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Abstract—We consider a wireless relay network that consists
of a source, half-duplex decode-and-forward buffer-aided relays
and a destination. While the majority of previous works on
relay selection assume no direct transmission between source and
destination in such a setting, we lift this assumption and propose
a link selection policy that exploits both the buffering ability and
the opportunity for successful reception of a packet directly from
the source. The proposed relay selection scheme incorporates
the instantaneous strength of the wireless links and adapts the
relay selection decision based on the strongest available link. The
evolution of the network as a whole is modeled by means of a
Markov chain and thus, the outage probability is associated with
the steady state of the Markov chain. It is deduced that even if
the link between the source and the destination is in principle
a very unreliable link, it is always beneficial for the source to
multicast a packet to both the relay with the strongest available
link and the destination.
Index Terms—Cooperative networks, relay channel, bufferaided relays, direct transmissions, outage probability.

I. I NTRODUCTION
In classical relay selection policies, the source and the
selected relay are assumed to be transmitting in orthogonal
time-slots. Data buffers have been introduced at the relay
nodes (see, e.g., [1]) allowing the selection of a different
relay for reception and transmission in order to enhance the
diversity gain. Despite the efficient use of the channel fading
and the related performance benefits, relay selection policies
are associated with a two-slot cooperative protocol where the
schedule for the source and relay transmission is fixed a priori,
and therefore, the available diversity degrees are not fully
exploited. This limitation is relaxed in [2] where each slot
is allocated dynamically to the source or a relay transmission,
according to the instantaneous link quality and the status of
the relays’ buffers. More specifically, the proposed max − link
relay selection scheme exploits fully the flexibility offered by
the buffers at the relay nodes and at each time-slot selects the
strongest link for transmission (source or relay transmission)
among the available links. In [2], it is assumed that there is
no direct link between the source and the relay.
In this work, we consider the relay selection problem in
a network with multiple half-duplex buffer-aided relays and
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direct connectivity between the source and the destination. The
contributions of the paper are the following:
(i) A new relay selection policy, herein called the modified
max − link, is proposed; it allows the source to multicast the
signal to a relay and the destination, a scenario which is more
realistic than assuming there is no direct link.
(ii) The benefits of the direct link are clearly depicted via
illustrative examples, in which the performance of our relay selection policy in terms of outage probability, average
throughput and average delay is compared with max − link
and other existing approaches.
(iii) The modeling and analysis of the direct transmissions
from the source to the destination and transmission via multiple buffer-aided relays is theoretically investigated for the
first time in this paper; for a single relay network, in terms
of throughput maximization, the problem was investigated by
e.g., [3], [4]. What facilitates this analysis is a model that
combines the evolution of both the relay buffers and direct
transmissions. We propose a way to construct the state transition matrix of the Markov chain (MC) of this combination
and obtain the steady state with which we can characterize the
outage probability. The new relay selection policy is analyzed
in terms of outage probability and diversity. The benefits of
the new protocol are corroborated in the numerical examples.
II. S YSTEM MODEL AND P RELIMINARIES
We assume a simple cooperative network consisting of one
source S, one destination D and K Decode-and-Forward (DF)
relays Rk (1 ≤ k ≤ K). All nodes are characterized by the
half-duplex constraint and hence, they cannot transmit and
receive simultaneously. A direct link between the source and
the destination exists apart from the communication established via relays. Each relay Rk holds a buffer (data queue) of
capacity L (number of data elements) where it can store source
data that has been decoded at the relay and can be forwarded
to the destination. The parameter lk ∈ Z+ , lk ∈ [0, L] denotes
the number of data elements that are stored in the buffer of
relay Rk ; at the beginning, each relay buffer is empty (i.e.,
lk = 0, for all k). We denote by T all the relays for which their
buffer is not empty and they can therefore transmit packets
(i.e., T = {Rk : lk > 0}, and by A all the relays for which
their buffer is not full and hence they are available to receive
a packet (i.e., A = {Rk : lk < L}). The buffer size lk is
increased by one when a source packet (data) is correctly
decoded at the k-th relay (and not received directly from the
source), and it is decreased by one in case of a successful k-th
relay transmission.
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Time is slotted and each transmitter (either the source
S or a relay Rk ) transmits with a fixed power P . The
source node is assumed to be saturated (infinite data
backlog at the source). The retransmission process is
based on an Acknowledgement/Negative-Acknowledgement
(ACK/NACK) mechanism, in which short-length error-free
packets are broadcasted by the receivers over a separate
narrow-band channel.
Here, we assume that the clustered relay configuration
ensures independent and identically distributed (i.i.d.) channel
links [5]. This assumption simplifies the analysis and it is used
in several studies in the literature [6]–[8]. In some occasions,
it can be implemented by an appropriate long-term routing
process which selects the clustered nodes to be close together
[7], [8] or by power control [9] in order to improve diversity
and hence, reduces outage events. If, however, none of the
above approaches is facilitated and the links are non-i.i.d., then
the buffers may become empty or full; this is a limitation of the
proposed buffer-aided relaying protocol in this paper. All wireless links, including the S →D link, exhibit Rayleigh fading
and are modeled as Additive White Gaussian Noise (AWGN).
The fading coefficients hij (for link i → j) remain constant
during a slot, but change independently from one slot to
another according to a circularly symmetric complex Gaussian
distribution with zero mean and unit variance. Furthermore, the
variance of the AWGN is assumed to be normalized with zero
mean and unit variance and therefore the SNR for each link
is equal to P .
Each link i→j is characterized
by the success probability

p , P P |hij |2 ≥ γ0 which denotes the probability that
the link i → j is not in outage (p = 1 − p denotes the
outage probability). An outage occurs when the instantaneous
SNR of the link i → j is lower than a threshold γ0 . The
implementation of the proposed scheme requires global CSI
of the instantaneous channels and the buffer states. The central
unit (e.g., destination) uses this information in order to select
the appropriate relay node. This global CSI requires a continuous feedback for each wireless link as we use a continuous
monitoring of the ACK/NACK signaling in order to identify
the status of the buffers.
III. T HE L INK S ELECTION P OLICY
In [2] a relay selection policy is proposed where, at each
time slot, it selects the strongest link for transmission (source
or relay transmission) among the available links. Note that
a source-relay link is considered to be available when the
corresponding relay node does not have a full buffer and it
can therefore receive data from the source, while a relaydestination link is considered to be available when the buffer
of the relay node is not empty and it can transmit source’s
data towards the destination. 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 relaydestination link is the strongest link, the corresponding relay
is selected for transmission. However, it is assumed that there
can never exist a source-destination (S→D) link.
The link selection policy that we propose a relay selection
policy takes into account the possibility that some packets can

be successfully delivered to the destination directly, i.e., if a
source-relay link is the strongest link, 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 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. It will be shown in the simulations
that even if the link between the source and the destination
is in principle a very unreliable link, it is always beneficial
for the source to multicast a packet to both the relay with the
strongest available link and the destination.
IV. O UTAGE PROBABILITY ANALYSIS
The theoretical framework introduced in [2] is extended
to account for direct transmissions from the source to the
destination of the proposed link selection policy.
Definition of the outage probability. For the transmission
from the source, the outage probability is defined as the
probability that both the selected SR and SD links are in
S
, P (P gSR∗ < γ0 ) P (P gSD < γ0 ), where
outage, i.e., Pout
2
gij , |hij | . For the transmission from the selected relay node,
the outage probability is defined as the probability that the
R
, P (P gR∗ D < γ0 ).
selected RD link is in outage, i.e., Pout
States of the MC. To represent the states of the MC we
combine (i) the possible states of the buffers and (ii) the
reception of a packet at the destination directly from the
source. The transitions between the states are given by the
probabilities of successful transmissions of packets. What is
different to the analysis in [2] a state of the MC is represented
not only by the number of elements at each buffer, but it also
includes a state which depicts the reception of a packet directly
from the source at the destination, denoted by SD . The state of

the MC can be represented by Sr+rmax SD , SD l1 l2 . . . lK ,
where r ∈ N+ , 1 ≤ r ≤ rmax , rmax , (L + 1)K , and
SD ∈ {0, 1} changes state every time a packet is received
directly from the source, i.e., if SD is in state 1 and receives
a packet directly from the source then it moves to state 0, and
vice versa. Note that state SD does not change if a packet is
received by a relay, or, by the destination from a relay node.
Construction of the state transition matrix of the MC.
Let A ∈ R2rmax ×2rmax denote the state transition matrix

of the MC, in which the entry Ai,j = P Sj → Si =
P Xt+1 = Si |Xt = Sj 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)
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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 either
(i) there is a successful direct transmission or (ii) an outage
event (i.e., either the source has been selected for transmission
and the selected source-relay link and the source-destination
link are in outage, or, a relay has been selected for transmission
and the relay-destination link is in outage). As a result, the
total number of available
links, Dl , at each state Sj , is equal

PK
to Dl , i=1 Φ li + 1, where


2, if 0 < li < L;
Φ li =
(1)
1, elsewhere.
Note that in this case we have an extra link for each state Sl ,
compared to the max − link, due to the direct link between
the source and the relay. In what follows, we distinguish
the outage events at each communication link: the outage
event A denotes the case of experiencing an outage in either
the SR or the RD links, while the outage event B denotes
the case of experiencing an outage in the SD link. As a
result, the probability of being in outage, while at stage Sl is
pl = P(A)Dl −1 P(B). Note that the outage of the SD link is
different than that of the SR and RD links because the SD
link is not symmetric with respect to the other links. Even
though the transition probabilities are affected, the structure
of the Markov chain remains unchanged. Note that the MC
used in [2] can also be used, but the probability of direct
transmission has to be subtracted by the probability that the
state of the MC will remain the same, when computing the
outage probability.
Derivation of the outage probability. Due to the fact that
the MC is Stationary, Irreducible and Aperiodic (SIA), a steady
state π exists, i.e., Aπ = π. The MC is constructed in a way
that an outage event occurs only when there is no change in
the buffer state. Hence, the outage probability of the system is
given by the sum of the product of the probabilities of being
at a stage i and having an outage event, i.e.,
Pout =

2r
max
X

πi pi = diag(A)π.

(2)

i=1

Eq. (2) shows that the construction of the state matrix A and
the computation of the related steady state π comprises a
simple theoretical framework for the computation of the outage
probability for the proposed relay selection policy. Due to the
symmetry of the two-level MC, it can be deduced that π is
half the corresponding steady state of the MC in [2]; this can
be used to reduce the computations, if it is an issue.
V. I LLUSTRATIVE E XAMPLES
A simple example with K = 2 relays and L = 2. We
consider a simple clustered topology with K = 2 relays and
L = 2. The state MC that captures both the evolution of the
buffers and the packet reception at the destination directly from
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Fig. 1. State diagram of the MC representing the states of the network for
K = 2 relays and maximum queue size L = 2: the element SD shows the
level of the MC and elements l1 and l2 show the buffer states of relays R1
and R2 , respectively.

the source is presented in Fig. 1. In Fig. 1 the MC has two
levels; the classical max − link corresponds to only one level
of the MC. In each of these levels the transitions represent the
evolution of the buffers. The state changes level when there
is a direct transmission from the source to the destination; the
new state corresponds to the equivalent state of the other level
with the same state at the buffers. This approach allows for a
simple derivation of the outage probability, since the system
is in outage when the state in the MC remains unchanged.
Buffer size L → ∞ and transmission power P → ∞.
As previously mentioned, the MC can also be represented as
in [2]. Thus, by [2, Remark 1] it can be easily deduced that
for L → ∞ and P → ∞ the dominant states are those for
which the relays are neither full nor empty (i.e., |Ti | = |Ai | =
K). Hence, the outage probability (i.e., the probability that all
2K + 1 possible links are in outage) is given by

 γ 2K 
 γ 
0
0
1 − exp −
p̄ij = p(A)2K p(B) = 1 − exp −
P
P

 γ 2K+1
0
.
(3)
= 1 − exp −
P
The diversity order of the modified max − link, based on (3),
is equal to 2K + 1:
2K+1
log 1 − exp − γP0
log Pout (P )
d = − lim
= − lim
P →∞
P →∞
log P
log P

(a)
log γP0
= 2K + 1 .
(4)
≈ −(2K + 1) lim
P →∞ log P
Approximation (a) emerges from: x → 0, then 1 − e−x ≈ x.
VI. N UMERICAL R ESULTS
The performance of the modified max − link, is evaluated
here, in terms of: (a) outage probability, (b) average throughput
and (c) average delay, between the Hybrid Relay Selection
(HRS) proposed in [1], and the modified max − link, for
varying S→D channel power, as well as without the SD link
(classical max − link, i.e., |hSD |2 = 0). For the results, we
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have assumed a per-link outage threshold of 1 bit per channel
use (BPCU) corresponding to an SNR equal to γ0 = 0 dB.
Outage Probability. In Fig. 2, it is observed that HRS has
the worst performance as only two links are available when the
buffer is neither full nor empty. For the modified max − link
curves, as the S → D link’s condition improves, so do the
diversity and coding gains as an extra link is available for
transmission with higher probability. Also, we provide the
curve of the selection bound (assumes that the relays’ buffers
are never empty of full) given by simulation and theoretical
analysis. For high SNR there is extra diversity gain and the
better the S→D link the higher the coding gain.
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Fig. 4. Average delay for increasing transmit SNR, K = 2, 3 and L = 2, ∞.
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leverage this constraint through adaptive link selection. For
high SNR values, the S→D transmissions become successful;
thus, the average delay becomes 0. Employing more relays
(K = 3) results in increased average delay in the low SNR
regime as the probability to select a specific relay to transmit
on the R→D link decreases. Finally, when L → ∞, for good
S → D link and high SNR values (above 4 dB) the direct
transmissions are dominant and the average delay diminishes.
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Fig. 2. Outage Probability for increasing transmit SNR. In this example,
K = 2 and L = 2.

Average Throughput. In Fig. 3 it is observed that HRS
and the classical max − link (i.e., |hSD |2 = 0) can achieve
a maximum throughput of 0.5 BPCU. On the contrary, the
availability of the SD link allows the full throughput to be
achieved and as the maximum SD channel power increases,
the maximum throughput of 1 BPCU is reached faster. While
the outage probability is slightly improved with the addition
of the direct link, the throughput is improved considerably.
Furthermore, one may see that the addition of extra relays
provides improved throughput in the low SNR regime.

R EFERENCES

Average Throughput [bps/Hz]

1

0.8

0.6

0.4

Max−Link K=3, |hSD|2=|hRD|2
Max−Link K=2, |hSD|2=|hRD|2
Max−Link K=3, |hSD|2=0.5|hRD|2

0.2

Max−Link K=2, |hSD|2=0.5|hRD|2
Max−Link K=2, |hSD|2=0

0
0

VII. C ONCLUSIONS
We proposed a modified version of the max − link policy to
account for the direct transmission from the source to the destination. The scheme incorporates the instantaneous strength
of the wireless links and adapts the relay selection decision
based on the strongest available link. The combination of
direct transmissions from the source to the destination and
transmission via buffer-aided relays shows that even if the
link between the source and the destination is unreliable, it
is always beneficial to aim to multicast a packet to both the
relay with the strongest available link and the destination.
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Fig. 3. Average throughput for K = 2, 3 and L = 2.

Average Delay. The average delay is computed by considering the time a packet needs to reach the destination once it has
left the source; consequently, direct transmission is assumed to
have no delays and for packets that go through the relays, the
delay of the packet is essentially the number of time slots the
packet stays in the relay. The average delay is the total number
of time slots required by all packets to reach the destination
over the total number of time slots. The low diversity of HRS
in the low SNR regime causes many instances where packets
are trapped in the buffers. However, the max − link schemes
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