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Abstract

Cooperative broadband communications is a promising technique to improve the reli-
ability, throughput, and coverage of the next generation wireless communication sys-
tems. Single-carrier transmission with frequency-domain equalization (SC-FDE) and
orthogonal frequency-division multiplexing (OFDM) are the prevailing block based
broadband schemes widely adopted in major wireless standards. Traditionally, these
broadband schemes are deployed for point-to-point communications without the co-
operation of any intermediate transmission nodes. However, as the communication
systems evolve, both service providers and users are demanding higher data rates and
non-seamless connection over large areas. As a result, it is necessary to design novel
transceiver architectures that meet these stringent requirements. This dissertation
proposes four such cooperative transceiver designs which are tailored for different
communication scenarios.

Firstly, for single-user SC-FDE broadband systems with multiple multi-antenna
amplify-and-forward (AF) relays, we optimize the relay beamforming (rBF) filters
and destination equalization filter based on the minimum mean-square error (MSE)
criterion under an aggregate relay transmit power constraint. We also propose subop-
timal rBF schemes which perform close to the optimal rBF scheme. Subsequently, we
investigate single-user SC-FDE broadband MIMO AF relay systems. By exploiting
the properties of the block-circulant channel matrices and the majorization theo-

ry, the problem is transformed into an equivalent power optimization problem with
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Abstract

scalar variables. An alternating optimization algorithm is devised to obtain the op-
timal solution for the source and relay power allocation. Thirdly, we study a robust
transceiver design for multiuser broadband systems with multiple single-antenna AF
relays and in the presence of channel estimation errors. Our proposed design treats
multiuser SC-FDE and OFDM based systems in a unified manner, where the goal is
to maximize the network ABR subject to different types of relay power constraints.
Lastly, we propose a robust transceiver design for single-user SC-FDE based multi-hop
full-duplex decode-and-forward relay systems. The optimization problem is formu-
lated as the minimization of the sum MSE or maximum MSE of different hops which
takes into account the loopback interference of the full-duplex relays. We propose
two algorithms to solve the resulting non-convex power allocation problems based on

sequential geometric programming and alternating optimization, respectively.
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Chapter 1

Introduction

The ever-increasing demands for higher data rates, more reliable communication, and
seamless connection from everywhere have always been the major driving forces for
the evolution of wireless communication systems [1, 2]. Cooperative communications
[3, 4, 5], multiple-input-multiple-output (MIMO) systems [6, 7|, broadband commu-
nication technologies such as orthogonal frequency division multiplexing (OFDM)
[8, 9] and single-carrier transmission with frequency-domain equalization (SC-FDE)
|10, 11, 12|, are some of the key enabling techniques to accomplish the aforementioned
objectives. Hence, we will provide a brief overview of these related techniques in this
chapter.

This chapter is organized as follows. In Sections 1.1, we briefly review two major
broadband communication schemes, SC-FDE and OFDM, as well as their multiple-
access extensions, single-carrier frequency-division multiple access (SC-FDMA) and
orthogonal frequency-division multiple access (OFDMA). In Sections 1.2, we discuss
the existing cooperative beamforming for multiple relay networks for both single-
user and multiuser scenarios. In Section 1.3, we introduce the concept of MIMO
relay communication and discuss the associated transceiver optimization problems.
In Section 1.4, we provide a brief review on full-duplex relay systems, which have
recently received lots of research interest. The contributions made in this thesis are

summarized in Section 1.5, and the thesis organization is provided in Section 1.6.



Chapter 1. Introduction

1.1 Broadband Transmission and Multiple-access
Schemes

SC-FDE and OFDM, as well as their multiple access extensions, SC-FDMA and
OFDMA, are the prevailing block based broadband schemes [14, 15] that have been
widely adopted in the major wireless standards, such as the IEEE 802.16 family of
standards [17, 18, 19] and 3rd Generation Partnership Project (3GPP) Long-Term
Evolution-Advanced (LTE-A) [14, 15, 16]. OFDM/OFDMA is well known for its
advantage of flexibility in radio resource allocation and resilience to inter-symbol in-
terference in frequency-selective fading channels [20]-|28]. However, they suffer from
a large transmit peak-to-average power ratio (PAPR) and a high sensitivity to car-
rier frequency offsets. Although many PAPR reduction and carrier frequency offset
compensation techniques have been proposed in the literature |29, 30|, these meth-
ods introduce additional complexities and usually do not guarantee optimal system
performance. On the other hand, as an efficient solution to the aforementioned prob-
lems, SC-FDE/SC-FDMA has been recognized as an attractive alternative to OFD-
M/OFDMA for the uplink transmission, providing an improved uncoded bit-error
rate (BER) and a similar achievable bit rate (ABR), while enjoying a comparable
implementation complexity [11, 12, 13]. Therefore, this thesis will mainly focus on
the discussion of SC-FDE/SC-FDMA based broadband systems and consider various
transceiver schemes employing this type of broadband technology. It is worth men-
tioning that we do consider SC-FDMA and OFDMA based broadband systems in a

unified manner in Chapter 4 .
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1.2 Cooperative Beamforming with Multiple Relays

Next generation wireless systems are required to provide a certain quality-of-service
(QoS) to their users, including those at the cell edge. In this context, relays have
been recognized as an effective means to extend the coverage of wireless networks
[3, 4, 5, 31]. The three most popular relaying techniques are amplify-and-forward
(AF), compress-and-forward (CF), and decode-and-forward (DF). Compared to CF
and DF relays, AF relays have the advantage of simpler signal processing and end-to-
end transparency of data transmission |3, 31]. If the channel state information (CSI)
is available at the relays, cooperative relay beamforming (rBF) [32, 33, 34, 35| across
multiple parallel AF relays can be employed to create a virtual antenna array, which

introduces additional spatial diversity and yields considerable performance gains.

1.2.1 Cooperative Relay Beamforming with Perfect CSI

With perfect CSI available at the relay nodes and the destination node, and for flat
fading channels, the optimal rBF filters which maximize the received signal-to-noise
ratio (SNR) and the ABR of the network under individual relay power constraints
(Ind-PCs) were reported in [36] and [37], respectively. The rBF design minimizing
the received mean-square error (MSE) under Ind-PCs was investigated in [38, 39|.
In high-rate data communications, the channels become frequency-selective and sig-
nificant inter-symbol interference (ISI) is present at the receiver. To reduce the
performance degradation caused by ISI, the design of filter-and-forward rBF for a
continuous SC transmission with and without time-domain (TD) equalization at the
destination under an aggregate relay power constraint (Agg-PC) was investigated
in [41] and [42], respectively. For frequency-selective fading channels, optimal rBF

across multiple relays was also studied for OFDM with ergodic capacity as the opti-
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mality criterion in [40, 43, 44]. As pointed out earlier in this chapter, OFDM is not
a good option if low transmit PAPRs are desired. On the other hand, for channels
with large length of channel impulse responses (CIRs), TD-BF and TD equaliza-
tion introduce a high complexity in systems employing continuous SC transmission
[10, 11]. In this regard, block-based SC-FDE is appealing as it enables both low
PAPR and low-complexity frequency-domain processing for efficient mitigation of
frequency-selective fadings [12, 13|. Nevertheless, the literature on cooperative BF
for SC-FDE is very sparse, with [45] being the only notable exception, where the
application of FD linear equalization (FD-LE) has been considered in a multi-user
uplink network with a single-antenna relay station. However, |[45] imposes a pre-
determined linear equalization structure on the relay and only optimizes the power
allocation across different frequency tones. In addition, in future wireless systems,
multiple multi-antenna relays may cooperate for improving the link quality and the
extension of [45] to this scenario is not straightforward. This motivates us to consider
a systematic transceiver design for a multiple multi-antenna AF relay network with

both linear and nonlinear equalization receivers in Chapter 2.

1.2.2 Cooperative Relay Beamforming with Imperfect CSI

The rBF schemes mentioned so far are based on the assumption that perfect CSI is
available at the relays and the destination. In practical wireless systems, CSI is usu-
ally imperfect due to channel estimation errors and/or feedback quantization errors
[46]. Two different approaches are commonly used to model imperfect CSI, namely,
statistical models and deterministic models. In the former case, the statistics of the
CSI errors are assumed to follow some known distribution such as Gaussian, which

makes this model suitable for modeling channel estimation errors [47]. In the latter
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case, the CSI error is assumed to lie in an uncertainty region with known boundary,
making this model suitable for the characterization of quantization errors [48]. There
are several works on robust rBF design, which have adopted one of these two models.
For example, the authors of [82] investigated the optimal rBF filter which maximizes
the received SNR of a multi-relay network based on the deterministic CSI error mod-
el. In [50], the optimal minimum MSE relay precoding scheme was developed for a
multiple-antenna single-relay system based on the statistical CSI error model. The
relay precoding matrix design for a multi-relay network was studied in [51] for both
of these error models. However, all these works are only applicable to flat fading
channels, where the optimization is essentially performed on a per-subcarrier basis.
The extension of robust rBF designs to multiuser multi-relay broadband systems in
frequency-selective channels is more challenging as the dimensionality of the result-
ing problem is much higher. We note that for perfect CSI, the rBF optimization
for SC-FDMA multi-relay systems with Ind-PCs has been addressed in [52], where
the objective is the minimization of the maximum user-wise MSE in the network.
However, for a multiuser network, the ultimate system performance depends on the
aggregate ABR, which is a complex nonlinear function of the user-wise MSEs, and
thus cannot be optimized using the formulation in [52] . To the best of our knowledge,
a robust rBF filter design which directly maximizes the network ABR for SC-FDMA
and OFDMA under either an Agg-PC or Ind-PCs has not been investigated in the
literature yet. This motivates us to investigate a unified transceiver scheme, which
includes the robust design of rBF filters and destination equalization (dEQ) filter, for
SC-FDMA /OFDMA based multiuser broadband systems with multiple AF relays in
Chapter 4.
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1.3 MIMO Relay Systems

In the previous section, we have discussed various rBF schemes for both single-user
and multi-user multi-relay systems. A common aspect of these schemes is that on-
ly a single spatial data stream is transmitted through the communication link [53].
For the multi-user case, each user only transmits a single data stream. However,
future wireless communication systems are expected to support very high-speed data
rates with limited available bandwidth resources. Spatial multiplexing [54, 55|, which
could transmit multiple data streams through multiple spatial channels created by
the MIMO systems, is one of the key technique for achieving this goal. Therefore,
MIMO relay systems [56, 57|, where multiple antennas are equipped at source, re-
lay and destination nodes, have received significant research interest for exploiting
the benefits of both multiple-antenna and relay technologies. An important research
problem for MIMO relay systems is the design of optimal node processing matrices
to improve spectral efficiency and/or error performance through efficient utilization
of transmit CSI [58, 59|. For example, assuming availability of perfect CSI at the
source and relay nodes and linear processing at the destination, the source and relay
processing matrices were optimized for maximization of the relay channel capacity
and minimization of the MSE in |60, 61| and [62, 63], respectively. In [64], a general
framework for linear transceiver optimization in MIMO AF relay systems was provid-
ed for a large family of objective functions, which includes the capacity maximizing
and the MSE minimizing designs as special cases. The extension of the results in 64|
to multi-hop MIMO AF relay systems with linear and decision-feedback equalization
receivers was investigated in [66] and [67], respectively. More recently, the design
of MIMO AF relay systems with partial or imperfect CSI at source and relay was
considered in 68, 50].
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Existing works on transceiver design for MIMO AF relay systems are based on
the assumption of either frequency-nonselective (flat) channels |61, 62, 66, 67, 50| or
frequency-selective channels in combination with OFDM [60, 64, 68, 65]. Since OFDM
decomposes a frequency-selective channel into multiple parallel flat subchannels |70,
121], the transceiver designs developed for frequency-nonselective channels can be
extended to OFDM based MIMO relay systems by solving an additional subcarrier
power allocation problem across different subcarriers. However, the optimization of
SC-FDE based MIMO relay systems has not been considered in the literature so far.
The main difference of MIMO SC-FDE systems compared to MIMO OFDM systems
lies in the special structure of its MSE matrix in the time domain, which is the average
of the subcarrier-wise MSE matrices of the corresponding MIMO OFDM systems in
the frequency domain |72, 73|. Therefore, the design problem for MIMO SC-FDE
systems has a very different structure compared to that for MIMO OFDM systems
even in point-to-point non-cooperative communication scenarios. This motivates us
to study the joint transceiver design for SC-FDE based MIMO AF relay systems in

Chapter 3.

1.4 Full-duplex Relay Systems

Conventionally, relay systems are operated in the half-duplex mode, where two or-
thogonal time slots are required to accomplish the signal transmission [31]. This
would result in a low spectrum efficiency, especially when there is a large number
of hops in the relay network. Recently, due to the promising advances in hardware
technology for interference cancellation |74, 75, 76, 77|, full-duplex relays (FDRs)
that can transmit and receive signals simultaneously are drawing a growing interest

from the research community. The key enabling technique for full-duplex radios is
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the so-called self-interference cancellation. The authors of [78] investigated several
signal cancellation techniques, including natural isolation, time-domain cancellation,
and spatial-domain suppression, to alleviate the loopback interference (LI) inherent
to FDRs. In [79], a spatial-domain nulling scheme was proposed for cancelling the
echo FDR channel interference. Transmit beamforming and power allocation are also
effective means to enhance the performance of FDR systems. In [80], a power allo-
cation scheme was employed to maximize the throughput of hybrid half-duplex relay
(HDR) and FDR systems. Power allocation for minimization of the outage proba-
bility of a cognitive radio FDR system was studied in [81]. Taking into account the
effects of imperfect LI cancellation, the authors of 82| studied the primary-cognitive
rate region of a cooperative cognitive system by deriving optimal and suboptimal
beamforming schemes for the cognitive FDR. In terms of performance analysis, the
diversity-multiplexing tradeoff and outage performance of FDR systems were studied
in [83] and [84], respectively. To determine the optimal duplex mode, the authors of
|85] studied the SNR outage probability for a DF relay system and derived the con-
dition under which FDRs outperform HDRs. More recently, a low-complexity joint
precoding and decoding strategy based on the zero-forcing criterion was proposed in
[87] for a multi-antenna FDR system.

The aforementioned works on FDR systems are all based on the assumption of
flat-fading channels. In the presence of frequency-selective fading, the design of FDR
systems becomes even more challenging as the signal received at the relay suffers not
only from LI, but also from inter-symbol interference [88]. Two prevailing solutions
to overcome channel frequency selectivity are OFDM and SC-FDE, and both ap-
proaches have found successful application in HDR system design, e.g., [60, 89, 90].

Unfortunately, these HDR designs are not applicable to FDR systems due to the non-
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negligible residual LI at the relay, which couples the transmit signals of consecutive
hops and makes the design problem more difficult. For OFDM based FDR systems,
some results for system optimization have been reported recently. For example, [91]
investigated an adaptive interference cancellation scheme for OFDM FDR systems
which aims to minimize the residual LI power assuming perfect knowledge of the LI
channel at the relay. In [92], a resource allocation scheme was proposed to maximize
the bit rate of a hybrid HDR /FDR system assuming imperfect LI channel estimation
but perfect transmit channel estimation. Nevertheless, for SC-FDE based FDR sys-
tems, the corresponding transceiver design problem has not been investigated in the
literature yet. This motivates us to study the robust transceiver design for SC-FDE

based FDR systems assuming imperfect CSI at the transceivers in Chapter 5.

1.5 Contributions of the Thesis

This thesis considers the design of various transceiver schemes for performance en-
hancement that may find application in several current or upcoming wireless commu-
nication standards. The main contributions of this thesis are listed in the following.

1. We propose a novel frequency-domain approach to rBF design for SC-FDE
based broadband systems with one single-antenna source, multiple multi-antenna
AF relays, and one single-antenna destination. The proposed scheme could effectively
reduce the inter-symbol interference originated from the multi-path fading and the
inter-relay interference resulted from the concurrent transmissions of multiple relays.
We also propose suboptimal rBF schemes which perform close to the optimal rBF
scheme and show a remarkable robustness against imperfect CSI.

2. We propose a joint transceiver design for an MIMO SC-FDE based AF relay

system with multi-antenna source, relay, and destination. Exploiting the mathemat-
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ical tools from majorization theory, we find the optimal structure of the source and
relay precoding matrices for minimizing a family of Schur-convex and Schur-concave
objective functions. The remaining source and relay power allocation problems are
solved by adopting an alternating optimization algorithm based on a high SNR ap-
proximation of the objective function. Furthermore, we propose low-complexity sub-
optimal precoding schemes with less signalling overhead at the cost of only a moderate
performance degradation.

3. We investigate the robust transceiver design for a broadband multiuser net-
work with multiple single-antenna source, multiple single-antenna AF relays, and
one single-antenna destination, in the presence of channel estimation errors. The
proposed unified transceiver scheme for both SC-FDMA and OFDMA maximizes the
lower bound of the network ABR under different types of power constraints at the
relay nodes, namely Ind-PCs and an Agg-PC. For the Agg-PC, we obtain closed-form
solutions for the rBF filter coefficients and global optimal solution for the relay pow-
er allocation. For Ind-PCs, we find a local optimal solution of the rBF problem by
reformulating the rBF problem into a reverse-convex problem and by applying the
constrained convex-concave procedure (CCCP).

4. We study the robust transceiver design for a multi-hop full-duplex DF relay
system. Two relevant objective functions are considered for the purpose of transceiver
optimization: (1) minimization of the sum MSE of different hops. (2) minimization
of the maximum MSE across different hops. For both cases, we optimize the trans-
mit precoding coefficients and receive equalization coefficients under separate node
transmit, power constraints. We find that the the optimal equalization filters at the
receiving nodes are identical for both considered optimization criteria and take the

form of robust Wiener filters. We further propose two efficient algorithms to solve the

10
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remaining non-convex optimization problems for the transmit precoding coefficients.
The first scheme is based on the successive geometric programming algorithm, and
the second scheme combines the different-of-convex programming algorithm and the
alternating optimization algorithm to find a stationary point solution to the original

problem.

1.6 Organization of the Thesis

In the following, we provide a brief overview of the remainder of this thesis.

In Chapter 2, we propose a novel single-data stream, frequency-domain rBF
scheme for SC-FDE broadband systems. Assuming perfect CSI at the relays, the
rBF filter coefficients are optimized for three different receiver structures at the des-
tination, namely, FD-LE and FD decision feedback equalization (DFE) as well as an
idealized matched filter (MF) receiver, which constitutes a performance upper bound
for any receiver. Simulation results for a typical frequency-selective fading channels
confirm the excellent performance of the proposed scheme and show that proposed FD
rBF has a more favorable performance than Naive-rBF schemes and multi-antenna
source BF scheme in conventional non-cooperative communication systems.

In Chapter 3, we consider the transceiver optimization for an SC-FDE based MI-
MO AF relay networks with one multi-antenna source, one multi-antenna AF relay,
and one multi-antenna destination. Assuming perfect CSI at all nodes in the system,
the transmit precoding matrices at the source and the relay are jointly optimized for
the minimization of a general objective functions in terms of the stream-wise MSE.
We solve the associated optimization problems in two stages. In the first stage, we
find the optimal structure of the precoding matrices by exploiting the property of the

MSE matrix and the tools from majorization thoery. For Schur-concave objective

11
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function, the optimal precoding matrices diagonalize the end-to-end effective MIMO
relay channel matrix. For Schur-convex objective function, the optimal precoding
matrices diagonalize the effective channel up to a unitary rotation at the source pre-
coder. In the second stage, an efficient numerical algorithm based on alternating
optimization principle is proposed for finding the optimal power allocation at the
source and the relay. Furthermore, we propose efficient low-complexity suboptimal
methods for the source and relay precoding matrices which results in less signalling
overhead at the cost of moderate performance degradation. Simulation results show
the benefits of having multiple antennas at the source, relay and destination and illus-
trate the excellent BER and ABR performance of the proposed optimal /suboptimal
precoding schemes.

In Chapter 4, we investigate robust transceiver schemes for multiuser multi-relay
networks . In contrast to prior work, which concentrated on system design with
perfect CSI, we consider here a more piratical scenario where the CSI available at the
relays and the destination are imperfect. For the power constraints at the relays, we
investigate two different cases: (1) the Agg-PC and (2) Ind-PCs. For both cases, we
optimize the rBF filter coefficients and dEQ filter coefficients for maximization a lower
bound on the ABR of the network. The optimal dEQ filters and the phases of the
optimal rBF filter coefficients are derived for both types of constraints. Then, for the
Agg-PC, a two-step solution for the optimal amplitudes of the rBF filter coefficients
is proposed by employing primal decomposition. In the first step, for each subcarrier
of the users, the optimal rBF allocates power across relays by taking into account the
CSI error variances. In the second step, a convex power allocation procedure further
distributes the power across subcarriers and among users to enhance the weighed

ABR performance. For Ind-PCs, the optimal amplitudes of the rBF filter coefficients

12
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are obtained by solving a sequence of convex optimization problems. Our simulation
results reveal that the proposed robust rBF schemes outperform conventional non-
robust scheme remarkably, especially with large values of CSI error variances, and
also achieves a significant ABR performance gain over the naive-AF relaying scheme.

In Chapter 5, we consider robust transceiver design for a multi-hop SC-FDE based
full-duplex DF relay networks with channel uncertainty. For the performance metrics,
we consider (1) the sum MSE of different hops. (2) the maximum MSE of different
hops. For both problems, we propose two efficient algorithms to find the solution of
transmit precoding/power allocation coefficients. The first scheme is based on the
successive geometric programming algorithm, and the second scheme combine the
different-of-convex programming algorithm and alternating optimization algorithm
to obtain a stationary point solution to the original problem. Numerical results
show that both approaches yield practically identical MSE and ABR performances.
In addition, the proposed robust transceiver design outperforms non-robust FDR
systems and robust half-duplex relay systems by a considerable margin, especially in
high SNR region and with large channel estimation errors.

Finally, Chapter 6 summarizes the contributions of this thesis and outlines areas
of future research. Appendices contain the proofs of the propositions, lemmas, and

theorems.
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Chapter 2

Transceiver Design For SC-FDE

Systems with Multiple Relays

2.1 Introduction

As pointed out in Chapter 1, next generation wireless systems are required to guar-
antee a certain level of QoS for the cell-edge users. In this context, relays have been
recognized as an effective means to achieve this goal [3, 4, 5, 31]. If the channel
state information is available at the relays, cooperative rBF |32, 33, 34, 35| across
multiple parallel AF relays can be employed to create a virtual antenna array, which
introduces additional spatial diversity and yields considerable performance gains.

In this chapter, we propose a systematic transceiver design for cooperative broad-
band SC-FDE networks with multiple multi-antenna AF relays. At the destination,
we consider both FD-LE and FD-DFE as well as an idealized MF' receiver, which
constitutes a performance upper bound for any receiver. Assuming the equalizers
at the destination are optimized based on the minimum MSE criterion, we develop
a unified framework for optimization of the rBF matrices, which is applicable for
all considered receivers. In particular, for an aggregate relay power constraint, we
derive a closed-form solution for the structure of the optimal rBF matrices which is
identical for all considered receivers. In contrast, the optimal power allocation across

frequency tones depends on the adopted receiver. We develop a numerical algorithm
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for optimal power allocation and two suboptimal power allocation schemes assigning
equal powers to all relays and /or frequency tones. These suboptimal power allocation
schemes are shown to achieve near-optimal performance for SC-FDE and constitute
viable alternatives to more complex optimal power allocation.

The remainder of this chapter is organized as follows. In Section 2.2, the system
model is presented. In Section 2.3, the optimal minimal MSE receivers are provided
and the corresponding objective functions for rBF matrix optimization are derived.
The structure of the optimal rBF matrices and power allocation schemes are de-
veloped in Section 2.4, and simulation results are provided in Section 2.5. Some

conclusions are drawn in Section 2.6.
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Figure 2.1: System model for SC-FDE block transmission with cooperative relay BF.

2.2 System Model

We consider a block-based SC-FDE system with one source node, S, Ng relays,
R;, 1 =1,..., Ng, and one destination node, D, as shown in Fig. 2.1. We assume
that S and D are equipped with a single antenna, respectively, and the relays are

equipped with NV antennas. The CIR coefficients of the S-D, S-R;, and R;-D channels
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T S0 _ [ @OT LOT &OT ]T

are collected in vectors q; = [qo,q1,-.-,qr,—1]", & 8 8 s---:81,-1] »and

hgi) = [h(()i), hgi) e ,h(Li})L_l]T, respectively, where L,, Ly, and Ly, are the corresponding
CIR lengths. Here, gl(i) = [giws -+, giv)” € CV*! and hl(i) = (R, -+ hint] € CHXV,
where @i (hin) represents the [th tap of the CIR between the nth antenna of R; and

S (D). The transmission is organized in two phases.

2.2.1 First Phase of Transmission

During the first phase, the source node broadcasts its information to the relay nodes
and the destination node. Specifically, at the source, N, independent, identically
distributed (i.i.d.) symbols s, n =1,..., N., which are drawn from a signal constel-
lation with variance o2 = E[|s,|?], are collected in a vector s = [sy,...,sy,]T.

A cyclic-prefix (CP) in form of the last N, (N, , > max{L,, L,}) elements of s
is added at the beginning of s and the resulting signal is transmitted by the source
node. The CP transforms the linear convolution of the CIRs and the transmitted
signal into a circular convolution. Thus, the received signals (after CP removal) at

the destination, yo € C¥*!, and at the ith relay, r; = [r},...x] |7 € CVVexd (ry

denotes the received vector at the ith relay at time k), are given by
Vvo=Qs+ng and r,=G;s+n;, i=1,...,Np, (2.1)

respectively, where Q = circ{[q} Oixn,—z,]"} € CV*Ne and G; = blkcirc{géi), ce

g(Lzzfl, Onxi,---,0nx1} € CNNXNe “are column circular and block-circular matrices,

respectively, and ng ~ CN(0,02 Iy,) and n; = [n]},...nly |7 ~ CN(0,02 Iyy,) are
the noise vectors at the destination in the first phase of transmission and at the ith

relay, respectively. We assume that all noise vectors are independent of each other.
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2.2.2 Second Phase of Transmission

In the second phase, the relays process the received signals before forwarding them to
the destination. Specifically, the ith relay first converts r; into the FD using N parallel
fast Fourier transforms (FFTs). Subsequently, the FD vector (F ® Iy)r; is multiplied
by a block-diagonal FD-BF matrix Al = blkdiag{Ay € CV*V, k = 1,..,N.},
where F is the DFT matrix of size N.. The resulting FD vector is transformed
back into the TD using N parallel inverse FFTs (IFFTs) leading to vector t; =

[t],. . t]y ] € CVNext,
ti:Air,-, izl,...,NR, (22)

where A, = (F@IN)TA?)(F®IN).1 Subsequently, a CP of length N, , (Ny, > Ly) is
added to the vector formed by the nth element of t;x, £ = 1,..., N, and the resulting
signal is transmitted over the nth antenna of relay R;. After CP removal, the received

signal at the destination in the second phase of transmission can be written as

Ng
yi=Y Ht;+n=Hs+n, (2.3)

i=1
where H; = blkcire{h{’,....h{) | 01n,..., 01y} € CV*NNe 0 CA(0, 02, Iy,),
H = Zf\fl H;A;G; represents the effective channel matrix between S and D, and

n= Zf\g H;A;n; + n is the effective noise vector. Stacking the signals received at

!'We note that the proposed FD based processing at the relays bears a complexity advantage
compared to an equivalent TD based processing. In particular, each FFT and IFFT operation re-
quires logy (N, )N, /2 complex multiplications [93] and the multiplication with block-diagonal matrix

Agf) entails N2N, complex multiplications. Thus, for the proposed FD based processing, each relay

has to perform logy(N.)NN./2 + N?N, complex multiplications. On the other hand, the direct
(TD) multiplication of A; and r; in (2.2) requires N> N2 complex multiplications. Thus, FD based
processing enables considerable computational savings, especially if the number of subcarriers NV, is
large.
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the destination in both transmission phases into one long vector, we obtain
y=I[vs y{I"=Hs+n, (2.4)

where H = [Q7 H”)T and i = [n? a7]”. It is useful to note that since Q, G,
and H; are circular/block-circular matrices, they admit the following diagonal /block-

diagonal decompositions:
Q=FIQ/F, G =(FeIy)GYF, H =FHFal), (2.5)

where Qy, Ggf), and Hgf) are diagonal /block-diagonal matrices with the kth diagonal /block-
diagonal entry equal to qx, gir € CV*! and hy, € CY*V| respectively. Here, qi, i,

and hy;, represent the frequency responses on the kth frequency tone of the respective
channels. Based on these observations, we can decompose H and H as

FiQ,F

H=FH/F and H= = (I, ® F)'H,F, (2.6)

FIH,F
where H; = S H?)Agf)Gﬁf) and Hy = [QF  HY]” are the FD representations of

H and H, respectively.

2.2.3 Processing at the Destination

At the destination, the two vector elements of the received signal, y, namely the
signal directly received from the source, yo, and the signal received from the relays,
y1, are converted to the FD domain via FFTs. For this purpose, the same FFT
module can be used twice, of course. Subsequently, the FD signal components are

filtered by an FD feedforward filter (FD-FFF) W/ and transformed back to the TD
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using an FFT, as shown in Fig. 2.1. The overall TD filter W can be expressed as
W =FW,(I,oF), (2.7)

where W, = [W;l) Wgcz)] with {W(l),W?)} € CNexNe heing two diagonal matri-
ces. The diagonal elements of Wgcl) and W?) represent the FDE coefficients for the
signal received at the destination during the first and second phase of transmission,
respectively.

For FD-DFE, the output signal of the FD-FFF after conversion to the TD, y =
Wy, is further fed into a symbol-by-symbol decision feedback module, which can be
described by a column circular matrix B = circ{[b 01y (n.-n,,-1)]" } € C¥*Ne where
b = [by, by, ..., bn,,] with b; denoting the feedback coefficient at the Ith tap, and Ny,
is the number of taps of the feedback filter (FBF). Note that by is set to 1 to enable

causal IST cancellation. The circular matrix B allows the decomposition
B = F'B,F, (2.8)

where the kth diagonal entry of By is given by bsi. As usual, for equalizer design,
we assume the decision feedback process to be error free [106, 96], and write the
output of the FBF as y =y — (B — I,)s. Note that when Ny, = 0, B becomes an
identity matrix and FD-DFE degenerates to FD-LE. Therefore, for both FD-LE and
FD-DFE, the error vector between the filtered received signal and the desired signal

can be expressed as

e=y—s=Wy—Bs. (2.9)
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2.2.4 Required CSI and Feedback

CSI: In this paper, we assume that the system operates in the time division duplex
(TDD) mode such that all channels are reciprocal. Relay R;, i = 1,..., Ng, estimates
its own source-relay and relay-destination channels, i.e., g;,x and h;,,, Vn, k, based
on training symbols emitted by the source and the destination, respectively. One
node, usually the source or the destination, assumes the role of the central node.
The central node acquires the CSI of all links in the network and computes the op-
timal rBF matrices. Assuming the destination (source) is the central node, for CSI
acquisition, the source (destination) emits training symbols and the relays forward
the corresponding received signals to the destination (source). This enables the des-
tination (source) to estimate the overall channel coefficients Rink = GinkNink, Vi, n, k.
Subsequently, each relay emits training symbols and the destination (source) esti-
mates Ring (Gink), Vi, n, k, and calculates g = Rinie/ Pink (hink = Bmk/gmk), Vi, n, k.
Throughput this paper, we assume perfect CSI acquisition. The effect of imperfect
CSI acquisition will be investigated in Section 2.5.

Feedback: As will be seen in Section 2.4, relay R; can compute its optimal rBF
matrix based on its own local CSI, i.e., g;nx and hjne, Vn, k, and 2N, real numbers
that have to be fed back by the central node and are identical for all relays. For
this purpose, we assume a zero-delay error-free feedback broadcast channel. Similar

assumptions are commonly made in the related literature 32, 42].

2.3 Receiver Structures and Objective Functions

In this section, we derive the optimal receive filters for FD-LE, FD-DFE, and the

idealized MF receiver. In addition, we define for each considered receiver an objective
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function for rBF matrix optimization.

2.3.1 FD-LE and FD-DFE

We first examine the MSE of the considered system, which is related to the diagonal
entries of the error covariance matrix E = Efee!]. Using the definition of E, along

with (2.4) and (2.9), we obtain
E=-W (agﬁﬁf + CJ) W'~ ?WHB! — ¢?BH'W' + ¢?BBf, (2.10)

where the covariance matrix of the effective noise at D is given by

oI, O, N,

C 2 Ennf] = Nr , (2.11)

ONCNC 0'7211 (ZH1A2A1H3> + 0'7212:[]\]C

i=1
which can be further decomposed as C = (I, ® F)'C;(I, ® F) with
i o, On.N.
= Nr . 2.12
; o (2.12)
o, o2 (SoHPAPAPHPT) 402 1y,
i=1

Inserting (2.7) into (2.10) and differentiating tr{E} with respect to W and setting

the result to zero, we obtain for the optimal FFF

- - o~ - —1
W = FB/H| (A} + C;) (LeF). (2.13)
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Using this result in (2.10) and after some matrix manipulations, the MSE matrix is

obtained as
E = 02FB,¥;'B}F', (2.14)
where Wy is a diagonal matrix given by
Uy = o H,C;'Hy + Iy, (2.15)

We observe from (2.14) that E is a circular matrix, i.e., all its diagonal elements
are identical. Since the kth diagonal element of E represents the MSE for the kth
transmitted symbol, the MSEs for all transmitted symbols are identical. Furthermore,
by exploiting the expression for H; in (2.6) and C; in (2.12), we can show that the

diagonal entries of Wy are given by

2\"Vr hiAoi)2 2
Ty = — "SN§1=1( ik T”“g;’“) —+ g+ 1, V. (2.16)
JTL1 Zi:l hlkA'lkA’Lk’hlk + Ung O-no

For FD-LE, we have B; = I, which can be used in (2.13) and (2.14) to obtain
the LE filter W and the MSE matrix E. As the MSEs for all symbols are identical,

we obtain from (2.14)

2
g
MSEk,FD—LE :Fsctr {F\I’JTIFT }

(a)UE 1 U? al -1
:Ftr{\lff }:FZ% . Wk, (2.17)
c c k=1

where in (a) the shift property of the trace operator and the unitary property of F

were used.
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Using the same reasoning as for FD-LE, for FD-DFE the MSE for the kth symbol

is given by
o2 o2
MSEygp-pre = <= tr {Bf\y;IB}} = 23 bW,V
c ¢ oo

which depends on the FD-FBF coefficients bfj. Therefore, we first need to find the
optimal FBF. Since the FBF is implemented in the TD, we rewrite the bs; in terms

of the TD coefficients, b,, resulting in

0’2 Nl Ny 2 Ny 2
MSE; rp-prE :FS Z Z b,e I n"F Ut Z bq*neJNimk
¢ k=0 =0 m=0
o2 Npo Nyo Ne—1 .
S (S v,
¢ n=0 m=0 k=0
o? ;
=—bVb' Vk, 2.18
N, (2.18)
where V is a Hermitian matrix whose (7, j)th entry is given by V;; = kNigl vt

e_j%(i_j)k. Recall that the first coefficient of the TD-FBF is set to 1 to ensure

causality. Thus, the optimal FBF coefficients are obtained from
min bVb', (2.19)

s.t.b®=1

where ® = [1, Oy, _1|". Using the standard Lagrange multiplier method, the

solution to (2.19) can be derived as [106]

b= (dV'ie) eV (2.20)

Substituting the optimal b in (2.20) into (2.18), we obtain the corresponding ex-
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pression for the minimum MSE. Unfortunately, this expression depends on the rBF
coefficients in a complicated way, which renders the corresponding optimization prob-
lem intractable. To find a tractable objective function, we exploit the equivalence
between FD-DFE and TD-DFE with infinite length filters. In the asymptotic sce-
nario where both V. and Ny, tend to infinity, the MSE becomes the geometric mean

of the main diagonal elements of the error covariance matrix [96, 97|

Nc
MSEk,FD—DFE = 0’3 det(‘I’f)_l/Nc = 03 H \I’];l/Nc, Vk‘ (2.21)
k=1

In the following, for FD-DFE rBF matrix optimization, we use (2.21) as an approxi-
mation for the MSE of FD-DFE with finite Ny, and N.. We found through extensive
simulations that this choice achieves a high performance even for relatively small

values of Ny, and N..

2.3.2 Idealized Matched Filter Receiver

For the idealized MF receiver, single-symbol transmission is assumed, i.e., ISI is
not present, which results in a performance upper bound for any realizable receiver
structure. Taking into account that the effective noise at the destination is colored
and defining the equivalent channel matrix after pre-whitening, He, = C~'/?H, the

signal-to-interference-plus-noise ratio (SINR) at the output of the MF is obtained as

o2 o? o2 Ne
SINRy, pir = A {H H! } = Fctr{\Ilf — Iy} = N ; (T —1), Vk. (2.22)
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2.3.3 Objective Function for rBF Matrix Optimization

Since the performance of SC-FDE is directly influenced by the MSE at the desti-
nation, a reasonable objective for rBF matrix optimization is the minimization of
the MSE (or equivalently the maximization of the SINR). Consequently, based on
(2.17), (2.21), and (2.22) the considered objective functions to be minimized can be

compactly expressed as

N —
Ne wrl X =FD-LE

Sx(Wr) =4 =S¥ logl,, X =FD-DFE (2.23)

— 3 (U — 1), X =MF
\

where for FD-DFE we consider the logarithm of the MSE in (2.21) to facilitate the
subsequent optimization. Because of the monotonicity of the logarithm, this has
no effect on the optimal solution. We note that all objective functions in (2.23) are
monotonically decreasing function of W;. This property facilitates a unified treatment

of rBF matrix optimization for all considered SC receiver structures.

2.4 Problem Formulation and Solution

In this section, we derive the structure of the optimal rBF matrices, A, ¢ =
1,...,Ngr, k = 1,...,N., and the optimal subcarrier power allocation for the ob-
jective functions introduced in the previous section. Thereby, an aggregate relay
power constraint is adopted. Other power constraints such as individual relay power
constraints and a joint source and relay power constraint can be considered as well.
Furthermore, the extension to multiuser systems is possible by adopting SC-FDMA.

However, in this chapter, we focus on the joint relay power constraint and single-user
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systems, and leave the consideration of other power constraints and multiple users to

Chapter 4.

2.4.1 Problem Formulation

The transmit signal at the ith relay is given by t; = A;G;s + A;n; and the aggregate

power of the relays is P = S0 tr{t;t}. P can be rewritten as

Ngr
Pr=Y {Ai <J§GZGZT + ailINNC> A,T}
=1
NR . . . 1— . T
=Y uf{af (26PG) o2 1y ) AP}

=1

Nr N

=1 k=1

Hence, the optimal rBF filters are given by

AP = arg min Ix (), (2.25)

N,
Aik) zk:cl Pk SPR,max

where Pp .y is the maximum relay power available and P, is the power allocated to

the kth subchannel, i.e.,

i=1

In the next section, we show that for given P, the structure of the optimal rBF

matrices can be obtained in closed form.
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2.4.2 Structure of Optimal rBF Matrices

Since the considered family of objective functions, fx(Vy), are monotonically decreas-
ing functions in W, without loss of optimality, we can first maximize W, for a given

subchannel power Py, k = 1,---, N,, before optimizing the power allocation across

subchannels. To this end, it is convenient to rewrite ¥, as ¥, = \i/k -+ 02‘? q,% + 1,
ng

a.

where

@k _ a? Efiﬁ(hikAikgik)Q '
‘772” sz\g hz‘kAikAszhsz + U?Lg

(2.27)

Clearly, maximizing ¥, with respect to A;; is equivalent to maximizing ‘ilk Further-

more, by incorporating (2.26) into U}, we obtain

0, = Pw?(ZfV:ﬁ hi Airgir)?
Ppo2 St tr{ AL h hy Ay} + S0 tr{ Ay (o2ging), + 02, Iv) Al }o2,
(2.28)
For the following, it is convenient to introduce a, = [af,,...,a}y ,|7 with a; =
vec(Ajx) and to rewrite (2.28) as
§, — P.alU,a, _ BajU,a, (2.29)

QL(PICU?HZI@ + a,%QWk)ék QZAkék

where Uy, = @l iy, Gy = [Wig, ..., Unpe), Wi = (vee((ginhi)™))T, Zi = blkdiag{(Iy ®
hihgy),i=1,---, Ng}, W, = blkdiag{(o2g}gh + 02 Iy) @ Iy,i=1,---, Ng}, and
Ay = Pyo’ 7y + 02, Wy, Here, we used the identities tr{ AB} = vec (AT)Tvec(B),
tr {ABC} = vec (AT)" (1@ B)vec(C), and tr {ABC} = vec (CT)" (BT ® I) vec(A)
[99] to transform (2.28) into (2.29).

Since Uy is a Hermitian matrix and Ay is a positive definite Hermitian matrix,
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(2.29) is a generalized Rayleigh quotient [100], whose maximum value can be derived
as
(03] e = Prdunax (A1, UL A1)

@ ptr{a; PUA M)

Ngr
b 1t — c _
(:) Pktr{Ak 11,1;211]9} (:) Pk Z tr{Aiklujkuik}, (230)
i=1
where A\pax(X) denotes the maximum eigenvalue of matrix X, step (a) follows from
the fact that A,;T/QU/LCA,;U2 is a rank-one matrix, step (b) exploits the shift property
of the trace operator, and step (c) uses the block diagonal structure of Ay and the
definition of @;. The maximum value in (2.30) is achieved when aj, = ¢, A, @) or,

equivalently
ag = A, (2.31)

where ¢ is a normalization factor that guarantees the power constraint (2.26).

We observe that both [W)]__in (2.30) and ay, in (2.31) contain the term Ay ul,.
In order to gain some insight into the structure of a;; and to obtain a tractable expres-
sion for [\ifk]max for subsequent optimization, we introduce the following proposition

to simplify this term.

Proposition 2.1. : ul-Lk is an eigenvector of matriz ALY and corresponds to the

eigenvalue 1/(Pyo? ||hi||? 4+ 02, (02||gin]|* + 02))), i.e.,

T
W,

A._luT == .
O Pl (bl 2+ 02, (02 [gal 2 + 02,)

(2.32)

Proof. Please refer to Appendix-A. m
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From (2.30) and (2.32), we obtain

Ng 9
- PthikgikH
Wi s = (2.33)
; Byoy [hal|* + o7, (o2 |ginl|* + o7,)
and a;; can be expressed as
hZ oT )*
ik CkVGC( zk’gzk> (234)

P |2+ 02, (022 + 02,)
Upon de-vectorization of a;;, we obtain the final expression of the FD rBF matrix

A cul Il | g hlgl 059
Prr? el + 02, (o2l + o2,) el e

Combining (2.35) and (2.26), the normalization factor ¢; can be found explicitly as

ol

Ngr

higix | 03 ik 2+03L
6= VB[S | |1*(o| il )

~ o, [[hax| 2Py + (o7 |gikl |* + 07, )7, ]2

(2.36)

Interestingly, all objective functions fx(W¥) that are decreasing functions of Wy, k =
1,..., N, lead to the same structure for the optimal A;. and only the scalar c; is
affected by the particular objective function via the allocated power P;. Furthermore,
the optimal structure of A in (2.35) can be interpreted as follows. The first term,
el || ||giell/ (Peo?, | k| [> 4 02, (02||gix]|* + 02,)) is a positive scalar and depends
on the fraction of power allocated to the kth frequency tone. The vector terms %

h!

Ty have unit norm and represent a maximum ratio combining (MRC) filter

and
for the S-R; channel, g;;, and a maximum ratio transmission (MRT) filter for the
R;-D channel, hy, respectively. Eq. (2.35) reveals that relay R;, i = 1,..., Ng, can

compute its optimal rBF matrix based on local CSI, i.e., its own source-relay and
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relay-destination channels, and the 2N, real scalars ¢, and P, k= 1,..., N.. Since
¢ and Py depend on the CSI of all channels in the system, they have to be computed

at the central node and fed back to the relays, cf. Section 2.2.4.

2.4.3 Suboptimal Power Allocation Schemes

As will be shown in the next section, the optimal values for P, can only be found
with a numerical method, which may not be desirable in delay-sensitive or complexity-
constrained systems. One alternative suboptimal solution is to adopt equal power
allocation (EPA) across all tones, i.e., we set Py = Ppgmax/Ne. A further complexity

reduction is possible by performing EPA across tones and relays, which leads to

hj’k gjk

Ay =, ——hSik__
T ] (el

(2.37)
where ¢, = \/Prmac/Ne(3N (02]|gin||? + 02,))"1/2. These two suboptimal schemes
are referred to as EPA-T-rBF and EPA-TR-rBF, respectively. EPA-TR-rBF has
the additional advantage that the central node has to know only the source-relay
channels but not the relay-destination channels. This is advantageous if the source is
the central node, and thus, can directly estimate the source-relay channel based on
training symbols emitted by the relays.

Both EPA-T-rBF and EPA-TR-rBF reduce the feedback overhead compared to
optimal power allocation as the central node has to broadcast only NN, real scalars ¢,

k=1,...,N,.

30



Chapter 2. Transceiver Design For SC-FDE Systems with Multiple Relays

2.4.4 Optimal Power Allocation (OPA)

Exploiting the optimal structure of the rBF matrices, ¥; can be expressed as

Provp, 02 2
= q; + 1, 2.38
Z PrBik + ik 07210 ( )

where i = [|higinl [, Bie = o2, |[hik| [, and v = 072, (02||gi||> + 02,). Since Uy
is now only a function of Py, we redefine the objective function and express it as a
function of P = [Py, ..., Py.], fx(P), in the following. The optimal power allocation

vector is given by

P = arg min fx(P), (2.39)

N,
Zkél Pk:PR,maxy szo

where we have exploited the fact that the optimal power allocation meets the power
constraint Ppr max With equality.

We first verify the convexity of the considered objective functions. To this end,
we have tabulated the first and second derivatives of the considered fx(P) in Table

2.1, where the first and second derivatives of W, are given by

N N,
ov = ikYi oW N 20580
il = —Oz Kk 3 > 0, —2k = g M < 07 (2‘40)
0P, 1 (szpk + %‘1@) 8Pk — (ﬁszk + %‘k)

which shows that WUy is an increasing concave function of P,. We observe from Table
2.1 that 9*fx(P)/OP? > 0 for all considered objective functions, i.e., the power
allocation problem in (2.39) is a convex optimization problem.

The Lagrangian L of the power allocation problem is given by

Nc N.
L= fx(P)+p(d> P — Prme) — Y viPs, (2.41)
k=1 k=1
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where i and v, are the Lagrange multipliers associated with the total power con-
straint and the non-negativity constraint for the subchannel powers, respectively.
The optimal power allocation policy across the different subchannels can be obtained
from the following KKT conditions, which are sufficient and necessary for convex

problems [101],

dfx(P)
_ =0
oP, Rl U ;
N
> " Pi— Pruax =0,
k=1
Pk Z 0, Vi Z 0, l/kPk = 0. (242)

The last three conditions are the primal constraints, the dual constraints, and the
complementary slackness conditions, respectively, and imply that if v, > 0, then
P, =0 and if P, > 0, then v, = 0. Combining the first condition, v, = 8fX(P) + u,

and the last three conditions yields

dfx(P)
—_— >0=F =0
P, +p k )
dfx(P
Pk,>0:>m+u:0. (2.43)
O
Because of the convexity of fx(P), 8’;"—]3(:)) is monotonically increasing. Thus, for a

given value of y, condition (2.43) can be verified by examining [=3 fX( )]pk:o—i—,u. If this

value is greater than 0, we set P, = 0; otherwise, we find P as the unique positive

solution of 8fX P)

+ p = 0, which can be efficiently obtained by using e.g. Newton’s
method.
An algorithm for finding the optimum P is summarized in Table 2.2, where the

required first and second derivatives of the objective function are given in Table 2.1.
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Table 2.1: First and second derivatives of objective functions fx(P).

Receiver agxp(; ) 825)1;,(3P)
FD-LE | -0, 257 | 20, %[5 — v, 25
FD-DFE |~ '3 | 07507 — v, 52
2
uE [ G ~ vt

We note that this algorithm is not limited to the objective functions given in (2.23)

but is applicable to all objective functions which are convex in P.

2.5  Simulation Results

In this section, we evaluate the performance of the proposed rBF schemes using sim-
ulations. Throughout this section, we assume quaternary phase shift keying (QPSK)
modulation and define the transmit SNR as Ej/Ny, where Ej, and Ny denote the
transmit energy per bit and the single-sided power spectral density of the underlying
continuous-time noise process, respectively. We assume equal noise variances at the
2 2 2

mo = Ony = O.

relays and the destination in both phases of transmission, i.e., o ) -

Furthermore, we assume that each data block contains N, = 64 symbols. S and D
are located on a horizontal line and have a normalized distance of dg_p = 2 from
each other. The relays are located on a vertical line which crosses the horizontal line
connecting S and D at a distance of 1 from both S and D. The vertical distances
between the crossing point and the relays are multiples of 1/4. We assume a path loss

factor of 4 with a reference distance of d,.f = 1. Taking into account the pathloss, the

channel vectors are modeled as q = \/Ey/(No(ds_p)*) @, g = /' Eb/(No(ds—_r,)*) &,

and h; = \/Ey/(No(dg,_p)*) h;, where s € {q, g, h;} is the normalized channel vec-

tor with unit variance, and dg_g, and dg,_p are the S— R; and the R; — D distances,
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Table 2.2: Algorithm 2.1 for finding the optimal power allocation. €; and ey are small
constants, e.g. €; = €5 = 1074
1 | Initialize the upper bound, g5, and the lower bound, gy,

for p with 0 and maxk{—agxfgf) |p,=0}, respectively.

2 | Initialize PV, Vk, such that S, PV = Py oy
3 | Set = % (tup + pup)-
for k =1 to N,

Initialize iteration number m = 1.

Repeat

(m) _ afx(®)™
Set Fk = % + M.

k
1 1™ > 0, set P =0,

~1
otherwise, P,gmﬂ) = P,Em) - (W) F,(Cm),
Pk‘

m=m+ 1.
until |P,§m) — Pém_l)] < €.
end for

If Z{f;l P,Em) < PR max; set pp = p, otherwise, fiyp = .
5|1 [N, PU™ — Ppoax] < €2, then P™ VE,
are the desired results, otherwise, goto Step 2.

respectively. The normalized channel vectors are modeled as Rayleigh block fading
channels. For simplicity, we assume that all relay antennas are uncorrelated but note
that a non-zero correlation will generally degrade performance. The power delay

profile of the channels is given by [102]

1 Ll

p[n] = — Z e 7§ — 1, (2.44)

a.
t o

where L, € {Lgy, Ly, L,} and o, is a factor, which influences the delay spread of the
channels. For convenience, we assume Ly, Ly, Ly, Ny, and N, are all equal to 16.
For FD-DFE, the number of FBF taps is set to Ny, = 15.

All simulations are averaged over at least 10,000 independent channel realiza-
tions. We compare the performance of the proposed rBF scheme with the following

reference schemes: 1) Direct transmission (Direc-Tx) without relays; 2) Direct trans-
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Figure 2.2: BERs of SC-FDE with OPA-rBF and N-AF. Ny =2, N =1, and 0, = 2.
For comparison, the BERs of SC-FDE with direct transmission using a single transmit
antenna and MISO-sBF with two transmit antennas are also shown.

mission with conventional multiple antenna BF at the source (MISO-sBF) [103] ; and
3) Naive-AF relaying (N-AF), where the relay stations only scale the power of the
received signal before forwarding it to the destination. For MISO-sBF we assume
N Np transmit antennas at the source to enable a fair comparison with the proposed

rBF scheme. All schemes are compared for the same total system power budget.
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2.5.1 Single-Antenna Relays: Impact of Receiver Structures,

Power Allocation, and Frequency Selectivity

In Fig. 2.2, we depict the BERs for FD-LE and FD-DFE at the destination with OPA-
rBF and N-AF relaying using two single-antenna relays (i.e., N =1, Ng = 2). The
performance of the idealized MF receiver with OPA-rBF is included as a benchmark.
Furthermore, for comparison, the BERs of direct transmission using a single transmit
antenna and MISO-sBF with two transmit antennas are also shown. We choose the
delay spread factor as o, = 2, which corresponds to moderately frequency-selective
fading. Fig. 2.2 shows that even N-AF achieves a considerable performance gain
compared to direct transmission and MISO-sBF because of the pathloss gain induced
by the relays. As expected, FD-DFE outperforms FD-LE since nonlinear equalization
can better exploit the frequency diversity of the channel and is more robust to spectral
nulls of the channel. However, for both MISO-sBF and rBF, the performance gap
between FD-LE and FD-DFE is smaller than for direct transmission with a single
transmit antenna since multiple antennas can alleviate the negative effect of spectral
nulls. Furthermore, it is interesting to note that the BER curve of FD-DFE is parallel
to that of the idealized MF receiver when OPA-rBF is adopted, with only a 1 dB
SNR gap, while FD-LE suffers from a small loss in diversity gain compared to the
idealized MF receiver.

In Fig. 2.3, we investigate the BER of the proposed OPA- and EPA-rBF schemes
for the same system parameters as in Fig. 2.2. We observe that the BER curves of the
proposed rBF schemes with OPA, EPA-T, and EPA-TR are parallel, i.e., the diversity
gain is not negatively affected by the suboptimal power allocation. Furthermore,
the loss in array gain due to the suboptimal power allocation, i.e., the horizontal

shift of the SNR required to achieve a certain BER, is small. Therefore, EPA is an
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Figure 2.3: BERs of SC-FDE with OPA-rBF, EPA-T-rBF, and EPA-TR-rBF. Ny =
2, N =1, and 0; = 2. For comparison, the BERs of SC-FDE with direct transmission
using a single transmit antenna and MISO-sBF with two transmit antennas are also
shown.

attractive alternative to OPA because of the reduced feedback overhead and the low
computational complexity. In addition, we note that for sufficiently high SNR, the
BER curves for MISO-sBF have similar slopes as those for rBF, implying that both
schemes achieve a comparable diversity gain. However, there is a large SNR gap
between the BER curves for MISO-sBF and rBF since MISO-sBF cannot effectively
combat the pathloss.

In Fig. 2.4, the effect of o, on the BER performance of rBF, N-AF, and direct
transmission with and without MISO-sBF is investigated for FD-LE, FD-DFE, and

an idealized MF receiver at the destination. Except for the value of o4, the system
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Figure 2.4: BERs of SC-FDE with rBF and N-AF vs. delay spread factor o,. Np = 2,
N =1, and E,/Ny = 14 dB. For comparison, the BERs of SC-FDE with direct trans-
mission using a single transmit antenna and MISO-sBF with two transmit antennas
are also shown.

parameters are the same as in Fig. 2.2. The results show that for SC-FDE with rBF,
increasing the channel frequency selectivity, i.e., increasing oy, leads to a considerably
lower BER for both OPA and EPA due to the diversity gain extracted by rBF and
FDE. In contrast, the performance of SC-FDE systems with MISO-sBF is almost
invariant to the value of o;. This can be attributed to the fact that MISO-sBF cannot
effectively compensate for the pathloss and, as a result, for the considered transmit
SNR, the received SNR is quite low. Hence, for MISO-sBF, the noise dominates

the performance and a diversity gain is not observed for increasing o;. Furthermore,
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Figure 2.5: BERs of SC-FDE with rBF and N-AF for various numbers of relays.
N =2 Nrp=2/4,6, and o, = 2.

for rBF, the performance gain achieved by the idealized MF when o; increases is
considerably larger than the gains for FD-LE and FD-DFE since the idealized MF
is not negatively affected by the increased level of IST and can take full advantage of
the increased frequency diversity. We note that more complex trellis-based equalizers
may be able to close the gap between FD-DFE and the idealized MF receiver at the

expense of a considerably higher receiver complexity.
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2.5.2 Multiple-Antenna Relays: Impact of the Number of

Relays, Antennas, and Imperfect CSI

In Fig. 2.5, we investigate the effect of the number of relays on the BER of SC-
FDE with OPA-rBF in a system with N = 2 relay antennas. As can be observed, for
OPA-rBF, increasing Ni improves the BER performance substantially and allows FD-
LE and FD-DFE to closely approach the performance of the idealized MF receiver.
Thus, for relay networks with a sufficiently large numbers of relays, SC-FDE with
MMSE based receivers is close to optimal and little improvement can be expected
from more complex receiver structures. In contrast, for N-AF, performance slightly
deteriorates with increasing number of relays since N-AF cannot exploit the increased
diversity introduced by the additional relays.

In Fig. 2.6, we illustrate the effect of the number of relay antennas on the BER
performance of SC-FDE with OPA-rBF for a system with Nz = 2 relays. As expect-
ed, increasing the number of relay antennas greatly improves performance of both
rBF and MISO-sBF since additional spatial diversity is introduced. A comparison
with Fig. 2.5 reveals that adding more relay antennas is more beneficial in rBF sys-
tems than increasing the number of relays assuming the total number of antennas is
identical in both cases. This behavior is expected as co-located antennas enable a
joint processing of all received signals, which is not possible for distributed antennas.

In Fig. 2.7, we examine the impact of imperfect CSI at the relays on the BER
of a system with Ng = 2, N = 2, and E,/Ny = 14 dB. We assume that the CSI
employed for rBF matrix computation is imperfect. We model the CSI estimation
errors for all CIR coefficients as Gaussian random variables with variance o2. For
example, the CSI estimate for g;,; is given by Gini = gini + Agini, where the actual CSI

gimi and the CSI estimation error Ag;,; are mutually independent. We consider two
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Figure 2.6: BERs of SC-FDE with rBF for various numbers of relay antennas. Np =
2, N = 1,2,4, and o, = 2. For comparison, the BERs of SC-FDE with direct
transmission using MISO-sBF with 2, 4, and 8 transmit antennas are also shown.

different cases for the imperfect CSI. For Case I (dotted lines), the CSI of all links is
imperfect at the relays and the central node. In contrast, for Case II (solid lines), R;
has perfect CSI of its own links, i.e., gf) and hf), and the central node has imperfect
CSI of all links (i.e., Py and ¢x, k = 1,..., N, are computed based on imperfect CSI).
The BERs of FD-LE employing rBF with OPA and EPA are shown as functions of
02 in Fig. 2.7. In both cases, the performance degrades with the increase of 0. For
Case I, OPA, EPA-T, and EPA-TR yield a similar performance. In contrast for Case
I1, the suboptimal schemes are much more robust to imperfect CSI than OPA and

yield significant performance gains for large estimation error variances of o > 0.1.
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Figure 2.7: BERs of FD-LE with rBF and N-AF for imperfect CSI at the relays.
Nr =2, N =2 0, =2, and E,/Ny = 14 dB. For comparison, the BERs of SC-
FDE with direct transmission using MISO-sBF with four transmit antennas are also
shown.

This can be explained as follows. For OPA, both P, and ¢, are computed based on
the imperfect CSI. In contrast, for EPA-T (EPA-TR) only ¢ (c}) is affected by the
imperfect CSI, which makes it more robust than OPA. EPA-TR has the additional
benefit that ¢), depends only on the (imperfect) source-relay channels but not on the
relay-destination channels. Thus, for 2 > 0.1, EPA-TR performs slightly better than
EPA-T. As a general conclusion from Fig. 2.7 we note that for OPA to be beneficial,
accurate CSI is required. Nevertheless, even with imperfect CSI, all considered rBF

schemes outperform N-AF and MISO-sBF.
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Figure 2.8: PAPR at relays for SC FD-DFE with N-AF and OPA-rBF. N = {1, 2},
Ngr = 2, and E,/Ny = 14 dB. For comparison, the PAPRs of SC-FDE with direct
transmission using MISO-sBF with four transmit antennas are also shown.

2.5.3 PAPR at Relays

Since one of the primary reasons for adopting SC-FDE is its low PAPR, we study
in Fig. 2.8 the complementary cumulative density function (CCDF) of the PAPR at
the output of the relays for a system with Np = 2 relays employing one and two
antennas, respectively. For comparison, we also include the PAPR at the source for
MISO-sBF with four transmit antennas. From Fig. 2.8 we observe that N-AF has a
lower PAPR than OPA-rBF. However, the differences between both schemes is quite

small. Furthermore, Fig. 2.8 shows that additional relay antennas adversely affect
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the PAPR of all considered schemes due to the increased level of signal fluctuation
caused by the joint data processing across transmit antennas. For the same reason,
MISO-sBF introduces a comparatively high PAPR at the source, which compromises
the key advantage of SC transmission. In fact, the proposed rBF scheme shifts the
PAPR problem from the source to the relays, which makes it attractive for application

for uplink transmission.

2.6 Conclusion

In this chapter, we tackled the problem of optimal cooperative BF design for SC-FDE
systems with multiple relays. We derived objective functions for rBF matrix opti-
mization for FD-LE, FD-DFE, and idealized MF receivers and demonstrated that
the structure of the optimal rBF matrices is identical for all considered receivers.
Up to a power allocation factor, we obtained a closed-form expression for the opti-
mal rBF matrices. The optimal power allocation across subchannels depends on the
adopted receiver and we could show that the related optimization problem is convex,
which allows for an efficient numerical solution. We also proposed suboptimal power
allocation schemes, which perform close to OPA and show a remarkable robustness
against imperfect CSI, hence constituting viable low-complexity alternatives to OPA
in practice. Furthermore, for optimal rBF, simple FD-LE receivers approach the per-
formance of the idealized MF receiver as the numbers of relays and /or relay antennas

increase, making more complex nonlinear trellis-based receivers unnecessary.
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Chapter 3

Transceiver Design For SC-FDE
Based MIMO Relay Systems

3.1 Introduction

In Chapter 2, we have considered the transceiver optimization for a relay system with
multi-antenna relays. However, the source and the destination are only equipped with
a single transmit /receive antenna, and only a single spatial data stream is transmitted
through the communication links, i.e., beamforming-based transmission is adopted
[53]. In order to support the requirement of high-speed data rates for future wireless
communication networks, multiple data stream transmission through spatial mul-
tiplexing [54] is highly desired [14, 17]. This requires the deployment of multiple
antennas at all the transmit and receive terminals of the relay network, giving rise
to the so-called MIMO relay systems |56, 57].

In this chapter, we shall investigate the joint transceiver design for MIMO broad-
band AF relay systems employing either FD-LE or FD-DFE at the destination. We
optimize the source and relay precoding matrices for minimization of a general func-
tion of the MSEs of the spatial streams under separate power constraints for the source
and the relay. Specifically, we adopt the arithmetic MSE (AMSE), the geometric MSE
(GMSE), and the maximum MSE (maxMSE) [64, 70] as objective functions, which

are closely related to the achievable bit rate and the bit-error rate performance. For
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the case of FD-LE, we show that the optimal source and relay precoding matrices have
a structure very similar to that of the optimal precoding matrices in MIMO-OFDM
relay systems. However, the remaining power allocation problem is significantly dif-
ferent from the power allocation problem for MIMO-OFDM relay systems, especially
for the GMSE and maxMSE criteria. For FD-DFE, the considered objective functions
cannot be explicitly expressed in terms of the optimization variables and depend on
the number of feedback filter taps, which makes a direct solution of the optimization
problem challenging. However, we can show that for FD-DFE, the three considered
objective functions are equivalent. Furthermore, we develop an upper bound for the
objective function which is independent of the number of feedback filter taps and
is a comparatively simple function of the optimization variables. Interestingly, this
upper bound is shown to be identical to the GMSE objective function for the FD-LE
receiver. Consequently, a unified solution for the power allocation problem for both
FD-LE and FD-DFE can be obtained, which greatly simplifies the design procedure.

The remainder of this chapter is organized as follows. In Section 3.2, the system
model is presented. In Section 3.3, the optimal minimum MSE FDE filters and
the corresponding stream MSE matrices are derived. The optimal source and relay
precoding matrices are presented in Section 3.4. Simulation results are given in

Section 3.5, and some conclusions are drawn in Section 3.6.

3.2 System Model

We consider a block transmission system with one source node, S, one relay node,
R, and one destination node, D, as shown in Fig. 3.1. The numbers of antennas at
S, R, and D are denoted by N, N,, and N, respectively. The number of spatial

multiplexing data streams is M < min{ Ny, N, Ng}. The transmission is organized in
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slicer

Figure 3.1: System model for a MIMO relay system with SC-FDE at the destination.

two phases. In the first phase, S processes the information symbols and sends them
to R. In the second phase, R processes the received signal and retransmits it to D.
We assume there is no direct link between S and D due to the large pathloss and/or
shadowing.

The transmit signal of each source antenna is prepended by a CP, which comprises
the last N, , > L, symbols of the transmitted source signal, where L, denotes the
largest CIR length between any S-R antenna pair?. Similarly, the transmit signal of
each relay antenna is prepended by a CP, which comprises the last N, , > L;, symbols
of the transmitted relay signal, where L; is the largest CIR length between any R-D

antenna pair.

3.2.1 Precoding at Source and Relay

Let us denote the nth source data symbol vector as s,, = [s,(1),5,(2), ..., 8,(M)]T,
n =20,...,N. — 1, where N, is the size of the data block, and s,(j) denotes the

nth symbol of the jth data stream. Symbols s,(j) are independent and identically

2

distributed random variables with zero mean and variance o;. By stacking all s,

T T ]T ecMchl

into one vector, we obtain s = [s;, ..., sy _; . The received signal at the

2For simplicity of presentation, the insertion and removal of the CPs are not shown in Fig. 3.1.
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destination, y, can be compactly written as
Yy = HtAthPtS + HtAtV +u (31)
with block circular matrices

P, = blkcirc([PfO, e ,PZNC—JT)»
G, = blkeire([Gly, -, GT 1, Oneen, (ve2)] ),
A, = blkcirc([AfO, e ,Ach—l]T%

H, = blkcire([Hy, -, H] 1, Onsvgvo—)]7),s

where P,; € CNV*M G, € CV N0 A, € CNMr - and Hy; € CYe*Nr denote the
Ith tap of the TD source precoding filter, the S-R CIR, the TD relay precoding filter,

and the R-D CIR, respectively. The noise vectors at R and D are denoted by

v = [Vg, . ,vﬁc_l]T ~ CN(0,0%Ix n,),

u = [ug’ s 7uﬁc—1]T ~ CN(07 O-iINch)v

where v, = [v,(1),v,(2), ..., v, (N)]T and w, = [u,(1),un(2),. .., u,(Ng)]* denote
the AWGN vectors at R and D at time n, respectively. It is noted that the block
circular structure of the source and relay precoding matrices in (3.1) is imposed to
facilitate the implementation of efficient FDE at the destination, cf. Section 3.3. The

block circular matrices {P;, G;, A;, H;} can be decomposed as

P,=F\ P;Fy, G,=F\ G,Fy,

A, =F\ AFy, H,=F\ H;Fy, (3.2)
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where Fy = ]]_:1‘;[\,c ® Iy, Fy, is the DFT matrix of size N. and T € {M, N, N,., N;},
X = blkdiag([X7, -+, X}, _4]"), and X; € {P;, Gy, Ay, H;}. Here, P, € CN-@M,
Gy € CNoxNs " Ap € CV*Nr - and H, € CNeXNr represent the FD source precoding,
S-R channel, relay precoding, and R-D channel matrices for the kth frequency tone,
respectively. For subsequent use, we introduce the transmitted signal vectors at the

source and the relay explicitly as
X = PtS and t= At(G’tX + V), (33)

respectively. We further define the equivalent end-to-end channel matrix Q, =
H,A,G,P; and express it as Q; = F Q;Fy, where Q; = blkdiag([QZ, -+, Q% _,]7)

with
Qk =H,A.G.P, € (CNdXM (34)

representing the equivalent S-D channel matrix on the kth frequency tone. Further-
more, the covariance matrix of the equivalent noise vector n = H;A;v 4+ u can be

obtained as
K = E[nn] = F{, K;Fy,, (3.5)

where Ky = angAfA}H} + UzINdNC.

In this chapter, we assume that relay and destination can perfectly estimate the
S-R and R-D CIR coefficients using training symbols emitted by source and relay,
respectively. These CIR coefficients are then fed back to the source and relay, re-
spectively. We note that the overhead of feeding back time domain CSI is much

lower than feeding back frequency domain CSI. For example, the feedback overhead
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from the destination to the relay is L, NyN, and N.NyN, complex numbers for the
time domain and the frequency domain CSI, respectively. Since we have in practice
L, < N, feeding back the time domain CSI incurs a much lower signalling overhead,
especially for large values of N.. In addition, with perfect CSI available at all nodes,
adaptive modulation and coding across spatial data streams can be considered. This
aspect will be partially investigated in Section 3.5, where the achievable bit rate of the
considered system is optimized implying perfect channel loading with a continuous
varying signal constellation size and optimal channel coding [11]. The system design
for maximum bit rate performance with discrete constellations and practical coding
schemes is not considered here but is an interesting topic for future work. Also, note
that the source transmit symbols considered in this work are very general and include

both discrete constellation symbols as well as Gaussian distributed symbols.

3.2.2 Equalization at the Destination

The received signal y is transformed into the FD using Fy, and equalized by an FD-
FFF W; = blkdiag([W{,---,W{ _4]7). The resulting signal is then transformed

into the TD using FL resulting in

where W, = F{,W;Fy, is the equivalent TD FFF and y = [y7,...,y% _,]” with
Vo = [0n(1), 92(2), ..., 9u(M)]T denoting the nth signal vector at the output of the
FFF. If FD-LE is employed, y, is the decision variable for the nth source symbol
vector. On the other hand, for FD-DFE, y, is further processed using a TD-FBF

to perform interference cancellation. Assuming correct feedback at the output of the
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slicer?, the signal corresponding to the mth data stream at time n at the input of the

slicer is given by

Nfb

gn(m) = gn(m) - Z[Btl](m,:)s(nfl)mochy (37)

=0

where B;; denotes the coefficient matrix of the Ith tap of the FBF, [X](,,.) stands
for the mth row of matrix X, Ny, is the number of feedback taps, and (-)modN
denotes the modulo-N operation. From (3.7) we observe that at the initial stage
of the feedback process, i.e., when n = 0, [sn,_n;,, - ,Sn,] has to be known a
priori, which can be accomplished by using known training symbols. Nevertheless,
for detection of s, (m), [s,(1), -+, sp(m — 1)] is still unknown. Therefore, for causal
detection, the Oth tap of the FBF, i.e., B, , has to be a lower triangular matrix with
zero diagonal entries. By collecting all 3, (m) into a vector y = [y7, ..., Y. 1) with

Vo = [Un(1), 70(2), ..., 7o (M)]T, we arrive at
y =y — Bys, (3.8)

|T) € CMNexMNe g the equiv-

where B; = blkcirc([BEO, e vBZNfbaOMxM(NC—Nfb—l)
alent TD FBF. Thus, the error vector at the input of the slicer can be expressed

as
e=y—-s=y—(B;+1yn,)s=y - Cs, (3.9)
C

where C; = blkcirc([CEO, e ,Cg:Nfb, OMXM(chNfbfl)]T) with C;,, = By ,,, Vn # 0 and

Cio = Bt o+Iy. The block circular matrix C; can be decomposed as C; = FEwaFM,

3Correct feedback is a common assumption for the design of decision feedback equalizers [11, 106].
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where C; = blkdiag([C{,---, CL.__,]"). We note that by setting C, = Iyn,, FD-
DFE reduces to FD-LE.

3.3 Optimal Minimum MSE FDE Filter Design

In this section, we derive the optimal minimum MSE equalization filters at the des-
tination and the corresponding MSE at the output of the equalizer as functions of
the source and relay precoding matrices. Combining (3.1)-(3.6) and (3.9), the MSE

matrix, E £ Eleel], can be expressed as

E=Fl, (Wf(angQ} +Kp)Wh — 02W,Q,C} — 02C,Q W' + agcfc})FM.

(3.10)

Following the conventional equalization design methodology, the optimum FD FFF

is obtained by minimizing the sum of stream MSEs, tr(E), which yields
* 2 T2 T -t
7 =0.CrQy (USQfo + Kf) : (3.11)

From (3.11), it is observed that in order to guarantee the block diagonal structure
of the FDE filter matrix W7 for efficient FD implementation, the matrices on the
right hand side of (3.11) have to be block diagonal matrices. This justifies the special
structure of the TD source and relay precoding matrices imposed in (3.1). Using

(3.11) in (3.10) and simplifying the resulting expression, the MSE matrix becomes

E = oF|,C,¥;'CiFy,, (3.12)
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where W, = blkdiag([®{,---, ®L _,]7) € CMNxMNe with
—1
U, = 02Q} <03HkAkALHL + aﬁINd> Qr + L. (3.13)

From (3.12) we observe that E is a block circular matrix. Hence, its block diagonal
entries, E,, € CM*M V/p_ are identical, i.e., E, = E,Vn. Since the diagonal entries of
E,, represent the MSEs of the different spatial streams at time n, symbols from the

same stream experience identical MSEs. Exploiting the block circular structure of E,

we can obtain the MSE matrix E for symbol vector s,, at each timen =0,..., N.—1
as
g2 Vel
E=_ > cle'c, (3.14)
¢ k=0

3.3.1 MSE Matrix and Filter Design for FD-LE

Egs. (3.11) and (3.14) are valid for both FD-LE and FD-DFE. For the special case

of FD-LE, we can set C¢ = Iy, which leads to

-1
Wi = 02Q} (2Q,Q) + K, ) (3.15)
and MSE matrix
2 Ne—1
Erp_1g = ﬁ vt (3.16)
¢ k=0

Interestingly, EFD_LE is equal to the arithmetic mean of the subcarrier MSE matrices,

W' in MIMO-OFDM relay systems [64].
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3.3.2 MSE Matrix and Filter Design for FD-DFE

The FD-DFE MSE matrix depends on the FD feedback filter matrices Cy. Since
the feedback filter has to be implemented in the TD, we express C, in terms of the
TD feedback filter coefficients C,,, as Cj = fof;) Ctme_j%"k. Now, (3.14) can be

rewritten as

0‘2 Ne ! Ny 2nnk Ny 2rmk
Epp_prg = = Z (ZCme’J Ne )\Ilgl(z CLme*J Ne )
¢ k=0 n=0 m=0
o2 Ny Nypy Ng—1 , o2
s <cm > \Iz,glemJ”m)’chm) = FSCZCT. (3.17)
€ n=0 m=0 k=0 ¢

To simplify the notation, we have used the definitions C = [Cyg, ..., Cin,,) and

Zg Z; ZNyy,

T

z zZ ZN,,—

1 0 Nyp—1

Z = (3.18)
T T
| 2N, ZNpp—1 Zo
Ne—1 q,—1 _j2= - A e

where z, = Y . U, '¢ Ne" The optimal C minimizing tr{Epp_prg} can be

obtained as

~

C* =arg min

tr(CZCH),

(3.19)

¢Oe=C;

where © = [In/,0prx(n,,-1)]". Problem (3.19) can be solved using the standard

Lagrange multiplier method, leading to [106]

C* = C(0'2z7'e) ez (3.20)
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By partitioning Z and Z~! as

U, U
7 — zt=| TR (3.21)

Zly Zo Ul, Uy

where {Z,, Uy} € CM*M {Z15, Uyp} € CM*MNn and {Zyy, Ugp} € CMNoxMNp,

we can exploit the formula for the inverse of partitioned matrices [100],
U11 - (ZH - 212Z52IZJ{2)71, U12 == —UI11Z12Z521, (322)

to further express C* as

A

C* = [Cro, —Ci0Z12Z3,). (3.23)
Substituting (3.23) into (3.17), the FD-DFE MSE matrix can be rewritten as
Jg —1~t

To complete the feedback filter design, the optimal C; has to be determined. To

this end, we introduce the Cholesky decomposition of U7} as
U;! = LDL', (3.25)

where L is a unit-diagonal lower triangular matrix and D is a diagonal matrix with
positive main diagonal entries. Now, it is easy to verify that the optimal C; o which

minimizes tr(Epp_prg) is given by C;O = L~!. Hence, the optimal C is obtained as

C =LY, -L7'Z,Z3). (3.26)
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The structure of the optimal feedback filter can be interpreted as follows: L~! &
CM*M g a lower-triangular matrix which cancels the inter-stream interference in
the current time slot, and the remaining feedback filter coefficients, —L™'Z,Z5, €
CM>xMNsb cancel both the inter-stream interference and the inter-symbol interference
stemming from the previous Ny, — 1 time slots. Inserting C* into (3.24), the MSE

matrix can be written as

0.2

Erp_pre = FSD- (3.27)

[

Since D in (3.25) is a diagonal matrix, unlike for FD-LE, the MSE matrix for FD-
DFE is a diagonal matrix, and also depends on the number of feedback filter taps

Nfb.

3.4 Source and Relay Precoding Matrix
Optimization

Exploiting the expressions for the MSE matrix obtained in the previous section, in
this section, we minimize a general function f(diag[E]) of the spatial stream MSEs
at the output of the equalization filter under separate constraints on the transmit

power consumed at the source and the relay, respectively*. Mathematically, the

4We note that our derivations can be extended to a joint source and relay transmit power
constraint. While such a joint transmit power constraint offers more degrees of freedom for the
system design, separate transmit power constraints appear more practical since usually the source
node and the relay node have their own power supplies.
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optimization problem is stated as

A

g S (diag[E])

st tr(Exx']) < Ps, tr(E[tt]) < P, (3.28)

where E = EFD_LE and E = EFD_DFE for FD-LE and FD-DFE, respectively, Pg
and Pg are the transmit power limits for S and R, respectively, x and t are given in
(3.3), and diag|M] denotes a vector containing the main diagonal entries of matrix
M. The objective function f(diag[E]) can be either a Schur-convex or a Schur-
concave increasing function with respect to (w.r.t.) diag[E] [70]. For concreteness,
in this chapter, we consider the three most important objective functions of this
type, namely the arithmetic MSE (AMSE), the geometric MSE (GMSE), and the
maximum MSE (maxMSE). We note that AMSE is an important performance metric
for classical signal processing and communication systems, and the solution for AMSE
minimization can be used as a building block for solving more complex problems
such as maxMSE minimization [121]. On the other hand, GMSE minimization is
appealing due to its equivalence to average bit rate maximization, see Section 3.4.2.
Finally, maxMSE is closely related to the average system error rate performance

since the worst-case MSE dominates the average uncoded symbol/bit-error rate [70].

Specifically, these objective functions can be written as

~

SMOE,.. AMSE
I1

f(diag[E]) = M B, GMSE : (3.29)
max?_, Emm, maxMSE
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where B denotes the mth diagonal entry of E. The AMSE and GMSE are Schur-
concave functions while the maxMSE is a Schur-convex function w.r.t. diag[E] [70].
We note that similar objective functions have been considered for MIMO-OFDM
based relay systems in [64]. However, for MIMO-OFDM based relay systems, the
AMSE, GMSE, and maxMSE are the sum, product, and maximum of the subcarrier
MSEs of different spatial streams. In contrast, in (3.29), these three quantities are

the sum, product and maximum of the stream MSEs of a single carrier.

The transmit power consumptions at source and relay are given by

N.—1
tr (E[xx']) = o2 Z tr (PkP,TC) :
k=0
Nc—1
o (Bt = > tr (Ak (agGkPkPLG; + agINJ A;) . (3.30)
k=0

Since the optimization variables in (3.28) are matrices, solving the problem directly
would incur high complexity. In the following, we will first derive the structure,
i.e., the optimal form of the singular-value decompositions (SVDs), of the source
and relay precoding matrices. Knowing this structure will allow us to transform the

matrix optimization problem into an optimization problem with scalar variables.

3.4.1 Structure of the Optimal Precoding Matrices for

FD-LE

We first derive the structure of the optimal source and relay precoding matrices for

FD-LE. We begin by introducing the following SVDs of the FD channel matrices

G, = UPADVDT g, = UWAPVET vy, (3.31)
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where U(Gk) € CNrxNr, Vg) € CNxNs and Uﬁf) € CNaxNa, ng) € CN-Nr are the
singular-vector matrices of Gy and Hy, respectively. Furthermore, Agf) € CNrxNs
and Agf) € CNexNr gre the singular-value matrices of G, and Hy, which both have

decreasing main diagonal elements.

Theorem 3.1. For the optimization problem in (3.28), the following structures of

P and Ay are optimal

= VIADV,, A =VPAYTY, Vi, (3.32)

where Vg), U(Gk), and \_/'g;) contain the M left-most columns of Vg), U(Gk), and Vgg),
respectively. Agf) and Aff) are M x M diagonal matrices with the mth diagonal
elements denoted by prm and gy, respectively. For Schur-concave functions, Vo =
Iys. For Schur-convez functions, Vy is a unitary matriz chosen in such a way that

all main diagonal entries ofE are equal’.
Proof. Please refer to Appendix-B. m

Theorem 3.1 shows that the structures of the source and relay precoding matrices
have to match those of the S-R and R-D channel matrices, respectively, such that
the diagonal power allocation matrices can allocate the available source and relay
transmit powers to the decomposed parallel channels in both the spatial domain and

the frequency domain®. Moreover, for Schur-concave functions, the source and relay

5In practice, Vo can be chosen as a DFT matrix or a Hadamard matrix with appropriate dimen-
sions.

6 According to Theorem 3.1, the singular values of the S-R and R-D channels are sorted in the
same order when deriving the optimal structure of the precoding matrices. This can be interpreted as
optimal spatial subchannel pairing. As revealed in [60], employing only spatial subchannel pairing
incurs a negligible performance loss compared to joint frequency and spatial subchannel pairing.
Hence, to simplify the system design, we do not consider subcarrier pairing (frequency pairing) in
this chapter. Nevertheless, the optimal subcarrier pairing for different optimization criteria is an
interesting topic for future work.
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precoding matrices jointly diagonalize the MIMO relay channels at each frequency
tone, while for Schur-convex functions, the precoding matrices diagonalize the chan-
nels up to a unitary rotation at the source. Therefore, the original optimization
problem involving matrix variables can be transformed into a scalar power allocation

problem across different spatial beams and frequency tones.

3.4.2 Transformation of Optimization Problem for FD-LE

Since the maxMSE is a Schur-convex function, according to Theorem 3.1, the uni-
tary matrix, Vy, should be chosen to make all diagonal entries of E equal. Recall
from Section 3.3 that diag[E] represents the MSE of different spatial streams and all
symbols of a particular stream have the same MSE. This means that for maxMSE,
identical MSE is achieved for all symbols in the SC-FDE system. Hence, the remain-
ing maxMSE power allocation problem is identical to that for the AMSE criterion.
The only difference between the solutions for maxMSE and AMSE minimization lies
in the choice of Vy. We note that this is not true for MIMO-OFDM relay sys-
tems, where the unitary transformation at the source only achieves identical spatial
MSEs on each subcarrier, while the MSEs across subcarriers are in general differ-
ent. To balance these MSEs, multilevel waterfilling has to be carried out in such
MIMO-OFDM relay systems, which entails a much higher complexity compared to
the single-level waterfilling required for the AMSE criterion, cf. [64]”. Additionally,
for MIMO-OFDM relay systems, the unitary rotation matrices are in general differ-
ent on each subcarrier as the number of transmitted data streams may vary from

subcarrier to subcarrier. However, for SC-FDE, the rotation matrices are identical

"The maximum number of iterations for single-level and multilevel waterfilling algorithms is
logy (M N,) and M N,, respectively [104]. Therefore, for large values of M N, e.g., 128, multilevel
waterfilling incurs a much higher complexity than single-level waterfilling.
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for all frequency tones since the number of data streams is determined in the time
domain.

Because of the equivalence of the power allocation problems for maxMSE and
AMSE, in the following, we focus on the power allocation problem for the AMSE and
GMSE criteria. From (3.13) and (3.32), we obtain ¥, = V}®,V, with

_ _ _ -1
= o2ARPAPALAR? (2AGPALR 4 2y) Ty (3.33)

where A(Gk) and ]\ﬁf) are diagonal matrices whose diagonal entries contain the M
largest singular values of G®*) and H®), respectively. Now, using (3.16) and (3.33),
we can rewrite the objective functions in (3.29) as

Sl (3 0 @k ), X—AMSE

m=1 \ N, km

Jx(®) = , (3.34)
Sy logy (NL ol <I>,;,;) , X=GMSE

where ® = {®y,,,, Vk, m} with

2,.2 2 2 2

Uspkmgkmakmhkm
2,2 2 2
Uvakmhkm + Ou

Oy = +1. (3.35)

Here, grm and hg,, denote the mth main diagonal elements of I_ng ) and Aﬁfj), respec-
tively, and represent the corresponding channel gains of the mth spatial stream on the
kth frequency tone. Note that, for the GMSE criterion, we have taken the logarithm
of the original objective function in (3.29) to facilitate the subsequent optimization.

Due to the monotonicity of the logarithm, the new objective function has the same
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optimal solution as the original one. The new objective function can be rewritten as

M
— ) "log, (SINR,, + 1), (3.36)

m=1

where SINR,, = (5 > 15" @

km

)~! — 1 is the SINR of the mth data stream. This
implies that (3.36) is essentially the negative sum of the channel capacity of different
spatial streams, which can be approached with Gaussian signalling and ideal channel
coding. Therefore, the minimization of the GMSE is equivalent to the maximization
of the capacity of the considered MIMO SC-FDE relay system. By exploiting (3.32),
the expression for the power consumption on the left hand side of the constraints in

(3.28) can be expressed as

Ne—1 Ne—1 M
tr (E[xx']) = o? Z tr (Ag)2> = Z Py km
k=0 k=0 m=1
Ne—1 Ne—1 M
o (Bt = > tr (Aff)Q <J§A§§)2A§§)Z + aiIM)) =3 P, (337)
k=0 k=0 m=1
where
P57km = ngirm Pr,km = azm(a—zpzmglzm + O—g) (338)

can be interpreted as the power allocated to the kth frequency tone and the mth
spatial stream at the source and the relay, respectively. By rewriting ®y,, in (3.35)

in terms of the newly introduced variables P; j,, and P, ,, as

2 2
® o Ps,kmpr,kmgkmhkm
km

- 1 3.39
B2, 1 02 Pomg? 107 T (3.39)
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problem (3.34) can be reformulated as the following power allocation problem

min P
{Ps,kmvpr,km}fx ( )
Ne—1 M N.—1 M
s.t. ZZPS,km§P57 Zzpr,kmSPR
k=0 m=1 k=0 m=1
Ps,km Z O, Pr,km Z O,Vk, m, (340)

where the constraints Psgm, > 0, Pk > 0,VE, m, ensure that the allocated powers

are not negative.

3.4.3 Structure of the Optimal Precoding Matrices for

FD-DFE

For the FD-DFE receiver, we observe from (3.27) that Epp_ppg is not an explicit
function of optimization variables Py and Ay, which renders the optimization a chal-
lenging task. In this section, we will show that by using proper transformations, an
upper bound for the original objective function can be derived, which is equivalent to
one of the objective functions considered for the FD-LE receiver. To this end, we will

first show that for FD-DFE, the three considered objective functions are equivalent.

Equivalence of Objective Functions

Since Epp_prg in (3.27) is a diagonal matrix, we invoke the following matrix arithmetic-

geometric mean inequality

M M
1 1 1 1
L7r(D) = m}:l D, > (l]l D,.n) % = det(D), (3.41)
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where the equality holds if and only if (i.f.f.) all main diagonal elements of D are
equal. The inequality provides some important insights into the objective function
for FD-DFE. First, it implies that the AMSE, i.e., tr(D), is lower bounded by the
term involving the GMSE; i.e., det(D). Second, this lower bound is achieved i.f.f. the
MSEs of all streams are identical. Therefore, making the diagonal entries of D iden-
tical will enable us to minimize the AMSE, GMSE, and maxMSE simultaneously.
Consequently, for FD-DFE, the three considered objective functions become equiv-
alent. In the sequel, we will show how this can be achieved by applying a suitable

unitary matrix at the source precoder. From (3.25), we obtain

U7l = LDY*(LDY?)'=(QR)'QR, (3.42)

where Q is an arbitrary unitary matrix of appropriate dimension and R = (LD'/?)f is
a lower triangular matrix whose main diagonal elements are equal to the square root
of the main diagonal elements of D. Therefore, finding a diagonal matrix D with
equal diagonal elements is equivalent to finding a triangular matrix R with equal
diagonal elements. In the following, we provide an explicit construction for R. By

expressing Py as the product of a unitary matrix V; and a general matrix Py,

P, = P,V (3.43)

we can write Wy in (3.13) as

U, =V, ¥,V (3.44)
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where
N ~ -1 ~
¥, = o?PIGIAIH] <03HkAkA;HL + a;iINd) H A G P+ 1y, (3.45)

Note that ¥}, has the same form as ¥, in (3.13) but with Py, replaced by P,. There-

fore, matrix Z in (3.18) can be written as

VizoVl  Viz VI L Vizy, Vi
vizivl vz Vi Vigy, _
Z= ‘1 ' ' ) fb = (INfb ® Vl)Z(INfb ® VJ{);
| Vazl, VI Vizl VI VizV] |

(3.46)

where Z has the same form as Z in (3.18) with z,, replaced by z, = Zg;gl \il,glej%k”.

By noting that
Z' = Iy, ® V1) Z ' (Iy,, ® V1), (3.47)
where we have used (Iy,, ® Vi)' = Iy,, ® V1, we obtain from (3.21)
U, =V,U, V], (3.48)

where Uy, is the first M x M submatrix of Z~!. Using (3.48) in (3.42), we obtain
that J[_Jfll/ ZVI = QR, where J is an arbitrary unitary matrix. Therefore, we need

the following decomposition for our purpose

U} = QRV, (3.49)
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where Q = JTQ is also a unitary matrix. Such a decomposition is referred to as equal-
diagonal QR decomposition (E-QRD) or geometric-mean decomposition (GMD) and
its efficient implementation can be found in the literature [107], [108]. Hence, for a
given Uj;, we can always find a unitary matrix V; which achieves the MSE lower
bound in (3.41).

As Uy, is a function of relay precoding matrix A as well as the remaining part
of the source precoding matrix, i.e., P,, in the following, we need to determine these

matrices. By noting that
det(D) = det(LDL") = det(Uy}), (3.50)

where we have exploited the properties det(AB) = det(A)det(B) and det(L) = 1

[100], we can further use (3.22) to express the objective function for FD-DFE as
OBJ = det(U7}) = det (zl1 - zmz;;zig) . (3.51)

Upper Bound on Objective Function

Unfortunately, the expression for OBJ in (3.51) depends on the feedback filter length
Ny, cf. (3.46), which is not desirable in practice. Additionally, due to the presence
of Zy, in (3.51), it is also not straightforward to express the objective function in
terms of Ay and Pj. To avoid these problems, we derive an upper bound for OBJ,
which is independent of Ny, and directly related to the optimization variables.
Since matrix Z in (3.18) is a positive semidefinite (PSD) matrix, Z™!, Zs, and
Uy, are PSD matrices as well. Thus, U} and Z12Z2_21ZI2 are also PSD matrices. By

exploiting the fact that det (A + B) > det (A) if A and B are PSD matrices [100],
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we obtain
det(U}!) < det (Zyy), (3.52)

where equality holds i.f.f. Ny, = 0. In other words, for the case of Ny, = 0, det (Z11)
is the exact value of OBJ. In this case, the feedback filter matrix reduces to a lower
triangular matrix, which only cancels the inter-stream interference in the current time

slot, cf. (3.26). Otherwise, it is an upper bound for OBJ, which can be expressed as

Nce—1 Ne—1 Ne—1
OBJy, = det(Z11) 2 det (Z lIl,j) © det <V1 [Z \ir;l] V}) 9 det (Z \iz,j) ,
k=0

k=0 k=0

(3.53)

where (a) is due to the fact that Z;; = 2o = >0y ¥r 1, cf. (3.18) and (3.21), (b) is
due to (3.44), and to obtain (c¢) we have exploited the properties det(AB) = det(BA)
and VIVl = I,;. From (3.53) we observe that OBJ,,;, is independent of V.

Structures of Optimal Source and Relay Precoding Matrices

Since we can always choose Py, such that S2ho ' Wit is a diagonal matrix, cf. (3.45),

the determinant in (3.53) is essentially the product of the diagonal entries of fo;gl \il,:l.
Consequently, OBJ,; is equivalent to the objective function of the FD-LE receiver

under the GMSE criterion. From Theorem 3.1, we obtain the following optimal

structures for P, and Ay

Pr=VIAY, A =VPAPTL (3.54)
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and the optimal P is thus given by ]:Z’;V;r The remaining power allocation problem is
identical to that of the GMSE criterion for FD-LE, cf. (3.40). It is worth mentioning
that for Ny, > 0, the upper bound OBJ,; constitutes a tight approximation of the

objective function OBJ as is illustrated in Section V.

3.4.4 Asymptotically Optimal Power Allocation

From the previous two subsections, it can be concluded that only two different types
of power allocation problems have to be solved, namely the problems for the AMSE
and GMSE criteria for FD-LE. The solutions to these problems are also applicable
for the maxMSE criterion for FD-LE and for all three criteria for FD-DFE. However,
since the objective functions for the AMSE and GMSE criteria in (3.40) are not
jointly convex w.r.t. the power allocation variables, the global optimal solution is
difficult to obtain. Thus, in the following, we adopt a high SNR approximation for
2

D [60], i.e., we assume o202 is sufficient small such that it can be ignored in the

denominator of (3.39), which leads to
=~ Ps,kmpr,kmgl%mhzm

D, ~ Py, = 1. 3.55
g g O-gPr,k‘mhzm + ngs,k’mg]zm T ( )

Proposition 3.1. The optimization problem (3.40) with @y, approzimated by e

is a conver optimization problem.®
Proof. The proof is provided in Appendix C. O

We are now ready to derive an iterative power allocation algorithm. To this end,

8In [109], we have solved the power allocation problem without the high-SNR approximation.
Although the solution in [109] is also not globally optimal, under simplifying assumptions, e.g., fixed
power allocation at the source, the solution is globally optimal. We have compared the bit error rate
of this scheme using and not using the high-SNR approximation. We found that the performance
difference is negligible even at low SNR. Therefore, we expect the proposed asymptotically optimal
power allocation to also work well for low-to-medium SNRs.
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we introduce the Lagrangian of the considered power allocation problem

L= fX(é) + )\[Z Ps,k‘m - PS] + M[Z Pr,km - PR] - Z[ﬁkmp&km + ’ykmpr,km]a

k,m k,m k,m

(3.56)

where A and p are the Lagrange multipliers for the sum power constraints for source
and relay, respectively, and [, and 7, are the Lagrange multipliers for the individu-
al power constraints for source and relay, respectively. Applying the KKT conditions
to (3.56), which are sufficient and necessary conditions for convex optimization prob-

lems [101], we obtain

Afx(®) 0Dy,

X P A= B =0,
6<I>km 8Ps,k:m 6k
fx(®) 0P
aq)km 8Pr,km
5kas,km = 07 Vkmpr,km = 07
MDD Pasan = Ps| =0, | Y P — Pr| =0, (3.57)
k,m k,m
where
= 7% H—2 _
Ofx(®) 5P X=AMSE
= , (3.58)
=2
fom vokir, X=GMSE
k=0 km
and
OPskm  [02P, gmh?, + aﬁP&kmgzm]z’ 0P, jm [02P, kmhi, + J%Ps,kmgim]z'
(3.59)

69



Chapter 3. Transceiver Design For SC-FDE Based MIMO Relay Systems

For given A\ and u, we obtain from (3.57)-(3.59)

O.QP & h2 g2
P _ v: rkm Y km km -1 3.60
S gl%m(PT,kmh%m + 0-1%) i )\Bmagag ’ ( )

r S
Prtm = ki Mo | (3.61)
7 him(Ps,kmgim + 03) uB,0202

where B,, = N,/o? and B,, = (In2) 37 (g, +1) 7" for the AMSE and the GMSE
criteria, respectively, and [z]T = max(0, x). The Lagrange multipliers A and p, which
are chosen to satisfy the sum power constraint for source and relay, respectively, can

be found with the following subgradient method [111, 112]

Ne—1 M 1+
A — (A o (Z Z P, o — ) (3.62)

k=0 m=1

I Ne—1 M 1+
Iu[z—l—l] — [Z] + &9 ( Z rkm — ) ) (363)

where ¢ is the iteration index, and ¢;, 7 = 1,2, are step sizes. From (3.60) and (3.61),
we observe that the optimal P, depends on P, ,, and vice versa. To tackle this
problem, we propose Algorithm 3.1 in Table 3.1 to iteratively find the optimal power
allocations. Convergence of this algorithm to the optimal solution is guaranteed
because of the convexity of the consider optimization problem. Note that if either
Py im or Py iy, is equal to 0, the other variable will also be 0. This result is intuitively
pleasing since, if for example the (m, k)th subchannel is shut down in the S-R link,
there is no need to waste power on this subchannel in the R-D link. It is also
worth noting that for the GMSE criterion, Py, and P, are functions of i)km,
which means the optimal P, and P, s, for the kth frequency tone depend on the

power allocations in all other frequency tones. Therefore, finding the optimal solution
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Table 3.1: Algorithm 3.1 for finding the optimal power allocation. €; and e, are small

constants, e.g. €; = €5 = 1074,
1 | Initialize [ and A

2 | itialize P} PU) sev prse =Pl prse = PUCvkom.
3 | Repeat

Set iteration number to ¢ = 2.

Repeat

form=1:M,k=0:N.—1
Find P%m from (3.60) using P7¢¢ and A[—1],

s, r,km
end for
Update Al using (3.62). =i+ 1.
until A = A0| < ¢, set Prse = Pl
Set iteration number to | = 2.
Repeat
form=1:M,k=0:N.—1

Find P from (3.61) using P7¢¢  and pli—1.

r,km s,km
end for
Update pl¥ using (3.63). 1 =1+1.
until [ — ul] < o, set PTSe, =PI
until P’¢¢ and P79 converge.
4 | PrSe and PIS°S . Vk,m, are the optimal solution.

requires a higher complexity for the GMSE criterion than for the AMSE criterion.

3.4.5 Suboptimal Power Allocation Schemes

Since the proposed precoding matrix optimization scheme involves an iterative power
allocation algorithm and considerable feedback overhead from the relay and destina-
tion to the source?, it is desirable to investigate suboptimal approaches with lower
complexity and reduced feedback overhead. One option is to adopt equal power al-
location at the source and to optimize only the power allocation at the relay. We
refer to the corresponding scheme as EPA-S. EPA-S eliminates the iterative updat-
ing of the source power variables, hence guaranteeing faster convergence of the power
allocation algorithm. However, the EPA-S scheme still requires CSI feedback of the
S-R channel for computing the unitary part of the source precoding matrix. In order

to completely avoid CSI feedback to the source, one can perform precoding at the

9The CSI of both the S-R and R-D channels is required at the source for computation of the
source power allocation. This requires the feedback of (LyN,Ns + Ly NgN,) complex numbers.
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relay only, which we refer to as relay only precoding (ROP) scheme. For FD-DFE,
we also introduce the unitary precoding at source (UPS) scheme, which applies only
the unitary precoding matrix V; at the source. This is motivated by the result in
Section 3.43, where it is shown that this unitary matrix can balance the MSEs of
the different spatial streams. Similar to ROP, the UPS scheme has the advantage of
a reduced feedback overhead compared to optimal power allocation and the EPA-S

scheme as the source only needs to acquire knowledge of the M x M unitary matrix

Vi.

3.5 Simulation Results

In this section, we evaluate the performance of the proposed source and relay pre-
coding schemes using simulations. We assume that each data block contains N, = 64
symbols. The channels are modeled as uncorrelated Rayleigh block fading channels
with power delay profile p[n| = Uit ZIL:ZO_I e™/7t§[n — 1] [102], where L, € {L,, Ly} =
16 and o; = 2, which corresponds to moderately frequency-selective fading. Unless
stated otherwise, we set the values of Ny, Ny, and Ny, all equal to 15. We assume
identical noise variances for both links, i.e., 02 = 02, and define the received SNRs

u (%

at the relay and destination as SNR, £ Nj,scgg and SNR, & NTI;\,*EUQ, respectively.

The corresponding energy per bit to noise power spectral density ratios are given by

(Ey/No), = S%—fr and (Eyp/No)a = S]]\\[,fd, where N, is the number of bits per symbol.

For the bit error rate (BER) simulation results, we set (Ey/Ny)q = 16 dB and exam-
ine the performance as a function of (£,/Ny)s. For the achievable bit rate result in
Fig. 3.6, we set SNR, = 20 dB and examine the performance as a function of SN R,.
All simulations are averaged over at least 10,000 independent channel realizations and

data blocks. In the following, the proposed joint source and relay precoding design
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Figure 3.2: Objective function value (GMSE criterion) versus number of inner itera-
tions.

is referred to as JSR, and the notation {M, Ny, N,,, Ny} is used to specify a system

with the parameters appearing in the brackets.

3.5.1 Convergence of the Algorithm and Tightness of OBJ,,

for FD-DFE

We first examine the convergence of the proposed power allocation algorithm in terms

of the numbers of inner and outer iterations for a {2,2,2,2} MIMO relay system

0

optimized for GMSE criterion!’. We define an outer iteration as one optimization

10Gimilar results also hold for the AMSE criterion.
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Figure 3.3: Objective function value (GMSE criterion) versus number of outer itera-
tions.

of {Pskm} or {Pjm} in the algorithm shown in Table I, and the update of {P; s }
({P,km}) in each outer iteration as one inner iteration. The reference lines indicate
the optimal values of the objective function. In Fig. 3.2, we take the optimization of
{P, rm} as an example, where we choose 0.01,0.005, and 0.001 as three specific initial
values for the Lagrange multiplier i, and randomly initialize { Pk, } and { Py g }. It
is observed that the choices of the initial value of p affect the convergence of the inner
iterations. Nevertheless, for the considered three cases of initialization, the objective
function values converge within 10 iterations. In practice, the initial values can be

optimized offline for different SNRs. In Fig. 3.3, we investigate the convergence of
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the algorithm in terms of the outer iterations, where both {P;,,} and {P, s, } are
randomly initialized. Note that according to the definition of the outer iteration,
the initial values of A and p do not affect the convergence of the outer iterations.
From Fig. 3.3 we observe that it takes at most three outer iterations to obtain the
final solutions for {P;xn} and {P.xn}. Moreover, the largest improvement of the
objective function value is obtained in the first and second outer iterations when
(Ep/Np)q is small and large, respectively. This suggests that for low SNR, optimizing
the source or the relay power allocation is sufficient to realize most of the achievable
performance gain, while for high SNR, a joint optimization of the source and relay
power allocations is beneficial.

In Fig. 3.4, we show the values of the objective function, OBJ, for FD-DFE,
cf. (3.51), for different values of Ny,. Note that OBJ for Ny, = 0 serves as the
upper bound, OBJ,;, for the general objective function. From the figure, we observe
that the upper bound is very close to the objective function for all considered values
of Ny, especially for medium-to-high SNR. Therefore, OBJ,; constitutes a good

approximation for the objective function for the FD-DFE receiver.

3.5.2 Comparison of SC-FDE and OFDM for JSR Precoding

In Fig. 3.5, we show the BER of uncoded quaternary phase-shift keying (QPSK)
as a function of (E}/Np)g for the proposed FD-LE based MIMO relay system for
the three considered precoding matrix optimization criteria. For FD-DFE, only the
GMSE criterion is considered as for FD-DFE all three criteria are equivalent. For
comparison, the performance of a MIMO-OFDM relay system optimized under the
same criteria is also included [64]. The figure shows that for the {2, 2, 2, 2} system, the

proposed MIMO relay system with an FD-LE receiver outperforms the corresponding
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Figure 3.4: Objective function value of the FD-DFE receiver for different values of
Nipp.

OFDM-based system by a large margin since, in contrast to uncoded OFDM, FD-
LE is able to exploit the frequency diversity offered by the channel. In addition, for
both FD-LE and OFDM, the system employing the maxMSE criterion offers the best
performance since the worst-case MSE is minimized. In this case, FD-LE obtains a
better error rate performance than OFDM, while enjoying the advantage of a single-
level waterfilling solution. For FD-DFE, the performance improvement compared to
FD-LE and OFDM is remarkable and a much higher diversity gain is observed. On the
other hand, for the {2, 3, 3,3} system, we observe that the performance gaps between
FD-DFE, FD-LE, and OFDM become smaller. Surprisingly, using the maxMSE
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Figure 3.5: Uncoded BER of {2,2,2,2} and {2, 3, 3,3} MIMO relay systems for JSR

precoding using different optimization criteria.

criterion, the optimized OFDM and FD-LE systems achieve a performance very close

to that of FD-DFE. This is due to fact that the additional antennas offer additional

spatial diversity which helps OFDM and FD-LE to effectively avoid the deep spectrum

nulls that otherwise negatively affect their performance in frequency-selective fading.
In Fig. 3.6, we investigate the achievable bit rates (ABRs)[11, 113] of the OFDM

and SC-FDE systems under different optimization criteria. The ABR is calculated
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Figure 3.6: ABR of {2,2,2,2} and {2, 3, 3,3} MIMO relay systems with JSR precod-
ing for different optimization criteria.

11

as
1 M N.—1
ABR = - N mZ:l ; log, (SINRgx + 1) (3.64)

where SINRjgmx = ®pm for X=OFDM [64] and SINRppx = ([Ex]mm)™" — 1, VE,
for X={FD-LE, FD-DFE}. As expected, the systems optimized under the GMSE
criterion have the best performance since minimizing the GMSE is equivalent to

maximizing the ABR. In general, the ABR achieved by the considered MIMO-OFDM

UNote that for the ABR we implicitly assume Gaussian transmit symbols and ideal channel
coding [11].
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relay systems is higher than that of the corresponding FD-LE relay systems, except for
the case when both systems are optimized based on the maxMSE criterion. Indeed,
the OFDM system optimized under the maxMSE criterion suffers from the worst ABR
performance among all the considered schemes since the available power is mainly
used to improve the MSE of the subcarriers with bad channel conditions instead
of taking advantage of the subcarriers with good channel conditions. In addition,
Fig. 3.6 shows that for FD-LE, the AMSE and maxMSE criteria lead to exactly the
same ABR, which implies that the unitary rotation of the source precoding matrix
does not influence the ABR of the system. Furthermore, the ABR achieved with FD-
DFE is larger than that achieved with any of the FD-LE schemes and very close to
that of OFDM. This is due to the lower stream MSEs of FD-DFE compared to FD-LE,
which translates into larger stream SINRs and larger system ABR. For the {2, 3, 3, 3}
system, we observe that SC-FDE and OFDM achieve almost the same performance
for the AMSE and GMSE criteria, implying that with more source/relay /destination
antennas, SC-FDE will approach the achievable ABR of the OFDM system.

3.5.3 Performance of Suboptimal Power Allocation Schemes

In Figs. 3.7 and 3.8, we plot the uncoded and coded BERs for the suboptimal pow-
er allocation schemes discussed in Section 3.45 using QPSK for a {2,2,2,2} system,
respectively. For the coded case, the standard rate-1/2 convolution code with gen-
erator matrix (133,171),y is adopted. The OFDM and FD-LE systems are both
optimized under the maxMSE criterion. The FD-DFE system is optimized under
the GMSE criterion since for FD-DFE all three considered criteria are equivalent to
the GMSE criterion. From Fig. 3.7 we observe that for uncoded transmission, the

FD-LE system outperforms the OFDM system if both employ the same precoding
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Figure 3.7: Uncoded BER of a {2,2,2,2} MIMO relay system with JSR and subop-
timal precoding schemes.

technique. Fig. 3.7 also shows that for FD-LE and OFDM, EPA-S and ROP suffer
from a considerable performance degradation compared to JSR, while for FD-DFE,
the performance loss is relatively small for UPS and almost negligible for EPA-S. For
coded systems, the channel coding helps to spread the information bits across differ-
ent subcarriers, hence OFDM systems can also exploit the frequency diversity of the
channel and significantly improve their BER performance, cf. Fig. 3.8. Nevertheless,
the coded FD-LE system still outperforms the OFDM system if the same precoding
technique is assumed in both cases. Also, Fig. 3.8 reveals that channel coding signif-

icantly reduces the performance loss caused by suboptimal precoding techniques for
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Figure 3.8: Coded BER of a {2, 2, 2,2} MIMO relay system with JSR and suboptimal
precoding schemes.
both OFDM and FD-LE.

Since the performance of FD-DFE depends on the number of feedback filter taps,
in Fig. 3.9, we investigate the influence of Ny, on the performance of a {2,2,2,2}
QPSK system. The results show that while the value of Ny, has limited impact on
the performance of EPA-S, it does play a critical role for UPS. The reason is that
for EPA-S, the equivalent S-R-D channel is diagonalized into M parallel channels,
thus eliminating the inter-stream interference at the receiver. However, for the case
of UPS , the equivalent end-to-end channel is not fully diagonalized and the received

symbols experience inter-stream interference. Consequently, a feedback filter with
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Figure 3.9: Uncoded and coded BER of a {2,2,2,2} MIMO relay system with FD-
DFE using JSR and suboptimal precoding schemes with different numbers of feedback
filter taps.

sufficiently large Ny, is required to cancel out this interference. As can be inferred
from Fig. 3.9, there is a complexity tradeoff between the transmitter and the receiver
for FD-DFE. For EPA-S, since a small number of feedback filter taps (e.g., Np, = 3)
is sufficient to achieve good performance, the receiver complexity is similar to that
of FD-LE. However, comparatively complex FD signal processing has to be carried
out at the transmitter. This characteristic makes EPA-S suitable for the downlink
transmission. For the UPS scheme, on the other hand, the transmit processing is very
simple since the single tap precoding matrix V; can be directly implemented in the

TD. In addition, the feedback overhead is low as V is identical for all frequency tones.
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However, UPS requires a longer and thus more complex feedback filter to achieve a
high performance. These characteristics make UPS a very promising scheme for

uplink transmission.

3.6 Conclusion

In this chapter, we have tackled the problem of transceiver design for MIMO relay
systems employing SC-FDE. The optimal minimum MSE FD-LE and FD-DFE fil-
ters at the destination were derived, and the optimal structures of the source and
relay precoding matrices were obtained in closed form for a general family of objec-
tive functions. For systems employing an FD-DFE receiver, we first showed that the
considered objective functions are all equivalent, and we derived an upper bound on
the original objective functions, which was shown to be equal to the GMSE objec-
tive function for the FD-LE receiver. The remaining power allocation problem was
solved globally by using a high SNR approximation of the objective function and
efficient convex optimization methods. Our results show that the proposed SC-FDE
relaying schemes outperform the corresponding OFDM schemes in terms of both
coded and uncoded BER for fixed modulation and coding rates. However, the per-
formance gap between SC-FDE and OFDM relay systems decreases when the number
of source /relay/destination antennas is larger than the number of data streams. As-
suming Gaussian signalling and ideal channel coding, SC-FDE and OFDM attain
similar achievable bit rates. Furthermore, we have shown that the proposed sub-
optimal power allocation schemes can reduce the system complexity and feedback
overhead at the expense of a moderate performance degradation, especially in case of

coded transmission, making them promising candidates for practical relay systems.
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Chapter 4

Robust Transceiver Design For

Broadband Multiuser Multi-Relay

Networks

4.1 Introduction

The transceiver designs discussed so far have assumed perfect CSI at relays and the
destination. In practical wireless systems, CSI is usually imperfect due to channel
estimation errors and/or feedback quantization errors. Two different approaches are
commonly used to model imperfect CSI, namely, statistical models and deterministic
models. In the former case, the statistics of the CSI errors are assumed to follow some
known distribution such as Gaussian, which makes this model suitable for modeling
channel estimation errors [47]. In the latter case, the CSI error is assumed to lie in an
uncertainty region with known boundary, making this model suitable for the charac-
terization of quantization errors |48]. Start from this chapter, we will focus on robust
transceiver designs for cooperative relay communication systems with imperfect CSI.

In this chapter, we consider robust rBF and destination equalization (dEQ) filter
design for multiuser SC-FDMA and OFDMA systems with multiple single-antenna

AF relays under channel estimation errors. For the CSI errors, we adopt the statis-
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tical Bayesian model due to its suitability for characterization of channel estimation
errors. Our design goal is to maximize the weighted ABR of the network subject
to either Ind-PCs or an Agg-PC'2. Since in the presence of CSI errors, there is no
analytically tractable expression for the network ABR, we first develop a closed-form
lower bound on the ABR. Adopting this lower bound as the key component of the
objective function, joint optimization problems for the robust rBF and dEQ filters
are formulated and solved. Specifically, the optimal dEQ filters and the phases of the
optimal rBF filter coefficients are independent of the relay power constraints and can
be obtained in closed-form via solving unconstrained optimization problems. The
optimal amplitudes of the rBF filter coefficients, on the other hand, depend on the
relay power constraints. For the Agg-PC, we show that the optimization problem
can be decomposed into two subproblems using primal decomposition. In the first
subproblem, a closed-form solution is obtained for fixed, given power allocation vari-
ables across subcarriers and users. The second subproblem is shown to be a convex
power allocation problem, for which the global optimal solution is obtained via the
Karush-Kuhn-Tucker conditions. For Ind-PCs, we transform the optimization prob-
lem into a reverse-convex optimization problem with convex constraints, and obtain
a local optimal solution using the constrained convex concave procedure.

This chapter is organized as follows. In Section 4.2, a unified system model for
OFDMA and SC-FDMA multi-relay networks is introduced. In Section 4.3, the joint
rBF and dEQ filter optimization problem is formulated, and the optimal dEQ filter
and the phases of the optimal rBF filter coefficients are derived. In Section 4.4 and
4.5, the optimization problems for the amplitudes of the rBF filter coefficients under

the Agg-PC and Ind-PCs are solved, respectively. Simulation results are provided in

12The Agg-PC is applicable if the relays belong to the network infrastructure and share a common
power supply, e.g., the power grid. Ind-PCs, on the other hand, are more appropriate if the relays
have their own power supplies, e.g., precharged batteries.
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Section 4.6, and some conclusions are drawn in Section 4.7.

4.2 System Model

In this section, we introduce the OFDMA and SC-FDMA signal models as well as

the channel estimation error model for the considered multiuser multi-relay systems.

4.2.1 Signal Model

We consider a network consisting of U source nodes, Sy, u = 1,...,U, N relay nodes,
R;;i = 1,..., Ng, and one destination node D, all equipped with a single antenna,

1'3. We assume that direct links between the source nodes and

as shown in Fig. 4.
the destination do not exist due to large path losses and heavy shadowing!*. The
information symbol vector of S, is given by s(*) = [55“), . ,s(u)}T, where @ is the
data block size, and symbols s%u), n=1,...,0, are modeled as i.i.d. random variables
with zero mean and unit variance. For SC-FDMA, s(*), Vu, is first converted into the
FD using a Q-point FFT, mapped to the frequency band allocated to user u, zero-
padded to length N., and converted back into the TD using an N.-point IFFT. For
OFDMA, s, Vu, is processed in the same fasion as for SC-FDMA, except that the

conversion of the signal into the FD is not required. Hence, the transmit signal for

both SC-FDMA and OFDMA can be written as

P
XM =\ [FFNL M P, (4.1)

13The insertion and removal of the cyclic prefixes are not shown in Fig. 4.1 for simplicity oft
presentation.

14Tf direct links between the source nodes and the destination exist, they provide extra spatial
diversity and thus enhance the system performance. In this case, the proposed optimization tech-
niques are still applicable since the direct links only contribute constant gains to the end-to-end
SINR but have no impact on the rBF filter coefficients.
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where Pg is the transmit power limit for all users, N, is the total number of sub-
carriers, Pg = Fg for SC-FDMA, Py = Iy for OFDMA, and Mgcu) € CNexQ jg
the subcarrier-mapping matrix which depends on the adopted subcarrier mapping
scheme, e.g., localized or interleaved subcarrier mapping [114]. Here, we have as-
sumed that all the symbols are transmitted with the same power . In the follow-
ing, we assume that Pg = N, to simplify the notation. Before transmission, x* is
prepended with a CP of length Ny, Ny, > max;{Ly.;}, where L, ; is the length
of the CIR between S, and R;. The CP converts the linear convolution of the CIR
and the transmitted signal into a circular convolution. Thus, the TD S,-R; channel

matrix, ng),Vu, 1, is a circular matrix, which can be decomposed as
G =F GV Fy,, (4.2)

(CNCXNC

where Gsclfi) S is the diagonal FD S,-R; channel matrix. The received signal

at R; after CP removal can be written as

GYx" +2,;, (4.3)

M=

u=1

where z,; is the TD noise vector at I?;, whose entries are i.i.d. Gaussian random
variables with zero mean and variance o?2.
At R;, Vi, the received signal r; is converted into the FD using an N_-point FFT,

demapped for user u using M&“)T

, processed by an FD rBF matrix Agffi), remapped
to the frequency band allocated to user u using MS@”), and converted back into the

TD using an N.-point IFFT, resulting in
U

U
= 3 (P MPAIMP ) = 3L MPARGPos™ + 2 (4.4)

u=1 u=1
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' T y
P

Figure 4.1: System model for OFDMA and SC-FDMA multiuser multi-relay net-
works.

where Agffi) is a diagonal matrix whose diagonal entries are given by agz), k=1,...,0Q,
Z,; = Zgzl(F;VCM;“)Agff.) M;“)TF N.)Zr; is the amplified TD noise vector at relay

7

R;, and to obtain (4.4) we have used the following property of the subcarrier map-

. . . u U u/ u’ ~(u . ~(u
ping/demapping matrices: M; )T(Zu/:1 G%i)M; )) = ch’i), with G;,i) € C9%? de-
noting the FD S,-R; channel matrix for the non-dummy subcarriers'®. Before trans-
mission, t; is prepended with a CP of length Ny, N;, > max;{Ly;}, where L is the
length of the CIR between R; and D. We denote the TD R;-D channel matrix as

H, ;. Similar to ng), H, ; is also a circular matrix, which can be decomposed as
Hy, = F}chHf,iFNca (4.5)

where H;; € CNexe is the diagonal FD R;-D channel matrix. The received signal

at D after CP removal is given by

Ngr
y=> Hti+z (4.6)
=1

For each user, only @ of the N, subcarriers carry information. We refer to the information-
carrying subcarriers as the non-dummy subcarriers.
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where z4 is the TD noise vector at D, whose entries are i.i.d. Gaussian random
variables with zero mean and variance o3. At D,y is converted into the FD using
an N.-point FFT, demapped for user u using M( , and equalized by a diagonal
FD equalization matrix Wf . For SC-FDMA, the signal is further converted back
into the TD using an N_-point IFFT before being fed into the decision device. For
OFDMA, such conversion is not required. Therefore, the decision variable vector for

both SC-FDMA and OFDMA can be written as

7O —(PLWIMY Ty )y

=P, W" (HE&P st +ZHﬁ AP + zg‘)), (4.7)
i=1
where H(Y = V7 H(u (u) G(u) is the equivalent end-to-end FD channel matrix

for user w, with Hfl- denoting the FD R;-D channel matrix for the non-dummy
subcarriers. Furthermore, iff? = MSCU)TF N.Zr; and Z((iu) = M;u)TF N.Zq are the effective
FD noise vectors for user u at R; and D, respectively, and have the same statistical

properties as z,; and z4, respectively, since Mgc”)

TFNC is a unitary matrix. We note
that to arrive at (4.7), the following properties of the subcarrier mapping/demapping

matrices were used: M )TH M f{ful and M(u "H; M(“ =0, Vu' # u.

4.2.2 Channel Estimation Error Model

In this work, we assume the system is operating in the TDD mode. The FD CSI
matrices of the source-relay and the relay-destination channels, i.e. G(“) and H u)
estimated at the relays via training symbols sent by the source and the destination,

respectively. These estimates are then fed back to the destination using dedicated
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zero-delay error-free feedback channels'®

It is well known that if a linear MSE estimator is used, the CSI errors can be
modelled as Gaussian random variables with known statistics. Specifically, the source-
relay and relay-destination CSI matrices for the non-dummy subcarriers of user u can

be written as
~(u) (U) (u) (u)
sz G —i—AGfl, H HfZ +AHfZ, (4.8)

where G(u-) and lﬁI(“«) denote the estimated FD channel matrices, whose diagonal
entries are given by gz ) and hgk),Vu k,i, respectively. AGfl and AH ) denote
the CSI estimation error matrices, whose diagonal entries follow complex Gaussian
distributions with zero means and variances o7, and o7, , respectively.

€,9i

4.2.3 Implementation Issues

In this work, we assume that the destination is the central node which has the es-

timated global CSI of {C}Scuz), H;ul), Vi,u}, {02, 02, Vi}, o7, and oj. Therefore,

e,g:
the required feedback overhead from the relays to the destination is 2N.Ng complex
numbers and (2Ng + 1) real numbers in total. The equalization filters, W;u), Yu,
are computed at the destination using the estimated global CSI. The phases of the
rBF filter coefficients are obtained at each relay using the estimated local CSI, i.e.,
{Gfﬂ, H fz, Vu} for relay i. On the other hand, where the amplitudes of the rBF

filter coefficients are computed depends on the adopted power constraint. In particu-

lar, for the Agg-PC, the amplitudes of the rBF filter coefficients are calculated at the

16 Alternatively, the destination can also perform the channel estimation. This causes a mismatch
between the CSI at the relays and the CSI at the destination if the estimation is not perfect. However,
this is not a problem for transceiver optimization as the destination can design the equalizers based
on the estimated aggregated end-to-end channels which include the effect of the rBF filters.
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relays using the estimated local CSI and some global system information broadcasted
by the destination'”. For the Ind-PCs, the amplitudes of the rBF filter coefficients
are calculated at the destination using the estimated global CSI and are then fed back
to the relays, cf. Section 4.5 for details. Hence, for the Agg-PC and Ind-PCs, the
feedback overhead from the destination to the relays is 2N, and Ng /N, real numbers,
respectively. Therefore, for a small number of relays, e.g., two relays, the system
signalling overhead is similar for the Agg-PC and Ind-PCs. However, if the number
of relays is large, e.g., eight relays, a system with Ind-PCs requires a considerably

higher feedback overhead than a system with the Agg-PC.

4.3 Problem Formulation and Optimal
Equalization Filters

In this section, we formulate the joint optimization of the rBF and dEQ filters as
a weighted ABR maximization problem with either Ind-PCs or an Agg-PC. To this

end, we first need to find an expression for the ABR.

4.3.1 Lower Bound on the ABR

With the decision vector given in (4.7), we can calculate the error vector for user u

as

Ngr
o) (PG 1) s+ ) (A )

fira
=1

17The global system information mentioned here refers to the power allocation across users and

subcarriers (i.e., { Py, Vk,u}) and the power normalization factors (i.e., {c,(cu),Vk:,u}) on different
subcarriers, see Section 4.4 for details.
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which can be used to evaluate the MSE matrix as a function of the actual channel
. (w) .

matrices, E (GfZ,H M) = E.. 20 (u)}[ ee®] where E{s,iif?,i(d”)}(') is the expec-

tation with respect to (w.r.t.) the statistics of the signals and noises. Since the noise

vectors are independent of the transmit signal vectors, we obtain the MSE matrix

conditioned on the actual channel matrices as

EC(G) HYY) = PLEY (G H)Po, (4.9)

E(U)(G(Qj') H(?)) ZW;U)H&?H‘&;)TW(U)T o W;U)H'(;é) o Hizf)TWS‘U)T + IQ

<QZH(“)A Al & SOLIS 031Q> Wt (4.10)

For OFDMA, Py = Iy and the MSEs of the symbols are given by the diagonal
entries of E(u (chuz), H( )) which are denoted as B\, Vk, u. For SC-FDMA, we have
Py = Fg, which implies that E® (Gfl),ﬁgffi)) is a circular matrix with identical
diagonal entries; hence, all TD symbols for user u in SC-FDMA have identical MSEs

given by 1 ) Z k , Vu, which is equal to the arithmetic mean of the subcarrier

MSEs for user u in OFDMA. Exploiting the relation that SINR = MSE™! — 1 [116],
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we can obtain the ABR for user u conditioned on the actual channel matrices as

Q
ABRIOTPMAN(GE, BYY) = — 3 log, (B
=1

= —log, <det [E(f“)((_;%i), I:I;uz))D ; (4.11)
ABR[SC FDMA](sz> & f,)) = —Qlog, <% iEl(gU)>
k=1
— —Qlog, (%tr [E&“)(G%}, FIEZ:?)} ), (4.12)

where we have implicitly assumed that the transmit symbols at the sources are Gaus-
sian distributed!®. By averaging over the random CSI estimation error matrices, the
unconditional ABR for user u can be obtained as

ABRM =E

(B, ABRY(GY, H), (4.13)

AR
where Y={OFDMA, SC-FDMA}. Unfortunately, due to the nonlinearity of the
logarithm, it is difficult to find an analytically tractable expression for ABRQ[LY}.
However, as log, det(-) and log, tr(-) are both concave functions, we can infer that

ABRY <G(,‘)’ H; ) is a convex function in E (G;“Z), H ) Then, by applying Jensen’s

18We note that the optimal capacity-achieving input distribution for the multiple access relay
channel with imperfect CSI is an open problem in the information theory literature. Therefore, a
transceiver design which includes the optimization of the input distribution for such channels is a very
challenging task. In this work, we are mostly concerned with the optimization of the rBF and dEQ
filters for practical broadband systems, and not with the theoretical limits of such channels. Thus,
we adopt the assumption of Gaussian input signals as is commonly done in the existing literature
on (relay) transceiver optimization under imperfect CSI, e.g., [47] [50]. In addition, we note that
by using the gap approximation for the ABR [115], our problem formulations and solutions are also
applicable to practical modulation schemes such as quadrature amplitude modulation (QAM) and
pulse amplitude modulation (PAM).
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inequality, we can arrive at the following lower bound for the ABR for user u

ABRIOPPMA > —log, (det [B{"] ) = ABRIOTMA,

u Y

ABRLSC_FDMA] > _Q 10g2 (%tr |:E§cu):|) _ ABR[SC—FDMA} (414)

where E;u) = (u)

=E \q [E;“)] is the unconditional FD MSE matrix. In the follow-
1

AHy ;}

ing, we adopt this ABR lower bound as the key component of the objective function
in order to make the design problem tractable. In Section 4.6, we will investigate the

tightness of these lower bounds.

4.3.2 Problem Formulation and Optimal Equalization Filters

Our design goal is to maximize the weighted ABR (lower bound) of the network,

subject to either an average Agg-PC, i.e., E [>; tr(tit])] < Pr, or average

{z;,i,AG%}

Ind-PCs, ie., E tr(tit;r)] < P](;),ng. Mathematically, the optimization

{z;,i,AGEZjJi}[

9We note that in this chapter, the power constraints are imposed on a per-fading block basis. If
long-term power constraints were imposed, i.e., if the power was averaged with respect to several
channel fading blocks, the constraint set would be enlarged, leading to an improved performance
due to the larger number of degrees of freedom for power allocation. However, finding closed-form
expressions for the objective functions associated with the long-term power constraints is difficult
and requires statistical information of the estimated channel coeflicients in the FD. Therefore, to
make the optimization problem tractable, we focus on the short-term power constraint.
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problem for the rBF and dEQ filters can be formulated as

U
max Y 7,ABR}Y

(u) A (w)
{Wf »Af } u=1

s.t. Ztr[ (GUGMT 452 IQ+021Q)A§C2} < PY Vi, for Ind-PCs,

(4.15)
> Ztr[ FHGRIGE) + 02, 1o+ Ule)A%ﬁ] < Py, for Agg-PC,
u=1 =1

(4.16)

where Pg ) is the transmit power limit for the ith relay, Pg is the total transmit power
limit for the relays, and 7, is a weighting factor for user u which specifies the priority
of the user. From (4.15) and (4.16), we observe that the optimization of Wgc“) is
independent of the power constraints. Therefore, we can perform an unconstrained
optimization of Wgcu) for each user. To this end, we need to determine the expectation
of the MSE matrix w.r.t. the statistic of the channel estimation errors, cf. (4.14).
For the estimation error model given in (4.8), the unconditional MSE matrix, E;“),
can be derived as

B = Wi (RERG + K ) W= Wi e - HE W+ T, (117)

where ICIS{;) =y H(U)A sz, and
Ngr
K =3 A (02, + o HPAY + 02, (GRIGY + 02, 1g + 071o)| AL + 021,

can be interpreted as the covariance matrix of the equivalent end-to-end noise vector.

Since the ABR lower bound for each user is a monotonic function w.r.t. the
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term inside the logarithm, the optimal equalization matrix at the destination can
be derived by minimizing either the trace (for SC-FDMA) or the determinant (for
OFDMA) of Egc“) After some algebraic manipulations, the optimal equalization filter

matrix and the unconditional FD MSE matrix can be found as
-1 -1
Wi i (MG iy ) B (MR o) s
Explicitly, the kth diagonal entry of W;u) is given by

Ngr * Ng
o = [Siaig | (
=1 =1

Z i’zk EZ )gzk

2

1
+Z‘azk ’ /B’Lk to ) : (419)

where 8" = (o2 0L, to 2)|pw2 Ug’hi(lgg)P + 02, +07). As can be observed from
(4.19), the optimal equalization filter is in the form of a Wiener filter which takes the
CSI estimation errors via 6 . into consideration. The unconditional MSEs of user u
for OFDMA and SC-FDMA are given by, respectively, the diagonal entries of E;u)

and the arithmetic mean of these entries, namely

Q
~ ” -1 - (u _ 1 u -1
j=1
where
Ng 7 (w) (u (u)
ol — ‘Z i i (4.21)
g Ne | @] qw) , o
Zz‘:l g, 6ik +0g

can be interpreted as the SINR for the information symbol on the kth subcarrier of

user u for OFDMA and the corresponding virtual SINR? for SC-FDMA. Now, by

20Gince for SC-FDMA, the information symbols are transmitted in the TD, we refer to the SINR
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rewriting the ABR lower bound as a function of q),(cu), we obtain

Q -1
ABROFM(@() = — 3 log, (9 +1)
=1
1 Q
ABRECTPMA(@) = —Qlog, (@Z@»é“)ml)' (4.22)
k=1

Hence, after rewriting the relay power constraints (4.15) and (4.16) in scalar form,

we arrive at the following optimization problem for the rBF filters

U
max Y mABRY(@)) (4.23a)
{(u)} u—1l
.t ZZM 24 < PY Vi for Ind-PCs, (4.23b)
u=1 k=1
Ng U Q
Z Z Z| Ay, | ,sz) < PR7 for Agg PC (4230)
i=1 u=1 k=1
where ) |gzk)|2+a + 02,

4.3.3 Optimal Phase of the rBF Filters

It is observed from (4.23) that the power constraints are independent of the phases

of the rBF filter coefficients. Furthermore, we can rewrite the rBF coefficients as

(W _ ‘ai-};” (u)

: (w) .
a,, e/48(@) where |ay, ‘ and arg(agz)) are the amplitude and the phase

of agz), respectively. Since the power constraints are not affected by arg(agz)) and

ABRLY] is monotonically increasing in CI);”), we can find the optimal phases on a per-

(w)

subcarrier basis by maximizing ®,". From (4.21), we observe that arg( (o )) appears

only in the numerator of <I>,(€“). Thus, by using the inequality |S20% h a gl(;:)

for the signal representations in the FD as "virtual" SINR.
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*

2
> , where equality holds when a = | | e ““ - it follows

(Zz 1 ‘7
(u)

that ®" is maximized when arg(a\”) = —arg(3\""h\!"), i.e., When the phases of the

o

(U h(u zk

rBF filter coefficients align with those of the corresponding estimated end-to-end FD
channel coefficients. Equipped with this result, we can rewrite the maximized CI>,(€”),

denoted as ®" as a function of |a!)| as

N ~(u) 7 (u
= () <21=R1 gz'(k)hz(k) az(k)‘)
¢, = ) (4.24)
N u u
Zile agk) Bz(k) + Ud

Replacing CID,(:) by Cf,(:) in (4.23), we can formulate the optimization problem for the

amplitudes of the rBF filter coefficients as

U
max > nABRM(®(Y) st (4.23b), (4.23¢). (4.25)
(IR M

Since the the objective function in (4.25) is not convex in the optimization variables
{|a§z)|}, solving the problem for both constraints directly is challenging, even though

the constraints can be shown to be convex in {]aﬁ,ﬁf)|}

4.4 Optimal rBF Filters For The Agg-PC

In this section, we shall first tackle the problem in (4.25) for the Agg-PC. We shall
derive the optimal structure of the rBF filter coefficient amplitudes and the optimal

power allocation among subcarriers and users, respectively.
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4.4.1 Structure of the Optimal rBF Filter Coefficient

Amplitudes

In the following, we introduce additional real-valued optimization variables, { Py, },
which can be regarded as the power limit of the kth subcarrier for user u. This allows

us to rewrite problem (4.25) as

Nr

U
max ZTU@LY](&),(:)) s.t. Z |a | %k) < Py, Vk, u

{IGEZ>I7Pk1L} u=1

U Q
>N Pu<Pr Pu>0Yku o (4.26)

u=1 k=1
We observe that the constraints in (4.26) are decoupled in {|a(“)|} and {Py,}. This
motivates us to adopt the primal decomposition technique [121] to solve this problem

by decomposing it into two problems, i.e., a subproblem

max ZTuABRY] (@) Z 69124 < Py, Yk, 0, (4.27)
(Rl St

and an upper-level master problem

Uu Q
Y] (“) < P >
max ZT ABRY(0} £y Z Pow < Pr,  Ppy > 0,Vk, u. (4.28)

The physical interpretation of (4.27) and (4.28) is as follows: the master problem
(4.28) is responsible for finding the optimal distribution of the system transmit pow-
er among the users and the subcarriers. Once these power variables are optimized, the
subproblem in (4.27) will further determine the optimal amplitudes of the rBF filter
coefficients. For subproblem (4.27) with fixed P, the optimization of {|agz)|},Vk, u

is decoupled among users and subcarriers. Thus, the problem can be further decom-
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posed into QU subproblems

(u)

?1(%)}; (I) Z ’azk ‘27% Py, Yk, u, (429)
where we have exploited the fact that at optimality, the constraint in (4.27) is met
with equality. Problem (4.29) shows that, for a given relay power allocation {Py,},
each user has to maximize its own SINR/virtual SINR at each subcarrier in order to
maximize the weighted ABR of the whole network.

Using (4.21), the problem in (4.29) can be written compactly as

a0z a7
max (u) e (u) -, st a"J"aT — p vk (4.30)
{ai} a, Dk +0;
(w) (u) ) 3 (u) : (w) _
where we have defined a;’ = [|a;} ], .. |aNRk|] = dlag{ﬁ.k , Vi}, 27 =
u u)T u u ~(u
22", 7" = (B 1A a5 1 s B0 x;ku = diag{’, Vi}, and

diag{-} is a diagonal matrix whose diagonal entries are given in the bracket. Next,

we introduce a unit norm vector, é,(cu), to rewrite a,&u) as

al" = /Pna g1, (4.31)

With (4.31) we can recast problem (4.30) as

P ~<u)Z(u>~(u>T .
max ua A s.t. é,(gu)éi,(gu) = 1,Vk,u, (4.32)

where Z\") = 312z g =172 Ry _ jl=1/2p g=T72 Note that (4.32) is a

generalized Rayleigh quotient maximization problem [100]. The optimal solution of
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éi,(:) is thus given by

ay) = o/ Pz (PDY + 03ly,) 7, (4.33)
where 2" = 3722 "and ! is a normalization factor that guarantees the unit

norm of 2. The optimal form of a!*) can be obtained by inserting (4.33) into (4.31).

Explicitly, the expressions for |a§Z)| and c,(cu) are given by

~1/2
N, u) ~(u u
(W) _ %k )Vpku|hzk Jik | () - |h’z(k)gz(k)| %‘(k)
la;,’| = ) o and ¢ Z 5 (4.34)
Bir’ Pru + 0k i=1 [@?PM + ‘73%(:)

Remark 4.1: The expression of \ag}:)| in (4.34) specifies the portion of the available
power Py, that the rBF filter should distribute across different relays. Since the noise
and estimation error variances appear in the denominator of (4.34), less power is
allocated to the relays with larger noise and CSI estimation error variances. In this
way, the rBF filter structure in (4.34) effectively reduces the negative effects of noise
and CSI estimation error amplification.

Using the optimal structure of the rBF filter in (4.34), the maximum value of

<I>,(c , which is denoted by (IDk ), can be derived as

= (u) o Y\ law] <& PuCl
3™ — ptr [(P,WD“ + oLy ) Z“] _ i o (4.35
k k d R k ; PkuAg;j) +B§:) ( )

where AG) = 830, B = oy, and O = |95 .

Remark 4.2: It is interesting to investigate how the CSI error variances influence
the value of i),(cu). As Py, remains an unknown factor, we assume for the moment
equal power allocation at the relays, i.e., Py, = L& = 1, Vk, u, where we have assumed

Nc
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Pr = N. (Recall from Section II that we have also assumed Pg = N.). Then, the
denominator of (4.35) is simplified to (|g\}" |2 +02)02, + (|h\" P+03)02, +02,.00, +
021612 + 62| |2 + 6262, from which we observe that when (|g\[2+02) > (|A{"|2+
03), 02, will result in a larger SINR degradation (and thus a larger ABR loss) than
02 ,.- Otherwise, 07 will have a more negative effect on the ABR performance.

Now, we have solved the subproblem in (4.27) by finding the optimal |al(-Z)|. The

remaining task is to solve the optimal power allocation problem given in (4.28).

4.4.2 Optimal Power Allocation for the Agg-PC

With &) given in (4.35), (4.28) can be restated as

max M), st Y Pu < Pr, P > 0,Yk,u, (4.36)
ku u,k

with objective function

Zu 1Tu Zk 1 1og, (‘i) ) Y=OFDMA

. o (4.37)
—ZLTquogg( > (o) ) ) Y -—SC-FDMA

where p = [p7,...,pH]" with py, = [P, - - -, Pou)”-

Proposition 4.1. Optimization problem (4.36) is a conver problem w.r.t. the opti-

mization variables Py, Vk, u.

Since (4.36) is a convex problem, and the constraints are affine and feasible,
Slater’s condition is satisfied, which implies that strong duality holds for the primal

and the dual problems [101|. This allows us to solve the original problem by solving
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the dual problem. Let us write the Lagrangian of (4.36) as

£ =Mp)+ A

U @
+> > GuPhas (4.38)

u=1 k=1

U @
Pr=> ) P

u=1 k=1

where A is the Lagrange multiplier associated with the average aggregate relay power
constraint, and {(g,, Vk,u} are the Lagrange multipliers associated with the non-
negative power constraints on each subcarrier. Using (4.38), the dual problem of

(4.36) can be written as

min max LY. (4.39)
A {Pkuagku}

Applying the KKT conditions to the inner maximization problem in (4.39), we obtain

the following system of equations for the optimal {Py,} for a given A,

8(1)
EM R A4 G =0 4.40
CruBru = 0, (4.41)
CGou =0, Py >0 Vk,u, (4.42)

where

—7,(®" +1)"1/In2, Y=OFDMA,

=] and
(3
u(®y *3 . Y-SC-FDMA,
(In2) 22, (@ 41) 1
oy 3%l

0P T (P Ay +BR)?

(2

Eq. (4.40) reveals that the derivative of the Lagrangian w.r.t. P, should be equal

to zero at optimality. Eq. (4.41) is the complementary slackness condition for the
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constraint Py, > 0. Eq. (4.42) indicates the non-negativity of the primal and d-
ual variables. From (4.41), we note that if ¢, > 0, then we must have P}, = 0.
Otherwise, P}, admits a strictly positive solution which can be obtained by solving
(4.40) with ¢}, = 0. Note that in both cases, there is no need to explicitly determine

{¢;.}. In practice, the bisection method can be used to find the root of (4.40), i.e

=[Y] 9% " 8<I>( v

aP — A > 0 and decrease the value of P, if

we increase the value of P, if =

v) 92"
apku

—_
—
—

5(®)
. o =y 03 .
— X\ < 0, the procedure continues until |=[Y] P Al < €, where ¢ is a

tolerance factor that controls the accuracy of the bisection method. Based on the
above discussion, we can iteratively find the optimal {Py,, Vk, u} for a given . For

the special case of Ng = 1, we can obtain the closed-from solution for OFDMA as

_Blk (2A1k Cl(z ‘l' \/
Py, = 2 (4.43)
241, (Alk + C )

Aln2

U u u u u u u u TuBYf)Ciu)
where T = [BAG + ) — 1Al + o) (187 - 25550 ). For
SC-FDMA, the solution for Nz = 1 can be derived as

+

1 r.BW e .
1k 1k -BW| (4.44)

Pl = +o [\ (P2l o2 (@8 + 1)1
1k 1k

Remark 4.3: From (4.43) and (4.44), one can observe that Py, has a water-filling
structure which is an increasing function of 7,. Therefore, more power will be al-
located to the subcarriers of users with larger weighting factor. This is intuitive
because with larger 7,, the contribution of user u to the value of the objective func-
tion increases, and thus the user is given more power for all of its subcarriers. In
addition, compared to the bisection method, the closed-form solutions in (4.43) and

(4.44) provide a direct and fast way for computing the power allocation variables for a
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Table 4.1: Algorithm 4.1 for finding the optimal power allocation across users and
subcarriers of the rBF filters under the Agg-PC. € is a small constant to control the
accuracy of the subgradient method, e.g., ¢ = 107*. L is the maximum iteration
number, e.g., L = 50.
1 | Initialize A1) and PJ'] Vk, u. Set Prec = PI vk, u, ¢ = 1.
2 Repeat
foru=1:U,k=1:Q
Find P from (4.40) using the bisection method or from the closed-form solutions (4.43), (4.44)
using Pye¢ and Al
end for
Set Poc = PIEZ-H],Vk,u. Update A+ using (4.45).
Stop when \)\[£+ﬁ — M < e ore> L.
(=041
3 | Prec, Vk,u, is the optimal solution.

ku

given A, which translates into a faster convergence of the power allocation algorithm.
To obtain the optimal Lagrange multiplier A, we can solve the outer minimization

problem in (4.39) by using the following subgradient method [122]

+
A — [A[ —e <PR - Z > P[””>] (4.45)
u=1 k=1

where ¢ is the step size adopted in the subgradient method, A is the value of A in

[0+1] .

the (th iteration of the subgradient method, and P, is the solution of Py, for a

given M. The algorithm to obtain the optimal power allocation for the Agg-PC is

summarized in Table 4.1.

4.5 Optimal rBF filters for Ind-PCs

To solve the problem in (4.25) under Ind-PCs, we inspect the common term in the

objective functions for OFDMA and SC-FDMA, ( Y 4 1)~%, which can be rewritten

105



Chapter 4. Robust Transceiver Design For Broadband Multiuser Multi-Relay Networks

as

(u)

RO gl

N
(Zz:Ri ik ik,
Xku

)

(@ + 1) =1

where X, = (vaji @32‘)’3%)

rewrite (i),(cu) + 1)~ and Xy, using ak ) and Z ) defined in the previous section as

zk

) + o |azk 28 + 62, We can compactly

) T o7 () o (0)
@+t = 1-2 < . (4.46)
Xew = a7z +a"DMal" 4+ 52, (4.47)

Next, by considering X, as an additional optimization variable, we arrive at the

following optimization problem, which is equivalent to problem (4.25) under Ind-

PCs,
max Q[Y] (a,X) (4.48a)
{{al h X))
U @
ZZ Wizyt) _ pi <o) vi, (4.48D)
u=1 k=
aTzMal" L aWTDMalM 62— X, <0, VE,u, (4.48¢)
where a = [[a®]7, ..., [a@]7]7 with a® = [[a{"]", ..., [a5’]]T, X = [XT,..., X"

with X, = [X14, ..., Xgu)", and

()T 7 () ()

- Zu 1 Zk 1 Tulog,y (1 - X—kuk) , Y=0OFDMA

AT 7w o (W

(@ X) =
— Yt TuQlogy {% > (1 - w)} , Y=SC-FDMA.
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Note that in (4.48¢) we have relaxed the equality constraint to an inequality con-
straint to make the constraint convex. This does not affect the final solution since at

optimality constraint (4.48¢) will be satisfied with equality.

Proposition 4.2. Optimization problem (4.48) is a reverse-conver (convexr mazi-

mization) problem with conver constraints.
Proof. The proof is given in Appendix-E O

Various algorithms have been developed to solve reverse-convex problems with
convex constraints, cf. [117], [118]. The problem at hand involves (Ng + 1)N, real
optimization variables, i.e., considering practical values of N. and Ng, the problem
dimension is quite large. To strike a balance between system performance and compu-
tational complexity, we adopt a low-complexity suboptimal method called constrained
convex concave procedure (CCCP), cf. [52], [120], [119], to find a local optimal so-
lution of problem (4.48) . The key idea of CCCP is to approximate the non-convex
part (which is differentiable) in the original problem with its first-order Taylor series
expansion around some feasible point. This gives rise to a convex problem whose
feasible region lies in a subset of the original non-convex problem. By solving the
resulting convex problem, an improved feasible solution of the original problem can
be obtained, which is then used as the new starting point for the Taylor series ex-
pansion. This process continues until the value of the objective function converges.
The solution of the last convex problem is then chosen as the solution to the original

problem. Based on the above discussions and the first-order Taylor series expansion
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of f1(a,X),

U @ Y]/2 <
Ma,X) ~ gY1<a,x>+ZZ[6‘fz (3. X))

L ONG A
LA Y Ay (X,w ~ %) ), (4.49)
(XkU)2

where {a, X} is a feasible solution to the original problem, and

OFDMA] WTrp () (w)\ 1
UOTNEX) (| afgra
(@™ +1)-1 X

SC—FDMA Q DT rp(w) () ]!
of; ax) _ . 12 1—5‘;) 7"
1 “1Q = X ’

o™ +1) ku

we arrive at the following optimization problem

U Q [Y]
wae (7000 43 [an (a,X))
u=1 k=1

u)T u
<—2[a,£ "0z

{al) Xpu} oy 1)t Xlgi)
. . [a(u)T] ()7, (w) [a(“)] () .
(a;(g ) [al )](z)) L1 L (Xku _ X;EU))
(Xku )2
s.t.  (4.48b), (4.48c¢) (4.50)

where () is the value of the function or variable obtained in the /th iteration of
the CCCP. Since the problem in (4.50) is a convex problem with a linear objective
function and convex constraints, it can be solved efficiently using standard convex
optimization tools, e.g., CVX or SeDuMi [124], [125]. The algorithm for finding the
optimal amplitudes of the rBF filter coefficients under Ind-PCs is summarized in
Algorithm 4.2 in Table 4.2. It is worth mentioning that due to the non-convex nature

of problem (4.48), the convergence of Algorithm 4.2 to the global optimum is not
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guaranteed. However, since problem (4.48) admits a strictly feasible solution, e.g.,
all-zero rBF filter coefficient amplitudes, and the sequence of the objective functions
in problem (4.50) increases monotonically with the iteration number ¢ and is upper-
bounded by infinity, the convergence of Algorithm 4.2 to a stationary point of the
original problem (4.48) is guaranteed. Moreover, as the objective function in problem
(4.48) is twice continuously differentiable and strictly convex in the optimization
variables, the stationary point obtained by Algorithm 4.2 can not be a saddle point
but has to be a local optimum of problem (4.48). In Section 4.6, we will investigate
the convergence behavior of Algorithm 4.2 numerically.

Remark 4.4: It is interesting to compare the solutions of the rBF amplitudes
obtained for the two considered power constraints. For Ind-PCs, the power allocation
across relays, users, and subcarriers is performed simultaneously through the rBF
filter coefficient amplitude optimization in (4.50), which involves solving a sequence
of convex optimization problems with (N + 1)N, real optimization variables. For
the Agg-PC, the power allocation across relays is obtained from the closed-form
expression given in (4.34), and the power allocation among users and subcarriers
is obtained by solving a single convex optimization problem in (4.36) with N, real
optimization variables. Therefore, the complexity of Algorithm 4.2 for the Ind-PCs
is higher than that of Algorithm 4.1 for the Agg-PC, especially for large values of
Ng.

4.6 Simulation Results

In this section, we evaluate the performance of the proposed robust rBF and dEQ
schemes for OFDMA and SC-FDMA systems using simulations. All TD channels are

modeled as uncorrelated Rayleigh block fading channels whose CIR is generated based
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Table 4.2: Algorithm 4.2 for finding the optimal amplitudes of the rBF filter coef-
ficients under Ind-PCs. € is a small constant to control the accuracy of the CCCP,

e.g., ¢ = 107*. L is the maximum iteration number, e.g., L = 50.

1 | Initialize [a{"]1, X[ Vk, u. Calculate [f}Y (a, X)), Set £ = 1.

2 Repeat

Find [a,gu)][é+1] and X,[qul],Vk,u, by solving the convex problem in (4.50).

Calculate the new objective function value [fQ[Y] (a, X)L+,
Stop when [} (a, X))+ — [ (2, X))1¥| < ¢, or £ > L.
L=0+1.

3 [aiw}[é"'l], Vk,u, is the optimal solution.

on the power delay profile p[n] = Uit ZIL:_OI e~ 5[n — 1] [126], where o, = 2, which
corresponds to moderately frequency-selective fading. For convenience, we assume

that the length of all multipath channels is equal to 16, i.e., Ly, ; = Ly ; = 16, Vu, 1.

The received SNR at relay and destination is defined as SNR, = Ls_ and SNR, =

02N,

Pr
o'ch )

(SNR),ef as the value of SNR when SNR, = SNRy4. The proposed rBF with optimal

respectively. For convenience, we assume that Ps = P = N.. We further define

power allocation is denoted as rBF-OPA. Three baseline schemes are considered: a
naive-AF scheme, optimal rBF with equal power allocation (rBF-EPA), and non-
robust rBF-OPA. For the naive-AF scheme, the destination employs the optimal
equalizer in (4.19) while the relays perform simple power amplification to meet the
average power constraint. For rBF-EPA, the relays only align the phases of the
estimated end-to-end channels and distribute the power uniformly across frequencies,
users, and relays. For the non-robust scheme, both the relays and the destination
treat the estimated CSI as the actual CSI for the design of the dEQ and rBF filters.
Unless specified otherwise, we set o2, = o} ; = 0.1, Vi, the number of users is U = 4,
the data block size of each user is () = 16, uniform user weighting is adopted, i.e.,
T« = 1/U, and equal relay power budgets are assumed for the Ind-PCs, i.e., pz(%i) =
Pr/Ng,Vi. All simulation results are obtained by averaging over 10,000 realizations

of the estimated channels and CSI errors.
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Figure 4.2: Average ABR and ABR lower bound for multiuser multi-relay systems,
two relays, and o7 , = 07, =02, Vi. Upper: OFDMA. Lower: SC-FDMA.
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4.6.1 Tightness of the ABR Lower Bound

In Fig. 4.2, we show the actual average ABRs and the corresponding ABR low-
er bounds for two-relay OFDMA and SC-FDMA systems employing the naive-AF
scheme and the Agg-PC. As can be seen, for OFDMA, the bound is close to the
actual ABR when the CSI error variance is small and when the SNR is low. On the
other hand, for SC-FDMA, the lower bound is tight over the entire SNR range and
for all considered CSI error variances. The different tightness of the lower bound may
be due to the fact that, for SC-FDMA, the inverse Fourier transform after the FDE
has an averaging effect on the SINR of the TD symbols at the input of the slicer
(as indicated by the factor 1/Q inside the logarithm in (4.14)), which reduces the
fluctuation of the ABR compared to that of OFDMA. Note that although the lower
bound for OFDMA is not tight for high SNR and large CSI error variances, adopting
the lower bound for optimization leads to substantial performance gains compared to
un-optimized and non-robust relay systems, as will be shown in the following figures.
We also note that as the CSI error variances increase, the ABR degrades dramatically
for both OFDMA and SC-FDMA. This illustrates the necessity of a robust design of
the rBF and dEQ filters.

4.6.2 Convergence of Algorithm 4.2

As explained in Section 4.5, Algorithm 4.2, which is used to compute the optimal
rBF filter coefficient amplitudes for the Ind-PCs, involves solving a sequence of convex
optimization problems. Therefore, the complexity of the algorithm depends on the
number of iterations required to obtain the optimal solution. In Fig. 4.3, we numer-
ically investigate the convergence behavior of the algorithm by examining the values

of the objective function (the ABR lower bound) versus the iteration number, ¢. In
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Figure 4.3: Objective function value versus the iteration number in Algorithm II for

SC-FDMA, o?, = 02, = 0.1, Vi. Upper: SNR.={0,6,12,18} dB, and Nzp=2.
Lower: Np={2,4,6,8}, and SNR,=6 dB.
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the upper sub-figure, we study a two-relay SC-FDMA system operating at different
SNRyet. In the lower sub-figure, we examine a multi-relay SC-FDMA system operat-
ing at SNR,cf = 6 dB for different numbers of relays. We observe that as SNR,.f and
Np increase, more iterations are required for the algorithm to converge. However,
for all the considered cases, the objective value is already close to the optimal value
after 5 iterations. In the following, we set the maximum number of iterations for the

algorithm equal to 20 to achieve near-optimal performance.

4.6.3 Comparison of the Robust and Non-robust rBF

Schemes

In Fig. 4.4, we examine the ABR performance of the proposed rBF and dEQ schemes
for the Agg-PC for SC-FDMA systems with one and two relays. We also include
the performance of non-robust rBF /dEQ and non-robust rBF with robust dEQ for
02 =0.1. As expected, for larger CSI error variances, the performance of both the
robust and the non-robust rBF /dEQ schemes degrades, as the CSTI used for designing
the involved filters becomes increasingly inaccurate. However, the proposed robust
scheme achieves a considerable performance gain compared to the non-robust schemes
especially for large CSI error variances. Furthermore, the non-robust schemes become
less sensitive to the CSI errors as the number of relays increases, because of the
additional spatial diversity provided by the relays. For one- and two-relay systems
with 02 = 0.1, we also observe that robust dEQ can compensate for a considerable

amount of the ABR loss suffered by non-robust rBF and non-robust dEQ.

114



Chapter 4. Robust Transceiver Design For Broadband Multiuser Multi-Relay Networks

6 T T

— A - NonRobust rBF+dEQ, 2 relays
—%— Robust rBF+dEQ, 2 relays

— %/ — NonRobust rBF+dEQ, 1 relay

51" | —=— Robust rBF+dEQ, 1 relay
—©6— NonRobust rBF, with roubst-dEQ

2_
Oe—0.0l\

ABR (bps/Hz)
w S

N

0 5 10 15 20 25
(SNR),, (dB)

Figure 4.4: ABR of multi-relay SC-FDMA systems with robust and non-robust rBF
schemes, two relays, and o7, =07, =02, Vi.

4.6.4 Comparison of Optimal and Suboptimal rBF Schemes

for Agg-PC and Ind-PCs

In Fig. 4.5, we study the weighted ABR of the optimal and suboptimal rBF schemes
for a two-relay SC-FDMA system using uniform and non-uniform user weighting, re-
spectively. The non-uniform weighting factors are chosen to be {0.9,0.06,0.03,0.01},
which is an extreme case where one of the users has much higher priority than the
other users. From both sub-figures, we can see that rBF-OPA with Ind-PCs per-
forms only slightly worse than rBF-OPA with the Agg-PC, regardless of the choice
of the user weighting factors. Also, suboptimal rBF-EPA outperforms the naive-AF

scheme by a large margin, which underlines the importance of the channel coeffi-
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cient phase alignment for rBF filter design. In the upper sub-figure, suboptimal
rBF-EPA achieves a similar performance as rBF-OPA for both types of power con-
straints. This is because with uniform user weighting, all users contribute equally to
the system ABR. Thus, distributing the power uniformly across users, subcarriers,
and relays does not cause a significant performance degradation. However, if the
weighting factors of the users are non-uniform, cf. the lower sub-figure, rBF-EPA

suffers from a considerable ABR loss compared to rBF-OPA.

4.6.5 Effect of Different CSI Error Variances

In Fig. 4.6, we investigate the effect of different values of o7, and o7, on the ABR

gi
performance of the considered optimal and suboptimal rBF schemes for the Agg-PC.
We consider two types of CSI errors: {07,027, } = {0.5,0}, Vi, and {07 02, } =
{0,0.5}, Vi. This corresponds to the situation where the CSI in one hop contains
large errors while the CSI in the other hop is perfectly known. We increase SNR,. and
SNR, simultaneously in the upper sub-figure, and fix SNR,, = 12 dB in the lower sub-
figure. The results show that when SNR,, = SNRy, almost identical ABR performance
is achieved for both types of CSI errors. This is in accordance with the analysis in
Remark 4.2 of Section 4.41, where it was shown that when the noise level of the two
hops are identical, 02, and o2, will have a similar effect on the ABR. However,
when SNR,. > SNRy, the ABR with {o? 02, } = {0.5,0}, Vi, is considerably lower
than that with {0?,, 02, } = {0,0.5}, Vi, and when SNR, < SNRy, the reverse
holds true. This reveals that the link with the lower SNR is more robust to CSI
imperfection than the link with the higher SNR, which is again in accordance with

Remark 4.2. Moreover, from both figures, we also observe that, in contrast to Fig. 4.5,

the performance gain achieved by rBF-OPA over rBF-EPA is more prominent in the
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Figure 4.5: ABR and weighted ABR of multi-relay SC-FDMA systems with op-
timal /suboptimal rBF schemes, two relays, and o, = o7, = 0.1, Vi. Upper:
Uniform weighting. Lower: Non-uniform weighting.
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high SNR region. This implies that if the CSI errors in one of the two hops dominate,

performing OPA is very beneficial for the ABR performance.

4.6.6 Effect of U and Np on the Network ABR

For multiuser systems, the impact of the number of users on the ABR of the network
is an important consideration. In Fig. 4.7, we evaluate the network ABR versus
the number of users for two-relay OFDMA and SC-FDMA systems operating at
SNR,.f = 12 dB. The total number of subcarriers, N, is fixed to 64. From the upper
sub-figure, we observe that for OFDMA, the ABRs of all the considered schemes do
not scale with the number of users in the network. In contrast, in the lower sub-
figure, the ABRs for SC-FDMA increase as more users are accommodated in the
network, e.g., the ABR increases from 1.9 bps/Hz to 2.1 bps/Hz for rBF-OPA when
U increases from 1 to 16. This observation can be explained as follows: Since the
ABR for OFDMA is a linear function of per-subcarrier ABRs, as long as N, is fixed,
the network ABR will not increase notably with the number of users. For SC-FDMA|
the ABR varies with the number of subcarriers assigned to each user. Consider two
extreme cases: When U = 1, the SC-FDMA system reduces to a single-user SC-FDE
system, whose ABR is lower than that of the correponding OFDM system. When
U = 64, the SC-FDMA system is essentially equivalent to an OFDMA system since
only one subcarrier is assigned to each user. In between, as U increases, the ABR
of the SC-FDMA system gradually approaches that of the OFDMA system as the
number of subcarriers assigned to each user decreases.

As we consider multi-relay systems, it is also of interest to investigate how the
number of relays affects the ABR of the network. In Fig. 4.8, we plot the ABR as a

function of the number of relays for a multi-relay system operating at SNR,s = 10
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dB. We show the results for SC-FDMA systems with both equal and unequal relay
power budgets (rPB), where in the latter case PI(;) is randomly generated such that
> Pg) = Pg. From the figure, we observe that the ABRs for the naive-AF schemes
increase only slightly with Ng, while remarkable ABR performance gains are achieved
for rBF-OPA and rBF-EPA when more relays are deployed. This is due to the fact
that the channel coefficient phase alignment in rBF can take full advantage of the
increased spatial diversity for large numbers of relays. Moreover, the performance
gap between the schemes using Ind-PCs and those using the Agg-PC is enlarged
as INg increases. This phenomenon becomes more prominent when nonequal relay
power budgets are adopted. This is because with the increase of Ng, the Agg-PC can
offer increasingly more degrees of freedom in allocating the relay transmit powers as

compared to the Ind-PCs.

4.7 Conclusion

In this chapter, we investigated robust rBF and dEQ filter design for multi-relay
OFDMA and SC-FDMA systems based on a statistical CSI error model. A lower
bound on the weighted ABR of the network was maximized under an Agg-PC and
Ind-PCs, respectively. First, the optimal dEQ filters and the phases of the optimal
rBF filter coefficients were derived for both types of constraints. Then, for the Agg-
PC, a two-step solution for the optimal amplitudes of the rBF filter coefficients was
proposed by employing primal decomposition. In the first step, for each subcarrier of
the users, the optimal rBF allocates power across relays by taking into account the
CSI error variances. In the second step, a convex power allocation procedure further
distributes the power across subcarriers and among users to enhance the weighed

ABR performance. For Ind-PCs, the optimal amplitudes of the rBF filter coefficients
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were obtained by solving a sequence of convex optimization problems. Simulation
results showed that the proposed robust rBF schemes outperform conventional non-
robust and naive-AF relaying schemes. Furthermore, our results revealed that the
suboptimal rBF-EPA scheme achieved near-optimal performance when uniform user
weighting was employed and the CSI error variances in both hops were similar. On
the other hand, if non-uniform user weighting was adopted and/or the CSI error
variances in the two hops were quite different, the optimal rBF-OPA scheme enjoyed

a considerable performance gain over rBF-EPA.
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Chapter 5

Robust Transceiver Design for
SC-FDE Multi-hop Full-Duplex DF

Relay Systems

5.1 Introduction

In the previous chapter, we have investigated the transceiver design for a dual-hop
multiple parallel relay network. In practical wireless systems, multi-hop serial re-
lay network is another promising candidate with various potential applications. For
example, in rural areas, where the cell sizes of cellular systems are relatively large,
multi-hop transmission is beneficial for ensuring the QoS of cell-edge users [14, 18].
Multi-hop relay systems have also found application in device-to-device communica-
tions, where the number of wireless devices that can potentially serve as intermediate
relaying nodes is typically large [130, 129]. Another application for multi-hop relay-
ing is millimeter-wave communications due to the severe channel attenuation at high
frequencies [131]. Conventionally, multi-hop relay systems are operated in the half-
duplex mode, which results in a low spectrum efficiency, especially when the number
of hops is large. Hence, considering the recent advances in hardware technology for

interference cancellation [74, 75, 76, 132], full-duplex relays (FDRs) that can transmit
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and receive signals simultaneously are drawing a growing interest from the research
community.

In this chapter, we propose a robust transceiver design for a multi-hop SC-FDE
based DF FDR system assuming imperfect CSI at the transceivers. Thereby, we
adopt the statistical error model because of its suitability for modeling CSI errors
originating from non-ideal channel estimation [133|. Since the MSE is an important
performance metric for systems employing equalization [126], we adopt the mini-
mization of the sum MSE and the maximum MSE across the different hops as our
design objectives. Separate transmit node power constraints are imposed because
source and relays usually have their own power supplies and thus cannot share pow-
ers. Moreover, separate power constraints also reflect the hardware limitations and
emission regulations of the transmitting nodes. To solve the formulated problems, we
first derive the optimal equalization filters at the receiving nodes, which are identical
for both considered optimization criteria and take the form of robust Wiener filter-
s. With the optimal equalization filters in hand, the transmit precoding problems
become non-convex power allocation problems in the frequency domain. In a first
approach, we propose a sequential geometric programming (sGP) based method to
solve the power allocation problems, where the condensation technique [89] is applied
to transform the objective function into a posynomial. Then, by successively solving
a sequence of standard GP problems, improved approximate solutions for the original
problems are obtained. The sGP based power allocation schemes require a central
node to collect the CSI of all hops, leading to a significant signalling overhead. In
addition, only numerical solutions can be obtained for the sGP subproblems, which
does not provide physical insights. Hence, motivated by the observation that by fix-

ing the powers of all other nodes, the power optimization of a specific node can be

125



Chapter 5. Robust Transceiver Design for SC-FDE Multi-hop Full-Duplex DF' Relay Systems

formulated as either a convex problem or a difference of convex problems, we also
investigate an alternating optimization (AO) method [135], where closed-form solu-
tions are obtained in each iteration step and efficient algorithms can be developed by
exploiting the (partial) convexity of the subproblems. Our simulation results reveal
that the AO based method and the sGP based method yield almost identical perfor-
mances in terms of MSE and achievable rate. However, the AO based algorithm has
the advantage that it requires significant less signalling overhead for systems with a
large number of hops and facilitates a semi-distributed implementation if the relays
can employ directional antennas to avoid the backward interference.

The remainder of the chapter is organized as follows. In Section 5.2, we introduce
the system model for the considered SC-FDE based DF FDR system. In Section
5.3, the optimization problems for sum MSE and maximum MSE minimization are
formulated and the optimal FDE filter is derived. In Section 5.4, the sGP and AO
based power allocation schemes are developed. Simulation results are provided in

Section 5.5, and some conclusions are drawn in Section 5.6.

5.2 System Model

We consider a multi-hop DF FDR system that consists of one source node, S, M —1
relay nodes, R;,2 =1,..., M — 1, and one destination node, D, as shown in Fig. 5.1.
The relay nodes are equipped with two antennas?!, one for signal transmission and
one for signal reception. The source and the destination are equipped with a single
antenna. For convenience, we denote the source as node 1, the ith relay as node (i+1),

and the destination as node (M +1). Due to the large path loss and shadowing, there

21 Although equipped with two antennas, the relay cannot employ multi-antenna techniques, e.g.,
beamforming, since there is only a single transceiver in each relay.
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Figure 5.1: Block diagram of an M-hop full-duplex relay system. The backward
interference exists only for M > 3.

are no direct links between any non-adjacent nodes. However, not only LI (dotted
arrows in Fig. 5.1) will be present for M > 3, but also backward interference (dash-

dotted arrows in Fig. 5.1) between adjacent relays .

5.2.1 Signal and Channel Model

The information symbol vector generated at the source is given by sl = [3[1"} s[ﬁ]] ,

where n is the index of the transmit data block, V. is the data block size, and the

m],Vm n, are modeled as i.i.d. random variables with zero mean and unit variance.
We assume error-free decoding at the relays due to the use of capacity-achieving
channel codes and adoption of a suitable transmission rate which is strictly lower
than the channel capacity. At transmit node i, either the original signal (for the
source node) or the error-free decoded signal (for the relay nodes) is converted into
the FD using an N.point FFT. The FD signal is then processed by a diagonal FD
precoding (one-tap filter) matrix Py; = diag{p, ;, Vk} € CN*Ne. Subsequently, the
precoded signal is converted back into the TD using an N.-point IFFT, resulting in

the transmitted signal

x; = F\ Py Fys" U i=1,... M, (5.1)
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where sl is assumed to be independent of s, ¥n/ # n, and Fy. is the DFT matrix
of size N.. Note that the combined effect of FR,CPMFNC is essentially a circular
filtering of the signal in the TD. Before transmission, x; is appended with a CP,
which is identical to the last N, ; symbols of the data block, where N, ; is chosen to
be larger than the lengths of the CIRs of the transmit channel between node 7 and
node (i+1), the LI channel of node 7, and the backward channel from node i to node
(1—1). At the receiving node, the CP is first removed prior to any signal processing.

The received signal at node (i + 1) after CP removal can be written as
Vi) = Hy X + Ly X 1) + Gy X + Dy, =1, M, (5.2)

where H,; € C¥>*% and G,; € CV*"e are the TD CIR matrices from node i to
node (i + 1) and that from node (i + 1) to node i, respectively, L,; € CN*Ne ig
the TD CIR matrix of the LI channel at node 7, and n, is the TD AWGN vector at
node 7, whose entries are i.i.d. with zero mean and variance o2 . Note that there is
no backward interference and LI at the destination, and there is also no backward
interference at the last relay, i.e., G;; = L;; = On,xn,,V? > M + 1. Since the CP
transforms the linear convolution of the CIR and the signal into a circular convolu-
tion, the TD channel matrices H;;, G¢;, and L;; are circulant matrices, i.e., they can
be expressed as H,; = circ{[hfi,OlX(NC_Lhi)]T}, Gy, = cire{[g};, 01 (N.-1,)]" }, and
L, = circ{[lfi,OlX(NC,Lli)]T}, where h;; € Cl*! g, € Clo*! and 1;; € CH*!
contain the CIR coefficients of the forward, backward, and LI channels, respectively,
and are given by h;; = [h?}, ce hg;hi}], g = [gt[lz], . ,giﬁ‘”}], and ;; = [lilz], ce liﬁlil],
respectively. Here, Lj,, Ly, and L;, are the lengths of the corresponding CIRs.
Since circulant matrices can be eigen-decomposed by the DFT matrix, we have

Q,; = F}LVCQf,iFNcﬂ where Q;, € {H;,;, G,;,L;;} are diagonal matrices containing
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the corresponding FD channel coefficients.

5.2.2 Channel Estimation Error Model

In this work, we assume that the channel frequency responses are estimated at the
receivers via training symbols sent by the corresponding transmitters. Assuming
a linear MSE channel estimator, the channel estimation errors can be modelled as
Gaussian random variables with known statistics [133]. Thus, we can rewrite the

actual FD channel matrices as

Qs = Qf,i + AQf,ia (5.3)

where Qﬁi € {ﬂﬁi,éfﬁ,tfﬁ} are the estimated channel frequency response ma-
trices, which are diagonal matrices with the main diagonal entries given by ¢, €
{iL,m,gk,i,Z,m}, k=1,..., N, respectively. AQy;, € {AHy;,AGy;, AL;;} are the
corresponding diagonal channel estimation error matrices, whose main diagonal en-

tries are complex Gaussian random variables with zero mean and variances o2, , ..

2

0-67g7k7i

and agyl’k,i, k=1,..., N, respectively. Without loss of generality, we assume

2

Oe,qk,i

= af,qﬂ-, q € {h,g,l},Vk, in the following for notational simplicity.

5.2.3 Processing at the Receiving Nodes

We assume that the ith relay knows the estimated FD LI and backward channel-

S, Ilﬁ(m) and Gf,(i+2)7 and the transmitted data symbol vectors, x(;41) and X(;49).

Thus, it can perform partial LI and backward interference cancellation by subtract-

ing IAJWH)X(Z»H) + Gt’(i+2)X(i+2) from Y (i41)s where IA;t,i = FR,CIA;fﬂ-FNC and Gt,i =
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F;rvé 7N, resulting in the following effective received signal

~ ~

Y1) = Y1) — Ly rnXa+1) — Gy ro)Xi+2)

=H,;x; + AL, 21X 11y T AGy (119 X(i+2) + gy, (5.4)

where AL, = Fi AL, .Fy, and AG, ., = F\ AG,,, Fy.. Signals y,,, are

J(Gi+1 i+1)
converted into the FD, equalized by FD equalization matrices Wf,(i+l) = diag{wy,(i11),
Vk} € CNe*Ne " and then converted back to the TD. Hence, the equalized TD signal

and the error vector at receiving node (i + 1) can be written as
Vi =FL W, .\ Fy g, d e, =Yy - i=1,.... M, (55)
Y+ N WG+ Y NY (i41) Al (i+1) = Y(i+1) y 1 y ooy AV, .

respectively. Subsequently, the signal is demodulated and decoded. At the relay, the
recovered signal is further re-encoded, re-modulated, and sent over the channel to

the next receiving node.

5.3 Problem Formulation and Optimal
Equalization Filters

For the design of equalization schemes, the MSE is an important and commonly used
performance criterion [126]. Therefore, in this section, we formulate the optimization
problem for the transmit precoding and receive equalization filters as the minimiza-

tion of the sum MSE and the maximum MSE across the different hops, respectively.
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5.3.1 Problem Formulation

Consider the conditional MSE matrix at node ¢, which is defined as the auto-correlation

matrix of the error vector, i.e.,
Ei 41)(AHL i, AL 511), AGr i42) = Eggln-in ., 300641001405 (5.6)

where the expectation is carried out with respect to the signal and the noise. Using

(5.1)-(5.5), the conditional MSE matrix can be written as

E¢ i1 (AH;, ALy (141), AGy (i42)) = chEf,(i+1)(AHf,i, ALy i11), AGy (i12))F .,
(5.7)

where i = 1,..., M, and Ey 1) (AHy;, ALy 41y, AGyi49)) is the conditional FD

MSE matrix, which can be written as Eg ;41)(AHy;, ALy 41y, AGy i42)) =

T oyt T T oyt T
Wf,(z'+1)Hf,in,in,in,z‘Wf Wf,(i+1)Hf,in,i - Pf,in,in,(i—i-l) + In.

JG+1) T

T f T T
+ Wy i+1) (ALf,(iH)Pf,(i+1)Pf,(¢+1)ALf,(1;+1) + AGf,(z'+2)Pf,(i+2)Pf,(i+2)AGf,(i+2)

.|.
+ o2 INC>W oy (5.8)

T(it1)

where ALy, = AGy; = Py; = On.xn,,Ve > M + 1. Here, the arguments of
E¢ i11)(AHy;, ALy i41), AGy (i42)) and Eg ;11)(AHy;, ALy (41), AGy i12)) stress that
these MSE matrices are conditioned on the TD and FD channel estimation error ma-
trices, respectively. By taking the average of E; ;1) (AHy;, ALy (i11), AGy (i+2)) with

respect to the CSI error matrices, we obtain the unconditional MSE matrices as

E iy =FyEponFy, i=1,...,M, (5.9)
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where Eﬂ(iﬂ) is the unconditional FD MSE matrix, which can be written as

Efi+1) =E(aH, AL 418G 110} BG4 (AH i, ALp 1), AGy i49))]

| o ;

_Wf (Z+1 <PfZ[Hf ZHfl + 0—6 Jhi INC]sz + O— f,(i+l) + O—n(i+1)INC

elii+)
2 i i & T ¥t i
+ Ue,g(iJrQ)Pf7(i+2)Pf,(i+2)>Wf,(i—H) - Wf7(i+1)Hf,z‘Pf7z‘ - Pf,iH Wf (i+1) + Iy,

(5.10)

Note that Et,(iﬂ) is a circulant matrix, cf. (5.9). Therefore, it has identical diagonal
entries given by [EL(Z‘J’_l)]kk = Nictr |:Ef7(i+1)i| ,Vk, which represent the MSE of the TD
symbols. Assuming separate transmit node power constraints, the problems of sum
MSE and maximum MSE minimization can be formulated as

min Ix(W,P) s.t. tr (E[XZXID <P, i=1,..., M, (5.11)
{Wy(i+1)Pri}

where W = {W ;,1),Vi}, P = {P;,;,Vi}, P, is the transmit power limit for node i,

and

fsumMSE W P Ztl" |:Ef (Z+1)i| y fmaxMSE(Wyp) = 'HlaXM tr [Ef,(i-i-l)] . (512)

i=1,...,

5.3.2 Optimal Equalization Filters and Power Allocation

Problems

The optimization of the equalization matrices, { W, ;11), Vi}, in (5.11) is independent
of the power constraint and decoupled among different nodes. Therefore, we can first
obtain the optimal equalization matrices by separately minimizing tr [E f,(,;+1)} with

respect to Wy ;41). By taking the derivative of tr [Eﬁ(iﬂ)] with respect to Wy ;11
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and setting the result to zero, the optimal FDE filter at node ¢ is obtained as
. . . -1
W;,(i-&—l) = P}zH}'L <Hf7in7iP},iH},i + Kf,(i+1)> ) (5-13)

where Ky ;11) is the covariance matrix of the end-to-end noise given by Ky 1) =

2 T 2 T 2 T 2 :

oon PriPr,+ Telirn Pf,(i+1)Pf,(i+1) 0 g2 Pf,(i+2)Pf,(i+2) RACT In,. The optimal
FDE filter in (5.13) has the form of a Wiener filter that takes the CSI estimation errors
into account. Substituting W7 ;) into (5.10) and applying the matrix inversion

lemma [100], the optimized FD MSE matrix at node ¢ can be written as
5 . -1
Wy i41) = <HNP £ Kk P AL+ INC) , (5.14)

The diagonal entries of W7, wy; = [W}J]kk, and W, Wy, = W]k, represent
the equalization coefficient and the MSE at node i on frequency tone k, respectively.

These entries are given by

7 * *
w hk,z‘pk,i
k,(i+1) — 77 )
’ 2 2 2 2 2 2 2 2
(’hk,i’ + Ue,hi) ’Pk,i‘ + O_e’l(i-H) ‘pk’(Hl)‘ T Te,gira) ‘pk’(HQ)‘ + Tigis)
~ —1
|| P
Uy 1) = 2= +1 (5.15)
) 2 2 2 2 ) :
O-B,hi Pk,l + O-e,l(i+1) P]{,‘,(Z—‘,—l) + O-e,g(i+2) Pk7(l+2) + O-TL(Z-_;'_l)

where 1 = 1,..., M, and P; = |pk7i|2 is the transmit power allocated to the kth
frequency tone at node 7. With the FD MSE given in (5.15), and by rewriting
the power constraint in scalar form, (5.11) reduces to the following transmit power

allocation problem

Ne
min s.t. P., <P, P.,;,>0, i=1,...,M,Vk, 5.16
fin fx(p) ; i < e, (5.16)
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where the constraint P, ; > 0 reflects the fact that power cannot be negative, and

M N N
fsumMSE(P) = Z ; \I’k,(i+1)7 fmaxMSE(p) = i:I{l’?(M kz_; \Ijk,(i+1)7 (5-17)

i=1

with p = {Py;,Vk,i}. We note that once we have obtained the optimal Py;, the
corresponding precoding coefficient py; can be recovered by taking the square root
of Py, and multiplying the result with an arbitrary phase term. However, solving
problem (5.16) directly is very challenging as the power variables of different hops
are coupled with each other, which makes the objective function a highly non-convex

function with respect to {Py;}.

5.4 Solutions to the Power Allocation Problems

In this section, we propose two different approaches to handle the difficult non-convex
problem in (5.16). The first method is a centralized scheme which employs the
sequential GP algorithm to iteratively find improved approximate solutions to (5.16).
In the second approach, we propose an alternating optimization based method to find
a stationary point solution to (5.16) by solving convex programming and difference

of convex programming problems in an alternating manner.

5.4.1 A Sequential Geometric Programming (sGP) Approach

We first consider solving problem (5.16) by using a GP approach. Since the objective
function is not a posynomial, the standard GP algorithm can not be applied. In a

first attempt, we handle this difficulty by ignoring the constant 1 in the expression
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for Wy, (i41) in (5.15), which leads to the following approximation

N -1
2
|Pe,i| Pri
2 2 . >
TonPri+0c1,, 0 Privn) + 024, Prtiva) 00

= |]A7,k’i|_2 (Ug,hi + 0'2

Wi (i11) &

P+ P + 02

el €,9(i+2)

—1
P (Z+2)P]€ 7 + Un( i+1) Pk7i ) :

(5.18)

By adopting (5.18) in (5.17), the objective function becomes a posynomial and we can
solve the resulting GP problem using efficient convex optimization tools, such as CVX
[101]. We refer to this GP approach as GP-I method. It is noted that the GP-I method

leads to the minimization of a very loose upper bound for the original problem as the

|Bk ’L| Pk ,1
k: (z+l)+ae 94

approximation in (5.18) is tight only when — >

o2, Prito? Py (i+2)+03

el(it1) +2) (i41)

1, i.e., for high SNR and negligible CSI errors. To also achieve a high performance
for low-to-medium SNR and non-zero CSI errors, we invoke the sequential GP (sGP)

approach [134]. To this end, we rewrite Wy, ;11) in (5.15) as

o2 o2
\I]k. (+1) — 6 h Pk’L e l( +1)P]€ (l+1) + e g(1+2 Pk (’L+2) + Un( 1) _ pl’k’l(p)
: (Jow | + 02 ) Pri+ ol gy Pty 02 g0 Prive) + 00 L paki(P)
(5.19)

from which we can observe that Wy ;1) is a ratio of two posynomials. In order
to transform Wy ;1) into a posynomial, we apply the arithmetic-geometric mean

inequality to lower bound the denominator, ps;(p), with a monomial, i.e.,

\(|hk,i|2 + U )Pk l + Ue A +1)Pk (H‘l) + J €,9(i+2) Pk (Z+2) + O-n(l+1)
11 ea(P) 1i2.04(p) 43,01 (P) pa,1,1(P)
4 " o k,i(D)
=St = [T (228 <o (5.20)
z=1 z=1 i Z
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where 111,50i(P) = (|il*+07,,) Py t2,ei(P) = 02, ., Privny Haei(P) = 024, , Prive),

and puyr(p) = 0,21(“) are the monomial terms in the denominator, and . ;(p) =

/»szz(
S Heei(D)’

feasible point of the original problem. Eq. (5.20) is known as the single condensa-

,Vz, are the weighting factors for these monomial terms, with p being a

tion technique in sGP [134]. Due to the inequality in (5.20), replacing po;(p) with
Poy;(P) Will lead to the minimization of an upper bound for the original problem
(5.16). The resulting new problem is a standard GP and can be solved efficiently.
Since this GP problem has the same feasible set as problem (5.16), its optimal solu-
tion, pl&Pl, is also feasible for (5.16). Therefore, by condensing Po 1.;(P) With the newly
obtained ple®! and solving the resulting GP problem again, the objective value can
be further decreased and an improved approximate solution to the original problem
can be found. This process continues until the objective value of the GP problem

converges. Specifically, in the ¢th iteration of the SGP, we have to solve the following

GP problem
N¢
min - fid(p) st. Y P <P, P >0k i=1... M, (5.21)
{Pr,i} 1
where
0 & pipa(p) £ o pika(p)
fsumMSE Z [@] ) axMSE(p) = max [@]—7 (522)

i=1 k= szz(p) =l M p2kz(p)

az,k,i(pm)
and p[;,]k,i(p) = H‘lel (%) . In Table 5.1, we summarize the proposed
sGP algorithm.

Remark 5.1: The sGP algorithm is guaranteed to converge to a stationary point

(KKT point) of the original non-convex problem since it satisfies the conditions for the

convergence of the successive approximation method [101]. Since the GP problems in
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Table 5.1: Algorithm 5.1 for optimization of {Py;,Vk,i} based on sequential GP. ¢;

is a small constant which controls the accuracy of the algorithm, e.g. ¢, = 1074,
1 | Input {|ﬁk7i|2,ag hi,ag li,oégi,Vk,i}. Initialize {P,L%,Vk,i}, OBJE[;O] = g?](p), and m = 1.
2 | Repeat

Solve the GP problems in (5.21) to find the optimal {P\"7), ¥k, i} using {P)"7 "), ¥k, i}.
Update OBJI) = ¢l (p).

1f \OBJgs] — OBJ[gygill\ < €1, go to step 3.

Otherwise, set m = m + 1.

3 | Output {P["],Vk, i}

each iteration involve (M — 1) N, optimization variables, the overall complexity of the
sGP algorithm is O (I(M — 1)3N2), where I is the number of iterations required for
the sGP algorithm to converge??. Note that the central node solving the GP problem
in (5.21) has to know the CSI of all hops, which implies that the sGP based power
allocation scheme is a centralized scheme requiring significant information exchange

between the central node and the transmitting nodes.

5.4.2 An Alternating Optimization (AO) Approach

The sGP based approach presented in the last section is a centralized scheme which
requires the availability of global CSI at a central node. Moreover, as each subprob-
lem of the sGP algorithm can be solved only numerically, it is difficult to get any
physical insights regarding the problem structure. In this section, motivated by the
observation that with the powers of all other nodes being fixed, the power optimiza-
tion of a specific node can be formulated as either a convex problem or difference
of convex problems, we propose an AO based approach to solve the transmit power
allocation problem. It will be shown that by exploiting the (partial) convexity of
the subproblems, analytical power allocation solutions can be obtained, which finally

leads to an efficient algorithm with reduced signaling overhead compared to the sGP

228olving an n-dimensional GP problem with interior point methods requires the calculation of
the inverse of the Hessian matrix, which entails a complexity of O (n?) [101].

137



Chapter 5. Robust Transceiver Design for SC-FDE Multi-hop Full-Duplex DF' Relay Systems

approach.

Sum MSE Minimization

We first consider the sum MSE minimization problem in (5.16), which can be explic-

itly stated as

M-1 N, - -1
. - |\ i* P
min : : +1 (5.23a)
L (Ugvhipk’i + Uzvl(m)Pk’(”l) + 02 gany Dhi+2) T 0n )
Ne
s.t. P.i<PB, PB.;>0, Vki=1,...,M. (5.23b)
k=1

Proposition 5.1. For given {Py;,Vk},i # 1, the problem in (5.23) with respect
to the source transmit power, {Py1,Vk}, is a conver optimization problem, and the

optimal solution is given by

N +
p., = Jetslhe2 4 0 s + 00, o | —1 (5.24)
ol hia? + 02 N (02, Poa + 02, Pos + 02, >

e,l2 €,93

where \1 1s the Lagrange multiplier chosen to satisfy the transmit power constraint
with equality, i.e., Y, Py1 = P,. In practice, a simple bisection procedure can be used

to iteratively identify the optimal \,.
Proof. Please refer to Appendix-F. O

Remark 5.2: The above solution for { P ; } indicates that regardless of the power
level at the relay, the source node always transmits with the maximum possible power.
This is intuitive because the objective function is an increasing function with respect
to the source transmit powers, and since the transmission of the source node does

not cause any interference, it is optimal to fully utilize the available power budget.
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Proposition 5.2. For given {Py;,Vk},j # i, the problem in (5.23) can be trans-

formed as a difference of convex (d.c.) programming problem with respect to {Py,;},1 =

2,....,M, as follows

mm 9:(pi) wa Pi)

{Pk i
fi(pi)

> Pi<PB, P;i>0, i=2,... MV, (5.25)

where

N |il/]§ |2Pk; . -1 N Bk )
gi(pi) = S G B LR | ’ ¢i,u pi) = ( S _ 1) 7
(p) ; 02 b, Pri + T (P:) ; Apiubri+ Criu

(5.26)
with Tj, ; = ag,lw)Pk,(i+1)+a§79(i+2) Py (z+2)+0n< 41)? Apin = el , Arin = egl Brig =

e i) 2 Proio1)s Briz = |Pao)*Prgice), Crin = (hwanl® + T2 o) Pri-1) +

0279(i+1) Pk’(i+1) + 072”’ Ck’i’Q - (|hk 2)| - Ue b 2))Pk (i=2) + Ue NG 1)Pk (i-1) + an( -1)’
and p; = {Pri, Vk}.
Proof. Please refer to Appendix-G. O]

There are many global optimum-achieving techniques for solving d.c. problems in
the optimization literature [136]. However, these techniques are based on the branch-
and-bound procedure, whose computational complexity becomes prohibitively high
when dealing with large dimensional problems. As the dimension of the considered
problem is determined by the number of frequency tones, which can be as large as
2048 in broadband systems like LTE-A [14, 16| finding the global optimum does not

seem feasible in practice. Furthermore, since problem (5.25) is only a subproblem of
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the proposed AO scheme, a low-complexity solution is desirable in order to keep the
overall complexity of the algorithm low. Thus, in the following, we aim at deriving
a low-complexity algorithm which is guaranteed to attain a stationary point (KKT

point) of problem (5.25).

Proposition 5.3. For given {Py ;,Vk},j # i, a KKT point of the d.c. programming
problem (5.25) with respect to { Py;,Vk},i =2,..., M, can be obtained by sequentially

solving the following convex optimization problem,

{Py,i}

2 Ne
min iz,E ]( 2 9:(ps) Z D,[fkaﬂ-
1 k=1

ZPM <P, P;>0, Vk (5.27)
k=1

[] _ Ak,i,uBk,i,u [Z} . . .
where Dy, = o Pl 2O and Py is the solution of problem (5.27) for a given

Pgi_u. The global optimal solution of convexr problem (5.27) is given by

+

T e
k, [ , (5.28)

|iLk7i|2 + 0'37}” [)\z + Zi 1 D[E]

kyiu

Pyi = -
1T
where the optimal Lagrange multiplier \; can be obtained by using the subgradient
method

Al : (5.29)

el (ZPM—R)

where egﬂ 15 the step size adopted in the kth iteration of the subgradient method.

Proof. Please refer to Appendix-H. n
Remark 5.3: We can show that for the optimum solution of problem (5.27), the
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relay transmit power constraint is not necessarily met with equality, i.e., the relay
may not use its full power budget?®. Consider the relevant KKT conditions for the

Lagrangian of problem (5.27),

agz p:) [0
Yy D, .. —Bri=0, 5.30
aPk i + + Z k Z7u /Bk7 ( )
Nc
MY Pi—P) =0, (5.31)
k=1
Ai 20, B >0, (5.32)

where ag%::-) is given in (G.2). Since agip—(:j) < 0 and fB; > 0, in order for (5.30)

to hold, we must have \; + > 2_ DZ] > 0. For 07, = 0 and o}

Feiu = 0 (zero

€,9(i+1)
[4]

loopback and zero backward interference), we have >>_, D, i

= 0. In this case, \;

should take a strictly positive value. From the complementary slackness condition

(5.31), A; > 0 implies that Zg:cl P.; = P, i.e., the transmit power budget of the

relay is fully utilized when there is no loopback /backward interference. On the other
kyi,u

hand, when 03,1,- # 0 and/or O’igm_l) £ 0, Zi_l DY takes a strictly positive value.

892(131
Therefore, A can be zero as long as <o + S22,

— Bri = 0 holds. In this

k i
case, according to (5.31), we have Zk:l Py.; < P,. Thus, if there is non-negligible
loopback /backward interference, node i may not fully use its maximum power budget
in order to limit the loopback/backward interference.

Exploiting Propositions 5.1 and 5.3, we can perform AO of p; to find a KKT
point solution to the original non-convex problem (5.23). Specifically, for given initial
pg-o},‘v’j # 1, we can obtain the global optimal point pm

7 )

1 = 1, by solving the convex
problem (F.1) (in Appendix F), and the KKT point p[] i > 2 by solving the d.c.

problem (5.25). Substituting the updated value of pi Vinto the objective function,

23 A similar observation has been made in [80] for a different optimization criterion.
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Table 5.2: Algorithm 5.2 for optimization of {Py;, Vk,i} based on AO. €, is a small

constant which controls the accuracy of the algorithm, e.g. e, = 1074
1 | Input {|ﬁk7i|2,ag li’Ug,hi’oagi’ Vi, k}. Initialize {pEO],Vi}, OBJQO] = g?](p), and m = 1.
2 | Repeat
Solve convex problem (F.1) with respect to p[lm] using pEmfl],Vi # 1.
Fori=2: M
Solve d.c. problem (5.25) or (5.34) with respect to pq[b.m] using pg.m_l],Vj # 1.
End
Update OBJLTZ?] = f;m](p).
If |OBJ;[$] - OBJ‘LIS_I]\ < €2, go to step 3.
Otherwise, set m = m + 1.
3 | Output {p£m],Vi}.

we can conduct another round of sequential optimization to obtain p[-2]

.. This process

continues until the value of the objective function converges, which is guaranteed
since the objective function is lower bounded by zero, and the update of {p;} in each
iteration monotonically decreases or maintains the objective value. Furthermore,
since the solutions for {p;} in each iteration are the KKT points for convex problem
(F.1) and d.c. problem (5.25), respectively, it can be shown that the final solution
of the AO algorithm is also a KKT point of the original non-convex problem (5.23).

The AO algorithm is summarized in Table 5.224,

Maximum MSE Minimization

We now proceed to solve the maximum MSE minimization problem in (5.16). By

introducing an auxiliary optimization variable ¢, the problem can be written in an

24The algorithm is unified for both sum MSE and maximum MSE minimization.
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epigraph form as follows

min t (5.33a)
{{Pr.i}t}
N . -1
- |l P
s.t. : : +1 <t,
kz:; (Uihipkvi + Ugvl(i+l)Pk’(i+1) + 0_379(z‘+2) Pk’(i+2) + U721(z‘+1)
(5.33b)

Nc
Y Pi<P, Py>0, i=1.. Mk=1._N, (5.33¢)
k=1

which is a non-convex problem due to the non-convex constraint in (5.33b). Thus,
finding the global optimal solution with polynomial time complexity is very difficult.
Motivated by a similar observation as in the last subsection, we apply the AO method
to solve also this non-convex problem. First, for fixed {Py;,Vk},i = 2,..., M — 1,
the auxiliary variable in problem (5.33) becomes a dummy variable and thus can be
eliminated. Consequently, for the first hop, the problem becomes equivalent to the
sum MSE minimization, and the solution of Py, is given by (5.24). Next, for given
{Py;,Vk},j # i, > 2, the non-convex constraint (5.33b) becomes a reverse-convex
constraint with respect to { Py, Vk}. Hence, problem (5.33) with variable { P ;, Vk}

for optimization can be written as

min G St —Uia(P) <t~ iap) (5.34)
Nc
Y P.i<PB, Py>0VEk (5.34D)
k=1

where g;(p;) and {¢;.(pi),u = 1,2} are given in (5.26). It is well known that a
convex minimization problem with additional reverse-convex constraints is essentially

a special case of the d.c. programming problem [136]. Therefore, following a similar
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approach as in the last subsection, we have the following result.

Proposition 5.4. For given { Py ;,Vk},j # i, a KKT point of the d.c. programming
problem (5.34a) with respect to {Py;} can be obtained by sequentially solving the

following convex optimization problem

min t (5.35a)
{{Pr,i}:t}
Ne
st > (B, + Dl (P - B <t u=1.2, (5.35b)
k=1
(Il B
kil Phji
- +1 <t, 2.35¢
() s 59
Ne
Y Pui<P, Py>0Vk, (5.35d)
k=1
where E,gzu =1- A'%, and P,yl is the solution of problem (5.35) for a given
” kyiudy k,i,u ’

P,KZ-_H. Furthermore, the solution of { Py} is given by

+

T, i 1— 2_ u iL i2
k, ( 2 =1 Vo) | i -1 , (5.36)

g2 + ol e+ >0, 7D} |Thi

ki

Py

where the Lagrange multipliers \; and v, are obtained from (5.29) and

_ +
(SR P R i Dl (P, — PY) 4+ El il P, 1
u = u 8u 7,0 4 7 iau 92 p | T )
! k=1 bttt . o 02 P+ T
(5.37)

respectively, where &[f] s the step size parameter for 7y, adopted in the kth iteration

of the subgradient method.

Proof. Please refer to Appendix-I. m
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Corollory 5.1. After the convergence of the AO algorithm for solving problem (5.33),
the MSFEs of different nodes are not necessarily balanced. In addition, the MSE of the

ith hop is always larger than or equal to that of the (i — 1)th hop.
Proof. Please refer to Appendix-J. ]

Remark 5.4: Corollary 5.1 indicates that the MSE of the different hops may
not be identical after convergence. This happens when the (i — 1)th hop has a much
better channel quality than the i¢th hop, which makes it impossible to reduce the
MSE of the ith hop to the level of the (i —1)th hop even when node i fully utilizes its
power budget for the power allocation. Moreover, the MSE of the ¢th hop is always
no less than that of the (¢ — 1)th hop. This is intuitive because node i can control
the loopback /backward interference to the previous hops through power allocation,
and we can always scale down its transmit power to increase the MSE of the ith hop
while decreasing the MSEs of the (i — 1)th hop, if this reduces the maximum MSE

value.

5.4.3 Complexity and Signalling Overhead for AO

For both considered objective functions, the source power allocation problem is con-
vex, while the relay power allocation problems are d.c. problems. The overall com-
plexity of the AO algorithm is thus dependent on the number of inner iterations of
the d.c. problem and the number of outer iterations of the AO algorithm. Thereby,
we assume that the ¢th outer iteration is executed at node i. Given that the com-
plexity of solving the convex problems in (5.27), (F.1), and (5.35) is O(N?) |101],
the complexity of the AO algorithm is O ((J1 SV JQ)NE), where J; and J
are the numbers of d.c. problems and convex problems that have to be solved in

the outer iterations, respectively, and [K; is the number of inner iterations needed
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for solving the d.c. problem for the ith relay?. The signalling overhead required at
the different nodes for executing the AO algorithm is summarized in Table 5.3. Note
that node ¢ only needs to solve a local optimization problem with respect to { P ;, Vk}
using the local estimated CSI and the CSI and power feedback from the nodes that
are one and two hops away. Specifically, due to the coupling of the transmissions in
adjacent hops, knowledge of the power allocation vectors at node (i — 1) and node
(1 + 1) is required at node i. Moreover, for FDR systems with more than two hops,
due to the backward interference from the subsequent relay to the previous relay, the
transmit powers of node (i + 2) and node (i — 2) have also to be known by node 1.
Therefore, for a moderate number of hops, e.g., three hops, the feedback overhead
of the AO algorithm is not significantly less than that of the SGP scheme. However,
for a large number of hops, e.g., twenty hops, the reduction in the signalling and
CSI overhead becomes prominent. Furthermore, if the relays can employ directional
antennas which make the backward interference negligible, the feedback of the pow-
ers and CSI from node (i + 2) and node (i — 2) can be avoided. In this case, the
information exchange required for the AO algorithm is limited to neighboring nodes,

which further facilitates a semi-distributed implementation of the algorithm.

5.5 Simulation Results

In this section, we provide simulation results for the considered FDR system using

the proposed algorithms. The input data block length is N. = 64. The received

Pi-1)
NCO'%Z_ ’

signal-to-noise ratios at node 7 is defined as SNR; = t=2,...,M+ 1. For the

simulation results, we adopt the reference SNR as SNR,.s = SNR;, Vi, unless specified

25From extensive experiments, we have found that K; = 2,Vi is sufficient for the considered d.c.
algorithm to converge.
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Table 5.3: Required signalling overhead at different nodes for execution of the AO

algorithm.
Node Required CSI for power allocation
1 {‘hk,ﬂzaPk,27Pk,37Vk}7o—gh170—31270—g,g3
i {lh -2 [P -0 T, ¥R}, 02, o2y 50,
M {1, -2 e =) I hear 12, VB,
M+1 N/A

otherwise. All the TD channel vectors are modeled as uncorrelated Rayleigh block
fading with power delay profile: p[n] = a% ZIL:_Ol e~ 5[n — I] [126], where oy = 2,
which corresponds to moderately frequency-selective fading. For convenience, we
assume that the length of all multipath channels is equal to 16. The reference CSI
error variance is defined as 02 = o2, =02, =02, Vi.

We also propose two robust baseline schemes, namely, naive power allocation (PA)
and equal PA (EPA), which both employ the robust equalizers in (5.13). For naive
PA, different nodes optimize their own MSE performance by taking into account the
CSI errors of the transmit channels, the LI channels, and the backward interference
channels, but ignoring the interferences caused to other nodes. In this way, they only
need to solve standard convex optimization problems which entails a lower complexity
than solving d.c. problems. For EPA, the precoders distribute their transmit powers
uniformly across frequency tones, and thus power optimization is not required. In
addition, we consider non-robust naive PA and non-robust EPA, which both employ

equalization filters and transmit precoders that are designed under the assumption

that the estimated CSI is perfect.
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5.5.1 Convergence of the Proposed Algorithms

In Fig. 5.2, we examine the convergence of the AO algorithm for the proposed PA
scheme based on sum MSE minimization. In the upper sub-figure, a two-hop FDR

system with different initial values of pEO} and SNRs is considered and the CSI error

[0]

is set to 02 = 0.03. As can be observed, for all investigated initial values for p;",
the AO algorithm converges within two iterations to the same sum MSE value. This
suggests that for two-hop FDR systems performing optimization iteratively between
the source and the relay is not necessary as two iterations already lead to a near-
optimal performance. In the lower sub-figure, the results for a three-hop FDR system
with different CSI errors are shown and the SNR is set to SNR,ot = 32 dB. The figure
reveals that for large CSI errors (e.g., 02 = 0.07) in the high SNR regime, additional
iterations are beneficial to further decrease the sum MSE value. Therefore, unlike
the two-hop case, for multihop systems, performing AQO iteratively between different
nodes may be necessary to achieve optimal performance.

In Fig. 5.3, we examine the hop-wise MSE versus the outer iteration number of
the AO algorithm for a three-hop FDR system and maximum MSE minimization,
where 02 = 0.03. As can be observed from the figure, after convergence, the MSE
of the later hops are always no better than that of the earlier hops. In the upper
sub-figure, where the SNR of the first hop is much larger than those of the later hops,
we observe that the MSEs of different hops are not equal after convergence. This is
because the first hop has a much better channel than the second and third hops, and
it is impossible to adjust the power at the relays to balance the MSEs of the second
and third hops with that of the first hop. Nevertheless, the MSEs of the second and
third hops are still balanced since they have similar channel conditions due to the

identical hop SNRs. In the lower sub-figure, where the SNRs of all three hops are
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Figure 5.2: Convergence of the AO algorithm for multi-hop FDR systems employing
sum MSE minimization. Upper: Two-hop FDR systems with different SNR values
and 02 = 0.03. Lower: Three-hop FDR systems with different CSI errors and
SNR,f = 32 dB.
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Figure 5.3: Hop-wise MSE versus outer iteration number for a three-hop FDR system
employing maximum MSE minimization. Upper: MSE per symbol of different hops
with SNRy = 32 dB, SNR3; = SNR, = 16 dB. Lower: MSE per symbol of different
hops with SNR,.s = 32 dB.
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identical, we can see the MSEs are balanced after convergence of the algorithm due
to the similar channel conditions in all hops.

In Fig. 5.4, we compare the convergence of the AO and sGP algorithms. At first
glance, it seems that the sGP algorithm has a faster convergence rate than the AO
algorithm. However, it is worth noting that in each iteration of the sGP algorithm, we
have to solve a GP problem with (M — 1)N, optimization variables using numerical
optimization solvers, while in each step of AO algorithm, we only need to solve a
convex or a d.c. problem with N, optimization variables using analytical subproblem
solutions. Taking this into account when considering the computational complexity
of the two algorithms, we can infer that the complexity of the AO algorithm is indeed
lower than that of sGP algorithm. In fact, as verified by extensive simulations, the run
time that the AO algorithm needs to converge is significantly lower than that of the
sGP algorithm. Furthermore, from Fig. 5.4, we observe that for different SNRs and
CSI estimation errors, both algorithms finally converge to the same objective value
within five and eight iterations for two-hop and three-hop FDR channels, respectively.
This implies that for both of these two algorithms the FDR schemes have identical
performance in terms of MSE and achievable rate, which will be confirmed by the

subsequent simulation results.

5.5.2 MSE Performance

In Fig. 5.5, we show the sum MSE per symbol of a two-hop FDR system for the
proposed AO/sGP based power allocation and the baseline schemes. For low SNRs,
the robust and non-robust schemes have a similar performance. However, as the SNR
increases, the MSE of the robust schemes decrease monotonically while the MSE

of the non-robust schemes starts to increase at some SNR value. This is because,

151



Chapter 5. Robust Transceiver Design for SC-FDE Multi-hop Full-Duplex DF' Relay Systems

0.55

0.58<

» -
{SNR =168, 02=0.07}

s
045} ]

{SNR _=32dB, 6°=0.07}
ref e

IS

©°
Qo
% 0.35
g
w 03f .
g —#— AO Algo. (SumMSE)
£ 0.25f —8&— sGP Algo. (SUmMSE) |- - -
@
0.2f .
{SNR _=32dB, 0°=0.01}
0.15F e e e .
o1l o ;
0 2 4 6 8 10 12 14
Outer Iteration No.
0.5

S5

Qo

£

>

[

@

[oR

L

0

s

£

3

£

§ 0.2 —#— AO Algo. (maxMSE) |1

—8— sGP Algo. (maxMSE)

0.15} .

Outer Iteration No.

Figure 5.4: Convergence comparison of the AO and sGP algorithms. Upper: Two-
hop FDR system employing sum MSE minimization. Lower: Three-hop FDR system
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Figure 5.5: Sum hop MSE per symbol for a two-hop DF FDR system employing
SC-FDE.

at high SNR, the CSI error variance dominates the MSE, and since the non-robust
equalizers fail to take the resulting strong interference into account, their performance
is severely degraded. Also, the proposed robust naive-PA and EPA schemes both
exhibit a performance comparable to the proposed AO/sGP algorithm for low-to-
medium SNRs and in the presence of large CSI errors. For small CSI errors, e.g.,
o2 = 0.003, the naive PA scheme achieves a near-optimal performance. Since these
baseline schemes entail a lower complexity, they are attractive alternatives to the
optimal algorithm for these SNRs and CSI error variances.

In Fig. 5.6, we compare the maximum MSE per symbol of the proposed AO/sGP

based power allocation schemes and the GP-I scheme for a two-hop FDR system under
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Figure 5.6: Maximum hop MSE per symbol for a two-hop DF FDR system employing
SC-FDE, ¢% = 0.07.

both considered optimization criteria, where 02 = 0.07. It can be seen that due to the
use of the loose upper bound, the performance of the GP-I scheme based on sum MSE
minimization suffers from a considerable performance loss in low-to-medium SNRs,
and the performance of the GP-I scheme for maximum MSE minimization is even
worse than that of EPA over the entire considered SNR range. On the other hand,
the proposed AO and sGP schemes achieve for both criteria a better performance

than EPA in terms of the maximum hop MSE.
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Figure 5.7: ABR of three-hop DF FDR and HDR systems employing SC-FDE, o2 =
0.03.

5.5.3 ABR Performance

For communication systems, the ABR is the ultimate performance metric. Therefore,
in Fig. 5.7, we investigate the ABRs of three-hop SC-FDE based FDR relay systems,
where the ABR is obtained by evaluating E{nyiyLﬁ(m),Gf7(2,+2)} {min,—; _» logy(1+
SINR(i11))} via Monte-Carlo simulations. The SINR for node i is given by SINR; =
[N%tr (E“)} . 1, where we have exploited the relationship between the MSE and the
SINR [96]. As expected from Fig. 5.7, the proposed robust designs achieve a larger

ABR compared to the non-robust schemes, and the robust baseline schemes achieve

a similar ABR as the optimized PA scheme for low-to-medium SNRs but require a
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lower complexity. Similar to the MSE performance, the sGP and AO based schemes
also achieve identical ABRs. For both schemes, minimizing the maximum MSE yields
a higher ABR than minimizing the sum MSE since the ABR is a monotonic function
of the MSE for SC-FDE systems and the ABR for DF relaying is determined by
the worst-case hop ABR. We also observe that the proposed FDR system enjoys a
significantly higher ABR than a HDR system if the LI and backward interference is
handled appropriately. However, if the transceivers do not take the CSI errors into
account, the FDR system can perform even worse than the HDR system in medium-
to-high SNRs. This illustrates the importance of the proposed robust algorithms for

optimizing FDR systems.

5.6 Conclusions

In this chapter, we have addressed the sum MSE and maximum MSE minimization
problems for multi-hop DF FDR systems employing SC-FDE. To this end, first the
optimal equalization filters at the receiving nodes and the corresponding MSE matri-
ces were derived taking into account the imperfect CSI knowledge. Subsequently, the
transmit power allocation matrices were obtained based on sGP and AO approaches,
respectively. Numerical results show that both approaches yield practically identical
MSE and ABR performances. In addition, the proposed robust transceiver design
outperforms non-robust FDR systems and robust HDR systems by a considerable
margin, especially in the case of high SNR and large channel estimation errors, i.e.,

the interference limited operating region.
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Chapter 6

Summary of Thesis and Future

Research Topics

In this final chapter, we summarize our results and highlight the contributions of this

thesis in Section 6.1. In Section 6.2, we also illustrate ideas for future research.

6.1 Summary of Results

This thesis has focused on transceiver optimization for broadband cooperative com-
munication systems with different types and topologies of the relay network.

In Chapter 2, we considered transceiver design for single-user broadband SC-FDE
in a wireless network consisting of one single-antenna source, one single-antenna des-
tination, and multiple multiantenna relays. Adopting the minimum MSE as opti-
mality criterion, the optimal frequency-domain LE and DFE receivers were derived
and corresponding objective functions for relay BF matrix optimization are speci-
fied. For a sum relay power constraint, we obtain the structure of the optimal relay
BF matrices in closed form. While the structure of the optimal relay BF matrices
is identical for LE and DFE as well as for an idealized matched filter receiver, the
solution of the remaining power allocation problem depends on the adopted receiver.
The power allocation problem is shown to be convex for all considered receivers and

an efficient numerical algorithm for finding the optimal power allocation is provid-
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ed. Furthermore, to reduce complexity, two suboptimal power allocation schemes
assigning identical powers to all relays and/or frequencies are proposed and shown
to lead to only a small loss in performance and a remarkable robustness against
imperfect channel state information. Furthermore, for optimal rBF, simple FD-LE
receivers approach the performance of the idealized MF receiver as the numbers of
relays and/or relay antennas increase, making more complex nonlinear trellis-based
receivers unnecessary.

In Chapter 3, we proposed a joint transceiver design for SC-FDE based MIMO
relay systems. To this end, we first derived the optimal minimum mean-square error
linear and decision-feedback frequency-domain equalization filters at the destination
along with the corresponding error covariance matrices at the output of the equalizer.
Subsequently, we formulated the source and relay precoding matrix design problem
as the minimization of a family of Schur-convex and Schur-concave functions of the
mean-squared errors at the output of the equalizer under separate power constraints
for the source and the relay. By exploiting properties of the MSE matrix and results
from majorization theory, we derived the optimal structures of the source and relay
precoding matrices, which allows us to transform the matrix optimization problem in-
to a scalar power optimization problem. Adopting a high SNR approximation for the
objective function, we obtained the global optimal solution for the power allocation
variables. Our results show that the proposed SC-FDE relaying schemes outperfor-
m the corresponding OFDM schemes in terms of both coded and uncoded BER for
fixed modulation and coding rates. However, the performance gap between SC-FDE
and OFDM relay systems decreases when the number of source/relay/destination
antennas is larger than the number of data streams. Assuming Gaussian signalling

and ideal channel coding, SC-FDE and OFDM attain similar achievable bit rates.

158



Chapter 6. Summary of Thesis and Future Research Topics

Furthermore, we have shown that the proposed suboptimal power allocation schemes
can reduce the system complexity and feedback overhead at the expense of a moder-
ate performance degradation, especially in case of coded transmission, making them
promising candidates for practical relay systems.

In Chapter 4, we studied the robust design of the rBF and dEQ filters for broad-
band multiuser multi-relay networks employing SC-FDMA and OFDMA. Thereby,
we considered the realistic case where only imperfect channel state information was
available for rBF and dEQ filter optimization. Our goal was to maximize a lower
bound for the weighted ABR of the network, subject to either Ind-PCs or an Agg-
PC. We first derived the optimal dEQ filters and the phases of the optimal rBF filter
coefficients, which are independent of the power constraints. For the Agg-PC, the
amplitude optimization of the rBF filter coefficients was decomposed into two sub-
problems, which corresponded to the optimization of the power allocation across the
relays and the power allocation across the users and subcarriers, respectively. We ob-
tained a closed-form structural solution for the first subproblem by fixing the powers
across users and subcarriers, and the global optimal solution for the second subprob-
lem. For the Ind-PCs, the corresponding optimization problem was formulated as a
reverse-convex problem with convex constraints. Subsequently, the constrained con-
vex concave procedure was applied to approximate the original non-convex problem
with a sequence of convex problems, which can be efficiently solved using convex op-
timization techniques. Simulation results validated the excellent performance of the
proposed robust rBF and dEQ filter designs and showed their superiority compared
to conventional non-robust and naive relaying schemes.

In Chapter 5, we tackled the problems of sum MSE and maximum MSE mini-

mization for multi-hop DF FDR systems employing SC-FDE. To this end, first the
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optimal equalization filters at the receiving nodes and the corresponding MSE matri-
ces were derived taking into account the imperfect CSI knowledge. Subsequently, the
transmit power allocation matrices were obtained based on sGP and AO approaches,
respectively. In the sGP approach, we used the condensation technique to transform
the objective function into a posynomial and then solved a sequence of standard GP
problems. The sGP approach required global channel knowledge at a central node
and the involved subproblems admited only numerical solutions. To gain further in-
sight into the structure of the problem, we also consider an AO approach for power
allocation where convex programming problems and difference of convex program-
ming problems are solved in an alternating manner. The resulting AO algorithm
admits closed-form solutions in each iteration step and requires less signaling over-
head compared to the centralized sGP scheme. Numerical results show that both
approaches yield practically identical MSE and ABR performances. In addition, the
proposed robust transceiver design outperforms non-robust FDR systems and robust
HDR systems by a considerable margin, especially in the case of high SNR and large

channel estimation errors, i.e., the interference limited operating region.

6.2 Future Work

Broadband cooperative relay system design is a current research area with still many
open problems for both single and multi-user systems. In the following, we provide
several possible extensions of the current work based on the results obtained in this

thesis.
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6.2.1 Transceiver Design for Broadband Multiuser MIMO
Relay Systems.

One possible extension of the work in Chapter 3 is the transceiver design for broad-
band multiuser MIMO relay systems. Thereby, different users can adopt orthogonal
transmission schemes, such as SC-FDMA, to completely avoid multiuser interference,
or employ non-orthogonal multiple access schemes, such as spatial-division multiple
access (SDMA), to increase the spectral efficiency. In the former case, the transceiver
design problem is similar to the problem addressed in Chapter 3. The main difference
lies in that at the relay node, a joint transmit power constraint should be imposed for
the signals from all users. This problem can be tackled in a layered manner by using
the primal decomposition technique, where a master problem for the power allocation
among users is solved in the upper-level, while subproblems in the lower-level for the
source/relay precoding matrix design with given allocated user powers can be han-
dled similarly as in Chapter 3. Specifically, we can exploit majorization theory and
convex optimization to solve these subproblems. On the other hand, for the case of
non-orthogonal SDMA, the corresponding transceiver design problem becomes more
complicated as now we have excessive multiuser and multi-stream interferences in the
system, which leads to a highly nonconvex problem structure. One possible solution is
to impose some specific structure on the source and relay precoding matrices, which
simplifies the problem by reducing the dimension of the system design parameter-
s. For example, the block-diagonalization technique |137, 138| which was originally
proposed for point-to-point multiuser systems, can be employed to decouple the sig-
nal transmission of different users in the spatial domain. Afterwards, scalar-based
convex /non-convex optimization techniques become applicable to the resulting power

allocation problem. Nevertheless, deriving the optimal scheme which does not im-
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pose any structural constraint on the multiuser transceivers [139, 140] for broadband

SC-FDE/OFDM systems is an interesting and challenging topic for future work.

6.2.2 Transceiver Design for Heterogenous Cooperative

Cognitive Radio Networks.

Next generation wireless communication systems are envisioned to be able to accom-
modate heterogenous users and may adopt completely new multiple access schemes.
For example, in cooperative communication scenarios, the relay stations may simul-
taneously receive signals from both SC-FDMA-based and OFDMA-based users. If
the link CSI and the corresponding information on the signal formats of different
users are available at the relays, they can perform dynamic resource allocation, e.g.,
adapt their transmit power and /or data rate for different users, in order to achieve the
optimal network performance. Furthermore, such heterogenous cooperative networks
can also be deployed for secondary-user systems in cognitive radio communication
networks [141, 142]. In this case, the secondary-user system should be able to adap-
t to different signalling schemes for the legitimate primary-users in order to better
guarantee the quality of service for the primary-user network [143]. We expect that
the unified framework developed in Chapter 4 for cooperative multiuser transceiver

schemes can serve as the basis for building the aforementioned heterogenous networks.

6.2.3 Robust Transceiver Design for MIMO Full-duplex

AF /DF Relay Systems.

The robust transceiver design problem addressed in Chapter 5 only considers single-
stream transmission with single-antenna source and destination. It is possible to

extend the results to MIMO full-duplex relay systems where multiple transmit and
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receive antennas are deployed at the source, the destination, and the full-duplex
relays. In this case, we will have matrix optimization variables, instead of scalar
power allocation variables, at all the nodes of the network [92]. In order to solve
the resulting problem, matrix decomposition techniques and majorization theory are
important and necessary mathematical tools to reduce the dimension of the matrix
design parameters. Judging from the non-convexity of the scalar problem encountered
in Chapter 5, we expect that the resulting problem for MIMO full-duplex DF' relay
systems will also be a highly non-convex problem whose optimal solution requires
high computational complexity. Thus, low-complexity suboptimal solutions seem to
be a more viable option for practical implementations. Furthermore, compared to the
DF relaying scheme, the AF relaying scheme has the advantage of lower complexity
and less signal processing delay. However, the robust transceiver design for full-
duplex multi-hop AF relay systems is a challenging problem even for a network with
single-antenna terminals. This is due to the accumulating effect of the interference-
plus-noise amplification at the AF relays, which couples the design parameters of all
hops [67]. The deployment of multiple antennas at the full-duplex AF relays can
further complicate the problem structure |78]. These are important and challenging

problems which merit consideration in future work.
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Appendix A

Proof of Proposition 2.1

First, we rewrite ul, as ul, = vec(hl gl ) = g% ® h!,. Next, to simplify the inverse

matrix Ai_kl, we recall a result for the Kronecker product [99]. In particular, for all

matrices A € CV*N and B € CV*¥ | the following equality holds:

N N =
az®b az®bj)T

where A® B =1y @ B+ A ® Iy, \(X) is the ith eigenvalue of matrix X, and x;

and X; are the eigenvectors that correspond to the ith eigenvalues of matrices X and

X, respectively. Hence, we can rewrite A}' as

—1
Ai_lcl = [‘77212(0 gzkgzk + UmIN) D U th@'khik)

N

N o
B (vi ® ) (Vi ® W) . (A.2)
— 5 N0 th;rkhik) + Aj(or, (0288 + o In))

=1 j=1

It is easy to verify that the largest eigenvalue of o2 1thjkhik and the corresponding
t

eigenvector are given by \; = o2 Pk||hzk|| and v; = %, respectively. Likewise,

the largest eigenvalue of o2, (02g}g% + o2 Iy) and the corresponding eigenvector

are \| = o2 (0?||gil|]* +02,) and uy = respectively. By noting that except for

87k
llgixll?

U vy = mgfk@)hzk, all other terms in the summation of (A.2) are orthogonal
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Appendix A. Proof of Proposition 2.1

to ujk, we obtain

A-lul = (87:8ik8i) ® (hjkhikhjk) _ g ® h}k (A.3)
TR P llgal P+ A) (A

which is the result in (2.32).
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Appendix B

Proof of Theorem 3.1

We first provide some relevant definitions and lemmas that will be used in the proof.

Definition 1 [110, 1.A.1]: Given two N x 1 real vectors x,y € RN, let ), - -+ , 2y
and yp), - -+, yv) denote the components of x and y sorted in decreasing order. Then,
x is majorized by y, or x <y, if Zle xp < Zle y for k < N and Zf\il T =
vazl ypi)- Vector x is weakly majorized by y, or x <, y, if Zle xp) < Zle i) Vk.

Definition 2 [110, 3.A.1]: A real function f is Schur-convex if for x <y, we have
f(x) < f(y). Similarly, f is Schur-concave if for x <y, we have f(x) > f(y).

Lemma 1 [110, 9.B.1]: For a Hermitian matrix A with diag[A] and A(A) denoting
vectors containing the main diagonal elements and the eigenvalues of A arranged in
decreasing order, respectively, we have diag[A] < A(A).

Lemma 2 [110, 9.H.2]: For M matrices A; € CMVN i = 1,-.. M, let B =
AjAs--- Ay Then, 0(B) <, 0(A1) ©@0(As) ®---0(Ayy), where o(X) denotes the
vector containing the singular values of matrix X arranged in decreasing order and
® denotes the element-wise product of two vectors.

Lemma 3 [110, 3.A.8]:: A real function f satisfies x <, y = f(x) < f(y) if and
only if f is Schur-convex and increasing.

Lemma 4 [110, 9.H.1]: For two Hermitian positive semidefinite matrices {A, B} €

CV*N with eigenvalues AAis AB,i, arranged in the same order, we have tr(AB) >

N
Zi:l )\A,i)\B,NfiJrl .

Lemma 5 [110, p.7]: For a vector x € RV*! we have Zij\il(m[i]/]\f)l ~< x, where
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1 is the all-ones vector.
Lemma 6: For Hermitian matrices Aj and Ak, k=1,2,--- N, ,if diag[Ax] <

diag[Ay], we have diag[> 0, Ay] <, diag[> e, Ayl

Proof. According to Definition 1, if diag[A] <, diag[Ax], we have 7, A <
Zgzl ap) for j < N, Vk, where ap;) and ap, are the ith largest diagonal entries of
Ay and Ay, respectively. By taking the summation over k, we have fo;l 25:1 i) <
ZkNil Z?Zl apq for 7 < N. Since the summations over £ and j are exchangeable, we
can write 25:1 b < ZLI l;[i] for j < N, where b = fo;l afk;) and B[i] = fo;l Qi)
are the ith largest diagonal entries of [S.h°, Ax] and [35°, Ay, respectively. By

Definition 1, we obtain diag[>_n°, Ax] <., diag[>nc, Axl. O

Lemma 7 [110, 9.B.2[: For a diagonal matrix D € CM*M | there is a unitary
matrix U such that A = U'DU has identical diagonal entries equal to tr(D)/M.

Lemma 8 [66]: 1f f(x) is Schur-concave with respect to x, and y = 1 — x, where
1 is a vector of all ones, then f(1 —y) is also Schur-concave with respect to y.

We now set out to prove the optimal structure of the source and relay precoding

matrices when f(diag[E]) is a Schur-concave increasing function w.r.t. diag[E]. Let

us begin with the core term in the expression for E in (3.13), which is given by
Ul =1 — Yy, (B.1)

where T, = 02Q! (02Q,Ql + ?H, A ATH] + 021y,)'Qy, and we have applied the

matrix inversion lemma. Using (B.1), the MSE matrix in (3.16) can be expressed as

N.—1

2 Ne—1 2

~ o g
E:—SE:\II‘lz—sNCI —§ Y,.). B.2
Nc pord k Nc( M P k) ( )
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By defining the following terms
Xy = 0,GePr, Yy = HyAy, Ji = Yi(XeX) 4 021y )2, (B.3)
and using (3.4), we can rewrite Y, as
Y = XX X!+ 02Ty, ) " V230 (3,30 + 0201y, ) 1 I(Xe XL 4 021y, ) 7V2X,.  (B.A)
Next, using the following SVDs

X, = UMABVE 3, = UPABYE),

(X X[ + 021y, )2 = UP(AP? 1 521,,) 71200, (B.5)

where U € cVM U e c¥oM (viD a®y e eV (AP VP AP} e
CM*M Q%) i5 an arbitrary unitary matrix, and the diagonal entries of Ag];) and Affk)

are both sorted in decreasing order, we can further rewrite (B.4) as

Y, = Vg?)TAg];)ng)T(Ag?)Q + JﬁIM)_l/ngk)T(IM—f—

AP 1QP AL + 02L) V2Q APV, (B.6)

where Q(lk) = ng)Ugl;) and ng) = Q(k)Ug?). By applying Lemmas 1 and 2 to (B.6),

we obtain

diag[Yy] < A(Xr) <u diag[(Ty + o2AP )71 (@, + 24P 2)71). (B.7)

. AN

ng) Dék>

Therefore, diag[Y}] is majorized by diag[ng)ng)] when Vg];) = Ey, Qék) = H,
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§ ) = =3, where E; € CM*M V; are arbitrary diagonal matrices with unit norm

diagonal elements. Without loss of generality, we can choose E; = I/, Vi. Hence, we

have
Ve = 1y, oW =uPl v =uP" (B.8)

From (B.7) and Lemma 6, we have

Nce—1 Ne—1
diag[ Y~ Ty <, diag[ Y DD, (B.9)
k=0 k=0

Recall that the objective function f(diag[E]) is a Schur-concave increasing func-
tion w.r.t. diag[E]. Based on Lemma 8, f(diag[o2Iy — ;—%Zgigl Y]) is then
a Schur-concave decreasing function w.r.t. diag[zg;gl Y,|. By adding the minus

sign, — f(diag[o?Iy — F Nc_l Y.]) becomes a Schur-convex increasing function

w.r.t. diag[zg;a Y,]. Therefore, by using (B.9) and Lemma 3, we deduce that

2

—f(diagloiTy — = 30,8 eI ]) < —f(diaglo?Ty — N2 e alD(kD ]), which is

equivalent to

9 Ne—1 9 Ne—1
. o . o
f(diaglotTar — 5= ) 0 i) > f(diaglo?Ty — 5= > DIVDY)). (B.10)
¢ k= ¢ k=0

Consequently, with the help of the matrices in (B.8), the value of the objective
function can be reduced to f(diag[o2Iy — 3= chal D(k D k)])

In the following, we derive the structure of the optimal source and relay precoding
matrices minimizing the transmit power consumption of the source and the relay. For
simplicity of notation, we only consider the case when Ny = N, = N;. The proof

can be easily extended to the case where Ng, N, and N, have different values. From
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(B.3) and (B.5), we have UsUg)Ag)Vg)TPk = Ug’;)Ag?)ng), which can be used to

express the source transmit power consumption at frequency tone %k as

o2 (PPl) = tr( AP UBTUE AB2 WG AB-1) 5 (AB-2202) (5 11)
—— ——

(k) (k)
3 3

where the inequality follows from Lemma 4, and the diagonal matrix ./_\(le ) e cMxM
contains the M largest singular values of Gi. Therefore, in order to minimize the
source transmit power, we need to choose ng) = [Iyr Onrx(w,—an)l, iee., Ug];) = I_Jgf),
where U'gf) contains the M left-most columns of U(Gk). Recalling from (B.8) that

Vg?) = I,,, the source matrix can be expressed as

P, = LYWRDIAD — yA®) (B.12)

Os

where \_/'gf) contains the M left-most columns of Vg) and Agf) £ ULSJ_X(G]C)AAS?). Next,
from (B.3) and (B.5) we obtain UYAWVITA, = J,(X,X] + 021y, )"Y/2. Using
this result, we can express the relay transmit power consumption at frequency tone

k as

tr( AR (X X] + 02Iy JAL) = tr( AP TUW g, gTu® AW

(k) (k)
4 4

(B.13)

where the inequality follows from Lemma 4, and the diagonal matrix ./_\gf) c CM*xM
contains the M largest singular values of Hg. In (B.13), equality holds for Qflk) = Iy

Onrx (N, —ar))s 1€, Uf]k) = ﬂg), where ﬂg) contains the M left-most columns of Ugf).
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Recalling from (B.8) that U = ® = v, and from (B.11) that U = U®), we

obtain for Ay the expression
Ay, = VIWIAWTAE AR?2 4 521 )-12001 = v AR TET (B.14)

where Vﬁf) and [_J'(k) contain the M left-most columns of V;];) and U(Gk ), respectively,
and Aff) = ./_&55 A(k)(A( )2 +021,;,)7"/2. Hence, we have proved that the expressions
for the source and relay precoding matrices given in (B.12) and (B.14) minimize the
objective function f(diag[E]), c¢f. (B.10), as well as the transmit power consumption
at the source and the relay, cf. (B.11) and (B.13).

Now, we turn our attention to the case when f(diag[E]) is a Schur-convex in-
creasing function w.r.t. diag[E]. From Lemma 5 we know that ﬁtr(f})l < diag[E].

Combining this fact and Definition 2, we obtain the inequality

f(diag[B]) > f(=tr(B)1), (B.15)

where equality holds when the diagonal entries of E are all equal to %tr(ﬁ)) In the
following, we show that by applying a unitary rotation to the source precoding matrix,

we can achieve this equality. Applying in (3.13) the eigenvalue decomposition,
a2Q] <J§HkAkA;HL+a§1Nd) Q. = UPAPUPT, (B.16)

where Ug) € CM*M A(;) € CM*M " we obtain W, ' = U(;)(IM + A%‘:))*IU%‘:)T. Let
us consider the feasible source precoding matrix Py = PkUg)VO, where Ug)VO is

a unitary matrix and thus does not affect the power constraints. Replacing Py with
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P in (3.13) and using (B.16), we can obtain
O = Vi + AR) TV, (B.17)

which allows us to express the MSE matrix as

9 Ne—1 9 Ne—1

~ g o

E=_> Yoot = Fsvg > (M + ARV, (B.18)
¢ k=0 ¢ k=0

Since ZkNial(IM + Ag))’1 is the sum of N, diagonal matrices, it is also a diagonal
matrix. Based on Lemma 7, we conclude that there exists a unitary matrix V,
such that E has identical diagonal elements given by %tr(ﬁ)) Since the objective
function is an increasing function w.r.t. its arguments, minimizing the original Schur-
convex objective function is now equivalent to minimizing %tr(ﬁ}), which is a Schur-
concave function. Therefore, the optimal structures of Py and Ay are given by (B.12)
and (B.14), respectively. Furthermore, as the resulting Ug) can be shown to be an
identity matrix, the source precoding matrix for Schur-convex functions is given by

P, =PV, = VPADV,.
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Proof of Proposition 3.1

To show that the objective function in (3.40) is jointly convex w.r.t. Py, and Ps gy,

when @y, is approximated by @, let us first examine the elements of the Hessian

BQ&ka 82&)km
. OP? OPs 1mOP; 1
matrix, VF = Maaidls S
2Py 2P
8P7‘,kmaps,km 6P2

r.km

, of ékm w.r.t. Prgm and Py g

82&)16771 _QOzpskmhimgl%m

aPSQ,km [ngr,kmh%m + Jgps,kmg]%m]?)

2 F 2 2 4 4
a (I)km 20quPr,kas,kmhkmgkm

apr,kmaps,km [ngr,kmh%m + O'Zp&kmg,%m

8PT2,km [ngr,kmh%m + ngs,kmg/%m]g '

>

One can verify that the trace and the determinant of VF are given by

tr(VF) =w; +we <0, and det(VF) = wjwy =0, (C.2)

where w; and wy are the eigenvalues of VF. It can be inferred from (C.2) that one
of wy and wy is zero and the other one is non-positive. Since the Hessian matrix only
has non-positive eigenvalues, we conclude P in (3.55) is jointly concave w.r.t. P g

and FP; . Now, we are ready to prove the convexity of the objective function. For
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the AMSE criterion, we have

afAMSE<(I)) ‘7? )

= = —— <0
0Dy, N, Fmom
o2 ®) 2072-
fgng( ) S >0, (C.3)
km c

where & = {C:T?km,‘v’, k,m}. Therefore, fAMSE(i)) is convex decreasing w.r.t. D, and

by the composition rule [101], we can deduce that famse(®) is jointly convex w.r.t.

P,y and P pp,. For the GMSE criterion, we rewrite the objective function as

. M g2 Neml M g2 Vel .
o) = St (53002 = o, (5 e (b))
m=1 ¢ k=0 m=1 ¢ k=0

(C.4)

Since — log ®y,, is the composition of a convex decreasing function, —logz, and a
concave function, (kam, from the composition rule, it is a joint convex function w.r.t.
P, jm and Pjpp,. On the other hand, note that log, (% Zé\f;al exp yk> is a convex
increasing function w.r.t. y, [101], therefore, by using the composition rule, fGMSE(ti))
is a jointly convex function w.r.t. P, and P j,,. Based on the above results, along
with the fact that the power constraints are all affine w.r.t. P, and Py, we
conclude that the problem in (3.40) with ®,, approximated by Dy is a convex

optimization problem.
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Proof of Proposition 4.1

)

The Hessian matrix of <T>,§“ w.r.t. P, Vk,u is a diagonal matrix whose diago-

: . o2a(" Nr —AWBWc = (u) .
nal entries are given by —zb— = > . —gi—i— < (. Therefore, @,&“) is a
ku - (PkuAik +Bik )3

concave function in Py, Vk,u. For OFDMA, since log,(z) is a concave increas-
ing function, according to the composition rule [101], logz(cf),(gu) + 1) is a concave
function, implying that fl[OFDMA](p) is concave w.r.t. Py, Vk,u. For SC-FDMA,
we rewrite log, [é S (@ + 1)_1] as log, [% 59 exp(—log(®™ + 1))] Since
—log[(@,&u) + 1)] is convex w.r.t. (@,(Cu) + 1), and log, <% Zgzl expyk> is convex
and increasing w.r.t. yx [101], the composition of the two is also convex. Thus,
I[SC_FDMA](p) is a concave function in Py, Vk,u. On the other hand, the constraints

are affine functions in Py, Vk,u. Hence, problem (5.33) is a concave maximization

problem with affine constraints, i.e., (5.33) is a convex optimization problem.

193



Appendix E

Proof of Proposition 4.2

We first show that the objective function fgm (a,X) is a convex function in its opti-

mization variables {a, X}. Given that Z,(C") is a Hermitian positive semidefinite matrix

. a(“)Tz(u)a(U) . . (u)
and Xy, > 0,Vk, u, it can be shown that = X: k- is convex in a;
U
. ST alTz(Malw L ()
which further implies that (1 — W) is a concave function in a, * and Xj,. For

and Xku []_0].],

NOLPIQND

OFDMA, the composite function of —log(-) and (1 — %—F~E—%) is convex due to

the composition rule and the fact that —log(-) is a convex decreasing function. The

convexity of f2[OFDMA] (a, X) follows since the weighted sum of convex functions is also

NOLPQND

convex. On the other hand, for SC-FDMA, ézgzl (1 — < b ) is concave in

a,(cu) and Xy, because it is an average of () concave functions. Based on this fact and
by applying the same argument as for OFDMA, the convexity of fQ[SC_FDMA] (a,X)
follows.

Next, we consider the convexity of the constraints in problem (4.48). The first
constraint (4.48b) is convex in {]al(;:)|} because the second-order derivative of the
function on the left hand side of (4.48b) is strictly greater than zero w.r.t. |a§z) |, Vk, u.
For the second constraint, given that Z;,u) and D,(Cu) are Hermitian positive semidefinite

(T 7 (w) o

matrices, a, " Z, ak“) and a,g“)TDlg") (u)

a, ’ are both convex functions in a,(cu). This, along
with the fact that — X, is an affine mapping of X}, shows that the second constraint

is convex in {a\"), X, }.
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Proof of Proposition 5.1

For fixed { Py, Vk,i > 2}, we observe that the term Zf‘iQ kN;1 U, (i4+1) in the objec-

tive function of (5.23) becomes a constant. Thus, the problem with respect to { Py 1}

becomes
Ne
{IJIDSF} go(p1) s.t. ;Pk,l < Py, P.1>0,Vk, (F.1)

where go(p1) = fo;l Ui, and p; = {Py1,Vk}. From the first and second order

derivatives of go(p1) with respect to {Py1},

) e
g(}gpﬂ _ A | k,1| o < 0,
k.1 [(|hk,1\2 + (737,11)P,€71 + (7§7l2P,g,2 + 02, Prs+ 022}
(9290(131) - 2|hk’,1|2(‘hk,1|2+0§,h1)
= > 0,
8Pk’1

€,93

N 3
[(|hk,1|2 + 02, ) Pen + 02, Pra+ 02 Pos+ 032}

we find that go(p;) is a monotonically decreasing convex function. As the power
constraints are affine functions, it follows that problem (F.1) is a convex problem.
Thus, from the Karush-Kuhn-Tucker (KKT) conditions [101], we can obtain the

solution of (F.1) given in (5.24).
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The Lagrangian of the problem is given by

N, N. Ne
Li(p1, A1, 8y) = Z Wi+ )\1(2 Py — P1) - Zﬁk,lpk,l, (F.2)
k=1 k=1 k=1

where A\; and {f 1} are the Lagrange multipliers associated with the corresponding
constraints in (F.1). The Karush-Kuhn-Tucker (KKT) conditions [101] can then be

derived as

aﬁl(plv >\17 /61) o 8g0(p1)

= AL — =0 F.3

9P 0P, + A — Bra ) (F.3a)
Ne

/\1(2 Pi1— Pp) =0, (F.3b)
k=1
Ne

A >0, (Z Pr1 — Pr) <0, (F.3¢)
k=1

BreaPi1 =0, Br1 >0, Ppa1 >0. (F.3d)

Since %}fj) < 0,81 > 0, in order for (F.3a) to hold, we must have A\; > 0. This

implies that the transmit power constraint is met with equality, i.e., Zgil Ppi= P,
due to the complementary slackness condition in (F.3b). Furthermore, from (F.3d),
we observe that if 85 ; = 0, then P, > 0, otherwise P ; = 0. From (F.3a), we obtain
Be1 = M1+ 853,%:?. Therefore, the positive solution of P, can be found by solving
the equation A\ + 8;%(;11) = 0 for a given \;. If the equation has no positive solution,
we set P, 1 = 0. Based on the above discussions, we obtain the solution for P ; given

in (5.24).
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Proof of Proposition 5.2

For given { P ;,Vk}, j # i, the objective function with respect to { Py}, i =2,..., M
is a difference of two convex functions. To show this, let use rewrite the objective

function of problem (5.16) as t;(p:) + ¢:(p:), where

N, N. 7 -1
: Briu - | * P
ti(pi) = 1- = » 9i(pi) = ——— t+1 ;
(p:) Z ( ApiuPri + Ckzu) 9:(P:) Z (Uz,hipk,i + T

u=1 k=1 k=1

(G.1)

with {T% ., Ak.iws Briws Criu, Yk, i, u} and p; defined in (5.26). Next, we examine the

first-order and second-order derivatives of ¢;(p;) and g;(p;), respectively, as follows:

ot (p) ) i AtsuBrin » 8%t:(ps) B 2 —QA%J,UB/C,Z‘,u <0
OPki o= (Akiulia + Criw)’ L oP =1 (AL + Cri)’ 7
9gi(pi) _ |l T <0
0Py, [(|ilk1|2 + Uz,hi)Pk,i +Tk,z12 ;
82g:(p;) _ 2|2 (P> + 025 )Tk > 0. (G.2)

2 ~ 3
apk,i [(‘hk,ZP + O-g,hi)Pk’i + Tk’zi|

Therefore, t;(p;) and g;(p;) are concave increasing and convex decreasing functions
with respect to {Py;}, respectively. By letting f;(p;) = —ti(pi), we obtain the

difference of convex (d.c.) programming problem formulation in (5.25).
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Proof of Proposition 5.3

We first note the following relationship between the convex function f;(p;) and its
first order Taylor series expansion at a feasible point P,Eﬂ:
e . ‘
- B N ApiuBriu(Pri — Pob)

filp:) > ~1- = 1 (p).
; k=1 Ak,z,uplgl + Ck,i,u k=1 (Ak,z,upk[ﬁ + Ok,i,u)2

If we replace f;(p;) with flm (pi) in problem (5.25), we obtain a convex majorant of

the objective function as

2 N, [l
=0;(Pi) — E E [Z’ : B 7[f]< & 3 (H.1)
vt o1 LAkl + Criw (Akiulyi + Criu)?

Since hy](pi) > gi(p:) — fi(pi),V D, the following convex problem minimizes the

upper bound of d.c. problem (5.25)

N,
: 4] D
min h; (p;), s.t. E P.; <P, P.;>0, Vk. H.2
{Pk,z} (2 (p ) — ky k7 ( )

By further dropping the constant terms that are irrelevant to the optimization, we
can simplify the above convex problem as in (5.27). Let P,Ej Uhe the optimal solution

of (5.27). By replacing P,gl with P,Eju (i.e., D,[ﬁ]w becomes D,[f:ri]) and solving the

resulting convex problem again, an improved feasible solution P,yj 2 for the original
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d.c. problem (5.25) can be found. This procedure is then repeated until the value of
the objective function in (5.25) converges.

We now show that by using the above iterative procedure, a stationary point
(KKT point) of the d.c. problem can be obtained. First, we note that the d.c.
problem and the convex problem share the same feasible set and are both strictly
feasible. Thus, any point pgﬁ which is feasible for problem (5.27) is also feasible for
problem (5.25). Therefore, the sequence {ﬁy](pi)} generated by the convex problem
monotonically decreases as the number of iterations ¢ increases. Since EL’Z] (pi) is lower
bounded by zero, the convergence of the sequence {ﬁm (pi)} and thus the convergence
of the iterative algorithm for the d.c. problem is guaranteed. Due to the convexity
of the problem, there is a unique correspondence between the sequences {fzy](pl)}
and {py]}. Thus, the sequence {pzm} also converges to a limit point denoted by p?.
Furthermore, it can be verified that the limit point p; with the optimal Lagrange
multipliers {\, 3; ;} also satisfies the KKT conditions of the original d.c. problem
and is thus a stationary point (KKT point) of problem (5.25). From convex analysis,
the limit point p; with the optimal Lagrange multipliers {\}, 35 ;} satisfies the KKT

conditions

091 z 2 AkzuBkzuP];kl
+ AT+ ki =0 H.3a
aPI:z Z k,z,u lcz + Ckzu) ﬁk’ ( )
A ( ZP,“ =0, Bi.Pr=0. (H.3b)

For the original d.c. problem, we know that a stationary point, P}, satisfies the
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following KKT conditions

(991 AkzuBkzuPEZt
apstat + G+ Z A i up}:tgt T Chs u)2 “ Mei = 0 (H-4a)
Z stat > 07 Pstat _ 0 (H4b)

where (; and 7;,; are the Lagrangian multipliers for the constraints of the d.c. problem.
By choosing (; = A}, and 7, ; = 5 ;, the above two sets of KK'T conditions become
identical. Therefore, the limit point p; with the associated Lagrange multipliers
{)\f,ﬁ,jji} satisfies the KK'T conditions of the d.c. problem and is thus a stationary
point (KKT point). It is known that a stationary point can be a saddle point, a local
minima and a local maxima. Due to the fact that the objective function of the d.c.
problem is non-convex, we can not guaranteed that the obtained solution is a local
minima. Instead, we claim we can at least find a stationary point solution to the d.c.
problem. In the following, we provide a closed-form solution for problem (5.27). To

this end, we write its Lagrangian as

PR X,
L (pi, Ni, B;) = Z (2’“—’“ + 1) + Z D,[ﬂ,upk,i + )\z(z Ppi— F)

0%, P+ T

i1 \ e ki T ki ko k=1
N.

- E Br,i P
=1

where \; and {B;, Vk, i} are the Lagrange multipliers associated with the correspond-

ing constraints in (5.27). The dual problem of (5.27) can be written as

max min L (pi, \i, 3;) = max Ai), H.5
px - win (Pi, Ai; B;) = max (i) (H.5)

where g()\;) is the dual function. The dual problem can be further decomposed into
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N, subproblems as follows

|iL |2P -1 2

: kil Lk, (4]

min —+1 + E D" 4+ XN — Bri | Pri, VEk. H.6
{Pk,i}7{6k,i} <0-z,hipk,i + Tk‘,i > (u:1 kyi,u /Bk; ) k, ( )

Applying the KKT conditions to the subproblem in (H.6), the solution for P ; given
in (5.28) is obtained. The optimal Lagrange multiplier A\; can be found by solving
the maximization problem with respect to A;. It can be verified that the subgradient
of \; is given by ij;l Py.; — P,. Therefore, we can adopt the subgradient method in
(5.29) for updating A;.
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Proof of Proposition 5.4

From convex analysis, the following inequality holds between the convex function

¥; . (pi) and its first-order Taylor series expansion at a feasible point {P,Eﬂ},

Yia(pi) 2 Z (A f T DB PXD) = vLm), (L)
Since wl u(pl) is a convex function with respect to p;, replacing v; ,(p;) with Q/JZ u(pl)
in constraint (5.34a) leads to a stricter constraint which requires that the upper
bound of the MSE is no larger than ¢t. The resulting problem is given in (5.35),
which is a convex optimization problem whose feasible set lies in the subset of the
original d.c. problem. Therefore, the optimal solution of (5.35), denoted as {pw },
is also feasible for the d.c. problem. Then, by applying the first-order Taylor series
expansion at {pyﬂ]} and repeating the above process, the objective value can be
further decreased and a better approximate solution for the original d.c. problem
(5.34) can be found. Similar to the case of sum MSE minimization, we can show
that by iteratively solving (5.35), a stationary point (KKT point) of the d.c. problem
(5.34) can be obtained. The details are omitted here for brevity. It can be verified

that Slater’s condition is satisfied for problem (5.35). Thus, we can solve (5.35) by

solving its dual problem. Upon rearranging the terms, the Lagrangian of (5.35) can
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be written as

'C (pz: )\ia Yus /Bia t)

- || P R 0 - 0
2 V3 02, Pri+ Th (; YuDy s — Bk, )Py ; Yu(BR

3
u=1

+ 0lf, i)

ki

where {v,,u = 1,2,3} are the Lagrangian multiplier associated with the constraints

(5.35b) and (5.35c¢), respectively. The dual problem of (5.35) is thus given by

max min L (pi, \is Yu, B;, 1) = max A ). 13
B e,y LR Bet) =max g ) (I.3)

Note that the inner minimization problem is separable with respect to ¢ and Py,

respectively. For t, we have the following unconstrained minimization problem

mtin (1 — i %) t (L4)

If1-— 23:1 Yo # 0, the value of the dual function g(\;,7,) is unbounded from
below as ¢ tends to negative infinity. Therefore, to make the minimization problem
bounded from below, we should have 1 — Zizl Yo = 0. On the other hand, the inner

minimization with respect to {Fy;} can be decomposed into N, subproblems as

’}AL ’2P -1 2

. kyil Lk, 41

min — 41 + E wDy o+ N — B | Pra L5
(Pei}ABe.s} V3 (Uz,hipk,i + Tkz,i > (u_l TYullk i Bk, ) k, ( )

Applying the KKT conditions to (I.5) and using the fact that v3 = 1 — 3.°_, Y,

which is the optimal condition for ¢, we obtain the solution of P ; given in (5.36).
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Next, we determine the optimal Lagrange multipliers by solving the dual problem in
(I.3) using the subgradient method.
Lemma 1: The subgradients of the Lagrange multipliers (dual variables) \; and

. -1
1 are given by (Y0, Py~ Py and S5, DY (P~ P)+ Bl — ('—+1) ’

respectively.

Proof. According to the definition in [101], s is a subgradient of a function f(z) (not

necessarily convex) at z if

fly) = f(z) +s(y — x),Vy. (1.6)

Let {5\1, 1,72} and {5\1, 41, Y2} be two feasible solutions of the dual problem, maxy, -,
g(Ni,Yu). Assume that {f)i,Bz,f} and {f)i,,@i,f} are the optimal solutions of the

primal variables corresponding to these two sets of dual variables. Then, we have
g(j\iu;?laiﬁ) = HliIl~ L" (piatwgmj\i?;?la;i?}) = L" (f)iagnéwj\hi/l’i@)
t{ Pk} {Br,i}
(@) . 4 o
SE (p’L; t7 IBia )‘Z'v 71, 72>

= (Isl £ /é )‘27’71 727) +[’ <I~A)i7£7 Bi)j‘iaf?biQ) -

~

Dis b, Bi A

/\

17:}/1"?}/2)

N¢
=L (f)i t, B >\z>’Yl 727> + (5\2 - 5\1) (Z sz - pz) + (Bz — B’L)Pkl

k=1

N —1

~ ~ - |hkz| sz

P |3 [t

kz ehpkz+Tkz
[ Ne

~ ~ E Z
Lk=1

where inequality (a) is due to the fact that {p;, ,32, t} is the global minimizer of the

Lagrangian for the given set of dual variables {)\;,%1,%2}. Next, by substituting the
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optimality condition for ¢, i.e., 75 = 1 — 74, into the (I.7), we get

Nc
9N, 71, 92) < ( 1, B z,%ﬂz,> + (N — ;\z) (Z P — E) + (B — Bi) P

k=1

X P B
5 2 [4] 4 p kil Ll
=) |3 (B4 DB - PD) = [ 5= 1) | )
; kX: 02,hipk,i + Tk

k,iu

According to the definition of subgradient [101], it can be verified that S"2°, [Dm. (Pri—

-1
P( )) E,[f]w — (% + 1) ] is a subgradient of 7,,u = 1,2. Consequently,
we can use the subgradient method in (5.37) to obtain the optimal dual variables.

This completes the proof. O

205



Appendix J

Proof of Corollary 5.1

Consider the KKT conditions for the original Lagrangian in (1.2) as follows

— 3 e | T
(Jhwil? + 02,,) P + T z}

+ A +Z% b = Bri =0,

3

1=) =0

u=1
Nc
AN Pi—P) =
k=1

ﬁk,ipk,i = 07

N, —1

" hs2Pes

|3 heilPPa ) ) 2,
1 ehpkz+Tkz

Nc
|30 (Bl + DL (P — BD) —t =0, u=1,2

k=1

(J.1a)

(J.1b)

(J.1c)
(J.1d)

(J.1e)

(J.1f)

Now, we investigate whether the constraints (5.35b) and (5.35¢) are active simultane-

ously at the optimal point. In other words, we are interested in whether the optimized

MSEs of three consecutive hops are equal. Note that due to (J.1b), v, should take val-

ues between zero and one. First, we observe that v3 = 1, or equivalently, 73 =7 =0

holds provided that \; = f;; — Y}, where Y, ; = — i T . Then, by the

[(lhk,i|2+0§7hi)Pk,i+Tk,i]2
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complementary slackness conditions (J.1e) and (J.1f), we have

o (P B al
3 <# + 1) =t > (B + D (P = P)) < tu=1,2(02)

2 . .
k=1 e pLhi + Thi k=1

This means that the MSE of the three hops can be different at the optimum of
problem (5.35). Next, we observe that 73 > 0 is required, which can be proved by
contradiction. Assume that at optimality, we have y3 = 0, then from (J.1a) we can
deduce that (i, = A\ + Zizl fyuD,[ﬁ]w,Vk, which is strictly positive due to the fact
that \; > 0, D, > 0if o2, >0, D, > 0if 02, > 0, and that 7, + 72 = 1 > 0.

From the complementary slackness condition (J.1d), we obtain Py ; = 0,Vk, i.e., there

is no transmission on the ith hop. Since 3 = 0, by (J.le) it follows that

Ne -
( | P i* P

—1
B L) R A ) R N 1.3
O'ihiP]m + Tk,i ) ( )

k=1

where we have substituted Py; = 0,Vk. On the other hand, since 7, + 72 > 0, at
least one of v and 2 should be strictly positive. Assume that v is positive, we have

from (J.1f) that

N, N,
c c B Z
> (E;[f]“ + Dy (P P,ﬂ)) =N.— ) [z]k’ : + D) P | =t < N..
k=1 k=1 Uz,zipk,i + Ck,int

(J.4)

It is clear from (J.3) and (J.4) that there is a contradiction for the value of ¢. There-
fore, we conclude that 75 > 0. From the complementary slackness condition (J.1e),
it can be inferred that the MSE in the ¢th hop always equals ¢, which is always larger
than or equal to the MSEs of the (i — 1)th and (i — 2)th hops due to the constraint

in (5.35b). Note that although the MSE of the (i — 1)th hop is not necessarily larger

207



Appendix J. Proof of Corollary 5.1

than that of the (i —2)th hop, the recursive nature of the AO algorithm will guarantee
that the MSEs in the later hops are always larger than those in the earlier hops after
the convergence of the algorithm, i.e., the ?th hop will always have a larger MSE than
the (¢ — 1)th hop, i =2,..., M.
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