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ABSTRACT This paper investigates the performance of a buffer-aided cooperative relay network. In the
proposed design, each location in a buffer is assumed to act independently called the virtual relay having a
buffer of size 1. The relay selection is based on the instantaneous strength of the wireless link and status of
the virtual relay buffer. The proposed scheme is analyzed for symmetric and asymmetric channel conditions
and also for symmetric and asymmetric buffer sizes at the relay. Markov chain is used to model the evolution
of buffer status and to derive the closed-form expressions for outage probability, diversity gain, delay, and
throughput. The proposed design achieves the diversity gain of (L1 + L2 + · · · + LK ), where Li is the buffer
size of the i-th relay and K is the total number of relays.

INDEX TERMS Buffer-aided, virtual relaying, cooperative communication, diversity gain, relay selection.

I. INTRODUCTION
Cooperative relaying (CR) is a popular technique to enhance
the performance of a wireless network. It increases the diver-
sity gain, reduces the outage probability and increases the
throughput. Normally, in a half-duplex CR network, single
relay is selected which is responsible for the reception of data
in the odd time slot and transmission of data in the subsequent
even time slot [1]. It provides significant improvement in
the system’s performance, however, the selection of single
relay is not often ideal because the corresponding channels
undergo independent fading. This is called channel mismatch
problem [2]–[4].

To ease the aforementioned problem, data buffer is incor-
porated at the relay. The introduction of data buffer allows the
selection of different relays for reception and transmission of
data. It helps to exploit the best channel for data reception at
relay and the best channel for data transmission from relay.
It not only decreases the outage probability, however, it also
improves the diversity gain and throughput. Buffer-aided
CR offers many advantages as compared to traditional
schemes, however, it leads to new challenges for system

design as well. In buffer-aided CR, the strongest contributive
link in terms of signal to noise ratio (SNR) is selected for
transmission which requires the acquisition of channel state
information (CSI). Moreover, the design with finite buffers
requires buffer state monitoring as well. Furthermore, storing
packets in the buffers brings in the additional packet delay.
There are two types of delay: block delay and packet delay.
The block delay is the time required to send the block of pack-
ets from source to destination, whereas, the packet delay is the
time required by an individual packet to reach from source
to destination. The block delay in a buffer-aided scheme is
same as in buffer-less scheme since all the packets need
two time slots to reach the destination. However, the packet
delay is different for different packets because a packet has to
wait inside the buffer until the respective relay to destination
(relay-destination) link is selected. The delay increases lin-
early with the increase in the number of relays or buffer size.
The greater the number of relays, greater will be the packet
delay because the probability of selecting relay-destination
link decreases. Hence, the buffer-aided cooperative protocols
generally have increased design complexity [2].
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Buffer-aided relay selection schemes can be divided into
two categories on the basis of their transmission scheme.
They are two-slot and one-slot. In a two-slot transmission
scheme, source and relay transmit in the alternate time slots
like in [1], however, different relays can be selected for
reception and transmission. Whereas, in one-slot transmis-
sion scheme, any relay either for reception or transmission
can be selected in any time slot. The one-slot scheme provides
the full diversity gain of twice the number of relays, as com-
pared to two-slot scheme having the diversity gain equal to
the number of relays, however, there coexist the increased
packet delay. In this work, we focus on one-slot transmission
scheme.

A. LITERATURE REVIEW
The best relay selection (BRS) scheme [1] is a tradi-
tional (buffer-less) relay selection scheme considered as a
benchmark. Following the two-slot transmission regulation,
it selects the best relay for reception and transmission in the
odd and even time slots, respectively. The best relay is one
whose minimum of both source to relay (source-relay) and
relay-destination link is maximum. This scheme achieves the
diversity gain of K , where K is the number of relays and a
packet delay of 2 time slots.

Removing the barrier of a single relay selection for both
reception and transmission purposes, a buffer-aided CR is
introduced. The fundamental works in buffer-aided relay
selections are max-max relay selection (MMRS) [5] scheme
and max-link relay selection (MLRS) [6] scheme. MMRS
scheme is based on traditional two-slot transmission routine.
It considers link quality as the only metric in the relay selec-
tion process. In the odd time slot, the strongest link among
all contributive source-relay links is selected and data is sent
from the source to the corresponding relay and it is stored
in the respective relay buffer. While in the even time slot,
the strongest contributive relay-destination link is selected
and data from the buffer of the selected relay is sent to the
destination. In contrast to MMRS, the MLRS scheme [6] fol-
lows the one-slot transmission regulation for source and relay.
Like MMRS, It also considers link quality as the only metric
in the relay selection process. In any time slot, it selects the
relay which has the strongest link among all contributive links
between source-relay and relay-destination. When source-
relay link is the strongest, source transmits the data packet to
the selected relay and relay stores it in its buffer. Alternatively,
when relay-destination link is the strongest, selected relay
transmits the data packet from its buffer to the destination.
As a result, the MLRS scheme achieves a higher diversity
gain approaching to 2K when buffer size is very large as
compared to MMRS scheme having a diversity gain of K .
It has the packet delay of 1 + KL time slots, where L is the
buffer size. Motivated by the MLRS and MMRS schemes,
several other efforts have been made in buffer-aided CR with
an aim to enhance performance in terms of the diversity
gain, delay, throughput etc. Charalambous et al. [7] intro-
duced the direct link between source and destination in the

MLRS scheme and achieve a diversity gain of 2K+1 at a very
large buffer size. This scheme achieved slight reduction in the
delay as compared to the delay in MLRS scheme, because
some packets are transmitted directly to the destination.
Tian et al. [8] proposed buffer-aided relay selection for
amplify and forward (AF) relaying technique. It achieves
same diversity and coding gain as of MLRS scheme and a
delay of 1+ KL time slots. Recently, a buffer-aided reduced
delay relay selection (RDRS) scheme is proposed in [9]
that prioritizes relay-destination link over source-relay to
reduce the delay. It considers link quality as the only relay
selection metric and based on one-slot transmission scheme.
In any time slot, it first looks for the strongest link among
all contributive relay-destination links. If the strongest link
is not in the outage, the selected relay transmits the data
packet from its buffer to the destination. Otherwise, it selects
the strongest link among all contributive source-relay links.
If the strongest link is not in the outage, the source transmits
the data packet to the selected relay and the selected relay
stores it in its buffer. RDRS scheme is specifically designed
to keep the buffer queues as short as possible. This scheme
attains the delay of 2 time slots, however, it compromises its
diversity gain from 2K to K + 1 at large buffer size. Another
attempt to increase the diversity gain was proposed in [10].
In this scheme, the authors acquire the diversity gain equal
to MLRS scheme using the two-slot MMRS transmission
schedule. Furthermore, they reduced the end-to-end packet
delay at high SNR.

Because the relay selection in MMRS and MLRS schemes
is only based on channel quality, the relays are prone to full
and empty buffers. The full buffer cannot receive data and the
empty buffer cannot transmit data. Thus, reducing the number
of contributive links for data transmission. To avoid full and
empty buffers, a buffer status based relay selection scheme
is presented in [11] that considers buffer status along with
link quality in the relay selection process. In this scheme,
a weight based scheme is proposed that selects the best relay
for reception or transmission based on the most contribu-
tive or on the most occupied buffer space, respectively. This
scheme achieves the full diversity gain of 2K at a small
buffer of size 3. Themax-weight scheme randomly selects the
link for reception or transmission, when multiple links have
equal weights on both sides. This problem is addressed by
Raza et al. [12] and link priority and quality based selec-
tion parameters are proposed when multiple links have same
weight to reduce the outage probability and delay. Another
effort is presented in [13] in which authors propose a score
based relay selection scheme based on link quality and buffer
status. A buffer state based relay selection scheme is proposed
in [14] that selects the best relay based on channel quality
and buffer status. It prioritizes the relay-destination link when
buffer has 2 or more than 2 packets to avoid empty buffers and
to reduce the delay. This scheme achieves the full diversity
gain at small buffer size of 3 and the less delay as compared
to the delay in MLRS scheme. A similar attempt using AF
relaying was proposed by Oiwa et al. [15]. They introduced
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the thresholding technique at relay and destination nodes for
AF relaying and select the best relay based on the buffer status
to improve the outage probability performance.

A relay selection scheme based on MMRS transmission
schedule was proposed in [16]. In this scheme, the relay
having a maximum available buffer space is selected for
reception in the odd time slot, and a relay having maximum
occupied buffer space is selected for transmission in the even
time slot. This scheme achieves significant improvement in
the outage probability and delay as compared to MLRS and
MMRS schemes. Another attempt to reduce the overall out-
age probability in buffer-aided CR is made in [17] and [18].
They use the concept of inverse channel packet matching.
The packets that went through bad channel conditions in the
source-relay hop go through good channel conditions in the
relay-destination hop to overcome channel mismatch prob-
lem and improve the overall outage probability. Few attempts
in secure buffer-aided cooperative relaying are also proposed
in [19] and [20] to improve the secrecy outage probability.

B. MOTIVATION
From all of the aforementioned approaches, we have the
following observations:

• If the diversity gain is achieved, the delay is compro-
mised and if the delay is reduced, the diversity gain is
compromised. In other words, there exists a diversity
delay trade-off. It is also observed that the diversity
gain is only a function of relays. Although in some
schemes, [11], [12], [14], it is claimed that the diversity
gain is a function of both the number of relays and buffer
size, however, their claim is for fixed value of buffer size.
At buffer size greater than an optimal value, the diversity
gain is only a function of the number of relays. The more
the value of K , more is the diversity gain. Moreover,
increasing the number of relays, increases the cost of
network. This observation leads to the following ques-
tions that is our main motivation: Can the diversity gain
be a function of both the number of relays and the buffer
size in case of buffer-aided CR? How can we look at
buffers so that the diversity gain becomes the function
of buffer size also? There is a need to explore a way
to increase the diversity without increasing the cost of
relays.

• Additionally, the method to access the buffer is sequen-
tial in which data is accessed in a first in first out (FIFO)
manner. Despite the fast operation of FIFO, the data
placed at the head of the buffer queue is bound to be
transmitted when the respective relay-destination link
is selected, regardless of the fact that the other packets
lying inside buffer can be better for transmission.

• Furthermore, it is observed that the buffer size is con-
sidered symmetric for all relays. In a wireless network,
there are heterogeneous nodes in terms of memory, pro-
cessing capability etc. Assuming the symmetric buffer
size only is not a realistic assumption. Considering this,

we propose a scheme that allows the diversity gain to be
a function of both the number of relays and buffer size
by using random access buffer method and asymmetric
buffer size for a buffer-aided CR system.

C. PAPER CONTRIBUTION AND ORGANIZATION
We summarize our contributions in this work as follows:

1) We propose a novel relay selection scheme termed as
virtual link relay selection (VLRS) for buffer-aided
cooperative relay networks.

2) In the proposed system model, the length of buffers at
each relay is variable and they allow random access
to the data. We use the concept of virtual relaying in
which each buffer location has its own antenna resource
and is assumed to act independently known as a virtual
relay. The virtual relay has a buffer of size 1. Although
it behaves independently, however, it uses the resources
of the relay it is attached with. In this way, we benefit
from the large diversity gain using the small number of
relays.

3) The advantages of virtual relaying are depicted in
terms of the outage probability, diversity gain, delay
and throughput. We propose a method to construct the
state transition matrix of the Markov chain (MC) using
random access buffers and obtain the steady state to
get the outage probability, diversity gain, delay and
throughput.

4) We evaluate the proposed scheme for the symmetric
and asymmetric buffer size and channel conditions and
provide a comprehensive set of results for four cases:
1) symmetric buffer and symmetric channel, 2) sym-
metric buffer and asymmetric channel, 3) asymmetric
buffer and symmetric channel and 4) asymmetric buffer
and asymmetric channel. Analytical results are veri-
fied by means of simulations to validate the proposed
scheme.

The rest of the paper is organized as follows: Section II
presents the system model of the proposed scheme.
Section III presents the proposed buffer-aided virtual relay
selection schemes along with the outage probability analysis,
diversity gain analysis, delay analysis and a numerical exam-
ple. Section IV consists of the numerical results followed by
the conclusion and future research directions in Section V.

II. SYSTEM MODEL
We consider a cooperative network of a single source-
destination pair represented by S and D, respectively and a
set R of K decode and forward (DF) relays, where, R =
{R1,R2, · · · ,Rk , · · · ,RK } as shown in Fig. 1. All nodes oper-
ate in a half-duplex transmission mode, i.e., a node cannot
transmit and receive, simultaneously. A direct link between
S and D does not exist due to path-loss and shadowing
effects as considered in many of the existing buffer-aided
relay selection schemes [5], [6], [11], [12], [14], [20]. S and
D have a single antenna resource and each relay is equipped
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FIGURE 1. System model for buffer-aided cooperative relaying schemes.

with Nk antennas. In addition, each relay is equipped with a
data buffer of size Lk to store the received data. Unlike exist-
ing system models on buffer-aided relaying, we considered
asymmetric buffer size i.e., the size of buffer at each relay is
not same.

The buffers allow random access to the stored data. Data
can be stored at any location and can be transmitted from
any location. We assume that each location in Lk is asso-
ciated with an antenna resource at the relay to receive and
transmit the data. The total number of antennas at Rk is
equal to the buffer size, i.e., Nk = Lk . Hence, each buffer
location uses its corresponding antenna for data reception
and transmission. Therefore, it is considered as an inde-
pendent entity called the virtual relay having a buffer of
size 1. The set of virtual relays is denoted by V , where,
V = {V 1

1 , · · · ,V
L1
1 ,V

1
2 , · · · ,V

L2
2 , · · · ,V

LK
K }. A source to

virtual relay (S → V l
k ) link is considered contributive when

its corresponding buffer is empty while a virtual relay to
destination (V l

k → D) link is considered contributive when
its corresponding buffer is full. The number of data packets
stored in the buffer of each virtual relay is denoted by a
binary variable9(V l

k ), where9(V l
k ) = {0, 1}. When a packet

is correctly decoded and stored at V l
k , 9(V l

k ) = 1, and
when a packet is successfully transmitted from the buffer,
9(V l

k ) = 0. In this way, instead of single link between S
and Rk , Lk links exist between S and Rk , and similarly,
between Rk and D as shown in Fig. 2. Thus, the total number
of source-relay links are 0 ≤ Nr ≤ (L1+ L2+ · · · + LK ) and
relay-destination links are 0 ≤ Nt ≤ (L1 + L2 + · · · + LK ).
All wireless channels exhibit independent and identically

distributed block based flat Rayleigh fading. The fading
envelop of a given hop remains constant during one time slot.
However, it varies from one time slot to another.

A. TRANSMISSION SCHEME
The transmission of data from S to D takes place using
two hops: S → V l

k and V l
k → D. In a given time slot,

FIGURE 2. System model for proposed buffer-aided virtual relaying for
the kth relay and Nk = Lk = 3.

a virtual relay is selected either for reception using the first
hop or transmission using the second hop. In the first hop,
S transmits data to the selected virtual relay. The received
signal at V l

k is given as:

ySV lk =
√
PhSV lk xS + nV lk (1)

where, xS is the transmitted signal from S with power P. hSV lk
represents the channel between S and V l

k . hSV lk is an inde-
pendent and identically distributed (i.i.d) complex Gaussain
random variable with zero mean and γ̄SV lk variance. nV lk repre-
sents the additive white Gaussain noise (AWGN) at Vi having
zero mean and σ 2

V variance. The rate at first hop is expressed
as CSV lk = log2(1+ γSV lk ), where, γSV lk = P|hSV lk |

2/σ 2
V is the

received SNR at V l
k .

Likewise, the received signal at the destination is expressed
as:

yV lkD =
√
PhV lkDxV + nD (2)

where, xV is the transmitted signal from V l
k and nD represents

the AWGN at D having zero mean and σ 2
D average SNR.

hV lkD is the channel between Vi and D. hV lkD is an i.i.d com-
plex random variable having zero mean and γ̄SV lk variance.

The rate of V l
kD link is CV lkD = log2(1 + γV lkD

), where

γViD = P|hV lkD|
2/σ 2

D is the received SNR at D.

In a time slot t , a virtual relay V l
k is selected either for

reception or transmission of data. If V l
k is selected for recep-

tion, it receives data from S and stores it in its buffer. If V l
k is

selected for transmission, it transmits from its buffer. In case
no relay is selected, it is considered as an outage event.

III. VIRTUAL LINK RELAY SELECTION (VLRS) SCHEME
Our proposed virtual relaying scheme combines the
existing buffer-aided cooperative system model proposed
in [5], [6], [8], and [10] with the virtual relaying. The pro-
posed virtual link relay selection (VLRS) scheme is based on
a two stage selection process given as follows:

1) STAGE 1: KNOWLEDGE ACQUISITION AT THE RELAYS
The proposed scheme follows a distributed method for the
selection of the best link from both hops. For the link
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selection, the following assumptions are made for the relay
reception and transmission. A relay with a full buffer cannot
receive the data and a relay with an empty buffer cannot
transmit the data. The S → V l

k link is considered contributive
if its corresponding buffer is not full, i.e., ψ(V l

k ) 6= 1. The
V l
k → D link is considered contributive if its corresponding

buffer is not empty, i.e., ψ(V l
k ) 6= 0. Each buffer is initially

empty, i.e., ψ(V l
k ) = 0. When a virtual relay is selected for

reception, ψ(V l
k ) is incremented by 1 and when it is selected

for transmission, ψ(V l
k ) is decremented by 1. The relays with

unavailable corresponding links will not take part in the best
link selection of stage 1.

At this stage, S broadcasts a reference signal to all the
relays. Using this reference signal, each virtual relay indi-
vidually estimates the rate CSV lk between itself and S. Then
each node starts its timer whose duration is inversely pro-
portional to its rate. The relay with the highest rate has
shortest timer duration. As soon as the shortest timer expires,
the corresponding relay sends a signal to all nodes declar-
ing its rate. All other nodes, back off when they hear
the signal from another relay. In this way, the relays can
decide by themselves that which relay is the best for data
reception.

Similarly, for the best link selection of the second hop, each
virtual relay sends a reference signal toD using its associated
antennas in different time slots. Using the aforementioned
shortest timer approach, relays decide which one is the best
for data transmission.

2) STAGE 2: BEST RELAY SELECTION
Now, the full knowledge of both hops is known at the relays
and a relay can decide whether itself is the best, and if so,
whether it is the best for data reception or for data trans-
mission in a particular time slot. A flag signal is sent to all
nodes in the network by the selected relay to inform them that
it is chosen for reception or transmission. Mathematically,
the selected relay is expressed as:

V l
k∗ = arg max

V lk∈V


⋃

V lk :9(V lk )6=1

CSV lk

⋃
V lk :9(V lk )6=0

CV lkD

. (3)

Where, V l
k∗ is the selected relay. In the VLRS scheme, link

quality is used as the only metric for the selection of the
best relay. The best relay for reception and the best relay
for transmission of data is dynamically selected among all
contributive links on both sides. Specifically, in a time slot t ,
it selects the strongest link among all contributive S → V
or V → D links for relay reception or transmission, respec-
tively. Therefore, in terms of virtual relaying, if S → V l

k
link is the strongest, the source transmits and the data
is decoded at the relay and stored in the correspond-
ing buffer. The probability pS→V lk

of data reception from
the source to the selected virtual relay is mathematically

expressed as:

pS→V lk
=

1−
1− e

−
22r0−1
γ̄
SV lk

Nr1− e
−

22r0−1
γ̄
V lkD

Nt


Nr + Nt
.

(4)

On the other hand, when V l
k → D link is the strongest,

the corresponding virtual relay transmits from its buffer. The
probability pV lk→D of data transmission from the selected
virtual relay to the destination is mathematically expressed
as:

pV lk→D =

1−
1− e

−
22r0−1
γ̄
SV lk

Nr1− e
−

22r0−1
γ̄
V lkD

Nt


Nr + Nt
.

(5)

The system is considered in an outage when none of the relays
is selected for reception or transmission, i.e., V l

k∗ = 0. The
outage is mathematically expressed as:

pout =

1− e
−

22r0−1
γ̄
SV lk

Nr 1− e
−

22r0−1
γ̄
V lkD

Nt

. (6)

The VLRS scheme selects among V links from S → V
and V links from V → D hops. Hence, the complexity of the
proposed scheme is O(2V ).

A. OUTAGE PROBABILITY ANALYSIS
The outage is defined as the probability that the instanta-
neous rate falls below the predefined rate r0 (bits/s/Hz).
To analyze the outage probability of the proposed schemes,
we model the possible states of the buffer and the transition
between the states as a Markov chain. For the asymmetric
buffers with virtual relaying, the Markov chain used in [6]
is applied with the following modifications. In the proposed
setup, the total number of available states are 2L , where
L = L1 + · · · + LK . A state of a MC is represented by sj ,
(9j(V 1

1 ) · · · 9j(V
L1
1 ) 9j(V 1

2 ) · · · 9j(V
L2
2 ) · · · 9j(V

LK
K )),

where, j ∈ N+, 1 ≤ j ≤ 2L . Let A ∈ R2L×2L denote
the state transition matrix of the MC. Each entry Aij =
P(sj → si) = P(Xt+1 = si|Xt = sj) in A is a transition
probability to move from state sj at time t to state si at time
(t + 1). The transition probability depends on the status of
virtual relay buffer. A virtual relay with a full or empty buffer
(9(V l

k ) = 1 or 9(V l
k ) = 0) cannot receive or transmit data,

respectively. Therefore, only one link is offered in both cases
for the selection process. When 9(V l

k ) = 1, V l
k → D is

contributive and S → V l
k is non contributive. Otherwise,

S → V l
k is contributive and V l

k → D is non contribu-
tive. Consequently, the total number of contributive links
which participate in the proposed link selection process are L.
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The entries of Aij are represented by:

Aij =


p
sj
out , if si = sj,
p
sj
S→V lk

, if si ∈ U
sj
S→V lk

p
sj
V lk→D

, if si ∈ U
sj
V lk→D

,

0, elsewhere,

(7)

where, U
sj
S→V lk

and U
sj
V lk→D

are the sets containing all the

states to which sj can move when S → V l
k and V

l
k → D link

is selected, respectively. p
sj
S→V lk

and p
sj
V lk→D

are taken from (4)
and (5), respectively. Considering MC as column stochastic,
irreducible and aperiodic, the steady state probability vector
is obtained as [21]:

π = (A− I + B)−1b, (8)

where, π = [π1, ..., π2L ]
T , b = [1, 1, ..., 1]T and

Bij = 1,∀ i, j and I ∈ R2L×2L is the identity matrix.
According to the construction of MC, an outage occurs when
there is no change in the buffer status. Hence, the outage
probability of the system is expressed as [6]:

Pout =
L∑
i=1

πip
si
out = diag(A)π. (9)

B. DIVERSITY GAIN ANALYSIS
The diversity gain is defined as [23]:

d = − lim
γ̄→∞

logPout
log γ̄

, (10)

where, γ̄ is the average SNR. Directly substituting (9) in (10)
does not explicitly show the diversity gain. Instead, we use (6)
to derive the diversity gain. Since the total number of con-
tributive links in any time slot is L = L1 + L2 + · · · + LK .
Therefore, the probability that all contributive links are in the
outage is defined as:

Pout =
(
1− e−

22r0−1
γ̄

)L
. (11)

The diversity gain is derived as:

d = − lim
γ̄→∞

(
1− e−

22r0−1
γ̄

)L
log γ̄

. (12)

Using the approximation: x → 0, then 1− ex ≈ x, the diver-
sity gain becomes:

d ≈ −(L) lim
γ̄→∞

log( 2
2r0−1
γ̄

)

log γ̄
= L. (13)

Here, it is to note that the proposed virtual relaying design
achieves the diversity gain of L at L ≥ 1, whereas, in the
MLRS scheme, the full diversity gain is achieved at an infinite
buffer size. This is because the proposed design mimics the
traditional (buffer-less) relay selection scheme. In a tradi-
tional scheme, the diversity gain is equal to the number of

relays. In the VLRS scheme, each buffer location is consid-
ered as a virtual relay, therefore, the diversity gain is equal to
the number of virtual relays. This is because the number of
contributive links do not change. The buffer size of a virtual
relay is 1. When V l

k is empty, its V l
k → D link is unavailable.

On getting a packet in its buffer, its S → V l
k link becomes

unavailable and V l
k → D link becomes contributive. Thus,

the number of contributive links stays constant all the time.

C. AVERAGE END-TO-END DELAY ANALYSIS
In this section, we analyze the average end-to-end packet
delay of the proposed scheme. The packet delay is the
time required by the packet to reach the destination after it
leaves the source node. According to the proposed scheme,
the packet delay includes the delay at the source and the delay
at the virtual relay denoted by Ds and Dv, respectively. The
delay at the source node is derived in [14] as:

Ds =
1+ Pout
1− Pout

. (14)

We derive the average delay at the virtual relay using Little’s
law [22] defined as:

Dv =
V̄v
η̄v
, (15)

where, V̄v and η̄v are the average queuing length and the
average throughput at V l

k , respectively. To derive the average
queuing length, we consider all the virtual buffers at relay
Rk as one buffer. Since only one packet is transmitted per
time slot, therefore, it takes

∑Lk
l=1 V

l
k time slots to transmit

the packets stored in the buffer. The average queuing length
at Rk at a particular state sj is obtained as:

L
sj
eq =

Lk∑
l=1

V
sj
k l . (16)

The average queuing length over all the states is expressed as:

V̄v =
2L∑
j=1

πjL
sj
eq. (17)

The average throughput at virtual relay V l
k is given by [9]:

η̄v =
1
2L

(1− Pout ). (18)

Substituting (17) and (18) into (15), we get:

Dv =
2L

∑2L
j=1 πjL

sj
eq

1− Pout
, (19)

hence, the packet delay D is

D = Ds + Dv

=
1+ Pout
1− Pout

+

∑2L
j=1 πjψj(V

l
k = 1)

1−Pout
2L

. (20)
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TABLE 1. State representation of Markov Chain for K = 2, L1 = 2 and L2 = 3.

FIGURE 3. State diagram of MC for K = 2, L1 = 2 and L2 = 3.

FIGURE 4. Specific example of VLRS scheme for state s10 when L1 = 2
and L2 = 3.

D. NUMERICAL EXAMPLE
In this section, we present a specific example of the proposed
design with a simple topology of K = 2 and Lmax = 3.
Lmax is the maximum value of the buffer size for all relays.
Let the size of L1 and L2 be 2 and 3, respectively. The total
number of states of the Markov chain are 2(L1+L2) = 32. The
state representation of the Markov chain is given in Table 1.
Each state of the MC represents the buffer status of all the
virtual relays. In Fig. 3, the black solid lines represent the
transition when S → V hop is activated, while the black
dashed lines represent the transition when V → D hop is
activated. Both, the solid and dashed lines form a Markov
state transition matrix.

To elaborate the construction of the state transition matrix,
we present the example of transitions from specific state s10

FIGURE 5. The outage probability of MLRS and VLRS schemes for K = 2
and NR = L = 2 against SNR of the transmitted signal.

FIGURE 6. Average end-to-end delay of MLRs and VLRS schemes for
K = 2 and L = 2 against average SNR of the transmitted signal.

in Fig. 4. The state s10 represents 01001. It shows that V 2
1 and

V 3
2 have full buffers while V 1

1 , V
1
2 and V 2

2 have empty buffers.
Thus, there are 3 contributive links on the S → V side and
2 contributive links on theV → D side. The state s10 can tran-
sit to states s2 and s9, each with the probability 1−p3q2

5 when
V → D link is selected. Similarly, the state s10 can transit to
states s12, s14 and s26 when S → V l

k link is selected each with

the probability 1−p3q2

5 . Where, p and q are the link outages of
S → V l

k and V
l
k → D, hops respectively. They are defined as;

p = (1− e
−

22r0−1
γ̄
SV lk ) and q = (1− e

−
22r0−1
γ̄V
klD ). A state s10 stays

at s10 when no relay is selected for transmission or reception
i.e., an outage event.
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FIGURE 7. Outage probability of the proposed scheme for symmetric and asymmetric buffer size and channel condition for variable virtual relays against
SNR of the transmitted signal. (a) Symmetric buffer size and symmetric channels, K = 2 and variable buffer L = 1, 2, 3, 4, 5. (b) Symmetric buffer size and
symmetric channels. Variable relays K = 1, 2, 3, 4, 5 and fixed buffer L = 2. (c) Symmetric buffer size and asymmetric channels. (d) Asymmetric buffer size
and symmetric channels, Lmax = 3, K = 2. (e) Asymmetric buffer size and symmetric channels, Lmax = 3, K = 3. (f) Asymmetric buffer size and
asymmetric channels, Lmax = 3, K = 3.

IV. NUMERICAL RESULTS
In this section, we evaluate the performance of the pro-
posed virtual relaying protocol for the outage probability,
average end-to-end delay and average throughput. The pro-
posed scheme is compared with the MLRS scheme presented
in [6]. The results are presented for both theory and sim-
ulation. The parameter, r0 is set to 1 bits/sec/Hz through-
out. We provided comprehensive set of simulations for all
the four cases of symmetric and asymmetric channel condi-
tions and buffer sizes. For the symmetric channel conditions
γ̄SV lk
= γ̄V lkD

= γ̄ and for the asymmetric channel conditions
γ̄SV lk

= αγ̄ , γ̄V lkD
= βγ̄ , where α and β are positive real

constants. For the symmetric buffer size L1 = L2 = · · · =
LK = L and for the asymmetric buffer size L1 6= L2 6=
· · · 6= LK .

Fig. 5 shows the outage probability of the proposed VLRS
scheme and the existing MLRS scheme against the aver-
age SNR. In order to have fair comparison, we set K = 4 and
L = 1 for the MLRS scheme. It is seen that both schemes
show identical performance. TheMLRS scheme uses 4 relays
while the VLRS scheme uses only 2 relays each with a buffer
size of 2 to have the same outage probability performance.
The virtual relaying paradigm mimics the MLRS system
model, however, the same diversity gain can be achieved
using less number of relays. Hence, the cost of relays is saved.
Increasing the buffer size is not as costly as increasing the

number of relays. Moreover, the diversity gain of the VLRS
scheme is (40.15 − 24.90)/(14.59 − 10.43) = 3.67, that
is close to 4. It concludes that the proposed virtual relay-
ing design achieves a diversity gain of V . The theoretical
results are presented using (6) and the simulation results
are presented using extensive Monte Carlo simulations for
1,000,000 runs. The results of theory and simulations show
good agreement with each other that confirm our analysis.
Since theory and simulations are well-matched, we only plot
theoretical results for rest of the analysis.

The average end-to-end delay of the proposed VLRS
scheme and the MLRS scheme is presented in Fig. 6. Like
the outage probability, the delay of both schemes is also the
same. The delay approaches 1+V for the VLRS scheme and
1+KL for the MLRS scheme. The increase in the number of
relays increases the delay. Thus it is concluded that, with the
virtual relaying design, we can achieve the less delay using
the less number of relays. The theoretical results are plotted
using (20). The theory and simulations are in agreement with
each other which validates the proposed scheme.

To further enhance the analysis, Fig. 7 presents the outage
probability of the proposed scheme against the average SNR
for all the cases of symmetric and asymmetric channel con-
ditions and buffer sizes. The results are shown for increasing
the number of virtual relays. For the symmetric buffer size
and channel conditions, Fig. 7a presents the results when the
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FIGURE 8. Average end-to-end delay of the proposed scheme against SNR of the transmitted signal. (a) Symmetric buffer
size and symmetric channels. (b) Symmetric buffer size and asymmetric channels. (c) Asymmetric buffer size and
symmetric channels. (d) Asymmetric buffer size and asymmetric channels.

number of relays is kept constant and the buffer size is varied
from 1 − 5. Similarly, Fig. 7b shows the results for variable
number of relays at a fixed buffer size. For a symmetric
buffer size, the number of virtual relays is V = KL. It is
observed that when the number of virtual relays, i.e., V is
same, the outage probability is the same irrespective of the
variable buffer size or the number of relays. It depends on the
application, whether to increase the number of relays or the
buffer size. Thus, we can obtain a similar diversity gain using
less number of relays. Moreover, increasing V decreases the
outage probability.

In Fig. 7c, we present the results of the pro-
posed scheme for the asymmetric channel conditions.
In this plot, we present four scenarios i.e., (α, β) =
(1, 2), (1, 3), (2, 1), (3, 1). When α = 2 and β = 1, S → V is
prioritized over V → D hop. Switching the values α = 2 and
β = 1 prioritizes V → D hop over S → V hop. In both
cases, the outage probability is the same. This is because
the relay selection is based on the channel quality only and
the selection probability of both hops are equally likely.
Increasing α to 3 slightly improves the outage probability,
however, the results are asymptotically the same. A simi-
lar behavior is observed when virtual relays are increased
from 6 to 9. Moreover, it is observed that the symmetric
channel conditions have the better outage probability than
the asymmetric channel conditions.

Figs. 7e, 7d and 7f show the case when the buffer size
is not the same at all relays. We consider the case when
L1 6= L2 6= · · · 6= LK . Let Lmax be the maximum size
of the buffer a relay can have. Now there are LKmax pos-
sible combinations of the buffer size. For example, when
K = 2 and Lmax = 2, the buffer size combinations are
(L1,L2) = (1, 1), (1, 2), (2, 1) and (2, 2). Next, we present
the outage probability of the proposed scheme for Lmax = 3
and K = 2 and 3 in Figs. 7d and 7e. In both Figures, it is seen
that the asymmetric buffer size shows the increased outage
probability as compared to the symmetric buffer size. This
is because, the diversity gain is directly dependent on the
number of virtual relays. The smaller the buffer size, the less
will be the number of virtual relays. In the case of asymmetric
buffer size, V = L where, L = L1 + L2 + · · · + LK .
Moreover, for virtual relaying system, the combinations, e.g.,
(L1,L2) = (2, 1), (1, 2) produce identical results because
both combinations make the same number of virtual relays.
Therefore, we only consider one combination for the rest
of the results. Fig. 7c shows the outage probability of the
proposed scheme for Lmax = 3 and K = 3. (α, β) =
(2, 1), (3, 1) is considered to prioritize S → V hop and
(α, β) = (1, 2), (1, 3) to prioritize V → D hop. It is
seen that the asymmetric channel conditions and buffer size
show increase in the outage probability as compared to the
symmetric channel conditions and buffer size. This is because
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FIGURE 9. Throughput of the proposed scheme against SNR of the transmitted signal. (a) Symmetric buffer size and
symmetric channels. (b) Symmetric buffer size and asymmetric channels. (c) Asymmetric buffer size and symmetric
channels. (d) Asymmetric buffer size and asymmetric channels.

the asymmetric buffer size decreases the number of virtual
relays as compared to the symmetric buffer size. And in
the symmetric channel conditions, when any of the side is
given priority, the selection probability of that side increases,
because its SNR increases by a factor of α or β. The increased
selection probability of S → V hop or V → D hop leads to
the problem of full or empty buffers, respectively. It reduces
the number of contributive links and therefore, the outrage
probability is increased.

A. AVERAGE END-TO-END DELAY
Fig. 8 shows the average end-to-end delay of the proposed
scheme against the average SNR for all the four cases of
symmetric and asymmetric channel conditions and buffer
sizes. The results are plotted for the different number of
virtual relays.

Fig. 8a and Fig. 8c show the average end-to-end delay of
the proposed scheme for the symmetric channel conditions
with symmetric and asymmetric buffer sizes, respectively.
It is observed that the delay approaches the theoretical bound
of 1 + V at high SNR in both cases. The relay selection
is based only on the instantaneous strength of the wire-
less link therefore, increasing V increases the delay as it
decreases the probability of selecting particular V → D
hop. There is a performance trade-off between the diversity
gain and delay. A better diversity gain is achieved at the
cost of increased delay. When the channel conditions are

asymmetric, i.e., Fig. 8b and Fig. 8d, it is observed that
prioritizing V → D hop over S → V hop reduces the average
delay at low SNR because of the high selection probability of
V → D hop. It allows to select V → D hop whenever its
link is contributive, thus keeping the packet waiting time in
the buffer as short as possible. For example, in Fig. 8b, when
V = 3, (α, β) = (1, 2) shows the less delay as compared
to (α, β) = (2, 1). At high SNR, the delay approaches
to 1+ V . The delay is asymptotically same regardless of the
prioritization of both hops. Moreover, increasing the number
of virtual relays, increases the delay. Furthermore, the delay
of asymmetric channels is less as compared to the delay of
symmetric channels at low SNR.

B. AVERAGE THROUGHPUT
Fig. 9 shows the average throughput of the proposed scheme
with respect to average SNR for all the cases of symmetric
and asymmetric channel conditions and buffer sizes. The
results are presented for varying number of virtual relays.

It is observed in all cases that the maximum throughput
achieved by the proposed scheme is not more than 0.5 BPCU.
This is because the packet takes a minimum of two time
slots to reach the destination. Increasing the number of relays
improves the throughput. In the case of asymmetric buffer
size (Fig. 9c), the combinations, e.g., (L1,L2) = (1, 2)
produces the same throughput as (L1,L2) = (2, 1) because
both combinations make the same number of independent
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virtual relays. In the case of asymmetric channel conditions
(Figs. 9b and 9d), the combinations e.g. (α, β) = (1, 2)
produces the same throughput as (α, β) = (2, 1) because the
relay selection is dependent on the channel quality only.

V. CONCLUSION AND FUTURE WORK
In this paper, we proposed and investigated a buffer-aided
relay selection system based on the concept of virtual relay-
ing. It is concluded that the proposed virtual relay design
considerably increases the diversity gain using a small num-
ber of relays. The diversity gain is not only dependent on
the number of relays, but also on the buffer size. The same
diversity gain is achieved by either increasing the number of
relays keeping the buffer size constant or increasing the buffer
size keeping the number of relays constant. Furthermore,
the symmetric channel conditions and buffer sizes perform
better as compared to the asymmetric case. As a performance
trade-off, the proposed design does not achieve a full diversity
gain, i.e., 2L, where L = L1+L2+· · ·+LK . Also, the design
with random access buffers and virtual relaying, the overhead
of processing at the relay node increases because each buffer
location has to share its respective relay node resources.

In the future, we plan to explore the virtual relaying design
for amplify and forward relaying.
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