ¢¢
metric computations, which is the worst-case decoding complexity achieved by an exhaustive-

search ML decoder.

We next define what it means for a space-time block code to be n-group decodable. Let
us first group the 2K real information symbols of a space-time block code into 1 groups such
that each group has K; real symbols, I € {1,---,n}. We thus have that > | K; = 2K.
Furthermore, let (; denote the set of indices for the [-th group. Then, we have the following

definition of n-group decodable space-time block code.
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Definition 2.12. A linear space-time block code is said to n-group decodable if the ML
decoding metric in (2.17) can be decoupled into a linear sum of 7 independent metrics such
that each metric consists of the symbols from only one group. Specifically, the cost function

in (2.17) can be written as

P(:El,"‘,fo) = P(:E17"'7j2K)
7
= > BlEqayEa@s ) (2.18)

=1

Definition 2.13. A linear space-time block code is said to be separable if it is n-group

decodable for any n > 1.
We next give an example to clarify these definitions.

Example 2.5. Consider three 4 x 4 space-time block codes Cx, Cy and Cgz transmitting
four complex information symbols drawn from an arbitrary g-ary alphabet. In other words,
we have T'=4, M = 4, and R = 1 for all three space-time block codes. Assume that the

metric function in (2.17) can be written in its simplest form as follows for the three codes:

Cx P($1,$2,$3,$4) = Pl(.fl) + PQ(.TQ) + Pg(xg) + P4<1‘4)
Cy : P(x1,22,73,24) = P1(21,22) + Pa(23,74)

Cz : P(x1,m2,23,24) = P(21, 22,73, 24)

According to Definition 2.7, all three codes are not full-rate since they transmit only
one symbol per signaling interval out of the maximum four symbols per signaling interval.
Furthermore, the space-time block code Cx is separable or four-group decodable since we
can separate the decoding of the transmitted symbols into four groups, each containing one
complex symbol. Similarly, space-time block code Cvy is separable or two-group decodable
since we can separate the decoding of the transmitted symbols into two groups, each con-
taining two complex symbols. Finally, space-time block code Cgz is not separable since all

the symbols have to be decoded jointly. O

We remark that from a practical point of view, the complexity of an algorithm is truly

measured by the complexity of its hardware implementation. Hardware complexity itself
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is usually measured in terms of the number of logic gates or area required to implement
the algorithm, and in terms of the amount of power it dissipates. Although the worst-case
ML decoding complexity is not the same as hardware complexity, it provides an accurate
measure of the complexity of hardware implementation. Therefore, throughout the thesis,
we will use the worst-case complexity as one measure to compare space-time block codes in
terms of their decoding complexity. In Chapter 3, we will introduce another useful measure
of complexity, the average complexity. We will defer the discussion of average complexity

to Chapter 3.

2.4 Survey of Space-Time Block Codes

Having presented the channel model, and the design criteria of space-time block codes, we
next provide a survey of several different constructions of space-time block codes in the
literature. We review some of the most important constructions of space-time block codes,
including orthogonal space-time codes, diagonal algebraic space-time codes, quasiorthogo-
nal space-time codes, single-symbol decodable space-time codes, semi-orthogonal algebraic
space-time codes, threaded algebraic space-time block codes and perfect space-time codes.

We note that all these families of space-time codes are fully diverse. We will classify
these families of space-time block codes in terms of their group decodability. Although
group decodability affects the worst-case ML decoding complexity, it is not the only factor
in determining the worst-case decoding complexity. However, determining the group decod-
ability of a space-time block code is still useful. For example, consider a space-time block
code that is n-group decodable. If the worst-case decoding complexity of all the groups is
the same, then the worst-case decoding complexity of the code is equal to the worst-case
decoding complexity of any one group. We will defer the discussion of worst-case decoding
complexity to Chapter 3, where we will revisit these families of space-time block codes and
present a unified framework for comparing them in terms of their worst-case ML decoding

complexity.
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2.4.1 Orthogonal Space-Time Block Codes

An orthogonal space-time block code for M transmit antennas is a linear code that satisfies
the following orthogonality property:

K
C'C=Ty > |l (2.19)
k=1

where Iy is the M x M identity matrix. Orthogonal space-time block codes are an im-
portant family of linear space-time codes that achieve full diversity, while decoupling the
ML detection of the transmitted symbols such that each transmitted symbol is detected
separately from the other transmitted symbols. Specifically, orthogonal space-time codes
are 2K-group decodable for QAM alphabets, and K-group decodable for HEX or PSK
alphabets.

The first orthogonal space-time block code is a rate-one space-time block code for two
transmit antennas developed by Alamouti [21]. Tarokh et al. [25] constructed orthogonal
space-time block codes for real and complex alphabets for arbitrary number of antennas. In
particular, Tarokh et al. constructed real orthogonal space-time block codes with rate-one
for any number of transmit antennas and complex orthogonal space-time block codes with
rate 1 for two antennas, rate % for three and four antennas, and rate % for more than four
antennas. Orthogonal space-time codes for two [21], three, and four transmit antennas [54]

are given by:

r1 0 -z} 1 0 —a5 3
il X9 0 r1 —I3 0 r1 —I3 —I2
C= ,C= ,and C = . (2.20)
—z5 ] T2 w3 T To xy T 0
—r3 x5 0 —r3 x5 0 x]

The construction of maximal rate complex orthogonal space-time block codes was stud-
ied by Liang in [26]. Liang not only determined the maximal rate achieved by complex or-
thogonal designs for arbitrary number of antennas, but also gave a systematic construction
of maximal rate complex orthogonal space-time block codes. Furthermore, the constructed
codes were also shown to be delay optimal for six transmit antennas or less. A delay-optimal

orthogonal design refers to a design that achieves the maximal rate while minimizing the
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code length T'. Delay optimality is a desirable property because it minimizes the decoding
delay at the receiver since the receiver has to receive the entire block before it starts decod-
ing it. The maximal rate of a complex orthogonal space-time block code with M transmit

antennas is given by [26]

C[M/2] +1
R = ST (2.21)

The minimum delay for the maximum rate complex orthogonal designs for M antennas is
given by [26][55]
1 M

(1+0)R [M/2] ’

Dinin = (2.22)

where 6 = 1 when M is a multiple of 4, and 6 = 0 otherwise. In Table 2.1, we use (2.21) and
(2.22) to tabulate the maximal rate and minimum delay for complex orthogonal space-time
block codes for two to 16 transmit antennas. As can be seen from Table 2.1, not only
does the code rate tend to % as the number of antennas increases, but the code length
becomes prohibitively large for practical implementations. These two drawbacks provided
the motivation to construct diagonal algebraic space-time block codes and quasiorthogonal

space-time block codes.
2.4.2 Diagonal Algebraic Space-Time Block Codes

Diagonal algebraic space-time (DAST) block codes are a family of linear space-time codes
constructed by the use of rotated constellations [27][28]. The word algebraic in the descrip-
tion of DAST codes comes from the fact that rotation matrices used in DAST codes were
constructed using algebraic number field theory [56][57]. The word diagonal refers to the
structure of the code matrix, wherein the rotated information symbols are spread over the
diagonal of the square code matrix. The DAST block codes not only achieve full diversity
order for arbitrary number of transmit antennas, but they also achieve a transmission rate

of one symbol per channel use. For M transmit antennas, the DAST block codes transmit
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Table 2.1: Maximum Rate and Minimum Decoding Delay of Complex Orthogonal Space-

Time Block Codes.

Number of Transmit Antennas | Maximum Rate | Minimum Delay
M R Diin,
2 1 2
3 3 4
4 3 4
5 2 15
6 2 30
7 2 56
8 2 56
9 3 210
10 3 420
11 = 792
12 & 792
13 2 3003
14 2 6006
15 = 11440
16 & 11440

M information symbols in M signal intervals as follows:

Cpasr(z1,---,zy) = diag(u)
wp 0 - 0
0 uy --- 0
_0 0 U |

where
e diag(u) is the diagonal matrix with the vector u on the diagonal

e u=Gx= [ulau2a"' auM]T
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o X = [21,%9, -+, 23] is the vector of complex information symbols drawn from g-ary

QAM alphabet

e G is an M x M unitary rotation or generator matrix chosen to ensure a fully diverse

DAST code.

The DAST block codes were developed for QAM alphabets and outperform complex
orthogonal designs in terms of the SNR required to achieve a target error probability when
the number of transmit antennas is greater than two (i.e, M > 2). The cost of improved
performance compared to complex orthogonal designs is increased decoding complexity.

In general, DAST block codes with QAM alphabet and complex rotation matrices are not
separable. Hence, the ML decoder requires detecting all complex symbols jointly. With real
rotation matrices, however, the DAST codes are 2-group decodable, wherein the real and
imaginary components of the QAM symbols can be decoded separately. Clearly, complex
rotation matrices result in higher decoding complexity than real rotations. However, they
have a better bit-error-rate performance. For example, for four transmit antennas, complex

rotation matrices offer 0.7 dB gain over real rotations [28].
2.4.3 Quasiorthogonal Space-Time Block Codes

Quasiorthogonal space-time codes relax the orthogonality constraint of (2.19) to enable
rate-one transmission, at the expense of an increase in decoding complexity. For example,
quasiorthogonal codes for four antennas were proposed independently by Jafarkhani [38],
Tirkkonen-Boariu-Hottinen [39] and Papadias-Foschini [40]; these codes, however, were not
fully diverse.

Full diversity quasiorthogonal space-time block codes were constructed using constella-
tion rotation. For example, rate-one and full-diversity quasiorthogonal codes with rotation
were proposed by Tirkkonen [41], Sharma-Papadias [42], and Su-Xia [43]. These qua-
siorthogonal codes outperformed orthogonal codes at all spectral efficiencies for four trans-
mit antennas in terms of the SNR required to achieve a target error probability. Rate-one
and full-diversity quasiorthogonal codes for an arbitrary number of antennas were proposed

by Sharma-Papadias [22]. The quasiorthogonal space-time code for M transmit antennas,
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where M is a power of two, is constructed from the quasiorthogonal space-time code for

M /2 antennas as follows [22]

CQuasi (yh co 7yM) CQuasi(yM+17 T 7yM)
CQuasi(fEl? e 7$M) — 2 2 s (224)

—CQuasi(y&_Ha to 7y}k\/[) CQuasi(yi e 71/?\74)
2

2

where
o Yy =emx, mec{l,--- M}, are the rotated g-ary QAM information symbols
® Couasi(Uk, ** » Ypy M _,) is the quasiorthogonal space-time code for % transmit an-

tennas in the rotated symbols yj, through y;  a_,
2

By definition, Cguasi(z) = , and the quasiorthogonal code for two transmit antennas is the
orthogonal Alamouti space-time block code [21]. The rotation angles ¢,,,m € {1, --- , M},
are chosen to ensure full diversity and maximize the coding gain.

For M transmit antennas, where M is not a power of two, the quasiorthogonal space-time
code can be obtained by deleting any M — M columns of the code matrix Couasi(x1, -+, zy57)

for M antennas, where

M = 2flog2 M1, (2.25)

For example, the quasiorthogonal space-time block code for three antennas is obtained by
deleting any one column from the code matrix for four antennas. The space-time block

codes for three and four transmit antennas are then given by

1 o z3e'®
—xs 3 —xte
2 1 4
CQuasi = ) ) s (226)
—x3e”  —gieTi® x]
.’L'4€w5 —xgew — X9
and
I T2 xgei‘b x4ei¢
—x5 x] —xie 0 gie”i®
CQuasi = ) ] y (227)
—z5e”  —gle i® x] x5
i z4€'® —x3e'® —X9 T
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where ¢ = 7/4 is the angle that maximizes the coding gain and ensures full diversity. As can
be seen from (2.26), the code for three antennas was obtained by deleting the last column
of the code matrix (2.27) for four antennas.

Because quasiorthogonal space-time block codes achieve rate-one transmission and full
diversity, they outperform orthogonal designs at all spectral efficiencies for complex con-
stellations. Similar to DAST codes, the improved performance comes at the expense of
increased decoding complexity compared to orthogonal designs. In particular, quasiorthog-
onal space-time block codes are 2-group decodable for M antennas. For example, for four
transmit antennas, quasiorthogonal designs are 2-group decodable, and each group has two
complex symbols. The DAST block codes with real rotations are also 2-group decodable,
but each group has four real symbols. By comparison, orthogonal design for four transmit
antennas are 6-group decodable, and each group has one real symbol. Clearly, the orthogo-
nal code has the lowest decoding complexity. However, it is not immediately obvious which
has the lower complexity, DAST or quasiorthogonal codes. Such situation provides the mo-
tivation for presenting a unified framework for discussing worst-case decoding complexity.

We defer the discussion to Chapter 3.
2.4.4 Single-Symbol Decodable Space-Time Block Codes

Although orthogonal designs have low decoding complexity, their rate is % symbols per
signaling interval for three and four transmit antennas. For the particular configuration of
three or four transmit antennas, a family of nonorthogonal space-time codes that achieve
rate-one transmission and full diversity for three and four transmit antennas was developed.
Furthermore, these space-time codes are 4-group decodable, and each group has two real
symbols [58]-[61]. Since a pair of real symbols defines a single complex symbol, these
codes are said to be single-symbol decodable. Single-symbol decodable codes have higher
complexity than orthogonal designs, but offer higher rate. In comparison to quasiorthogonal
and DAST codes, they offer the same rate, but at a lower decoding complexity.

A framework for the construction of single-symbol decodable space-time codes was pre-

sented in [61]. The encoder decomposes into a concatenation of three steps, as shown in
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STRETCH

Figure 2.2: Encoding architecture of single-symbol decodable space-time block codes.

Figure 2.2. The encoder starts with a vector of information symbols x = [z1, z2, $3,ZC4]T
chosen from a conventional g-ary QAM alphabet. The first step is to distort the al-
phabet in some way; the codes of [58] and [59] rotate each alphabet by an angle of ¢
such that ar = x,e®, k € {1,---,4} while the code of [61] stretches the alphabet by
a factor K such that ap = \/%(Ka:f + izl). The rotation angle and scaling fac-
tor are chosen to maximize the coding gain. The purpose of the rotation or scaling is
to ensure full diversity. The second step is to interleave the coordinates of a, yield-
ing s = II(a). The interleavers act on the real and imaginary parts separately, so that
[sB sl st sl sB sL sl sl] = [aft)al, af, al, alt, al, aff, al]T1, where II is an 8 x 8 permuta-
tion matrix (so that its columns are a permutation of the columns of the identity matrix,
with the possibility of sign inversion), and where skR and sé denote the real and imaginary
parts, respectively, of sp. The interleaver is used to achieve full diversity while maintaining
single-symbol decodability for the codes of [58] and [59] and also to ensure that the peak-
to-average power ratio is the same as the underlying QAM alphabet for the code of [61].
The final step is to encode s using a conventional space-time block encoder G(-), yielding
C = G(s). We next give an example of the single-symbol decodable code of [59] for four
antennas.

In terms of Figure 2.2, the code of [59] is specified by ¢ = tan~1(2), Il = [ey, g, €3,

es, €5, €2, €7, €4, where e; is the i-th column of the 8 x 8 identity matrix, and

Gle) = va | A0 (2.28)
0 A(Sg, 84>

S1 S9
where A(sy,s2) = is the Alamouti space-time code [21]. The constant /2
—83 S
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ensures that the average transmit power is identical to that of the underlying alphabet
A. Therefore, in terms of the rotated information symbols a, = €@z, the single-symbol

decodable space-time code of [59] is

al* +ial ol +ial 0 0
R > R o1
—ay +iay ay —iag 0 0
Cssp = V2 (2.29)
0 0 aff +ial ol +idl
i 0 0 —all +ial af - ia{_

2.4.5 Semi-Orthogonal Space-Time Block Codes

We next discuss the semi-orthogonal algebraic space-time (SAST) block codes, a family of
linear space-time codes that achieve rate-one transmission and full diversity for any number
of transmit antennas [23]. The word algebraic in the description of SAST codes comes from
the fact that they use the same real rotation matrices of the DAST codes [56][57] (see also
[62]), which were constructed using algebraic number field theory. In fact, SAST codes are
constructed using the DAST codes, as we will discuss shortly. The word semi-orthogonal
refers to a property of the code matrix, where half the columns of the code matrix are
orthogonal to the other half.

An equivalent form of the semi-orthogonal algebraic space-time block code for M trans-

mit antennas, where M is even, is [23]

Cpasr(z1,---,2m)  Cpast(Ta 4 ,2n)
Csast = T PR (2.30)
_CDAST(HT%HW‘ @) Cpasr(ay, - ,a:’j%,)

The SAST code for M — 1 antennas is obtained by deleting the last column of the SAST
code for M antennas. This version of SAST codes differs from the original in [23] only by
the fact that we used the DAST matrices instead of using circulant matrices. The circulant
matrix reduces the peak-to-average-power ratio but has no impact on the diversity, coding
gain, and decoding complexity. In fact, any circulant matrix can be diagonalized using
the Fourier transform matrix. We simply use DAST matrices in (2.30) to simplify the

presentation.
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The semi-orthogonal property of SAST codes allows for the separate decoding of symbols
x1 through M from symbols x Moy through z;. Furthermore, the use of real rotation
matrices allows for separate decoding of the real and imaginary parts of the QAM symbols.
As a result, the SAST block codes for M and M — 1 antennas require the joint decoding of
only % real PAM symbols. For the case of two transmit antennas, the SAST code simplifies
to the Alamouti space-time block code. For the case of three and four transmit antennas,
the SAST codes require the joint decoding of only two real symbols, which is the same
decoding complexity as the single-symbol decodable codes. In fact, the SAST code for four
transmit antenna is equivalent to the single-symbol decodable code of [58] and has identical
diversity order, coding gain and bit-error-rate performance. The SAST codes have the
lowest decoding complexity of any rate-one space-time block code and achieve comparable

bit-error-rate performance to the best codes.
2.4.6 Threaded Algebraic Space-Time Block Codes

All of the space-time codes that we have discussed thus far achieve a maximum rate of one
symbol per signaling interval. We next discuss the first of two families of high-rate space-
time block codes: the threaded algebraic space-time (TAST) block codes. The threaded
algebraic space-time codes are a family of linear space-time codes that are fully diverse
and achieve arbitrary rate for arbitrary number of transmit antennas. The TAST block
codes layer or thread rate-one DAST block codes to achieve maximal rate of M symbols
per signaling interval for M transmit antennas. As a result, they can also achieve other
rates by simply puncturing or deleting layers. For example, for a four transmit and four
receive antenna system, the TAST block codes of rate R € {1,2,3,4} are easily obtained
by puncturing or deleting 4 — R layers.

We next discuss the construction of TAST block codes. We begin by presenting the
notation that will be used in describing the TAST codes, the perfect space-time block codes
and the proposed embedded-orthogonal space-time block codes.

The TAST code encodes K = RM complex information symbols {z¢,,}, drawn from a

g-ary QAM alphabet, that are organized into R threads, where x¢ = [z41, 22, - - ,SUg’M]T
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denotes the information symbols for the ¢-th thread, ¢ € {1,--- ,R}. The rate-R TAST

code can be written as [4]
R

Crasr = »_ diag(ug)I*, (2.31)
=1

where

e diag(uy) is the diagonal matrix with the vector uy on the diagonal

N
o uy = Gxp = [ug1,up2, -, UgM)

G is an M x M unitary rotation or generator matrix

J= [¢eM,el,‘ o 7eM—1]

e, is the m-th column of the M x M identity matrix

¢ is a unit-magnitude complex number, the value of which depends on both the QAM

modulation alphabet size and number of transmit antennas M.

We make two important remarks regarding the construction of TAST codes. First, the
TAST code simplifies to the DAST code for R = 1. This result is expected since the TAST
code threads or layers the rate-one DAST code to obtain the higher transmission rates.
Second, the design of a TAST code is a two-step design process. The first step is to choose
an algebraic rotation matrix G. The second step is to choose ¢ to ensure full diversity. The
two-step design process simplifies the design problem, since the algebraic rotation matrices
G that maximize the coding gain of an encoded thread have been thoroughly investigated
in the literature in the context of DAST codes.

The decoding complexity of TAST codes depends on the transmission rate and whether
complex or real generator matrices are used. When complex rotation matrices are used,
the TAST code does not offer any reduction in decoding complexity. This result is not
surprising since TAST codes layer DAST codes, and DAST codes with complex rotation
matrices do not offer any reduction in decoding complexity relative to an exhaustive-search
ML decoder. With real generator matrices, however, a reduction in decoding complexity is

possible. We will defer the discussion of worst-case ML decoding complexity to Chapter 3.
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This is because for R > 1, the TAST codes are not separable and the worst-case decoding
complexity for an exhaustive-search ML decoder is ¢®*™. In Chapter 3, however, we will
show that TAST codes with real generator matrices allow for a reduction in the worst-case

ML decoding complexity relative to the exhaustive-search ML decoder.
2.4.7 Perfect Space-Time Block Codes

The second family of high-rate space-time block codes is the perfect codes. Perfect space-
time block codes are a family of linear space-time codes that were proposed for two, three,
four, and six antennas in [19] and later generalized for any number of antennas in [20]. These
codes are termed perfect because they have full diversity, a nonvanishing determinant for
increasing spectral efficiency, uniform average transmitted energy per antenna and achieve
rate M symbols per signaling interval for M antennas. Similar to TAST codes, perfect
space-time codes layer or thread rate-one diagonal codes to achieve a maximal rate of M
symbols per signaling interval and can also achieve other rates by puncturing layers. We
next discuss encoding of the rate R perfect code.

The rate-R perfect code is also given by (2.31). We reproduce the results here for

completeness.
R

CPeTfect = Z diag(uﬁ)‘]e_lv (232)
/=1

where

e diag(uy) is the diagonal matrix with the vector uy on the diagonal

.
o uy = Gxp = [ug1,up2, -, UgM)

G is an M x M unitary rotation or generator matrix

J=[oen, e, - ,en—1]

€., is the m-th column of the M x M identity matrix

¢ is a unit-magnitude complex number, the value of which depends on the modulation

alphabet and number of transmit antennas M.
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e The alphabet is HEX for the case of three and six transmit antennas. For other

configurations, the alphabet is QAM.

Unlike the TAST codes, the parameter ¢ for the perfect codes does not depend on the
modulation alphabet size. This is expected since the perfect codes satisfy the nonvanish-
ing determinant property. The TAST and perfect codes differ in the choice of the three
parameters; G, ¢ and the modulation alphabet, although some choices are the same.

The decoding complexity of perfect space-time codes not only depends on the trans-
mission rate, but also on the modulation alphabet. Similar to TAST codes, the perfect
codes are not separable for R > 1, and the worst-case ML decoding complexity for an
exhaustive-search decoder is ¢®*. In Chapter 3, we will also show that perfect codes allow

for a reduction in the worst-case ML decoding complexity for g-ary QAM alphabet.
2.5 Conclusions

In this chapter, we reviewed the design criteria of space-time codes, and we discussed the
construction of some important families of space-time block codes. In general, the design
of space-time block codes is a tradeoff between three conflicting goals: minimizing the
decoding complexity, maximizing the diversity gain to improve reliability and maximizing
the multiplexing gain to improve throughput. On one extreme, we have the orthogonal
designs, which minimize the decoding complexity and maximize the diversity gain at the
expense of the multiplexing gain. On the other extreme, we have the perfect space-time
block codes, which achieve the optimal diversity-multiplexing tradeoff at the expense of
decoding complexity, which is exponential in the number of information symbols for an

exhaustive-search ML decoder.
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CHAPTER 3

A UNIFIED FRAMEWORK FOR DETERMINING WORST-CASE
MAXIMUM-LIKELTHOOD DECODING COMPLEXITY

An important design goal for a space-time code is that its worst-case ML decoding complex-
ity is less than ¢®. The design of space-time block codes with reduced decoding complexity
and good error rate performance is one of the main contribution of this research. In this
chapter, we present a unified framework for discussing the worst-case ML decoding com-
plexity of space-time block codes.

The framework for discussing the worst-case ML decoding complexity is based on the
observation that the structure of the space-time block code induces certain properties in
the effective channel matrix. As a result, we will examine the worst-case ML decoding
complexity in terms of the properties of the effective channel matrix. Specifically, we will
examine the properties of the R matrix in the orthogonal-triangular (QR) decomposition
of the effective channel matrix. A reduction in the worst-case ML decoding complexity is
made possible by exploiting certain properties of the R matrix.

The remainder of the chapter is organized as follows. In Section 3.1, we review the
orthogonal-triangular (QR) decomposition of the effective channel matrix. In Section 3.2,
we review the sphere decoding algorithm, which is a tree search decoding algorithm. In
Section 3.3, we discuss the key properties for reduced complexity decoding. In Section 3.4,
we present the general form of the R matrix for the different families of space time block
codes including orthogonal, quasiorthogonal, diagonal algebraic, single-symbol decodable,
semi-orthogonal algebraic, threaded algebraic and perfect space-time block codes. In Section
3.5, we compare the different families of space-time block codes in terms of their worst-case
ML decoding complexity, as well as their code rate and minimum delay. In Section 3.6, we

conclude the chapter.
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3.1 The QR Decomposition of the Effective Channel Matrix

A QR decomposition of the matrix H can be obtained by applying the Gram-Schmidt
procedure to the columns of H = [hy,--- ,hg] to obtain H = QR, where the columns of
Q = [a1, - ,qx] are an orthonormal basis for the subspace spanned by H, and R is upper
triangular with nonnegative real diagonal elements, so that the entry of R in row ¢ and

column j is r; ; = q;h;. The classical Gram-Schmidt procedure is shown in figure 3.1.

Algorithm: Classical Gram-Schmidt
for k from 1 to K do
vi = hy
for [ from 1 to £k — 1 do
Tk = qrhy
Vi = Vg — Tkl
end
Tk = ||Vl
qr = Vk:/"”k,k
end

© 00 N O A W=

Figure 3.1: Classical Gram-Schmidt.

The classical Gram-Schmidt procedure is conceptually simple, but it suffers from two
drawbacks. First, it is numerically unstable due to rounding errors using finite-precision
arithmetic [63]. The second drawback is that it does not explicitly deal with the case of
a rank deficient H matrix, which occurs when there is at least one column that can be
expressed as a linear combination of other columns. Linear dependency leads to a situation
where vy, (in line 5) is the zero vector. Consequently, ry x in line 7 is zero, and we have a
divide by zero operation on line 8.

Both of these drawbacks have been addressed extensively in the mathematical literature.
An excellent discussion of the different QR decomposition algorithms can be found in [64].
Algorithms based on modifying the classical Gram-Schmidt procedure solve the numerical
stability and rank deficiency constraint of the Gram-Schmidt algorithm. The interested
reader is referred to [64] for pseudocode and MATLAB® source code for the different
QR decomposition algorithms including the modified Gram-Schmidt, the modified Gram-

Schmidt with reorthogonalization and Householder triangularization.
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Because Q satisfies Q*Q = I, where I is the identity matrix, the ML decoder minimizes

the cost function

P(x) = |ly-Hx|’
= [ly - QRx|?
= QY - Rx|’
= ||z — Rx|]?, (3.1)
where
z=Q"y. (3.2)

Because the ML cost function depends on R, the worst-case decoding complexity also
depends on the properties of the R matrix.

For the real-valued system model in (2.7), we also examine the properties of the R
matrix in the orthogonal-triangular decomposition of the matrix H= [fll, e ,BQK]. We
again have H = QR, where the columns of Q = [d1,- - ,q2k] are an orthonormal basis
for the subspace spanned by H, and R is upper triangular with nonnegative real diagonal
elements, so that the entry of R in row 4 and column j is r; ; = q?flj. Finally, the ML

decoder minimizes the cost function

P(x) = |ly-Hg|?
= |3 — QRx]?
= Q'Y — Rx[]
= |z —Rx|?, (3.3)
where
7=Q'y. (3.4)

3.2 The Sphere Decoder

In Chapter 2, we defined the worst-case ML decoding complexity of an exhaustive-search

decoder for space-time block codes. In this section, we will introduce another measure of
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decoding complexity, which is the average number of nodes visited in a tree-based decoding
algorithm. We next discuss a tree-based search algorithm, namely the sphere decoder.

Let us re-examine the cost function in (3.1), which we write as:

P(x) = |lz—Rx|?
K K 2
= D | Dk
k=1 1=k
K 2 K 2
= |z — Zrl,ll"l + |29 — Zruxl +--+ 2Kk — TR KTK 2, (3.5)
—_————
l:i l:i Px
P Py

The cost function in (3.5) is the sum of K branch metrics, where the k-th branch metric,
ke{l,---,K}, is given by
2

P, = (3.6)

K
2k — E Tk,1T]
1=k

With this interpretation, the cost function in (3.5) is then referred to as the path metric.

The goal of the ML decoder is to find x with the smallest path metric. Let us associate
the path metric with a search tree, where there are a total of ¢/ paths to traverse the tree,
which correspond to the ¢® possible choices for x. We next discuss the search tree and

define important terms related to tree search. We begin the discussion with an example.

Example 3.1. Consider a space-time block code transmitting three complex information
symbols from 4-QAM alphabet. The cost function or path metric of the space-time block
code is given by:

P(x) = P(x1, 72, 3)

= |21 — (r1a21 + 7r10m2 +71323))% 4 |20 — (rogze + ro3ws)[* + |23 — r3sw3l?. (3.7)

P P P3
Note the path metric was written as the sum of three branch metrics. This space-time
block code, however, is not separable since these branch metrics are not independent of
each other. For example, P; depends on x1, but so does P, and P;. The tree search is
shown in Figure 3.2. We first discuss a few terms related to the tree and then discuss how

tree search is performed.
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Figure 3.2: Three level tree search with ¢ = 4.
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The base of the tree is known as the root. There are 4' 4 42 4 43 = 84 branches in the
tree. The end point of each branch is known as a node. Therefore, there are also 84 nodes
in the tree. The tree is organized into three levels or layers. The number of levels in the
tree corresponds to the number of symbols detected in the tree search. The first, second
and third levels of the tree have 4, 16 and 64 branches, respectively. In general, for the [-th
level in the tree, there are ¢! branches. The nodes at the [-th layer in the tree stemming
from the node at the (I — 1)-th layer, termed parent node, are known as child nodes. For
example, there are 4 child nodes stemming from the root of the tree, and everyone of those
child nodes is a parent node, which has 4 child nodes of its own. The nodes at the last level
of the tree, which do not have any child nodes, are known as leaf nodes. Child nodes are
also sibling nodes to each other. We next discuss how the tree search is performed.

The tree search begins at the root of the tree. We ascend the tree by selecting the node
with the smallest branch metric, out of the four possible child nodes. We continue ascending
the tree until we reach a leaf node. The path from the root of the tree all the way to a
leaf node corresponds to the first candidate solution. Both the path metric along with the
candidate solution are stored as potentially the smallest path metric and ML solution.

The tree search continues by descending to the second level and considering the remain-
ing three sibling nodes, which are siblings to the leaf node and children of the node at the
second level in the tree. A natural question to ask is how to select one node out of the
remaining three sibling nodes. We will use Schnorr-Euchner enumeration, which chooses
the siblings in ascending order of their branch metric weight. We will discuss later in the
section how Schnorr-Euchner enumeration, also known as sorting, allows us to visit fewer
leaf nodes compared to a strategy based on picking the siblings based on their natural posi-
tion in the alphabet. For the sake of this example, we will simply treat sorting as a strategy
for picking among sibling nodes.

After selecting a sibling node, we determine the corresponding path metric, and compare
to the stored path metric. If the new path metric is smaller than the stored path metric,
then the new path metric and new solution replace the stored path metric and current

candidate ML solution. If the new path metric is greater than the stored path metric, it is
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simply discarded. We continue this process until we consider all sibling nodes. Then, we
descend one more level down the tree so that we are now at the first level. We ascend up
the tree by considering one of the three siblings at the first level. We continue ascending up
and descending down the tree until all leaf nodes have been considered. The ML solution

corresponds to the path from the root to a leaf node with the smallest path metric. ]

The complexity of the tree search decoder, as discussed in Example 3.1 is the same as
that of an exhaustive-search decoder. Specifically, in finding the ML solution, we computed
¢ = 43 = 64 path metrics, which is the same as that of an exhaustive-search decoder. The
complexity of a tree search can be significantly reduced by incorporating tree pruning, a
strategy that allows us to discard branches in the tree. We next discuss an example that

shows how sorting, in conjunction with pruning can reduce the decoding complexity.

Example 3.2. Consider the tree search problem in Figure 3.3. The number on each branch
represents its branch metric. Starting at the root of the tree, we choose the branch metric
that has weight 1 at level 1. Then we choose the branch metric that has weight 5 at level 2.
Finally, we reach the leaf node by selecting the branch metric that has weight 4. We store
the leaf node [1,5,4] along with the path metric 1 + 5 4 4 = 10. Because of sorting, the
branch metric of each of the remaining three siblings is 4 + §, for some § > 0. Therefore,
we do not need to consider any siblings of the leaf node, since the cost of their leaf nodes
is1+5+4+ 9 > 10. We descend the tree to level 1 and consider the branch metric with
weight 6. However, the leaf node with smallest branch metric is 5, so the path metric is
1+64+5 =11 > 10. Therefore, we can discard the leaf node along with its siblings. We
descend again to level 1. The cost of the next sibling is 17 > 10, so we can discard this
node, along with all its children. Similarly, we discard the last sibling, with branch metric
weight 18 > 10 along with all its children.

We next descend to the root of the tree and consider the next node with branch metric
2. We ascend the tree to level 1 and choose the node with branch metric 1. We ascend
the tree to level 2 and choose the leaf node with branch metric 2. The total path metric is

14242 =5 < 10. Therefore, we store the new leaf node [1, 2, 2] along with its path metric
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Figure 3.3: Example of three level tree search with ¢ = 4 and computed branch metrics.

5. Sorting allows us to discard the siblings of this leaf node and descend to level 1. The
next sibling at level 1 is the node with branch metric 6 > 5. Hence, we can discard this
sibling along with all its children. Furthermore, we can discard the remaining siblings since
their cost is 6 + 6 > 5. We descend one more level to the root of tree. The next child node
at the root of the tree is the node with branch metric 8 > 5. Therefore, we can discard this
node and the remaining sibling. Our ML solution is the one that corresponds to leaf node

[1,2,2] and its cost function or path metric is 5. O

We discussed in Example 3.2 how sorting allows us to prune or discard branches in the
tree search since any path that goes through those discarded branches will have a weight
that is greater than the current smallest path metric. Therefore, none of those discarded
branches can lead to the ML solution.

Tree search decoding that incorporates pruning is referred to as sphere decoding. Specif-
ically, tree pruning in the sphere decoding algorithm limits the candidate symbols to those

that obey the following sphere constraint

ly - Hx[|* = |z - Rx]?

< P, (3.8)

where P is known as the sphere radius. The sphere constraint in (3.8) limits the decoder to
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visiting only those points for which Hx lies within a radius P of the received vector y. In our
examples, we implicitly assumed that the sphere radius is initialized to co. Furthermore, we
updated the sphere radius with the smallest path metric value encountered so far to prune
the tree even more efficiently. If the sphere radius is initialized to a value that is too small,
then we might not reach any leaf node because we prune all the branches before reaching
a leaf node. Therefore, to guarantee that we reach the ML solution, the sphere radius is
initialized to co. A pseudocode that implements the sphere decoding for the three level tree

in Examples 3.1 and 3.2 is shown in Figure 3.4. We next discuss the pseudocode in detail.

Algorithm: [P,%] = Sphere Decoder(y,H)

1 [Q,R] = QR decomposition(H)
2z=Q%
3 P=oo
4 [Pg, Hg] = SOI‘taeA(|23 — 7“3,3&\2)
5 for ng from 1 to ¢ do
6 | if P3(n3) > P then
7 ‘ break
8 end
9 I3 = A(Hg(ng))
10 [Py, Tl] = sortaca(|z2 — rosrs — r20a|?)
11 for ny from 1 to g do
12 if (Py(ng) + Ps(n3)) > P then
13 ‘ break
14 end
15 To = A(HQ(TLQ))
16 21t = Q(R(z1 — r1pwo — r1,323)/71.1)
17 l’{ = Q(%(zl —T1,272 — 7‘1,3‘%3)/7"171)
18 Py = |21 — r1131 — 11,272 — 71,3732
19 P=P + Pg(ng) + Pg(ng)
20 if P < P then
21 pP=rpr
22 X = [1}1,.%2,563]
23 end
24 end
25 end

Figure 3.4: Sphere decoder with K = 3 tree levels.

The first three lines represent initializations. Specifically, the first step is to perform a

QR decomposition on the matrix H to obtain H = QR (line 1). Then, we form the variable
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z in (3.2) in line 2 and initialize the sphere radius to oo in line 3. We next begin the tree
search.

We start with sorting at the root of the tree (line 4). The function sort(a) returns
the weights of the sorted list in ascending order of distance to the input argument a, along
with an index list IT such that ary) is the k-th element in the sorted list. For example,
sort([60, 50, 80, 70]) returns the ordered list [50,60,70,80] and index list [2,1,4,3]. Tree
pruning is implemented in line 7 and also line 13, where we prune the node and its children
if the sum of the branch metrics up to the node is greater than the sphere radius. We pick
the best child nodes of the root node in ascending order of their branch metrics in line 9.
For every such choice of the parent node at level 1, we perform another sort operation to
obtain an ordered list of its child nodes at level 2 of the tree. We choose the child nodes in
ascending order of their branch metrics in line 15. For a given choice of the parent node at
level 1, its child node at level 2, we determine the leaf node at level 3 with two PAM slicers
(lines 16 and 17). We will discuss the implementation of a PAM slicer later in the section.
The branch metric for the leaf node and its corresponding path metric are computed in line
18 and line 19, respectively. If the current path metric is less than the sphere radius (line
20), then sphere radius and best candidate symbol vector are updated in line 21 and line
22, respectively.

Having discussed tree search decoding in general and the sphere decoding algorithm in
particular, we now define another measure of decoding complexity commonly used in tree

search algorithms, the average node count or average complexity.

Definition 3.1. Average complexity in a tree search decoder refers to the average number

of nodes visited in the tree search to reach the ML decision.

In practical systems which are designed for the worst-case scenario, the worst-case ML
decoding complexity is a more relevant measure than average complexity. However, in
some situations, the system cannot be designed for the worst-case due to the fact that
the worst-case complexity is computationally prohibitive for practical implementation. In

this case, it is also desirable to not only consider worst-case complexity, but also average
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complexity. This is because under certain complexity constraints, an algorithm with lower
average complexity can be expected to outperform a competing algorithm with higher av-
erage complexity. For example, we can impose a run-time constraint on the complexity of
the sphere decoding algorithm by terminating the tree search when the number of nodes
visited reaches or exceeds a certain threshold. In this case, we can expect that an algo-
rithm that visits fewer nodes, on average, will outperform an algorithm that visits more
nodes under the same run-time constraint. Therefore, we will not only consider worst-case
decoding complexity, but we will also consider average complexity in our simulation results
in Chapters 4, 5 and 6.

We next discuss the properties of the R matrix in the QR decomposition of the effective

channel matrix H or H that lead to a reduction in the worst-case decoding complexity.
3.3 Key Properties for Reduced-Complexity Decoding

We discuss the key properties of reduced complexity decoding of space-time block codes in
terms of the resulting R matrix of the QR decomposition of the complex-valued effective
channel matrix H or the real-valued effective channel matrix H. We start the discussion

with an example.

Example 3.3. Consider the QR decomposition of the effective channel matrix for the
Alamouti space-time block code discussed in Example 2.2. The complex-valued effective

channel matrix is given by
hix  h21
H-= . (3.9)
hoy —hig
The Alamouti space-time block code induces orthogonality in its effective channel matrix

such that the first column is orthogonal to the second column. Specifically, hthy = h] 1ho1—

h2,1hi 1 = 0. It then follows that the QR decomposition of H yields

1 hii  hai VIh11l? + |h2a]? 0

H- : : . (3.10)
h1a|? 4[R2 51 —hi, 0 |h11]? + |h2a|?
Q R
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Notice that each column in Q is a normalized version of the columns of H. This is expected
since the columns of H are orthogonal.

The decoding complexity of the Alamouti space-time block code is easily seen from the
R matrix. Because the element 712 is zero, there is no interference between the symbols
z1 and w2, and hence, we can decode them separately. Furthermore, because ry 1 and
are real, the real and imaginary components of z; and xo are also separately decodable,

assuming a QAM alphabet. More formally, the ML decision minimizes

P(x) = |z — Rx|?
= |z — 7’1,1361|2 + |29 — 7‘2,2562\2

= e —raaf P+ o] —riaad? 4 [ — ropaf P + |2 — rapsl?,  (3.11)

where the second equality follows from the fact that ry s is zero, and the third equality
follows from the fact that r;; and 722 are real. Hence, all the transmitted symbols are

decoded separately. O

As discussed in Example 3.3, the decoding complexity of the Alamouti space-time block
code is the same as the decoding complexity of a PAM symbol. We next discuss the decoding
complexity of a single transmitted symbol from a ,/g-ary PAM or g-ary QAM alphabet.

The decoding complexity of a QAM or PAM symbol does not grow as the size of the
alphabet grows, and hence, the decoding complexity is O(1). This is because we can decode
a QAM symbol using a pair of PAM slicers, and the complexity of each slicer is independent
of the size of the alphabet q. Specifically a PAM slicer Q(z), where z is a real symbol drawn
from the \/g-ary PAM alphabet {£1,43,---,£(,/g — 1)} is given by:

Q(z) = min {max{eround <$;1> +1,V4+ 1},\/51—1}, (3.12)

where round is the rounding operation to the nearest integer.
As discussed in Example 3.3, the reduction in decoding complexity of the Alamouti
space-time block code follows directly from the presence of zero and real elements in the R

matrix. More formally, the number and the location of the zero and the real elements in
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the R matrix can potentially lead to a reduction in decoding complexity by exploiting one

or more of the following three properties
1. Some groups of symbols can be decoded separately from other groups.
2. The real and the imaginary parts of a group can be decoded separately.

3. After canceling the interference from some group of symbols, some of the remaining

symbols are separately decodable from other symbols.

We note that the early designs of space-time block codes focused on exploiting the first
and the second properties. In other words, early designs focused on separable space-time
block codes such that the decoding can be done on independent groups of symbols. The
third property has only been recently utilized in decoding and designing space-time block
codes [7][8]. In fact, one contribution of this thesis is to exploit the third property to show
that the golden code has a decoding complexity of O(¢?>?®). We next discuss an example
highlighting some different forms of the R matrix, and show how the three properties can

be used to reduce the worst-case decoding complexity.

Example 3.4. Consider the R matrix in the QR decomposition of seven different 4 x 4

effective channel matrices as shown in Table 3.1. The matrix R takes the form

A B
R = , (3.13)
0
where
i, T2 3 Ti4 33 T34
o A= ,B= and D =
0 19 23 T24 0 7144

e The matrices A and D are triangular by construction with real diagonal entries.

Specifically, r; , € R for k € {1,2,3,4}.

Assume that the transmitted symbols are drawn from g-ary QAM alphabet. We will discuss
the worst-case decoding complexity for the different forms of the R matrix. First, however,

we define the following variables
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® Z19 = [Zl, ZQ]T and Z34 = [Zg, Z4]T

® X190 = [ml,azg]T and X34 — [xg, x4]T

Table 3.1: The R Matrix and its Relationship to Worst-Case Decoding Complexity.

R A B D Worst-Case Complexity
(1) || r2=0]r3=0|r3a=0 O(1)

) )

r14 =0
ro3 =10
ro4 =0
(2) || r1i2€R | 113=0|rsseR O(Vq)
r14 =0

ro3 =10
24 = 0
3) || r12€C | m3=0]rz4eC O(q)
r14 =0

rog =10
ro4 =0
(4) | r2eR | rmzeR | r3seR O(q'9)
ria € R
ro3 € R
ro.4 € R
(5) || r12=0|r3€C|r34=0 O(¢?)
r14 €C
ro3 € C
ro4 € C
6) | m2eR | r3eC|r3seR O(¢*?)
ri4€C
ro3 € C
24 € C
(7) || 112€C | rizeC|r3seC O(q®)
ria€C
ro3 € C
ro4 € C
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1. The cost function for the first row of Table 3.1 is given by

2
P(x) = |z — Rx|
= |z — 7’1,1371!2 + |22 — 7’2,21’2|2 + |23 — 7’3,35133\2 + |24 — 7“4,4374!2
= 20 — et P 4 |2 — el P+ |28 — roaal’ P + |25 — rogms|* +

|Z§ - T3,3$:§|2 + |Z:§ - 7’3,333§|2 + |Zf - 7“4,4$f|2 + |Zi - T4,493{1|2- (3.14)

Because the only nonzero elements are the diagonal elements, the symbols z; through
x4 are separately decodable. Furthermore, since the diagonal elements are real, the
real and the imaginary parts of the symbols are also separable. Consequently, the
decoding can be done over eight independent groups, each containing 1 PAM symbol.

Therefore, the worst-case decoding complexity is O(1).
2. The cost function for the second row of Table 3.1 is given by

P(x) = ||z — Rx||?
= ||z12 — Ax12* + ||z34 — Dxaal|®

R R I I R R I I
= |lz15 — Ax(5|* + |25 — Ax{y|® + |28 — Dxy||° + |25, — Dxg,l°. (3.15)

The B sub-matrix is zero. As a result, the symbols {z1,x2} are separable from the
symbols {z3,z4}. Furthermore, the elements 7 2 and 73 4 are real and hence, the real
and the imaginary components of the symbols {z1,x2} and {x3, x4} are separable. The
decoding can be done over four independent groups: {z%, 28}, {zf, 21}, {28, 2} and
{azg , a:;’l} To determine the worst-case decoding complexity, consider the decoding of
one of those groups, say {zf, z{'}. For every candidate symbol x1t, the decoder finds
the corresponding candidate x{% with a slicer. Since there are ,/q ways to pick the

PAM symbol 2%, and the decoding complexity of the 1 slicer is O(1), the worst-case

decoding complexity is O(,/q).
3. The cost function for the third row of Table 3.1 is given by
P(x) = ||z - Rx|*

= ||z12 — Ax12|* + ||z34 — Dxa4*. (3.16)
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The B sub-matrix is zero, and hence, the symbols {x1, x2} are also separable from the
symbols {x3,z4}. However, the elements r; 2 and r3 4 are complex, and hence, there is
no further reduction in complexity. The decoding can be done over two independent
groups: {z1,z2} and {z3,z4}. To determine the worst-case decoding complexity,
consider the decoding of {x1,z2}. For every candidate symbol z9, the decoder finds
the corresponding symbol x; with a pair of PAM slicers. Since there are g ways to
pick the candidate symbol x5, and the decoding complexity of the xf* and x{ slicers

is O(1), the worst-case decoding complexity is O(q).

. The cost function for the fourth row of Table 3.1 is given by

P(x) = |z-Rx|’

= ||z — Rx®|* + ||l2' — Rx|%. (3.17)

All the elements of the R matrix are real, and hence, the real part of the transmitted
symbols is separable from the imaginary part. Therefore, the decoding can be done
over two independent groups: {zft, x¥ & 8} and {2!, 2L 21 x1}. To determine the
worst-case decoding complexity, consider the decoding of the group {z ¥,z ,553 ol
For every candidate group of symbols {51:2 ,1:3 , T } the decoder finds the correspond-
ing symbol zf with a PAM slicer. Since, there are V4 X \/q X \/q ways to pick the
three PAM symbols {zf ,:v3, 1, and the decoding complexity of the x1t slicer is

O(1), the worst-case decoding complexity is O(q'®).

For matrices (1) through (4), the decoding of the transmitted symbols was done over
two or more groups. Specifically, the decoding was done over 8, 4, 2, and 2 groups
of symbols for matrices (1), (2), (3), and (4), respectively. For matrices (5) through
(7) the decoding cannot be done over independent groups of symbols. A reduction in
decoding complexity, however, might still be possible. We next discuss the worst-case

decoding complexity for matrices (5), (6), and (7).
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5. Let us define the following variables:

X1 0
T 0 A O 0 B
)_(12 = 5 )_(34 = 5 R12 = 5 and R34 = . (318)
0 T3 0 0 0 D
L 0 ] _IL‘4_

Then, the cost function for the fifth row in Table 3.1 is given by

P(x) = |z—Rx]|?

= |lz — Ria%iz — Raa%au|. (3.19)

We now explain how the receiver can exploit the fact that Rqs is real to reduce the
worst-case decoding complexity. Conceptually, the ML decoder can proceed as follows.

For each candidate pair x34 = [23,24] " the total cost of (3.19) can be written as

P(x) = [|v — RyaX1o|?
= [[vF — Ruox{b||* + [[v — RaX]y|?

= [off — ri g2 + |vf — riae]? + gt — ropaf P + Jvg — rogad]® (3.20)

where we have introduced

v =z — RgsX34. (3.21)

In going from (3.19) to (3.20) we exploited the fact that A is real and diagonal. This
is the key step. Therefore, for every such candidate pair x34 = [x3, ac4]T, the receiver

finds the corresponding symbols z¥, 21, 2, and xl separately.

Intuitively, since the element 7 2 is zero, we can decode x; and x2 independently after
canceling the interference from the symbols x5 and x4. In fact, after canceling the
interference from x3 and x4, the decoding complexity of x; and x9 is O(1), since the
decoding can be done with a slicer over four independent groups: a:{%, :c{, acg, and xé .
Therefore, the worst-case decoding complexity is O(q?), where the factor ¢? comes

from the number of ways to pick the pair x34 = [x3,24] .
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6. Using the definition of Xj92, X34, R12 and Rgy from (3.18), the cost function for the

sixth row in Table 3.1 is
P(x) = ||z — Ria%12 — Raa%aa|*. (3.22)
For each candidate pair x34 = [23,24] ", the total cost of (3.22) can be written as

P(x) = ||[v — RyaXp2|?

= v = Raox | + [|v/ — Rk, (3.23)

where v is given by (3.21). Because the element 7y o is real, we can decode x%, =
[z, 28] separately from x!, = [#], 2] after canceling the interference from the sym-
bols w3 and x4. After canceling the interference from x3 and x4, the decoding com-
plexity of {z1,z2} is O(,/g). This is because the decoding can be done over two
independent groups: {zf,zf} and {z{ 21}, and the decoding complexity of each
group is O(y/q). Therefore, the worst-case decoding complexity is O(g* x ¢%-°), where
the factor ¢° comes from the number of ways to pick the pair {3, 24} and the factor
0.5

q”° comes from the decoding complexity of {z1,x2}, after canceling the interference

from z3 and x4.

7. Finally, for matrix (7), all the matrix elements are complex, except for the diagonal
elements. As a result, there is no reduction in decoding complexity beyond the reduc-
tion offered by a practical implementation of a slicer. Specifically, for every candidate
group of symbols {x9,x3, x4}, the decoder finds the symbol z; with a slicer. As a
result, the worst-case decoding complexity is O(q®), where the factor ¢3 comes from

the number of ways to choose {2, 3, x4} O

3.4 The R Matrix in the QR Decomposition of the Effective Channel
Matrixz for Space-Time Block Codes

We next discuss the general form of the R matrix for the different families of space-time
block codes discussed in Section 2.4. We will then use the general form of the R matrix
to determine the worst-case ML decoding complexity of the different families of space-time

block codes. Specifically, we will examine the worst-case ML decoding complexity in relation
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to the properties of the R matrix in the QR decomposition of the effective channel matrix.
Using this framework, we will show that the worst-case decoding complexity for the TAST
and perfect space-time block codes is less than what is currently reported in the literature.

In the discussion that follows, we will assume that the number of receive antennas is
given by N = [R] to allow for efficient decoding at the receiver. This is because we need
to have as many equations as unknowns at the decoder, and there are NT' equations and
RT unknowns. Furthermore, we will also assume quasistatic fading. We will address the

worst-case ML decoding complexity for time-varying fading channel later in this section.
3.4.1 Orthogonal Space-Time Block Codes

As mentioned in Section 2.4.1, orthogonal designs decouple the ML detection problem such
that each transmitted symbol is detected separately. Orthogonal designs induce orthogo-
nality in the effective channel matrix. For the real-valued effective channel matrix, all the
columns are orthogonal to each other and have the same norm. Therefore, the resulting R
matrix in the QR decomposition of the real-valued effective channel matrix for the rate-R

orthogonal design of size T' x M is diagonal and has the general form
R =3 Lrr, (3.24)
where = Z%:l |hm,1]?. The ML cost function can then be written as

P(x) = |y -Hx|?

= |z —Rx|?
ORT

= 3 |a— Bl (3.25)
k=1

where z = Q'%. From (3.25), we see that the decoding of orthogonal space-time block
codes simplifies into the separate decoding of 2RT real symbols. Since each symbol & in
(3.25) can be decoded with a slicer, the worst-case decoding complexity is O(1).

Although orthogonal space-time block codes are trivially decodable without resorting
to a QR decomposition, we will see later in Chapter 6 that the proposed high-rate embed-

ded orthogonal designs are not separable, and hence, a significant reduction in decoding
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complexity is possible by exploiting the special properties of the R matrix in the QR de-

composition of the effective channel matrix.

3.4.2 Diagonal Algebraic Space-Time Block Codes

For the diagonal algebraic space-time block codes, the complex-valued effective channel

matrix takes the general form

H = diag([hljl, ooy hMJ])G

= diag([e“M1,..., ")) diag([|h1a), .. . |hasal]) G- (3.26)

Hs

Ha

Because Hg is unitary, the ML decoder cost function in (3.1) can be written as

P(x) = [y-Hx|?

= |Hpy — HAG x|
Hey AGx||

= [|Q"'Hy — Rx|?

QR

= zo — Rx]?,

(3.27)

where H4G = QR and zo = Q*Hj3y. Any reduction in worst-case ML decoding complex-

ity depends on the properties of the R matrix in the QR decomposition of H4G.

If the rotation matrix G is complex, then the product H4G is complex, with no or-

thogonality between the columns, in general. The worst-case ML decoding complexity is

(@) (qM_l). This is because there are ¢! ways to choose the first M — 1 symbols, and for

each choice, the last symbol can be decoded with a slicer.

If the rotation matrix G is real, then the product H4G is also real. Therefore, the

resulting R matrix is
11 T1,2

72,2
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where all the elements are real. The ML cost function in (3.27) can then be written as

P(x) = |zo —Rx|’

= |zg — Rx"|* + ||z — Rx'||*. (3.29)

As can be seen from (3.29), the real and imaginary components of the transmitted informa-

tion symbols can be decoded separately. Since the decoding can be done over two groups,

each containing M real PAM symbols, the worst-case decoding complexity is O (\/aM _1)

@) (q%>
3.4.3 Quasiorthogonal Space-Time Block Codes

For quasiorthogonal space-time codes with M transmit antennas, the effective channel ma-
trix is constructed recursively from the effective channel matrix for %— antennas, where M
is given by in (2.25). This recursive construction is similar to the recursive construction of
the quasiorthogonal space-time code itself in (2.24). The complex-valued effective channel

matrix is then given by

HQuasi(hl,lu"’ 7h1\77171) HQuasi(h%I_i_l’lu"' ’h]\7[71)

HQuasi(hl,la"' 7h]\7[71) = (I.a
HQuasi(h%+1, B h}k\Z’l) _HQuasi(hil’ T ’h?%,l)
(3.30)
where

e’ 0 0

0 e 0
o &=

0 0 .- ePu

M

e Houasi(haa, -+ h is the effective channel matrix for 5 transmit antennas

a+%771,1>

in the fading coefficients h, 1 through A  u .
) at+5—-11

By definition, Hgyqsi(h) = h, and the effective channel matrix for two transmit antennas is
the effective channel matrix for the Alamouti space-time block code discussed in Example

2.2.
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The quasiorthogonal space-time code induces orthogonality in the effective channel ma-
trix. Specifically, the subspace spanned by the columns {1,4,6,7,---} is orthogonal to the
subspace spanned by the columns {2,3,5,8,---} in the effective channel matrix H. This
quasiorthogonal property is easily verified from (3.30).

Let us introduce the permutation matrix IT = [eq, ey, - ,€2,€es,- -], then the ML de-

coder cost function in (3.1) can be written as

PR) = |y - Hx|?
— |y - HIOIT x|
= |[ly - Hx|]?, (3.31)
where
e H =HII = [hy, hy,--- ,hy;] is the permuted effective channel matrix
e x=II"x= [Z1,Za, -+ ,T;] is the permuted transmitted information symbols.

The R matrix in the QR decomposition of H is then given by

Lo T M o .- 0
72
. 0 - 0
A O ray w0 - 0
R = = 2°72 , (3.32)

72

T

L 22 d

where all the elements are complex in general except for the diagonal elements. By exam-
ining the R matrix in (3.32), it is evident that quasiorthogonal space-time codes can be
decoded over two groups, each having %— = 2[logz M]-1 ¢omplex information symbols for M
antennas. Specifically, the ML cost function in (3.31) can then be written as the sum of

two independent cost functions as follows

P(x) = |z-Rx|?

= i — AR | iy — AR o 3.33
||Z17% XL%H + ||Z%+1’M X%J’,l’MH ’ ( )
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where Zl,%’ = [2’17"'72%7}, Z%H,M = [’Z%H’U"ZM]’ 217% = [1'1,"',3_6%’], and

—

X g = [iMH, -+, Zyr|. Since the decoding can be done over two groups, each con-
2 ’ 2

M]-1

taining 201082 complex information symbols, the worst-case ML decoding complexity

) <q2[10g2 ]bﬂ—171>
3.4.4 Single-Symbol Decodable Space-Time Block Codes

The general form of the R matrix in the QR decomposition of the effective channel matrix

for the different single-symbol decodable codes, after an appropriate permutation, is given

by
ri,1 rie 0O 0
2.2 0 0
R = , (3.34)
r33 T34
- T474—

where all the elements are real. For example, the permutation matrix for [61] and [58] is
IT = [e1, e3, €2, e4]. The R matrix is identical in form to matrix (2) in Example 3.4. There-
fore, single-symbol decodable codes require the joint detection of two ,/g-PAM symbols.
Consequently, the worst-case ML decoding complexity is O(,/q) as discussed in Example
3.4.
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3.4.5 Semi-Orthogonal Algebraic Space-Time Block Codes

The complex-valued effective channel matrix for the semi-orthogonal algebraic space-time

block codes with M transmit antennas takes the general form

Lo | (ke by [ dig (b |eo
_diag |:h>';;1+1717 h*%-kll e 7h*M,1:| —diag |h1 1, hyy - >h¥71] 0 G
hia 0 0 h%ﬂ,l 0 0
0 h2’1 0 0 h%+2,1 0
0 0 hu, 0 0 haa
= > . (3.35)
h o - 0 R 0O - 0
Mg 1,1 0 G
0 h%+2,1 0 0 —hs, - 0 G
|0 0 - by 0 0 - =Wy |
a

In order to determine the general form of the matrix R, we first perform a QR decom-

position on the matrix H, such that H = QR. Because the matrix H is orthogonal, we

have
SREEEE 0 o - 0
_ _| 0 ruy m 0 0
H — Q 272
0 0 r1,1 0
0 0 0 M M
L 55
_|D 0
= Q ) (3.36)
0 D
—_——
R
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where D = diag ([rl,l, e TM M} ) Substituting H = QR into (3.35) yields
272

H = QRG
_ (D o0 G 0
= Q
0 D 0 G
_ |IDG O
0 DG

We perform one more QR decomposition on the matrix product DG such that DG = (3]:?{,

and we obtain the desired QR decomposition of H = QR where

_1Q o
Q=Q _ (3.38)
0 Q
and ~ -
11 ?”1’% 0 0
: 0 0
R 0 ruaw O -0
R: _ = 222 9 (339)
0 R 7’1’1 s 7'1 M
2
M M
L 5 15

where all the elements are real since both D and G are real. The R matrix in (3.39) has
the same form as the R matrix for quasiorthogonal space-time block codes in (3.32). The
difference, however, is that all the elements in (3.39) are real. The ML decoder cost function

in (3.1) can be written as
P(x) = |ly—Hx|*
= |z Rx|?
— HZL% _Rxl,%HQ_‘_HZ%-‘,—LM_RX%—H,MHZ

= HZ?M - ﬁXfiMHQ + HZ{ M~ ﬁx{ ull®+
72 72 72 72

R = R 2 I 5.1 2
Z' — Rx + ||z — Rx 3.40
I MM %H,M” I M1 M %H,M” ) (3.40)
where zqp = [2q, - ,zb]T and Xqp = [Zq, - ,:Eb}—r.
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As can be seen from (3.40), SAST codes can be decoded over four groups of symbols, each
has % real symbols drawn from ,/g-PAM alphabet. Hence, the worst-case ML decoding

. M_q M/2-1
complexity is O (\/Q 2 ) =0 (q 2 )
3.4.6 Threaded Algebraic Space-Time Block Codes

For the TAST code matrix in (2.31) and the complex-valued system model in (2.6), the
effective channel matrix of the rate-R TAST code with M transmit and N receive antennas

is

-diag (Johl) diag (thl) --+ diag (JR_lhl)-

diag (J°hy) diag(J'hy) .-+ diag(J®~'h
H - lag ( 2) lag ( 2) | l1ag ( | 2) (IR 2 G)

|diag (JOhN) diag (thN) .o+ diag (JR_th)_

diag (%) G diag (J'h) G - diag (J% 'hy) G |
diag (Johg) G diag (thg) G --- diag (JR_lhg) G

= _ ' ' , (3.41)
|diag (JOhN) G diag (thN) G --- diag (JR_th) G|
where
o J= [¢eM7e17' o 7eM—1]

[ ] hn = [hl’n)h2’n7 . e ’h/M’n]T’ n e {1’ e ’N}

e diag(a) is the diagonal matrix with the vector a on the diagonal

G is the M x M generator matrix.

For R > 1, the TAST code is not separable [4]. However, a reduction in worst-case ML
decoding complexity is possible with real generator matrices, as we discuss in the following

theorem.

Theorem 3.1. The worst-case ML decoding complexity of a rate-R TAST code for M

transmit antennas and with real generator matrices is O(q(Rfé)M 7%)
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Proof. The worst-case decoding complexity of the rate-R TAST code is the worst-case
decoding complexity of the first R — 1 threads, multiplied by the worst-case decoding com-
plexity of the last thread. Consider the worst-case decoding complexity of a rate-one TAST
code (i.e., last thread), which is obtained by setting R = 1 in (2.31), for g-ary QAM al-
phabet. As discussed earlier, the rate-one TAST code is simply the DAST code in (2.23).
Therefore, the worst-case decoding complexity of the rate-one TAST code is the same as the
DAST code, namely O (q%) Therefore, the worst-case decoding of the rate-R TAST
code is O (q(R_I)M ) x O (q%» where the first term is the worst-case decoding complexity
of the first R — 1 threads, and the last term is the decoding complexity of the last thread.

Consequently, the worst-case decoding complexity is O (q(R_%)M _%> O

The reduction in worst-case ML decoding complexity can be derived by considering
the properties of the R matrix in the QR decomposition of the effective channel matrix in

(3.41), which has the general form
R = : (3.42)

where
e A isan M x M real-valued upper triangular matrix
e Bisan (R —1)M x (R — 1)M complex-valued matrix.
e D isan M x M upper triangular matrix.

The fact that A is real follows directly from the fact that it represents the R matrix in the
QR decomposition of the first M columns of the effective channel matrix in (3.41). The first
M columns of the TAST effective channel matrix represent the effective channel matrix of
a DAST code with M transmit antennas and N receive antennas. As discussed in Section
3.4.2, the R matrix is real-valued when the generator matrix is real, and hence, the matrix

A is real.
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Let us define R, and Ry as follows

A0 0 B
R, = , and Ry, = . (3.43)
0 0 0 D

Then, the ML cost function in (3.1) can be written as
P(x) = ||z — RaXa — Ryx ||, (3.44)

where x, = [x1,-++ , 2,0, ,O]T and xp = [0, ,0,2p741, - ,mRM}T. The ML decoder
proceeds as follows. For each candidate group of symbols {zar41, -+ ,xrar}, the total cost

of (3.44) can be written as

P(x) = [lv—Raxa|?

= v = Rax|? + IV = Raxg|?, (3.45)

where v = z — Rpxy,.

Because the matrix Ry, is real, we can decode {z¥, - - | 21} separately from {z{, - 21 }
in the absence of interference from the symbols x ;41 through zg . The decoding complex-
ity of {x1, - ,xp} is O (\/gM_l) =0 (q%> Therefore, the worst-case ML decoding
complexity for the rate-R TAST code is O (q(R_l)M) x O (q%) where the first term is
the worst-case ML, decoding complexity of the symbols x ;11 through zxas and the second

term is the worst-case ML decoding complexity of the symbols x1 through xj;.
3.4.7 Perfect Space-Time Block Codes

The effective channel matrix of the perfect code is identical in form to the effective channel
matrix of the TAST code in (3.41). Therefore, The worst-case decoding complexity of the
perfect space-time codes with real generator matrices for QAM alphabet is the same as
that of the TAST code; namely (’)(q(R_%)M _%) The proof follows identically to Theorem
3.1. For HEX alphabet, wherein the real and imaginary parts of the alphabet itself are not
separable, there is no reduction in decoding complexity beyond that offered by an efficient

implementation of a slicer. Hence, the worst-case decoding complexity is (’)(qRM -1,
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3.5 Summary of Previous Space-Time Block Codes

In Table 3.2, we compare orthogonal, quasiorthogonal, diagonal algebraic, semi-orthogonal
algebraic, single-symbol decodable, threaded algebraic, and perfect space-time block codes
in terms of their code rate R, delay T', number of real symbols in each group that are jointly
detected, and worst-case ML decoding complexity. The following assumptions were made

in comparing these space-time block codes:

e The comparison assumes quasistatic fading channel. This is because, on time-varying
channels, the different families of space-time block codes lose their reduced complexity
decoding, if any, with the exception of the diagonal algebraic space-time block codes
with real rotation matrices. For orthogonal, quasiorthogonal, semi-orthogonal and
single-symbol decodable codes, the reduction in decoding complexity in quasistatic
fading is due to the orthogonality of some columns in the effective channel matrix.
The orthogonality property, however, is lost in time-varying fading. For the diagonal
algebraic space-time block codes with real rotation matrices, a reduction in decoding
complexity is possible because the complex-valued channel matrix can be transformed
into a real-valued channel matrix as discussed in Section 3.4.2. This property holds

in both quasistatic and time-varying fading.

e The complex information symbols are assumed to be drawn from a g-ary QAM al-

phabet.

e The comparison is for an arbitrary number of antennas M, except for the single-symbol
decodable codes, where M € {3,4}, and except for perfect codes, where M # 3 and
M ## 6 since the modulation alphabet is HEX, wherein the real and imaginary parts

are not separable;

e We assumed real rotation matrices for the diagonal algebraic, threaded algebraic, and

perfect space-time block codes.
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Table 3.2: Comparison of Different Space-Time Block Codes in Terms of Rate, Delay,
Number of Real Symbols Detected Per Group, and Decoding Complexity.

Space-Time | Rate (R) Delay (Dyin) Number Decoding
Code of Real Complexity
Symbols
Per
Group
M
o M = 4k
[M)/2]
Orthogonal [%ﬁ};l 1 o)
M
% M # 4k
[M)/2]
Quasi- 1 9[logy M] oflogy M1 | (qQHng M) 71_1>
orthogonal
DAST 1 M M o (q ]W;l)
SSD 1 2[4 2 0 (V3
SAST 1 M (%W O (q%)
TAST | {1, M} M 2RM | O (R2M3)
Perfect | {1,---, M} M 9RM | O <q<R*%>Mf%>

3.6 Conclusions

We presented a unified framework for determining the worst-case ML decoding complexity
of space-time block codes. The framework is based on the observation that the space-

time block code induces structure in its effective channel matrix. Reduced complexity
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decoding is then possible by exploiting the properties of the upper-triangular matrix in the
QR decomposition of the effective channel matrix. Using the framework, we determined
the worst-case ML decoding complexity for orthogonal, quasiorthogonal, diagonal algebraic,
single-symbol decodable, semi-orthogonal algebraic, thread algebraic and perfect space-time
block codes.

Using the framework presented in this chapter, we will show in Chapter 4 that the
worst-case decoding complexity of the golden code is significantly less than that of an
exhaustive-search ML decoder. Furthermore, the framework will be used to determine
the decoding complexity of the proposed asymmetric golden code in Chapter 5, and the

proposed embedded orthogonal space-time block codes in Chapter 6.
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CHAPTER 4

A FAST DECODING ALGORITHM FOR THE GOLDEN CODE

Of particular interest in mobile applications are MIMO systems with two transmit and two
receive antennas; this configuration is able to provide both diversity and multiplexing gains
while keeping costs at a minimum. The golden code is a space-time code for two transmit
and two receive antennas that was proposed independently in [7] and [8]. The golden code
has a nonvanishing determinant and hence, achieves the full diversity-multiplexing frontier
of Zheng and Tse [3]. Furthermore, it performs better than previously reported full-rate
codes with two transmit antennas in terms of the SNR required to achieve a target error
probability.

The golden code comes in three variations: the Belfiore-Rekaya-Viterbo golden code [7],
the Dayal-Varanasi golden code [8], and the WiMAX golden code [10]. These variations are
isomorphic, in the sense that one can be transformed into another by multiplying on the left
and right by unitary matrices [8]. Since the determinant is invariant to such transformations,
all three variations have identical rate, diversity, and coding gain. Furthermore, we will show
that they all have the same decoding complexity. For the sake of concreteness, we present
our results in the context of the Dayal-Varanasi golden code [8], and then show that they
are in fact applicable to all three variations [7][8][10].

Because each golden code codeword conveys four information symbols from a g-ary
QAM alphabet, the complexity of an exhaustive-search decoder is proportional to ¢*. For
example, the authors in [18] noted that the worst-case ML decoding complexity of the
golden code grows with the fourth-power of the signal constellation size. In this chapter
we prove that the golden code with g-ary QAM is fast decodable, by which we mean that
ML decoding is possible with a worst-case decoding complexity of only O(¢??). The golden
code is fast decodable regardless of whether the channel varies with time. We also present

an efficient implementation of a fast decoder that has low average complexity.
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The remainder of the chapter is organized as follows. In Section 4.1, we review the
construction of the golden code and prove that it is fast decodable. In Section 4.2 we
introduce a new fast ML decoder for the golden code that has low average complexity. In
Section 4.3, we show that the fast ML decoder applies to other variations of the golden
code. In Section 4.4, we compare the average complexity of the proposed detector to a

conventional golden code detector. We conclude the chapter in Section 4.5.
4.1 The Golden Code is Fast Decodable

In this section, we first review the construction of the golden code. Then, we study the
properties of the R matrix in the QR decomposition of the effective channel matrix that
lead to a reduction in the worst-case ML decoding complexity. Finally, we show that the

golden is fast decodable, a property that we define as follows:

Definition 4.1. A rate-two space-time block for the two-input two-output channel is said

to be fast decodable if the worst-case ML decoding complexity is O(g*?).

4.1.1 The Golden Code Induces Structure in Effective Channel

The golden code transmits four complex information symbols over two symbol periods, so
that the rate is two symbols per signaling interval. In particular, the Dayal-Varanasi golden
code encodes one pair of information symbols a = [z1,25] " onto the main diagonal of the
code matrix, and it encodes a second pair of symbols b = [373,$4]T onto the off-diagonal,

yielding [8]:

where:

- cos(f) sin(6)
4—Ga, b=Gb, G= ,
—sin() cos(0)

0= %tan_l(Z), ¢ =4, (4.2)

Substituting the definition of the golden code from (4.1) and (4.2) into (2.2), the vector

of samples y = [y1[1], y1[2], y2[1], 42[2]] T received at a receiver with two antennas at the two
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time instances can be written as the output of an effective four-input four-output channel:

y =Hx+n, (4.3)
where x = [z1,...,24]" is the vector of information symbols, n = [n1[1], ...,n2[2]]" is the
noise, and where H = HV is the effective channel matriz:

hl,l[l] 0 ¢h271[1] 0 & 0
0 ha 12 0 oh11[2 -5 0
o 2,1[2] 1,12] , (4.4)
hl’g{l] 0 ¢h272[1] 0 0 C
i 0 h272[2] 0 ¢h172[2]_ 0 —S
H 4

where ¢ = cos(f), s = sin(f), ¢ = ¢/™/4, and 0 = Jtan1(2).
The structure of the golden code induces special properties in this effective matrix that
we exploit to reduce decoding complexity. The following lemma examines these special

properties of the R matrix in the orthogonal-triangular (QR) decomposition of the effective

channel matrix H in (4.4).

Lemma 4.1. (The Key Property): The R matriz in a QR decomposition H = QR of the

effective channel (4.4) has the form

A B
R = , (4.5)
0 D
where both of the upper triangular matrices A and D are entirely real.
Proof. See Appendix B. O

A few remarks:

11 T2 3,3 T34

and D =
0 72,2 0 T4.4
diagonal entries, so the key property is essentially the fact that both 712 and r3 4 are

e Both A = are triangular by construction with real

real.
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e To demonstrate that 71 2 = hihy/|/h|| is real, it is sufficient to show that the inner
product between the first two columns is real, a fact which is easily verified by direct
computation:

hihy = cos(d)sin(0)([hii[1f* = [A21[2]]* + R 21 = [h22[2))

1
V5

e The lemma applies regardless of whether the channel is quasistatic or time-varying.

(Ihaa [ =[R2 [2]1* + [h12[1]]* — [ho2[2] ). (4.6)

e The submatrix B is not mentioned because all four of its entries are generally complex.

e The fact that 712 is real enables the decoder in the next section to reduce both the
worst-case decoding complexity and the average decoding complexity. In contrast, the
fact that r3 4 is real enables only a reduction in average complexity. It has no impact

on the worst-case complexity.

e The R matrix in (4.5) has the same form as matrix (6) in Example 3.4. Therefore,
we expect a reduction in decoding complexity such that the worst-case ML decoding
complexity is O(¢?®). We next discuss how a receiver decides on the vector x such that
the worst-case complexity is O(¢??), and we introduce some intermediate variables

that will be used later when discussing a fast ML decoder with low average complexity.

4.1.2 The Golden Code is Fast Decodable

We now show how the key property of Lemma 4.1 enables fast decoding. If we define
Ziy = [zl,ZQ]T and z34 = [23,24]T, where z = Q*y, then the ML decision minimizes the

cost function

P(x) ly — Hx||* = ||z - Rx|]”

= ||z12 — Aa — Bb||? 4 ||z34 — Db|%. (4.7)

The last equality follows from (4.5). Therefore, the ML decisions & and b can be found

recursively using:

~

b = arg min (|21 — Aa.(b) ~ Bb? + |23 — Db]) (48)

a = a,(b), (4.9)
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where

a,(b) = arg min {||z;» — Aa — Bb|?}. (4.10)
acA?

The function a.(b) in (4.10) can be viewed as producing the best a for a given b. With this
interpretation, the optimization in (4.8) can be viewed as that of finding the best b when
a is optimized.

The optimization (4.10) is equivalent to ML detection for a channel A with an input of
a and an output:

V =Z19 — Bb. (4.11)

It can be solved by a sphere detector applied to a two-level tree. With two QAM inputs and
without any constraints on A, the worst-case complexity would be O(q). This is because
for every candidate symbol xo, the decoder decides on the corresponding symbol x; with a
slicer. But the golden code induces the special property that A is real, which enables us to
determine the real components of a independently from its imaginary components in (4.10).

Specifically, we may rewrite (4.10) as:

a«(b) = arg;relgg{HVR — Aa”|? +|v! - Aa|?} (4.12)

. R R(2 . : I 12
_ _ A 1 m —A . (413
argaRme(glR)z{HV a’||"} 4 argale(lf{lw{\lv all?y. (4.13)

Thus, the optimization in (4.10) decomposes into the pair of independent optimizations of
(4.13). Since each optimization in (4.13) is equivalent to ML detection for a real channel
with two ,/g-PAM inputs, each has a worst-case complexity of O(,/q). Thus, the overall

complexity of (4.13) is O(,/q). We thus arrive at our main theorem.

Theorem 4.1. (Golden Code is Fast Decodable): A maximum-likelihood decoder for the
golden code with a q-ary QAM alphabet can be implemented with a worst-case complexity of
O(q*°).

Proof. As described in (4.8), the ML decision can be found by stepping through each of the

¢* candidate values for b, and for each implement the O(,/q) optimization of (4.13). O
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4.2 A Fast ML Decoder With Low Average Complexity

The decoding strategy used to prove the fast-decodable theorem has a low worst-case com-
plexity but a high average complexity. In this section we present an efficient implementation
of an ML decoder for the golden code that has both low average complexity and a worst-case
complexity of O(¢>?).

A conventional sphere decoder for the golden code is based on a four-level tree, with a
different x; associated with each level. In contrast, as illustrated in Figure 4.1, we propose

a four-level tree that associates bft = (xff, x) with the first level, b! = (2, z]) with the

second level, a® = (zf, 2f) with the third level, and a! = (2!, 21) with the fourth level.
This new tree is a direct result of the fact that A and D are real (Lemma 4.1), which allows
us to rewrite the ML cost function from (4.7) as

P(x) = v/ — Aa'|® + v/ — Aa”|® + ||z5, — Db + ||z5; — Db™|%. (4.14)

Py P Ps Py

Thus, as illustrated in Figure 4.1, (4.14) shows that the total cost of a leaf node x decomposes
into the sum ), P; of four branch metrics, where P; denotes the branch metric for a branch
at the (4 — i)-th stage of the tree.

Besides inducing a new tree structure, the fact that D is real also leads to a significant
reduction in the complexity of the Schnorr-Euchner sorting for the first two stages of the
tree. Specifically, the fact that D is real leads to a second-stage branch metric Ps that
is independent of the starting node (b’?). Therefore, we can perform a single sort for the
symbol pair (b®) emanating from the root, and simultaneously a single sort for the symbol
pair (b’) emanating from its children.

The pseudocode of an efficient implementation of the proposed ML golden code detector
is shown in Figure 4.2. The first five lines represent initializations. In particular, the
first two lines are a QR decomposition of the effective channel matrix in (4.4) and the
computation of z in (4.7). The squared sphere radius P, which represents the smallest
cost (4.14) encountered so far, is initialized to infinity to ensure ML decoding (line 3).
Sorting or Schnorr-Euchner enumeration is used for faster convergence. Only two sorting

operations (line 4 and line 5) are required. In the pseudocode, the complex QAM alphabet
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ROOT

Figure 4.1: The structure of the proposed detection tree and its branch metrics. The cost
function for the leaf node is the sum of the branch metrics, P(x) = P; + P, + P35 + P.
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[Q,R] = QR decomposition(H)
z=Q%
P =
[Py, T14) = sortaea((28 — r3galft — rg4a?)? + (28 — ry 4a”)?)
[Ps, T3] = sortaea((22 — rysal® — r34al)? + (21 — ry4al)?)
for k from 1 to ¢ do
if (Py(k)+ P3(1)) > P then
‘ break
end
for [ from 1 to g do
if (P3(1) + P4(k)) > P then
‘ break
end

V1 =21 —T1,3T3 — 11,474

Vg = 22 — T23T3 — 12424

P =P =P

X = list(vf/ro2)

for m from 1 to /q do

Py = (vf — 190X (m))?

if P, > P, then, break, end

if P, < P, then
‘ ol =w, 2l = X(m), P, = P,
end

end

X = list(vl/re2)

for n from 1 to \/q do

Py = (v —122X(n))?

if P, > P, then, break, end

if P, < P, then
ac{ = w, a:é =X(n), =P
end

end
P =P+ P+ Ps(1) + Pu(k)
if P < P then

‘ X = [xl,xg,xg,a;4], P =P
end

end

end

Figure 4.2: Pseudocode of a fast ML decoder for the golden code.
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uft = vff —r19X(m), w=Quft/r11), Pr = (uf' — ri1w)? + P

ul =vf —ripX(n), w=Quf/r1,1), Pr = (u] —ri,1w)® + P,




A is represented by an ordered list, so that A(k) indexes the k-th symbol in the list.

The remainder of algorithm can be interpreted as a two-level compler sphere decoder
to choose the symbol pair b = (z3, :L‘4)T, followed by an independent pair of two-level real
sphere decoders that separately decode a’* = (2 20T and al = (2!, 21)T.

The two-level complex sphere decoder incorporates two common optimizations: radius
update (line 38) and pruning (line 7, line 11). While these optimizations do not affect
the worst-case decoding complexity, they affect the average complexity significantly. The
first level of the complex sphere decoder considers candidate pairs b in ascending order of
their branch metric Py (line 6). The second level of the complex sphere decoder considers
candidate pairs b’ in ascending order of their branch metric P3 (line 10). After forming
b = [x3,24]" (line 14), the decoder removes the interference caused by b and forms the
two intermediate variables v; and ve of (4.11), which are functions of the symbols x; and
x2 only (line 15 and line 16). Following the two-level complex sphere decoder and interfer-
ence cancelation, the decoder decides on the symbol pairs a’* and al separately using an
independent pair of two-level real sphere decoders.

The function list is used to implement sorting for the final two stages of the tree;
it returns a list of candidate symbols drawn from the ,/g-ary PAM alphabet AR sorted
in ascending order of distance to the input argument. As described in [65], it can be
implemented efficiently using a table lookup.

After initializing the sphere radius for decoding a* = (2, 25)T (line 17) and forming the
sorted list of best candidate symbols (line 18), the real sphere decoder chooses the symbol
oL that has the lowest branch metric P, (line 20). The interference from the symbol xf
is then subtracted, and a decision is made on the symbol zf using the PAM slicer Q( - )
(line 22); the slicer function Q(z) returns the symbol from the PAM alphabet AF that is
closest to = and is given in (3.12). The branch-metric P for the current candidate symbol

R i5 also computed in line 22, and radius update occurs if it is less than the previous

pair a
smallest value Py (line 24). The real sphere decoder includes pruning and radius update
(line 21 and line 24, respectively).

Decoding the symbol pair a’ follows identically to the decoding of the symbol pair a’®
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and is shown in line 27 through line 35. Importantly, a® and al are decoded independently.
Therefore, although the pseudocode shows a serial implementation that decodes first a® and
second a’, a hardware implementation could decode them simultaneously (in parallel), thus
decreasing decoding latency. The overall cost P for the current candidate symbol vector is
updated in line 44. Radius update and best candidate vector update occurs if the current
cost P is less than the previous smallest cost P (line 38).

The algorithm could be embellished to further reduce average complexity. For example,
the columns of H could be permuted using a BLAST ordering. (In this case the only per-
mutations for which the key property of Lemma 4.1 will still hold are {1,2,3,4}, {1,2,4, 3},
{2,1,3,4}, {2,1,4,3}, {3,4,1,2}, {3,4,2,1}, {4,3,1,2} and {4,3,2,1}.) For the sake of
clarity of exposition, however, we have chosen not to include such refinements in Figure 4.2.
Such refinements, which have no effect on the worst-case complexity, are well-known in the
literature and their application to the pseudocode is straightforward.

We remark that a quasistatic channel does not offer any additional reduction in decoding
complexity, as compared to a time-varying channel. This is a direct result of the fact that the
entries of B in (4.5) are generally complex, regardless of whether the channel is quasistatic

or time-varying.
4.3 Golden Code Variations

In this section we show that the proposed fast ML decoder, although presented in the
context of the Dayal-Varanasi version of the golden code [8], is equally applicable to the
Belfiore-Rekaya-Viterbo [7] and WiMAX [10] versions of the golden code.

Substituting the definition of the Belfiore-Rekaya-Viterbo golden code from [[7], eqn.

(9)] into (2.2), the vector of samples received at a receiver with two antennas will again be
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given by (4.3), but with a new effective channel matrix of the form:

il 0 hea[l] 0 le—si 0 o 0 |[e 0 0

G| 0 el 0 iRl 0 ste 0 0 |-s 0 0
- hi 2[1] 0 ha2[1] 0 0 0 c—si 0 0 c s 7

0 w2 0 ihiaf2]| O 0 0  s+cif 0 ——
(4.15)

where ¢ = cos(f), s = sin(f), ¢ = /™4 and 6 = stan~1(2). The information symbols
[b,a,d,c] in [7] have been relabeled as [z1, 2, x3,z4] in (4.3). Since ¢ — si and s + ci have
unity magnitude, we can transform this effective matrix into the one in (4.4) simply by
rotating the channel coefficients h; j[k]. These rotations have no impact on complexity.
In particular, the real coefficients in the R matrix will remain real, even after rotation.
Therefore, the proposed fast ML decoder is applicable.

Similarly, substituting the definition of the WiMAX golden code from [[10], Section

8.4.8.3.3] (matrix C) into (2.2) will again yield (4.3), but with a new effective channel

matrix of the form:

hl,l[l] 0 hg,l[” 0 Cc S 0 0
0 —thg 12 0 —h11[2 —-s ¢ 0 O
H-— 212 112 (4.16)
h1,2[1] 0 h2’2[1} 0 0 0 & S
i 0 *’L'h272[2] 0 *hLQ[Q]_ _0 0 —s C_

The information symbol vector [Sk,iSk+3, Sk+1, —Sk+2] in [10] has been relabeled to [z,
X2, T3, x4] in (4.3). Just as before, this effective matrix differs from that in (4.4) only by the
rotated channel coefficients. Therefore, the proposed fast ML decoder is again applicable

to this version of the golden code.
4.4 Numerical Results

In Figure 4.3 we compare the average complexity of the proposed fast ML decoder to a
conventional ML decoder. Unlike our previous discussion where complexity is quantified
by the number of leaf nodes visited, complexity here is quantified by the average number
of nodes visited while searching the tree. The channel was modeled using (2.2) with qua-

sistatic i.i.d. Rayleigh fading, with constant coefficients within each codeword block, but
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Figure 4.3: Average decoding complexity versus SNR for golden code with 64-QAM.

independent fading from block to block. The alphabet was 64-QAM. The fast ML decoder
was implemented following the pseudocode of Figure 4.2. The conventional ML decoder was
implemented using an efficient four-level complex sphere decoder with Schnorr-Euchner enu-
meration. Results are shown for two cases of channel matrix column ordering: no ordering
and BLAST reordering.

As can be seen from Figure 4.3, with no column ordering, the proposed fast ML decoder
is about 45% less complex than a conventional ML decoder. With BLAST ordering, the
proposed ML decoder is about 30% less complex than a conventional decoder. Beyond the
advantages shown in Figure 4.3, the proposed algorithm has three additional advantages

that are not reflected in Figure 4.3, namely:

e the proposed algorithm reduces the number of Schnorr-Euchner sort operations for the

first two stages to only two, compared with a conventional decoder that can require
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as many as q + 1.
e the proposed algorithm can avoid BLAST ordering without a high complexity penalty.

e decoding of the symbol pairs a® and a’ can be done in parallel, reducing decoding

latency.

We remark that for 64-QAM, the worst-case ML decoding complexity of the proposed
decoder is O(642°) = 32768, and the worst-case ML decoding complexity of a conventional
decoder is O(¢g3) = 262144. The reduction in worst-case ML decoding complexity of the
proposed decoder is 98% compared to a conventional decoder. The reduction in average
complexity, however, is about 30% with ordering. This result is not surprising given the
fact that the proposed decoder visits fewer nodes in the upper part of the tree search, rather
than the lower part of the tree. Furthermore, for the conventional decoder, pruning of the
child nodes occurs if the sum of the branch metrics up to the parent node exceeds the sphere
radius value. Since the sum of the branch metrics increases as we ascend the tree, we are
more likely to prune branches in the higher layers in the tree. Therefore, we can expect that
the average complexity gap between the conventional decoder and proposed decoder to be
less than the worst-case complexity for the two reasons mentioned above, namely that the
conventional decoder is more likely to prune branches in the upper levels and because the
proposed decoder visits fewer nodes in the upper two levels of the tree, but not the lower

two levels.
4.5 Conclusions

The golden code induces special structure in the effective channel matrix. By recognizing
and exploiting this structure we have proven that the worst-case complexity of an ML de-
coder for the golden code with g-ary QAM is O(¢?®), regardless of whether the channel
varies with time. By further exploiting this structure we have proposed a fast ML decod-
ing algorithm based on a unique tree construction that outperforms a conventional ML
detector on four fronts simultaneously: worst-case complexity, average complexity, sorting

complexity, and decoding latency.
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CHAPTER 5

THE ASYMMETRIC GOLDEN CODE

The desire for high spectral efficiency for the practically important system having two
transmit and two receive antennas motivated the construction of high-rate space-time block
codes. Due to the perceived high complexity of the golden code, a class of fast-decodable
space-time codes for the two-input two-output channel was recently proposed as alternatives
to the golden code [16][17][18]. We call the codes of [16][17][18] overlaid Alamouti codes
because they are based on a layering of two Alamouti space-time block codes. See [24] for
a survey of the overlaid Alamouti codes. We have shown in Chapter 4 that for the case
of QAM alphabets, the golden code itself is fast-decodable on both quasistatic and time-
varying channels with worst-case decoding complexity of O(¢?®). The overlaid Alamouti
codes have a worst-case decoding complexity that is even smaller, namely O(q?).

The overlaid Alamouti codes lose their fast-decodable property when the channel varies
with time, a common occurrence in wireless applications with high mobility. In this chapter
we propose a full-rate space-time code with a nonvanishing determinant that is fast de-
codable in both quasistatic and rapidly time-varying channels. In particular, we propose
the asymmetric golden code, which is constructed over QAM alphabets, and in which one
layer of the golden code is scaled with respect to the other. We prove that its worst-case
decoding complexity is O(g*°), regardless of whether the channel is time varying. For the
special case of quasistatic fading, we prove that it has a decoding complexity of O(¢?), the
same as the overlaid Alamouti codes. Furthermore, we present an efficient implementation
of a fast ML decoder for quasistatic channels. The asymmetric golden code has the lowest
decoding complexity among all previously proposed codes and maintains its low decoding
complexity on both quasistatic and time-varying channels.

The remainder of the chapter is organized as follows. In Section 5.1, we present a unified

framework for the encoding of high-rate space-time block codes for the two-input two-output
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channel. In Section 5.2 we present the proposed asymmetric golden code and prove its fast
decoding properties in quasistatic and time-varying channels. In Section 5.3, we introduce
a fast ML decoder with low average complexity for quasistatic fading. In Section 5.4 we

present numerical results, and in Section 5.5 we draw conclusions.

5.1 A Unified Framework for the Encoding of High-Rate Space-Time
Codes for the Two-Input Two-Output Channel

We present a common framework for comparing the golden code and the overlaid Alamouti
codes in a unified way. In Section 5.2 we will use this framework to describe the asymmetric
golden code. All of these codes transmit four complex information symbols {x1, z2, x3, x4}
from two transmit antennas in two signaling intervals, and they may all be viewed as the
sum of a pair of rate-one codes. In particular, all may be described by the following 2 x 2

space-time code:

C(x) = Ci(a) + ®.,C1(b)®x, (5.1)
where:
o X =[x1,T9,23,24] ", a = [x1,20] ", b= [x3,24] ", b = ®pb;
e ®p is a unitary precoding matrix;
e C(+) is a rate-one encoder for symbol pairs a or b;
e &; and $R are 2 x 2 matrices that multiply Cl(f)) on the left and right, respectively.

The four parameters Cy(-), ®1, ®r, and ®p are chosen to ensure full diversity, maximize
the coding gain and reduce decoding complexity.

One possibility for Ci(-) is the diagonal algebraic space-time code of [27], defined by:

up 0
Cpasr(ar,az) = ; (5.2)
0 u9
where
Uy ai c S
= G’ 5 G - [} (5 3)
ug ag —S C
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and

1
¢ =cos(f),s =sin(f), and 6 = 5 tan~1(2). (5.4)
Another possibility is the Alamouti code:

1 a; a2
CAlamouti(ab a2) = = > (55)
V2 | g o
2 I
where the constant 1/v/2 ensures that the total transmit energy is identical to the energy

of the underlying alphabet.

The golden code is a special case of (5.1) with:

- 0 1
C1 = Cpast,®p =1y, & = /41y, & = . (5.6)

10

The overlaid Alamouti codes of [16][17] are a special case of (5.1) with:

o1 P2 1 0
Cl - CAlamout'ia ‘I)P - 7@L - 7(I)R - 127 (57)
—¢5 7 0 -1
where
1 . 1 )
¢1 = —=(1+1) and ¢ = —=(1 + 2i). (5.8)

V7 V7

Finally, the overlaid Alamouti code of [18] is also a special case of (5.1), with:

Ci = Caamouti, Bp =12, @ = % ! 0' PR =1, (5.9)
0 —i

where
a=(1-V7)+i(l+V7). (5.10)
We proved in Chapter 4 that the worst-case decoding complexity of the golden code
is O(¢g*°) in both quasistatic and time-varying fading for QAM alphabets. The overlaid
Alamouti codes with QAM are fast-decodable with worst-case decoding complexity of O(q?)
in quasistatic fading channels [24], but lose their fast decoding property and have a worst-
case complexity of O(¢®) on time-varying channels. We next present the asymmetric golden
code, which has a worst-case decoding complexity of O(¢?) in quasistatic channels and
O(¢*%) in time-varying channels, which is the lowest decoding complexity compared to

previously reported rate-two space-time block codes for the two-input two-output channel.
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5.2 The Asymmetric Golden Code

We propose a novel full-rate full-diversity space-time block code for the two-input two-
output channel: the asymmetric golden code. We first describe encoding, and then prove

the fast decoding properties of the asymmetric golden code.

5.2.1 The Asymmetric Golden Code Encoder

We propose the asymmetric golden code, a special case of (5.1) with

0 1
Ci=Ck,Pp=1y,P; =KL, P = ) (5.11)

10
where I € (0,1) is an asymmetry coefficient, to be specified later. The factor K in &,
ensures that the second layer will be scaled by K before being added to the first layer. The

rate-one encoder Cx in (5.11) is a modified version of the diagonal algebraic encoder in

(5.2), defined by:

9 u; 0
Cil(ay,a2) = T K 0w , (5.12)
where [u1,u2]" is given by (5.3).
Comparing (5.12) to Cpagr of (5.2), we see two differences: the constant H%’ which

ensures that the average transmit energy is equal to that of the underlying alphabet, and
the conjugation of us. The latter makes Cx different from Cpagr even when K = 1. Let
a = [r1,29]" and b = [z3,24]". Then, in terms of the original information symbols, the

asymmetric golden code is given by

2 C~l1 0 0 bl

C = + K (5.13)
2 -
I+ o a B0
9 cr1 + Sxo K(czs + sxy
= Vi e ( ) : (5.14)
+ K(—sz3 + cxy) —sa] + cah
where:
- c s
a=Ga, b=Gb,and G = , (5.15)
—-s ¢

and ¢ and s are given by (5.4).
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Theorem 5.1. The asymmetry coefficient K € (0,1) that maximizes the coding gain (2.12)
for the space-time block code in (5.18) with QAM alphabet is K = 1/v/3. The resulting

coding gain is 1//20.
Proof. See Appendix C. O
5.2.2 The Effective Channel Matrix and its Key Properties

We next describe the effective channel matrix induced by the asymmetric golden code. We
then establish the key properties of this matrix, and describe a maximum-likelihood decoder
that exploits the key properties to reduce complexity in rapid time-varying fading as well
as quasistatic fading.

Substituting the definition of the asymmetric golden code from (5.13) into (2.2), the
vector of samples after conjugating the second and fourth samples received at a receiver
with two antennas at the two time instances can be written as the output of an effective
four-input four-output channel:

y = Hx + n, (5.16)

where y = [y1[1], yi[2], 2[1], ¥5[2]] " is the vector of received samples after conjugation,
X = [1, 29,23, 74]" is the vector of information symbols, n = [n1[1],n%[2],na[1],n5[2]] T is

the noise, and where H = HV is the effective channel matriz:

_h171[1] 0 ]Chg,l[l] 0 11 & S 0 O_
0 hs 12 0 Khi {2 -s ¢ 0 0
H— g 2,1[ ] 1,1[ ] ‘ (5.17)
h1,2[1] 0 IChQ’Q[l] 0 0 0 (& S
. 0 h§72[2] 0 IChT,Z[Z]_ |0 0 —s cf

H N7
Similar to the golden code, the asymmetric golden code induces special properties in its
effective channel matrix that we exploit to reduce decoding complexity. The following two
lemmas examine the special properties of the R matrix in the orthogonal-triangular (QR)

decomposition of the effective channel matrix H in (5.17).
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Lemma 5.1. (The Key Property in Time-Varying Fading): The R matriz in a QR decom-

position H = QR of the effective channel (5.17) has the form

A B
R = , (5.18)

0 D

where both of the upper triangular matrices A and D are entirely real.

Proof. The proof follows immediately from the proof of the key property for fast decoding

of the golden code (see Appendix B), where H and ¥ are given in (5.17). O

A few remarks:

1 T2 r33 T34 . . .
e Both A = and D = are triangular by construction with real

0 2.2 0 T4.4
diagonal entries, so the key property is the fact that both r1 2 and 734 are real.
e To demonstrate that 71 2 = hihy/|/h|| is real, it is sufficient to show that the inner

product between the first two columns is real, a fact which is easily verified by direct

computation:

hihy = 2 cos(6) sin(®) (hua (1) — [hoa 2 + o (1]~ [hoaf2])

= S a0 = P 20 P g1 = Praal2) ). (5.19)

e The lemma applies regardless of whether the channel is quasistatic or time-varying.
For the case of quasistatic fading, however, permuting the channel matrix prior to QR
decomposition leads to an R matrix with r1 2 = r34 = 0. We next discuss the key

property of this permuted effective channel matrix in quasistatic fading.

Let us introduce the permutation matrix IT = [e], e4, €2, €3], where e; is the i-th column of

the 4 x 4 identity matrix, so that (5.16) can be written as:

y = HIIII 'x + n

= Hpgxm + n, (520)
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where xi1 = IT'x = [21, 24,72, 23]" and Hy = HIT = HWII is the permuted effective

channel matriz given by

_hlyl[l] 0 ]Chg}l[l] 0 C S 0 0 1 0 0 O
0 P 0 Khi{]2 -s ¢ 0 0110 0 1 0
Hy — g 5.1(2] 1102] . (5.21)
hLQ[l] 0 IChQ,Q[l] 0 0 0 C S 0 0 01
0 5.202] 0 Khis2]] [0 0 —s ¢| [0 1 0 0]
51 v i

The following lemma presents the key property in quasistatic fading.

Lemma 5.2. (The Key Property in Quasistatic Fading): The R matriz in a QR decompo-

sition Hyp = QR of the permuted effective channel (5.21) has the form

A B
R= , (5.22)
0 D
where both A and D are real and diagonal.
Proof. See Appendix D. O
. 1,1 T2 3,3 T34
We also remark that by construction, both A = and D =
0 ) 0 T4.4

are upper triangular with real diagonal entries, so the key property in quasistatic fading is

essentially the fact that 712 =734 = 0.

5.2.3 The Asymmetric Golden Code is Fast-Decodable

We start with the case of time-varying fading. We show how the key property of Lemma
5.2 enables fast decoding. If we define z1o = [21, 20] | and z34 = [23,24] ", where z = Q*y,

then the ML decision minimizes the cost function

P(x) = |ly —Hx]|?
= |z - Rx|?
= ||z12 — Aa — Bb||* + ||z3, — Db|%. (5.23)

The last equality follows from (5.22). The ML minimization in (5.23) for the asymmetric

golden code is identical to the ML minimization in (4.7) for the golden code. Therefore,
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the ML decisions & and b can be found recursively using (4.8) and (4.9), respectively. As
discussed in Theorem 4.1, the worst-case ML decoding complexity for finding the decisions
aand b is O(q?®). This leads us to the fast-decodable theorem for the asymmetric golden

code in time-varying fading.

Theorem 5.2. (Asymmetric Golden Code is Fast-Decodable on Time-Varying Fading): A
mazimum-likelihood decoder for the asymmetric golden code with a q-ary QAM alphabet can

be implemented with a worst-case complexity of O(¢*>) on time-varying fading channel.

Proof. The proof follows immediately from Theorem 4.1. Specifically, the ML decision can
be found by stepping through each of the ¢? candidate values for b as described in (4.8),

and for each implement the O(,/q) optimization of (4.13). O

We next discuss the case of quasistatic fading and show how the key property in Lemma
2 can also be used to reduce the worst-case ML decoding complexity. We start by defining
the intermediate variables ¢ = [z1,24]", d = [x2,23]", Z12 = [21, 20] | and z34 = [23,24] ",

where z = Q*y. The ML decision minimizes the cost function

P(x) = |ly —Hx]|?
= |z - Rx|?
= ||z12 — Ac — Bd|* + ||z34 — Dd|*. (5.24)

The last equality follows from Lemma 5.2. Therefore, the ML decisions & and d can

also be found recursively using:

d = arg min {22 — Ac.(d) — Bd| + [lz5: — D}, (5.25)
¢ = c.(d), (5.26)
where
ci(d) = arg m%{”zlg — Ac — Bd|}?}. (5.27)
ce

Similar to a.(b) in (4.10), the function c,(d) in (5.27) can be viewed as producing the best
c for a given d. With this interpretation, the optimization in (5.25) can be viewed as that

of finding the best d when c is optimized.
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The optimization (5.27) is equivalent to ML detection for a channel A with an input of
c and an output:

V =Z192 — Bd. (528)

Because the asymmetric golden code induces the special property that A is diagonal and
real, we can determine the four components of ¢ independently from each other. Specifically,

we may rewrite (5.27) as:

.(d) = argmin{|v — Acl?)
= arg Rmin {\052 — 7‘272xf|2} +4-arg min {|v£ — r272xi|2} +
zRe(AR) ahe(Al)
arg min {|off — 7 12f} +i-arg min {|jv] —r 202} (5.29)
zite(AR) zie(Al)

Thus, the optimization in (5.27) decomposes into four independent optimizations of (5.29).
Each optimization in (5.29) can be implemented with a slicer. Hence, the overall complexity

of (5.29) is O(1). We thus arrive at the fast decodability theorem on quasistatic channels.

Theorem 5.3. (The Asymmetric Golden Code is Fast-Decodable on Quasistatic Fading):
A mazimum-likelihood decoder for the asymmetric golden code with g-ary QAM alphabet

can be implemented with a worst-case complexity of O(q?).

Proof. As described in (5.25), the ML decision can be found by stepping through each of

the ¢ candidate values for d, and for each implement the O(1) optimization of (5.29). [
5.3 Fast ML Decoding with Low Average Decoding Complexity

The decoding strategy used to prove the fast-decodable theorems has a low worst-case com-
plexity but a high average complexity. In this section we present an efficient implementation
of an ML decoder for the asymmetric golden code in quasistatic fading. The proposed ML
decoder has a low average complexity and a worst-case complexity of O(q?). An efficient
ML decoder of the golden code for time-varying channel was proposed in Chapter 4, with
a worst-case complexity of O(¢?®). Importantly, the algorithm in Figure 4.2 can be used
to decode the asymmetric golden code in time-varying fading without any modification to

the algorithm. The inputs to the decoding algorithm, which are the received vector and
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the effective channel matrix are given by (5.16) and (5.17), respectively. Therefore, we will
only consider efficient ML decoding in quasistatic fading.

A conventional sphere decoder applied to the asymmetric golden code results in a four-
level tree, with a different z;,7 € {1, 2, 3,4}, associated with each level. We propose a three-
level tree that associates x3 with the first level, x5 with the second level and ¢ = [z, :c4]T
with the third level, as illustrated in Figure 5.1. This new tree is a direct result of the fact
that A and D are real and diagonal (Lemma 5.2), which allows us to rewrite the ML cost

function from (5.24) as

Py
P(x) = [off —riaaf |+ ol = radl® + [0 — rapaf | + o] — rapail® +
PR P PR Pl
|23 — r3szal® + || 24 — raazs|| . (5.30)

P3 Py
Thus, as illustrated in Figure 5.1, (5.30) shows that the total cost of a leaf node x decomposes
into the sum of three branch metrics, where P, P3 and P; 2 denotes the branch metrics for
a branch at the first, second and third stage of the tree, respectively.

The fact that r3 4 = 0 leads to a significant reduction in the complexity of the Schnorr-
Fuchner sorting for the first two stages of the tree. Specifically, the fact that D is diag-
onal implies that there is no interference or dependence between the symbols xo and xs.
Therefore, we can perform a single sort for the symbol x3 emanating from the root, and
simultaneously a single sort for the symbol x5 emanating from its children.

The pseudocode of an efficient implementation of the proposed asymmetric golden code
ML detector is shown in Figure 5.2. The first five lines represent initializations. In particu-
lar, the first two lines are a QR decomposition of the permuted effective channel matrix in
(5.21) and the computation of z. The squared sphere radius P, which represents the small-
est cost (5.24) encountered so far, is initialized to infinity to ensure ML decoding (line 3).
Sorting or Schnorr-Euchner enumeration is used for faster convergence. Only two sorting
operations (line 4 and line 5) are required. In the pseudocode, the complex QAM alphabet
A is represented by an ordered list, so that A(k) indexes the k-th symbol in the list. We

next describe the remainder of algorithm, which can be interpreted as a two-level complex
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ROOT

Figure 5.1: The structure of the proposed detection tree and its branch metrics for the
asymmetric golden code. The cost function for the leaf node is the sum of the branch
metrics, P(x) = P+ Pl + PR+ P} + P; + Py.
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sphere decoder to choose the symbol pair d = [x9, 23] T, followed by four independent slicers

that separately decode xft, 2%, 2! and z.

1 [Q,R] = QR decomposition(Hyy)
2z=Q"
3 P=oo
4 [P4, H4] = SortaeA(|Z4 — 7“4,4CL‘2)
5 [Pg, Hg] = sortaeA(]z;g — 7“373(1‘2)
6 for k£ from 1 to ¢ do
7 | if (Py(k) + P3(1)) > P then
8 break
9 end
10 for [ from 1 to g do
11 if (P3(1) + Py(k)) > P then
12 ‘ break
13 end
14 x3 = A(Il4(k))
15 To = A(Hg(l))
16 V1 =21 — 71,302 — 71,473
17 V2 = 22 —T23T2 — T2472
18 it = Q(vf'/r11)
19 xf = Q(v{/r1,1)
20 off = Q(v5'/r22)
21 zy = Q(vd/r22)
22 PE = [vff —ry 1282
23 Pl = vl —ryq2d)?
24 PR = |olt — g o2 lt)?
25 P} = |vh — r272$£|2
26 P =Pl + Pl + PR+ P} + P5(1) + Pu(k)
27 if P < P then
28 pP=pPr
29 X = [x1, X2, X3, 24]
30 end
31 end
32 end

Figure 5.2: Pseudocode of a fast ML decoder for the asymmetric golden code in
quasistatic fading.

The two-level complex sphere decoder incorporates two common optimizations: radius
update (line 28) and pruning (line 7, line 11). While these optimizations do not affect the
worst-case complexity, they affect the average complexity significantly. The first level of the

complex sphere decoder considers candidate symbols z3 in ascending order of their branch
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metric Py (line 6). The second level of the complex sphere decoder considers candidate
symbols x9 in ascending order of their branch metric P; (line 10). The decoder then
removes the interference caused by d = [29,23]T and forms the two intermediate variables
vy and vg of (5.28), which are functions of the symbols z; and x4 only (line 16 and line 17).

Following the two-level complex sphere decoder and interference cancelation, the decoder
decides on the remaining four PAM symbols x1t, 25, 21 and x! separately using independent
slicers (line 18 through line 21). The associated branch metrics are calculated in line 22
through line 25. The overall cost P for the current candidate symbol vector is updated in
line 26. Radius update (line 28) and best candidate vector update (line 29) occur if the

current cost P is less than the previous smallest cost P (line 27).
5.4 Numerical Results

In this section, we compare the bit-error rate (BER) performance of the asymmetric golden
code with the golden code and overlaid Alamouti codes of [16][17]. To avoid clutter we do
not include the overlaid Alamouti code of [18] in our comparison; we simply note that it
performs slightly worse (by about 0.1 dB) than the overlaid Alamouti codes of [16][17].

In Figure 5.3, we show simulation results for quasistatic fading with ML detection im-
plemented using the sphere decoder algorithm, assuming 4-QAM. The asymmetric golden
code, which has the lowest decoding complexity under any channel condition, suffers a per-
formance loss of 1.0 dB compared to the golden code. This is due to a reduction in the
coding gain. The coding gain of the golden code is 1/v/5, while the coding gain of the
asymmetric golden code is 1/(2v/5). The overlaid Alamouti codes of [16][17] also suffer a
slight performance loss of 0.3 dB, which may also be attributed to a reduced coding gain
given by 1//7.

In Figure 5.4, we illustrate the impact of a time-varying channel on the performance
and complexity of the overlaid Alamouti and asymmetric golden code, assuming 64-QAM.
The time-selectivity is quantified by fp7', the maximum Doppler frequency normalized
by the symbol period. The number adjacent to each point in the figure represents the

corresponding value of fpT. The case of quasistatic fading corresponds to fp7' = 0. For

94



10~ H

1072

BER

103

104

_5 | 1 | |
10 2 6 10 14 18

Ey/ Ny (dB)

Figure 5.3: Performance comparison for the two-input two-output channel.

each space-time code, we plot a trajectory of “performance” versus “complexity” as the
Doppler increases, where performance is quantified by the average SNR required to achieve
BER = 1073, and where complexity is quantified by the average number of nodes visited
by a complex sphere decoder that uses Schnorr-Euchner enumeration, sphere radius update

and depth-first tree search. There are three trajectories:

e The left-most trajectory (labeled “overlaid + ignore”) shows how the performance of
the overlaid Alamouti codes of [16][17] degrades as the Doppler increases, when the
receiver ignores the time variation and pretends that the channel is quasistatic. Such
a strategy is ML for the special case of zero Doppler, and it is effective for slowly

varying channels, but it quickly degrades as the Doppler frequency grows.

e The right-most trajectory (labeled “overlaid + ML”) shows the performance and com-
plexity of the overlaid Alamouti codes of [16][17] with an ML detector that accounts
for the time variations of the channel; the performance is good for all Doppler values

but the complexity is high.
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Figure 5.4: Complexity and performance as a function of normalized Doppler fpT.

e The remaining trajectory (labeled “asymmetric”) shows the performance and com-
plexity of the asymmetric golden code with ML decoding. This trajectory is the only
one of the three that starts in the desirable lower-left corner of the performance-

complexity plane, and stays there for all values of the normalized Doppler frequency.
5.5 Conclusions

We introduced the asymmetric golden code, which asymmetrically scales the two layers of
the golden code before adding. Furthermore, we proposed a fast ML decoding algorithm for
the asymmetric golden code based on a unique tree construction that exploits the special
structure of the effective channel matrix. The asymmetric golden code not only achieves
the diversity-multiplexing tradeoff, but it maintains a low decoding complexity in both

quasistatic fading and rapid time-varying fading channels.
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CHAPTER 6

THE EMBEDDED ORTHOGONAL SPACE-TIME BLOCK CODES

In Chapters 4 and 5, we were concerned with the design and ML decoding of high-rate space-
time block codes for the two-input two-output channel. An interesting question to consider
is the choice of a space-time block code for a given rate and a given number of transmit and
receive antennas. Although space-time codes that achieve arbitrary rates ranging from one
to maximal rate have been proposed in the literature, these codes suffer from high decoding
complexity and worse bit-error-rate performance compared to other space-time codes that
have been proposed for a particular rate and a particular number of transmit and receive
antennas.

In this chapter, we address the problem of designing high-rate space-time block codes
for any number of transmit antennas. Specifically, we introduce the concept of embedding;
a new concept for the construction of space-time block codes whereby information symbols
of a traditional space-time block code are replaced by complex orthogonal codewords. In
other words, the role of complex information symbols in the encoding process is subsumed
by complex orthogonal designs.

Based on the embedding concept, we propose a family of high-rate space-time block
codes called embedded orthogonal space-time (EOS) block codes. This family is parameter-
ized by the number of transmit antennas, which can be any positive integer, and by the
rate, which can be as high as half the number of transmit antennas. One consequence of
embedding orthogonal designs is the induced orthogonality in the effective channel matrix,
which leads to reduced-complexity decoding. The embedded orthogonal space-time codes
have lower decoding complexity than previously reported space-time codes for any number
of transmit antennas, and for any rate. Furthermore, for rates larger than one, simulation
results for up to six transmit antennas show that the embedded-orthogonal space-time codes

outperform all previous constructions, when performance is measured by error probability
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in quasistatic Rayleigh fading.

The remainder of this chapter is organized as follows. In Section 6.1, we present the
proposed family of embedded orthogonal space-time codes. In Section 6.2, we discuss a
low-complexity ML decoder for the proposed codes. In Section 6.3, we present numerical

results. In Section 6.4, we conclude the chapter.
6.1 The Embedded Orthogonal Space-Time Block Codes

In this section we describe the proposed embedded orthogonal space-time codes and compare
to the threaded algebraic space-time codes discussed in Section 2.4.6. The design of the
proposed embedded orthogonal space-time block codes is a three-step process, based on the

choice of three parameters:

e a complex orthogonal design G called the embedded code. The embedded code of size

Ty x My, is characterized by its rate R and number of antennas Mj;
e an algebraic rotation matrix G;
e a complex number ¢.

Before we discuss the construction of the embedded orthogonal codes, we discuss the
choice of these parameters. First, we choose orthogonal designs for embedding because
they induce orthogonality between the columns of the effective channel matrix, resulting in
reduced complexity decoding. Second, we choose real algebraic rotation matrices because
they maximize the coding gain of an encoded thread. Furthermore, real generator matrices
induce orthogonality between the real and imaginary components of the columns of the
effective channel matrix, resulting in further reduction in decoding complexity. Finally,
we choose ¢ to ensure a nonvanishing determinant, ensure full diversity or ensure a good
bit-error rate performance.

We will present the embedded orthogonal space-time codes by drawing similarities to

the perfect space-time code or threaded algebraic space-time code construction of (2.31).
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Instead of defining x, as the vector of M information symbols for the ¢-th thread, we define:

G

)

Gro

)

G -1

| G, |
as the T1 My x My matriz of My embedded codewords for the /-th thread, where Gy ,,,
m € {1,2,---, My}, is the m-th embedded orthogonal codeword of the ¢-th thread. By
comparing x, and Xy, we see that the information symbols x,,, have been replaced by
orthogonal codewords Gy ,.

The proposed rate-R embedded orthogonal space-time code of size T' x M, where T =

T1M2 and M = MlMQ, is:

Ra
Cros = Y blkdiag (Uy) (31 @ Ty, ) (6.2)
(=1
where
e Ry =[R/R]

e ® is the Kronecker product

e blkdiag(Uy) is the T4y My x M1 M, block diagonal matrix with the Ty x M; subblocks

of Uy on the diagonal

° Ug:(G®IT1)Xg:

)

u£1M2
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e G is an My x M> unitary real rotation or generator matrix given by

g1,1 gi2 - 91M,
92,1 922 - g2 M
G = ’ (6.3)
_gMQ,]. gM2,2 e gMQ,MQ_

o J= [¢eM2aela"' ’eMgfl]

® ¢ is a unit-magnitude complex number, the value of which depends on the number of

transmit antennas M.

The embedded orthogonal space-time block code for a prime number of antennas, where
M cannot be factored as M = Mj Ms is obtained by deleting the last column of the embed-
ded orthogonal code for M 41 antennas. For example, the embedded orthogonal space-time
code for three, five and seven antennas can be obtained by deleting the last column of the
embedded orthogonal space-time block code for four, six and eight transmit antennas, re-
spectively.

The orthogonality embedding concept is evident by comparing (2.31) to (6.2). In par-
ticular, the transmitted symbols x/,, in (2.31) are replaced with orthogonal block codes
Gom in (6.2). Alternatively, the orthogonal codewords are embedded into the code in (2.31)
to yield the embedded orthogonal codeword of (6.2).

Having discussed the concept of embedding and why we embed orthogonal designs, we
next discuss the choice of the three parameters in the design of embedded orthogonal space-
time block codes, namely the embedded code G, the rotation matrix G and the complex
number ¢. We start with the specific choice of the embedded complex orthogonal design.

The maximal rate of complex orthogonal designs for arbitrary number of antennas and
a systematic construction of these maximal rate codes is given in [26]. Of particular impor-
tance to us are the rate-1 Alamouti code for two antennas and rate-3/4 codes for three and
four antennas given by (2.20) in Section 2.4.1. Although the embedded orthogonal space-
time encoder in (6.2) allows for arbitrary orthogonal codes for any number of antennas, we

will only consider the embedding of orthogonal designs for M; € {2,3,4}. This is because,
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as discussed in Section 2.4.1 and shown in Table 2.1, the orthogonal code rate tends to % as
the number of antennas increases, and the code length becomes prohibitively large for prac-
tical implementations. As a result, the rate of the embedded orthogonal space-time code
decreases, while the decoding latency and complexity increase when we embed orthogonal
designs for more than four antennas.

Regarding the choice of G, we will use the algebraic rotation matrices in [56][57]. These
algebraic rotations matrices are the best known rotations in terms of maximizing the coding
gain of a single encoded layer diag(Gx). Consequently, DAST, TAST and perfect codes
use them to encode the different threads in (2.23), (2.31) and (2.32), respectively. We will
also use the rotation matrices in [56][57] to construct the embedded orthogonal space-time
block code.

Regarding the choice of ¢, we used partial search over a random subset of all possible
codewords to find the value of ¢ that maximizes the coding gain in 2.12. We used partial
search because we could not optimizing the value of ¢ analytically, and even numerical
exhaustive-search was computationally infeasible for large number of antennas and/or large
alphabet sizes. We observed that we could borrow the unit-magnitude complex number ¢
from the full-rate TAST code, except for M € {4,8}, where we will use ¢ = ¢™/2 and obtain
an embedded orthogonal code with high coding gain. We note that our choice of ¢ does not
guarantee full diversity. Simulations results for up to six transmit antennas, however, show
that the embedded orthogonal code outperforms the perfect and TAST codes in terms of
the SNR required to achieve a target error probability.

An interesting question to consider is the maximum rate of the embedded orthogonal

design. We answer this question in the following lemma.

Lemma 6.1. The mazimum achievable rate of the embedded orthogonal space-time code in

(6.2) for M = My My antennas is Rmaz = %11 xM=24.

Proof. In general, the maximum achievable rate for a space-time code with M antennas is
simply M since we can transmit one symbol, from each antenna, in each signaling interval.

For the embedded orthogonal code, however, we can effectively only transmit J\R711 symbols,
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per signaling interval, per antenna. Therefore, the maximum achievable rate for M antennas

is

R
Ronaw = ﬁi x M. (6.4)
For orthogonal designs, however, we have R; < 1 and M; > 2. Therefore, ]7\% < %

Substituting for the upper bound on J% in (6.4), we arrive at the desired result that

M
Rmax == o - D

Corollary 6.1. When the embedded code is the Alamouti code, the mte—% orthogonal code

for three antennas or the mte-% orthogonal code for four antennas, then the maximum

achievable rate of the embedded orthogonal space-time block code in (6.2) for M = MM,

antennas 1S Rmax = %M, Romaz = %M, and Ropaz = I%M, respectively.

We make several important remarks regarding the construction of the embedded orthog-

onal space-time block codes.

e If the ratio R/R; is not an integer, then the rate of the embedded orthogonal space-
time code in (6.2) is higher than R. A rate-R embedded orthogonal code can then be
obtained by puncturing the embedded codewords in the Ra-th thread. We will see an

example of a punctured fractional rate embedded orthogonal code later in the section.

e When the parameter Ms = 1, then we have
U/ =X;=Gy1,G=[1],and J =[1]. (6.5)

Therefore, there is no embedding, and the embedded orthogonal space-time code

reduces to the orthogonal design.

e When the parameter Ry = 1, and the embedded code is the Alamouti space-time code,
then the embedded orthogonal space-time code simplifies to the semi-orthogonal alge-
braic space-time (SAST) code given in (2.30). Specifically, the embedded orthogonal
space-time code in (6.2) simplifies to the SAST code in (2.30) to within a unitary

transformation as follows

Cros = I CsasrIlRg, (6.6)
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where IIp = [el,eH%,eg,eH%, .. .,e%,eM] and IT;, = HE. When Ry = 1 and the
embedded code is the Alamouti code with Ry = 1, we have that R < 1. Therefore, the
proposed embedded orthogonal space-time code has the same diversity, coding gain,
rate, and decoding complexity as the SAST code when R = 1 and the embedded code
is the Alamouti code, albeit with a larger peak-to-average power ratio. Therefore, the

embedded orthogonal space-time code subsumes the SAST code as a special case.

The embedded orthogonal space-time block is equivalent to the single-symbol decod-
able code of [58] for M = 4, R = 1 and the Alamouti embedded code. This follows
immediately from the fact that the single-symbol decodable code of [58] is equivalent

to SAST code for four transmit antennas.

Orthogonality embedding offers another advantage in addition to inducing orthog-
onality in the effective channel matrix. Specifically, when compared to the perfect
space-time and TAST codes, the embedded orthogonal codes have a few number of
zeros in the space-time code matrix because we encode the element and its conjugate.
Hence, we have a lower peak-to-average power ratio. Furthermore, for the same num-
ber of antennas M, the unitary generator matrix G of the embedded orthogonal code
has size Mas x M. For the perfect and TAST codes, the generator matrix G has size
M x M. Since M7 > 2 and M = MM, we have that My < M. Therefore, the
embedded orthogonal code linearly combines a fewer number of symbols compared to
the perfect or TAST codes, resulting in even a further reduction in peak-to-average

power ratio.

For clarity of exposition, we next discuss three examples for the construction of embed-

ded orthogonal space-time codes. Specifically, we discuss the encoding of rate-2, rate-3, and

% embedded orthogonal codes for four, five and eight transmit antennas, respectively.

Example 6.1. We construct the rate-2 embedded orthogonal space-time code for four

transmit antennas. Since M = My My = 4, there is only one choice for the orthogonal code,

which is the Alamouti code with M7 = 2. This is because M; cannot be 3 since My has to
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be an integer; furthermore, M; cannot be 4 because it implies that Ms = 1 such that there
is no embedding, and we simply obtain the rate-3/4 orthogonal design.
With M7 =2 and R; = 1, we have that Ms = 2 and R, = 2, and hence, G is the 2 x 2

real generator matrix:

a; Qo 0.851 0.526
G = = , (6.7)

—Qg 1 —0.526 0.851

where a; = cos(f), az = sin(f) and § = Jtan"'(2). The generator matrix in (6.7) max-
imizes the coding gain compared to all real unitary generator matrices. The generator
matrix in (6.7) is the same as the generator matrix G for the golden code, asymmetric
golden code and the diagonal algebraic space-time code (see (4.2) and (5.3)). The rate-2

embedded orthogonal space-time code for four transmit antennas is then given by

U1 Uz, 01G1,1 + a2G1 2 a1G21 + a2G2 2
c— _ o (69)

U252 U2 ¢ (—a2G21 +1G22) —Gi11+a1G12

where ¢ = ¢™/2 and G¢m is the m-th Alamouti space-time block codeword, m € {1, 2}, for
the ¢-th layer, ¢ € {1,2}. By comparison, the rate-2 TAST or perfect code for two transmit

antennas is

Ul U1 Q1T11 + %12 Q1221 + Qo292
C= = , (6.9)

Puz2 Ulp ¢ (—aox1 + a1222) —aoxi1 + 1212
where ¢ = €™/2 for the perfect space-time code and ¢ = ¢/ for the TAST code. By
comparing (6.8) and (6.9), we see that the information symbols xy ., of the perfect code in
(6.9) have been replaced with Alamouti blocks Gy, in (6.8). Each Gy, is a 2 x 2 matrix

containing two complex information symbols, so the matrix of (6.8) is 4 x 4 and encodes a

total of 8 symbols. O

We next discuss the encoding of the rate-3 embedded orthogonal space-time code for
five transmit antennas. The example illustrates the construction of embedded orthogonal

codes when the number of antennas M is prime.
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Example 6.2. We construct the rate-3 embedded orthogonal space-time code for five trans-
mit antennas. We first construct the embedded orthogonal code for 5+1 = 6 antennas. The
embedded orthogonal code for five antennas is then obtained by deleting the last column of
the embedded orthogonal code for M = 6 antennas.

Since M = MM, = 6, there is only one choice for the orthogonal code; the Alamouti
code with M; = 2. Although M; = 3 is a potential choice, it implies that the maximum
rate is R = % x 6 = 1.5, which is less than the desired rate R = 3 (see Corollary 6.1).

With M; = 2 and R = 1, we have that Ms = 3 and Ry = 3, and hence, (G is the 3 x 3

real generator matrix:

—0.328 —0.591 —0.737
G=|-0.737 —0.328 0.591 |- (6.10)

—-0.591 0.737 —0.328
The generator matrix in (6.10) is the same as the generator matrix G for the threaded
algebraic and diagonal algebraic space-time codes. The rate-3 embedded orthogonal space-

time code for six transmit antennas is then given by

Ui U1 Uz,
C= oU32 U1x Uz - (6.11)

U3 oU33 U1
The embedded orthogonal space-time block code for five antennas is obtained by deleting

the last column of the code matrix in (6.11). O

We next discuss an example of a rate—% embedded orthogonal code for eight transmit

antennas, wherein we can embed either the Alamouti code or the rate—% orthogonal code

for four transmit antennas. We also illustrate how the Alamouti embedded code can be

punctured to achieve the rate—% embedded orthogonal space-time code.

Example 6.3. We construct the rate—% embedded orthogonal space-time code for eight

transmit antennas. For M = M; M, = 8, there are two choices for the embedded orthogonal
code; the rate-1 Alamouti code with M; = 2, or the rate—% orthogonal code with M; = 4.

We next consider these two choices for the embedded code.
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Case 1: We first consider the rate—% orthogonal code as the embedded code. This implies
that My = 2 and Ro = 2, as was the case in Example 6.1. Therefore, the rate—% embedded

orthogonal space-time code for eight transmit antennas is

U1 U a1G1,1 + a2G1 2 a1G21 + a2Go o
C= - , (6.12)
U2 U2 ¢ (—a2G21 +1G22) —0Gi1+ a1G12
3

where oy, ag, and ¢ are as in Example 6.1, and Gy, is the m-th rate-§ orthogonal space-time
block codeword for four antennas given in (2.20), m € {1,2}, for the ¢-th layer, ¢ € {1,2}.
Orthogonality embedding is again evident by comparing (6.9) and (6.12). In particular,

the information symbols of the perfect or TAST code in (6.9) have been replaced with the

rate-2 orthogonal codewords in (6.9).

We note that the rate-2 golden code for two transmit antennas in (6.9), the rate-2

embedded orthogonal code for four transmit antennas in (6.8), and the rate—% embedded

orthogonal code for eight transmit antennas in (6.12) have the same matrix form. They only
differ in the choice of the embedded code. Specifically, the golden code encodes complex

information symbols x,, the rate-2 embedded orthogonal code for four transmit antennas

embeds the rate-1 Alamouti space-time code, and the rate—% embedded orthogonal code for

eight transmit antennas embeds the rate—% orthogonal code for four transmit antennas.

Case 2: We consider the rate-1 Alamouti code as the embedded code. We have My = 4

and Rz = 2, and hence, G is the 4 x 4 real generator matrix given by

_0.405 0.542 —0.656 —0.335_

0273 0498 0.169  0.806
G= . (6.13)
0.335 —0.656 —0.542  0.405

10.806 —0.169 0.498 —0.273]
The rate-2 embedded orthogonal space-time code for eight transmit antennas is then given

by

U, Uz 0 0

0 Uip U O
C= : (6.14)
0 0 Lng UQ73

| U240 0 Ups
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where ¢ = ¢™/2. In order to obtain the rate—% embedded orthogonal code, we puncture the

second embedded thread Uy to obtain

0 Ux Uys O

C= ~ , (6.15)
0 0 U3 Uss
(U4 O 0 Ui
where
U,
o U,=(Goln)X, =
U,
G
o X, =
G
e Gy is the rate—% punctured Alamouti block codeword defined by
_ Tem 0
Gom = . (6.16)
0 :Ezm
O

We summarize the three design parameters for the construction of the embedded orthog-
onal space-time block codes for up to eight transmit antennas in Table 6.1. In describing
the embedded code, we use the notation G(M7,R1) to denote the rate-R; orthogonal code
designed for M antennas, and we use G(2, %) to denote the rate—% punctured Alamouti

code in (6.16).

6.2 Fast ML Decoding of the Embedded Orthogonal Space-Time Codes

In this section, we will discuss maximum-likelihood decoding of the embedded orthogonal
space-time block code. We will assume that N = [R] to ensure reliable detection at the

receiver. The received vector at the n-th receive antenna during time slots t € {1,--- ,T'}
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Table 6.1: Design Parameters for Embedded Orthogonal Space-Time Block Codes.

M | R | Embedded Code G 10)
2 1 G(2,1) 1] 1
4 10.75 G(4,3) [1] 1
1 Gg(2,1) (6.7) 1

15 | G(2,1).,6(2,3) | (6.7) | /2

2 G(2,1) (6.7) | e™/?
6 | 0.75 G(3,3) (6.7) 1
1 G(2,1) (6.10) | 1

1.5 g(3,3) (6.7) | /12

G(2,1), G(2,3) | (6.10) | e™/12

2 G(2,1) (6.10) | e™/12

3 G(2,1) (6.10) | em/12
8 | 0.75 G(4,3) (6.7) 1
1 Gg(2,1) (6.13) | 1

1.5 G(4,3) (6.7) | e™/?

G(2,1), G(2,3) | (6.13) | €™/2

2 G(2,1) (6.13) | €™/?

3 G(2,1) (6.13) | e/2

4 G(2,1) (6.13) | /2

can be written as

where h,, = [hin,hon, -

wnl2], -

' >h’M,TL]T7 and Yn = [yn[1]7yn[2]?

Yn = Cgosh,, +wy,

(6.17)

7yn[THT and w;,, = [wn[1]7

,w,[T)]" are the vectors of received signals and noise at the n-th receive antenna,

respectively. The received signal from all antennas at all time intervals is then given by:

Y1

h,;
(In ® Cros)

hy
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As mentioned in Section 2.1, the system in (6.18) should be expressed in the complex-
valued form in (2.6) or the real-valued form in (2.7) in order to facilitate the use of efficient
decoding algorithms. Since the representation in (6.18) is a linear system of equations in
the complex information symbols and their conjugates, it is not always possible to express
(6.18) as a function of only the complex information symbols as in (2.6). Therefore, we will

use the real-valued system model in (2.7). Specifically, we have
¥ = Hx + W, (6.19)
where

o S’ = [y{%[l]v y{[l]v T 7y{%[T]7y{[T]7 T 7y]]37[1]a y]IV[l]v e 7y]1\%f[T]7y]I\/'[THT is the real vec-
tor of size 2NT x 1 of received samples at all time intervals, from all receive antennas,

where T' = T1 M>

H is the 2NT x 2RT real effective channel matrix

o x = [zf o] ol 2l ... ,x%T,x{ZT}T is the 2RT x 1 vector of transmitted real infor-

mation symbols

* W= [w{%[l]vw{[l]v T ,w{z[T],w{[T], e 7wjl\%f[1]vw11\7[1]7 e 7w]I\%7[T]ﬂw]IV[THT is the real

vector of size 2NT x 1 of noise samples at all time intervals, from all receive antennas

We next discuss the general form of the effective channel matrix in (6.19) of the embedded

orthogonal space-time block code.

6.2.1 The Effective Channel Matrix of the Embedded Orthogonal Space-Time
Block Code

In determining the general form of the effective channel matrix of the embedded orthogonal
codes, we will first introduce the notational convention. Next, we will determine the form
of the effective channel matrices for the orthogonal space-time block codes used in the
embedding or construction of the embedded orthogonal codes. Finally, we will determine
the general form of the effective channel matrix of the embedded orthogonal space-time

block code by drawing similarities to effective channel matrix of the TAST code.

109



We begin by introducing the notation that will be used throughout the discussion. In
Section 6.1, we introduced the notation Gy ,, to designate the m-th embedded orthogonal
codeword of the /-th thread. Similarly, for the Alamouti code, the rate—% orthogonal code
for three antennas and the rate—% orthogonal code for four antennas, we will use the notation
H,m to designate the m-th real-valued effective channel matrix of size 277 x 2T1R; for
the n-th receive antenna that is a function of the fading coefficients hyy, (;—1)41,, through
R, - We will also introduce Fg(+) as the function that converts a complex-valued matrix

into the real-valued equivalent. Specifically, for a complex matrix C of size T' x M, the

function Fr(C) is defined as

R I R I I
€11 —C¢1 CG2 —Cip2 A.m —Cm
C C CI C C C
1,1 11 1,2 1,2 1,M LM
I T R I
Ca1 —C1 Cao2 —C2 Com ~Com
— I R
Fr(C) Ca1 €1 Co9 (o) Com  Com | (6.20)
C —C C —C] C —C
T1 T1 ©T2 T2 M .M
R I R I R
‘r1 ‘ra ‘T2 ‘T2 crm CTM

where ¢ is the complex element in the k-th row and I-th column. We can see that every
2 x 2 subblock in (6.20) is the real-valued matrix representation of a complex number.

Next, we will determine the form of the real-valued effective channel matrices for the
Alamouti code, the rate—% orthogonal code for three antennas and rate—% orthogonal code
for four antennas. We will use these effective channel matrices to construct the general form
of the real-valued effective channel of the embedded orthogonal space-time block code.

Given the code matrix for the Alamouti code in (2.20) and the system model in (6.19),

the real-valued effective channel matrix is

—hl

2m—1,n

hR

2m—1,n
hI

2m,n

_hR

2m,n
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hR

2m,n

hI

2m,n

_hE

2m—1,n

—hl

2m—1mn

—hl

2m,n

hR

2m,n

—hl

2m—1n

hR

2m—1n |

(6.21)



The real-valued effective channel matrix for the rate—% orthogonal code for three antennas

is

_hilfm,n _hgm,n
_hém,n hézm,n

0 0

0 0
hBRme,n _h§m72,n
hém—?,n h3Rm—2,n
hg’)%m—l,n hém—l,n
hém—l,n _h?])%m—l,n

0
0
—_hR

3m,n

—hi

3m,n

hR

3m—1n
I
hSm—l,n

R
_h3m—2,n

1
_h3m—2,n

0
0
hI

3m,n

_hR

3Im,n

hI

Im—1n
R
_h3m—1,n
I
h3m—2,n

_hR

3m—2,n |

(6.22)

Lastly, the real-valued effective channel matrix for the rate—% orthogonal code for four

antennas is

_him—S,n
hfm—?»,n
_himf2,n
hfm—Z,n
him—l,n
_hfmfl,n
hé]lm,n
_h‘fm,n

R I
_h4m—1,n _h‘4m—1,n
I R
7h4m—1,n h4m—1,n
R I
_h4m,n h4m,n
I R
_h4m,n _h’4m,n
R I
h4m—3,n _h4m—3,n
I R
h4m73,n h4m73,n
R I
h4m—2,n h4m—2,n
I
h4m—2,n

R I
- h‘4m—2,n —h

hR

dm,n

h[

dm,n

_hR

dm—1n
_him—l,n
hfm—ln
himfzn

R
_h4m—3,n

dm—3,n

hI

4m,n

7hfm,n
himfl,n
_h’fm—l,n
hl{m—Q,n
_hR

dm—2,n

1
h4m—3,n

_hE

4m—3,n

(6.23)

As mentioned at the onset of the discussion, we will discuss the general form of the

effective channel matrix of the embedded orthogonal space-time block code by drawing

similarities to the effective channel matrix of the TAST code in (3.41). The real-valued

effective channel matrix of the embedded orthogonal space-time block code of size 277 My N X
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211 MoR1Ra is

-blkdiag(JOI_Il) blkdiag (J'Hy) - blkdiag(JRTlI_{l)-
. | blkdiag (J°H;) blkdiag(J'Hy) --- blkdiag(J™> 'H _
o iag (J"H,) iag (J'Hy) iag ( 2) (1n, © G)
|blkdiag (F'Hy) blkdiag (J'Hy) -+ blkdiag (J™* 'Hy)|
blkdiag (7°H,) G blkdiag (J'H) G .-+ blkdiag (IR 1) G |
blkdiag (J'H>) G blkdiag (J'Ho)G -+ blkdiag (J727'H,) G (6.24)
blkdiag (J'Hy) G blkdiag (J'Hy)G -+ blkdiag (J7* 'Hy) G|
where

o jéZfR (J£®IT1), le {0,1,--' ,Rz—l} and J = [¢eM2,e1,~- ,eMZ_l]

Hn,l
Hn 2

)

Mo vs—1

Hn,Mg

e blkdiag(H,,) is the 271 My x 2T1R1 My block diagonal matrix with the 277 x 2T7R,

subblocks H,, ., of H,, on the diagonal

e G is the 2MyR Ty x 2MoR, Ty real-valued effective generator matrix that is related

to the My x My generator matrix G in (6.3) as follows

G =Fr (G) QIr,1y- (6.25)

Because G is real, Fr (G) = G ® Iy and G can be written as

G=(Goh)®lzn =G LrT. (6.26)

The orthogonality embedding concept is not only seen in the construction of the embedded

orthogonal space-time code, but it is also seen in the general form of the effective channel
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matrix. The orthogonality embedding concept is evident by comparing (3.41) and (6.24).
Specifically, we see that the fading coefficients hy,, in (3.41) have been replaced by the
orthogonal effective channel matrices H,, ,, in (6.24).

In the construction of the embedded orthogonal space-time code, we remarked that if
the ratio R/R; is not an integer, then the rate of the embedded orthogonal space-time
code is higher than R. Consequently, a rate-R embedded orthogonal code is obtained by
puncturing the embedded codewords in the Ro-th thread. When the ratio R/R; is not
an integer, then the number of columns in the effective channel matrix is more than the
number of transmitted symbols. To obtain the effective channel matrix with the appropriate
number of columns, we simply delete the columns corresponding to the punctured symbols.

For clarity of exposition, we present the general form of the effective channel matrix of
the rate-2 embedded orthogonal space-time code for four transmit and two receive antennas

in the following example.

Example 6.4. Consider the transmission of the rate-2 embedded orthogonal space-time
block code for four transmit antennas discussed in Example 6.1. The real-valued system

model is given by (6.19) where the real-valued effective channel matrix in (6.24) is given by

3 blkdiag (J°H;

JO

blkdiag (J'H _
( S| e
blkdiag (
blkdiag (J°

(

1

)
») blkdiag (J'H,)
; (6.27)

H
H
H
H

blkdiag (J°H,

where
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e J0=Igand J' =
_ Hii| -
b le ) 2 =
AR

0 0
0 0
0 0
oR  _gl
of  GR
0 0
0 0
Ho

0 0
0 0
0 0
0 0
0 0
0 0
-
¢I ¢R

, and H,, , is given by (6.21)

Ha2

e G=(G®I,) and G is the 2 x 2 generator matrix given by (6.7)

Given the definitions of J* for £ € {1,2}, H,, for n € {1,2} and G, the real-valued effective

channel matrix can be expressed in terms of the fading coefficients hy, n, m € {1,---,4},

n € {1,2}, as follows

hi'y —his
hip  hiy
hiy hi,
blkdiag (JUH,) = Mo —hin
0 0
0 0
0 0
00

-
hé,l hg,l
Al -,
iy B,
0 0
0 0
0 0
0 0
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R
gy
I
b4
R
hi'y

I
hya

I
7h3 1

)

R
h31

)

R
—hy4

I
_h3 1

)

. (6.28)



blkdiag (J'H;) =
b —hf A
hiy  hgh b
Wiy kb, —hE
o —hf —hi,
0 0 0
0 0 0
0 0 0
L 0 0 0
blkdiag (J'H,) =
hf, —hl,
hio  hily R
hils  hio  —hi,
hio —hiy —hi,
0 0 0
0 0 0
0 0 0
L 0 0 0

blkdiag (JH,) =

I
_h4 2

s

R
h42

)
I
—hg o

R
h32

s

o o o

Rl —hly hEy —hi, 0
Mo By by By 0
Wiy by —hfy —hly 0
Pho —hEy —hl, AR, 0
0 0 0 hi,
0 0 0 hi,
0 0 0 hiy
0 0 0 hi,

0 0

0 0

0 0

0 0

onfl = ol
onf + 0
o, — ol
S+ ol

0
0
0
0

@ity — ¢Thi 5
¢Thiy +67hi,
¢ty — ¢Th; 5
¢Rh§,2 + ¢Ih§,2

SR, - o
¢Thity — o'hi
¢Rh§,1 + ¢Ih§1
—o"hiy +oThi

0
0
0
0

—¢Thi , — oA,
$ihily — dThi,
$Tihy o + &This

—¢Rh§2 + ¢1h£2
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0 0
0 0
0 0
0 0
—hlo  hih
his  hip
o —hil
—hfz —hy o
0
0
0
0

¢ThiYy — ¢Ths
¢hy 1+ oTh,y
—quhﬁl +¢1h{’1
—oThi | — ¢'h{ly

0
0
0
0

¢Thil, — dThy,
¢Thg o + & hiy
—¢Thi, + 6Thi ,
—¢Thi , — ¢ThTT,

. (6.29)

o o o o

—¢%hy, — ¢"hily
¢Thily — ¢'hy
—¢%hi ) —¢'hiy
¢Phity —¢'hi; |

(6.30)

0
0
0
0

—0Thy 5 — ¢'hi,
¢Thily — &hi
—0fhi , — ¢'hily
¢Rh{{,2 - ¢1h{,2 ]

(6.31)




and

G= (6.32)
—az 0 0 0 ag 0 0 O
0 —az O 0 0 a; 0 0
0 0 —-az 0 0 0 a1 O
0 0 0 —az 0 0 0 ag
O

We next discuss the properties of the effective channel matrix of the embedded or-
thogonal space-time block codes that lead to a reduction in the worst-case ML decoding

complexity.

6.2.2 Properties of The Effective Channel Matrix of the Embedded Orthogonal
Space-Time Block Code

The decoding complexity of the embedded orthogonal space-time block code depends on the
number of transmit antennas, rate R, and the choice of the embedded orthogonal design.
We will first discuss the case when R = Ry and show that the embedded orthogonal space-
time block code is separable. We discuss the separability of the embedded orthogonal design
in terms of the properties of the R matrix in the QR decomposition of the effective channel

matrix in the following lemma.

Lemma 6.2. The embedded orthogonal space-time block code for M = MMy transmit

antennas embedding G(M1,R1) is n-group decodable when R = Ri, where n = 2R T}.

) ) M/Mj -1 My—1
Furthermore, the worst-case ML decoding complexity is O (q 2 ) =0 (q 2 )
Proof. See Appendix E. O

We summarize the separability results and worst-case ML decoding complexity of the
embedded orthogonal space-time block code when we embed the Alamouti code and the rate-

% orthogonal designs for three and four transmit antennas in the following three corollaries.
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Corollary 6.2. When the embedded code is the Alamouti space-time block code G(2,1), then
the rate R = 1 embedded orthogonal space-time block code for M = My Ms = 2My transmit

antennas is 4-group decodable, with a worst-case ML decoding complexity of O (q 2 )

Corollary 6.3. When the embedded code is the mte-% orthogonal space-time code G(3, %)

in (2.20) for three transmit antennas, then the rate R = % embedded orthogonal space-time

block code for M = My My = 3My transmit antennas is 6-group decodable, with a worst-case

M/3—1
ML decoding complexity of O (q 2 >

Corollary 6.4. When the embedded code is the mte—% orthogonal space-time code G (4, %)

in (2.20) for four transmit antennas, then the rate R = % embedded orthogonal space-time

block code for M = M1 Ms = 4Ms transmit antennas is 6-group decodable, with a worst-case

M/4—1
ML decoding complexity of O (q 2 )

Having discussed the separability of the embedded orthogonal code for R = R, we next
discuss the case of R > R;. Specifically, we prove that the embedded orthogonal space-time

block code is not separable for R > R in the following lemma.
Lemma 6.3. The embedded orthogonal space-time block code is not separable for R > R1.
Proof. See Appendix F. O

Corollary 6.5. When the embedded code is the Alamouti space-time block code, then the

rate R > 1 embedded orthogonal space-time block code is not separable.

Corollary 6.6. When the embedded code s the mte-% orthogonal design for three or four
transmit antennas, then the rate R > % embedded orthogonal space-time block code is not

separable.

Using lemma 6.2 and lemma 6.3, we arrive at the main theorem regarding the worst-case

ML decoding complexity of the embedded orthogonal space-time block codes.

Theorem 6.1. The worst-case mazximum-likelihood decoding complexity of a rate-R embed-

ded orthogonal space-time block code with G(My,R1) for M = MMy transmit antennas is
0, <q(R—R1)T1M2+%).
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Proof. We will use a similar technique to theorem 3.1. The worst-case ML decoding com-
plexity of the rate-R embedded orthogonal space-time block code is the worst-case decoding
complexity of the first R — Ry layers, multiplied by the worst-case ML decoding complexity
of the last R = R layer. Therefore, the worst-case decoding of the rate-R embedded or-

Mo—1

thogonal code is O (q(R_Rl)T) x O (q 2 ) The first term is the worst-case ML decoding

complexity of the first R — Ry layers, and the last term is the decoding complexity of the

last layer when R = Rq, as proven in lemma 6.2. Consequently, the worst-case ML decod-

My—1

2 ), where we simply substituted for the definition of

ing complexity is O ((;((R*Rl)TlMZ’Jr

T =T M. O

The worst-case ML decoding complexity for the perfect, threaded algebraic, quasiorthog-
onal, semi-orthogonal algebraic and proposed embedded orthogonal space-time block codes
is summarized in Table 6.2 for up to eight transmit antennas. As can be seen from the Table
6.2, the embedded orthogonal space-time block code has the lowest decoding complexity

compared to these families of space-time block codes.
6.2.3 Efficient ML Decoding of the Embedded Orthogonal Space-Time Codes

In Theorem 6.1, we proved that the embedded orthogonal space-time block code allows
for a reduction in decoding complexity compared to an exhaustive-search decoder. In this

section, we discuss an efficient ML decoder with low average complexity and a worst-case

Moy —1
(q(Rle)T”V[QJr 5 ) We begin our discussion with the case of R = R;.

complexity of O
The efficient ML decoder for R > R utilizes the decoder for R = R;.

In Lemma 6.2, we proved that the embedded orthogonal code for R = R is n-group
decodable, with a worst-case decoding complexity of O (q%> =0 (\/aMTl), where
n = 2R1Ty. Therefore, the embedded orthogonal code can be decoded with n real-valued
sphere decoders, each with M, levels. The pseudocode of a K-level real-valued sphere
decoder is shown in Figure 6.1. The sphere decoder in Figure 6.1 is a generalization of the
sphere decoder in Figure 3.4. Apart from the fact that the sphere decoder in Figure 6.1 has

K levels compared to only three levels in Figure 3.4, the only other difference between the

two decoders is the use of a real PAM alphabet A with cardinality V/q in Figure 6.1. In

118



Table 6.2: Worst-Case ML Decoding Complexity for Several Space-Time Block Codes.
M| R Perfect TAST | Quasiorthogonal | SAST | Proposed EOS

2| 1 ] 0(¢") | 0™ - o(1) O (1)
4 10.75 - - - - O (1)
L || 0(¢") | 0(¢") O (q) 0(¢*) |  0(¢*)
15 | O(*°) | 0(¢*9) - - O (¢*°)
2 O(qE) 5) O(q5 5) _ _ O(q45)
6 | 0.75 - - - - O (¢°5)°
1| o) | 09 0 (¢%) O (q) O (q)
15 || 0(g) | 0(?) - - O (¢*)
0 ()’
2 | o) | 0@ : - O (¢7)
3 10) (q”) O (q14'5) - R O (q13)
8 | 0.75 - - - - 0 (¢*9)"
oW [o@n) | ow)  [ow?)| o)
15 | 0(™) | 04" : : 0 (¢*%)
0 ()’
2 10 (q11.5) O (q11.5) _ _ O (q9.5)
3 O (q19A5) O (q19.5) _ _ O (q17.5)
4 O (q27.5) O (q27.5) _ _ 10 (q25.5)

@de embedded G (4,%)
b¢ embedded G (3:3)

Figure 6.1, we introduced the notation R .q to denote the sub-matrix consisting of rows
a through b and columns ¢ through d of the matrix R. We next discuss the efficient ML
decoder of the embedded orthogonal space-time code for R = R; shown in Figure 6.2.
The sphere decoder in Figure 6.2, termed EOS Multigroup Decoder is based on the fact
that the embedded orthogonal space-time block code is n-group decodable, with each group
containing M> real symbols. The first two lines are initializations, where we perform a QR
decomposition of the effective channel matrix in line 1 and form the intermediate variable z

in line 2. The next five lines (line 3 through line 7) represent a loop that calls a real-valued
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© W N O kW N =

N e e T
B W N = O

15
16
17
18
19
20
21
22
23
24
25
26
27

28
29
30

Algorithm: [p,fc] = Sphere Decoder (¥, H, K)
[Q,R] = QR decomposition(H)
z=Q'y

P=c

[Pr, k] = sort,cgr (|2 — ’I”K’KCL|2)

for ng

TK
v =

for

end

from 1 to V4 do

if Px(ng) > P, break, end

= AR(Ilg (nk))
zk—1—Rg_1.kxK

[Prc—1, T 1] = sort e an (v — 71, 5-10]%)

nk—1 from 1 to \/q do

if (Px_1(ng_1) + Px(nk)) > P, break, end
ri—1 = ARk 1(nx_1))
v=72k-2—Rg oKk _1.Kk[TK_1,TK
[PK_Q, HK_Q] = sortaeAR(]v — TK_27K_2a‘2)

]T

for ny from 1 to ,/q do

if (Py(ng)+--- + Px(nk)) > P, break, end
wy = AR(Ilx(ng))

v=2 —Riaxze, -, 2K]
z1=Q(v/r11)

P1 = |U — 7“1711'1’2

P=P + 2512 Pk(nk)

if P < P then

T

end

Figure 6.1: Real-valued sphere decoder with K tree levels.
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Algorithm: [P,x] = EOS Multigroup Decoder(y,H, 7, M>)

1 [Q,R] = QR decomposition(H)

22=Q'y

3 for n from 1 to n do

4 z= [Zn_a Zndns s Znk(Ma—1)y)

5 Form R from R according to (E.5)

6 [Pr, [Tns Tntn, s Tng(Ma—1)n]] = Sphere Decoder(z, R, M>)
7 end

8 P=31_ Py

9 X = [.751,-'- ,ngQ]

Figure 6.2: Pseudocode of a fast ML decoder for the embedded orthogonal space-
time block codes for R = R;.

sphere decoder with Ms levels. Specifically, the real-valued sphere decoder in Figure 6.1
is called in line 6 with an appropriate received vector z (line 4), an appropriate effective
channel matrix R (line 5), and the parameter My for the number of levels in the decoder. We
will discuss some important implications of the loop as written in the pseudocode shortly.
First, however, we proceed with the rest of the decoding algorithm. The path metric in line
8 is the sum of path metrics from the n decoders. Finally, the ML decision is formed in line
9 from the ML decisions of the 1 decoders.

We now discuss two implications regarding the loop in line 3 through line 7. First, we
have chosen to write a loop which executes the algorithm sequentially. We note, however,
that the loop can be unrolled, such that the Sphere Decoder algorithm executes in parallel
in a hardware implementation. On one extreme, the hardware can have as many as 7
instances of the Sphere Decoder block running in parallel. This hardware implementation
has the largest area, but it also has the lowest decoding latency and highest throughput. On
the other extreme, the hardware can have one instance of the Sphere Decoder block, and it
executes 7 times, similar to what is shown in the pseudocode. This hardware implementation
has the smallest area, but it also has the highest decoding latency and lowest throughput.
In a practical implementation, hardware designers can choose between the two extremes
depending on the area, power dissipation, latency and throughput constraints of the system.

Second, it is not necessary to perform a QR decomposition inside the Sphere Decoder
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function when it is being called inside the loop. This is because the matrix R is already an
Mo x My upper triangular matrix. In a practical implementation, the QR decomposition
might be performed outside of the decoding function. We perform the QR decomposition
inside the function for the sake of self completeness.

Having discussed an efficient ML decoder for R = R; for the embedded orthogonal
space-time code, we now present an efficient ML decoder for R > R1. The basic idea of
the decoding algorithm follows from the proof of Theorem 6.1. Specifically, the algorithm
consists of two parts. The first part decides on the best candidate symbol vector for the
first R — R layers, while the second part finds the best candidate symbol vector for the last
R = R layer, after canceling the interference from the first R — R layers. As might be
expected, the second part of the decoding algorithm that finds the best candidate symbol
vector for the last R = R layer is simply the EOS Multigroup Decoder function in Figure
6.2. The pseudocode of an efficient ML decoder for R > R, termed EOS Decoder, is shown
in Figure 6.3. We next discuss the pseudocode in detail.

The first four lines are initializations that include a QR decomposition of the effective
channel matrix (line 1), forming the variable z (line 2), determining the number of symbols
in the last R = Ry layer (line 3) and initializing the sphere radius (line 4). The remaining
part of the algorithm can be interpreted as finding the candidate vector symbol for the
first 2K — L real symbols, where L. = nMs, and for each candidate vector, we find the
last L real symbols using the Sphere Multigroup Decoder. Specifically, line 5 through
line 24 find the candidate symbol vector [z 11,2142, - ,Z2x|. In fact, lines 5 through 24
represent a real-valued sphere decoder with 2K — L levels. We cancel the interference from
the symbols [x14+1, 2142, - ,2k] in line 25, and then we find the candidate symbol vector
[x1,22, -+ ,xr] in line 26. The total path metric is computed in line 27. Sphere radius
update (line 29) and best candidate vector update (line 30) occur if the current path metric
is smaller than the sphere radius in line 28. We end the discussion regarding the pseudocode
by noting that the QR decomposition performed inside the EOS Multigroup Decoder is
unnecessary since the effective channel matrix being passed as an input argument is already

an L x L upper triangular matrix. Again, we have chosen to include the QR decomposition
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Algorithm: [P,f{] = E0S Decoder(y, H, K, 7, M>)
[Q,R] = QR decomposition(H)

z=Q'y

L =nM;

© W N O Ok W =

S e s T e =
U kW N = O

16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

34
35
36

P=c

[Poc, Hak] = sort,c 4r(|22x — Tk 2k al?)
for nyi from 1 to /g do

end
end

if Pyg(nox) > P, break, end

zor = AR(Hax (nok))

v =20k -1 — Rok_12KT2K

[Porc—1, Mo 1] = sort e arn(|v — rar—12x-10]%)

for ngg 1 from 1 to \/q do

if (Po—1(nox—1)+ Pax(nog)) > P, break, end
zox—1 = AR (Tlak 1 (n2k 1))

v =2K-2 — Rok—22Kk-12K T2k -1, T2k
[Poxc 9, Tag 2] = sorte ar(|v — rar 22k 20]?)

for np,o from 1 to /q do

if (Pryo(npye)+ - -+ Pag(nok)) > P, break, end
wrye = ARl 2(nLy2))
v =211~ Rpy1 ook [Trye, 2ok’
[Prs1, 1] = sortee qn(v — rpsn,r41af?)
for nyq from 1 to \/q do
if (Ppi1(npe1)+ -+ Pag(nog)) > P, break, end
wr1 = ARy (np41))
v =z, 2] = Ruprier(roi, - wax]
[P, 1,22, -+ ,z1]] = EOS Multigroup Decoder(v,Ri.r 1.1,7, M2)
P =38, Pul) + P
if P < P then
P=P
X = [561,5627 tee ,1,‘21(]
end

end

end

Figure 6.3: Pseudocode of a fast ML decoder for the embedded orthogonal space-
time block codes for R > R;.
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inside the function for the sake of self completeness.

Having discussed an efficient decoder for the embedded orthogonal space-time codes, we
note that the basic ideas of the decoding algorithm can be used to decode the TAST and
perfect codes with real generator matrices and QAM alphabet. This is because the TAST
and perfect codes are 2-group decodable, with each group containing M real symbols for
R = 1. Therefore, for R = 1, we can use two real-valued sphere decoders, each having M
levels. By comparison, the embedded orthogonal code uses 7 real-valued sphere decoders,
n € {4,6}, each having My < M real symbols. The decoding for R > 1 for the perfect
and TAST codes follows similarly to the decoding of the embedded orthogonal codes for
R > Ri. Specifically, the decoding algorithm also consists of two parts. The first part
decides on the best candidate symbol vector for the first R — 1 layers, while the second
part finds the best candidate symbol vector for the last R = 1 layer, after canceling the

interference from the first R — 1 layers.
6.3 Numerical Results

In this section, we present simulation results for up to six transmit antennas. The channel
was modeled using (2.2) with quasistatic i.i.d. Rayleigh fading, with constant coefficients
within each codeword block, but independent fading from block to block. The modulation
alphabet was QAM for all the simulated space-time codes except for perfect codes for six
transmit antennas, where the modulation alphabet is HEX. We show simulation results for
qg =4, g =16 and ¢ = 64, respectively. We next comment on the different efficient ML
decoders used for the different families of space-time block codes.

The embedded orthogonal code was decoded following the pseudocode in Figure 6.2 and
Figure 6.3. Similarly, the perfect and TAST codes with QAM alphabet were decoded using
similar pseudocode to Figures 6.2 and Figure 6.3 as discussed at the end of Section 6.2.3.
The perfect code with HEX alphabet was decoded using a complex-valued sphere decoder,
similar to the real-valued sphere decoder in Figure 6.1. The quasiorthogonal space-time
block code, which is 2-group decodable was decoded using a similar pseudocode to Figure

6.2. We omit any mention or comparison with DAST code since the R = 1 TAST code
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reduces to the DAST code. Similarly, we omit simulation results for SAST codes since the
embedded orthogonal space-time block code subsumes the SAST code as a special case for
R = 1. Finally, we omit simulation results for the single-symbol decodable space-time code
since it is only defined for M = 4, in which case, it is also equivalent to the embedded
orthogonal code for M =4 and R = 1.

We start with R = 1 for M = 4 and M = 6 transmit antennas shown in Figure 6.4
and Figure 6.5, respectively. In both figures, we compare complexity and performance for
quasiorthogonal, TAST, perfect and embedded orthogonal space-time block codes.

In Figure 6.4, we see that quasiorthogonal codes and embedded orthogonal codes have
the lowest error probability and lowest decoding complexity, respectively, for all spectral
efficiencies. Therefore, there is not a single space-time code that is simultaneously better
performing and lower in decoding complexity. This leads us to a complexity-performance
tradeoff. Specifically, for a given SNR value at the receiver for which the best performing
code achieves a target error probability of 1073, we determine the decoding complexity and
additional SNR required by the other codes to achieve the same error probability. We sum-
marize the complexity-performance tradeoff in Table 6.3. For example, for SNR = 10.7 dB
at which the quasiorthogonal space-time code achieves an error probability of 1072 for ¢ = 4,
we tabulate the additional SNR (i.e., SNR penalty) required by the embedded orthogonal,
TAST and perfect space-time codes to achieve the same error probability. Furthermore, we
tabulate the average complexity, measured by the average number of nodes visited in the
tree search to reach the ML decision.

From Table 6.3, we see that quasiorthogonal and embedded orthogonal designs are
favorable in terms of error rate performance and average complexity compared to TAST
and perfect codes. For example, for ¢ = 64, the perfect code requires an additional 2.55
and 2.50 dB to achieve the same error rate as quasiorthogonal and embedded orthogonal
codes, respectively. Furthermore, the perfect code is 3% and 18% more complex than
quasiorthogonal and embedded orthogonal codes, respectively. Embedded orthogonal codes
are within 0.15 dB of quasiorthogonal codes in terms of error rate performance, and they

are 15% less complex in terms of the average number of nodes visited. Furthermore, the
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block codes.
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Table 6.3: Average Complexity and Additional SNR Required to Achieve Bit-Error Prob-
ability of 1073 for M = 4, N = 1, and R = 1. Average Complexity and SNR Penalty are
Relative to 10.7, 14.7 and 19.05 dB for ¢ = 4, ¢ = 16 and ¢ = 64, Respectively.

Code Average Complexity SNR Penalty (dB)
g=4]qg=16]qg=64|q=4|q=16 | g=64
Quasiorthogonal 14.12 | 14.22 | 14.28 0 0 0
Embedded Orthogonal |12.02 | 12.05 | 12.06 | 0.15 0.08 0.02
Perfect 14.52 15.25 15.65 | 1.66 2.27 2.55
TAST 14.47 15.1 15.53 | 1.70 2.33 2.57

worst-case ML complexity of the embedded orthogonal code is 50%, 75% and 87% lower
than that of quasiorthogonal codes for ¢ =4, ¢ = 16 and ¢ = 64, respectively.

The error rate performance and complexity for R = 1 and M = 6 are shown in Figure
6.5. Because the real and imaginary parts in the HEX alphabet are not separable, we
used the complex-valued sphere decoder for the perfect codes. For the remaining codes,
however, we used the real-valued sphere decoder. In comparing the complex-valued and
real-valued sphere decoders, one might be tempted to simply count each complex node
as two real nodes. This comparison, however, is inaccurate. To illustrate that, consider
a two-level complex sphere decoder and the corresponding four-level real-valued decoder.
The minimum number of nodes visited by the complex-valued and real-valued decoders
is 3 and 7, respectively. Hence, simply counting each complex node as two real nodes is
unfair. Furthermore, the two-level complex-valued sphere decoder has 164+256=272 nodes,
while the real-valued decoder has 44-16+64+256=340 nodes. Therefore, we will omit the
complexity results for the perfect codes except for ¢ = 64 to convince the reader that perfect
codes have the highest decoding complexity. As can be seen from Figure 5(b), the perfect
codes have the highest average node count even we are counting a complex node as one real
node. We summarize the complexity-performance tradeoff in Table 6.4.

From Table 6.4, we see that quasiorthogonal and embedded orthogonal designs are
favorable in terms of error rate performance compared to TAST and perfect codes. For

example, for ¢ = 64, the TAST code requires an additional 2.4 and 1.9 dB to achieve the
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same error rate as quasiorthogonal and embedded orthogonal codes, respectively. Unlike
the case for M = 4, the TAST code has lower average complexity than the quasiorthogonal
code. This is expected since the worst-case ML decoding complexity of the TAST code is
O(¢*?), which is lower than that of the quasiorthogonal code with worst-case complexity of
O(q¢?). The embedded orthogonal code has the lowest decoding complexity. The embedded
orthogonal code suffers a 0.5 dB performance penalty compared to the quasiorthogonal
code, but it is at least 35% less complex than the quasiorthogonal code for any spectral
efficiency. Furthermore, the worst-case ML complexity of the embedded orthogonal code
is 93%, 99.5% and 99.9% lower than that of quasiorthogonal codes for ¢ = 4, ¢ = 16 and
q = 64, respectively.

Table 6.4: Average Complexity and Additional SNR Required to Achieve Bit-Error Prob-

ability of 1073 for M = 6, N = 1, and R = 1. Average Complexity and SNR Penalty are
Relative to 9.3, 13.3 and 17.8 dB for ¢ = 4, ¢ = 16 and ¢ = 64, Respectively.

Code Average Complexity SNR Penalty (dB)
g=4|qg=16[q=64|q=4|q=16 | g=64
Quasiorthogonal 31.1 324 32.8 0 0 0
Embedded Orthogonal | 20.1 20.2 20.3 | 0.50 0.50 0.50
Perfect N/A | N/JA | N/A | 1.61 1.90 2.30
TAST 24.4 27.6 29.9 1.51 2.00 2.43

We have seen so far that the embedded orthogonal codes have the lowest decoding
complexity compared to quasiorthogonal, TAST and perfect codes for R = 1. Furthermore,
the embedded orthogonal codes are second only to the quasiorthogonal designs and they are
within a fraction of a dB in terms of the SNR required to achieve a target error probability.
We next present results for R > 1 and show that the embedded orthogonal designs are not
only favorable in terms in decoding complexity, but they are also lower in error probability.

The complexity and performance results for M = 4, N = 2 and R = 1.5 are shown in
Figure 6.6. In addition to the perfect, TAST and embedded orthogonal space-time code, we
show simulation results for a recently proposed code for the specific configuration of M = 4

and R = 1.5 [66]. We only show simulation results for 4-QAM because the space-time
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code was constructed by numerical optimization, and the authors note that optimizing the
code for larger size alphabets became numerically infeasible. The worst-case ML decoding
complexity for the code in [66] is O(¢?). A detection algorithm, which has the same fixed
and worst-case decoding complexity of O(¢g?) was also proposed in [66]. We can interpret
the detection algorithm as a tree search, computing \/56 path metrics in a six level real-
valued tree. Hence, the number of nodes visited in the tree search is 24+4+8+16+32+464 =
126.

We see that the embedded orthogonal code has better performance than the perfect
and TAST codes as well as the code in [66]. It is interesting, however, to note that the
average complexity of embedded orthogonal, TAST and perfect codes is roughly the same,
even though the worst-case complexity of the embedded orthogonal code is 83%, 97% and
99% lower than that of the perfect and TAST code. We rationalize that this is mainly
due to the fact that the system is overdetermined such that there are more equations than
unknowns. Specifically, the effective channel matrix is of size 16 x 12. Compared to a
12 x 12 effective channel matrix, the 16 x 12 matrix is less likely to have columns that can
be expressed as a linear combination of the other columns. This results in an R matrix
that has larger diagonal elements compared to the R matrix for 12 x 12 effective channel
matrix. Having larger diagonal elements has two effects on the efficiency of the tree search.
First, on average, the starting node at each layer is closer to the ML node. This results in
reaching the ML solution in a fewer number of nodes visited. Second, the branch metric
for an incorrect branch is larger for larger values of the diagonal elements. This results in
pruning more tree branches since the sum of the branch metrics at a given level is more
likely to exceed the sphere radius. Hence, we are less likely to spend our search effort in
the upper tree branches. Given these two effects of having larger diagonal elements, it is
not surprising that the average node count for the perfect, TAST and embedded orthogonal
space-time codes is almost identical.

We summarize the complexity-performance results in Table 6.5. As can been seen from
Table 6.5, the embedded orthogonal space-time block code is at least 1 dB better than

the perfect and TAST codes, and it has the same average complexity. The worst-case ML
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decoding complexity also favors the embedded orthogonal space-time block code over the
TAST and perfect codes as mentioned earlier and shown in Table 6.2. Compared to the
code in [66], the embedded orthogonal space-time block code is 0.4 dB better in terms of the
SNR required to achieve 1073 bit-error rate. It also has lower worst-case and lower average
complexity. This is a rather interesting result given the fact the code in [66] is designed
not only for low decoding complexity, but also for this one specific configuration and one
specific alphabet size.

Table 6.5: Average Complexity and Additional SNR Required to Achieve Bit-Error Prob-

ability of 1073 for M = 4, N = 2, and R = 1.5. Average Complexity and SNR Penalty are
Relative to 8, 12.3 and 16.8 dB for ¢ = 4, ¢ = 16 and ¢ = 64, Respectively.

Code Average Complexity SNR Penalty (dB)
q:4‘q:16‘q:64 q:4‘q:16‘q:64
Embedded Orthogonal | 26.5 31.6 36.2 0 0 0
Perfect 26.8 32.2 36.8 1.1 1.1 1.1
TAST 26.7 32.4 37 1.1 1.1 1.1
Ismail et al. [66] 126 N/A | N/A | 04 N/A | N/A

We next discuss complexity and performance results for M = 6, N = 2 and R = 1.5,
which are shown in Figure 6.7. We see that the embedded G(2,1) and embedded G(4, 2)
orthogonal codes have better performance than the perfect and TAST codes. We omit
complexity results for the perfect code since it is decoded using the complex-valued sphere
decoder. We note, however, that even when we count a complex node as one real node, the
perfect space-time code is more complex than the embedded and TAST codes for certain
SNR values. For example, for ¢ = 64 the perfect code is 40% and 70% more complex than
the G(4, %) embedded code and TAST code, respectively, at the SNR required to achieve
bit-error rate of 1073.

Similar to the case of R = 1.5 for M = 4 antennas, we see that the TAST and G(2,1)
embedded orthogonal code have roughly the same complexity. Another interesting result
obtained in these simulation results is that the decoding complexity of the G(4, %) embedded

orthogonal code is significantly higher than the TAST and G(2,1) embedded code. We
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rationalize that this due to the fact that there are more levels in the tree for the G(4, %)

embedded code than for the other codes. Specifically, there are 24 levels in the tree search for
the G(4, %) embedded code, compared to only 18 for the other codes. This is due to the fact
that G(4, %) itself is a tall matrix of size 4 x 3. Hence, for the embedded code to achieve R =
1.5, it transmits 12 complex information symbols in 8 signaling intervals. By comparison,
the perfect, TAST and G(2, 1) embedded code transmit only 9 complex information symbols
in 6 signaling intervals. The complexity-performance tradeoff is summarized in Table 6.6.

Table 6.6: Average Complexity and Additional SNR Required to Achieve Bit-Error Prob-

ability of 1073 for M = 6, N = 2, and R = 1.5. Average Complexity and SNR Penalty are
Relative to 7.1, 11.2 and 15.7 dB for ¢ = 4, ¢ = 16 and g = 64, Respectively.

Code Average Complexity ‘ SNR Penalty (dB)
q=4 ‘ q=16 ‘ q=64 ‘ q=4 ‘ q=16 ‘ q=64
Embedded Orthogonal G(4,3) | 151 384 504 0 0 0
Embedded Orthogonal G(2,1) | 76 153 190 0.2 0.25 0.35
Perfect N/A N/A | N/A | 2.05 2.25 2.45
TAST 74 147 210 1.25 1.25 1.3

Based on Table 6.6, we believe that the G(2,1) embedded orthogonal code offers the
best complexity-performance tradeoff since the marginal increase in performance of the
G4, %) embedded code might not justify the significant increase in decoding complexity.
The G(2,1) embedded orthogonal code is within 0.35 dB of the G(4, 2) embedded code,
and it is better performing than TAST and perfect codes by at least 1.25 and 2.05 dB,
respectively.

Complexity and performance results for M = 4, N = 2 and R = 2 are shown in
Figure 6.8. We see that the embedded orthogonal space-time code is simultaneously lower
in decoding complexity and better performing than the perfect and TAST codes. The
complexity-performance tradeoff is summarized in Table 6.7.

As can be seen from Table 6.7, the embedded orthogonal space-time code is at least 0.85

dB better in terms of the SNR required to achieve error probability of 1073 compared to

TAST and perfect codes for any spectral efficiency. Furthermore, the embedded orthogonal
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Table 6.7: Average Complexity and Additional SNR Required to Achieve Bit-Error Prob-
ability of 1073 for M = 4, N = 2, and R = 2. Average Complexity and SNR Penalty are
Relative to 9.5, 14.2 and 19 dB for ¢ = 4, ¢ = 16 and ¢ = 64, Respectively.

Code Average Complexity SNR Penalty (dB)
g=4]qg=16]qg=64|q=4|q=16 | g=64
Embedded Orthogonal | 63 128 278 0 0 0
Perfect 82 197 407 0.85 0.88 1.17
TAST 81 208 408 0.85 0.92 1.16

code is 22%, 35% and 31% less complex than the perfect and TAST codes for ¢ = 4, ¢ = 16
and g = 64, respectively.

Complexity and performance results for M = 6, N = 2 and R = 2 are shown in Figure
6.9. We again omit complexity results for the perfect code since it is decoded using the
complex-valued sphere decoder. We also note that even when we count a complex node
as one real node, the perfect space-time code is more complex than the embedded and
TAST codes for certain SNR values. Similar to the case of four transmit antennas, the
embedded orthogonal space-time code is simultaneously lower in decoding complexity and
better performing than the perfect and TAST codes. The complexity-performance tradeoff

is summarized in Table 6.8.

Table 6.8: Average Complexity and Additional SNR Required to Achieve Bit-Error Prob-
ability of 1073 for M = 6, N = 2, and R = 2. Average Complexity and SNR Penalty are
Relative to 8.7, 13.1 and 17.9 dB for ¢ = 4, ¢ = 16 and ¢ = 64, Respectively.

Code Average Complexity SNR Penalty (dB)
g=4]qg=16[qg=64|q=4|q=16 | g=64
Embedded Orthogonal | 334 1750 7185 0 0 0
Perfect N/A | N/A | N/A [o70 | 070 | 1.00
TAST 497 4250 21200 | 0.50 0.90 1.05

As can be seen from Table 6.8, the embedded orthogonal space-time code is 0.5, 0.7 and
1 dB better than the perfect and TAST codes for ¢ = 4, ¢ = 16 and ¢ = 64, respectively.

Furthermore, the embedded orthogonal code is 33%, 59% and 66% less complex than the

136



Average Node Count

7000~

6000 -

5000

4000

w
8
3
3

2000

1000

3 4 5 6 7 8 9 10 !

3 7
Ey/ N, (dB) Ey/N, (dB)
(a) Performance for ¢ =4 (b) Complexity for ¢ =4
x 10
16 1
14} 1
12+ B
8 10 1
H
2
g o 1
I
g
H
o |
o |
2 |
6 7 8 9 10 11 12 13 14 15 16 6 7 8 9 10 11 12 13 14 15 16
E,/N, (dB) Ey/N, (dB)
(c) Performance for ¢ = 16 (d) Complexity for ¢ = 16
x 10
4 4
E J
o
g
2 J
s
g
g
<
N 3 —
11 12 13 14 15 16 17 18 19 20 21 11 12 13 14 15 16 17 18 ﬁ 20 21
E,/N, (dB) Ey/N, (dB)

(e) Performance for ¢ = 64

(f) Complexity for g = 64

Figure 6.9: Performance and complexity comparison for M = 6, R = 2 and N = 2 for
TAST (+), perfect (<) and embedded orthogonal space-time (CJ) codes.
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TAST code for ¢ =4, ¢ = 16 and q = 64, respectively.

Performance results for M = 6, N = 3 and R = 3 are shown in Figure 6.10. We omit
complexity comparison because the results obtained are statistically insignificant due to the
small number of channel realizations used to obtain the results. For example, 2000 channel
realizations at 4 dB SNR for 4-QAM generated more than 2000 bit errors for the TAST
curve (and other curves as well). However, it was observed that for one channel realization,
the sphere decoder visited more than 2.5 billion nodes, while for the rest of the channel
realizations, the sphere decoder visited less than 10,000 nodes, on average. By including
that one particular realization with more than 2.5 billion nodes visited in the average node
count, the average node count jumps two orders of magnitude to more than 1 million nodes.

As can be seen from Figure 6.10, the embedded orthogonal space-time block code is
more than 0.2 dB better than the perfect and TAST code in terms of the SNR required to
achieve error probability of 1073 for any spectral efficiency.

We have shown through simulations that the embedded orthogonal space-time block
codes have lower average decoding complexity than the quasiorthogonal, perfect and TAST
codes for up to six transmit antennas. This result is not surprising given the fact the
embedded orthogonal codes have the lowest worst-case decoding complexity compared to the
quasiorthogonal, perfect and TAST codes as shown in Table 6.2. Furthermore, simulation
results show that the error rate performance of the embedded orthogonal codes is better
than the perfect and TAST codes for any rate and any spectral efficiency up to six transmit

antennas and bit-error rate of 10~* or higher.
6.4 Conclusions

We have proposed a family of space-time codes for an arbitrary number of transmit antennas
and rates up to half the number of transmit antennas. We introduced the concept of em-
bedded orthogonal space-time codes, in which complex orthogonal designs assume the role
of complex information symbols in the encoding process. The proposed family of embedded
orthogonal codes has the lowest decoding complexity for any rate up to half the number of

transmit antennas. Furthermore, simulation results up to six transmit antennas show that
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the proposed embedded orthogonal space-time codes have better error rate performance
than previous constructions for all rates higher than one symbol per signaling interval. For
transmission rate of one symbol per signaling interval, the embedded orthogonal space-time
codes is within a fraction of a dB of the best performing space-time code, but it requires

lower decoding complexity.
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CHAPTER 7

CONCLUSIONS AND FUTURE WORK

In this thesis, we constructed space-time block codes with the aim of low complexity de-
tection at the receiver. Furthermore, we developed efficient maximum-likelihood decoding
algorithms of space-time block codes, with low average complexity. We next summarize the
contributions of this thesis to the transmitter and receiver design, and we highlight some

potential areas for future research.
7.1 Contributions

Because the worst-case decoding complexity plays a central theme in this thesis, we pre-
sented a unified framework for comparing space-time block codes in terms of their worst-case
decoding complexity. Using this framework, we showed that certain families of space-time
block codes have lower decoding complexity than an exhaustive-search decoder. One dra-
matic example that shows the value of our framework is the case of the golden code.

The golden code is one of the most important constructions of space-time block codes
for the two-input two-output channel offering not only full diversity but also full rate of
two symbols per signaling interval. Furthermore, the golden code achieves the diversity-
multiplexing tradeoff and in terms of the signal-to-noise ratio required to achieve a target
error probability, it performs better than all previously reported full-rate codes with two
transmit antennas. An exhaustive-search decoder for the golden code has a worst-case
decoding complexity grows with the fourth power of the alphabet size. We proved, however,
that the worst-case decoding complexity is sub-cubic in the alphabet size. Specifically, we
proved that the worst-case decoding complexity is O (q2'5), where ¢ is the alphabet size.
Furthermore, we proposed an efficient maximum-likelihood decoder that is not only 30%
lower in average complexity than a conventional sphere detector, but it outperforms a
conventional detector in terms of the worst-case decoding complexity, sort complexity and

decoding latency.
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Device mobility results in channels that could vary quickly between quasistatic fad-
ing and rapid time-varying fading, depending on the mobile speed or Doppler frequency.
Therefore, space-time block codes with reduced decoding complexity in both quasistatic
and rapid time-varying fading channels are of great practical importance. To this end,
we revisited the practically important two-transmit and two-receive antenna system and
proposed the asymmetric golden code. The asymmetric golden code is optimal in terms of
the diversity-multiplexing tradeoff, and it has a lower worst-case decoding complexity than
the golden code. Specifically, the worst-case decoding complexity is O (q2). Compared
to previous constructions for the two-input two-output channel, the asymmetric golden
code has the lowest decoding complexity and maintains its low decoding complexity on
both quasistatic and rapid time-varying channels. Furthermore, we proposed and efficient
maximum-likelihood decoder with low average complexity. Simulation results show that
the asymmetric golden code is an attractive alternative to other constructions in terms of
its complexity-performance tradeoff.

The desire for achieving higher data rates provided the motivation to construct high-rate
space-time block codes, whose transmission rate is higher than one symbol per signaling
interval. Two important families were constructed that achieve full-rate equal to the num-
ber of transmit antennas, these are the perfect and threaded algebraic space-time block
codes. A drawback to the perfect and threaded algebraic codes is that they encode only the
information symbols, but not their conjugates. This results in an effective channel matrix
that contains only the fading coefficient, but not their conjugates, and hence, the effective
channel matrix cannot have orthogonal columns, in general. Therefore, unlike orthogonal,
quasiorthogonal and semiorthogonal algebraic space-time codes, the perfect and threaded
algebraic space-time block codes cannot exploit any reduction in decoding complexity that
would be possible due to the orthogonality among the columns of the effective channel
matrix.

We overcome the drawback of encoding only the information symbols in high-rate space-
time codes by introducing the concept of embedding, in which orthogonal designs subsume

the role of information symbols in the encoding process. The embedding concept was then
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used to construct the embedded orthogonal space-time block codes. Because information
symbols appear along with their conjugates in the space-time code matrix, fading coef-
ficients along with their conjugates also appear in the effective channel matrix, inducing
orthogonality among its columns. The embedded orthogonal space-time codes subsume two
important families as special cases, the single-symbol decodable space-time codes and the
semiorthogonal algebraic space-time block codes. When compared to previously reported
space-time codes including quasiorthogonal, threaded algebraic and perfect space-time block
codes with the same number of antennas and the same rate, the embedded orthogonal space-
time codes have the lowest worst-case decoding complexity. Furthermore, simulation result
show that the embedded orthogonal codes are also lower in error probability on quasistatic
Rayleigh channels for up to six transmit antennas and rates higher than one symbol per

signaling interval.
7.2 Future Work

The space-time block codes discussed in this research are not separable for rates higher than
one symbol per signaling interval. In other words, the decoding cannot be done over two
or more independent groups of symbols. One important contribution in this area would be
to establish necessary conditions for the existence of full diversity and high-rate separable
space-time codes. Equally as important is the determination of the maximum achievable
rate of a fully diverse space-time block code for a given number of antennas.

To our knowledge, the first separable high-rate design reported in literature is due to
Yuen-Guan-Tjhung [67]. In particular, a rate % design was proposed for four transmit
antennas. The proposed design in [67] not only sacrificed the transmission rate, but it
also sacrificed the transmission diversity such that it only achieves a second order diversity.
Another construction of rate g space-time code was proposed for four transmit antennas
in [68]. The proposed code in [68] also has second-order transmit diversity and as a result,
orthogonal and quasiorthogonal space-time block codes outperform the code in [68] at high
signal-to-noise ratio values. The maximum transmission rate of separable space-time block

codes, as well the systematic design of such codes remain open research problems.
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Another interesting direction for future research is the development of space-time block
codes that achieve full diversity when low complexity suboptimal decoders are used. Sev-
eral computationally efficient suboptimal decoders are proposed in the literature. These
suboptimal decoders vary in complexity, with some requiring only linear complexity, but
they do not achieve the optimal performance of the ML decoder. Hence, they offer a trade-
off between complexity and performance. Suboptimal decoders include the zero-forcing
and minimum mean-squared error linear equalizers, the decision-feedback equalizer, the
lattice-reduction-aided equalizer [69], and the fixed-complexity variants of the sphere de-
coding algorithm [70][71]. The interested reader is referred to [72] for an extensive review
of suboptimal MIMO decoders.

A recent contribution in this direction is the development of space-time block codes
that achieve full diversity when a linear equalizer is used to separate the decoding of the
transmitted symbols into two or more groups [73]. This approach is different from the
separable approach to the design of space-time block codes in the fact that the space-
time block codes developed in [73] are not separable until after a linear equalizer is used
to separate the decoding into two or more groups. Full transmit diversity can then be
harnessed at the receiver using an ML decoder applied to each group. The maximum rate
of these space-time block codes is % for two antennas, % for four antennas, and upper

bounded by 2 for larger number of antennas.
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APPENDIX A

OPTIMUM 4, 16 AND 64-POINT HEXAGONAL CONSTELLATIONS
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Figure A.1: Optimum hexagonal constellations for ¢ = 4, ¢ = 16 and g = 64.

145



APPENDIX B

PROOF OF THE KEY PROPERTY FOR FAST DECODING OF THE
GOLDEN CODE

We will use a QR decomposition of H from (4.4), namely H = QR, to construct a QR
decomposition of H = HU, namely H = QR.

Inspection of (4.4) reveals that hihy = hthy = hihs = hih, = 0, which implies that the
subspace spanned by the first and third columns of H is orthogonal to the subspace spanned

by the second and fourth columns. This fact implies that 7192 = 714 = 723 = 734 = 0, so

that:
H = HU
rip 0 rm3 0 c s 0 O
_ 0 722 0 ro4 -s ¢ 0 O
= Q
0 0 733 O 0 0 ¢ s
_0 0 0 f4,4_ _0 0 —s c|
= QF, (B.1)
where
X
F = ,
0 Z
cryn ST
X = ,
—ST29 (22
cri3  Sris
Y =

—STa4 CIrag

cr33  ST33
7 - . (B.2)

—ST44 Cr44

Observe that the submatrices X and Z are entirely real, since ¢ and s and 7, i € {1,2,3,4},
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are all real. Therefore, we can transform F into an upper triangular matrix R = WF via

the purely real Givens rotation matrix:

W; O
W = (B.3)
0 W,
where
1 crilr —Sr2p2
Wi = —— 2 -2 ’
\/(CTLl) + (ST272) 5772’2 CFLI
1 Cr33 —sT44
W, = — — ) (B.4)
\/(CT3:3) + (87‘4’4) S§T44  Cr33

Substituting F = W TR into (B.1) yields the desired QR decomposition H = QR, where
Q=QW' and
W; o0 XY A B
R =WF = = . (B.5)
0 Wy |0 Z 0 D
Since W1, Wy, X and Z are all real, it follows that both A = WX and D = WyZ are

real. And by construction of Wy and Wy, both A and D are upper triangular. O
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APPENDIX C

OPTIMAL ASYMMETRY COEFFICIENT K

For the asymmetric golden code, the coding gain in (2.12) can be written as

' . ~ \1/M
r = gg@am—C)w—c»

= min <] det(C — C)P) i

c-C
= min |det(C — C)|. (C.1)
c-C
Since we are maximizing the coding gain for QAM alphabet, which is a subset of Z[i] =

{a + bi}, a,b € Z, where i = \/—1, and because the asymmetric golden code is linear, the

asymptotic coding gain of (C.1) can be written as:

() = | det(C)|, C.2
( ) (Aa:1,Ax2,IgicIf;,A:c4)6M| e( )| ( )

where M £ {Z +4Z}* — {0,0,0, 0} is the 4-tuple of all possible complex integers excluding
{Ax1, Axg, Axs, Azy} = {0,0,0,0}, which is the all zero 4-tuple. Since the difference

between two integers is again an integer, we simplify the coding gain expression as follows

I'(K) = min | det(C)]. (C.3)

(w1,@2,23,84)EM

Substituting the definition of C in (5.13) into (C.3) yields:

r(K) =

(uruly — K2 ugu)

. 2
min —_—
(z1,22,23,74)EM ’ 1+ K2

1 2
-5 : 1o K2 - K? C.4
\/5 (501,132715?31,11314)6/\/( ' 14+ K2 (g(xl’ 332) g(x3’ x4)) ) ( )
where
g(CL7 b) = (—\a!z + ’b’z + %{a*b} —- ﬁ%{a*b}> . (0.5)

We next find the value of K that maximizes (C.4). We proceed in two steps: first, we
establish the bound I'(K) < 1/4/20; then, we show that }C = 1/v/3 achieves the bound with

equality.
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To establish the bound, let us introduce £ C {(0,0,1,0), (1,0,1,0),(1,0,1+14,0)} C M.
Because L is a subset of M, it clearly follows that mina{ -} < minz{-}, so that the coding

gain of (C.4) can be bounded by:

- \%mm{l +2IC2’C2’ 1 +2IC2 (1=K%), 1 +2IC2 [1- 2162‘}

2 2 _ ox2
= \%1?€§omin{1fk2’i+i2"11+21,CC2‘} (©6)
- sE T (1)

The inequality of (C.6) follows from the fact that h(K) < max;sx>o{h(K)} for any function

h(K) and for any K > 0. The equality in (C.7) is a result from the following lemma.

Lemma C.1. The maximum of the minimum is:

_ K2 o1-K2 1-2K2|| ©8)
s MM TR T+ 14K (4 '

and is achieved for K = 1//3.

Proof. The functions K?/(1 + K?) and (1 — K?)/(1 + K?) are monotonically increasing and
decreasing, respectively. The function |1 — 2KC?|/(1 + K?) is decreasing for K € (0,1/v/2]
and increasing for K € (1/4/2,1). We find the maximum of the minimum over two regions;
K€ (0,1/v2] and K € (1/v2,1).

For K € (0,1/v2], the maximum of the minimum of (C.8) occurs at the intersection
of the increasing function K2/(1 + K?) and the smaller of the two decreasing functions
(1-K?)/(1+K?) and |1 —2K?|/(14K?). Since |1 —2K?| < (1-K?) for K € (0,1/v/2], the
maximum of the minimum occurs at the intersection of X?/(1+XK?) and |1 —2K?|/(1+K?),
namely at K = 1/4/3. The maximum of the minimum is given by i.

For K € (1/v/2,1), the maximum of the minimum occurs at the intersection of the
decreasing function (1 — K2?)/(1 + K?) and the smaller of the two increasing functions
K2/(1+ K?) and |1 —2K2|/(1+K?). Since |1 —2K?| < K2 for K € (1/v/2, 1), the maximum

of the minimum occurs at the intersection of |1 — 2K?| and (1 — K?), namely at K = /2/3.
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The maximum of the minimum is given by 1/5 . Therefore, the maximum of the minimum

is 1 and occurs at K = 1//3. O

We next show that the bound I'(K) < 2—\1/5 of (C.7) is in fact achievable with equality

with K = 1//3. Substituting K = 1/4/3 into (C.4), we have:

1
= — min 13g(x1,x2) — g(x3,24)] . (C.9)

r'a/v3
( /\[) 2v/5 (x1,22,23,24)EM

In order to show that T'(1/v/3) = 2—\1/5, we first prove that T'(1/v/3) = 0 only if 21 = 29 =

x3 = x4 = 0 in the following lemma.
Lemma C.2. The function f(x1,z2,x3,24) = 39(x1,22) — g(23,24) = 0, for z; € {Z+iZ},

i€{1,2,3,4}, only if x1 = o = x3 = x4 = 0.
Proof. Assume that f(z1,22,23,24) = 0, then we have that
3g9(z1,22) — g(z3,24) = 0. (C.10)

The equation in (C.10) implies that 3 divides g(zs,z4), which is denoted 3|g(x3,z4). We
next show that if 3|g(a,b), then 3|a, 3|b and 9|g(a, b).

Let a = 3l,+74 and b = 3l +71p, where Uy, Iy, € {Z+iZ}, and rq, 1 € {0,1,2}4+{0, 1,2}.
Since, 3|g(a,b), we have that 3|g(rq, 7). By considering the finite number of possibilities
for r, and rp, we can easily verify that 3|g(rq,7p) only if r, = 7, = 0. Therefore, 3|a and

3|b. Consequently, g(a,b) is then given by

gla,b) = (—]3la\2+\3lb\2+%{3l23lb}—i-\/g%{?)lj;?)lb})

-9 <—|za|2 ) + R{LY — - ﬁ%{z;zb}) . (C.11)

As a result, we also have that 9|g(a,b).

Therefore, f(x1,x2,x3,24) = 0 implies that 3|g(z3,x4), which in turn implies that 3|xs,
3|xy4, and 9|g(x3,x4). However, 9|g(x3,x4) implies that 3|g(x1,x2), which in turn implies
that 3|x1, 3|ze, and 9|g(x1,x2). We then have that 3|xg, £ € {1,2,3,4}. Hence, we can
divide (C.10) by 3 and obtain an identical equation in the coefficients yx = %, where
yr € {Z + iZ}. Since we can repeat this argument and divide by 3 indefinitely, the only

possible solution to f(z1,z2,23,24) = 0 is when 21 = 29 = x3 = x4 = 0. O
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The desired result that T'(1/v/3) = 2\% follows from (C.9) and Lemma C.2. In particular,
Lemma C.2 proves that [3g(x1,x2) — g(x3,24)| # 0 for (x1,z2,x3,24) € M. Since the real
part of 3g(x1,x2) — g(x3,24) is an integer, while the imaginary part is an integer multiple

of /5, it follows immediately that:

min 13g(x1,z2) — g(x3,24)| = 1. (C.12)
(z1,22,23,24)EM
Substituting (C.12) into (C.9), we obtain that I'(1/v/3) = ﬁ O
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APPENDIX D

PROOF OF THE KEY PROPERTY FOR FAST DECODING OF THE
ASYMMETRIC GOLDEN CODE

Direct computation of the elements of R from the effective channel matrix in (5.21) yields:

3
i, = \/;\/ 2y + 820

ri2 = 0
3
r,3 = m(ﬂl — pi2)
V3
T4 = 214 H3
1
T2 = ﬁ 71,1
ro3 = \/gri‘A
—1
24 = % 1,3
r33 = \/\/2;7!??’ V2uy + s2us
r3g4 = 0
1
Ta4 = % 73,3, (D~1)

where these results are expressed in terms of the following four intermediate variables:

pr = |hia* 4 |hof?

p2 = |hoa|*+ |hool?

ps = hijha1 + hishao

pa = hi1hao —hioha;. (D.2)

Because fading is quasistatic, we dropped the time index for simplicity of notation. Because

r1,2 = r34 = 0, the matrices A and D in (5.22) are diagonal with real entries. Specifically,
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we have:
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APPENDIX E

PROOF OF THE SEPARABILITY OF EMBEDDED ORTHOGONAL
SPACE-TIME BLOCK CODE FOR R =R,

We will determine the separability and the worst-case ML decoding complexity of the em-
bedded orthogonal space-time block code by examining the properties of the R matrix in
the QR decomposition of the effective channel matrix in (6.24). For the G(M;,R1) em-
bedded code and for R = Ry, then it follows immediately that Re = [R/R1]| = 1 and
My = M /M. Without loss of generality, we can assume a single receive antenna such that

N =1. Let n = 2R 111, then the effective channel matrix is given by

H = blkdiag(H;) G

Hl,l 0 0
0 HL? 0
= . . . (G®In)
|0 0 Hi, M,
Hip O - 0 giily  gi2ly - granly
0 Hip -~ 0 g2l ge2ly o gaanl
_ 77 m = (E.1)
| 0 0 - Himp] (9vp0ly grn2ly - gMp Ty
blkdiag(H) G

We next perform a QR decomposition on blkdiag (I_Il) such that blkdiag (I_Il) =

QuRpy. Because each subblock Hy,, m € {1,---, My} in the block diagonal matrix is
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orthogonal, it follows that

fI, 0 0
_ 0 Sl 0
blkdiag (H) = Qu K , (E.2)
L 0 0 ﬁMzIn_
Ry
where (3, = \/le\;ho—l ’hM1mfl,1’2v m e {l,---, Ma}.
The effective channel matrix in (E.1) can then be expressed as
G, 0 .- 0 gialy g2y, 0 gy
. 0 I - 0 92,11 9220, - gl
0 - qQy 7 7 n 2 dn
L 0 0 6M2I?7_ _9M2,1I77 9M2,2IT7 gMz,MzIn_
Brg111, Brgily o BigiaIy
B2g211, Bageoly o Began]Iy
= Qu
_/8M29M271177 BM29M2,2I7I e ﬂM2gM2,M2177_
= QgF. (E.3)
Let f,, m € {1,--- ,nMs}, designate the m-th column of the matrix F. There are 7

orthogonal subspaces in the matrix F. This follows from the simple form of the matrix F,
wherein each subblock is a scaled n x 7 identity matrix with all its columns orthogonal to
each other. Specifically, the subspaces spanned by the group of columns F; = {fl+n(k_1)}
forl € {1,---,n} and k € {1,--- , My}, are orthogonal to each other. We perform another

QR decomposition; this time on the matrix F to obtain

F =QsR, (E.4)
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where

rialy riply o Ty
T272I77 e T27M2:[77
R p—
i T Mo, M 1y |
i Ti2 T1,M>
T22 ot T2 M,
= ®I77
L T'Ma,Ms |
R
= R®I, (E.5)

The form of the R matrix follows directly from the fact that there are n orthogonal sub-

spaces. Substituting F = QR into (E.3) yields the desired QR decomposition H = QR,
where Q = QHQF

Using the real-valued system model in (2.7), the ML decoder minimizes the cost function
P(x) = |y - Hx|*
= |z -Rx|?, (E.6)

where z = Q% and R is given in (E.5). The cost function in (E.6) can be written as the

sum of 7 cost functions as follows

P(x) = |z-Rx|?
n
= > lla—Rxil?, (E.7)
=1

where
® 7 = {zl-i—n(k—l)}’ l € {1, ,7’]}, and k € {1, ,MQ}
* X; = {i'l—i-n(k:—l)}v le {1, s ,77}, and k € {1, s ,MQ}

e R is the My x My upper triangular matrix in (E.5)
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As can be seen from (E.7), the ML cost function can be written as the sum of 7 independent
terms. Therefore, the decoding can be done over 7 independent groups, with each group
containing M5 real symbols. Hence, the rate R = R; embedded orthogonal space-time block
code for M antennas is n-group decodable. Since n = 2R177 > 2min{R1T1} > 2 x 2 = 4,
the embedded orthogonal space-time block code is separable.

Finally, since each group contains M real symbols drawn from ,/g-ary alphabet, the

Ao —

worst-case ML decoding complexity is O (\/ZJM2_1) =0 (qlL 2 1). This is because there

are \/QMTl ways to choose the first My — 1 symbols, and for each choice, the last symbol
can be decoded using a slicer, whose complexity is O(1). Since My = M /M;, we have that

M/My—1
the ML decoding complexity is O (q 2 ) ]
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APPENDIX F

PROOF THAT THE EMBEDDED ORTHOGONAL SPACE-TIME
BLOCK CODE IS NOT SEPARABLE FOR R > R,

In order for the embedded orthogonal space-time block code to be separable, there needs
to be at least one column in one group of columns in the effective channel matrix that
is orthogonal to all the other columns in the other groups. For example, for a 2-group
decodable space-time code, there needs to be two groups of columns, where the columns in
the first group are orthogonal to all the columns in the second group.

It is sufficient to examine orthogonality between the columns in a simpler form of the
effective channel matrix. Specifically, we can assume a single receive antenna such that the

effective channel matrix is given by

H = |blkdiag (J°H,) G blkdiag (J'H;)G -+ blkdiag(J™2 'H;)G|, (F.1)

where Rg = [R/R1] > 2. This simplification results from the fact that all subsequent rows
in the effective channel matrix have identical form to (F.1), and they do not encode fading
coefficients that appear in the first 277 My rows.

Since ¢ can take any value such that |¢p| = 1, we will simply assume that ¢ = 1. The

effective channel matrix in (F.1) can be written as

g1 M1 o gamHin g1 H1 M, e 91,MH1 M
" o1 M2 - gmHip2 - 92,1 M1 1 92,M H1 1
LY A Y SR ) VYo% a STV SR /) VAR W s SISV S SRR /) VoW Vo s AW VRSl

(F.2)
Separability for any space-time code should hold for all channel realizations. To show
that the embedded orthogonal code is not separable, we only need to show that there is at

least one channel realization for which the code is not separable. We will consider two cases,
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when M> = 2 and when Ms > 2. We do not consider the case My = 1, since as discussed
earlier, it implies that there is no embedding, and we simply obtain the orthogonal design
with R = Ri. As proven in lemma 6.2, the embedded orthogonal design is separable for
R = R1. In this lemma, we are concerned with the case of R > R, which implies that
My > 1.

Case 1 (Ma = 2): Since My € {2,3,4} and My = 2, we have that M € {4,6,8}. Given
the finite number of configurations, one can easily verify numerically that the embedded
orthogonal space-time block code is not separable from the form of the R matrix in the QR
decomposition of the effective channel matrix.

Case 2 (My > 2): Let us assume a channel realization wherein H; 3 through H; az,
are all zero. With this assumption, let us consider the orthogonality among My groups
of columns, where the ¢-th group, ¢ € {0,--- ,R2 — 1}, contains the columns of blkdiag
(Je}_ll) G. For a column in the ¢;-th group to be orthogonal to a column in the ¢5-th
group, where ¢1 # {2, the product h;l,lhkz? must be zero, where hy, 1 is the ki-th column
in Hq,1 and hy, o is the ko-th column in H;2. This follows directly from the effective
channel matrix in (F.2) and from the assumption that H; 3 through M ys, are zero. For

example, for My = 3 and Ry = 2, we have

g1 Hi1 gi2Hiy gisHin giiHie gioHie gizHie 0 0 0
H= [g1H12 ¢22Mi12 gosHio 0 0 0 g1 M1 gooHi1 g23Hia
0 0 0 g3,17'£1,1 g3,27't1,1 93,3H1,1 93,1H1,2 g3,2H1,2 93,3H1,2

(F.3)
The product h;—hlhk%z is in general nonzero. Therefore, there is no column in the £;-th group
that is orthogonal to any column in the fs-th group, where ¢ # £5. Therefore, we cannot
construct a group of columns that contains columns from the different Ms groups such
that its columns are orthogonal to the other groups of columns. Therefore, the embedded
orthogonal space-time block code is not separable for My > 2.
The embedded orthogonal space-time block code is not separable for My > 1. Therefore,
the embedded orthogonal code is not separable for R > Ro, since this relationship implies

that Ms > 1. O
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