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Abstract—In this paper, we propose a generalized buffer-state-
based relaying protocol in the context of finite buffer-aided co-
operative systems. The proposed relaying scheme relies on two
concepts: the simultaneous activation of multiple source-to-relay
links and buffer-state-based relay selection for packet transmis-
sion and reception. In order to avoid buffer overflow, as well as
an empty buffer at the relay nodes, we introduce a novel thresh-
olding scheme that gives priority to link selection. The proposed
scheme is capable of achieving a lower outage probability and a
lower end-to-end packet delay than existing buffer-aided relaying
protocols. Moreover, the concept of collaborative beamforming is
invoked for the proposed buffer-aided relaying scheme, in order to
improve the received signal-to-noise ratio at the destination node.
We also derive analytical bounds of the outage probability and
the average packet delay of the proposed scheme with the aid of
Markov-chain analysis. Our simulation results demonstrate the
clear performance advantages of the proposed scheme over con-
ventional schemes, which are especially explicit for scenarios with
a high number of relay nodes.

Index Terms—Broadcast, buffer, collaborative beamforming,
conjugate beamforming, cooperative diversity, delay analysis,
outage analysis, threshold.

1. INTRODUCTION

ECENT buffer-aided cooperative schemes [1]-[6] have
Rthe potential to attain higher communication reliability
than classic relaying schemes [7]-[9]. The use of buffers at re-
lay nodes enables flexible scheduling of packet reception and
transmission during each packet interval, resulting in a lower
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outage probability.! However, these benefits are achieved at the
cost of additional overhead as well as an increased average
end-to-end packet delay [3]. In [12], the max-max relay selec-
tion (MMRS) scheme was proposed in the context of a two-
hop buffer-aided cooperative system, where the selections of a
source-to-relay (SR) link and a relay-to-destination (RD) link
are pre-scheduled, while allowing a source packet to be stored
at the relay nodes until it is relayed to the destination node.
Another popular buffer-aided technique is the max-link proto-
col [13], which was designed for selecting the single strongest
available link at each time slot. The max-link protocol is capable
of achieving a higher diversity gain and a better outage proba-
bility than its MMRS counterpart [12]. However, the end-to-end
packet delay of the max-link protocol is typically higher than
that of the MMRS protocol for the practical scenario of finite
source-packet transmissions. Most recently, in order to exploit
the benefits of both the MMRS and the max-link protocol, a
hybrid scheme was proposed in [14], in which two-stage link
selection is used in order to attain a low overhead, a low packet
delay, and a low outage probability.

Inspired by the max-link protocol [13], Luo and Teh [15]
proposed a sophisticated buffer-state-based (BSB) relay selec-
tion protocol for finite-buffer-aided cooperative networks that
is capable of achieving a lower average packet delay than the
max-link protocol [13]. This benefit is achieved because link
selection is executed based on the buffer states, so that buffer
overflow and an empty buffer are avoided. Furthermore, in [3]
the concept of the simultaneous use of multiple SR links was in-
troduced for the first time in the context of buffer-aided relaying
protocols in order to provide additional design degrees of free-
dom. The protocol of [3] is capable of attaining explicit benefits
in terms of end-to-end communication delay. Although notice-
able benefits are attainable in the above-mentioned buffer-aided
protocols [3], [15], packet delay in the buffer-aided relaying
scheme is still higher than in the classic cooperative scheme,
which does not rely on relay buffers, and this remains an open
issue. Note that, despite its increased design degree of freedom,
the protocol of [3] fails to attain a better outage performance
than the conventional max-link protocol. This is because link

'In the context of general multihop networks, opportunistic routing (OR) [10],
[11]has been developed for enhancing the system’s throughput, by exploiting the
broadcast nature of the wireless medium while assuming that all transmissions
are overheard by multiple nodes. Motivated by these multihop OR algorithms,
recent buffer-aided cooperative systems [1]-[6] have focused on practical two-
hop wireless scenarios, while providing an analytical framework.
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selection is carried out irrespective of the buffer states of the
relay nodes, which prevents the potential of the protocol from
being fully achieved.

Moreover, in the context of classic cooperative systems,
which do not rely on relay buffers, the concept of collabora-
tive transmit beamforming [16]-[18] was proposed as a means
of improving the received signal-to-noise ratio (SNR) at the des-
tination node. In this scheme, the distributed nodes coherently
transmit a specific symbol to the destination node, by assum-
ing that the distributed nodes are synchronized with each other,
while the symbol is shared among the distributed nodes for
coherent transmission. To the best of our knowledge, collabo-
rative beamforming has not been exploited in the context of the
buffer-aided relaying scenario. This is mainly because most of
the previous buffer-aided relaying schemes were designed for
selecting a single link per time slot, and hence packets are not
shared among the relay nodes, as mentioned above.

Against this background, the novel contribution of the present
paper is as follows.”

1) Motivated by the recent generalized max-link protocol [3],
we herein propose a fixed-rate generalized buffer-aided
cooperative scheme that combines two concepts: simul-
taneous SR link activations and BSB relay selection. The
proposed protocol enables us to achieve better outage and
packet-delay performances than existing buffer-aided re-
laying protocols, such as the max-link [13], BSB [15], and
generalized max-link protocols [3].

2) Specifically, the proposed scheme is designed to allow
multiple relay nodes to receive and buffer the same packet
transmitted from a source node, and hence multiple copies
of the transmitted packet are used to attain a diversity gain
in the relaying phase. The above-mentioned limitation im-
posed on the generalized max-link scheme [3] is combated
by introducing the principle of BSB relay selection [15].
In order to further reduce average packet delay, we incor-
porate a thresholding scheme that gives priority to link
selection so that the number of packets stored at the relay
nodes is maintained at a low rate, while at the same time
avoiding empty buffers.

3) In order to further improve the achievable performance,
we also incorporate the concept of collaborative beam-
forming into the proposed relaying scheme. This becomes
realistic owing to the explicit benefits of the multiple SR-
link activation. Since a packet must be shared among the
collaborative relays in advance of beamforming, this ben-
efit is specific to the proposed scheme that allows copies
of a source packet in the relay buffers. In addition, the
conjugate beamforming algorithm is used for the sake of
maintaining the overhead as low as possible, while attain-
ing the high beamforming gain.

4) Moreover, we derive analytical bounds of the outage prob-
ability and the average packet delay, which are valid for

2The proposed scheme was originally introduced in our preliminary
work [19], which did not demonstrate the theoretical analysis, the detailed
performance comparisons, or the reliability-versus-delay tradeoff specific to the
proposed schemes. An additional novel contribution is that we introduce the
concept of collaborative beamforming into our buffer-aided relaying scheme.
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both the proposed scheme with collaborative beamform-
ing and that without collaborative beamforming, by as-
suming infinite packet transmission. Comparison of the
analytical and numerical results confirms the benefits of
the proposed scheme.

The remainder of the present paper is organized as follows.
In Section II, we present a system model of the proposed buffer-
aided cooperative scheme. In Section III, the concept of collabo-
rative beamforming is introduced into our buffer-aided relaying
scheme. In Section IV, we derive analytical bounds of the out-
age probability and the average packet delay of the proposed
scheme. We then provide the obtained performance results in
Section V and conclude the paper in Section VI.

II. SYSTEM MODEL

Fig. 1(a) illustrates a two-hop relaying network consisting of a
single source node, K relay nodes, and a single destination node,
where the kth relay node has a buffer of finite size L, while the
number of packets stored at the kth relay node is represented by
U (0 < ¥ < L). We assume that no direct link exists between
the source and destination nodes and that all of the nodes operate
in half-duplex mode under a decode-and-forward principle. This
means that at least two time slots are required for each end-to-
end packet transmission. The transmission rate of each node
is maintained at 7o bps/Hz. Moreover, we assume that there
are stable low-rate feedback links and that acknowledge (ACK)
packets are sent from the destination node to the relay nodes.
In order to enable the ACK mechanism in this context, the size
of an ACK packet is typically much smaller than a data packet;
hence, a low overhead is imposed through a narrow-bandwidth
channel. Alternatively, it is also possible for an ACK packet
to be sent in a piggy-back manner, since control packets are
periodically transmitted between the destination (coordinating)
node and the relay nodes.

The rates of the kth SR and RD links are given by:

1
C(hswr,) = 3 log, (1 + s |hsr, |2) , (1

1
C(hgrp, ) = 5 log, (1 + Yrp |hrD, |2) ; (2)

where hgr, and hrp, represent the associated channel coef-
ficients, while ysg and <gp are the average SNRs of the SR
and RD links, respectively. Note that since in the present paper
we consider the exploitation of the half-duplex relay nodes, a
prelog factor of 1/2 is imposed on the capacity expressions of (1)
and (2).> Throughout the present paper, we assume independent
and identically distributed (IID) frequency-flat Rayleigh fading
channels for all links. When the rate associated with the link of
interest is higher than the transmission rate r(, the transmitted
packet is successfully decoded at the receiving node. This is
a realistic assumption when considering the use of a capacity-
achieving channel coding scheme, such as turbo [25] or low-
density parity-check codes [26]. In contrast, when the rate is

3The extension of the proposed scheme to that operating in the full-duplex
scenario [20]-[24] is an open issue left for future studies.
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Fig. 1.
and (b) scheme with collaborative beamforming.

lower than the target transmission rate, the associated link expe-
riences an outage. Thus, the outage probabilities of the local kth
SR and RD links are represented by Pox* = Pr [C(hsg, ) < 70]
and PR = Pr[C(hgp, ) < 7o), respectively. In the present pa-
per, we focus on the fixed-rate-transmission scenario [3], [12]—
[15], [27], [28], rather than the adaptive-rate counterpart [29].

During each packet interval, either a source node or a relay
node transmits a packet, which corresponds to the broadcast
phase or the relaying phase, respectively. Furthermore, during
the broadcast phase, multiple relay nodes may decode a packet
owing to the broadcast nature of the wireless communications,
while during relay, only a destination node decodes a packet.
Note that this simultaneous use of multiple SR links in the
broadcast phase has only been exploited in [3].

A. Proposed Generalized Buffer-State-Based Relaying
Protocol

Similar to the protocol of [15], we use BSB relay selections in
the proposed scheme, while simultaneous activation of multiple
SR links is introduced at the same time. The buffer states of the
relay nodes, as well as the channel coefficients of all the SR and
RD links, are periodically collected at a central coordinator.*
More specifically, both the source and relay nodes are required
to transmit pilot signals to the relay and destination nodes, for
the sake of allowing the channel estimation at the associated
receiving nodes. Also, the channel coefficients estimated at the
relay nodes have to be sent to the destination (central) node.
Moreover, the central coordinator has to update the channel co-
efficients every channel-coherence time, while the relay nodes’
buffer states have to be updated in each time slot [3]. Let us
define the number of available SR and RD links, which are not
in outage, by Nsg and Ngp (0 < Ngr, Nrp < K), respectively.

“In most of the previous studies [3], [12]-[14], [27], it was typically assumed
that the destination node acts as a central coordinator in charge of link selection.
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System model of the proposed two-hop buffer-aided cooperative scheme, exploiting multiple SR links: (a) scheme without collaborative beamforming

TABLE I
PRIORITY CLASSIFICATIONS OF AVAILABLE SR AND RD LINKS

Priority Low High Highest
SRlinks ¥, =L—-1 1<V¥,<L-1 ¥, =01
RD links U, =1 1<, <€ U, >¢

After collection of the buffer states of the relay nodes, the
central coordinator activates a single SR link, multiple SR links,
or a single RD link, where the proposed criterion is given as
follows. First, depending on the buffer states, the central coor-
dinator evaluates the priority of each link according to Table I.
More specifically, the Ngg available SR links are classified into
three categories: low-, high-, and highest-priority SR links. The
number of SR links having low, high, and the highest priorities
are N3, N, ;‘f{gh, and N, gll{ghm, respectively, where we have the re-
lationship Nsg = N 4+ Ng£' + NG Here, the priority of
the kth SR link is low when the number of packets stored at the
associated relay bufferis W), = L — 1, while the priority is high
for 1 < ¥, < L — 1. Furthermore, the priority of the SR links
is the highest when the number of stored packets is ¥, = Oor 1.
Note that when the priority of an SR link is low, the buffer state
of the associated relay node is close to full, which is undesirable
in terms of the maximum number of available links.

Similarly, the available Ngp RD links that are notin outage are
categorized as low-, high-, and highest-priority RD links, where
the number of links of each category is denoted by N, Ng}%’h,
and ngghm, respectively. Here, let us introduce an additional
thresholding parameter £ (< L). Then, based on the buffer states
of the relay nodes, the priority of the available RD links is
classified as shown in Table I. When the buffer of a relay node is
;. = 1, the priority of the associated RD link is low. Moreover,
the priority is high for 1 < ¥, < £ andis the highestfor ¥, > £.
Note that the threshold € is introduced in order to reduce the
possibility of buffer overflow.
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TABLE II
DECISION ALGORITHM FOR LINK ACTIVATION OF THE PROPOSED SCHEME WITHOUT COLLABORATIVE BEAMFORMING

Nlow  Nggh NiEhet o ylow o yuEh o gt pecision
Casel —  — >1 - —  Activate Ng£"* + Ng" highest- and high-priority SR links
Case 2 — — 0 — — >1 Activate a single highest-priority RD link
Case3  — >1 0 - - 0 Activate Ngi£® high-priority SR links
Case 4 — 0 0 — > 1 0 Activate a single high-priority RD link
Case 5 — 0 0 >1 0 0 Activate a single low-priority RD link
Case 6 >1 0 0 0 0 0 Activate a single low-priority SR link
Case 7 0 0 0 0 0 0 No link activated (outage event)

Having attained the priority of the available SR and RD links,
link activation is carried out according to the decision classifica-
tion algorithm shown in Table II. The decisions are categorized
into Cases 1-7. When there is at least one highest-priority SR
link, which corresponds to Case 1, all of the N;{f sty N;{fh
highest- and high-priority SR links are activated, at which point
a source packet is copied at all buffers of associated relay nodes.
In Case 2, in which there is no highest-priority SR link and there
is at least one highest-priority RD link, a single highest-priority
RD link is activated. After the destination node successfully
decodes the packet relayed from the selected relay node, the
destination node transmits an ACK packet to all of the relay
nodes via the stable feedback channels, and the corresponding
packet copied at the relay nodes is deleted from the buffers. Fur-
thermore, when there are high-priority SR links and when there
are no highest-priority SR and RD links, which corresponds to
Case 3, all of the N&gh high-priority SR links are activated. In
Case 4, there are high-priority RD links but no highest-priority
SR, highest-priority RD, or high-priority SR links, and a single
strongest high-priority RD link is activated. In Cases 5 and 6, we
have only low-priority SR and RD links, where the decisions
are the same as those of Cases 4 and 3, respectively, except
that the high-priority links are replaced by low-priority links.
Finally, Case 7 corresponds to an outage event, because there
are no available links.>

In order to provide further insight, there are other benefits
specific to the proposed decision algorithm shown in Table II.
More specifically, in the proposed algorithm, when there are
several RD candidate links that have the same priority level, the
link associated with the highest channel amplitude is selected, as
in Cases 2, 3, 6, and 7 of Table II. This allows us to achieve two
benefits. First, from a practical point of view, channel estimation
must be carried out at each receive node, although, for the sake of
simplicity, we herein assume the acquisition of perfect channel
state information. Hence, by choosing the link with the high-
est channel amplitude, the effects of potential channel estima-
tion errors may be reduced. Another benefit is that the transmit

5In the present paper, we focus on the max-link-based protocol, where the
conventional max-link protocol [ 13] is improved by relying on simultaneous SR-
link activation as well as BSB link selection. However, the concept presented
herein is readily applicable to the MMRS-based protocol [12], [30] that pre-
schedules the SR and RD link selection. In such a scheme, the average packet
delay and overhead required for updating the channel and buffer states may be
reduced in comparison to the max-link counterpart, which is achieved at the
cost of increased outage probability, similar to [3].

TABLE III
LEGITIMATE BUFFER STATES OF K = 2 RELAY NODES WITH
(L = 2)-S1ZED BUFFERS

States Relay 1 Relay 2

S empty empty empty empty
$2 O empty empty  empty
S3 empty  empty empty
84 O | empty  empty
Ss O empty [ empty
S6 empty empty (O

$7 O (| empty
58 O empty [ A

9 O A O O

810 O empty O empty
s11 O O empty
S12 O empty (O AN

s13 O A O A

S14 O A O O

s15 O empty [ @)

16 O A g O

S17 O O O empty
s18 O O O A

519 O O A O

power may be reduced at each transmit node. More specifically,
by assuming the use of powerful near-capacity channel coding
schemes, an infinitesimally low error-rate performance is at-
tainable if the transmission rate is lower than C in (1) and (2).
Hence, as long as R < C is satisfied, the transmission power can
be reduced, and this power-reduction effect is the highest when
we choose the link with the highest channel coefficient. This
benefit is especially explicit when the relay nodes are mobile
terminals, which are power-limited.®

B. Example of Buffer States for K =2 and L = 2

As an example, let us consider the specific scenario of K = 2
relay nodes, each employing an (L = 2)-sized buffer. Similar to
the generalized max-link scheme [3], all of the buffer states are
shown in Table III. Here, the K = 2 relay nodes are allowed
to share a specific packet. Note that the four symbols shown in
Table 111, i.e., O), A, [J, and A\, denote four different packets.
The total number of states is Ny, = 19. Specifically, the first

5To be more specific, such a link-level adaptive-power transmission between
a transmitter and a receiver is carried out, after a specific link is selected by a
central coordinator, similar to the conventional adaptive-rate buffer-aided relay
selection [29].
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nine states s; (¢ = 1,---,9) correspond to those considered in
the conventional max-link and BSB schemes, where a specific
packet is not shared at the K = 2 relay nodes. In the remaining
ten states s; (i = 10,---,19), copies of the source packets at
different relay nodes are allowed.

Fig. 2(a) and (b) show the state diagrams of the Markov
model of the conventional generalized max-link protocol and
the proposed protocol without collaborative beamforming, re-
spectively, where each of the K = 2 relay nodes has a buffer of
L = 2. Note again that, in the generalized max-link scheme [3],
which is the extended version of the max-link scheme [13],
multiple SR-link activation is enabled, while no restrictions are
imposed on the buffer states. Since both the conventional gen-
eralized max-link and the proposed protocol allow the relay
nodes to share copies of a specific source packet, the number of
legitimate states in both cases is Ny = 19.

As shown in Fig. 2(a), in the conventional generalized max-
link protocol, all 19 states are reachable from any state. In
contrast, since in the proposed protocol, empty- and full-buffer
states are restricted, according to our decision algorithm (shown
in Table II), six states, namely, $13, S15, S16, S17, S18, and Sy, are
not reachable under the assumption that the initial state is given
by empty-buffer state s;. This is because the proposed scheme
is designed for imposing a limitation on the link selection algo-
rithm, in order to avoid empty- and full-buffer states, which tend
to reduce the maximum attainable diversity order. In contrast,
in the conventional generalized max-link scheme, these unde-
sirable states are reached by the transitions, as indicated by the
blue dotted arrows in Fig. 2(a).

In order to clarify the above-mentioned transitions of the
proposed scheme, let us consider the transition from state s,
in which a single packet is shared between the two relay nodes.
Transitions from state sjo are only possible to states si, s, and
S12, as shown in Fig. 2(b). More specifically, the transition from
state sjq to state s; occurs when either of the two RD links is
activated. Then, when the destination node successfully receives
the packet, an ACK packet is sent back to both relay nodes,
which allows deletion of the associated packet from the relay
buffers. As for the transition from state s;( to state s;; or state
S12, either of the two SR links is activated, since simultaneous
activation of the two SR links is avoided, according to Case 6
of our algorithm, as shown in Table II.

In order provide further insights, let us exemplify the case
where the first SR link is in outage. More specifically, we con-
sider the state where each of the two relay nodes stores a single
different packet, which corresponds to state ss. Then, since the
first SR link is in outage, the number of packets stored at the
buffer of the first relay node remains unchanged or decreases
in the next link selection event. Hence, as shown in the state
diagram of Fig. 2(b), the possible transitions from state ss are
to states s, (the second RD link selection), s3 (the first RD link
selection), ss (the outage event), and sg (the second SR link
selection).

C. Effects of Thresholding Parameter £

In the proposed protocol, the thresholding parameter & must
be designed in advance of link selections. By appropriately
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setting the threshold £, we can characterize the performance
tradeoff between outage probability and average packet delay.
Note that a low & value tends to maintain the number of packets
stored in the buffers to be low, which has a beneficial effect
on end-to-end packet delay, since the average packet delay is
directly related to the number of stored packets, as formulated
later in Section IV-B. In contrast, this reduction in the number
of stored packets may reduce the number of available RD links
in following transitions, potentially resulting in an increased
outage probability.

In our extensive simulations, we found that a low & value
tends to result in a low average packet delay and a slightly higher
outage probability. However, for the scenario of a high number
of relay nodes, the effect of the increased outage probability was
marginal, owing to a sufficiently high number of available links,
as will be clarified in Section V-D. Hence, in the remainder of
the present paper, we maintain the thresholding parameter at
€ = 2 in order to achieve a low packet delay.’

III. PROPOSED SCHEME WITH
COLLABORATIVE BEAMFORMING

In our generalized BSB relaying scheme (proposed in
Section II-A), the multiple SR links are simultaneously ex-
ploited in the broadcast phase, while only a single RD link
is used in the relaying phase. In this section, we introduce the
concept of collaborative transmit beamforming into our relay-
ing scheme, in order to allow simultaneous exploitation of the
multiple RD links in the relaying phase.

In conventional buffer-aided relaying schemes, which do not
rely on the simultaneous activation of multiple SR links, the
incorporation of collaborative beamforming is not realistic. This
is because only a single relay node is activated in each time slot,
and so no specific source packet is shared among the relay nodes.
In contrast, as described in Section II-A, the proposed scheme
is designed for sharing a source packet among the relay nodes,
which allows us to readily use collaborative beamforming in the
proposed scheme, as shown in Fig. 1(b).

More specifically, the proposed scheme is characterized by
operating with collaborative beamforming as follows. Similar
to the scheme proposed in Section II-A, the priority of each SR
and RD link is evaluated by a central coordinator, according to
Table I. Then, the type of link activation is decided from among
the four modes, i.e., activation of a single SR link, activation
of a single RD link, activation of multiple SR links, or activa-
tion of multiple RD links, according to the algorithm shown in
Table IV. Note that the activation of multiple RD links corre-
sponds to collaborative beamforming. More specifically, when
arelay node stores a packet that is ready for transmission, which
is shared with other relay nodes, the packet may be transmitted
in a collaborative manner from all of the relay nodes that share
the packet, rather than simply being transmitted from a single
relay node. Similar to the proposed scheme without collabora-
tive beamforming, the decisions are categorized into Cases 1-7,

"Note that, for the proposed scheme using collaborative beamforming, the
use of £ = 3 resulted in a slightly lower packet delay compared to the use of
& = 2. However, for the sake of simplicity, we used £ = 2 as a basic parameter
in both of the proposed schemes.
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State diagram of the Markov chain model representing (a) the conventional generalized max-link scheme and (b) the proposed scheme without collaborative

TABLE IV
DECISION ALGORITHM FOR LINK ACTIVATION OF THE PROPOSED SCHEME WITH COLLABORATIVE BEAMFORMING

Nigw  Nhieh o ylighest ylow o yhigh o pBishest pecision
Casel  — — >1 — - - Activate Ngi£™™ + NJE" highest- and high-priority SR links
Case 2 — — 0 — — >1 Activate N]];Eghes‘ highest-priority RD links (collaborative beamforming)
Case 3 — > 1 0 — — 0 Activate N, ;;fh high-priority SR links
Case 4 — 0 0 — > 1 0 Activate N ;Eh high-priority RD links (collaborative beamforming)
Case 5 — 0 0 >1 0 0 Activate N}{B" low-priority RD links (collaborative beamforming)
Case 6 >1 0 0 0 0 0 Activate a single low-priority SR link
Case 7 0 0 0 0 0 0 No link activated (outage event)

where only the difference is that, in the proposed scheme with
collaborative beamforming, Cases 2, 4, and 5 are replaced by
multiple RD-link activation.

Here, let us consider the RD channels associated with the col-
laborative relay nodes as h, = [hf; S 7h£Q>]T for a specific
state, where (Q is the number of the collaborative relay nodes.
According to the selection of the central coordinator, the col-
laborative relay nodes may simultaneously transmit the shared
packet, where a normalized conjugate channel coefficient of
K% /I, || is multiplied by the symbol at the gth collabora-
tive relay node before the transmission. Here, the normalization
factor maintains the total instantaneous transmit power of the
collaborative relay nodes to be constant. Hence, the associated
rate is formulated as

1
C. = 5 Ing (1 +’yRDHhC||2) . 3

This beamforming method corresponds to conjugate beamform-
ing [31], [32], which maximizes the beamforming gain in terms
of the received SNR at the destination node. As the explicit
benefit of conjugate beamforming, where the weight of each
node is simply given by the conjugate of a channel coefficient,
the collaborations between relay nodes are significantly simpli-
fied, in comparison to other beamforming schemes.® However,

$However, the unignorable synchronization cost still exists, even in the pro-
posed buffer-aided conjugate-beamforming-based scheme. Hence, either of the
two proposed schemes with/without collaborative beamforming may be se-
lected in an appropriate manner, depending on the requirement of the overhead-
reliability tradeoff.

other types of beamforming schemes are readily applicable
to our buffer-aided collaborative beamforming protocol. The
rule of the other link activation process is the same as that of
the originally proposed process that does not use collabora-
tive beamforming. This implies that when the capacity asso-
ciated with the collaborative beamforming (3) is lower than
capacity of a single strongest RD link, the latter tends be
activated.

In order to further elaborate, let us consider the spe-
cial scenarios of (K,L) = (2,2) considered in Table IIL.’
Among the total Ny, = 19 states, collaborative beam-
forming may be carried out by the transition from states
S105S115 512, S13,S145 S15, S165 S17, and 318-10 More speciﬁcally,
for these states, we simply have the RD channels associ-

ated with collaborative beamforming as h, = [hf;1>,h552>]T =

[h&p, , hrp,] " -

Naturally, this collaborative beamforming scheme is capable
of achieving a better outage probability, which is imposed by
the cost of the additional overhead required for synchronizing

the collaborative relay nodes.

9The state diagram of the proposed collaborative beamforming scheme
is equivalent to that without collaborative beamforming, which is shown in
Fig. 2(b). This is because, in the proposed scheme, which does not rely on col-
laborative beamforming, the packet copies stored at the relay nodes are deleted
after ACK receptions from the destination node.

10Note that collaborative beamforming can never be carried out by the tran-
sition from state s9, since the packets that are ready for transmission at the two
relay nodes, i.e., packets (J and A, are not shared.
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The proposed scheme relying on collaborative beamforming
is expressed as a Markov model, similar to that dispensing with
collaborative beamforming, shown in Fig. 2(b). Hence, the ana-
Iytical framework derived in Section IV is readily applicable to
both schemes with and without collaborative beamforming.

IV. THEORETICAL BOUNDS

In this section, we analyze the outage probability and the
average packet delay of the proposed scheme. Here, we take
into account the effects of finite-size buffers at relay nodes.
Moreover, similar to conventional analysis, we assume that a
sufficiently large number of packets are transmitted from the
source node to the destination node [13], [14]. For simplicity,
we focus on a specific scenario of K = 2 relay nodes with
(L = 2)-sized buffers, which corresponds to the states listed in
Table III. However, our analytical framework is readily applica-
ble to that supporting arbitrary system parameters (/, L). Note
that the two proposed schemes are designed to allow a specific
source packet to be stored at buffers of different relay nodes, al-
though in most of the conventional buffer-aided protocols, such
as max-link and BSB protocols, a source packet is stored only at
a single selected relay node. This increases the number of legit-
imate states associated with the Markov model on the proposed
scheme.

A. Outage-Probability Analysis

We introduce a Markov chain model that is valid specifically
for the proposed scheme. As shown in Table III, we have a total
of Nye = 19 states.

We denote by =,, and =7 the set of legitimate links and the
set of available links, respectively, for state s,,. Thus, we have
the relationship =2 C Z,,. Furthermore, we consider that U,
is the set of states that have the possibility of being arrived
from state s,, through a one-step transition. Here, let us define
A € RVwexNwe a5 the transition matrix of the Markov model
of Fig. 2(b). Then, the element in the ¢th row and jth column of
A is represented as [15]

Aij = Y Pr(E))Pr(s; — si|E)), (4)

=a = .
E2 CE;

where s; € U; is a state that is directly connected to the state
sj. Moreover, Pr(Z}) of (4) corresponds to the probability that
a subset of links =7 of the legitimate set =; can successfully
convey a packet without an outage, which is expressed by [15]

rEp)= [ a-ru) I R
hsg) €2} hsw,, €, hs, £2
IT a-re) II & ®
hro,, GE;’ hrp, €Z;,hrp,, %E?
where Posulf“' is the outage probability of the kth SR link,

and PRP* is that of the kth RD link. More specifically,
the outage probabilities of the SR and RD links are for-
mulated by PSR =1 — exp(—(22% — 1)/sg) and PRP: —
1 — exp(—(2*# — 1) /yrp), respectively [3].
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The steady-state probabilities 7w € R™su are formulated in
closed-form as [3]

m=(A-I+B)'beRNu. (©6)
The theoretical outage-probability bound is formulated as [13]
P,y = diag(A)m. @)

B. Average Packet Delay

In this section, we present the average packet-delay bound of
the proposed protocol. In a manner similar to that of previous
studies [14], [27], we assume infinite source-packet transmis-
sions and finite-buffer relay nodes.

Based on Little’s law [27], the average packet delay induced
at the kth relay node is represented by

E[T] = 2 ®)
Mk
where 7, denotes the average throughput of the kth relay node.
Considering that the probabilities of selecting any of the relay
nodes are identical, as mentioned in [27], the average packet
delay of each relay node is expressed as (8).
Specifically, (8) is given by

2 Nute

1_ljoutqz:;

E[T}] = mi (i), ©)
where 7; represents the ¢th element of the state vector , and
W(4) is the number of different packets stored at the K relay
nodes for state ;. Here, E[-] represents the expectation opera-
tion. Moreover, py; (i) denotes the probability that the jth RD
link is selected and that a packet stored at the kth relay node
decreases.

V. PERFORMANCE RESULTS

In this section, we present our simulation results in order to
characterize the proposed protocol and compare it with exist-
ing schemes. For simplicity, the transmission rate o of each
node was maintained to be 7y = 1 bps/Hz. The buffers at all of
the relay nodes were set to empty in the initial condition, and
a sufficiently large number of packets were transmitted from
the source node to the destination node in each Monte Carlo
simulation.!" All of the SR and RD channels are randomly
generated at each time slot. The max-link protocol [13], the
generalized max-link protocol [3], and the BSB protocol [15]
were chosen as benchmark schemes. The basic system param-
eters used in our simulations are listed in Table V. Whereas in
Sections V-A-D, we considered the symmetric-channel scenar-
ios of ¥ = s = YrD, in Section V-E, we assumed asymmetric
channels, i.e., Ysr # YRD-

"More specifically, in our simulations, more than N, = 10° packets were
generated for calculating each numerical curve. As shown later in Fig. 3, the
numerical curves coincided with the analytical curve, which was derived under
the assumption of an infinite number of packets. Furthermore, our extensive
simulations confirmed that when we varied the number of packets per frame
from N, = 102 to 107, N, p = 10 packets per frame were sufficient in terms of
convergence, which was unaffected by the initial states.



1252
TABLE V
PARAMETERS USED IN THE SIMULATIONS
Channel IID frequency-flat Rayleigh fading
— Symmetric Y = YSR = TRD
— Asymmetric YSR # YRD
Number of relay nodes K 2-30
Buffer size L 2-30
Thresholding value & 2<¢E<L
Average SNR value 0-30dB
Number of packets per frame IV, 10°
35
100
30 O Numerical
101 —— Theoretical
3 2
% 10 E
@)
5 e
a 108 o
o @)
o) ©
© o
S 104
O
105 O Numerical
—— Theoretical
1 0-6 L L L L 0 L L L L
0 5 10 15 20 25 0 5 10 15 20 25
SNR [dB] SNR [dB]
(2) (b)
Fig. 3. Analytical and numerical results of the proposed scheme without

collaborative beamforming, where we varied SNR from 0 dB to 25 dB, and the
number of relay nodes was set to X' = 2, each with buffer size L = 2. Moreover,
infinite source-packet transmissions were assumed. (a) Outage probability, and
(b) packet delay.

A. Comparisons of Theoretical and Numerical Results

In order to validate our numerical results, we compared the
analytical and numerical results. Specifically, we examined
the outage probability and the packet delay of the proposed
scheme without collaborative beamforming and with K = 2 re-
lay nodes, each with an (L = 2)-sized buffer in Fig. 3(a) and
(b), respectively. As shown in Fig. 3(a) and (b), the analytical
and numerical curves agreed well for each metric. Note that
while Fig. 3 theoretically verifies the performance of the pro-
posed scheme without collaborative beamforming in terms of
outage probability and delay profile, that of the proposed scheme
with collaborative beamforming was also validated in our sim-
ulations, where the theoretical and numerical curves coincided
(similar to Fig. 3).

B. Packet-Delay Performance

Fig. 4(a)-(c) show the average number of different pack-
ets stored in the K relay nodes for the proposed scheme, the
max-link scheme [13], the generalized max-link scheme [3],
and the BSB scheme [15], where we considered the parame-
ters (K, L) = (3,5), (5,5), and (5, 10). The SNR was varied
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from O dB to 25 dB with a step of 5 dB, while the number
of transmitted packets per Monte Carlo simulation was set to
N, = 10°. For each (K, L) scenario, the proposed scheme with-
out collaborative beamforming exhibited the lowest number of
stored packets among the five schemes, whereas the proposed
scheme with collaborative beamforming attained the second-
best performance. More specifically, the gap between the two
proposed schemes and the three benchmark schemes increased
with increasing SNR. Note that the number of packets stored in
the relay nodes is directly related to the analytical packet delay,
as seen in the numerator of (8). This implies that the proposed
scheme tends to exhibit the lowest packet delay profile. In ad-
dition, the proposed scheme is characterized by multiple copies
of a specific source packet existing in the buffers of the relay
nodes. This contributes to the reduction of the average number
of different packets, in comparison to the max-link and BSB
schemes.!?

Next, Fig. 5 shows the average packet-delay profiles of the
proposed scheme, the max-link scheme [13], the generalized
max-link scheme [3], and the BSB scheme [15], where the
buffer size L was set to L = 10, while varying the number of
relay nodes from K =2 to 10. The average SNR was v =5
and 15 dB in Fig. 5(a) and (b), respectively. Observe in Fig. 5
that the proposed scheme without collaborative beamforming
achieved the lowest packet delay among the five schemes con-
sidered herein, where the delay remained nearly unchanged,
regardless of the number of relay nodes. In contrast, in the
max-link and BSB schemes, the packet delay increased upon
increasing the number of relay nodes. This implies that the ad-
vantage of the proposed scheme is more explicit, especially for
a scenario involving a large number of relay nodes. Moreover,
the beneficial effects of the proposed scheme became explicit at
high SNRs.

In Fig. 6, we also compared the packet delay of the five
schemes, where K =5 relay nodes were considered, while
varying the buffer size from L =4 to 20. The average SNR
was maintained to be v = 10 dB. Similar to Fig. 5, the proposed
scheme without collaborative beamforming exhibited the best
packet delay profile over the entire range of L. More specifi-
cally, the packet delay of the two proposed schemes remained
constant, irrespective of the value of L. This is because our
thresholding scheme maintained the number of packets stored
at the relay nodes to be low and so contributed to the reduc-
tion of packet delay, as expected from the analytical bound
of (9).

C. Outage-Probability Performance

Having investigated the packet-delay profile of the proposed
scheme, let us now examine its reliability. Since the empty-
and full-buffer states tend to reduce the number of available
links, i.e., the spatial diversity gain, the packet distributions

121n order to provide further insights, the number of different packets stored
at the relay nodes increases, upon increasing the buffer size L or the number
of relay nodes . Hence, higher values of K or L may increase packet delay,
despite the improved outage-probability performance.
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5,5), and (5, 10), and the SNR

was varied from 0 to 25 dB with a step of 5 dB. (a) (K, L) = (3,5). (b) (K, L) = (5,5). (¢c) (K, L) = (5,10).
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Fig. 5. Average packet-delay of the proposed scheme, the max-link

scheme [13], the generalized max-link scheme [3], and the BSB scheme [15],
where the buffer size was set to L = 10, while varying the number of relay
nodes from K = 2 to 10. (a) v = 5 dB. (b) v = 15 dB.
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Fig. 6. Average packet-delay of the proposed, max-link scheme [13], the gen-

eralized max-link scheme [3], and the BSB scheme [15], where we considered
K = 5relay nodes, while varying the buffer size from L = 4 to 20. The average
SNR was maintained to be v = 10 dB.

in the relay buffers are closely related to the outage
performance.

In order to clarify these effects, Table VI lists the distributions
of buffer states in the simulations over 10° time slots for K = 3
relay nodes, each having an (L = 5)-sized buffer, at SNR =
10 dB and 20 dB. In each SNR scenario, the proposed and BSB
schemes successfully avoided the empty- and full-buffer states,
which was achieved as the explicit benefit of the buffer-state-
based link selections. This allows us to maintain the attainable
diversity order to be nearly maximum. In contrast, the general-
ized max-link and max-link schemes suffered from a reduction
in the number of available links, where for each SNR scenario,
the relay buffers are either empty or full during more than 20%
of the transmission interval.

Next, Fig. 7 shows the effects of the number of relay nodes
on the outage probability for the five schemes, where the system
parameters are the same as those used in Fig. 5, in which the
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TABLE VI
DISTRIBUTIONS OF BUFFER STATES IN THE SIMULATIONS OVER 10° TIME SLOTS FOR K = 3 RELAY NODES WITH (L = 5)-SIZED BUFFERS

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 67, NO. 2, FEBRUARY 2018

Number of stored packets 0 1 2 3 4 5
Generalized max-link (SNR = 10 dB) 104% 187% 20.7%  20.7% 185% 11.0%
Max-link (SNR = 10 dB) 108% 163% 175% 18.6% 199% 16.9%
BSB (SNR = 10 dB) 04%  73.8% 254%  0.4% 0.0% 0.0%
Proposed w/o beamforming (£ = 2, SNR = 10 dB) 1.6% 31.6% 473% 16.8% 2.7% 0.2%
Proposed with beamforming ({ = 2, SNR =10dB)  1.0% 294% 443% 201% 52% 0.0%
Generalized max-link (SNR = 20 dB) 99%  19.6% 20.1% 203% 198%  10.3%
Max-link (SNR = 20 dB) 93%  156% 173% 19.0% 209% 17.9%
BSB (SNR = 20 dB) 00% 823% 177%  0.0% 0.0% 0.0%
Proposed w/o beamforming (¢ = 2, SNR = 20 dB) 0.0%  44.0% 50.1% 5.9% 0.0% 0.0%
Proposed with beamforming (¢ = 2, SNR =20dB)  0.0% 25.5%  482%  24.2% 2.1% 0.0%
—O— Generalized max-link —O— Generalized max-link —O— Generalized max-link —O— Generalized max-link
—+— Max-link —+— Max-link ; gl;é-link —+— Max-link
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Fig. 7. Outage probqbilities of the proposed scheme, the max-link = 107 = 102
scheme [13], the generalized max-link scheme [3], and the BSB scheme [15], 3 s
where the buffer size was L = 10, while the number of relay nodes was varied g_ 10 g_ 10
from K = 2to 10. (a) y = 5dB. (b) v = 15dB. o )
& 104 & 104
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10 10
average SNR was v = 5 dB in Fig. 7(a) and 15 dB Fig. 7(b). As 106 L 100 L
shown in Fig. 7, all of the schemes improved the outage perfor- 15 20 25 1B 20 25
mance upon increasing the number of relay nodes. The proposed SNR [dB] SNR [dB]
scheme with collaborative beamforming exhibited the best out- (© (@
age probability performance, followed by the proposed scheme
gep yp Y prop Fig. 8. Outage probabilities of the proposed scheme, the max-link

without collaborative beamforming and the BSB scheme, as
expected from the results shown in Table VI. This is achieved
by the explicit benefits of the collaborative beamforming gain,
as well as the maximum attainable diversity gain owing to the
absence of empty- and full-buffer states, which is particularly
noticeable for a high- K scenario.

In addition, Fig. 8 compares the effects of the SNR on
the outage probability, where the system parameters were
(K,L)=(3,3),(3,10),(6,3), and (6, 10) in Fig. 8(a)—(d), re-
spectively. For the L = 3 scenarios shown in Fig. 8(b) and (c),
the two proposed schemes exhibited approximately the same
performance as that of the BSB scheme, where the performance
advantage over the max-link and generalized max-link schemes

scheme [13], the generalized max-link scheme [3], and the BSB scheme [15].
Ea) (K)7L) =(3,3).(b) (K, L) = (3,10). (¢) (K, L) = (6,3). (d) (K, L) =
6,10).

increased upon increasing the SNR value, owing to the high
maximum attainable diversity gain. In Fig. 8(b) and (d), where
the buffer size was increased to L = 10, the proposed scheme
with collaborative beamforming had an explicit advantage over
the BSB scheme and the proposed scheme without collaborative
beamforming.

In order to explicitly show the tradeoff between the packet
delay and the outage probability in each scheme, in Fig. 9,
we plotted the delay with respect to the outage probability,
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Fig. 9. Packet delay and outage probability of the proposed scheme, the

max-link scheme [13], the generalized max-link scheme [3], and the BSB
scheme [15], where we considered K = 3 relay nodes, each with a buffer
size of L = 10. The average SNR was varied from v = 0 to 15 dB.

where we considered K = 3 relay nodes, each with a buffer
size of L = 10. The average SNR was varied from v =0 to
15 dB. Observe in Fig. 9 that upon increasing the SNR value,
the outage probability and the packet delay improved for all four
schemes. More specifically, the proposed scheme exhibited the
lowest packet delay, where the advantage increased with the
increase in the SNR value, while the best outage performances
were achieved by the proposed scheme and the BSB scheme
and were similar for these schemes.

D. Effects of Parameter &

Next, the effects of the thresholding parameter, &, were in-
vestigated. In the above simulations, £ was fixed to two, since
it typically provides nearly the best packet-delay performance,
while maintaining good outage performance, comparable to that
of the BSB scheme. However, by appropriately determining pa-
rameter £, the proposed scheme is capable of striking a balance
between reliability and packet delay. In order to demonstrate
these characteristics, Figs. 10 and 11 show the effects of param-
eter £ on the performance of the packet delay and the outage
probability, respectively, where the parameters of the relay nodes
are (K, L) = (3, 10), while varying the thresholding parameter
from £ =2 to 9. As shown in Fig. 10, the average packet delay
improved as the thresholding parameter &, decreased, where the
best performance was achieved by £ = 2, as expected. In con-
trast, as shown in Fig. 11, an increase in £ slightly improved
the performance of the outage probability, where the maximum
performance gap between the curve of £ = 2 and that of £ =9
was as low as 0.2 dB. This implies that, although a performance
tradeoff exists between the packet delay and the outage proba-
bility, it may be beneficial to use £ = 2 for the sake of carrying
out low-packet-delay operation, while attaining a good outage
probability.

In order to further elaborate, as shown in Fig. 12, we investi-
gated the effects of parameter £ on the achievable performance
of the proposed scheme without collaborative beamforming for
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Fig. 10. Average packet-delay comparisons of the proposed scheme with-

out collaborative beamforming, where the parameters of the relay nodes were
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Fig. 11. Outage probability of the proposed scheme without collaborative

beamforming, where the parameters of the relay nodes were (K, L) = (3, 10),
while the thresholding parameter was varied from £ = 2 to 9.
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Fig. 12.  Effects of parameter £ on the achievable performance of the proposed
scheme without collaborative beamforming, where the system parameters were
(K, L) = (30,30) and the SNR was 1 dB. Parameter { was varied from 2 to
30. (a) Outage probability, and (b) packet delay.
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Fig. 14. Average packet-delays of the proposed scheme with and without

collaborative beamforming in the asymmetric channels, where the parameters
of the relay nodes were (K, L) = (3, 10), while the thresholding parameter
was set to £ = 2 and 3. The average SNR of the RD links was maintained to be
Yrp = 10 dB.

a high-scale (K, L) = (30, 30) scenario. Here, the SNR was 1
dB, while parameter £ was varied from 2 to 30. More specif-
ically, Fig. 12(a) and (b) show the outage probability and the
packet delay, respectively. As shown in Fig. 12, ¢ = 2 yielded
the lowest packet delay, while achieving a good outage prob-
ability performance, as expected. Hence, the design guideline
remained unchanged even for the scenario involving high values
of K and L.

E. Effects of Asymmetric Channels

Finally, in this section, we consider the scenarios of the asym-
metric channels, i.e., ysr 7# rp. Figs. 13 and 14 show the
outage-probability and packet-delay for the proposed scheme
with and without collaborative beamforming, respectively.
The parameters of the relay nodes were (K, L) = (3, 10), while
the thresholding parameter was set to & = 2 and 3. The av-
erage SNR of the RD links was maintained to be ~grp =
10 dB. The BSB scheme was chosen as the benchmark
scheme, because this scheme was designed for achieving better
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performance in both symmetric- and asymmetric-channel sce-
narios compared to other existing schemes, as mentioned in [15].
As shown in Figs. 13 and 14, the proposed scheme with col-
laborative beamforming achieved the best outage probability
performance, while the proposed scheme without collaborative
beamforming attained a better packet delay profile (similar to
symmetric-channel scenarios) than the other schemes.

Furthermore, the results of Fig. 14 ensure the basic trends
of the proposed schemes. For example, the proposed scheme
without collaborative beamforming, having a lower & value, re-
sults in a lower packet delay, while the packet delay of the
proposed scheme without collaborative beamforming tends to
be lower than that of the proposed scheme relying on collabora-
tive beamforming. However, an exceptional trend was also seen
in Fig. 14, where in the proposed collaborative beamforming
scheme, the packet delay of the £ = 2 scenario was not explic-
itly lower than that of £ = 3. This is mainly because a packet,
which is stored at only a single relay node, tends to remain in
the buffer, since a packet shared among multiple relay nodes is
more likely to be transmitted via collaborative beamforming in
our algorithm of Table IV. This detrimental effect in terms of
the packet delay is, more explicit in the £ = 2 scenario, than in
the £ = 3 one.

VI. CONCLUSION

In the present paper, we proposed a novel buffer-aided coop-
erative scheme, which, for the first time, exploits the concepts of
simultaneous activation of multiple SR links and BSB link selec-
tions. The clear benefits of the proposed scheme are better outage
and packet-delay performance compared to existing fixed-rate
buffer-aided cooperative schemes. In order to further improve
the outage probability performance, we incorporated the con-
cept of collaborative beamforming into the proposed scheme,
which enables the simultaneous use of multiple RD links, in ad-
dition to SR links. We also derived the outage-probability and
packet-delay bounds of the proposed scheme. Numerical inves-
tigations confirmed the benefits of the proposed scheme over the
existing schemes, while clarifying that the performance tradeoff
between reliability and delay can be adjusted by adjusting the
thresholding parameter, &.
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