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Summary

In this thesis, we consider the design of two types of closed-loop combined sys-
tems of beamforming and space-time block codes (STBC) taking the degree of the
feedback channel state information (CSI) at the transmitter into account. The
first type is the combined system of beamforming and predetermined Alamonti’s
STBC, where only the beamforming matrix is the free parameter that can be ad-
Justed according to the feedback. Different from the existing combined system
of beamforming and orthogonal STBC (OSTBC) where different OSTBC is used
for different number of transmitting antennas, our combined system uses fixed
Alamouti’s STBC regardless of the number of the transmitting antennas. Thus,
the application of Alamouti’s STBC for two transmitting antennas is extended to
more than two by using the beamforming technique. Typical simulation results
arc presented and performance analysis is also conducted. It is shown that the
new combined system has a significant performance improvement over Alamouti’s
STBC while still maintaining high bandwidth efficiency. Furthermore, it achieves
a tradeoff between system complexity and performance compared with the exist-
ing combined system of beamforming and OSTBC. Following that, in the sccond

type of combined systems, we arc motivated to jointly design the beamforming and

XV
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STBC from a performance point of view. The existing jointly-designed unstruc-
tured STBC has been known to give an excellent performance, but at the expense
of high design and decoding complexity. Hence, we propose a jointly-designed
linearly-structured STBC to reduce the computational complexity of the joint de-
sign. Although the lincar structure gencrally limits the degrees of freedom in the
design, simulation results show that the proposed system can provide better per-
formance than the unstrnctured code. This is because the jointly-designed lincar
STBC is based on a more efficient design eriterion developed in this thesis than the
one applied by the unstructured STBC. In addition, the gradient scarch techniques
used in the existing unstructured code is a local numerical optimization procedure,
which requires repeating the searches with different initializations. Thercfore, a
simple genetic algorithm (SGA) which is a global optimization method is adopted

to further reduce the complexity of the system in this thesis.

xXvi
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Chapter 1

Introduction

1.1 Background Information

The demand for capacity in cellular and wireless local area networks, as well as
information throughput in the wireless internet access and multimedia applica-
tions has grown in a literally explosive manner during the last decade. One major
technological breakthrough of improving the capacity, data rate, and reliability of
a wireless communication link is the use of multiple antennas at the transmitter
and receivers in the system. A system with multiple transmitting and receiving
antennas is often called a multiple-input multiple-output (MIMO) system. With
multiple antennas at the base station, and one antenna at the mobile, the up-
link is a single-input multiple-output (SIMO) radio channel, whereas the downlink
is multiple-input single-output (MISO). Current research efforts demonstrate the
great potential of MIMO technology in third- and fourth-generation (3G,4G) cellu-
lar systems, fixed wireless access, wireless local area networks and ad hoc wireless
battlefield networks.

The attractive characteristic of a MIMO channel is that it may be used to
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increase the data rate by transmitting multiple streams simultaneously using dif-
ferent spatial channels. Thus, in a sense, the MIMO channel increases the effective
bandwidth of a wireless channel [37]. This challenges the conventional idea that ex-
tremely high data rates cither require extremely wide frequency bandwidth and/or
extremely high transmission power. Nevertheless, since the MIMO techniques re-
quire heavy signal processing to gain access to the projected spatial bandwidth,
the complexity of the terminals and network elements will increase compared to
the traditional models offering similar data rates with a larger bandwidth. Despite
the implementation complexity, the MIMO techniques are attractive especially for
those systems which have no bandwidth in abundance while require high data
rates. Furthermore, even if extremely high data rates are not necessary, the in-
creased fading resistance inherently arising from diversity of many MIMO systems
can be used to increase system capacity or coverage.

The calculations of the information-theoretic capacity assuming a flat Rayleigh
fading environment are developed in [16,90]. Such capacity results are important
because they express bounds on the maximal achievable data rate. The fundamen-
tal capacity limits for transmission over MIMO channels are derived and discussed
in [52,94], which can be used for the analysis of different transmission schemes.
The capacity limits highlight the potential spectral efficiency of MIMO channels,
which grows approximately linearly with the minimum number of antennas, as-
suming ideal propagation [16,90].

To evaluate various techniques adopted by the MIMO systems, it is worth

introducing and defining three important performance measurement parameters
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involving coding gain, diversity gain and array gain.

e (Coding gain refers to the increase in efficiency that a coded signal provides
over an uncoded signal. Expressed in decibels (dB), the coding gain indicates
a level of power reduction that can be achieved for the same bit error rate

(BER).

e Diwversity gain refers to the number of independent fading signal branches
between the transmitter and the receiver. Wireless links are impaired by the
random fluctuations in signal level across space, time and frequency known
as fading. Diversity is used in wireless channels to combat fading. Diversity
provides the receiver with multiple (ideally independent) looks at the same
transmitted signal. Each look constitutes a diversity branch. With an in-
crease in the number of independent diversity branches, the probability that
all branches are in a fade at the same time reduces sharply. Thus diver-
sity techniques stabilize the wireless link leading to an improvement in link

reliability or error rate.

e Array gain refers to the average increase in the signal-to-noise ratio (SNR)
at the receiver that arises from the coherent combining effect of multiple
antennas at the receiver or transmitter or both. For example, in a SIMO
channel, signals arriving at the receiving antennas have different amplitudes
and phases. The receiver can combine the signals coherently so that the
resultant signal is enhanced. The average increase in signal power at the

receiver is proportional to the number of receiving antennas. In the MISO
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or MIMO channels, array gain exploitation requires the channel state infor-

mation (CSI) at the transmitter.

The diversity gain and coding gain affect the performance curves in different
ways. Diversity gain affects the slope of the error rate versus SNR curve on a
log-log scale — the greater the diversity, the more negative the slope. Coding gain
affects the horizontal shift of the curve — the greater the coding gain, the greater
the shift to the left. The effect of array gain is similar to that of coding gain (i.e.,

it causes a left parallel shift in the curves) and is strictly independent of SNR.

1.2 Literature Review and Motivations

The increased interest in MIMO model for future evolutions of wireless systems
arises from its benefits and potentials such as improved fading resistance, interfer-
ence mitigation, reduced transmitter power levels per transmitting antenna path
(which simplifies power amplifier design problems), a new dimension provided for
rate and power allocation problems and theoretically higher system capacity, etc
[37].

The MIMO communication system is usually equipped by implementing an-
tenna diversity involving receiving diversity and transmitting diversity techniques,
where one exploits the fact that the channel fading is (at least partially) indepen-
dent between different points in space. The receiving diversity is widely recognized
and employed as an effective means to improve the quality of the uplink. It leads to
a considerable performance gain, both in terms of a better link budget and in terms
of tolerance to co-channel interference. The signals from the multiple receiving an-

4
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tennas are typically combined in digital hardware, and the so-obtained performance
gain is related to the diversity effect obtained from the independence of the fading
of the signal paths corresponding to the different antennas. Maximum-ratio com-
bining (MRC) [4,26,41,78] is a classical combining technique used for receiving
diversity, where the signals from the receiving antennas are weighted such that the
SNR of their sum is maximized.

However, equipment size, cost and power consumption limitations hamper the
deployment of receiving diversity at the mobile, hence, it makes the use of trans-
mitting diversity in the downlink a powerful and promising method for increasing
the performance. It has been realized that many of the benefits as well as a sub-
stantial amount of the performance gain of receiving diversity can be reproduced
by transmitting diversity. The development of transmitting diversity techniques
began from the early 1990’s and since then the interest in the topic has grown in a
rapid fashion. Owing to transmitting diversity, a performance increase is possible
without adding extra antennas, power consumption or significant complexity to
the mobile. Furthermore, the cost of the extra transmitting antenna at the base
station can be shared among all users, consequently the use of transmitting di-
versity at the base station has attracted a special interest in a cellular or wireless
local area network. In this thesis, our attention is thereby concentrated mainly on
the MISO system equipped by using transmitting diversity.

Perhaps one of the first forms of transmitting diversity was antenna hopping,.
It attracted some attention during the early 1990's as a comparatively inexpensive
way of achieving a transmitting diversity gain in systems such as GSM. More re-

)
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cently there has been a strong interest in systematic transmission techniques that
can use multiple transmitting antennas in an optimal manner. Thus, space-time
coding finds its applications in cellular communications as well as in wireless local
arca networks. Space-time coding is a means of enhancing the level of diversity
presented to a receiver in a wireless link. Since it can separate the problem of
combating fades from that of channel equalization, the design criteria are gener-
ally derived from the case of a narrowband modulation and a flat fading. In 1998,
Tarokh et al. proposed space-time trellis codes (STTC) in [87]. By jointly design-
ing the forward error correcting (FEC) code, modulation, transmitting diversity
and optional receiving diversity scheme, they increased the throughput of band-
limited wireless channels. The drawback of STTC is that the decoding complexity
increases exponentially with the transmission rate.

In addressing the issue of decoding complexity, Alamouti [4] proposed a much
less complex scheme with two transmitting antennas than STTC, namely space-
time block codes (STBC), but there is a loss in performance. Despite of the
performance penalty, STBC is still appealing in terms of simplicity and perfor-
mance. This motivates Tarokh et al. to generalize the Alamouti’s transmission
scheme to STBC with an arbitrary number of transmitting antennas by applying
the theory of orthogonal designs. These codes, called orthogonal space-time block
codes (OSTBC), are able to achieve the full diversity promised by the transmitting
and receiving antennas and retain the property of having a very simple maximum-
likelihood (ML) decoding algorithm based only on linear processing at the receiver.
However, the orthogonal design prevents OSTBC from achieving full code rate for

6
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systems with more than two antennas in the case of using complex constellations.

Recently, linear STBC represents an interesting class of codes that has re-
ceived much attention in the literature [27,31]. The well-known class of OSTBC
is an important type of linear STBC. However, linear STBC deliberately relax the
requirement of orthogonal designs and break the rate limitations associated with
OSTBC. Thus a full diversity gain or/and the simple ML decoding algorithm based
on linear processing at the receiver are not guaranteed. An automatic procedure for
designing linear STBC is proposed in [47], based on a performance measure which
is obtained by upper bounding the union bound expression of the codeword/block
error probability (BLER).

In general, STBC are open-loop solutions for transmitting diversity in MIMO /MISO
systems, which are designed to operate without CSI at the transmitter. The system
performance may be further improved if the information of channel realization is
available at the transmitter. The closed-loop concepts exploit CSI that is provided
to the transmitter using closed-loop signalling. The CSI can be used to weigh the
signals transmitted from the base station antennas so as to achieve constructive
signal combining, producing additional array gain, and therefore link capacity in-
creases. The non-coded transmitting diversity techniques with a feedback channel
have been around for some time [20,21,95]. Currently, the closed-loop transmit-
ting diversity without STBC is explicitly supported by the wideband code divi-
sion multiple access (WCDMA) wireless standard, which illustrates the practical
significance of such schemes [14]. The WCDMA Release’99 and Release 4 specifi-

cations include two transmission closed-loop modes (2, 3], where different channel

-
i
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quantization and feedback signalling strategies are considered. But the WCDMA
transmitting diversity solutions explicitly support only two transmitting antennas.

The traditional way of exploiting CSI at the transmitter is via transmitter
beamforming techniques that essentially steer the transmission in the direction
of the recciver so as to improve the SNR. Generally, under the ideal conditions
of infinite precision instantaneous feedback, purely (without STBC) closed-loop
schemes with feedback offer a substantial performance advantage over schemes
without feedback in the slow flat fading scenario, and can achieve full diversity
[45,56,60]. However, several issues arise in the practical implementation of these
schemes, including channel variations during the feedback delay, bit errors induced
by the feedback link, quantization errors of the CSI, channel estimation errors at
the recciver, etc. Although we may generally assume that the channel estimation
at the receiver is perfect [45,48,69,93], the feedback delay and feedback channel
bit errors are known to severely impair the system performance and the asymp-
totic diversity gain of the purely closed-loop schemes is equal to unity [37]. This
drawback of purely closed-loop schemes makes their applicability depend on the
operation point of the system.

To mitigate the detrimental consequences of errors in the channel information,
the performance of hybrid open-loop and closed-loop MISO systems with partial
CSI has been addressed from a capacity point of view in [38,50,69,93], from a
pairwise error probability (PEP) point of view in [45, 48,49] and from a BER point
of view in [97,98]. From these studies, it is suggested that the hybrid closed-loop
and open-loop transceiver concepts are able to maintain a high diversity order,

8
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even in the presence of imperfect CSI at the transmitter.

Among those hybrid transmission methods [38, 45, 48-50, 69, 93, 97, 98], the com-
bined system of beamforming and STBC [45,48,49] relying on the degree of CSI
at the transmitter becomes remarkably attractive. It is obvious that when perfect
channel feedback is assumed, beamforming is the optimal strategy entailing trans-
mission in a single direction specified by the feedback [69]. On the other hand,
with no channel feedback, coded diversity is the optimum strategy to transmit
equal power signal in orthogonal independent directions [70,90]. The combined
transmission scheme combines the two extremes according to the degree of the
available CSI at the transmitter, which can balance the array gain (due to the
CSI feedback) and the diversity gain (due to open-loop modulation concepts). In
this way, the combined transmission scheme continues to work well even when the
quality of the feedback CSI is low, since it holds purely open-loop concept in the
absence of feedback CSI.

The feedback CSI in the aforementioned combined system [45,48,49] is mod-
elled using a purely statistical approach, known as mean feedback. Even though
a similar model for the CSI was utilized in [69, 96] for determining suitable trans-
mitter beamformers in the presence of channel estimation errors, those papers do
not consider space-time codes. Another possibility for modelling partial CSI is to
take on a physical perspective where the signals arc assumed to propagate along a
finite number of directions, known at the transmitter, before entering a rich local
scattering environment near the receiver. This is the approach used in [71] for
adapting a predetermined space-time code to the particular channel.

9
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The seamless combination of beamforming and OSTBC in [45] is referred to as
weighted OSTBC, where the feedback CSI at the transmitter taken into account
is assumed to be noisy and outdated but unquantized. In order to achieve full
diversity, the dimensions of OSTBC and beamforming matrix are enlarged as the
number of antenna increases, resulting in the system to become significantly com-
plex in the case of a large number of transmitting antennas. A tradeoff between
system complexity and performance is, therefore, an important issue for the design
of the combined system and has motivated us to do further study in this thesis.
Furthermore, the pioneering work on weighted OSTBC present only simulation
results, leaving the analytical performance evaluation of this type of combined
system as an open problem. Therefore, this also motivates us to develop effective
tools for investigating the error probability performance of the combined system
under study.

In the above weighted OSTBC system, OSTBC is predetermined and only
beamforming matrix is the free parameter that can be adjusted. From a per-
formance point of view, STBC and beamforming should be defined jointly. The
CSl-dependent unstructured STBC in [48], on the other hand, is a jointly-designed
transmission method based on quantized CSI obtained via a dedicated feedback
link. In addition to noisy feedback channel and feedback delay induced errors men-
tioned previously, the system in [48] is assumed to suffer from errors in the channel
information due to CSI quantization. The adopted design criterion is obtained by
upper bounding the BLER conditioned on the CSI through the use of union bound
principle as well as an upper bound on the PEP. Due to the non-linear unstruc-
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tured nature of the codewords, the system in [48] has the cost of a higher decoding
complexity over the closed-loop linear structured STBC system, albeit it should
potentially have better performance. Motivated by the excellent performance of
the existing jointly-designed system and the need of finding a less complex system,
a study is made in this thesis that uses linear structured STBC, rather than the
unstructured STBC, in the design process to reduce the complexity of the joint-
design. However, the linear structure generally limits the degrees of freedom in the
design, which incurs performance penalty. This further motives us to investigate
more efficient design criterion than the one applied by [48] to improve the system
performance. In addition, the gradient search techniques used for finding suitable
CSl-dependent unstructured STBC in [48] is a local numerical optimization pro-
cedure, which requires repeating the searches with different initializations to come
to the possible global optimum solution. Therefore in our study, a global numer-
ical optimization method will be adopted to further reduce the complexity of the

system.

1.3 Objectives

The major objective of this thesis is to investigate and develop some typical and
efficient combined systems of beamforming and STBC in slow Rayleigh flat fading

channels. Specifically, we aim to:

(i) Study a simple combined system of beamforming and Alamouti’s STBC to
improve the performance of the Alamouti’s STBC system while still keeping

the system simple.
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(i1) Theoretically analyze the PEP and BER performance of the new combined
system of beamforming and Alamouti’s STBC, and demonstrate its effective-

ness from the BER performance point of view.

(iii) Investigate the design criterion of the CSI dependent unstructured STBC
(48] to develop a more efficient performance criterion for the jointly-designed

beamforming and linear STBC.

(iv) Propose a CSI dependent lincar STBC design which is based on the new

performance criterion.
1.4 Major Contributions of the Thesis

Several contributions are made in this thesis to the body of closed-loop communi-

cation systems engineering. The major contributions of this rescarch include the

following:

(i) We extended the application of Alamouti’s STBC for two transmitting an-
tennas to more than two by using the existing combined beamforming and
OSTBC technique. This proposal was motivated by the fact that Alamouti’s
STBC has the simplest form of STBC and is the unique OSTBC that can
achieve full code rate and full diversity gain simultaneously for complex con-
stellation, but designed only for two transmitting antennas system. The new
combined system has a significant performance improvement over Alamouti’s
STBC due to the array gain growing as the number of transmitting antennas

increases, while still maintaining the full code rate. When compared with the
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existing combined scheme, the proposed combined beamforming and Alam-
outi’s STBC system requires no new design of OSTBC of different dimension
every time when the number of antennas is changed. Hence, the proposed
system has a simple design and decoding. It has also a better bandwidth
efficiency than the existing combined system of the same number of trans-
mitting antennas because it has a full code rate. More importantly, the new
combined system has a comparative performance with the existing combined
system at low to moderate SNR, especially for a large number of antennas
and good feedback quality. Generally speaking, the new combined system

can achieve the tradeoff between complexity and performance.

(i1) We developed some effective tools for calculating the error probabilities of
the combined system of beamforming and Alamouti's STBC, and evaluated
the system performance analytically. The analytical results can be further
used to confirm the simulation results. Under perfect feedback CSI at the
transmitter, we derived the exact PEP using the moment-generating func-
tion (MGF) approach and Guass-Chebyshev quadrature rule [86]. Then we
demonstrated the diversity property of the ideal combined system and pro-
vided a tight union bound on the BER based on the derived exact PEP.
Furthermore, a more efficient method, the conditional probability method,
was employed to derive the closed-form expressions for the upper bound of
PEP and the BER. In addition, an analysis of the system diversity gain and

coding gain derived from the upper bound of PEP was carried out. Under
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imperfect CSI at the transmitter, the closed-form upper bound of PEP was
also derived for the purpose to analyze the diversity gain, coding gain and
array gain. Moveover, we presented the exact BER of the non-ideal com-
bined system that involves only double integrals. With the exact BER, the
new combined system BER performance can be obtained much faster than

the simulation, especially at high SNR.

(i11)) We proposed a new performance criterion endeavoring to minimize the BER
performance for the linear STBC, which is derived from the weighted sum of

the associated PEP with respect to the current transmitted codeword.

(iv) Based on the new performance criterion, we proposed to jointly design beam-
forming and linear structured STBC dependent on the noisy and outdated
feedback CSI at the transmitter which was considered under two different
and fairly general models of unquantized and quantized measurement. The
jointly-designed code was optimized and searched by means of a simple ge-
netic algorithm (SGA), which is a global optimization algorithm. Although
the linear structure of the proposed code limits the freedom of design com-
pared with the unstructured code in [48], the simulation results demonstrate
that the jointly-designed code still has better BLER and BER performance

than the existing CSI dependent unstructured STBC.
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1.5 Organization of the Thesis

The thesis is organized as follows. In Chapter 2, an overview of STBC is provided.
The MIMO model and the classical MRC technique are briefly introduced as the
background knowledge or the comparison benchmark. Following that, some typical
STBC forms and their properties are presented in detail.

In Chapter 3, we review two representative closed-loop combined systems of
beamforming and STBC. We discuss their benefits and disadvantages and study
their performance criteria and optimization algorithms. We first describe how to
adaptively design the beamforming matrix based on the predetermined OSTBC by
utilizing the unquantized but noisy and outdated feedback CSI at the transmitter.
Then we describe how to incorporate the quantized and outdated feedback CSI
into the adaptive joint-design of unstructured STBC.

In Chapter 4, we develop a new combined system of beamforming and Alam-
outi’s STBC dependent on the unquantized but noisy and outdated CSI at the
transmitter. The analytical expressions of the upper bound on PEP and the exact
BER for the ideal combined system and the non-ideal combined system are given,
respectively. The numerical results are presented to illustrate the reliability of
aforementioned performance analysis and to show the significant gains of the new
combined system over the conventional OSTBC at a particular BER. The new com-
bined system is also compared with the existing combined system of beamforming
and OSTBC to demonstrate the low complexity and high throughput efficiency of

the former, while retaining the desired BER performance.
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The discussion in Chapter 4 is mainly limited to separately design the beam-
forming matrix based on the predetermined Alamouti’'s STBC. In Chapter 5, we
focus on the joint design of beamforming and linear STBC dependent on the noisy
and outdated CSI at the transmitter. The two different CSI models in forms of
unquantized and quantized mcasurement are described one by one. The new per-
formance criteria and the resulting optimization problems for two CSI models are
developed, respectively. A brief introduction of the SGA numerical technique used
for solving the optimization problem is provided. Some representative simulation
examples to show the performance advantage of the jointly-designed linear STBC
over the existing jointly-designed unstructured STBC technique are given in detail.

Finally, Chapter 6 summarizes the most important conclusions of this thesis

and gives some recommendations for future work.
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Space-Time Block Codes

2.1 Introduction

It is well-known that space-time coding proposed in [87] is an effective and practical
way to approach the capacity of MIMO wireless channels. Space-time coding is a
coding technique designed for use with multiple transmitting antennas. Coding is
performed in both spatial and temporal domains to introduce correlation between
signals transmitted from various antennas at various time instants. The spatial-
temporal correlation is used for exploiting the MIMO channel fading and mini-
mizing transmission errors at the receiver. Hence, space-time coding can achieve
transmitting diversity and power gain over spatially uncoded systems without sac-
rificing the bandwidth. Among the large body of literature on space-time cod-
ing by employing extra transmitting antennas, such as [4,25,26,54, 59,67,68, 75~
77,79,87-89], some of the work focused on explicitly improving the performance
of existing systems in terms of the probability of incorrectly detected data packets,
and other research capitalizes on the promises of information theory to increase

the throughput. Generally speaking, the design of space-time codes amounts to
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finding a constellation of matrices that satisfy certain optimality criteria discussed
in [87]. In particular, the construction of space-time coding schemes is to a large
extent a tradeoff between the three conflicting goals of maintaining a simple de-
coding, maximizing the error performance, and maximizing the information rate
as described in [52].

There are various approaches in coding structures, including STBC [4,89],
STTC [67,87] space-time turbo trellis codes [94] and layered space-time (LST)
codes [94]. A central issue in all these schemes is the exploitation of multipath
effects in order to achieve high spectral efficiencies and performance gains.

Compared with the other coding structures of space-time coding, STBC is an
appealing transmitting diversity technique, which has the significantly low struc-
ture complexity and low decoding complexity, albeit the cost of a loss in perfor-
mance. Moreover, the concatenated system of STBC based on orthogonal design
and standard additive white Gaussian noise (AWGN) codes can outperform some
of the best-known STTC (with the same transmission power and transmission rate)
in terms of error performance [81]. A remarkable transmission scheme of STBC
by using two transmitting antennas is first discovered in [4]. The key feature of
the scheme is that it achieves a full diversity gain with a simple ML decoding
algorithm. Then it is generalized to an arbitrary number of transmitting antennas
based on the theory of orthogonal designs [89], leading to the concept of OSTBC.
Subsequently, freer designs of STBC are developed without the limit of orthog-
onality, including linear STBC [52], such as higher rate quasi-orthogonal STBC
proposed in [40, 74, 83], and nonlinear STBC [52, 82].
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In this chapter, a brief overview of STBC by considering MIMO system model
and the classical MRC technique is presented. The introduction of the system
model and the classical technique is important, since it will assist us in highlighting

the philosophy of STBC at a later stage.
2.2 MIMO System Model

As illustrated in Fig. 2.1, a wireless point-to-point MIMO communication system

with M, transmitting antennas and M, receiving antennas is considered. The

—— Transmitter Receiver ——»

Figure 2.1: Block diagram of a MIMO system [94]

transmitted signals in cach time instant are represented by an M; x 1 column
vector X, where the ith component z;, refers to the transmitted signal from the ith
transmitting antenna. The total average transmitted power is constrained to P,,
regardless of the number of transmitting antennas M,. If the channel is unknown at
the transmitter, it is assumed that the signals transmitted from individual antenna
elements have equal powers of P,/M,.

The MIMO channel is described by an M, x M, complex matrix, denoted by
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H.
hy hia =+ Ryag,
h hoy -+ h
H— .21 .22 ' 2.M, (2.1)
hati hata oo+ haa

where the ijth component of the matrix H, denoted by h;;, represents the channel
fading coefficient from the jth transmitting antenna to the ith receiving antenna.
The information carrying signals are transmitted over the wireless fading channels.

In this thesis, we limit the analysis to the case of narrowband channels, so that
they can be modeled as frequency-nonselective or flat. In other words, we assume
that the channels are memoryless. In addition, Rayleigh fading which is frequently
used to model environments with a large number of scatterers without line-of-
sight (LOS) radio propagation is assumed. We define the channels as independent
Rayleigh fading when a signal transmitted from every individual transmitting an-
tenna appears uncorrelated at each of the receiving antennas. As a result, the
signal corresponding to every transmitting antenna has a distinct spatial signature
at a receiving antenna.

The independent Rayleigh fading model can be approximated in MIMO chan-
nels where the spacing of antenna clements is considerably larger than the carrier
wavelength or the incoming wave incidence angle spread is relatively large (larger
than 30°). For example, in the uplink of a cellular radio, at the base stations which
are located high above the ground, the receiving antenna signals get correlated due
to a small angular spread of the incoming waves. In order to obtain independent
signals between adjacent receiving antenna elements, much higher antenna sepa-

rations are needed if the incoming wave incidence angle spread is large.
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Many measurements and experiment results indicate that if two receiving an-
tennas are used to provide diversity at the base station receiver, they must be on
the order of ten wavelengths apart to provide sufficient de-correlation, while it is
sufficient to separate the antennas by about three wavelengths at remote handsets
to get the same diversity improvements. Due to the reciprocity principle, the same
results are appropriate to the downlink scenario also.

The received power for each of M, receiving antennas is assumed equal to the
total average transmitted power for normalization purpose. Physically, it means
that we ignore signal losses and amplifications in the propagation process, including
shadowing, antenna gains, etc. Thus we obtain the normalization constraint for

the elements of the channel matrix H, on a channel with random coefficients, as

M;
S Elhl = M, i=1,2,...,M, (22)
j=1

where E[-] denotes the expectation.

The channel matrix can be estimated at the receiver by transmitting a training
sequence. We assume that the channel matrix is known to the receiver throughout
the thesis, i.e., the receiver can get perfect channel estimates. But the channel
matrix is not always known at the transmitter. The CSI can be communicated
from the receiver to the transmitter via a reliable feedback link or estimated by
using reciprocity in duplexing schemes.

The noise term at the receiver is described by an M, x 1 column vector, denoted
by e. Its components are statistically independent zero-mean, temporally and

spatially white, complex Gaussian random variable with the variance o = N;/2
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per dimension.
The received signals at each time instant are represented by an M, x 1 column
vector, denoted by y, where each complex component refers to a receiving antenna.

The average power at each receiving antenna is denoted by P,. The average SNR

at each receiving antenna is defined as

Since it has been assumed that the total average received power per antenna is
equal to the total average transmitted power, the SNR is also equal to the ratio of
the total average transmitted power and the noise power per receiving antenna as

follows,

=%

(2.4)
Clearly, it is independent of the number of transmitting antennas M,.

By collecting the filtered and symbol sampled complex baseband equivalent
outputs from the receiving antenna array, the received signal at each time instant

can be written as

y=Hx+e (2.5)

Throughout the thesis, we also assume that the MIMO channel is a slow or
quasi-static fading, i.e., its entries vary randomly but are fixed at the start of a
transmission block and kept constant during the transmission block, which means

that the symbol duration is small compared to the channel coherence time.
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2.3 Maximum Ratio Combining

In most scattering environments, the transmitted symbols experience severe mag-
nitude fluctuation and phase rotation, namely the effect of multipath fading. In
order to address the issue of multipath, antenna diversity is a practical, effective
and hence, a widely applied technique [41]. The classical approach is to use multi-
ple antennas at the receiver. The replicas of the same transmitted symbol through
independent fading paths are received and combining or selection and switching
are performed. Even if a particular path is severely faded, we may still be able to
recover a reliable estimate of the transmitted symbols through other propagation
paths. Therein, one of the classical methods that performs combining replicas of
the transmitted symbol is referred to as the MRC technique [4, 26,41, 78].

Fig. 2.2 shows the baseband representation of the classical MRC technique
for two receiving antennas. At a particular time instant, a signal s is sent from
the transmitter. The transmitted signal s propagates via two different channels,
namely h, and hs, which are modelled as complex multiplicative distortion. Noise
is added at the two receiver. The resulting received baseband signals y, and y, are

given as follows,

n=hs+e (2.6)
Yo = hos + €9 (27)

where e; and e; are the complex AWGN samples. Consistent with Section 2.2, the
channel estimators at the receiver are assumed to be perfect, i.e., we can get perfect

channel information at the receiver. In order to remove the channel’s effects, the
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Channel h] ‘j
Estimator x (x Estimator
I K
Maximum Likelihood
Detector

Figure 2.2: Bascband representation of two-branch MRC [94]

received signals y, and y, are multiplied by the conjugate of the complex channel
transfer function hj and h3, respectively, where (-)* denotes the complex conjugate

operator. Then the receiver combining scheme for two-branch MRC is as follows,

§=hiy; + h3y,
(2.8)
= (|Jh|* + |h2|?) s + hie + hjeo.

The combined signal s is passed to the ML detector. The ML decision rule at the

receiver for these received signals is to choose signal s; if and only if (iff)
dist(8, s;) < dist(5,s), Vi#k (2.9)

where dist(a,b) is the Euclidean distance between signals a and b, and the index
k spans all possible transmitted signals. As scen from (2.9) that the ML cstimate
s; of the transmitted symbol is the one having the minimum Euclidean distance
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from the combined signal 3.
Since the total transmitted energy is E; = E[|s|?] per time interval, the average
SNR before the ML detector is given by
ine = (1l + haf?) oL = (a4 o) 22 (2.10)
which is taken as a benchmark to compare with that of the Alamouti’s STBC in

the following section.
2.4 Principles and Structures of STBC

In the previous sections, we have briefly introduced the well-known MIMO system
model and the classic MRC technique. In this section, some basic principles and
structures of STBC will be presented. We first introduce the Alamouti scheme [4],
which is the simplest form of STBC, designed only for use with two transmitting
antennas. The key feature of this scheme is that it can achieve a full diversity gain
and a full code rate simultaneously for arbitrary constellation with a simple ML
decoding algorithm. Following a rudimentary introduction of Alamouti scheme, we
also present the generalized STBC with a large number of transmitting antennas
based on orthogonal designs [89]. Then the linear STBC with more degrees of

freedom in the design is discussed.

2.4.1 Alamouti Scheme

One of the first STBC was proposed by Alamouti in 1998 [4]. He studied the case
of two transmitting antennas (M; = 2) and suggested to simultancously transmit
N = 2 complex symbols s; and s, and their conjugates during L = 2 time instants.
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The transmission matrix is defined as follows,

Gy = { S 8 ] (2.11)

In the time instant [ = 1, signal s; is transmitted from the first antenna and
simultaneously signal s, is transmitted from the second antenna. In the next
time instant | = 2, signal —sj and s} are simultaneously transmitted from two
transmitting antennas, respectively.

For the moment, we ignore any scaling factor needed to normalize the trans-
mission power. Note that the transmission matrix of Alamouti’s STBC has the
following property

G2 . G;{ = (|81|2 + |82|2) | P} (212]

where (-) denotes the Hermitian operator, i.e., the complex conjugate and trans-
pose operator, and I, denotes the 2 x 2 dimensional identity matrix. The code rate

of Alamouti’s STBC is given by
=1. (2.13)

Let us now consider an example of encoding and decoding the Alamouti’s STBC
of G, in (2.11) employing a single receiving antenna. However, it can be easily ex-
tended to an arbitrary number of receiving antennas as in [94]. The baseband repre-
sentation of the Alamouti scheme for one receiving antenna is shown in Fig. 2.3. As
mentioned carlier, the channel is assumed to be constant across the corresponding
two consecutive time instants due to quasi-static fading. The independent AWGN

samples are added at the receiver at two consecutive time instants. The received
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Figure 2.3: Baseband representation of Alamouti’s STBC for one receiving antenna
[26]

signals can, then, be expressed by,
Yy = his1 + hase + € (214)

Yo = —hi185 + has] + ez (2.15)
where y; is the first received signal and y, is the second. Note that y, consists
of the transmitted signals s; and s, while y, consists of their conjugates. For
decision of the transmitted symbols, we have to extract the signals s; and s, from
the received signals y; and y,. Hence, both signals y; and y, are passed to the
combiner, as shown in Fig. 2.3. Consistently, the channel estimator is assumed
to provide perfect estimation of the diversity channels. After performing a simple
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signal processing, the transmitted signals s, and s, are separated completely.

In order to extract the signal s,, y, and y, are combined as follows,

$1=hiy, + hoys

(2.16)
= (Jh1]?® + |h2 [2) sy + hiey + haes.
Similarly, for signal s,, we gencrate
S2 = h3yy — iy,
(2.17)

= (|h]? + |h2|?) s2 + hye; — hies.

It is clear that the signals s, and s, are separated by simple multiplications and
additions. Due to the orthogonal nature of G, the unwanted signal s, is removed
from (2.16) and vice versa, s; is cancelled out in (2.17). Both combined signals
§; and §; arc then passed to the ML detector in Fig. 2.3. According to the ML
decision rule in (2.9), the most likely transmitted symbols are chosen based on the
Euclidean distances between §;(i = 1,2) and all possible transmitted symbols.

If the total transmitted power is normalized so that the total transmitted energy
per time interval is E;, and the transmitted power is equally distributed between
two transmitting antennas, i.e., E[|s;|?] = E[|s2|?] = E,/2, the average SNR for

each signal s;(i = 1,2) before the ML detector is given by

S # Es

Yatamouti = (|h1|* + [ha|?) Hisdl.. (|h|* + |h2|?) — (2.18)
No 2Ny

By comparing (2.18) to the average SNR in (2.10) for MRC technique, we find

that Alamouti scheme can achieve full transmitting diversity equal to the diversity

of a two-branch MRC, which is 2. However, it has a 3dB power loss relative

to the latter. The 3dB performance penalty is due to the assumption that the
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energy radiated from each transmitting antenna in Alamouti scheme is half of that
radiated from the single antenna in MRC in order that Alamouti scheme and MRC

diversity have the same total transmission power.

2.4.2 Orthogonal STBC

Motivated by the appealing feature of Alamouti’s STBC in terms of simplicity and
performance, in 1999, Tarokh et al. [89] generalized Alamouti’s STBC to some
similar schemes by using an arbitrary number of transmitting antennas based on
the theory of orthogonal designs. The generalized schemes are referred to as OS-
TBC. For two transmitting antennas, OSTBC along with its various extensions to
inter-symbol interference (ISI) channels, such as space-time orthogonal frequency
division multiplexing (OFDM) and time-reversal OSTBC, is currently being con-
sidered as a means for improving the performance of wireless local area networks
[59], GSM [55], and enhanced data rates for GSM evolution (EDGE) [12]. Also, the
simplest form of OSTBC, Alamouti’s STBC described in Section 2.4.1, has been
adopted in the third generation cellular standard, WCDMA [14]. The OSTBC
can achieve the full transmitting diversity specified by the number of transmitting
antennas M,, while allowing a very simple ML decoding algorithm, based only on
lincar processing of the received signals [89]. The complexity of this decoder is
lincarly proportional to the number of antennas and the transmission rate. The
performance evaluation of the resulting generalized code is given in [88].

OSTBC describes the relationship between the original transmitted signal s

and the signal replicas artificially created at the transmitter for transmission over
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various diversity channels. In general, it is defined by an M, x L dimensional

transmission matrix G as follows,

gu Gz - g1L
G = 9.21 9.22 N Q?L (2.19)
ama 9m2 0 9MmyL

where M; denotes the number of transmitting antennas and L denotes the number
of time instants for transmission of one block of symbols. The entries g;; (i =
1,...,M;5=1,...,L) of this matrix are linear combination of the N modulated
symbols s1, 8g,..., 8y and their conjugates.

In order to achieve full transmitting diversity of M;, the transmission matrix

G is constructed based on orthogonal designs as follows,
G- G‘r"H = (|81|2 - [Sglz e lSle) IMg (220)

where I, is the M; x M, dimensional identity matrix. The orthogonal nature
enables to achieve the full transmitting diversity for any number of transmitting
antennas. Moreover, it allows the receiver to decouple the different transmitted
signals. As a result, a simple ML decoding algorithm can be applied, based only
on linear processing of the received signals as shown in [88].

The code rate of OSTBC is defined as the ratio between the number of symbols
the encoder takes as its input and the number of transmission time instants, given
by

BR=

SIE

(2.21)

If it is assumed that the signal constellation consists of 2™ points, then the spectral
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efficiency of OSTBC is given by [94]

Ty TsmR _mN .
Tw=p = ) bits/s/Hz (2.22)

where r, and r, are the bit and symbol rates, respectively, and B is the bandwidth.
It is known from [89,94] that the code rate of OSTBC with full transmitting
diversity is less than or equal to one, i.e., R < 1. Hence, the full code rate of
R = 1 corresponds to no bandwidth expansion, while the code rate of R < 1
corresponds to a bandwidth expansion of 1/R. From the bandwidth efficiency
point of view, it is desirable to construct the transmission schemes with the full
code rate for any number of transmitting antennas.

According to the type of the signal constellation, OSTBC can be classified into

OSTBC with real signals and OSTBC with complex signals.

(i) For arbitrary real constellation such as PAM and M-ASK, OSTBC based on
square transmission matrices can be constructed to achieve full code rate for
only M, = 2,4, or 8, while the generalized OSTBC without the limitations
of square transmission matrices can be constructed to achieve full code rate
for any number M, of transmitting antennas [89]. The minimum length L of

codeword to achieve R = 1 for M, is given by [89]
Loin =100 [28H4) (2.23)
subject to the constraint of

{c,d| 0<¢,0<d<4and8+2°> M,}. (2.24)
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From the above orthogonal design theory, when ¢ = 0, L,,;, = 2 for M, = 2,
Ly = 4 for My = 3,4, and L,,;,, = 8 for 5 < M, < 8; while when ¢ > 0,
Lynin > 16, and 8c + 2¢ < 2%+ Jeads to non-square transmission matrix G
with M < L,ui,. Hence, OSTBC with M; x M, square transmission matrix
G (i.c., My = L) which achieve full code rate exist iff M, = 2,4,8 [89].

This provides a proof to the above statement.

(ii) For any complex constellation such as M-PSK, OSTBC based on square
transmission matrices exists iff M; = 2, i.e., the Alamouti’'s STBC, while
the generalized OSTBC without the limitations of square transmission ma-
trices can be constructed to achieve code rate of 1/2 for any number M,
of transmitting antennas. For example, OSTBC with complex constellation

and R = 1/2 for M, = 3 and M; = 4 are constructed in [89] respectively as

8§ —S3 —S83 —8; 8] —8; —83 —8
Gy3= |82 s s34 —s3 s5 8 8} —sj (2.25)
83 —84 8 Sy S3 —8; 87 S5

§1 —S3 —S3 —S84 S} —83 —83 —Sj
S9 S1 S4 —S3 85 s] 83 —S83 3
G4 == * * * * (226}
S3 —S4 51 Sp 83 —8; 8] 85

S4 S3 —S2 81 8 83 —s3 8]

To provide higher code rate of OSTBC with a complex constellation and
more than two antennas, Tarokh et al. in [89] constructed two OSTBC G/

and G with R = 3/4 for M, = 3 and M, = 4, respectively, as follows,

[ 51 —S83 53 %
‘ V2 V2
h * ‘9?5 35
Gh=| s o - (2.27)

N

* *
—81—8]+852—5; Sp+83+8 — 8]

S3
V2 2 2 ]

Sile
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$1 S 53 53

51 So \/§ \/2-

s s 53 53

2 S1 =y _5y

B \/§ 5
Gi= 83 83 —s1—8i+82—8 Ss+sj+si—s] (2.28)

V2 V2 2 5
853 83 —S1—sH+s1—85 _Ssi+5+85—5)
L V2 V2 2 > |

Another two OSTBC é; (32] and é: (18,91] with complex constellations

and R = 3/4 for M; = 3 and M, = 4, respectively, are given by

_— 81 83 83 0
G;=| —38 8 0 -5 (2.29)
—-s3 0 s7 83
51 85 83 0
-~ h — * —o*
&g-|"2a 05 (2.30)

—s3 0 s7 83
0 83 —89 S1

We can conclude that the Alamouti’'s STBC is unique in that it is the only OS-
TBC with square transmission matrix to achieve the full code rate for complex

constellation.

2.4.3 Linear STBC

In principle, all instances of the OSTBC discussed in Section 2.4.2 are an impor-
tant subclass of linear STBC, which is not a new different code family. Linear
STBC has the general linear structure without necessarily requiring the orthog-
onal designs. Linear STBC is a particular interesting technique attracting much
attention recently in the literature [27,31,47,52]. The codeword matrices in such
linear STBC are formed as linear combinations of some information carrying sig-
nals, each weighted by a corresponding matrix that spreads the information both

in time and space. According to [52], the lincar STBC chooses the linear mapping
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from a set of N symbols onto a matrix C of dimension M, x L as follows,

N
C =) (snAn+s:B,) (2.31)

n=1
where s, (n = 1,2,..., N) represents the modulated information carrying signal.

Here, {A,,B,}Y_, are M, x L dimensional weighting matrices used for spreading
the information both in time and space. According to the definition in (2.21), the

code rate of linear STBC is given by

N
Re="g

(2.32)

By an appropriate choice of these weighting matrices, linear STBC can achieve
appealing properties from both performance and implementation points of views
regardless of transmitting antenna array size and code rate [47]. The Alamouti’s
STBC and the generalized OSTBC discussed in the previous sections are the well-
known types of linear STBC, where the weighting matrices are taken to satisfy the
orthogonal conditions [89] that ensure optimally low complexity decoding while
providing full spatial diversity. If we rewrite the Alamouti’s STBC G, with R =1
[4] and the generalized OSTBC Gj, G4 with R = 1/2 [89] as well as é: (32], é:
[18,91] with R = 3/4 by using the form in (2.31), it is clear that each entry of the

weighting matrices {A,,, B,}Y_, of these codes are drawn from {1,0, —1}.

2.5 Summary

In this chapter, as the background knowledge of STBC, the MIMO system model

and the classical MRC technique are rudimentarily introduced. After that, the
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structures and properties of some typical and well-known STBC including Alam-
outi’s STBC, generalized OSTBC and linear STBC are described, respectively.
The definition of independent Rayleigh fading and slow or quasi-static fading is
provided, which is assumed throughout the thesis. A few important terms such
ML decision rule, orthogonal property, code rate, spectral efficiency and average
SNR are presented mathematically. Particularly, for the two-branch MRC tech-
nique and Alamouti’s STBC, the simple linear processing at the receiver used for
ML decoding is illustrated, and their average SNRs are compared. It is found that
Alamouti’s STBC can obtain the MRC-like diversity, but has a 3dB performance

penalty relative to the two-branch MRC.
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Chapter 3

Combining Beamforming and
STBC

3.1 Introduction

STBC introduced in Chapter 2 is a transmitting diversity technique that relies
on coding across space (transmitting antennas) to extract MRC-like diversity in
the absence of CSI at the transmitter. In addition to diversity gain, array gain
can also be incorporated through CSI feedback. It has been noticed earlier in
the 3G WCDMA standardization that even crude feedback signalling of the CSI
can be extremely useful in improving the downlink performance. The CSI can
be fed back from the receiver to the transmitter through a dedicated feedback
link or estimated by using reciprocity in duplexing schemes. This leads to the
categorization of transmitting diversity into open-loop mode and closed-loop mode.

As stated in [61], the MIMO communication networks in the closed-loop mode
can help customize the transmitted waveforms to provide higher link capacity
and throughput, improve system capacity by sharing the spatial channel with

multiple users simultaneously, enable channel-aware scheduling for multiple users,
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simplify multi-user receivers through interference avoidance, and provide a simple
and general means to exploit spatial diversity. Essentially, CSI makes it easier
to obtain the benefits of MIMO technology while lessening the complexity impact
incurred through MIMO transmission and reception.

The selective transmitting diversity (STD) [35, 72] is the first closed-loop mode
introduced to 3G systems, where only one additional feedback bit is used to se-
lect the desired transmitting antennas. The WCDMA Release '99 and Release 4
specifications include two closed-loop transmitting diversity concepts as described
in [14, 36], where the CSI is used to control the weights at different transmitting
antenna elements in order to maximize the SNR at the receiver. The weighted
signals should arrive co-phased at the receiver. The received signal power is in-
creased through constructive signal combining, and therefore link capacity is also
increased. But the WCDMA transmitting diversity solutions explicitly support
only two transmitting antennas.

This weights adaptation operation in the closed-loop transmitting diversity is
sometimes called beamforming, although it may not have the physical interpreta-
tion of forming or steering the directional beam patterns towards the desired user
as the smart antenna. As we know, spatial diversity requires large antenna spacing
(on the order of several carrier wavelengths) to ensure uncorrelated fading, but,
on the other hand, beamforming methods in the smart antenna systems utilize an-
tenna spacing of less than a carrier wavelength (typically half the wavelength) [14]
depending on the antenna configuration. It seems that the closed-loop transmit-
ting diversity inducing spatial diversity and the beamforming for smart antenna
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inducing directionality are two different techniques which have no relationship with
each other. However, the problem formulation for calculating the antenna weights
remains the same if one recognizes the fact that the knowledge of the different
channel coefficients in the case of closed-loop transmitting diversity is equivalent
to that of the steering vector in the case of beamforming for smart antenna. There-
fore, “beamforming” has become a popular notion of weights adaptation operation
in the closed-loop transmitting diversity as in [43,45,97,98|. From now on, the
term “beamforming” used in the thesis indicates the weight adaptation operation
for the closed-loop transmitting diversity.

Usually the performance of transmitting diversity via open-loop STBC is infe-
rior to that of beamforming with perfect feedback CSI by a factor of array gain.
Loosely speaking, the absence of array gain is due to the STBC methods spread-
ing power uniformly in all directions in space, while beamforming distributes the
transmission power across different transmitting antennas according to the feed-
back CSIL In [29,69,96], the design of transmitter beamforming considering the
imperfect feedback CSI was addressed. The feedback errors destroy the diversity
property of pure beamforming without combining with STBC system. It means
that the open-loop STBC may outperform the pure beamforming system at high
SNR as shown in [45] resulted from the diversity loss in the pure beamforming sys-
tem due to imperfect CSI. Since STBC is proposed and designed for the open-loop
systems, i.e., no feedback CSI at all, the feedback errors in general can not destroy
the diversity property of a STBC system. Motivated by this fact, recently, many
researchers have suggested to improve the performance of STBC by using a feed-
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back of CSI in the literature (7, 39,45, 65, 66, 69, 80, 84, 93,97, 98], which provides
additional array gain while keeping the diversity property due to STBC.

In view of the fact that the perfect CSI at the transmitter is in practice not
always possible, particularly in environments where the parameters of the channel
are rapidly time-varying, a combined system of beamforming and OSTBC proposed
by Jongren et al. in [45] is attractive since it incorporates the degree of the feedback
CSI into the design. The CSI is modelled using a purely statistical approach, which
is called channel mean feedback in [93,97]. The OSTBC is predetermined and the
beamforming matrix is adapted to the available CSI at the transmitter by means of
a linear transformation. Therefore, the combined system possesses simultaneously
the benefits of transmitter beamforming due to array gain and OSTBC resulted
from diversity gain. To maximize the performance gain of the combined system,
a performance criterion based on the worst-case pairwise error probability (PEP)
is derived, which takes the available CSI at the transmitter into account. A semi-
closed-form solution of the optimization problem resulted from the worst-case PEP
performance criterion is obtained under the consideration of a specific simplified
fading scenario as described in [45,48].

Subsequently, the design of unstructured STBC that uses the imperfect quan-
tized CSI at the transmitter from the receiver via a dedicated feedback link is
proposed and investigated by Jongren et al. in [48]. The quantized CSI is incor-
porated into the code-construction process by using a performance criterion based
on the codeword/block error probability (BLER) conditioned on the CSI at the
transmitter. The efficient codes are found by optimizing the performance criterion
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using a simple gradient search algorithm. Due to the unstructured nature of the
codewords, the degrees of freedom in the code-construction process is maximized,
at the cost of a high decoding complexity. From the analysis in [87], we can de-
duce that as long as the rank of the codeword difference matrix of the unstructured
STBC is sustained, the imperfect quantized CSI at the transmitter cannot destroy
the full diversity property of the unstructured code constructed.

Although we mainly concentrate on developing and investigating the MISO

systems, the reviewed systems in the following Sections 3.2 and 3.3 are for the

MIMO schemes.

3.2 Review of Combining Beamforming and OS-
TBC

In this section, we embark on describing the combined system of beamforming and

OSTBC proposed in [45] in more detail.

3.2.1 System Model

Fig. 3.1 shows the combined system of beamforming and OSTBC, employing M,
transmitting antennas and M, receiving antennas. It is assumed that some, but
not necessarily perfect, CSI is available at the transmitter, although the receiver is
assumed to get perfect CSI. The transmitter consists of an orthogonal space-time
block encoder followed by a beamforming W. The information data are mapped
into the OSTBC S by the space-time block encoder. Then the OSTBC is linearly
transformed by using the beamforming technique to adapt the code to the available
CSI at the transmitter. As a result, a set of parallel and generally different symbol
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Figure 3.1: Block diagram of the combined system model

sequences for transmitting from the M, antennas is formed by,

C=WS (3.1)

where W is an M; x M, square matrix, C is an M; x L dimensional matrix and L
represents the length of the transmitted codeword.

The output signals from the beamforming are transmitted over a wireless
MIMO fading channel, denoted by a M, x M; dimensional matix H, as described
in (2.1). For describing purpose, the MIMO channel is also represented by the
1 x MM, row vector

h = rvec(H) (3.2)

where rvec(-) denotes the row vectorization operator which serializes the rows of
its argument into a row vector. It is assumed that the channels are statistically
identical, space-independent, time-correlated and satisfy quasi-static flat fading,

i.e., the channel is constant during the transmission of a burst of codewords but
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may vary from one burst to another in a statistically stationary fashion. The
individual channel between each transmitting and receiving antenna is assumed to
obey a complex Gaussian distribution with mean vector my, and covariance matrix
Run-

At the recciver, the signal output from each receiving antenna is a weighted
supcrposition of the M, transmitted signals, corrupted by additive noise. It is
assumed that the ML decoding algorithm, based on the perfect channel estimate
at the receiver, is employed to recover the information data. The system data
model can be expressed by

Y = HWS + E (3.3)

where Y is a M, x L dimensional matrix denoting the received signals and the noise
matrix E is assumed to be a temporally and spatially white, complex Gaussian
random variable with zero-mean and variance 0 = Nj/2 per dimension.

In general, the CSI available at the transmitter is fed back from the receiver
through a dedicated feedback link or estimated by using reciprocity in duplex
schemes. It is not only noisy but also outdated due to feedback delay or duplex
time. In this section, the development is exemplified by, but not limited to, sys-
tems where the CSI at the transmitter is obtained through a dedicated feedback
channel. To denote the CSI at the transmitter, a M, x M, dimensional matrix H
is introduced, and h represents its row vectorized counterpart. Motivated by the
well-known Jakes model [41], the CSI h at the transmitter is assumed to be corre-

lated with the true channel h and the amount of such correlation is determined by
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the time it takes to feed back the CSI. It is reasonable to assume that the CSI h at
the transmitter and the true channel h are jointly complex Gaussian distributed
since they are the samples of the same Gaussian random process. The statistics
of h and the relationship between h and h are described by the mean vector my,,

the covariance matrix Ry; and the cross-covariance matrix R, ;.

3.2.2 Performance Criterion for the Beamforming Matrix
Design

In order to obtain the optimal beamforming matrix, a performance criterion is
described for the combined transmission scheme which takes the available CSI at
the transmitter into account. As shown in [45], the performance criterion is based
on the union bound on the BLER.
Let C = {C,,...,Cg} denotes the set of the transmitted codewords, where
K represents the number of codewords and Cy. (k = 1,..., K) is the kth lincarly
transformed codeword from the beamforming with the dimension of M; x L. The
BLER is denoted by Py(C’ # C), i.e., the probability that C’ is different from C.
Under the assumption that the codewords are transmitted with equal likelihood,
the union bound on BLER is expressed by
Pu(C' #C) < 2 3 P(Ck ~ C) = Panicn (3.4
k£
where P(Cy — C;) represents the PEP, i.c., the probability that the ML decoding
metric for codeword C; is smaller than the metric for Cy, where k,l € 1,... KA
and k # . The largest PEP, P(C;z — Cj), is the dominating term in the union

bound, where {Cg, C;} (k,1 € 1,...,K; k # 1) is the worst-case codeword pair
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[45]. Thus the overall design goal is to minimize P(Cz — C;j). Since the CSI h at

the transmitter is available, conditioning on h leads to the following relation,
P(C; — Cp = fp (c,; - c;[ﬁ) Pi (h) dh (3.5)
where P (C P Cg|fl) is the largest PEP, conditioned on the CSI at the transmit-
ter, and py, (h) is the probability density function (PDF) of h. Clearly, minimizing
P(C; — Cj) is equal to minimizing P (C,; — Cl‘il:l) due to p;, (ﬁ) > 0.
In order to derive a closed-form expression for the performance criterion, we

start from the upper bound of PEP of transmitting Cj and deciding in favor of C;

at the decoder, conditioned on the true channel h and the CSI h, which is given

by [45]
) 1
P (C; ~iy Cg'h, h) =Q ( dQ(C;,CI)Z—M]' :
3.6)
1 20 O —
< 5 eXP (—d (Ck:CI)4No)

where Q(+) is the Gaussian Q function and d?(Cyg, C;) is the modified Euclidean

distance between the two transformed codeword matrices C; and Cj, given by

@*(C;, Cp) = |H(Cr — C)I7
(3.7)
=h(Ix, ® A(C;, Cp)) h™

where | - ||p denotes the Frobenius norm [33], ® denotes the Kronecker product
[34] and I, is the M, x M, dimensional identity matrix. The M, x M, codeword

distance matrix A(Cp, C;) is constructed and defined by [45, 87]
A(C;, Cp) = (Cx — Cp(Cr — Cp™ (3.8)

It has been mentioned in Section 3.2.1 that the true channel and the CSI at
the transmitter are jointly complex Gaussian distributed, hence the PDF of h
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conditioned on h is also complex Gaussian, given in [45] as follows,

aMeMs ot (th;f,)

where det(-) denotes the determinant operator, my,; and Ry, are the mean

Pujn (hiﬁ) = (3.9)

and covariance matrix of h conditioned on h, respectively. The upper bound
V(Cz — Ci]h) on the PEP, conditioned on the CSI h, is formed by averaging

both sides of (3.6) over the distribution in (3.9),

P (C; — Cf|f1) 5 -;-/exp (—ﬂf—%g—r-)-) Phii (hlﬁ) dh

(3.10)
= V(Cg — Cilh)
After following simple manipulations [45], we have
. exp myRA (O — Ry )R oml
V(C; — Cijh) = [ h| hh[h | Rhmh hlh]_ (3.11)
2det (Ryy) det(¥)
where
Wi = (In, @ A(Cg, Cp)) /ANy + thlh (3.12)

Taking the logarithm, neglecting parameter-independent terms and reformulating
the exponent in (3.11) lead to the desired logarithmic form of the so-called codeword

pair criterion used in [45] as

{(Ci — Cilh) = m Ryl @R mit, — logdet(¥r). (3.13)

Corresponding to the worst-case codeword pair {Cg, C}, €(C;i — Ci|h) is the
maximum of ¢(Cy — C;|f1), taken over all codeword pairs. Conditioned on the
available CSI at the transmitter, we can design the beamforming matrix W from
the mapping of C = WS by minimizing £(C; — Cj|h), since the OSTBC, S,
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is predetermined. Note that the first term in the performance criterion of (3.13)
mainly deals with the CSI at the transmitter, while the second term strives for
a code design with no CSI at the transmitter, suitable for an open-loop mode.
Therefore, in the case of perfect CSI at the transmitter, the first term is dominating
and, on the other hand, in the case of no CSI at the transmitter, the second term

is dominating.

3.2.3 Optimization of the Beamforming Matrix

Although the optimal beamforming matrix can be constructed based on the per-
formance criterion described in Section 3.2.2 by using a conventional exhaustive
search over all possible codewords, in this section, a semi-closed-form optimization
solution [45] in a simplified fading scenario is adopted for its feasibility.

It is assumed that the codewords are equally probable and the average energy

per symbol is normalized to E,. Hence, we have the power constraint as

K
1
ENICIE = 7 >_ ICkllf = NE, (3.14)
k=1
where N denotes the number of symbols per block codeword. In view of the

mapping of C = WS and the appealing orthogonal nature of OSTBC, i.e.,

N
S5 = (Z |5n|2) Ine = NE,Iy, (3.15)

n=1

the constraint
[WIF =1 (3.16)

is imposed and the codeword distance matrix A(Cy, C;) becomes
A(Cy,C)) = W(S, — S)(Sk — S)"W™

(3.17)
= uWW™, Wk £1
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where 0y = Zn—l lsm sﬁ}l2 is the squared Euclidean distance between the OS-
TBC codeword pair of S; and S;. Here, s (n=1,2,...,N) is the modulated
information symbol of the kth codeword. Subsequently, ¥;; of (3.12) is rewritten

as

51:!

'I'M (Ww 6“) = N

(In, ® WW™) + R o (3.18)

Substituting (3.18) into (3.13) leads to the modified performance criterion involving
S and WW™H as follows,

HWW™, 5|h) = my R [Ty (WW™,55)] "R m

hh|h hh|h hlh

(3.19)
— log det [¥x (WW™ 5)] .

It is clear that (3.19) is a decreasing function with respect to §;. The maximum
of E(W‘W”.ékdﬁ) is corresponding to the minimum of dy, i.e., dz;, which is the
squared Euclidean distance between the worst-case OSTBC codeword pair {Sg, S;},
which corresponds to the Euclidean distance of the codeword pair {Ci, C;}.
Introducing n = 837/4Ny and Z = WW™, the optimization problem is formed

Z = arg ¢(Z|h) (3.20)

Ztﬂ?::i-?‘Z]zl
where Z > 0 means that Z is a positive semidefinite matrix, i.e., Hermitian matrix
all of whose cigenvalues are nonnegative. The power constraint of tr(Z) = 1 is
resulted from (3.16), where tr(-) denotes the trace operator. The performance

criterion involving the new parameter Z is given by

=3 -1
(Zlh) mh|hR [ (In, ®Z) + thlh} thih hih

(3.21)

— log det [ (I, ® Z) + R;hlh}
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The optimization problem as well as the constraint in (3.20) is convex, which is
proved in [45]. It means that the local minimum is also global minimum.
For illustrative purpose, we consider a so-called simplified fading scenario as in

[45,48,69], i.c.,
(1) the channels obey independent Rayleigh fading,

(ii) the channel coefficient h;; as well as the coefficient fs,-j of the CSI at the
transmitter is modelled as circularly independent and identically distributed

(i.i.d) complex Gaussian with zero-mean and variance of o = E[|hy;|?],

(iii) each hy; is correlated with the corresponding h;; and uncorrelated with all

others.

The normalized correlation coefficient p is introduced to describe the degree of
correlation, where p = E [h,h:‘] /o2, which is a measure of the feedback CSI quality
(0 < |p| < 1). This model is completely characterized by the mean vectors my, =
m;, = 0, the covariance matrices Ryn = Ry, = cr,fIM,t u, and the cross-covariance
matrix Ry; = o2 pla,m, - According to [51], the mean and covariance matrix of h

conditioned on h are described by

m,;, = ph (3.22)
Rini = 05 (1= |0 ariar, = odasns, (3.23)

where
a=aj(1—|pl?) (3.24)
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represents the conditional variance of the channel coefficients. Let €2; denote the
1th block of size M; x M; on the diagonal of mﬁ]‘,mh;ﬁ- By using the eigenvalue

decomposition (EVD) method, we have the descriptions as follows,

Z=WW"=VAV" (3.25)
1 Mr P
= > Q= VAV (3.26)
i=1

where A and A are the diagonal matrices with the corresponding eigenvalues
{\}M and {A;}M on the diagonal and they are assumed to be sorted in as-
cending order. Here, V and V are the matrices of eigenvectors which are assumed
to be unitary.

The performance criterion in (3.21) is further simplified by substituting (3.25)

and (3.26) into the equation and neglecting the parameter independent terms as
KA, VIR) = Ty [y, @ (a02) + Tagas ™ il

— logdet Iy, ® (anZ) + Ipm,]
= étr {[IMr ® (anZ + IM,)]_1 m‘;ﬁmh]fl}

— log det (I, ® (anZ + Ipy,)]

— tr [(mp\ £ IM,_)“1VHVAV”V] — M, logdet (anA + Ipy,)

(3.27)
subject to the following constraints
M,
Zi:l Ai=1,
/\i 20, 3.=1,..,,)F'a’fp (328)

At <A <o S Ay
According to [5], the optimum V can be chosen as V = V. and the optimum
A can be obtained by means of the Karush-Kuhn-Tucker (KKT) conditions [5].
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The detailed procedure of determining the optimum eigenvalues {);}, for general
cases is described in [45].

Since our attention is focused on MISO systems in this thesis, we only show
the procedure of calculating the optimum eigenvalues for the special case. For a

MISO system in the simplified fading scenario, (3.26) can be rewritten as

M;

2 e ol -~ ~ .
- Z ST WO o A (3.29)
(84 (84

It can be found that the eigenvalues {);}M4 are given by

X =0, i=1,..., M, —1;
X 2 3.30
M—M%Wi=M, (330
where || - || denotes the vector norm. The eigenvector located at the last column
of V corresponds to the largest eigenvalue and is given by
h*
‘Aff,f, -_— g (331)
(Il
where ||h| is used to normalize the total transmission power to E,, i.e.,
Il = /Vuf2 + Vaf? 4 - + P2 (332)

and the remaining eigenvectors are orthogonal to vjs,. Then the optimum eigen-
values {\;} M are given by

an+\/a?n? + danpi 1
A; = max ¢ 0, e
days an (3.33)

1
0r- b sl
an

= max

»—"‘—-\
T:I'-"

and
A, =1—=XA—...— Ay (3.34)
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Here, p is the Lagrange multiplier of the performance criterion in (3.27) subject

to the power constraint in (3.28), and it is given by

. (K(m — 1) + [oPIRI2 + /26(2M, — 1)lof2Rll2 + ol 1R + )
2(M; + an)?

p=

(3.35)

where k = a(M, + an). Therefore, the optimal beamforming matrix is obtained
by

W = VA2 (3.36)

where (-)1/2

denotes a matrix square root with Hermitian symmetry, i.e., AY? can
be computed simply by taking the square root of each element of the diagonal

matrix A. It is clear that W, is a square matrix with dimension M, x M.

3.3 Review of Designing Unstructured STBC Based
on Quantized CSI

In Section 3.2, a rudimentary introduction to the closed-loop combined system
of beamforming and OSTBC is provided. The feedback CSI at the transmitter is
assumed to be noisy and outdated due to the feedback delay but unquantized. It is
employed to design the beamforming matrix to adapt the predetermined OSTBC
to the channel characteristics. In this section, we introduce a general strategy
for incorporating imperfect quantized CSI at the transmitter into the design of
unstructured STBC as described in [48]. Although the dedicated feedback link is

assumed to have an ideal feedback channel, which does not lead to any bit errors,

both quantization errors as well as feedback delay are assumed to plague the CSI
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at the transmitter. The code-construction process is based on the BLER union
bound technique conditioned on the CSI at the transmitter. The codeword pair
criterion derived in Section 3.2 plays an important role in the design process of this
section. Due to no structure is imposed on the codewords, the degrees of freedom

in the code-construction process is maximized.
3.3.1 System Model
Fig. 3.2 shows a closed-loop MIMO wireless communication system making use

of unstructured STBC based on the quantized feedback CSI at the transmitter.

The feedback integer p represents the quantized CSI at the transmitter, which is

1 | | 1
J L
Unstructured
-Ti . h "
T szgfocl:me ~ W Receiver —»
Encoder >
A ! M, ’ | M, |
Cel{C(p) g
{ } CSI: P v
Look-up ’ Quantization
Table Feedback Scheme

Figure 3.2: Block diagram of the system model

utilized to determine the unstructured STBC C currently from a set of codes {C(p)}
from the look-up table. Each code is designed so as to increase the performance

by using a design criterion based on the BLER union bound conditioned on the
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CSI at the transmitter.

Consistent with the description in Section 3.2, the information carrying signals
are transmitted over a wireless MIMO fading channel, denoted by a complex matrix
H with dimension M, x M,. Alternatively, the MIMO channel is represented
by a 1 x M;M, row vector h = rvec(H). The channels are also assumed to be
statistically identical, space-independent, time-correlated and satisfy the quasi-
static flat fading.

At the receiver, the channel estimate is assumed to be obtained perfectly and
the ML decoding algorithm is used to recover the transmitted codeword. The
received signals Y are the weighted superposition of the transmitted signals cor-

rupted by additive noise, which is expressed by
Y=HC+E (3.37)

where the noise vector E is assumed to be a temporally and spatially white complex
Gaussian random variable with zero-mean and variance 0% = N;/2 per dimension.
The unstructured STBC is the transmitted matrix denoted by C with dimension
M, x L, where L is the length of the transmitted codewords. Each codeword of the
unstructured STBC is taken from the currently used code C = {Ci}£_,, where K
represents the number of codewords in each code C. For the signal constellation

consisting of M = 2™ points,
K=MN=2omN (3.38)

where N is the number of modulated symbols in the codeword. According to the
definition in (2.22), the code rate is R = N/L and the spectral efficiency of the
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unstructured STBC is given by

_mN _log, K
T?S(-' - L -

bits/s/Hz. (3.39)

The choice of L and K allows an appropriate tradeoff between data rate and time

redundancy.
3.3.2 Feedback Model and Quantization Scheme

Let a 1 x M; M, dimensional row vector ¢, with elements {(;}, be used to represent
the initial channel information at the receiver, which is assumed to be the outdated
version of the current true channel h due to the feedback delay in conjunction with
the common scenario of a time-varying channel. As explained in Section 3.2, the
initial channel information ¢ is correlated, to an arbitrary degree, with the true
channel h. Moreover, it is reasonable to assume that they are jointly complex
Gaussian distributed, which can be completely characterized by their mean vector
m¢ and my, covariance matrices R¢¢ and Ry, and cross-covariance matrix Rye.
According to [48, 51], the conditional mean and covariance matrix of h based on ¢
are given by

mp¢c = my + (¢ — mc)RECLRhC (3.40)

Rinj¢ = Rnn — REGR(Rie (3.41)

respectively. To indicate the quality of the initial channel information, the nor-
malized correlation coefficient p is introduced to describe the correlation between

h and ¢, which is expressed by [48]

ol = tr (R R RncRyy)
P M, M,

(3.42)
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As p increases, the quality of ¢ improves, and vice versa. In general, 0 < [p| < 1,
where |p| = 0 corresponds to no correlation, while |p| = 1 corresponds to full
correlation.

As illustrated in Fig. 3.2, the initial channel information is quantized into a
b-bit integer p = fn(¢) € {0,1,...,2° — 1}, which is transported to the transmitter
via an ideal dedicated feedback channel. Consequently, the integer p represents the
quantized CSI available at the transmitter. It is used to choose the unstructured
STBC C from a set of look-up table C(p) with 2° different codes. In [48], the
uniform phase-quantization scheme is implemented for the quantization function
fa(€). It is similar to the so called partial-phase-combining scheme in [29] and also
closely related to the feedback scheme in the closed-loop mode of the WCDMA
system [1].

The uniform phase-quantization scheme is named from the b-bit uniform scalar
quantization of the phases of (;/(y, ¢ = 2,..., M;M,. The quantizer f,(¢) di-
vides the space of the initial channel information vector ¢ into 2* encoder regions
{Op}ﬁi‘[,l, based on the mapping ¢ € O, = f.({) = p. The codebook vectors

{E(p)}25" is given by

o) =1 e o P | (3.43)

where ¢, = 2?r~r,,(p)/25,v =0,....,M;M, —2, b = b/(MyM, — 1) represents

the number of bits per complex-valued dimension and 7,(p) € {0,1,..., b _ 1}

is implicitly defined via the relation of p = Zfﬁg""_z Tu(p)QBV. Thus, the specific
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quantization function is defined by

2

p= fa(€) = arg min (3.44)

pE{O,l,..‘,Qb—l}

[
G ¢(p)

For the purpose of illustration, we describe the associated quantization process in
the case of b = 2, i.c., 27 is partitioned into 20 = 4 regions and cach region is 7/2,

as shown in Fig. 3.3. Then, we have 7,(p) € {0,1,2,3} and ¢, = E1".,(1)) -

2
A
Si e?
&
2
n el
ol
i 0
3
eJ 2

Figure 3.3: Diagram of uniform phase-quantization

3
{0, % T, ?ﬂ} From (3.43), it is known that the element of the pth codebook
vector is given by Gi(p) = e € {0, &™/2 &7 32} i =2, MM,. It
means that there are four quantization points e/0,e/™/2 i™ 337/2  Ag shown in

Fig. 3.3, 7,(p) is obtained by normalizing (;/(; to the closest quantization point,

and expressed by

2
7,(p) = arg_ min , v=i-—2 (3.45)

v(p)€{0,1,2,3}

G 2

G
’ ; MM, -2 b

In the end, p is obtained through p = %" ;""" 7,(p)2".
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Besides this scalar quantization, the vector quantization also can be used, such

as in [44,46,61,69]. However, it goes beyond the discussion range of our thesis.

3.3.3 Performance Criterion and Optimization for Design
of CSI Dependent Unstructured STBC

To systematically take the quantized and outdated CSI at the transmitter into
account in the code-construction process, a performance criterion based on the
BLER union bound technique is derived and shown in [48]. We start from exploit-
ing the BLER union bound conditioned on the CSI at the transmitter p and the
true channel h. Under the assumption that the codewords are transmitted with
equal likelihood, the conditional BLER union bound is expressed by

1
Pu(C'# C|p,h) < = P(CY — C | p,h)

k#l
1 IH(CY — CiP|12

R Z Q \/ (3.46)
K v 2N,
1 |H(CY - C?|2

e =

=% ; exp ( 4N,

An upper bound P,,;, on the BLER is obtained by averaging over p and h in (3.46)

to arrive at

P _ )2
Py(C'#C) < %Z Evn [OXp (— HH(Ck/.LNU G ”F)]

k<l

= =Y B [V(CP ~ P [ )]

k<l (3.47)
1 261
(
= =Y BY E[v(EP - cP | o)
p=0 k<l
= Lupb

where P, is the probability that the quantization function outputs an integer value
p and the notation E, -] is used to emphasize that the subscripted parameters are
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the only random quantities within the brackets. Following the derivation in [45],
the so-called codeword pair criterion is given by
V(TP — | ¢) = E [exp (-IH(CP — CPI/(4N0)) | p.¢]

—_— } L i
o [mh|CRh1'1IIC ((‘I'ff )1 — thlc) Rgl it c] (3.48)
det (Ryni¢) det(® %))

where

(CLP} . C}?J)(CLP] L C}J’))

P —1,,
Kl M, @ 4N,

+ Ry (3.49)

Although the optimal set of codewords can be constructed by minimizing P,
with respect to the codewords, while subject to the output power constraint, as
suggested in [46], this approach is very challenging from a computational point of
view.

By introducing

E(CE) - Cfp) 1{) = mhIcR;;;c(‘I'g])_lR;ﬁmmmc - mhtCR;}I.mm‘l’a{lc (3.50)
3.50
~ logdet(¥(),

and using the convexity of e* and Jensen’s inequality [24] to address the compu-

tational complexity of the upper bound P, in (3.47), we have

2k

Puph 2 KdCt(thK Z B kZdCXp {E[E(C(P} - CF’) 1 ¢) Ip]} G51)

= PrBupb
with equality if f’(Cg’) s CI(”’ | €) is a constant for a fixed p. Here, Pppuw is used
to denote the right hand side of the inequality. With (3.41), the exponent of (3.51)
can be rewritten as
E[ec? - 1¢) I p] = tr ((¥5) "Ry E [milemuc | o] Ry )

—~ A (Rﬁhmf [mf mp¢ | P]) — logdet(¥()
(3.52)
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From (3.40), it is known that E [mﬁcmhm | p] can be expressed in terms of E[C | p]
and E [CH( I p], which can be obtained from the corresponding sample estimates
by using a Monte Carlo simulation of the quantization function in the feedback
link. Since they do not depend on the codewords, they can be evaluated prior to
the code search, so as to reduce the computational complexity. As stated in [48],
in certain cases that the quantization is dense, the noise variance o? per dimension
at the receiver is low, and/or the correlation between ¢ and h is small, i.e., the
variance of E(Cip ) Cl(p) | €) is small, Py gy approximates P,y well. Therefore,
the goal of an alternative optimization approach is to minimize the lower bound
Prpups- Neglecting the parameter independent terms in (3.52) and taking the

exponent, the modified codeword pair criterion is reformulated as

exp {t‘r ((Tiﬁ’))‘leﬁ,cE [mﬁ¢mhlc | P] R;llﬂc)}

V(CP ~CcP | ¢)= (3.53

( k [ ‘ d(}t(‘l’g)) )
From (3.51), the final performance criterion adopted is defined by

W lp =) V(P ~cP¢) (3.54)

k<l

It is known from [48] that both the uniform phase-quantization method de-
scribed in this section and the feedback method in the closed-loop mode of the
WCDMA system (1] exhibit certain symmetries, i.e., the quantized regions are ro-
tated copies of each other. In view of the fact that a unitary matrix may correspond
to a rotation, the feedback scenario is regarded to be symmetric if E [mfE cMui | p]

and Rpy ¢ have the following forms,

E [m}! .my ¢ | p] = D ® ©,U6" (3.55)
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thtc =D & IM, (356]

where ©,, is a M, x M, dimensional unitary rotation matrix depending on p, U is

a constant matrix with dimension M, x M,, and
D = diag(dy,ds, ..., dar,) (3.57)

D= dia,g(dl, dQ, sy dM',) (358)

where diag(-) denotes the diagonal matrix generating operator. The values of the
elements d,,ds, . .. ,ffM‘, and dy,ds, ..., dy, are obtained from (3.55) and (3.56),

respectively. For example, in a simplified fading scenario,

Runie = alyym, = alp, ® Ly, (3.59)

Thus, D=aly, and dy =dy =--- =dp, = .

By introducing C = G?C and substituting (3.55) and (3.56) into (3.54), we can

get
} exp {t’r [ll',:,l(DD‘2 ® U)] }
W(Clp) =) ~ (3.60)
where
. Ci — C))(Cr - C)™
W, = IMr & ( ) l}( 2 !) +D? bie IM, (361)

4N,
It is obvious that (3.60) is independent of p. Therefore, we can design the specific
unstructured STBC C = {Cy}£_, by minimizing the re-parameterized performance
criterion (3.60) while subjecting it to the corresponding transformed power con-

straint in (3.14) to arrive at

C=arg min W(C]|p) (3.62)
I€|2=NKE,
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The unstructured STBC C(p) corresponding to the quantized CSI of p can be
constructed through the linear mapping CE’) = Spék. The whole set of look-up
table {C(p)} is formed by collecting the 2° unstructured STBC corresponding to the
different quantized CSI of p. Hence, the design process is substantially expedited
and the memory required to store the code is drastically reduced.

The optimization problem in (3.62) is non-convex and generally difficult to
solve analytically unlike the one described in Section 3.2. Consequently, numerical
optimization techniques are required to implement the design procedure. In [48],
a simple gradient search algorithm is used, but the resulting solutions can only be
expected to be locally optimal. This algorithm must be remedied by repeating the
gradient search several times using different initial guesses. Thus, the codeword
search by exploiting the simple gradient search algorithm requires substantial com-
puting power. Therefore, the decoding complexity of the unstructured STBC due
to the exhaustive search over all codewords prevents its application for high data
rate scenarios.

When certain structure is imposed on the code, the number of parameters
needed to be optimized is drastically reduced. However, this typically comes at
the price of lower performance based on the same performance criterion, since

structure generally limits the degrees of freedom in the design.

3.4 Summary

In this chapter, two important closed-loop wireless communication systems making

use of STBC based on the CSI at the transmitter are reviewed. In the combined
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system of beamforming and OSTBC, the predetermined OSTBC is adapted to the
channel characteristics by using the beamforming technique according to the noisy
and outdated CSI at the transmitter. The beamforming matrix is optimized based
on the codeword pair criterion. A semi-closed-form optimization solution is derived
for the simplified scenario. While in the design of unstructured STBC dependent on
the CSI at the transmitter, STBC is not predetermined and unstructured with the
maximum degrees of design freedom. The CSI at the transmitter is plagued by the
quantization errors as well as the feedback delay. The code-construction process
is based on the BLER union bound. The optimization problem can be solved by

using an exhaustive search method with significant computational complexity.
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Chapter 4

Combining Beamforming and
Alamouti’s STBC

4.1 Introduction

In Chapter 3, we have described the attractive combined system of beamforming
and OSTBC proposed by Jongren et al. in [45], that takes into account the degree
of the feedback CSI. The predetermined OSTBC is adapted to the available CSI
at the transmitter by means of a linear transformation. The CSI is noisy and
outdated due to the feedback delay, which is modelled by using a purely statistical
approach, namely the channel mean feedback [93, 97].

Jongren et al. focus on examining the performance of the combined system
based on the square beamforming matrix, (i.e., the dimension of the correspond-
ing OSTBC is the same as the number of transmitting antennas), although it is
mentioned that the combined system can be extended to handle the case of a non-
square beamforming matrix in [45]. By using the square beamforming matrix, a
new OSTBC of different dimension is required every time the number of trans-

mitting antennas is changed. Also for complex constellation, OSTBC with full
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code rate does not exist for arbitrary dimensions as discussed in Chapter 2. In
addition, the computational and decoding complexities of the combined system in-
crease significantly with the increase of the code dimension. It has been mentioned
in Chapter 1 that these issues have motivated us to develop a simple system that
may achieve a tradeoff between complexity and performance.

It is well-known that Alamouti’s STBC is the unique and simplest OSTBC to
provide full transmitting diversity and full code rate simultaneously for complex
constellation, but only designed for two transmitting antennas. In general, in-
creasing the number of transmitting antennas provides better system array gain or
diversity gain. It is attractive, therefore, to extend the application of Alamouti’s
STBC for two transmitting antennas to more than two, using the idea of Jongren’s
combined system of beamforming and OSTBC. The new system will be signifi-
cantly simpler than that discussed in [45] as the new combined system uses only
the readily available Alamouti’s STBC, while the performance will be better than
the Alamouti scheme as the number of transmitting antennas increases. In addi-
tion, the beamforming matrix designed for the predetermined Alamouti’'s STBC
becomes non-square in the case of more than two transmitting antennas. There-
fore, the new combined system can retain full code rate as long as the number of
time instants during the transmission of the codewords is equal to the number of
symbols in the transmitted codewords.

Before continuing the discussion on the proposed combined beamforming and
Alamouti’s STBC, it is necessary to mention that in this chapter, as well as in the
forthcoming one, we will concentrate our attention mainly on the MISO systems
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in the simplified fading scenario.

The works on the BER performance of Jongren’s combined system in [45] are
carried out employing simulations, leaving the analytical performance evaluation
of this type of closed-loop combined system as an open problem. The development
of effective tools for the calculation of error probabilities is important for the appli-
cation and design of this type of closed-loop combined systems, as the performance
results can be obtained faster from these calculations than from the tedious sim-
ulations. Hence, in this chapter, we also theoretically analyze the new combined
system in two scenarios involving perfect feedback CSI and imperfect feedback CSI,
respectively, utilizing various methods. In the case of perfect CSI at the transmit-
ter, we present two methods to calculate the error probabilities. The first one is
the moment-generating function (MGF) approach and Gauss-Chebyshev quadra-
ture rule [86], through which we derive the exact PEP and illustrate the system
diversity property. Furthermore, we provide a tight union bound on the BER
based on the derived exact PEP. The second one is the conditional probability
method, which is more efficient to derive the closed-form expressions for the upper
bound of PEP and the BER. In the case of imperfect CSI at the transmitter, the
closed-form upper bound of PEP and the exact BER expressions involving only
two double integrals are also derived by using the conditional probability method.
With the exact BER expressions, the new combined system BER performance can
be obtained much faster than the simulation, especially at high SNR. The upper
bound on the PEP helps further analysis on the system diversity gain, coding gain
and array gain.
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4.2 System Model

Fig. 4.1 shows a combined system of beamforming and Alamouti’'s STBC, compris-

ing M, transmitting antennas and a single receiving antenna (MISO system). The

ML
J h, Detector
_s. s ’ ) W + e ! \ T
2 5 p h,
IWl 2 I i Perfect
s + T A Channel
‘ ] Wy o« . Estimator

5 5| M' M1 . Y M,
i . M2 + 8T Mr

Weight | CsI _
Update [ | Feedback I-—

Figure 4.1: Block diagram of the system model

CSI is fed back from the receiver to the transmitter through a dedicated feedback
link or estimated by using reciprocity in duplexing schemes. The beamforming
weights are updated instantaneously and optimized to deliver the maximum power
to the receiver according to the perfect or imperfect CSI at the transmitter. The
associated channel model is assumed to be the simplified fading scenario as de-
scribed in Chapter 3. The channel coefficients from the M; transmitting antennas

to the receiving antenna are denoted by the 1 x M; complex row vector h as follows:

where h; (i = 1,2, ..., M;) is the ith circularly complex Gaussian distributed chan-
nel’s parameter with zero-mean and variance o7 = E [|h,:|2]. It is assumed that the
channels are statistically identical, space-independent, time-correlated and satisfy
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the quasi-static Rayleigh flat fading. The well-known Alamouti’s STBC, proposed

in [4], can be denoted by:

S = \/F[ i ] (4.2)

1
where s; (j = 1,2) denotes the modulated information data and FE is the energy
allocated to each symbol. Note that in Alamouti scheme described in Section
2.4.1, the energy for each symbol is halved, i.e., E,/2, in order to ensure the same
total radiated power as with one transmitting antenna. However, in the combined
system of beamforming and Alamouti’s STBC discussed in this chapter, the total
transmitted power can be kept the same even though each symbol has the energy
of E, due to the normalization carried out in the beamforming procedure. The

system data model can be expressed by:
Y =hWS+E (4.3)

where Y is a 1 x 2 row vector representing the received data at two time instants,
ie.,

Y=[n v] (4.4)
and W is the M, x L dimensional optimal beamforming matrix, which is adapted
according to the CSI at the transmitter. Here, L is the length of orthogonal space-
time block codewords and L = 2 for Alamouti’s STBC. It is clear that W is
a non-square matrix if M; > 2. The noise vector E is the independent AWGN

samples with zero-mean and variance 0? = Ny/2 per dimension, denoted by:

E = [ €1 €3 ] (45)
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4.2.1 The CSI at the transmitter

Although it is assumed that perfect CSI is available at the receiver for simplicity,
the feedback CSI h at the transmitter is not only noisy but may also be outdated
due to the feedback delay, denoted by a 1 x M; dimensional complex row vector
as follows,

h=[h hy - hu, ] (4.6)

Each coefficient h; (1=1,2,...,M,;) can be expressed by

-

by = hg+¢ (4.7)

where hy ~ CN(0,07) is the outdated version of the true channel and e ~
CN(0,0?) is the AWGN of the feedback link. In view of the well-known Jakes
model [41], the channel coefficients are samples of a stationary Gaussian process
with an autocorrelation function proportional to Jo(27 f,,7), where Jy(-) is the
Bessel function of the first kind for zero-order, 7 is the time delay and f,, is the
maximum Doppler frequency. Since the channel coefficients are time-correlated,
the outdated channel hy is correlated with the current true channel h; and the
amount of such correlation is determined by the time it takes to feed back the CSI.
In this case, we have

Elh:h}] = Elh:hy] + Elhie”] (4.8)
The correlation between the AWGN ¢ and the true channel, h;, is zero since h; and
¢ are independent. Therefore, the noisy and outdated CSI h; at the transmitter is

correlated with the corresponding true channel h; and uncorrelated with all others.
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The correlation between h; and h; is the same as that between hy and h;, and the
amount of such correlation is also determined by the feedback delay and not by
the AWGN of the feedback channel. The normalized correlation coefficient p is
introduced to describe the degree of correlation, where p = E [h,-fz;‘] /o, which
is a measure of the feedback CSI quality (0 < |p| < 1). Here, |p| — 1 means
that we have perfect CSI at the transmitter, i.c., h; = hi. On the other hand,
|p| — 0 corresponds to no CSI at the transmitter, i.c., h; and h; are uncorrelated.
As the true channel coefficient, h;, and its outdated version, hy, are samples of
the same Gaussian random process, they are jointly complex Gaussian distributed
and this relation still remains between the true channel, k;, and the CSI, h;, at the

transmitter, as well as h; ~ CN(0, 02).
4.2.2 Non-square Beamforming Matrix

In Chapter 3, we described the design of the square optimal beamforming matrix
for the predetermined OSTBC with the same size. A semi-closed-form optimiza-
tion solution for the simplified fading scenario is obtained by using EVD method
based on the covariance matrix of the CSI at the transmitter as described in Section
3.2.3. We have also shown the detailed procedure for determining the optimum
cigenvalues in (3.33) and (3.34) for MISO systems. In order to couple the prede-
termined Alamouti’s STBC with more than two transmitting antennas, however, a
non-square beamforming matrix exploiting the CSI at the transmitter is required.
In this section, the associated modification for the existing optimization solution

described in Section 3.2.3 is presented for the design of the non-square optimal
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beamforming matrix W.

Since the desired beamforming matrix W for the predetermined Alamouti’s
STBC is non-square with dimension M; x 2, only the last two columns of the
squarc W that correspond to the last two largest eigenvalues are retained. With
a slight abuse of notation, the desired optimal beamforming matrix W, obtained

after the modification of (3.36), can be expressed by

W=\7A”2=[v1 Vg][\/[;\_l \/0/\_2] (4.9)

where the eigenvector matrix V only has the last two columns v, and v; left and
the eigenvalue matrix A is modified to be a 2 x 2 dimensional matrix with only

two eigenvalues {1, A2} on its diagonal. It follows that the power constraint given

in (3.28) is also modified to

0< M £ X<, (4.10)
M+da=1 (4.11)

Hence, the expressions for the eigenvalues {\;, A2} are still the same as (3.33) and
(3.34), given by

A =1nax{o,l—i}, T (4.12)

but the Lagrange multiplier u is modified to become

1 (30 PG+ osloP IR + 1B+ )
2(2+ an)?

= (4.13)

for the predetermined codeword matrix with two rows, where Kk = a(2+ an), n =

OminEs /4Ny and d,,;, denotes the minimum squared Euclidean distance between
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all pairs of Alamouti’s space-time codewords. It is clear that the average SNR,
Yo = E;/ Ny, is contained in n.

It is known that v; and v, are the normalized eigenvectors of WW™  associated
with the eigenvalues A, and A,, respectively. Following the development in [45],
the optimum principle eigenvector v, corresponding to the largest eigenvalue Ay

can be chosen as
fl‘H
~ |h]|

Va (4.14)

The remaining eigenvector v, corresponding to the eigenvalue ), is chosen as

b
1]

V)=

(4.15)

by forming a vector h orthogonal to h and |[h|| = ||h]|.
Thus, the optimal beamforming matrix for the new combined system turns out

to be given by

v-ils €I T ]

| R [\/)Tl 0] (4.16)
[V

har Ry,

Notice that the beamforming in the respective directions of h and b’ is per-
formed, and the eigenvalues A, and )\, are used to instruct the allocation of the
transmission power between the two beamforming directions. Therefore, as long as
A1 # Az, the output power of the linear transformation is loaded unequally across
the different antennas and the maximum power is delivered to the receiver due to
the optimization of the transmitter weights according to the CSL

Tl
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The optimal beamforming matrix (4.16) is constructed under the assumption
of simplified fading scenario. As described in [45] and [48], the simplified fading
scenario is a specialized form of the general complex Gaussian fading assumption
for illustrative purpose. However, it has remarkable effect on the construction
procedure of beamforming matrix without the assumption. As described in [45],
in the gencral case, a semi-closed-form solution, i.e., (4.16), of the optimization
problem in (3.20) is not guaranteed. The existing fairly efficient numerical opti-
mization technique is much more complex. Although the simplified fading scenario
is assumed in this chapter, it is known from [45] that the development generalizes
easily to all scenarios where the conditional covariance matrix of Ry, ;, is diagonal.
One important example of such a scenario is an environment with Ricean fading.
Moreover, there are a few special cases that permit a closed-form solution including
the case of perfect CSI at the transmitter, the case of no CSI at the transmitter,
the case of infinite SNR and the case of an SNR. value tending to zero. Therefore,
with the aforementioned scenarios, we conclude that there will be no significant

effect if the simplified fading conditions are not satisfied.

4.3 Performance Analysis for Ideal Beamform-
ing

In the case of ideal beamforming, the feedback CSI at the transmitter is assumed to

be perfect, i.e., h; = h;. It corresponds to the correlation coefficient |pl =1 and the

largest cigenvalue As = 1 hence A; = 0. It means that all the transmitted power is

allocated to the direction of the eigenvector h™ corresponding to A». From (4.16),
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the optimal beamforming matrix for the combined system of ideal beamforming

and Alamouti's STBC is given by

0 R

1 1 |0 R
W=—1I[0 n]=—1| 4.17
TR I R (410

0 hfm

The transmission matrix C = WS for the combined system of ideal beamforming

and Alamouti’'s STBC is a M; x 2 dimensional matrix, expressed by

VE, [ h¥s; hst | (4.18)

Ty

The beamforming in the direction of h"™ is performed. Since there are two symbols
transmitted over two time instants across M; transmitting antennas, the code has
a full rate, R = 1. The diversity advantage of the ideal combined system can be
shown from the system PEP performance in Section 4.3.2.1.

In the following, we provide two methods involving the MGF approach and the
conditional probability method, to analyze the error probability performance of
the ideal combined system. Firstly, by using a MGF approach [86] and the Gauss-
Chebyshev quadrature rule [8], we calculate the exact PEP of the ideal combined
system with any desired degree of accuracy, even though we cannot get the closed-
form through MGF approach. Subsequently, an analytical union bound on the
BER is derived based on the exact PEP. Secondly, we exploit and investigate the
conditional probability method to derive the closed-form upper bound on PEP and
the closed-form BER. The closed-form upper bound on PEP is important, as it is
straightforward from the expression to get the system coding gain and diversity
gain.
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4.3.1 Moment-Generating Function Approach
4.3.1.1 The exact PEP

It is known from [86] that the system PEP for the conventional OSTBC is given

by
P(S—S)= E[Q(\/_ 2’.”} ]c ” De(s) (2sV1 — 25}_1 ds (4.19)
where
= Elexp(—s£)) (4.20)

is the MGF of the nonnegative random variable £, and ¢ is a constant in the region

of convergence of ®¢(s) (V1 — 25) " and a good choice is ¢ = 1/4. The random

variable £ is introduced to denote

¢*(S,8) _ [hAlF _ 1 H
= = = AATR™ 421
QN() 2N[| 2N|’_‘|h h ( )

where A is the codeword difference matrix defined as A = S — S’. Due to the

orthogonal nature of OSTBC, these codes have the appealing property that

51’”1 Es
M,

AAM =

Ly, (4.22)

where dy, is the squared Euclidean distance between the OSTBC codeword pair
of S and S’ designed for M, transmitting antennas and I,,, denotes the M, x M,
dimensional identity matrix. The average energy for each symbol of OSTBC is
normalized to be E /M, to ensure the same total radiated power as with one

transmitting antenna. Substituting (4.22) into (4.21) leads to

5".&

= sl (423
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For the new combined system of ideal beamforming and Alamouti’s STBC, the
system PEP is also given by (4.19), but the nonnegative random variable £ must

be modified to include the linear beamforming matrix, W, to become

#(C,C) _ [hWA[E _ 1

S =3, 2N, 2N,

hWA,A*WHh (4.24)

where A, is the codeword difference matrix for Alamouti’s STBC defined in (4.2)

and

A AN = 5,E,], (4.25)

where do denotes the square Euclidean distance between the Alamouti’s space-time
block codeword pair and I, represents the two dimensional identity matrix. It is
worth noting that in the combined system, the average energy for each symbol of
Alamouti’'s STBC is E,. Nevertheless, the total transmitted power of the com-
bined system is still the same as with one transmitting antenna. This is because
the weights in the beamforming matrix are normalized by |h|| to keep the total
transmitted power the same as with one transmitting antenna. Thus, the modified

random variable &, is obtained by substituting (4.25) into (4.24),

5 F
= Z|Ih|2. 4.26
= 2oy (4.26)
By introducing A such that
AAM = 5,E, I, (4.27)

the random variable &, given in (4.24) can be re-written in another expression,

_IRAR 1 2R PSS)

4.28
2 .'r\"rg 2N 0 2 _r'?V(] ( )

Suw

-]
o
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where A = 8§ — §. It means that from the random variable &, point of view, the
ideal combined system is equivalent to an OSTBC with the codeword difference
matrix A.

By introducing z = h* and A = 33“/(21\«’0), we have mean m = Efz] =
0 and covariance matrix ¥ = E[zz"] — mm"™ = I,;,. As stated in [86], for a
complex circularly distributed Gaussian random column vector z ~ CA/(m, X)

and a Hermitian matrix A, we have

exp [-m"A(I+ $A)'m]

ety =z = det(I + S A)

(4.29)

Hence, we obtain the MGF of £, as
B¢, (5) = Elexp(—s6)] = Elexp (—s2Az)|

= [det(Ip, + sZA)] 7"

—~ e~ -1
sAAM (4.30)
= [det (IM, + 5No )]

2o 362.83 =M
- (1+322)

and the PEP of the ideal combined system is expressed by

P(C—oC)=PB8-8)= 2i ] e O, (s) (25v/T—25) ds (4.31)

7] Je—joo
Substituting (4.30) into (4.31), it can be observed that the integral operation over
variable s does not change the power M, of E;/Nj in the denominator of the ex-
pression for the PEP. Therefore, the power M, of E/Nj is the diversity advantage
of the system [87], which is the maximum or full diversity for a MISO system with

M, transmitting antennas and one receiving antenna.
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We now turn our attention to calculating the exact PEP through the MGF

P, (s) for the ideal combined system. By introducing

—-M,
da(s) = eel®) _ 1 (1+55"E3) , (4.32)

Vi—2s 1-2s 2N,
we expand the real and imaginary parts in (4.31) according to the derivation in

[86],

. 1 ct+joo @a(s)
P(C—‘C)—éﬂ—'} c_jw_Q.;_ds
+oo :
= _l.f M di
r J_ ., c+jw
_x /*m cRe[®@A (¢ + jw)] + wim[®a(c + jw)]
CAr ) A+ w?
1. % V1 —3:2)] dx
= — Re |® + je———— | ——=
ar J_4 e[ A(c I3 Vv1—z?
1 MV1I-2? [ ( . s,/l—:ﬁ)] dr
- — Im [®p | e+ je _
a7 J_, T T v1—12

where w = ¢v/1 — 22 /z, and Re(-) and Im(-) denote the real and imaginary parts,

dw (4.33)

respectively, of their arguments. By using a Gauss-Chebyshev numerical quadra-

ture rule with v nodes, the integral in (4.33) can be written as

P(C—C)= % 3" {Re(@a (c+ jery)] + mim(@a (c+ jer)]} + B (4.34)

k=1

where 7 = tan[(k — 0.5)7/v] and E, — 0 as v — oo. For numerical calculation,
v = 64 is good enough. It is clear that the exact PEP for the ideal combined
system can be worked out by replacing s with ¢+ jery and substituting (4.32) into

(4.34).
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4.3.1.2 The union bound on the BER

The standard approach bounds the BER using a union bound as follows

1

P, union — .-
h K

%
Z QkIP(Ck — Cy)
kl=1k#l
9 K
= E Z g P(Cy — C{)

k=11=2 k<l

where K is the number of codewords in the Alamouti's STBC and ¢ is the bit

(4.35)

error probability of each error event due to transmitting C; but deciding in favor

of Cy, i.c.,

number of error bits in event (Cy — C;)
O = .
I = S umber of input bits per encoding interval

(4.36)

For illustration purpose, we assume that BPSK modulation is adopted for the
combined system of ideal beamforming and Alamouti’s STBC. Thus the number
of input bits per encoding interval is 2 and the number of codewords is K = 4.
The input signals s, or s is assumed to be +v/E; or —/Ej, then the input data

constellation is formed as,

sV 1 1
s _ B L ! (4.37)
s@ | T VT 11 '
s -1 -1

where s¥) = [s{lk) sgk)] (k=1,..., K) represents the input signal scries per encoding

interval, corresponding to the codeword Cy. In this case, the union bound on the

BER for the ideal combined system can be expressed by

1
Pinion = -2' [Q12P(Cl = Cz) + qlsP(Cl =2F Ca) + qaP(Cy — C4)]
i (4.38)
+ 3 [g23P(C3 — C3) + ¢24P(Cy — Cy) + 34 P(C5 — Cy)]

It can be scen that there is some overlapped area in the calculation of error bits.
Hence, the weighted sum of the PEPs is the union bound rather than the exact
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BER. It is known from (4.32) and (4.34) that the PEP P(Cy; — C;) fully depends

on the squared Euclidean distance dy; between Cy and C,. It is obvious from (4.37)

that
P(C; — Cz) = P(Cy — C3) = P(C; — Cy) = P(C3 — Cy), (4.39)
and
1
G2 =3 =@ =@a=35 Qa=@s= 1. (4.41)

Therefore, the union bound on the BER for the ideal combined system can be

simplified as follows,
Punimt = P(CI — C?) + P(Cl =3 C‘I) (442)

To get the union bound on the BER, only the PEPs P(C; — C,;) and P(C; — Cy)
are required which can be obtained through (4.34). The numerical results are
shown in Section 4.3.3 to demonstrate that the analytical union bound is very

tight to the simulation results.

4.3.2 Conditional Probability Method

We have obtained the exact PEP with any desired degree of accuracy in the above
subsection. However, the expression of the exact PEP obtained above does not
explicitly show the characteristics of the ideal combined system, such as the diver-
sity order and the coding gain, which are very important for the study of the idecal

combined systems. In the following, we derive the closed-form upper bound of PEP
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and the exact closed-form BER by using the conditional probability. The diver-
sity, coding and array gains can be straightforwardly obtained from the closed-form

upper bound of PEP.

4.3.2.1 The closed-form upper bound of PEP

Following the derivation procedure in [87], an equivalent channel h,, is introduced

to denote hW. In the case of idcal beamforming, h,, has the following expression,
h=hW=[0 [h|] (4.43)

Similar to [45] and [87], the upper bound of PEP of transmitting C and deciding in
favor of C' at the decoder, conditioned on the equivalent channel, can be obtained

and is given as follows,
P(C,C'lhy) =@ d?(C,C)) - < ex (G, &) 1 (4.44)
Al e NGy = R "~ VAN ‘
where Q(-) is the Gaussian Q function and d?(C, C') is given by
d*(C,C') = [|h(C - C')[|7 = [lhey(S - 8|3 (4.45)
After following simple manipulations similar to [45] and [88], we have
d*(C,C') = h,,Ah], (4.46)
where A is the Hermitian code distance matrix, given by

A =(S—-8)(S-S8)"=6E,LI (4.47)

due to the orthogonality of the Alamonti’'s STBC. In this case, the conditional

upper bound of PEP on the true channel realization becomes

P(C.CINIP) < exp (-2 Ib?) (4.48)
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Since h; is assumed to be statistically i.i.d complex Gaussian random variable with

zero-mean and variance o7, then,

M,

[B)? = 1l (4.49)
i=1
is central chi-square distributed with ny = 2M; degrees of freedom. Let &; repre-
sents the random variable ||h||?, and according to [78], the PDF of ||h||? is given
by
Simz(&r) = m " exp (_5_%) ; (4.50)
where I'(-) is the gamma function. By averaging both sides of (4.48) with respect

to the distribution in (4.50), a non-conditional upper bound of PEP is obtained,

, % 8,E, &E, s\
P(C,C) < /0 exp (—ﬁﬁf) fimy2(€r)dér = (1 + ‘:Nc oﬁ) (4.51)

At sufficiently high SNRs, the right-hand side of Inequality (4.51) can be approx-

imated as

—M; —M;
P{C, Q)< 35202 " (E (4.52)
P gk 4N,

According to [87], the diversity advantage is the power of the SNR in the denom-
inator of the expression for the PEP derived above, and the coding advantage is
the approximate measure of the gain over an uncoded system operating with the
same diversity advantage. Hence, the system achieves a diversity gain of M,, which
is the maximum or full diversity for a system with M; transmitting antennas and
a single receiving antenna. Therefore, the combined system of ideal beamforming
and Alamouti’s STBC can achieve the full diversity gain and full code rate simul-
tancously for complex constellation, which cannot be achieved at the same time
by the conventional OSTBC in [89] except for the Alamouti scheme [4].
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Comparing (4.52), for M; = 2, with the upper bound of PEP for the Alamouti

scheme given in [87] as

-2 -2
P(S,S')S(%Jgoﬁ) (4%0) . (4.53)

. ; : . . 1.
it is obscrved that the ideal combined system has the same coding gain of §égaﬁ

due to the same encoder as the Alamouti scheme. In addition, the base of the first
term on the right-hand side of (4.52) indicates that the former has an array gain
of 2 over the latter. The additional array gain of 2 is benefited from the perfect
CSI at the transmitter and therefore a coherent combining effect at the receiver.
This means that the ideal combined system with two transmitting antennas has
3dB performance gain over the Alamouti scheme though equal total transmission
power is assumed. This can be explained as follows.

As described in (4.18), the ideal combined system transmits the same infor-
mation data from M, transmitting antennas simultancously with different power
allocation. At the receiver, the signals carrying the same information data with
different weights are received within one time instant and hence are affected by
one AWGN sample. To illustrate this, we consider two transmitting antennas and
assume that s»\/F; denotes the information data and e; denotes the AWGN sam-
ple within one time instant. Then the transmitted signals from two transmitting
antennas are h}syv/E,/||h|| and h3sy\/E,/||h||, respectively. Therefore the received

signal ¥, may be described as

" l?ﬁlu WE A T VB o = bl Erber (459

([l
Consequently, the average SNR for each received signal before the ML detector at
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the receiver is given by
E
= 2——5

On the other hand, for the Alamouti scheme, the same information data are car-
ried by two signals transmitted from two transmitting antennas with equal power
allocation during two time instants. As a result, the two signals carrying the
same information data are received at two time instants and hence are affected
by two different AWGN samples. Following the above illustration, the two signals
sl\/m and 3{\/?/2 from two transmitting antennas for the Alamouti scheme
are transmitted at two different time instants. At the receiver, as stated in [4], the
combined signal over two time instants after channel estimator and linear combiner

is described as

o~ 2 ES * *

o = ||h||*sy 5 + hie; + hoe} (4.56)
where e; and e, are the AWGN samples at two successive time instants. Therefore,

the average SNR for each combined signal before the ML detector at the receiver

is given by

E,
2Ny’

Ya = ||Ih|? (4.57)

Comparing (4.55) and (4.57), clearly, the ideal combined system has 3dB gain on
the overall SNR over the Alamouti scheme, so also on the BER performance.
Furthermore, when we compare (4.52) with the upper bound of PEP for the

conventional OSTBC, given by [87] as

I “Me /g o\ M
P(8.8) < ( —0m.0n 3 (4.58)
M,
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the ideal combined system has the same full diversity gain of M, as the conventional
OSTBC. If we divide the right-hand side of (4.52) by the right-hand side of (4.58),
under the same diversity condition M;, we get the ideal combined system's overall

performance gain of

ﬂ,‘{é —M;
a—M, tv2
tl — 4,
2 (%M' ) (4.59)

which includes a coding gain of

CG = 10log (M*'sz) dB (4.60)
25;\48

and an additional array gain of

AG =10log2 =~ 3 dB. (4.61)

4.3.2.2 The closed-form BER

In the combined system of ideal beamforming and Alamouti’s STBC, the received

signals at two time instants are given respectively by

y1 = ||h]|vEss2 + € (4.62)
and
y2 = ||h||\/ Ess] + €2 (4.63)

Notice that the pre-coded information data s, and s, are decoupled completely,
i.e., only one of the pre-coded information data is received at each time instant in

the case of ideal beamforming. The received SNR for each signal is expressed as

% = [|hl*v% = & (4.64)
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where vy = E/Np is the average SNR. For BPSK modulation, the exact BER

expression is given as follows,

= [ Q(vVEm) fuwldn (4.65)

0

where f,, () is the PDF of 7, which, by using (4.50), has the following expression,

' M;-1 =
fn(m) = %fllh[? (—’i’-) L p (—Jzim) . (4.66)

= ex
Yo T(M,) (0270)™" )

Hence, the PDF of ~, for the ideal combined system has the same form as that for
the true MRC described by (14.4-13) in the Section 14.4.1 of [78], except that the
parameter M, in (4.66) denotes the number of transmitting antennas, while for the
true MRC, the parameter L in (14.4-13) denotes the number of receiving antennas.
It follows that (4.65) has the same closed-form solution as the true MRC system

described by [78]

My Me—1 k
Py = [%(1 B ,U-,)] Z ( M, —kl +k ) [%(] + ;;7}] (4.67)

k=0

2
TL%
= ‘f—-— 4.68
Hey 14 ‘7;2{)‘0 ( )

Due to the special structure of the orthogonal Alamouti's code and the fact that

where, by definition

only one column of W is nonzero, the ideal combined system becomes the pure
ideal transmitter beamforming system with the optimized power allocation. In
other words, the Alamouti’s STBC has no effect on the combined system in the
case of perfect CSI at the transmitter. The important conclusion of this section is
that the ideal combined system not only can achieve full code rate and full diversity
simultaneously, but also the optimum BER performance as the true MRC.
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4.3.3 Numerical Results

In this thesis, unless otherwise stated, all numerical results are obtained in the
simplified fading scenario under the assumption of M, = 1, E, = 1 and g7 = 1. For
the combined system of beamforming and STBC, it is assumed that the variances
o? and o} and the correlation coefficient p are perfectly known at the transmitter
in order for the optimization to be carried out.

For fair comparison, all different systems are compared on the basis of the same

effective bits per symbol (BPS) throughput given by
BPS = R x m, (4.69)

where m is the modulation throughput corresponding to 2™ = M for M-PSK
modulation.

Fig. 4.2 shows the BER performance of the ideal combined system of beam-
forming and Alamouti’s STBC as well as the conventional OSTBC for comparison.
All the curves are obtained by Monte Carlo simulation. To keep the same BPS
of 1bit/symbol, the system’s parameters used for the various systems simulated
are summarized in Table 4.1. In the ideal combined system of beamforming and
Alamouti’s STBC, BPSK modulation (m = 1) is used for any number of trans-
mitting antennas. Thus the combined system has a BPS of 1bit/symbol since the
transmission rate is unity as described in Section 4.3 and 4.4. For the conventional
OSTBC, QPSK modulation (m = 2) is adopted for M; = 3 or M; = 8 trans-
mitting antennas in order to achieve a BPS of 1bit/symbol because the adopted
code has a rate of 1/2 [89]. It can be observed that the performance of the ideal
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—I-— M=2, ideal§ Combining
— M;=3, Ideal Combining
-—- M;=8, Ideal Combining

M=2, Alamouti STBC ||
M,=3, OSTBC
M=8, OSTBC

BER

SNR [dB]

Figure 4.2: BER performance comparison between the idecal combined system and
OSTBC

No. of
System Transmitting | Code | Modulation | Modulation
Antennas Rate Throughput
Combined System M, =2 R=1 BPSK m=1
Combined System M, =3 R=1 BPSK m=1
Combined System M, =8 R=1 BPSK m=1
Alamouti's STBC M,=2 R=1 BPSK m=1
OSTBC M, =3 R=1/2 QPSK m=2
OSTBC M; =38 R=71j}2 QPSK =2

Table 4.1: System parameters used for simulation results shown in Fig. 4.2

combined system improves as the number of transmitting antenna increases. The
ideal combined system has a great performance gain over the conventional OS-
TBC, including the classical Alamouti scheme. It is worth mentioning that the

curve of the ideal combined system has the same slope as that of the conventional
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OSTBC with the same number of antennas because both have the same full di-
versity. According to the discussion in Chapter 3 and [87], the minimum of the
squared Euclidean distances between the OSTBC codeword pairs corresponds to
the PEP of worst-case codeword pair, which is the dominant term in the union
bound. Therefore, the minimum of &5 is (02)min = 4 for BPSK modulation, the
minimum of &3 is (d3)min = 4 for QPSK modulation and the minimum of dy is
(08)min = 4 for QPSK modulation. From (4.60) and (4.61), the ideal combined
system should have a total performance gain of G = 10log(M,;d,/6ds, ) dB involving
coding gain CG and array gain AG over the corresponding conventional OSTBC
with the same number of antennas. We can see from Fig. 4.2 that the ideal com-
bined system for M, = 2 is 3dB better than the Alamouti’s STBC; for M; = 3, the
former is about 5dB better than the corresponding OSTBC; while the difference
is 9dB for M; = 8. Obviously, these simulation results confirm the conclusions of
the discussion in Section 4.3.2.1.

Fig. 4.3 shows the union bound on the BER and the exact theoretical BER
from the closed-form expressions for the combined system of ideal beamforming
and Alamouti’s STBC in the cases of M; = 2, M, = 3 and M, = 8, respectively.
The simulation results are also plotted for comparison. It is clearly seen that the
numerical analysis in Section 4.3.1.2 provides a tight union bound on the BER for
the ideal combined system. As the number of transmitting antennas increases, the
analytical union bound agrees better with the simulation results. The figure also
shows that the closed-form theoretical BER in (4.67) matches very well with the

simulation results.
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BER
]
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Figure 4.3: Comparison of union bound and simulation results for the ideal com-
bined system

4.4 Performance Analysis for Non-ideal Beam-
forming

In the case of non-ideal beamforming, the feedback CSI at the transmitter is
assumed to be imperfect. It corresponds to the feedback correlation coefficient
0 < |p| < 1. Substituting (4.13) into (4.12) shows that the optimal eigenvalues A\,
and A, of the linear beamforming matrix in (4.16) are the functions of ||h|| and

the average SNR 7y, i.e.,

A= fr (Ill2) . Ao = fn (IRl %) (4.70)

Fig. 4.4 illustrates that the eigenvalue )\, is clearly decreasing as a function of ||h]|

and increasing as a function of E;/Ny. Hence, for a given E,/Ny, it remains that
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Figure 4.4: The relationship between \; and ||h|| or E,/Ny

0< X <L % < A < 1. In the case of A\; = 0 and )\, = 1, beamforming in the
direction of ﬁH is performed, i.e., all the transmitted power is allocated to this
direction corresponding to the largest eigenvalue A;. On the other hand, in the
case of A; # 0 and Ay # 1, a part of the total transmitted power is allocated to B
and the remaining power is allocated to the direction of flT, which is orthogonal

AT
toh .

Since the transmission matrix C = WS for the non-ideal combined system is
still a M; x 2 matrix, the code achieves full rate R = 1. The diversity gain can be
derived by using the same method as in Section 4.3 from the closed-form upper
bound of PEP expression. However, it is essential to obtain the distribution of

the equivalent channel h,, (introduced in Section 4.3) before discussing the system

PEP and BER.
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In the case of the non-ideal beamforming, the equivalent channel h., has the

following expression,

h,, = hW = i [ \/_Eh h; \/_Zh h: ] (4.71)
By introducing
| M | Mo
a=— h,h, and b= —— Y hhj, (4.72)
bl = [l

i=1

the equivalent channel h., can be rewritten as

h, = [ aVXi b/ | (4.73)

According to (4.46), d*(C, C') can be expressed by
d*(C,C') = 6,E, (|a]*Ay + |b|*A2) = 8,E,z (4.74)
where z is introduced to denote (|a]?A; + [b]?A2). It is obvious that the key of the

solution is to find the PDF of z, f,(z).

4.4.1 Conditional PDF of a and b

It is reasonable to assume that the CSI h at the transmitter and the true channel
h are jointly complex Gaussian distributed as in Section 3.2.1 and Section 4.2.1.
According to the discussion in Section 3.2, the mean and the variance matrices
of h conditioned on h for the MISO system in the simplified fading scenario are
described respectively by

m, ;. = ph (4.75)

Rynii = 0n(1 = |p*)Ia, = aly, (4.76)
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where 0 < |p| < 1 and @ = 0}(1 — |p|?). The PDF of the true channel element h;,
conditioned on the CSI element h; at the transmitter, is also a complex Gaussian
PDF given by
hi~CN (phi,a), (4.77)
and hence h;h; and h,‘fl: are also conditional complex Gaussian distributed as
follows,
hihi ~ CN (pf}.,—fzi, a|ﬁ,-|2) (4.78)
hihi ~CN (p|f1,-|2, alhuf?) (4.79)
It is assumed that the elements of both the true channel h and the CSI h at
the transmitter are statistically i.i.d, so do the clements of the two vectors’ mul-
tiplication. Consequently, a||h|| and b||h|| are both the sum of M, statistically

independent complex Gaussian random variables with the following distribution,

M,
ol ~ e (53 i ol (4.0
bl ~ e’ (pllBIZ, alla)?) (4:81)

From Section 4.2, we know that h and h are orthogonal, i.e.,

z

hih; = 0. (4.82)
1

i

By utilizing (4.82) and ||h|| = ||h]|, it is straightforward to arrive at
a~CN(0,a) and b~CN (puﬁu, a) . (4.83)

Expanding the real and imaginary parts of a and b, we have the following results

for A; # 0 when ||hl| is given:

VAiRe(a) ~ N (0, 50M), (4.84)
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VAilm(a) ~ N(0, %a,\l) (4.85)
VARe(b) ~ N(plhl[v/3s, 5as), (4.86)
Valm(b) ~N(0,%a)\2} (4.87)

Therefore, A|al? = [V A1Re(a)]? + [v/Alm(a)]? conditioned on |[h|| has a central
chi-square distribution with n; = 2 degrees of freedom, and A, |b|? = [v/A2Re(b)]? +
[vVA2lm(b))? conditioned on ||h|| has a noncentral chi-square distribution with n; =

2 degrees of freedom.

4.4.2 Conditional PDF of z
The conditional PDF of z is analyzed in three scenarios as follows:

(i) Ay = 0, Ap = 1. It is seen from (4.74) that in this case, z = |b|2, which is
noncentral chi-square distributed random variable conditioned on ||h|| with
ns = 2 degrees of freedom. From [78], the PDF of z conditioned on ||h]| for

A1 = 0 can be described by

s 2115112 3
fz|||m|(3) = éexp (‘M i I'OCL (L] ) Iy (20[;/:“}1") (4.88)

where I,(-) is the modified Bessel function of the first kind for the vth order.

(ii) A\ = %, Ay = % Again from (4.74), the random variable z = %|at2 B %Ibl2
conditioned on |[h|| becomes a noncentral chi-square distributed with ng =4
degrees of freedom. According to [78], the conditional PDF of z for Ay = 1)
is described by

(@) = 2 exp (~2" * 'ﬁ'z"h”g) I (zpfﬁnﬁn) (4.89)
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.. 1 : e =
(i) 0 < A < 33 < A2 < 1. The random variable 2 conditioned on ||h|| is
the sum of an independent noncentral chi-square distributed random variable
A2|b]* and a central chi-square distributed random variable A;|a|?. According

1
to Equation (5.45) of [85], we can get the conditional PDF of z for 0 < A; < 3

as follows,

~ Map|lh| V A2 A2

= [vau-2)], (26l =
xé[/\n@nﬁn] "( a Az)

4.4.3 Non-conditional PDF of 2

' 1 z 2 + Aa|pl?(|)|2
fai(® = ——— [Zexp [_M]
(4.90)

The conditional PDFs of z given above, are all conditioned on the vector norm of
the CSI at the transmitter ||h||. The real and imaginary parts of cach element h;
are statistically i.i.d Gaussian random variables with zero-mean and variance 307.
Clearly, from (3.32), ||h||? is central chi-square distributed with ng = 2M, degrees

of freedom. Hence, ||h|| has a generalized Rayleigh distribution. Let £ denote the

random variable |||, then the PDF of ||h|| has the form (78]:

fﬁ(é)—ﬂc‘x _ﬁ £>0 (4.91)
&= S P\ "7 ¢2 |

The PDF of z can be obtained by substituting (4.91) and (4.88) or (4.89) or (4.90)

into the following equation,

fla) = / " L G& (4.92)

Fig. 4.5 depicts the PDFs of the coefficient z with M; = 2, p = 0.9, 0 = 1 and
E, /Ny = 5,15 dB, respectively. The simulation results are the amplitudes of the
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Figure 4.5: The relationship between \; and ||h|| or E,/N,

histograms averaged over 1000 000 Monte Carlo feedback realizations. The theo-
retical results are calculated from (4.92). It can be seen that the simulation results
coincide with the theoretical analysis very well. It verifies that the theoretical
analysis about the coefficient z’s distribution is indeed viable and efficient.

To consider the system performance gain, we should turn our attention into
the range of high SNR. Fig. 4.4 shows that the eigenvalue )\, approaches % at
sufficiently high SNR for all values of ||h||, and, therefore, f,(z) in (4.92) can be
simplified for the case of high SNR. It is known that the modified Bessel function
of the first kind, I,(-), has a close relationship with the Bessel function of the first
kind, J,(-), as follows,

I(x) = 37", (jx). (4.93)
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Hence, (4.89) can be rewritten as

Loy (2) = — Zﬁl exp (—W) (_._p\/2_~”h”) (4.94)

Using the integration formula given in [24],

N T' (v + sp+ 1 .
/ ahe " ], (Bz)dx = BT (5 ,u 2) 1 Fy £+—V-+—~ +1; 2
0 13t IP(y 4 1) 2 4t

(4.95)
with the constraints Re(t) > 0 and Re(p + v) > —1, where ; F1(+; ;) denotes the

confluent Hypergeometric function, the non-conditional PDF of z in (4.92) reduces,

for high SNR, to

70 = 4% o (-2 h (2,222 (4.96)

h

4.4.4 The Exact BER

In the combined system of non-ideal beamforming and Alamouti's STBC, the

received signal before decoding are given by

Y = ay /\131 == b\/ /\QSE + €1 (497)
and
Y2 = a\/ A\189 + b/ Aas] + € (4.98)

After intelligent processing at the receiver, the overall SNR ~, for each signal is

given by
Yy = (|a|2)\1 — |b|2)~.2)'m = 2. (4.99)

Since z is a random variable with the PDF of f.(z), 73 is a random variable with

the PDF
_1.(m
Fw(n) = %fz (‘}’0) ; (4.100)
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For BPSK modulation, it is well known that the exact BER expression is

= [T Q(vEw) futndn == [T Q(vEw) £ Byn (4201

By applying f.(z) in (4.92) into the integrand of the above equation and calculating
the integral, we get the exact BER for the combined system of the non-ideal
beamforming (|p| < 1) and Alamouti’s STBC. Using the exact BER expression
which is a double integrals, the combined system BER performance can be obtained

much faster than the simulation, especially at high SNR.

4.4.5 The Closed-form Upper Bound of PEP

The BER expression obtained above consists of integral function. In order to
analyze and investigate the diversity, coding and array gains of the non-ideal com-
bined system, a closed-form upper bound of PEP is derived. The conditional upper

bound of PEP on the equivalent channel is described by

1 0o E
P(C,C'|hy) < exp (—dg(C, C')4—Nn) = exp (— 42N[; z) (4.102)

1
Since it is known from Fig. 4.4 that A\, approaches to 3 at sufficiently high SNR,
the upper bound of PEP is derived by averaging both sides of (4.102) with respect

to the distribution in (4.96), i.e.,

daM2 foo 2 &E, 2p%2
P(C,C) < W/ﬂ z exp [— (a - 4_}\'0') :.] 1 F (11-I¢;2;T) dz (4.103)
Again using the formulas given in [24],

/ a#Lexp(—sz) 1 Fi(v; ¢ kx)de = D(p)s™F (v, p; c; ks ™) (4.104)
0
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and
F(=k,3;8;-z) = (1 + z)*, (4.105)
equation (4.103) can be simplified and rewritten as
4aM=2 (2 §E\? ; ab, B\ !
P(C.C) < — |- - :2:0%( 1 2
(C,C) < o (a+4Nn) F{M,2;2;p ( - SNG)
e (4.106)
<4a*’f—2(2+5253)*’ g 2(1+a52E_, !
r 8N,

- 2M¢ a 4Ny
At sufficiently high SNR, the last factor approaches to one, hence the inequality

Ty,

(4.106) is further reduced to

My—2 -2 = E
P(C,C) < (Q—_‘?—gff‘z) (%620‘,2‘) (E%i(;) (4.107)

Thus a diversity advantage of 2 and a coding advantage of %Jaﬁ are achieved,
with an additional array gain of o~ U,‘:"_z over the normal single transmitter
and receiver systems. Notice that the diversity gain of the non-ideal combined
system remains at 2 regardless of the number of transmitting antennas. Therefore,
increasing the number of transmitting antennas has no effect on improving the
diversity order of the non-ideal combined system. In [76], the authors show that
array gain arises from the coherent combining effect of multiple antennas at the
receiver or transmitter or both. The effect of array gain is similar to that of coding
gain (i.e., it causes a left parallel shift in the BER vs SNR curves). Equation (4.107)
shows that increasing the number of transmitting antennas M; can improve the
array gain of the non-ideal combined system.

From the discussion in Section 4.3, we know that the ideal combined system

has full diversity advantage of M,, a coding advantage of -;—50,21 and an additional
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array gain of 2 over the normal single transmitter and receiver systems. The
performance difference between the non-ideal and ideal combined systems is that
the non-ideal combined system has an improvement in the array advantage, but a
loss in diversity advantage.

Compared with the Alamouti scheme, the non-ideal combined system has the
same coding gain due to the same encoder and the same diversity order of 2 regard-
less of the number of transmitting antennas. When M, = 2, the non-ideal combined
system has no additional array gain over the Alamouti scheme at high SNR, as
can be seen from (4.107). However, a small performance gain can be expected at
low SNR. The statement is reasonable in view of that the non-ideal combined sys-
tem combines the benefits of the conventional beamforming and Alamouti scheme
and therefore the non-ideal combined system should have more performance gain
over Alamouti scheme. It is shown above that the non-ideal combined system has
similar performance to Alamouti scheme at high SNR. Therefore, its performance
gain over Alamouti scheme should appear at low SNR. The mathematical analysis
can also verify the statement. In the case of imperfect CSI at the transmitter,
if the SNR value tends to 0, the first term of Wg; in (3.12) also approaches to
0. ¥y~ aIMl M, It turns out that the performance result is similar to the one
derived in the case of perfect CSI at the transmitter. It is known from Section 4.3
and Fig. 4.2 that the ideal combined system with perfect CSI at the transmitter
has a small performance gain over Alamouti scheme due to its additional array
gain. Therefore, as the SNR decreases, the curve of the non-ideal combined sys-
tem approaches to that of the ideal combined system. Thus, a small performance
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gain of the non-ideal combined system can be expected over Alamouti scheme at
low SNR. It is worth noting, that these conclusions are true only because of the
assumption that the channel estimation is perfect at the receiver, regardless of the
SNR. In practice, at low SNR the channel estimation becomes very poor at the
receiver and the feedback CSI becomes useless. Therefore, we cannot expect any
gain at all for the non-ideal combined system over the Alamouti scheme even at
low SNR. Hence, with the assumption of perfect channel estimation at the receiver,
the performance of the former is slightly better than the latter at low SNR while it
approaches the latter at high SNR, as illustrated in Fig. 4.7. When M, > 2, it can
be obtained that the former has an additional array gain of AG = a‘ﬂtz:zaf“z
over the latter from dividing the right-hand side of (4.107) by that of (4.53).

Although the non-ideal combined system has a worse diversity gain compared
with the corresponding OSTBC for M; > 2, but has an additional array gain.
Consequently, at specific BER value, the non-ideal combined Alamouti’s code and
beamforming may have better performance gain than the conventional OSTBC
system because the array gain of the former is much larger than the diversity gain
of the latter.

To compare with the conventional combined system of beamforming and OS-
TBC, its upper bound of PEP can be derived by following similar derivation proce-

dure for the non-ideal combined system of beamforming and Alamouti’s STBC. It

is straightforward to obtain the upper bound of PEP for the conventional combined
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system to be,

1 - M, E —M,;
PAC. )< | — 2 - :
€01 (o) ™ (£) e

It can be observed that the upper bound of PEP for the conventional combined
system has the same expression as the conventional OSTBC in (4.58). It means
that the conventional combined system has the same coding gain and diversity
gain as OSTBC. However, it has no additional array gain at high SNR, unlike the
proposed combined system of beamforming and Alamouti’s STBC. This justifies
the simulation results in [45] that at high SNR, the performance of the conven-
tional combined system approaches to that of the conventional OSTBC. Similar to
the conventional OSTBC, the performance improvement due to the diversity gain
of the conventional combined system overwhelms that of the proposed combined

system due to the array gain at high SNR.

4.4.6 Numerical Results

Numerical results are provided to demonstrate the performance analyses developed
in this section and to compare the new combined beamforming and Alamouti’s
STBC system with the conventional methods — conventional OSTBC and con-
ventional combined system of beamforming and OSTBC. For fair comparison, all
different systems are kept at a BPS of 1bit/symbol as described in Section 4.3.3.

Fig. 4.6 shows the BER performances of the combined system of beamforming
and Alamouti’'s STBC with different number of transmitting antennas, obtained
by theoretical analysis and Monte Carlo simulations. The variance of the channel

coefficients was arbitrarily set at 02 = 1 and the feedback quality was set to p = 0.9.
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It can be seen that the theoretical BER and the simulation results matched very
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Figure 4.6: Comparison of simulation and theoretical results for the combined sys-
tem BER of beamforming and Alamouti’s STBC with different number of antennas
well regardless of the number of transmitting antennas. Therefore, the exact BER
expression in (4.101) is effective to compute the BER for the combined system
of beamforming and Alamouti’s STBC with multiple transmitting antennas. It is
known from Section 4.4 that the non-ideal combined system has the same diversity
gain of 2 regardless of the number of transmitting antennas and an array gain of
a-‘ﬁ;_?of‘—z. As described in [87], the diversity gain and coding gain are derived
at sufficiently high SNR. Equation (4.106) in Section 4.4.5 is also approximated
to Equation (4.107) for high SNR. The power of the SNR in the denominator of
Equation (4.107) denotes the diversity gain of the system, which embodies the slope
of the performance curve at high SNR. Hence, it only makes sense for high SNR.
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The slope of the performance curve varies at low to medium SNR. For example, at
some low SNR range, the slope of the curve for eight transmitting antennas is less
than 2, while at some medium SNR range, the slope is higher than 2. Both the
slopes can not indicate the system diversity gain. At high SNR, the slope of the
curve is stable, which indicates the diversity gain. The curves in Fig. 4.6 have the
same slope at sufficiently high SNR, which confirms that the non-ideal combined
systems have the same diversity gain regardless of the number of transmitting
antennas. Furthermore, this figure also confirms that due to the array gain, an
approximately 3.6dB performance improvement can be achieved for each increment
of the number of transmitting antennas, for example, from M, = 2 to M; = 3, as
well as from M; = 3 to M; = 4.

Theoretically, from the above observation we can conclude that the BER will
improve indefinitely as we increase the number of transmitting antennas. However,
this is impossible in practice. One of the explicit explanations is as follows. Before
we can coherently combine y; and y, in (4.97) and (4.98) at the receiver, we need
synchronization process using pilot signals for each antenna. Our simulations are
conducted under the assumption that synchronization can be achieved regardless
of the signal power at each antenna. However, as the number of transmitting
antennas increases, the power of pilot signals becomes lower and lower under the
condition of the same total transmission power. If this pilot power is too low,
then there is no way to synchronize and also to estimate the CSI at the receiver.
Hence, the system performance cannot continually improve with the increase of
the number of transmitting antennas in practice.
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The BER performance comparison between the combined system and the con-

ventional OSTBC for different antennas is depicted in Fig. 4.7. In the legend of

BER

+ M=4, OSTBC (QPSK)
Lt % Mz=8,0STBC (QPSK)
107 o M=2, deal combined 1
» M4, Ideal combined

&

1
M=8, Ideal combined

-10 -5 [} 5 10 15 20
Eb/NO [dB]

Figure 4.7: Comparison of the combined system and the conventional OSTBC for
the system BER

this figure, “Non-ideal” represents the simulation result of the combined system
of non-ideal beamforming and Alamouti’s STBC with the CSI imperfection set to
p = 0.9; “Ideal” denotes the simulation result of the combined system of ideal
beamforming and Alamouti’s STBC with p = 1; and “OSTBC” is used to denote
the simulation of the conventional OSTBC without beamforming as proposed in
[89]. As seen, the curves of the ideal combined systems have the same slope as the
corresponding conventional OSTBC due to the same diversity gain, while they all
have a parallel shift to the left over the corresponding conventional OSTBC due
to the array gain AG and the coding gain C'G, discussed in Section 4.3.
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The curves of the non-ideal combined systems are all parallel to that of Alam-
outi scheme at high SNR because all of them have the same diversity gain of 2. For
two transmitting antennas, the curve of the non-ideal combined system approaches
the one of Alamouti scheme as the SNR increases. For more than two transmitting
antennas, the curves of the non-ideal combined system have a parallel shift to the
left over Alamouti scheme due to the additional array gain of a'mz;zof;:"'“z. The
non-ideal combined system combines the advantages of both beamforming and
Alamouti scheme. Clearly, the performance of the non-ideal combined system im-
proves significantly over the Alamouti scheme as the number of antennas increases
to more than two.

In the case of four transmitting antennas, although the performance of the
non-ideal combined system is worse than that of the conventional OSTBC at high
SNR, as expected, it is much better than the conventional OSTBC at the low SNR
of the practically useful region of the BER values due to the array gain. As the
number of transmitting antennas increases to 8, it is obvious that the advantage
of array gain overwhelms the diversity gain at the desired BER.

Fig. 4.8 shows the performance comparison between the combined system of
beamforming and Alamouti’'s STBC and the combined conventional OSTBC with
beamforming as proposed in [45]. To keep the same BPS of 1bit /symbol, the system
parameters used for different combined systems are summarized in Table 4.2. The
combined system of beamforming and Alamouti’s STBC can achieve the same BER
performance as the conventional combined system of beamforming and OSTBC
at low SNR. But, at high SNR, the performance of the latter is much better
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Figure 4.8: Performance comparison of the combined system of beamforming and
Alamouti’s STBC with the conventional combined system of beamforming and
OSTBC

No. of
Combined System Transmitting | Code | Modulation | Modulation
Antennas Rate Throughput
Alamouti and Beamforming M; =2 R=1 BPSK m=1
Alamouti and Beamforming M,=4 R=1 BPSK m=1
Alamouti and Beamforming M, =8 R=1 BPSK m=1
OSTBC and Beamforming M, =4 R=1/2 QPSK m=2
OSTBC and Beamforming M, =8 R=1/2 QPSK m=2

Table 4.2: System parameters implemented in this comparison of Fig. 4.8

than that of the former. This is due to the conventional combined system has
more diversity gain when the number of transmitting antennas is greater than
2. However, the combined beamforming and Alamouti’'s STBC system has much

lower computational complexity, and it remains at full code rate for more than
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2 transmitting antennas, which cannot be achieved by the conventional combined
system. Furthermore, no new STBC of different dimension is required every time
the number of antennas is changed, as the same Alamouti’s STBC is used in the
combined system regardless of the number of antennas. In this way, the design
phase can be made simpler.

Meanwhile, it is observed from Fig. 4.8 that the performance improvement of
the conventional combined system over the combined beamforming and Alamouti’s
STBC decreases as the number of transmitting antennas increases. For example,
for four transmitting antennas and p = 0.9, the investigated combined system
starts to show worse performance than the conventional combined system when the
BER is below the level of 3 x 10~*, while for eight transmitting antennas, the point
of departure is at BER= 6 x 10~5. Morcover, the performance improvement of the
conventional combined system decreases more seriously as the CSI imperfection p
increases. For example, for eight transmitting antennas, the point of departure for
the two systems’ performances for p = 0.7 is at 2 x 1073, Therefore, the combined
system of beamforming and Alamouti’s STBC has a great advantage for a large

number of transmitting antennas and good feedback quality.

4.5 Summary

In this chapter, a beamforming technique based on the CSI at the transmitter
is employed to combine the Alamouti’'s STBC with more than two transmitting
antennas in order to get more diversity gain or array gain while keeping the full

code rate. Two scenarios are considered to investigate the performance of the
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proposed system: one is the perfect CSI at the transmitter and the other one is
the imperfect CSI at the transmitter. For the perfect CSI, a closed-form BER
expression is derived, while for the imperfect CSI case, the exact BER expression
involving only double integrals is given. With the BER expressions, the system
BER performance can be obtained much faster than the simulation, especially at
high SNR. The upper bound of PEP for the proposed system over the two scenar-
ios are also derived to further analyze the diversity gain, coding gain and array
gain. With the upper bound of PEP, it is convenient to compare the proposed
system with the conventional OSTBC as well as the existing combined system of
beamforming and OSTBC. Numerical results demonstrate that though the non-
ideal Alamouti combined system does not improve the diversity gain of two, the
array gain advantage of the combined system may overwhelm the diversity gain
of the conventional OSTBC at the desired SNR, especially for a large number of
transmitting antennas. With imperfect CSI at the transmitter, the comparison be-
tween the proposed system and the existing combined system of beamforming and
OSTBC shows that, although the performance of the former is much worse than
that of the latter at high SNR, the former performs as well as the latter at low to
medium SNR. However, the Alamouti combined system is much simpler to design
and retains full code rate regardless of the number of transmitting antennas. For
any number of transmitting antennas, the Alamouti combined system requires no
new STBC of different dimension to be designed. Therefore, the combined system
of beamforming and Alamouti’s STBC can achieve a tradeoff between performance
and complexity especially for a large number of transmitting antennas and good
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feedback quality.
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Chapter 5

Joint Design of Beamforming and
Linear STBC

5.1 Introduction

A few research works [10,29,45,48, 56-58,69,96,97] have been published which
discuss how to incorporate the perfect or imperfect CSI at the transmitter into
the design of optimal transmitter. In [29,69,96], the design of transmitter beam-
former considering the imperfect CSI was addressed. In [45,56-58,97], the trans-
mitter beamforming and a predetermined OSTBC are combined into one single
low-complexity transmission mode based on the perfect or imperfect CSI at trans-
mitter. The design of unstructured STBC that uses the quantized and outdated
CSI at the transmitter is investigated in [48] and reviewed in Chapter 3 in this
thesis. The efficient codes in [48] are found by optimizing the design criterion
based on the union bound on the BLER technique, using a simple gradient search
algorithm. The goal of the union bound criterion is herein to minimize the BLER.
The numerical gradient search is a locally optimal algorithm. To remedy this, it

should be repeated several times, each with different initialization and selecting
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the best of the resulting solutions. All of these design schemes are based on various
design criteria for different purposes.

It is known that there are many design criteria exist for pursuing the op-
timal transmitting diversity design, including capacity criterion [38,39], mutual
information criterion [22,27, 69,70, 93] (which specifies the theoretical achievable
maximum rate of reliable communication in the absence of delay and processing
constraints), expected SNR criterion [69] and error probability criterion including
the worst-case PEP [45], the symbol error rate (SER) [9], the Chernoff bound on
the SER [98] and the union bound on the BLER [48], etc. The well-known rank
criterion and determinant criterion [87] for the design of space-time codes are de-
rived from the worst-case PEP. Subsequently, a trace criterion is proposed in [94]
for the design of space-time codes in the case of high diversity order.

In [48], the union bound on the BLER criterion is adopted, based on the feed-
back CSI which is available at the transmitter. Since ecach current transmitted
codeword is also known at the transmitter, it should be exploited to further im-
prove the system performance. Hence, in this chapter, we propose a new perfor-
mance criterion taking both the feedback CSI at the transmitter and the current
transmitted codewords into account. Meanwhile, the BER performance criterion
has always come to our attention, which is striving to minimize the system BER
rather than the BLER.

It is known from [48] that the unstructured STBC adopted in Chapter 3 has an
important issuc of decoding complexity. These codes require an exhaustive scarch
over all codewords. For codes with a moderate number of codewords, the resulting
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computational complexity may be tolerable, but for high-rate applications, the
high decoding complexity essentially excludes the use of unstructured codes. On
the other hand, linear structure may be a more appealing choice for high-rate
applications, since it often permits the use of decoding algorithms [42,92] with
significantly lower complexity than an exhaustive search, at the price of lower
performance.

In this chapter, we propose to jointly design the linear STBC and beamform-
ing based on the new performance criterion. A simple genetic algorithm (SGA) is
utilized to search the best solution, which is a global optimization method rather
than the local optimization gradient search algorithm adopted in [48]. The im-
perfect feedback CSI is considered under two different and fairly general models
in the form of noisy or quantized measurement as in [69]. The new design cri-
terion and the resulting optimization problem for two CSI models are developed,
respectively. In addition, we analyze some special cases and give some examples of
the jointly-designed code in order to understand the system behavior deeply and
also to help explain the simulation results. Benefiting from the new performance
criterion, the jointly-designed code has advantage in both BLER and BER perfor-
mances, although the linear structure of the code limits the freedom of design, over

the unstructured code used in Chapter 3. This is illustrated by numerical results.

5.2 System Model

We consider a MISO narrowband wireless communication system making use of

linear STBC based on the available CSI at the transmitter. Fig. 5.1 illustrates
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such a system model comprising M, transmitting antennas and a single receiving

antenna. The CSI is fed back from the receiver to the transmitter through a

ML |
Detector

A

Perfect
Channel
Estimator

L h/p
Weight
Update [* Feedback l‘i

Figure 5.1: Block diagram of the system model

dedicated feedback link or estimated by using reciprocity in duplexing schemes.
We assume that the channel estimate at the receiver is perfect and the linear
STBC are used. The codeword matrices in such lincar STBC [17,47,48,52] are
formed as linear combinations of some information carrying symbols, each weighted
by a corresponding matrix that spreads the information both in time and space.
Let N denote the number of such symbols corresponding to a codeword and let the
set A= {si}l':‘l of signal points s' represent the constellation alphabet from which
the symbols are chosen. Here, |A| denotes the cardinality of the set A. Far each
codeword, the corresponding part of the message to be transmitted is mapped into
symbol s, and its conjugate s} with s,, s, € A, forming two parallel sequences

S1,82,...,8y and s},s3,...,8%. These two sequences are then used to compute
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the transmitted codeword according to
N
C=) (snAn+s,B,) (5.1)
n=1

where A, B, are M; x L weighting matrices used for spreading the information
both in time and space. Enumerating over all symbol sequences gives K = |A|Y
potentially different codewords. Depending on the message to be communicated,
the linear STBC encoder chooses which, out of the K codewords, to transmit. Since
the codewords are of length L, the code rate is R = N/L and the spectral efficiency
of the linear STBC is 7, = N log,(|A])/L bits/s/Hz. The choices of A, N, and L
thus allow an appropriate tradeoff between data rate and time redundancy.

Traditionally, {A,, B,}L_, is a set of fixed transmitter weighting matrices, such
as OSTBC as discussed in Chapter 2. The combined system of beamforming and
Alamouti’s STBC for BPSK modulation proposed in Chapter 4 can be also viewed
as a subclass of M; x 2 dimensional linear STBC with NV = 2 and code rate of
R = 1, where the weighting matrix of the Alamouti’'s STBC is predetermined
while the weighting matrix of beamforming is adapted separately to the perfect or
imperfect channel characteristics according to the CSI at the transmitter. Because
of orthogonality of Alamouti’s STBC, the performance of the combined system is
suboptimal.

In this chapter, we jointly design the beamforming and linear STBC dependent
on the CSI at the transmitter. For simplicity and for the purpose of comparing

with the related work in [45,48, 56-58], BPSK modulation is adopted. Thus, the

input symbols of (5.1) become no imaginary parts and the weighting matrix B,
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is incorporated into the weighting matrix A,. The number of symbols, N, and
the length L of the block codeword are set to be equal, N = L, to ensure the
jointly-designed system remains a full code rate R = N/L = 1. However, it
is straightforward to generalize the proposed method to the linear STBC with
any length, any symbols and other M-PSK modulations. Note that the specified

jointly-designed codes, which has a full code rate, can be expressed by,

N
C= SnAn (52)

=t

where {A,}Y | are adjusted according to the CSI at the transmitter. Let E,
represent the average energy per information symbol and let C denote the codeword
constellation, i.e., C = {Cx}£_,. Due to BPSK modulation, we have |A| = 2, thus
K = 2" In order to ensure the average output power per symbol epoch to be E;,

the constraint

K
> ICkI} = E.K log, K (5.3)

is imposed under the assumption that all the codewords are transmitted with equal

probability.

The complex baseband received data model may be written as follows,

Y=hC+E (5.4)
where YisalxLrowvectorY = [ y; y2 - - y5 | representing the received data
over L time intervals, E = [ e, e; --- eg | is the independent AWGN samples

with zero-mean and variance 0% = Ny/2 per dimension and h is a 1 x M, complex
row vector denoting the channel coefficients from the M, transmitting antennas to
the single receiving antenna, which is further discussed in Section 5.2.1.
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5.2.1 The channel model

The associated fading model is again assumed to be the so-called simplified fad-
ing scenario as in [45,48] for illustrative purpose. The complex channel vector
h = [ hi hy -+ hyy, ] consists of M, statistically normalized identical and in-
dependent coefficients. The coefficient h; (i = 1,2,..., M,) is the ith circularly
complex Gaussian distributed channel’s parameter with zero-mean and variance
of = F [|h,—ﬂ. The channels are assumed to be time-correlated and satisfy the
quasi-static Rayleigh flat fading.

At the receiver, the 1 x M, row vector ¢, with elements {¢;}, is used to represent
the initial channel information which is fed back to the transmitter. In view of the
well-known Jakes fading model [41], the following assumptions are reasonable. The
initial channel information ¢ is a delayed copy of the current true channel h due
to the feedback delay and the time-varying nature of the wireless channel. Since
the channel coefficients are time-correlated, the outdated version ( is correlated,
to an arbitrary degree, with the current true channel h. In the simplified fading
scenario, each element (; is correlated with the corresponding coefficient h;, and
uncorrelated with all others. The amount of such correlation is determined by
the time it takes to feed back the CSI. The normalized correlation coefficient p
is introduced to describe the degree of correlation, where p = E[h;(}] /o7, which
is a measure of the initial channel information quality as used in [45,48]. More
precisely, we further assume that h and ¢ are jointly complex Gaussian since they

arc samples of the same time-correlated stationary Gaussian random process. Their
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distribution is completely characterized by the mean vector my = m¢ = 0, the
covariance matrices Ry, = R¢e = 031y, and the cross-covariance Ry¢ = aiply,,
where Iy, is the M; x M, dimensional identity matrix. It is shown in [45, 48] that
the mean and the covariance matrix of h conditioned on ¢ is described respectively
by

mypc = p¢, Runje = 03(1 = [p]*)Iy, = aly, (5.5)

5.2.2 The CSI at the transmitter

Besides the feedback delay, the CSI at the transmitter may also suffer from the
noise in the feedback link or the quantization errors. In the following, we consider
two different and fairly general models that capture the salient features of practical
systems about the feedback CSI at the transmitter in the form of noisy or quantized

measurement as in [69].

5.2.2.1 Noisy CSI

In this model, it is assumed that the CSI obtained at the transmitter is corrupted

by the AWGN of the feedback link, which can be expressed by
h=(+e (5.6)
where the AWGN e ~ CN(0, 02). From (5.6), it follows that
Elhih}] = EhiG]] + Elhic]]. (5.7)

The correlation between the AWGN € and the true channcl, h, is zero since h; and
its corresponding ¢; are independent. Therefore, the noisy and outdated CSI h;
at the transmitter is correlated with the current true channel h;. The correlation
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between h, and h; is the same as that between (; and h;, and the amount of such
correlation is also determined by the feedback delay and not by the AWGN of the
feedback channel, i.e., E [h,-f'z;} Jo} = p. The detailed explanation is discussed in
Chapter 4. Hence, we opt for p as the quality describing the CSI at the transmitter.
Perfeet CSI at the transmitter corresponds to p — 1, as discussed in [56]. No CSI
at the transmitter corresponds to p — 0 and in the other cases of imperfect CSI

at the transmitter, 0 < |p| < 1.

5.2.2.2 Quantized CSI

As an alternative model for the CSI at the transmitter that matched to most classes
of practical systems, we consider a scenario as in [48] in which the initial channel
information is quantized into a b-bit integer p = f,(¢) € {0,1,...,2° — 1}, which
is transported to the transmitter via a dedicated feedback link. The feedback link
is assumed to have an ideal feedback channel, i.e., it does not introduce any bit
errors. Consequently, the integer p represents the quantized CSI available at the
transmitter. It is used to choose the jointly-designed linear STBC C from a set of
2b different codes C(p).

As in [48], we will implement b-bit uniform scalar quantization of the phases
of ;/C,i = 2,..., M, for the closed-loop MISO system model. The quantizer
f.(€) divides the space of the initial channel information vector ¢ into 2° regions
{0, f’:_ol, based on the mapping ¢ € O, = f,({) = p. The codebook vectors

{E(p)}24" are given by
CA(P) =[1 elrom ... ej’pfut_ztp} ] (5.8)
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where ¢, ;) = QTrT,(p)/QB, v=0,...,M;—2,b= b/(M; —1) represents the number
of bits per complex-valued dimension and 7,(p) € {0,1,..., 26— 1} has the relation
of p= Zﬂ":‘g . T,,(p)QE". Thus, the specific quantization function is defined by

2

£ )

1

p= fa(¢) =arg min

pe{0,1,...,2b—1}

(5.9)

The detailed explanation for uniform phase quantization scheme is given in Chapter
3. This quantization scheme is very practical since it is closely related to the

feedback scheme adopted by the closed-loop mode of 3G WCDMA system [1].

5.3 Performance Criterion For Joint Design

In practice, the channel information is estimated at the receiver via transmitting
pilot symbols or training sequence. The knowledge of transmitter weighting matrix
can also be obtained through the same method. For example, a known training se-
quence is used to detect the transmitter weighting matrix in [49]. More specifically,
we can even detect the transmitter weighting matrix and the channel information
jointly via the same pilot symbols or training sequence. In this scenario, the de-
tecting of transmitter weighting matrix does not increase the complexity of the
receiver seriously. However, both issues of the transmitter weighting matrix de-
tection and the channel estimation go beyond the discussion range of our thesis.
Therefore, it is assumed that the ML decoding algorithm is employed based on
the perfect channel estimate and the perfect knowledge of transmitter weighting
matrix at the receiver, as adopted in [45]. This assumption allows us to isolate the

impact on system performance of different degrees of knowledge abont the channel
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at the transmitter, which is the focus of this thesis. Under this assumption, we
propose a new performance criterion for the joint design of beamforming and linear
STBC.

From [45], we know that the worst-case PEP, conditioned on the CSI at the
transmitter, is the dominating term in the union bound for the combined system of
beamforming and the predetermined OSTBC. Hence, the closed-form expression
for the performance criterion in [45] is derived from the upper bound of the worst-
case PEP conditioned on the CSI at the transmitter, as described in Chapter 3.
However, in this chapter, the performance criterion is derived from the weighted
sum of the only associated PEPs with respect to the current transmitted codeword,
conditioned on the CSI at the transmitter. This criterion is reasonable in view of
the fact that the worst-case PEP is not exactly the dominating term of the union
bound for the lincar STBC without the requirement of orthogonality. Meanwhile,
our performance criterion is also different from the performance criterion used in
[47,48] and discussed in Chapter 3, which is based on purely the union bound
principle without considering the current transmitted codewords. Following Sec-
tion 5.2, we develop the performance criteria for the jointly-designed codes in two

cases of the noisy and quantized CSI at the transmitter as follows.

5.3.1 Code design for noisy CSI

It is known from Section 5.2 that the jointly-designed lincar STBC C contains K
codewords {Cy, ..., Cx} for the given {A,}"_,. The PEP P (Cy — C;) represents

the probability that the ML decoding metric for codeword C; is smaller than the
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metric for Cg, conditioned on the event that C; was transmitted, where k,l €
1,...,K and k # [. Similar to [45,58,87] and Chapter 3, the upper bound of PEP
of transmitting C; and deciding in favor of C, at the decoder, conditioned on the

true channel h and the CSI fl, can be obtained and is given as follows,

~ 1
P (ck — Cifh, h) —-Q ( #(Cr, G-
< Lo (e, 0y .
> 23KP ks i 4—1\70
where d?(Cy, C;) is given by
d*(Cx, Cy) = |h(Ck — C))|I}
(5.11)

= h(C; — C))(Ci — C))"*n™
It is assumed in Section 5.2.1 that the CSI h at the transmitter and the true

channel h are jointly complex Gaussian distributed. As shown in [45], the mean

vector and the variance matrix of h conditioned on h is described respectively by

The PDF of h conditioned on h is also complex Gaussian, given in [45] as follows,

. xp |—(h —m,; )R} (h—m, ;)"
Puji (hlh)=°Xp[ ﬂ:'::t (:,I,:m) my5)"

The upper bound of PEP, conditioned on the CSI h, is formed by averaging both

(5.13)

sides of (5.10) over the distribution in (5.13),

N &(Cy, C i
j2 (Ck - C;!h) < §]exp (‘—(ﬂo—‘)) Puii (hlh) dh  (5.14)

After following simple manipulations similar to [45], we have
exp [mmﬁR;:,]f,
2det (Ryyj) det ()

_ =
(‘I’Hl = thﬂ-)th]EmgIB]

P (Ck - C;|f1) < (5.15)
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where

vy = (Ck = C;)(Ck . CI)H/4N{) + R;}lxlﬁ' (516)

Taking the logarithm, neglecting parameter-independent terms and reformulating
the exponent in (5.15) lead to the so-called codeword pair criterion used in [45] as

o | -1np-1 H
exp (mmﬁthm'I'kt Rhmammﬁ)

V(Ck — Cih) = det(Pg) ‘

(5.17)

Now our attention is turned onto deriving the weighted sum of the only as-
sociated PEPs conditioned on the CSI at the transmitter. For the purpose of
illustration we describe the associated design process in the case of N = L = 2
and K = 2V = 4. The modulated information data s, /s, are assumed to be ++v/E,

or —/E, for BPSK modulation. The information data constellation is formed as,

g(1) 1 1
st | 1 -1
3(3] — Es -1 1 (518)
s -1 -1
where s*) = [35*’ sg‘)]{k =1,..., K) represents the input information series to the

jointly-designed linear STBC, corresponding to the codeword Cy. Since the input
information series s’*) is known at the transmitter, it is just required to calculate
the weighted sum of the PEPs associated with Cj rather than the union bound
of the BER. Consequently, the performance criterion with the noisy CSI at the

transmitter is defined as,

K
W (A1, Ao, s®) = 3" quV(Cy — Cilh) (5.19)
1=1,l£k

where ¢y is the number of error bits between the codeword pair Ci, C;. In the
following, we give a detailed description of the parameters in the performance

criterion (5.19).

122



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

CHAPTER 5. JOINT DESIGN OF BEAMFORMING AND LINEAR STBC

In the first case when the input information series is s, ie., k = 1, the
transmitted codeword is C,. The associated parameters with respect to C; are

given as follows,

Uy, = yA,AN + R;hlh, (5.20)
U3 = yAAT + R (5.21)
T =7 (AIAT + AAT + A AT + A2AY) + R (5.22)

where v = E;/N,. It is obvious that ¢ = ¢13 = 1 while ¢4 = 2 in (5.19). Then
by substituting (5.20), (5.21), (5.22) and (5.17) into the performance criterion in

(5.19), it takes on the equivalent form as
=¥ H
exp (mh1thh|h‘I' thlhmhlh)
dCt ‘1’12)

-1 g-1R-! m™M
sxp (mhlthh{h 13 th|ﬁmh[f1) (5.23)

det(¥y3)

= | =

2exp (mhlthhihq’ thlh hlh)

det(®14)

W (A1, Aglh,sV) =

_l..

In the second case of s, ie., k = 2, the transmitted codeword is C,. The

associated parameters with respect to C, are given as follows,

Wy = vALAY + Rhtla|h ¥y, (5.24)
Woy = yA; AN + R;}‘llh = W,3, (5.25)
Wy = 7 (AAY — AAT - ALAT + AAT) + R (5.26)

Here, g21 = gaa = 1 while go3 = 2. We rewrite the performance criterion in (5.19)
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by using (5.24), (5.25), (5.26) and (5.17) as

-1 -1
i (mhIthmhq' thlh hl‘h)

det(¥y5)
exp (mhlhR;;Ih‘l’lgR
det(¥,3)

2exp (mhlh hhth‘pm th]h hqh)
dCt(‘I’)_g)

W(A;, Aslh,s?) =

n hhfh' h|h) (5.27)

+

Similar to the derivation in the first and second cases, it is straightforward to

obtain the conditional performance criterion for s® and s respectively as
W(A1, Aslh,s®) = W(A;, As|h,s®), (5.28)
due to Wa, = W3, Wiy = Wyy and Wyy = Wy, and
W(A1, Aslh,s®) = W(A,, Ay|h,sM) (5.29)

due to Wy = Wy, Pyo = W3 and ¥y = Uy,

Since {A;, As} are adjusted according to each transmitted codeword besides
the CSI at the transmitter, the power constraint should be considered for each
codeword. In this chapter, we restrict the output power during every symbol
epoch to be E,, then the average output power per symbol epoch is sure to be E,.

Thus, the power constraint for the new performance criterion is modified to
ICkllf = Eslog, K = NE, (5.30)

which satisfies the constraint in (5.3). In this example, the power constraint of
(5.30) can be further simplified and expressed by

1

Euckn% =tr [AJAT + ApAT + 7 (A2AT + ALATY)] =2 (5.31)
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where 7, = sgk)sgk}/Es. Itisclearthat m =y =1land m =13 = —1.

We jointly design the codes by minimizing the performance criterion with re-
spect to every input information series s'*) subject to the constraint of (5.31) as

follows,

(A}, Ay} = arg min W(A1, Azlh,s®)  (5.32)
tr[A AT+ AL AT 47 (A2 AT+ AL AT )| =2

where ¥ = 1,...,K. A strategy for numerically solving (5.32) is presented in
Section 5.4.

Although it is a difficult task to explicitly characterize the optimal set of code-
words from the optimization problem in (5.32), we will, in the following paragraphs,
present the analyses of the optimal codewords for a few special cases in order to
understand the behavior of the transmitter, and also to help explain the simulation
results in Section 5.6.

For the special case of high SNR, i.e., ¥ — oc, the codeword pair criterion in
(5.17) converges to the limit function, as derived in [45, 48],

1

Vi —Gh) =——— .
(Ck Cflh) dCt(\I‘H) (5 33)
The performance criterion in (5.19) for high SNR becomes
K
W (A1, Aglh,s®)) = Z gkVoo(Cr — Ci|h)
= (5.34)
Z Akl
1=11#k det(¥y)

By using Ci =Gy /V2E, to re-parameterize the optimization problem and substi-
tuting (5.12) into (5.16), we have
1 | =
Wi = 7Pu + -(-I-_IMf (5.35)
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where &4 = {ék _é,)(ék —6;)” is a Hermitian square matrix. Obviously, ®;, can
be A A, AsAlf or AJ AN + A AN + (AAY + A AY) according to the mapping

(5.2). Due to the EVD theorem [33], the M, x M; matrix ®;; can be written as
&, =TS, " (5.36)

where I' is a M; x M, unitary matrix, and X, is a M, x M, diagonal matrix whose

elements are given as

Pruz B2 2 Ber > Bryrpsr =" =Pmm =0 (5.37)

where 3,, represents the rth ecigenvalue of ®4; and r is the rank of ®4 and
r < min{M,, L}. Therefore, ¥ is also a Hermitian square matrix and can be

formulated using the EVD method as
U, = ‘}/I‘EHFH + éI‘IM,PH =T (‘YEH o i '(IIIMl) ' (538)

Thus,

M, -
det(Wy) = det (’sz: + élu.) = H (‘rﬁﬁ 4 %) = # [[1 (‘Yﬁﬁ + é)
. i (5.39)
Substituting (5.39) into the performance criterion (5.34) for high SNR, it can be
scen that r should be as large as possible to guarantee the criterion in (5.34) is
minimized. Hence, r = min{M;, L} in the asymptotically optimal code. From
[25,87], it means that the diversity gain of the jointly-designed code in the noisy

CSI measurement model is min{M,, L}.

For the special case of combining beamforming and Alamouti’s STBC, the
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weighting matrices of Alamouti’s STBC are predetermined, which are given by

Alz[é ﬂ A= [__01 [1}] (5.40)

for BPSK modulation, and the weighting matrix of beamforming W is adapted
according to the available CSI at the transmitter. Accordingly, the weighting

matrices of the combined system are given by

A1 = WA.‘I, Ag = WA.Q (541)

Thus, we have
AAT = WWH = A,AT (5.42)
A AT + AJAY =W (A,AT + A AT )WH =0 (5.43)

due to the orthogonal nature of Alamouti’s STBC. To illustrate that the new
performance criterion produces the same effect as the codeword pair criterion for
this special case, we give an example of inputting the information series, sV, to

the encoder. In this case, (5.20), (5.21) and (5.22) become
V2= T3 =7AAT + R (5.44)

Uy, =29A AT + R;;m (5.45)

The codeword pair criteria corresponding to the terms W5, W3 and ¥, are im-
plicitly proportional to A;A}Y. Hence, the new performance criterion (5.19) is
implicitly proportional to A;Al!, since the new performance criterion is just the
weighted summation of these codeword pair criteria. This results in that opti-
mizing the worst-case codeword pair criterion has the same eftect as the proposed
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optimization problem in (5.32). Simultaneously, it verifies the assumption of [45]
that the codeword pair criterion, corresponding to the worst-case PEP containing
the term A;A}f or A;A%, is the dominant term in the union bound criterion on
the BLER as well as the proposed performance criterion for this special case.
Even though the codeword pair criterion has the same effect on the code de-
sign as the new performance criterion in the case of combining beamforming and
predetermined OSTBC, it can not be used for the proposed jointly-designed code.
Without the requirement of orthogonality, the term A;A% in (5.42) may not be
equal to the term A2A% and the sum of the cross terms, A;A¥ + A,Al, in (5.43)
may not equal to zero. This means that the individual codeword pair criterion does
not possess the aforementioned proportionality. Hence, optimizing the worst-case
codeword pair criterion does not mean that the weighted summation of the code-
word pair criteria achieves the optimum as what the new performance criterion

aims to achicve.
5.3.2 Code design for quantized CSI

Given the quantized CSI, the integer p, the transmitter determines the current
channel code C = {Cy}£, from a set {C(p)} of codes. Following Section 5.3.1, we
start by exploiting the upper bound of the conditional PEP of transmitting CE)
and deciding in favor of C;p} at the decoder, so as to obtain

P(cP —cPh¢) =@ (\/ﬁ(Cip)»Cf”)gl\g)
1

1 _2c® oy 1 46
< oo (- )1 ) (5.46)

=1 @ _ a2t
— o (It - ¢l
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Due to the jointly complex Gaussian relationship of h and ¢, the PDF of h condi-

tioned on ( is given as follows

exp [—(h — myi¢) Ry (h — mhIC)H]
M det (thiC)

pri¢ (h|¢) = (5.47)

By averaging both sides of (5.46) over the distribution in (5.47) and executing the
same manipulations as in [45] and [48], we have

exp [mhicﬁﬁﬁic ((‘I’E?))'l = thlc) R%ﬁmm;f]c]
2det (Run¢) det(}7)

P(CP - cP¢) < (5.48)

where

T8 = (CP - CP)(CP — CP)"/aN, + Ryl . (5.49)

Similarly, we take the logarithm, neglect parameter independent terms and refor-
mulate the exponent in (5.48) according to the process in [48]. Thus, referring
to the derivation in Section 3.3, the modified codeword pair criterion with the

quantized CSI at the transmitter can be written as

exp {tr ((WS))'IRﬁﬁcE[m‘l}flcmhiC ”’]REIC)}

174 C(P] = C(P) - 50
(CP® - CPp) S (5.50)

where
Elmf cmpe(p] = |p*E[C™¢Ip] (5.51)

according to (5.5). The expectation in the expression of (5.51) can be obtained
from the corresponding sample estimates taken from a Monte Carlo simulation
of the quantization process in the feedback link. Similar to the derivation in
Section 5.3.1, the performance criterion for the jointly-designed linear STBC with
respect to the current transmitted codeword Ci_p) in the case of quantized CSI at
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the transmitter is the weighted sum of the PEPs associated with C{.p), given as

follows,

.
wAP, AL, .. APps®) = Y quV(CP —CcPp) (5.52)
1=11#k

For the special case of high SNR, i.e., v — o0, the codeword pair criterion with
the quantized CSI at the transmitter in (5.50) converges to the limit function, as

derived in [48],
1

Vm(cip) - c» Piemr——er
<GP = )

(5.53)

The quantized CSI measurement model’s performance criterion in (5.52) for high

SNR becomes

K
WA, AP, .. ARIp,sP) = Y~ quVuc(CP — CPlp)
I=1,1#k
K

- Z qkl

1=1,I£k det{‘l’fﬁ}’)

(5.54)

Similar to the derivation in Section 5.3.1, we can also obtain that performing the
design procedure of the quantized CSI measurement model for high SNR ensures
that the jointly-designed codes have a diversity gain of r = min{M,, L}. Note
also that the criterion in (5.54) does not depend on neither the quantized feedback
CSI p nor the channel statistics. Thus, as the SNR increases, the feedback CSI
becomes redundant.

For the special case of no feedback CSI, i.c., p = 0 and b = 0, the codeword

pair criterion in (5.50) becomes

1

vicy — c?10) = ——.

(5.55)
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due to the mean vector of h conditioned on ¢, my = 0. Note that (5.55) has
the same expression as the limit function in (5.53). This similarity means that
the jointly-designed code with the quantized feedback CSI at a sufficiently high
SNR approaches to that without the feedback CSI. The jointly-designed code in
the case of no feedback CSI is like an upper bound of the optimal codes.

It is known from Chapter 3 that the uniform phase-quantization method adopted
in this work exhibits certain symmetries, i.e., the quantized regions are rotated
copies of each other, which means that the codebook vectors in (5.8) can be ex-

pressed in terms of the first codebook vector as

(p) ={(0)8, (5.56)
where p = 0,...,2° — 1 and the M, x M, dimensional unitary rotation matrix ©,

in Chapter 3 becomes a diagonal matrix depending on p in MISO system,

1 0 e 0
D Jj#- (p) E
o,=| (5.57)
3 s i 0
0 - 0 ejéfut-ztpl

which rotates ¢ (0) to the desired position. This quantization symmetry together

with the symmetrical statistics of the simplified fading scenario leads to the sym-

metric feedback of MISO system satisfying the following conditions, as described
in Section 3.3,

Elm} .my¢|p] = d ©,U0]f (5.58)

Runie = d Iy, (5.59)

where U is a constant M; x M, matrix corresponding to E[CHCLO = 0], which can be

obtained from the corresponding sample estimates by using Monte Carlo simulation
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of the quantization function in the feedback link. Here, U can be evaluated prior
to the code search, due to its independence from the codewords. From (5.51) and
(5.5), it is clear that d = |p|? and d = a.

This symmetrical nature can be exploited to reduce the computational com-
plexity of the code design process significantly. In order to carry the symmetry of
the feedback over to a corresponding symmetry of the codes, we let CE:’) = G),,(’J;,_
following the method in [48], where Cy, = EHNZI s A,,. Substituting this mapping,
together with (5.58) and (5.59) into (5.50) results in the new form of the codeword

pair criterion,

i i exp |(|o|*/a?)tr (¥5'U .
V(©,E, — ,Cilp) = — (G det@zlg ) ey G

where

~ P 1 1
Py = (Cp — C)(Cy — c,)“Hm + EI”" (5.61)

It is obvious that (5.60) is independent of the integer p, then the proposed perfor-

mance criterion of (5.52) also becomes independent of p as,

K
W(A‘la A?! S A AN' S(k)) = Z Qkiv(ék =t éf) (562)
I=1l#k

Thus we only need to jointly design the specified code C = {ck}f=1 by minimizing
the above performance criterion (5.62) while subjecting it to the power constraint

in (5.30) to arrive at

(AN =arg min W(AA,,...,Ax|s®). (5.63)
ICkliZ=NE,

where £ = 1,2,..., K. The jointly-designed code C(p) corresponding to the quan-
tized CSI of p can be constructed through the linear mapping AE{’) = e,,A,,.
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It is known from (5.57) that ©, = I,,. Then A” = ©,A, = A,. Thus,
only {A®}Y_ are needed to be searched and the remaining weighting matrices
AP p=1,...,2°—1 are obtained through the rotation An(”) = GPAEP]. The look-
up table {C(p) f,b:‘ﬂl is formed by collecting the 2° jointly-designed lincar STBC.
The required transmission matrix C E’ ) is selected from the look-up table dependent
on the feedback CSI p, and the input information series s(*). Hence, the design
process for the quantized CSI measurement model is substantially expedited and
the memory required to store the code is drastically reduced. Since the quantized
feedback CSI, the b-bit integer p, is limited, the search of weighting matrices can
be performed off-line and the look-up tables can also be constructed off-line.

Our real interest for the system design is to minimize the BER performance.
Therefore, we propose the design criterion as given in (5.52) to minimize the BER
performance as much as possible, while [48] uses different design criterion, summing

over all codeword pairs based on the union bound criterion on the BLER as follows

K
W(Clp)= ), V(Ci— Cilp) (5.64)
kd=1,k<l
which assumes that all the information series are transmitted with equal likelihood.
The design goal in [48] is to minimize the BLER. However, although the proposed
design criterion doces give a better BER performance as compared with the union

bound criterion used in [48], the gain is not as expected. This will be explained

later in Section 5.5 and 5.6.
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5.4 Numerical Optimization

The optimization problems of (5.32) and (5.63) are non-convex and difficult to solve
analytically in general. Numerical optimization techniques are therefore required
to implement the design procedure. In [48], a simple gradient search algorithm is
used, but the resulting solutions can only be expected to be locally optimal. This
algorithm must be remedied by repeating the gradient search several times using
different initial guesses. Here, we use a SGA described in (23] to numerically find
the global optimum. SGA is a stochastic global search method by applying the
principle of survival of the fittest to produce better and better approximations to
a solution. Hence, repetition using different initial guesses is not required. The
SGA as a random search process provides no limits regarding the required time
and search effort to reach a global solution. We give an upper limit in the search
effort. Generally, the upper limit in the search effort will affect the performance
of the proposed system more or less. However, to fairly compare with the pro-
posed system, the performances of the jointly-designed unstructured code are also
obtained by using SGA with the same upper limit in the search effort as the pro-
posed jointly-designed linear code. The methods we adopt for solving each of the
major components of SGA in this work are outlined in Table 5.1.

Note that the time it takes to complete such jointly-designed procedure depends
on the size of the problem. The number of the elements in each weighting matrix
is M; x L. There are N = log, K weighting matrices for cach codeword. Here, the

real part and imaginary part of each weighting element are encoded as a binary
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Components of SGA | Methods adopted
Gray binary-coded and logarithmic

Solution Representation

scaling
Fitness Function linear ranking
Selection Function stochastic universal sampling
Crossover single-point crossover
Mutation binary mutation
Reinsertion fitness-based reinsertion

specified maximum number of gener-

Termination :
ations

Table 5.1: Major components implemented in this work

string by employing Gray coding, respectively. Hence, the number of parameters
in the design criterion is Np,, = 2M,;L log, K.

In the noisy CSI measurement model, the SGA exhaustive search of the opti-
mal weighting matrices must be executed for every transmission since the trans-
mitting codeword and the current noisy CSI at the transmitter vary for every
update. It is a very tedious work and needs remarkable computing power. On
the other hand, in the quantized CSI measurement model, the design procedure
may be performed off-line and the transmission scheme can be efficiently imple-
mented by using the look-up tables and the symmetrical nature of the quantiza-
tion method discussed in Section 5.3.2. Resulted from the symmetry of BPSK
modulation, we only need to execute the SGA search for K/2 codewords. There-
fore, the total number of parameters required to search in the design procedure is
Nutipar = NparKK/2 = MyLK log, K. The complexity order of designing the pro-

posed jointly-designed linear code is K/20(2M,;Llog, K). It is obvious that the
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time it takes to perform the design procedure becomes prohibitive as K grows
large, resulting in an essentially unsolvable code design problem.

As shown in [48], the total number of parameters required to search in the
existing jointly-designed unstructured code is Nmmr = ZNW, = 2M,LK. The
order of complexity on designing the existing jointly-designed unstructured code
is O(2M,LK). To compare fairly with the unstructured code with M, = 2,L =
2, K = 4 used in [48], we design the jointly-designed lincar code with the same
system parameters. We can see that the total number of parameters required to
search in the jointly-designed linear code is 2 x 2 x 4 x 2 = 32, which is equivalent
to that of the unstructured code as shown in [48]. However, Nyq, is larger than
E\?mpa, as long as log, K > 2. Nevertheless, since the SGA search for each codeword
of the jointly-designed linear code is independent, the K /2 times of search can be
executed simultaneously over different platforms. Thus, for the jointly-designed
linear code, the number of parameters required to search in each platform is Ny, =
2M;L log, K, which is much less than Nmm, as K increases. It is obvious that the
K/2 times of independent search of the jointly-designed linear code relieves the
complexity burden required by the code design problem for large K remarkably
compared with the unstructured code.

Moreover, the new performance criterion also reduces the computing power. In
the new performance criterion, only X — 1 PEPs between the current transmitted
codeword Cj and other codewords {C;}}il (I # k) are required to be calculated.
On the other hand, the existing performance criterion adopted in [48] is based on
the union bound of BLER, i.e., it must calculate (K — 1)K /2 PEPs between all
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codewords. Also the computational complexity of the new performance criterion is
much less than the existing performance criterion adopted in [48] as K increases.

Note that the linear structure imposed into the code design makes it possi-
ble for the use of decoding algorithms with significantly lower complexity than
an exhaustive search utilized by the unstructured joint design in [48]. Since our
attention is focused on the transmitter design and the performance comparison,
the decoding algorithms with lower complexity are not exploited and discussed in

this thesis.
5.5 Examples of Jointly-Designed Code

In this section, a few illustrative examples of the quantized CSI measurement model
should suffice to appreciate the extent of the improvement that can be achieved
by the jointly-designed code using the proposed performance criterion and the
described design procedures. All jointly-designed codes are obtained under the
assumption of the simplified fading scenario in the MISO system with a power
budget of E, = 1, the fading variance of 0} = 1 and BPSK modulation. Other
choices are certainly possible but usually do not affect the conclusions in any major
way.

To compare and analyze, two types of codes with M, = 2, L = 2, K = 4 are
presented in Table 5.2 and Table 5.3.

Wherein, one type of codes in Table 5.2 comes from [48] reviewed in Chapter
3, the other type in Table 5.3 is the jointly-designed codes based on our proposed

performance criterion and design procedures. It is known from (3.61) and (5.61)
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Jongren’s Unstructured Codes
p=10

Cgﬁ} —0.71126 + j 0.36087 +0.40735 — 7 0.44435
—0.58663 + 7 0.14285 —0.65934 + j 0.44859

cég} +0.01832 + j 0.21581 +0.08399 + 7 0.97295
+0.81098 + 5 0.54269 —0.18061 — j 0.12080

Cg@) +0.15579 + 5 0.09515 —0.94038 — 5 0.28723
' +0.20541 — 5 0.96129 —0.00773 — 7 0.18309
Cin) +0.53715 — j 0.67183 +0.44904 — 5 0.24136
—0.42976 + 5 0.27575 +0.84767 — 5 0.14470

p =095

ng) —0.92111 + 7 0.37685 —0.04889 — 5 0.10390
—0.88850 + 7 0.32513 —0.30045 + j 0.10687

C.Ef” +0.48440 + 7 0.49155 —0.03616 + j 0.72504
+0.67026 + 7 0.56673 —0.09747 + j 0.46532

Cém +0.24692 — j 0.47884 —0.77306 — 5 0.34031
+0.25685 — j 0.72680 —0.55128 — j 0.31430

ng) +0.18980 — 7 0.38956 +0.85812 — 7 0.28083
—0.03860 — 7 0.16506 +0.94920 — 5 0.25788

Table 5.2: Jongren’s unstructured code C(0) for different p [48].

that both types of the codes are constructed depending on the required E}/Np.
That is, with different E,/Njy, the constructed codes are different. For fair com-
parison, all thesc codes presented in Table 5.2 and Table 5.3 are designed for a
noise variance per dimension of ¢ = 0.05, corresponding to an E,/N; of 10dB,
which are one set of the many sets of codes used to obtain the results for a range
of Ey/Ny values plotted in Fig. 5.3 and Fig. 5.4. The initial channel information
quality, p, are set to 0 and 0.95, representing an open-loop system and a closed-
loop system, respectively. In the latter case, b = 2 bits are used to quantize the

initial channel information employing the uniform phase-quantization scheme de-
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Proposed Jointly-Designed Codes

CLU) _ S(lk)A(la) 4 S(zk)AgJ)

p=0
AQ | 55092442187 —0.8301+ 50567
s o g@ +2.3206 + 5 0.6652 +0.6930 + j 3.1398
AD +4.7610 — j 41221  +0.3823 — j 5.5368
—2.9647 — 7 0.7931 —0.3754 — j 2.4552
AD —0.7655+j 5.7103  +0.0537 + j 0.2645
a8 or 6 —5.8983 — 7 3.4813 —0.2242 — 7 5.9835
A(zn) +0.0017 + 7 5.5976 +0.5816 + 7 0.6107
—5.7341 — 5 4.0903 —0.8729 — j 5.5575

p=0.95

Aﬁ‘” —1.5146 + j 1.4258 —1.0407 — j 0.7126
1) or @ —0.2336 — 7 0.6245 —2.2582 + j 1.4231
Aéﬂ) +1.4998 — 5 0.9506 +0.7586 + j 1.5457
+0.8098 + j 1.0044 +1.7486 — 5 0.9089
A&“’ —0.7936 + 7 0.1713 +1.6652 + 7 2.1990
s@ or s® +0.7218 + 5 1.2609 —0.1359 + 5 1.4421
A!;)) —1.7418 + j 0.0805 +1.9595 + 5 2.1224
—0.1860 + j 1.1728 —0.5338 + 5 1.5421

Table 5.3: The proposed jointly-designed code C(0) for different p.

scribed in Section 5.2.2. The proposed jointly-designed linear codes with M, = 4,
N =L=4, K =16 and b = 6 for E;,/Ny = 10dB, which is one set of the many
sets of codes used to obtain the results for a range of values plotted in Fig. 5.5
and Fig. 5.6, are shown in Appendix A. In both tables, only the codewords of
the first code C(0) are explicitly displayed. This constitutes all the required codes
in the case of no feedback CSI (p = 0). In the case of p = 0.95, the feedback is
symmetric, as explained in Section 5.3.2. The remaining codes C(p),p =

. 54

are obtained through the relation CE}) = BPCE). where ©, is 2 x 2 dimensional
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diagonal matrix as follows,

0, = [[1] U.p:fr ] : (5.65)
o (1)

Let = denotes the Euclidean distance matrix of the code, where each element &;
represents the Euclidean distance between the ith codeword and the jth codeword,
i.e, €5 = [|Ci — Gjllr.

In the case of no feedback CSI, from Table 5.2, we can obtain the Euclidean

distance matrix for Jongren’s unstructured codes as follows,

0 2.3094 2.3094 2.3094

=u _ [2.3094 0 2.3094 2.3094

—0 7 12,3094 2.3094 0 2.3094
2.3094 2.3094 2.3094 0

where the subscript “0” represents p = 0 and the superscript “U” denotes the un-

(5.66)

structured code. Note that any pair of codewords has the same Euclidean distance
of 2.3094. This means that no matter which codeword is transmitted, deciding in
favor of any one of the other three codewords has equal likelihood. Thus all PEPs
of the unstructured code has the same effect on the union bound of the BLER
according to (5.55) and (5.64).

On the other hand, for the proposed jointly-designed code in Table 5.3 with
p = 0, the transmitted weighting matrices are adaptive according to the input
information data series. When s is input to the jointly-designed encoder, the

Euclidean distance matrix for s is given by

0 18.5525 19.0297 2.8284
18.5525 0 37.4786 19.0297
19.0297 37.4786 0 18.5525
2.8284 19.0297 18.5525 0

where the superscript “J” denotes the jointly-designed linear code. Obviously, the

Ed(sW) = (5.67)

Euclidean distance between C; and C, is the minimum, i.e., the PEP between
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C, and C; is the worst-case PEP, and also the dominating term in the case that
sV is input. Hence, the event of inputting s*) and deciding in favor of s at
the decoder is the most likely. When s is input to the jointly-designed linear

encoder, the Euclidean distance matrix for s® is given by

0 21.2887 21.5433 42.7393

=/ (s?) = 21.2887 0 2.8284 21.5433

— 21.5433 2.8234 0 21.2887
42.7393 21.5433 21.2887 0

(5.68)

where the Euclidean distance between Cs, and Cj is the minimum. Hence, in the
case that s is the input, the event of deciding in favor of s® at the decoder is
the most likely. According to the similar derivation, we can deduce that when s®
is the input, s is the most likely to be decided, while when s is the input, s(*)
is the most likely decision. It is known that g4 = @23 = g3 = qu1 = 2. Therefore,
when the event of one codeword error happens, the case of two error bits in this
event is the most likely. It means that the BER performance of the jointly-designed

system is very close to its BLER performance, as illustrated in Section 5.6.

5.6 Numerical Results

To illustrate the jointly code design based on the new performance criterion, we
present a few examples and examine their performance, and compare them with
the two typical hybrid open-loop and closed-loop MISO systems with partial CSI
in this section. For all examined cases, the simplified fading scenario with perfect
knowledge of 0°, ¢; and p is assumed and the variance of the channel coefficient
is set to be of = 1.

For fair comparison, all investigated systems are compared on the basis of the
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samne effective BPS throughput given by BPS = code rate x m, where m is selected
from 2™ = M corresponding to M-PSK modulation. Since BPSK modulation
(m = 1) is assumed and a BPS of 1bit/symbol is adopted, all of these codes are
required to have full code rate.

To demonstrate the performance advantage of the jointly-designed transmis-
sion method over the non-integrated design of combined system, we compare the
proposed jointly-designed code with the combined system of beamforming and pre-
determined Alamouti’s STBC described in Chapter 4. Since the latter is considered
in the case of noisy and outdated CSI without quantization, the jointly-designed
code is also investigated under this assumption. The latter has the orthogonal
nature and the beamforming matrix is designed separately (from the Alamouti’s
STBC) according to the CSI at the transmitter in order to adapt the predeter-
mined Alamouti’s STBC to the channel. A simple semi-closed-form optimization
solution can be derived from the codeword pair criterion. The proposed jointly-
designed code, on the other hand, is based on the new performance criterion with-
out the constraint of orthogonality. A numerical optimization algorithm requiring
an exhaustive search is needed to obtain the suitable code. Therefore, the pro-
posed jointly-designed system is more complex than the combined beamforming
and Alamouti’s STBC system. The available CSI at the transmitter is the same
for both systems with the initial channel information quality set to p = 0.9. In
Fig. 5.2, the BER as a function of the E,/Nj is depicted for the above two systems
with various number of transmitting antennas and the same system parameters
of N =L =2and K = 4. It can be seen that at the BER level of 1 x 107%,
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Figure 5.2: BER performance comparison of the proposed jointly-designed code
with the combined system of beamforming and Alamouti’s STBC in the case of
noisy CSI, N=L =2 and K =4.

the jointly-designed code has about 2.5dB performance gain over the combined
system of beamforming and Alamouti’'s STBC for both M; = 2 and M, = 4. Thus,
the performance advantage comes at the price of higher computational complexity
cspecially for the noisy CSI, which has been discussed in Section 5.4.

To prove the benefit of the new joint design with the new performance criterion
suggested in this thesis, we compare the proposed jointly-designed code with the
existing jointly-designed unstructured code proposed in [48]. The jointly-designed
procedure in [48] is based on the quantized CSI as this can be performed off-line
and the transmission scheme can be efficiently implemented by using lookup tables

and making use of the symmetrical nature of the quantization method discussed in
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Section 5.3.2. In this way, the computational complexity is significantly reduced.
Due to this reason, the comparison between the two jointly-designed systems is
carried out under the case of quantized CSI at the transmitter. The proposed joint-
design uses linear structure STBC and is based on the new performance criterion,
while the joint-design in [48] does not have the limit of code structure and is based
on the well-known union bound technique. Fig. 5.3 shows the BLER performance
of the two schemes for two transmitting antennas with the same system parameters
of N = L = 2 and K = 4. For both jointly-designed schemes, p is set to 0 and 0.95,
to study the impact of the initial channel information quality on the performance,
and b = b = 2 bits is exploited to coarsely quantize the initial channel information
by using the uniform phase-quantization method. Note that the scenario of p =0
also corresponds to an open-loop system which includes the conventional OSTBC
(89]. Therefore, the OSTBC system is also presented in the comparison as a
benchmark. It can be observed from the figure, the BLER performance of the
OSTBC as well as the unstructured code agrees with the results in [48]. According
to the analysis of [48], the unstructured code should have better performance than
all the other corresponding block codes, since structure generally limits the degrees
of freedom in the design. On the contrary, however, the proposed jointly-designed
code with linear structure, regardless of the initial channel information quality
p, has about 3.5 dB performance gain over the unstructured code at the high
SNR, which shows the advantage of the new design criterion that takes the current
transmitted codewords into account. In addition, the curve of the jointly-designed
code for p = 0 looks like an upper bound, and the curve of the jointly-designed
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Figure 5.3: BLER performance comparison of the proposed jointly-designed linear

code with the existing jointly-designed unstructured code in the case of quantized
CSI, M\i=2, N=L=2,K=4and b= 2.

code for p = 0.95 approaches to it at high SNR, as the discussion for the special
case of no feedback CSI in Section 5.3.2.

The BER as a function of the Ej/N, for the above two jointly-designed schemes
as well as the benchmark, corresponding OSTBC (Alamouti), is depicted in Fig. 5.4.
As it can be seen, the unstructured code in the case of p = 0 has nearly the same
BER performance as the OSTBC. It turns out that the conventional OSTBC is one
of the optimum solutions for the BER performance with respect to the standard
union bound criterion used by the unstructured code in [48]. This is reasonable
in view of that the unstructured code has a lot in common and even shares the

pairwise orthogonality property (2.20) with the conventional OSTBC, although
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Figure 5.4: BER performance comparison of the proposed jointly-designed linear
code with the existing jointly-designed unstructured code in the case of quantized
CSLM;=2,N=L=2, K=4and b=2.

typically with a nonconstant coefficient in (2.20), as described in [48].
Consistently, benefiting from the new performance criterion, the BER perfor-
mance of the proposed jointly-designed code with linear structure is still better than
that of the unstructured code, regardless of the quality of the initial channel in-
formation p. Whereas the BER performance gain of the proposed jointly-designed
code over the unstructured code is less than 3 dB, which is smaller than the BLER
performance gain. When we compare the BER curves in Fig. 5.3 with the BLER
curves in Fig. 5.4 of the same proposed jointly-designed code, it is observed that
the former is still on the left of the latter, although the two groups of curves are

very close. This is due to the PEP of the error event with two error bits is dominant
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in the new performance criterion, as discussed in Section 5.5.

Nevertheless, for the unstructured code, resulted from the freedom of design,
every PEP nearly has the same value in the union bound criterion, as given in
Section 5.5. It is known that the union bound on the BLER is obtained by summing
over all the PEPs, while the union bound on the BER is the weighted summation of
all the PEPs. Therefore, for the unstructured code proposed in [48], the difference
(about 1dB) of the BER performance over the BLER performance is relatively
more than that for the proposed jointly-designed code.

The BLER/BER versus Ej/Np for the aforementioned three schemes with four
transmitting antennas and the code length of L = 4 are presented in Fig. 5.5 and
Fig. 5.6, respectively. Since b = b/(M; — 1) = 2 bits are used, the quantization
is roughly as coarse as in the above case of two transmitting antennas and the
code length of L = 2. As expected, the BLER performances of the OSTBC and
the unstructured code obtained by using the SGA agree well with the simulation
results displayed in [48], which is obtained through the gradient search algorithm.
It is clear that the gains due to the new performance criterion increase substantially
with more transmitting antennas. For four transmitting antennas, the proposed
jointly-designed code has more than 6 dB BLER performance gain and more than
5 dB BER performance gain over the existing jointly-designed unstructured code.
At high SNR, the performance curves for p = 0.95 also approach to those for p = 0.
It means that the feedback CSI has less effect on the performance improvement as
SNR increascs. However, as the number of quantization bits, b, increases, the two
groups of performance curves for p = 0.95 and for p = 0 approach at lower BER
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Figure 5.5: BLER performance comparison of the proposed jointly-designed linear
code with the existing jointly-designed unstructured code in the case of quantized
CS, M\y=4, N=L=4, K =16and b=6.

level.

The above performance results are obtained under the assumption of simplified
fading scenario. It is discussed in Chapter 4 that the construction procedure of
beamforming matrix is affected significantly without the assumption of simplified
fading scenario. However, similar to [48], the code-construction process of the
proposed jointly-designed linear code in this chapter is still suitable for the gen-
eral complex Gaussian fading. The two jointly-designed schemes in [48] and this
chapter have the same expression of the codeword pair criterion (5.50), although
the value of (5.50) for the simplified fading scenario is different from that for the

general complex Gaussian fading. Therefore, the new performance criterion is still
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Figure 5.6: BER performance comparison of the proposed jointly-designed lincar
code with the existing jointly-designed unstructured code in the case of quantized
CSI, My =4, N=L=4, K=16 and b= 6.

more efficient than the one proposed in [48] since the difference of the two perfor-
mance criteria is just the summation law of (5.50) corresponding to the individual
codeword. It results in that for the general complex Gaussian fading, the proposed
jointly-designed linear code still has better performance than the unstructured

code proposed in [48].

5.7 Summary

In this chapter, under the assumption that the receiver has perfect channel csti-
mation and weighting matrices detection, we propose a new performance criterion
conditioned on the feedback CSI and the current transmitted codewords at the
transmitter. Based on the new performance criterion, we incorporate the imper-
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fect feedback CSI into the joint design of beamforming and linear STBC. Moreover,
in order to simplify the optimal procedure, we adopt SGA (which is a globe numer-
ical optimization algorithm) as an alternative choice replacing the simple gradient
scarch (which is a local numerical optimization algorithm) employed in Chapter 3.

The simulation results show that the jointly-designed code has a diversity gain
of r = L for M, > L, which agrees with the theoretical analysis of in Section 5.3.1
and 5.3.2. More importantly, these simulation results illustrate the jointly-designed
code has more performance gain in both BLER and BER than the unstructured
STBC, even though the latter has more degrees of design freedom than the former.

They simultaneously justify the proposed performance criterion.

150



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 6

Conclusion and Future Work

6.1 Conclusion

This thesis mainly concentrates on the study of the reduced-complexity design of
two types of closed-loop MISO combined systems of beamforming and STBC over
the slow Rayleigh flat fading channels. The first type is the combined beamforming
and predetermined STBC, where only the beamforming matrix is the free para-
meter that can be adjusted. The second one considers beamforming and STBC
as the whole transmission matrix to be jointly designed. The simplified fading
scenario and perfect channel estimation at the receiver are assumed throughout
the thesis. The feedback CSI from the receiver to the transmitter are modelled by
mean feedback, in which the CSI resides in the mean of the distribution, with the
covariance modelled as white proportional to an identity matrix. In the first type
of the combined systems, the feedback CSI is assumed to be noisy and outdated
due to the feedback delay without quantization while quantization is adopted in
the second type.

The existing combined system of beamforming and predetermined OSTBC can
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achieve full diversity gain, however, it becomes significantly complex with the price
of reduced bandwidth efficiency as the number of transmitting antennas increases.
To achieve a tradeoff between performance and complexity, we are motivated to in-
vestigate a simple combined system of beamforming and predetermined Alamouti’s
STBC in Chapter 4. The Alamouti’s STBC can be incorporated with more than
two transmitting antennas via the beamforming technique. A semi-closed-form
optimization solution for the beamforming matrix is obtained from the worst-case
codeword pair criterion. Simulation and theoretical analysis of the simple com-
bined system are conducted to demonstrate its great advantage especially for a
large number of transmitting antennas and good feedback quality.

From the performance point of view, the joint design of beamforming and
STBC is preferable, although only numerical search approaches can be adopted
to find the optimum solution. In this type of the combined systems, the feed-
back CSI is assumed to be quantized or unquantized, and outdated with an ideal
feedback channel model. Although the existing CSI dependent unstructured code
has an excellent performance, its typical drawback for high data rate scenario is
the substantial decoding complexity incurred by the lack of structure in the code.
Therefore, we propose to impose the linear structure into the code-construction
process in Chapter 5, since linear code designs often permit the use of decoding al-
gorithms with significantly lower complexity than an exhaustive search. However,
the structure nature generally limits the degrees of freedom in the code design,
which results in performance penalty. To remedy this, we propose a more efficient
performance criterion for the jointly-designed linear code than the union bound
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on the BLER criterion for the unstructured code. In addition, a global numerical
optimization algorithm, SGA, is adopted to replace the gradient search technique
which is a local numerical optimization algorithm. The simulation results show
that the jointly-designed linear code has much performance improvement over the

unstructured code based on the efficient performance criterion.

6.2 Future Work

In the simplified fading scenario, the transmitting antennas are assumed to be
separated far apart enough that the channel realizations between two antennas are
independent. But in practice, the channels between different transmitting antennas
are impossible to be independent completely. Thercfore, the channel correlation
between two antennas should be considered in the future work. Although the
channel correlation has been considered by Zhou et al. in [97], it is assumed that
the feedback CSI is modelled as covariance feedback rather than mean feedback in
his paper. The future work should investigate the impact of channel correlation
on the performance of both types of the combined systems.

As discussed in Chapter 4, theoretically, the array gain expressed in decibels
(dB) of the non-ideal combined system of beamforming and Alamouti’s STBC will
improve linearly as the number of transmitting antennas increases. This is due
to the assumption of ideal synchronization process regardless of the signal power
allocated at each antenna. In the future work, the possible number of transmitting
antennas before the system breaks down can be studied.

In addition, both types of combined systems are designed under the assumption



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

CHAPTER 6. CONCLUSION AND FUTURE WORK

that the transmitter weighting matrix can be detected perfectly at the receiver
throughout the thesis. However, in practice, the detection is carried out using
pilot signals or a known training sequence such as in [49]. Hence, the imperfect
transmitting weights detection can be studied in the future work.

In the jointly-designed beamforming and lincar STBC system, the CSI at the
transmitter is assumed to suffer from feedback delay and quantization. Feedback
channel bit errors are not considered in the feedback link. Therefore, for future
work, vector quantization [15,49] can be used as a replacement of the uniform
phase-quantization method used in this thesis for non-ideal feedback channel in
order to avoid the damaging effects caused by these errors.

Although the imperfect channel estimation at the transmitter is taken into
account, the channel detection at the receiver is assumed to be perfect in this
thesis. In the absence of accurate channel estimates at the receiver, the complexity
of ML sequence detection grows exponentially with the length of the sequence.
For future work, Expectation Maximization (EM) algorithm to jointly estimate
the CSI and MAP symbol at the receiver can be employed. The EM algorithm
(63, 64] is a general iterative procedure for ML estimation under certain conditions.
It is often applied to a variety of estimation problem in the case of the absence
of certain data such as in [6,11,13,19, 73]. The EM-based receiver has a very low
computational complexity, and it is often used for space time coded systems [53]
and STBC-OFDM systems [62].

The closed-loop combined system of beamforming and STBC is employed in
the single user scenario in this thesis. The system can also be generalized for
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multiuser CDMA systems in the future works.
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Appendix A

Examples of Jointly-Designed
Code for 4 Transmitting Antennas

This appendix presents the examples of the proposed jointly-designed linear code
with M; =4, N = L = 4 and K = 16 for E,/Ny = 10dB, which is one set of
the many sets of codes used to obtain the results for a range of values plotted in

Fig. 5.5 and Fig. 5.6. The kth codeword of the first code C(0) can be expressed as
CY = A + sPAD oA 4 SPAD, (A1)

p are set to 0 and 0.95 and b = 6 bits. Similar to Section 5.5, only the codewords
of the first code C(0) are explicitly displayed in the following tables. It constitutes
all the required codes in the case of no feedback CSI (p = 0). In the case of
p = 0.95, the remaining codes C(p),p = 1,2,...,63 are obtained through the

relation Ci”) = @pCLm_, where ©,, is 4 x 4 dimensional diagonal matrix as follows,

1 0 0 0 i
0 exp {j%ﬁ:('}))] 0 0

%=y 1 exp 157 (0] 0 Ll
_0 0 0 exp [ngQ(P)]_

It is known from Section 5.2.2.2 that p = 7y(p) + 471 (p) + 1672(p), where 7,(p) €

{0,1,2,3}, » =0,1,2. Here, 7,(p) is obtained through the following calculation,
' — 16m(p
n) = [L]. ne)= |5 )= p-tn) - 16n0) (A3)

where || denotes the floor function.
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APPENDIX A. EXAMPLES OF JOINTLY-DESIGNED CODE FOR 4 TRANSMITTING ANTENNAS

st or s(16) p =0

0)
Al

+1.2512 + j2.5799
~1.6721 + j0.2681
+1.3492 + j0.6173
+2.2396 — j2.4526

+1.1422 — j0.0775 +0.6526 + j0.7506
~0.9626 — j1.4958 +1.9543 + j2.6559
+2.8313 + j1.9610 +0.1316 — j0.6754
+0.0006 — j0.3982 —1.9531 + j0.4203

—2.4717 — 2.8312
+1.7307 + 52.1537
+0.9865 — j2.7013
+2.0857 — j0.4227

o)
A2

—2.8268 + j2.0418
—0.0374 + j1.1061
—1.5463 + j2.0421
—2.3115 + j1.1239

+1.1238 — 52.0020 +1.5858 — j1.0957
—0.7018 — 50.3540 —2.5161 — 51.6933
—2.0239 — j1.7474 +1.1410 + 51.3460
+0.2740 + 70.3119  +0.1750 + 51.4095

+2.0330 + 72.6385
+0.6108 — 51.1944
+0.7645 + 70.5369
+0.7093 — 70.6075

AP

10.2833 — j2.4936
+2.3481 — j1.8097

—1.2363 + j0.4541 +0.5455 + 72.5174
—1.3825 + j2.4636 —0.2239 — 51.7811

+0.2764 + 72.1565
—0.7412 + 50.1153

—0.5514 — 51.0378 —2.0571 + 50.7040 —2.0728 — 50.0097 +1.4392 + ;2.4353
+0.4825 + 52.3004 +1.2140 + 51.4125 —1.3451 — 52.3529 —1.3500 + 70.9990
AT

+1.9788 — j2.0713
—0.9416 + 50.1389
+0.5405 — 51.3689
—0.0911 — j1.3411

—1.2008 + ;1.4900
+2.8312 — 50.1794
+0.4495 — j0.7596 +0.7153 — j0.6512
—1.3430 — j1.1518 +2.8308 + ;0.9913

—2.1324 — j2.3208
+1.2394 + j1.0047

+0.2976 — ;j1.8515
—2.0627 — j0.7132
—2.7248 — j0.2100
—1.0380 + j0.5206

s or (19 p =0.95

0)
Al

10.8561 — j0.3132
—1.1990 + j0.6598
+1.3933 + 51.1821
+0.2779 — 50.6944

+0.4059 — j0.4000 +1.3889 — j0.6000
+0.3564 + j0.8511 —0.5054 — j1.2517
—1.3608 + j0.4376 —1.3025 — ;0.9692
+0.5313 — j0.1833 —0.9807 + j0.6373

—1.1444 + 51.1319
—0.2407 — j0.8656
—0.5511 — 70.5148
—0.7224 — 31.0593

0)
Aj

—0.4889 + 70.1225
+0.1433 + j0.6142
~1.3086 — j1.3300
+1.3735 — 50.1772

—0.4919 — 70.9497 —0.0772 + 50.1303
—0.9832 — 50.7522 40.7544 + 50.8552
+0.3864 — 71.2826 +1.2529 + ;71.3906
—0.8784 — 50.5271 +4-0.6084 + ;0.9933

—0.4953 — j0.2075
~0.2383 + j1.1180
—0.3531 — 50.1410
—0.7327 + j0.7893

AP

—0.7109 — j0.4748
+0.6336 — j1.2279
—0.2751 — j0.4392
—1.0008 — j0.3583

—0.9427 + j0.7384 —0.8523 — j0.5509
—0.4077 — j0.8314 —0.7382 + j0.1779
+0.5935 — j0.1180 —1.0898 — j1.2684
—0.7327 + j0.4096 —1.0742 + j0.0183

+0.7987 — j0.6184
+0.3507 + j0.8469
—0.3492 — j1.0246
+1.0109 — j1.1111

Q)
Al

+0.0525 + j0.2227
—0.1426 — j0.2688
~0.4368 + j0.1769
—0.6840 + j1.0939

10.6980 + j1.2776 —0.2972 + j1.1175
+0.7247 + j1.0507  +0.6115 + j0.8762
40.2628 4+ j1.0791 +1.2917 + j0.9222
+1.0876 + j0.8817 +1.3812 — j1.1075

+0.5674 — j0.2325
+0.1832 — j1.0752
+0.6907 + j1.3933
—0.1389 + j1.2363
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—

m
A

—0.2610 + 71.4372
—2.0043 — j0.6649
—0.8974 + j0.8677
+2.3322 — 70.4547

+1.4532 — j2.2342
+2.0035 + j2.1676
~1.4913 — j1.9407
~1.1959 — 51.3393

—2.3318 + j0.1887
—0.3204 — j0.5466
—1.3861 — ;0.9520
+0.9996 + ;0.0923

+1.9382 — j0.0560
+1.3769 — §2.3037
+0.3305 — §1.7337
+0.4682 + 52.1478

g

+0.3268 + j0.5923
12.0822 — 70.5010
—0.6989 — j1.0842
—1.8314 + j1.2321

+1.7607 + ;j0.4647
~1.0726 — 51.5841
~0.6255 — j1.0050
+0.5543 + j2.3317

~0.9209 — j1.1334
~0.9721 + j1.9770
+0.9508 + j1.1363
—1.6953 + j0.6485

—1.7210 — ;0.8880
+0.9125 + 50.7400
—2.2769 + j2.2118
—0.7010 + 52.1297

AP

+1.7036 — ;1.6784
~1.9472 + 71.0079
+0.4139 — j1.5533
—1.5956 — j1.8300

—1.3536 + j1.3577
+1.7834 + j0.6130
+1.0384 + j0.8421
+2.1002 — j1.8403

+1.6513 + j2.1717
+0.2734 — j0.8761
+0.8415 — j2.3069
—1.6139 + j1.4546

+1.8618 — j0.7799
—1.7708 + j0.8564
+0.6170 + j0.8810
—0.8947 — j1.7151

A

+2.1858 + 50.1070
—2.0543 — j0.1813
—0.8426 — j1.1342
—0.7159 — j1.3170

+1.6859 — ;0.6447
+2.1500 + j1.2518
—0.8806 — j2.2258
+1.7313 — j0.1658

~1.7663 + j1.8526
—1.4288 + j0.0785
+0.6902 — §2.2470
~2.1959 + j1.9154

+1.5703 — 71.7949
+0.0655 — j0.4987
—1.6779 + j1.8169
—1.4429 + j2.3254

s® or 5(15’, p =095

+1.0955 — j0.2299
—0.5120 — j0.4564
4+0.7491 — j1.2514
+1.3040 — j1.3903

AY
+0.7467 + j0.5789 —1.2539 + ;j1.1098
—0.1433 + j0.2992 —1.1815 — ;0.8297
—0.3356 + j0.9318 —0.6158 — ;0.4491

+1.2845 + j0.1476

+0.1490 + j0.8977

+0.3460 — 51.0595
+0.9664 — j0.1192
—0.1360 + j0.8872
+1.0004 — j0.8574

AP

+0.2034 + j0.9895
+0.4645 + 50.3358
~0.6014 + j0.4828
+1.3204 + j1.1754

—0.8294 — j1.2408
—0.8351 + 50.6803
—0.9639 — j0.3417
—0.3705 + j0.1088

~0.9407 — j1.1172
+0.7885 + j0.2036
—0.7898 + j0.7235
—1.1591 — 50.8445

+0.6271 — j0.0295
+0.2655 + j1.2053
~0.1848 + 50.7050
~0.2910 + j0.5505

{0
A, )

—1.1782 — j0.6175
—0.9962 — j0.4223
—0.7509 — j0.6301
—1.2186 — j0.4818

—0.4006 + 70.2113
+1.0316 — j1.4579
+0.8667 + 50.2547
—1.3708 — 50.6823

0.7812 + 0.7002
—0.9085 + ;0.4486
+0.5064 — j1.4474
—0.3553 — j0.9410

—0.6026 + j0.9678
—1.1096 — j0.8625
+1.1455 — 50.0438
+0.4474 — j0.3791

AT

+0.2748 — j0.0004
—0.9710 — j0.3467
~0.5020 — 51.4108
+0.8656 — 50.8881

—0.3417 — j1.2033
+0.2666 — j1.0283
—0.5759 — 50.0049
~0.2793 — 71.0979

—1.0212 + ;0.8054
—0.6937 + j0.0916
—0.9416 — j0.6681
—0.9622 — 70.7528

+0.2755 + j0.2590
+0.5490 + j0.2031
+0.8132 + j1.4632
+1.0076 — j0.7246
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(0)
Ay

—2.3812 — j1.6626
+0.3678 + j2.4783
+0.5692 + j2.7163
—1.8697 + j1.8615

+1.1482 — j0.3059
—0.8819 + 50.5788
+0.1526 + j2.1230
—1.0931 — 51.8837

—2.3259 — j1.3607
+0.0285 + 1.0243
+0.4948 — j1.4727
+1.6778 — j1.4775

—0.0259 + j0.4973
+1.7140 — j2.0780
—2.7535 + j0.6831
—2.7866 — j2.1217

ng

—1.4015 + j0.1469
+0.8486 — j2.5472
~0.3806 — j1.6122
+1.9759 + j0.9353

—1.1466 — j0.4706
+0.3926 + j0.1779
~1.0756 — §1.7102
+2.4274 + j2.5172

10.9363 — j1.4600
40.9626 — j0.4974
+2.6723 + j0.9116
—0.6013 — j2.1586

—2.5948 — j0.2518
—2.1450 + 52.6988
+1.1683 + j1.1362
+1.5621 — 50.2262

0)
A3

—2.7867 — j1.7428
+1.7862 — 50.7947
+0.9245 + 52.7029
—0.5075 + j0.7082

+2.1635 — ;2.3106
—2.5459 — j1.4321
—2.1400 + j0.5397
—0.5336 + 50.3419

—1.3836 + 70.0637
~1.5563 + j0.9937
+0.3339 — 52.1344
~1.3336 — j1.9824

—2.4750 — ;1.6747
+1.4124 — j0.0431
+0.5418 + j0.0743
—0.8395 — j2.6279

)
A“i

+0.6553 — j0.7133
+0.5858 — j0.5125
+1.3738 + j1.5011
—0.9090 — j1.7757

+2.1777 — 71.3522
—1.1433 — 72.1072
—-1.1737 + 70.3396
—2.1363 — ;0.3702

+0.3911 + j2.3567
—2.2695 + j0.4770
—2.7779 — j2.0642
—2.0669 + j1.2885

—0.2810 — 71.9993
+1.9277 — j0.8328
+2.3922 — j1.2753
+1.0322 — 50.5403

s® or s p=10.95

AP

+1.3168 + j0.7601
+1.1378 — 51.0660
4+0.9751 — j0.4554
+0.7714 — 50.9459

+1.1660 — j0.2580
~0.8158 — 51.1681
+0.3555 — j0.9835
—0.5658 — j0.4294

—0.8166 — j1.2182
+0.6279 — j0.9768
+0.0537 + j0.6952
—0.4900 + 50.9459

—1.3340 — 70.7586
+0.4064 — 50.2527
—0.3354 — 51.3362
+1.1560 — 51.1736

0
A%

10.2502 — j1.3219
—0.8429 + j0.1468
+1.1929 + 51.3652
+0.6931 — j0.2473

—0.4810 — j0.4606
+1.0105 + j0.6449
~1.0431 + j0.8110
+0.6604 + j1.2304

+0.8845 + ;0.8084
—0.6346 + 50.5012
+1.0091 — 50.3883
40.9494 — ;1.0644

+0.9588 — j0.2467
—0.3412 — j1.3711
—0.7819 — j0.2402
+0.4687 — j0.8273

0)
Aj

+0.4599 — j0.9791
—0.1730 + j0.0563
+0.6305 + j1.0133
+0.6364 — j1.1702

10.7978 — j1.3486
+0.0345 — j1.3786
—0.3759 — j1.3237
—1.2224 + j0.3417

—1.0827 + j0.6829
~1.0725 — j0.6691
+0.6723 + j0.7155
—0.4955 + j0.1671

—0.2371 — j0.2518
+1.1054 — 50.4745
+0.0314 — j0.6831
+1.3036 — 50.2317

(0)
A-l

~1.1590 — ;0.8394
—0.7466 + 50.3406
—1.1889 — 50.4464
—0.6738 — j0.5182

—0.3180 — ;0.9864
~0.0394 — j0.8619
+0.0942 — 71.2869
—1.2975 — 50.9472

—1.0720 + j0.6688
—0.9283 — j0.8593
~0.8556 — j0.0757
~0.9574 — j0.0515

+0.3034 + ;j0.2600
+1.1746 + j0.9471
+1.3648 + j0.7208
—0.7640 + j1.3797
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-

—

+1.3054 — j1.8983
+0.9353 — j0.1407
—0.5622 + j2.4073
—1.4489 — j0.5399

—2.3593 + j0.5669
—1.5880 + 50.5502
+0.8801 — j1.5291
—2.1564 + j0.8951

+1.4560 + j0.7205
—0.8222 + j2.1776
+0.6425 — j2.2504
—2.1967 + j1.8279

+1.2398 + j0.7786
—0.6522 — j1.6372
—0.8057 + j1.6890
—0.5405 + j1.7893

AD

—2.0090 + j1.1795
~1.6528 — j1.4971
+2.4029 — j2.1209
—0.9949 + j0.1316

+0.7536 — ;1.8447
~1.3832 — j1.4293
~1.7166 + j2.1066
+1.6837 — j0.8505

—0.1060 + 70.6593
+1.2365 — j2.0399
+0.6292 — j1.2688
+0.6268 — j2.4268

—1.3873 + j0.7099
+1.8834 + j0.2969
~1.9713 + j0.8079
+0.7744 — j2.0550

AP

—0.2526 + j1.8543
+1.7030 + j0.0653
+0.4501 — j0.3108
+0.6037 — j1.9994

—2.1112 — j1.6336
~1.0223 + 51.5952
+0.6472 + 51.4933
—1.3583 + j2.0397

+0.3806 + j0.5958
—1.0366 — j2.3296
+0.6762 — j1.0534
—0.0084 + j1.4708

—0.7242 — j0.2362
~1.5748 — j1.9221
—2.0844 + j1.3634
+0.7655 — j1.6734

AP

—0.4944 — j2.3933
~2.2516 — j2.1758
+1.6620 + j0.9610
—2.3868 + j1.8607

+0.7306 + j0.0972
—1.6925 — j2.3482
—0.7244 — j0.6107
+0.5249 — 52.0210

+0.9749 — ;0.1240
+1.2306 + 52.4290
+0.4105 — j2.2888
—1.3197 — j2.0360

+0.6562 + j1.8562
+2.2748 + j1.1592
—0.4521 + j1.1098
—0.3018 + 51.9064

s or s1¥ p=0.95

0)
Al

+0.7868 + ;1.0149
+0.9006 + j0.8024
+1.0149 + j0.6252
+0.7866 — j0.3282

+0.8665 + 70.3992
~0.0047 — j0.6220
+1.0886 + j0.2185
+0.7815 + j0.3120

—0.5231 + j0.1905
—0.8401 — 50.2098
—0.7587 — j0.8466
—0.7880 — 50.3117

—0.9163 + j0.9128
—1.0400 — 51.0179
—0.1970 — j0.2818
—0.4463 + 50.7412

A

—1.1653 — j0.6343
~1.1692 — j0.6295
+0.0650 — j0.8075
~0.6040 — j0.7815

+0.3854 — 50.7829
—0.8595 + j0.4766
—0.2616 — 70.4496
—0.7669 — 51.0810

+0.1037 + 70.1310
+0.2420 — 50.5444
—0.9929 + j0.5568
—0.2592 + 50.0682

—1.0793 + j0.4212
—0.3672 — j0.2624
—0.8854 + j0.6837
+0.3548 — j0.5323

AP

—0.0511 + j0.5994
—0.8306 — j0.5035
+0.0496 — 50.6955
—0.9986 — j1.0473

+0.8375 + j0.8137
40.4113 + 51.0339
+1.1748 — j0.6199
+0.0820 + j0.5832

—0.0460 + 50.3262
—0.9302 — 50.4936
~1.0072 + j0.0695
—0.1111 + j0.6335

—1.1517 + j0.4082
—0.2997 — ;0.6472
—0.4041 — j0.9442
—0.5407 + j0.9499

AP

+0.3795 — j0.1498
+0.7936 + 50.6294
+0.7409 — j0.0071
+1.0948 — j0.3214

+0.6892 — j1.0536
—0.9821 — j0.8694
—0.4118 + j0.4434
+0.4118 — 50.7219

$0.0986 — j0.4799
+0.6843 — 51.0235
—0.2566 — 50.9494
—0.6595 — j1.1128

—0.5422 + j0.4031
—0.8478 — j0.5630
—0.7163 + 71.0856
+0.3428 — j1.1541
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l

+0.4200 + j2.1457
—1.6463 — j1.5592
—0.1459 + j0.3420
—0.9043 — j0.6876

+1.0105 — j1.9181
—0.1578 — j1.2974
—0.1613 + j1.1499
+1.4682 + j1.9610

~1.3742 — j1.5810
+0.6904 — j1.9475
—1.5376 — j1.1990
—2.1528 + j0.0311

+1.1489 — j0.9528
—0.2821 — j0.9796
+0.5532 — j1.8380
—0.7782 — j0.2308

©
A2

+0.0061 + 71.6301
—0.1623 + 71.0853
+0.5896 — 71.7265
+0.3615 + 71.6472

+1.6290 + 71.4593 +0.1361 + 71.3036
—0.6337 — j2.0435 +0.4357 + j1.7092
—0.6317 — 70.8907 —1.1793 — 51.9861
—1.8316 + 71.0630 —1.5428 — 51.2761

+2.0271 — j1.7048
+1.0279 + j0.7079
—1.5886 — j0.8230
—1.8647 + j0.0640

AP

—0.8827 — j0.973i
+2.0530 + 50.8337
—1.2496 — j1.6224
—1.3677 + j1.0074

—1.2936 + j2.1817 +0.3833 + 72.1560
—1.7597 — j0.6789 +0.9897 + j1.9472
—0.0980 + 50.0217 +0.6969 — 71.3487
—1.7345 — j0.7580 +0.7750 + 71.2196

+0.4424 — j0.1318
—1.3382 + j1.4044
—2.1963 — 51.0609
—1.5406 + 51.9687

AP

+0.5907 — j0.2256
—0.6219 + j2.0223
+2.0847 — j0.6469
+2.0505 + j1.0435

+1.3980 + ;1.1166
+0.5835 + j0.0143
—0.6232 — j2.0534
—1.3598 — ;j0.4974

+1.5509 + 70.9579
~1.6535 + j1.5857
—0.9150 + §0.4230
—0.5466 — §2.2300

+0.4199 — j0.4952
+2.1309 + 50.2156
+0.7818 + j2.1508
+0.2471 — j1.3088

s® or s1¥ 5 =095

0
Ay

—0.7838 — j1.1501
+0.8077 + j0.5391
—0.7447 + j0.6089

—0.7332 — j1.0014
+0.5522 — j0.0781
~0.5910 + 50.7777

+1.0939 — 50.9939
+1.2447 + j0.8709
+1.0306 — 50.6976

+1.2448 + ;0.8499
+0.1586 — j0.9490
+0.9385 + j0.6185

—1.1413 + j0.0644

—0.9887 + j0.8641

+0.6310 — j0.3580 —0.2602 + j0.9936 +0.5877 — j0.4147 +0.5598 — j0.4384
AY

+0.4500 + j0.3264 —0.1451 — j0.6125 +1.1694 + j0.7448 +0.9788 + ;0.8133

+0.5339 — j0.3718  +0.3893 + j1.1043 +0.6862 + j0.4304 —0.0700 — j0.9873

~0.0383 + j0.3515 —1.0812+ j1.1942 +0.8883 + j0.0180 —0.0048 + j1.0653

+0.7111 + 50.5800

—0.7403 + j1.1600

(0)
Ay

—0.4029 — j0.0734
—0.8863 — j0.2510
+0.4217 — j0.0725
—0.8677 + j0.3199

+0.7910 + j0.8167
—0.6180 + j0.8264
+1.1694 + j0.6827
+0.0714 — j0.1242

—0.7837 + ;1.1250
—0.7455 + j0.1110
+0.5848 + j1.1972
—1.0897 + 50.1316

+0.0389 — j1.0129
+1.0818 + j0.3615
~0.4315 + j0.8971
—0.2102 + j1.2148

A 3[1)

+1.2335 + j1.1666
+0.3022 — j0.9586
~0.0519 + j0.0536
~0.9972 + j0.1851

+0.1783 — j0.4169
+1.1898 + j0.5177
—0.9812 + j0.0114
~0.5772 + j0.2430

+0.7539 + j0.0449
+0.2060 — 50.9338
—0.6899 — j0.7819
+1.0003 — j0.0552

—0.6772 + j1.1273
—~1.0073 — j0.2383
—0.9791 — j0.4590
~1.1126 + j0.3906
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s® or s p=0

()
A,

~1.0420 + 70.5348
+1.6797 + j0.1718
+0.5749 — j1.1098
+2.2666 — 51.7780

—1.6458 — ;1.6433
+0.6191 — 52.1944
—0.4297 — j1.2677
—0.1279 + j0.2749

+0.5460 — 72.2651
—0.7132 + j0.8729
—2.0123 + j2.2398
+2.4385 + j1.6408

+1.7992 + j1.0676
+1.8494 — j1.2910
—0.3568 — j1.9002
—1.9742 + j1.7380

AD

—1.1657 + j0.1642
+2.1555 + j2.1890
—0.5172 + j1.4836
+1.6651 — j1.9757

—2.2592 + 70.5313
+0.1258 — 51.6742
—0.8929 + 50.4328
+1.2807 + j1.6355

—0.2112 — j1.6410
+0.0748 + j2.1270
—2.5336 + j0.4934
+2.4686 + j2.4109

—1.5011 — ;1.2493
+0.9168 — j1.1057
~0.7918 — j1.4100
—1.4837 — j0.5721

AD

—2.4247 — j1.5732
—1.5134 + j2.0218
+0.9474 4 j1.2719
—0.6134 — 51.3996

+0.8238 — 70.3967
—0.2395 + j0.2780
~1.0525 + j0.3664
+2.4261 — 50.1596

+0.7779 — j0.4353
—0.4401 + §2.0600
+0.8374 — j0.8029
—0.6892 — j0.6888

~1.5978 — j0.9949
+1.3484 — j0.3891
~1.3016 — 1.7295
—1.4550 — j1.3217

AD

—2.2996 — j1.6276
—2.3512 + j0.0077
+2.1671 — j1.8740
+0.5488 — j0.9737

+1.8216 — 52.0637
~0.2020 + j0.2571
—0.6673 — 51.1221
+1.2669 — j1.3640

+2.0497 — j1.4055
~1.6691 + 50.5710
+0.9625 + j0.9291
~1.0707 — 51.7520

+1.7579 + j1.1587
+2.4329 — j0.9485
—1.2456 — 1.6476
—1.3964 + j1.1738

s© or sV p=0.95

0)
A 1

—1.2385 + j0.6927
—0.4407 + j1.5623
+0.6243 — j0.3366
~1.2083 — j0.7170

+0.2141 + j0.3344
+0.5903 + j0.6462
~1.1743 + j1.1467
+0.9892 — j0.5637

+1.5609 — ;1.5967
+1.4141 + j0.1689
—0.0237 — j1.4796
+0.7174 + j1.1663

+0.9062 — ;0.0395
+0.0287 + j0.4741
+0.5861 + j0.3664
+0.8765 + 50.1257

AD

+0.1426 — j0.4037
+1.5138 4 50.5554
+1.2919 — j1.4296
—1.5115 — j0.7774

+0.3316 + j0.9758 +0.7460 — 50.0277
—0.9609 — j0.4827 +1.4838 — j1.0448
—0.0728 + j1.6170 +0.7977 + 70.2083
+0.4041 — j0.1390 +1.0313 + j1.2895

+0.9659 + j0.8231
+1.6170 — 51.5901
+0.6386 — j0.2321
+1.4294 — j1.3905

AP

+0.7471 — j1.5939
—0.0000 — j1.1160
+0.4160 — j0.4784
—1.2935 + j0.0242

—0.0790 — j0.5249 —1.1040 + ;0.4264
—1.5365 — j1.5966 +0.4694 + ;j0.0530
—0.2947 — j0.9633 +1.3694 + j1.5213
—0.0944 + j0.3160 —0.6473 + j0.2464

—1.6120 — j0.2979
+0.9488 — j0.4880
+0.7158 — j1.1777
—0.7226 — j0.3396

)
Ay

+0.1469 — j0.7453
~1.4944 — j0.2784
+0.5559 + j0.5080
—0.5251 — j0.3159

—0.2968 — 71.4227 —0.1698 — j1.5078
+0.0571 — j0.6744 +0.5134 + j0.5197
—1.0778 — j1.5266 +0.2164 — 50.3635
+1.0732 — 70.1292 —0.7921 — ;0.2876

—1.4640 — ;1.0454
—1.0362 + j1.5228
+0.6611 — j0.8861
—1.0903 + j1.4378
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s or s p=0

0)
Al

+1.8790 + j1.7756
~1.1318 — j0.6413
—0.9050 + j1.4306
+2.0735 + j0.5176

—0.6582 + j1.5396 —1.8324 — j2.3719
-1.2322 — 71.2398 +0.2167 — 51.7895
—1.1612 + 52.2329 +0.0138 — j0.3143
+1.2183 — j0.4637 —0.5352 + j2.6161

—0.5138 — j1.4703
+1.5470 — 51.0882
—0.5443 + j70.3248
+1.4082 — j1.8690

0
A;

+0.7463 — j0.0230
—0.5906 — j2.0771
—1.5171 + j1.7849
+0.2095 + j1.9211

—2.0316 — j0.1017 —2.0810 — 51.0977
+0.6355 + 71.4608 —0.5458 — j0.4105
+1.6756 + j1.4894 —1.1017 + 50.1788
—0.4128 + 72.4224 —1.7826 + 51.9603

—0.7380 + j1.7712
~2.1798 + j1.8413
+1.3004 + j0.0903
+0.6745 + j0.3075

A

+1.3514 + j1.4672
+0.2000 — j0.4851
+2.0744 + j1.7514
+2.0402 + j0.4685

+1.8920 + 70.9674 +1.8034 — 52.1098
—0.5929 — 72.5546 —1.0273 — 51.8930
—1.5394 — 52.3099 —0.0908 + ;0.5085
—0.4063 — j0.5762 +41.3077 + j2.4731

+0.1024 — j1.3220
+1.3438 — j2.0730
—2.0887 + j0.8353
—1.4403 — j1.9110

(0
AY

+0.0367 — j0.7333
—0.0129 — 52.1132
+1.5089 + j1.8394
—0.0370 + j2.1552

—0.2008 — 70.9280 +1.5744 — ;0.6933
+1.3068 + j0.0046 —2.0707 — j0.6596
+1.5090 — 72.6002 —1.6754 + j0.6763
—1.9415+ 71.9394 +0.2441 + 51.0960

—0.1181 + ;1.4697
—2.1188 + j1.3068
+0.0813 + j0.1047
~2.4235 — 50.0680

s or 19 p =0.95

©
Al

+0.6834 + j0.9278
~1.1160 + j0.1255
—1.3840 — j0.9985
+1.0699 — 50.1974

—0.6783 + 71.3602 —0.7992 + 50.1590
+0.4470 4 70.9419 +1.2094 + 70.1420
+0.1432 + 50.9751 —0.0595 — j0.0109
—1.2125 4 50.5302 +0.4371 + 70.0456

+0.8243 — 71.4089
—0.2548 — 50.6572
—0.5930 — 70.2638
—0.9583 — j0.1413

(0)
A;

+1.1824 + j0.3614
—1.0428 — j0.1241
+0.7048 — j1.1319
+0.3038 + j0.2262

—0.1836 + 70.7545 —0.4062 + 70.0111
—0.3520 + 71.3182 +1.1175 — j0.1900
+0.1985 + j0.9982 —0.7542 — 71.0890
—0.5230 + j0.3236 —0.4266 + ;0.0452

—0.6450 + j0.6259
—1.2300 — j0.3735
~1.2153 + j1.2485
—0.8861 + j1.0944

AP

—1.1087 + j0.6938
~0.6156 + j0.6066
~1.3309 + j0.2250
—0.4482 + j0.2239

+0.2942 + 50.5225 +40.4861 + j0.8471
—0.8056 + j0.2762 +0.1430 + 50.8880
—1.2736 — j0.9174 +0.9581 + j0.0618
—0.7125 — 70.9661 +0.7293 + j0.3017

+0.1769 — ;1.4063
—0.0155 + j0.8203
—0.7042 — j0.7056
+1.1750 + j0.0333

0)
Al

—0.0319 + ;0.1230
+0.3889 + j0.5507
+1.1875 — j0.0066
—0.8699 + j0.6981

+1.1932 — j0.0316 +0.7281 + j1.3472
—1.4222 4 j0.7550 +0.2588 + j0.6669
—0.8238 — 70.5041 +0.2357 — j0.6349
+0.6739 — 50.7136  +0.0947 + j0.5343

—1.3640 + j0.6832
—0.9342 + j1.0120
—0.7378 + j0.9572
+0.9860 + j1.4215
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—

)
A

+2.0557 + 51.3292
—0.2295 + 71.7046
+1.3660 — 72.3638
+1.5972 + 71.3873

—0.6231 + 71.8802
~2.6377 — j1.9866
—0.0496 — j0.1118
+2.3202 + j1.7121

+0.3644 — j0.0087
+2.4533 + j0.3037
—0.6145 + j1.7446
—0.3524 + j1.9891

—1.1581 + j2.2817
+1.9540 — 51.9483
+2.4634 — j0.6670
—2.2682 + j1.9716

0)
A;

—0.0241 + j0.5004
—0.3418 — j1.6405
~1.6635 — j1.1110
—0.6752 + j0.0674

—1.3821 + j1.4353
—0.7684 — j2.6161
—1.6226 — j1.9282
—2.2480 — j1.3119

—0.0410 — 50.9524
—1.3280 + j0.8370
—2.6455 — j1.7482
—0.8855 + 52.0492

$1.3071 + j0.0670
+1.7998 + 50.1405
+1.9658 + j2.0089
—1.6357 + 70.8483

)
A‘3

—0.2139 + j1.7165
+0.1931 + 50.7008
+2.4187 — j0.4149
+0.4316 + 52.2006

—1.2222 + 51.0492
—0.7965 + j1.1649
+1.5509 + 50.9034
+1.9778 + j2.1635

+1.1469 + 52.1746
+1.8132 — j1.6138
+0.9861 + 51.6174
+0.2627 + 50.3198

—2.6629 + ;2.6473
+0.8818 — 52.2376
—0.4278 — §1.7127
+1.3948 + j2.4544

AP

+2.4266 — j1.1266
—0.6693 + j2.4724
+0.4342 — j0.7086
+1.7273 — j0.1820

+2.4472 — j0.7872
~0.7892 — j0.6797
+0.5098 + 51.5475
+2.6453 + j0.9271

—0.2127 — 51.0349
+1.7966 + j0.6966
+0.8652 + 71.6340
+0.8919 — 50.5512

$0.7945 — j0.4548
—0.6323 + j0.7287
+1.0509 — j1.4173
—2.2312 — j1.1462

s® or s p=0.95

0)
Al

+1.0729 — 50.6360

+0.3216 + j1.1767

—0.4294 + j0.6788

+0.7069 + 71.0339

—0.0308 + 70.5080 —0.0597 — 71.0421 +0.7311 — j0.1883 +0.6501 + 71.0083

+0.6475 — j1.2551 —0.1130 + j0.7982 +0.9773 — j1.0044 +0.2462 + ;0.6884

+0.3779 + 70.6108 +1.0364 + ;71.0911 +0.4770 + j0.8617 +1.2159 + 70.9196
AP

—0.2989 — j0.5575
~0.2358 — j0.8615
—0.7915 — j0.7353
—0.2462 + j0.7193

~0.5729 + j0.5920
—0.2759 — j1.2247
—0.7232 — j0.3501
~1.0368 — j0.6456

~0.3083 — j0.3966
—0.7237 + j0.3652
+0.9755 — j0.8308
~0.0313 + 50.6400

+0.9257 + j0.0251
+0.8493 + j0.1718
+0.9710 + j0.8979
+1.1525 + 50.2649

Q)
A3

—0.1588 + j0.7897
+0.0751 + 70.3100
+0.7735 — j0.1594
+0.3604 + j1.1165

—0.3807 + j0.5317 +0.3163 + 71.0518
—0.9478 4+ 30.4312 +1.0333 — 50.6250
+0.6630 + j0.8172 +0.3804 + 50.7593
+0.6575 + j1.0456 +0.1410 + j1.1268

~0.6990 + j1.2507
+0.3823 — j0.5365
—1.1449 — j0.8500
+0.5976 + j1.1757

V)
A4

+1.1952 — j0.7379
—0.4191 + j1.1550
+0.5209 — j0.3261
—0.5908 — j1.1204

+1.2135 — 50.3653 +0.2068 — j0.4499
+1.2335 — 50.2042 +0.8604 — 50.2990
—0.5293 + j0.3909 +0.3865 — 71.1685
+1.1028 + 70.5218 +0.6650 — 71.0647

+0.5373 — j0.2142
—0.1204 + j0.9779
+0.2970 + j0.3126
—0.7188 — j0.5068
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