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Abstract—In this contribution, we propose and study a buffer-
aided opportunistic routing (BOR) scheme, which combines the
benefits of both opportunistic routing and multihop diversity
(MHD) aided transmissions. It was conceived for a buffer-aided
three-node network (B3NN) composed of a source node (SN), a
buffer-aided relay node (RN) and a destination node (DN). In this
network, there are three channels namely the SN-RN, RN-DN
and SN-DN channels. The key motivation is that we are aiming
for activating the specific channels requiring a recuded energy
dissipation. In order to study this problem, a three-dimensional
(3D) transmission activation probability space (TAPS) is proposed,
which is divided into four regions representing each of the three
channels plus an outage region. In a specific time slot (TS), the
instantaneous channel fading values may be directly mapped to
a specific point in this 3D channel space. The BOR scheme then
relies on the position of this point to select the most appropriate
channel for its transmission. Both the energy dissipation and the
outage probability (OP) are investigated for transmission in this
network. The results show that when the system is operated at a
normalized throughput of 0.4 packet/TS, the energy dissipation
was reduced by 24.8% to 77.6% compared to three different
benchmark schemes. Alternatively, our technique is capable of
reducing the OP by 89.6% when compared to conventional op-
portunistic routing. As in all buffer-aided system, the performance
improved with the cost of higher packet delay, which is also
studied.

Index Terms—Cooperative communication, opportunistic rout-
ing, buffer, energy consumption, energy dissipation, channel
space.

I. INTRODUCTION

ITIGATING the energy dissipation of a relay-aided
wireless communication system is still an open problem
at the time of writing. Employing a relay between the source

Manuscript received March 18, 2014; revised July 28, 2014, November 30,
2014, and January 19, 2015; accepted January 19, 2015. Date of publication
February 4, 2015; date of current version March 13, 2015. The financial support
of the RC-UK under the auspices of the India-UK Advanced Technology
Centre, the support of European Research Council’s Advanced Fellow Grant,
the support of the EU’s Concerto project and the UK/China scholarships for
excellence programme is gratefully acknowledged. This paper have presented
in part as “Energy-efficient buffer-aided relaying relying on non-linear channel
probability space division,” at the IEEE Wireless Communications and Net-
working Conference, Istanbul, Turkey, April 2014. The editor coordinating the
review of this paper and approving it for publication was J. Yuan.

The authors are with School of ECS, University of Southampton,
Southampton SO17 1BJ, U.K. (e-mail: cd2g09@ecs.soton.ac.uk; lly@ecs.
soton.ac.uk; jz08r @ecs.soton.ac.uk; sxn@ecs.soton.ac.uk; lh@ecs.soton.ac.uk;
http://www-mobile.ecs.soton.ac.uk).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TCOMM.2015.2396512

node (SN) and the destination node (DN) is one of the most
basic methods that can be used for mitigating energy dissi-
pation. In this three-node relaying system, it is traditionally
assumed that a packet is transmitted from the SN to the DN via
the relay node (RN) sequentially. For convenience of descrip-
tion, we refer to this as “the conventional three-nodes transmis-
sion scheme” in our forthcoming discourse. This transmission
scheme results in a range of advantages over conventional
single-hop communications. These advantages may include an
extended coverage area, an improved link performance and
high-flexibility network planning, etc. [1]-[7]. However, this
transmission scheme has a limited diversity order and a limited
throughput. Let us discuss these drawbacks to conceive possible
solutions.

The first drawback of conventional transmission is that the
bit error ratio (BER)/outage performance cannot benefit from
the maximum achievable diversity order, because no link pri-
oritization scheme invoked, given that the channel activated
at a specific time instant is predefined, regardless of its in-
stantaneous channel quality (CQ). To improve the achievable
performance of relaying systems, novel signalling schemes
have been proposed [3], [5], [8], which require the nodes to
have a store-and-wait capability. Additionally, in our previous
contributions [9]-[11], we proposed a buffer-aided transmission
scheme, namely the multihop diversity (MHD) transmission
philosophically, which relies on temporarily storing the re-
ceived packets and on activating the specific channel having
the highest instantaneous SNR. Both our simulation results
and theoretical analysis demonstrated that MHD transmissions
are capable of achieving a substantial selection diversity gain.
Recently, a relay-selection scheme was proposed in [12], while
full-duplex relaying was discussed in [13]. The system model is
the same as in [13], which was also considered in combination
with cognitive radio [14], AF relaying [15] and physical layer
security [16]. As a further advance, adaptive link selection was
proposed in [17]. More recently, the performance of a two-hop
buffer-aided link relying on BICM-OFDM aided relaying was
analyzed in [18].

The second drawback of conventional relaying is its limited
throughput, since the effective transmission duration of a spe-
cific hop in a two-hop link is halved compared to classic direct
transmission [19]. More specifically, if the direct transmission
has a throughput of 1 bit/s/Hz, the single-hop throughput of the
two-hop system should be at least 2 bits/s/Hz for achieving
the same throughput, which is a challenge in most practical
cases [19]. However, Opportunistic Routing (OR) [20]-[23]
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was shown to be capable of significantly enhancing the system’s
throughput in relay-aided wireless transmission. For example,
Liu et al. [21] illustrated that OR substantially increases both
the transmission reliability and the throughput by exploiting
the broadcast nature of the wireless medium, where all trans-
missions can be overheard by multiple neighbours. Biswas
and Morris [20] proposed an extremely opportunistic routing
(ExOR) scheme, which relied on the expected end-to-end trans-
mission delay as the metric used for deciding on the priority
order of selecting a RN from the potential forwarder set. The
proposed routing regime intrinsically amalgamated the routing
protocol and the medium access control (MAC) protocol for
the sake of increasing the attainable throughput of multi-hop
wireless networks. Their solution [20] also exploited the less
reliable long-distance SN-DN links, which would have been
ignored by traditional routing protocols. Zeng et al. [22] pro-
posed multi-rate OR by incorporating rate-adaptation into their
candidate-selection algorithm, which was shown to achieve
a higher throughput and lower delay than the corresponding
traditional single-rate routing and its opportunistic single-rate
routing counterpart. Moreover, in our previous paper [23], we
proposed an energy-efficient cross-layer aided opportunistic
routing for ad hoc networks, which formulated both the nor-
malized energy dissipation as well as the end-to-end throughput
and theoretically analyzed their performances. The simulation
results demonstrated that the proposed OR algorithm has a
lower normalized energy dissipation and higher end-to-end
throughput than the traditional multi-hop routing algorithm.

The motivation behind this paper is to combine the advan-
tages of buffer-aided transmission with the added benefits of
opportunistic routing. In the three-node network, we assumed
that the RN is capable of storing a maximum of B packets and
the SN can transmit its packets to the DN either directly or
indirectly via a RN. Without loss of generality, let us consider
the scenario, where the SN-RN distance is smaller than the RN-
DN distance. Even though the SN-RN distance may be different
from the RN-DN distance, the probability of either of those two
hops being selected should be the same, otherwise the system
becomes unstable, which results in a buffer-overflow at the RN.
To solve this problem, a new channel selection scheme relying
on both buffer-aided transmissions and on opportunistic routing
is proposed.

The key problem of this topic can be generally described as
the optimization problem formulated as

max metric,e.g. capacity or throughput

or 1 /energy dissipation, etc (1)
s.t. input packet = output packet for every RN 2)
Buffer limit 3)
Outage (Received SNR) limit. 4)

Constraint (2) is the “main constraint” in our paper. The “Buffer
limit” of (3) may be removed when we discuss the ultimate per-
formance bound associated with an infinite buffer. Moreover,
(4) may be removed when considering the achievable capac-
ity. The above formulation is a typical optimization problem,
which may be solved by applying queuing theory and Lagrange
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multiplier [24]. However, a different low complexity method is
proposed in this paper.

There are three channels constituted by the SN-RN, SN-DN,
and RN-DN links, which form a 3D transmission activation
probability space (TAPS), where the TAPS is divided into four
regions representing the above-mentioned three channels and
the outage region. In a specific time slot, the instantaneous fad-
ing values may be directly mapped to a specific point in this 3D
TAPS. The buffer-aided opportunistic routing (BOR) scheme
uses this point for selecting the most appropriate channel for
its next transmission. After investigating this new channel
selection scheme, the end-to-end energy dissipation, OP, the
position of the RN as well as the packet delay are studied. We
will demonstrate that a significant energy dissipation-reduction
can be achieved in comparison to the benchmark scheme.
Furthermore, a meritorious MAC layer protocol is proposed
for disseminating the global channel quality knowledge and the
buffer-fullness (BF) of the RN.

The contributions of this paper are summarized as follows.

1. The concept of transmission activation probability space
(TAPS) and its non-linear partitioning in three nodes
network is proposed, which extends the concept of classic
selection combining (SC).! The three channels form a
three-dimensional TAPS, which is divided into four re-
gions, each representing one of the three channels plus an
outage region. The boundary of each region is analyzed.

2. The end-to-end normalized energy dissipation, the sys-
tem’s OP and the distribution of packet delay are studied
in the context of specific buffer sizes.

The remainder of this paper is organized as follows.
Section II present our system model. Then Section III
to Section IV detail the concept of TAPS and its partitioning.
Section V and Section VI analyzes the distribution of packet de-
lay, exact OP and exact end-to-end Packet-Energy-Dissipation
with a specific buffer size. In Section VII, we provide our
numerical and simulation results. Finally, our conclusions are
offered in Section VIII.

II. SYSTEM MODEL

Our system model is portrayed in the next three sections
related to buffering, the physical layer and the transmission
scheme.

A. Buffering at the RN

Our three-node network considered in this contribution is
shown in Fig. 1, which consists of a SN, a buffer-aided RN
and a DN. The distances between corresponding pairs of nodes
are dsg, dsp, and dgp. We assume that the RN is capable of
storing a maximum of B packets and that the classic Decode-
and-Forward protocol [25] is employed for relaying the signals.

IConventionally, the SC activates the channel with the largest SNR. In the
transmission activation probability space, the boundary of different region is a
line or the projections of a line. For example, if there are two channels forming
a plane, the boundary is a line from origin. Especially, if the two channels are
identical, the boundary is a line with slope one (y = x).
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drp

DN

Fig. 1. System model for a buffer-aided three-node network, where SN sends
messages to DN via RN, directly or indirectly.

Finally, each node is capable of adjusting its transmit power
between zero and the maximum transmit power P,;;qy.

B. Physical Layer

In this paper, we assume that the receiver is capable of per-
fectly decoding the transmitted packet, when the receive SNR
is higher than a specific threshold vy, , because a sharp SNR-
BER cliff for near-capacity coding (e.g., LDPC, Turbo). Based
on this assumption and on the knowledge of the instantaneous
channel quality, the transmitter adjusts its transmit power for
ensuring that the required SNR of vy, is achieved at the receiver.
Hence, the transmit power required is inversely proportional to
the instantaneous channel quality.

We assume that the signals are transmitted on the basis of TSs
having a duration of 7' seconds. In addition to the propagation
pathloss, the channels are assumed to experience independent
block-based flat Rayleigh fading, where the complex-valued
fading envelope of a hop remains constant within a TS, but it
is independently faded for different TSs, for example by using
frequency hopping. The pathloss is assumed to obey the nega-
tive exponential law of d~%, where o is the pathloss exponent
having a value between 2 and 6. It is also assumed that the
instantaneous channel quality of TS ¢ between each node pairs
is denoted by 7Ysg, Ysp, and Ygp. The instantaneous transmit
power Esp, Egrp, or Egp of each node can then be calculated
with the aid of k = 9.895 x 10~% and the noise power for
N = 10~* W which corresponds to a receiver sensitivity of
—110 dBm. An example of calculating Egp is given by

¥n, dspN

B ESD Spmax~ (5)
YsD

Esp =
An outage will occur, when the receive SNR is lower than vy,

despite using the maximum transmission power P, therefore

_ M dgpN v, dpN Y1, dgpN ut npout
TR TRl gk Wheresp Vg
and Y3} are the outage thresholds of the corresponding channel.

we have Py,

C. Transmission Scheme

The “action” diagram of Fig. 2 relies on two stages. The
first stage is the system analysis, which is carried out before
any real data transmission. Based on all the assumptions and
on the independent parameters, all dependent parameters to be
detailed later, including the key parameters of Esr. Erp, and
Ejys. may be calculated, leading to our theoretical performance
results. In the second stage, simulations are carried out with
the aid of all the parameters used in the first stage. The buffer-
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Fig. 2. The “action” diagram of this paper. During the analysis stage of this

diagram, based on all the assumptions and on the independent parameters, all
dependent parameters, including the key parameters of &gz, Egp, and E ffe May
be calculated, leading to our theoretical performance results. During the second
stage, simulations are carried out with the aid of all the parameters used in the
first stage. The buffer-aided three-node network’s (B3ANN) MAC layer protocol
used in the second stage activates a single channel during any TS. Finally, it
will be shown that the theoretical and simulation results match each other well.

aided three-node network’s (B3NN) MAC layer protocol used
in the second stage will be detailed in Appendix A, which
activates a single link during any TS. Again, our flow-chart-like
action diagram is shown in Fig. 2. A packet will be transmitted
from the SN to DN either directly or indirectly. Note that if no
packets are stored in the RN, the RN-DN channel must not be
activated. By contrast, if the buffer at the RN is full, the SN-
RN channel must not be activated. Our studies are based on the
following assumptions:

» The SN always has packets to send, which hence facilitates
for the B3NN to operate in its steady state.

e Both the SN and DN are capable of storing an infinite
number of packets. By contrast, the RN can only store a
maximum of B packets.

e Based on our assumptions, only a single packet is trans-
mitted, when a channel is activated.

e The channels are assumed to be reciprocal.

* The fading processes of the three channels are indepen-
dent. The fading envelope of a given hop remains constant
within a packet’s duration, but it is independently faded
from one packet to another.

e Each node accurately adjusts its transmission power to
achieve the required received SNR of vz, .

* In each TS, only a single packet is transmitted, when the
corresponding link is activated.

e Our B3NN protocol provides every node with the global
channel quality and Buffer Fullness knowledge of the RNs
within a given TS. All the operations of the B3NN protocol
are assumed to have been carried out without a delay and
without errors.

A MAC protocol conceived for controlling the operations of
our B3NN is proposed in Appendix A.
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III. THE ENERGY DISSIPATION EXPRESSIONS

In this section, we stipulate our idealized simplifying as-
sumptions and propose a novel node-activation scheme.

A. Idealized Simplifying Assumptions

Our main assumption is that the average number of pack-
ets conveyed from SN to RN should be the same as those
transmitted from RN to DN, which implies that the SN-RN
channel and RN-DN channel should have the same probability
of being activated. This assumption is automatically satisfied,
when we have dsg = dgp and when both the SN-RN and the
RN-DN channel experience the same type of fading, since we
have identical channel conditions in both hops. For the sake of
simplicity, our node-selection scheme is highlighted in the next
subsection by ignoring this assumption.

B. Node-Activation When dsg = dgp

Our goal is to activate that particular transmitter, which
mitigates the expected end-to-end Packet-Energy-Dissipation
(PED) based on the knowledge of the instantaneous SNR.
Since we have only three channels in the system, their PED
is discussed one by one below.

1) When the SN-DN channel is activated, the end-to-end
PED (Egp) is given by (5).

2) When the SN-RN channel is activated, the total PED of
the SN-RN-DN route becomes the sum of the PED in
each hop. However, the PED of the SN-RN hop (Esz) and
that of the RN-DN hop (Egp) take place in two different
time slots (TSs). Although Esg may be known based on
the current channel condition, Egp of the RN-DN hop
remains unknown in the current TS. Therefore, we use
the expected PED Erp for estimating Egp. Hence, when
the SN-RN channel is activate in TS ¢, the expected end-
to-end PED becomes:

8 BN —
SR-RD
VSR

d%.N
i SE 4 Epp. ©6)

3) When the RN-DN channel is activated in TS ¢, the ex-
pected end-to-end PED is:

1, drpN
YD K ’

(7

Esp_rp = Esr+

Finally, in each TS, the system activates that particular
channel, which mitigates the expected end-to-end PED, as
formulated in:

&= min{&SD,ESRiﬁ,szRiRD}. (8)
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Fig. 3. The transmission activation probability space (TAPS) is divided by

the outage SNR-thresholds into 8 regions. Py, is the outage probability of the
system, while Psg(sr), Prp{rp} and Psp(spy represent the probability that only
the SN-RN, the RN-DN or the SN-DN channel is available, respectively.

C. Node-Activation When dsg # dgp

The previous subsection discussed both the node-activation
and the PED associated with dsg = dgp, albeit in practice the
RN is rarely expected in the middle. In the realistic scenario
of dsg # dgp the node-activation regime has to be modified,
which implies that the PED is increased. Our objective is to
mitigate the expected end-to-end PED. As a first step, we
formulate the concept of transmission activation probability
space (TAPS) in the next section. The performance bounds
are analyzed throughout Sections IV under the assumption of
an infinite buffer size, while in Section V and Section VI the
performance results relying on a finite buffer are provided.
Note that the following method is also applicable to the case
of dSR = dRD-

IV. THE CONCEPT OF TRANSMISSION ACTIVATION
PROBABILITY SPACE AND ITS PARTITIONING

In this section, the concept of TAPS is proposed first. Then,
the careful partitioning of the TAPS is discussed with the
objective of ensuring that on average SN-RN channel and RN-
DN channel have the same probability of transmission.

A. The Concept of Transmission Activation Probability Space

As seen from Fig. 3, the TAPS is divided into 8 subspaces
based on the reception thresholds of the three channels. The
following discussion will consider each of them.

Again, a three-node network is considered, where a packet
can be transmitted from SN to DN both directly or indirectly
via the RN. Based on Fig. 1 and on the operational principles
described in Section II-C, we can now infer that if the RN
has a buffer of size of B packets, the following events may
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TABLE 1
THE POSITIONS OF THE 8 SUBSPACES
Number  Subspace Vertex in Fig. 3 Conditions Candidates
1 ACDOLMKIJ Ysr < Wg’j?: YRD < v%’b’: ,Ysp < 7%11‘3’: Outage
2 FXNPKMDC Ysr 2 VR YRD <YRD » ¥SD <D only Ysr
3 TRZQMLIK Ysr < Ye4. YRD = V94 . vsp < ZH only Yrp
4 YBIHJKCA YsrR < V34> YRD < V%% YsD > Vg only ysp
5 PNMQTK VsR 285 YRD 2 VEh  VsD <%H YSR- YRD
6 PKIBCF YSR = vg’ﬁ:, YRD <Y . vsp = V%Y YSR» YSD
7 IKTRJH Ysr < Y& YRD > YEE . vsp > %y YSDs YRD
8 KPIT YSR > Y4 YRD > V5L L vsp > 7% all three channels
TABLE 1I
THE PROBABILITY AND ENERGY DISSIPATION OF THE 8 SUBSPACES
Number  Probability Equations Energy Dissipation  Equations
1 Pout, ) - -
2 Psr{sr} (10) ESR{SR} (13)
3 Prp{RD} (11) ERD{RD} (14)
4 PSD{.?‘D} _ ; (12) Esp{sp} (15)
5 e” sk e TRD (1 —e™5D) E€RD{SR RD}
=Psr{sr rD} + PRD{SR RD} (65), (70) ESR{SR RD} Note 1
—_oul ~_oul. __oul
6 e” sk (1 —e”YRD)e™7sD ESD(SR SD}
=Psr{sr sp} + Psp{sr sD} (25), (32) ESR{SR SD} Note 1
oul oul out
7 (1 —e 8% e VD e=7ED EsD{RD 5D}
=Prp{rD sp} + Psp{rD sD} (55), (60) ERD{RD 5D} Note 1
oul oul out
8 e~ VSR e~ V&D e— V5D ERD{RD SD SR}
=Prp{rD sD sr} T Psp{rRD sD SR} ESD{RD SD SR}
+Psr{RD SD SR} (71), (72), (73)  €sr{RD SD SR} Note 1

Note 1: The corresponding energy dissipations may be found by the corresponding probabilities equations in the same line and (26).

occur. 1) Firstly, the buffer of a RN may be empty at some
instants. In this case, this RN cannot be the transmit node, since
it has no data to transmit. 2) Secondly, the buffer of a RN may
be full at some instants. Then, this RN cannot be the receive
node, since it cannot accept further packets. In these cases, the
system has to choose a hop for transmission from a reduced
set of hops, which results in an increased energy dissipation
and outage probability. Therefore, our performance bounds are
derived by relaxing the above-mentioned constraints, namely
by assuming that the RN has an unlimited buffer size and that
a node always has packets to transmit, which are discussed in
Sections IV-A-IV-B3. However, even with unlimited buffer
size, the system should be operated in its steady state. The
average number of input and output packets should be the same
at the RN, which implies that that the SN-RN channel and
the RN-DN channel should have the same probability of being
activated, when the system is in its steady state. If we have
dsr = dgp, this constraint is automatically satisfied. However,
we consider a more realistic TAPS partitioning for dealing with
the scenario of dsg # dgp.

Assuming that there is a three-dimensional space S, a spe-
cific point associated with the coordinates (Ysp Ysg Yrp) in S
represents the corresponding instantaneous channel conditions
of the system, hence S represents the TAPS of the system.
The outage SNR-threshold associated with each coordinate

s Yoy and ¥g7 dissects each coordinate into two segments,

hence S is decomposed into 2° = 8 subspaces. The vertex
of each subspace, the conditions, the activated channel can-
didates and the probability/energy dissipation are listed in
Tables I and II.

Fig. 3 shows the resultant TAPS. A system outage occurs,
when none of the nodes can transmit, because we have exces-
sively low instantaneous SNRs of Ysg < ¥2i, Yrp < Yap, and
Ysp < yg”D’ The outage probability is denoted by P,,, (which is
represented by the cube defined by the points ACDOLMKI in

Fig. 3), yielding

Poyr = (1 —e S%[) (1 —e*ﬁe%) (1 _e,ﬁg) .

Let Psg, Prp and Psp represent the probability that the corre-
sponding channel is selected. Naturally, we expect Psg + Prp +
Psp + Pour = 1. Let us introduce the notation Fey, (ch, chy}s
which represents the concurrent probability of 1) channel A is
activated; 2) both the instantaneous fading values of channel
“1” and “2” are higher than the corresponding outage threshold,
in other words these channels are activation candidates. For
example, Pggisgy implies that the SR link is activated only
when 7sg is higher than its corresponding threshold. Using the
same logic, Psg(sg sp) indicates the SR hop is activated, when
both ysg and ysp are higher than their corresponding thresholds.
Finally, Psp(sr sp rp) means that the SR link is activated, when
the channel quality of each hop is higher than its corresponding
threshold. Naturally, we have Psg = Psg(sg) + Psr{sr rp} +
Psrisr spy + Psr{sr rp spy and the same properties are valid for
Prp and PSD.2 If there is only a single instantaneous channel
fading value above the corresponding outage threshold, the sys-
tem will activate that particular channel. For example, Psgsr)

9)

2Later, the same properties are valid for Egp, Esg, and Egp.
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is the probability represented by the prism defined by the points
KCDMNXFP in Fig. 3. The corresponding probabilities are

P (vse =5k ) P (Yro <Y&b) P (Ysp <¥5p )

— B (1-e7tb) (1-e788),

Psrisr)
(10)

Similarly, we have

Prpiro) = (1—[%‘1%’)(%’53 (1—(*@%), (11)

Poogsoy = (1 - ) (1= 78 ) 5, 12)
and the energy dissipation in corresponding regions
Esr{sry = (1 —e—Y’ie‘iS) (1 —e‘Y’é”D')
o JEN
X/ eimmid“{sm (13)
Wk Ysr K
ERD{RD} = (1 - e’Y"si’e’) (1 _ efygg)
o 2O N
X/ e_YRDﬂLdYRD, (14)
VRD Yep X
Esp{sp} = (1 —e*ﬁ%) (1 _e—ygg)
o JEN
X/ o710 Y S0 gy, (15)
D Ysp ¥

where Ei(x) = fxetidt [26] (8.211.1) may further simplify
this expressions. Having introduced the concept of TAPS and
the calculation of the probabilities of Py, Psg(sry» Prp{rp}> and
Psp(spy, more complicated scenarios, such as Psgp(sg sp) are

discussed in follow.

B. Partitioning the Transmission Activation Probability Space

In this section, we commence by introducing the energy
efficiency factor E¢r. and then the probabilities Psg(sg sp) as
well as Psprsg spy represented by the prism defined by the
points BCFPKI in Fig. 3 are explored. The associated activation
process can be applied under diverse channel selection scenar-
ios represented by this system model.

1) The Energy Efficiency Factor Egs.: The channel selec-
tion associated with the region BCFPKI of Fig. 3 is further
restricted by the specific conditions of Ysg > ygﬁ‘{ s YRD < 'yj’e“’,
and ysp > V¢ - Explicitly, since we have Ygp < g5, let us find
the activation boundary between the region of activating the SR
or SD links in the region BCFPKI. As shown in Fig. 3, let us
only discuss the projection to the surface XOY, which is shown
as Fig. 4. The line OCE’ of this surface in Fig. 4 represents
the scenario, where the SR and SD channels have the same
received SNR.

To deal with the problem of Psg > Prp, some of the regions
that used to correspond to the activation of the SR hop have
to be reassigned, either to the RD hop or to the SD hop.
However, this adjustment imposes extra energy dissipation.
Hence, the activation regions are carefully reassigned based on
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O 18R VSR X

Fig. 4. A plane in TAPS which shows that the channel selection is only
between SN-RN hop and SN-DN hop.

the associated energy efficiency factor Eyy,., which is defined
as the extra energy dissipation divided by the reassignment
probability. This process is detailed below.

Let us denote the probability of encountering a small region
AS on the surface OCE of Fig. 4 by pas. The coordinates of
AS are (Yasg,Yasgy)- When the region AS belongs to the SR
hop and the SR hop is activated, then the expected end-to-end
energy dissipated upon encountering the region AS is calculated
from (6), yielding

Y1, d%,N -
EASESR = PAS (”SR +Erp |-
YASsr K

(16)

By contrast, when the region AS belongs to the SD hop and the
SD hop is activated, the expected end-to-end energy dissipated
upon encountering the region AS is calculated from (5), yielding

V1, ngN >
YASsp K .

EASeSD = PAS ( (17)

If the region AS is reassigned from the SR hop to the SD hop,
the extra energy dissipation becomes

1, ngN 1, ngN g )
- —CRD | -
Yassp K YASgr K

AEAs = pas ( (18)

Hence, if we know the probability pas of encountering the
region AS of Fig. 4, Ey. is defined as

_n, dSaDN T ngN _
Yassp K YASgr ¥

Effe Erp- (19)

The specific value of Ers, may then be determined from
the equations, whilst a practical algorithm will be provided for
solving these equations in Section IV-B3. In the remainder of
this section, Ey, is considered to be a known parameter. Note
that the £y, may be positive or negative reflecting the boundary
bended direction. As exemplified in Fig. 4 and (19), the E¢¢, is
negative when Yag,,, — . The boundary OU bends to Y-axis
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and it is on the left side of OCE’, which means that some
probability region is adjusted from SD hop to SR hop.

2) Definition of Psgisg sp} and Pspisg sp): Having intro-
duced Eyy,, this subsection explores the boundary of two
activation regions, which was formulated in (19). Explicitly, the
boundary is expressed with the aid of Ysr(sr spy and Yspsr sp}
instead of Yasg, and Yasg, in (19). Upon substituting Ysg(sr sp}
and Ysp(sr sp} for Yasg, and Yasg,, we have

7,donN . d% N _
Ef . = Y h"SD _ Y h"SR _ SRD (20)
YsD{Sr sD}K  VYsr{sr sD}K
Y1, d9pK
== YSD{SR SD} = — TN ey
Eppex+Erpr+ YSR{SR SD}

Here, Ysrisr spy is the independent variable and Ysp(sr sp)
is the dependent variable which form the boundary “GU” in
Fig. 4. A function fi, -, is defined that x is the independent
variable and y is the dependent variable.

o
Y1,d5pK

I Y1, dgpN
Eyfex+Erpt YSR{SR SD}

Jivse—>vsp} (YSR{SR SD}) = (22)

Having (22), where the domain of definition for Ysp(sz sp)
is (Y24,00)3 (CB in Fig. 4), and hence that for Ysr{sR sp} 1

(Y'S%SR Db SlngR SD}) (GF in Fig. 4), yielding

Wk soy = max (- s 5o (65)} @29
Ysrisk spy =/, {}}e_>sp} (). (24)

If f{*s}e7>SD}(oo) has no positive solution,* we have
sz"g){CSR sy = - A specific example of Esr, > 0 is shown

out

is at point C and f&;7>SD}( i) s at

out

in Fig. 4, where ¥¢y
point G. Hence WS%SR spy 18 at point G, while f{}}e—>SD}(w)
has no solution, therefore, we have Ygfg){‘ SR sD} = °° Finally, the
boundary for this example between activating the two hops is
the curve GU.

Assuming that we have J(Ysgeey) = 1, F2(Vsr(e}) =

YN dj
Tsz YsRS{R.} and F3(Ysg(e}) = 10g; (1 +YsrVhg ), the resultant ac-
tivation probability Psg(sr spy, the expected energy dissipation
Esrysr spy and the capacity Csg(sg spy of the SR link (region
FGU in Fig. 4) associated with the domain BCFPKI of Fig. 3

may be formulated as:

Psr(sr sp}
y yuex o
= (1 — 67%5> / SR{SR 5D} Fi (YSR{SR SD}) e VSR{sR sD}

VSkisk sp)
/f{SR—>SD} (Ysr{sr sp})
X

3h
XdYspisr spydYsr{sR SD}»

e YSD{sr sD}

(25)

3When we have ysp > Y4~ the SD channel has a certain probability to be
selected and we want to find this probability. On the other hand, if a channel
has an infinite SNR, this channel will be definitely selected. It is plausible that
the domain of definition of this input value is (g}, ).

4This principle is suitable for all functions f{: i (e0), regardless of the sign

OfEffe.

ESR{SR SD}
u Ynax
= (1 - e*%ﬁ) / f:{SR sD} F> (Vs(s SD}) ¢ YSR{sR sD}
YS"R{SR sD}
/f{SR—>SD} (Ysr{sr sp})
X
D
XdYspisr spydYsR{sR SD}»
Csr{sr sp}

Y’lle

ot 'SR{SR SD}

= (1—€ Y’)‘D) / o F3(Ysrisk sp})
'SR{SR SD}

e YSD{sr sD}

(26)
e ISR{sR sD}

y /f{SR7>SD} (Ysris sp}) o~ YsD{sR sD}
b

XdYsp{sr spydYsR{sR sD}- (27)

In the remainder of this treatise only the activation probability
of the links is formulated explicitly, which may be readily
extended to the energy dissipation and capacity formulas.’

To elaborate a little further, the relationship between
Ysr{sr sp} and Ysp(sg sp} is also based on (20), which may be
written as

o
V1, d5gK

—EffoK— (E:RDK+

YSr{SR sD} = AN (28)

YSD{SR sD}

As before, let us define a function fisp_~sry(Yspisr sp}) to
express (28) as

Y1, dgiK
fisp—>sr} (Yspisr sp}) = 4 SR AN (29)
—Effex—Erpkt YSD{SR SD}

where Ysp(sr spy is the independent variable and Ysg(sg sp} i8
the dependent variable. The domain of definition for Ysp(sr spy

is defined as (y" 6 yielding

ax )
SD{SR SD}* ISD{SR SD})>

Ysp{sk spj = Max {Y% Sisp—ssry (6% } 0
-1
Ysb{sk sp) = (sp->sr) ()
—> o0 = ’YThngK
—Eppex— ErpK+ M
SD{SR SD}
Y1, dspN
— max = (31)
VsD{sk sp} E ek + ErpK

where YS"S’{‘SR sp} is less than infinity. For example, in Fig. 4,

YS”I‘;){‘ SR SD} is represented by the U’ point. The region above the
U’ point (i.e., that region UU"B) belongs to the SD hop. The

SNote that, some integrals derived in this paper cannot be expressed in
closed-form. However, all formulas can be simplified to a single integral. The
infinite value of the channel SNR may be considered as a large finite value,
such as say 10. Therefore, a finite single integral can be efficiently evaluated by
commercial software, such as MATLAB, Maple and Mathematica.

The domain of Ysp is (Y4,e0) which is CB in Fig. 3. However, it should
be discussed in the context of two cases. When channel SR competes with

channel SD, the range of channel SD is ( é”b"{SR sy Vsbsk SD})’ which is CU”

in Fig. 3. By contrast, the range of channel SD is (Yg}g"{‘SR SD}7°°) when no
channel competes with channel SD, which is represented by U”B in Fig. 3.
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activation probability Psp(sg spy of the SD link associated with
Ysp{sr sp}- Psp{sr sp} 1s expressed as:

Psp(sr spy

Ui "/’”ax
(1) [,

SD{SR SD}

—YSD{SR SD}

(YSD{SR SD} ) e

/f{SD—>SR} (YSD{SR SD})

X

Wk

X dYsr{sr spydYsp{sr sD}

+ (1 — 677%3) 871@7{/
Yshisr sp}

X e VSD{sr SD}dq{SD{SR sD}-

e ISR{SR sD}

Fi (YSD{SR SD})
(32)

By repeating the process described in the previous subsec-
tiOIl, we may readily derive PSD{SD RD}’ PRD{SD RD}’ PSR{SR RD}7
Prpisr rp}> and even Pspisp sr rp}» Psrisp sk rp) as well as
Prp{sp sr rp}- For the details, please see Appendix-B to D.

3) Finding the Optimal Err.: In the previous sections, we
had three unknowns: Egg, Esg and Efy,. Given all the expected
energy dissipations €, and all the activation probabilities
Pofe}s the three unknowns can be obtained from the following
three equations:

s Esr
Esp=——
Psg

 Esrisry+Esrisrsp}+Esr{sRRD} T ESR{SRSDRD}

— (33)
Psrisry +Psr{srsp} +PsrisrrD} TPsr{SRSDRD}

Erp =7 —
Prp

8RD{RD}+ Erp{srRSDYTERD{RD D) T ERD{SRSDRD} (34)

Prp{rDy+Prp{srRSD} T PrD{RDSD}+PRD{SRSDRD}
Psg = Prp. (35)
However, it is not practical to directly solve these integral
equations. Hence, we conceive a simple algorithm for finding
the solution.

The basic principle is that of employing an exhaustive search
for finding the optimal Eyf.. All energy dissipations and activa-
tion probabilities as well as (33) and (34) can be evaluated for
a specific Eyr.. Therefore, we search for specific Eyp. values
starting from zero and terminating when (35) is satisfied.

Algorithm 1: The algorithm of finding Ey/,

L Epre =0;

2 Calculate all activation probabilities and energy
dissipations;

3 Update Egg and Egp based on (33) and (34);

4 while Psg # Pgrp do

5 Increase E,fye;

6 Calculate all selection probabilities and energy

dissipations;
7  Update Egg and Egp based on (33) and (34);
8 end
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Finally, the theoretical end-to-end energy dissipation is given
by the ratio of the total energy dissipation to the throughput,
yielding

a Esp+Esr+Erp

Esp = 36
sp Psp + Psg (36)

C. Discussion of the General Applicability of the
TAPS Concept

Recall from (1) to (4) that our problem is actually a Func-
tional Integration problem. Generally speaking, the Functional
Integration (e.g., (2)) may be translated to:

i

=

/ Metricl p(Y1,- -+, Yet1)

Gr(Y1,+Yk) Inner
X dYerrdyc--dn
/ / / Metric2 p(B1,- -+, Brr1)
0 Hi(y) Hi(Byy.Br) Inner
XdBkJrldBk"'dBl- (37

Let us interpret the physical meaning of (37) one by one, where
Vi, +,Yk+1 and By, - -+, Brs1 are the instantaneous fading values
of the channels in the system. The two groups of random vari-
ables may have an overlap. Furthermore, p(Yi,---,Y+1) and
p(B1,---,Br+1) represent the joint probability of the random
variables. Next to p(.), the terminology “Metric” represents the
metric to be evaluated by the activated channels. For example,
log2(1 + C1v;) is the capacity of the ith channel, where C;
is the average received SNR of the ith channel, which is a
constant value. Another metric is exemplified by % which is
the energy dissipation, and this is inversely proportfonal to the
instantaneous fading value. What we want to find now are the
functions G1,Ga,---,Gy and Hy,H,, - - -, H;. Generally, there is
no other solution for (37) than the brute-force exhaustive search
as discussed in the last paragraph of Section IV-B in [25]: “a
two dimensional search over all A > 0 and p > 0 has to be
conducted or built-in root-finding functions....”

However, our specific problem exhibits particular properties:
the metric (e.g., capacity) is a monotonic function of the acti-
vated channel quality. This is the key, which allows us to use
the greedy algorithm. Hence, we generalized the partitioning
algorithm operating on the TAPS. Note that Step 2 below
represents the key step, which only considers the adjustment
of the ‘Inner’ part explicitly marked in (37) and finally we
can find Gy,---,Gy and Hy,---,H} automatically, when the
algorithm is terminated. This is a greedy algorithm, where it
was sufficient to consider only the ‘Inner’ part of (37), which
reduced the complexity imposed. By contrast, the exhaustive
searching method considered the entire integral in (37).

Step 1: Find the solution of (1) without imposing the
constraint (2). Algebraically, the channel having
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the maximum fading envelope value of
max{yi,Y2,---,Y} is activated. Geometrically,
the boundary of each region in TAPS is linear.
On the boundary, activating any of the associated
channels has the same result, which is formulated as
Metric(y;) = Metric(y;).

Relocate a small probability-cube (tile) on the
boundary from one region to another adjacent region
to approach the constraint (2). Geometrically, the
boundary of each region is no longer a linear. Alge-
braically, the boundary (activation criterion) changes
to Metric(y;) = Metric(Yj) + Efre, where Eyy, is
a compensation parameter, positive or negative.
The original complex problem becomes that of
searching for the only adjustable parameter namely
for Eyr., which can be achieved at a modest com-
plexity. The corresponding complexity increases
quadratically with the number of channels, since the
number of channel pair increases quadratically.

The adjustment process commences from Eyp, = 0
and terminates when the constraint (2) is satisfied.”

Step 2:

Step 3:

V. THE PMF OF DELAY

The previous sections discussed our buffer-aided channel
selection scheme, which reduces the end-to-end energy dissi-
pation. However, the cost of saving energy is that of having a
higher end-to-end packet delay. To analyze the behaviour of the
system, we have to study both the average packet delay and
the distribution of packet delay. In this section, we first restate
the concept of State defined in our previous papers [9], [10],
[27]. Then, a specific Markov State Transition Matrix (MSTM)
is designed. Finally, an algorithm is provided for finding the
Probability Mass Function (PMF) of the packet delay.

A. The Concept of State

The concept of State in buffer-aided systems was proposed
in [9], [10]. Upon assuming that the buffer size of the RN is
B packets, the state is defined as S, = b, when b packets are
stored in the RN. Therefore, the total number of states is (B+
1). Given (B+ 1) states, a state transition matrix denoted by
T can be populated by the state transition probabilities {7'; j =
P(s(t+1)=Sj|s(r) =Si),i,j=0,1,...,B}. Let us now find the
elements of the MSTM T'.

B. The State Transition Matrix T

Based on our discussions in Sections IV-B, the activation
probability of each hop is known, when all three channels are
available. However, the activation criterion is unknown, when
the buffer is either empty or full at the RN. Since this activation
criterion does not affect the energy dissipation and outage
prediction bound, the system will activate the specific channel
having the highest instantaneous SNR amongst the available

"The software that can be used for evaluating the results of this paper was
uploaded for public use at [28], which may benefit the readers.

channels. For example, a state transition matrix associated with
B =4 is given below,

1 —P071 P()’l 0 0 0
Prp  Psp+Pou Psg 0 0
T= 0 Prp Psp+Pous Psg 0
0 0 Prp Psp+Pous Psg
0 0 0 PB,B—I l_PB,B—l
(38)

The probability Py ; is represented by the region XDCF+FGU
in Fig. 4, yielding

Ry =(1- eﬂfs’i‘)’) e 8K + Ppysw spy/ (1 - e*Y‘z’e“é) . (39)
where Psgisr spy is from (25), while P g is given by
Ppp1= (1*6_7%) e i +Prp(rD sD}/ (1*6_1{(5’%) , (40

where Prp(rp spy is from (55). If the SD hop is activated or
a system outage occurs, the system’s state remains unchanged.
Therefore the values on the diagonal of T are (1 —Py 1), (Psp +
Pout) and (1 —PB’371).
Having obtained the MSTM T, the steady-state transition
probabilities may be computed as follows [8]:
n(B) = T'n(B), 41)
where we have 1(B) = [, T, ...,75]7 and m; is the steady-
state probability of the state S; [8]. The steady-state proba-
bility of a state is the expected probability of this specific
state of the system, where (41) shows that m(B) is the right
eigenvector of the matrix 77 corresponding to an eigenvalue
of one. Therefore, m(B) can be derived with the aid of classic

methods conceived for solving the corresponding eigenvalue
problem [30].

C. An Algorithm for Determining the PMF of Packet Delay

Having determined ©t(B) and 7', let us now find the PMF of
the delay. Let P,(¢) represent the probability of a specific end-
to-end packet delay of # TSs. The probability P,;(1) of direct
transmission from the SN to DN can be described mathemati-
cally, as discussed below.

If a packet is transmitted directly from the SN to DN, the
delay of this packet is 1 TS. Then P,(1) is the ratio of the
probability P75 of the packet being successfully transmitted
in 1 TS and of the probability of the packet being entered into
the buffer-aided queuing system, yielding

B—1
ST [1—Po_,1 - (1_6—1’5;;) (1—6_%)} + 2, TiPsp
i=1

=

g [1=Pop— (1-e8) (1-88)], @2)
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where (1 —e %k )(1—e "5 ) and (1 —e b)) (1 —e %5 ) in the
first and last terms represent the outage probability. Therefore,
we have:

SUC
_ Pirs
])SMC

Pd(l) — )
s+ ToPo 1+ X, WiPor

(43)

where TPy 1 + 2?;11 7; Py, is the probability of the packet enter-
ing the RN’s buffer-aided queue.

Having determined P;(1), let us now find Py(i), i > 1 by
applying an algorithm similar to that proposed in [31]. We
assumed that a so-called test packet is available at the SN when
t = 0. Then we can find the probability P;(i),i = 2,3,---,00
upon detecting that the test packet arrived at the DN, when we
have t =i T'S. For the details, please refer to [31].

With the aid of the PMF of the delay P,(r), which is the
probability of the packet delay being ¢ TSs, the average packet
delay T may be then expressed as

(44)

An alternative method is based on Little’s Law as in [25].
The average delay is

l} .
D T
B—1 )
PSS +moPoy + X0, TiPsg

T=1+4 (45)

where Y2 | ;i represents the total number of packets stored in
the buffer, while P75 +moFo,1 + Z?:_]l m; Psg is the denominator
of (57).

VI. EXACT OP AND END-TO-END PED

The concept of state was defined in Section V-A, while the
probability of maintaining steady-state operation was obtained
in (41). The exact OP and end-to-end PED may be expressed
based on our results provided in Section V.

A. Exact OP

The exact OP is given by the sum of three scenarios of the
system state. 1) When the buffer is empty, only the SN-DN
and SN-RN channels should be considered. The probability
of this case is mp and the corresponding outage probability
is mo(1 — e D) (1 — ¢ k). 2) When the buffer is full, only
the SN-DN and RN-DN channels should be considered. The
probability of this scenario is mp and the corresponding out-
age probability is 7z(1 — e ¥5)(1 — ¢ ¥#5). 3) Finally, when
the buffer is neither empty nor full, all channels should be
considered. The probability of this case is Z?:_]lni and the
corresponding outage probability is 215;1' n;P,,:, where P,,; is
from (9). Upon summing these three contributions, the exact
OP of a specific buffer size B [Py (B)] becomes

out

Pour (B) = To (lfe_ sn) <176— s%t)

B—1
+ T (1 - e7Y§g) (1 — eiﬂ&%) + 2 TiPour.  (46)
i=1
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B. Exact End-to-End PED

Finding the exact end-to-end PED may be a little complex,
because the availability of a channel is affected both by the
channel SNR as well as by the buffer-fullness. In line with
Section VI-A, the exact end-to-end PED is based on the sum
of the PED in three specific scenarios of the system state.

1) Firstly, when the buffer is neither empty nor full, all
channels should be considered. The probability of this
case is Z?Z_ll 7; and the corresponding energy dissipation
is Y2 mi(Esr + Erp + EsD).

2) When the buffer is empty, only the SN-DN and SN-RN
channels should be considered. The probability of this
case is my. 2-1) If the SR link is activated in the case of
Ysr > Ysx and Ysp < Y4, the corresponding energy dissi-
pation is Esgysry /(1 — ¢ %5 /(1 —e "ib), where the term
(1—e %) (1 — e ¥kb) was already taken into account in
the calculation of Egg(sgy, hence it should be removed.
2-2) By contrast, if the SR link is activated in the case
of ysg > Yo and ysp > V¢, the corresponding energy
dissipation becomes Eggr(sg spy/(1 — ¢ Y%b) and the as-

out

sociated energy dissipation is 7o (Eggysry /(1 — e %0) +
Esrisr spy + Espyspy/(1 — e k) + Espysr spy) /(1 —

e~ ng). 2-3) Similar to case 2-1), if the SD link is
activated in the case of ysp > V5 and ysg < Y5y, the
corresponding energy dissipation becomes Egp(spy /(11—
¢ YK ) /(1 — e Y&D). 2-4) Finally, if the SD link is acti-
vated in the case of ysp > ¢y and ysg > V3K, the cor-
responding energy dissipation is Egpsr spy/(1 — e Mib),
The sum of the above four cases multiplied by the
probability 7y of having an empty buffer is the energy
dissipation, yielding

T <ESR{SR}/(1 —e D) + ESR{SR SD}
+ Espispy/ (1 — e i) 4 Esp{sr SD}) J(1—eYib).  (47)

3) When the buffer is full, only the SN-DN and RN-DN
channels should be considered. The probability of this
scenario is Tp. Based on the same process, the energy
dissipation associated with a full buffer may be found.
This simply requires substituting RD for SR and the
subscript B for 0 in (47).

Therefore, the total energy dissipation &(B) (in a unit time)

associated with a specific buffer size B is

&(B)=myo (SSR{SR}/(l —e Bh)+ ESR{SR SD}
+ 8SD{SD}/(1_67Y§%)+8SD{SR su}) /(1—e i)
+7p (5RD{RD}/(1 —e ) + ERD{RD 5D}

+ ESD{SD}/(1_67%%)+€SD{RD SD}) J(1—eBk)

B—1

+ Y mi(Esr+ Erp+ Esp).
i=1

(48)
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Fig. 5. Average normalized end-to-end energy dissipation per packet as
defined in Section III-B when the RN is at the position of (400, 400) and the
pathloss factor is oo = 2. The theoretical curve was evaluated from (36).

The end-to-end throughput may be found based on (48) by
changing all variables € to P and halving all items related to
the SR and RN hops. The end-to-end throughput ®(B) with a
specific buffer size B is

1 ot 1
@(B) :TE0<2PSR{SR}/(1 —e %b) + > Psrisk sp}

+ Pspyspy/(1— e k) + Pspisr SD}> /(1= e Yib)

1 ot 1
+mp (2 xp(rp)/(1— € 50) + EPRD{RD sD}
+ Pspyspy /(1 _eiﬁ%)'i‘PSD{RD SD})/(l —e 1K)

B-1
1 1
+ Y m <2PSR + EPRD +PSD> : (49)
i=1

Finally, the end-to-end PED &(B) for a specific buffer size B
is the ratio of the total energy dissipation to the end-to-end
throughput, which is

(50)

VII. PERFORMANCE RESULTS

In this section, we provide a range of numerical and/or
simulation results for characterizing the energy dissipation, the
OP and the delay of the B3NN considered, to illustrate the
effects of both the position of the RN and of the buffer size
B of the RN. In all experiments, the SN is at the position (0, 0),
while DN is at the position (1000 m, 0). Again, the parameters
of N and x are N = 10~'% and x = 9.895 x 10~%. The pathloss
factor oo and the maximum transmit power are oo = 2 and
Pnax = 0.0003 Watt in Figs. 5-9. For convenience, “normalized
energy dissipation” refers to the “average normalized end-to-
end energy dissipation per packet,” which is the optimization
objective of this paper.

% P1: OR+buffer+nonlinear+sim
=—P1: OR+buffer+nonlinear+theory|
===P1: OR+buffertnonlinear+bound
''''' P1: OR simulati
A P2: OR+buffertnonlineartsim
—P2: OR+buffer+nonlinear+theoryl|
===P2: OR-+buffer+nonlinear+bound|
‘‘‘‘‘ P2: OR simulation

Outage Probability
/

10 10! 10
Buffer Size B in Packet

Fig. 6. The simulated and theoretical outage probability evaluated from (9)
when the RN is at the position of (400, 400).

End-to—end Energy Dissipation Per Packet (J/packet)

X-axis Position of RN

Fig. 7. Average normalized end-to-end energy dissipation vs the RN position.
The results are theoretical analysis with assuming of infinity buffer size.
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Fig. 8. The end-to-end (system) energy dissipation per TS for various trans-
mission schemes operated at a given target end-to-end throughput where the
RN is at the position of (400, 400).

The first set of results characterizes the impact of the RN’s
buffer size on the end-to-end normalized energy dissipation
and the OP. The results of Figs. 5 and 6 are plotted against
the buffer size. In both figures, the RN is at the position P1:
(400, 400) or P2: (500, 0), while the buffer size ranges from
B =1 to B =256 packets. In Sections III-IV-B3, we discussed
the proposed nonlinear channel space partitioning method, its
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Fig. 9. The distribution of the packet delay evaluated from Section V, when
the RN is at the position of (400, 400). The buffer size ranges from 1 to 32.

parameters and the associated theoretical bound (dashed line).
Given the principle encapsulated in (8), the analysis of our
nonlinear channel space partitioning method can be carried
out. The simulation results and the corresponding theoretical
results are represented by the solid line marked by a triangle
or a cross. The theoretical results associated with a specific
buffer size can be obtained by applying the principles detailed
in [9] with TI(B) from (41). Observe in both Figs. 5 and 6 that
the simulation based performance approaches the theoretical
energy dissipation bound, as the buffer size increases and that
a significant improvement (89.6% for P1) can be achieved over
conventional OR [20] (dashed dotted line).

Fig. 7 portrays the normalized energy dissipation versus the
position of the RN. This figure applied the same parameters and
methodology as those used for Fig. 5, except for the position
of the RN. The results are based on our theoretical analysis
associated with assuming an infinite buffer size. The positions
of both the SN and DN are marked in this figure, while the
RN may be located at any position. The normalized energy
dissipation can be theoretically calculated from (36), when
the RN is in a specific position. Observe in Fig. 7 that the
normalized energy dissipation is characterized by a surface as
a function of the RN position. Additionally, it is reasonable
to expect that the normalized energy dissipation is the lowest,
when the RN is in the half-way position between the SN and
DN (bottom of the surface), while it is higher, when the RN is
far away from both the SN and DN, as indicated by the corners
of the surface.

Fig. 8 compares the normalized energy dissipation for vari-
ous transmission schemes. The RN is at the normalized position
of (400, 400) and the pathloss factor is oo = 2. All results in
this figure are theoretical analysis results. The label “Direct”
implies that the packet is transmitted directly from the SN to
DN without relaying, while the label “Two-hop” means that the
packet is transmitted from the SN to DN via the RN sequentially
in two hops without buffering. The “Buffer-aided two-hop”
scenario implies that the RN has a buffer, therefore the system
relies on channel-quality aided activation, however the SN is
unable to directly transmit a packet to the DN. This scheme
is identical to that proposed in [9]-[11]. The power alloca-
tion method mentioned in [32] is applied both in the “Two-
hop” scenario and in the “Buffer-aided two-hop” transmission
scheme, which makes the average receive SNR for each hop
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the same. The label “Conv. OR” represents the conventional
opportunistic routing method [20], [23], where each packet is
transmitted either via the SN-DN or the SN-RN-DN route,
one by one. The next packet does not enter the system unless
the previous packet has been received by the DN. In other
words, the RN is only capable of storing one packet. Finally, the
“Buffer-aided OR” is our proposed scheme. The corresponding
results are based on our theoretical analysis relying on an
infinite buffer size. The X-coordinate represents the end-to-
end target throughput, while the Y-coordinate represents the
energy dissipation. Observe from Fig. 8§ that the performance of
both the “Two-hop” and of the “Buffer-aided two-hop” schemes
is worse than that of the “Direct” scheme. The “Buffer-aided
OR” scheme performs best. The performance of conventional
opportunistic routing is worse than that of Buffer-aided OR,
but better than that of direct transmission. The reason for
this is because compared to direct transmission, conventional
OR has more potential routes while in contrast to the buffer-
aided OR scheme, conventional OR may only store a single
packet in the RN. For example, observe in Fig 8 that when
the system is operated at a normalized end-to-end throughput
of 0.4 packet/TS, the end-to-end PED of “Buffer-aided OR”
was reduced by 88.2%, 77.6%, 32.3% and by 24.8%, when
compared to the “Two-hop,” “Buffer-aided Two-hop,” “Direct”
and to the “Conv. OR” transmission schemes, respectively.
Compared to the direct transmission scenario, the transmission
duration is halved in the “Two-hop” and “Buffer-aided two-
hop” scheme. In other words, the target throughput of each hop
has to be doubled. This is why those two schemes perform
worse. Compared to classic direct transmission, again, the
“Buffer-aided OR” scheme is capable of activating the best
of the three channels, hence it attains the best performance.
Furthermore, the reciprocal of the throughput is related to the
average delay, which also shows the advantages of the “Buffer-
aided OR” aided transmission scheme.

Fig. 9 shows the distribution of the packet delay, when
stipulating the same assumptions, as those for Fig. 5. The
theoretical results obtained from Section V are represented by
the solid lines, while the simulation results are represented by
the markers. It is clear from Fig. 9 that the probability of direct
transmission associated with B = 1 is relatively high. As shown
in Fig. 9, when the buffer size B increases, the probability of
direct transmission decays below that of buffer-aided OR.

VIII. CONCLUSION

In this contribution, we have proposed and investigated a
new routing scheme, which we referred to as the BOR regime
that was capable of combining the advantages of buffer-aided
transmissions with the benefits of opportunistic routing. Ad-
ditionally, a specific MAC layer protocol was designed for
supporting the proposed BOR. Moreover, a three-dimensional
channel space partitioning method was proposed and discussed.
Finally, the normalized energy dissipation, the outage probabil-
ity and the distribution of the delay have been analyzed and
a range of formulas have been obtained, when assuming that
the packets can be correctly received provided that the received
SNR was in excess of a certain threshold. All hops experienced
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Rayleigh fading. Our analysis and performance results showed
that exploiting the BOR scheme results in a significant reduc-
tion of the energy dissipation. The results also show that the
theoretical energy dissipation and the outage probability bound
can be approached by employing a sufficiently large buffer
at the RN. Our future research will consider the benefits of
channel space partitioning in multi-hop links.

APPENDIX
A. B3NN MAC Protocol

Again, we assume that every node has the global channel
quality knowledge and the BF knowledge of the RNs. This
facilitates the decisions as to which of the nodes is allowed to
transmit. In practice, however, it is a challenge to realize this
idealized assumption. Therefore, we have to design protocols
for efficiently exchanging the related information, so that the
specific hop requiring the least “resources” is activated.

In a new TS, we assume that none of the nodes has any
channel quality knowledge or non-local BF knowledge. The
operations have three stages. 1) The channel quality of the adja-
cent nodes is measured first. 2) Then the RN obtain the channel
quality of the SN-DN channel. 3) Finally, the RN broadcasts its
decision. To elaborate a little further, the operations associated
with the above-mentioned three stages are described as follows.

Stage 1—Channel State Identification: This stage requires
three symbol durations in which the SN, RN and DN broadcast
their pilot signals. Upon receiving the pilot signal, the receiver
node estimates the corresponding channel quality.

Stage 2—Disseminate the Remaining Channel Quality Infor-
mation: Following Stage 1, every node becomes aware of the
channel qualities of the pair of links connected to itself. For
example, the SN is informed of the SN-RN and SN-DN link
qualities. However, the RN also needs the channel quality of
the SN-DN link for deciding upon which of the channels will be
activated. To satisfy this requirement, this stage needs another
symbol duration. Accordingly, in the 4th symbol duration, the
SN broadcasts %. Hence, the RN receives %hm =Ysp.

Stage 3—The Decision Carried Out by the RN: Following
Stage 1 and Stage 2, the RN becomes aware of all the channel
quality and BF knowledge. Based on this knowledge, the RN
decides which particular channel will be activated and broad-
casts this decision to the SN and DN. This step requires two
more symbol durations.

Following these three stages, the communications may be
established. We now formulate a procedure to be applied at the
RN and discussed it in the context of our idealized simplifying
assumptions.

B. Determination ofPSD{SD RD} and PRD{SD RD}

The related formulas of Psp(sp rpy and Prp(sp rp) are simi-
lar to those of Psp(sp sry and Psg(sp sg}» Which are derived by
replacing RD by SR, yielding:

Ysp{rp sp} =fi{rp—>sp} (YRD{RD SD}) (51)
- AN
—Eppex+ Esrr+ YIZLT)};RZDSD}

The domain of definition for Yrp(rp sp} 18 ('{Ri’g{RD D}’
Y;?B?RD SD}), yielding

’Y;lli;l{RD SD} = max {’Y?elg’f{}lD—>SD} ( S;l)t) } (53)
_ i dipN .

Yggj‘c{RD spy =\ Erex—Esg’ Efpe > Esr (54)
bt otherwise.

The activation probability Prp(rp spy of the RD link associated
with Yrp(rp sp}- Pro{rD sp} 18 expressed as

Prp{rD sp}

ur ’annx
= (1_e*‘fslk)/ RD{RD SD} F ('YRD{RD SD}) ¢ YRD{RD sD}

Ynin
RD{RD SD}

y /f{RD—>SD} (Ven(ro s0)) ¢~ YSD{RD D}

!
b

X dYsp{rp spydYRD{RD 5D}

oo

(1o ) e /

F1 (Yeoiro spy)

RD{RD SD}
X e TRDIRD SPY Ry rpy sy 5 (55)
where we have:
Yro(rp sp} =Jfisp—>ro} (Ysp{rp sp}) (56)
= ndok (57)
Efpek— Espi+ %

The domain of definition for Ysp(rp sp) is (Ys"g‘{RD sp}>
Ys”g’{‘ RD SD}), yielding

N ——— {ygsg, fisp—srny R%)} (58)
AN €

Virik sp) = § —Ersex+Esak’ Erfe < Esr (59)
o, otherwise.

The activation probability Pspirp spy of the SD link associated
with Ysp(rp sp}» is formulated as:

Pspirp sp)

— (l — e_Y(S%t) /GD'{RD s F
Y”ln

SD{RD SD}

1 (YSD{RD SD})
x e YsD{RD sD}

" /f{SD—>RD} (tsoie so}) ¢ YRD{RD $D}

YD
X dYrp{rD sD}yAYsD{RD SD}

+ (1 —e Sﬁg) e R%/m
,‘/’I’Iﬂx

SD{RD SD}

F1 (Yspgrp sp})

X e BSPIRD SDY dygp iy spy- (60)
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C. Derivation OfPSR{SR RD} and PRD{SR RD}

Again, the process is the same as before. Note that value
of the E¢y, is doubled, when changing the region from SR to
RD, provided that we have Psgisr rp} > Prp{sr rp}, because
the assumption without loss of generality in that we have
dsg < dgp. This yields:

Ysr{rD sk} =J{rRD—>5K} (YRD{RD SK}) (61)
— ’YThngK (62)
- - %N
—2EpreK+ (SSR —Erp)K+ YZI?{R%SM

The domain of definition for Yrp(rp sz} 18 (YI?ZL{RD SR}

YI?gC[RD SR}), yielding

“Y%n{RD SR}

= max {“/137571’ (kD—>s8}( éﬁ‘e’)} (63)
YRD{RD SR}
VT, d%DN - -
— B Ee 2Erse> (Esk—Ern)  (ga)
0, otherwise.

The activation probability Prp(rp sg} of the RD link associated
with Yrp(rp sr) is formulated as:

Prp{rD SR}

_ (1 B eﬂ@% /Yggﬁw SR} F

. 1 ('YRD{RD SR})
YZD{RD SR}

x ¢ YRD{RD SR}

/f{RD—>SR} (YRD{RD SR})
X
sk

X dYsr{rD srRYAYRD{RD SR}

e VSR{RD SR}

oo

+(1— e b K /v'" F1 (Yeoirp sry)

ax

RD{RD SR}
X e TRDIRD S} dyppyirp sRY (65)
where
Yro{rp sk} = fisr—>kp} (Ysr{RD SK}) (66)
d%,K
— - YTh I_QD = AT (67)
2ErfeK+ (Erp — Esr)K+ %

The domain of definition for Ysg(rp sg} I8 (Y;IQ’%RD SR}

SllngD SR}), yielding

Ysk{rp sgy = Max {ﬁ%’,f&k_>RD}( R%)} o
2E¢se < (Esk—Erp) (g0

'YTh d}%DN
Y;ﬁfRD SRy = “2Errest(Esr—Erp)K’ )
o otherwise.

)
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The activation probability Prp(rp sgy of the RD link associated
with Yrp(rp sg) 18 given by:

Prp{RD SR}

= (1_67\@%)/“&{@ S F
Ymn

SR{RD SR}

e YSR{RD SR}

1 (YSR{RD SR})

e YRD{RD SR}

/f {SR—>RD} (YSR{RD SR})
X

ut
RD

X dYRp{RD SRYAVSR{RD SR}

+ (1 —e_fith) e R’g/w
yra

X
SR{RD SR}

F1 (Ysr(rp s

X e VSRIRD SR} dlygp pp sRY.- (70)

D. Derivation OfPSD{SD SR RD}» PSR{SD SR RD}» and
Prp{sD sr RD}

The activation decisions of three channels are more complex
than those of two channels, where the latter is associated with
the region PKTI of Fig. 3. The calculation of the three-channel
system’s activation probability relies on our previous results,
such as the previous Y"* and y"" results. Based on the spe-
cific parameters of (Eyye, Esr,Erp), it can be decided whether
y’s”l‘ngR D} ©OF {’g’g“{‘SR sp} is higher. Let us assume that we have
y’s”,‘ngR RO} < Y;gj{‘SR sp}- Hence the activation probability of the
SR hop is formulated as:

Psr{sr sp rD}

ax in nin
max{{SnR{SR Dy YSR[ sk RD}VSR{SR SD}}

max{Ygy MSMIQ?SR RD} ’Yg’lgiSR SD} }

x F1(Yspisr sp RD})EYSR{SR SD RD}

e YRD{SR D RD}

/f (sr—>rD) (YSR{SR SD RD})
X

ut
RD

e VSD{SR sD RD}

/f{SR—>SD}(YSR{SR SD RD})
X
D
X dYsp(sr sp RDYAYRD{SR SD RD}AYSR{SR SD RD}
w MR VSR {sr k)
+ ei’WRé / ut nx{ } in
max{ ¥ , 'SR{SR sD} YSR{SR su}}

x F1(Ysp{sr sp rD})€ " YSR{SK sD kD)

e YSD{SR sD RD}

/f{SR—>SD}(YSR{SR SD RD})
X
8

X dYsp{sr sp RD}AYSR{SR SD RD}

oo
t t
—+ e_’Y’IJ{LLl) e_’yg'?) /
max {3,

—YSR{SR SD RD}

1fs";(:fSR RD}}

x F1(Ysp(sr sp rD})€

X dYsR{sr sD RD}- (71)
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The relevant formulas may also be readily derived for
YgngR RD} > S;;fSR sp}- Based on the same process, we may
formulate the equations of Prp(sg sp rpy and Psp(sr sp rp}»
yielding:

PRrp{sr sp RrD}
B ma"{ﬁe%v“/lgg?m sD} "yl’elgl{RD SD}}
max{ﬁ%’%g{m RD}’YE;’{RD SD}}

X F1(Yrp(sr sp rpy )€ RP{SK SD KD}

f{rp—>sp} (YRD{SR SD RD})
Uy

f(rp—>sry (YRD{SR SD RD})
X dYsr(sr sp RDYAYsD{sk sD RD}YAYRD{SR SD RD}

e VSD{SR sD RD}

e ISR{SR sD RD}

" —ypu / max{“ﬁe%v%ﬁs;e RD}vYI’eIgX{SD RD}}
e

max {Y¢ ‘Ylggx{SR SD} "Ylggl{RD SD}}

% F1(Yrp{sr sD RD})eﬂRD{SR SD RD}

/f{RD—>SD} (Yrp{sr s RD})
X
D

X dYsp(sr sp RDYAYRD{SR SD RD}
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Ut A gnax ax
max{“ﬁ)w'YRD{SR RD} IRD{SD RD}}

e~ YSD{SR SD RD}
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X dYRD{SR SD RD}- (72)
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g
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X F1(Ysp(sr sp rp})e TYSD{sR 5D kD)
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X / e YRD{SR SD RD}
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where we assumed that Yg’g’f SD SR} < qu"S’{‘ SD RD}"
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