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Abstract

Duarte, Flavio Luiz; Lamare, Rodrigo Caiado de (Advisor). Max-
Link Relay Selection Techniques for Multi-Way Coopera-
tive Multi-Antenna Systems. Rio de Janeiro, 2020. 153p. Tese
de doutorado – Departamento de Engenharia Elétrica, Pontifícia
Universidade Católica do Rio de Janeiro.

In wireless networks, signal fading caused by multipath propagation can be
mitigated through the use of cooperative diversity [1–3]. In this context,
relay selection schemes are key because of their high performance [4–6].
Thus, this thesis is focused on developing relay selection techniques, that
uses buffers.
In this work, as a first contribution, we present a switched relaying fra-
mework for multiple-input multiple-output (MIMO) relay systems where a
source node may transmit directly to a destination node or aided by re-
lays equipped with buffers. In particular, we develop a novel relay selection
protocol based on switching and the selection of the best link, denoted
as Switched Max-Link, that uses the novel Maximum Minimum Distance
(MMD) relay selection criterion.
After that, as a second contribution, we present a relay-selection strategy
for multi-way cooperative multi-antenna systems that are aided by a central
processor node, where a cluster formed by two users is selected to simul-
taneously transmit to each other with the help of relays. In particular, we
present a novel multi-way relay selection strategy based on the selection of
the best link, exploiting the use of buffers and physical-layer network coding
(PLNC), that is called Multi-Way Buffer-Aided Max-Link (MW-Max-Link).
Moreover, as a third contribution, we present a cloud-driven uplink fra-
mework for multi-way multiple-antenna relay systems which aids joint sym-
bol detection in the cloud and where users are selected to simultaneously
transmit to each other aided by relays. In particular, we develop a novel
multi-way relay selection protocol based on the selection of the best link,
exploiting the use of cloud buffers and PLNC, denoted as Multi-Way Cloud-
Driven Best-User-Link (MWC-Best-User-Link). An analysis of the proposed
and existing techniques in terms of computational cost, pairwise error pro-
bability, sum-rate and average delay is carried out. Simulations are then
employed to evaluate the performance of these techniques.
Keywords

Cooperative Communications; Relay-Selection; Maximum-
Likelihood Principle; Minimum Mean Square Error Principle; Max-Link.
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Resumo
Duarte, Flavio Luiz; Lamare, Rodrigo Caiado de. Técnicas Max-
Link de Seleção de Repetidores para Sistemas Cooperati-
vos Multi-Way com Múltiplas Antenas. Rio de Janeiro, 2020.
153p. Tese de Doutorado – Departamento de Engenharia Elétrica,
Pontifícia Universidade Católica do Rio de Janeiro.

Em redes sem fio, o desvanecimento do sinal causado pela propagação
por caminhos múltiplos pode ser mitigado através do uso de diversidade
cooperativa [1–3]. Neste contexto, esquemas de seleção de repetidores são
essenciais por causa de seu alto desempenho [4–6]. Esta tese é focada no
desenvolvimento de técnicas de seleção de repetidores, que utilizam buffers.
Como primeira contribuição, apresentamos uma estrutura de chaveamento
para sistemas de repetidores MIMO em que um nó de origem pode trans-
mitir diretamente para um nó de destino ou auxiliado por repetidores. Em
particular, apresentamos uma nova técnica de seleção de repetidores baseada
no chaveamento e seleção do melhor canal, denominada Switched Max-Link,
que faz uso do critério de seleção Maximum Minimum Distance (MMD).
Como segunda contribuição, apresentamos uma estratégia de seleção de
repetidores para sistemas cooperativos de múltiplas antenas que são auxili-
ados por um nó processador central, em que um cluster formado por dois
usuários é selecionado para transmitir simultaneamente um ao outro com
a ajuda de repetidores. Em particular, apresentamos uma nova estratégia
de seleção de repetidores Multi-Way com base na seleção do melhor link,
explorando o uso de buffers e codificação de rede em camada física (PLNC),
denominada Multi-Way Buffer-Aided Max-Link (MW-Max-Link).
Como terceira contribuição, apresentamos uma estrutura de uplink dirigida
por nuvem para sistemas de repetidores Multi-Way de múltiplas antenas,
que ajuda na detecção conjunta de símbolos na nuvem, onde os usuários são
selecionados para transmitir simultaneamente uns aos outros auxiliados por
repetidores. Em particular, desenvolvemos um novo protocolo de seleção de
repetidores Multi-Way com base na seleção do melhor link, explorando o uso
de buffers em nuvem e PLNC, denominado Multi-Way Cloud-Driven Best-
User-Link (MWC-Best-User-Link). É realizada uma análise das técnicas
propostas e existentes em termos de custo computacional, probabilidade
de erro de pareamento, soma das taxas e atraso médio e simulações são
empregadas para avaliar o desempenho dessas técnicas.
Palavras-chave

Comunicações Cooperativas; Seleção de Repetidores; Princípio de
Máxima Verossimilhança; Princípio do Erro Quadrático Médio Mínimo;
Max-Link.
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1
Introduction

This chapter presents the research background and the motivations of
this thesis. Additionally, the main contributions are also explained. At last,
this chapter outlines the thesis structure to provide access to readers of the
state of the art.

1.1
Motivation and Problems

Wireless communications technologies have had a fast evolution in the
past three decades. Each new generation of wireless devices has brought consid-
erable improvements in terms of communication reliability, data rates, device
sizes, battery life and network connectivity. Moreover, the increasing homog-
enization of traffic transports using Internet Protocols is leading to network
topologies that are less centralized [7]. In recent years, ad-hoc and sensor net-
works have emerged with many new applications, where a source needs the
help from other nodes to forward information to a destination. Ad-hoc wire-
less networks can be used in natural disasters, military battles and scenarios
with limitations of data communications infrastructure and electrical infras-
tructure [8]. Various wireless devices can form a temporary network without
the need for any established infrastructure and centralized management. As a
result, the devices cooperate with each other in order to enable communication
between distant devices. Such a need of cooperation among nodes or users has
inspired new ideas for the design of communications systems by asking whether
cooperation can be used to improve system performance [7].

In a wireless channel, many nodes or users can receive transmissions from
a source and help to relay information if necessary. We know that the wireless
channel is quite dynamic and could experience fading (when a channel is in a
severe fading, it is likely to stay in this state for a while). So, when a source
cannot reach the destination due to severe fading, it might not be effective to
spend transmit power by using repetitive transmission protocols such as ARQ.
If another node that receives data from the source could help with a link that is
independent from the source–destination link, a successful transmission would
be more likely, thereby improving the performance. The key for developing
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cooperative schemes with improved performances lies in the advances in
multiple-input multiple-output (MIMO) communication technologies. MIMO
users must be equipped with multiple transceiver antennas [9, 10], but in
practice, most users either do not have multiple antennas installed on small-
size devices. To overcome the limitations of achieving MIMO gains in future
wireless networks, it is necessary to think of new techniques beyond traditional
point-to-point communications [7].

A wireless network system is usually considered as a set of nodes trying
to communicate with each other. However, due to the broadcast nature of wire-
less channels, we may consider these nodes as a set of antennas distributed in
the wireless system. By considering this, nodes in the network may cooperate
together for distributed transmission and processing of information. A coop-
erating node can be used as a relay for a source node. As such, cooperative
communications can generate independent MIMO-like links between a source
and a destination by the introduction of relay channels. Indeed, cooperative
communications can be thought of as a generalized MIMO concept with dif-
ferent reliabilities in antenna array elements. It draws from the ideas of using
the broadcast nature of the wireless channels to make communicating nodes
help each other, implementing the communication in a distributed way, and
achieving the same advantages of the MIMO systems. This has brought a lot of
new communication techniques that improve communication capacity, speed
and performance; reduce battery consumption and extend network lifetime;
increase the throughput and stability region for multiple access schemes; ex-
pand the transmission coverage area; and provide cooperation tradeoff beyond
source–channel coding for multimedia communications [7].

DBD
PUC-Rio - Certificação Digital Nº 1712525/CA



Chapter 1. Introduction 18

Source
Node

Destination
Node

Relay
Node N

Relay
Node 2

...

hs,r2 hr2,d

Relay
Node 1

hs,r1

hs,rN

hr1,d

hrN ,d

Figure 1.1: System model of a cooperative relay system.

Figure 1.1 shows an example of how cooperative diversity is used in a
wireless network. A source node S needs to send messages to a destination node
D. The source S needs the assistance of other node(s) (relays), to forward the
messages to reach the destination.

1.1.1
Contributions

In this work, we develop in Chapter 3 a switched relaying framework
extended for MIMO one-way relay systems that considers direct or cooperative
transmissions with Maximum Likelihood (ML) detection and a Switched Max-
Link protocol for cooperative MIMO systems, with non reciprocal channels,
which selects the best links amongN relay nodes and whose preliminary results
were reported in [11]. We then consider the novel MMD relay selection criterion
[11, 12], which is based on the optimal ML principle and the Pairwise Error
Probability (PEP) [11–14], and the existing Quadratic Norm (QN) criterion
and devise relay selection algorithms for Switched Max-Link. An analysis of the
proposed scheme in terms of PEP, sum-rate, average delay and computational
cost is also carried out. Simulations illustrate the excellent performance of the
proposed framework, the proposed Switched Max-Link protocol and the MMD-
based relay selection algorithm as compared to previously reported approaches.

The main contributions of this work in Chapter 3 can be summarized as:

1. A switched relaying framework extended for MIMO relay systems that
considers direct or cooperative transmissions with ML detection;
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2. The Switched Max-Link protocol for cooperative MIMO relay systems;

3. The MMD criterion for MIMO relay systems, along with a relay selection
algorithm;

4. An analysis of the proposed Switched Max-Link scheme with the MMD
relay selection criterion in terms of PEP, sum-rate, average delay and
computational cost.

We also propose in Chapter 4 a multi-way Max-Link protocol for buffer-
aided cooperative multi-antenna systems (MW-Max-Link) in non reciprocal
channels. The proposed MW-Max-Link protocol selects the best channels
among Z pairs of users and achieves a diversity gain of 2NZ. We also extend the
MMD criterion [11,12] (used previously in the one-way Switched Max-Link, in
Chapter 3) to multi-way systems for selection of relays in the proposed multi-
way MW-Max-Link scheme and carry out pairwise error probability (PEP),
sum rate and computational complexity analyses.

Therefore, the main contributions in Chapter 4 are:

1. A buffer-aided framework, in which each pair of users has a particular
buffer established on demand in the relays;

2. The MW-Max-Link multi-way protocol for cooperative MIMO systems;

3. The MMD relay selection criterion along with a relay selection algorithm;

4. An analysis of the proposed MW-Max-Link scheme in terms of PEP,
sum-rate and computational cost.

Moreover, in Chapter 5, with the aim of improving the performance
achieved by the multi-way MW-Max-Link protocol (studied previously in
Chapter 4) in terms of BER and average delay, we develop a cloud-driven
framework and a Multi-Way Best-User-Link (MWC-Best-User-Link) protocol
for cooperative MIMO systems, with non reciprocal channels, which selects
the best links among K pairs of sources (clusters) and N relay nodes. In order
to perform signal detection at the cloud and the nodes, we present maximum
likelihood (ML) and linear minimum mean-square error (MMSE) detectors. We
then consider the extended MMD [11,12] criterion and a channel-norm based
(CNB) criterion and devise relay selection algorithms for MWC-Best-User-
Link. Moreover, as MWC-Best-User-Link has only one cloud buffer (instead
of buffers in the N relays), its average delay is considerably reduced, keeping
a high diversity gain. An analysis of the proposed scheme in terms of PEP,
sum-rate, average delay and computational cost is also carried out. Simulations
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illustrate the excellent performance of the proposed framework, the proposed
MWC-Best-User-Link protocol and the relay selection algorithms as compared
to previously reported approaches.

Therefore, the main contributions in Chapter 5 are:

1. A cloud-driven framework with joint detection at the cloud and the
nodes;

2. The MWC-Best-User-Link multi-way protocol for cooperative MIMO
systems;

3. The MMD and CNB relay selection criteria along with relay selection
algorithms;

4. An analysis of the proposed MWC-Best-User-Link scheme in terms of
PEP, sum-rate, average delay and computational cost.

1.2
Thesis Outline

The rest of this thesis is structured as follows:

– Chapter 2 presents the literature review.

– Chapter 3 presents the proposed Switched Max-Link relay selection pro-
tocol based on Maximum Minimum Distance for One-Way Cooperative
MIMO Systems.

– Chapter 4 presents the proposed Buffer-Aided Max-Link relay-selection
protocol for Multi-Way Cooperative Multi-Antenna Systems.

– Chapter 5 presents the proposed Cloud-Driven Best-User-Link relay-
selection protocol for Multi-Way Cooperative Multi-Antenna Systems.

– Chapter 6 presents the conclusions of this thesis, and suggests directions
in which further research could be carried out.
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2
Literature Review

2.1
Introduction

This chapter provides an overview of the research in cooperative com-
munication MIMO systems and the principles and techniques upon which the
contents of this thesis are based. We first present some of the main aspects
of Cooperative Relaying. Then, system models along with expressions for the
capacity of the MIMO system and the sum rates achieved by MIMO systems
with deterministic and random channels are also presented. After that, we dis-
cuss some system parameters such as modulation schemes and MIMO detec-
tion techniques covering the topics of linear filtering, and their computational
complexity.

2.2
Overview of Cooperative Relaying

Cooperative relaying is an important technique for wireless communica-
tions that increases throughput and extends the coverage of systems. Recently,
relays with buffers have been incorporated into cooperative relaying providing
extra degrees of freedom in selection and, consequently, improving the outage
probability, throughput and reducing the transmit power, at the expense of an
increase in packet delay [15]. In this section, we present the system model of a
cooperative relay system, review the protocols, power allocation and a number
of buffer-aided relay selection strategies and discuss their importance through
applications.

2.2.1
System Model

As an example to illustrate the system model of a cooperative relay
system, for simplicity, we consider a general relaying scheme with one source
node S, one destination node D, and N Half-Duplex relays, R1,...,RN , as
depicted in Fig. 1.1. All nodes are equipped with only one antenna (single-
antenna systems). Single relay selection consists of testing all the links and
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select the best one, considering a particular criterion. Usually, we may adopt
one of three criteria to select the best link: the highest signal to noise ratio,
signal to noise and interference ratio or channel power [15]. In a prefixed
schedule, in the first time slot, the system operates an uplink transmission
(from the source to the selected relay R) and in the consecutive time slot,
the system operates a downlink transmission (from the selected relay R to the
destination node). Therefore, in the first time slot, the signal sent by S and
received at R is given by

yS,R[i] =
√
EhS,Rx[i] + nR[i], (2-1)

where E is the average power of the transmitted signal, x[i] is the symbol
sent by S, hS,R is the coefficient associated with the propagation effect of the
SR channel and nR is the zero mean additive white complex Gaussian noise
(AWGN) at R.

Moreover, in the consecutive time slot the signal sent by R and received
at D is given by

yR,D[i] =
√
EhR,Dx̂[i] + nD[i], (2-2)

where x̂[i] is a processing information of the symbol sent by S in the early
time slot, hR,D is the coefficient associated with the RD channel and nD is the
AWGN at D.

2.2.2
Protocols

Relaying protocols include "amplify-and-forward" (AF), "decode-and-
forward" (DF), "compress-and-forward" (CAF) and "compute-and-forward"
(CF). The AF strategy allows the relay station to amplify the received signal
from the source node and forward it to the destination. By considering AF in
(2-2), x̂[i] is an amplification of the the symbol sent by S. On the other hand,
relays that follow the DF strategy listen to the source transmissions, decode
and forward them to the destination. By considering DF in (2-2), x̂[i] is an
estimate of the symbol sent by S. Whenever there are unrecoverable errors
in the transmission, the relay can not contribute to cooperative transmission.
The CAF strategy allows the relay station to compress the received signal
from the source node and forward it to the destination without decoding the
signal, in which the Wyner-Ziv encoding can be used for optimum compression.
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Moreover, in the CF technique, the relay instead of decoding the transmitted
messages from the source, decodes an integer linear combination of these
messages and then forwards them to the destination.

2.2.3
Power Allocation

In direct transmissions, all the power is transmitted through the SD
channel [7]. On the other hand, in cooperative relaying transmissions with
power allocation [16], we determine the optimum powers transmitted by
the source and by each relay, which minimize the symbol error rate (SER),
minimize the power consumption or maximize the system capacity. The total
power transmitted by the source and by the relays is subject to a constraint:

ES +
N∑
n=1

ERn = E. (2-3)

Relay selection is the extreme case of power allocation, since the power
is allocated to only the source and to the relay selected Ri :

ES + ERi
= E. (2-4)

For simplicity, the systems studied and simulated in this work consider
the uniform power allocation given by

ES = ERi
= E/2. (2-5)

2.2.4
Relay Selection

In wireless networks, signal fading caused by multipath propagation is
a channel propagation phenomenon that can be mitigated through the use
of cooperative diversity [1–3]. In cooperative communications with multiple
relays, where a number of relays help a source in transmitting data packets
to a destination, by receiving, processing and forwarding these packets, relay
selection schemes are key because of their high performance [4–6]. Relay
selection can improve the outage probability and throughput, reduce the
transmit power and also extend the coverage of wireless communications
systems [15]. In this context, relay schemes have been included in recent/future
wireless standards such as Long Term Evolution (LTE) Advanced [17,18] and
5G standards [19].
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In [15], a survey on buffer-aided relay selection is presented, which reviews
and classifies various buffer-aided relay selection policies and discuss their
importance through applications. Depending on the way a relay performs its
reception and transmission, it is called either Full-Duplex (FD) or Half-Duplex
(HD). In conventional relaying, using HD and DF protocols, transmission is
usually organized in a prefixed schedule with two successive time slots. In the
first time slot, the relay receives and decodes the data transmitted from the
source, and in the second time slot the relay forwards the decoded data to the
destination. Single relay selection schemes use the same relay for reception and
transmission, so they are not able to simultaneously exploit the best available
source-relay (SR) and relay-destination (RD) channels. The most common
schemes are bottleneck based and maximum harmonic mean based best relay
selection (BRS) [4]. In this work we only consider the bottleneck based BRS,
due to its good performance. To select the best relay, we may consider the
highest signal to noise ratio, signal to noise and interference ratio or channel
power. Thus, for simplicity, in BRS, considering the highest channel power
criterion, the selected relay R̂ out of N available relays, has the best bottleneck
link, being used for reception and transmission:

R̂ = arg max
Ri, i∈{1,...,N}

(min (|hS,Ri
|2 , |hRi,D|

2)). (2-6)

In BRS the source either broadcasts or activates one of the available
relays to receive the signal through a selection process that involves the
exchange of Channel State Information (CSI) between the relays and the
transmitter-receiver pair. After the CSI exchange, an algorithm activates the
best relay to help in the end-to-end communication [15]. The selected relay
transmits to the destination using one channel, thus reducing the number of
channels without losing diversity gain [20]. Thus, a number of BRS protocols
have been proposed for optimal relay selection when global (exact or statistical)
CSI is available [21,22], or efficient relay selection with a good balance between
performance and reduced CSI overhead, when partial CSI is available [23–27].

When a relay is selected to operate in FD, only one channel is used
for the end-to-end transmission, as concurrent reception and transmission
is performed at the relay [15]. However, the hardware complexity and loop-
interference from the relay’s output to its input are increased [28–30]. In con-
strast, by adopting an HD relay, orthogonal channels are used, thus leading
to reduced spectral efficiency. Spectral-efficient techniques, as Successive Re-
laying (SuR), have been proposed to recover the HD loss of conventional re-
lays [31–34]. SuR mimics FD, as while one relay receives the signal transmitted
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by the source, another one forwards a previously received signal to the destina-
tion [15]. Moreover, SuR suffers from Inter-Relay Interference (IRI) introduced
by the simultaneous transmissions. To reduce this degradation and achieve a
better performance, efficient IRI mitigation techniques may be adopted [15].

Moreover, the performance of relaying schemes can be improved if the
link with the highest power is used in each time slot. This can be achieved via a
buffer-aided (BA) relaying protocol, where the relay can accumulate packets in
its buffer, before transmitting. Figure 2.1 shows an example of how buffer-aided
relaying is used in a wireless network. The use of buffers provides an improved
performance and new degrees of freedom for system design [17, 35]. However,
it suffers from additional delay that must be well managed for delay-sensitive
applications. Buffer-aided relaying protocols require not only the acquisition of
CSI, but control of the buffer status. Some possible applications of buffer-aided
relaying are: vehicular, cellular, and sensor networks [17].

Source
Node

Destination
Node

Relay
Node N

Relay
Node 2

hs,r2 hr2,d

Relay
Node 1hs,r1

hs,rN

hr1,d

hrN ,d

...

Buffer

Buffer

Buffer

Buffer

Buffer

Figure 2.1: System model of a buffer-aided relaying scheme.

Recently, the use of BA relays has been shown to improve the system
performance. By storing packets and transmitting them in favorable conditions,
the system has its resiliency, throughput and diversity increased [17, 36–38].
In the following, some works on BA relaying are described. In [4] the BRS
scheme [20] was extended by using BA relays, leading to more options in the
selection process, as relays operate without necessarily having decoded the
previous transmitted packet [15]. In Max-Max Relay Selection (MMRS) [4], in
the first time slot, the relay selected for reception can store the received packets
in its buffer and forward them at a later time when selected for transmission. In
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the second time slot, the relay selected for transmission can transmit the first
packet in the queue of its buffer, which was received from the source earlier.
Thus, in MMRS, considering the highest channel power, the best relay R̂g for
reception is selected based on:

R̂g = arg max
Ri, i∈{1,...,N}

(|hS,Ri
|2). (2-7)

And the best relay R̂f for transmission is selected according to:

R̂f = arg max
Ri, i∈{1,...,N}

(|hRi,D|
2). (2-8)

The MMRS protocol assumes infinite buffer sizes. However, considering
finite buffer sizes, the buffer of a relay becomes empty if the channel conditions
are such that it is selected repeatedly for transmission (and not for reception)
or full if it is selected repeatedly for reception (and not for transmission). To
overcome this limitation, in [4] a hybrid relay selection (HRS) scheme, that is
a combination of BRS and MMRS, was proposed.

Although MMRS and HRS improve the throughput and/or SNR gain as
compared to BRS, their diversity gain is limited to N (the number of relays).
This can be improved by combining adaptive link selection with MMRS, which
results in the buffer-aided Max-Link [39] protocol. The main idea of Max-Link
is to select in each time slot the strongest link among all the available SR
and RD links (i.e., among 2N links) for transmission [15]. For independent
and identically distributed (i.i.d.) links and no delay constraints, Max-Link
achieves a diversity gain of 2N , which is twice the diversity gain of BRS and
MMRS. Thus, in Max-Link, the selected relay R̂ out of 2N available links
(either for transmission or reception) is based on:

R̂ = arg max
Ri, i∈{1,...,N}

(max (|hS,Ri
|2 , |hRi,D|

2)). (2-9)

Max-Link has been extended in [40] to account for direct source-
destination (SD) connectivity, which provides resiliency in low transmit SNR
conditions [15]. In [41–47], buffer-aided relay selection protocols were shown to
improve the Max-Link performance by reducing the average packet delay, en-
suring a good diversity gain, and/or achieving full diversity gain with a smaller
buffer size as compared to Max-Link. In [41], the outage performance and the
average packet delay of a relay system that exploits buffer-aided max-link relay
selection are analyzed. In [42], a study of the average packet delay of a buffer-
aided scheme that selects a relay node based on both the channel quality and
the buffer state of the relay nodes was performed. In [43], the relay associ-
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ated with the largest weight is selected among the qualified source-relay and
relay-destination links, where each link is assigned with a weight related to the
buffer status. In [44], motivated by the Max-Link and the Max-Max protocols,
a hybrid buffer-aided cooperative protocol that attains the benefits of reliabil-
ity and reduced packet delay is reported. In [45], a delay and diversity-aware
buffer-aided relay selection policy that reduces the average delay and obtains
a good diversity gain is proposed. In [46], a relay selection scheme that seeks
to maintain the states of the buffers by balancing the arrival and departure
rates at each relay’s buffer has been reported. In [47], the best relay node is
selected as the link with the highest channel gain among the links within a
priority class.

Considering a single relay network, in [48] adaptive link selection for
both delay-unconstrained and delay-constrained is proposed. In the first case,
an optimal link selection policy is created depending on the exact CSI. In
the delay-constrained case, different link activation thresholds as compared to
the optimal policy are imposed to empty the relay’s buffer and to reduce the
maximum number of stored packets [15]. This framework is extended in [49],
where adaptive link selection algorithms are proposed for a number of cases of
CSI at the Transmitter (CSIT) availability which determines the use of fixed
or adaptive transmission rates.

Algorithms with FD characteristics when HD relays are available by
advanced SuR [15] are employed to improve the performance of BA relaying,
achieving a better spectral efficiency. In [50], MMRS is extended with IRI-free
SuR transmissions through isolated relays, leading to full diversity. Moreover,
both adaptive and fixed-rate cases are investigated showing that the proposed
Space Full-Duplex (SFD) MMRS can achieve twice the capacity of HD schemes
for the adaptive rate case and a coding gain for the fixed-rate case. In a
similar topology, in [51] the degrading effect of IRI in the selection algorithm
is considered, thus presenting a BA Successive Opportunistic Relaying (BA-
SOR) algorithm. When interference cancellation (IC) is possible, the algorithm
in [51] performs close to the upper-bound provided in [50] where IRI is ignored.
However, these relay selection policies depend on exact CSI. Futhermore,
in [52] to reduce the communication overhead, the Distributed Switch-and-
Stay Combining (DSSC) [23] process has been employed, where the previous
set of relays is used again without a new round of CSI exchange when the
performance is above a given threshold [15]. Moreover, a hybrid scheme which
combines the Max-Link selection of [39] with the BA-SOR relaying of [51]
is presented in [53, 54], where switches between BA-SOR and Max-Link are
ocurring, thus leading to improved throughput and resiliency at the same time.
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In [45], delay and diversity issues in BA relay selection have been investigated,
in which novel relay selection policies are presented that aim at reducing the
average delay by considering the buffer size of the relay nodes into the relay
selection process.

Relay selection policies have also been presented for FD BA relays. In [55],
HD and FD BA relaying are compared in a network with a single available relay.
As FD relays have multiple antennas, a part of the antennas (half, as usual)
are used for reception, whereas the rest are used for transmission. In contrast,
in HD operations all the antennas are either used for reception or transmission
[15]. The HD BA relaying can overcome the throughput performance of FD
BA relaying, as long as an extra delay can be tolerated and the number of
the antennas at the source and the destination are greater than or equal to
that at the relay [15]. In [56], a hybrid BA relaying algorithm integrating
Max-Link and FD relaying is presented for a network with one source and
multiple BA FD relays, each equipped with two antennas and one destination.
The throughput performance is evaluated under the effect of loop-interference,
illustrating that when FD relaying cannot support the predefined fixed-rate
(usually due to high loop-interference), Max-Link is performed and reduces
outages by activating the link with the best SNR [15].

Besides improving the performance of wireless networks, relaying has
been employed to achieve increased spectrum reuse through cognitive spectrum
access, and to provide physical-layer security when malicious nodes threaten
the confidentiality of wireless transmissions [15]. Specifically, in networks where
spectrum reuse is the main target, primary networks co-exist with secondary
networks accessing through cognitive techniques the available frequency chan-
nels [15]. In a number of works, relay selection provides increased chances of
reducing the secondary to primary interference when the relay introducing the
least amount of interference is selected for reception and transmission [57–59].
Recently, BA relay selection in cognitive networks has led to further perfor-
mance improvements, since the opportunities to transmit in the secondary net-
work without incurring excessive interference increase because of the buffering
capabilities [60,61]. Another important application of relay selection lies in the
area of wireless physical-layer security. In networks where eavesdroppers threat
the secrecy of the transmitted signals, selecting the relay that provides the max-
imum secrecy rate or acting as potential jammer to the eavesdropper has been
proven to enhance the reliability of information exchange [62–65]. Thus, BA
relay selection increases the possibilities to avoid transmitting through links
that are inclined to eavesdropping [66].

More recently, buffer-aided relay selection protocols for cooperative
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multiple-antenna systems have been studied. In [67], a virtual full-duplex (FD)
buffer-aided relaying to recover the loss of multiplexing gain caused by HD re-
laying in a multiple relay network through joint opportunistic relay selection
(RS) and beamforming (BF), is presented. Moreover, in [68], a cooperative
network with a buffer-aided multi-antenna source, multiple HD buffer-aided
relays and a single destination is presented to recover the multiplexing loss of
the network.

2.3
Advanced Relaying Concepts

In this section, we discuss the Physical-Layer Network Coding (PLNC),
in particular the XOR network coding technique, and we also discuss the
Two-Way and Multi-Way Relay Channels topologies, where two or more users
communicate simultaneously with each other, aided by relays.

2.3.1
Physical-Layer Network Coding

Interference suppression techniques for wireless communications systems
have been investigated in the last decades [69]. Unlike traditional techniques
that treat interference as something to be mitigated, physical-layer network
coding (PLNC) techniques take advantage of the superposition of radio signals
and exploit the interference to improve throughput performance [70]. PLNC
techniques have generated a number of theoretical and application-oriented
studies in the last few years, and are expected to be successfully implemented
in future wireless applications [71–77].

PLNC has important advantages in wireless multi-hop networks such as
higher sum-rates and enhanced BER performance as compared to standard
cooperative techniques [69]. In a context where multiple relay nodes are
employed in a network to transmit data from sources to the destination
[78], PLNC techniques allow a node to exploit signals that are received
simultaneously, rather than treating them as interference [78]. Moreover,
instead of decoding each incoming data stream separately, a node detects and
forwards a function of the incoming data streams [79]. In this context, there
are several network coding techniques, namely, XOR mapping schemes and
linear network coding designs [70], [71], [72], [76], [80], [81]. In this thesis, we
focus on the use of XOR schemes in Two-Way and Multi-Way relay channels,
as explained in the next section.

As an example, by employing PLNC (XOR) in a Two-Way relay system
with two sources S1 and S2 sending one packet to each other helped by
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relays equipped with buffers, it is not necessary to store in the buffer of the
selected relay the total of 2 packets transmitted simultaneously by the two
sources in the uplink phase, but only the resulting packet (XOR outputs)
with the information: "the bit transmitted by S1 is different (or not) from the
corresponding bit sent by S2". The bitwise XOR requires the messages from
the two sources to have the same length (i.e., symmetric relaying). Then, we
employ the XOR: v[i] = x̂1[i]⊕ x̂2[i], for each symbol of the packet, and store
the resulting packet in the buffer to be later transmitted to the sources in the
downlink phase. In the case of BPSK, if a symbol x̂1[i] is different from the
corresponding x̂2[i], the XOR output is equal to +1, otherwise it is equal to
−1. On the other hand, in the case of QPSK, if the real part of x̂1[i] is different
from the real part of the corresponding x̂2[i], the output is equal to +

√
2/2,

otherwise it is equal to −
√

2/2. Moreover, the same reasoning is applied to the
imaginary part of x̂1[i] and x̂2[i], but the output is multiplied by j. Then the
outputs of these two XOR operations are summed, resulting in another QPSK
symbol.

Then, after the downlink transmission (from the selected relay to the
sources), at S1 we compute each symbol transmitted by S2 by employing again
the PLNC (XOR): x̂2[i]= x1[i] ⊕ v̂1[i], where v̂1[i] is the estimation of v[i] at
S1. The same reasoning is applied at S2 to compute the symbol transmitted
by S1: x̂1[i]= x2[i]⊕ v̂2[i], where v̂2[i] is the estimation of v[i] at S2.

2.3.2
Two-Way and Multi-Way Relay Channels

The two-way relay channel is a basic network topology, where two users
(S1 and S2) exchange independent messages with the help of a common
intermediate relay R. It represents ad hoc networks where various nodes share
a common relay to communicate and centralized network architectures where
terminals transmit their data to a centralized controller [82]. Similarly to the
case of one-way relay channel, the incorporation of the two-way relay channel
with multiple relay nodes can significantly improve the system performance.
Besides, two-way relaying has emerged as a powerful technique to improve
the spectral efficiency of wireless networks [83]. In order to adapt to 5G
requirements, relaying schemes with high spectrum efficiency, such as two-
way, have been recently attracted considerable attention [84]. In Multiple-
Access Broadcast Channel (MABC) DF protocols, as in the two-way Max-Min
scheme [82] (TW-Max-Min), transmission is organized in a prefixed schedule
with two successive phases. In the MA phase, a selected relay receives and
decodes the data simultaneously transmitted from two users (S1 and S2) and
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physical layer network coding (PLNC) may be performed on the decoded data.
In the BC phase, the same relay broadcasts the decoded data to the two users.
Given that all the channels are reciprocal and fixed during the two phases of
the MABC protocol, the TW-Max-Min relay selection protocol [82] achieves
a maximum diversity gain. With non reciprocal channels, the performance
of relaying schemes can be improved via a buffer-aided relaying protocol,
where the relay can accumulate packets in a buffer [35], before transmitting to
the destination nodes, as in the one-way Max-Link protocol. Relay selection
techniques [82,85,89–91] for cooperative systems can improve the performance
by maximizing the system sum-rate or reducing the symbol error rate.

The Multi-Way Relay Channel (mRC) [92] includes both a full data
exchange model, in which each user receives data from all other users, and
the pairwise data exchange model, which is composed by multiple two-way
relay channels. The incorporation of the mRC with multiple relays in a system
can significantly improve its performance. Considering 5G requirements [84],
high spectrum efficiency relaying strategies are key due to their excellent
performance. The use of a cloud as a central node can leverage the performance
of relay techniques as network operations and services have recently adopted
cloud-enabled solutions in communication networks [19,93].

The mRC has multiple clusters of users in which each user aims to
multicast a single message to all the other users in the same cluster [92].
Considering L users in a cluster corresponds to an L-way information exchange
among the users in the same cluster. A group of N relays facilitates this
exchange, by helping all the users in the system. In particular, the mRC
pairwise data exchange model (L = 2) is formed by multiple two-way relay
channels. With non reciprocal channels, the performance of relaying strategies
can be enhanced by adopting buffer-aided protocols, in which the relays are
able to accumulate data in their buffers [35, 39], before sending data to the
destination, as in the MW-Max-Link [13] protocol for cooperative multi-input
multi-output (MIMO) systems, which selects the best links among K pairs of
sources (diversity gain equals 2NK), using the extended MMD relay selection
criterion [11]. Furthermore, in [14], the TW-Max-Link protocol (a special
case of MW-Max-Link, for a single two-way relay channel (K = 1)), also
using the extended MMD criterion, was presented. Some other buffer-aided
relay selection protocols for cooperative single-antenna and multiple-antenna
systems are presented in [67, 68, 94–100]. Moreover, sum-rate maximization
is reported for relay selection using two-way protocols, with single-antenna
systems [85]. However, multi-way protocols using a channel-norm based with
sum-rate maximization criterion, for multiple-antenna systems, or a cloud
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(in which each cluster has a particular buffer), have not been previously
investigated.

2.4
MIMO Wireless Communication Systems

With the increasing number of smart terminals and their applications, In-
ternet services such as public transport, social media, video and audio stream-
ing, have become very important for our daily life, not only on the traditional
wired networks but also on the wireless networks [10]. At this moment, design-
ers face various challenges to develop future wireless communications systems.
The demands in terms of data rates and quality of service are increasing ex-
ponentially and the radio frequency bandwidth is even more rare and energy
efficient systems are needed. The growth demand on higher transmission rates
by the increasing number of smart-phones as well as bandwidth-intensive ap-
plications and services makes MIMO a key technology for future wireless com-
munication systems [10]. MIMO systems achieve high data rates, increased
channel reliability and improve the spectral efficiency in wireless communica-
tions systems without the need for additional spectral resources [101]. Some
of the technologies which rely on these systems are IEEE 802.11, IEEE 802.16
and IEEE 802.20 [9].

In MIMO systems multiple-antenna elements are deployed at both trans-
mitter and receiver in order to exploit the transmission through different prop-
agation paths. With this strategy, multiple data streams can be transmitted
per time slot using the same frequency band [10]. Assuming that there is un-
correlated fading between the different transmission paths, it was shown that
MIMO systems increase the channel capacity (i.e. the upper bound on the
amount of information that can be reliably transmitted through the channel)
by the smallest between the numbers of transmit and receiver antennas in
rich scattering environments, and at sufficiently high signal-to-noise (SNR) ra-
tios [102]. This increase in channel capacity can be referred to as multiplexing
gain [103].

By using MIMO diversity, two or more versions of the same data
are transmitted through independently fading channels, which leads to a
smaller probability that all components fade simultaneously. Thus, it improves
transmission reliability. On the other hand, the transmission of different parts
of the data on different propagation paths is called spatial multiplexing [10]. In
this case, the data streams are divided into different independent sub-streams
before the transmission, and then they are transmitted simultaneously via
sufficiently separated antennas (half of the wavelength or more, to obtain
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highly uncorrelated and independent signals). This leads to a considerable
increase in the transmission data rate due to the additional data streams. This
thesis focuses on MIMO spatial-multiplexing systems in order to meet the high
throughput and the energy efficiency requirements of the 5G wireless networks.

2.4.1
System Model

In a general MIMO system model the transmitter is equipped with MTx

transmit antennas and the receiver is equipped with MRx receive antennas.
The received signal vector y ∈ CMRx×1 is given by

y = Hx + n, (2-10)

where the input signal x ∈ CMT x×1 is subject to an average power constraint
equal to P . The noise vector n ∈ CMRx×1 is assumed to be zero-mean circular
symmetric Gaussian with covariance matrix Knn = σ2

nIMRx
.

If we consider a multiuser MIMO system with K transmitters each
equipped with MTx antennas in the uplink, transmitting simultaneously to
a single receiver equipped with MRx = MTx receive antennas, the received
signal vector y ∈ CMRx×1 is given by

y =
K∑
k=1

Hkxk + n, (2-11)

where Hk ∈ CMT x×MT x represents the matrix associated with the links between
each transmitter k and the single receiver and xk ∈ CMT x×1 is the vector with
the symbols sent by the transmitter k ∈ {1, 2, . . . , K}.

Moreover, if we consider a multiuser MIMO system with K transmitters,
each equipped with MTx antennas in the uplink, transmitting simultaneously
to a single receiver equipped with MRx = KUMTx receive antennas, where
U ∈ {1, 2, . . . }, the received signal vector y ∈ CMRx×1 is given by

y = Hx + n, (2-12)

where H ∈ CKUMT x×KMT x represents the matrix associated with the links
between all the K transmitters and the single receiver, x is the KMTx × 1
vector with the symbols sent by each transmitter

(
x = [xT1 ,xT2 , . . . ,xTK ]T

)
, and

n ∈ CKMT x×1 is the noise vector at the receiver.
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2.4.2
Advantages of MIMO Systems

MIMO technique leads to significant benefits for wireless communica-
tions. It can improve the system capacity or the link reliability. As multiple
antennas are physically separated, the deployment of MIMO creates addi-
tional degrees of freedom in the spatial domain which are not present in a
single-antenna system [10]. With intelligently designed transceiver and signal
processing algorithms, the spatial degrees of freedom due to MIMO can be
used to improve the spectral efficiency, eliminate interference, and mitigate
channel fading in wireless communication. Some of the advantages of MIMO
techniques are described in the following [10]:

– Improve signal quality and link reliability: The transmitter can send
multiple copies of a single data stream and then, the probability that
at least one of the copies is not under severe fading increases. Thus, the
receiver can recover the signal with a lower error rate, improving the
system performance.

– Provide higher data throughput: By spatial multiplexing, independent
data streams can be simultaneously sent over the same spectrum.

– Increase the covered area or reduce the transmit power: if we consider
a receiver with MRx receive antennas and a transmitter with a single
antenna, then the average SNR is approximately MRx times the SNR of
a single-antenna system. Thus, this can increase the coverage area for
a fixed transmitted power, or it can reduce the transmitted power for a
given coverage area.

– Increase the channel capacity: By transmitting multiple data streams
via multiple antennas, MIMO systems can increase the channel capacity
by the factor min(MTx,MRx) where MTx is the number of transmit
antennas and MRx is the number of receive antennas, as compared to
single-antenna systems [103]. This increase in channel capacity is referred
to as multiplexing gain.

The use of MIMO technique provides all these benefits by sharing the
same spectrum, without needing additional bandwidth for the wireless system.
However, the simultaneous transmission of the multiple data streams can
interfere with each other, which makes the detection and the decoding process
at the receiver more complicated [10].
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2.4.3
Capacity

Capacity is a measure of the maximal transmission rate for which
an arbitrarily small error probability can be achieved on a given channel
(Shannon’s theorem) [9, 104–106]. In this section, we review the capacity of
deterministic and random MIMO channels.

2.4.3.1
Channel Capacity for MIMO Communications

The capacity of a deterministic channel is given by the maximum mutual
information I(y; x) between the input x and the output y, over all possible
distributions for x that satisfies the power constraint Tr(Qxx) ≤ P , as given
by [9, 104,107]

C = max
px(x)

I(x; y), (2-13)

where px(x) is the probability density function of the transmit signal vector x
and Qxx = E[xxH ]. The mutual information I(x; y) is related to the average
information common to the transmit signal x and the received signal y, and
can be given by

I(x; y) = H(y)−H(y|x), (2-14)
= H(y)−H(n), (2-15)

where H(y) is the differential entropy of the received signal y, and H(y|x) the
conditional differential entropy of y given x [9, 104, 107]. As the information
in y for known x can only stem from the noise n, mutual information in
(2-14) has the form (2-15). As the noise vector is assumed to be zero-mean
circularly symmetric complex Gaussian with covariance matrix Knn = σ2

nIMRx
,

the differential entropy H(n) is given by [9, 104,107]

H(n) = log2(det(πeσ2
nIMRx

)). (2-16)

The maximization of (2-15) with respect to px(x) only concerns the
term H(y) as the noise n is independent of the sent signal. Thus, the
maximization of I(x; y) results in maximizing H(x). In [102] the next concept
was presented: circularly symmetric complex Gaussian random variables are
entropy maximizers. Thus, if x is a zero mean complex random vector with
covariance E[xxH ] = Qxx, we have H(x) ≤ log2(πeQxx) with equality holding
if and only if x has a circularly symmetric complex Gaussian distribution.
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Thus, the assumption of Gaussian input signals provides an upper bound on
the capacity for discrete input alphabets. Moreover, the received signal y is
zero-mean with covariance E[yyH ] = σ2

nIMRx
+ HQxxHH . So, we have

H(y) ≤ log2(det(πe(σ2
nIMRx

+ HQxxHH))), (2-17)

By substituting (2-16) and (2-17) in (2-15), the expression of the mutual
information is given by

I(y; x) = log2(det(πe(σ2
nIMRx

+ HQxxHH)))− log2(det(πeσ2
nIMRx

)),(2-18)

= log2

[
det

(
IMRx

+ HQxxHH

σ2
n

)]
. (2-19)

By introducing (2-19) in (2-13) the deterministic capacity is obtained as

C = max
Tr(Qxx)=P

log2

[
det

(
IMRx

+ HQxxHH

σ2
n

)]
. (2-20)

If we consider single-antenna systems (the special case where MTx =
MRx = 1), the instantaneous capacity is given by

C = log2

(
1 + |h|2 σ

2
x

σ2
n

)
. (2-21)

where h is the channel coefficient and σ2
x = P .

Moreover, if we consider a multiuser MIMO system with K transmitters,
each equipped with MTx antennas, transmitting simultaneously to a single re-
ceiver equipped with MRx = KUMTx receive antennas, where U ∈ {1, 2, . . . },
the deterministic uplink capacity is given by (2-20), but H ∈ CKUMT x×KMT x

represents the matrix associated with the links between all the K transmitters
and the single receiver, and x is the KMTx×1 vector with the symbols sent by
each transmitter

(
x = [xT1 ,xT2 , . . . ,xTK ]T

)
, and IMRx

is an KUMTx ×KUMTx

identity matrix.

2.4.3.2
Capacity of random MIMO channels

Due to the mobility of the transmitter and also the attributes of the
propagation channel, the channel coefficients change randomly over the trans-
mission time and, so, they are not deterministic. Both the fast and slow fading
are modelled by the channel matrix H. The fast fading coefficients are fixed
during the transmission of one data packet, they change only in the transition

DBD
PUC-Rio - Certificação Digital Nº 1712525/CA



Chapter 2. Literature Review 38

of a data packet to another one. On the other hand, the slow fading chan-
nel coefficients are considered fixed during the transmission of several data
packets [10].

As the channel changes randomly, the channel capacity becomes a
random variable which is a function of the channel. Thus, the random MIMO
channel capacity is obtained by computing the average capacity across time.
By assuming that the channel is an ergodic process, the ergodic capacity is
defined as the statistical average of the channel capacity with respect to the
channel matrix H [9, 105,108]. Therefore, the ergodic capacity is given by

Cergodic = EH

{
max

Tr(Qxx)=P
log2

[
det

(
IMRx

+ HQxxHH

σ2
n

)]}
. (2-22)

We consider the special case of a system without CSI at the transmitter
and the best strategy in this case is that each antenna transmits with the same
average signal power σ2

x and the ergodic maximum sum rate is given by

Cergodic = EH

{
log2

[
det

(
IMRx

+ σ2
x

σ2
n

HHH

)]}
. (2-23)

If we consider single-antenna systems (the special case where MTx =
MRx = 1), the ergodic maximum sum rate is given by

Cergodic = Eh
{

log2

(
1 + |h|2 σ

2
x

σ2
n

)}
. (2-24)

Moreover, if we consider a multiuser MIMO system with K trans-
mitters, each equipped with MTx antennas, transmitting simultaneously to
a single receiver equipped with MRx = KUMTx receive antennas, where
U ∈ {1, 2, . . . }, the ergodic uplink maximum sum rate is given by (2-23),
but H ∈ CKUMT x×KMT x represents the matrix associated with the links be-
tween all the K transmitters and the single receiver, and x is the KMTx × 1
vector with the symbols sent by each transmitter

(
x = [xT1 ,xT2 , . . . ,xTK ]T

)
, and

IMRx
is an KUMTx ×KUMTx identity matrix.

2.4.4
Modulation Schemes

Modulation schemes are techniques to carry digital data over analog
waveforms to be transmitted on a radio frequency [109]. The modulation
scheme maps digital information (sets of one or more bits) onto sine-wave
carriers while demodulation reverses this process at the receiver. A group of n
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bits of information, where n = log2 m and m is denoted as the modulation
order [118], are mapped onto symbols that are represented by a complex
number in a complex plane. A set of possible symbols of a modulation scheme
can be depicted on a two-dimensional graph known as constellation diagram
whose axes are denoted as In-phase (real part) and Quadrature (imaginary
part). The use of M-ary symbols allow the transmission of an amount of
information on the channel k = log2 m times faster, keeping the bandwidth
used initially. Thus, M-ary modulation schemes are appropriate for higher
data rates and results in an efficient bandwidth use [109].

In a digital communication system, information bits are represented by
symbols of a constellation diagram and then they are transmitted by radio
frequency through a channel that suffers from noise and interference. The goal
of the receiver is to demodulate and detect the received signal to recover the
transmitted information. Unfortunately, due to the noise, interference and also
imperfections in the detection and decoding process, the demodulated symbols
are unlikely to be identical to the constellation points. Then, the received
symbols are attributed to the closest constellation point by an operator denoted
as slicer, and the set of bits that were related to that constellation point is the
received data bits. In this thesis the slicer operator is denoted as D(·) [10].

In this thesis, we focus on binary phase-shift keying (BPSK), quadrature
phase-shift keying (QPSK) and 16 quadrature amplitude modulation (16-
QAM) schemes whose constellation diagrams are illustrated in Fig 2.2. In the
modulation schemes presented by Fig. 2.2 the Gray code scheme was adopted
to map codewords to constellation points. The goal of this scheme is to reduce
the number of data bit errors when a symbol detection error occurs. The Gray
code consists of encoding each constellation point with a particular codeword,
and the adjacent symbols differ in only one bit position [109]. By considering
this scheme, each symbol error is most likely to result in only a single bit error.

2.4.5
Precoding and Related Techniques

Let us consider the downlink of a multiuser MIMO system, with a number
of antenna elements equal toMTx at the transmitter, which communicates with
K users in the system, where each user is equipped withMRx antenna elements.

Strategies for mitigating the multiuser interference at the transmitter
node [110] in downlink include transmit beamforming [111] and precoding
based on linear minimum mean square error (MMSE) [112] or zero-forcing
(ZF) [113] approaches and nonlinear techniques such as dirty paper coding
(DPC) that performs interference cancellation combined with an implicit user
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Figure 2.2: Constellation diagrams of BPSK, QPSK and 16-QAM modulation
schemes with unitary average power.

scheduling and power loading algorithm [114], Tomlinson-Harashima precoding
(THP) [115] and vector perturbation [116].

Transmit matched filtering (TMF) is the simplest method for processing
data at the transmitter node and has been recently adopted by a number
of works for large-scale MIMO systems [111, 117]. The basic idea is to apply
the conjugate of the channel matrix to the data symbol vector s[i] prior to
transmission as given by

x[i] = HHs[i], (2-25)

where theMTx×KMRx matrix HH contains the parameters of all the links, s[i]
is a KMRx× 1 vector with the symbols and the MTx× 1 vector x[i] represents
the information processed by TMF. Linear precoding approaches as ZF and
MMSE precoding are based on channel inversion operations and are interesting
due to their relative simplicity for MIMO systems with a small to moderate
number of antennas [110]. However, channel inversion based precoding requires
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a higher average transmit power than other precoding algorithms especially for
ill conditioned channel matrices, which could lead to a poor performance [110].
A linear precoder performs a linear transformation to the data symbol vector
s[i] prior to transmission as given by

x[i] = Wksk[i] +
K∑

l=1,l 6=k
Wlsl[i] (2-26)

where the MTx×MRx matrix Wl contains the parameters of the channels and
theMRx×1 data symbol vectors sk[i] represent the data processed by the linear
precoder [110]. The linear MMSE precoder is given by WMMSE = HH(HHH+
σ2

n

σ2
x
I)−1 and the linear ZF precoder is given by WZF = HH(HHH)−1 [110].

2.4.6
Receiver Design

Spatial Multiplexing is a promising solution to achieve the higher data
rates that are needed in the next generations of wireless systems [10]. In Spatial
Multiplexing, different parts of data are transmitted through multiple antennas
and these additional data streams result in an increase of the transmission data
rate of the system. The data are transmitted through independent data streams
and then are linearly combined by a channel with different propagation effects,
before arriving at the receiver. The main aim at the receiver is to recover the
transmitted data.

The methods used to recover the transmitted data from a received signal
are named detection techniques. The main task consists of creating powerful
signal processing techniques capable of separating those transmitted signals
with an acceptable complexity and desired performance. The main detection
methods are filtering, searches or algorithmic processes. Considering perfect
CSI at the receiver, a number of strategies such as linear, successive, tree
search and the maximum likelihood, can be used to mitigate the effect of the
channel and recover the transmitted signals. The linear detection methods are
low complex, however, they provide a low performance in comparison to the
optimum performance provided by the Maximum Likelihood (ML) detector
which is more complex [10]. This detector depends on an exhaustive search
which has an exponential complexity in the number of transmit antennas
and constellation set size. In order to solve this detection problem we have
cost-effective linear detectors. Linear detection techniques estimate each of
the transmitted multiplexed data streams as a linear combination of the
received signals and present a computational complexity that grows linearly
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in the number of antennas [10]. In this case, the basic idea is to recover the
transmitted information by linear filtering of the received signal, as illustrated
in Fig. 2.3. After the linear filtering, the resulting signals are approximated to
the closest constellation points by a slicer. In this section we illustrate the ML,
the Zero-Forcing (ZF) and the minimum mean square error (MMSE) detection
schemes.

Hx

n

Linear
Filter

(x̃) x̂
y x̃

D

Figure 2.3: MIMO spatial multiplexing linear detection scheme.

2.4.6.1
Maximum Likelihood receiver

The ML receiver is the optimum method to recover the transmitted signal
in MIMO systems when the messages are equiprobable [118]. The estimated
symbols in this receiver are obtained by exhaustive search that compares
all possible transmitted signal vectors to one that maximizes the likelihood
function, based on the knowledge of the received vector y and the channel
matrix H [118]. In most MIMO systems, the noise vector is considered to be
white, i.e. Knn = σ2

nIMRx
, and then, with the given channel matrix H, this

receiver calculates the Euclidean distance J (x) = ‖y−Hx̂‖2 for each possible
transmit signal vector [108]. The signal vector with the smallest Euclidean
distance is chosen as the estimate of the transmitted signal vector, as given by

x̂ML = arg max
x∈XMT x

P(y|x,H),

= arg max
x∈XMT x

1
(πσ2

n)MT x
exp

(
−‖y−Hx̂‖2

σ2
n

)
,

= arg min
x∈XMT x

J (x), (2-27)

where XMT x is the set space which contains all possible transmit signal vec-
tors when a total of MTx transmit antennas is adopted. Although this receiver
provides the best performance, its computational complexity scales exponen-
tially higher when the number of transmit antennas or the constellation size
increases [119]. Thus, its use is impractical, except for small systems and con-
stellations.
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2.4.6.2
Zero-forcing receiver

The aim of the ZF receiver is to reduce the inter-symbol interference (ISI)
to zero by pre-multiplying the received signal y [106] by a conditioning matrix
WZF that is obtained from the cost function:

ε = ‖y−Hx̂‖2,

= (y−Hx̂)H(y−Hx̂),
= yyH − yHHx̂− x̂HHHy + x̂HHHHx̂. (2-28)

where x̂ represents the estimated transmitted symbols. To find the ZF filter
coefficients we calculate the derivative of (2-28) with respect to x̂H , equate
this result to zero and solve for x̂H , as given by

∂ε

∂x̂H
= −HHy + HHHx̂ = 0, (2-29)

whose solution is

x̂ = (HHH)−1HHy = WZFy, (2-30)

where WZF = (HHH)−1HH = H† is known as the Moore-Penrose pseudo
inverse. This approach ensures that the effects of the propagation channel
are forced to zero to totally remove the ISI. However, it does not consider
the possibility that some of the loss is caused by noise. Thus, a noise-free
environment is the ideal case for adopting the ZF algorithm, although it does
not happen in real systems. Thus, in a normal noisy channel, the ZF algorithm
performance is limited because of the effects of noise that will tend to be
amplified by multiplying the ZF equalizer by the received signal vector y. This
disadvantage is indicated by the error covariance matrix given by

EZF = E[(x̂− x)(x̂− x)H ]
= E[(WZFy− x)(WZFy− x)H ]
= E[(x + WZFn− x)(x + WZFn− x)H ]
= WZFE[nnH ]WH

ZF

= σ2
nWZFWH

ZF = σ2
n(HHH)−1HHH(HHH)−1

= σ2
n(HHH)−1 (2-31)

The mean squared error (MSE) can be computed by the trace of the error
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covariance matrix, then MSEZF = Tr[σ2
n(HHH)−1] [119]. Thus, although the

ZF detector mitigates the interference between parallel streams, the power of
the noise increases which thereby results in bad performance [119]. To mitigate
the noise enhancement introduced by the ZF detector, the MMSE detector is
presented. In this technique, the noise variance is considered in the designing
of the filtering matrix WMMSE [9, 108,119].

2.4.6.3
Minimum Mean Square Error receiver

The MMSE technique minimizes the average square error function be-
tween the desired signal x and the estimated signal x̂ = WH

MMSEy as given
by

WMMSE = arg min
W∈CMT x×MRx

E[‖x−WHy‖2], (2-32)

where MTx and MRx represents the total transmit and receive antennas of the
system, respectively.

A solution of this problem is also given by setting the partial derivative
of the cost function with respect to WH , equating the derivatives to zero and
solving for W:

∂ε

∂WH
E[Tr[(x−WHy)(x−WHy)H)]] =

∂ε

∂WH
E[Tr[xxH − xyHW−WHyxH + WHyyHW]] =

∂ε

∂WH
Tr[Rxx −RxyW−WHRH

xy + WHRyyW]] =

= RyyW−RH
xy = 0, (2-33)

leading to the well-known Wiener-Hopf [106,120,121] solution:

WMMSE = R−1
yy RH

xy (2-34)

To determine the cross-correlation matrix Rxy and the autocorrelation
matrix Ryy some considerations from the MIMO model are adopted. First,
both the AWGN and the transmited symbols are i.i.d, complex circular
symmetric Gaussian random variables with zero mean and respective variances
σ2
n and σ2

x. Moreover, the data symbols are considered statistically independent
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of the noise samples. It results in the next equations:

Knn = E[nnH ] = σ2
nIMRx

, (2-35)
Rxx = E[xxH ] = σ2

xIMT x
, (2-36)

Rxn = E[xnH ] = 0. (2-37)

With these results the autocorrelation matrix of the received signal can
be calculated by

Ryy = E[yyH ] = σ2
xHHH + σ2

nIMRx
, (2-38)

and the crosscorrelation matrix between the transmitted signal and the re-
ceived signal by

Rxy = E[xyH ] = σ2
xHH (2-39)

Inserting (2-38) and (2-39) in (2-34), we obtain the MMSE receive filter

WMMSE = (σ2
xHHH + σ2

nIMRx
)−1σ2

xH

= (HHH + σ2
n

σ2
x

IMRx
)−1H.

(2-40)

By analyzing the result in (2-40), we conclude that both MMSE and ZF receive
filters have similarities, except for the MMSE that incorporates the variance
of the noise. The addition of the noise variance improves the accuracy of the
MMSE receiver at low SNR values. However, as the SNR grows large, then
σn → 0 and the MMSE receive filter converges to the ZF receive filter.

2.4.6.4
Successive Interference Cancellation (SIC) and Decision Feedback (DF)

SIC is a nonlinear technique in which the received symbols are detected
sequentially, that provides a better performance than linear approaches. How-
ever, the SIC detection technique presents a higher computational complex-
ity and also has a more complex hardware implementation than linear ap-
proaches [10]. This scheme consists of decoding one data stream at each step
and subtracting its contribution from the received signal to improve the ac-
curacy of detection of the remaining data streams [10]. At each iteration, one
reference data stream is decoded and the other streams are considered as in-
terference. The interference from the decoded stream is then subtracted from
the vector of received symbols, leading to a modified received vector in which
fewer interferences are present. At the next iteration, the selected stream is
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decoded with one less interference [101, 108, 122]. With this scheme SIC can
achieve a higher signal to interference plus noise ratio (SINR) of the remaining
data symbols, and then improve the BER performance in MIMO systems [10].
The generation of the filtering matrix can still be based on the linear filters,
such as ZF or MMSE. Table 1 and Figure 2.4 illustrate the algorithm adopted
for the SIC scheme.

Algorithm 1 MMSE-SIC Detection Algorithm
1: x ∈ CMT x×1 whose entries ∈ {BPSK, QPSK, 16-QAM, . . . }.
2: n ∈ CMRx×1 whose entries are

(
σn√

2

)
CN (0, 1);

3: y1 = Hx + n;
4: W = (HHH + σ2

n

σ2
x
IMRx

)−1H;
5: for i = 1 to MTx do
6: x̂i = WH(i, :)yi;
7: x̃i = D(x̂i);
8: yi+1 = yi − x̃iH(:, i);
9: H(:, i) = 0;

10: W = (HHH + σ2
n

σ2
x
IMRx

)−1H;
11: end for

Figure 2.4: SIC algorithm.

However, all SIC techniques suffer from error propagation [10]. One
error in earlier computed steps impairs the consecutive estimates. Thus, it
is necessary to detect reliable signals in the previous steps to avoid error
propagation. Therefore, detection nulling and cancellation order (NCO) has
an important influence on the performance of SIC techniques [10]. A popular
technique to improve performance of the SIC detector is ranking the data
streams based on certain reliability measure. One well-known algorithm is
named Vertical-Bell Laboratories Layered Space-Time (V-BLAST), whose
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detection is ordered by the signal-to-noise ratio (SNR) and the estimators
are based on MMSE or ZF [9]. This algorithm detects data symbols with the
highest SNR, and then cancels out its effect on the remaining data streams
improving the BER in MIMO systems [10].

Decision-driven detection algorithms such as SIC techniques and decision
feedback (DF) [123] detectors are strategies that can offer interesting trade-
offs between performance and complexity [110]. Prior work on SIC and DF
schemes has been reported with DF detectors with SIC (S-DF) [123,124] and
DF receivers with parallel interference cancellation (PIC) (PDF) [125, 126],
combinations of these schemes [125, 127, 128] and mechanisms to reduce
error propagation [129, 130]. DF detectors [123–125] employ feedforward and
feedback matrices that can be based on the receive matched filter (RMF), ZF
and MMSE designs [110] as given by

ŝ = Q(Wr[i]− FH ŝ0), (2-41)

where ŝ0 represents the initial decision vector that is usually performed by the
linear section of the DF receiver (e.g., ŝ0 = Q(WHr)) prior to the application
of the feedback section. The receive filters W and F can be computed using
design criteria and optimization algorithms [110].

2.4.7
Computational Complexity

The goal of detection strategies in MIMO systems is to detect the
information that was transmitted with the highest accuracy and also with
the lowest possible computational cost [10]. The complexity is an evaluation
to estimate the computational cost of an algorithm. This evaluation can be
calculated through the total complex additions and multiplications that are
required to run the algorithm. Some examples of computational complexities
achieved by some matrix operations are illustrated in Table 2.1. This table
will be adopted as a reference to calculate the computational complexity of
the algorithms that are presented in this thesis.

2.5
Summary

In this chapter we have provided an overview of the research in coopera-
tive MIMO systems and the principles and techniques upon which the contents
of this thesis are based. Some of the main aspects of cooperative relaying and
system models along with expressions for the capacity of the MIMO system

DBD
PUC-Rio - Certificação Digital Nº 1712525/CA



Chapter 2. Literature Review 48

Table 2.1: Computational complexity of some matrix calculations
Task Additions Multiplications

H︸︷︷︸
n×m

G︸︷︷︸
m×n

n2(m− 1) n2m

H︸︷︷︸
n×m

g︸︷︷︸
m×1

n(m− 1) nm

H︸︷︷︸
n×n

G︸︷︷︸
n×m

m(n2 − n) n2m

H︸︷︷︸
n×m

� G︸︷︷︸
n×m

0 nm

H︸︷︷︸
n×m

+ G︸︷︷︸
n×m

nm 0

H−1︸ ︷︷ ︸
n×n

O(n3) O(n3)

and the sum rates achieved with deterministic and random channels were pre-
sented. We also have discussed some important system parameters such as
modulation schemes and MIMO detection techniques covering the topics of
linear filtering, and their computational complexity.
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3
Switched Max-Link Relay Selection Based on Maximum Min-
imum Distance for Cooperative MIMO Systems

In this chapter, we present a switched relaying framework for multiple-
input multiple-output (MIMO) relay systems where a source node may trans-
mit directly to a destination node or aided by relays. We also investigate re-
lay selection techniques for the proposed switched relaying framework, whose
relays are equipped with buffers. In particular, we develop a novel relay selec-
tion protocol based on switching and the selection of the best link, denoted
as Switched Max-Link. We then propose the Maximum Minimum Distance
(MMD) relay selection criterion for MIMO systems, which is based on the
optimal Maximum Likelihood (ML) principle and can provide significant per-
formance gains over other criteria, along with algorithms that are incorporated
into the proposed Switched Max-Link protocol. An analysis of the proposed
Switched Max-Link protocol and the MMD relay selection criterion in terms
of computational cost, pairwise error probability, sum-rate and average de-
lay is carried out. Simulations show that Switched Max-Link using the MMD
criterion outperforms previous works in terms of sum-rate, pairwise error prob-
ability, average delay and bit error rate.

3.1
Introduction

In wireless networks, signal fading caused by multipath propagation is a
channel propagation phenomenon that can be mitigated through the use of co-
operative diversity [1–3]. In cooperative communications with multiple relays,
where a number of relays help a source to transmit data packets to a desti-
nation, by receiving, decoding and forwarding these packets, relay selection
schemes are key because of their high performance [4–6]. As cooperative com-
munication can improve the throughput and extend the coverage of wireless
communications systems, the task of relay selection serves as a building block
to realize it. In this context, relay schemes have been included in recent/future
wireless standards such as Long Term Evolution (LTE) Advanced [17,18] and
5G standards [19].
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3.1.1
Prior and Related Work

In conventional relaying, using half duplex (HD) and decode-and-forward
protocols, transmission is often organized in a prefixed schedule with two
successive time slots. In the first time slot, the relay receives and decodes the
data transmitted from the source, and in the second time slot the relay forwards
the decoded data to the destination. Single relay selection schemes use the
same relay for reception and transmission, and cannot simultaneously exploit
the best available source-relay (SR) and relay-destination (RD) channels. The
most common schemes are bottleneck based and maximum harmonic mean
based best relay selection (BRS) [4].

The performance of relaying schemes can be improved if the link with the
highest power is used in each time slot. This can be achieved via a buffer-aided
relaying protocol, where the relay can accumulate packets in its buffer prior to
transmission. The use of buffers provides an improved performance and extra
degrees of freedom for system design [17,35]. However, it suffers from additional
delay that must be well managed for delay-sensitive applications. Buffer-aided
relaying protocols require not only the acquisition of channel state information
(CSI), but control of the buffer status. Applications of buffer-aided relaying
are: vehicular, cellular, and sensor networks [17].

In Max-Max Relay Selection (MMRS) [4], in the first time slot, the
relay selected for reception can store the received packets in its buffer and
forward them at a later time when selected for transmission. In the second
time slot, the relay selected for transmission can transmit the first packet in the
queue of its buffer, which was received from the source earlier. MMRS assumes
infinite buffer sizes. However, considering finite buffer sizes, the buffer of a relay
becomes empty if the channel conditions are such that it is selected repeatedly
for transmission (and not for reception) or full if it is selected repeatedly
for reception (and not for transmission). To overcome this limitation, in [4]
a hybrid relay selection (HRS) scheme, which is a combination of BRS and
MMRS, was proposed.

Although MMRS and HRS improve the throughput and/or SNR gain as
compared to BRS, their diversity gain is limited to the number of relays N .
This can be improved by combining adaptive link selection with MMRS, which
results in the Max-Link [39] protocol. The main idea of Max-Link is to select
in each time slot the strongest link among all the available SR and RD links
(i.e., among 2N links) for transmission [15]. For independent and identically
distributed (i.i.d.) links and no delay constraints, Max-Link achieves a diversity
gain of 2N , which is twice the diversity gain of BRS and MMRS.
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Max-Link has been extended in [40] to account for direct source-
destination (SD) connectivity, which provides resiliency in low transmit SNR
conditions [15]. In [41–47], buffer-aided relay selection protocols were shown to
improve the Max-Link performance by reducing the average packet delay, en-
suring a good diversity gain, and/or achieving full diversity gain with a smaller
buffer size as compared to Max-Link. In [41], the outage performance and the
average packet delay of a relay system that exploits buffer-aided max-link relay
selection are analyzed. In [42], a study of the average packet delay of a buffer-
aided scheme that selects a relay node based on both the channel quality and
the buffer state of the relay nodes was performed. In [43], the relay associ-
ated with the largest weight is selected among the qualified source-relay and
relay-destination links, where each link is assigned with a weight related to the
buffer status. In [44], motivated by the Max-Link and the Max-Max protocols,
a hybrid buffer-aided cooperative protocol that attains the benefits of reliabil-
ity and reduced packet delay is reported. In [45], a delay and diversity-aware
buffer-aided relay selection policy that reduces the average delay and obtains a
good diversity gain is proposed. In [46], a relay selection scheme that seeks to
maintain the states of the buffers by balancing the arrival and departure rates
at each relay’s buffer has been reported. In [47], the best relay node is selected
as the link with the highest channel gain among the links within a priority
class. In summary, the previous schemes (MMRS, HRS and Max-Link) only
use buffer-aided relay selection for cooperative single-antenna systems.

More recently, buffer-aided relay selection protocols for cooperative
multiple-antenna systems have been studied. In [67], a virtual full-duplex (FD)
buffer-aided relaying to recover the loss of multiplexing gain caused by HD re-
laying in a multiple relay network through joint opportunistic relay selection
(RS) and beamforming (BF), is presented. Moreover, in [68], a cooperative
network with a buffer-aided multi-antenna source, multiple HD buffer-aided
relays and a single destination is presented to recover the multiplexing loss of
the network.

3.1.2
Contributions

In this chapter, we develop a switched relaying framework extended for
MIMO relay systems that considers direct or cooperative transmissions with
Maximum Likelihood (ML) detection and a Switched Max-Link protocol for
cooperative MIMO systems, with non reciprocal channels, which selects the
best links among N relay nodes and whose preliminary results were reported
in [11]. We then consider the novel MMD relay selection criterion [11], which
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is based on the optimal ML principle and the Pairwise Error Probability
(PEP) [11,13,14], and the existing Quadratic Norm (QN) criterion and devise
relay selection algorithms for Switched Max-Link. An analysis of the proposed
scheme in terms of PEP, sum-rate, average delay and computational cost is also
carried out. Simulations illustrate the excellent performance of the proposed
framework, the proposed Switched Max-Link protocol and the MMD-based
relay selection algorithm as compared to previously reported approaches. The
main contributions of this work can be summarized as:

1. A switched relaying framework extended for MIMO relay systems that
considers direct or cooperative transmissions with ML detection;

2. The Switched Max-Link protocol for cooperative MIMO relay systems;

3. The MMD criterion for MIMO relay systems, along with a relay selection
algorithm;

4. An analysis of the proposed Switched Max-Link scheme with the MMD
relay selection criterion in terms of PEP, sum-rate, average delay and
computational cost.

Table 3.1 shows the description of the main symbols adopted in this work.
This chapter is structured as follows. Section 3.2 describes the system

model and the main assumptions made. Section 3.3 details the proposed
Switched Max-Link protocol with the MMD relay selection criterion whereas
Section 3.4 analyzes it. Section 3.5 illustrates and discusses the numerical
results whereas Section 3.6 gives the concluding remarks.

3.2
System Description

We consider a multiple-antenna relay network with one source node,
S, one destination node, D, and N half-duplex decode-and-forward (DF)
relays, R1,...,RN . The S and D nodes have MS antennas for transmission
and reception, respectively, and each relay MR = UMS antennas, where
U ∈ {1, 2, 3 . . . }. All the MR antennas are used for reception (MRrx = MR)
and a set of MS antennas is selected among MR to be used for transmission
(MRtx = MS). Thus, this configuration forms a spatial multiplexing network,
in which the channel matrices are square or formed by multiple square
submatrices. Each relay is equipped with a buffer, whose size is J packets and
the transmission is organized in time slots [4]. This configuration is considered
for simplicity. The considered system is shown in Fig. 3.1.
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Table 3.1: Description of the symbols
Symbols Description
D Destination node
D MMD metric
Dmin Minimum distance
D′min Minimum value of the PEP argument
dc Distances between the constellation symbols
E[dn]MMD Average delay of the MMD-Max-Link protocol
E[dn]SML Average delay of the Switched Max-Link protocol
E[Ln] Average queue length
ES Energy transmitted from S
ERj

Energy transmitted from Rj

E[Tn] Average throughput of a relay
HS,D Matrix of SD links
HS,Rk

Matrix of SRk links
Hu
S,Rk

Submatrix of SRk links
HRj ,D Matrix of RjD links
Hu
Rj ,D

Submatrix of RjD links
J Size of the buffer (in packets)
L Queue length
MS Number of antennas at S and D
MR Number of antennas at the relays
N Number or relays
Ns Number of constellation symbols
N0 Power spectral density of the AWGN
nD AWGN at D
nRk

AWGN at Rk

P SML Probability of operating in the Max-Link mode
Q QN metric
QS,D Covariance matrix of the transmitted symbols (for SD)
QS,Rk

Covariance matrix of the transmitted symbols (for SRk)
QRj ,D Covariance matrix of the transmitted symbols (for RjD)
Rk Relay selected for reception
Rj Relay selected for transmission
R Sum-Rate
S Source node
S Switch of the Switched Max-Link protocol
U Number of sets of MS antennas at the relays
x Vector of transmitted symbols
x̂ Estimate of the vector of transmitted symbols
X Number of calculations of the MMD metric
yS,D Received vector of symbols (for SD links)
yS,Rk

Received vector of symbols (for SRk links)
yRj ,D Received vector of symbols (for RjD links)
ρ Average data rate
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Source
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Destination
Node

Relay
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Channel

Buffer

Buffer
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. . .

. . .
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HS,R1

HRN ,D

HS,D

MR

MS
MR

MS

Figure 3.1: System Model of the multiple-antenna buffer-aided relay network.

3.2.1
Assumptions

In cooperative transmissions two time slots are needed to transmit data
packets from S to D, so the energy transmitted in direct transmissions (from S

to D) is twice the energy ES transmitted in cooperative transmissions, from S

to the relay selected for reception Rk or from the relay selected for transmission
Rj to D (ERj

), ERj
= ES = E. For this reason, the energy transmitted

from each antenna in cooperative transmissions equals E/MS and the energy
transmitted from each antenna in direct transmissions equals 2E/MS. We
consider that the channel coefficients are modeled by mutually independent
zero mean complex Gaussian random variables. Moreover, we assume that the
transmission is organized in data packets and the channels are constant for
the duration of one time slot and vary independently from one time slot to the
next. Fig. 3.2 illustrates the frame of the data packets. The information about
the order of the data packets is contained in the preamble of each packet, so
the original order is restored at D. Other information such as signaling for
CSI estimation are also inserted in the preamble of the packet. We consider
perfect and imperfect CSI. A distributed implementation can reduce signaling
overheads and reduce the impact of outdated CSI. Furthermore, we assume
that the relays do not communicate with each other. We also assume that D
is the central node, being responsible for deciding whether S or a relay should
transmit in a given time slot i. The central node has access to the channel and
the buffer state information, so it may run the algorithm in each time slot and
select the relay for transmission or reception through a feedback channel. This
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assumption can be ensured by an appropriate signalling that provides global
CSI at D [39]. Furthermore, we assume that S has no CSI and each relay has
only information about its SR channels and buffer status.

Preamble Data

- The order of data packets;
- Signaling for network coordination;
- Pilot Symbols for training and CSI.

Size: T symbols

Preamble Data

Preamble Data

Packet 1:

Packet 2:

Packet Ms:

x1i

x2i

xMi

Figure 3.2: The frame of each packet.

3.2.2
System Model

The proposed system can operate in each time slot in two modes: "Direct
Transmission" (DT) or "Max-Link". Thus, depending on the relay selection
metrics (explained in Section 3.3), the system may operate in each time slot
with three options:

a) DT mode: S transmits MS packets directly to D;
b) Max-Link-SR mode: S transmits MS packets to Rk;
c) Max-Link-RD mode: Rj transmits MS packets to D.

If the relay selection algorithm decides to operate in the DT mode, the
received signal from the S to D is organized in an MS × 1 vector yS,D[i] given
by

yS,D[i] =
√

2E
MS

HS,Dx[i] + nD[i], (3-1)

where x[i] represents the vector formed by MS symbols sent by S, HS,D repre-
sents the MS×MS matrix of SD links and nD denotes the zero mean additive
white complex Gaussian noise (AWGN) at D. Assuming synchronization and
perfect CSI, at D we employ the ML receiver which yields

x̂[i] = arg min
x′[i]

∥∥∥∥∥yS,D[i]−
√

2E
MS

HS,Dx′[i]
∥∥∥∥∥

2 , (3-2)
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where x′[i] represents each possible vector formed by MS symbols. Thus, the
ML receiver computes the vector of transmitted symbols which is the optimal
solution. As an example, if we have BPSK (number of constellation symbols
Ns = 2), unit power symbols and MS = 2, the estimated vector of transmitted
symbols x̂[i] may be [−1 − 1]T , [−1 + 1]T , [+1 − 1]T or [+1 + 1]T .

Otherwise, if the relay selection algorithm decides to operate in the Max-
Link-SR mode, the received signal from S to Rk is organized in an UMS × 1
vector yS,Rk

[i] given by

yS,Rk
[i] =

√
E

MS

HS,Rk
x[i] + nRk

[i], (3-3)

where HS,Rk
represents the UMS×MS matrix of SRk links and nRk

represents
the AWGN at Rk. Note that HS,Rk

is formed by U square submatrices of
dimensions MS ×MS as given by

HS,Rk
= [H1

S,Rk
; H2

S,Rk
; . . . ; HU

S,Rk
]. (3-4)

Assuming synchronization and perfect CSI, at Rk we employ the ML
receiver [5]:

x̂[i] = arg min
x′[i]

∥∥∥∥∥yS,Rk
[i]−

√
E

MS

HS,Rk
x′[i]

∥∥∥∥∥
2 . (3-5)

Moreover, if the relay selection algorithm decides to operate in the Max-
Link-RD mode, the signal transmitted from Rj to D is structured in anMS×1
vector yRj ,D[i] given by

yRj ,D[i] =
√
E

MS

Hu
Rj ,D

x̂[i] + nD[i], (3-6)

where x̂[i] is the vector formed byMS previously decoded symbols in the relay
selected for reception and stored in its buffer and now transmitted by Rj and
Hu
Rj ,D

is an MS ×MS matrix of RjD links. Note that Hu
Rj ,D

is selected among
U submatrices of dimension MS ×MS contained in HRj ,D as given by

HRj ,D = [H1
Rj ,D

; H2
Rj ,D

; . . . ; HU
Rj ,D

]. (3-7)

At D, we also resort to the ML receiver which computes

x̂[i] = arg min
x′[i]

∥∥∥∥∥yRj ,D[i]−
√
E

MS

Hu
Rj ,D

x′[i]
∥∥∥∥∥

2 . (3-8)
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Considering imperfect CSI, the estimated channel matrix Ĥ is assumed,
instead of H in (3-2), (3-5) and (3-8): a channel error matrix He is added to the
channel matrix (HS,Rk

, HRj ,D or HS,D) and we focus on the case where errors
decay as O(SNR−α) for some constant α ∈ [0, 1] [131]. Thus, the variance of
the He coefficients is given by σ2

e = βE−α (β ≥ 0), in the case of HS,Rk
or

HRj ,D, and σ2
e = β(2E)−α, in the case of HS,D. As an example, in the case of

HS,Rk
, the estimated channel matrix is given by ĤS,Rk

= HS,Rk
+ He.

3.3
Principles of Switched Max-Link Relay Selection Based on MMD

In this section, we detail the proposed Switched Max-Link relay selection
protocol.

3.3.1
Principles of Switched Max-Link Relay Selection

The system presented in Fig. 3.1 is equipped with the proposed Switched
Max-Link relay selection protocol, that in each time slot may operate in two
possible modes ("DT" or "Max-Link"), with three options:

a) work in DT mode: S sends MS packets directly to D;
b) work in Max-Link-SR mode: S sends MS packets to Rk and these

packets are stored in its buffer;
c) work in Max-Link-RD mode: Rj forwards MS packets from its buffer

to D.
The proposed Switched Max-Link protocol uses the MMD relay selection

criterion. As the scheme proposed in [132], the proposed MMD relay selection
criterion is based on the ML principle. However, the metrics calculated
by MMD are different from those of the scheme in [132], which leads to
considerably better performance. MMD is also based on the worst case of
the PEP and chooses the relay associated with the largest minimum Euclidian
distance. So, it requires the distance between the NMS

s possible vectors of
transmitted symbols. The MMD-based relay selection algorithm, in the Max-
Link-SR mode, chooses the relay Rk and the associated channel matrix HMMD

S,Rk

with the largest minimum distance as given by

HMMD
S,Rk

= arg max
HS,Ri

DminSRi
, (3-9)

where DminSRi
= min

(
E
MS

∥∥∥Hu
S,Ri

(xl − xn)
∥∥∥2
)
, u ∈ {1, . . . U}, i ∈ {1, . . . N},

xl and xn represent each possible vector formed byMS symbols and l 6= n. The
metric E

MS

∥∥∥Hu
S,Ri

(xl − xn)
∥∥∥2

is calculated for each of the CN
MS
s

2 (combination
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ofNMS
s in 2) possibilities, for each submatrix Hu

S,Ri
, and DminSRi

is the smallest
of these values, for each Ri. Thus, the selected matrix HMMD

S,Rk
has the largest

DminSRi
value.

Moreover, the MMD-based relay selection algorithm, in the Max-Link-
RD mode, chooses the relay Rj and the associated channel matrix HMMD

Rj ,D
with

the largest minimum distance as given by

HMMD
Rj ,D

= arg max
HRi,D

DminRiD, (3-10)

whereDminRiD = max (DuminRiD
) andDuminRiD

= min
(

E
MS

∥∥∥Hu
Ri,D

(xl − xn)
∥∥∥2
)
.

Note that the submatrix Hu
Rj ,D

associated with the largest DuminRiD
value is se-

lected among U submatrices of dimensionMS×MS contained in HMMD
Rj ,D

. Table
3.2 shows the Switched Max-Link pseudo-code and the following subsections
explain how this protocol works.

3.3.2
Calculation of relay selection metric

In the first step we calculate the metrics DuSRi
related to the SR channels

of each submatrix Hu
S,Ri

of each relay Ri, in Max-Link mode:

DuSRi
=
∥∥∥∥∥
√
E

MS

Hu
S,Ri

xl −
√
E

MS

Hu
S,Ri

xn
∥∥∥∥∥

2

, (3-11)

where u ∈ {1, . . . U}, i ∈ {1, . . . N}, xl and xn represent each possible vector
formed by MS symbols and l 6= n. This metric is calculated for each of the
CN

MS
s

2 (combination of NMS
s in 2) possibilities. As an example, if MS = 2 and

Ns = 2, we have C4
2 = 6 possibilities. Then, we store the smallest metric

(DuminSRi
), for being critical (a bottleneck) in terms of performance, and thus

each relay will have a minimum distance associated with its SR channels. In
the second step we calculate the metrics DuRiD

related to the RD channels of
each submatrix Hu

Ri,D
of each relay Ri:

DuRiD
=
∥∥∥∥∥
√
E

MS

Hu
Ri,D

xl −
√
E

MS

Hu
Ri,D

xn
∥∥∥∥∥

2

, (3-12)

where l 6= n. This metric is also calculated for each of the CN
MS
s

2 possibilities.
Then, we store the minimum distance (DuminRiD

), and thus each submatrix
Hu
Ri,D

will have a minimum distance associated with its RD channels. In
the third step, we find the largest minimum distance DminRiD, and thus each
relay will have its best channel submatrix Hu

Ri,D
which is associated with this
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distance:

DminRiD = max (DuminRiD
). (3-13)

In the fourth step, after calculating the metrics DuminSRi
and DminRiD for

each of the relays, as described previously, we empirically compute the expected
values of DuminSRi

and DminRiD and adjust the DuminSRi
values to balance the

number of time slots selected for Max-Link-SR and Max-Link-RD modes:

DminSRi
= E[DminRiD]

E[DuminSRi
]D

u
minSRi

, (3-14)

Then, we perform ordering and select the largest value of these distances:

Dmax minSR−RD = max(DminSRi
,DminRiD). (3-15)

Therefore, we select the relay that is associated with Dmax minSR−RD,
considering its buffer status. This relay will be selected for reception (if its
buffer is not full) or transmission (if its buffer is not empty), depending on this
metric is associated with the SR or RD channels, respectively. Otherwise, the
algorithm checks if the next maximum minimum distance and the associated
relay meet the necessary requirements related to the buffer status.

3.3.3
Calculation of the metric for direct transmission

In this step we calculate the metric DSD related to the SD channels for
the DT mode:

DSD =
∥∥∥∥∥
√

2E
MS

HS,Dxl −
√

2E
MS

HS,Dxn
∥∥∥∥∥

2

, (3-16)

where l 6= n. This metric is calculated for each of the CN
MS
s

2 possibilities.
Then, we store the minimum distance (DminSD). Considering imperfect CSI,
the estimated channel matrix Ĥ is assumed, instead of H in (3-11), (3-12) and
(3-16). After finding Dmax minSR−RD and DminSD, we compare these parameters
and select the transmission mode that is equal to


Max-Link-SR, if (Dmax min = max (DminSRi

)) & (G > S) ,

Max-Link-RD, if (Dmax min = max (DminRiD)) & (G > 1) ,

DT, otherwise.
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where Dmax min = Dmax minSR−RD, G = Dmax min
Dmin SD

, and S ∈ {0, 1, 2, . . . } is a
parameter that works as a switch. In [11], assuming symmetric channels and
applications without critical delay constraints, the switch S is equal to one.
If we consider asymmetric channels and the need for a short average delay,
we select an S that takes for granted that the protocol achieves a good BER
and average delay performance. If S is equal to zero, the protocol is selected
to operate only in the Max-Link mode and we do not have the possibility of
a direct SD connectivity and, consequently, we have another scheme called
"MMD-Max-Link". Otherwise, when we increase S, the number of time slots
in which the protocol is selected to operate in the DT mode increases.

3.4
Analysis of MMD: Impact on Relay Selection, PEP, Complexity, Sum-rate
and Average Delay

In this section, we first analyze the proposed MMD and the existing
QN relay selection criteria. We compare the PEP and the computational
complexity of the MMD criterion versus the QN criterion. We then derive
expressions to compute the sum-rate and the average delay of the Switched
Max-Link protocol.

3.4.1
Impact of the MMD and QN criteria on relay selection

The metrics D (DuSRi
, DuRiD

and DSD) are calculated in (3-11), (3-12)
and (3-16), for each of the CN

MS
s

2 possibilities. However, in the following,
we will show that it is not necessary to calculate all these possibilities. The
total number of calculations of the metric D, needed by the MMD criterion,
depends on the number MS of antennas at S and D and the number MR of
antennas at each relay. Furthermore, it depends on the constellation (BPSK,
QPSK, 16-QAM...), specifically on the number of different distances between
the constellation symbols. For the MMD criterion to compute the metric D,
it is necessary to consider the absolute value of the distances between the
constellation symbols (dc). If we have BPSK and unit power symbols, dc = 2.
Otherwise, if we have QPSK, there areW = 3 different values for dc: dc1 =

√
2,

dc2 =
√

2j and dc3 =
√

2 +
√

2j.
We may consider that theMS×MS channel matrix Hu represents Hu

S,Ri
,

Hu
Ri,D

or HS,D. In the case of DuSRi
and DuRiD

, if xn and xl are different from
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each other in just one symbol in position j, we have:

Dj =
∥∥∥∥∥
√
E

MS

Huxl −
√
E

MS

Huxn
∥∥∥∥∥

2

= E

MS

‖Hu(xl − xn)‖2

= E

MS

∥∥∥Hu [0 . . .± dcw . . . 0]T
∥∥∥2

= |dcw |
2 E

MS

MS∑
i=1

∣∣∣Hu
i,j

∣∣∣2
w = 1, ...,W.

(3-17)

If xn and xl are different from each other in two symbols in positions j
and k, we have:

Dj,k = E

MS

∥∥∥Hu [0 . . .± dcw . . .± dch
. . . 0]T

∥∥∥2

= E

MS

MS∑
i=1

∣∣∣±dcwH
u
i,j ± dch

Hu
i,k

∣∣∣2
w, h = 1, ...,W,

(3-18)

where the indices w and h may be different from each other.
If xn and xl are different from each other in MS symbols, we have:

D1,...,MS
= E

MS

∥∥∥Hu [±dcw . . .± dcv ]T
∥∥∥2

= E

MS

MS∑
i=1

∣∣∣±dcwH
u
i,1 . . .± dcvH

u
i,MS

∣∣∣2
w, v = 1, ...,W,

(3-19)

where the indices w and v may be different from each other.
We can simplify the equations, making D = E/MS × D′, where

D′=‖Hu(xn − xl)‖2, for DuSRi
and DuRiD

, or D′= 2‖Hu(xn − xl)‖2, for DSD.
We know that the PEP considers the error event when xn is transmitted and
the detector computes an incorrect xl (where l 6= n), based on the received
symbol [133, 134]. If we consider MR = MS, then U = 1 and, consequently,
H = Hu and the PEP is given by

P(xn → xl|H) = Q

(√
Es

2N0MS

D′
)
, (3-20)
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where N0 is the power spectrum density of the AWGN. The MMD criterion,
by maximizing the value of the minimum distance Dmin, also maximizes the
minimum value of the PEP argument D′min (PEP worst case). The PEP
argument D′ is related to the sum of the powers of the coefficients of each
column (or the combination of two or more columns by addition or subtraction)
of the matrix H. Moreover, when U > 1, H is formed by multiple square
submatrices Hu, and the maximization of the minimum distances related to
Hu also implies the maximization of the minimum value of the PEP argument.

As an example, if we have BPSK and unit power symbols (dc = 2) and
MS = MR = 2 (U = 1), for each matrix Hu (Hu

S,Ri
or Hu

Ri,D
), we have to

calculate 4 different values for D′:

D′1 = 4
2∑
i=1

∣∣∣Hu
i,1

∣∣∣2 , D′2 = 4
2∑
i=1

∣∣∣Hu
i,2

∣∣∣2 ,
D′1,2(+) = 4

2∑
i=1

∣∣∣Hu
i,1 +Hu

i,2

∣∣∣2 ,
D′1,2(−) = 4

2∑
i=1

∣∣∣Hu
i,1 −Hu

i,2

∣∣∣2 .
(3-21)

If we have the direct transmission option, by considering the matrix HS,D,
we also have to calculate the same expressions described in (3-21), multiplied
by 2. Note that these examples were considered by adopting BPSK, but other
constellations (QPSK, 16-QAM...) can be adopted.

The MMD metric D is based on the minimum Euclidian distances
between the possible vectors of transmitted symbols. In contrast, in the QN
criterion, that is based only on the total power of these links (as the traditional
Max-Link), the metric Q is related to the quadratic norm (the sum of the
powers of all the coefficients) of each matrix H:

Q = ‖H‖2

=
MS∑
j=1

MR∑
i=1
|Hi,j|2 .

(3-22)

Thus, the QN criterion selects the channel matrix HQN , as given by

HQN = arg maxH ‖H‖2 (3-23)

where H ∈ {HS,R1 , . . . ,HS,RN
,HR1,D, . . . ,HRN ,D} and Hi,j ∈ C(0, σ2) .

The MMD criterion, differently from the QN criterion, takes into account
the minimum distances related to Dj in (3-17), Dj,k in (3-18) and D1,...,MS

in
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(3-19), to select HMMD:

HMMD = arg max
H

min (Dj,Dj,k, . . . ,D1,...,MS
)

j, k = 1, ...,MS, j 6= k,
(3-24)

where H ∈ {HS,R1 , . . . ,HS,RN
,HR1,D, . . . ,HRN ,D,HS,D} and Hi,j ∈ C(0, σ2).

The advantage of the MMD algorithm as compared to QN is that MMD,
by maximizing Dmin, also maximizes the minimum value of the PEP argument
D′min, whereas QN does not take it into account. So, the minimum value of the
PEP argument D′QNmin associated with HQN , selected by the QN criterion, may
be not as high as the minimum value of the PEP argument D′MMD

min associated
with HMMD, selected by the MMD criterion.

Example 1: consider BPSK, unit power symbols and a network formed
by S, D, one relay R (without direct transmission), and two antennas in each
node (MS = MR = 2), where HS,R and HR,D are given by:

 b 2b
g 2g

 and
 2b+ ε 2b

2g + ε 2g

 , respectively, where ε→ 0.

By applying the QN criterion and calculating the quadratic norm of
HS,R, we have: Q = 5 |b|2 + 5 |g|2. And the quadratic norm of HR,D is equal
to: Q = |2b+ ε|2 + |2g + ε|2 + 4 |b|2 + 4 |g|2 . Q → 8 |b|2 + 8 |g|2. Thus, by
considering (3-23), we have: HQN = HR,D. In contrast, by applying the MMD
criterion and calculating the minimum distance of HS,R, we have: Dmin =
4E
MS

(|2b− b|2 + |2g − g|2) = 4E
MS

(|b|2 + |g|2). And the minimum distance of HR,D

is equal to: Dmin = 4E
MS

(|2b− 2b− ε|2 + |2g − 2g − ε|2) = 8E
MS
|ε|2 . Dmin → 0.

Thus, by considering (3-24), we have: HMMD = HS,R. Moreover, by calculating
the minimum values of the PEP argument, we have: D′MMD

min = 4(|b|2 + |g|2)
and D′QNmin = 8 |ε|2 . D′QNmin → 0.

Example 2: consider BPSK, unit power symbols and a network formed
by S, D, one relay R (without direct transmission), and MS = MR = 2, where
HS,R and HR,D are given by:

 ε1 5b
ε2 4g

 and
 b 3b
g 3g

 , respectively, where ε1 → 0 and
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ε2 → 0.
By applying the QN criterion and calculating the quadratic norm of

HS,R, we have: Q = 25 |b|2 + 16 |g|2 + |ε1|2 + |ε2|2 . Q → 25 |b|2 + 16 |g|2.
And the quadratic norm of HR,D is equal to: Q = 10 |b|2 + 10 |g|2. Thus,
by considering (3-23), we have: HQN = HS,R. In contrast, by applying the
MMD criterion and calculating the minimum distance of HS,R, we have:
Dmin = 4E

MS
(|ε1|2 + |ε2|2). Dmin → 0. And the minimum distance of HR,D

is equal to: Dmin = 4E
MS

(|b|2 + |g|2). Thus, by considering (3-24), we have:
HMMD = HR,D. Moreover, by calculating the minimum values of the PEP ar-
gument, we have: D′MMD

min = 4(|b|2+|g|2) and D′QNmin = 4(|ε1|2+|ε2|2). D′QNmin → 0.

We have seen in these examples that: HMMD 6= HQN and D′MMD
min >

D′QNmin. In the Appendix A, we develop a proof that shows that:

D′MMD
min ≥ D′QNmin. (3-25)

Note that these examples were considered by using BPSK, but other
constellations (QPSK, 16-QAM...) can be adopted.

3.4.2
Pairwise Error Probability

As we have seen in (3-20), the PEP considers the error event when xn is
transmitted and the detector computes an incorrect xl (where l 6= n), based on
the received symbol. If we consider MR = MS, then U = 1 and, consequently,
H = Hu and the PEP will have its maximum value for the minimum value
of D′ (worst case of the PEP). So, for the worst case of the PEP (D′min), in
direct SD transmissions, in each time slot, we have

P(xn → xl|H) = Q

(√
E

2N0MS

D′min

)
. (3-26)

Assuming that the probability of having no error in the two phases of
the system is approximately given by the square of (1 − P(xn → xl|H)),
an expression for calculating the worst case of the PEP for cooperative
transmissions (CT), in each time slot (regardless of whether it is an SR or
RD link), is given by

PCT (xn → xl|H) = 1− (1−P(xn → xl|H))2

= 1−
(

1−Q
(√

E

2N0MS

D′min

))2

.
(3-27)
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Note that this expression may be used for calculating the worst case of
the PEP, for both symmetric and asymmetric channels. The metric D′min is
maximized by the MMD criterion and the same does not happen to the QN
criterion. The PEP is given by a Q function and its argument is given by the
root square of a constant

(
E

2N0MS

)
multiplied by D′min. We know that by the

characteristic of the Q function when its argument grows its value decreases.
Therefore, if we consider (3-25), (3-26) and (3-27), we have

PMMD(xn → xl|HMMD) ≤ PQN(xn → xl|HQN), (3-28)

where PMMD(xn → xl|HMMD) is the PEP for the worst case in the MMD
criterion and PQN(xn → xl|HQN) is the PEP for the worst case in the QN
criterion. Note that when U > 1, H is formed by multiple square submatrices
Hu, and the maximization of the minimum distances related to Hu done by
the MMD criterion also implies the maximization of the minimum value of the
PEP argument.
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Figure 3.3: MMD-Max-Link and QN-Max-Link a) PEP performance and b)
Computational Complexity.

Fig. 3.3 a) shows the theoretical PEP worst case performance (computed
by the algorithm based on the selected channel matrix H, in each time slot) of
the MMD-Max-Link and QN-Max-Link protocols, for MS = MR = M = 2, N
= 3, 5 and 10, J = 4, BPSK and perfect CSI. Note that for multiple antennas
the PEP worst case performance of the MMD-Max-Link scheme is much better
than that of QN-Max-Link for the total range of SNR values tested. When we
increase N , the MMD-Max-Link has its performance improved and the gap
between the curves is increased. The same does not happen to QN-Max-Link,
as the QN criterion does not take the metric D′min into account. Note that this
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example was considered by adopting BPSK, but other constellations (QPSK,
16-QAM...) can be considered.

3.4.3
Computational Complexity

We may generalize the total number X of calculations of the metric D,
needed by the MMD criterion, for each matrix Hu

S,R, Hu
R,D or HS,D:

X =
MS∑
i=1

2i−1W iCMS
i , (3-29)

where W is the total number of different distances between the constellation
symbols (dc). If we have BPSK, W = 1, and QPSK, W = 3. In QPSK, the
calculation of some of these metrics is redundant, so the number of calculations
X may be less than the indicated in (3-29), but it was considered in this way,
by the greater ease of implementation of the algorithm.

Table 3.3 shows the complexity of the MMD and QN criteria for a number
of N relays, MS antennas at S and D, and MR = UMS antennas at the
relays, considering only the cooperative transmission and the constellation
type (BPSK, QPSK, 16-QAM...). Fig. 3.3 b) also shows the complexity of
the MMD and QN criteria, for N = 3 (S, D and 3 relays), MS = MR = M

antennas at each node and BPSK. This result shows that the complexity of
the MMD criterion with MS = 2 is not much higher than the complexity of
the QN criterion. If we increase the number of antennas to MS = 3 (or more)
in each node, the complexity of MMD becomes considerably higher than the
complexity of QN.

3.4.4
Sum-Rate

The sum-rate of a given system is upper bounded by the system capacity.
In this context, the capacity of the cooperative system in a given time slot,
using a single relay selection scheme is given by [1, 102]:

CDF = 1
2 min{ISRDF , IRDDF }, (3-30)

where the first term in (3-30) represents the maximum rate at which the relay
can reliably decode the message from S, while the second term in (3-30) is the
maximum rate at which D can reliably decode the estimated message from S

transmitted by the relay [1].
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Note that in the Switched Max-Link and MMD-Max-Link schemes,
differently from a single relay scheme, the selected relay for reception Rk may
be different from the selected relay for transmission Rj. Therefore, the capacity
of the MMD-Max-Link and the Switched Max-Link (operating in the Max-Link
mode) is given by

CDF = 1
2 min{ISRk

DF , I
RjD
DF }, (3-31)

where the first term in (3-31) is the maximum rate at which Rk can reliably
decode the message from S, while the second term in (3-31) is the maximum
rate at which D can reliably decode the estimated message from S transmitted
by Rj. The capacity of direct transmission is given by

CDT = ISDDT . (3-32)

As Switched Max-Link may operate in both transmission modes (Max-
Link or DT), the expected sum-rate R in bits/Hz of this scheme, considering
symmetric channels, may be expressed as: CDF ≤ R ≤ CDT . The relationship
between mutual information and entropy can be expanded as follows for a
given HS,Rk

(channel matrix from S to Rk):

ISRk
DF = IDF (x; yS,Rk

|HS,Rk
)

= H(yS,Rk
)−H(yS,Rk

|x)
= H(yS,Rk

)−H(HS,Rk
x + nRk

|x)
= H(yS,Rk

)−H(nRk
),

(3-33)

whereH(·) denotes the differential entropy of a continuous random variable. It
is assumed that the transmit vector x and the noise vector nRk

are independent.
Eq. (3-33) is maximized when yS,Rk

is Gaussian, since the normal distri-
bution maximizes the entropy for a given variance. For a complex Gaussian
vector yS,Rk

, the differential entropy is less than or equal to log2 det(πeK),
with equality if and only if yS,Rk

is a circularly symmetric complex Gaussian
vector with E[yS,Rk

yHS,Rk
] = K [102, 135]. By assuming the optimal Gaussian

distribution for the transmit vector x, the covariance matrix of yS,Rk
is given

DBD
PUC-Rio - Certificação Digital Nº 1712525/CA



Chapter 3. Switched Max-Link Relay Selection Based on Maximum Minimum
Distance for Cooperative MIMO Systems 68

by

E[yS,Rk
yHS,Rk

] = E[(HS,Rk
x + nRk

)(HS,Rk
x + nRk

)H ]
= E[HS,Rk

x(x)HHH
S,Rk

+ nRk
(nRk

)H ]
= HS,Rk

QS,Rk
HH
S,Rk

+ E[nRk
(nRk

)H ]
= HS,Rk

QS,Rk
HH
S,Rk

+ Kn

= Kd + Kn,

(3-34)

where d and n denotes respectively the signal part and the noise part of (3-
34) [135]. The maximum mutual information is then given by

ISRk
DF = H(yS,Rk

)−H(nRk
)

= log2 det(πe(Kd + Kn))− log2 det(πeKn))
= log2 det(Kd + Kn)− log2 det(Kn)
= log2 det(Kd(Kn)−1 + IMR

)
= log2 det(HS,Rk

QS,Rk
HH
S,Rk

(Kn)−1 + IMR
)

= log2 det
(
HS,Rk

(QS,Rk
/N0)HH

S,Rk
+ IMR

)
.

(3-35)

where QS,Rk
= E[x(x)H ] = E

MS
IMS

is the covariance matrix of the transmitted
symbols, IMS

is an MS ×MS identity matrix and IMR
is an MR×MR identity

matrix. Note that the vectors x are formed by independent and identically
distributed (i.i.d.) symbols. The same reasoning can be applied to IRjD

DF and
ISDDT :

I
RjD
DF = log2 det(Hu

Rj ,D
(QRj ,D/N0)(Hu

Rj ,D
)H + IMS

), (3-36)

where QRj ,D = E
MS

IMS
and Hu

Rj ,D
is the selected channel submatrix from Rj

to D.

ISDDT = log2 det
(
HS,D(QS,D/N0)HH

S,D + IMS

)
, (3-37)

where QS,D = 2E
MS

IMS
. For simplicity, to compute the sum-rate of the

Switched Max-Link scheme, instead of considering (3-31), we considered an
approximated expression for the sum-rate in each time slot, depending on the
kind of transmission. Therefore, in the case of a time slot i selected for SR
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transmission, the approximated sum-rate is given by

RSRk
i ≈ 1

2 log2 det
(
HS,Rk

(QS,Rk
/N0)HH

S,Rk
+ IMR

)
. (3-38)

Furthermore, in the case of a time slot i selected for RD transmission,
the approximated sum-rate is given by

RRjD
i ≈ 1

2 log2 det(Hu
Rj ,D

(QRj ,D/N0)(Hu
Rj ,D

)H + IMS
). (3-39)

In the case of a time slot i selected for SD transmission, the approximated
sum-rate is given by

RSD
i ≈ log2 det

(
HS,D(QS,D/N0)HH

S,D + IMS

)
. (3-40)

Therefore, by summing the sum-rate values found in each time slot and
dividing this result by the total number of time slots, we have that the average
sum-rate (R) of the Switched Max-Link scheme can be approximated by

R ≈
∑nSR
i=1 R

SRk
i +∑nRD

i=1 R
RjD
i + 2∑nSD

i=1 RSD
i

nSR + nRD + 2nSD
, (3-41)

where nSR and nRD represent the total number of time slots selected for
transmission from S to Rk and from Rj to D, respectively, in the Max-Link
operation mode (nSR ∼= nRD), and nSD is the total number of time slots
selected for transmission from S to D, in DT mode.

Considering only the Max-Link operation mode in (3-41), without the
possibility of direct SD transmissions, we note that the expression takes

into account the average of the sum rates
(
RSRk

i +R
Rj D

i

2

)
, for each pair of

corresponding time slots (a time slot used for Rk receiving MS packets
and a time slot used for Rj transmitting the same packets), instead of the
minimum operator used in (3-31). On the other hand, by considering both
the transnission modes (Max-Link and DT), the terms RSD

i and nSD are then
multiplyed by two to balance the expression, as the terms used for the sum-
rates in the Max-Link mode are counted two times (cooperative transmissions
need two time slots and direct transmissions only one time slot).

3.4.5
States of buffers, outage probability and throughput

In [39], a framework based on Discrete Time Markov Chains (DTMC)
is proposed to analyze the traditional Max-Link algorithm, considering single-
antenna systems. This framework has been used in many subsequent works to
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analyze other buffer-aided relay selection protocols whose buffer is finite [45].
In the following, we use this framework to analyze the MMD-Max-Link and
the Switched Max-Link protocols for multiple-antenna systems.

The states of the DTMC represent all the possible states of the buffers, for
both MMD-Max-Link and Switched Max-Link protocols, and also the state of
direct link SD, for Switched Max-Link. So, in the Switched Max-Link protocol,
the transitions between the states are given by the probabilities of successful
transmissions of packets and a state of the DTMC is represented not only by
the number of sets of MS packets stored in each buffer (as in the MMD-Max-
Link), but it also includes a state which depicts the reception of MS packets
directly from S at D, denoted by Ed [40]. This state Ed ∈ {0, 1} changes every
time a set of MS packets is received directly from S. If Ed is in state 1 and D
receives a set of MS packets directly from S then it moves to state 0, and if Ed
is in state 0 and D receives a set of MS packets directly from S then it moves
to state 1. Note that the state Ed does not change if a set of MS packets is
received by a relay, or by D from a relay node.

In the Switched Max-Link protocol, the state Er of the DTMC can be
represented by

Er = (EdBr
1B

r
2 . . . B

r
N), r ∈ N+, 1 ≤ r ≤ (L+ 1)N , (3-42)

where L = J
MS

, Br
n is the state of the buffer of each relay Rn and represents the

number of sets of MS packets stored in the buffer. The states are predefined in
a random way as all the possible (L+ 1)N combinations of the buffer sizes
combined with the Ed state [40]. We consider that A ∈ R2(L+1)N×2(L+1)N

denotes the state transition matrix of the DTMC [40], in which the entry
Ai,j = P (Ei → Ej) = P (Et+1 = Ej|Et = Ei) is the transition probability to
move from state Ei at time t to state Ej at time (t+1). In order to construct
the state transition matrix A, we have to identify the connectivity between the
different states of the buffers [39,40]. For each time slot, the buffer and the Ed
status can be modified as follows: (a) the number of packets stored in a relay
buffer can be decreased by MS, if a relay node is selected for transmission in
Max-Link mode (and the system is not in outage), changing the buffer status,
(b) the number of packets stored in a relay buffer can be increased by MS,
if S is selected for transmission in Max-Link mode (and the system is not in
outage), changing the buffer status, (c) if S is selected for transmission in DT
mode (and the system is not in outage), changing the Ed status, (d) the buffer
and the Ed status remain unchanged when there is an outage event (all the
SR, RD and SD links in outage).
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As the buffer of each relay is finite, the DTMC can be shown to be
stationary, irreducible and aperiodic (SIA) [45,136]. In the following, analytical
expressions are derived for the outage probability, average throughput and
average packet delay.

An outage event occurs only when there is no change in the buffer and
Ed status. Hence, the outage probability of the system is given by the sum of
the product of the probabilities of being at a stage r and having an outage
event [39,40], as given by

Poutage =
Z(L+1)N∑
r=1

πrp̄r = diag(A)π, (3-43)

where Z = 1 and Z = 2 in the MMD-Max-Link and Switched Max-Link
protocols, respectively. By considering the MMD-Max-Link and the Swiched
Max-Link (operating in Max-Link mode), if there is only one transmission per
time-slot, the average data rate ρ is 0.5 since two hops are required to reach D.
Otherwise, in schemes with successive transmissions, ρ is approaching 1 [45].
The proportion of the packets that make it through is (1− Poutage). Thus, the
average throughput is given by E[T ] = ρ(1 − Poutage) [45], where ρ ∈ (0.5, 1).
Note that if the links are i.i.d., then the average throughput of a relay Rn [45]
in the MMD-Max-Link protocol is given by

E[Tn] = ρ(1− Poutage)
N

. (3-44)

And the average throughput of Rn in the Switched Max-Link protocol is given
by

E[Tn] = ρSML(1− Poutage)
N

, (3-45)

where ρSML = 2ρPS′ML

PS
′

ML+1 , and P
S′
ML is the probability of a packet being transmitted

in the Max-Link mode (passing by the relays) for a given S ′, considering S ′ = 1,
if S ≥ 1, and S ′ = S, if S < 1.

3.4.6
Average Delay

Similarly to the traditional Max-Link [39], Switched Max-Link and
MMD-Max-Link were originally considered for applications without critical
delay constraints. In this work, by considering the importance of a short
average delay in most modern applications, an expression for the average delay
of the proposed Switched Max-Link protocol is presented. The average delay is
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calculated by considering the time a packet needs to reach the destination once
it has left the source (no delay is measured when the packet resides at S [40]).
In the Switched Max-Link protocol, the direct transmission is considered to
have no delays and for packets that are processed by the relays, the delay is
the number of time slots the packet stays in the buffer of the relay [40].

For i.i.d. channels, the average delay is the same on all relays. Hence, it
is enough to analyze the average delay on a single relay [45]. By Little’s law,
the average packet delay at Rn, denoted by E[dn] is given by

E[dn] = E[Ln]
E[Tn] , (3-46)

where E[Ln] and E[Tn] are the average queue length and average throughput,
respectively [45]. So, the average queue length at Rn, in the MMD-Max-Link
and Switched Max-Link protocols, is given by

E[Ln] =
(L+1)N∑
r=1

πrB
r
n. (3-47)

And the average throughput is given in (3-44). Thus, by substituting (3-43),
(3-44) and (3-47) into (3-46), we have that the average delay in the MMD-
Max-Link protocol is given by

E[dn]MMD = N
∑(L+1)N

r=1 πrB
r
n

ρ
(
1−∑(L+1)N

r=1 πrp̄r
) , (3-48)

where ρ = 0.5, considering one transmission per time slot. The derivation for
the average delay at the high SNR regime is given in [136]. First the throughput
of each relay is found. As the selection of a relay is equiprobable, the average
throughput at any relay Rn is ρ/N , where ρ is the average data rate. Since
we have half-duplex links, ρ = 1/2 and therefore E[Tn] = 1

2N . Also, it can
be shown that the average queue length at any relay is E[Ln] = L

2 . Thus, by
Little’s law, E[dn]MMD = E[d] = NL = N J

MS
. So, as either the number of

relays or the buffer size increases, the average delay of the MMD-Max-Link
algorithm increases.

As the MMD-Max-Link protocol operates only in the Max-Link mode
(similarly to the traditional Max-Link, but with multiple antennas), we con-
sider that the average delay of MMD-Max-Link is similar to the average delay
of Max-Link. In contrast, the average delay of Switched Max-Link is lower
than that of Max-Link, because of its advantage (the possibility of operating
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in DT mode). The average delay of the Switched Max-Link protocol is given
by

E[dn]SML = N
∑(L+1)N

r=1 πrB
r
n

ρSML

(
1−∑2(L+1)N

r=1 πrp̄r
) × P SML

≈ E[dn]MMD(P S′ML + 1)
2P S′ML

× P SML,

(3-49)

where P SML is the probability of a packet being transmitted in the Max-Link
mode, for a given S. When the switch S tends to zero, P SML tends to one
(Switched Max-Link operates only in the Max-Link mode and its average delay
equals the average delay of MMD-Max-Link). Otherwise, when S tends to ∞,
P SML tends to zero (Switched Max-Link operates only in DT mode, and its
average delay tends to zero).

3.5
Numerical Results

This section illustrates and discusses the simulation results of the pro-
posed Switched Max-Link, the MMD-Max-Link, the Max-Link with direct
transmission capability [40], the conventional MIMO (direct transmission,
without relaying) and the Max-Link with the QN criterion (QN-Max-Link).
QN-Max-Link with a single antenna refers to the traditional Max-Link [39].
The proposed Switched Max-Link scheme is considered in a network with N
relays and MS antennas at S and D and MR antennas at the relays. We con-
sidered different values for the buffer size J and adopted J = 4 packets as it is
sufficient to ensure a good performance. We have also adopted MS = 1 and 2
antennas. Since different packets may be stored at different relays for different
amounts of time, the packets transmitted by S may arrive at D in an order
different from the order at S [4]. To restore the original order at D, it was
necessary to insert in the preamble of each packet the order information (its
position in the binary format, ranging from 1 to the total number of packets).
We assume that the transmitted signals belong to BPSK or QPSK constella-
tions. The 16-QAM constellation was not included in this work because of its
higher complexity. We also assume N0 = 1 and ES = ERj

= E (total energy
transmitted). Scenarios with asymmetric channels were also tested in order to
depict the performance of the proposed Switched Max-Link and MMD-Max-
Link algorithms. The transmit signal-to-noise ratio SNR (E/N0) ranges from
0 to 12 dB and the performances of the transmission schemes were tested for
10000MS packets, each containing 100 symbols.
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3.5.1
Analysis accuracy validation: PEP and BER performance

In the following we present the theoretical PEP worst case and the
simulated BER performance to validate the accuracy of our analysis related
to the MMD relay selection criterion, adopted in the Switched Max-Link
and the MMD-Max-Link protocols. Then, the BER, average throughput and
average delay performances of the Switched Max-Link and Max-Link with
direct transmission capability [40] protocols are compared. We also present the
BER performance considering BPSK, QPSK and outdated CSI of the Switched
Max-Link, MMD-Max-Link and conventional MIMO protocols, considering
unit power links (σ2

S,R = σ2
R,D = σ2

S,D = 1).
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Figure 3.4: Switched Max-Link and Max-Link [40] PEP and BER perfor-
mances.

Fig. 3.4 shows the theoretical PEP performance that yields from our
theoretical framework that has been presented in Section 3.4 and the BER
performance of the Switched Max-Link and Max-Link [40] protocols, for BPSK,
MS = MR = 1, N = 3 and J = 4. In Switched Max-Link, we have S = 1
(solid curve) and 5 (dashed curve), and in Max-Link, we have r0 = 1 (solid
curve) and 0.5 BPCU (bits per channel use) (dashed curve). By comparing
the solid curves, the result shows that for low SNR values (less than 8dB),
the Max-Link protocol has a better BER performance than that of Switched
Max-Link. This is because if an outage event occurs in Max-Link, the packet is
not transmitted (improving the BER, but reducing the average throughput). In
contrast, Switched Max-Link has a better BER performance than that of Max-
Link for SNR values greater than 8dB, resulting also in a higher diversity gain.
And the results are the same when we compare the dashed curves. These results
show that the theoretical PEP performance matches the BER performance and
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validate the accuracy of our analysis. Note that in this case we have just a pair
of possible transmitted symbols, so the BER performance is comparable to the
PEP performance.
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Figure 3.5: Switched Max-Link and Max-Link [40] a) average throughput and
b) average delay.

Fig. 3.5 shows the average throughput and average delay performances of
the Switched Max-Link and Max-Link [40] protocols, for the same configura-
tion described in Fig. 3.4. The Switched Max-Link protocol has a high average
throughput even for low SNR values. This does not happen to Max-Link, as in
this protocol, if an outage event occurs, the packet is not transmitted (reduc-
ing the average throughput). Moreover, Switched Max-Link has a low average
delay (when S = 5) even for low SNR values as opposed to Max-Link.
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with perfect and imperfect channel knowledge.
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Fig. 3.6 a) shows the BER performance of the MMD-Max-Link and QN-
Max-Link protocols, for MS = MR = M = 2, N = 3, 5 and 10, J = 4, BPSK
and perfect CSI. Note that for multiple antennas the BER performance of the
MMD-Max-Link scheme is much better than that of QN-Max-Link for the total
range of SNR values tested. When we increase N , the MMD-Max-Link has its
performance improved. The same does not happen to QN-Max-Link, as the
QN criterion does not take the metric D′min into account. This result validates
the accuracy of our analysis in Section 3.4, illustrating that a better theoretical
PEP worst case performance achieved by the MMD relay selection criterion
implies also a better BER performance for the MMD-Max-Link protocol. Fig.
3.6 b) shows the Switched Max-Link, the MMD-Max-Link and the conventional
MIMO BER performance comparison for MS = MR = 2, N = 10, J = 4,
S = 1, QPSK, perfect and imperfect CSI (β = 1 and α = 0.8). The QN-Max-
Link was not considered as its performance is worse than the performance of
the proposed protocol. Both for perfect and imperfect CSI, the performance of
Switched Max-Link is considerably better than that of the conventional MIMO
for a wide range of SNR values. Switched Max-Link also outperforms MMD-
Max-Link, and has resiliency in low transmit SNR conditions. Moreover, we
note that outdated CSI results in diversity loss.

3.5.2
Performance under asymmetric channels

In the following we consider the BER, sum-rate and average delay
performances of the proposed and existing schemes under asymmetric channels.
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Figure 3.7: BER performance, with low power SD links.

DBD
PUC-Rio - Certificação Digital Nº 1712525/CA



Chapter 3. Switched Max-Link Relay Selection Based on Maximum Minimum
Distance for Cooperative MIMO Systems 77

Fig. 3.7 shows the BER performance of the Switched Max-Link, MMD-
Max-Link and the conventional MIMO protocols, for MS = MR = M = 2,
N= 5, J = 4, S = 1, 5 and 10, BPSK, perfect CSI and low power SD links
(σ2

S,R = σ2
R,D = 1 and σ2

S,D = 0.2). The performance of the proposed Switched
Max-Link scheme, for S = 1, is very close to that of the MMD-Max-Link,
illustrating the importance of switching to the Max-Link mode, when we have
low power SD links.
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Figure 3.8: a) Sum-rate and b) average delay performances, with low power
SD links.

Fig. 3.8 shows the sum-rate (assuming Gaussian signaling) and the
average delay performances of the Switched Max-Link, MMD-Max-Link and
the conventional MIMO protocols, for the same configuration described in Fig.
3.7. We notice that the simulated average delay of the MMD-Max-Link is equal
to its theoretical value

(
NJ
MS

= 10
)
. This result validates the accuracy of our

analysis in Section 3.4. When we increase S in the proposed Switched Max-
Link, the average delay reduces and is less than 1 time slot, when S is equal
to 10. This result also validates the accuracy of our analysis. Moreover, the
sum-rate of the proposed Switched Max-Link, for SNR values less than 6dB,
is increased when we reduce S, and, for SNR values greater than 6dB, it is
increased when we increase S.

Fig. 3.9 shows the BER performance of the Switched Max-Link, MMD-
Max-Link and the conventional MIMO protocols, forMS = MR = M = 2, N=
5, J = 4, S = 1, 3 and 5, BPSK, perfect CSI and high power SD links (σ2

S,R =
σ2
R,D = 1 and σ2

S,D = 5). The performance of the proposed Switched Max-Link
scheme, for the S values tested, is better than that of the conventional MIMO
and considerably better than that of the MMD-Max-Link scheme, illustrating
the importance of switching to DT mode, when we have high power SD links.
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Figure 3.9: BER performance, with high power SD links.
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Figure 3.10: a) Sum-rate and b) average delay performances, with high power
SD links.

Fig. 3.10 shows the sum-rate and the average delay performances of the
Switched Max-Link, MMD-Max-Link and the conventional MIMO protocols,
for the same configuration described in Fig. 3.9. When we increase S in the
proposed Switched Max-Link, the average delay reduces and is less than 1
time slot, when S is greater than 3. Moreover, the sum-rate performance of
the proposed Switched Max-Link (for all the S values tested) is very close
to that of conventional MIMO, for all the range of SNR values tested, and
considerably higher than that of the MMD-Max-Link scheme.

Fig. 3.11 shows the BER performance of the Switched Max-Link, MMD-
Max-Link and the conventional MIMO protocols, for MS = MR = M = 2,
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Figure 3.11: BER performance, with low power SR or RD links.

N= 5, J = 4, S = 1, BPSK, perfect CSI and low power SR or RD

links (σ2
S,R = 0.5 and 1, σ2

R,D = 0.5 and 1, σ2
S,D = 1). Switched Max-Link

outperforms conventional MIMO and MMD-Max-Link schemes, illustrating
that even with low power SR or RD links, Switched Max-Link has a better
performance than that of conventional MIMO.
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Figure 3.12: a) Sum-rate and b) average delay performances, with low power
SR or RD links.

Fig. 3.12 shows the sum-rate and the average delay performances of the
Switched Max-Link, MMD-Max-Link and the conventional MIMO protocols,
for the same configuration described in Fig. 3.11. When we have low power SR
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links (σ2
S,R = 0.5 and σ2

R,D = 1), the probalility of selecting an SR link is less
than the probability of selecting an RD link, so the average delay is less than
the average delay with equal unit power channels (σ2

S,R = 1 and σ2
R,D = 1).

Otherwise, when we have low power RD links (σ2
S,R = 1 and σ2

R,D = 0.5), the
probalility of selecting an RD link is less than the probability of selecting an
SR link, so the average delay is greater than the average delay with equal unit
power channels. Moreover, the sum-rate performance of the proposed Switched
Max-Link is very close to that of conventional MIMO, even for low power SR
or RD links, and considerably higher than that of the MMD-Max-Link scheme.
The slightly worse sum-rate performance of Switched Max-Link compared to
conventional MIMO is justified, as the proposed scheme is able to transmit
with higher order modulation due to the improved BER performance.

3.5.3
Performance for Massive MIMO

In the following we consider the performance of the proposed scheme for
massive MIMO (with a small number of antennas at S and D and a large
number of antennas at the relays).
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Figure 3.13: a) BER and b) sum-rate performances, for massive MIMO.

Fig. 3.13 shows the BER and sum-rate performances of the Switched
Max-Link protocol, for MS = 2, MR = 4, 8, 16, 32, 64 and 128, N= 5, J = 4,
S = 1, BPSK, perfect CSI and unit power links (σ2

S,R = σ2
R,D = σ2

S,D = 1).
Both the BER and sum-rate performances are considerably improved when we
increase MR, illustrating that the proposed protocol can be used for massive
MIMO (with a small number of antennas at S and D and a large number of
antennas at the relays). This result validates the accuracy of our analysis, as
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when U > 1, the maximization of the minimum distances related to Hu also
implies the maximization of the minimum value of the PEP argument. Note
that the achieved BER values were considerably reduced, thus the transmit
signal-to-noise ratio SNR (E/N0) ranges from 0 to 10 dB.

3.6
Summary

In this chapter, we have presented the benefits of using a novel relay
selection protocol based on switching and the selection of the best link,
denoted as Switched Max-Link. We then consider the MMD relay selection
criterion for MIMO systems, along with algorithms that are incorporated into
the proposed Switched Max-Link protocol. Switched Max-Link was evaluated
experimentally and outperformed the conventional direct transmission and the
existing QN Max-Link scheme. Despite the higher complexity of the proposed
Switched Max-Link with the MMD relay selection criterion, it is an attractive
solution for relaying systems with source and destination nodes equipped with
a small number of antennas (MS ≤ 2) and relay nodes equipped with a small
or large number of antennas due to its high performance and reduced delay.
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Table 3.2: Switched Max-Link Pseudo-Code

1: Calculate the metrics DuSRi
, of each submatrix Hu

S,Ri
of Ri

DuSRi
=
∥∥∥√E/MSHu

S,Ri
xl −

√
E/MSHu

S,Ri
xn
∥∥∥2

;
i = 1, ..., N
u = 1, ..., U
l = 1, ..., NMS

s − 1
n = l + 1, ..., NMS

s

2: Find the minimum distance - DuminSRi

DuminSRi
= min (DuSRi

);

3: Calculate the metrics DuRiD
, of each submatrix Hu

Ri,D
of Ri

DuRiD
=
∥∥∥√E/MSHu

Ri,D
xl −

√
E/MSHu

Ri,D
xn
∥∥∥2

;

4: Find the minimum distance - DuminRiD

DuminRiD
= min (DuRiD

);

5: Find the largest minimum distance - DminRiD

DminRiD = max (DuminRiD
);

6: Compute the expected values and DminSRi

DminSRi
= E[Dmin RiD]

E[Du
min SRi

]
DuminSRi

;

7: Perform ordering on DminSRi
and DminRiD

8: Find the maximum minimum distance
Dmax minSR−RD = max (DminSRi

,DminRiD);

9: Calculate the metrics DSD
DSD =

∥∥∥√2E/MSHS,Dxl −
√

2E/MSHS,Dxn
∥∥∥2

;

10: Find the minimum distance - DminSD
DminSD = min (DSD);

11: Select the transmission mode
Dmax min = Dmax minSR−RD;
G = Dmax min

Dmin SD
;

Mode =


Max-Link-SR, if (Dmax min = max (DminSRi

)) & (G > S) ,†

Max-Link-RD, if (Dmax min = max (DminRiD)) & (G > 1) ,
DT, otherwise.

† Note that S ∈ {0, 1, 2, ...} is a parameter that works as a
switch. When S = 0 the scheme operates only in the Max-Link-
(SR or RD) mode (MMD-Max-Link protocol). Moreover, when
S > 0 the scheme operates in the Max-Link-(SR or RD)
or DT mode (Switched-Max-Link protocol).
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Table 3.3: Computational Complexity of Criteria
Operations/Criterion Maximum Minimum Distance Quadratic Norm
additions 2NUMS(X − 1) 2NU(M2

S − 1)
multiplications 2NUMSX 2NUM2

S
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4
Buffer-Aided Max-Link Relay Selection for Multi-Way Coop-
erative Multi-Antenna Systems

In this chapter, we present a relay-selection strategy for multi-way co-
operative multi-antenna systems that are aided by a central processor node,
where a cluster formed by two users is selected to simultaneously transmit to
each other with the help of relays. In particular, we present a novel multi-way
relay selection strategy based on the selection of the best link, exploiting
the use of buffers and physical-layer network coding, that is called Multi-
Way Buffer-Aided Max-Link (MW-Max-Link). We compare the proposed
MW-Max-Link to existing techniques in terms of bit error rate, pairwise er-
ror probability, sum rate and computational complexity. Simulations are then
employed to evaluate the performance of the proposed and existing techniques.

4.1
Introduction

The Multi-Way Relay Channel [92] includes a full data exchange model,
in which each user receives messages of all other users, and the pairwise
data exchange model, which consists of multiple two-way relay channels over
which two users (U1 and U2) exchange messages with the help of a common
intermediate relay R. In order to adapt to modern requirements, relaying
schemes with high spectrum efficiency have recently attracted considerable
attention [84].

An important two-way protocol category is called Multiple-Access
Broadcast-Channel (MABC). In MABC DF protocols, as in TW-Max-Min [82],
transmission is organized in a prefixed schedule with two consecutive time slots.
In the first time slot (MA phase), a selected relay receives and decodes the data
simultaneously transmitted from two source nodes and physical layer network
coding (PLNC) may be employed on the decoded data. In the second time slot
(BC phase), the same relay forwards the decoded data to the two source nodes,
which become destinations. Since all the channels are reciprocal (restricted to
Time Division Multiplexing - TDM) and fixed during the two phases of the
MABC protocol, the TW-Max-Min protocol [82] achieves a maximum diversity
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gain. On the other hand, by considering non reciprocal channels, the perfor-
mance of relaying schemes may be improved by using a buffer-aided relaying
protocol, where the relay may accumulate packets in a buffer [35], before trans-
mitting to the destination nodes, as in the one-way Max-Link protocol, which
selects in each time slot the more powerful channel among all the available
SR and RD channels (i.e., among 2N channels) [39]. For independent and
identically distributed (i.i.d.) channels, Max-Link achieves a diversity gain of
2N , where N is the number of relays. Prior work has not considered multi-
way protocols for multi-antenna systems or the use of a multi-way Max-Link
(in which each pair of users has a particular buffer in the relays) or a central
processor node.

In this chapter, we propose a multi-way Max-Link protocol for buffer-
aided cooperative multi-antenna systems (MW-Max-Link) in non reciprocal
channels. The proposed MW-Max-Link protocol selects the best channels
among Z pairs of users and achieves a diversity gain of 2NZ. The TW-Max-
Link [14] protocol (a special case of MW-Max-Link, for a single two-way relay
channel (Z = 1)), is also presented. We also extend the MMD criterion [11]
to multi-way systems for selection of relays in the proposed scheme and the
existing TW-Max-Min (here adapted for multi-antenna systems) and carry
out pairwise error probability (PEP), sum rate and computational complexity
analyses.

4.2
System Description

We consider a multi-antenna multi-way MABC relay scheme with Z ∈
{1, 2, 3, . . . } pairs of users and N half-duplex DF relays, R1,...,RN . The users
are equipped with M antennas and each relay with 2M antennas. In [14], the
performance of TW-Max-Link with 2M antennas at each relay was shown to
be considerably better than that with only M antennas. In MW-Max-Link, a
total of Z buffers are employed by the selected relays for storing or extracting
(each pair of users has a particular buffer established on demand in the relays),
as shown in Fig. 4.1. In the MA phase, a relay Rg will be selected to receive
simultaneously M packets from a selected cluster (pair of users U1 and U2)
and decode the data. Then, PLNC is employed on the decoded data and the
resulting packets are stored in their particular buffers. In the BC phase, a relay
Rf will be selected to transmit M packets from the particular buffer to the
selected cluster.
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Figure 4.1: System model of a buffer-aided multi-way relay system.

4.2.1
Assumptions

In each time slot, the total energy transmitted from each user to the
relay selected for reception or from the relay selected for transmission to the
selected cluster is the same and equal to E. The channel coefficients are drawn
from mutually independent zero mean complex Gaussian random variables.
The transmission is performed in data packets and the channels are assumed
constant for the duration of one packet and vary independently from one
packet to the following. Fig. 4.2 illustrates the frame of the data packets. The
order of the data packets is inserted in the preamble of each packet, so the
original order is restored at the destination nodes. Pilot symbols for training
and estimation of channel state information (CSI), and signaling for network
coordination are also inserted in the preamble of the packet. A central processor
node is responsible for deciding whether a cluster or the relay should transmit
in a given time slot i, through a feedback channel. This can be ensured by
an appropriate signalling that provides global CSI at the central processor
node [39]. Furthermore, we assume that each relay only has information about
its U1R and U2R channels. The use of a unique central processor node reduces
its complexity, since a single central node is responsible for deciding which node
will transmit (rather than all destination nodes being responsible together).

DBD
PUC-Rio - Certificação Digital Nº 1712525/CA



Chapter 4. Buffer-Aided Max-Link Relay Selection for Multi-Way Cooperative
Multi-Antenna Systems 87

Preamble Data

- The order of data packets;
- Signaling for network coordination;
- Pilot Symbols for training and CSI.

Size: T symbols

Preamble Data

Preamble Data

Packet 1:

Packet 2:

Packet Ms:

x1i

x2i

xMi

Figure 4.2: The frame of each packet.

4.2.2
System Model

At the MA phase of multi-way MABC DF systems, the received signal
from the selected cluster U (formed by U1 and U2) to the selected relay Rg is
formed by an 2M × 1 vector yU,Rg [i] given by

yU,Rg [i] =
√
E

M
HU,Rgx[i] + nRg [i], (4-1)

where x[i] represents the vector formed by M symbols transmitted by U1

and U2 (x1[i] and x2[i]), HU,Rg is the 2M × 2M matrix of U1Rg and U2Rg

channels and nRg represents the zero mean additive white complex Gaussian
noise (AWGN) at the relay selected for reception.

Assuming synchronization, we employ the Maximum Likelihood (ML)
receiver at the selected relay for reception:

x̂[i] = arg min
x′[i]


∥∥∥∥∥∥yU,Rg [i]−

√
E

M
HU,Rgx′[i]

∥∥∥∥∥∥
2
 , (4-2)

where x′[i] represents each of the N2M
s possible transmitted symbols vector

x[i] (Ns is the number of constellation symbols). The ML receiver computes
an estimate of the vector of symbols transmitted by the users x̂[i]. Considering
Binary Phase Shift Keying (BPSK) (Ns = 2), unit power symbols and M = 1,
the estimated symbol vector x̂[i] may be [−1 − 1]T , [−1 + 1]T , [+1 − 1]T or
[+1 + 1]T .

By employing PLNC (XOR), it is not necessary to store the 2M packets
transmitted by the selected cluster, but only the resulting M packets (XOR
outputs) with the information: "the bit transmitted by U1 is different (or not)
from the corresponding bit transmitted by U2". Then, we employ the XOR:
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v[i] = x̂1[i]⊕ x̂2[i] and store the resulting packets in the buffer.
In the case of BPSK, if a symbol x̂1[i] ∈ x̂1[i] is different from the

corresponding x̂2[i] ∈ x̂2[i], the XOR output is equal to +1, otherwise it is
equal to −1, resulting in another vector of M BPSK symbols. On the other
hand, in the case of QPSK, if the real part of x̂1[i] is different from the real
part of the corresponding x̂2[i], the output is equal to +

√
2/2, otherwise it is

equal to −
√

2/2. Moreover, the same reasoning is applied to the imaginary
part of x̂1[i] and x̂2[i], but the output is multiplied by j. Then the outputs
of these two XOR operations are summed, resulting in another vector of M
QPSK symbols.

At the BC phase, the signal transmitted from the selected relay Rf and
received at the selected cluster (U1 and U2) is formed by an M × 1 vector
yRf ,U1(2) [i] given by

yRf ,U1(2) [i] =
√
E

M
HRf ,U1(2)v[i] + nU1(2) [i], (4-3)

where HRf ,U1(2) is theM×M matrix of RfU1(2) channels and nU1(2) [i] represents
the AWGN at U1 or U2. At the selected cluster, we also employ the ML receiver
which yields

v̂1(2)[i] = arg min
v′[i]


∥∥∥∥∥∥yRf ,U1(2) [i]−

√
E

M
HRf ,U1(2)v

′[i]
∥∥∥∥∥∥

2
 (4-4)

where v′[i] represents each possible vector formed by M symbols. Then, at
U1 we compute the vector of symbols transmitted by U2 by employing PLNC
(XOR): x̂2[i]= x1[i] ⊕ v̂1[i]. The same reasoning is applied at U2 to compute
the vector of symbols transmitted by U1: x̂1[i]= x2[i]⊕ v̂2[i]. In scenarios with
imperfect CSI when applying the ML receiver, the estimated channel matrix
Ĥ is assumed instead of H in (4-2) and (4-4).

4.3
Proposed MW-Max-Link Relay Selection Scheme

The proposed MW-Max-Link scheme is aimed for use with the system
shown in Fig. 4.1. This proposed scheme operates in two possible modes in
each time slot: MA or BC. It is not necessary that a number of buffer elements
be filled with packets before the system starts its normal operation for this
scheme to work properly and may be empty. Despite that, in this work, we
consider that half of the buffer elements are filled in an initialization phase [11],
by allowing the users to transmit a number of packets to the relays, before the
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scheme is used. During this initialization phase the relays do not transmit and
the users transmit to the relay with the best set of M U1R and U2R links
among the available relays. Table 4.1 shows the MW-Max-Link pseudo-code
and the following subsections explain how this protocol works.

Table 4.1: MW-Max-Link Pseudo-Code

1: Calculate the metrics BURn , for the MA mode
BURn =

∥∥∥√ E
M

HU,Rnxi −
√

E
M

HU,Rnxj
∥∥∥2
;
n = 1, ..., N
i = 1, ..., N2M

s − 1
j = i+ 1, ..., N2M

s

2: Find the minimum distance - BminURn

BminURn = min (BURn);

3: Perform ordering on BminURn and find the largest distance, for each cluster
Bzmax min UR

= max(BminURn);

4: Calculate the metrics BRnU1 , for each cluster, for the BC mode
BRnU1 =

∥∥∥√ E
M

HRn,U1xi −
√

E
M

HRn,U1xj
∥∥∥2

;
n = 1, ..., N
i = 1, ..., NM

s − 1
j = i+ 1, ..., NM

s

5: Find the minimum distance - BminRnU1

BminRnU1 = min (BRnU1);

6: Calculate the metrics BRnU2 and find BminRnU2

7: Compare and store the smallest distance - BminRnU

BminRnU = min(BminRnU1 ,BminRnU2);

8: Perform ordering on BminRnU and find the largest distance, for each cluster
Bzmax min RU

= max(BminRnU);

9: Perform ordering and find the largest distance
Bmax minRU = max(Bzmax min RU

);

10: Select the transmission mode
If Bmax min UR

Bmax min RU
≥ C

Operate in "MA mode";
else
Operate in "BC mode";

end
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4.3.1
Relay selection metric

In the first step, for each cluster formed by U1 and U2, we compute the
metric BURn associated with the user-relay (UR) channels of each relay Rn,
for the MA mode:

BURn =
∥∥∥∥∥∥
√
E

M
HU,Rnxi −

√
E

M
HU,Rnxj

∥∥∥∥∥∥
2

, (4-5)

where n ∈ {1, ..., N}, xi and xj represent each possible vector formed by 2M
symbols and "i" is different from "j". This metric is computed for each of the
CNs

2M

2 (combination of N2M
s in 2) possibilities.

In the second step, we store the smallest metric (BminURn), for being
critical, and thus each relay will have a minimum distance associated with its
UR channels:

BminURn = min (BURn) (4-6)

Then, in the third step, we perform ordering on BminURn and store the
largest of these distances:

Bzmax min UR
= max(BminURn) (4-7)

where z ∈ {1, ..., Z}. After finding Bzmax min UR
for each cluster, we perform

ordering and store the largest of these distances:

Bmax minUR = max(Bzmax min UR
) (4-8)

Then, we select the cluster and the relay that is associated with this
distance to receive simultaneously M packets from the selected cluster.

In the fourth step, for each cluster, we compute the metric BRnU1

associated with the RU1 channels of each relay Rn, for the BC mode:

BRnU1 =
∥∥∥∥∥∥
√
E

M
HRn,U1xi −

√
E

M
HRn,U1xj

∥∥∥∥∥∥
2

, (4-9)

where n ∈ {1, ..., N}, xi and xj represent each possible vector formed by M
symbols and "i" is different from "j". This metric is computed for each of the
CNs

M

2 possibilities. In the fifth step, we find the minimum distance for each
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relay Rn:

BminRnU1 = min (BRnU1), (4-10)

In the sixth step, we apply the same reasoning of (4-9) and (4-10), to
compute the metrics BRnU2 and BminRnU2 . In the seventh step, we compare the
distances BminRnU1 and BminRnU2 and store the smallest one:

BminRnU = min(BminRnU1 ,BminRnU2) (4-11)

In the eighth step, after finding BminRnU for each relay Rn, we perform
ordering and store the largest of these distances:

Bzmax min RU
= max(BminRnU) (4-12)

where z ∈ {1, ..., Z}. After finding Bzmax min RU
for each cluster, we perform

ordering and store the largest of these distances:

Bmax minRU = max(Bzmax min RU
) (4-13)

Then, we select the cluster and the relay that are associated with this
distance to transmit simultaneously M packets from the particular buffer to
the selected cluster. Considering imperfect CSI, the estimated channel matrix
Ĥ is assumed, instead of H in (4-5) and (4-9).

4.3.2
Comparison of metrics and choice of transmission mode

After computing all the metrics associated with the UR and RU chan-
nels and finding Bmax minUR and Bmax minRU , we compare these parameters and
choose the transmission mode:
if

Bmax min UR

Bmax min RU
≥ C, then "MA mode",

otherwise, " BC mode",

where C = E[Bmax min UR]
E[Bmax min RU ] . Thus, the probability of a relay being selected

for transmission is close to the probability of a relay being selected for re-
ception, and, consequently, the protocol works in a balanced way, even for
assymetric channels.
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4.4
Analysis

In this section, we first analyze the proposed MW-Max-Link in terms
of PEP. Then, an approximated expression for the sum-rate of the proposed
MW-Max-Link protocol is derived and the complexity of the proposed and
existing schemes are also presented.

4.4.1
Pairwise Error Probability

The equations for BURn , BRnU1 and BRnU2 may be simplified by making
B = E/M × B′, where B′ = ‖H(xi − xj)‖2 in (4-5) and (4-9). The PEP
considers the error event when xi is transmitted and the detector computes an
incorrect xj (where "i" is different from "j"), based on the received symbol [11].
The PEP is given by

P(xi → xj|H) = Q

(√
E

2N0M
B′
)
, (4-14)

where N0 is the power spectrum density of the AWGN. The PEP will have its
maximum value for the minimum value of B′ (PEP worst case). Thus, assuming
that the probability of having no error in the two phases of the system is
approximately given by the square of (1 − P(xi → xj|H)), an expression for
calculating the worst case of the PEP for cooperative transmissions (CT), in
each time slot (regardless of whether it is an UR or RU channel), is given by

PCT (xi → xj|H) = 1− (1−P(xi → xj|H))2

= 1−
(

1−Q
(√

E

2N0M
B′min

))2

.
(4-15)

Note that this expression may be used for calculating the worst case of the
PEP, for both symmetric and asymmetric channels. The extended MMD relay
selection algorithm maximizes the metric B′min and, consequently, minimizes
the PEP worst case in the proposed MW-Max-Link scheme.

4.4.2
Sum-Rate

The sum rate of a given system is upper bounded by the system capacity.
In the MW-Max-Link scheme, as Rg may be different from Rf , its capacity is
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given by [1, 102]:

CDF = 1
2 min{IURg

DF , I
RfU
DF }, (4-16)

where the first and second terms in (4-16) represent the maximum rate at
which Rg can reliably decode the messages transmitted by the selected cluster
(U1 and U2) and at which the selected cluster can reliably decode the estimated
messages transmitted by Rf , respectively. For the mutual information between
the users U1 and U2 and Rg, considering perfect CSI, we have

IURDF = IDF (x; yU,R|HU,R),

= log2 det
(

HU,RQU,R(HU,R)H
N0

+ I2M

)
,

(4-17)

where HU,R represents a 2M × 2M channel matrix and QU,R = E[x(x)H ] =
E
M

I2M is the covariance matrix of the transmitted symbols. Note that the vec-
tors x are formed by independent and identically distributed (i.i.d.) symbols.
The same reasoning can be applied to IRUDF :

IRUDF = log2 det
(

HR,UQR,U(HR,U)H
N0

+ IM
)
, (4-18)

where QR,U = E
M

IM and HR,U represents an M ×M channel matrix.
To compute the sum rate of the MW-Max-Link scheme, instead of (4-

16), we consider an approximated expression for the sum rate in each time
slot, depending on the kind of transmission. Then, in the case of a time slot i
selected for UR transmission, the approximated sum-rate is given by

RUR
i ≈ 1

2 log2 det
(

HU,RQU,R(HU,R)H
N0

+ I2M

)
. (4-19)

Moreover, in the case of a time slot i selected for RU transmission, the
approximated sum-rate is given by

RRU1(2)
i ≈ 1

2 log2 det
(

HR,U1(2)QR,U(HR,U1(2))H

N0
+ IM

)
. (4-20)

Therefore, by summing the sum-rate values found in each time slot and
dividing this result by the total number of time slots, the average sum rate
(R) of the MW-Max-Link scheme may be approximated by

R ≈
∑nUR
i=1 RUR

i +∑nRU
i=1 (RRU1

i +RRU2
i )

nUR + nRU
, (4-21)
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where nUR and nRU represent the number of time slots selected for UR and
RU transmissions, respectively.

4.4.3
Computational Complexity

The complexity of the proposed MW-Max-Link, TW-Max-Link and the
existing TW-Max-Min scheme (here adapted for multiple-antenna systems)
are associated with the complexity of the MMD protocol [11]. The number X
of calculations of the metric B for each channel matrix H is given by

X =
M ′∑
i=1

2i−1W iCM ′

i , (4-22)

where M ′ = 2M in the case of BURn , for the MA mode (XMA), and M ′ = M

in the case of BRnU1 and BRnU2 , for the BC mode (XBC), W is the number
of different distances between the constellation symbols. If we have BPSK,
W = 1, and QPSK, W = 3.

Table 4.2: MW-Max-Link - Computational Complexity
Operations MW-Max-Link TW-Max-Min [82]
additions ZNM(2X BC + XMA − 3) NM

2 (2X BC + XMA − 3)
multiplications ZNM(2X BC + XMA) NM

2 (2X BC + XMA)

Table 4.2 shows the complexity of the proposed MW-Max-Link and the
existing TW-Max-Min, for Z clusters, N relays, M antennas at the user nodes
and 2M antennas at the relays. Note that TW-Max-Link is a special case of
MW-Max-Link, for a single two-way relay channel (Z = 1). The complexity
of MW-Max-Link is equal to the complexity of the adapted TW-Max-Min,
multiplied by 2Z.

4.5
Simulation Results

This section illustrates and discusses the simulation results of the pro-
posed MW-Max-Link, the TW-Max-Link [14] (a special case of MW-Max-Link,
for a single two-way relay channel (Z = 1)) and the adapted TW-Max-Min [82],
using the extended MMD relay selection criterion. The transmitted signals be-
long to BPSK and QPSK constellations. The use of high-order constellations
as 16-QAM was not included in this work but can be considered elsewhere.
We tested the performance for different J , but found that J = 6 packets is
sufficient to ensure a good performance in TW-Max-Link and MW-Max-Link.
We also assume unit power channels (σ2

U,R = σ2
R,U = 1) and N0 = 1. The
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transmit signal-to-noise ratio SNR (E/N0) ranges from 0 to 10 dB, where E
is the total energy transmitted by each user or the relay. The performances
of the schemes were tested for 10000M packets, each containing 100 symbols.
For imperfect CSI, the estimated channel matrix Ĥ is assumed instead of H:
Ĥ=H+He, where the variance of the He coefficients is given by σ2

e = βE−α

(β ≥ 0 and 0 ≤ α ≤ 1) [131].
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Figure 4.3: TW-Max-Link [14] and TW-Max-Min [82] PEP performance versus
SNR, for BPSK and perfect CSI.

Fig. 4.3 shows the PEP (worst case) performance of the TW- Max-Link
and TW-Max-Min protocols, forM = 2, N = 10, BPSK and perfect CSI, both
for M or 2M antennas at each relay. The results show that the performance of
the TW-Max-Link, for M antennas at each relay, is considerably better than
the performance of TW-Max-Min for the total range of SNR values tested.
When we increase the number of antennas at each relay to 2M , both the
protocols have the performance considerably improved.

Fig. 4.4 shows the BER performance of the TW-Max-Link and TW-Max-
Min protocols, forM = 1, N = 10 and N = 20, QPSK and perfect CSI, for 2M
antennas at each relay. The results show that the performance of the TW-Max-
Link scheme is considerably better than the performance of TW-Max-Min for
the total range of SNR values tested.

Fig. 4.5 shows the BER performance of the TW-Max-Link and TW-
Max-Min protocols, for M = 1, N = 10, BPSK, perfect and imperfect CSI
(α = 1, β = 0.5 and β = 1), for 2M antennas at each relay. The performance
of the TW-Max-Link scheme is considerably better than the performance of
TW-Max-Min for the total range of SNR values tested, for both perfect and
imperfect channel estimation.
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Figure 4.4: TW-Max-Link [14] and TW-Max-Min [82] BER performance versus
SNR, for QPSK and perfect CSI.
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Figure 4.5: TW-Max-Link [14] and TW-Max-Min [82] BER performance versus
SNR, for BPSK, perfect and imperfect CSI.

Fig. 4.6 shows the BER performance of the MW-Max-Link for Z = 5,
TW-Max-Link [14] and TW-Max-Min protocols, for M = 2, N = 10, BPSK,
perfect and imperfect CSI (β = 0.5 and α = 1). The performances of the MW-
Max-Link are considerably better than the performance of TW-Max-Link and
TW–Max-Min for the total range of SNR values tested.

Fig. 4.7 shows the PEP and the Sum Rate performances, for BPSK and
Gaussian distributed signals, respectively, of the MW-Max-Link (for Z = 5
and Z = 10), TW-Max-Link and TW-Max-Min protocols, for M = 2, N = 10
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Figure 4.6: MW-Max-Link, TW-Max-Link [14] and TW-Max-Min [82] BER
performance versus SNR, for BPSK, perfect and imperfect CSI.
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Figure 4.7: MW-Max-Link, TW-Max-Link [14] and TW-Max-Min [82] PEP
and Sum-Rate performances versus SNR.

and perfect CSI. The performances of the MW-Max-Link are very close, and
considerably better than the performance of TW-Max-Link and TW–Max-Min
for the total range of SNR values tested.

4.6
Summary

In this chapter, we have presented a relay-selection strategy for multi-
way cooperative multi-antenna systems that is aided by a central processor
node, where a cluster formed by two users is selected to simultaneously
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transmit to each other with the help of relays. In particular, the proposed
multi-way relay selection strategy selects the best link, exploiting the use of
buffers and PLNC, that is called MW-Max-Link. The proposed MW-Max-
Link was evaluated experimentally and outperformed the TW-Max-Link and
the existing TW-Max-Min scheme, with the cost of higher computational
complexity (proportional to Z). The use of a central processor node and
buffers in the relays is presented as a promising relay selection technique and
a framework for muti-way protocols.
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5
Cloud-Driven Multi-Way Multiple-Antenna Relay Systems:
Joint Detection, Best-User-Link Selection and Analysis

In this chapter, we present a cloud-driven uplink framework for multi-
way multiple-antenna relay systems which aids joint symbol detection in the
cloud and where users are selected to simultaneously transmit to each other
aided by relays. We also investigate relay selection techniques for the proposed
cloud-driven uplink framework that uses cloud-based buffers and XOR network
coding. In particular, we develop a novel multi-way relay selection protocol
based on the selection of the best link, denoted as Multi-Way Cloud-Driven
Best-User-Link (MWC-Best-User-Link). We then devise maximum-minimum-
distance and channel-norm based relay selection criteria along with algorithms
that are incorporated into the proposed MWC-Best-User-Link protocol. An
analysis of the proposed MWC-Best-User-Link protocol in terms of computa-
tional cost, pairwise error probability, sum-rate and average delay is carried
out. Simulations show that MWC-Best-User-Link outperforms previous works
in terms of sum-rate, pairwise error probability, average delay and bit error
rate.

5.1
Introduction

In wireless networks, the use of cooperative diversity [1, 3] can mitigate
the signal fading caused by multipath propagation. The Multi-Way Relay
Channel (mRC) [92] includes both a full data exchange model, in which each
user receives data from all other users, and the pairwise data exchange model,
which is composed by multiple two-way relay channels. The incorporation
of the mRC with multiple relays in a system can significantly improve its
performance [4–6]. Considering 5G requirements [84], high spectrum efficiency
relaying strategies are key due to their excellent performance. The use of a
cloud as a central node can leverage the performance of relay techniques as
network operations and services have recently adopted cloud-enabled solutions
in communication networks [19, 93]. The ability to manage interference is
one of the main advantages of adopting the cloud network framework [93].
In the Cloud Radio Access Network (C-RAN) architecture, the baseband
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processing, usually performed locally at each base-station (BS), is aggregated
and performed centrally at a cloud processor. This is enabled by high-speed
connections, denoted as fronthaul links, between the BSs and the cloud [93].
This centralized signal processing enables the interference mitigation across
all the users in the uplink and downlink. The BSs in the C-RAN are also
referred to as remote radio heads (RRHs) as their functionality is often
limited to transmission and reception of radio signals [93]. These RRHs are
driven by the cloud-processor that communicates with RRHs via fronthaul
links, that can be dedicated fiber optic cables or wireless links [93]. From an
information theoretical point of view, the C-RAN model is best understood
as a relay network [93], in which the RRHs can be considered as relays that
cooperate in the communication between the cloud and the mobile users. In
the uplink, different users in the same cluster communicate their messages to
the cloud through RRHs (relays). The relays, instead of decoding the messages
locally, can retransmit information about their received signals to the cloud
for centralized processing [93]. The uplink in the C-RAN can thus be modeled
as a multiple-access relay channel [93]. Moreover, in the downlink, the cloud
also communicates with multiple users through RRH and the downlink in the
C-RAN can thus be modeled as a broadcast relay channel [93].

5.1.1
Prior and Related Work

The mRC has multiple clusters of users in which each user aims to
multicast a single message to all the other users in the same cluster [92].
Considering L users in a cluster corresponds to an L-way information exchange
among the users in the same cluster. A group of N relays facilitates this
exchange, by helping all the users in the system. In particular, the mRC
pairwise data exchange model (L = 2) is formed by multiple two-way relay
channels. In Two-Way Multiple-Access Broadcast Channel (MABC) schemes,
based on the decode-and-forward (DF) protocol [82], the transmission is
organized in two successive phases: 1) MA phase - a relay is selected for
receiving and decoding the messages simultaneously transmitted from two
users (sources S1 and S2) and physical-layer network coding (PLNC) is
performed on the decoded messages; 2) BC phase - the same selected relay
broadcasts the decoded messages to the two sources. The Two-Way Max-
Min (TW-Max-Min) relay selection protocol [82] has a high performance,
when all the channels are reciprocal and fixed during two consecutive time
slots (MA and BC phases). Otherwise, with non reciprocal channels, the
performance of relaying strategies can be enhanced by adopting buffer-aided
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protocols, in which the relays are able to accumulate data in their buffers
[35, 39], before sending data to the destination, as in the MW-Max-Link [13]
protocol for cooperative multi-input multi-output (MIMO) systems, which
selects the best links among K pairs of sources (diversity gain equals 2NK),
using the extended Maximum Minimum Distance (MMD) relay selection
criterion [11, 12]. Furthermore, in [14], the TW-Max-Link protocol (a special
case of MW-Max-Link, for a single two-way relay channel (K = 1)), also
using the extended MMD criterion, was presented. Some other buffer-aided
relay selection protocols for cooperative single-antenna and multiple-antenna
systems are presented in [67, 68, 94–100]. Moreover, sum-rate maximization
is reported for relay selection using two-way protocols, with single-antenna
systems in [85]. However, multi-way protocols using a channel-norm based
criterion for sum-rate maximization, with multiple-antenna systems, or a cloud
(in which each cluster has a particular buffer), have not been previously
investigated.

5.1.2
Contributions

In this chapter, we develop a cloud-driven framework and a Multi-
Way Best-User-Link (MWC-Best-User-Link) protocol for cooperative MIMO
systems, with non reciprocal channels, which selects the best links among K
pairs of sources (clusters) and N relay nodes and whose preliminary results
were reported in [137]. In order to perform signal detection at the cloud and
the nodes, we present maximum likelihood (ML) and linear minimum mean-
square error (MMSE) detectors. We then consider the extended Maximum
Minimum Distance (MMD) [11,12] criterion and a channel-norm based (CNB)
criterion and devise relay selection algorithms for MWC-Best-User-Link. An
analysis of the proposed scheme in terms of pairwise error probability (PEP),
sum-rate, average delay and computational cost is also carried out. Simulations
illustrate the excellent performance of the proposed framework, the proposed
MWC-Best-User-Link protocol and the relay selection algorithms as compared
to previously reported approaches. Therefore, the main contributions of this
chapter are:

1. A cloud-driven framework with joint detection at the cloud and the
nodes;

2. The MWC-Best-User-Link multi-way protocol for cooperative MIMO
systems;
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3. The MMD and CNB relay selection criteria along with relay selection
algorithms;

4. An analysis of the proposed MWC-Best-User-Link scheme in terms of
PEP, sum-rate, average delay and computational cost.

This chapter is structured as follows. Section 5.2 describes the system
model and the main assumptions. Section 5.3 presents the proposed MWC-
Best-User-Link protocol, relay selection criteria and algorithms. Section 5.4
analyzes MWC-Best-User-Link, with the extended MMD and the novel low-
complexity CNB criteria for relay selection. Section 5.5 illustrates and discusses
the simulation results whereas Section 5.6 gives the concluding remarks.

5.2
System Description

We assume a MIMO multi-way MABC relay network formed by K

clusters (pair of sources S1 and S2) and N half duplex (HD) DF relays,
R1,...,RN . In a C-RAN, the sources would represent mobile users and the relays
would represent RRHs. The sources have MS antennas for transmission or
reception and each relay MR = 2UMs antennas, where U ∈ {1, 2, 3 . . . }, all of
them used by the selected relay for reception (MRrx = MR) andMS out of VMS

antennas are selected of each relay used for transmission (MRtx = MS), where
V ∈ {1, 2, 3 . . . } and VMs ≤ MR, forming a spatial multiplexing network,
in which the channel matrices are square or formed by multiple square sub-
matrices in the MA mode. Note that the reason for using multiples of 2MS

antennas at the relays is because the relay selection algorithms explained in
Section 5.3 use criteria that depend on these matrices to be square or to be
formed by multiple square sub-matrices. Thus, the higher V the better the
system performance, as it increases the degrees of freedom. Moreover, the
higher U the better the system performance as it increases the number of
receive antennas at the relays. However if we increase U and V , we have a
higher computational complexity, as shown in Section 5.4. There is a trade-off
between system performance and computational complexity, when we increase
U and V . The selected relays access a number of K cloud buffers for extracting
or storing MS packets in each time slot. Each cluster has a particular cloud
buffer that is established on demand, whose size is J packets, as depicted in
Fig. 5.1. In the multiple-access phase (uplink), a cluster is selected to send MS

packets simultaneously to a selected relay Rg for reception. Then, the data is
decoded by the cloud processor and XOR type PLNC [13,14,86] is applied to
combine the decoded vectors (inputs of the XOR) and generate a codeword
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(output of the XOR) that is stored in their particular cloud buffers. In the
broadcast-channel phase (downlink), two relays Rf1 and Rf2 are selected to
broadcast MS packets from the particular cloud buffer to the selected cluster.
Note that Rf2 may be different from Rf1. In most situations the selection of
only one relay in the downlink is enough for a good performance. However, by
selecting two relays, the possibility of combining the channels related to the
selected relays increases the degrees of freedom of the system and, consequently,
its performance is improved. The system could select more than two relays to
further improve its performance, but the computational complexity would be
considerably increased for a high number of relays. For simplicity, we adopt
the mRC pairwise data exchange model, but the full data exchange model can
be considered in future works. Moreover, other kinds of network coding, as
linear PLNC [35] and analog network coding [87], can be considered in future
works.

Relay
Node N

Relay
Node 1

Cloud
Processor

......

. . .

. . .

...
MS MS

Cloud

...
...

...

K Buffers

MR

MR

...
MS

...
MS

S11 S21

S1K
S2K

Figure 5.1: System model of the proposed cloud-driven multi-way relay scheme.

5.2.1
Assumptions

We assume a non prefixed schedule protocol, in which each time slot may
be selected for uplink or downlink transmission, depending on the quality of
the available links and the buffer status. Thus, the energy transmitted from
each source node to the selected relay for reception (ES) or from the selected
relay(s) for transmission to the sources (ERf

), in each time slot, is the same, i.
e., ERf

= ES. The use of power allocation (ERf
6= ES) would imply in a more

complex relay selection algorithm, but can be considered elesewhere in future
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works with prefixed schedule protocols, using precoders that rely on CSI (in
practice imperfect CSI) at the transmitters. We consider mutually independent
zero mean complex Gaussian random channel coefficients, which are fixed for
the duration of one time slot and vary independently from one time slot to the
following, and the transmission is organized in data packets. Fig. 5.2 illustrates
the frame of the data packets. The order of the packets is contained in the
preamble and the original order is recovered at the destination. Signaling for
network coordination and pilot symbols for estimation of the channel state
information (CSI) are also contained in the preamble. The cloud is the central
node and decides whether a cluster or the relay(s) must transmit in a given
time slot i, through a feedback channel. An appropriate signalling provides
global CSI at the cloud [39]. Moreover, we assume that each relay only has
information about its S1R and S2R links. The use of a cloud as a single central
node and its buffers implies a higher control overhead. However, it reduces the
system complexity and the delay, since a unique central node decides which
nodes transmit (rather than all destination nodes) and the packets associated
with a cluster are stored in only its particular cloud buffer instead of being
spread in the buffers of all relays. In this work, we focus on the ideal case
where the fronthaul links have unconstrained capacities, and the relays can
convey their exact received signals to the cloud processor. This could happen
only if the relays were near to the cloud and experiencing high signal-to-noise
and low interference conditions. Practical systems, however, have capacity-
constrained fronthaul links [93] and this limits the amount of information
that the relays can retransmit. Although these unconstrained capacities in the
fronthaul links simplify our analysis, they do not limit the advantages of the
proposed protocol and relay selection algorithms, explained in the next section.
In this context, it is worth noting that 5G systems are designed to achieve very
high fronthaul links capacity, and thus, the considered unconstrained capacity
assumption is reasonable for the purpose of the relay and cloud communication.
Moreover, capacity-constrained fronthaul links can be considered elsewhere in
future works and the performance achieved by the proposed protocol may be
considered as an upper bound.

5.2.2
System Model

The wireless channel matrix HSk,Ri
incorporates the effects of large-

scale fading, related to the propagation characteristics of the signal over long
distances, and the Rayleigh-distributed small-scale fading [88]. Hence, the
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Preamble Data

- The order of data packets;
- Signaling for network coordination;
- Pilot Symbols for training and CSI.

Size: T symbols

Preamble Data

Preamble Data

Packet 1:

Packet 2:

Packet Ms:

x1i

x2i

xMi

Figure 5.2: The frame of each packet.

quadratic norm of HSk,Ri
is given by

‖HSk,Ri
‖2 = γ d−2ξ

Sk,Ri
‖GSk,Ri

‖2 (5-1)

where Sk represents each source S1k
or S2k

(k ∈ {1 . . . K}), Ri represents each
relay (i ∈ {1 . . . N}), γ represents a constant defined by the antenna gain,
carrier frequency and other system parameters, ξ is the path-loss component,
GSk,Ri

represents a channel matrix related to the SkRi links formed by
mutually independent zero mean complex Gaussian random coefficients and
dSk,Ri

the respective distance between Sk and Ri. The same reasoning applies
to HRi,Sk

and its quadratic norm is given by

‖HRi,Sk
‖2 = γ d−2ξ

Ri,Sk
‖GRi,Sk

‖2 . (5-2)

The proposed system can operate in each time slot in two modes:
"Multiple-Access" (MA) or "Broadcast- Channel" (BC). Thus, depending on
the relay selection metrics (explained in Section 5.3), the system may operate
in each time slot with two options:

a) MA mode: The selected cluster transmits MS packets directly to the
selected relay Rg;

b) BC mode: Rf1 and Rf2 transmits MS packets from the cloud buffers
to the selected cluster.

If the relay selection algorithm decides to operate in the MA mode, the
signal sent by the selected cluster S (S1 and S2) and received at Rg (the relay
selected for reception) is organized in an 2UMS × 1 vector given by

yS,Rg [i] =
√
ES
MS

HS,Rgx[i] + nRg [i], (5-3)

where x[i] is an 2MS × 1 vector with MS symbols sent by S1 (x1[i]) and S2
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(x2[i]), HS,Rg is a 2UMS × 2MS matrix of S1Rg and S2Rg links and nRg is the
zero mean additive white complex Gaussian noise (AWGN) at Rg. Note that
HS,Rg is formed by U square sub-matrices of dimensions 2MS × 2MS as given
by

HS,Rg = [H1
S,Rg

; H2
S,Rg

; . . . ; HU
S,Rg

]. (5-4)

Assuming perfect synchronization, we may adopt the ML receiver at the
cloud processor:

x̂[i] = arg min
x′[i]

∥∥∥∥∥yS,Rg [i]−
√
ES
MS

HS,Rgx′[i]
∥∥∥∥∥

2 , (5-5)

where x′[i] is each of the N2MS
s possible vectors of sent symbols (Ns is the

quantity of symbols in the constellation adopted). The ML receiver calculates
an estimate of the vector of symbols sent by the sources x̂[i].

In contrast, by considering linear MMSE detection [143], the estimate of
the transmitted vectors x is obtained by processing the received vector yS,Rg [i]
with the equalization matrix WMMSE, which is given by

x̃[i] = WMMSEyS,Rg [i]

=
(

HH
S,Rg

HS,Rg + σ2
n

σ2
x

I
)−1

HH
S,Rg

yS,Rg [i].
(5-6)

where σ2
n = N0 is the power spectrum density of the AWGN and σ2

x = ES is
the power of the signal. By performing XOR network coding, only the XOR
outputs (resulting MS packets) are stored with the information: "the bit sent
by S1 is equal (or not) to the corresponding bit sent by S2". Therefore, we
apply the bitwise XOR:

z[i] = x̂1[i]⊕ x̂2[i] (5-7)

and store the resulting data in the cloud buffer. Therefore, an advantage of
applying XOR network coding is that we have to store only MS packets in the
cloud buffer, instead of 2MS.

Moreover, if the relay selection algorithm decides to operate in the BC
mode, the signal sent by the relays selected for transmission Rf (Rf1 and Rf2)
and received at S1 and S2 is structured in an MS × 1 vector given by

yRf ,S1(2) [i] =
√
ERf

2MS

Hv,v′

Rf ,S1(2)
z[i] + nS1(2) [i], (5-8)
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where z[i] is a MS × 1 vector with MS symbols, v ∈ {1, 2, ..., V }, v′ ∈
{1, 2, ..., V }, Hv,v′

Rf ,S1(2)
= Hv

Rf1 ,S1(2)
+ Hv′

Rf2 ,S1(2)
represents the MS ×MS matrix

of Rf1S1(2) and Rf2S1(2) links, and nS1(2) [i] is the AWGN at S1 or S2. Note that
Hv,v′

Rf ,S1(2)
is selected among V 2 submatrices of dimension MS ×MS contained

in HRf ,S1(2) as given by

HRf ,S1(2) = [H1,1
Rf ,S1(2)

; . . . ; H1,V
Rf ,S1(2)

; . . . ; HV,1
Rf ,S1(2)

; . . . ; HV,V
Rf ,S1(2)

]. (5-9)

We may also adopt the ML receiver at the selected cluster, which yields

z̃1(2)[i] = arg min
z′[i]


∥∥∥∥∥∥yRf ,S1(2) [i]−

√
ERf

2MS

Hv,v′

Rf ,S1(2)
z′[i]

∥∥∥∥∥∥
2
 , (5-10)

where z′[i] is each of the possible vectors with MS symbols. In contrast, we
may adopt the MMSE receiver and the solution is given by

z̃1(2)[i] = WMMSEyRf ,S1(2) [i]

=
(

Hv,v′H

Rf ,S1(2)
Hv,v′

Rf ,S1(2)
+ σ2

n

σ2
x

I
)−1

Hv,v′H

Rf ,S1(2)
yRf ,S1(2) [i].

(5-11)

Therefore, at S1 we calculate the vector of symbols sent by S2 by performing
XOR type PLNC:

x̂2[i] = x1[i]⊕ ẑ1[i]. (5-12)

This is also applied at S2 to calculate the vector of symbols sent by S1:

x̂1[i] = x2[i]⊕ ẑ2[i]. (5-13)

The estimated channel matrix Ĥ is considered instead of H in (5-5)
and (5-10), when performing the ML receiver, and in (5-6) and (5-11), when
performing the MMSE receiver, by assuming imperfect CSI. Note that Ĥ is
computed as Ĥ=H+He, where the variance of the mutually independent zero
mean complex Gaussian He coefficients is given by σ2

e = βE−α (0 ≤ α ≤ 1
and β ≥ 0) [131], in which E = ES, in the MA phase, and E = ES

2 , in the BC
phase.

5.3
Proposed MWC-Best-User-Link Protocol and Relay Selection Algorithms

The system presented in Fig. 5.1 is equipped with the novel MWC-Best-
User-Link protocol, which in each time slot may operate in two possible modes:
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MA or BC. The relay selection algorithm needs to compute the metrics related
to KNU different 2MS × 2MS submatrices related to the uplink channels and
2KN ′V 2 different MS × MS submatrices related to the downlink channels,
where N ′ = N + CN

2 , to select the best cluster, the best relay(s) and the
mode of operation (MA or BC), in each time slot. Note that when a selected
cluster formed by two source nodes is communicating with each other, the other
clusters remain silent. Moreover, the relay selection algorithm may operate
with two criteria: 1) using the extended MMD [11, 12] criterion; or 2) using
the CNB criterion. In the first approach, if the MMD-based relay selection
algorithm decides to operate in the MA mode, it chooses the relay Rg and the
associated channel matrix HMMD

S,Rg
with the largest minimum distance as given

by

HMMD
S,Rg

= arg max
HS,Ri

BMA
min, (5-14)

where BMA
min is the smallest value of the distances BMA = ES

MS

∥∥∥Hu
S,Ri

(xl − xn)
∥∥∥2
,

u ∈ {1, . . . U}, i ∈ {1, . . . , N}, xl and xn represent each possible vector formed
by 2MS symbols and l 6= n. The metric BMA is calculated for each of the CN2Ms

s
2

(combination of N2MS
s in 2) possibilities, for each sub-matrix Hu

S,Ri
. Moreover,

if the MMD-based relay selection algorithm decides to operate in the BC mode,
it chooses the relays Rf (Rf1 and Rf2) and the associated channel sub-matrix
Hv,v′MMD

Rf ,S
with the largest minimum distance as given by

Hv,v′MMD

Rf ,S
= arg max

Hv,v′
Rij ,S

BBCmin, (5-15)

where BBCmin is the smallest value of the distances BBC =
ES

2MS

∥∥∥Hv,v′

Rij ,S
(xl − xn)

∥∥∥2
, i and j ∈ {1, . . . , N}, v and v′ ∈ {1, . . . , V }, xl

and xn represent each possible vector formed by MS symbols and l 6= n.
The metric BBC is calculated for each of the CN

MS
s

2 possibilities, for each
sub-matrix Hv,v′

Rij ,S
. In Appendix B, we develop a proof that shows that the

MMD-based relay selection algorithm minimizes the PEP and also the error
in the ML receiver, in the proposed MWC-Best-User-Link protocol.

In the second approach, if the CNB-based relay selection algorithm
decides to operate in the MA mode, it chooses the relay Rg and the associated
channel matrix HCNB

S,Rg
as given by

HCNB
S,Rg

= arg max
HS,Ri

CMA
min , (5-16)

where CMA
min = min

∣∣∣det(Hu
S,Ri

)
∣∣∣, u ∈ {1, . . . U} and i ∈ {1, . . . , N}. Therefore, in
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the MA mode, the metric
∣∣∣det(Hu

S,Ri
)
∣∣∣ is calculated for each sub-matrix Hu

S,Ri

and CMA
min is the smallest of these values. Thus, the selected matrix HCNB

S,Rg
has

the largest CMA
min value. Moreover, if the CNB-based relay selection algorithm

decides to operate in the BC mode, it chooses the relays Rf and the associated
channel sub-matrix Hv,v′CNB

Rf ,S
as given by

Hv,v′CNB

Rf ,S
= arg max

Hv,v′
Rij ,S

CBC , (5-17)

where CBC =
∣∣∣det(Hv,v′

Rij ,S
)
∣∣∣. Therefore, in the BC mode, the metric CBC is

calculated for each sub-matrix Hv,v′

Rij ,S
. Thus, the selected sub-matrix Hv,v′CNB

Rf ,S

has the largest CBC value. Note that the reason for using multiples of 2MS

antennas at the relays is because this relay selection criterion depends on the
channel matrices HS,Ri

and HRij ,S to be square or to be formed by multiple
square sub-matrices. In Appendix C, we develop a proof that shows that the
CNB-based relay selection algorithm maximizes the sum-rate in the MWC-
Best-User-Link protocol and in Appendix D we show that this algorithm
minimizes the effects of the effective noise in the MMSE receiver. Table 5.1
shows the pseudo-code of the relay selection algorithms of MWC-Best-User-
Link and the following subsections explain how this protocol works.

5.3.1
Relay selection metric for MA and BC modes

For each cluster S (formed by S1 and S2), in the first step, we calculate
the metric AuSRi

related to the SR links of each square sub-matrix Hu
S,Ri

associated with Ri, in the MA mode:

AuSRi
=

C
MA =

∣∣∣det (Hu
S,Ri

)
∣∣∣ , for CNB,

BMA
min, for MMD,

where u ∈ {1, ..., U} and i ∈ {1, ..., N}. In the second step, we compute
the ordering on AuSRi

and find the smallest metric:

ASRi
= min(AuSRi

), (5-18)

In the third step, we compute the ordering on ASRi
and find the largest

metric:

Akmax SR
= max(ASRi

), (5-19)
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Table 5.1: Multi-Way Cloud-Driven Best-User-Link: pseudo-code of the relay
selection algorithms

1: Calculate AuSRi
of each sub-matrix Hu

S,Ri
of Ri, for MA mode:

AuSRi
=
C

MA =
∣∣∣det (Hu

S,Ri
)
∣∣∣ , for CNB,

BMA
min, for MMD,

2: Compute the ordering on AuSRi
and find the smallest metric:

ASRi
= min(AuSRi

).

3: Compute the ordering on ASRi
and find the largest metric for each cluster:

Akmax SR
= max(ASRi

).

4: Compute the ordering and find the largest metric:
AmaxSR = max(Akmax SR

).

5: Calculate Av,v
′

RijS1 of each sub-matrix Hv,v′

Rij ,S1 of Ri and Rj, for BC mode:

Av,v
′

RijS1 =
C

BC =
∣∣∣det (Hv,v′

Rij ,s1)
∣∣∣ , for CNB,

BBCmin, for MMD,

6: Calculate the metric Av,v
′

RijS2 of each sub-matrix Hv,v′

Rij ,s2 , for each pair of relays.

7: Compare the metrics Av,v
′

RijS1 and Av,v
′

RijS2 and store the smallest one:
Av,v

′

RijS
= min(Av,v

′

RijS1 ,A
v,v′

RijS2).

8: Compute the ordering and find the largest metric:
ARijS = max(Av,v

′

RijS
).

9: Compute the ordering and find the largest metric, for each cluster:
Akmax RS

= max(ARijS).

10: Compute the ordering and find the largest metric:
AmaxRS = max(Akmax RS

).

11: Select the transmission mode

if Npackets

MS
> LoL, then " BC mode" and select the cluster,

whose buffer is fullest.
elseif Amax SR

Amax RS
≥ G, then " MA mode",

otherwise, " BC mode".

where k ∈ {1, ..., K}. After finding Akmax SR
for each cluster, we compute the

ordering and find the largest metric:

AmaxSR = max(Akmax SR
). (5-20)
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Therefore, we choose the cluster and the relay Ri that fulfil (5-20) to re-
ceiveMs packets from the selected cluster. For each cluster, in the fourth step,
we calculate the metrics ARijS1 related to the RS1 links of each sub-matrix
Hv,v′

Rij ,S1 associated with each pair Ri and Rj, for BC mode:

Av,v
′

RijS1 =

C
BC =

∣∣∣det (Hv,v′

Rij ,S1)
∣∣∣ , for CNB,

BBCmin, for MMD,

where Hv,v′

Rij ,S1 = Hv
Ri,S1 + Hv′

Rj ,S1 , v and v′ ∈ {1, ..., V }, i and j ∈ {1, ..., N}.
In the fifth step, this reasoning is also applied to calculate the metric

Av,v
′

RijS2 . In the sixth step, we compare the metrics Av,v
′

RijS1 and Av,v
′

RijS2 and store
the smallest one:

Av,v
′

RijS
= min(Av,v

′

RijS1 ,A
v,v′

RijS2). (5-21)

After finding Av,v
′

RijS
for each pair of sub-matrices Hv,v′

Rij ,S1 e Hv,v′

Rij ,S2 , we
compute the ordering and find the largest metric:

ARijS = max(Av,v
′

RijS
). (5-22)

In the seventh step, after findingARijS for each pair of relays, we compute
the ordering and find the largest metric:

Akmax RS
= max(ARijS), (5-23)

where k ∈ {1, ..., K}. After finding Akmax RS
for each cluster, we compute the

ordering and find the largest metric:

AmaxRS = max(Akmax RS
). (5-24)

Therefore, we select the cluster and the relays Ri and Rj that fulfil (5-24)
to send simultaneously MS packets stored in the associated cloud buffer to the
selected cluster. The estimated channel matrix Ĥ is considered, instead of H,
if we consider imperfect CSI.

5.3.2
Choice of the transmission mode

After calculating the metrics related to the SR and RS links and finding
AmaxSR and AmaxRS, these metrics are compared and we select the transmis-
sion mode:
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

if Npackets

MS
> LoL, then " BC mode" and select the cluster,

whose buffer is fullest.

elseif Amax SR

Amax RS
≥ G, then " MA mode",

otherwise, " BC mode",
where G = E[Amax SR]

E[Amax RS ] , Npackets is the total number of packets stored in the
cloud buffers, LoL is a parameter that when reduced increases the probability
of the protocol to operate in BC mode and, consequently, to achieve a reduced
average delay (low latency).

5.4
Analysis

In this section, the PEP of the proposed MWC-Best-User-Link protocol
is analysed and expressions for the sum-rate and average delay of MWC-Best-
User-Link are derived. Moreover, the cost of MWC-Best-User-Link and existing
protocols is also examined.

5.4.1
Pairwise Error Probability

The PEP assumes an error event when xn is sent and the detector
calculates an incorrect xl (where l 6= n), based on the received symbol [11–13].
Considering D′ = ‖H(xn − xl)‖2, in the MA mode, and D′ = 1

2 ‖H(xn − xl)‖2,
in BC mode, the PEP is given by

P(xn → xl|H) = Q

(√
Es

2N0MS

D′
)
. (5-25)

We may consider that the worst value of the PEP occurs for the smallest
value of D′ and then the PEP worst case (D′min) is given by

P(xn → xl|H) = Q

(√
ES

2N0MS

D′min

)
. (5-26)

Assuming that the probability of having no error in the two phases of
the system is approximately given by the square of (1 − P(xn → xl|H)),
an expression for calculating the worst case of the PEP for cooperative
transmissions (CT), in each time slot is given by

PCT (xn → xl|H) = 1− (1−P(xn → xl|H))2

= 1−
(

1−Q
(√

ES
2N0MS

D′min

))2

.
(5-27)
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Note that this expression may be used for calculating the worst case of
the PEP, for both symmetric and asymmetric channels.
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Figure 5.3: Theoretical PEP performance versus SNR.

Fig. 5.3 illustrates the theoretical PEP performance (computed by the
algorithm based on the selected channel matrix H, in each time slot) of
MWC-Best-User-Link (MMD) and MWC-Best-User-Link (CNB) protocols, for
MS = 2, MRrx = 4 (U = 1), MRtx = 2 (V = 1), K = 3, N = 3, 5 and
10, LoL > KL, perfect CSI, BPSK and unit power symmetric channels. By
maximizing the metric D′min, the extended MMD criterion minimizes the worst
case of the PEP in the MWC-Best-User-Link protocol. Otherwise, while not
taking into account D′min, CNB maximizes the sum-rate in the MWC-Best-
User-Link protocol and has low computational cost.

5.4.2
Sum-Rate

The system capacity upper bounds the sum-rate of a given system [35]. In
MWC-Best-User-Link, as the relay selected for reception Rg may be different
from the relay selected for transmission Rf , its capacity is given by [102]:

CDF = 1
2 min{ISRg

DF , I
RfS
DF }, (5-28)

where the terms in (5-28) are the maximum rate at which Rg can reliably
decode the data sent by the selected cluster S1 and S2 and at which this selected
cluster can reliably decode the estimated data sent by Rf , respectively. In [12],
the relationship between mutual information and entropy is expanded for a
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given channel matrix HS,Rg and the maximum mutual information is given by

I
SRg

DF = log2 det
(
HS,Rg(QS,Rg/N0)HH

S,Rg
+ I

)
, (5-29)

where QS,Rg = E[x(x)H ] = I ES

MS
, and the vectors x are structured by

independent and identically distributed (i.i.d.) transmitted symbols. This also
can be applied to IRfS

DF :

I
RfS
DF = log2 det

(
HRf ,S(QRf ,S/N0)HH

Rf ,S
+ I

)
, (5-30)

where QRf ,S = I ES

2MS
. However, instead of considering the minimum of the

terms in (5-28), to calculate the sum-rate of the proposed protocol, we employ
an approximated expression given by the average of the values found in each
time slot. Therefore, in the case of a time slot i selected for MA mode, the
sum-rate is given by

RSR
i = 1

2 log2 det
(
HS,Rg(QS,Rg/N0)HH

S,Rg
+ I

)
. (5-31)

Furthermore, in the case of a time slot i selected for BC mode, the sum-rate
is given by

RRS1(2)
i = 1

2 log2 det
(
HRf ,S1(2)(QRf ,S1(2)/N0)HH

Rf ,S1(2)
+ I

)
. (5-32)

Therefore, by summing the sum-rate values found in each time slot and
dividing this result by the total number of time slots, we have that the average
sum-rate (R) of the MWC-Best-User-Link scheme can be approximated by

R ≈
∑nSR
i=1 RSR

i +∑nRS
i=1 (RRS1

i +RRS2
i )

nSR + nRS
, (5-33)

where nSR and nRS are the number of time slots selected for SR and RS

transmissions, respectively.

5.4.3
Computational Cost

The number of operations of the relay selection algorithm of the proposed
MWC-Best-User-Link is related to the complexity of the CNB or MMD [11–13]
criterion. Table 5.2 shows the complexity of the relay selection algorithm in
the proposed MWC-Best-User-Link (using the CNB criterion), and the existing
MW-Max-Link [13], TW-Max-Link [14] and TW-Max-Min [82], here adapted
for multiple-antenna systems (using the MMD criterion), for K clusters, N
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Table 5.2: Computational Cost
Protocols additions multiplications
MWC-Best-User-Link 2KN ′V 2X +KUNY 2KN ′V 2Z +KUNJ
MW-Max-Link [13] KNMS(U total − 3) KNMS(U total)
TW-Max-Link [14] NMS(U total − 3) NMS(U total)
TW-Max-Min [82] NMS

2 (U total − 3) NMS

2 (U total)

relays, MS antennas at the users, MRrx = 2UMS antennas at the relays and
MRtx = MS (selected among VMS), considering N ′ = N + CN

2 , X = 0, if
MS = 1, X = 1, if MS = 2, and X = 2MS − 1, if MS ≥ 3, Y = 1, if
MS = 1, Y = 4MS − 1, if MS ≥ 2, Z = 0, if MS = 1, Z = 2, if MS = 2, and
Z = 2(M2

S −MS), if MS ≥ 3, J = 2, if MS = 1, J = 4M2
S − 2MS, if MS ≥ 2,

and the number of calculations of the MMD metric for each relay is given by

U total =
2MS∑
i=1

2i−1W iC2MS
i + 2

MS∑
i=1

2i−1W iCMS
i , (5-34)

where W (quantity of distances between the constellation symbols) equals 1,
for BPSK, and equals 3, for QPSK. Fig. 5.4 shows the complexity of the relay
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Figure 5.4: Computational cost.

selection algorithm in MWC-Best-User-Link (CNB), MW-Max-Link (MMD)
and TW-Max-Min (MMD), forMRrx = 2MS (U = 1) andMRtx = MS (V = 1),
K = 5, N = 10 and BPSK. From this result, we notice that the complexity of
the relay selection algorithm in MWC-Best-User-Link (CNB) is smaller than
the complexity of the relay selection algorithm in MW-Max-Link (MMD). If
we increase the number of antennas to MS = 3 (or more) the complexity of
the MMD criterion is considerably greater than that of CNB.
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5.4.4
Average Delay

In [39], a framework based on Discrete Time Markov Chains (DTMC)
is proposed to analyze the traditional Max-Link algorithm, that considers
single-antenna systems. This framework has been used in many subsequent
works to analyze other buffer-aided relay selection protocols whose buffer is
finite [45]. Moreover, in [45], this framework is used to analyze the average delay
of an approach based on the Max-Link algorithm. In the following, we use this
framework to analyze the average delay of the existing MW-Max-Link [13] and
the proposed MWC-Best-User-Link protocols for multiple-antenna systems.

Similarly to Max-Link [39], MW-Max-Link [13] was originally considered
for applications without critical delay constraints. In this work, by considering
the importance of a short average delay in most modern applications, an
expression for the average delay of the proposed MWC-Best-User-Link protocol
is presented. The average delay is calculated by considering the time a packet
needs to reach the destination once it has left the source (no delay is measured
when the packet resides at the source [45]). So, the delay is the number of time
slots the packet stays in the buffer of the relay [45]. In MW-Max-Link, each
relay is equiped with a set of K buffers (each cluster has a particular buffer
in the relays). For i.i.d. channels, the average delay is the same on all relays.
Hence, it is sufficient to analyze the average delay on a single relay [45]. By
Little’s law, the average packet delay at relay’s buffer Rj, denoted by E[dj] is
given by

E[dj] = E[Lj]
E[Tj]

, (5-35)

where E[Lj] and E[Tj] are the average queue length and average throughput,
respectively [45]. The derivation for the average delay at the high SNR regime
is given in [136]. As the selection of a relay’s buffer is equiprobable, the average
throughput at any relay’s buffer Rj is ρ

NK
, where ρ is the average data rate.

Since we have half-duplex links ρ = 1/2 and therefore E[Tj] = 1
2NK . Then,

assuming an ideal balance between the operating modes (MA and BC), it
can be shown that the average queue length at any relay is E[Lj] = L

2 , where
L = J

MS
. Thus, by Little’s law, the average delay in the MW-Max-Link protocol

is given by

E[dj]BA = E[d]BA = NKL. (5-36)

However, due to a possible unbalance between the operating modes, E[Lj] may
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be smaller or larger than L
2 , (E[Lj] < L), and, consequently, E[dj]BA < 2NKL.

So, as either the number of relays, the number of clusters or the buffer size
increases, the average delay of MW-Max-Link increases. In contrast, in the
Cloud-Driven MWC-Best-User-Link protocol, there is a unique set ofK buffers
that resides in the cloud. Consequently, as the number of relays increases, the
average delay remains the same. Thus, by considering an ideal balance between
the operating modes, the average delay in the proposed MWC-Best-User-Link
is given by

E[d]CD = KL. (5-37)

However, with a possible unbalance between the operating modes, the same
reasoning is applied and, consequently, E[dj]CD < 2KL. Nevertheless, the
average delay can be further reduced by forcing the protocol to operate in BC
mode and to select the cluster whose buffer is fullest, when the number of sets
of MS packets in the cloud buffers is greater than the low latency parameter
LoL. By using LoL, considering an ideal balance between the operation modes,
we have:

E[d]CD =

 1, if LoL = 0,

KL, if LoL > KL.
(5-38)

or

E[d]CD ≈ LoL, if 0 < LoL ≤ KL, (5-39)

and by considering a possible unbalance between the operating modes, the
same reasoning applies.

5.5
Simulation Results

We assess via simulations the proposed MWC-Best-User-Link and the
existing MW-Max-Link [13], using the CNB-based and the extended MMD-
based relay selection algorithms. We employ BPSK signals and note that
other constellations as QPSK and 16-QAM were not included but can be
examined elsewhere. The performance of MWC-Best-User-Link and MW-
Max-Link protocols was assessed for a set of L values. Then, we found that
L = J

MS
= 3 sets of MS packets is sufficient to ensure a good performance. We

consider perfect and imperfect CSI and symmetric unit power channels (σ2
S,R

= σ2
R,S = 1) and also asymmetric channels. We consider heterogeneous [88]
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and homogeneous path-loss. As an example, in the simulated configuration
with heterogeneous distances and path-loss, the distance between each source
Sk (S1k

or S2k
) and each relay Ri is given by dSk,Ri

= dSk=1,Ri

1−0.1(k−1) and the
path-loss between each source Sk (S1k

or S2k
) and each relay Ri is given by

ξSk,Ri
= ξSk=1,Ri

× (1 + 0.25(k − 1)). In contrast, by considering homogeneous
distances and path-loss, the source and relay nodes are distributed with
different locations, but the relays have approximately equal distances and path-
loss to the sources. Thus, the system model is simplified and given by HSk,Ri

=
GSk,Ri

. Moreover, we consider time-uncorrelated and time-correlated channels.
As an example, in the simulated configuration with time-correlated channels,
the channel matrix in each time slot is given by Ht+1 = ρHt +

√
1− ρ2Hp,

where Ht is the channel matrix in the previous time-slot, −1 ≤ ρ ≤ 1 and
Hp is also a zero mean complex Gaussian channel matrix (ρ = 0, for time-
uncorrelated channels). The signal-to-noise ratio (SNR) given by E/N0 ranges
from 0 to 10 dB, where E is the energy transmitted from each source or the
relay(s) and we consider N0 = 1. The transmission protocols were simulated for
10000MS packets, each with T = 100 symbols. We assumed perfect signaling
between the cloud and the relays, but imperfect signaling can be considered in
future works.

5.5.1
PEP and Sum-Rate performances

In this sub-section we present the theoretical PEP (computed by the
algorithm based on the selected channel matrix H, in each time slot) and
the sum-rate performance obtained by simulation of the proposed MWC-Best-
User-Link (using CNB and MMD) and the existing MW-Max-Link [13], TW-
Max-Link [14] and TW-Max-Min [82] (using MMD).

Fig. 5.5 illustrates the Sum-Rate and the theoretical PEP performances,
for homogeneus path-loss, Gaussian distributed signals and BPSK, respec-
tively, of MWC-Best-User-Link (MMD), MWC-Best-User-Link (CNB), MW-
Max-Link (MMD) [13], TW-Max-Link (MMD) [14] and TW-Max-Min (MMD)
[82] protocols, for MS = 2, MRrx = 4 (U = 1), MRtx = 2 (V = 1), K = 5,
N = 10, LoL > KL, perfect CSI and unit power symmetric channels. The PEP
performance of MWC-Best-User-Link (MMD) is considerably better than that
of MWC-Best-User-Link (CNB), as MMD maximizes the metric D′min, and the
PEP performance of MWC-Best-User-Link (CNB) is close to the performance
of MW-Max-Link. Nevertheless, the sum-rate performances of the MWC-Best-
User-Link (MMD) and MWC-Best-User-Link (CNB) are considerably better
than those of the other protocols for all the range of SNR values simulated.
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Figure 5.5: PEP and Sum-Rate performances versus SNR.

Moreover, the sum-rate performance of MWC-Best-User-Link (CNB) is supe-
rior to that of MWC-Best-User-Link (MMD), as CNB maximizes the sum-rate.

5.5.2
BER and Average Delay performances with the ML receiver

In this sub-section we present the BER and average delay performances
of the proposed MWC-Best-User-Link (using the CNB-based and the extended
MMD-based relay selection algorithms) and MW-Max-Link [13], using MMD,
with the ML receiver, for homogeneous path-loss and time-uncorrelated chan-
nels.
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Figure 5.6: BER performance versus SNR, for perfect and imperfect CSI, with
the ML receiver.
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Fig. 5.6 depicts the BER performance of the MWC-Best-User-Link
(MMD), MWC-Best-User-Link (CNB) and MW-Max-Link (MMD) protocols,
for homogeneous path-loss, MS = 2, MRrx = 4 (U = 1), MRtx = 2 (V = 1),
K = 5, N = 10, BPSK, LoL > KL, perfect and imperfect CSI (β = 0.5 and
α = 1) and unit power symmetric channels. For both perfect and imperfect
CSI (full and dashed curves, respectively), MWC-Best-User-Link (MMD)
outperforms MWC-Best-User-Link (CNB), mainly for SNR values greater than
6dB, as MMD maximizes the metric D′min. MWC-Best-User-Link (MMD) also
outperforms MW-Max-Link for the range of SNR values simulated. Moreover,
MWC-Best-User-Link (CNB) outperforms MW-Max-Link for SNR values less
than 10dB. The results shown in Figs. 5.5 and 5.6 demonstrate the benefits of
joint detection provided by the cloud-driven framework.
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Figure 5.7: BER and Average Delay performances versus SNR, for perfect CSI
and symmetric channels, with the ML receiver.

Fig. 5.7 illustrates the BER and the average delay performances of MWC-
Best-User-Link (MMD) and MW-Max-Link (MMD) protocols, for homoge-
neous path-loss, BPSK, MS = 2, MRrx = 4 and 8 (U = 1 and 2), MRtx = 2
(V = 2 and 4), K = 5, N = 10, LoL = 0, 1, 5 and LoL > KL, perfect
CSI and unit power symmetric channels. The average delay performance of
MWC-Best-User-Link is considerably better than that of MW-Max-Link, as
MWC-Best-User-Link has a unique set of K cloud buffers. When we reduce
the value of LoL to 0 in the MWC-Best-User-Link protocol, the average delay
is reduced to 1 time slot, keeping almost the same BER performance. This
result validates our analysis in Section 5.4. Moreover, the BER performance of
MWC-Best-User-Link is considerably better than that of MW-Max-Link for
U = 1 and V = 2. For higher values of U and V the BER performance of
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MWC-Best-User-Link is considerably improved, due to a higher diversity gain
in the uplink and the antenna selection in the downlink.
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Figure 5.8: BER and Average Delay performances versus SNR, for perfect CSI,
symmetric and asymmetric channels, with the ML receiver.

Fig. 5.8 illustrates the BER and the average delay performances of MWC-
Best-User-Link (MMD) and MW-Max-Link (MMD) protocols, for homoge-
neous path-loss, BPSK, MS = 2, MRrx = 8 (U = 2), MRtx = 2 (V = 4),
K = 5, N = 10, LoL = 0, symmetric (σ2

S,R = σ2
R,S = 1) and asymmetric chan-

nels (σ2
S,R = 1 and σ2

R,S = 0.5 or σ2
S,R = 0.5 and σ2

R,S = 1) and perfect CSI.
The average delay performance of MWC-Best-User-Link is considerably better
than that of MW-Max-Link. When LoL equals 0 in the MWC-Best-User-Link
protocol, the average delay equals 1 time slot and the BER performance of
MWC-Best-User-Link is considerably better than that of MW-Max-Link, for
both symmetric and asymmetric channels. If we consider higher values of U and
V , the BER performance of MWC-Best-User-Link can be further improved.

5.5.3
BER and Average Delay performances with the MMSE receiver

In this sub-section we present the BER and average delay performances
of the proposed MWC-Best-User-Link (using the CNB-based and the ex-
tended MMD-based relay selection algorithms) and MW-Max-Link [13], using
CNB, with the linear MMSE receiver, for homogeneous path-loss and time-
uncorrelated channels.

Fig. 5.9 depicts the BER performance of the MWC-Best-User-Link
(MMD), MWC-Best-User-Link (CNB) and MW-Max-Link (CNB) protocols,
for homogeneous path-loss, MS = 2, MRrx = 4 (U = 1), MRtx = 2 (V = 1),
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Figure 5.9: BER performance versus SNR, for perfect and imperfect CSI, with
the linear MMSE receiver.

K = 5, N = 10, BPSK, LoL > KL, perfect and imperfect CSI (β = 0.5
and α = 1) and unit power symmetric channels. For both perfect and
imperfect CSI (full and dashed curves, respectively), the BER performance of
MWC-Best-User-Link (CNB) is considerably better than that of MWC-Best-
User-Link (MMD), as CNB minimizes the effects of the effective noise and,
consequently, minimizes the BER in the MMSE receiver, and MMD is based
on the ML principle and the PEP. Moreover, MWC-Best-User-Link (CNB) also
outperforms MW-Max-Link (CNB) for all the range of SNR values simulated.
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Figure 5.10: BER and Average Delay performances versus SNR, for perfect
CSI and symmetric channels, with the linear MMSE receiver.
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Fig. 5.10 illustrates the BER and the average delay performances of
MWC-Best-User-Link (CNB) and MW-Max-Link (CNB), for homogeneous
path-loss, BPSK, MS = 2, MRrx = 4, 8 and 16 (U = 1, 2 and 4), MRtx = 2
(V = 2 , 4 and 8), K = 5, N = 10, LoL = 0, 1, 5 and LoL > KL, perfect
CSI and unit power symmetric channels. The average delay performance of
MWC-Best-User-Link is considerably better than that of MW-Max-Link, as
MWC-Best-User-Link has a unique set ofK cloud buffers. When we reduce the
value of LoL to 0 in the MWC-Best-User-Link protocol, the average delay is
reduced to 1 time slot, keeping almost the same BER performance. Moreover,
the BER performance of MWC-Best-User-Link is considerably better than that
of MW-Max-Link for U = 1 and V = 2. For higher values of U and V the
BER performance of MWC-Best-User-Link is considerably improved, due to a
higher diversity gain in the uplink and the antenna selection in the downlink.
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Figure 5.11: BER and Average Delay performances versus SNR, for perfect
CSI, symmetric and asymmetric channels, with the linear MMSE receiver.

Fig. 5.11 illustrates the BER and the average delay performances of
MWC-Best-User-Link (CNB) and MW-Max-Link (CNB) protocols, for ho-
mogeneous path-loss, BPSK, MS = 2, MRrx = 8 (U = 2), MRtx = 2 (V = 4),
K = 5, N = 10, LoL = 0, symmetric (σ2

S.R = σ2
R,S = 1) and asymmetric chan-

nels (σ2
S,R = 1 and σ2

R,S = 0.5 or σ2
S,R = 0.5 and σ2

R,S = 1) and perfect CSI.
The average delay performance of MWC-Best-User-Link is considerably better
than that of MW-Max-Link. When LoL equals 0 in the MWC-Best-User-Link
protocol, the average delay equals 1 time slot and the BER performance of
MWC-Best-User-Link is considerably better than that of MW-Max-Link, for
both symmetric and asymmetric channels. If we consider higher values of U and
V , the BER performance of MWC-Best-User-Link can be further improved.
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5.5.4
BER and Sum-Rate performances, for heterogeneous path-loss and time-
correlated channels

In this section we present the BER and sum-rate performances of the
proposed MWC-Best-User-Link and the existing MW-Max-Link [13] (using
the extended MMD-based relay selection algorithm with the linear ML receiver
and the CNB-based relay selection algorithm with the linear MMSE receiver),
for heterogeneous path-loss and time-correlated channels.
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Figure 5.12: BER and Sum-Rate performances versus SNR, for homogeneous
and heterogeneous path-loss, time-correlated and time-uncorrelated channels.

Fig. 5.12 illustrates the BER and the sum-rate performances of MWC-
Best-User-Link (MMD) and MWC-Best-User-Link (CNB) protocols, consider-
ing 3 different configurations: a) homogeneous path-loss and time-uncorrelated
channels, b) homogeneous path-loss and time-correlated channels (ρ2 = 0.9), c)
heterogeneous path-loss and time-uncorrelated channels, for BPSK, MS = 2,
MRrx = 8 (U = 2), MRtx = 2 (V = 4), K = 5, N = 10, LoL = 0 and
perfect CSI. The BER and sum-rate performances of MWC-Best-User-Link
are the same for time-uncorrelated or time-correlated channels, as these pro-
tocols select the best links in each time slot. Moreover, the BER and sum-rate
performances of MWC-Best-User-Link considering heterogeneous path-loss are
almost equal to that for homogeneous path-loss, as the links selected by the
proposed protocol tends to be associated with the cluster of users which is clos-
est to the cluster of relays. Furthermore, the BER and sum-rate performances
of MWC-Best-User-Link considering heterogeneous path-loss are considerably
better than those of MW-Max-Link.
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5.6
Summary

A novel framework using a cloud as a central node with buffers has
been introduced and investigated as a favorable relay selection strategy for
multi-way protocols. We have examined relay-selection techniques for multi-
way cooperative MIMO systems that are driven by a cloud central node,
where a cluster with two sources is selected to simultaneously transmit to
each other aided by relays. In order to perform signal detection at the cloud
and the nodes, we have presented ML and linear MMSE detectors. Moreover,
we have considered the ideal case where the fronthaul links have unconstrained
capacities and the relays can convey their exact received signals to the cloud
processor. Practical systems, however, have capacity-constrained fronthaul
links [93], which can be considered in future works and the performance
achieved by the proposed protocol may be considered as an upper bound.
Simulations illustrate the excellent performance of the proposed MWC-Best-
User-Link protocol, that by using the novel CNB-based or the extended
MMD-based relay selection algorithm outperformed the existing MW-Max-
Link scheme in terms of PEP, sum-rate, average delay and computational cost.
In particular, this novel protocol has a considerably reduced average delay,
keeping the high diversity gain, both for MMSE and ML detection. Moreover,
MWC-Best-User-Link (MMD) has the best performance when ML detection
is used, as the MMD criterion minimizes the error in the ML receiver. In
contrast, MWC-Best-User-Link (CNB) has the best performance when MMSE
detection is present, as the CNB criterion minimizes the error in the MMSE
receiver. Thus, by comparing the complexity and the performance of these
relay selection algorithms and receivers, we recommend the use of MMD and
ML detection, for MS ≤ 2 antennas, and CNB and linear MMSE detection,
otherwise.

DBD
PUC-Rio - Certificação Digital Nº 1712525/CA



6
Conclusions and Future Work

6.1
Conclusions

In this work, we have presented the novel MMD relay selection crite-
rion and novel protocols based on the MMD for Cooperative Multi-Antenna
Systems:

– Switched Max-Link Relay Selection for One-Way Cooperative Multi-
Antenna Systems;

– Buffer-Aided Max-Link Relay Selection for Two-Way and Multi-Way
Cooperative Multi-Antenna Systems;

We have investigated the benefits of using Switched Max-Link with the
MMD relay selection criterion for MIMO systems. Switched Max-Link was
evaluated experimentally and outperformed the conventional direct transmis-
sion and the existing QN Max-Link scheme. Despite the higher complexity of
the proposed Switched Max-Link with the MMD relay selection criterion, it is
an attractive solution for relaying systems with source and destination nodes
equipped with a small number of antennas and relay nodes equipped with a
small or large number of antennas due to its high performance and reduced
delay.

We have also examined a relay-selection strategy for multi-way coopera-
tive multi-antenna systems that is aided by a central processor node denoted
MW-Max-Link, where a cluster formed by two users is selected to simultane-
ously transmit to each other with the help of relays. In particular, the MW-
Max-Link multi-way relay selection strategy selects the best link, exploiting the
use of buffers and PLNC. The proposed MW-Max-Link was evaluated experi-
mentally and outperformed the TW-Max-Link and the existing TW-Max-Min
scheme. The use of a central processor node and buffers in the relays is advo-
cated as a promising relay selection technique and a framework for muti-way
protocols (where each cluster has a particular buffer established on demand in
the relays).

Moreover, a novel framework configured by a cloud as a central node
with buffers has been introduced and investigated as a favorable relay selection
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strategy for multi-way protocols. We have examined relay-selection techniques
for multi-way cooperative MIMO systems that are driven by a cloud central
node, where a cluster with two sources is selected to simultaneously transmit
to each other aided by relays. In order to perform signal detection at the cloud
and the nodes, we have developed ML and linear MMSE detectors. Simulations
illustrate the excellent performance of the proposed MWC-Best-User-Link
protocol, that by using the novel CNB-based or the extended MMD-based
relay selection algorithm outperformed the existing MW-Max-Link scheme in
terms of PEP, sum-rate, average delay and computational cost. In particular,
this novel protocol has a considerably reduced average delay, keeping the high
diversity gain, both for MMSE and ML detection. Moreover, MWC-Best-User-
Link (MMD) has the best performance when ML detection is used, as the
MMD criterion minimizes the error in the ML receiver. In contrast, MWC-
Best-User-Link (CNB) has the best performance when MMSE detection is
present, as the CNB criterion minimizes the effects of the effective noise and,
consequently, minimizes the BER in the MMSE receiver. Thus, by comparing
the complexity and the performance of these relay selection algorithms and
receivers, we recommend the use of MMD and ML detection, for Ms ≤ 2
antennas, and CNB and linear MMSE detection, otherwise.

6.2
Future Work

In this section we discuss about possible future work: a) Use of capacity-
constrained fronthaul links in the presented MWC-Best-User-Link protocol;
b) Design of a novel Cloud-Driven Best-User-Link Relay Selection protocol for
Multi-Way Cooperative Multi-Antenna Systems, in which multiple clusters are
selected to establish communication simultaneously and exploiting different
kinds of PLNC (XOR, linear and non-linear); c) Investigation of channel
estimation techniques for the proposed protocols; and d) Use of the presented
protocols in Unmanned Aerial Vehicles (UAVs).

6.2.1
Capacity-Constrained Fronthaul Links

In this Thesis, in chapter 5, we focused on the ideal case where the
fronthaul links have unconstrained capacities, and the relays can convey their
exact received signals to the cloud processor. This could happen only if the
relays were near the cloud and experiencing high signal-to-noise and low
interference conditions. Practical systems, however, have capacity-constrained
fronthaul links [93] and this limits the amount of information that the relays
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can retransmit. Thus, capacity-constrained fronthaul links can be considered
in future works and the performance achieved by the presented MWC-Best-
User-Link protocol may be considered as an upper bound.

6.2.2
Physical-Layer Network Coding

We are working on the design of a novel Cloud-Driven Best-User-
Link Relay Selection protocol for Multi-Way Cooperative Multiple-Antenna
Systems, in which multiple clusters are selected to establish communication
simultaneously, named Multi-Clusters Cloud-Driven Best-User-Link (MCC-
Best-User-Link). All the processing including detection will be done in the
cloud processor. We will test the performance of this protocol, exploiting
different kinds of PLNC (XOR, linear and non-linear). Our intention is to
develop a new approach in PLNC and apply it in this protocol. Fig 6.1 shows
the system model of a cloud-driven multi-clusters relay system.

Relay
Node N

Relay
Node 1

Cloud
Processor

...

. . .

. . .

MS
MS

Cloud

...
...

...

K Buffers

MS MS

MR

S11 S21
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Figure 6.1: System model of a cloud-driven multi-clusters relay system.

6.2.3
Channel Estimation

Cooperative diversity schemes have been proposed for cellular networks
that permit a base station (or a mobile station) to relay signals to a destination
receiver [138]. This increases the network coverage and reliability. The mobile
relays usually decode and forward (DF) or amplify and forward (AF) the
received signal. Most existing analyses of cooperation diversity assumes perfect
channel information at the receiver. A realistic assessment should consider the
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effects of practical channel estimation schemes [138]. Thus, future works may
consider pilot symbol aided channel estimation for the presented MWC-Best-
User-Link cooperation diversity system with buffers and cloud, using the DF
protocol or modified to use the AF protocol. Since the overall channel in AF
systems is different from conventional cellular channels, the channel estimation
problem is interesting and challenging and therefore the works may be also on
AF systems [138]. Thus, future works may address issues such as the estimator
design, pilot symbol spacing based upon realistic channel models, and BER
analysis that accounts for imperfect channel estimation.

6.2.4
Unmanned Aerial Vehicles and time-correlated channels

Unmanned Aerial Vehicles (UAVs) and their networks are becoming
increasingly important in a number of practical applications in a variety of
communication and information systems [139, 140]. In the context of wireless
communications, UAVs can be used to establish a temporary communication
infrastructure during a natural disaster [139,141], military battles, or to provide
coverage to remote areas by acting as drone cells [139,142], among other uses.
The presented protocols (Switched Max-Link, MW-Max-Link and MWC-Best-
User-Link) could be adapted and used in UAVs networks, in which the UAVs
would be used as relays in scenarios with heterogeneous distances and path-loss
between the UAV relay nodes and the mobile users. Moreover, in this context,
time-correlated channels could be considered in the design of the UAV relay-
selection algorithms, leading to lower computational complexity than those
of the presented CNB-based and MMD-based relay selection algorithms, that
were designed considering time-uncorrelated channels.

As an example, in UAVs networks using the Switched-Max-Link protocol
we could consider a multiple-antenna UAV relay scheme with one source node,
one destination node and N half-duplex (HD) decode-and-forward (DF) relays.
The source and destination nodes (mobile users) would have MS antennas for
transmission and reception, respectively, and each UAV relay MR = UMS

antennas, where U ∈ {1, 2, 3 . . . }. All the MR antennas would be used for
reception (MRrx = MR) and a set of MS antennas would be selected among
MR to be used for transmission (MRtx = MS).

Moreover, in UAVs networks using the MW-Max-Link protocol we could
consider a multiple-antenna multi-way MABC UAV relay scheme with Z ∈
{1, 2, 3, . . . } pairs of mobile users and N HD DF UAV relays. The users would
be equipped with MS antennas and each UAV relay with 2MS antennas (or
more, in a MW-Max-Link modified protocol). A total of Z buffers would be
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accessed by the selected UAV relays for storing or extracting (each pair of users
would have a particular buffer established on demand in the UAV relays). In the
multiple-access phase, a UAV relay would be selected to receive simultaneously
MS packets from a selected cluster (pair of mobile users) and decode the data.
Then, XOR type PLNC would be employed on the decoded data and the
resulting packets would be stored in their particular buffers. In the broadcast-
channel phase, a UAV relay would be selected to transmit MS packets from
the particular buffer to the selected cluster.

Furthermore, in UAVs networks using the MWC-Best-User-Link protocol
we could consider a multiple-antenna multi-way MABC UAV relay scheme
formed by K clusters and N HD DF UAV relays. In a C-RAN, the UAV relays
would represent RRHs. The users would haveMS antennas for transmission or
reception and each UAV relay MR = 2UMs antennas, where U ∈ {1, 2, 3 . . . },
all of them used by the selected UAV relay for reception (MRrx = MR) and
MS out of VMS antennas would be selected of each UAV relay used for
transmission (MRtx = MS), where V ∈ {1, 2, 3 . . . } and VMs ≤ MR. The
selected UAV relays would access a number of K cloud buffers for extracting
or storing MS packets in each time slot. Each cluster would have a particular
cloud buffer established on demand. In the multiple-access phase, a cluster
would be selected to send MS packets simultaneously to a selected UAV relay
for reception. Then, the data would be decoded by the cloud processor and
XOR type PLNC would be applied to combine the decoded vectors (inputs
of the XOR) and generate a codeword (output of the XOR) that is stored in
their particular cloud buffers. In the broadcast-channel phase, two UAV relays
would be selected to broadcast MS packets from the particular cloud buffer to
the selected cluster.
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A
Proof of D′MMD

min ≥ D′QN
min

The selected matrix by the MMD criterion, that maximizes the minimum
distances D, is given by

HMMD = arg max
H

min (Dj,Dj,k, . . . ,D1,...,MS
)

j, k = 1, ...,MS, j 6= k,
(A-1)

where H ∈ {HS,R1 , . . . ,HS,RN
,HR1,D, . . . ,HRN ,D,HS,D} and Hi,j ∈ C(0, σ2) .

As D = E
MS
D′, where D′=‖Hu(xn − xl)‖2, for DuSRi

and DuRiD
, or

D′= 2‖Hu(xn − xl)‖2 , for DSD, we have

HMMD = arg max
H

min (D′j,D′j,k, . . . ,D′1,...,MS
)

j, k = 1, ...,MS, j 6= k,

where the PEP arguments D′ are given by

D′j = |dcw |
2
MS∑
i=1

∣∣∣Hu
i,j

∣∣∣2
w = 1, ...,W,

D′j,k =
MS∑
i=1

∣∣∣±dcwH
u
i,j ± dch

Hu
i,k

∣∣∣2
w, h = 1, ...,W,

D′1,...,MS
=

MS∑
i=1

∣∣∣±dcwH
u
i,1 . . .± dcvH

u
i,MS

∣∣∣2
w, v = 1, ...,W.

(A-2)

So, the maximized minimum value of the PEP argument associated to
HMMD is given by
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Appendix A. Proof of D′MMD
min ≥ D′QNmin 147

D′MMD
min = min (D′MMD

j ,D′MMD
j,k , . . . ,D′MMD

1,...,MS
)

j, k = 1, ...,MS, j 6= k.
(A-3)

However, the selected matrix by the QN criterion is given by

HQN = arg max
H

MS∑
j=1

MR∑
i=1
|Hi,j|2

= arg max
H

MR∑
i=1
|Hi,1|2 + · · ·+

MR∑
i=1
|Hi,MS

|2
 ,

(A-4)

where H ∈ {HS,R1 , . . . ,HS,RN
,HR1,D, . . . ,HRN ,D} and Hi,j ∈ C(0, σ2) .

The minimum value of the PEP argument associated to HQN is given by

D′QNmin = min (D′QNj ,D′QNj,k , . . . ,D′
QN
1,...,MS

)
j, k = 1, ...,MS, j 6= k.

(A-5)

If the sum of the powers of the coefficients of one of the columns (or the
combination of 2 or more columns by addition or subtraction) of a selected
submatrix and/or matrix HQN is very small or tends to zero, we have

D′QNj → 0,D′QNj,k → 0, . . . , or D′QN
1,...,MS

→ 0, (A-6)

and, consequently: D′QNmin → 0.

As MMD maximizes D′min, the submatrix and/or matrix selected by QN
will be different from the selected by MMD:

HQN 6= HMMD and D′QNmin 6= D′
MMD
min .

We have seen that the MMD criterion computes all the values of D′

and stores its minimum value (D′min), for each submatrix Hu. Then, this
criterion selects the matrix H (HMMD) that is associated to the maximum
D′min (D′MMD

min ) and the associated relay. As the goal of this criterion is to
maximize the argument of the PEP in its worst case (D′min), another criterion
such as QN can not outperform MMD but only equalize its performance,
resulting in the same D′min, if the matrix selected by QN (HQN) is equal
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to HMMD. Therefore, if we have HQN 6= HMMD, this implies that the D′min

associated to HMMD (D′MMD
min ) is greater than the D′min associated to HQN

(D′QNmin). As there are cases where HQN 6= HMMD, we may conclude that:

D′MMD
min ≥ D′QNmin. (A-7)
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B
Proof of the minimization of the PEP and of the error in the
ML receiver - MMD

We have seen in Chapter 5, Section II, that the ML detector is the optimal
detector from the point of view of minimizing the probability of error (assuming
equiprobable x) and the solution is given by

x̂[i] = arg min
x′[i]


∥∥∥∥∥∥y[i]−

√
Es
M

Hx′[i]
∥∥∥∥∥∥

2
 ,

= arg min
x′[i]


∥∥∥∥∥∥
√
Es
M

Hx[i] + n[i]−
√
Es
M

Hx′[i]
∥∥∥∥∥∥

2
 .

(B-1)

We have seen in Chapter 5, Section IV, that the PEP worst case is given
by

P(xn → xl|H) = Q

(√
Es

2N0M
D′min

)
. (B-2)

where D′ = ‖H(xn − xl)‖2, in MA mode, and D′ = 1
2 ‖H(xn − xl)‖2, in BC

mode, and l 6= n.
The proposed MWC-Best-User-Link, using the MMD relay selection

criterion, selects the channel matrix HMMD, minimizing the PEP worst case,
as shown by

HMMD = arg min
H

P(xn → xl|H)

= arg min
H

Q

(√
Es

2N0M
D′min

)

= arg max
H

(√
Es

2N0M
D′min

)
= arg max

H
D′min

= arg max
H

min ‖H(xn − xl)‖2

(B-3)

Consequently, the MMD relay selection criterion, by maximizing the minimum
Euclidian distance between different vectors of transmitted symbols, minimizes
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the error in the ML receiver, as shown by

HMMD = arg max
H

min


∥∥∥∥∥∥
√
Es
M

Hxn + n[i]−
√
Es
M

Hxl

∥∥∥∥∥∥
2


= arg max
H

min
(
Es
M
‖Hxn −Hxl‖2

)
= arg max

H
min ‖H(xn − xl)‖2

(B-4)

This reasoning may be applied also for each of the square sub-matrices
Hu in a non square matrix H (formed by multiple square sub-matrices). Thus,
it is proven that the MMD relay selection criterion minimizes the error in the
ML receiver, in the proposed MWC-Best-User-Link protocol.
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C
Proof of the Sum-Rate Maximization - CNB

We have shown in Chapter 5, Section IV, that the sum-rate of a
cooperative system in each time slot for a given channel matrix H is given
by

R = 1
2 log2 det

(
H(Q/N0)HH + I

)
. (C-1)

where Q = E[x(x)H ] = I Es

Ms
, in the MA mode, and Q = I Es

2Ms
, in BC

mode. By considering a square channel matrix H, the proposed MWC-Best-
User-Link, using the CNB relay selection criterion, selects the channel matrix
HCNB, maximizing the sum-rate, as shown by

HCNB = arg max
H

1
2 log2 det

(
H(Q/N0)HH + I

)
= arg max

H
det

(
H(Q/N0)HH + I

)
= arg max

H
det

(
HHH + I

)
= arg max

H
det

(
HHH

)
= arg max

H
det (H) det

(
HH

)
= arg max

H
det (H) (det (H))′

= arg max
H
|det (H)|2

= arg max
H
|det (H)| .

(C-2)

This reasoning may be applied also for each of the square sub-matrices Hu in
a non square matrix H (formed by multiple square sub-matrices). Thus, it is
proven that the CNB relay selection criterion maximizes the sum-rate in the
proposed MWC-Best-User-Link protocol.
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D
Proof of minimization of the error in the MMSE receiver -
CNB

We have seen in Chapter 5, Section II, that in the linear MMSE receiver
the estimate of the transmitted vector of symbols is given by

x̃[i] = WMMSEy[i]

=
(

HHH + σ2
n

σ2
x

I
)−1

HHy[i].
(D-1)

Since y[i] = Hx[i] + n[i], from the above equation we can conclude that
the performance of linear detection is directly related to the power of the
MMSE effective noise [108] which is calculated as

E
(∥∥∥nMMSE

∥∥∥2
)

= E


∥∥∥∥∥∥
(

HHH + σ2
n

σ2
x

I
)−1

HHn[i]
∥∥∥∥∥∥

2
 . (D-2)

The effects of the effective noise in MMSE can be minimized if the power of
the coefficients of the pseudo inverse channel matrix WZF = (HHH)−1HH

are small. Note that WZF corresponds to the equalization matrix in the Zero
Forcing receiver.

We know that the relation between WZF and its determinant
(det(WZF )) is given by

WZF = (1/ det(W−1
ZF ))Adj

(
W−1

ZF

)
= det(WZF )Adj

(
W−1

ZF

)
.

(D-3)

By considering a square channel matrix H, the proposed MWC-Best-
User-Link, using the CNB relay selection criterion, selects the channel matrix
HCNB, minimizing the effects of the effective noise in ZF and MMSE receivers,
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as shown by

HCNB = arg min
H

det(WZF)

= arg min
H

det((HHH)−1HH)

= arg min
H

 det
(
HH

)
det (HHH)


= arg min

H

 det
(
HH

)
det(HH) det(H)


= arg min

H

(
1

det(H)

)
= arg max

H
det(H)

= arg max
H
|det (H)| .

(D-4)

This reasoning may be applied also for each of the square sub-matrices Hu

in a non square matrix H (formed by multiple square sub-matrices). Thus,
it is proven that the CNB relay selection criterion minimizes the error in the
Zero Forcing and, consequently, in the linear MMSE receiver, in the proposed
MWC-Best-User-Link protocol.
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