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ABSTRACT This paper proposes a buffer-aided relay selection that is capable of exploiting both
half-duplex and virtual full-duplex (VFD) transmissions in a hybrid manner. In the proposed scheme,
we consider a two-hop cooperative network where each node is equipped with a single antenna, and
no direct link between the source to the destination exists. The proposed scheme consists of five relay
selection modes: two unicast modes, a broadcast mode, a cooperative beamforming mode, and a VFD
mode. Owing to the broadcast mode, multiple relay nodes can seamlessly have a common packet; this
mode is capable of solving the inter-relay interference problem imposed on the VFD mode. The proposed
scheme’s theoretical performance bounds on the throughput, the outage probability, and the delay are
derived. It is demonstrated in our simulations that the proposed scheme attains higher performance in
terms of a throughput and an outage probability than the conventional schemes while maintaining an
acceptable average end-to-end delay profile.

INDEX TERMS Buffer, half-duplex, outage probability, relay selection, theoretical analysis, virtual
full-duplex.

I. INTRODUCTION

THE CLASSIC relay-assisted cooperative
communications [1], [2] were designed for exploiting

the spatial diversity gain, hence increasing the capacity
and coverage. In order to further increase the diversity
gain in the conventional cooperative protocol, the class
of buffer-aided relay selection was proposed [3]–[21] and
leads to flexible transmission based on the quality of
channel state information (CSI). In a two-hop buffer-aided
relaying network, the max-max relay selection (MMRS)
was developed [7], where source-to-relay (SR) and relay-
to-destination (RD) links were activated alternately in each
slot. The MMRS scheme can achieve a better average delay
than the conventional counterparts that do not use the relay
nodes’ data buffers. In [8], the max-link (ML) scheme
was conceived, where a single strongest link is activated

for transmission in each slot, and a higher diversity order
than the MMRS scheme counterpart is achieved. To avoid
the detrimental overflow and empty states of buffers,
the ML scheme was extended to the buffer-state-based
(BSB) relay selection [17], [22]. Moreover, the concepts
of generalized MMRS (G-MMRS) and generalized ML
(G-ML) were developed [18]; these schemes exploit the
broadcast nature of wireless channels, i.e., multiple SR
links are simultaneously activated for allowing relay nodes
to share a common packet. This increases the number of
degrees of freedom, which improves performance of an
outage probability and a delay profile in comparison to
the conventional MMRS, ML, and BSB counterparts. The
performance of the ML scheme was also investigated for a
multi-hop wireless network in [23]. The idea of broadcast-
based packet sharing is exploited in several other contexts,
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such as in amplify-and-forward relaying [24], physical layer
security [25], cognitive radio [26], and non-orthogonal
multiple access (NOMA) [27], [28]. Furthermore, in [19],
cooperative beamforming was incorporated into the G-ML
protocol, where the outage probability is further reduced by
the explicit benefit of the beamforming gain.
In full-duplex (FD) transmission [29], a transceiver simul-

taneously transmits and receives in the same resource slot
and achieves a doubled transmission rate in comparison
to that of traditional half-duplex (HD) transmission. While
the FD transceiver suffers from strong self-interference, a
number of techniques were developed for reducing such
self-interference [30]–[32]. Also, cooperative communication
with an FD relay node was proposed [33]. However, suffi-
cient self-interference cancellation with a practical terminal
cost is still an open issue. To combat this limitation, the
concept of FD transmission is incorporated into buffer-aided
relay selection with HD relay nodes, which is referred to as
virtual full-duplex (VFD) [34]–[36]. In the VFD scheme,
one relay node receives a packet from a source node
while another relay node relay a different packet stored
in its buffer to a destination node, thereby enabling FD
transmission in a virtual manner without suffering from
self-interference. However, in [34]–[36], the detrimental
inter-relay interference (IRI) effects were ignored for sim-
plicity. In [37], [38], the IRI effects specific to VFD were
taken into consideration, allowing IRI to be canceled by
multiple antenna processing at relay nodes. Additionally,
the VFD scheme for multi-hop networks was investigated
in [39]. Moreover, the algorithm of a low-latency for the suc-
cessive opportunistic relaying (LoLA4SOR) was proposed
in [40], which is capable of operating in both HD and
VFD transmissions while maintaining the high diversity level
and the low packet delay. In the LoLa4SOR scheme, if the
VFD transmission fails to perform due to IRI effects, either
the HD SR or HD RD link is selected for transmission.
Furthermore, in [41], dirty paper coding (DPC) was exploited
at the receiving relay to cancel the effects of IRI. However,
DPC and decoding typically impose significantly high com-
plexity, while the knowledge of inter-relay channel is needed
at the source node. In [42], the maximum arrival rates of the
FD scheme under the statistical delay constraints have been
investigated. More recently, Nomikos et al. combined the
concepts of FD and NOMA for buffer-aided opportunistic
relay selection [43], [44], which increases the sum rate of
the network.
Motivated by the above-mentioned backcloth, the novel

contribution of this paper is that we propose buffer-aided
relaying selection that relies on hybrid exploitation of VFD
and HD transmission to increase an average throughput. The
proposed scheme consists of five transmission modes: (1) an
SR unicast mode, (2) an RD unicast mode, (3) an SR broad-
casting mode, (4) an RD cooperative beamforming mode, and
(5) a VFD mode for SR/RD transmission. Depending on CSI
and buffer state information (BSI), the best mode is activated
in each time slot. Specifically, since the VFD mode allows

FIGURE 1. System model of the proposed scheme, consisting of a single source
node, a single destination node, and multiple relay nodes with buffers.

us to have a doubled rate compared to the other modes,
the VFD mode is activated with a high priority. Since the
relay nodes can share a packet with the aid of our broadcast
mode, it is possible to carry out canceling of the effects of
IRI imposed at a receiving relay node based on ideal suc-
cessive interference cancellation (SIC). More specifically,
under the assumption of common-packet sharing, the SIC
of the proposed scheme is capable of perfectly eliminating
interference.1 The original idea of this paper was provided in
our preliminary work [45], which, however, provide neither
the mathematical analysis of the outage probability, the aver-
age packet delay, nor the throughput of the proposed scheme,
while this paper does. Also, the comprehensive performance
investigations and the validation between the analytical and
numerical results are provided in this paper.
The rest of this paper is structured as follows. In Section II,

the system model is provided and in Section III, our relay
selection algorithm is proposed. In Section IV, the theoretical
bounds on an outage probability, a throughput, and a delay
profile of the proposed scheme are derived. Then, we eval-
uate the performance of the proposed scheme in Section V.
Finally, the present paper is concluded in Section VI.

II. SYSTEM MODEL
Fig. 1 depicts a relay network considered in this paper,
which consists of a source node, multiple K relays nodes,

1. Note that similar to the proposed scheme, the NOMA-assisted buffer-
aided relay selection scheme of [28] also relies on the activation of one out
of multiple transmission and relaying modes. However, the NOMA and VFD
modes are essentially different. In the uplink NOMA mode of [28], activated
relay nodes simultaneously transmit their own packets to a destination node
with appropriate power allocation. By contrast, in the VFD mode of the
proposed scheme, each of the activated relay nodes are activated either as
a receiving or a transmitting relay node, and then simultaneously transmit
a buffered packet to a destination node or receive a packet from a source
node. Hence, the proposed scheme elaborates on the cancellation of the
detrimental IRI effects, unlike the NOMA-based scheme of [28].
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FIGURE 2. Five transmission modes in the proposed scheme; (a) SR unicast mode, (b) RD unicast mode, (c) SR broadcast mode, (d) RD cooperative beamforming mode, and
(e) VFD mode for SR and RD transmissions.

and a destination node, where there is no direct source-to-
destination (SD) link.2 Each relay node is equipped with a
data buffer with a size L. Also, we assume that each node has
a single antenna element, operating under HD and decode-
and-forward (DF) principles. The channel coefficients of the
ith SR link, the relay-to-relay (RR) link between the ith
and the jth relay nodes, and the jth RD link are denoted as
hSRi , hRRji and hRDj , respectively. All the links are assumed
to follow independent frequency-flat Rayleigh block fading,
where each channel coefficient remains unchanged over each
time slot and it is generated as a random variable that obeys
the zero-mean Gaussian distribution with a unit variance.
Each node’s transmission rate is fixed at r0 bps/Hz.3 After
the destination node successfully decodes a packet, a one-bit
acknowledge packet is broadcast from the destination node
to the relay nodes with stable low-rate feedback links, and
then the packet stored in the buffers is deleted.
Similar to previous studies on buffer-aided relay selec-

tion [7], [12], [18], we assume that the destination node
acts as a central coordinator to collect and estimate CSI and
BSI for each SR and RD link. The source node sends the
pilot signal to the K relays, and each relay node then esti-
mates the CSI based on the received pilot signal. After that,
the estimated CSI and BSI are transmitted to the destina-
tion node. Finally, each relay node sends the pilot signal to

2. If there is a stable direct SD link, a two-hop relaying network does
not have to be considered. Hence, in this paper, we focus our attention on
the scenario of an unreliable SD link, such that an SD link is blocked or
the source and destination nodes are apart far from each other.

3. The buffer-aided relay selection schemes are classified into fixed-rate
and adaptive-rate ones. The adaptive-rate relay selection achieves high band-
width efficiency, while the fixed-rate power-adaptive relay selection exhibits
a higher power efficiency. More specifically, in fixed-rate relay selection, a
transmit power that satisfies the activation criterion is set at each transmit-
ting node. Hence, given a fixed transmission rate, the power consumption
may be minimized as far as the transmission does not fall into outage,
which corresponds to well-known quality-of-service (QoS) transmission.

the destination node for the estimation of each RD link’s
CSI. We assume that the central coordinator determines the
transmission mode in each time slot based on the estimated
CSI and BSI. However, when the channels vary slowly, the
frequency of the CSI and BSI updates may be reduced to
once every channel coherence time.4

In our protocol, the transmission is classified into five
modes: 1) a unicast mode for SR transmission, 2) a unicast
mode for RD transmission, 3) a broadcasting mode for
SR transmission, 4) a cooperative beamforming mode for
RD transmission, and 5) a VFD mode for SR and RD
transmissions, which correspond to Figs. 2(a)–2(e), respec-
tively. Similar to most previous buffer-aided relay selection
schemes, in the proposed scheme, to activate an SR link,
the buffer of the associated relay node has to have an empty
slot. Similarly, to activate an RD link, the associated relay
node has to have at least one packet in the buffer.
To expound a little further, it may be readily possible

to include other transmission modes, such as the NOMA
mode [27], [28], [48], the bidirectional mode [49], [50], and
the underlay cognitive mode [26], into our scheme. However,
our focus is on the introduction of the SIC-based VFD mode
with the aid of packet sharing among the relay nodes.

A. UNICAST MODE FOR SR LINK
Fig. 2(a) illustrates the unicast mode for the selected SR link,
where a packet is stored at the buffer of the selected relay
node. The channel capacity of the ith SR link is given by

CSRUni(i) = 1

2
log2

(
1 + ∣∣hSR(i)

∣∣2
γSR

)
, (1)

4. When the channels change rapidly, or the CSI/BSI feedback errors
exist, the achievable performance may deteriorate. To combat this lim-
itation, several relay selection protocols with outdated CSI have been
developed [46], [47].
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where γSR denotes the average signal-to-noise ratio (SNR)
of the SR links. If CSR(i)

Uni > r0 and the buffer of the ith relay
node is not full, then the associated unicast from the source
node to the ith relay node is successful.

B. UNICAST MODE FOR RD LINK
Fig. 2(b) shows the unicast mode for the selected RD
link, similar to the unicast mode for SR transmission of
Section II-A. The channel capacity of the jth RD link is
given by

CRDUni(j) = 1

2
log2

(
1 + ∣∣hRD(j)

∣∣2
γRD

)
, (2)

where γRD is the average SNR of the RD links. If CRD(j)
Uni >

r0 and if the buffer of the jth relay node is not empty,
the corresponding unicast from the jth relay node to the
destination node is successful.

C. BROADCAST MODE FOR SR LINKS
Fig. 2(c) shows the broadcast mode for SR links, where
multiple SR links are activated simultaneously, which is pos-
sible without imposing an additional time slot owing to the
broadcast nature of wireless channels. An information packet
is transmitted from the source node to the relay nodes asso-
ciated with the activated SR links. To distinguish the unicast
mode and the broadcast mode, the case where only a single
SR link is activated is defined as the unicast mode for SR
transmission, rather than the broadcast mode.
Let us define the index set of the activated SR links as

T ∈ {1, . . . ,K}. Then, the broadcast mode is successful
when all the buffers of the activated relay nodes are not full
and all the capacities of the activated SR links are higher
than r0. More specifically, the ith SR link is included in the
activated link set T , if it satisfies:

CSRUni(i) ≥ r0. (3)

Note that this broadcast mode plays an important role in
the proposed scheme since the packet sharing among the
relay nodes allows us to seamlessly carry out SIC in the
cooperative beamforming and VFD modes, which is achieved
without relying on the use of multiple antenna elements at
the relay nodes.5

D. COOPERATIVE BEAMFORMING MODE FOR RD LINKS
Fig. 2(d) shows the cooperative beamforming mode for RD
transmission, where a packet shared among a subset of the
relay nodes is simultaneously transmitted from the selected
relay nodes to the destination node in a coherent manner.

5. While employing multiple antennas at relay nodes enables the IRI
cancellation, there are drawbacks. First, the antenna’s degree of freedom is
consumed to cancel the IRI effects. This implies that the proposed scheme
is capable of exploiting such an unused antenna’s degree of freedom for
increasing beamforming or multiplexing gain when multiple antennas are
used at relay nodes. Second, in the recent Internet of Things (IoT) and
device-to-device (D2D) communications, all the nodes in the network are
not necessarily equipped with multiple antenna elements.

The transmission weight at the jth relay node is set to wj =
g∗
j /‖gc‖, where we have gc = [g1, g2, . . . , gK]T . The weights
corresponding to the selected relay nodes are the same as
the corresponding RD links, i.e., gj = hRDj , while those of
the unselected relay nodes are set to zero.
The capacity of all RD links for the cooperative beam-

forming mode is given by

CRDBeam(gc) = 1

2
log2

(
1 + ‖gc‖2γRD

)
. (4)

Note that each cooperating relay node has to have the
associated channel coefficients gc, which may be provided
from the central coordinator. Furthermore, to carry out coop-
erative beamforming, the cooperating relay nodes need to be
precisely synchronized.

E. VFD MODE FOR SR AND RD TRANSMISSIONS
All the above four modes (Sections II-A–II-D) operate under
the HD principle, where either transmission or reception
is done at the relay nodes in each time slot. By contrast,
Fig. 2(e) shows the VFD mode, where a single receiving
relay node receives a packet from the source node, while
another single transmitting relay node transmits a packet in
the buffer to the destination node simultaneously. Let us
assume that the ith and the jth relay nodes as the receiving
and transmitting relay nodes, respectively. Then, the signal
received at the receiving relay node and that received at the
destination node are given by

yR(i) = hSRi xS + hRRji xj + ni (5)

yD(j) = hRDj xj + nD, (6)

where xS and xj denote packets transmitted from the source
node and the jth relay node, respectively. Also, ni and nD
are the associated AWGNs.
Here, since we assume that a packet transmitted from

the jth relay node is shared between the ith and jth relay
nodes, the ith relay can calculate hRRji xj with the aid of the
channel estimation of hRRji . Then, the received signal (5) is
modified to

ỹR(i) = yR(i) − hRRji xj
= hSRi xS + ni. (7)

The channel capacities corresponding to (7) and (6) are
given by

CSRVFD(i) = 1

2
log2

(
1 + |hSRi |2γSR

)
(8)

CRDVFD(j) = 1

2
log2(1 + |hRDj |2γRD), (9)

respectively. In order to activate the VFD mode, the receiv-
ing and transmitting relay nodes have to have a common
packet in their buffers; this packet is used for eliminating
IRI at the receiving relay node with SIC. Hence, we have
the relationship CSRVFD(i) = CSRUni(i). The VFD mode is not
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in outage when both of capacities CSRVFD(i) and CRDVFD(j) are
higher than the target rate r0, i.e.,

min
{
CSRVFD(i), CRDVFD(j)

}
≥ r0. (10)

Note that according to (10), we assume that when the VFD
mode is in an outage, both the SR and RD transmissions
fail, for simplicity. However, it may be possible that either
of the SR and RD transmissions may be successful, even
in the outage event of the VFD mode. To take into account
this effect, the other definition may be employed. (See [50]
for detail.)
In the VFD mode, two parallel SR and RD links are acti-

vated, and the total transmission rate is doubled compared
to the other four modes. Hence, in our protocol, the VFD
mode is activated as many times as possible, as shown in
the following section. Furthermore, note that in SIC of (7),
the receiving relay node has to have the RR channel hRRji .
In our scheme, the relay nodes periodically transmit pilot
symbols to the central coordinator, and hence the receiv-
ing relay node can overhear the pilot transmission from the
transmitting relay node to estimate the associated RR channel
coefficient.

III. PROPOSED ALGORITHM
Our relay selection algorithm is designed for operating
using the VFD transmission as often as possible in order
to increase the average throughput. In order to activate the
VFD mode, the following constraints have to be satisfied.

(C1) The receiving and the transmitting relay nodes (i, j)
are different, i.e., i �= j.

(C2) The receiving and the transmitting relay nodes have
a common packet in their buffers.

(C3) The SR and RD links associated with the receiving
and transmitting relay nodes are not in outage, i.e.,
the inequality (10) is satisfied.

More specifically, (C1) constraints the selected receiv-
ing and transmitting relay nodes are different, similar to
[35], [37], [38]. This is because, in this paper, we focus on
VFD transmission rather than the full-duplex transmission
suffered from self-interference. Also, (C2) imposes the con-
straint needed to operate SIC at the receiving relay node,
based on a shared packet between the two relay nodes.
Furthermore, (C3) is the condition needed for successful
simultaneous SR and RD transmissions in our VFD mode.
If these three constraints (C1)–(C3) are not satisfied,

instead of the VFD mode, one of the other four HD modes is
activated based on the priorities of the available SR and RD
links. Only when all the constraints (C1)–(C3) are satisfied
the VFD mode is activated. Herein, we define �i,j as the
set of the SR and RD link pairs that satisfy (C1)–(C3).

A. CASE OF �i,j �= Ø
Let us consider the case where the VFD mode is activated,
i.e., �i,j �= ∅. According to [35], we assume that the

strongest link pair between SR and RD links is selected
for the VFD transmission, which is given by(

î, ĵ
)

= arg max
i,j∈�i,j

{
min

(
CSRVFD(i), CRDVFD(j)

)}
, (11)

where î and ĵ are the indices of the selected receiving
and transmitting relay nodes, respectively. The reason to
select a strongest link pair is that the transmit power con-
sumption is reduced as far as transmission does not fall
into outage, which corresponds to fixed-rate power-adaptive
transmission.

B. CASES OF �i,j = Ø
By contrast, when any of the constraints (C1)–(C3) is not
satisfied, one of the four HD modes is selected based on the
priorities of the available SR and RD links corresponding
to BSI. Similar to [19], [25], [26], [28], let us introduce
the target number of packets stored in the buffer of the kth
relay node as ζk. More specifically, ζk provides the prior-
ity to the selection of RD link or SR link, depending on
whether the number of packets stored at the relay nodes
exceeds ζk or not. When ζk is higher than the number of
packets stored at the relay node, an RD transmission mode
tends to be activated. Otherwise, an SR transmission mode
has the priority to be selected. The detailed function of
this thresholding parameter is found in [19], [25], [26], [28].
The difference from the target number of packets is
calculated by

�k = �k − ζk, k ∈ {1, . . . ,K}. (12)

This gives us the priority of each of the available SR and
RD links as follows.
� The priority of the ith SR link is set to high if �k < 0,

where k = i.
� The priority of the jth RD link is set to high if �k ≥ 0,

where k = j.
Let us define the numbers of the SR and RD links with

high priority as q(i) and q(j), respectively. Based on q(i) and
q(j), we can select one of four modes as follows.

1) q(i) > q(j)

When q(i) > q(j), one of the two SR modes, i.e., the unicast
and broadcast modes, is activated. The broadcast mode is
activated if multiple SR links are not in outage and if the
buffers of the associated relay nodes are not full. Otherwise,
the unicast mode is activated by selecting a single strongest
SR link.

2) q(i) < q(j)

When q(i) < q(j), one of the two RD modes, i.e., the uni-
cast and the cooperative beamforming modes, is selected.
If multiple RD links are not in outage and the buffers of
the associated relay nodes are not empty, then the cooper-
ative beamforming mode for RD transmission is activated.
Otherwise, the unicast mode for RD transmission is activated
by selecting a single strongest RD link.
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Algorithm 1 The Summary of the Proposed Algorithm

Require: �i,j, q(i), q(j)

1: if �i,j �= ∅ then
2: VFD mod is activated.
3: (Rî,Rĵ) = arg maxi,j∈�i,j

{min(CSRVFD(i), CRDVFD(j))}
4: else
5: if q(i) > q(j) then
6: if q(i) = 1 then
7: SR unicast mod is activated.
8: else
9: SR broadcast mode is activated.
10: end if
11: end if
12: if q(j) > q(i) then
13: if q(j) = 1 then
14: RD unicast mod is activated.
15: else
16: RD beamforming mode is activated.
17: end if
18: end if
19: if q(i) = q(j) then
20: If the strongest link is an SR link, one of the

two SR modes is activated according to 1)
21: If the strongest link is an RD link, one of the

two RD modes is activated according to 2)
22: end if
23: end if

3) q(i) = q(j)

For q(i) = q(j), either the SR transmission mode (the unicast
or the broadcast mode) or the RD transmission mode (the
unicast or the cooperative beamforming mode) is selected. If
the strongest link is an SR one, then one of the two SR modes
is activated according to 1). Similarly, if the strongest link
is the RD one, then one of the two RD modes is activated
according to 2).
The proposed selection algorithm is summarized in

Algorithm 1.

IV. THEORETICAL BOUNDS
In this section, we derive the theoretical bounds on the outage
probability, the throughput, and the average delay. First, we
formulate the probability of successful transmission for each
mode under the assumption that specific link(s) are selected.
Then, we provide the state transition matrix.

A. SUCCESSFUL TRANSMISSION PROBABILITY
1) UNICAST MODE FOR SR AND RD TRANSMISSION

According to [17] and [19], the probability that a single
specific SR or RD link is not in an outage event is given
respectively by

PSRSingle =
∫ ∞

γt
γSR

e−xdx = e
− γt

γSR (13)

PRDSingle =
∫ ∞

γt
γRD

e−xdx = e
− γt

γRD , (14)

where

γt = 22r0 − 1. (15)

2) BROADCAST MODE FOR SR TRANSMISSION

In the broadcast mode, multiple SR links are simultaneously
activated to deliver a packet to the associated relays. Here, we
denote the number of activated SR links as QSR. From (13),
the probability that specific QSR SR links are not in an
outage event is given by

PSRMul =
(
PSRSingle

)QSR
(16)

= e
−QSRγt

γSR . (17)

3) COOPERATIVE BEAMFORMING MODE FOR RD
TRANSMISSION

In the cooperative beamforming mode, multiple RD links
are coherently activated to send a common packet to the
destination node. According to [51], the probability distri-
bution of a sum of independent exponential distributions is
a gamma distribution, i.e.,

f (QRD, λ) = λQRD

�(QRD)
xQRD−1e−λx, (18)

where λ is the variance of the fading channels, QRD is the
number of activated RD links, and

�(QRD) =
∫ ∞

0
tQRD−1e−tdt. (19)

For example, let us consider the case that QRD = 2 spe-
cific RD links are selected for cooperative beamforming.
Also, recall that we consider channel coefficients with unit
variance, i.e., λ = 1. Then, from (18), the successful trans-
mission probability for cooperative beamforming with the
activations of QRD = 2 specific RD links is given by

PRDCoop =
∫ ∞

γt
γRD

1

�(2)
xe−xdx (20)

=
∫ ∞

γt
γRD

xe−xdx (21)

=
(

1 + γt

γRD

)
e
− γt

γRD . (22)

4) VFD MODE

In the VFD mode, SR and RD links are simultaneously
activated, where we are assuming that the related relay nodes
have a common packet in the buffers. Given that specific
SR and RD links are activated, the associated successful
transmission probability is calculated by

PVFD = PSRSingle · PRDSingle. (23)
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FIGURE 3. The proposed scheme’s state diagram for the system parameters
(K , L) = (2, 2).

B. THEORETICAL OUTAGE PROBABILITY BOUND
Next, we derive the theoretical bound on the outage
probability. Let us define a transition matrix as A ∈
R
Nstate×Nstate , where the pth-row and qth-column entry Apq

represents the transition probability from state sq to state
sp and Nstate is the number of sets of all possible legiti-
mate states. We denote SVFD is the set of the states, which
have the potential to perform the VFD mode in terms of
buffer states. For example, the system with the parame-
ters (K,L) = (2, 2) has Nstate = 19 legitimate states; these
states are the same as those listed in [18, Table III]. The
associated transition state diagram of the Markov chain
model for the VFD mode is presented in Fig. 3, while
the transitions for the four HD modes of our scheme
are similar to those in the conventional G-ML scheme
in [19].
We denote 	q, 	SR

pq , and 	RD
pq by the sets of legitimate

links, available SR links, and available RD links for state
sq. Furthermore, we consider the sets of available SR
and RD links as 	pq = 	SR

pq ∪ 	RD
pq for state sq. Then,

the transition probability from state sq to state sp is
represented by

Apq =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

P
(
	SR
pq

)
if sq /∈ SVFD and q(i) > q(j)

∑
	RD
pq ⊂	q

P
(
	RD
pq

)
if sq /∈ SVFD and q(i) < q(j)

∑
	pq⊂	q

P
(
	pq

)
×P

(
sq → sp|	pq

)
otherwise,

(24)

where P(	pq) = P(	SR
pq ) · P(	RD

pq ). Moreover, Pr(	SR
pq ) and

Pr(	RD
pq ) are the probabilities that a subset 	SR

pq and a subset
	RD
pq can successfully deliver a packet, which is expressed

respectively, by

P
(
	SR
pq

)
=

(
PSRSingle

)QSR
(

1 − PSRSingle

)K−QSD
(25)

P
(
	RD
pq

)
=

(
PRDSingle

)QRD
(

1 − PRDSingle
)K−QRD

. (26)

Also, P(sq → sp|	pq) is the probability from state sq to state
sp conditioned on our algorithm of Section III and the link
set 	pq.

The outage probability for state sq can be calculated by

Aqq =
(

1 − PSRSingle

)QSR ×
(

1 − PRDSingle
)QRD

. (27)

The steady-state probabilities of π = [π1, . . . , πNstate ]
T ∈

R
Nstate×Nstate are calculated by

π = (A − I + B)−1b ∈ R
Nstate , (28)

where I ∈ R
Nstate×Nstate is the identity matrix, b =

[1, . . . , 1]T ∈ R
Nstate , and B = [b, . . . ,b] ∈ R

Nstate×Nstate .
Since the qth diagonal entry of A corresponds to the outage
probability for state sq, the theoretical bound on the outage
probability is given by

Pout = diag(A)Tπ . (29)

C. THEORETICAL THROUGHPUT
The theoretical throughput of the proposed scheme is
represented by

η =
Nstate∑
q=1

πq

⎛
⎝

Nq∑
p=1

Apq · εpq

⎞
⎠, (30)

where εpq is the number of the different packets transmitted
during the transmission mode from state q to state p, and
Nq is the number of states reachable from state sq.

D. THEORETICAL AVERAGE DELAY
According to [13], the average delay experience by the kth
relay node is represented by

E[Dk] = E[�k]

ηk
, (31)

where E[�k] is the average number of packets stored at the
kth relay node’s buffer, and ηk is the average throughput at
the kth relay node. The total average delay is calculated by
the sum of the average delay at the source node E[DS] and
that at each relay node E[DR], i.e.,

E[D] = E[DS] + E[DR]. (32)

Assuming that source information is saturated, the average
delay at the source node is fixed at E[DS] = 1. In a two-hop
network, we assume that the probability of selecting an SR
link and that of selecting an RD link are the same, similar
to [13]. Therefore, the average throughput of the network is
given by η/2.
For L = 2 relay nodes, the throughput averaged over all

the two relay nodes is given by

ηR = η

22
, (33)

and the queuing length averaged over all the two relay nodes
is expressed as

E[�R] = 1

2

Nstate∑
k=1

πkνk, (34)
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FIGURE 4. The numerical and theoretical results of the proposed scheme with the system parameters of (K , L, ζk ) = (2, 2, 1); (a) the outage probability (b) the throughput and
(c) the average delay.

FIGURE 5. Outage probabilities of the proposed scheme (with and without the VFD
mode), ML, G-ML, MMRS, G-MMRS and BSB-ML schemes with system parameters
(K , L) = (3, 3) and target number of packets ζk = 2.

where νi is the number of different packets stored at the
relay nodes in state si. Then, the delay averaged over all the
two relay nodes is given by

E[DR] = E[�R]

ηR

= 2

η

Nstate∑
k=1

πkνk. (35)

Finally, the average delay of the network is formulated as

E[D] = 1 + 2

η

Nstate∑
k=1

πkνk. (36)

V. SIMULATION RESULTS
In this section, we provide our simulation results to
show the proposed scheme’s achievable performance. The
performance is compared with the existing benchmark
schemes, i.e., ML, G-ML, MMRS, G-MMRS, and BSB-
ML [22]. The target rate of each node is fixed at r0 =
1 bps/Hz. The initial buffer state of each relay node is set to

FIGURE 6. Outage probabilities of the proposed scheme with system parameters
(K , L) = (2, 6) and (3, 6) and target number of packets ζk = 1, 3, and 5.

FIGURE 7. Average delay of the proposed scheme (with and without the VFD mode),
ML, G-ML, MMRS, G-MMRS and BSB-ML schemes, with system parameters
(K , L) = (3, 3).

be empty, and a sufficient number of packets are transmitted
in each Monte Carlo simulation. Also, we considered the
symmetric channel scenario of γSR = γRD.
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FIGURE 8. Average delay of the proposed scheme with the target number of packets
ζk = 1, 2, and 3; (a) K = 3 and (b) L = 6.

To validate our system model, in Fig. 4(a), we plotted
the numerical and the theoretical curves of the proposed
scheme for system parameters (K,L, ζk) = (2, 2, 1). Observe
in Figs. 4(a), 4(b), and 4(c) that the numerical curves of the
outage probability, the throughput, and the average delay
curves coincided with the theoretical ones.
Next, Fig. 5 shows the outage probability of the proposed

scheme with and without the VFD mode, and the five
benchmarks, where we have used the system parameters
(K,L) = (3, 3) and the target number of packets was set to
ζk = 2. As shown in Fig. 5, the BSB-ML scheme exhibited
a lower outage probability than the proposed scheme with
the VFD mode, since the proposed scheme is focused more
on high throughput and low average delay. Nevertheless, the
proposed scheme with the VFD mode achieved the lowest
outage probability of the remaining four schemes, owing to
our adaptive multi-mode selection.
As shown in Fig. 6, we investigated the effect of target

size ζk on the outage probability, considering the system

FIGURE 9. Average throughput of the proposed scheme (with and without the VFD
mode), ML, G-ML, MMRS, and G-MMRS benchmarks shown for comparison, with
system parameters (K , L) = (6, 6).

parameters (K,L) = (2, 6) and (3, 6). The target number
of packets was taken to be ζk = 1, 3, and 5, while the
average SNR was varied from γt = 5 dB to 13 dB. In
each scenario for K, the proposed scheme with target value
ζk = 3 achieved the best performance. This may be because
the detrimental states of both empty and full buffers were
successfully avoided.
Fig. 7 shows the average delay of the proposed scheme

(with and without the VFD mode) with the target number of
packets ζk = 1, which is compared with the five benchmark
schemes. The system parameters were taken to be (K,L) =
(3, 3). Also, the average SNR was varied from γt = 0 dB to
20 dB. As a result, the proposed scheme without the VFD
mode outperformed the five benchmark schemes. Moreover,
the proposed scheme with the VFD mode can also provide
lower average delay than the five benchmark schemes in the
low SNR region of approximately γt ≤ 12 dB. Furthermore,
with the increase of the average SNR, the proposed scheme’s
average delay converged to a specific value, the same one
as the G-ML and G-MMSE schemes.
To obtain further insight, in Fig. 8, we investigated the

effects of the target number of packets ζk on the average
delay, where the target number of packets was taken to
be ζk = 1, 2, and 3 while maintaining the SNR fixed at
γt = 5 dB. Fig. 8(a) shows the results with the buffer size
L varying and the number of relay nodes fixed at K = 3,
whereas Fig. 8(b) shows those with the number of relay
nodes K varying and the buffer size fixed at L = 6. Observe
in Figs. 8(a) and 8(b) that the proposed scheme with target
number ζk = 1 achieved the lowest average delay. This is
because the total number of packets stored in the buffers
was kept low with ζk = 1.

Next, the achievable average throughput was investigated.
Fig. 9 compared the average throughput between the proposed
scheme (with and without the VFD mode), the ML,
G-ML,MMRS,G-MMRS, andBSB-MLbenchmark schemes,
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FIGURE 10. Throughput of the proposed scheme with the target number of packets
taken to be ζk = 1, 2, and 3; (a) K = 3, and (b) L = 6.

considering the system parameters of (K,L) = (6, 6) and the
target number of packets fixed at ζk = 1. As shown in Fig. 9,
the proposed scheme with the VFD mode outperforms the
five benchmark schemes over the entire SNR range, owing
to the VFD mode included in the proposed scheme. Also,
the proposed scheme without the VFD mode exhibited an
average throughput similar to that of the ML scheme.
In Fig. 10, the effects of ζk on the achievable average

throughput were investigated for the SNR of 20 dB. The
other system parameters used in Figs. 10(a) and 10(b) were
the same as those of Figs. 8(a) and 8(b), respectively. In
Figs. 10(a) and 10(b), it was found that the proposed scheme
with ζk = 1 achieved the highest throughput. This is expected
from the theoretical average delay (36), which is proportional
to the number of different packets stored in the buffers.
Finally, Fig. 11 shows the distribution of the transmission

modes in the proposed scheme with the system parameters
(K,L) = (6, 10). The average SNR was varied from 0 dB

FIGURE 11. Distribution of the transmission modes in the proposed scheme with
system parameters (K , L) = (6, 10). Average SNR varies from 0 dB to 20 dB.

to 20 dB. As shown in Fig. 11, in the case of the lowest
SNR value, 0 dB, the outage event dominated, followed
by the unicast mode for SR and RD transmission, in that
order. Upon increasing the SNR, the proportion of the VFD
mode increased, contributing to a higher throughput. Also,
it was observed that the VFD and the broadcast modes are
dominant in the high SNR region (i.e., SNR ≥ 12 dB). This
is because the VFD mode tended to be activated after a
source packet was shared by relay nodes as a result of the
activated broadcast mode.

VI. CONCLUSION
This paper proposed the buffer-aided relay selection scheme
capable of adaptively selecting four HD transmission modes
and a single VFD transmission mode. More specially, in the
VFD mode, the detrimental effects of IRI are eliminated with
the aid of SIC, which is enabled owing to a common packet
shared by multiple relay nodes. The theoretical outage prob-
ability, throughput, and average delay bounds were derived.
Our numerical results demonstrated that the proposed scheme
provides higher average throughput than the four benchmark
HD schemes. Also, the proposed scheme achieves a lower
outage probability with an acceptable average delay profile
than the benchmark schemes.
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