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Abstract—Relays receive and retransmit signals between one or
more sources and one or more destinations. Cooperative relaying
is a novel technique for wireless communications that increases
throughput and extends the coverage of networks. The task of
relay selection serves as a building block to realize cooperative
relaying. Recently, relays with buffers have been incorporated
into cooperative relaying providing extra degrees of freedom
in selection, thus improving various performance metrics, such
as outage probability, power reduction and throughput, at the
expense of tolerating an increase in packet delay.
In this survey, we review and classify various buffer-aided
relay selection policies and discuss their importance through
applications. The classification is mainly based on the following
aspects: (i) duplexing capabilities, (ii) Channel State Information
(CSI), (iii) transmission strategies, (iv) relay mode and (v) performance metrics. Relay selection policies for enhanced physicallayer security and cognitive communications with reduced interference are also discussed. Then, a framework for modeling
such algorithms is presented based on Markov Chain theory. In
addition, performance evaluation is conducted for various bufferaided relay selection algorithms. To provide a broad perspective
on the role of buffer-aided relay selection, various issues relevant
to fifth-generation (5G) networks are discussed. Finally, we
draw conclusions and discuss current challenges, possible future
directions and emerging technologies.
Index Terms—Cooperative relaying, relay selection, bufferaided relaying.

I. I NTRODUCTION
Cooperation between two or more entities is a humanlike behavior that has been adopted in the last decade in
wireless communication networks for the purpose of improving their performance. A technique that has attracted
significant attention is Cooperative Relaying (CR), where
sources of information communicate with their corresponding
destinations through relays. In this way, three distinct gains
can be harvested: (i) diversity [1] is increased, as additional
and independent paths are available for signal propagation,
thus improving its reception; (ii) as the communication is
performed in hops, the transmitter is closer to the receiver
and pathloss is reduced; (iii) in cluttered environments, smart
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relay positioning leads to shadowing mitigation. It must be
noted that since two or more hops are required for the signal
to reach the destination, a trade-off arises between achieving
the aforementioned network gains at the expense of increased
network resources (i.e., relays) and end-to-end transmission
time.
A relaying technique which avoids the excessive use of
resources is called Opportunistic Relay Selection (ORS) or
Best Relay Selection (BRS). In ORS 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. When the CSI exchange is over,
a centralized/distributed algorithm activates the best relay to
help in the end-to-end communication. Note that the selected
relay transmits to the destination using one channel, thus
minimizing the number of channels without sacrificing the
diversity gain of CR [2]. Towards this end, various ORS
protocols have been proposed for optimal relay selection
when global (exact or statistical) CSI is available (e.g., [3],
[4]), or efficient relay selection with a good balance between
performance and reduced CSI overhead, when partial (exact
or statistical) CSI is available (e.g., [5]–[8]).
Depending on the way a relay performs its reception and
transmission, it is called either Full-Duplex (FD) or HalfDuplex (HD). When a relay operates in FD, only one channel
is used for the end-to-end transmission, as concurrent reception
and transmission is possible at the relay. However, this operation increases hardware complexity and Loop-Interference
(LI) from the relay’s output to its input [9]–[11]. On the other
hand, if an HD relay is used, orthogonal channels are required,
thus leading to reduced spectral efficiency. To recover the HD
loss of conventional relays, spectral-efficient techniques, such
as Successive Relaying (SuR) have been developed [12]–[15];
SuR mimics FD relaying, as one relay receives the source’s
signal, while another forwards a previously received signal to
the destination. Nevertheless, SuR similar to the LI in FD,
may suffer from Inter-Relay Interference (IRI) introduced by
the simultaneous transmissions. To reduce performance degradation, efficient IRI mitigation techniques must be employed.
Recently, the adoption of Buffer-Aided (BA) relays has
allowed further improvements in CR’s performance. Storing
packets and transmitting them in favorable wireless conditions
increases the network’s resiliency, throughput and diversity
(see, for example, [16]–[18]). The analysis showed that buffering provides improved throughput, increased stability region
and better traffic load for each relay. A number of articles
have given detailed descriptions of ORS algorithms with BA
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relays. In what follows, seminal works on this line of research
are outlined. Ikhlef et al. [19] extend the ORS scheme of [2] by
employing BA relays, allowing more choices in the selection
process, since relays participate without necessarily having
decoded the preceding transmitted packet. To address the fact
that relays have buffers of finite size, a Hybrid Relay Selection
(HRS) scheme is developed combining the BRS of [2] and
the proposed Max-Max Relay Selection (MMRS), where the
relay with the best Source-Relay ({S→R}) link is selected
to receive the source’s packet in the first half of the timeslot and the relay with the best Relay-Destination ({R→D})
link is selected to transmit in the remaining half time-slot.
It is observed that when delay can be tolerated, the proposed
HRS and MMRS schemes provide the same diversity gain with
BRS, with significantly reduced Signal-to-Noise Ratio (SNR)
requirements. Taking further advantage of the BA relaying
paradigm, Krikidis et al. [20] depart from the conventional
two-slot transmission policy and propose the max − link relay
selection, that adaptively activates at each slot the link with
the best fading conditions. As a result, the whole time-slot is
used to either select a non-full relay to receive the source’s
packet or a non-empty relay to transmit to the destination and
hence, a diversity order of 2K can be achieved for a large
number of relays. max − link has been extended in [21] to
account for direct Source-Destination ({S→D}) connectivity.
In this case, the application of max − link provides resiliency
in low transmit SNR conditions. For a single relay network,
Zlatanov et al. [22] presented adaptive link selection for both
delay-unconstrained and delay-constrained cases. For the first
case, an optimal link selection policy is formulated depending
on the exact CSI. For the delay-constrained case, different
link activation thresholds compared to the optimal policy
are imposed to starve the relay’s buffer and to reduce the
maximum number of stored packets. This framework is further
extended in [23], where adaptive link selection algorithms are
presented for various cases of CSI at the Transmitter (CSIT)
availability which then determines the adoption of fixed or
adaptive transmission rates.
To further improve the performance of BA relaying, better spectral efficiency is achieved by invoking algorithms
with FD characteristics when HD relays are available by
advanced SuR. In [24], MMRS is extended with IRI-free
SuR transmissions through isolated relays and full diversity
is achieved. Moreover, both adaptive and fixed-rate cases are
investigated illustrating that the proposed Space Full-Duplex
(SFD) MMRS can provide twice the capacity of HD schemes
for the adaptive rate case and a coding gain for the fixedrate case. In a similar topology, Nomikos et al. [25] consider
the degrading effect of IRI in the selection algorithm, thus
proposing a BA Successive Opportunistic Relaying (BA-SOR)
algorithm. When Interference Cancellation (IC) is feasible, the
algorithm in [25] performs close to the upper-bound provided
in [24] where IRI is ignored. However, the aforementioned
relay selection policies require exact CSI. In order to reduce
the communication overhead, [26] the Distributed Switch-andStay Combining (DSSC) [5] process has been adopted, where
the preceding set of relays is used again without requiring a
new round of CSI exchange when the performance is above

a certain threshold. A hybrid scheme which combines the
max − link selection of [20] with the BA-SOR relaying of
[25] is proposed in [27], [28], where switches between BASOR and max − link are taking place, thus providing resiliency and improved throughput at the same time. Delay and
diversity issues in BA relay selection have been investigated
in [29] in which novel relay selection policies are proposed
that aim at reducing the average delay by incorporating the
buffer size of the relay nodes into the relay selection process.
Relay selection policies have also been developed for FD
BA relays. In [30], HD and FD BA relaying are compared in a
network where a single relay is available. Since FD relays have
multiple antennas, a proportion of the antennas (usually half)
act as receivers, whereas the rest act as transmitters (cf. HD
operation where all the antennas are either used for reception
or transmission). From the analysis it is derived that the HD
BA relaying can surpass 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. In [31], a hybrid
BA relaying algorithm integrating max − link and FD relaying
is given for a network of one source and multiple BA FD
relays, each equipped with two antennas and one destination;
the throughput performance is evaluated under the effect of LI,
showing that when FD relaying cannot support the predefined
fixed-rate (usually due to high LI), max − link is employed
and reduces outages by activating the link with the best SNR.
Apart from improving the overall performance of wireless
networks, relaying has been adopted to achieve increased
spectrum reuse through cognitive spectrum access, and to
provide physical-layer security when malicious nodes threaten
the confidentiality of wireless transmissions. More specifically,
in networks where spectrum reuse is the main target, primary networks co-exist with secondary networks accessing
through cognitive techniques the available frequency channels.
In various 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 (see, [32]–[34] and references
therein). Recently, BA relay selection in cognitive networks
has resulted in further performance improvements, since the
opportunities to transmit in the secondary network without
incurring excessive interference increase because of the buffering capabilities (e.g., [35], [36]). Another important application of relay selection lies in the field of wireless physical-layer
security. In networks where eavesdroppers threat the secrecy
of the transmitted signals, selecting the relay providing the
maximum secrecy rate or acting as potential jammer to the
eavesdropper has been proven to enhance the reliability of
information exchange (e.g., [37]–[39]). Again, BA relay selection increases the possibilities to avoid transmitting through
links that are prone to eavesdropping [40].
In this survey, we present and classify various BA relay
selection policies, helping the researchers appreciate the contributions and impact of BA relaying in the field of CR and
wireless communications in general. The relevance of BA
relay selection in 5G networks is justified through the challenges that are extensively discussed throughout the survey. In
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challenges that must be addressed to efficiently apply BA
relay selection in 5G networks, and conclusions are given in
Section X.
II. S YSTEM M ODEL AND P RELIMINARIES
A. System Model
Consider a two-hop system in which a source S communicates to a destination D via a cluster of relays C. Each
relay Rk ∈ C depending on its number of antennas might
be able to operate in FD mode, i.e., a mode of operation by
which information can be transmitted to and from a point in
two directions simultaneously on the same physical channel.
In general, we do not consider ideal FD operation only, but
instead we allow for LI at the relay. Moreover, connectivity
between the source and the destination is established via the
relays, unless otherwise stated. The network setup considered
is depicted in Fig. 1.
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addition, the simple yet detailed discussion of the practical,
low-complexity algorithms proposed can assist practitioners
to implement such algorithms on realistic testbeds, revealing
issues and benefits that possibly have not been foreseen so
far. More specifically, the contributions of the survey are as
follows:
1) Several BA relay selection policies are presented, thus
offering a useful handbook for the interested readers of the
field.
2) The policies are classified based on certain criteria: a firsttier classification is conducted based on whether the relays
operate in HD, FD or hybrid mode, combining HD and
FD elements; a second-tier classification follows in order to
separate the algorithms with increased complexity requiring
exact CSI or suboptimal schemes with enhanced practicality
and reduced (statistical) CSI demands. A detailed discussion
on the importance of coordinating BA relay selection involving
CSI and buffer status acquisition and exchange is given for
both centralized and distributed implementations.
3) A novel family of hybrid BA relay selection algorithms,
called Buffer-Aided Full-Duplex Algorithms (BAFDAs), is
presented aiming to provide an efficient integration of HD
and FD algorithms that are described in the survey. Optimal
and suboptimal versions of BAFDA are discussed in order to
show the trade-off in performance and complexity.
(4) A framework for modeling BA relay selection algorithms
and analysing their outage probability based on Markov Chain
(MC) theory is presented. This framework is applicable to
numerous cases of BA relay networks as it can efficiently
incorporate different transmission strategies, such as adaptive
link selection, SuR and FD relaying.
5) Performance evaluation of various BA relay selection algorithms is included for the following performance metrics:
(i) outage probability, (ii) average throughput, (iii) power
reduction, (iv) average delay and (v) CSI reduction.
6) Extended fields of application are considered, including
cognitive radio and physical-layer security and the respective
algorithms are presented in detail. Furthermore, more challenges of BA relay selection are discussed, outlining their
importance in the imminent 5G networks, including dense
networking, Device-to-Device (D2D) and Vehicle-toVehicle
(V2V) communication and Internet-of-Things (IoT) applications.
The structure of this survey is as follows. Firstly, the system
model adopted by the works that are included in the survey
and some necessary preliminaries are given in Section II.
In Section III, various HD relay selection algorithms are
presented based on exact or statistical CSI. Then, in Section IV, a similar classification is performed for BA algorithms
that achieve FD operation through SuR, when HD relays
are employed. Next, Section V includes works that merge
HD and FD algorithms, thus resulting in interesting hybrid
schemes. The framework for modeling BA relay selection
and analyzing the outage probability is given in Section VI.
Also, the critical topic of implementing BA relay selection
is discussed in Section VII, while performance evaluation
results for various popular BA relay selection algorithms are
presented in Section VIII. Finally, Section IX discusses various
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Fig. 1. The system model of buffer-aided relay selection.

Each relay Rk holds a buffer (data queue) Qk of length
Lk ∈ Z+ (number of data elements) where it can store source
data that has been successfully received at the relay and can
be forwarded to the destination. The parameter lk ∈ Z+ , lk ∈
[0, Lk ] denotes the number of data elements that are stored in
buffer Qk ; at the beginning, each relay buffer is empty (i.e.,
lk = 0 for all k). For simplicity of exposition, we assume that
Lk = L, ∀ k ∈ {1, 2, . . . , K}, L ∈ Z+ .
We denote by T all the relays for which their buffer is not
empty (i.e., T = {Rk : lk > 0}, T ⊆ C) and hence, are able to
transmit to the destination, and by A all the relays for which
their buffer is not full (i.e., A = {Rk : lk < L}, A ⊆ C) and
are available to receive a packet from the source. Also, let’s
denote by M the union of links belonging in sets T and A
that are not in outage. Finally, we denote by F the set of relaypairs (pair of relays) that can operate in SuR (FD) mode. The
notation used for the different sets of relays is summarized in
Table 1.
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Notation used for the different sets of relays:
The set of all relays in the network
The set of relays that are able to transmit a packet
The set of relays that are available to receive a packet
The set of relays in T ∪ A not in outage
The set of relay-pairs that can operate in SuR mode

Notation 1

C
T
A
M
F

All wireless links exhibit fading and we assume an Additive White Gaussian Noise (AWGN) channel. The fading
is assumed to be stationary, with frequency non-selective
Rayleigh block fading. This means that the fading coefficients
hij (for the i → j link) remain constant during one slot, but
change independently from one slot to another according to a
circularly symmetric complex Gaussian distribution with zero
mean and unit variance. The channel gains are gij = |hij |2
and exponentially distributed. Also, the circular symmetric
complex Gaussian noise N has zero mean and variance n (i.e.,
N ∼ CN (0, n)) and, for simplicity, is assumed to be equal at
each receiver.
The operation is assumed to be divided in time-slots,
where in each slot only a relay supports the communication via some relay selection strategy. Regardless of the
adopted strategy, the source’s transmission power is denoted
by PS and the relay’s by PRk . The source S is assumed
to be saturated and hence, it always has data to transmit.
An acknowledgment/negative-acknowledgment (ACK/NACK)
mechanism is employed, where short-length error-free packets
are sent by the receivers over a separate narrow-band channel.
As a consequence, when a relay successfully receives a packet,
the source discards it from its buffer and transmits the next
packet; when the destination successfully receives a packet,
the relay discards it from its buffer.
For the selection algorithms that are based on the assumption of having knowledge of the global (exact or statistical)
CSI, optimization formulations are used to select the relay
that optimizes a specific performance metric, such as power
reduction or rate maximization. Note that power adaptation is
an alternative and dual approach to rate adaptation. In addition,
the proposed schemes can be implemented via distributed
relay selection approaches as in [2], where each relay sets
a timer in accordance to the quantity of interest (instead of
the channel quality used in [2], a relay can use the total
power expenditure if the selected FD relay or HD relay-pair
is selected) and through a countdown process the selection of
the best relay is performed. Additionally, CSI overhead can
be reduced significantly, if power or rate adaptation is not
performed or through DSSC as in [5], [26]. In these works,
distributed relay and relay-pair selection were presented and in
each transmission phase, if a targeted spectral efficiency was
still achieved by the previously selected relay(s), then a new
round of CSI acquisition and processing was avoided.
Since single antenna relays, depending on the adopted
transmission strategy, might perform SuR, we (may) have concurrent transmissions by the source and one relay taking place
at the same time slot. This relaying strategy requires at least
two relays, as the source is sending a frame to one relay, while
another relay is transmitting to the destination, thus recovering

the HD loss of regular relays. In this way, the destination
receives one frame per transmission phase with the exception
of the first phase. However, overlapping transmissions result
in IRI and the source has to consider the interference power
that the candidate relay for reception will receive by the
transmitting relay. If SuR is infeasible, the transmission policy
reduces to HD or link selection, where either the source or a
relay transmits a packet, following a policy similar to [20]. Additionally, when FD operation is supported by multi-antenna
relays, LI degrades the network’s performance. In [9], [10],
antenna isolation, interference cancellation and suppression are
employed to mitigate the LI. Due to imperfect isolation and
impairments in the channel estimation process, an amount of
residual LI remains. hRk Rk denotes the instantaneous residual
LI between the two antennas of relay Rk , which follows a
2
complex Gaussian distribution, i.e., hRk Rk ∼ CN (0, σR
).
k Rk
Due to battery limitations, we assume that each transmitting
node i (source and relays) has a maximum peak power Pimax .
The power constraint is, in general, a critical design parameter
in relay networks [41].
B. Preliminaries
In this section, we give in detail the basic policies that
BA relay selection improves upon, aiming to provide a broad
perspective on the area.
1) max − min Relay Selection: The max − min relay selection policy [2]–[4] is considered as the optimal selection
scheme for conventional Decode-and-Forward (DF) relay setups without buffers and is used as our baseline relay selection
strategy. The selected relay is the one that provides the
“best” (strongest) end-to-end path between the source and the
destination. The max − min selection policy ensures a full
diversity (equal to the number of the relays (e.g. K)) and refers
to a standard cooperative protocol where communication is
performed in two time slots: a) in the first time slot, the source
transmits b) in the second time slot, the selected relay forwards
the data received by the source towards the destination. The
max − min relay selection policy can be written as
R∗ = arg max min{gSRk , gRk D }.
Rk ∈C

(1)

where R∗ denotes the selected relay. Although the max − min
relay selection scheme achieves a diversity equal to K, it
does not take into account the fact that relays are equipped
with buffers and their potential benefits. The selected relay
forwards the received data (in case of a successful decoding)
immediately in the next time slot to the destination and
therefore the ability of the relays to store at least a limited
number of data packets is not elaborated.
2) max − min Relay Selection in Successive Relaying: The
max − min relay selection policy implemented in a successive
relaying network takes a different form if the IRI can be
canceled at the relays. In [42]–[44], a reactive relay selection
policy is proposed. More specifically, instead of considering
only the {S→R} and {R→D} channel gains, the feasibility
of IC is also examined. In this way, with a very simple IC
condition the following two cases for relay selection are given.
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(i) If candidate relay Rk can perform IC, then it may be
selected to receive from the source based on the following
value:
R∗ = arg max min{gSRk , gRk D }.
Rk ∈C

(2)

(ii) On the other hand, if Rk cannot perform IC, then it can
be selected after competing with the rest of the relays as
below:


gSRk
R∗ = arg max min
, gRk D .
(3)
Rk ∈C
gRt Rk

It is obvious that having two simultaneous transmissions by
the source and the transmitting relay reduces the diversity of
the network, as R∗ can not participate in the selection process
due to the half-duplex constraint. The lack of buffering at
the relays results in the coupling of relay selection with the
previous transmission phase where the currently transmitting
relay was chosen among K −1 candidates since one relay was
forwarding to the destination and did not receive the source’s
frame. Additional diversity loss is introduced when IRI is not
effectively mitigated but when IC cancellation or avoidance
is feasible, a full-duplex behavior can be achieved and the
half-duplex loss is leveraged.

is fixed a priori. In [20], this limitation is relaxed and each
slot is allowed to be allocated dynamically to the source or a
relay transmission, according to the instantaneous quality of
the links and the status of the relays’ buffers. More specifically,
the proposed max − link relay selection scheme fully exploits
the flexibility offered by the buffers at the relay nodes and at
each time selects the strongest link for transmission (source or
relay transmission) among the available links. A source-relay
link is considered to be available when the corresponding relay
node is not full and therefore can receive data from the source,
while a relay-destination link is considered to be available
when the relay node is not empty and thus can transmit the
source’s data towards the destination. The proposed scheme
compares the quality of the available links and adjusts the
relay selection decision and the time slot allocation to the
strongest link. If a source-relay link is the strongest link,
the source transmits and the corresponding relay is selected
for reception; on the other hand, if a relay-destination link
is the strongest link, the corresponding relay is selected for
transmission. The max − link relay selection policy can be
analytically expressed as follows:
∗

R = arg max

Rk ∈C

III. H ALF -D UPLEX B UFFER -A IDED R ELAY S ELECTION
A. Algorithms based on Exact CSI

Rr∗ = arg max {gSRk },

(4a)

Rt∗

(4b)

= arg max {gRk D },
Rk ∈C

[

{gSRk },

Rk ∈C:Ψ(Qk )6=L

[

)

{gRk D } ,

Rk ∈C:Ψ(Qk )6=0

(5)

where R denotes the selected relay (either for transmission
or reception) and the function 0 ≤ Ψ(Qk ) ≤ L, gives the
number of data elements that are stored in buffer Qk .
3) Modified max − link Relay Selection: In [20] it is assumed that there can never exist a source-destination (S→D)
link.
∗

1) max − max Relay Selection (MMRS): The max − max
relay selection [19] is the first relay selection policy that studied the diversity behavior of buffer-aided relay nodes. Given
that the relay nodes are equipped with buffers and thus can
store the data received from the source, the max − max policy
splits the relay selection decision in two parts and selects the
relay with the best source-relay link for reception and the
relay with the best relay-destination link for transmission. The
max − max selection policy follows the conventional two-slot
cooperative transmission where the first slot is dedicated for
the source transmission and the second slot for the relaying
transmission, but the relay node may not be the same for both
phases of the protocol. The max − max relay selection policy
can be written as:
Rk ∈C

(

where Rr∗ and Rt∗ denote the relay selected for the first phase
and the second phase of the cooperative protocol, respectively.
It has been proven that the max − max relay selection policy
also ensures full diversity equal to the number of the relays
and provides a significant coding gain in comparison to the
conventional max − min selection scheme. However, it is
worth noting that the above selection strategy assumes that
no relay’s buffer can be empty or full at any time and thus
all relays have always the option of receiving or transmitting
[19, Sec. III. C].
2) max − link Relay Selection: The previous relay selection schemes are associated with a two-slot cooperative protocol where the schedule for the source and relay transmission
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Fig. 2. The system model of buffer-aided relay selection with direct link
availability.

In [21], the case where some packets can be successfully
delivered to the destination directly, i.e., if a source-relay
link is the strongest link, was investigated and is depicted in
Fig. 2. In greater detail, the source multicasts the packet to the
corresponding relay selected for reception and the destination.
If the destination receives the packet successfully, an ACK is
sent to the selected relay for reception during a dedicated ACK
slot for the destination. In turn, the corresponding relay drops
the packet and sends an ACK to the source (right after the
ACK from the destination) that the packet was successfully
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ĈRk D = min{lk , CRk D }

So, in an arbitrary time-slot, the delay-constrained policy
activates a relay Rk if:

T

if (1 − µk )ĈRk D = max N̂
rk = 1
rkR = 1
if µk ĈSRk = max N̂

 T
R
rk = rk = 0 otherwise,

where N̂ is a set containing the products (1 − µk )ĈRk D and
µk ĈSRk for each relay.
The numerical evaluation of the delay constrained policy
reveals that a rate reduction is to be expected in comparison to
the delay unconstrained policy however, with superior delay
performance. On the contrary, when the delay constraint is
set to five time-slots, the two policies perform identically.

R1

Q1

R2

Q2

S

D

Qk

Rk

...

where rkT and rkR are binary indicator variables ∈ {0, 1}
indicating whether the relay is activated for transmission (T )
or reception (R), while CRk D and CSRk are the instantaneous
capacity in the Rk D and SRk channels. Also, µk is a constant
depending on the average fading statistics and N is a set
containing the products (1 − µk )CRk D and µk CSRk for each
relay. It is noted that for the special case of i.i.d. channels
µk = 1/2 and the proposed policy coincides with max − link.
5) Adaptive Link Switching with Single Relay SelectionDelay Constrained Transmission: As the delay unconstrained
policy of [45] introduces unbounded delay, a variation was
proposed in the same paper aiming to satisfy applications with
delay constraints. Toward this end, the authors propose to limit
the buffer size to a maximum value of L bits/symbol. Thus, the
instantaneous capacities in an arbitrary time-slot are written as:
(
CSRk , if L − lk > CSRk
ĈSRk =
0
otherwise,

L

...

received (no details needed to be specified). If the destination
does not receive the packet successfully, a NACK is sent to
the relay at the specific ACK slot. Hence, if the relay received
the packet successfully, it sends an ACK (after the NACK) to
the source and inserts the packet in the data queue. The S→D
link does not take part in the selection process; hence, in each
time slot, a link is chosen among the 2K available links, i.e.,
the complexity of the relay selection procedure is 2K.
4) Adaptive Link Switching with Single Relay SelectionDelay Unconstrained Transmission: Targeting to analyze the
performance of adaptive link selection for the delay unconstrained case, the work in [45], provides a BA policy
that switches dynamically between reception and transmission
when a single relay is selected. More specifically, contrary
to [20] where fixed-rate transmissions where performed, here,
capacity-matching rates are employed and the selected relay
is the one that maximizes the instantaneous capacity either in
the {S→R} or the {R→D} link. In an arbitrary time-slot,
the proposed policy selects a relay Rk if:

T

if (1 − µk )CRk D = max N
rk = 1
R
rk = 1
if µk CSRk = max N

 T
rk = rkR = 0 otherwise,

QN

RN

C
E

Fig. 3. The system model of half-duplex buffer-aided relay selection with
secrecy constraints.

Finally, compared to the four relay cases of [46], [47], with
the proposed policy, the average rate is improved for a single
relay allowing five time-slots delay.
6) Max-Ratio Relay Selection: Aiming to minimize the
secrecy outage probability for various secrecy capacity thresholds, the authors in [40] propose the max-ratio relay selection.
In a two-hop network where multiple relays are available, it
is possible that the transmitted signals might be intercepted
by an eavesdropper, capable of overhearing all the {S→R}
and {R→D} links. This case is shown in Fig. 3. If the exact
channels to the eavesdropper are known, the max-ratio policy
is written as:
(
R∗ = arg max

Rk ∈C

max

Rk ∈C:Ψ(Qk )6=L

ng

SRk

gSE

o

,

max

Rk ∈C:Ψ(Qk )6=0

ng

Rk D

gRk E

o

)
,

(6)

where gSE and gRk E denote the channel gains of the source to
the eavesdropper link and the k-th relay to the eavesdropper,
respectively.
As a result, by adopting the adaptive link selection of
[20] and capitalizing on the eavesdropper’s CSI, max-ratio
activates the link with the largest secrecy capacity. However,
the assumption of the exact CSI of the eavesdropper’s link
might be unrealistic, especially when the eavesdropper is
passive and its behavior can not be monitored.
7) Maximum-Likelihood Relay Selection: The authors in
[48] propose a BA relay selection based on the Maximum
Likelihood criterion in a multi-user network with Amplify-andForward (AF) HD Multiple-Input Multiple-Output (MIMO)
relays. The selection criterion is called ML-RS and targets
the increase of the secrecy rate as multiple eavesdroppers
are present and might intercept the packets transmitted by
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the source and the selected relay. The partial CSI assumption
derives from the fact that the channels to the eavesdroppers
are not considered in the selection process. More specifically,
the ML-RS selects the link among all the available {S→R}
and {R→D} that minimize the ML criterion:
Ĥ = arg min ||y − αβHx||2 ,

Rk ∈C

[

[

ĤSRk ,

R = arg min
R∈C

(

[

R∈C:Ψ(Qk )6=L

ĤSR ,

[

ĤRk D , (9)

R∈C:Ψ(Qk )6=0

where R denotes a set of relays that are available for selection.
Performance evaluation of ML-RS and ML-SRS shows improved results in the secrecy rate domain compared to the cases
of max-ratio, max − link and direct transmissions, further
increasing with the number of antennas. In addition, ML-SRS
offers better secrecy rate due to the flexibility provided by the
activation of a relay-set.
9) Cognitive max − link selection: A field where bufferaided relay selection provides significant gains is cognitive
radio. For this case, the work in [49] describes an adapted
version of max − link that takes into consideration a predetermined level of interference α that can be tolerated by
the primary network. A cognitive radio topology where BA
selection is applied is shown in Fig. 4
The activation of the best link of the secondary network is
based on:
∗

R = arg max

Rk ∈C

(

[

Rk ∈C:Ψ(Qk )6=L,
gSP D ≤α

{gSRk },

[

{gRk D } ,

Rk ∈C:Ψ(Qk )6=0,
gR P D ≤α
k

)

(10)

where gSP D , gRk P D are the channel gains between the source
and the primary receiver and the k-th relay and the primary receiver, respectively. The employment of cognitive max − link
allows the secondary network to improve its throughput, as
each time, the link introducing the least interference to the
primary network is selected. Performance evaluation shows

QN

RN

(8)

)

D

Qk

Rk

ĤRk D ,

where ĤSRk and ĤRk denote the minimum Euclidean distance according to the ML criterion in the {S→R} and
{R→D} link respectively.
8) Maximum Likelihood Selection of a Relay-Set: A variation of ML-RS, based on the Selection of a Relay-Set (SRS)
was also presented in [48]. In this way, the secrecy rate
performance can be further improved as enhanced freedom
is achieved compared to ML-RS. The SRS is formulated as:
∗

S

)

Rk ∈C:Ψ(Qk )6=0

Rk ∈C:Ψ(Qk )6=L

Q2

R2

...

R = arg min

(

Q1

R1

...

where H is the link under investigation, M is the set of
links that can be activated, y denotes the received signal,
α, β represent path-loss and shadowing respectively, while
x denotes the transmitted signal.
Thus, the ML-RS selects the best link for activation according to:

D’

L

(7)

x∈M

∗

S’

C

Fig. 4. The system model of cognitive half-duplex buffer-aided relay selection.

that the cognitive max − link is superior to an adapted version
of max-max, due to the increased degrees of freedom offered
by the adaptive link selection.
10) Cognitive max-link with IRI: Another cognitive BA
relay selection is investigated in [35], where multiple relays
are shared between the primary and the secondary networks.
More specifically, the authors assume an arbitrary relay selection policy by the primary network and focus on the BA
relay selection of the secondary network from the remaining
available relays. Considering simultaneous transmissions by
the two networks, relays might fall victims to IRI since two
relays are activated, simultaneously either for transmission or
reception. Thus, the proposed policy employs IC and power
adaptation targeting to achieve power minimization in the
secondary network and reduce the interference towards the
primary network.
The proposed policy is formulated as:

b∗ = arg min min PS∗k , PR∗ k ,
(11)
k∈M

PS∗k ,

where
are the chosen power level by the source and
the transmitting relay and depend on whether or not the IRI
between the two networks was cancelled. Performance evaluation indicates significant improvement in power reduction and
average throughput compared to [50], that does not consider
buffering at the relays.
PR∗ k

11) Cognitive max-ratio: A cognitive max-ratio policy is
proposed in [36] having as a goal the activation of the link that
will achieve in each hop, the maximum ratio of the channel
gain between the secondary transmitter-receiver pair over the
product of the interference powers received by the primary
and the secondary network.
The cognitive max-ratio policy is performed through the
following formulation:
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∗

R = arg max

Rk ∈C

(

L

n I g
o
th SRk
,
Rk ∈C:Ψ(Qk )6=L gSD 0 gS 0 R
k
)
o
n I g
th Rk D
,
max
Rk ∈C:Ψ(Qk )6=0 gR D 0 gS 0 D
k
max

Q1

R1

(12)

where Ith is the predetermined secondary to primary interference threshold, gSD0 , gRk D0 are the channel gains of
the interfering channels from the secondary source and the
secondary relay to the primary destination, respectively, while
gS 0 Rk , gS 0 D are the channel gains of the interfering channels
from the primary source to the secondary relay and the
secondary destination, respectively.
Under various fading conditions, the cognitive max-ratio
policy outperforms an adapted version of max-min, thus
illustrating the benefits of buffering at the relays in cognitive
radio scenarios.

Q2

R2

...

S

...

R∗ = arg max

Rk ∈C

max

Rk ∈C:Ψ(Qk )6=L

SRk

γSE

o

,

QK

RK

C

1) Suboptimal Max-Ratio Relay Selection: To enhance the
practicality of the max-ratio policy, the authors in [40] propose
a suboptimal version for the case where only the eavesdropper’s average channel gains are available. In this setting, the
best link is activated according to:
ng

Qk

Rk

B. Algorithms based on Statistical CSI

(

D

max

Rk ∈C:Ψ(Qk )6=0

ng

Rk D

γRk E

o

Fig. 5. The system model of full-duplex buffer-aided relay selection with
half-duplex relays.

where,
Rr1 = arg max gSRk ,
Rk ∈C

)
,

(13)

where, γSE , γRk E are the average channel gains of the SE
and Rk E channels, respectively.
One may observe that the suboptimal max-ratio provides
a useful policy for improving secrecy performance without
impractical CSI assumptions.
IV. F ULL -D UPLEX B UFFER -A IDED R ELAY S ELECTION
WITH H ALF -D UPLEX R ELAYS
A. Algorithms based on Exact CSI
1) Space Full-Duplex MMRS (SFD-MMRS): The SFDMMRS [24] is based on the idea of choosing different relays
for reception and transmission, according to the quality of
the channels, so that the relay selected for reception and
the relay selected for transmission can receive and transmit
at the same time (i.e., in one time slot). The case where
successive transmissions are performed is illustrated in Fig. 5.
In contrast to [19] in which reception and transmission have
to be performed in successive time slots (since the same
relay may be selected for reception and transmission), here
two relays are activated simultaneously for reception and
transmission. The relay pair (R∗ , T ∗ ) selected is given by

(Rr1 , Rt1 ) if r1 6= t1



(R , R ) if r = t and min(g
r2
t1
1
1
SRr2 , gRt1 D )
(Rr∗ , Rt∗ ) =

0
>
min(g
,
g
SRr1
Rt2 D )



(Rr1 , Rt2 ) otherwise,

Rt1 = arg max gRk D ,
Rr2 = arg
Rt1 = arg

Rk ∈C

max

gSRk ,

max

gRk D .

Rk ∈C,Rk 6=Rr1
Rk ∈C,Rk 6=Rt1

SFD-MMRS provides the best performance in terms of both
capacity and outage probability, compared with the existing
schemes in the literature. However, as in [19], the strategy
assumes that no relay’s buffer can be empty or full at any
time and in addition the IRI is assumed to be negligible.
2) Buffer-Aided Successive Opportunistic Relaying (BASOR): This relay selection policy proposed in [25] does not
depend merely on the quality of the {S→R} and {R→D}
channel conditions. On the contrary, the IRI is the defining
factor in the proposed relay selection policy. More specifically,
BA-SOR performs relay-pair selection. By examining one-byone the possible relay-pairs, the power of the signal received
at D is calculated as PD = gRt D P + nD for an arbitrary relay
Rt with non-empty buffer. In continuity, BA-SOR requires
that the relay selected for reception has a non-full buffer and
is different from the transmitting one. For each candidate relay
for reception we perform a feasibility check, i.e., to examine
whether IC is feasible. If IC can be performed, this relay,
denoted by Ri , enters the competition with a value equal to its
SR channel gain, gSRi . On the other hand, if the IC condition
cannot be fulfilled, then Ri enters the competition with a value
equal to gSRi /gRt Ri . As we target capacity maximization in
each time-slot, we calculate the end-to-end capacity that each
relay pair can achieve. Finally, the selected pair of relays will
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be the one offering the maximum capacity to the network
in that specific time-slot. Thus, the proposed relay selection
policy for the optimal relay-pair (Rr∗ , Rt∗ ) is formulated as:
(
max
t∈T


min


max

r∈C−{t}

g Rt Rr

gSRr
(1 − I(Rt Rr )) + I(Rt Rr )


, gR t D

(14)

3) Buffer-Aided Successive Opportunistic Relaying with
Minimum Variance (MV) Beamforming (BF): As IRI threatens to degrade the performance of BASOR, the authors of
[51] present a scheme where MV BF is employed for IRI
suppression and SINR maximization.
Thus, in an arbitrary time-slot, every possible relay-pair is
evaluated and the one with maximum source-destination SINR
is selected for the end-to-end successive transmission:
max {SIN R}

(Rr ,Rt )∈C

(Rr∗ , Rt∗ ) = arg

)

where I(Rt , Rr ) is a factor indicating whether interference
cancellation is satisfied and it is described by

gRt Rr PRt
0, if
≥ γ0 ,
gSRr PS + nRr
(15)
I(Rt , Rr ) =

1, otherwise.

(Rr∗ , Rt∗ ) = arg

and Maximal Ratio Combining (MRC) at the receiving relay,
an SINR-based relay-pair selection is developed:

(16)

The proposed BASOR with MV BF is evaluated for various
buffer sizes and number of relays in terms of outage probability, average throughput and average delay. Comparisons with
the scheme of [27], which does not employ BF, indicates that
improved IRI mitigation can be harvested, thus leading to an
overall improved performance.
4) Energy-Aware Buffer-Aided Relay Selection: A relaypair selection policy that simultaneously targets queue stability
and power expenditure minimization was proposed in [52].
Allowing concurrent source-relay transmissions, the energyaware policy recovers the HD loss of conventional relaying.
In each time-slot the best relay-pair is selected according
to:
n
(Rr∗ , Rt∗ ) = arg max (lS − lRr )TSRr +
r,t
o
lRt TRt D − V (PS + PRt )
(17)

where TSRr and TRt D denote the rates in the links SRr and
Rt D, respectively, and V is a parameter that defines the level
of power saving that is targeted. More specifically, if V = 0
power saving is not considered and only queue stability is
optimized. On the contrary, for V >> 0 the power expenditure
minimization constitutes the main target of the optimization.
The simulations showed that the proposed FD BA relaying
policy achieves considerable gains in throughput and energy
efficiency compared to non-cooperative cases. Increased power
saving is provided when the value of V increases and two-hop
transmissions dominate the system.
5) Virtual FD BA Relaying with SINR-Based Relay Selection: Studying a multi-relay network with MIMO nodes,
the work in [53] presents a relay-pair selection policy to
achieve FD operation with HD relays. Employing Maximal
Ratio Transmit (MRT) beamforming at the transmitting relay

max

(Rr ,Rt ):Rr 6=Rt ,
∀Rr ,Rt ∈C

αCSRr + (1 − α)CRt D

where α = λSR /(λSR + λRD ), with λSR , λRD denoting the
Lagrange multipliers for each link, and CSRr , CRt D are the
capacities for the SRr and Rt D links, given by:
CSRr = min{log2 (1 + γSRr , L − lRr }
CRt D = min{log2 (1 + γRt D , lRt }
6) Virtual FD BA Relaying with Zero-Forcing Beamforming
(ZFB)-Based IRI Cancellation: Another policy is provided in
[53], where ZFB is adopted to suppress the IRI at the receiving
relay. The selection policy is formulated in a similar way as
the IRI-based policy but the beamforming ur , wt for Rr and
Rt , respectively, are different:
(Rr∗ , Rt∗ ) = arg

max

(Rr ,Rt ):ur ,wt ,
Rr 6=Rt ,∀Rr ,Rt ∈C

αCSRr + (1 − α)CRt D

Both virtual FD schemes are evaluated and comparisons with
a MIMO version of the scheme of [24] are given for the
average end-to-end capacity. The results show that the IRIbased policy is efficient in the low SNR regime, while the
ZFB-based policy asymptotically reaches the IRI-free upper
bound that was studied [24].
7) Previous Message Buffering (PMB) Scheme: Buffering
at the relays increases the efficiency of IRI cancellation. As
presented in [54], storing the previously transmitted packet by
the source, allows the receiving relay to cancel the IRI that is
introduced by the successive transmissions of the transmitting
relay. This policy is called PMB and selects the relay with the
best {R→D} link to transmit to the destination.
From the numerical results, it is derived that the PMB policy
efficiently manages the IRI and provides better performance
compared to the policy of [44] where BA relaying is not
employed.
8) Suboptimal Joint Relay-Pair Selection: The work in [26]
presented a suboptimal scheme adopting DSSC [5], [7] to
select the best relay-pair using only partial CSI. To this end, a
rate threshold Z is set at the start of the network’s operation
(v)
and is made globally known to its nodes. The relay-pair bRt Rr
in time-slot v is selected as
(v)
bRt Rr
(v)

=

(

(v−1)

(v)

bRt Rr ,

if rbR

(v)
bopt ,

otherwise.

t Rr

≥ Z,

(18)

where rbR R is the achievable rate in time slot v of the optimal
t r
pair of time slot v − 1. Thus, in each time-slot the previously
selected relay-pair is examined first on whether or not it can
support a transmission rate above or equal to Z. If this is the
case, CSI acquisition and exchange is avoided and switching
between relay branches is reduced. On the contrary, when
(v−1)
bRt Rr can not achieve Z, a new round of relay-pair selection
is triggered.
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V. H YBRID B UFFER -A IDED R ELAY S ELECTION
A. Algorithms based on Exact CSI
1) min − power Relay Selection: The selection scheme of
[27], [28] called min − power merges the relay-pair selection algorithm of [25] with max − link selection of [20]. In
this selection scheme the target is to minimize the overall
power expenditure and thus, power adaptation is adopted. The
min − power scheme is associated with a one-slot cooperative
protocol (similar to the max − link and the SFD-MMRS
in [24] where, however, IRI and power minimization are
not considered), contrary to protocols where the selection
algorithm’s operation spans two consecutive time-slots (as in
[19]). At each time slot, the source S attempts to transmit data
to a selected relay with a non-full buffer (i.e., Rr ∈ A), and
at the same time another relay with a non-empty buffer (i.e.,
Rt ∈ T , Rt 6= Rr ) attempts to transmit data to the destination
D.
Denoting by P the set of all possible relay-pairs in the relay
network, and by |P| its cardinality the best relay-pair (Rr , Rt )
is selected as:
b(SuR) = arg min PS∗r + PR∗ t
r,t∈P



.

(19)

where PS∗r and PR∗ t are the minimum power levels for the
source and the transmitting relay when successive transmissions are performed and IRI is present and maybe cancelled
according to (15).
If |P| = 0 (i.e., none of the relay-pairs can provide power
levels below the power limits), then min − power switches to
the max − link relay selection policy. Denote by M the set of
links that can be employed by the max − link relay selection
policy; this set consists of the following two subsets: subset
T ⊆ M, which includes all the relays for which their buffer
is not empty and hence able to transmit to the destination, and
subset A ⊆ M, which includes all the relays for which their
buffer is not full and they are available to receive a packet
from the source. Note that A ∪ T = M.


b(M L) = arg min min PS†k , PR† k ,
k∈M

(20)

where PS†k and PR† k are the minimum power levels for the
source and the transmitting relay when transmissions are based
on adaptive link selection where IRI is absent.
2) Hybrid Minimum Power Relay Selection: In [31] a
hybrid scheme, namely Hybrid Minimum Power (HMP), combining full-duplex relaying and max − link was proposed.
In an arbitrary time-slot t, the possibility of employing FD
relaying is first investigated by having the K relays acquiring
CSI and calculating the total power required by both the
source and each relay, in order to satisfy a pre-determined
fixed rate r0 . Denoting by F the set of relays that can employ
FD operation LI arises between the relay antennas. The first
step is to employ the relays to calculate the minimum power
PR∗ k required for successful transmission to D. Then, the
(F D)
source selects the FD relay, denoted byRb
, that requires

the minimum total power to satisfy r0 . The selection process
is written as

b(F D) = arg min PS∗k + PR∗ k .
(21)
k∈F

If set F = ∅ (i.e., none of the relays can provide power
levels below the power limits), then HMP switches to the
max − link relay selection policy.


b(M L) = arg min min PS†k , PR† k ,
(22)
k∈M

as the selected relay is the one that requires the minimum
power among the {S→R} and {R→D} links in M.
3) Suboptimal HMP: The suboptimal HMP, namely sHMP,
adopts DSSC in the selection process, thus requiring only
partial CSI. Through the use of DSSC, the same relay can
establish the SRD communication for more time-slots as long
as it satisfies a threshold which is linked to a specific metric,
such as the achieved SNR or the total power expenditure. As
a result, sHMP reduces the instances of CSI acquisition and
processing which are required for relay selection. As power
minimization is the main target of the proposed selection
scheme, we impose a maximum power expenditure threshold
for sHMP. We denote this threshold by Zj and it can be
associated with the total power limits of the devices (source
and relay), or, it could be a parameter that aims to monitor
the lifetime of the network and as a result, this parameter
could be made known to all the nodes at the beginning of the
network’s operation; for simplicity of exposition, we let Zj to
be the same for all nodes, i.e., Zj = Z, ∀j.
At the beginning of its operation, the selection of the
best relay is performed as described for the optimal hybrid
relay selection policy. Suppose that in an arbitrary time-slot
t the selection of the best relay is performed as in HMP.
The differentiation in the suboptimal version of the algorithm
emerges from the fact that at time-slot t + 1, the previous best
relay (selected to operate in full-duplex mode) is examined
first, checking whether it can establish the SRD connection
using a total power expenditure which is less or equal to
a threshold, Z. If the relay fulfills the condition, then it is
employed again for transmission. As a result, the selection
process in the t + 1 time-slot is expressed as
(
Rj |Rj ∈ F, PS∗j + PR∗ j ≤ Z,
(t+1)
b
=
(23)
b(F D) , otherwise.
where Rj is the relay with index j which was selected to assist
in FD mode in time-slot t and b(F D) denotes the selection
process as expressed by (21). Note that in the case, for which
at a slot the network operates in a single-link mode, CSI
acquisition is triggered in the next slot.
The selection process described in (23) assures that CSI
acquisition is avoided as long as full-duplexity is achieved at
a power cost which is not higher than Z. This scheme tradesoff complexity reduction for performance degradation in terms
of power reduction and allows the network to be configured
in a variety of ways. For example, Z can be adjusted in such
a way as to avoid CSI acquisition by setting a higher value
for Z when battery-dependent relays have enough energy, or
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by imposing a more strict Z when the total power expenditure
needs to be minimized as much as possible.
4) Buffer-Aided Full-Duplex Algorithms (BAFDAs): Aiming to merge the best characteristics of the hybrid BA relay
selection when FD relays are available, novel algorithms
called BAFDAs are presented here. The network topology of
BAFDAs is shown in Fig. 6. The BAFDAs employ FD relays
in order to provide additional degrees of freedom in relay
selection targeting to minimize the total power expenditure.
Moreover, power adaptation has the added benefit of reducing
LI and IRI, hence allowing FD and SuR modes whenever
possible. The proposed relay selection policies switch between
the following three distinct modes:
S1 : FD relay selection, where the selected transmitting and
receiving antenna belong to the same relay;
S2 : buffer-aided successive opportunistic relay selection,
where the selected transmitting and receiving antenna
does not belong to the same relay, and
S3 : max − link relay selection, with power adaptation included.
In all relay selection schemes, power adaptive transmissions
are performed in order to select the relay which will establish
the {S→D} communication with the minimum power cost.
We denote by S12 , S1 ∪ S2 , i.e., the combination of
the schemes S1 and S2 , in which the selected transmitting
and receiving antenna may belong to the same relay, i.e., the
selection process is being done independently of whether an
antenna belongs to the same relay or not.

successive relaying

R1

full-duplex relaying
inter-relay interference

Q1

loop-interference

R2

Q2

S

D

...
RK

L

QK
C

Fig. 6. The system model of hybrid buffer-aided relay selection with fullduplex relays.

a) Relay selection policy: BAFDAv1 : In what follows,
the first version, herein called the BAFDAv1 is described. In
an arbitrary time-slot t, the following steps are being followed:
1) The possibility of employing S12 is first investigated
by having the K relays acquiring the necessary CSI

and eventually calculating the total power cost for each
SRi Rj D link, i, j ∈ {1, 2, . . . , K}, based on the QoS
requirements at the relay and the destination, respectively. More specifically,
• Each relay Rj first calculates the minimum power
PR∗ j required for successful transmission to D, i.e.,
PR∗ j =

•

(24)

If, PR∗ j ≥ PRmax
, S12 operation for relay Rj cannot
j
be supported. Otherwise, if PR∗ j ≤ PRmax
, then Rj ∈
j
T.
For each relay Ri , the minimum power PS∗i needed
for successful decoding among the available relays
for reception in A is then found i.e.,
PS∗i = min

Ri ∈A

•

γ0 n
.
gRj D

γ0 (gRj Ri PRi + n)
, ∀Rj ∈ T , (25)
gSRi

If, in addition, PS∗i ≤ PSmax for a relay Rj ∈ T ,
then S12 operation is supported and relay-pair (i, j)
is added to set F. Note that for each relay Ri there
might exist more than one relay Rj ∈ T that can
form a relay-pair in F. In addition, if i = j, the
same relay is selected and we have the opportunity
for full-duplex transmission.
Next, the source selects the relay-pair (i, j), denoted
(S )
Rb 12 , that requires the minimum total power to
satisfy the QoS requirements. The selection process
is written as


b(S12 ) = arg min PS∗i + PR∗ j .
(26)
(i,j)∈F

2) If set F = ∅, then the relay selection policy switches
to the max − link relay selection policy with power
adaptation.
b) Relay selection policy: BAFDAv2 : A variant of the
described algorithm above, herein called the BAFDAv2 is to
favor FD transmission first, i.e., S1 . If S1 is not possible,
then S2 is tried; if neither S1 nor S2 are possible, then
S3 is employed. This scheme is not optimal in terms of
power minimization of the network, since it initially excludes
combinations that could minimize the power expenditure even
more. However, it can considerably reduce the CSI acquisition,
since initially K relays are examined for FD transmission.
5) Suboptimal BAFDA: The continuous calculation of the
required power levels for all the possible relay combinations
increases the CSI overhead significantly. For this reason, we
propose suboptimal versions of our policies, where DSSC [5],
[7] is adopted in the selection process. Through the use of
DSSC, the same HD relay-pair or FD relay can maintain
the communication for more than one time-slots as long as
it satisfies a threshold which is linked to a specific metric,
such as the achieved SNR or the total power expenditure. As
a result, the number of instances that the CSI acquisition and
processing require for relay selection, is significantly reduced.
Since the main target of our policies is power minimization, we impose a maximum power expenditure threshold
for the proposed policies, herein called BAFDAv1 −sub and
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BAFDAv2 −sub . We denote this threshold by Zj and it can be
associated with the total power limits of the devices (source
and relay), or, it could be a parameter that aims to monitor
the lifetime of the network and as a result, this parameter
could be made known to all the nodes at the beginning of the
network’s operation; for simplicity of exposition, we let Zj to
be the same for all nodes, i.e., Zj = Z, ∀j.

At the beginning of its operation, the selection of the best
relay or relay-pair, is performed as described for both BAFDA
approaches. Suppose that in an arbitrary time-slot t, selection
is performed as in BAFDAv` , ` = 1, 2. The differentiation
in the suboptimal version of the algorithm emerges from the
fact that at time-slot t + 1, the previous best relay-pair (relay)
selected to operate in successive transmission (full-duplex)
mode is examined first, checking whether it can maintain the
connection using a total power expenditure which is less or
equal to Z. If the relay-pair (or relay) fulfills the condition,
then it is employed again for transmission. As a result, the
selection process in the t + 1 time-slot is expressed as

∗
∗

(Ri , Rj ) ∈ F, PSi + PRj ≤ Z,
(27)
b(t+1) = b(BAFDAv1 ) ,
in BAFDAv1 −sub ,

 (BAFDAv2 )
b
,
in BAFDAv2 −sub .

Note that in the case, for which at a slot the network operates
in a single-link mode, CSI acquisition is triggered in the next
slot.

The selection process described by (27) assures that CSI
acquisition is avoided as long as full-duplexity or successive
transmission is achieved at a power cost not higher than Z.
This scheme trades-off complexity reduction for performance
degradation in terms of power reduction and allows the network to be configured in a variety of ways. For example, Z
can be adjusted in such a way so as to avoid CSI acquisition
by setting a higher value for Z when battery-dependent relays
have enough energy, or by imposing a more strict Z when the
total power expenditure needs to be minimized, as much as
possible.
6) Delay-Aware (DA) Hybrid Selection: In [55], a scenario
where an eavesdropper is capable of overhearing all the
{S→R} and {R→D} channels is investigated. The adoption
of SuR and FD relaying with fixed transmit power allows the
minimization of the average delay. So, when the instantaneous
CSI of the eavesdropper is available, this delay-aware selection
policy considers the channels to the eavesdropper and the best
relay(s) is selected as:
gR D
gSRr
, t } (28)
(Rr∗ , Rt∗ ) = arg max min{
Rr ,Rt ∈C
gRt D + gSE gRt E

7) Energy-Aware (EA) Hybrid Selection: Adding the goal
of power minimization in a secrecy constraint scenario, [55]
includes a power-aware hybrid selection policy where power
adaptive transmissions are employed. For FD and SuR transmissions best relay(s) selection is defined by the minimum
sum of powers aiming to satisfy a predetermined secrecy rate
threshold:
∗
(Rr∗ , Rt∗ ) = arg min (PSR
+ PR∗ t D ) .
r
Rr ,Rt ∈C

(30)

When FD operation is infeasible, max − link selection exhibits power adaptation:
†
bM L = arg min min{PSR
, PR† k D } .
k
k∈C

(31)

It must be noted that the calculations of the power levels
at the transmitters, take into consideration the instantaneous
knowledge of the eavesdroppers channels. In eqs. (30), (31),
notation differs to indicate the absence of IRI and LI and thus,
the different power levels.
Numerical results outline the improvement of the poweraware policy compared to a scheme where the channels to the
eavesdroppers are not known.
B. Algorithms based on Statistical CSI
1) Suboptimal Delay-Aware (DA) Hybrid Selection: In order to provide a more realistic setting in a secrecy constraint
scenario, a suboptimal delay-aware hybrid selection policy
was proposed in [55]. This policy is based on the statistical
knowledge of the eavesdropper’s channels and is formulated
as:
gR D
gSRr
, t } (32)
(Rr∗ , Rt∗ ) = arg max min{
Rr ,Rt ∈C
gRt D + γSE γRt E
When SuR or FD can not be performed, max − link is
employed by considering the channels of the eavesdropper in
both hops:
gSRr gRt D
b∗M L = arg max max{
,
}.
(33)
k∈C
γSE γRt E
The comparisons with the optimal version indicates that the
suboptimal policy introduces a useful trade-off where performance improvement compared to suboptimal max-ratio [40]
is harvested without incurring unrealistic CSI assumptions.
2) Suboptimal Energy-Aware (EA) Hybrid Selection: Similarly, a suboptimal power-aware version is given in [55], where
only statistical knowledge of the eavesdroppers channels is
used to calculate the transmit power levels:
∗
(Rr∗ , Rt∗ ) = arg min (PSR
+ PR∗ t D ) .
r

(34)

When SuR or FD can not be performed, max − link is
employed by considering the channels of the eavesdropper in
both hops:
gSRr gRt D
b∗M L = arg max max{
,
}.
(29)
k∈C
gSE gRt E

When FD operation is infeasible, max − link selection exhibits power adaptation:

The performance evaluation shows an improvement in the
secrecy rate compared to the max-ratio policy of [40] due to
the FD relay transmissions.

Again, it is noted that in eqs. (34), (35), notation differs
to indicate the absence of IRI and LI and thus, the different
power levels.

Rr ,Rt ∈C

†
bM L = arg min min{PSR
, PR† k D } .
k
k∈C

(35)
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be represented by Sr , Q1 Q2 . . . QK , r ∈ N+ , 1 ≤ r ≤
(L+1)K . The states are predefined in a random way as all the
possible (L + 1)K combinations of the buffer sizes combined
with the destination state, and are considered as a data input
for the proposed selection policy.
Construction of the state transition matrix of the MC.
K
K
Let A ∈ R(L+1) ×(L+1) denote the state transition matrix
of the MC, in which the entry


Ai,j = P Sj → Si = P Xt+1 = Si |Xt = Sj
0

ns

is the transition probability to move from state Sj at time t to
state Si at time (t+1). In order to construct the state transition
matrix A, we need to identify the connectivity between the
different states of the buffers. For each time slot, the buffer
status can be modified as follows: (a) the number of elements
of one relay buffer can be decreased by one, if a relay node
is selected for transmission and the transmission is successful,
(b) the number of elements of one buffer can be increased by
one, if the source node is selected for transmission and the
transmission to the relay is successful and the transmission
to the destination is unsuccessful, (c) the buffer state (not the
MC state) remains unchanged when there is an outage event
(i.e., all the {S→R} and {R→D} links are in outage).

other that represent successful packet transmissions. Fig. 7
visualizes the constructed MC.
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Fig. 7. State diagram of the Markov chain representing the states of the
buffers and the transitions between them for a case with K = 2 and L = 2
for the max − link scheme proposed in [20].

B. min − power Selection

In [28], max − link selection is extended through the addition of SuR transmissions in order to recover the HD loss,
thus resulting in the min − power algorithm. So, the main
differentiation compared to [20] is that we have additional
ways of transmission through SuR; in other words, we have
additional links from a certain buffer state to others, as
shown in the state transition diagram in Fig. 8. Note that the
possibility of having a successive transmission requires two
1 A stochastic matrix P ∈ Rm×m is said to be decomposable if there exists
a nonempty proper subset S ⊂ {v1 , v2 , . . . , vm } such that pji = pij = 0
whenever vi ∈ S and vj ∈
/ S. P is indecomposable if it is not decomposable.
2 In a finite state Markov Chain, a state i is aperiodic if there exists k such
that for all k0 ≥ k, the probability of being at state i after k0 steps is greater
than zero; otherwise, the state is said to be periodic. A stochastic matrix is
aperiodic if every state of the Markov chain is aperiodic.
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Fig. 8. State diagram of the Markov chain representing the states of the buffers
and the transitions between them for a case with K = 2 and L = 2. Compared
to the max − link scheme in [20], the min − power model includes extra
transition states due to the successive nature of the protocol.

transmissions.
Derivation of the outage probability. Again, the MC is
SIA, and hence a steady state π exists. Hence, the outage
probability of the system can be expressed as in [20], [28],
i.e.,
pout =

2l
max
X

(37)

πi pi = diag(A)π.

i=1

is as follows.


Illustrative
example of K = 2 relays with buffer size
0
0
0L =
0 2.
 We apply the proposed analysis for a simple clustered
0
0 

0 topology
0 
 with K = 2 relays and L = 2. In this case, the state
p58
0 
 . captures both the evolution of the buffers when FD
MC
that
p66
0 

p78operation
p79 
does not take place, as well as the FD operation,

p88 p89
9.
It can be observed that the MC has two levels.
p98in pFig.
99

The classical max − link corresponds to one level of the MC
with only black lines; the blue lines correspond to successive
transmissions only. In each of these levels the transitions
represent the evolution of the buffers. The state changes level
when there is FD operation; the new state corresponds to the
equivalent state of the other level with the same state at the
buffers (since nothing changes in the buffer states).

C. BAFDA Selection
The main challenge, compared to [28] and [20], is that
BAFDA provides additional FD transmissions which cannot
be captured by the models proposed in [20], [28]. In the
aforementioned works, the possible buffer size represents the
states of the MC. However, in BAFDA, there are additional
links which don’t affect the buffer states and their operation
cannot be cast by the previously proposed models. Here, an
approach to enhance the model is proposed, for the first time,
that fills this gap by including the case of FD relaying. Note
that the possibility of having a FD or a successive transmission
requires two links to offer a SINR at the receivers equal to or
above γ0 at the same time, otherwise transmission is based on
single-link selection.
Construction of the state transition matrix of the
Markov Chain. In order to be able to analyze the proposed
class of policies, we have the possible states of the buffers
combined with the reception of a packet at the destination via
an FD transmission to represent the states of an MC, while
the transitions between the states are given by the probabilities
of successful transmissions of packets. More specifically, a
state of the MC is represented by the number of elements
at each buffer (as in [20], [28]), combined with a change of
state at the destination, denoted by I(D). This can be rep
resented by sl+lmax I(D) , I(D)Ψ(Q1 )Ψ(Q2 ) . . . Ψ(QK ) ,
where l ∈ N+ , 1 ≤ l ≤ lmax , lmax , (L + 1)K , and
I(D) ∈ {0, 1} changes state every time a packet is received

1

ss198

1

ss176

1

ss143

FD

=

1
1

ss187

1

ss154

1
ss121

1

ss165

1

ss132

1

ss110

FD

=

s9

s7

s4

0

s1

s8

s5

s2

s3

s6

Fig. 9. State diagram of the MC representing the states of the network in
the full-duplex case and the transitions between them for a case with K = 2
relays and maximum buffer size L = 2.

This approach not only models the FD transmissions, but
also allows for the derivation of the outage probability, since
the system is in outage when the state in the MC (and hence
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the levels of the data queue) remains unchanged, as it is the
case for the aforementioned schemes.
VII. S ELECTION C OORDINATION
It is worth mentioning that the majority of the works in
the area of relay selection do not provide detailed description
of the practical implementation of the proposed selection
algorithms are implemented. There are several works that
are related to the classic relay selection whose distributed
implementation is presented in [2], and selection with outdated
CSI, whose implementation is presented in [8]. In order to
address practicality concerns on BA relay selection, in this
part, both centralized and distributed implementations are
discussed, focusing mainly on the hybrid scheme BAFDA
which exhibits increased complexity. For both centralized and
distributed implementations, it is assumed that the duration
of pilot symbols is very small compared to the channel’s
coherence time of one time-slot (see also discussion in [2]).
A. Centralized Coordination
First, in the centralized approach, the source is employed
to select the relay-pair or FD relay in each time-slot, while
keeping track of the buffer sizes for all relays. At the start
of each time-slot, in phase 1, the destination transmits a pilot
sequence to the K relays and the {D→Ri } CSI is estimated
by each relay Ri . By assuming that the reciprocity property
[56] of antennas holds3 , relays can estimate the {Ri →D} CSI;
similar arguments hold for the rest of the estimates, whenever
necessary. Next, in phase 2, the relays take turns according
to their indices, and broadcast pilots sequences to the source
and the other K − 1 relays. Thus, the source acquires the
{S → Ri } CSI for all Ri ∈ C and each relay Rj acquires
the {Ri → Rj } CSI for all Ri ∈ C; also, in this step, the
LI channels are estimated, i.e., each relay Rj acquires the
{Rj → Rj } CSI. The third phase starts by employing each
relay Rj to sequentially inform the source on its buffer state
and the CSIs of their respective {Ri →Rj } for all Ri ∈ C, as
well as the {Rj →D} CSI. When all the relays have finished
transmitting, the required information for centralized relaypair selection has been gathered at the source. Since BAFDA
is based on power adaptation, selecting the relay-pair or relay
that requires the least power expenditure involves the use of all
the CSI that was acquired in the three phases. Compared to the
cases where relays are assumed isolated and IRI is negligible
as in [24], an additional overhead comes from the acquisition
of the {R→R} and LI CSI which are required in order to
perform power adaptation and minimize the IRI and LI. The
three phases of the centralized selection are shown in Fig. 10.
B. Distributed Coordination
The distributed approach for the relay-pair selection process
is based on the use of synchronized timers, as proposed in
3 Reciprocity technically only applies for antennas operating in a linear
medium made of linear materials (e.g., magnetic materials that exhibit
hysteresis are not linear). In general, any antenna can be assumed to be a
reciprocal device.

[2] for single relay selection. Recently, distributed joint relaypair selection was presented in [26], where the idea of DSSC
[5], [7] was extended for the BA SOR scenario. In the first
phase, the source broadcasts a pilot sequence and the K relays
estimate the {S→R} CSI. Then, in the second phase, the
destination sends pilot signals to the relays, which extract the
{R→D} CSI. During the third phase, each relay takes turns in
transmitting pilots to the other K − 1 relays that calculate the
{R→R} CSI, while simultaneously, the LI CSI is estimated.
The final, fourth phase requires that each relay notifies the rest
K − 1 of its buffers status. Then, each relay sets its timer to
be inversely proportional to the level of power minimization
that can be achieved according to the sum of eqs.(25), (24).
The four phases of the distributed selection are depicted in
Fig. 11.
Both centralized and distributed selection can be extended
with DSSC in order to avoid constant rounds of CSI acquisition. In this case, the relay or relay-pair that was selected
to perform an FD transmission, is examined first on whether
or not it can satisfy the required transmission rate for a given
power expenditure threshold Z. If Z is not surpassed then the
estimation of the CSI of the other relays is avoided. Also,
one must note that the complexity of both implementations
is O(K 2 ) as there will be |P| = K × (K − 1) possible
combinations. As a final remark, when comparing the two
approaches, although at first, the extra phase of distributed
selection might be considered as an additional overhead, it
is the third phase of the centralized approach that notifies
the source of the various CSIs and buffer status that will
introduce the largest amount of performance degradation,
as pilot symbols are only a tiny fraction of the time-slot’s
coherence time.
VIII. P ERFORMANCE E VALUATION
In this section we present the performance evaluation for
the optimal and suboptimal versions of the proposed schemes.
Moreover, comparisons with various state-of-the-art opportunistic schemes are conducted which include the HD relaying
policy of [2] which is herein called as the best relay selection
(BRS) and the adaptive link selection scheme max − link of
[20]. Also, hybrid relaying strategies are considered, such as
the min − power policy of [27] where successive relaying
is combined with max − link and the hybrid FD and HD
scheme of [9]. Additionally, a standalone FD opportunistic
relaying scheme is considered in the comparisons, where
power adaptation is performed as the only measure to counter
the LI. The performance metrics that are studied are 1) the
outage probability, 2) the average throughput, 3) the average
delay, 4) the power reduction and 5) the switching rate. In
the simulations, we assume that the transmission rate r0 is
equal to 3 bps/Hz, K = 3 relays with each one having a
buffer size equal to L = 6. Although the choice of a small
buffer size considering the transmission rate may degrade the
outage performance, it provides better results in the average
delay domain, as this is an important metric for buffer-aided
schemes. In the results, wherever a strong LI channel is
mentioned, we consider that its variance is equal to those of
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A. Outage Probability
The first set of comparisons shows the outage probability
performance of each scheme, where an outage event denotes
the case when the spectral efficiency threshold equal to r0 = 3
bps/Hz cannot be achieved and the receiver, either a relay
and/or the destination is unable to decode the transmitted
packet. In Fig. 12, the outage probability for increasing
transmit SNR values is depicted. We observe that we have
three different families of curves. The schemes that experience
the least outages are those that adopt the max − link policy,
either as the sole relaying strategy or as a part of a hybrid
algorithm. The analysis in [20] showed that max − link offers
a maximum diversity twice the number of relays as long as
all the relays do not have empty or full buffers. As a result,
both versions of BAFDA exhibit an outage performance that
is bounded by that of max − link and the theoretical curve
coincides with the simulated curve. In the second family,
we have the hybrid scheme of [9] and the BRS of [2]. As
these schemes do not adopt buffers at the relay, the achieved
diversity is equal to K − 1 which is bounded by BRS’s
diversity gain. Finally, the standalone FD scheme offers the
worst performance as LI increases the outage probability
especially for low SNR where power adaptation is not able
to provide efficient LI mitigation. However, as the transmit
SNR increases, power adaptation allows the selected relay to
lower the LI and avoid excess outages.
0

10

−1

Outage Probability

10

that use FD relays, strong LI is considered and the results
are illustrated in Fig. 13. In this figure, we see that BRS’s
and max − link’s performance is limited due to their halfduplex nature as BRS uses half the duration of the timeslot for relay reception and transmission while max − link
activates one link for the whole time-slot, either a {S→R}
or a {R→D} link. Also, we remark that the target rate of 3
bps/Hz is achieved by the FD schemes and so, the multiplexing
gain which was found equal to 1 is confirmed. The other
schemes employ either FD relays such as the two versions
of BAFDA and the one in [9], or HD relays that mimic FD
operation like the successive min − power relaying. Here, a
strong LI channel is assumed to have a variance equal to
that of the {R→R} links so, BAFDA offers only slightly
better performance compared to min − power due to the use
of FD relays which do not require the relay buffers not to
be empty of full. Furthermore, this is the reason that both
versions of BAFDA offer identical throughput performance,
as whenever successive relaying experiences difficulties due
to full or empty buffers, FD relaying is there to provide a
solution. The other hybrid scheme, FD-BRS, provides worse
throughput as buffers are not considered and increased outages
degrade its performance. Moreover, we see that standalone FD
opportunistic relaying is the last FD scheme that achieves the
target throughput of 3 bps/Hz.
3

2.5
Average Throughput [bps/Hz]

the {S→R}, {R→R} and {R→D} links. For the case of
weak LI channel, its variance is equal to one-hundredth of the
variance of the {S→R}, {R→R} and {R→D} links.
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Fig. 13. Average throughput for various relaying schemes where K = 3,
L = 6 and strong LI is assumed.
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Fig. 12. Outage probability for various relaying schemes where K = 3 and
L = 6.

B. Average Throughput
The second comparison investigates the average throughput
which is normalized and measured in bps/Hz, assuming that
each channel has a bandwidth of 1 Hz and when an outage
occurs the throughput in that time-slot is zero. For the schemes

Remaining in the throughput domain, we provide Fig. 14
for the case where improved antenna isolation and interference
cancellation lead to weak residual LI channels for the FD
relays. As the two antennas are located on the same relay,
it is easier to optimize the LI channel compared to the IRI
channel of multiple relays so, the {R→R} links have the same
channel statistics as in the previous evaluations. The main
observation is the improved performance of all the schemes
that use FD relays due to reduced LI. The schemes that offer
the best performance and reach the throughput ceiling are the
two versions of BAFDA, as the increased robustness of their
hybrid nature protects them from outages in the whole SNR
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range, while FD relaying is preferred for higher SNR values.
The other FD schemes follow closely and their performance
coincide with that of the proposed schemes after 12dB.
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Fig. 15. Average delay for various optimal and suboptimal relaying schemes
where K = 3, L = 6 and strong LI is assumed.
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Fig. 14. Average throughput for various relaying schemes where K = 3,
L = 6 and weak LI is assumed.

C. Average Delay
One important metric for buffer-aided relaying schemes is
the average delay which is measured in time-slots and is calculated by adding the number of time-slots that a transmitted
packet resides in a relay’s buffer. The average delay results are
depicted in Fig. 15. As the use of buffering aims at diversity
maximization, it is important that the adopted relay policy
ensures that the packets which reside in the buffers of the
relays, are transmitted with low delay. In addition, in these
comparisons the buffer size is kept intentionally low in order
to keep the delay low for each buffer-aided scheme. From the
results, one can see that max − link, which relies on singlelink activation has a degraded performance, as packets tend to
remain for many time-slots in the buffers. On the other hand,
min − power achieves lower delay by allowing successive
transmissions from the selected relay-pair but can not achieve
delay nullification even for high SNR. As the relays start with
empty buffers, max − link is employed at the start of the
network’s operation and as a result at least one packet always
remains in a buffer of a relay, as successive relaying transmits
3 bps/Hz in a {R→D} link and simultaneously sends another
3 bps/Hz in a {S→R} link. The two versions of BAFDA on
the other hand, can nullify the average delay at high SNR as
FD operation is performed even when all the relays are empty,
contrary to min − power’s successive scheme. Also, we see
that BAFDAv2 leads to slightly lower delay as FD operation
is employed more frequently and packets are not trapped in
the buffers for many time-slots.
D. Power Reduction
Next, power reduction performance is presented, measured
in dB and calculated by comparing each algorithm with

equivalent fixed-power algorithms that do not perform power
adaptation. The results for the optimal and suboptimal versions
of BAF DAs, as well as min − power, are shown in Fig. 16.
We note that the level of power reduction that each scheme
achieves, is calculated by comparing the amount of power
needed in each link with the maximum available power (in
terms of transmit SNR). In addition, both weak and strong LI
cases are investigated. In general, we see that for weak LI, the
two versions of BAFDA offer identical results, as FD relaying allows lower power expenditure compared to successive
relaying since the latter falls victim to IRI. However, for the
strong LI case, the scheme that provides the best performance
is BAFDAv1 , which always selects the relay(s) that achieve
the rate target with the least power. Furthermore, min − power
offers the same performance with BAFDAv1 until 14dB as
afterward, BAFDAv1 has increased chances of power reduction because FD operation is increasingly activated and so,
a small performance gap is created with min − power which
experiences difficulties when relay buffers are full or empty.
Also, the suboptimal version of BAFDAv1 with Z = 20 offers
a good trade-off among performance and complexity as it has
a small performance gap with its optimal version and as it
is shown later, in the switching rate comparisons, complexity
is significantly reduced. The worst performance is provided
by the optimal and the suboptimal version of BAFDAv2 , as
FD operation is prioritized, thus leading to suboptimal relay
selection in terms of power reduction.
E. Switching Rate
The final metric that is considered is the switching rate,
which captures the number of switches taking place between
relays when the power expenditure threshold is not satisfied
by the previously selected relay-pair or relay for an SuR
or FD transmission, respectively. So, a high switching rate
results in increased rounds of CSI acquisition and exchange,
thus causing significant overhead in the transmission. Fig. 17
shows the level of relay-switching that each scheme exhibits.

18

When one FD relay is selected or a pair of relays to perform
successive relaying is chosen, in the next time-slot they are
examined first if they can fulfill r0 within the power threshold
Z. For the curves which use instantaneous CSI we remark that,
as Z increases, relay switching reduces as the same relay(s)
can support the end-to-end communication for more timeslots. Also, BAFDAv2 offers lower switching rates due to the
fact that FD operation is not affected by empty buffers, as
is the case of successive relaying. In other words, if a pair
of relays is selected and examined as to whether it can still
support successive operation in the next time-slot, after two
time-slots at the very most it has to be switched, as the buffer
of the transmitting relay is drained, while the buffer of the
receiving relay is full. This reflects also in the suboptimal
versions, where an increasing Z allows switching reduction
and especially for BAFDAv2 , switching decreases to 54%.
1
0.95
0.9

Switching Rate

0.85
BAFDAv1
0.8

extension and operate in out-band (Type 1a) or in-band (Type
1b) mode, the latter being isolated in time or space. Type 2
(transparent) LTE (WiMAX) relays are employed to improve
the diversity and the channel quality for remote and cell-edge
UEs. As LTE gained ground in the 4G era, the majority of
works has focused on LTE relay architectures and thus, the
authors in [57] described the two relay types within the LTE
architecture, both relying on DF operation. Challenges for both
types were discussed, mainly in-band operation for Type 1b
relays and Hybrid Automatic Repeat Request (HARQ) for Type
2 relays. In that study, numerous open issues were given, such
as the need for mobile relaying to support high-speed UEs,
overcoming the bottleneck in the relay’s backhaul link and
the support for multi-hop transmissions. These findings have
been confirmed in a more recent study by Papadogiannis et
al. [60] where resource allocation solutions for the backhaul
and access links of Type 1 relays and the efficiency of Type
2 relays for HARQ were evaluated. Moreover, an architecture
for mobile relays was presented, providing great improvements
on the QoS of mobile UEs. Currently, BA relaying has not
been standardized however, it can be an important technique
for addressing the open issues of relaying in 4G and beyond
standards through the increased freedom in resource allocation.
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Starting from the implementation complexity, novel relaying
algorithms providing near optimal performance with low CSI
overhead are important. Such schemes should be developed
under CSIR-only availability to compensate for fast changes in
network topologies and relays with low processing and channel
estimation capabilities. Towards this end, more accurate CSI
estimation and prediction techniques could decrease the cost of
constant CSI acquisition and processing. Techniques such as
compressed sensing can be employed for best relay selection
targeting to reduce the CSI overhead [62]. Also, distributed
synchronization should be examined since relay networks
consist of multiple nodes which coordinate to achieve specific
performance goals. Solutions proposed in small-cell settings
could be considered, such as network listening and distributed
synchronization [61], especially for relays with low or no
mobility and fast neighbour discovery [63].
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Fig. 17. Switching rate for various optimal and suboptimal relaying schemes
where K = 3, L = 6, Z = 5, 10, 20 and strong LI is assumed.

IX. C HALLENGES OF B UFFER -A IDED R ELAY S ELECTION
While unprecedented progress in BA relay selection has
been witnessed the last few years, there are still challenges
that prevent it from being widely adopted. In this section, we
try to provide a clear picture of the standing challenges and
how by addressing them, BA relay selection will be applied
in numerous areas considered in 5G communications.
A. Standardization
Relays have seen a tremendous increase in contributions in
the past ten years. Simultaneously, 4G mobile technologies
have been standardized and evolved and relay architectures
were included in 3GPP LTE (release 8 and 9) and LTEAdvanced (LTE release 10), as well as in IEEE WiMAX
16.j and 16.m; a thorough overview of the challenges and
solutions in the design of relay stations as one of the salient
features for 3GPP LTE advanced can be found in [57]. In
[58], [59], two relay types for LTE and WiMAX have been
presented, both having similar roles in the network. Type
1 (non-transparent) LTE (WiMAX) relays provide coverage

C. Integration in Hyper-Dense Networks
We gradually move from a well-designed placement of base
stations to more unstructured forms of heterogeneous networks
(HetNets) [64], where individuals or private organizations
will be able to install practically anywhere and without any
constraint, a mixture of wireless systems ranging from Wi-Fi
access points and femtocells to Machine-to-Machine (M2M)
networks. Anticipating such a dense environment [65], BA
relaying can provide efficient interference coordination and
avoidance due to the more flexible transmission scheduling. Interference mitigation is a field where contributions
are expected to enable FD operation either using a single
relay or relay-pairs as in the SuR paradigm. Network-coded
interference cancellation can significantly reduce the impact of
interference by exploiting a priori known interference signals
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to the receivers. Also, novel LI cancellation algorithms are
needed to alleviate the HD constraint, even for relays with
lower processing capabilities, such as UEs. Moreover, the
feasibility of fast power adaptation should be examined as
it is unrealistic at this point, to assume power adaptive transmissions per time-slot, especially for small channel coherence
time.
D. Network coding
A very important technique that can improve network
performance is network coding. Through network coding,
intermediate nodes acting as relays of information can cooperate and combine the received packets from multiple sources,
prior to forwarding. Since wireless communication entails the
possibility of outages and increased delay when the wireless
channel is degraded, the relays must store the packet from
different flows and then perform algebraic manipulations by
employing network coding. In [66], dynamic queue allocation
to exploit the relay’s buffer was presented, in a topology
where two or more users communicate through a relay node.
It is obvious that employing more relays can enhance network
performance by merging increased cooperative diversity and
buffer storage with dynamic relay selection taking into consideration the packets that are stored in each relay belonging to
different source-destination pairs. In addition hybrid schemes
with coded and uncoded transmissions can be developed, as
in [67]. In such schemes, the relay might transmit a packet
from its buffer without performing network coding in order to
reduce delay and avoid buffer overflow, while in another case
it can combine packets to achieve improved energy efficiency
and transmission rate.
E. Exploitation of other spectrum bands
Recently, spectrum bands which were not exploited in
previous generations of wireless networks are expected to play
a significant role in overcoming the spectrum crunch of the
currently used bands [68]. In greater detail, the millimeter
waveband (mmWave) is considered as a possible solution
to increase the capacity of the fronthaul and backhaul of
wireless networks. Similar benefits are expected from FreeSpace Optical (FSO) communication [69]. However, mmWave
and FSO face challenges in heavy rain and fog, as well as in
non-line-of-sight conditions that should be taken into account.
Thus, hybrid RF/mmWave backhauling-fronthauling solutions
with relays switching between point-to-point and multi-point
transmissions should be developed to overcome such difficulties [70], [71]. Lastly, Visible Light Communication (VLC)
[72] can compliment RF and mmWave bands and network
engineers should harvest its potential by examining scenarios
where such bands could be employed e.g. in indoor office
environments where lighting and data transmission is merged.
Smart relay installation can facilitate the integration of VLC in
5G networks through multi-hop line-of-sight transmissions. In
such bands, where GHz of bandwidth is available, BA relaying
can be applied in order to forward bursts of stored data at
unprecedented rates, further decreasing delay and easing the
burden of currently utilized spectrum bands. Also, BA relay

selection can result in employing the best available band,
directly exploiting their diverse characteristics.
F. D2D communications
Since User Equipments (UEs) are expected to be a major
cooperative relaying type in future networks, D2D communications is a very important research field. Various scenarios
are envisioned ranging from simple relaying of data to/from
the core network, to direct D2D communications without
any signaling from the overlay cellular network [73]. Mobile
providers are increasingly interested in D2D due to improved
frequency reuse, better off-loading and the prospect of increased revenues. However, to enable D2D, reliable CSI estimation from the UEs is required in order to avoid interference
towards other UEs that communicate with nearby BSs. Furthermore, the incurred power expenditure from CSI acquisition
and distributed coordination from the UEs’ side should be addressed by developing low-complexity low-power techniques.
Towards this end, novel distributed power control algorithms
have been proposed that iteratively determine the signal-tonoise-and-interference-ratio (SINR) targets in a mixed cellular
and D2D environment, allocating transmit powers such that the
overall power consumption is minimized (see, for example,
[74], [75], and references therein). Buffering at the UEs
enhances the efficiency of cooperation among users since, it is
possible that data can be disseminated according to popularity,
in a peer-to-peer fashion, thus avoiding stressing the core
network. Towards this end, advanced schemes such as network
coding can be employed to increase the spectral efficiency
of D2D transmissions [76]. Another interesting direction for
D2D proposes their integration with mmWave communications
in order to reduce or even nullify the interference with the
overlay cellular network [83]. In this case, multi-hop BA
relay selection can significantly enhance the range of D2D
mmWave-enabled networks.
G. Delay-tolerant networks
An area based on data buffering is Delay-Tolerant Networking (DTN) with applications such as communications
in remote and developing areas and V2V networks. DTN
targets topologies with high delay variation, possible outages
in connectivity and node mobility. As a consequence, data is
stored in intermediate nodes (or relays) and is forwarded at a
later stage, until it is received by the destination. Cooperative
techniques can be efficiently integrated in DTNs, as is the
case with incentive-based cooperation aiming to reduce node
selfishness and misbehaviour. Moreover, in [77] it is stated
that cooperation techniques for Modile Ad-Hoc Networks
(MANETs) are not suitable for DTNs due to the unknown
end-to-end path and the increased replication of data. Another
interesting research field consists of the interconnection of
social-awareness and DTN routing, and a survey was given in
[78]. In the survey, a taxonomy of social-aware routing was
provided including self-reported routing where social relations
are self-reported and detected routing where social relations
are detected by analyzing daily activities. Furthermore, various
open issues were outlined, such as the accuracy of the adopted
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social metrics, node selfishness, security and overhead due to
the replication of messages.
H. V2V communications
A research area where BA relay selection perfectly fits
is V2V communications. Many useful applications related to
trip safety, fleet management and travel time can be provided
through V2V networks. Due to the highly dynamic topologies
of V2V and considering each vehicle as a relay, buffering
increases the reliability of content dissemination between
vehicles and from vehicles towards the communication infrastructure [79]. Numerous broadcasting protocols for V2V
data relaying are surveyed in [80] and challenges such as
redundant packet rebroadcasting are outlined. It is evident
that by selecting the vehicle(s) storing the desired data and
being in advantageous positions can lead to improved V2V
communications with reduced packet collisions. As a result,
the combination of buffering, multi-hop transmissions and
V2V leads to Vechicular DTNs (VDTNs) characterized by
intermittent connectivity, delay and asymmetric transmission
rates [81] that must be carefully investigated. To this end,
it is crucial to develop relaying protocols considering these
characteristics, as is the store-carry and forward protocol that
can enhance the overall network performance, as shown in
[82] where the main goal is energy efficient V2V data routing
with reduced delay.
I. Proactive caching
An interesting technology that can improve load balancing
and reduce the bottlenecks in the core network is proactive
caching. The possibility of caching data in base stations
and UEs through the prediction of the demand for popular
data can outline the role of cooperation and data relaying.
Since, context awareness and social networks are necessary
characteristics for proactive caching [84], a broad range of
BA relay selection algorithms can be developed to support
proactive caching. Thus, contrary to the algorithms that were
surveyed here, parameters such as content popularity and
trust among UEs that successfully collaborated in the past
must be considered, together with already adopted parameters,
focusing on the quality of the wireless channel. Significant
gains have been observed when small cells are combined
with D2D communication where femto base stations and UEs
cache popular content, as is the case with video file exchange
as studied in [85]. It is concluded that exploiting the high
buffering capabilities of modern smartphones and defining
optimal D2D communication pairs increases the network’s
capacity by one to two orders of magnitude.
J. Secure communications
Maintaining a high-level of security of communications
is of utmost importance in the forthcoming 5G networks.
As users roam and connect to different small-cells, applications where private data is exchanged, such as e-banking,
is threatened. Developing novel physical-layer security algorithms will contribute to ensuring a high-level of security

when malicious and untrusted nodes, such as eavesdroppers
and jammers, put at risk the transmission of private data
[86]. Moreover, social-awareness when users, devices and
machines communicate through small-cells and with each
other, as in the D2D paradigm, must be be implemented in
such algorithms. Thus, merging the benefits of physical-layer
approaches with advanced cryptographic algorithms will result
in robust schemes that will ensure secure communications in
various settings. BA relay selection, increases the potential
of physical-layer security algorithms and can extend recently
developed algorithms [87], [88], providing a trade-off among
improving the secrecy rate and an increase in packet-delay.
Therefore, BA relay selection algorithms with reduced delay
and consideration of possible data leakages constitute a fertile
research field.
K. Internet of Things
The continuous development of IoT will give rise to numerous exciting applications that are bound to shape our future
societies. In this context, smart energy management providing
efficiency from both economical and ecological points of view
can be realized. Buffering and cooperative relaying of metering
data can increase the robustness of such a critical application
[89]. Furthermore, considering the ever increasing number of
M2M transmissions for a broad range of applications such
as smart homes, e-health and smart transportation, BA relay
selection and opportunistic cooperation can enable reliable
communication with the optimal usage of spectral resources.
Employing BA relays as data aggregators with the role of
routing M2M to the core network can result in significant gains
in the robustness of such networks supporting IoT applications
[90]. Taking into consideration many of the aforementioned
challenges, IoT applications require ubiquitous and secure
access to the wireless medium. More importantly, the majority
of IoT applications calls for techniques that can provide
flexibility in transmission scheduling and distribution of data.
Thus, BA relay selection can be considered as a vital and
enabling technique for the forthcoming IoT era.
X. C ONCLUSIONS
Buffer-aided relay selection was an unknown concept a
decade ago, whereas nowadays relays constitute a useful building block in wireless communications due to the performance
improvements that accompany their use. Even though it is a
relatively new topic, a vast research effort has brought it to a
decent level. What is actually required at this stage is a way
to extract the big picture and give the necessary directions
for maturing the ideas and the technology imposed by this
research. This is the purpose of this survey; to review the
field of buffer-aided relay selection, present a modeling and
outage analysis framework, introduce the challenges required
to be addressed in order to efficiently adopt the concepts
in 5G networks (integrating among others, dense networks,
D2D communications and support for IoT applications) and
motivate future and emerging developments in the field.
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B UFFER - AIDED RELAY SELECTION POLICIES AND THEIR CHARACTERISTICS
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