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Abstract

Multi-input multi-output (MIMO) wireless networks and distributed MIMO relaying
wireless—networks have attracted significant attention in current generation of wireless
communication networks, and will play a key role in the next generation of wireless net-
works. The improvement of network capacity, data rate and reliability can be achieved at
the cost of increasing computational complexity ef employing space-time coding (STC)
and distributed STC (DSTC) in MIMO and distributed MIMO relaying networks, respec-
tively. Efficient designs and algorithms to achieve high diversity and coding gains with
low computational complexity in encoding and decoding of STC and DSTC schemes are
essential. In this thesis, DSTC designs with high diversity and coding gains and efficient
detection and code matrices optimization algorithms in cooperative MIMO networks are

proposed.

Firstly, adaptive power allocation (PA) algorithms with different criteria for a coop-
erative MIMO network equipped with DSTC schemes are proposed and evaluated. Joint
constrained optimization algorithms to determine the PA parameters and the receive filters
are proposed for each transmitted symbol in each link, as well as the channel coefficients
matrices. Linear receive filter and maximum likelihood (ML) detection are considered
with amplify-and-forward (AF) and decode-and-forward (DF) cooperation strategies. In
the proposed algorithms, the elements in the PA matrices are optimized at the destination
node and then transmitted back to the relay nodes via a feedback channel. The effects of
the feedback errors are considered. Linear minimum mean square error (MMSE) expres-
sions and the PA matrices depend on each other and are updated iteratively. Stochastic
gradient (SG) algorithms are developed with reduced detection complexity. Simulation
results show that the proposed PA algorithms obtain significant performance gains as

compared to existing power allocation schemes.
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Secondly, an DSTC scheme is proposed for two-hop cooperative MIMO networks.
Linear MMSE receive filteg and adjustable code matrices are considered subject to a pow-
er constraint with an AF cooperation strategy. In the proposed adaptive DSTC scheme,
an adjustable code matrix obtained by a feedback channel is employed to transform the
space-time coded matrix at the relay node. The effects of the limited feedback and the
feedback errors are assessed. Linear MMSE expressions are devised to compute the pa-
rameters of the adjustable code matrix and the linear receive filters. SG and least-squares
(LS) algorithms are also developed with reduced computational complexity. An upper
bound on the pairwise error probability analysis is derived and indicates the advantage of
employing the adjustable code matrices at the relay nodes. An alternative optimization
algorithm for the adaptive DSTC scheme is also derived in order to eliminate the need for
feedback. The algorithm provides a fully distributed scheme for the adaptive DSTC at the

relay node based on the minimization of the error probability.

Thirdly, an adaptive delay-tolerant DSTC (DT-DSTC) scheme is proposed for two-hop
cooperative MIMO networks. An ML receiver and adjustable code matrices are consid-
ered for different DSTC configuration schemes subject to a power constraint with a DF
cooperation strategy. In the proposed DT-DSTC scheme, an adjustable code matrix is
employed to transform the space-time coded matrix at the relay nodes. An upper bound
on the pairwise error probability and rank criteria analysis are derived and indicates the
advantage of the proposed coding algorithm. The adaptive DT-DSTC algorithms are ex-
tended to the cooperative MIMO systems using AF strategy and opportunistic relaying
algorithms in order to achieve a delay-tolerant coding scheme combined with the optimal

power allocation strategies.
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Introduction

Contents
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1.1 Overview

Multiple-input multiple-output (MIMO) wireless communication systems employ multi-
ple collocated antennas at both source and destination nodes in order to obtain diversity
gains and combat multi-path fading. Various space-time coding (STC) schemes, which
provide high diversity and coding gains compared to uncoded schemes, are also utilized
in MIMO wireless systems [1]. However, applying MIMO in mobile communication sys-

tems suffers from high cost of computational complexity and the size of mobile terminals.

Cooperative MIMO systems can obtain diversity gains by providing copies of the
transmitted signals with the help of relays to improve the reliability of wireless com-

munication systems [2]- [9]. The basic idea behind these cooperative relaying systems is

Tong Peng, Ph.D., Communications Research Group, Department of Electronics, University of York 2013

1



CHAPTER 1. INTRODUCTION 2

to employ multiple relay nodes between the source node and the destination node to form
a distributed antenna array, which can provide significant advantages in terms of diversity
gains. Several cooperation strategies that exploit the links between the relay nodes and the
destination node such as amplify-and-forward (AF), decode-and-forward (DF), compress-
and-forward (CF) [2] and distributed space-time coding (DSTC) schemes [3], [4] that
employ space-time codes [4, 5] have been extensively studied in the literature. A key
problem that arises in cooperative MIMO systems and which degrades the performance
of such systems is the existence of delays between the signals that are space-time coded

at the relays and decoded at the destination.

In this thesis, optimal power allocation (PA) algorithms, a-namber-of novel distributed
STC (DSTC) designs and adaptive code matrices optimization algorithms are proposed
which achieve higher coding gains and lower complexity detection algorithms compared
to the existing techniques. Firstly, PA optimization algorithms [10]- [13] are considered
in a unified framework, and then joint adaptive power allocation (JAPA) algorithms ac-
cording to different optimization criterion with a linear receiver or a maximum likelihood
(ML) detector for cooperative MIMO systems employing multiple relay nodes with mul-
tiple antennas te—achieve-cooperating—strategies—based-on-theframework are designed.
Analyses on the computational complexity and the influence of feedback are presented

which confirms the advantages of the proposed algorithms.

Secondly, adaptive centralized DSTC schemes and algorithms with limited feedback
for cooperative MIMO relaying systems are investigated. Low-complexity encoding and
optimization algorithms are destgred and compared to the existing coding schemes, D-
ifferent DSTC schemes in [14]- [16] are tested and compared with the designed eede,
schemes. In order to eliminate the effeet-of feedback channels and achieve higher coding

gains, a fully distributed optimization algorithm is analyzed.

Thirdly, the challenges of delay-tolerant coding design with optimal PA and relay se-
lection algorithms are addressed by the novel delay-tolerant adaptive coding matrices op-
timization algorithms. Two basic configurations of distributed space-time coding schemes
in cooperative MIMO systems are analyzed to indicate the advantages of the coding de-
signs and algorithms. By eembination-of the new, designed delay-tolerant coding scheme

and opportunistic relaying algorithms in [14], delay-tolerant coding scheme with optimal

Tong Peng, Ph.D., Communications Research Group, Department of Electronics, University of York 2013
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CHAPTER 1. INTRODUCTION 3

power allocation and relaying selection algorithms arg investigated,

1.2 Contributions

=

e Joint adaptive power allocation algorithms according to different optimization crite-
ria with a linear receiver or an ML detector for cooperative MIMO systems employ-
ing multiple relay nodes with multiple antennas to achteve cooperating strategies.
The diagonal power allocation matrices are employed in which the parameters s-
tand for the power allocated to each transmit antenna. Adaptive SG algorithms are
devised in order to determine the linear receive veeter and power allocation sra-
triees iteratively with low computational complexity. A normalization preeess is
employed dusing the optimization algorithms in order to enforce the power con-
straint in both transmission phases and elisinate the computational complexity of
computing Lagrangias multiplier. The effect of the feedback errors is considered
in the analyses and in the simulation seetions, where it indicates—inereased mean
square error (MSE) performance due to the feedback inaccuracy. The requirement
of the limited feedback is significantly reduced as compared to the algorithms in
the literature. The JAPA strategies derived in our algorithms are two-phase opti-
mization approaches, which optimize the power assigned at the source node and
at the relay nodes in the first phase and the second phase iteratively, and the JAPA

algorithms are used as power allocation strategies for the second phase only.

e Adaptive distributed space-time coding scheme and algorithms for cooperative MI-
MO relaying systems. A centralized algorithm with limited feedback is developed
to compute the parameters of an adjustable code matrix, which requires sending the
adjustable code matrices back to the relay nodes after the optimization via a feed-
back channel that is modeled as a binary symmetric channel (BSC). Then, adaptive
optimization algorithms are derived based on the MSE and the ML criteries subject
to constraints on the transmitted power at the relays, in order to release the desti-
nation node from the high computational complexity of the optimization process.
We focus on how the adjustable code matrix affects the DSTC during the encod-
ing and how to optimize the linear receive filter with the code matrix iteratively or,

alternatively, by employing an ML detector and adjusting the code matrices. An

Tong Peng, Ph.D., Communications Research Group, Department of Electronics, University of York 2013
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CHAPTER 1. INTRODUCTION 4

upper bound of the error probability of the designed adaptive DSTC is derived in
order to show its advantages as compared to the traditional DSTC schemes and the
influence of the imperfect feedback is discussed. It is shown that the use of an ad-
justable code matrix benefits the performance of the system compared to employing
traditional STC schemes. Then, we derive a fully distributed matrix optimization
algorithm which does not require feedback. The pairwise error probability (PEP)
of the adaptive DSTC is employed in order to devise a distributed algorithm and to
eliminate the need for feedback channels. The fully distributed matrix optimization
algorithm allows the system to use the optimal adjustable matrix before the trans-
mission, and also achieves the minimum PEP when the statistical information of

the channel does not change.

e Introducing the adjustable code matrices into the space-time encoding and opti-
mization process. An optimal adjustable code matrix is multiplied by an existing
space-time coding scheme at the relay node and the encoded data are forwarded
to the destination node. The code matrix is first generated randomly as discussed
in [6], and it is optimized according to different criteria at the destination node by
the optimization algorithms. The decoding algorithms for different DSTC schemes
are not affected by employing adjustable code matrices. In order to implement the
adaptive algorithms, the adjustable code matrix is optimized with the linear receive
filter iteratively, and then transmitted back to the relays via a feedback channel. The
impact of the feedback errors is considered and shown in the simulations. The ful-
ly distributed optimization algorithm eliminates the need for feedback by choosing
the optimal code matrix before transmission, and the receiver is released from the

design task.

e A delay-tolerant adjustable code matrices optimization (DT-ACMO) algorithm
based on ML criterion subject to constraints on the transmitted power at the re-
lays for different cooperative systems. The adaptive optimization algorithms us-
ing SG eptimization—-methods and RLS estimation methods are developed for the
DT-ACMO algorithm in order to release the destination node from the high com-
putational complexity of the optimization process. How the adjustable code matrix
affects the DSTBC during the encoding process and how to optimize the adjustable
code matrices by employing an ML detector are stadied, Then analyses of the

differences in term of the rank criterion and pairwise error probabilities of the D-

Tong Peng, Ph.D., Communications Research Group, Department of Electronics, University of York 2013
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CHAPTER 1. INTRODUCTION 5

STBCs in these two system configurations with the same number of antennas and
the same delay profiles are presented. We study how the different systems affect the
delay tolerance of the DSTBCs and conclude that the DSTBCs in the cooperative
systems with multi-antenna relay nodes can address the delays from the relay nodes

compared to the cooperative system employing single-antenna relays.

e The DT-ACMO algorithms are extended to the-cooperative systems using an AF
protocol with the opportunistic relaying selection algorithms in [14]. DT-adjustable
code matrices opportunistic relying optimization (DT-ACMORO) algorithms are
expressed in order to address the delay issue among relay nodes. Two basic con-
figurations of distributed space-time coding schemes are studied in terms of rank
criterion and error probability of STC scheme. The DT-ACMORO algorithms can
be implemented with different types of STC schemes in DF and AF protocol, and

overcome the delay among relay nodes.

1.3 Thesis Outline

The structure of the thesis is listed as follows:

e Chapter 2 presents a literature review of the techniques, in srebilg communications
and introduce the system models considered in the thesis. The review of MIMO
techniques in terms of capacity and diversity order, and STC and DSTC design

criteria, and detection and estimation techniques are given in this chapter.

e Chapter 3 presents a-novel joint adaptive power allocation algorithms according
to different optimization criteriens, with a linear receiver or an ML detector for
cooperative MIMO systems employing multiple relay nodes with multiple antennas
to achieve cooperating strategies. The computational complexity of different power
allocation techniques is given and compared with the-joint adaptive optimization

algorithms.

e Chapter 4 presents centralized and fully-distributed adaptive space-time coding

scheme and algorithms for cooperative MIMO relaying systems with and without

Tong Peng, Ph.D., Communications Research Group, Department of Electronics, University of York 2013
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CHAPTER 1. INTRODUCTION 6

the requirement of feedback channels. SG and RLS methods are employed in the
DSTC scheme and algorithms to reduce the computational complexity. The error
probability of the adaptive DTC design is given alongside the effect of feedback

channels.

e Chapter 5 presents delay-tolerant adjustable code matrices optimization (DT-
ACMO) algorithms based on ML criterion subject to constraints on the transmit-
ted power at the relays for different cooperative systems. Two types of distributed
MIMO networks are considered. The extension of the DT-ACMO algorithms com-
bined with the opportunistic relaying algorithms in [?] is studied. Analyses of jin
terms of rank criterion and pairwise error probability of the algorithms are given as

well.

e Chapter 6 presents conclusions and the possible future work based on the content

of the thesis.

1.4 Notation

E[] expectation operator

()" Hermitian operator

0O* complex conjugate

Iy N x N identity matrix

|- 1lF Frobenius norm, || X ||p= /Tr(X" - X) = /Tr(X - X7)
R[] real part

(] imaginary part

Tr(-) trace of a matrix

()7 pseudo inverse

X Kronecker product
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In this chapter, an introduction to fundamental techniques related to the research car-
ried out during the preparation of this thesis such as MIMO, STC and DSTC techniques,
cooperative relaying systems, and parameter estimation and detection algorithms is pre-

sented.

2.1 MIMO Systems

MIMO gretwerks employ multiple antennas at both the transmitting node and the receiv-
ing device in order to achieve a considerable improvement in signal quality and increase
the traffie capacity without the cost of extra spectrum [17]- [20] in wireless communica-
tions. Unlike the traditional single-input single-output (SISO) retweorks with communica-

tion between single antennas, MIMO netwerks effectively solve the problems in wireless

Tong Peng, Ph.D., Communications Research Group, Department of Electronics, University of York 2013
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CHAPTER 2. LITERATURE REVIEW 10

communications caused by the limited availability of radio frequency spectrum and time-
variant propagation environments by employing multiple antennas. Additionally, taking
full advantage of multipath effects to benefit communication is another outstanding con-
tribution of MIMO netwesks, [17]. Due to these properties and their great potential in
wireless communications, MIMO netwetks, have been used in a wide range of applica-

tions and standards (such as 3GPP, WIFI, etc.) instead-of SISO netweorks,

2.1.1 Capacity Aspects

The most important contribution of MIMO systems lies in the increase of the capacity of
a wireless communication system compared to that of a SISO system [19]. We consider
a MIMO system which contains a transmitter with N antennas and a receiver with M
antennas. An N x M wireless random fading channel H [i] is considered between the
transmitter and the receiver, and we assume M < N. Define a symbol stream s[i| which

contains N modulated elements by a K-PSK or a K-QAM scheme. The transmission in

this MIMO system is derived-as [19]

rli] = %H[z]s[z] + nli, (2.1)
where r denotes the M/ x 1 received signal vector at the receiver, n[i] denotes the M x N
additive white Gaussian noise (AWGN) vector with entries having zero mean and variance
o2 generated at the receiver and Pr is the transmit power assigned to all the antennas at
the transmitter over a symbol period. The element we are most interested in is the channel
matrix H [¢], more specifically the eigenvectors and the singular values of the covariance

matrix H H". If the channel matrix is unknown at the transmitter, the capacity of the

above MIMO system is derived as [19]

1P
C=F |logdet ( Iy +—-—L2HH")|. (2.2)
N o2

Tong Peng, Ph.D., Communications Research Group, Department of Electronics, University of York 2013
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By using-the eigenvalue decomposition method+n H H H we can rewrite the expression
of the MIMO capacity in (2.2) as

1P
NU—ZQAQH>
1 Pr
= det (IN + N?A) (2.3)

n

C—det(IN—i-

- P
— S log(1 + Lo,
2 og(1l+ N)\Z),

where r = rank(HH"), p = Pr/o?, and )\; denotes the i — th positive eigenvalue
of the matrix H H". Tt is worth to mention that according to (2.3) the capacity of an
N x M MIMO system is equal to the sum of the capacity of M parallel SISO links with

signal-to-noise ratio (SNR) equal to £.

The capacity derived in (2.3) is known as the capacity of an open-loop MIMO system
which requires the channel state information (CSI) is known at the receiver but not at the
transmitter. If the channel is known at both the transmitter and the receiver, it is called as

a closed-loop scenario, the capacity is derived-as,

C=F {log det (IN + %%HRHH)} , (2.4)
where R = F{ss"} denotes the autocorrelation of the symbol vector s. In the open-loop
case, equal power is assigned among the transmit antennas so that the autocorrelation is
an identity matrix I . On the contrary in the closed-loop scenario, the CSI is known at
the transmitter which allows to assign different transmit power to different antennas. By
utilization of the singular value decomposition (SVD), we can rewrite H = UV by
using M x M and N x N complex unitary matrices U and V', respectively, and an M x N
rectangular matrix whose elements in the main diagonal are singular values of the channel

matrix H. The system capacity can be written as

C=Y log(1+ ’;\7;' ), 2.5)
=1

where y; denotes the optimal power. Thus, the capacity of a closed-loop MIMO system

Tong Peng, Ph.D., Communications Research Group, Department of Electronics, University of York 2013
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related to the power assigned to each transmit antenna is given by

PYi
Ciae = argmax <log (1+ i )) ) (2.6)
e 3 N

The Water Filling algorithm [20] is employed in order to obtain the optimal value of ;

N\T O
%_('M_P)\i) aizl%‘—ﬁ

fory,=1,2,...,r,

which is derived as

(2.7)

where 1 is a constant and

x, ifx >0,
(z)" = - (2.8)
0, ifx<O.

Therefore, the capacity of a closed-loop MIMO system is given by

C= Zlog( p% )). 2.9)

In Fig. 2.1, the ergodic capacity of MIMO systems (2.5) with different configurations
of antennas is shown. The channel is assumed to be Rayleigh fading. As shown in the fig-
ure, a SISO system has the worst capacity performance, while the utilization of multiple
antennas only at the receiver or at the receiver can improve the capacity of a communica-
tion system compared to that of a SISO system. By using multiple antennas both at the

transmitter and the receiver, the ergodic capacity increases dramatically.

2.1.2 Diversity and Spatial Multiplexing

Studies of diversity and multiplexing in a MIMO system are presented in [19]- [20]. Mul-
tiple antennas are used in wireless systems in order to increase the diversity to combat
the channel fading. The transmission of signals carrying the same information through
different antennas and paths allows the receiver to obtain multiple independently faded
copies of the symbols, which indicates it enhances the reception reliability at the receiv-
er. If the fading between the pair of transmit and receive antennas is independent, the

maximal diversity gain which is equal to M N will be achieved in the above MIMO sys-

Tong Peng, Ph.D., Communications Research Group, Department of Electronics, University of York 2013
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Figure 2.1: Capacity of MIMO System with Different Number of Antennas

tem [20]. Different types of diversity can be achieved in different multi-antenna systems.
In a single-input multiple-output (SIMO) system, receive diversity can be obtained if the
channels between the transmit antenna and the receive antennas are independent. In this
case, the maximum receive diversity order is equal to the number of antennas at the re-
ceiver. If multiple antennas are used at the transmitter and a single antenna is employed at
the receiver, a multiple-input single-input (MISO) system is achieved with the maximum
transmit diversity 5 equal to the number of transmit antennas. Space-time coding tech-
niques, such as [22] and [21], focused on achieving the maximum of the diversity gain

have been developed and employed in MIMO netwerks,

However, the transmission of the symbols with the same information content will de-
crease the data rate of a MIMO system. By transmitting independent symbols with dif-
ferent information content can increase the available degrees of freedom for MIMO com-
munication which leads to the-enlarged, transmission rate, It is called spatial multiplexing
and is important in the high-SNR scenario in a MIMO system as the degrees of freedom
in the high-SNR scenario is equal to min(A, N') [23,24]. In the high-SNR regime, the
capacity of an N x M MIMO network with independent and identically distributed (i.i.d)

Tong Peng, Ph.D., Communications Research Group, Department of Electronics, University of York 2013
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Rayleigh fading channel is studied in [23] and is given by
C(SNR) = min{N, M }log(SNR) 4+ O(1). (2.10)

The degrees of freedom is equal to the minimum of N and M which is related to the
throughput of a MIMO system so that the spatial multiplexing transmission focuses on the
maximization of the system capacity. By increasing the number of transmit and receive
antennas, the spatial multiplexing transmission allows the linear increase of transmission
rate [25]. For example, the Bell Laboratory Layered Space-Time (BLAST) system in [36]
is a typical spatial multiplexing transmission model whose maximum multiplexing gain

is equal to min{ M, N'}.

It is not possible to achieve the maximal diversity gain and the maximal spatial multi-
plexing gain at the same time, so the tradeoff of achieving both diversity gain and spatial
multiplexing gain is studied in [20]. Zhang and Tse [20] have studied the optimal trade-off
curveinthe [ > M + N — 1 case and the | < M + N — 1 case, where [ denotes the block
length of the information symbol matrix. It has been proved thatinthe [ > M + N — 1
case the optimal diversity and multiplexing gain trade-off curve d(r),,: can be described
by

d(k)opt = (M — k)(N — k), (2.11)

where d(k),,: stands for the optimal diversity, and & denotes the spatial multiplexing gain.
In particular, d,,,q, = M N and 7,0, = min{M, N}. Inthe [ < M + N — 1 case, Zhang
and Tse have proved that the optimal trade-off curve is bounded by the Gaussian coding

bound and the expurgated bound in [20].

2.2 Cooperative MIMO Systems

Cooperative communications aims-te employing multiple transmission phases and relays
in order to improve the coverage and the performance of wireless links [27]- [31]. D-
ifferent relaying protocols, such as AF and DF, are employed in cooperative systems in
order to achieve different needs. A cooperative MIMO system model is shown in Fig. 1

which consists of one source node, n, relay nodes (Relay 1, Relay 2, ..., Relay n,.), and

Tong Peng, Ph.D., Communications Research Group, Department of Electronics, University of York 2013
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Figure 2.2: Cooperative MIMO system model with n,, multiple-antenna relay nodes

Source

Fsr,, Gg,,D

one destination node. All the nodes employ N antennas and can either transmit or receive

at one time,

The initial idea of using antenna arrays to assist the communication between terminals
is due to the long distance in-the-communieation and the effects of the noise [27]. With
the study of cooperative communications, traditional MIMO and SISO networks which
employ mobile or fixed relay nodes have been studied due to the high diversity and low
cost. Communication protocols employed in cooperative networks are defined according
to different implementation requirements, such as AF protocol focuses on low energy
cost which simply amplifies what the relays receive and then forwards the data to the

destination, and DF focuses on the-rehability-of-the-network which allows the relays to

detect and re-encode the information symbols with powerful coding schemes.

More complex cooperative systems have been reported in the last few years which
combine and change the original protocols. In [32] and [33], STC schemes are used
at both the source node and the relay nodes in order to achieve novel relay selection
algorithms without loss of the diversity gain. In [34] STC schemes are employed in a
cooperative system with the AF protocol in order to achieve the optimal diversity and
multiplexing tradeoff. The flexibility of using different cooperative protocols is one of

the reasons for the popularity of cooperative systems.

We take a two-hop transmission with AF protocol as an example to show how a cooper-
ative system works. The first hop is devoted to the source transmission, which broadcasts
the information symbols to the relay nodes and to the destination node. The second hop

forwards the amplified received information symbols at the relay nodes to the destination

Tong Peng, Ph.D., Communications Research Group, Department of Electronics, University of York 2013
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node. Mathematically, the received symbols at the relays and the destination node in the

first hop are given by
TSD[i] = HSD[’L]AS[Z]S[Z] + nSD[i], (212)

TSR [’L] = FSR [Z]AS[Z]S[Z] + Ngr [Z],
’ " " (2.13)
fork=1,2,....,n,,
where Ag[i] = diag[as, [i], as,[i], ..., as, [i]] denotes the diagonal N x N power allocation
matrix assigned to the source node. According to the AF protocol, the received symbols

at the relays are amplified prior to transmission to the destination node in the second hop,

which is given by

Trp[i] = ZT Gr,pli]Ax[i]rsr, [i] + ni]

= S Groolil Al P, [1 Aslilsli] + S Gr,olil Adlilmsn, [i] + nlil

(2.14)
where Ay[i| denotes the diagonal N x N power allocation matrix assigned for the kth
relay node. It is clear to see that the noise at the relay nodes are amplified and forwarded

to the destination which contributes to the increased of detection errors.

2.3 Space-Time Coding

Space-time coding (STC) schemes are usually used in MIMO wireless communication
systems to defeat the multipath fading and decrease the probability of error. Different STC
schemes are designed for MIMO wireless systems due to different needs with different
design criteria [41]. During the last 15 years, many STC schemes have been studied and
implemented in the real world. In this thesis, some of them are considered and used.
The orthogonal space-time block coding (OSTBC) designs with low decoding designs
are the main subject of this thesis, whereas linear dispersion codes (LDCs) that require

high-computational-complexity detection methods are also considered as references.

The study of STC techniques starts fromthe-utthization of multiple antennas. In 1996,

Tong Peng, Ph.D., Communications Research Group, Department of Electronics, University of York 2013
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the first space-time architecture was investigated by Foschini and named vertical Bell
Laboratories Layered Space-Time (V-BLAST) scheme [36]. The symbols are assigned
to multiple antennas first and then transmitted to the receiver. An orthogonal design for
2 x 2 MIMO systems was developed in 1998. The coding scheme is known as the Alam-
outi STBC scheme [21] which achieves the full rate and full diversity order. The design
criterion is quite simple which ensures the inner product of the 2 x 2 code matrix equals
zero and obtain a linear ML decoding scheme with low computational complexity. The
orthogonal STBC designs for different number of antennas are then presented in [40].
The authors define the criterion and extend the work of Alamouti from the 2 x 2 MIMO
to any MIMO systems. The general OSTBCs achieve full diversity order and low com-
plexity encoding and decoding process as the same as the Alamouti code; however, the
design criterion keep, the redundancy of the code high which means the full encoding rate
and linear ML decoding cannot be achieved simultaneously for a MIMO netwerk with the
number of antennas is greater than 2. The design of the quasi-OSTBC (QOSTBC) jin [41]
solved the problem of improving the encoding rate for systems with more than 2 anten-
nas. However, the full diversity achievement is another issue to be addressed. In order to
achieve a full rate and full diversity STBC with efficient decoding algorithm, Jafarkhani
designed a quasi-OSTBC (QOSTBC) in [41]. In the QOSTBC schemes, the rotation
of the constellation is introduced in order to achieve a quasi-orthogonality between the
columns of the code matrix and which leads to joint}y decoding instead of separately de-
coding for OSTBCs. The full rate and full diversity oder are achieved with the cost of
increasing the decoding complexity in a QOSTBC. As mentioned in the previous section,
the diversity and spatial multiplexing trade-off is critical to code design. The OSTBCs
and QOSTBC:s focus on the full diversity order achievement, while the linear dispersion
codes (LDCs) designed in [42], [43] and [44] focus on the throughput of a MIMO system.
The linear combination of the real part and the imagination part of the modulated sym-
bols provides a high throughput in the cost of high computational complexity decoding
process. Fhe-number theory and randomized matrix theory are introduced in the design
of LDCs in order to maintain the high coding rate and achieve full diversity order at the

same time, such as the Golden code in [44].

It is important to understand the design criteria for the space-time codes before in-
troduction of different space-time codes. In distributed and cooperative networks, the

antennas at the relays can be seen as one antenna array if they are 1.1.d. which allows the

Tong Peng, Ph.D., Communications Research Group, Department of Electronics, University of York 2013
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traditional STC schemes to be adapted to DSTC schemes without changing the design

criterion or affecting the properties of a coding scheme.

2.3.1 Design Criteria for Space-Time Codes

The first ertertg of STC design is the rank and determinant criteria, which describes the
coding gain and the diversity gain, the most important properties of a space-time code.

We first consider an V; x N, MIMO system employing N; x T' STC scheme C, and the

=

R-HC + N, (2.15)

expression of the system model is given by

where R denotes the N, x T received matrix at the destination, the H stands for the
N, x N, channel matrix, and C' is the N, x T STC matrix. We assume N; < 7. The
AWGN matrix contains circularly symmetric complex Gaussian random variables with
zero mean and variance Ny. If the codebook of the STC scheme contains KX codewords,
the upper bound of the error probability when the code matrix C'; is sent but others are

received is given by

K
P.(Cyissent) <Y P(Cy — Cy) (2.16)
k=2

For simplicity we assume the transmitted matrix is C; and the received matrix R; =
HC'; + N, the pairwise error probability is calculated by
P(Ci— Cy|H)=P(| R\ — HC, ||z — | R — HC; |> 0 | H)

(2.17)
= P(X >| H(C; - Cy) || H),

where X = Tr(N¥H(Cy,—C,)+(Cy—C,)" H” N) is a zero mean Gaussian random

variable with variance 2N, || H(C, — C}) ||%. By using the @ function, we can obtain

1
P(C) — Cy | H) —@( (G- CnE HF), 2.18)
0
where
Qz) = L/mex (__y2>d (2.19)
~Vor ), “P TR '

Tong Peng, Ph.D., Communications Research Group, Department of Electronics, University of York 2013
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Define a matrix A(Cl, Cg) = D(Cl, CQ)HD(Cl, Cg) = (CQ — Cl)H(Cg — Cl), and
the nonnegative eigenvalues of A(C,, C3) are A\,, n = 1,2, ..., N. By making use of the
SVD theorem [45], we can rewrite (2.17) as

Ny N
1 T
P(Ci—C:|H)=Q 2_]\7022)\”|5n’m‘2
m=1 n=1
(2.20)

Ny

N,
1 I
<= T AT )\n n,m 2 )
& e
where f3,, ,, is the n —th row, m —th column element in matrix V' H, and V is the unitary
matrix generated during the singular value decomposition of A(C'y, C). Because VH
is Gaussian, the parameters | [3,,,, | should be Rayleigh and their probability density
function is f(| Bum |) = 2| Bum | €xp(— | Bum [?) [17]. As aresult, the upper bound of

the pairwise error probability can be written as

1
P(C,— Cy | H) < 2.21)

T IL L+ (/4

where v = 1/Nj is the SNR of the system. In high SNR situation, we can ignore the 1 in

(2.21) and obtain the expression of the pairwise error probability of the codeword C' as

47’NT
(H;:l /\n>NT/err )

P(C,—-Cy| H) < (2.22)
where 7 denotes the rank of the distance matrix A(C'1, C3). The diversity gain of the
space-time code C'is equal to N, the product of the rank of the distance matrix and the

number of receive antennas, and the coding gain is proportional to =———. As a result, a

n=1An
good STC scheme should have full rank distance matrix with small eigenvalues.

Another important criterion for STC scheme design is the maximum mutual infor-
mation criterion. The Nt x T transmitted coding matrix C' can be derived as C =
Z?:l A;s; + B;s}, and the N, x T matrix A; and B; denote the encoding matrix for
the ¢ — th information symbol s; and its conjugate form s, respectively. As a result, the

expression of a MIMO system can be derived as

r=Gs+n, (2.23)

Tong Peng, Ph.D., Communications Research Group, Department of Electronics, University of York 2013
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where the N, T" x 1 vector 7 is the transformation vector from R in (2.15), and the N, T x
N; matrix G denotes the equivalent channel matrix which combined the channel matrix
H in (2.15) with the encoding matrices A; and B;. For example, the Alamouti 2x2
space-time block code (STBC) in [22], which have a coding seheme-as

S1 —S83
R (2.24)

*

81

and the received symbol vector at the receiver of a 2x2 Alamouti STBC can be derived as

r=Gs+n
h1,1 h1,2 nia
h2,1 h272 S1 USR] (2.25)
= + .
* * *
1,2 —N1a S2 G®)
* * *
i h3o —hi, ] | T2 |

The maximum mutual information criterion can be described by
C(p, Ny, N,) = max E |log det(Iy, + %GGH) . (2.26)
t

The equivalent channel matrix G' can be found by maximizing the channel capacity, and

after collecting the encoding parameters in G we can obtain the STC encoding scheme.

2.3.2 Alamouti Space-Time Block Code

The Alamouti 2 x 2 STBC [22] is the simplest and the most important STC design as
various space-time codes are designed based on this scheme. The information bits are
first modulated by mapping to a constellation and we have the modulated infermation
vector s = [s1, Sa, ..., S,]. Then a block of modulated symbol, s; and s, are encoded with

the encoding matrix and we obtain the STBC scheme shown as

c— | T, (2.27)

Tong Peng, Ph.D., Communications Research Group, Department of Electronics, University of York 2013
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The symbols in the first column of the coding matrix will be sent out from the transmitter
in the first time slot, and the symbols in the second column will be sent out in the next
time slot. If the coding matrix is employed in a 2 x 2 MIMO system, the received matrix

at the destination can be written as

R=HC+ N
h1,1 h1,2 51 —S5 nNiip Nig2
k
h2,1 h2,2 S22 51 Na21 N22
* *
hi1s1 + hi2se +n11 h128] — hi185 +nig (2.28)

hois1+ haosy +mno1 hoas] — ho185 + nop

11 T2

T21 T2.2

The orthogonal property of the Alamouti STBC scheme is gven by

H _S; * % * %
cicy = [ 5] 85 ] . = —5185 + s55] = 0. (2.29)
S1
The inner product of the Alamouti scheme is equal to zero shown in (2.29) so that at the
receiver, the linear maximum-likelihood (ML) decoding technique with low computation-
al complexity can be utilized. By assuming the channel information is perfectly known at

the receiver, the decoding algorithm is given by

§1 - hilTLl + hLQTiQ + h§71T271 + h272r>2k72
= ([ ha P4 Tz P+ [ho P+ | oz [)s1+ o,
(2.30)

~ * * * *
Sp=hjori1 —hiirio + hoorar — haars,

= (| h11 ’2 + | hio ’2 + | hay |2 + | hao \2)52 + no,

where ny = hilnl,l+h1,2n>{72+h;,1n2,1 +h272n§72 and Ng = hhnlvl+h1,1n>{72+h§’2n271—I—

ha 115 5 can be considered as noise elements. After tes all the eembination eppertunities
of s; and s, for ML decision, the symbols will-befound,

Tong Peng, Ph.D., Communications Research Group, Department of Electronics, University of York 2013
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The product of two Alamouti code matrices is given by

- 1 H
CHC — 51 —S5 51 —S85
S2 8] Sa 8]
B s] 85 51 —S85
h —S9 S S2 8]
- - . (2.31)
[s1 P+ ]2 P —siss+ siss
| —s180 + 5159 | s1 ]2+ | s2]?
| Isi P A s 0
: 0 51+ | s |

The Alamouti STBC can reach the full diversity because the codeword distance matrix is

given by

st = st P ] sy — sy P 0
0 o) = st P | sy = s 2|
(2.32)
and the determinant of A(C1,C5) is equal to (| s — s |2 + | s — s |2)2 which

is nonzero as (551’, sél)) + (s?), 822)). By using the SVD theorem [45] we can obtain the

A(Cy,C,) =

eigenvalue of A(C';, C>) equals to 1, which indicates the coding gain of Alamouti STBC
is 1 [22].

2.3.3 Orthogonal Space-Time Block Codes

From the 2 x 2 Alamouti STBC scheme, the construction of complex OSTBC is shows,
in [41], which can be considered as the combination of a real OSTBC generator matrix
and its conjugate form. The key property of OSTBC is the orthogonality between columns
of the coding matrix, which means the N x 7' coding matrix of OSTBC G should have
the following property

GiG =k(s1 >+ |52 > +..4 | sx D)7, (2.33)

Tong Peng, Ph.D., Communications Research Group, Department of Electronics, University of York 2013
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where s, k = 1,2, ..., K denote the indeterminate variables in G and « is a constant. In

order to reach this property, the real orthogonal generator matrix should be found.

The study of real orthogonal designs in [47] and [48] provides a method of generating
an orthogonal matrix. First, find a set of L. Hurwitz-Radon family matrices which are

N x N real matrices { By, By, ..., B } satisfying

B/B, =By, =12 ..,L
Bl =-B;, =12 ..,L (2.34)
BB,=-B)B;, 1<I<I<L.

Then the N x N real orthogonal design can be generated by the following algorithm

N
Gy =s1In+) s.B,, (2.35)

n=2
where s,,n = 1,2,...N are information symbols. The complex OSTBC scheme is ob-

tained by combining the real design with its conjugate transformation which is given by

Gromprer = | | (2.36)
Gy

Adtheugh-OSTBC can achieve the full-diversity, i.e. N, for any number of M and N,
and a simple linear ML decoding algorithm similar to that of the Alamouti STBC can
be used at the receiver. However, the redundance of the OSTBC matrix is high when N
is greater than 2, which reduces the throughput of a MIMO system significantly. Some
OSTBC designs presented in [37]- [40] focused on increasing the coding rate of the QST-
BC and improving the throughput with the maintenance of the orthogonal scheme. The
highest rate of the high-rate OSTBCs is %. Thus, the quasi-orthogonal STBC (QOSTBC)
was invented in order to get+id-of the redundancy of the code and improve the throughput

of the system.

Tong Peng, Ph.D., Communications Research Group, Department of Electronics, University of York 2013
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Figure 2.3: SNR versus BER for STBCs

2.3.4 Quasi-Orthogonal Space-Time Block Codes

The-QOSTBC have an orthogonal property between some of its columns but not all of its
columns. One example of the QOSTBC matrix in [41] is shown asfeHewing

G(s1,s G(s3, s
Gqosrsc = qu 2) *< 3 51) , (2.37)
—G (83,S4> G (Sl,Sg)

where G(s1, s5) is a 2 x 2 Alamouti STBC scheme. The coding rate is 1 as 4 symbols
are transmitted via 4 time slots; however, due to the non-orthogonality between some
columns, a separate ML decoding scheme cannot be employed at the receiver to detect
the codeword. The solution of this problem is the pairwise decoding algorithm. The
orthogonality of the subspaces in G'gosrpc ensures the codewords can be decoded in
pairs independently [41]. The ML decoding problem for the system described in the
previous section can be derived as the following

min (G"YH"HG - R"HG - G"H"R), (2.38)

51,52,53,54

where G denotes the QOSTBC matrix. The ML decoding of G in (2.38) is equivalent to

minimizing the sum of 2 independent formulas containing s; and s4, s, and s3, respec-

Tong Peng, Ph.D., Communications Research Group, Department of Electronics, University of York 2013
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tively [41].

Another problem of the QOSTBC scheme is the loss of diversity order due to the
quasi-orthogonal design. The rank of the distance matrix of encoding scheme G in (2.37)
is only 2, as a result the maximum diversity it can achieve is equal to 2)/, where M is the
number of receive antennas. The solution reported in the literature for achieving the full-
diversity for a QOSTBC is using a rotated constellation for different codewords [49] [50].

The determinant of the distance matrix of G is given by [41]

2 2/ 2 2

det A = (Z | (sk = si) + (Ske2 — Shys) \2> (Z | (sk = si) = (Sk42 — Shya) !2> :

= = (2.39)

where si, k = 1,2, 3, 4 is the information symbols in G. If we collect the codeword s; and

59 1n one constellation and collect s3 and s, in another, the full-diversity can be reached

if and only if s, — 5}, # sp12 — 5).,5 [41]. The method of finding the optimal rotation

of a constellation is shown in [51], and it has been proved that the optimal rotation for a
constellation in order to achieve a full-diversity QOSTBC should follow the theorem

det{ A}, in(0) <| 2sin¢ |* d° (2.40)

man?

where ¢ is the optimal rotation angle and d,,;,, denotes the minimum Euclidean distance

of the constellation which is equal to | s — s’ |, the distance between the closest two points

in constellation.

2.3.5 Linear Dispersion Codes

The 2 x 2 Alamouti orthogonal design and the quasi-orthogonal design with rotated con-
stellation can achieve the full-diversity and full coding rate, which means the rank and de-
terminant criteria are achieved. However, the capacity criterion is difficult for orthogonal
and quasi-orthogonal designs as the redundance should be used in the encoding matrix
in order to maintain the orthogonality. The LDC designs in [42]- [44] can achieve the
maximum MIMO channel capacity without the orthogonal design, and provides the full

diversity and high coding gain with the help of algebraic number theory.

Tong Peng, Ph.D., Communications Research Group, Department of Electronics, University of York 2013
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Figure 2.4: SNR versus BER for QOSTBCs

The encoding scheme of a LDC can be derived as the sum of the original and conjugate

transform of the information symbols multiplied by its coding matrix, which is given by

N N
C=> (snAn+5,B,) =) (Rlsn]Cpn + jS[sn] Dy, (2.41)
n=1 n=1

where C,, = A, + B, and D,, = A, — B, are N x T encoding matrices for the real

part and imaginary part, respectively. At the destination node, the received LDC matrix is

derived as
N
R (H"+ ) (Z(sﬁ?(c’f G 4 sl (D 4 jDz>>) IN ew)
n=1

If we define the transmitted symbol vector s = (sf, sl .. sk s4)T and the received

vector r = (rf, ¢l . rE rl )T and N = (N® NI, ... N NI)7 is the noise

vector, the equivalent channel matrix

Eihy  Fihy - Exha Fyhy
H = : : : : ) (2.43)
Ehy Fihy .. Exhy Fyhv

Tong Peng, Ph.D., Communications Research Group, Department of Electronics, University of York 2013
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where
[ CR _C] _D] _DR
E, = " " | F,= " ", form=1,2...,N,
c, C; D)} -Dj
- (2.44)
_HE
h; = IZ ,form=1,2,.... M.
i H
The expression in (2.42) can be written as
r=Hs+ N, (2.45)

and the sphere decoding algorithm [52, 53] can be used for detection with lower compu-

tational complexity.

According to different design algorithms, various encoding matrices A,, and B,, can
be designed. In [42], the number of information symbols /N should be determined. If
the MIMO system have NN, transmit antennas and N, receive antennas, the number of
information symbols in LDC matrix N = min(N;, N,)T, where T is the time slot for
transmitting an LDC matrix. This is because the greater /V is, the closer it can approach
the capacity; however, the smaller NV the system uses, the more coding gain we can obtain

[42]. Then the coding design should maximize the capacity expression which is given by

1
CLD(p; T, Nt’NT) = , Bnrlf:uliQ N ﬁElogdet (IQNTT + %HHH> , (2.46)

where p denotes the SNR. Some power constraints for the transmitted symbols should be

satisfied for the encoding matrix, which are

N
> (Tr{A}]A,} + Tr{B}B,}) = 2TN,
n=1
TN, (2.47)

Tr{A” A} =Tr{B"B,} = o= L2 N

T
AA, =BIB, = NINt,n =1,2,...,N.

An example of LDC encoding matrix is given in [42], which can achieve the maximum

mutual information expression with transmission power constraints. The encoding matri-

Tong Peng, Ph.D., Communications Research Group, Department of Electronics, University of York 2013
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ces are designed according to the following algorithm

1 S
ANt(k—l)-‘rl = BNt(k—l)—H = \/ﬁDk IHl 17k = 1727 BT Ntal = 17 27 ST Nt7 (248)
t

where ) ) ) )
1 0 0 0 0 1
0 &% 0 10 -0
D = A= ) R (2.49)
.2#(.]th1) - . . .
0 0 - e Ny | _0 o] 0_

This LDC encoding matrix is the simplest and most widely used as it can maximize the
channel capacity with simple design criterion #§ (2.48); however, according to the gener-

ation of the encoding matrix, the rank and determinant criteria in [41] are not satisfied.

In order to design the full-rate and full-diversity STC, number theory and other optimal
constellation rotation techniques are employed to design the encoding matrix such as
[42]- [44]. The main idea of the code design is based on the construction of an ideal
constellation, or the rotation of a constellation, so that the non-vanishing determinant of

the distance matrix can be obtained. For example, the STC scheme in [43] is shown as

1 S1+ ¢sa (s34 ¢s4)
By, = — , 2.50
2 V2 O(s3 — Psy)  s1— Psa ( )

where 62 = ¢ and ¢ = ¢, and ) is a real parameter te chosen by

1
argmax o ( inf | 82 — 52 — 53¢° + 520" ]) : (2.51)

where Z[i]4 is the integer field or constellation, such as QAM or PAM constellation, and

Z denotes the integer field. @

2.4 Parameter Estimation

Parameter estimation is a fundamental element of signal processing and essential to the

implementation of a wireless communication aetwesrk, Different estimation methods have

Tong Peng, Ph.D., Communications Research Group, Department of Electronics, University of York 2013
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Figure 2.5: SNR versus BER for LDCs

different performance and computational complexity, As a result, to—ehoose a proper

estimation method is crucial to a wireless communication system.

2.4.1 Maximum Likelihood Estimation

Maximum likelihood (ML) estimation is an unbiased and asymptotically efficient tech-
nique which chooses the parameters that maximize the probability of a probability densi-
ty function (PDF) distribution in the observed data so that it requires high computational
complexity in a MIMO system [54, 55]. The ML estimation procedure is equivalent to
finding a parameter vector that maximizes the likelihood function p(x; ), and the log of
the likelihood function is usually used in many estimation scenario, for simplicity. The

ML estimation problem is given by
0 = argmaxInp(x;0). (2.52)

The ML estimation is a simple estimation method that is implemented by substituting the
observed data into (2.52) and taking the data which returns the maximal value. However,

when the number of candidates is very large the eest-efhigh computational complexity re-

Tong Peng, Ph.D., Communications Research Group, Department of Electronics, University of York 2013
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stricts the utilization of an ML estimator in practical situation, On anethes hand, a closed
form solution for the ML estimator will not be always obtained so that different iterative
searching methods are often required. When multiple parameters are-needed, to be esti-
mated, the-intensive increase in the computational complexity limits the implementation

of an ML estimator.

2.4.2 Least Squares Estimation

The most significant benefit of using a Least-squares (LS) estimator lies on releasing the
system from the requirement of additional assumption and statistical information about

the received noise [54]. The LS estimation method can converge to the minimum variance

unbiased estimator under correct conditions but-cannot-be-seen-as-an-optimal-estimator

[55,56]. @

Consider an LS estimator obtains the received symbols a derived as
r=HO+n, (2.53)

where 6 denotes the desired symbol vector, and n denotes the additive noise. The cost

function of the LS estimator is given by
J(0) = ||z — HO|]%. (2.54)

As shown in (2.54), the LS estimator obtains the optimal 6 which minimizes the squared
difference between the observed signal vector. By exposimg the righthand side of (2.54)
and moveLé to the left hand side, we will obtain the solution of the LS estimator derived
as

6=(HH" 'H'z. (2.55)

The estimated solution @ in (2.55) is obtained without the requirement of additive infor-
mation or assumption. In addition, if the errors represented by the noise vector n are
wide-sense stationary, independent and normally distributed, the LS estimator is equiva-

lent to the ML estimator [54]. Therefore the LS estimator can be widely used in wireless

communications due to its simplicity and approachtoestablishimg the ML estimator,

Tong Peng, Ph.D., Communications Research Group, Department of Electronics, University of York 2013
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2.4.3 Adaptive Stechastie-Gradient Estimation

In order to avoid the matrix inversion in MMSE and LS estimation and detection process,
adaptive linear estimation techniques are used. The requirement of the knowledge of the

symbol and channel are replaced by simply sending initial training symbols.

In Jeast mean-square (LMS) algorithm, #hisis also a stochastic gradient (SG) algorith-
m, the eptimization function ef-the- MMSE-isusedshownas

Jli] = E | sgli] — wild]r[i] |, (2.56)

where si[i| denotes the kth training symbol, wy|[i] and 7[i] stand for the receiver filter
vector assigned for the kth symbol and the received vector, respectively. By introducing

a step size parameter j, the LMS algorithm is given by
wyi + 1] = wyli] + pVJ[i], (2.57)

where

Vil = Vs (B | seli] — wi[ilrfi] [?)
= Vi) (E(skli] — wil[i]r[i]) (sk]i] — wil[i]r]i]))
= E(s[i] — wi [i]r[i])" Vs (E(skli] — wili]r[i]))

(2.58)

= —exlilril,
where e;[i] stands for the kth detected error symbol. After we obtain (2.58), the LMS
algorithm ean-be-obtained-using-a-SG-method-shown as

wy[i + 1] = wy[i] — pegli]r[i]. (2.59)

The LMS algorithm uses the stochastic gradien to reduce the computational complex-
ity of calculating the receiver filter wy[i| fromthe matrix inversion. However, the low

convergence rate problem of LMS due to the nature of stochastic algerithmis-the-mainly
defeet [54,57].

In order to achieve a faster convergence rate, the recursive least squares (RLS) al-

Tong Peng, Ph.D., Communications Research Group, Department of Electronics, University of York 2013
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Table 2.1: Summary of the RLS Algorithm

Initialize: P[0] =011,
For each instant of time, =1, 2, ..., compute

g AL Pli—1]r[i]
kli] = TTALrB [ Pli—1]7[i]°

]
exli] = sili] — wh[i]r[d],
Pli] = \1PJi — 1] — X k[i]r®[i] P[i — 1],
wi[i] = wi[i — 1] + kli]ef[i].

SRl

gorithm with-higher-computational-complexity—is-designed—n [54]. All of the received

symbols are considered in the RLS deteetion algorithm and a forgetting factor is used to
weight the past data. Instead of using (2.73) to calculate wy,[i] Ehe expression of the RLS

receiver filter is given by
wili] = RIi'pli] = (AR — 1]+ X7r[j]r" i)~ (pli — 1] + Xt [jlr[j]), (2.60)

where A\ denotes the forgetting factor. The matrix inversion is still required as shown in
(2.60) and in order to avoid the high complexity, the matrix inversion lemma in [57] is

introduced to determine wy[i]. The lemma is given by
(A+BDC)'=A"'-A'B(C'+DA'B)DA™". (2.61)

By using (2.61) the expression of the wy[i] in (2.60) will be changed. The full RLS

algorithm is given in Table 2.1.

=l

2.5 Detection Techniques

Another fundamental element of signal processing is detection. Different detection meth-

ods with different performance-and-computational-complexityy In this subsection, the

fundamental criteria of detection methods and the detection algorithms I considered in

the thesis are introduced.

Tong Peng, Ph.D., Communications Research Group, Department of Electronics, University of York 2013


Rodrigo
Cross-Out

Rodrigo
Inserted Text
which requires a higher computational cost has been developed

Rodrigo
Cross-Out

Rodrigo
Cross-Out

Rodrigo
Inserted Text
t - lowercase

Rodrigo
Cross-Out

Rodrigo
Inserted Text
its

Rodrigo
Cross-Out

Rodrigo
Inserted Text
performance and computational complexity requirements have been reported in the last decades [ref] - Tong, please add a suitable reference.

Rodrigo
Sticky Note
To mention other advanced estimation algorithms that have been reported in the literature. For example, reduced-rank techniques developed in our group and by others in the literature. 

Have a look at 

http://arxiv.org/pdf/1310.7282


CHAPTER 2. LITERATURE REVIEW 33

2.5.1 Maximum A Posteriori Probability Detection

Consider an N x N MIMO system with a single user, in order to implement the ML de-
tector, the receiver requires the knowledge of the channel state information (CSI) between
the transmitter and itself, the knowledge of power of the symbol vector at the transmitter

and the noise vector at the receiver. The received symbol vector 7 in a MIMO system, is

derived-as
P
r= \/WTHS +mn, (2.62)

where H denotes the channel information matrix, s denotes the information symbol vec-
tor and m stands for the AWGN with zero mean and variance o2 at the receiver. The

power at the transmitter is denoted by Py.

The maximum a posteriori probability (MAP) detector achieves an optimal detection
performance due to the detection of a symbol with the highest a posteriori probability [55].
In the system derived in (2.62), given s and H, the joint probability density function of

the received symbol vector r can be written as

1 |r — Hs|?
P(T‘S, H) = Wexp (-U—% . (263)
As a result, the detected symbol vector sy, 4p is derived as
Symap = argmax P(s|r, H) = argmax P(r|s, H)P(s), (2.64)

eS8 3eS

where P(8) denotes the a priori information, and .S denotes the candidates symbol matrix

which contains all the possible combinations of the information symbols. The size of S

depends on the number of antennas N and the modulation scheme used at the transmitter;
gpecifically, for K-PSK or K-QAM modulation constellation, the number of all possible

combination,is equal to 25 ~1 Although the MAP detector achieves an optimal perfor-

mance, the high computational complexity increases exponentially with the increase of

the number of the-transmit antennas and the order of modulation scheme which restrict

the implementation of the MAP detector in mobile communications. It is worth to men-

tion that if all the transmitted symbols are equally likely, the MAP detector is equivalent

to the ML detector.

Tong Peng, Ph.D., Communications Research Group, Department of Electronics, University of York 2013
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2.5.2 Maximum Likelihood Detection

The ML detection algorithm obtains the symbol vector which maximizes the likelihood
or log-likelihood function which outputs the most-likely transmitted symbol vector, and
also it is equivalent to the solution of a minimum noise energy [58]. Consider the MIMO
system derived in the previous section, if the channel matrix H is known at the receiver,

the ML detection eestfunectionis-derived-as

Sur = arglréax |lr — H3|J*. (2.65)
s€

By searching the candidates symbol matrix S, the solution of the ML problem will be
solved. The ML detection method wil-always return, the most likely transmitted sym-
bol vector from the receiver in a MIMO system which is an optimal solution with the
lowest BER, However, the searching task with extremely high computational complexity
is sometimes not practical for real MIMO wireless communication systems. In order to
solve this problem, several techniques for finding a reduced set of possible solutions in
the candidates matrix S are presented in [52,53]. One of these techniques is the sphere
decoder. This sphere decoding method defines the lattice of potential solution and then
points the most prominent symbol combination, after determining the point on the lattice
the decoder searches the candidates vectors within a predefined-radius sphere so the com-
binations within the sphere will be tested [52]. The sphere decoder can be seen as an ML

decoder with reduced candidates and js widely used in the practical MIMO networks.

2.5.3 Linear Detection

Compared to the ML detection and sphere decoder, the sub-optimal linear detection meth-
ods w4tk lower computational complexity which have advantages in low battery and less
memory length requirement are more feasible for practical MIMO systems. The BER
performance of a linear detector is always inferior to that of the ML detection; however,
that low computational complexity is a significant advantages of implementation a linear

receiver offers in MIMO systems.

The most widely used linear detection algorithms are zero forcing (ZF) and minimum

Tong Peng, Ph.D., Communications Research Group, Department of Electronics, University of York 2013
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mean square error (MMSE) detection. If we consider an N x N MIMO system derived,in
(3.25), by using the ZF criterion we can obtain the linear ZF filter matrix which is given
by

Gzr = (H"H) 'H". (2.66)

It is assumed that the channel matrix H is invertible. After we obtain the ZF filter matrix

we can rewrite the filtered received symbol vector as
'§ZF = s+GZFn. (267)

As shown in (2.67), the detected symbol vector contains the original information symbol
vector plus the filtered noise vector, and we can obtain the error covariance matrix of ZF

detection shown as
Ozr = E|(52r — 8)(82r — 8)"] = GzrGYElnn"] = 6.G 2rGY (2.68)

where o2 stands for the variance of the received noise. It is easily to conclude from
(2.68) that the increase of the noise power is due to the ZF filter matrix. Thus, the BER
performance of a ZF receiver will be affected and degraded significantly by the increase

of energy of the ZF filter matrix [25].

Another linear detection criterion, named MMSE, is designed in order to solve the
problem of noise power increase. The noise vector is considered in the MMSE filter de-
sign so that the BER performance degradation is reduced. The linear MMSE cost function
is given by

Guuse = argmin E [|Gr — s|?] . (2.69)
G

The optimal solution of G'j;p;5r makes (2.69) equal to zero, so that we can obtain the

linear MMSE filter matrix by
Guuse = (H'H +o21y)"H". (2.70)

By comparing (2.66) with (2.70) it is shown that the difference in ZF and MMSE lies in

the noise elements J%I ~, and the Jlinear MMSE detector is equivalent to the ZF detector

Tong Peng, Ph.D., Communications Research Group, Department of Electronics, University of York 2013
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if we extend the channel matrix H to H [59], where

_ H
H= . (2.71)
0'7211-]\/

The extended channel matrix H contains the information of the noise so that it determines

the noise application which leads to an enhanced reliability and BER performance,

The LS criterion can be used as a parameter estimation method which s introduced
in the previous section, and it can be also employed as a detection algorithm. Instead of
the requirement of the statistical assumption about the input data, the LS based receive
filter introduces a dependency on the number of data samples. The cost function of the
LS receiver filter is written as
Jilil) = Y X selj] = w2 fork = 1,208, (272)

j=1
where \ denotes forgetting factor which weights the received samples. From (2.72) it is
shown that the LS based receiver filter uses all the received symbols from the beginning to
the +th time slot to calculate the filter vector, and the more recent received symbols more

useful according to the forgetting factor [57]. The solution of (2.72) is given by

wy[i] = (Z A”—jrmr”m> (Z N s; UMJ]) : (2.73)

2.5.4 Successive Interference Cancelation

The successive interference cancelation (SIC) technique is a non-linear detection algo-
rithm with sorted cancelation ordering [36], ard, achieves a better BER performance com-
pared to the linear detection algorithms at the cost of extra computational complexity. The
SIC detection can be seen as a trade-off between the linear detection and the ML detec-
tion which achieves better BER performance compared to the linear detections and lower
computational complexity compared to the ML or sphere detection [60]. The key idea of
the SIC detection is to introduce layer peeling, which is equivalent to removing the first

detected symbol before the detection in the next layer peeling and repeating the process
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until the last symbol being detected; in the existing linear detectors to achieve a BER
performance improvement. Instead of detecting the symbol stream simultaneously, by
utilization of layer peeling technique, the SIC algorithm detects symbol by symbol, and
the interference from the previously detected symbol can be completely removed before

the detection of the next oneg,

Consider the transmitted symbol stream s = [sy, So, ..., Siy] in (2.62) which contains
N symbols, and the receiver which uses an MMSE filter with SIC algorithm to detect the
received symbols. The MMSE filter vector for the kth symbol in s is calculated by

2 —1
wy, = (ﬂkﬂ’,j n U—’;I) hy, (2.74)
US

where H, denotes the channel matrix contains the kth to the Nth column in H. In the

SIC algorithm, the £th symbol s; is detected by

Sk = Q(wiTy), (2.75)
where
B T, k=1, (276)
T = .
r—S" 1 hig, k>2.

By subtracting the detected symbol from the received symbol vector, the remaining sym-

bols are detected without the interference from the detected symbols.

In [61], the order and priority of the symbol to be detected has been studied. Basically,
the detected symbol is removed through a feedback loop that can be considered as inter-
ference to other symbols and improve the BER performance in orders. If s,, contains the
highest energy in the received symbol vector and it is correctly detected and subtracted
from the received symbol vector which gives s,, = s,,, the rest of the symbols are released
from the most significant interference. However, if s,, # s,, which means the incorrect
detected symbol is removed from the received symbol vector and this leads to an error
burst in the overall BER performance. In order to address this error propagation prob-
lem [62, 63], the order of detection needs to be determined carefully which refers to the

detection according to the reliability of the received symbol.

The SNR of a symbol can be used to decide the order of detection in a SIC based
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detector. The SNR of the nth received symbol is derived as

0.2

SNRy = —+=—, (2.77)

onlwi|
where wy, stands for the filter vector which is calculated using (2.74). By choosing the
layer with the highest SNR, the SIC based detector can determine the order of detection.
After detection of the most reliable symbol, this strongest symbol and its corresponding
channel vector will be removed from the received symbol vector and the channel matrix.

After the first detection, the symbol with the second highest SNR will be detected and

removed. The process will be repeated until all the symbols are detected.

The received signal-to-interference-plus-noise ratio (SINR) which considered, the in-
fluence of the interference and the noise can be used to determine the order of a SIC based

detector. The SINR of the kth symbol is derived as
o §|wkhk |2

SINR), = :
02 Dt [ Wrhn|? + o |wy]

(2.78)

where hj, denotes the kth column of the channel matrix H. The symbol with the highest
received SINR will be considered to be the most reliable symbol and will be removed

from the received symbol vector after being detected. @
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3.1 Introduction

Due to the benefits of cooperative multiple-input and multiple-output (MIMO) system-
s [8], extensive studies of cooperative MIMO networks have been undertaken [64]- [67].
In [64], an adaptive joint relay selection and power allocation algorithm based on the

minimum mean square error (MMSE) criterion is designed. A joint transmit diversity

Tong Peng, Ph.D., Communications Research Group, Department of Electronics, University of York

39



CHAPTER 3. ADAPTIVE POWER ALLOCATION STRATEGIES FOR DSTC IN COOPERATIVE
MIMO NETWORKS 40

optimization and relay selection algorithm for the Decode-and-Forward (DF) cooperat-
ing strategy [2] is designed in [1]. A transmit diversity selection matrix is introduced at
each relay node in order to achieve a better MSE performance by deactivating some relay
nodes. A central node which controls the transmission power for each link is employed
in [65]. Although the centralized power allocation can improve the performance signifi-
cantly, the complexity of the calculation increases with the size of the system. The works,
on the power allocation problem for the DF strategy measuring the outage probability in
each relay node with a single antenna and determining the power for each link between
the relay nodes and the destination node, have been reported in [12]- [13]. The diversity
gain can be improved by using the relay nodes with multiple antennas. When the num-
ber of relay nodes is the same, the cooperative gain can be improved by using the DF
strategy compared with a system employing the AF strategy. However, the interference at
the destination will be increased if the relay nodes forward the incorrectly detected sym-
bols in the DF strategy. The power allocation optimization algorithms in [10] and [11]
provide solid BER vs SNR performance with the cost of requirement of the eigenvalue

decomposition to obtain the key parameters.

In this chapter, we propose joint adaptive power allocation (JAPA) algorithms accord-
ing to different optimization criteria with a linear receiver or an ML detector for cooper-
ative MIMO systems employing multiple relay nodes with multiple antennas to achieve
cooperating strategies. This work was first introduced and discussed in [69] and [70]. The
power allocation matrices utilized in [69] are full rank and after the optimization, all the
parameters are transmitted back to the relay nodes and the source node with an error-free
and delay-free feedback channel. In this paper, we employ the diagonal power allocation
matrices in which the parameters stand for the power allocated to each transmit antenna.
The requirement of the limited feedback is significantly reduced as compared to the algo-
rithms in the previously reported works. It is worth to mention that the JAPA strategies
derived in our algorithms are two-phase optimization techniques, which optimized the
power assigned at the source node and at the relay nodes in the first phase and the second
phase iteratively, and the proposed JAPA algorithms can be used as a power allocation

strategy for the second phase only.

Three optimization criteria, namely, MMSE, minimum bit error rate (MBER) and max-

imum sum rate (MSR), are employed in the proposed JAPA optimization algorithms in

Tong Peng, Ph.D., Communications Research Group, Department of Electronics, University of York 2013


Rodrigo
Highlight
This reference is incorrect. Please double check this.

Rodrigo
Cross-Out

Rodrigo
Cross-Out

Rodrigo
Inserted Text
Works


CHAPTER 3. ADAPTIVE POWER ALLOCATION STRATEGIES FOR DSTC IN COOPERATIVE
MIMO NETWORKS 41

this chapter. We firstly develop joint optimization algorithms ef the power allocation ma-
trices and the linear receive filter according to these three criteria, respectively, which
require matrix inversions and bring a high computational burden to the receiver. In the
proposed JAPA algorithms with the MMSE, MBER, and MSR criteria, an SG method
from [57] is employed in order to lower the computational complexity of the proposed
algorithms. The comparison of the computational complexity of the algorithms is con-
sidered in this paper. A normalization preeess is employed by the optimization algorithm
in order to enforce the power constraint in both transmission phases. After the normal-
ization, the PA parameters will be transmitted back to each transmission node through
a feedback channel. The effect of the feedback errors is considered in the analysis and
in the simulation sections, where we indicate the increased MSE performance due fo the

feedback inaccuracy.

3.2 Cooperative System Model

Consider a two-hop cooperative MIMO system in Fig. 2.2 with n, relay nodes that em-
ploys an AF cooperative strategy as well as a DSTC scheme. The source node and the
destination node have N antennas to transmit and receive data. An arbitrary number of
antennas can be used at the relays which is denoted by B shown in Fig. 2.2. We consid-
er only one user at the source node in our system that operates in a spatial multiplexing
configuration. Let s[i] denote the transmitted information symbol vector at the source
node, which contains N parameters, s[i] = [s1[i], s2]i], ..., sy[é]], and has a covariance
matrix E[s[i]s"[i]] = 021y, where o is the signal power which we assume to be equal
to 1. The source node broadcasts s[i| from the source to n,. relay nodes as well as to the

destination node in the first hop, which can be described by

rspli| =H spli]Agli]s[i] + nsplil,
sk, [i] =Fsr,[i]Asli]s[i] + nsg,[1], (3.1)
k=12 .n,. i=12 ..,

where Ag[i] = diag[as, [i], as,[i], ..., as, [i]] denotes the diagonal N x N power allocation

matrix assigned for the source node, and rgg, [¢| and 7sp|i] denote the received symbol
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vectors at the kth relay node and at the destination node, respectively. The B x 1 vec-
tors ngp, [7] and ngp[i] denote the zero mean complex circular symmetric additive white
Gaussian noise (AWGN) vector generated at the kth relay node and at the destination n-
ode with variance 0. The matrices F'gp, [i] and H gp|i] are the B x N channel coefficient
matrices. It is worth to mention that an orthogonal transmission protocol is considered
which requires that the source node does not transmit during the time period of the second

hop.

The received symbols are amplified and re-encoded at each relay node prior to trans-
mission to the destination node in the second hop. We assume that the synchronization
at each node is perfect. The received vector Tgp, [i] at the kth relay node is assigned
a B x B diagonal power allocation matrix A[i| = diag[ay,, ax,, ..., ax,| Which leads to
Ssr,|i] = Akli]rsr,[i]. The B x 1 signal vector Sgg, [i| will be re-encoded by a B x T' D-
STC matrix M (), and then forwarded to the destination node. The relationship between

the £th relay and the destination node can be described as
RRkD[Z] - GRkD[Z]MRkD[Z] +NRD[Z] (32)

The N x T received symbol matrix Rp, p[i] in (3.2) can be written as an NT" x 1 vector

v, fi] given by

TR pli] = Geg, [1]8sR, [i] + g, pi]
= Geg [i]Arli]7sr, [i] + mrpli] (3.3)
= Gy, [1|Arli| Fsr, [i] Aslils[i] + ng, [i] + nrpli],

where the NT' x B matrix G, [i] stands for the equivalent channel matrix which is the
DSTC scheme M (s]i]) combined with the channel matrix G, p[i]. The second term
np,[i] = Geg,[i|Arli]ngr,[i] in (3.3) stands for the amplified noise received from the
relay node, and the N7 x 1 equivalent noise vector ngp[i] generated at the destination

node contains the noise parameters in N gp|i].

After rewriting Ry, p[i] we can consider the received symbol vector at the destination
node as a (T"+ 1) N x 1 vector with two parts, one is from the source node and another

one is the superposition of the received vectors from each relay node. Therefore, we can
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write the received symbol at the destination node as

] rsol
[1] ol
_ H spli] Asli)sli] + mspli]
| 2 kl1 Geg, [ AR[I F s [i] Asli]s[i] + mppli] (3.4)
_ erQSD [Z] . S[Z] + Nnsp [Z]
i je1 Heq, [1] nrpli]

= HD[l]S[Z] + nD[z'],

where the (7" + 1)N x N matrix Hp[i] denotes the channel gain matrix with
the power allocation of all the links in the network. The N x N channel ma-
trix H.q,[i] = Hgpli]Ag[i], while the kth equivalent channel matrix H, [i] =
G, [1)AL[i|Fsp,[i|As[i]. We assume that the coefficients in all channel matrices are
statistically independent and remain constant over the transmission. The (7" + 1) N x 1
noise vector np|i] contains the equivalent received noise vector at the destination node,

which can be modeled as an AWGN with zero mean and covariance matrix o2(

or ) Geg, [1JAL[E] [|3) I (r41)n- It is worth to mention that the value in B is variable and
in this paper, we focus on the power allocation optimization algorithm designs in coop-
erative MIMO systems and, for simplicity, we consider the scenario in which B = N

antennas at the relays.

3.3 Adaptive Power Allocation Matrix Optimization S-

trategies

In this section, we consider the design of a two-phase adjustable power allocation matrix
according to various criteria using a DSTC scheme in cooperative MIMO systems. The
linear receive filter is determined jointly with the power allocation matrices. A feedback
channel is considered in order to convey the information about the power allocation prior

to transmission to the destination node.
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3.3.1 Joint Linear MMSE Receiver Design with Power Allocation

The linear MMSE receiver design with power allocation matrices is derived as follows.
By defining the (74 1)N X 1 parameter vector w;|i] to determine the jth symbol s;|i]
in the signal vector si], we propose the MSE based optimization with a power constraint

described by

[w;i], Asli], Axli]]] = w_[grffﬁ]ig . E [|ls;[i] — wi[i]re[d]]?] ,
e (3.5)

s.t. Tr(i: A[]A"[i]) < Pr, Tr(As[i]lAY[i]) < Pr,

where Pr and Pg denote the transmit power assigned to all the relay nodes and to the
source node, respectively. The values of the parameters in the power allocation (PA)
matrices are restricted by Pr and Pr. By employing the Lagrange multipliers A\; and A,

we can obtain the Lagrangian function shown as

£ = E [||s;i] — w[i]r[i]]?] + /\1(2 as, [i] — Pr) + Ag(i Z ay,[i] — Pr), (3.6)

where ag; [i] denotes the jth parameters in the diagonal of Ag[i] while ay,[i] stands for

the jth parameters in the diagonal of Ag[].

By expanding the right-hand side of (3.6), taking the gradient with respect to w; (],

*

ag,[1] and aj, [i], respectively, and equating the terms to zero, we can obtain

w;li] = R™'p,
as,[i] = Rg' Ps, (3.7)
akj [Z] = R_lﬁ,
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where
R =E [r[iJr"[i]] , p = E [r[i]s}[i] ,
Rs=E :w’f ({1 Pspa, il 10)s: iRl 0 [ilw, (0] + Mag [i]]
Ps = B [Rlipa [iw;i)s; ils1] (3.8)
P = B [s;li)s; lilag, 17, ilgh, [iw;li)].
R = B |w!ilg.,, [1fi,[ias,[i)s;(i)s;ila [157, 198, [iw;li] + Aeai,[i]

The vector hgspa; denotes the channel vector assigned to the power parame-
ter ag, and is the jth column of the equivalent channel matrix Hgpsli] =
[Hsplil; Geg, [i{) Ai[i] Fsg,[i]] , and f,[i] and ea, [i] denotes the jth parameter in F'j[]
and the jth column in G, [i], respectively. The value of the Lagrange multipliers )\
and )\, can be determined by substituting Ag[i] and A,[i] into Tr(Ag[i]AJ[i]) < Pr
and ATr(> "\, Ay[i]A{[i]) = P, respectively, and then solving the power constraint
equations. The problem is that a high computational complexity of O(((T" + 1)N)?) is
required, and it will increase cubically with largening the number of antennas or the use

of more complicated STC encoders.

3.3.2 Joint Linear MBER Receiver Design with Power Allocation

The MBER receiver design with power allocation in the second phase is derived as fol-
lows. The BPSK modulation scheme is utilized for simplicity. According to the expres-
sion in (3.4), the desired information symbols at the destination node can be computed

as
b;[i] = sgn(wf'[ijr[i]) = sgn (i), (3.9)

where 5[] denotes the detected symbol at the receiver which can be further written as

(3.10)
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where 8}[i] is the noise-free detected symbol, and e;[i] denotes the error factor for the jth
detected symbol. Define an IV x N, matrix S which is constructed by a set of vectors 5; =
(81,5 8195 s 815 )T, 1 = 1,2, ..., N, and N, = 2V, containing all the possible combinations

of the transmitted symbol vector s[i| and we can obtain

5;,[i) = R [wh[i|H p[i]5, + w![ijnpli]]
= R [w![i]7[i]] + ey, []] (3.11)
= 8, [i] + ey, [i],

where 52 [i] denotes the noise-free detected symbol in the /th column and the jth row of

S. Since the probability density function (pdf) of #[i] is given by

| t il = 5, )?
i —), 3.12
T N e o 2™ ww o) O

by utilizing the () function, we can obtain the BER expression of the cooperative MIMO

network which is

Pp(w;li], as, [i], ax,[1]) =N ZQ cyl (3.13)
where o0 Hid= [
] SR sgnto, R [w ] a1
o) w] [i]w;li] o W] [i]w;]i]

The joint power allocation with linear receiver design problem is given by

[w;li], as,[i], a, [i]] = v[?rgn[a,}in HPE(ng as, [i], ar, 1)),
N . N (3.15)
sty agli] <Pr, Y ) agfi] <Pg
j=1 k=1 j=1

According to (3.13) and (3.14), the solution of the design problem in (3.15) with respect
to w;[i], ag, [i] and ag, 1] is not a closed-form one. Therefore, we design an adaptive JAPA
strategy according to the MBER criterion using the SG algorithm in order to update the

parameters iteratively to achieve the optimal solution in the next section.
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3.3.3 Joint Linear MSR Receiver Design with Power Allocation

We will develop a joint power allocation strategy focuses on maximizing the sum rate at

the destination node. The expression of the sum rate after the detection is derived in [104]

as
1
1= logy(1+ SN Riny), (3.16)
where u . S .
5N, — EISToOV i H i HEGW ) -
Enplilnpli]
and Wi| = [w[i], wsli], ..., wy|[i]] denotes the N(7T'+1) x N linear receive filter matrix,

and n[i] denotes the received noise vector. By substituting (3.4) into (3.17), we can obtain

O (WL, G 1AL Fisi, [ As[i) (5, G, 11 Auli] Fsr, 1 Aslil) "W li)

S e S T T Wi Ty + (S G 1A, o) (s Gy [ A, p )W)
(3.18)

Since the logarithm is an increasing function, to maximize the sum rate is equivalent

to maximizing the instantaneous SNR. The optimization problem can be written as

(W i], As[i], Agli]] = argmax SNR;.s,
Wi, Asli], Axd] (3.19)

s.t. Tr(Ag[i]A{[i]) < Pr, Tr(As[i]A%[]) < Pr,

where SN R, is given by (3.18).

As expressed in (3.18), the solution of (3.19) with respect to the matrices W [i], Agli]
and Ay[i] does not result in closed-form expressions. Therefore, in the next section we
propose a JAPA SG algorithm to obtain the joint optimization algorithm for determining
the linear receiver filter parameter matrix and power allocation matrices to maximize the

sum rate.
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3.4 Low Complexity Joint Linear Receiver Design with

Power Allocation

In this section, we jointly design an adjustable power allocation matrix and the linear
receiver for the DSTC scheme in cooperative MIMO systems. Adaptive SG algorithms

[57] with reduced complexity are devised.

3.4.1 Joint Adaptive SG Estimation for MMSE Receive Filter and

Power Allocation

According to (3.5) and (3.6), the joint optimization problem for power allocation matrices
and receiver parameter vectors depend on each other. By computing the instantaneous

gradient terms of (3.6) with respect to w; i}, ag,[i] and ay, [i], respectively, we can obtain

VL = —rlil(s;li] — wi[i]r[i]))"
= —rliejld,
VL ) = = Vag, (W] [(Jhspa,lilas, [i]s;[i])" (s;i] — w][i]r[i])

(3.20)
= hpa, lilw;lils]ile;[d),

VL i = ~Vag 11 (W, [11geq, [0, [T [i]s[i])"(s;[i] — wjlilr[i])

= (G i1, 1511 01, e ],

where hgp,[i] denotes the jth column with dimension N(T" + 1) x 1 of the equivalent
channel matrix H gp4|i], and Geq,, 7] and f [i] denote the jth column and the jth row of
the channel matrices F'[i] and Geq, [i], respectively. The NT" x 1 vector wg,[i] is the

parameter vector for the received symbols from the relay nodes. The error signal is de-

H

noted by e;[i] = s;[i] —wj' [i]r[i]. We can devise an adaptive SG estimation algorithm by

using the instantaneous gradient terms of the Lagrangian which were previously derived
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with the SG descent rules [57] as

w;i + 1] = w;[i] — VL=,
as;i + 1] = ag,[i]| = vV.ZL NGk (3.21)
ap;[i + 1] = ay, []—TV.L” NGk

where 1, v and 7 are the step sizes of the recursions for the estimation procedure. The
computational complexity of w;[i], ag,[i] and ay,[i] in (3.21) is (O(NT')), (O(3NT))
and (O(N?*T?)), respectively, which is much less than that of the algorithm we described

in Section III.

It is worth to mention that instead of calculating the Lagrange multiplier A\, a nor-
malization of the power allocation matrices after the optimization which ensures that the

energy is not increased is required and implemented as

Agli+ 1] = Prasli +1}
| As[t+1] [[r (3.22)
VPrAL[i + 1] .
Apli+1] = 1

122k Tr(Akli+1] e

3.4.2 Joint Adaptive MBER SG Estimation and Power Allocation

The key to achieving the adaptive estimation algorithm described in (3.13) is to find out
an efficient and reliable method to calculate the pdf of the received symbol vector 7[i] at
the destination node. According to the algorithms in [72], the kernel density estimation
algorithm provides a solid method for the pdf estimate to guarantee the accuracy of the

probability distribution.

By transmitting a block of M training samples § = sgn(l;), the kernel density estimat-

ed pdf of §[i] is given by

_5.)2
Lﬂ)[])’ (3.23)

" Mmpm/ i, Zexp 2w,

where p,, is related to the standard deviation of noise 0,, and it is suggested in [72] that a
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lower bound of p,, = (337) ® o should be chosen. The symbol §; is calculated by (3.11),

and 5; stands for the jth element in the M x 1 training samples 8. The expression of the

BER can be derived as

M
Pt as i i) = 537 3 Q) (3.24
where o
ol = —928)8 (3.25)

By substituting (3.25) into (3.24) and taking the gradient with respect to different ar-

guments, we can obtain

. 1 - c3il 7li] — 55;[1)w;]i]
VPg, |t] = exp ( — —=—)sgn(s; = , (3.26
]H M~ 27 Jw} [i]w;]d] ; p( 2 ) gn(s;) oW [i]w; 4] ( )
. 1 w c3i] . .
VPg,, [i] = exp( — ]—)sgn(sj)éﬁ[wf[z]hSDAj [i] 5],
’ M~ 2m0,\ fw [iw;]i] ; 2
(3.27)
. 1 J c2i] I
VP [i]|= ex —]—snsj%wg.zhkasj,
= T dy (= Rl
(3.28)

where hy,[i] = g.,, [i]fx,;[i] denotes the equivalent channel vector assigned for s,,,,. By
making use of an SGJ algorithm in [57], the updated w;[i], ag, [i] anday, [i] can be calculat-
ed by (3.21). The convergence property of the joint iterative optimization problems have
been tested and proved by Urs Niesen et al. in [73]. In the designed problem the receive
filter parameter vectors and the power allocation parameters depend on each other, and
the proposed JAPA algorithms provide an iterative update process and finally both of the

desired items will achieve at least a local optimization of the BER cost function.
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3.4.3 Joint Adaptive MSR SG Algorithm for Power Allocation and

Receiver Design

The proposed power allocation algorithm maximizing the sum rate at the destination node
is derived as follows. We consider the design problem in (3.19) and the instantaneous

received SN R;,,s as given in (3.18). According to the property of the trace Tr(-) we can

obtain )
SNR;. = n"—sﬂTr(RSDA [i] A%[])
:2 o (3.29)
= neqs[l.] Tr(> Ra,, [i1A}]i),

where

Rgpali] = Hp ,[i|W ()W [i]H spali] Asli],

Re,, [i| = G, [(IW [[)W[i| H sp[i] As[i] AS[i]| F3p, [i],

Negli] = on Tr(WHIIW [i] + W] (i Geg [1] A [i])(i Geq, [1) ALi]) "W i]).

Since the power allocation matrices Ag[i] and A[i] are diagonal, we just focus on the
terms containing the conjugate of the jth parameter in order to simplify the derivation,

and rewrite (3.29) as

‘7? 22;1 Zj\; T'SDA; [i]a*sj [4]
02 30 (wlilw, ] + 30, vy, [ilag, [i]) (3:30)
o2 >kl Zj\; TGeqy, [i]aij [1] .

o2 Y (whiw;li) + Y23 g lilag [i])

SNRmS -

where 7g,, [i] and 7y, [i] denotes the jth element in the diagonal of Rg,, [i] and
Ry, [i], respectively. Ry, [i] = G2 [i|W [i)lW"[i]G.,,[i]Ay[i] denotes the equivalent

matrix assigned for the noise at the kth relay node.

By taking the stochastic gradient of (3.30) with respect to a [1], aj, [1] and Wi] we
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can obtain

2

Vwi) = neq[Z] (Tr(Il Hspalil As[i] [[7 Wil ne[i]

— (| Wil Hspalil Asli] [z Tr(Wi] + Geg, [i| Ak[i](Geg, []] Ak i) Wi])),
Vs, [i] = ne:[i] Tspa, il

i = —(rGeq[ ]neq U rNk] eqk

<

£

S,

Q
||M2

(3.31)
By using (3.21) and (3.22) the proposed algorithm is achieved. Table I shows a summary
of the JAPA SG algorithms with different criteria. A low complexity channel estimation
method derived in [69] can be also employed to obtain the channel matrices required in

the proposed algorithms.

3.5 Analysis

The proposed JAPA SG algorithms according to three different criteria compute the pow-
er allocation matrices iteratively at the destination node and then send them back via a
feedback channel. In this section, we will illustrate the low computational complexity
required by the proposed JAPA SG algorithms compared to the existing power alloca-
tion optimization algorithms using the same criteria and examining the requirement of the

feedback.

3.5.1 Computational Complexity Analysis

In Table II, we compute the number of additions and multiplications to compare the com-
plexity of the proposed JAPA SG algorithms with the conventional power allocation s-
trategies. The computational complexity of the proposed algorithms is calculated by
summing the number of additions and multiplications, which is related to the number
of antennas NV, the number of relay nodes n,., and the N x T" STC scheme employed in

the network. Note that the computational complexity in [10] and [11] is high because
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Table 3.1: The JAPA SG Algorithms

1: Initialization:
W[O] = I(T+1)Nx1,
as;[0] =1, ay,[0] =1,
Hspali] = 3 301 Geq, [1 AR F sr,[i],

2:for j =1to N do
2-1: JAPA SG MMSE Algorithm

ejli] = s;li] — wlilrli],
VY%, H[z] = — [2]6; [Z],

VLo 1) = h§pa, [ilw;[i]s} [i]e; ],

Vgakj [5] = (geqkj[ ]fk] [Z] [ ])HwD [ ] [7’]7

2-2: JAPA SG MBER Algorithm
Sgn(ém ; )§7n

Cm; [Z] = 713‘,7 h’kj [Z] = geqkj [Z]fkj [Z]

N

g 1 M _ 2[i] 75 [i]— 251[’]"”7[]
VP, 1) = S T Eimresp (= =5)s0n(s0) =0 it
. 3 d] . .
VPt ) = e Lot cop( = ) sans ) R{wf lihsa, ]
Ton /W] [iw;[i
VPg,, [i] = ! " il IR[w! [i]hy, [i]s;
o, = S o e S €2~ ) sono Rl e )
j j

2-3: JAPA SG MSR Algorithm
Rspali] = HSp AW [iiW" i Hsp a[i] As]i],
Rg,, i) = GE [IW W " [']HSDAH s[i| AZ[ g, [i),

nelil = ATH W LW + W G 144 T2, G 1AL W),
Vet = 2 (Tr(| Hospali Aslil | Wil Jneli
| W H sp Al As(i] |7 Tr(W i) + Geg, )| Akli] (Geg, [ ARl W),

o2
vasj [i] = neq [z] T'SDA; [ ]
o2 . ok s
Vel = 701G li1edi] — 07, 112 v, Tl ),

end for

3: Update:
wjli +1] = wyli] — 1V
as; [i+1] = as; [i] — ’/va’éj_ [i]>
akj [Z + 1] = akj [Z] - Tva;;j 4]

4: Normalization:
VPrAg[i+1]
Asli+1] = Tasfey

VPRAL[i+1]
Al +1] = s AT

the key parameters in the algorithms can only be obtained by eigenvalue decomposition,

which requires a high-cost computing process when the matrices are large [74].
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Table 3.2: Computational Complexity of the Algorithms

Number of operations per symbol

Algorithm Multiplications Additions
PA MMSE(III-A) (T +1)SN®+ (T +1)N +8(T +1)N 7(T +1)N +2
JAPA MMSE SG(IV-A) (7T +5)N 4T+ 1)N
JAPA MBER SG(IV-B) (M+1)(T+1)N+ M (2M +1)(T +1)N
OPA [11] N* 4+ 2N? + N?27? 2NT — 1
JAPA MSR SG(IV-C) 7(T+1)N+N+1 7(T+1)N+ N +2
PO-PR-SIM [10] N* +2N? ONT

3.5.2 Feedback Requirements

The proposed JAPA SG algorithms require communication between the relay nodes and
the destination node according to different algorithms. The feedback channel we consid-
ered is modeled as an AWGN channel. A 4-bit quantization scheme, which quantizes the
real part and the imaginary part by 4 bits, respectively, is utilized prior to the feedback

channel.

For simplicity we show how the feedback errors in power allocation matrices at the
relay nodes affect the accuracy of the detection and only one relay node is employed. The
N x N diagonal power allocation matrix with feedback errors at the kth relay node is

derived as

~

Ali] = Ali] + E[i], (3.32)

where A[i] denotes the accurate power allocation matrix and E|i] stands for the error
matrix. We assume the parameters in E[i] are Gaussian with zero mean and variance o7.

Then the received symbol vector is given by

7[i] = Geg[i|A[i]| Fi]s[i] + Gegli] Ali]nsrli] + ngpli]
= Geq [Z]

(3.33)

B>

[[]F[i]s[i] + npli],

where 7ip[i] denotes the received noise with zero mean and variance o;(I+ ||

G.,[i|Ali] ||r). By defining p = E[#s"] and Rx = E [##"], we can obtain the MSE

Tong Peng, Ph.D., Communications Research Group, Department of Electronics, University of York 2013



CHAPTER 3. ADAPTIVE POWER ALLOCATION STRATEGIES FOR DSTC IN COOPERATIVE
MIMO NETWORKS 55

with the feedback errors as

me = Tr(ﬁHRm_lﬁ)
= Tr((Geali](Afi] + E[]) F [i]os)"
(Il Geglil (Ali] + EFFi] [ 0 + (I+ || Gegli) (Ali] + Ei]) [[F)oy) ™"

(Geglil(Ali] + Eli]) Fli]oy)),
(3.34)

while the MSE expression of the system with accurate power allocation parameters is

given by
m =Tr ( (Geq [1] A [1] F [1] US)H

(| Gegli] AL F 1] |7 05 + (T+ || Gegli]Ald] (7))~ (3.35)
(Geli]Ali]Flio)).
By substituting (3.35) into (3.34), we can obtain the difference between the MSE expres-

sions with accurate and inaccurate power allocation matrices which is given by
me = m + Tr((Gegli| E[i] F[i]os)”

(I Geg il EGIF[] |7 0 + (I+ || Geglil Eli] [[7)e) ™
(Gegli] E[i] F[i]o))

(3.36)

=M + M-

The received power allocation matrices are positive definite according to the power con-
straint, which indicates m., is a positive scalar. The expression in (3.36) denotes an
analytical derivation of the MSE at the destination node, which indicates the impact of

the limited feedback employed in the JAPA SG algorithms.

3.6 Simulations

The simulation results are provided in this section to assess the proposed JAPA SG al-
gorithms. The equal power allocation (EPA) algorithm in [13] is employed in order to
identify the benefits achieved by the proposed power allocation algorithms. The coopera-
tive MIMO system considered employs an AF protocol with the Alamouti STBC scheme
in [69] using BPSK modulation in a quasi-static block fading channel with AWGN. The
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effect of the direct link is also considered. It is possible to employ the DF protocol or
use a different number of antennas and relay nodes with a simple modification. The ML
detection is considered at the destination node to indicate the achievement of full receive
diversity. The system is equipped with n, = 1 relay node and N = 2 antennas at each
node. In the simulations, we set the symbol power o2 to 1. The SN R in the simulations

is the received SN R which is calculated by (3.29).

10
—©— Equal Power Allocation Scheme

—HB— JAPA MMSE SG Algorithm

—#— JAPA MSR SG Algorithm
JAPA MBER SG Algorithm
PA Design in [10]

—&— PA Design in [75]

—P— PA Design in [76]

10

¢ ~without DL

BER

20 25 30
SNR (dB)

Figure 3.1: SNR versus BER for JAPA SG Algorithms

The proposed JAPA SG algorithms derived in Section 4 are compared with the EPA
algorithm and the power allocation algorithms in [10], [75] and [76] with and without the
direct link (DL) in Fig. 3.1. The results illustrate that the performance of the proposed
JAPA SG algorithms is superior to the EPA algorithm by more than 3dB. The performance
of the power allocation algorithms in the literature are designed for AF systems without
re-coding at the relays and in order to obtain a fair comparison, they have been adapted
to the system considered in Fig. 2.2. However, as shown in the plot, the performance of
the existing power allocation algorithms cannot achieve a BER performance as good as
the proposed algorithms can. In the low SNR scenario, the JAPA MSR SG algorithm can
achieve a better BER performance compared with the JAPA MMSE SG algorithm, while
with the increase of the SNR, the BER curves of the JAPA MSR and MMSE SG algo-
rithms approach the BER performance of the JAPA MBER SG algorithm with enough
Monte-Carlo simulation numbers. The BER of the JAPA MBER SG algorithm achieves
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the best performance because of the received BER is minimized by the algorithm in Sec-
tion I'V. The performance improvement of the proposed JAPA SG algorithms is achieved
with more relays employed in the system as an increased spatial diversity is provided by

the relays.

- <€ - JAPA MBER SG Algorithm with Quantization Bits = 2
- A - JAPA MBER SG Algorithm with Quantization Bits = 3
- D— JAPA MBER SG Algorithm with Quantization Bits = 4
—7— JAPA MBER SG Algorithm with Perfect Feedback

BER

1 1 1 1 1 J
0 5 10 15 20 25 30
SNR (dB)

Figure 3.2: JAPA MBER SG Algorithm SNR versus BER

The simulation results shown in Fig. 3.2 illustrate the influence of the feedback chan-
nel on the JAPA MBER SG algorithm. As mentioned in Section V, the optimized power
allocation matrices will be sent back to each relay node and the source node through an
AWGN feedback channel. The quantization and feedback errors are not considered in the
simulation results in Fig. 3.1, so the optimized power allocation matrices are perfectly
known at the relay node and the source node after the JAPA SG algorithm; while in Fig.
3.2, it indicates that the performance of the proposed algorithm will be affected by the
accuracy of the feedback information. In the simulation, we use 2, 3, 4 bits to quantize
the real part and the imaginary part of the element in Ag[i] and A[i], and the feedback
channel is modeled as an AWGN channel. As we can see from Fig. 3.2, by increasing the
number of the quantization bits for the feedback, the BER performance approaches the
performance with the perfect feedback, and by making use of 4 quantization bits for the
real and imaginary part of each parameter in the matrices, the performance of the JAPA

SG algorithm is about 1dB worse.
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—#— SR of JAPA MSR SG Algorithm

=—H— SR of JAPA MMSE SG Algorithm
SR of JAPA MBER SG Algorithm
PA design in [10]

—<— PA design in [75]

—P— PA design in [76]

0 5 10 15 20 25

Figure 3.3: JAPA SG Algorithms Sum Rate versus SNR

The transmission rate of the cooperative MIMO network with EPA and PA schemes
in [10], [75] and [76] and the proposed JAPA SG algorithms in Section 4.3 is given by Fig.
3.3. The number of relay nodes is equal to 1 for all the algorithms. The proposed JAPA
MSR SG optimization algorithm adjusts the power allocated to each antenna in order
to achieve the maximum of the sum rate in the system. From the simulation results, it is
obvious that higher throughput can be achieved by the existing PA algorithms in [10], [75]
and [76] compared to the proposed JAPA MMSE and MBER SG algorithms. The reason
for that lies in the design criterion in the existing algorithms and the proposed algorithms.
However, the improvement in the sum rate by employing the JAPA MSR SG algorithm
can be observed as well. The rate improvement of the JAPA MMSE and MBER SG
algorithms is not as much as the JAPA MSR SG algorithm because the optimization of
the proposed JAPA MMSE and MBER optimization algorithms are not suitable for the

maximization of the sum rate.

The simulation results shown in Fig. 3.4 illustrate the convergence property of the
proposed JAPA SG algorithm. All the schemes have an error probability of 0.5 at the
beginning, and after the first 20 symbols are received and detected, the JAPA MMSE
scheme achieves a better BER performance compared with the JAPA MSR scheme and the
JAPA MBER scheme can reach a lower BER than the other algorithms. With the number
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—#— JAPA MSR SG Algorithm
—HB— JAPA MMSE SG Algorithm
—57— JAPA MBER SG Algorithm
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Number of Received Symbols

Figure 3.4: BER performance vs. Number of Symbols for JAPA SG Algorithms

of received symbols increasing, the BER curve of all the schemes are almost straight,
while the BER performance of the JAPA MBER algorithm can be further improved and

obtain a fast convergence after receiving 80 symbols.

3.7 Summary

We have proposed joint adaptive power allocation and receiver design algorithms accord-
ing to different criteria with the power constraint between the source node and the relay
nodes, and between relay nodes and the destination node to achieve low BER perfor-
mance. Joint iterative estimation algorithms with low computational complexity for com-
puting the power allocation parameters and the linear receive filter have been derived. The
simulation results illustrated the advantage of the proposed power allocation algorithms
by comparing it with the equal power allocation algorithm. The proposed algorithm can
be utilized with different DSTC schemes and a variety of detectors [77] [78] and esti-
mation algorithms [79] in cooperative MIMO systems with AF strategy and can also be

extended to the DF cooperation protocols.
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4.1 Introduction

Cooperative multiple-input and multiple-output (MIMO) systems, which employ multi-
ple relay nodes with antennas between the source node and the destination node as a
distributed antenna array, can obtain diversity gains by providing copies of the transmit-
ted signals to improve the reliability of wireless communication systems [80]. Among
the links between the relay nodes and the destination node, cooperation strategies such as
Amplify-and-Forward (AF), Decode-and-Forward (DF), Compress-and-Forward (CF) [2]
and various distributed space-time coding (DSTC) schemes [3], [4], [5] can be employed.

The use of DSTC schemes at the relay node in a cooperative network, providing more
copies of the desired symbols at the destination node, can offer the system diversity and
coding gains to mitigate the interference. A recent focus on DSTC techniques lies en the
design of delay-tolerant codes and full-diversity schemes with minimum outage proba-
bility. An opportunistic DSTC scheme with the minimum outage probability is designed
for a DF cooperative network and compared with the fixed DSTC schemes in [32], while
in [33] a novel opportunistic relaying algorithm is achieved by employing DSTC in an AF
cooperative MIMO network. An adaptive distributed-Alamouti (D-Alamouti) space-time
block code (STBC) design is proposed in [81] for non-regenerative dual-hop wireless sys-
tems which achieves the minimum outage probability. DSTC schemes for the AF protocol
are discussed in [14,34,82]. In [82], the GABBA STC scheme is extended to a distributed
MIMO network with full-diversity and full-rate, while an optimal algorithm for the design
of the DSTC scheme to achieve the optimal diversity and multiplexing tradeoff is derived
in [34]. A quasi-orthogonal DSTBC for cooperative MIMO networks is presented and
shown to achieve full rate and full diversity with any number of antennas in [14]. In [6],
a new STC scheme that multiplies a randomized matrix by the STC matrix at the relay
node before the transmission is derived and analyzed. The randomized space-time code
(RSTC) can achieve the performance of a centralized space-time code in terms of coding

gain and diversity order.

Optimal space-time codes can be obtained by transmitting the channel or other useful
information for code design back to the source node, in order to achieve higher coding

gains by pre-processing the symbols. In [83], the trade-off between the length of the feed-
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back symbols, which is related to the capacity loss and the transmission rate is discussed,
whereas in [84] one solution for this trade-off problem is derived. The use of limited
feedback for STC encoding has been widely discussed in the literature. In [85], the phase
information is sent back for STC encoding in order to maintain the full diversity, and the
phase feedback is employed in [86] to improve the performance of the Alamouti STBC.
A limited feedback link is used in [87] and [88] to provide the channel information for the
pre-coding of an orthogonal STBC scheme. Another limited feedback strategy has been

considered for power relay selection in [9].

In this papes, we propose an adaptive distributed space-time coding scheme and al-
gorithms for cooperative MIMO relaying systems. This work was first introduced and
discussed in [16]. We first develop a centralized algorithm with limited feedback to com-
pute the parameters of an adjustable code matrix, which requires sending the adjustable
code matrices back to the relay nodes after the optimization via a feedback channel that is
modeled as a Binary Symmetric Channel (BSC). Then, adaptive optimization algorithms
are derived based on the MSE and the ML criteria subject to constraints on the transmitted
power at the relays, in order to release the destination node from the high computation-
al complexity of the optimization process. We focus on how the adjustable code matrix
affects the DSTC during the encoding and how to optimize the linear receive filter with
the code matrix iteratively or, alternatively, by employing an ML detector and adjust-
ing the code matrix. The upper bound of the error probability of the proposed adaptive
DSTC is derived in order to show its advantages as compared to the traditional DSTC
schemes and the influence of the imperfect feedback is discussed. It is shown that the
use of an adjustable code matrix benefits the performance of the system compared to em-
ploying traditional STC schemes. Then, we derive a fully distributed matrix optimization
algorithm which does not require feedback. The pairwise error probability (PEP) of the
adaptive DSTC is employed in order to devise a distributed algorithm and to eliminate the
need for feedback channels. The fully distributed matrix optimization algorithm allows
the system to use the optimal adjustable matrix before the transmission, and also achieves
the minimum PEP when the statistical information of the channel does not change. The
differences of our work compared with the existing works are discussed as follows. First,
an optimal adjustable code matrix will be multiplied by an existing space-time coding
scheme at the relay node and the encoded data are forwarded to the destination node. The

code matrix is first generated randomly as discussed in [6], and it is optimized according
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to different criteria at the destination node by the proposed algorithms. Second, in order
to implement the adaptive algorithms, the adjustable code matrix is optimized with the
linear receive filter iteratively, and then transmitted back to the relay node via a feedback
channel. The impact of the feedback errors is considered and shown in the simulations.
Third, the proposed fully distributed optimization algorithm eliminates the effect of the
feedback by choosing the optimal code matrix before transmission, and the receiver is

released from the design task.

4.2 Cooperative MIMO System Model

The communication system under consideration is a two-hop cooperative MIMO system
which employs multiple relay nodes as shown in Fig. 2.2. The first hop is devoted to the
source transmission, which broadcasts the information symbols to the relay nodes and to
the destination node. The second hop forwards the amplified and re-encoded informa-
tion symbols from the relay nodes to the destination node. An orthogonal transmission
protocol is considered which requires that the source node does not transmit during the
time period of the second hop. In order to evaluate the adaptive optimization algorithms,

a BSC is considered as the feedback channel.

Consider a cooperative MIMO system with 7, relay nodes that employ an AF coop-
erative strategy as well as a DSTC scheme. All nodes have N antennas to transmit and
receive. We consider only one user at the source node in our system that operates in a
spatial multiplexing configuration. Let s[i] denotes the transmitted information symbol
vector at the source node, which contains N parameters, s[i| = [s[i], s2i], ..., sy [i]], and
has a covariance matrix E[s[i]s”[i]] = 021y, where o2 is the signal power which we
assume to be equal to 1. The source node broadcasts s|i] from the source to n, relay

nodes as well as to the destination node in the first hop, which can be described by
Tsp[i] = HSD[i]S[i] + ngD[i], TSRy, [Z] = Fng [Z]S[Z] + ngsg, [Z], (41)

i=1,2, ...N, k=1,2, ...n,,

where rgg, [i] and rgp[i] denote the received symbol vectors at the kth relay node and
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at the destination node, respectively. The N x 1 vector ngg, [i] and ngp[i] denote the
zero mean complex circular symmetric additive white Gaussian noise (AWGN) vector
generated at the kth relay node and at the destination node with variance 0. The matrices
Fgg, [i] and Hgpli] are the N x N channel coefficient matrices between the source
node and the kth relay node, and between the source node and the destination node,

respectively.

The received symbols are amplified and re-encoded at each relay node prior to trans-
mission to the destination node in the second hop. We assume that the synchronization at
each node is perfect. After amplifying the received vector rgp, [i| at the kth relay node,
the signal vector Sgg, [i| = Ag, p[i|rsr,[] can be obtained, where A, p[i] stands for the
N x N diagonal amplification matrix assigned at the kth relay node. The N x 1 signal
vector Sgg, [i] will be re-encoded by an N x 7" DSTC scheme M (3), multiplied by an
N x N adjustable code matrix ®[i| generated randomly [?], and then forwarded to the
destination node. The relationship between the kth relay and the destination node can be
described as

Rpg, pli] = Gg,p|i]Pr[i| Mg, pli] + Nr,pli]. 4.2)

The N x T received symbol matrix Rp, p[i] in (3.2) can be written as an NT' x 1 vector
rg,pli] given by

TR, Di] = ®ey, [1|G ey, [1]85R, 1] + R, D[], (4.3)

where the block diagonal N7 x NT matrix ®.,,[i] denotes the equivalent adjustable
code matrix and the NT' x N matrix G, [i] stands for the equivalent channel matrix
which is the DSTC scheme M (3[i]) combined with the channel matrix G g, p[i]. The
NT x 1 equivalent noise vector g, p[i] generated at the destination node contains the

noise parameters in IN g, p|[i].

The utilization of an adjustable code matrix or a randomized matrix ®.,, [¢] which
achieves the full diversity order and provides a lower error probability has been discussed
in [6]. The uniform sphere randomized matrix which achieves the lowest BER of the
analyzed schemes and contains elements that are uniformly distributed on the surface
of a complex hyper-sphere of radius p is used in our system. The proposed adaptive
algorithms detailed in the next section optimize the code matrices employed at the relay

nodes in order to achieve a lower BER. At each relay node, the adjustable code matrices
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are normalized so that no increase in the energy is introduced at the relay nodes and the

comparison between different schemes is fair.

After rewriting R, p[i] we can consider the received symbol vector at the destination
node as a (7'+ 1) N x 1 vector with two parts, one is from the source node and another one
is the superposition of the received vectors from each relay node. Therefore, the received

symbol vector for the cooperative MIMO system can be written as

k1 P, [Z]Geqk MSSRIC M NErD m “4.4)

where the (T'+1) N x 2N block diagonal matrix D p[i] denotes the channel gain matrix of
all the links in the network which contains the NV x N channel coefficients matrix H sp |i]
between the source node and the destination node, the N'7" x N equivalent channel matrix
G, [1] for k =1,2,...,n, between each relay node and the destination node. We assume
that the coefficients in all channel matrices are independent and remain constant over the
transmission. The (7'+ 1) N x 1 noise vector n p|i] contains the equivalent received noise
vector at the destination node, which can be modeled as an AWGN with zero mean and

covariance matrix o2(1+ || Y77, ®eq, [(|Geq, [i| AR, (] [|7) L (r41)N-

4.3 Joint Adaptive Code Matrix Optimization and Re-

ceiver Design

In this section, we jointly design an MMSE adjustable code matrix and the receiver for
the proposed DSTC scheme. Adaptive SG and RLS algorithms [57] for determining the
parameters of the adjustable code matrix with reduced complexity are also devised. The
DSTC scheme used at the relay node employs an MMSE-based adjustable code matrix,
which is computed at the destination node and obtained by a feedback channel in order
to process the data symbols prior to transmission to the destination node. It is worth to
mention that the code matrices are only used at the relay node so the direct link from the

source node to the destination node is not considered in this section.
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4.3.1 Linear MMSE Receiver Design with Adaptive DSTC Opti-

mization

The linear MMSE receiver design with optimal code matrices is derived as follows. By
defining the T'N x 1 parameter vector w;|i] to determine the jth symbol s;[i], we propose

the MSE based optimization with a power constraint at the destination node described by

0,01 e i) = oxg | min B (3,1~ w GrG)°), 5. Tr(u, (122, ) < P,

4.5)
where r[i] denotes the received symbol vector at the destination node. By employing a
Lagrange multiplier A we can obtain the Lagrange expression shown as

& = E [||s;li] — wililr[i]]*] + A(Tr(Peq, [ ®eq, i) — Pr). (4.6)

€dk

By expanding the right-hand side of (4.6) and taking the gradient with respect to wy ]
and equating the terms to zero, we can obtain the jth MMSE receive filter vector for the
jth symbol

w;li] = R™'p, (4.7)

where the first term R = E [r[i]r”[i]] denotes the auto-correlation matrix and the second
term p = E [r[i]s}[i]] stands for the cross-correlation vector. To optimize the code matrix
®.,,,[i] for each symbol at each relay node, we can calculate the code matrix by taking

the gradient with respect to ®;,[i] and equating the terms to zero, resulting in
J

~_1~

®,, [l=R P, (4.8)

where R = F |s; [i]éngj [i]w;[i]w[i] +- A | and P=F|s [i]éSRkj [i|w; [z’]gglkj [i]| are
NT x NT matrices. The value of the Lagrange multiplier A can be determined by substi-
tuting @, [i] into ATr(Peq, [i](I)';{lk [i]) = Pr and solving the power constraint function.
In the proposed adaptive algorithm we employ quantization instead of using the Lagrange
multiplier, which requires less computational complexity. The detailed explanation is
shown in the next section. Note that non-linear detection algorithms [78] can also be

employed at the receiver for an improved performance.

Tong Peng, Ph.D., Communications Research Group, Department of Electronics, University of York 2013



CHAPTER 4. ADAPTIVE DISTRIBUTED SPACE-TIME CODING BASED ON ADJUSTABLE
CODE MATRICES FOR COOPERATIVE MIMO RELAYING SYSTEMS 67

Appendix A includes a detailed derivation of wj;[i] and ®.,,[i]. The power constraint
can be enforced by employing the Lagrange multiplier and by substituting the power
constraint into the MSE cost function. In (4.8) a closed-form expression of the code
matrix ®., [i] assigned for the jth received symbol at the kth relay node is derived. The
problem is that the optimization method requires the calculation of a matrix inversion with
a high computational complexity of O((NT)?), and with the increase in the number of
antennas employed at each node or the use of more complicated STC encoders at the relay
nodes, the computational complexity increases cubically according to the matrix sizes in

(4.7) and (4.8).

4.3.2 Adaptive Stochastic Gradient Optimization Algorithm

In order to reduce the computational complexity and achieve an optimal performance,
a centralized adaptive robust matrix optimization (C-ARMO) algorithm based on an SG

algorithm with a linear receiver design is proposed as follows.

The Lagrangian resulting from the optimization problem is derived in (4.6), and a
simple adaptive algorithm for determining the linear receive filters and the code matrices

can be derived by taking the instantaneous gradient term of (4.6) with respect to wy[i] and

*

with respect to ®7_ [i], respectively, which are

€4k ;
VLo = VE [lsilil - wlilrli 2], = € lirli
! 4.9)
VL, 11 = VE [||sli] —wf [z‘]r[z’]!ﬂq):qkj o = —eilils;lilw;lidi [i],
where ¢;[i] = s;[i] — w[i]r[i] stands for the jth error signal, and the NT' x 1 vector

dy,i] denotes the jth column of the channel matrix which contains the product of the
channel matrices F'gg, and G'g, p and the power allocation matrices Apg, p. After we
obtain (4.9) the proposed algorithm can be obtained by introducing a step size into a
gradient optimization algorithm to update the result until the convergence is reached, and

the algorithm is given by

w,li+1) = w, {1+ B[], Bugy, [i-41] = Bugy,[i+1(e; i) i1, il [i]), (4.10)
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Table 4.1: Summary of the C-ARMO SG Algorithm

1: Initialize: w;[0] = On7x1,

2:  ®[0] is generated randomly with the power constraint Tr(®., @ﬁlk) < Pg.
3: For each instant of time, =1, 2, ..., compute

4: V,Sf z] - [ ] [ ]’

5: Vi”«p;qk i = —¢;lils H w[i]dy H

6: where e;[i] = s;[i] — wi[ilr[i ]

7: Update wj[i] and ®.,, [i] by

8: w;i + 1] = w;[i] + f(ejlir[i]),

9: Py, li +1] = ‘1>eqkj[ i)+ (e lils slilw;lildyg [i),

10: B [i+1] = VP 41

VI T (Reqy [i+1]2E, i+1)

where [ and p denote the step sizes in the recursions for the estimation. A detailed

derivation is included in Appendix B.

The energy of the code matrices in (4.10) will be increased with the processing of
the adaptive algorithm, which will contribute to the reduction of the error probability. A

normalization of the code matrix after the optimization is required and implemented as
Pr®. i+1
B, i+ 1] = VPR®cq, , [i41]
VE5 Tr(@eay [+1120, [i+1)
for a fair comparison among the analyzed DSTC schemes. A summary of the C-ARMO

to ensure that the energy is not increased and

SG algorithm is given in Table 4.1.

According to (4.10), the receive filter w;li] and the code matrix ®.,, [i] depend on
each other. Therefore, alternating optimization algorithms [79, 89] can be used to deter-
mine the linear MMSE receive filter and the code matrix iteratively, and the optimization
procedure can be completed. The complexity of calculating the optimal w; [i] and @, [i]
is O(NT) and O(N?*T?), respectively, which is much less than O(N4T*) and O(N>T5)
by using (4.7) and (4.8). As mentioned in Section I, the optimal MMSE code matrices will
be sent back to the relay nodes via a feedback channel, and the influence of the imperfect

feedback is shown and discussed in simulations.
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4.3.3 ML Detection and LS Code Matrix Estimation Algorithm

The criterion for optimizing the adjustable code matrices and performing symbol detec-
tion in the C-ARMO algorithm can be changed to the maximum likelihood (ML) criterion,
which is equivalent to a Least-squares (LS) criterion in this case. For example, if we take
the ML instead of the MSE criterion to determine the code matrices, then we have to store
an N x D matrix S at the destination node which contains all the possible combinations

of the transmitted symbol vectors. The ML optimization problem can be written as

A

30,1 Beq, [i)] = axg  min rfi] - #(i]
G (4.11)
s.t. Tr(Peq, [(] L [I]) < Pg, ford=1,2,...,D,

I,

where #[i] = >",7, Zjvzl Dy, [i]d, [i]34,[1] denotes the received symbol vector without
noise which is determined by substituting each column of S into (4.11). It is worth
to mention that the optimization algorithm contains a discrete part which refers to the
ML detection and a continuous part which refers to the optimization of the code matrix,
and the detection and the optimization can be implemented separately as they do not
depend on each other. The optimization algorithm can be considered as a mixed diserete-
eentinues pptimization. In this case, other detectors such as sphere decoders can be used
in the optimization algorithm in the detection part in order to reduce the computational
complexity without an impact on the performance, and the algorithm will converge after

several iterations.

After determining the transmitted symbol vector, we can calculate the optimal code
matrix @eqkj [i] by employing the LS estimation algorithm. The Lagrangian expression is
given by

Ny

L = |rli] = (323" Bugy [, (136, []) |2 + AT (@0 [ [i]] — Pr),  (4.12)

=1 j=1

and by taking the instantaneous gradient of .#’ with respect to the code matrix ®7, [i] we
J
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can obtain

VLs: [i] = (r[i] - 'F[i])Vq,;qk M(TM - ”A'[Z'])H

" (4.13)
= (re,li] = Peg,, [ildy, [i] 54, [i]) (=55, [{]dHy, [4]),

where 7. [i] = r[i] — > ", Zl]il#j @y, [1]dy,[i]34,[i] stands for the received vector
without the desired code matrix. The optimal code matrix @eqkj [i] requires VZg:, 1=
J

0, and the optimal adjustable code matrix as given by
Doy, [i] = 5, [i)re lildi [1(] 5a,1a] 1 d i)y [i])". (4.14)

The power constraint is not considered because the quantization method can be employed
in order to reduce the high computational complexity for determining the value of the

Lagrange multiplier.

4.3.4 RLS Code Matrix Estimation Algorithm

The RLS estimation algorithm for the code matrix ®,, ; [i] is derived in this section. The
ML detector is employed so that the detection and the optimization procedures are sepa-
rate as explained in the previous section, so we focus on how to optimize the code matrix
rather than the detection. The superior convergence behavior of the LS algorithm when
the size of the adjustable code matrix is large indicates the reason of the utilization of
an RLS estimation, and it is worth to mention that the computational complexity reduces

from cubic to square by employing the RLS algorithm.

According to the RLS algorithm, the optimization problem is given by

(e, [i]] = arg min, AT r[n] = #[a))1%
o ey, i Z (4.15)

s.t. Tr(®eq, [] @7 [i]) < Pg,

€dqxk

where A stands for the forgetting factor. By expanding the right-hand side of (3.15) and
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taking gradient with respect to ®;_[i] and equaling the terms to zero, we obtain
J

@y, [ = Y AN Trn]ry] [n])(z Ny ]y [n]) 7 (4.16)

where the NT' x 1 vector r.[n| = Doy, [n]dy;[n]34,[n] and 7y, [n] = di,[n]54,[n]. The

power constraint is still not considered during the optimization. We define

W[i] =Y Ny [n]rf (0] = AW[i — 1] + 7 [n]r) [n], (4.17)
Z[i) =Y N ronlr n] = AZ[i — 1] + v [n]ry [n], (4.18)

so that we can rewrite (4.16) as
D, [i] = Z[1] T[], (4.19)
By employing the matrix inversion lemma in [15], we can obtain
O] = AT = 1) = AT R[]y [T - 1], (4.20)

where k[i] = ()\_1\11_1[2' — l]rk]. [i])/(1+ )\‘lrkHj [i]\Il_l[i — 1]rkj [i]). We define P[i| =
P! [i] and by substituting (3.18) and (4.20) into (4.19), the expression of the code matrix

is given by

Doy, [i] = AZ[i — 1 P[i] + r.[i]r}] [i| P[]
= Z[i = 1P[i = 1] + Z[i — 1k[iJr} [{| P[i — 1] + v [i]ry [ P[] (4.21)
= By, [i = 1] + X7 (re[i] = Z[i — 1k[i])r [i| Pi - 1].

Table 4.2 shows a summary of the C-ARMO RLS algorithm.
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Table 4.2: Summary of the C-ARMO RLS Algorithm

Initialize: P[O} = 6711NT><NT7 Z[O] = InrynT,
the value of 0 is small when SNR is high and is large when SNR is low,
®[0] is generated randomly with the power constraint trace(®.q, [i]®%, [i]) < Pg.
For each instant of time, =1, 2, ..., compute
Kli] = — ¥ gl
1+)\—1ij [i] @1 [z—l]rkj [1]”
Doy, [i] = Peg, [0 = 1]+ A7 (reli] — Z[i — 1k[i])ry] [i] P[i — 1],
Pl =)\1'Pi—1] - A‘lk[i]rft [i|Pli — 1],
Zli| =XZ[i — 1]+ re[i]rg’j [].
_ VPR®eq,, [i]
2 (e 12E, )

AN L S A S

—
N

¢€ij [Z]

4.3.5 Convergence Analysis

The C-ARMO algorithms can be divided into two cases: the first one performs the opti-
mization by updating the receive filter and the code matrix iteratively, i.e., the MSE based
C-ARMO algorithm, the second one only optimizes the code matrix itself according to
the Lagrangian function, i.e., the ML and RLS based C-ARMO algorithms. In this sub-
section, we will illustrate how the C-ARMO algorithms converge to the global optimum

solution.

MSE based C-ARMO algorithm

The proposed MSE based C-ARMO algorithm allows the optimization of the receive filter
wli] and the code matrix ®[i] iteratively. A detailed proof of the convergence of this type
of algorithm is derived in [73]. We will give a brief outline on how these results can be

used to prove the convergence of our algorithms.

According to [73], the optimization problem in (4.5) can be described as: Given an
initial (wq, ®¢) € Wy X Py, we have to find a sequence of points (w,,, ®,) € W, x P,
that

lim Z(w,,®,) = LW,P), (4.22)

n—oo

where the sequence of compact sets {(W,,, P,) }n>0 : W, Py, that are revealed at time n
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such that as n — oo, P, it P and W, it W, and

di (A, B) = max{sup 1nf d(A B),sup inf d(A, B)} (4.23)
AcA BEB BeBAEA

denotes the Hausdorff distance between .4 and B. The proposed algorithm is written

recursively for n > 1 as described by

w, € arg min .Z(w,®,_,), P, € arg (I{ngl Z(w,, P). (4.24)
€Pn

wGWn

According to the three-point property and the four-point property in [?], we can obtain
L(wy, @) + Z(w, ®,) < Z(w, ®y1) + L(w, ) + w(7m) (4.25)

for all w € W, and ® € P,, where w(v,) denotes the modulus of continuity of

ZL(w,, ®,) withw(y,) — 0as~, — 0,and v, = &, + &,_1 withe,, — 0 as n — oc.

Since P, & P and W,, 2 W, there must exists a sequence (w),, ®,) € W, x P, such
that (w),, ®),) — (w’, ®’) € argmin Z(W, P) and d(w),, w') + d(®;,, ®') < ¢, for all
n > 0. By replacing (w, ®) with (w’, ®) and choosing £ (w!,, ®!) < L(w', ®') +

w(en), we can obtain
L(w,, ®,)+ZL(w,®,) < Lw, |, P, 1)+ LW, ®)+2w(y,) +w(e,), (4.26)

and further derive
liminf Z(w,, ®,) < Z(w, ®). (4.27)

n—o0

By defining a subsequence {ny}rso such that liminf, , . Z(w,,®,) =
limy 00 -Z(wy, , Py, ), and assuming compactness of YW and P, we can obtain w € #/,

® € P, and

liminf Z(w,, ®,) = hm Z(wy,, ®,,) > L(w,®). (4.28)

n—oo k—o00

Combining (4.27) and (4.28), we can obtain liminf,, ., .Z(w,, ®,) = Z(w, ®) which

indicates (4.22) converges to the optimum values.
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ML and RLS based C-ARMO algorithm

The ML and RLS based C-ARMO algorithms just optimize the code matrix, and we can
analyze the Hessian matrix of (4.12) and check its positive (semi-)definiteness. By taking

the second-order partial derivatives of the Lagrangian cost function in (4.12), we can

obtain
0 0L
H(g) = 8q)eqkj [l] (8¢:qk], [Z])
0 et gH ) I .
- m(r[z]Sj [t [i]+ | 5 [* e, [, i} []) (4.29)

=55 [* dy,li]dj] [d],
where the first term | s; |* is a positive scalar and the rest of the terms denotes the
multiplication of the equivalent channel vectors which is a positive-definite matrix and the
problem is convex. We conclude that the Hessian matrix of the Lagrangian cost function
1s a positive-definite matrix so that the ML and RLS based C-ARMO algorithms converge
to the global optimum under the usual assumptions used to prove the convergence of these

algorithms for convex problems.

4.4 Probability of Error Analysis

In this section, the pairwise error probability (PEP) of the system employing the adaptive
DSTC will be derived. As we mentioned in Section I, the adjustable code matrices will
be considered in the derivation as it affects the performance by reducing the upper bound
of the pairwise error probability. The PEP upper bound of the traditional STC schemes
in [41] is introduced for comparison, and the main difference lies in the eigenvalues of
the adjustable code matrices. Please note that the direct link is ignored in the PEP upper
bound derivation in order to concentrate on the effects of the adjustable code matrix on the
performance. The expression of the upper bound holds for systems with different sizes

and an arbitrary number of relay nodes.

Consider an N x N STC scheme at the relay node with 7" codewords, and the codeword

C'" is transmitted and decoded as another codeword C" at the destination node, where
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1 = 1,2,...,T. According to [41], the probability of error for this code can be upper

bounded by the sum of all the probabilities of incorrect decoding, which is given by

T
<> P(C'—CY). (4.30)

=2
Assuming that the codeword C? is decoded at the destination node and that we know the
channel information perfectly, we can derive the conditional pairwise error probability of

the DSTC encoded with the adjustable code matrix ® as {2

P(C' — C* | ®) (\/7 | @D(C' — C? HF> : (4.31)

where D stands for the matrix with the channel coefficients for all links. Let UPAcU
be the eigenvalue decomposition of (C' — C?)"(C* — C?), where U is a unitary matrix
with the eigenvectors and A¢ is a diagonal matrix which contains all the eigenvalues of
the difference between two different codewords C* and C?. Let VA4V stand for the
eigenvalue decomposition of (@ DU )# ® DU, where V is a unitary matrix that contains
the eigenvectors and A is a diagonal matrix with the eigenvalues arranged in decreasing

order. Therefore, the conditional pairwise probability of error can be written as

NT N

PIC' =€) = Q|32 Y e o6l | - (4.32)

m=1 n=1

where &, ., is the (n,m)th element in V, and Ag, and A, are the nth eigenvalues in
Ag and Ag, respectively. It is important to note that the value of \g is positive and
real because (® DU ) ® DU is Hermitian symmetric. According to [41], an appropriate
upper bound assumption of the @ function is Q(z) < %e%ﬁ, thus we can derive the upper

bound of the pairwise error probability for an adaptive STC scheme as

P, <E

NT N
_eXp <__ Z Z)\fbn)\cnygnm| >]

m=1n=1
1

[ (1+ 2Xe, A0, )N

(4.33)

while the upper bound of the error probability expression for a traditional STC in [?] is
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given by
1 ~ NT N
2
Pow 2 [ (4] 2T rclennr)|

m=1n=1

4.34
. (4.34)

[Toea (1 + FA )N

If we neglect the 1 in the denominator in (4.33), the exponent of the SNR  indicates

the diversity order which means the full diversity NT'N can be achieved in (4.33). By
comparing (4.33) and (4.34), employing an adjustable code matrix for an STC scheme at
the relay node introduces Ag,, in the BER upper bound. With the aid of simulations, we
found that Ag is diagonal with one eigenvalue less than 1 and others much greater than
1. As aresult, employing the adjustable code matrices can provide a decrease in the BER

upper bound since the value in the denominator increases.

4.5 " . . .
izati leoritl

Inspired by the analysis developed in the previous section, we derive a fully distributed
ARMO (FD-ARMO) algorithm which does not require the feedback channel in this sec-
tion. We will extend the exact PEP expression in [90] for MIMO communication systems
to the AF cooperative MIMO systems with the adaptive DSTC schemes. Then, we design
the FD-ARMO algorithm to determine and store the adjustable code matrices at the relay

nodes before the transmission in Phase II.

The exact PEP expression of an STC has been given by Taricco and Biglieri in [90],
which contains the sum of the real part and the imaginary part of the mean value of the
error probability, and the moment generating function (MGF) is employed to compute the
mean value. To extend the exact PEP expression to the cooperative MIMO systems, we

can rewrite the received symbol vector at the destination node as

Rup = ®,[iDAICTH] + Nolil

where Dy [i] denotes the channel matrix. For simplicity, we assume the synchronization
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is perfect, and each relay node transmits the STC matrix simultaneously and the received
symbol vector at the destination node will be the superposition of each column of each
STC code. The equivalent noise vector contains the AWGN at the destination node as
well as the amplified and re-encoded noise vectors at the relay nodes. As a result the PEP

expression of the AF cooperative MIMO system with the adaptive DSTC can be derived

as
®D(C' - C?
P(C' - C? | ®,,) = q 12D AlAY (4.35)
2N,
where Ny = Tr(I + ®D) denotes the received noise variance at the destination n-

ode. We define A = C! — C? as the distance between the code words, and 7 =

ﬁ@DAAH D"®" and we assume that the eigenvalue decomposition of AA can
be written as VAV, where V stands for a unitary matrix that contains the eigenvectors
of AA™ and A contains all the eigenvalues of the square of the distance vector. Define
an N x N matrix Z = ®D, and Z ~ N.(uz,Xz), where uz = 0 denotes the mean
and X7 = F [E ZEZ] stands for the covariance matrix. The expression of the error
probability is given by

O(c) = Elexp(—c€)| = £ [exp(—C 2]1Vo

1 exp (—piB(I+YzB) !
o (o pnze)| - AR )
0 det (I + - @AD"

[(I)DAAHDH@H])]

—1
c
=det ( I + DA ,
( 24/2Ny )
where B = I @ AA", and ¢ = a+ jb is the variable defined in the MGF with a = 1 and
b is a constant. By inserting (??) into the pairwise error probability expression in [90], we

can obtain the exact PEP of the adaptive DSTC scheme written as

P = oo S (RIB(0)] + “S(2(e)]} + B, @37)

i=1

where E; — 0as J — oo.

Since the PEP is proportional to (4.36), it is clear that minimizing the PEP is equal to

maximizing the determinant of I + N%T@A{)H . As a result, the optimization problem
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Table 4.3: Summary of the FD-ARMO Algorithm

1: Choose the NV x T" STC scheme used at the relay node
2: Determine the dimension of the adjustable code matrix ® whichis N x N
3:  Compute the eigenvalue decomposition of AAH and store the result in A
4:  Generate a set of ® randomly with the power constraint Tr(®; ®{) < Py
5: For all ®, compute
-1
O(c) = det (I + ﬁqmqﬁ)
6: Choose the code matrix according to
Opt(€) = arg max; O;(c)
7: Store the optimal code matrix ®,,, at the relay node
can be written as
Oupt(c) = arg max O,(c), 1=1,2,.. (4.38)

where O,(c) stands for the /th candidate code matrix. For simplicity the candidate code
matrices are generated randomly and satisfy the power constraint. In order to obtain the
adjustable code matrix we can first randomly generate a set of matrices, and then substi-
tute them into (4.36) to compute the determinant. In the simulation, we randomly generate
500 code matrices and choose the optimal one according to the FD-ARMO algorithm. The
optimal code matrix with the largest value of the determinant which achieves the minimal
PEP will be employed at the relay node. A summary of the FD-ARMO is given in Table
4.3. It is worth to mention that the FD-ARMO algorithm is non-convex, but it can still
achieve the optimal performance by choosing the optimal code matrix from a number of

candidates even though this not guaranteed.

4.6 Simulations

The simulation results are provided in this section to assess the proposed scheme and al-
gorithms. The cooperative MIMO system considered employs an AF protocol with the
Alamouti STBC scheme in [5] using QPSK modulation in a quasi-static block fading
channel with AWGN. The effect of the direct link is also considered. It is possible to em-
ploy the DF protocol or use different number of antennas and relay nodes with a simple

modification. The system is equipped with n,, = 1 relay node and N = 2 antennas at each

2

node. In the simulations, we set the symbol power o

as equal to 1, and the power of the
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adjustable code matrix in the ARMO algorithms are normalized. The SN R in the simula-

tions is the received SN R which is calculated by SNR = T +Hzn,«HZ@2;1 ;2’“ [i]ﬁi IR
k=1 eqg €qg k F

The upper bounds of the D-Alamouti, the R-Alamouti in [6] and the adaptive Alamouti
STC in C-ARMO RLS algorithm are shown in Fig. 4.1. The theoretical pairwise error
probabilities provide the largest decoding errors of the three different coding schemes and
as shown in the figure, by employing a randomized matrix at the relay node it decreas-
es the decoding error upper bound. The bounds become tighter to the respective coding
schemes as the SNR increases. The comparison of the simulation results in a better BER
performance of the R-Alamouti and the D-Alamouti which indicates the advantage of us-
ing the randomized matrix at relay nodes. The C-ARMO RLS algorithm optimizes the
randomized matrices after each transmission which contributes to a lower error probabil-
ity upper bound, and the ML detection algorithm provides the optimal performance at the

cost of a higher computation complexity.

10 T

T T
= © = Upper bound of D-Alamouti
= = = Upper bound of R-Alamouti
: = ¥ ~ Upper bound of C-ARMO-Alamouti
~ ~ —©— D-Alamouti-ML
10 e ; 10| = R-Alamouti-ML E!
B : —F— C-ARMO-Alamouti-ML

BER
=
S)

T

10E

107k

10

. ©
0 5 10 15 20 25 30
SNR (dB)

Figure 4.1: BER Performance vs. SN R for the Upper Bound of the Alamouti Schemes
without the Direct Link

The proposed C-ARMO SG algorithm with a linear MMSE receiver is compared with
the SM scheme and the DSTC algorithms in [13], [91], [6] and [33] in Fig. 4.2. It is

worth to mention that the coding schemes in the simulations are different. In the proposed
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algorithm and the algorithms in [13], [91] and [6], a spatial multiplexing scheme is sent
from the source node and re-encoded at the relay node, while the full-opportunistic code
[33] requires an STC encoding at the source node instead of re-encoding at the relay node.
The step sizes for the iterative optimization are 8 = 0.01 and p = 0.03, which are chosen
according to [92]. The results illustrate that without the direct link, by making use of
the STC technique, a significant performance improvement can be achieved compared
to the spatial multiplexing system. The RSTC algorithm in [6] outperforms the STC-AF
schemes in [13] and [91], while the C-ARMO SG algorithm can improve the performance
by about 3dB as compared to the RSTC algorithm. The STC scheme in [33] achieves a
much better performance compared to other schemes although this comparison must be
considered with caution. In [33] the standard 2 x 2 Alamouti STBC is employed at the
source node, which indicates the received matrix at the relay node is amplified without
the interference to the orthogonality of the code. Moreover, encoding at the source node
requires more time slots to transmit so that the transmission rate is half compared to the
proposed C-ARMO algorithm. It is also worth to mention that the C-ARMO algorithm
can be employed in an opportunistic scheme to achieve a better BER performance as both
of the algorithms employ the STCs and can perform the optimization at the destination
node. With the consideration of the direct link, the results indicate that the diversity order
can be increased, and using the C-ARMO SG algorithm an improved performance is
achieved with 2dB of gain as compared to employing the RSTC algorithm in [6] and 3dB
of gain as compared to employing the traditional STC-AF algorithm in [13].

In Fig. 4.3, BER curves of different Alamouti coding schemes and the proposed C-
ARMO RLS algorithm with and without the direct link using an ML detector are com-
pared. In Fig. 4.3, the R-Alamouti scheme improves the performance by about 4dB
without the direct link compared to the D-Alamouti scheme, and the C-ARMO RLS algo-
rithm provides a significant improvement in terms of gains compared to the other DSTC
schemes. When the direct link is considered, all the coding schemes can achieve the full
diversity order and obtain lower BER performances compared to that without the direct
link, and still the C-ARMO RLS algorithm which optimizes the adjustable code matrix

achieves the lowest BER performance.

The simulation results shown in Fig. 4.4 illustrate the convergence property of the

C-ARMO SG algorithm. All the schemes have an error probability of 1 at the beginning,

Tong Peng, Ph.D., Communications Research Group, Department of Electronics, University of York 2013



CHAPTER 4. ADAPTIVE DISTRIBUTED SPACE-TIME CODING BASED ON ADJUSTABLE
CODE MATRICES FOR COOPERATIVE MIMO RELAYING SYSTEMS 81

T T
—¥— SM-linear MMSE
—©— D-Alamouti-linear MMSE[26]
=—3— semi—-SSD-PDSTBC-linear MMSE[27]
—4— R-Alamouti-linear MMSE[12]
—7— C-ARMO-Alamouti-SG-linear MMSE
—H— Full-Opportunistic-ALamouti-linear MMSE[7]

ithout DL

0 5 10 15 20 25 30
SNR (dB)

Figure 4.2: BER Performance vs. SN R for C-ARMO SG Algorithm with and without
the Direct Link
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Figure 4.3: BER Performance vs. SN R for C-ARMO RLS Algorithm with and without
the Direct Link
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and after the first 20 symbols are received and detected, the R-Alamouti scheme in [13]
achieves a better BER performance compared with the spatial multiplexing scheme and
the R-Alamouti scheme in [6] can reach a lower BER than the C-ARMO algorithm. With
the number of received symbol increasing, the BER curve of the spatial multiplexing, the
D-Alamouti and the R-Alamouti schemes are almost straight, while the BER performance
of the C-ARMO algorithm can be further improved and obtain a fast convergence after

receiving 140 symbols.

10°

1

T
—#— SM
—E6— D-Alamouti[26]
=—+— R-Alamouti[12]

—— C-ARMO-Alamouti-SG

BER

1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180 200
Received Symbols

Figure 4.4: BER Performance vs. Number of Samples for C-ARMO SG Algorithm with-
out the Direct Link

The simulation results shown in Fig. 4.5 illustrate the influence of the feedback chan-
nel on the C-ARMO SG algorithm. As mentioned in Section I, the optimized code matrix
will be sent back to each relay node through a feedback channel. The quantization and
feedback errors are not considered in the simulation results in Fig. 4.2 and Fig. 4.3, so
the optimized code matrix is perfectly known at the relay node after the C-ARMO al-
gorithm; while in Fig. 4.5, it indicates that the performance of the proposed algorithm
will be affected by the accuracy of the feedback information. In the simulation, we use
4 bits to quantize the real part and the imaginary part of the element in the code matrix
.y, [i], and the feedback channel is modeled as a binary symmetric channel with differ-

ent error probabilities. As we can see from Fig. 4.5, by decreasing the error probabilities
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for the feedback channel with fixed quantization bits, the BER performance approaches
the performance with the perfect feedback, and by making use of 4 quantization bits for
the real and imaginary part of each parameter in the code matrix, the performance of the

C-ARMO SG algorithm is about 1dB worse with feedback error probability of 1073,

10 T

T T T
- A - C-ARMO SG with feedback errors, Pe=0.05
'4 = C-ARMO SG with feedback errors, Pe=10"2

= B>~ c-ARMO SG with feedback errors, Pe=10"
—57— C-ARMO SG with perfect feedback

0 5 10 15 20 25 30
SNR (dB)

Figure 4.5: BER Performance vs. SN R for C-ARMO Algorithm with Perfect and Imper-
fect Feedback Links, Quantization Bits = 4

In Fig. 4.6, we plot the average error probability with respect to the SNR for the
FD-ARMO algorithm and the C-ARMO SG algorithm with perfect feedback. The C-
ARMO curve and the FD-ARMO curve outperforms the others because they optimize
the adjustable code matrices with the same criterion, but 1dB of gain has been obtained
by the C-ARMO SG algorithm because the exact adjustable code matrix is transmitted
back to the relay node in a delay-free and error-free feedback channel. While the FD-
ARMO chooses the optimal adjustable code matrix by using the statistical information of
the channel before transmission so that the performance will be influenced, resulting in a

gain less than 1dB.
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Figure 4.6: Full-Distributed ARMO Algorithm and C-ARMO SG Algorithm

4.7 Summary

We have proposed centralized adaptive robust matrix optimization (C-ARMO) algorithms
for the AF cooperative MIMO system using a linear MMSE receive filter and an ML
receiver at the destination node. The pairwise error probability of introducing the adaptive
DSTC in a cooperative MIMO network with the AF protocol has been derived. In order
to eliminate the need for a feedback channel we have derived a fully-distributed ARMO
(FD-ARMO) algorithm which can achieve a similar coding gain without the feedback
as compared to the C-ARMO algorithms. The simulation results illustrate the advantage
of the proposed ARMO algorithms by comparing them with the cooperative network
employing the traditional DSTC scheme and the RSTC scheme. The proposed algorithms
can be used with different DSTC schemes using the AF strategy and can also be extended

to the DF cooperation protocol.
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5.1 Introduction

Cooperative MIMO systems can obtain diversity gains by providing copies of transmitted

signals with the help of relays to improve the reliability of wireless communications [2,
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80]. The basic idea behind these cooperative relaying systems is to employ multiple relay
nodes between source node and destination node to form a distributed antenna array,
which can provide significant advantages in terms of diversity gains. Several cooperation
strategies that exploit the links between the relay nodes and the destination node such as
AF, DF and CF [2] and various DSTC schemes [3—5] have been extensively studied in the
literature. A key problem that arises in cooperative MIMO systems and which degrades
the performance of such systems is the existence of delays between the signals that are

space-time coded at the relays and decoded at the destination.

The application of DSTC schemes at relay nodes in a cooperative network can of-
fer the system diversity and coding gains to mitigate the interference by providing more
copies of the desired symbols at the destination. However, a serious issue for distributed
MIMO systems using a DSTC scheme is the sasynchronized transmission from the re-
lays or the delayed reception of the DSTC scheme at the destination. The delayed code
matrices or vectors forwarded from the relays shift the DSTC structure which results in
collapse of rank design criterion and leads to deterioration of decoding performance. In
order to tackle the delay problem, various delay-tolerant distributed space-time coding
(DT-DSTC) schemes [94]- [98] which address the delay between relay nodes have been
recently considered for distributed MIMO systems. Extending the distributed threaded
algebraic space-time (TAST) codes [94], Damen and Hammons designed a delay-tolerant
coding scheme in [95] by the extension of the Galois field employed in the coding scheme
to achieve full diversity and full rate. A further optimization which ensures that the codes
in [95] obtain full diversity with the minimum length and lower decoding complexity
is presented in [96]. The authors of [97] propose delay-tolerant distributed linear con-
volutional STC schemes which can maintain the full diversity property under any delay
situation among the relays. In [98], a transmit processing technique based on linear con-
stellation precoder (LCP) design is employed to construct an optimal DT-DSTC scheme

to achieve the upper bound of the error probability.

In the literature so far, two basic configurations of distributed space-time coding
schemes have been reported: one in which the coding is performed independently at the
relays [6, 7] and another in which coding is performed across the relays [95,98]. The
received symbol matrix at the destination node in the first configuration is a sum of ful-

ly encoded DSTC schemes from each relay node, while in the second configuration the
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received symbol matrix contains only one DSTC scheme encoded across all the relays.
Considering delays between the relay nodes, the sum of the DSTC schemes will be af-
fected by imperfect asynchronous superposition of signals in the first configuration, while
the structure of the received DSTC schemes in the second configuration will be switched.
It is not clear the key advantages of these schemes and their suitability for situations with
delays. In addition, the work on delay-tolerant space-time codes has focused on encoding
using a fixed scheme, such as TAST codes in [94], which is difficult to implement with
other DSTC schemes. In the literature, the DSTC designs in [14,32-34,81, 82,99, 100]
can achieve full diversity order and high coding gains but are vulnerable to the delays.
In order to implement the existing DSTC schemes and overcome the delay issues, a gen-
eral delay-tolerant encoding design and algorithm is needed. Moreover, the DT-DSTC
schemes in the literature do not employ feedback or optimal relay selection algorithms to
improve the performance of the systems. The advantage of employing feedback to opti-
mize DSTC schemes have been studied in [7] with various space-time coding schemes.
However, strategies to exploit feedback and improve the design of DT-DSTC schemes
remain unexplored. Opportunistic cooperation algorithms are reported in [33] and [99].
The authors in [33] provide three relay selection algorithms for distributed systems which
can achieve a lower bit error rate (BER) performance compared to the traditional equal
power allocation schemes, and an opportunistic resource allocation optimization design
which maximizes the delay-limited capacity and minimizes the outage probability is given
in [99]. However, the single-antenna relays are employed in the designs so that if a DSTC
scheme is employed at the relay node it will be ruined after selecting the optimal relay
or allocating the optimal relay to the best position when delays are considered among the

relays.

In this chapter, we propose an adaptive delay-tolerant DSTC scheme and algorithm-
s for cooperative MIMO relaying systems with a feedback channel and different delays
among relay nodes. The work is first introduced and discussed in [100]. Two scenar-
ios are considered in the design, one is a cooperative system with single-antenna relay
nodes, another is a cooperative system with multi-antenna relay nodes. We first propose
a delay-tolerant adjustable code matrices optimization (DT-ACMO) algorithm based on
the maximum-likelihood (ML) criterion subject to constraints on transmitted power at the
relays for different cooperative systems. Specifically, adaptive optimization algorithms

using stochastic gradient (SG) and recursive least square (RLS) estimation methods are
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developed for the DT-ACMO algorithm in order to release the destination from the high
computational complexity of the optimization process. We study how the adjustable code
matrices affect the DSTC scheme during the encoding process and how to optimize the
adjustable code matrices by employing an ML detector. Then we analyze the differences
in terms of the rank criterion and pairwise error probabilities (PEP) of the distributed
space-time block coding (DSTBC) schemes in these two system configurations with the
same number of antennas and the same delay profiles. We focus on how the different
systems affect the delay tolerance of the DSTBC schemes and conclude that the DST-
BC schemes in distributed systems with multi-antenna relay nodes can address the delays
from relay nodes compared to the cooperative system employing single-antenna relays.
After designed the proposed DT-ACMO algorithm for cooperative MIMO systems using
the DF strategy, we extend our design to cooperative systems exploiting the AF proto-
col and the opportunistic relaying algorithms in [33] in order to achieve a delay-tolerant
adjustable code matrices opportunistic relaying optimization (DT-ACMORO) algorithm
which can address the delay issue when the optimal power allocation and relay selection is
employed. The proposed delay-tolerant designs can be implemented with different types

of DSTC schemes in cooperative MIMO relaying systems with DF or AF protocols.

5.2 Cooperative MIMO System Model

We consider a cooperative communication system, which consists of one source node, n,
relay nodes (Relay 1, Relay 2, ..., Relay n,.), a feedback channel and one destination node
as shown in Fig. 5.1. Both the source and the destination employ /V antennas and can
either transmit or receive at one time. The number of antennas at the relays is denoted by
B. We consider two types of system configurations in this paper, one is called multiple
antenna system (MAS) configuration which employs relay nodes with B = N antennas,
and another one is called single antenna system (SAS) configuration which employs relay
nodes with B = 1 antenna. As mentioned in the previous section, MAS obtains a sum
of the fully-encoded DSTC schemes at the destination and SAS obtains one full DSTC
scheme at the destination. The diversity order of MAS and SAS with the same number
of distributed antenna elements is the same shown in Section V. A delay profile which is

given by A = [d1, da, ..., 0, ], where J; denotes the relative delay of the signal received
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Figure 5.1: Cooperative Wireless Communication System

from the kth relay node as a reference to the earliest received relay signal. The maximum

relative delay is denoted as 9,,,.,. Assumptions are considered as follows:
1.0<6 <6, < ... < mae

2. The source and the relay nodes do not know the delay profile A. However, the

destination node knows A perfectly.

3. The destination node knows the channels between the relays and the destination
perfectly, and the relays know the channels between the source node and themselves per-

fectly.

4. The total number of antennas at the relays for the two system models is the same in

order to have a fair comparison.

We consider only one user at the source node in our system that operates in a spatial
multiplexing configuration. Let s[i| denote the transmitted information symbol vector at
the source node, which contains N parameters, s[i] = [s1]i], s2[i], ..., sx[i]], and has a
covariance matrix F'[s[i]s”[i]| = o021y, where o2 denotes the signal power. The source
node broadcasts s[i] to n, relay nodes as well as to the destination in the first hop, and all

the relay nodes can detect the received symbol vectors with no errors.
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The received symbols are re-encoded at each relay node prior to transmission to the
destination node in the second hop. We first consider the kth relay node in MAS, the N x 1
signal vector s[i] will be re-encoded by an N x T'DSTC scheme M (s), multiplied by an
N x N adjustable code matrix ®[i| generated randomly [6], and then forwarded to the
destination. The relationship between the kth relay and the destination can be described

as

Rp,pyas [Z] = ngDMAS [i](I)kJMAs [i]MRkDIVIAS [Z] + NRkD[iL (5.1

where Gﬁk Dayasli] denotes the (dpmqe + 1) x N delayed version of the channel matrix
between the kth relay node and the destination node and Mg, p,,,.[¢] is the N x T
DSTC scheme. N g, p[i] stands for the noise matrix at the destination with variance 2.
The (dmax + T') x N received symbol matrix Rg, p,,,<[¢] in (3.1) can be written as an

N(Omaz +T') x 1 vector Tg, p,, ,[7] given by

TRyDaras [Z] = Ak(I)GQkMAS [i]GeqleIMAS MS[Z] + anDm’ (5'2)

where the N (6maz +717) x NT delay profile matrix Ay, = [05, xn; In; 0(s,,..—5,)x ] at the
kth relay nodes is considered. The block diagonal NT' x NT matrix ®.,, . [i] denotes
the equivalent adjustable code matrix and the N7 x N matrix G, ,, ,.[?] stands for the
equivalent channel matrix which is the DSTC scheme M (s) combined with the channel
matrix Gr, p,, ,s|t]- The N(0mar + 1) % 1 equivalent noise vector g, p[i] generated at

the destination node contains noise samples.

In SAS, the n,, x T'DSTC scheme M (s) is encoded across all the relay nodes. At the
kth relay node, a 1 x IV code vector my(s) is re-encoded which denotes the kth column in
M (s). The re-encoded code vector will be multiplied by a 1 x N adjustable code vector
¢, [1] prior to transmission to the destination. The signal matrix sent from the kth relay

node can be described as

RRkDSAS [Z] = gﬁkDSAS [i]<¢k5As [Z] ’ mRkDSAS[i]) + NRkD[iL (5.3)

where g% 1. .[i] denotes the (0mqe + T') X 1 delayed version of the channel vector be-
tween the kth relay node and the destination and IN g, p[i] stands for the noise matrix with

variance 03. The (8,0 + T) x N received symbol matrix R, pg,.[¢] in (5.3) can be
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written as an N (3,4, + 1') X 1 vector rg, p, < [7] given by

rRkDSAS[ ] AkGE(IkSAS[ ]‘I)G%SA:;[ ] [ ] + anD[ ] (54)

where the block diagonal N x N matrix ®.,, ., [i] denotes the diagonal equivalent ad-
justable code matrix and the block diagonal NT' x N matrix G, ,.[i] stands for the
equivalent channel matrix. The N (d,,.. + T') % 1 equivalent noise vector ng, p[i| gener-

ated at the destination node contains the noise parameters.

The use of an adjustable code matrix or a randomized matrix ®.,, [¢] which achieves
the full diversity order and provides a lower error probability has been studied in [?].
The uniform sphere randomized matrix which achieves the lowest BER of the analyzed
schemes and contains elements that are uniformly distributed on the surface of a complex
hyper-sphere of radius p is used in our system. The proposed adaptive algorithms detailed
in the next section optimize the code matrices employed at the relay nodes in order to
achieve a lower BER. At the destination node, the adjustable code matrices are normalized
and then transmitted back to the relay nodes so that no increase in the energy is introduced

at the relay nodes and the comparison between different schemes is fair.

After rewriting the received vectors in (5.2) and (5.4) we can consider the received
symbol vector at the destination node as an N (7" + 6,4, + 1) x 1 vector. Therefore, the

received symbol vector for MAS and SAS can be written respectively, as

rarasli] = Hsoli s+ | P [i.]
Ak:q)equAs[ ]GequAsm npepli] (5.5)
= Dp,,,s[tls[i] + mpli],
and
TSAS[i] = HSD [Z] ) 3[2] + e [Z]
L AkGegyg sl Pegyg 5 11] nrpli] (5.6)
DDSAS[ ] [ ] +nD[ ]

where the N (0,4, +7 + 1) x N matrices D p|[i] in MAS and SAS denote the channel gain
matrix of all the links in the network. We assume that the coefficients in all channel matri-

ces are independent and remain constant over the transmission. The N (3,4 +7+1) X N

Tong Peng, Ph.D., Communications Research Group, Department of Electronics, University of York 2013



CHAPTER 5. ADAPTIVE DELAY-TOLERANT DISTRIBUTED SPACE-TIME CODING WITH
FEEDBACK FOR COOPERATIVE MIMO RELAYING SYSTEMS 92

noise vector np[i| contains the equivalent received noise vector at the destination, which

can be modeled as complex Gaussian random variables with zero mean and variance o3.

According to the proposed designs, the system we considered needs a feedback chan-
nel for transmitting the optimized code matrices and the information of the optimal relay
node back to the relays. We have studied the effect of using a Binary Symmetric Channel
(BSC) as the feedback channel in [7] and concluded that imperfect feedback channel with
different error probabilities and different numbers of bits in quantization lead to different
detection errors in the optimized code matrices at the relays and also cause degradation of
the BER performance at the destination. In this paper, we assume the feedback channel is

error-free and delay-free for simplicity.

5.3 Delay-Tolerant Adjustable Code Matrix Optimiza-
tion for Delayed DSTC Schemes

In this section, we propose a delay-tolerant adjustable code matrix optimization (DT-
ACMO) strategy which employs an ML receiver at the destination for designing DSTC
schemes in MAS and SAS. Adaptive RLS and SG algorithms [57] for determining the
parameters of the adjustable code matrix with reduced computational complexity are also
devised. The DSTC scheme encoded at each relay node employs an ML-based adjustable
code matrix, which is computed at the destination node and obtained by a feedback chan-
nel in order to process the data symbols prior to transmission to the destination. It is
worth to mention that the code matrices will be sent back to the relays through a feedback
channel after the optimization and they are only used at the relays so the direct link from

the source node to the destination node is not considered for simplicity.

5.3.1 DT-ACMO Algorithm for MAS

The ML criterion is employed for optimizing the adjustable code matrices and performing
symbol detection in the DT-ACMO algorithm, which is equivalent to a least-squares (LS)

criterion in this case. An N X D matrix S is stored at the destination which contains
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all the possible combinations of the transmitted symbol vectors. The constrained ML

optimization problem can be written as

[5[i]>‘:f-'eqkms [i]] = argmin _||razasli] — Fasasli],
8[i], ®eqy prag11]
ny 5.7
st Y Te(Pey, o [(195,  [i]) <Pg, ford=1,2,..,D,
k=1
where 7y 45(i] = @ngAS (]G eqe s 45 l7]8ali] denotes the received symbol vector

without noise which is determined by substituting the dth column of S into (3.20), and

A
€dk M AS

relay node. As mentioned in [7], the optimization algorithm contains a discrete part which

[i] denotes the N (0pmar + 1) x NT delayed adjustable code matrix at the kth

refers to the ML detection and a continuous part which refers to the optimization of the
adjustable code matrix. The detection and the optimization can be implemented separately
as they do not depend on each other. As a result, other detectors such as MMSE and
sphere decoders can be used in the detection part in order to reduce the computational
complexity. The ML optimization problem for determining the transmitted symbol vector

in (5.7) is given by

§[i] = argmin |7y 457 Z R [ |Gegrsaslisall. (5.8)

sq4€S ke
By substituting each column in S into (5.8) to search the most likely transmitted symbol
vector §[i] according to the ML detection, we can then calculate the optimal adjustable
code matrix (I’ﬁlk [ ]. The Lagrangian expression of the optimization problem in (5.7)

is given by

Ny

g - HTMAS Z equAS eq}c]\/IAS [Z]g[z]||2+>\(z T’f’(q)equAS [i]q)glilkzvas [Z])_PR)’
k= k=1
(5.9)

Tong Peng, Ph.D., Communications Research Group, Department of Electronics, University of York 2013



CHAPTER 5. ADAPTIVE DELAY-TOLERANT DISTRIBUTED SPACE-TIME CODING WITH
FEEDBACK FOR COOPERATIVE MIMO RELAYING SYSTEMS 94

and by taking the instantaneous gradient of .Z with respect to the code matrix

A 1) * :
(@2y, ., 45 [1)" we can obtain
A ~H . AT 1AHT- H .
VDZQ eAquAsH)* - TMAS[Z]S H G%MAS Z (I)GQZMAS L e‘IlMAs[Z}S[Z]S [Z]GequAS [l]
I=1,l#k
A . . . H .
+ (I)equAS[Z]Ge%MAS[ ] [ ] [ ]GequAS[Z]
:(TIJMAS [2] - TMAS[ ]) [ ]GZquMAS [2]
A . AT AH H .
+ ¢equAS [Z]GGQkMAs [Z]S[ ] [ ]GequAS [Z]
(5.10)
where 7, [i] = 37 6szAs [i]Geq,,, ,5[7]8]i] stands for the received vec-
tor without the desired code matrix. The optimal code matrix (IDEqk [i] requires
MAS
VL ga u))+ = 0, and the optimal adjustable code matrix is given by

€dk M AS

B3, = (ravasli] = ru, s [1)8 G, [1(Geayy [13018"11GH, 1)
(5.11)
It is worth to mention that the last term related to the power constraint in (5.9) is not
considered during the optimization in (5.11) which is due to the high computational com-
plexity of calculating the value of A\. The power constraint can be achieved by the nor-
malization method described by

A .
Py sl . (5.12)

¢z (@, i@, i)

RLS Code Matrix Estimation Algorithm

The RLS estimation algorithm for the code matrix <I>€qk .[1] is derived in this section.
The superior convergence behavior of LS type algorithms when the size of the adjustable
code matrix is large is the reason for its utilization. It is worth to mention that the compu-

tational complexity reduces from cubic to square by employing the RLS algorithm.

In order to derive an RLS algorithm to compute 3> [i], the optimization problem

€Ak M AS
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is given by
i
~ A . . i N .
Pogriaslll = argmin > X Tlrarasln] = Faaslilll,
(I)equAS [i] n=1 (5 13)

s-t. Z Tr((I)eA‘JkMAS [i](q)ﬁlk’MAS [2])H[Z]> < Pr,
k=1

where \ stands for the forgetting factor. By expanding the right-hand side of (5.13), taking

the gradient with respect to ((IDQMMAS [i])* and equating the terms to zero, we obtain

=1

7 n -1
@eAquWAS [Z] = (Z )\i_nre]vIAS I:n]rz[IV]AS [n]> (Z )\i_nrk]MAS [n}rll;‘]AIAs [n]> I (514)
n=1

where the N(Anoe + T) X 1 vector 7, ,.[n] = Ap® [i|G

Thnras ] = Geqyypasli)8[i]. The power constraint is still not considered during the deriva-

€dkMAS €qdk M AS [Z]S[Z] and

tion but is enforced by the normalization strategy after the optimization. We can define

\PM = Z )‘iinrkMAs[n]rlleAs [Tl} = AlIJ[Z - 1] + Tkyras [n]rgMAS [n]7 (515)
n=1
and
Zi) = N "o slnlri 0] = AZ[E— 1] 4 ey nlry ) (5.16)
n=1

so that we can rewrite (5.14) as

o2 il = Z[i|¥ ). (5.17)

€Ak M AS
By employing the matrix inversion lemma in [15], we can obtain
O] = AN = 1] = ARy [ - 1], (5.18)

where k[i] = (A i — Urpy, i) /(L+ ATl (9 i — vy, 06[i]). We define
P[i] = ¥ '[i] and substitute (5.16) and (5.18) into (5.17) to obtain the expression of the
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Table 5.1: Summary of the DT-ACMO RLS Algorithm

1: Initialize: P[O] = 5711N()\maa:+T)><N()\maz+T)’ Z[O] = IN()\maz+T)><N(>\maz+T)’
2: generate ®[0] randomly with the power constraint Tr(®.,, . [i }@ZMMS[ i]) < Pg.
3: For each instant of time, =1, 2, ..., compute
. g ATIPli—1]ry, o 1d]
4. . N k[Z] - 1+>\717J];1AIAS[Z‘]\I,71[7: l]rklwAS[i],
S @h, i = @8, =143 (el — 20— Dk, PG - 1,
6: Pli| = \"'Pli — 1] — A 'k[i ]rkmﬁ[Z]P[Z —1],
7: Zli ] = AZ[i = 1] + 7e,pslilT,, 6l
8: A \/ﬁéeqkj\/IAS [Z] .
equIAS \/Z;‘LT TI“ i)ﬁllstl\/IAS H((I:.eAqk]\/[AS[’L'])H)

code matrix which is given by

D7y sl = AZLE = 1Pl + rey, iy

= Z[i — 1P[i — 1] + Z[i — 1k[i]r} [ Pli — 1]+ re,, Slilrg [ Pld]
= @5 i =1+ N (reya5lil = Z[i — K[i])ry! [Pl — 1],

€dk M AS

[i] P[]

(5.19)

As mentioned before, a normalization preeess after (5.19) is implemented in order to
maintain the energy of the code matrices. Table 5.1 shows a summary of the DT-ACMO

RLS algorithm.

SG Code Matrix Estimation Algorithm

The SG estimation algorithm for the code matrix ®2 is derived in this section. As

GQK AS[ ]
shown in (3.24), the inversion of the matrices is required and the computational complex-

ity will be increased by employing a large number of relay nodes or number of antennas.

By taking the instantaneous gradient term of the Lagrangian expression derived in (5.9)

with respect to the adjustable code matrix results in

Ny

iy =V <7'MA5[¢] =D ®h G [1)5]1] 7[i]
k=1

VL aa

€A MAS
(8, 1y as D

=—3" [Z] GZJk MAS [Z] Te [Z] ’

(5.20)
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Table 5.2: Summary of the DT-ACMO SG Algorithm in MAS

Generate ®[0] randomly with the power constraint.
For each instant of time, =1, 2, ..., compute
Vs e = —8"IGE,  li]rlil,

1

2

3 _ €Ik MAS - AGQkIMA:S o
4. where r.[i] = raraslil = D200 Peg, 1 Geqr 4611187
5.

6

7

Update (I)eAquAs [i] by
@5 i+ =@8 (i +6VLea e

€dkMAS €Ak MAS

P @AerJMA[s]

fatinn: HA o VIR®eqppas!
Normalization: @7, [i] = —= —= vy —.
VIR (@G, @S, D)

where 7. [i] = Tarasli] —> 0, (pﬁlk MAS

we obtain (5.20) the proposed SG algorithm can be obtained by introducing a step size into

[i]G cqy ,, 45 (7] 8]7] stands for the error vector. After

a gradient optimization algorithm to update the result until the convergence is reached.
The DT-ACMO SG algorithm is given by

®L  [i+1]=®2  [i|+ BTG Tilr[i]), (5.21)

€dkMAS €dkMAS €dkMAS

where 3 denotes the step size in the recursions for the estimation.

The energy of the code matrices in (5.21) will be increased with the processing of
the adaptive algorithm, which will contribute to the reduction of the error probability.
The normalization of the code matrix expressed in (5.12) is applied to ensure that the
energy is not increased and for a fair comparison among the analyzed DSTC schemes. A

summary of the DT-ACMO SG algorithm is given in Table 5.2.

5.3.2 DT-ACMO Algorithm for SAS

The main difference of the DT-ACMO algorithm in SAS compared with that in MAS is
the computational complexity which is related to the dimension of the adjustable code
matrices used at the relays. If we assume that the samples of the data received by the
antennas used at the relays are independent and identically distributed (i.i.d) and consider
the relay nodes as one unit transmitter, the distributed array formed by the relays can be

seen as one transmitter with n,. antennas. The equivalent received vector at the destination
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is expressed as

ny N

rsasli] = Y AkGeqg s [(1Peg, s 45 li]8[i] + nrpli], (5.22)
k=1
where the block diagonal N x N matrix ®., ., .[i] denotes the equivalent adjustable code

matrix for the kth antenna and the block diagonal NT' x N matrix G [i] stands for

€4k sAS
the equivalent channel matrix combined with the DSTC scheme and the 1 x N channel

vector between the kth antenna and the destination.

According to the ML criterion, the optimization problem can be written as

n,N
éi,(i)e i|| = argmin ||r 1| — ARG, 1| P, ils[i]||?,
[ ] (IkSAs[ ] s[i]7{>§qkSAS[z‘] H SAS[ ] kz; k QkSAs[ ] QkSAs[ ] [ ]H (523)
st Te(®eg,y, [(]®8,  [i]) <Pgr, ford=1,2,..,D.

After we obtain 5[i] by using an ML detector derived in the previous section, we can

rewrite the Lagrangian expression of (5.23) as

nyN
& = |[rsaslil = Y AkGegyq s [i1Peg o [IBLN° + AT (Regy s, [(1F,  [i]) = Pr),
k=1

(5.24)
where ) stands for the Lagrange multiplier. In order to obtain the optimal adjustable code
matrices, we have to expand the right-hand side of ., compute the gradient terms with

respect to the kth matrix ®., ., .[i], and equate them to zero, which results in

~

Degosli] = (ApGegq,, i) O[] (818" [1GE,  []AD)T, (5.25)
where
Oli] =rsaslil8"[IIGE, | [I1AY

X : At SHT 1 ~H IAH (5.26)
_< Z AlGe(JZsAS[Z](I)GQZSAS MSM)S [Z]GeqksAs [Z]Ak
1=1,l#k
The detailed derivation is shown in Appendix III. Note that the last term in (5.24) which

contains the Lagrange multiplier A is not considered in the optimization algorithm. The

value of A can be obtained by substituting (5.25) into (5.24), or this procedure can be
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avoided by employing the normalization to achieve the power constraint as derived in

(5.12) in order to reduce the computational complexity.

RLS Code Matrix Estimation Algorithm

The RLS optimization problem of the adjustable code matrices is written as

[[] = arg _min Y N "|rsas(n] — Faasli]]|”. (5.27)
earsast

A

€dksSAS

By expanding the right-hand side of (5.27), taking the gradient with respect to ® []

€dksAS

and equating the terms to zero, we obtain

(I)EQkSAs [Z] - <Z )\i_nAkGeqksAs [Z] ‘I)EQkSAS [Z]S [Z.]T'gSAS [TL])

n=1

<Z )\i_nGEQkSAs [i]s[i]rg“s [77/]) .

(5.28)

The power constraint is enforced by the normalization strategy after the optimization. In

order to implement the RLS estimation algorithm we can define

7

Wsaslil = Y N i n)ril o In] = AWsasli = 1] + rig g [)ril o], (5.29)
n=1
and
ZSASM = Z )‘i_nres/xs [n]TZSAS [n} = AZSAS[i - 1] t Tegas [n]TIIjSAS [’I"L], (5.30)
n=1

where 7., [n] = ArGegyq,s[1]Peqyoasli)8[1] and r4g,  [n] = Geg o, [7]8]i]. Thus, we
can rewrite (5.28) as
Doy g 45 i] = Zsasi] ¥ gusli]- (5.31)

By employing the matrix inversion lemma in [15], we can obtain

W usli] = A Waisli — 1] = AN ksaslilri [ ®sasli — 1], (5.32)
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where kSAS[.] = (/\71‘11.;1&5[@. - ]‘]Tk?SAS [Z])/(l + )‘717’1];15%15 [Z]\IIEAS[Z - ]‘]rkSAS [Z]) We

define Ps45[i] = W) 4[i] and by substituting (5.30) and (5.32) into (5.31), the expression

of the code matrix is given by

DBegonslt] = A sasli — Pgasi] + Teg s [i7h, [ Psasli]
= Zsasli — 1]|Pgas[i — 1]
+ Zsasli — Nksaslilri, ,  [i1Psasli — 1]
+ Pegus [T 45 [ Psasli]

= (I)GQkSAs [Z - 1] + )‘_ (TCSAS[ ] ZSAS[Z - 1]kSAS[ ])TII:SAS [i]PSAS[i - 1]-
(5.33)

By using the algorithm in Table I we can obtain the optimal code matrices, and the only

differences are the initialized matrices P[0] = 6 'I xxn, and Z[0] = Iy« for SAS.

SG Code Matrix Estimation Algorithm

1| is derived in this section. As

The SG estimation algorithm for the code matrix ®.,, ., .[7]

shown in (5.25), the inversion of the matrices is required and the computational complex-

ity will be increased by employing a large number of relay nodes or number of antennas.

We can rewrite the expression of the received vector for SAS in (5.22) at the destination

node as
A ] . ‘
ZZG [0 li)sli] + o, (5.34)
k=1 j=1
where G+ [i] denotes the N (040 + T') x N equivalent channel matrix combining

JSAS

with the delay profile, the DSTC scheme, and the channel vector between the jth antenna
of the kth relay node and the destination node. The ML based Lagrangian expression is

derived as

L = |rsasli] ZZGA'@]SAS@' ko l181]1%, (5.35)

k=1 j=1
and a simple adaptive algorithm for determining the adjustable code matrices can be de-

rived by taking the instantaneous gradient terms of the Lagrangian expression with respect
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to the scalar ¢} [i] in @4, ., [¢], which is

ny N H
A , qar :
v"%k;ms i =V (TSAS Z G; o s [i]0n; ¢ o [z]s[z]) 7] 536
U

k=1 j=1
JSAS
= (G5 )il
where r.[i] = rgasli] — D07, Z;V 1 qu,’j B [i]é%, ., [1]8[i] stands for the error vector.

After we obtain (5.36) the proposed SG algorlthm can be obtained by introducing a step
size 3 into a gradient optimization algorithm to update the result until the convergence is

reached. The DT-ACMO SG algorithm for SAS is given by

Ohygasli + 1] = buy g i) + B8 N(GGE i) re[), (5.37)

JSAS

By following the steps in Table 5.2 we have the DT-ACMO SG algorithm in SAS.

5.4 DT-ACMO Algorithm with Opportunistic DSTCs

In this section, we extend the DT-ACMO algorithms to cooperative systems with the AF
strategy using the opportunistic relaying schemes in [33] and design delay-tolerant ad-
justable code matrices opportunistic relaying optimization (DT-ACMORO) algorithms.
The opportunistic relaying techniques in [33] for the AF strategy provide optimal relay
and antenna selection algorithms which can achieve a lower BER performance compared
to the traditional equal power allocation schemes for the AF protocol systems. Three
opportunistic relaying algorithms are designed in [33] for two-hop cooperative systems,
namely opportunistic AF scheme, which uses DSTC schemes at the source node in the
first phase and selects the best relay nodes in the second phase; opportunistic source,
which selects the best antenna at the source node in the first phase and uses DSTCs at
the relay nodes in the second phase; and fully-opportunistic, which optimizes the trans-
mitting power both at the source node and at the relay nodes. A feedback channel is
employed which allows the destination node to inform the optimal relay and to send back
the optimized code matrices to the relays. The delay profiles for different relay nodes are

considered in the design described in this section. For simplicity, we only show the design
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of the DT-ACMORO algorithms for MAS.

The system model is described as follows. The power used at the source node is
defined as P, and the total power used among all the relay nodes is P, = Zﬂf Py
where k denotes the total number of antennas among the relay nodes. In the first phase,
the source node will encode the MPSK or M-QAM modulated information symbol vector

sli] toan T' x N STC matrix, which gives
S[i] = [Ais]i] Aasli] ... Ans[i]], (5.38)

where A,,n =1,..., N, are T' x T unitary matrices. The source node broadcast the STC

matrix to the n, relay nodes after the encoding, and the received symbol at the kth relay

Xl = ,/%smm + Ny, (5.39)

where F';, denotes the N x N channel matrix between the source node and the kth re-

node is described by

lay node, and N, is the matrix whose entries are complex zero-mean complex random

variables with variance o7, .

In the second phase, according to the AF protocol the received symbols will be re-
encoded and amplified before being forwarded to the destination node. It is worth to
mention that instead of transmitting the fixed linear functions of the received matrix from
the source node in [33], we generate the adjustable code matrices ®[i] for the kth relay
node and multiply them by the received symbol matrices before forwarding them to the
destination node. The delay profile A, for each relay node is considered as well. The

communication between the relays and the destination node can be described by

nr N
R[] =Y prigi iy [(1Ak;i] + Na, (5.40)
k=1 j=1
where
P P j
kg — Y5 =~ . 5
b\ ok Pt o, (5.41)

Y] = @[ X kld],
and g, ,[i] is the N x 1 channel coefficients vector between the jth antenna in the kth

relay and the destination. By substituting (5.39) and (5.41) into (5.40) we can obtain the
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received matrix derived as

FZZHkJ S[i| A, [i] + W

k= lj 1
PT
=\ ZZpg iy, i1 F 1 S[i] A i (5.42)
=1 j=

+ Zmegm b 1INk A [i] + Na,
k=1 j=1
and we can rewrite the (N X (0,42 + 1)) received matrix RJ[i] as an (N (T + yaz) X 1)

vector derived as

N
| P
ZZPM eqy,j 1t H@Aq:] "’Z Prj e ;i eq;C Il + g,
1

k=1 j=1 k=1 j=

(5.43)
where H? A’“ 7] is the (N (dmaz +71') x V) equivalent channel matrix with the delay profile
and ., . [z] stands for the (N (6maz + 1) X N(6maz + T')) block diagonal adjustable
code matrix. The noise vectors n; and n, are the columns of N and IV, respectively.
Therefore, the opportunistic relaying algorithm problem can be expressed as
X PTPE | Py, [(IH G (1|07

k = argmax SN Ry, .= =L ;
k=1,2,...n, Zl NOF il Peg, ;[0 ]GAMHHFU + 03

€qk,

fork=1,2,...,n

(5.44)

According to the opportunistic relaying algorithms [33], the relays which can achieve
the highest SN R;,,s are chosen to forward the symbols with transmission power F;. The
DT-ACMORO can be implemented by firstly calculating the optimized adjustable code
matrices using the DT-ACMO algorithms proposed in the Table I or Table II, followed by
choosing the optimal relay node using the SNR expressed in (5.44). For example, taking
the SG algorithm described in Table II, the DT-ACMORO algorithm is shown as

1. Use the ML detector to decode S[i].

2. Calculate V L+ i = —2Lpy v [i)8"[i ](HA’“J[ 1), where

€dp N AS €k,

-V 31 Ph Py, [ H 5 [1)8]1).
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~

3. Choose the optimal relay node by k& = argmax,_,, , SNR, =

,,,,, r ins

S PlTka||4>eqk7[z1Heqk HHFU
v
I=L N ey, [1Gege i]]202, +03

4. Update ®.,, [i] by .y, [i+1] = D, [0 [i] + BV Lo

eqk]\IAS[ ]

Fq)eqk J [i]
\/Z"’" Tr(®eqy, ; [(190,, 1)

5. Normalization: ®.,, . [i]

A summary of the DT-ACMORO algorithms is shown in Table 5.3, and different op-
portunistic relaying algorithms in [33] are considered. Note that the DT-ACMORO fully-
opportunistic and opportunistic source algorithms need the CSI between the source node
and the relays f,, in order to maximize the received SNR and choose the optimal antenna
at the source node [33], where f,, is the 1 x n,./N channel vector between the nth antenna

at the source node and all the relay nodes.

5.5 Analysis of the Proposed DSTBC Schemes and the
Algorithms in MAS and SAS

In this section, we will develop an analysis that explains the differences between the
delayed DSTBCs in SAS and MAS in terms of the rank criterion and the error probability.
The convergence properties of the proposed algorithms are briefly derived in this section

as well.

5.5.1 Rank Criterion

The DSTBC schemes in SAS implements encoding across relay nodes, while the DSTBC
schemes in MAS provides full STBCs at each relay node. For simplicity, we consider 2
single-antenna relay nodes for SAS and 1 relay node with 2 antennas for MAS with the

same DSTC scheme for a fair comparison. In the standard STBCs in SAS such as the

Tong Peng, Ph.D., Communications Research Group, Department of Electronics, University of York 2013



CHAPTER 5. ADAPTIVE DELAY-TOLERANT DISTRIBUTED SPACE-TIME CODING WITH

FEEDBACK FOR COOPERATIVE MIMO RELAYING SYSTEMS

105

Table 5.3: The DT-ACMORO SG Algorithms

1: Initialization:

. . H
Generate ®[0] randomly with the power constraint Tr(®eq, ,,, < ®eq, ,, ,s) < Prs

2: for k =1 ton,,do

2-1: DT-ACMORO AF Algorithm

AnHT 1 gy Bk
VL i) = — 5k prjreli] 3" i] (H gy [i])Y,
choose the optimal relay by

2 PTp; ;||1® [l]H Hilll3o
k= argmaxy_q o SNkas = Zjv 1 ki1 Peay ; ek

Npk 7||(I>eqk i [Z]Geqk ¥ [Z]HFo'nl +Ud

2-2: DT-ACMORO Full-Opportunistic Algorithm

A AHT- Ay ir.
VL i) = — 5k o greli] 3" i] (H gy [i])Y,
choose the optimal relay by
- NPT}l e, [Z]Heqk 2ill3o

k =argmax,_, 5 ., SNRy, => .,

and the choose the best antenna at the source node by
P 2
n= argmaxn:l,‘..,N |fn

b

Nﬂk ]”q)eqk j [Z]Geqk 7MHF‘7 +Ud

2-3: DT-ACMORO Opportunistic Source Algorithm

o Hr e A
VL i) = — 5k pjreli] 8" i) (H gy [i])Y,

€Ak MAS
choose the best antenna at the source node by

H‘I>eqk K [I]Heqk K [Z]”2
2 )
oz +P10Fk

n = argmax SN R = > 104 ;V

3: Update:
(I.E(Ik,j [Z] by ‘I,e(Ik,j [7“ + ]‘] = (I)e(Ik [ ] + 5vsz* [i]»

€Ak MAS

4: Normalization:

® VPRl

€dk A :
M s \/an Tr(@equAS[z} equAsH)
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Alamouti scheme, the code word consists of matrices in the form
C = , (5.45)

where s; and s, are symbols from a desired PSK or QAM constellation. The first antenna
sends the first row in C, s; and —s3, to the destination node, and the second antenna sends
the symbols s, and s7 during the transmission interval. It is important that the determinant

of the code matrix is different from zero unless both s; = 0 and s, = 0.

The difference matrix of the standard Alamouti STBC scheme between two codewords
can be derived as
s —s S -5 As; —As}
AC=C1-Cr= 21) 5)* - E2) (z)* - 1 I REED)
S5 51 S5 Sy Asy  Ast
Unless C'; = C,, the rank of the difference matrix AC' is full. According to the rank

criterion in [41] for the STCs, the Alamouti scheme achieves full diversity.

However, the standard Alamouti scheme is not delay tolerant with SAS. Consider a
delay profile A = [0 1] in which the second transmission from the second relay node is

one-symbol slot later than the first one. Then the difference matrix is given by

1 1)* 2 2)*
ACA — CA _ oA Sg) —sé) 0 sg) —sé) 0
-t 2 0 ORI 0 B @7
2 1 2 1
(5.47)
o ASl —ASS 0
0 Asy As}
If 5(11) = sf) but 352) # 352), the difference matrix in (5.47) 1s
0 —As; 0
ACA = 2 , (5.48)
0 ASQ 0

which suffers a rank reduction. Hence, the Alamouti scheme in SAS cannot achieve the

full diversity when a time delay happens.
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In contrast to the SAS case, in MAS with n,, = 2 relay nodes, the standard Alamouti
scheme can be obtained in each individual relay node, with the delay profile A = [0 1]

the delayed matrix is described by

CA_ 0O s1 —s5 0 N 0 s1 —s3 _ | s S1— S5 —S%
ss 87 0 0 s9 s Sg 8]+ sy s)
(5.49)
then the difference matrix between the 2 codewords is given by
ACA _ A _ A sgl) Sgl) _ sgl)* —sgl)* 352) 352) _ sf)* _352)*
=L — Ly = * A * *
sgl) Sgl) + Sgl) sgl) s§2) 8&2) + 522) 552)
ASl ASl — AS; —ASS
ASQ AST + ASQ AST
(5.50)

which achieves the same rank as (5.49) even when As; = 0 or Asy = 0.

5.5.2 Error Probability

In the SAS environment, the received matrix at the destination node in (5.3) and (5.5) can
be rewritten as

RRDSAS [7’] = GRDSAS [i]MgDSAS [2] + Nrp [7’]7 (5.51)

where Mg, [i] = Ali]®sas[i] M rpg,[i] denotes the delayed randomized DSTCs
encoding across the relays. Let s; and s, denotes two possible modulated symbol vectors,
and given the code matrix M ﬁD < 1s1], the PEP of decoding s; to s, has the following

Chernoff upper bound [41]

E
PEP(M}%DSAS) < EGup, . {exp (——TT(GRDSASRSASGgDSAS))}

4N,
/GRDSAS

eXp (_TT(GRDSASGIéDSAS)) dGRDSAS
1

n det(I+ 4%ORSAS)N’

E
exp <— mTT(GRDSAS RSASG%DSAS ))
(5.52)
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where Rsas = (M%p, . (s1) = M%p, . (82))(M%p, . (s1) — Mz, . (82)) denotes
the auto-correlation matrix of the difference code matrices. The conditional average PEP
of the delayed codeword matrix over all possible symbols and delay profiles can be written

as

Pove(Mgp, ) = Ea (B, ases [PEP(Mpp,, )] (5.53)

where S is the set of all possible combinations of the symbol vectors.

The Chernoff upper bound in (5.52) with a high SNR scenario can be approximately

written as
1

(25)™ Tlma AY

where = rank(Rg4s) denotes the rank of the auto-correlation matrix and A, denotes

P31732(M$D5As) S (554)

the nth eigenvalue of Rg4s. The diversity order of the code matrix is given by NV, and is
determined by the minimum rank of the correlated code matrix. According to (5.48), the
rank reduction affects the diversity order of the code matrix so that the Alamouti matrix

code in SAS cannot achieve the full diversity and is not a delay tolerant code.

In MAS with n,, = 2 relay nodes, the received symbol matrix at the destination node

can be rewritten as

RRD]\/IAS [2] = Z GRkDA/IAS [Z] Mng]uAs [Z] + NRD [Z]
k=1 (5.55)

= GRD]WASEq [/L.]M]%DA{ASEq [/L] + NRD [Z]7

where M ﬁk Dasasli] is the code matrix at the kth relay node with the delay profile, the
equivalent channel matrix is denoted as G'rp,, s, || and the delayed code matrix is
M ﬁDM 15.,14]- The PEP of the decoding at the destination node is upper bounded by
the Chernoff bound derived as

Ly
PEP<M}%DMASeq) < EGRDMASeq {exp (_4_JVOTT(GRDMASEQRMASGZDMASM>>}
1

B det(I—|— 4%'0RMA5)N’

(5.56)

where Raras = (M, . (s1)- M8y, () (M, (s1)-Mp, . (s2)"

denotes the auto-correlation matrix of the difference code matrices. The Chernoff upper
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bound of the conditional average PEP with a high SNR over all possible symbols and

delay profiles can be expressed as

1
Pae(M%p,,,.) = Ea [Eshsﬁs [PEP(M@DMASE(I)” <z (5.57)

i) N LAY
where = rank(Rj45) stands for the rank of the auto-correlation matrix and )\, is the
nth eigenvalue of R);4s. The diversity order depends on the minimum rank r and accord-
ing to (5.50) that is » = /N which guarantees that the full diversity order can be achieved.
According to [41], the rank and diversity analysis can be considered as the design criteri-
on of the delay-tolerant DSTC schemes in cooperative communication systems in a high
SNR scenario. The optimization algorithm derived in the previous section ensures that the
design of the space-time coding scheme is delay-tolerant for any given SNR and achieve
a high coding gain, and the ML detection algorithm is employed in order to achieve the

full receive diversity.

The design of the DT-ACMORO algorithms achieves a lower BER performance by
employing the proposed DT-ACMORO algorithms in cooperative systems with oppor-
tunistic relaying methods in [33]. As a result, the PEP analysis of the DT-ACMORO
algorithms in MAS and SAS is the same as that of the DT-ACMO algorithms. The only
difference is the channel matrix G gp[i] in (5.51) and (5.55) denotes the N x N chan-
nel matrix between the optimal relay node and the destination node in SAS and MAS,

respectively.

5.5.3 Convergence Analysis

As shown in the previous sections, the proposed ML based DT-ACMO algorithms allow
the optimization of the code matrix ®[i| update adaptively. In this section, we briefly

study the convergence of the DT-ACMO RLS and SG algorithms.
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Convergence Analysis of DT-ACMO Algorithms in MAS

The ML and RLS based DT-ACMO algorithms in MAS optimize the adjustable code
matrix, and we can analyze the Hessian matrix of (5.9) and check its positive (semi-
)definiteness. By taking the second-order partial derivatives of the Lagrangian cost func-

tion in (5.9), we can obtain the 2nd order conditions derived as

0 0L
H<$> = A ; ( A ; *)
a(I)eqchAs [Z] 8((I)equAS [2])
- a(I)eAqk s [Z] (_TMAS [Z] SH[Z}GZI%MAS [Z] + @eA(]kI\/IAS [Z] GequWAS [Z]S[l] SH[Z]GZquMAS [Z])
= Glegy 051118118 [I| G, ],
(5.58)

where the first term s[i]s”[i] is a positive matrix and the rest of the terms denotes the mul-
tiplication of the equivalent channel vectors which is a positive-definite matrix and the
problem is convex. So that we conclude that the Hessian matrix of the Lagrangian cost
function is a positive-definite matrix so that the RLS based DT-ACMO algorithms con-
verge to the global optimum under the usual assumptions used to prove the convergence

of these algorithms for convex problems.

Convergence Analysis of DT-ACMO Algorithms in SAS

The ML-based SG ACMO algorithm for SAS optimize the adjustable code matrix, and
by taking the second-order partial derivatives of the Lagrangian cost function in (5.24),

we can obtain

0 oA
H(Z) = ‘ |
( ) a(I)G‘JkSAS [Z] (8((I)G%SAS [Z])*>
a ny N
Sy SE—— ) ; a1\ AHT .
B aq)eqksAs [Z] ((TSAS[Z] N ; AkGeqkSAS[Z](I)eqkSAs[l]s{Z])S [Z]GZkSAS[Z]AIg>
= ALGuyyy, 13118"1GE, AT,

(5.59)

As shown in the previous section, we conclude that the Hessian matrix of the Lagrangian
cost function is a positive-definite matrix so that the ML based SG DT-ACMO algorithm

in SAS converge to the global optimum under the usual assumptions used to prove the
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convergence of these algorithms for convex problems.

5.6 Simulations

The simulation results are provided in this section to assess the proposed schemes and
algorithms. The cooperative MIMO system considered employs AF and DF protocols
with the distributed Alamouti (D-Alamouti) STBC scheme in [5], randomized Alamouti
(R-Alamouti) in [6] and linear dispersion code (LDC) in [42] using BPSK and QPSK
modulation in a quasi-static block fading channel with AWGN. The effect of the direct
link is also considered. It is possible to employ different DSTC schemes with a simple
modification and to incorporate the proposed algorithms. The cooperative MAS config-
uration equipped with n, = 1,2 relay nodes and N = 2 antennas at each node, while
the cooperative SAS scheme employed N = 1,2 antennas at the source node and the
destination node and n,, = 1, 2 relay nodes with a single antenna. In the simulations, we
set the symbol power o2 as equal to 1, and the power of the adjustable code matrix in the
DT-ACMO algorithm is normalized. The SN R in the simulations is the received SN R
which is calculated by SN R = %

The BER performance of the D-Alamouti and the R-Alamouti in the cooperative MAS
and SAS configurations without delay are shown in Fig. 5.2. The solid curves are the
BER curves without the direct link (DL) and the dashed ones are that with the DL. SAS
employing a single antenna at each node and the AF strategy with and without the DL have
the worst BER performance compared to SAS and MAS employing multiple antennas and
relay nodes. The cooperation of the DL helps SAS to achieve a higher diversity gain and
lower the BER. In SAS employing N = 2 antennas at the source node and the destination
node with n, = 2 single-antenna relay nodes, and MAS employing the same number
of the antennas at the source node and the destination node with n,, = 1 relay node
using N = 2 antennas, the superposition of the BER curves can be observed. With the
cooperation of the DL, a higher order of diversity can be achieved. The simulation results
lead to the conclusion that with the same number of antennas at the source node and the
destination node in SAS and MAS, if the number of the relay nodes with single antenna is

the same as the number of multi-antenna relay nodes, the same diversity order and BER
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performance can be achieved when the synchronization is perfect at the relay node.

—6—N=1at S, Rand D, SAS, AF (DL / no DL)
—B—N=2at S, R and D, MAS, DF (DL / no DL)
——N=2atSR and D, MAS, nr:1, AF (DL /no DL)

—4—N=2at SR and D, MAS, n=1, DF (DL /no DL)
—#— N=2 at S and D, N=1 at R, SAS, nr=2, AF (DL / no DL)

10"

BER

10°

%
0 5 10 15 20 25 30
SNR (dB)

10°

Figure 5.2: BER Performance vs. SNR for SAS and MAS employing the Alamouti
Schemes without the Delay Profile

In Fig. 5.3, BER curves of different DSTC schemes without the DL using an ML
detector are compared using the SAS scheme with N = 2 relay nodes. Different delay
profiles are considered to evaluate the performance of D-Alamouti, R-Alamouti using
BPSK and R-LDC using QPSK in SAS. As shown in Fig. 5.3, the R-Alamouti scheme
improves the performance by about 2dB without the DL compared to the D-Alamouti
scheme when perfect synchronization is considered. When the delay profile A = [0, 1]
is considered among the relay nodes, it is shown that the D-Alamouti and R-Alamouti
are not delay tolerant schemes in SAS. The R-LDC schemes using QPSK modulation
constellation with different delay profiles are shown in Fig. 5.3. It is shown in Fig.
5.3 that the R-LDC in SAS is not a delay tolerant scheme because of the degradation
of the BER performance. When employing the proposed DT-ACMO algorithm in SAS,
a performance improvement is obtained in R-Alamouti and R-LDC schemes. However,
the BER curves of the Alamouti and LDC schemes using DT-ACMO algorithms are still
worse than that of the Alamouti and LDC schemes with perfect synchronization among

the relays.

The proposed DT-ACMO algorithm is compared with different DSTC schemes and
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—©— D-Alamouti(0,0)[5]
= © = D-Alamouti(0,1)
=—H— R-Alamouti(0,0)[6]
= B = R-Alamouti(0,1)

- € - R-LDC(0,1)
R-LDC(0,0)[42]
=£Xx ' DT-ACMO-Alamouti(0,1)

=\~ ' DT-ACMO-LDC(0,1)

BER
=
o

SNR (dB)

Figure 5.3: BER Performance vs. SN R for SAS

different delay profiles in MAS in Fig. 5.4. In the proposed algorithms the DF strategy
is employed which requires re-encoding at the relay nodes, and a full STC scheme is
obtained at each of the n, = 2 relay nodes. The results illustrate that without the DL,
by making use of the randomized encoding technique in [6], a 2dB BER performance
improvement can be achieved compared to the D-Alamouti scheme with and without the
delay. The simulation results illustrate that MAS with different DSTC schemes when the
same delay profiles are considered, a 1dB performance improvement is obtained. It is
because when the full DSTC schemes can be obtained at the relay nodes as employed
in MAS, at the destination node a delayed symbol matrix with increased dimension is
received which means the observation window is bigger than that with the non-delayed
MAS. When the DT-ACMO algorithms are employed in Alamouti and LDC schemes,
better BER performances can be achieved. With the consideration of the delay profiles,
the results indicate that the diversity order will not be reduced, and using the DT-ACMO
RLS algorithm an improved performance is achieved with 3dB of gain as compared to
employing the RSTC algorithm in [6] and 5dB of gain as compared to employing the
traditional DSTBC algorithm.

The proposed DT-ACMORO algorithms with Alamouti scheme and an ML receiver
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Figure 5.4: BER Performance vs. SN R for DT-ACMO RLS Algorithm for MAS

is compared in MAS in Fig. 5.5. N = 2 antennas at each node and n,, = 2 relay n-
odes are employed. Different delay profiles are considered in different relay nodes. It is
shown in the figure that the BER result of the cooperative system with DSTC schemes
and AF protocol achieves a diversity order of 2, and by employing opportunistic relaying
(OR), fully-opportunistic (FO) and opportunistic source (OS) algorithms, a 2dB to 3dB
BER improvement can be further achieved, respectively. In [33], the benefits of employ-
ing three opportunistic relaying algorithms are explained. In the proposed DT- ACMORO
algorithms, the DT-ACMO algorithms are combined with different opportunistic relay-
ing algorithms in order to achieve a BER improvement as shown in the previous section.
According to the simulation results in Fig. 5.5, a 2dB to 3dB gains can be achieved by
using DT-ACMORO compared to the systems only use opportunistic relaying algorithms.
It is worth to mention that different DT-ACMORO algorithms require different compu-
tational complexities as shown in Table III, and the DT-ACMORO-FO algorithm which
requires the choice of the best antenna at the source node and the use of the best relay n-
ode can achieve the best BER performance as compared with the DT-ACMORO-OR and
DT-ACMORO-OS algorithms.

In Fig. 5.6, the proposed DT-ACMORO SG algorithms are employed among the relay
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—©— DSTC-AF [8]
—B— OR-AF [15]

- B - DT-ACMORO-OR
—%— FO-AF [15]

- % = DT~ACMORO-FO
—O— OS-AF [15]

- & - DT-ACMORO-0S

BER

10_ 1 1 1 1 1 1
SNR (dB)

Figure 5.5: BER Performance vs. SN R for DT-ACMORO SG Algorithm for MAS

nodes in SAS. Compared to the opportunistic algorithms in [33], the DT-ACMORO algo-
rithms achieve a 2dB to 4dB improvement compared to the original opportunistic relaying
algorithms as shown in Fig. 5.6. When comparing the curves in Fig. 5.6 to those in Fig.
5.5, it is noticed that the diversity order of the curves in Fig. 5.6 and that in Fig. 5.5 are
the same because the same DSTBC schemes are employed in MAS and SAS, however
the BER performances in Fig. 5.3 are worse that that in Fig. 5.5. The reason for worse
BER performances in SAS is due to the lower number of antennas used in SAS according
to the opportunistic relaying algorithms. In SAS n, = 2 relay nodes with a single anten-
na are employed and after the optimization, only one relay node with N = 1 antenna is
chosen to transmit the re-encoded information symbols. On the contrary, the best relay
node in MAS contains N = 2 antennas to forward the re-encoded DSTC scheme to the

destination which ensures the complete DSTC scheme is received at the destination node.
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Figure 5.6: BER Performance vs. SN R for DT-ACMORO SG Algorithm for SAS

5.7 Summary

We have proposed a delay-tolerant adjustable code matrix optimization (DT-ACMO)
scheme and algorithms for cooperative MIMO systems with a feedback channel using
an ML receiver at the destination node to mitigate the effect of the delay associated with
DSTCs from relay nodes. Two types of cooperative systems have been analyzed by com-
paring the pairwise error probability of the delayed DSTCs and the rank criterion. In
order to achieve a better BER performance and eliminate the computation complexity at
the destination node, we have introduced the SG and RLS algorithms in the proposed
design. We have extended the proposed algorithms to cooperative MIMO systems with
the AF strategy and opportunistic relaying algorithms in order to devise delay-tolerant
adjustable code matrix opportunistic relaying optimization (DT-ACMORO) algorithms.
The simulation results have illustrated the performance of the two different cooperative
systems with the same number of transmit and receive antennas, and the advantage of
the proposed DT-ACMO and DT-ACMORO algorithms by comparing them with the co-
operative network employing the traditional DSTC scheme and the RSTC scheme. The

proposed algorithms can be used with different DSTC schemes and can also be extended
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to cooperative systems with any number of antennas.
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Chapter 6

Conclusions and Future Work

6.1 Summary of Work

In this thesis, novel distributed space-time coding schemes and eeding optimization al-
gorithms in cooperative relaying networks have been jnvestigated. Pifferent-cooperative
systems with multi-antenna relays and single-antenna relaysy have been considered, Iter-
ative adaptive algorithms were derived and used to reduce the computational complexity

of the proposed optimization algorithms.

In Chapter III, joint adaptive power allocation and receiver design algorithms accord-
ing to different criteria with the power constraint in a cooperative MIMO netwerk are
investigated. A joint iterative estimation algorithm with low computational complexity
for computing the power allocation parameters and, linear receive filter veeter-has been
derived, which allows the proposed algorithms utilized in mobile communication net-
works and wireless sensor networks. Simulations showed the proposed algorithms can

achieve improved performance compared to existing techniques.

In Chapter IV, novel distributed space-time coding schemes are designed for coopera-
tive MIMO networks. Firstly, centralized adaptive robust matrix optimization (C-ARMO)
algorithms have been designed for cooperative MIMO system with AF protocol using a

linear MMSE receive filter and an ML receiver at the destination node. In order to elim-
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inate the need for a feedback channel, a fully-distributed ARMO (FD-ARMO) algorithm
have been jnvestigated which can achieve a similar coding gain without the feedback as
compared to the C-ARMO algorithms. The pairwise error probability of introducing the
adaptive DSTC in a cooperative MIMO network with the AF protocol has been derived.
The simulation results illustrate the advantage of the proposed ARMO algorithms and
the proposed algorithms can be used with different DSTC schemes as well as different

cooperation protocols.

In Chapter V, the proposed algorithms in Chapter IV were extended to a delay-tolerant
adjustable code matrix optimization (DT-ACMO) scheme and algorithms. Two types of
cooperative systems have been analyzed by comparing the pairwise error probability of
the delayed DSTCs and the rank criterion. The SG and RLS algorithms are utilized in
the proposed designs in order to achieve a better BER performance and eliminate the
computation complexity at the destination node. The opportunistic relaying algorithms
are considered in the proposed designs in order to devise delay-tolerant adjustable code
matrix opportunistic relaying optimization (DT-ACMORO) algorithms. The simulation
results have illustrated advantages of the proposed algorithms compared to existing de-

signs.

=]

6.2 Future Work

The algorithms described in this thesis assume the channel between the nodes are flat
fading and unchanged during one transmission period. The fast fading scenario is not
considered and the DSTC designs based on the fast fading channel are not considered
in this thesis. In order to wide the application of the algorithms, the fast fading design

should be considered in the future.

The designs in Chapter 3 and 5 require feedback to transmit the power allocation ma-
trices or optimal coding matrices to the source node and the relays. The BSC feedback
and limited feedback channel are considered in the designs, and the proposed algorithms
suffer a loss in performance because of the feedback errors. In the future, the robustness

of the proposed algorithms should be considered and further researched.

Tong Peng, Ph.D., Communications Research Group, Department of Electronics, University of York 2013


Rodrigo
Cross-Out

Rodrigo
Inserted Text
s

Rodrigo
Inserted Text
devised and

Rodrigo
Sticky Note
Tong, we need a discussion on the importance of the proposed techniques to the area of distributed space-time coding algorithms. 

What is the impact of the proposed ideas on systems that adopt them? 

How to incorporate the proposed techniques into existing systems?

Please include a paragraph discussing these points. This is very important. Try to speculate a bit...

Rodrigo
Inserted Text
n
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In the proposed designs, the stochastic gradient and recursive least squares adaptive
optimization algorithms are used in order to reduce the optimization computational com-
plexity. However, the slow convergence rate of the adaptive optimization algorithms is
a weakness if the channel is fast fading. Therefore, developing adaptive optimization

algorithms with faster convergence rate is another area efthe, future research.

As the cooperative MIMO networks are widely used in the modern mobile commu-
nications, such as wireless sensor networks, the multi-user cooperative MIMO should be
considered. The principles and designs of gsigle-user scenario s different from multi-user
scenario so that in order to achieve a wide application of the proposed algorithms more
work is needed for-eontinuouns research.
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Appendix A

The Deriviation of Equation (4.7, 4.8)

We show how to obtain the expression of the linear MMSE receive filter w;[i] and the

adjustable code matrix <I>eqkj [i] in equation (4.7) and (4.8) in Section III in the following.
The MSE optimization problem is given by

w0, @ il] = arg | min B [l,fi] - wlTrGI7] . st T(@ug, [0, i) < Pr.
i, Peqy [t

We define a cost function associated with the optimization problem above, and expand it

as follows

Z = E [|Is;[i] = wililr[i][I*] + MTr(@eq, [|Peq, [i]) — Pr)

€dk

= E [s;]i]st[i]] — w[{E [rli]sili]] — E [s;[i]r"[i]] w;li] + wl[i] E [r[i]r™[i] w;[i]

J J

+ A(Tr(Peg, [i]q)H [i]) — Pr),

€dk

(A.1)
where A stands for the Lagrange multiplier and should be determined before the calcula-
tion. It is worth to notice that the first, the third and the fifth terms are not functions of
wf[i], so by taking the gradient of . with respect to w?/[i] and equating the terms to 0,
we can obtain

Loy =—F [rli]s3[d]] + E [r[i]r"[i]] w;[i] = 0. (A2)

By moving the first term in (A.2) to the right-hand side and by multiplying the inverse

of the auto-correlation of the received symbol vector, we obtain the expression of the
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linear MMSE receive filter as w;[i] = R~ 'p, where the auto-correlation matrix R =
E [r[i]r"[i]] and the cross-correlation vector p = E [r[i]s}[i]].
In order to obtain the expression of the adjustable code matrix ®.,, 7] we have to rewrite

the received symbol vector r[i] as

Ny Ny N
rli] =Y @y [(]Geg, [185m, 1] + nppli] = D Y ®eyy (19, 1135, 1] + mrpli],
k=1 k=1 j=1
(A.3)
where <I>eqkj [i] denotes the adjustable code matrix assigned to the jth received symbol
SSRy, [i] at the kth relay node, and g,,, [i] stands for the jth column of the equivalent
channel matrix G, [i]. By substituting (A.3) into (A.1), the expression of .# can be
written as

&L =E [s;li)s;[il] — wi[i| E[(F + nrplil)s;[i]] — Els;[i](w][i] (+ + nrplil))"]

+ E[(w![i)(7 + ngp[i])"w![i](7 + ngpli])] + M Tr(Peq, [i(]PE, [i]) — Pr),

J €dk

where 7 = Y7, Zjvzl Peg,, [] e, [i)5s Ry, [i]. We do not have to consider the first and
the second terms because they are not functions of <I>quj [i] so taking the gradient of &’
with respect to Q):qkj [i] these terms will disappear. The last three terms contain the sum
of the adjustable code matrices, and we focus on the exact jth code matrix we need and

consider the rest of the sum terms as constants. We can rewrite % as

L =~ B [si)(w![1®e, [19.,, s, [1)"] + A(®eye [197, [i] ~ PrT)

eqr .
Ak ;

(A4)
+ Bl [1Beq, (19,4, [155m, 1) 0! 01®0y, [19.,, [15sm, (1]

and by taking the gradient of .#" in (A.4) with respect to ®7_ [i] and equating the terms

to zero, we can obtain P, [i] = R 'P,where R = E [sj [i]éSRkj [i]w;[i]wi[i] + )\I]

and P = E |s;[il3sr,, [iJw;[ilgl, [i]] -
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Appendix B

The Deriviation of Equation (4.10)

We show the detailed derivation of the C-ARMO SG algorithm in this section. First, we
have to rewrite the received symbol vector r g, p transmitted from the £th relay node. By
employing the AF cooperative strategy and space-time coding schemes at the relay node,
the received symbol vector at the relay nodes will be amplified and re-encoded prior to
being forwarded to the destination node. Let us first define the amplified symbol vector

before re-encoding as

Ssr.|l] = Ar,pli](Fsgr,[i|s]i] + nsr,[i]) = Ag,pli|Fsr,[i]s[i]| + Ar,pli]nsr, ]
= Fg li]s[i] + ng,[i],

(B.1)
where Apg, pli] denotes the N x N amplify matrix at the kth relay node. The symbol
vector Sgg, [i] will be mapped to an N x 1" space-time code matrix M (§), and multiplied
by an adjustable code matrix which is generated randomly before being forwarded to the
destination node. By substituting (B.1) into (4.4), the relationship between all the relay

nodes and the destination node can be written as

TrD = ) @ [i|Geg, [} (Fr[i]8li] + 1r,[i]) + mrpli] = ) ®eg [i1Dyli]sli] + npi]
k=1 k=1
ny N
=D > ey lildy,lilss[i] + mplil,
k=1 j=1
(B.2)
Tong Peng, Ph.D., Communications Research Group, Department of Electronics, University of York 2013

123


Rodrigo
Highlight
Derivation


APPENDIX B. THE DERIVIATION OF EQUATION (4.10) 124

where the NT' x N matrix D,[i] contains all the channel information between the source
node and the kth relay node, and between the kth relay node and the destination node.
The noise vector at the destination node 1 p[i] is Gaussian with covariance matrix o%(1 +
Tr(> pr, ®eg, [i]Dyli]))In. By substituting (B.2) into (4.5), we can rewrite the MSE
optimization problem as

N
[wji], @eg, [i]] =arg  min B ||s;[i] Y ey li sili] +npli])|?|
J wj[z},{:'eqk_[z] k 14

s.t. TrZ@eqk &/ [i]) < Pr.

(B.3)

By taking the instantaneous gradient of . in (A.1) with respect to w’/[i] and ® [i] we

€4k

can obtain

VZusiy = VE [llssli] = wililr(iIP] . = (s3li] = w5 [r[i]) Vg (s8] - wililrli])

= —e;lilrld],
VZa;, 1= VE |lls;[i] - wj [i](i > Boy [ildy, [ils;[i] + nanli])|?
ht ®;,,,li
= Vi, (sl - r Z Deg,, [ildi; [i]s;[i] + mrpli]))" (s;1i] — wjlilr[i])

= —¢;li]s}[i]w;i]di [z’],

(B.4)

where ¢;[i] = s;[i] — w[i]r[i] stands for the jth detected error. By employing step sizes
£ and p for the receive filter and the code matrix recursions, respectively, we obtain the

C-ARMO SG algorithm derived as

wji + 1] = w;[i] + plejlir(i]),
Doy, [i + 1] = Peg, [1] + pu(e il s [i]w;[i]dy [i]).
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Appendix C

The Deriviation of Equation (5.23)

We show how to obtain the optimal adjustable code matrices in the SAS, The ML-based
optimal problem is derived in (5.24). We can expand the righthand side of .Z in order to

obtain the expression of ® [i], as described by

€dkSAS

ny N
TSAS Z AZGEQLSAS EQLSAS [Z]'g[ZD(TSAS Z AkGGQkSAs [ }(pe(IkSAs [Z]é[z])H

k=1
nyN

= rsaslilraslil — rsasli] (Z ALGgy 5 [1]Pegy s, [113]1)7 — (TZ AGegg 51 Peqis51118[1]

+ (Z AlGtesAS [i](I)EQZsAS [Z]é[l])(z AkGe%sAs [i](I)EkaAs [z]é[z])H7
k=1
(C.1)
and if we focus on the kth adjustable matrix ®.,, ., .[i], take the gradient terms with

respect to it and equate the result to 0, we can obtain

dz e : .

—e = = —raaslildGY, | AT+ (D AGey, [Py, [131])8" ]G, [1A]
dq)e%s,qs [l] -1

= —roas[i]8"[GE, . AT+ (D AiGeyy,[i1Pey, [118)8"[(GE, . []AY

1=1,l#k
+ ALGlegy g s l1] Pequs a5 1181181 Gy, [T AT
= 0.
(C.2)
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Finally, we move the terms that do not contain ®.,, ., .[7] to the other side of the equation
and take the pseudo-inverse of the equation and we can obtain the optimal adjustable code

matrix as
(I)e%s,qs [Z] - (AkGBQkSAs [ZDT

(rsasli]s”[i]Gey, ., [ AK — ( Z A1G g1 [[1eqis 1 [1181])3" 1] Gy [ AY)

€4k sAsS €qrsAS
=1,k

(8[]5"[1] G sl AK)-

(C.3)
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Glossary

AF Amplify-and-Forward

ACMO Adjustable Code Matrix Optimization

ARMO Adaptive Robust Matrix Optimization

AWGN Additional White Gaussian Noise

BER Bit-Error-Rate

BPSK Binary Phase Shift Keying

BSC Binary Symmetric Channel

C-ARMO Centralized-Adaptive Robust Matrix Optimization
CF Compress-and-Forward

CSI Channel State Information

dB Decibel

D-Alamouti Distributed-Alamouti

DF Decod-and-Forward

DSTC Distributed Space-Time Coding

DSTBC Distributed Space-Time Block Coding
DT-ACMORO Delay-Tolerant Adjustable Code Matrices Opportunistic Relaying Optimization
DT-STBC Delay-Tolerant Space-Time Block Code
FD-ARMO Fully-Distributed-Adaptive Robust Matrix Optimization
Fo Fully-Opportunistic

JAPA Joint Adaptive Power Allocation

Hz Hertz

ISI Inter-Symbol Interference

LCP Linear Constellation Precoder

LDC Linear Dispersion Code

LMS Least Mean-Square

LS Least-Squares

MAP Maximum A Posteriori probability

MAS Multiple Antenna System

MBER Minimum Bit Error Rate

MGF Moment Generating Function
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MIMO Multiple-Input Multiple-Output
MISO Multiple-Input Single-Output
ML Maximum Likelihood
MMSE Minimum Mean Square Error
MSE Mean Square Error
MSR Maximum Sum Rate
OR Opportunistic Relaying
oS Opportunistic Source
OSIC Ordered SIC
OSTBC Othogonal Space-Time Block Code
PA Power Allocation
PAM Phase Amplitude Modulation
PDF Probability Density Function
PSK Phase-Shift Keying
QAM Quadrature Amplitude Modulation
QOSTBC Quasi Othogonal Space-Time Block Code
R-Alamouti Randomized-Alamouti
RSTC Randomized Space-Time Code
RLS Recursive Least-Squares
SAS Single Antenna System
SER Symbol Error Rate
SD Sphere Decoder
SG Stochastic Gradient
SIC Successive Interference Cancellation
SIMO Single-Input Multiple-Output
SINR Signal to Interference plus Noise Ratio
SISO Single-Input Single-Output
SM Spatial Multiplexing
SNR Signal to Noise Ratio
STBC Space-Time Block Code
STC Space-Time Coding
SVD Singular Value Decomposition
TAST Threaded Algebraic Space-Time
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ZF Zero Forcing
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