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Abstract—In this paper, we consider a buffer-aided two-way
relay network in which a wireless-powered relay acts as an
intermediate node for exchanging the data between two sources.
The relay applies a time-switching (TS) policy to switch between
data decoding (DD) and energy harvesting (EH) modes. Due to
the presence of data queues at the relay, the relay is capable of
employing opportunistic network coding (ONC) for transmission
of the packets. Based on some realistic assumptions, we derive
the stability region of such a network through designing TS and
ONC policies. It is proved that the stability region is characterized
by the TS policy and zero-wait ONC policy. Moreover, we derive
the throughput-optimal and power-optimal policies and show that
these policies provide the maximum coding opportunities. Also,
we derive the average delay of an applied TS-ONC policy at the
relay through modeling the data queues and energy buffer of the
relay by two inter-related quasi-birth-death processes. We show
that although waiting in ONC does not contribute to throughput-
optimal and power-optimal policies, it can reduce the average
delay. Finally, through simulation, we confirm our analytical
results.

Index Terms—Two-way relay network, Opportunistic network
coding, SWIPT, Throughput, Delay, Quasi-birth-death process.

I. INTRODUCTION

W IRELESS energy harvesting (WEH) has attracted a
lot of attention in recent years since it enables the

wireless nodes to prolong their lifetime through harvesting
energy from radio frequency (RF) waves. WEH is especially
an appropriate solution in Internet-of-things and machine-to-
machine communications, where a large number of nodes
should be powered up to communicate to each other [1]. In
WEH, the wireless nodes can receive data and energy from
the same RF signals. However, if a signal is exploited for
data decoding (DD), then it cannot be reused for EH [2].
Two receiver architectures, based on time-switching (TS) and
power-splitting (PS), have been proposed for simultaneous
wireless transfer of power and information (SWIPT). In the
TS architecture, the receiver switches in time between DD
and EH modes, while in the PS one, it uses a fraction of the
received RF power for DD and the rest for EH. SWIPT is
an appealing choice in relay networks, where the sources can
power up their desired relays through SWIPT. In this regard,
optimal TS and PS relaying protocols have been extensively

M. Moradian and A. Khonsari are with the School of Computer Science, In-
stitute for Research in Fundamental Sciences (IPM), Teharn, Iran. F. Ashtiani
is with the Department of Electrical Engineering, Advanced Communications
Research Institute (ACRI), Sharif University of Technology, Tehran, Iran
(email: mmoradian@ipm.ir, ashtianimt@sharif.edu, ak@ipm.ir.).

studied in different SWIPT-based one-way relaying scenarios,
e.g., full-duplex, MIMO, and OFDM relaying systems [3]–[5].

On the other hand, two-way relay networks (TWRNs) have
been studied extensively in the literature. The incorporation of
network coding in TWRNs improves the spectral efficiency as
well as the power consumption significantly by enabling the
relay to transmit a coded version of the data of two sources
at one slot, instead of transmitting each data separately [6].
The performance of different NC protocols, based on decode-
and-forward (DF) and amplify-and-forward (AF), have been
well studied in non-EH TWRNs [7], [8]. Moreover, in buffer-
aided (or queue-aided) TWRNs, the relay is also capable of
applying opportunistic network coding (ONC), i.e., to decide
whether to send the uncoded data of one source or wait for
a coding opportunity, which is provided when the data of the
other source is available. In non-EH TWRNs, the employment
of ONC results in a tradeoff between the power consumption
and average delay of the packets [9]. More precisely, waiting in
ONC decreases the power consumption through increasing the
network-coded transmissions but increases the average delay
due to not transmitting the data immediately. Furthermore,
the effects of ONC on power, delay, and stability region
have been shown in non-EH relays in which the energy is
always available. However, in a WEH relay, the energy is
intermittently available and its dynamic is affected by the
wireless transmissions used for EH. Thus, it is interesting
to investigate the effects that ONC can have in queue-aided
TWRNs with a WEH relay.

SWIPT-based TWRNs were studied in [10]–[14]. In [10],
the optimal PS ratio at a DF relay of a TWRN is derived to
maximize the achievable sum rate. The authors in [11] propose
a dynamic PS scheme to minimize the outage probability
in a TWRN with a WEH DF relay. The authors in [12]
investigate the outage probability and throughput of a WEH
TWRN, where the sources have multiple antennas and the
WEH relay uses TS protocol and analog NC. In [13], in
addition to TS and PS relaying parameters, the durations of
the uplink and downlink transmission of the source and relay,
i.e., multiple access and broadcast phases, respectively, are
optimized in order to minimize the outage probability of a
WEH DF relay. In [14], the authors analyze the throughput of
a TWRN by considering the PS scheme as well as DF and AF
relaying methods. The problem of relay selection in SWIPT-
based TWRNs is considered in [15], where the authors propose
learning-based neural networks for relay selection in a TWRN
with cognitive relays. While most works consider perfect
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channel state information (CSI), the authors in [16] consider
imperfect CSI when designing the precoders and PS scheme
in a MIMO TWRN. The aforementioned studies, analyze
and optimize the TWRN performance from a physical layer
perspective. In particular, they do not consider energy storage
or data queues at the relay. The energy storage improves the
performance of EH nodes by reducing the degrading effects
of the random nature of the energy harvesting. Moreover,
the data queues provide the possibility of not dropping the
unsuccessfully transmitted packets, by storing them for a
retransmission in the future. In this regard, in SWIPT-based
relays with TS architecture, the data queues lead to saving the
time that should be spent for receiving the data again.

The scenarios in [17]–[19] consider data queues in the
EH relay of a TWRN. In [17], the authors consider a relay
node in a multihop network, with two separate data queues
for exchanging the information between two sources. The
relay performs ONC and harvests energy from non-RF energy
resources. A multi-timescale model is proposed to strike the
balance between availability of the energy and latency of the
packets at the relay. In [18], the performance of digital and
physical NC schemes are investigated in a three-node EH
TWRN, where energy can be transferred from the relay to
the sources independent from data transmissions. The authors
in [19] consider a queue-aided TWRN with SWIPT, where the
relay has one energy buffer and two data queues. The relay
chooses one of EH, multiple access, or broadcast modes in
each slot, where it harvests energy from both sources in the
first mode, decodes the data of both sources in the second
mode, and broadcasts a coded message to both sources in
the third mode. Thus, the sources are coordinated. With the
knowledge of complete system state, the mode selection policy
and transmission powers and rates of the nodes are optimized
to maximize the achievable rate region and derive an adaptive
delay-aware scheduling algorithm. Regarding an information-
theoretic point of view in [19] as well as knowing complete
CSI, there is not any error in transmissions. Moreover, the
authors follow a dynamic optimization approach, where the
transmission mode and transmission power and rate of the
nodes change in each slot adaptively to the network state,
including the channel states. However, in our paper, we
assume that only the statistics of the channels are known.
Thus, regarding these statistics, we assume some probability
of error for each transmission. Accordingly, the static TS
and ONC policies are optimized at the relay to achieve the
desired metrics. Also, due to considering error probabilities
for the channels as well as non-coordinated sources, we have
random arrivals at data queues and energy buffer of the relay.
Consequently, unlink [19], queueing analysis is proposed for
deriving the stability region and average delay.

In this paper, we focus on a SWIPT-based TWRN with two
sources and a WEH DF relay, equipped with two data queues
and an energy buffer. The relay is supposed to exchange
specific data arrival rates between the sources. In order to
receive data and energy from sources, the relay uses static TS
policies to switch between the DD and EH modes. Moreover,
in order to avoid excess energy transfer to the relay, the sources
transmit randomly and adapt their transmission probabilities

according to the relay TS policy and the data arrival rates to be
exchanged. Due to having data queues at the relay and random
transmissions of the sources, the relay is capable of applying
ONC policy for transmitting the packets in coded form. The
relay chooses TS and ONC policies in order to stabilize its data
queues, which leads to the successful exchange of specified
data arrival rates between the sources. While preserving the
stability, the TS and ONC policies can also be determined
to achieve the throughput, power, and delay optimality in the
network. Our main contributions are listed as in the following:
• In a queue-aided SWIPT-based TWRN with random

transmissions of the sources, we investigate the design
of static TS and ONC policies to derive the stability
region of the network. The stability region indicates
the successful data arrival rates that can be exchanged
between the sources successfully. Considering some real-
istic assumptions on the amount of harvested energy, we
derive the stability region and show that by employing
zero-wait ONC policy and choosing a suitable TS policy,
we can achieve any arbitrary point in the stability region,
i.e., waiting in ONC policy does not contribute to the
stability of the network.

• In the considered network scenario, we derive the
throughput-optimal and power-optimal policies. The
power-optimal policy is defined as the policy that mini-
mizes the transferred power by the sources, while pre-
serving the stability of the queues. We show that the
throughput-optimal and power-optimal TS policies lead
to maximum possible NC opportunities in essence, and
thus, waiting in ONC is not helpful.

• We derive the average delay of the considered network
scenario, associated to arbitrary TS and ONC policies at
the relay through modeling the data queues and energy
buffer by two inter-related quasi-birth-death (QBD) pro-
cesses and solving them iteratively. Then, we show that
unlike the case of non-EH TWRNs, the delay-optimal
ONC policy in WEH TWRNs may wait for a coding
opportunity.

The paper is organized as follows. Section II introduces the
network scenario. In Section III, the stability region of the
network is derived. Section IV proposes throughput-optimal
and power-optimal policies. In Section V, we derive the
average delay by modeling the data and energy queues at
the relay through inter-related QBDs. Numerical results are
presented in Section VI to validate our analytical approach.
Finally, Section VII concludes the paper.

II. SYSTEM MODEL

We consider a TWRN which consists of one relay node,
denoted by R, and two source nodes, denoted by S1 and
S2, as shown in Fig. 1. There is no direct link between the
sources and they communicate with each other through node
R. Moreover, the sources have external power supplies and
transmit their data as fixed-size packets to node R. However,
node R is a WEH node which harvests energy from RF
transmissions of nodes S1 and S2, and stores the harvested
energy in a finite-size rechargeable energy buffer (battery),

Authorized licensed use limited to: CALIFORNIA INSTITUTE OF TECHNOLOGY. Downloaded on November 01,2020 at 20:56:10 UTC from IEEE Xplore.  Restrictions apply. 



0018-9545 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TVT.2020.3031662, IEEE
Transactions on Vehicular Technology

3

R

1S 2S

EH mode EH mode

DD 

mode
DD 

mode

Downlink 

transmissions

Uplink 

transmission
Uplink 

transmission

1Q 2Q

eQ

2l1l

1up
2up

1dp 2dp

Fig. 1. Network scenario.

RS ®
1

RS ®
2 21

,SSR®

A

C

K

A

C

K

3
T

3
T

3
T

A

C

K

A

C

K

Fig. 2. The structure of a time slot.

denoted by Qe. Also, node R stores the decoded data packets
of nodes S1 and S2 in the data buffers Q1 and Q2, respectively.
Note that the packets in Qi (i ∈ {1, 2}) are destined for
Sj (j 6= i). For the sake of stability analysis, Q1 and Q2

are assumed to have infinite capacities (that is, sufficiently
large in practice) [9], [19]. In the following, we express
our assumptions on the timing and channel models, uplink
and downlink communications, and EH profile, respectively.
Notations used in our work, are listed in Table I.

A. Timing and channel models

Time is slotted in our scenario. Each time slot is considered
as the time unit and is divided into three subslots, as shown
in Fig. 2. Moreover, the duration of each subslot is equal to
one packet transmission time. The first and second subslots
in each slot are dedicated to the uplink transmissions, i.e.,
transmissions from nodes S1 and S2 to node R, respectively.
In the third subslot, node R broadcasts to nodes S1 and S2.

We assume block fading channels, i.e., the channel gains
remain constant during a subslot. Also, all channels in our sce-
nario, including the uplink ones, denoted by Si-R (i ∈ {1, 2}),
and the downlink ones, denoted by R-Si (i ∈ {1, 2}), are
independent from each other along the time. Furthermore, each
channel is independently and identically distributed across
different subslots and follows a practical distribution, e.g.,
Nakagami. We assume that node R is not aware of the
channel states and thus, the TS and ONC policies are designed
at node R based on the average detection probabilities in
different communication channels. In this regard, p̄ui and p̄di
(i ∈ {1, 2}) denote the average detection probabilities of the
uplink and downlink channels Si-R and R-Si, respectively.
Note that p̄ui and p̄di depend on the physical parameters of the
system, e.g., the transmission power of the sources and relay,
noise power, the statistics of the channel gains, modulation
scheme, etc.

B. Uplink Communication Scheme

In order to receive data and harvest energy form source
transmissions, node R applies static TS policies in the uplink

TABLE I
NOTATIONS

Notation Explanation
Q1 (Q2) Data buffer for the packets of node S1 (S2)

Qe Energy buffer at node R
q1 (q2) The number of data packets backlogged

at Q1 (Q2)
qe The number of energy units backlogged at Qe
N Size of the energy buffer, Qe
K The number of energy units used

for a packet transmission at node R
p̄u1 (p̄u2) Average detection probability

of the uplink channel S1 − R (S2 − R)
p̄d1 (p̄d2) Average detection probability

of the downlink channel R− S1 (R− S2)
f1(m) (f2(m)) The probability of harvesting m energy units

from a transmission of node S1 (S2)
amax The maximum number of energy units

that can be harvested in a single slot
ē1 (ē2) The average number of energy units

harvested from a transmission of node S1 (S2)
α1 (α2) The probability of switching to the DD mode

in the first (second) subslot
β1 (β2) The probability of transmitting a packet

at node R when only Q1 (Q2) is non-empty
α = (α1, α2) The TS policy at node R
β = (β1, β2) The ONC policy at node R
λ1 (λ2) The data arrival rate at Q1 (Q2)
r1 (r2) The packet transmission probability

at node S1 (S2)
λo1 (λo2) The total departure rate at Q1 (Q2)
µ−1

1 (µ−1
2 ) The average transmission attempt time at Q1 (Q2)

λc The coded transmission rate at node R
γH The EH rate at node R
γC The energy consumption rate at node R
pb The energy blockage probability at Qe
ν (ν̂) The queue with maximum (minimum)

total arrival rate
R Stability region
∂R The border of the stability region

Πλ=(λ1,λ2) The set of stabilizing policies at node R
λTh The throughput-optimal data arrival rate pair
ΠPO

λ The set of power-optimal policies at λ
τavg Average transmission delay

of the source packets at node R

subslots. In particular, it switches to the DD mode at the
beginning of the first and second subslots of each slot with
probabilities α1 and α2, and to the EH mode with probabilities
1 − α1 and 1 − α2, respectively. When operating in the EH
mode in subslot i (i ∈ {1, 2}), node R harvests energy from
the transmission of node Si (if any) and stores the harvested
energy in Qe. However, when operating in the DD mode, it
decodes the transmitted packet of node Si (if any) and then,
in the case of successful decoding, stores the decoded packet
in Qi and sends an ACK to node Si. Consequently, node Si
discards the transmitted packet from its queue and generates
the next new packet immediately. However, if no ACK is
received, node Si keeps the packet for a retransmission. Thus,
the sources have always a packet to transmit.

On the other hand, the relay is supposed to exchange the
specified data rates λ1 and λ2 from node S1 to node S2 and
vice verse, respectively. To this end, node R should choose
the TS policy αi (i ∈ {1, 2}) such that the arrival rate to Qi
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becomes λi. Then, by assuming that node Si transmits one
packet in each subslot i with probability one, αi should satisfy
λi = αip̄ui since any packet transmitted by node Si is decoded
at node R with probability αi and its decoding is successful
with probability p̄ui. However, transmitting with probability
one in each slot may lead to excess power consumption at
node Si. In this regard, we assume that node Si transmits a
packet in each slot with probability ri. Then, ri and αi should
satisfy λi = riαip̄ui, leading to

ri =
λi
αip̄ui

,
λi
p̄ui
≤ αi ≤ 1, i ∈ {1, 2}. (1)

where the inequality in (1) is resulted from ri = λi
αip̄ui

≤ 1
and αi ≤ 1. As can be seen from (1), to support data arrival
rate λi at node R, any αi satisfying λi

p̄ui
≤ αi ≤ 1 can

be chosen, where each αi indicates a specific ri. However,
along with supporting the data arrival rates λ1 and λ2, the
values of α1 and α2 should be chosen such that a desired
performance criterion, e.g., stability of the network, maximum
throughput or minimum energy transferred by the sources, is
achieved. It is also worth mentioning that multiple values of
(α1, α2) may yield the considered performance criterion. Once
αi (i ∈ {1, 2}) is determined at node R, node Si adapts its
transmission probability ri according to (1). To derive ri, the
source becomes aware of the value of αip̄ui through ACK
messages.

C. Downlink Communication Scheme

We assume that the transmission power of node R is fixed.
Thus, node R can transmit in the third subslot whenever the
energy required for a packet transmission is available at Qe
and also, there exists at least one data packet at either Q1 or
Q2. The transmission strategy of node R in the third subslot,
i.e., transmitting a single packet, a network-coded packet, or
not to transmit, is indicated by the ONC policy. In particular,
according to the ONC policy, when both data queues are non-
empty, node R transmits a coded packet generated by bit-wise
XORing between the head-of-line (HoL) packets at Q1 and
Q2 with probability one. On the other hand, when only Qi
(i ∈ {1, 2}) is nonempty, node R transmits the HoL packet at
Qi with probability βi, and does not transmit with probability
1 − βi. In fact, in the latter case, node R randomly waits a
slot for a coding opportunity, i.e., a packet arrival in the other
queue. After node R transmits a packet, either uncoded or
coded, it waits for the ACK message(s) from the corresponding
destination(s). If an ACK is received from node Si (i ∈ {1, 2}),
node R removes the head-of-line packet from Qj (j 6= i) (note
that the packets in Qj are destined for Si (i 6= j)). Otherwise,
it keeps the packet for retransmission in the following slots.
In the sequel, we represent a TS-ONC policy at node R by
((α1, α2), (β1, β2)), where (α1, α2) and (β1, β2) represent the
TS and ONC policies, respectively.

D. EH Profile

As mentioned before, when node R is in the EH mode,
it harvests energy from the packet transmitted by node Si in
subslot i (i ∈ {1, 2}) and then, stores the harvested energy in

Qe. The energy harvested in each slot is a continuous variable,
however, due to our queueing analysis, we assume that node
R harvests energy in discrete amounts, called energy units
[20]. In this regard, we denote by fi(m) (i ∈ {1, 2}), as
the probability that node R harvests m energy units from a
packet transmitted by node Si. Note that fi(.) depends on
physical system parameters, e.g., transmission power of node
Si, statistics of the gain of channel Si-R, distance between
nodes R and Si, etc. Since our analysis is based on fi(.), we
consider the related physical system parameters in Section VI,
where we discretize a continuous EH profile to derive fi(.).

Let f(m) denote the probability of harvesting m energy
units in a slot assuming that node R is in the EH mode in both
uplink subslots. Then, we have f(m) =

∑m
l=0 f1(l)f2(m− l).

Moreover, define amax as the minimum m such that F (m) ≥
1 − δ, where F (m) =

∑m
l=0 f(l) and δ is a constant close

to zero, e.g., δ = 0.001. In fact, the probability of harvesting
more than amax energy units in a slot is very small. In this
regard, we assume that f(m) = 0 for m > amax, i.e., at
most amax energy units can be harvested in a slot. Moreover,
we consider scenarios in which setting the relay power less
than amax energy units per packet transmission results in very
poor transmission quality and thus, is not practical, i.e., we
have K ≥ amax, where K denotes the number of consumed
energy units per packet transmission. Finally, we assume that
N ≥ 2K, where N denotes the size of energy buffer in terms
of energy units, i.e., node R can store the energy required
for at least two transmissions. The assumptions K ≥ amax

and N ≥ 2K enables us to analytically derive the stability
region, throughput-optimal and power-optimal policies. Our
numerical results show that if the assumption K ≥ amax does
not hold but the value of K does not result in very poor
transmission quality, our analytical approach is still sufficiently
accurate. Moreover, the two aforementioned assumptions are
not required in Section V, where we analyze the average delay
of the packets.

III. STABILITY REGION

In this section, we derive the stability region of the proposed
network scenario. The stability region is the set of all data
arrival rates (λ1, λ2) that can be exchanged between the
sources via the relay. On the one hand, as noted in Section
II-B, λ1 and λ2 are the data arrival rates at Q1 and Q2,
respectively. On the other hand, Q1 and Q2 can deliver all
their arrived packets to the corresponding destinations when
they are stable. Therefore, (λ1, λ2) belongs to the stability
region of the network, only if Q1 and Q2 can be stabilized
under a TS-ONC policy. Thus, for deriving the stability region,
we need to investigate the stability of the data queues under
different TS-ONC policies. For this purpose, in the following,
we first give the formal definitions of stability of a single queue
and stability region of the proposed network.

A. Definitions

Definition 1: Let aavg, bavg, and cavg denote the arrival,
service1, and departure rates at a data queue, respectively.

1The service rate is the inverse of the service time. The service time is
defined as the average time required to transmit the HoL packet at the queue
successfully.
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Then, under some mild assumptions, the data queue is (mean-
rate) stable if and only if aavg ≤ bavg, or equivalently,
aavg = cavg. Moreover, the data queue is at stability edge if
and only if aavg = bavg [22].

Let us denote by 1
µi

as the average time it takes to
transmit the HoL packet at Qi once, whether successful or
not. Note that 1

µi
includes the probable waiting time for

harvesting enough energy as well as a single slot for the packet
transmission and thus, 1

µi
≥ 1. Then, the service time at Qi is

written as 1
p̄djµi

since each packet is transmitted 1
p̄dj

times on
average to be successfully received at node Sj . Consequently,
the service rate at Qi is equal to p̄djµi. On the other hand,
we define λoi as the total departure rate at node R, i.e., the
rate of transmission attempts. Then, the real departure rate
at Qi is equal to p̄djλoi since each transmission is successful
with probability p̄dj . Thus, regarding that λi, p̄djµi, and p̄djλoi
are the arrival, service, and departure rates at Qi, we restate
Definition 1 for our network as in the following remark.

Remark 1: Qi (i ∈ {1, 2}) is stable if and only if λi
p̄dj
≤

µi, where j 6= i and j ∈ {1, 2}, or equivalently λi
p̄dj

= λoi.
Moreover, Qi is at stability edge if and only if λi

p̄dj
= µi.

Definition 2: Let λ = (λ1, λ2), α = (α1, α2), and β =
(β1, β2). Then, the stability region of the proposed network is
defined as

R ={λ | ∃ (α,β) such that for i ∈ {1, 2} :

λi
p̄ui
≤ αi ≤ 1, 0 ≤ βi ≤ 1, Qi is stable.},

(2)

where the inequality λi
p̄ui
≤ αi ≤ 1 is written based on (1).

In fact, the stability region in (2) is the set of all λ for which
there exists at least one TS-ONC policy that stabilizes the data
queues at node R. It is worth noting that at a given λ, multiple
TS-ONC policies may result in the stability of node R, where
the possibility of choosing multiple TS policies was explained
in Section II-B. In this regard, we define Πλ as the set of all
stabilizing policies at λ, i.e., we have

Πλ = {(α,β) | for i ∈ {1, 2} :
λi
p̄ui
≤ αi ≤ 1,

0 ≤ βi ≤ 1, Qi is stable at λ}.
(3)

Definition 3: Let Bελ be the closed ball (with its boundary)
centered at λ with radius ε. Then, the border of stability region,
denoted by ∂R, is defined as (∂R ⊆ R)

∂R = {λ ∈ R | ∀ ε > 0 : Bελ 6⊂ R} (4)

Finally, we define ν and ν̂ as follows

ν = arg max
i∈{1,2}
i6=j

λi
p̄dj

, ν̂ = arg min
i∈{1,2}
i6=j

λi
p̄dj

. (5)

We refer to λi
p̄dj

as the total arrival rate at Qi. Then, ν and ν̂
in (5) refer to the queues with maximum and minimum total
arrival rates, respectively, and thus, are functions of λ, i.e.,
ν = ν(λ) and ν̂ = ν̂(λ). In the following, by proving some
lemmas, we derive the stability region of the network.

B. Stability Region Analysis

We define γH as the EH rate at node R, i.e., the average
number of energy units that are harvested at node R in a slot.
Moreover, ēi denotes the average number of energy units that
is harvested from a packet transmitted by node Si in subslot i
(i ∈ {1, 2}), i.e., ēi =

∑amax

m=0mfi(m), where fi(.) is defined
in Section II-D. Then, γH is derived as

γH = γH(λ,α) = r1(1− α1)ē1 + r2(1− α2)ē2 (6)

=
1− α1

α1p̄u1
λ1ē1 +

1− α2

α2p̄u2
λ2ē2,

λi
p̄ui
≤ αi ≤ 1, i ∈ {1, 2}.

(7)

The first and second terms in (6) indicate the EH rate at node
R in the first and second subslots, respectively. Moreover, (7)
is derived using (1). It indicates that γH is a function of λ and
the TS policy, α, i.e., γH = γH(λ,α). Let α∗λ denote the TS
policy which maximizes EH rate, γH, at a given λ. Then, since
from (7), γH is decreasing with αi (i ∈ {1, 2}) in the interval
λi
p̄ui
≤ αi ≤ 1, its maximum is achieved at the minimum value

of αi, i.e., λi
p̄ui

. Therefore, we have

α∗λ = arg max
i∈{1,2}: λi

p̄ui
≤αi≤1

γH(λ,α) = (
λ1

p̄u1
,
λ2

p̄u2
). (8)

Note that α∗λ results in r1 = r2 = 1, according to (1). Next,
we define γC as the energy consumption rate at node R, i.e.,
the average number of energy units that are consumed at node
R in a slot. γC is derived as

γC = K(λoν + λ oν̂ − λc), (9)

where λc is the rate of coded transmissions, whether successful
or not. Eq. (9) is written considering that each departure at
node R consumes K energy units, and that, the total departure
rate at node R is λoν+λoν̂−λc. Note that λc is subtracted from
the total departure rates at the data queues, i.e., λoν+λoν̂ , since
the coded transmissions are accounted two times in λoν +λoν̂ .
It is worth noting that when both data queues are nonempty at
the beginning of a downlink subslot and enough energy exists
in Qe, a coded transmission occurs with probability one. Thus,
we have λc = Pr{q1 > 0, q2 > 0, qe ≥ K}, where qi (i ∈
{1, 2}) and qe denote the number of data packets and energy
units in Qi and Qe, respectively, at the beginning of a downlink
subslot. Therefore, λc depends on the joint distribution of q1,
q2, and qe, which is affected by the data arrival rates at the
queues (λ), EH rate (γH(λ,α)), and the service process of
the packets. The last factor is affected by the ONC policy,
β. Thus, it can be concluded that λc and consequently, γC
in (9), are functions of λ, α, and β, i.e., λc = λc(λ,α,β)
and γC = γC(λ,α,β). However, throughout the paper, we
drop the arguments, whenever they are clear from the context.
Moreover, when λ ∈ R and (α,β) ∈ Πλ, by using Remark
1 and (9), we derive γC as follows

γC = K(
λν
p̄dν̂

+
λν̂
p̄dν
− λc). (10)

Remark 2: In our scenario, the data queue Qi (i ∈ {1, 2})
can be modeled as a Geo/G/1 queue, i.e., a queue with
geometric inter-arrival times (Geo), general service times (G),
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and one server. The packet inter-arrival times at Qi follow
a Geometric distribution since all processes affecting the
arrival process at Qi, including the transmissions of node Si,
TS policy at node R, and packet detection, are independent
Bernoulli processes. A Geo/G/1 queue is always backlogged
when it is at stability edge or unstable (refer to the P-K formula
in [23]).

Using Remark 2, we introduce the the following lemma.
Lemma 1:

(a) If node R is unstable, then, Qν is unstable and γC =
Kλoν .

(b) If node R is stable and one of the queues is at stability
edge, then, Qν is at stability edge and γC = K λν

p̄dν̂
.

Proof: See Appendix A. �

In either cases of Lemma 1, i.e., Qν being unstable or at
stability edge, Qν is always backlogged, according to Remark
2, implying that all packets of Qν̂ are transmitted in coded
from. Then, λc = λoν̂ and thus, from (9), γC = Kλoν . When
Qν is at stability edge, we further have λoν = λν

p̄dν̂
, according to

Remark 1, which leads to γC = K λν
p̄dν̂

. It is worth to mention
that node R, and consequently Qν according to Lemma 1,
become unstable when either λ 6∈ R or λ ∈ R but the applied
policy (α,β) 6∈ Πλ. Moreover, Qν is at stability edge at any
λ ∈ R if (α,β) satisfies the conditions in Lemma 4(b).

As noted before, the energy buffer Qe is finite. Thus, part
of γH might be wasted due to the limited capacity of Qe.
Let us define pb as the energy blockage probability, i.e.,
the probability that an energy unit is blocked at Qe. In the
following lemma, using the assumptions amax ≤ K and
N ≥ 2K (explained in Section II-D), we show that when
Qν is always backlogged, pb is zero if and only if zero-wait
ONC policy is applied at Qν .

Lemma 2: If Qν is always backlogged, then pb = 0, or
equivalently γC = γH, if and only if βν = 1, i.e., zero-wait
ONC is applied at Qν .
Proof: See Appendix B. �

Let us define Bλ = {β | βν(λ) = 1, βν̂(λ) ∈ [0, 1]}. In
fact, for β ∈ Bλ, zero-wait ONC is applied at Qν , while it
may or may not be applied at Qν̂ . We use Lemmas 1 and 2
to prove the following lemma.

Lemma 3:
(a) If ∃(α,β) ∈ Πλ (i.e., λ ∈ R), then γH(λ,α) ≥ K λν

p̄dν̂
.

(b) If γH(λ,α) ≥ K λν
p̄dν̂

, then {(α,β) | β ∈ Bλ} ⊆ Πλ,
and, λ ∈ R.

Proof: See Appendix C. �

Lemma 3(a) states that if the TS-ONC policy (α,β) is
stabilizing at λ, its corresponding EH rate should be greater
than K λν

p̄dν̂
. In fact, K λν

p̄dν̂
is the minimum possible energy

consumption rate, which is achieved when λc = λν̂
p̄dν

in (10),
i.e., all packets of Qν̂ are transmitted in coded form. Lemma
3(b) reveals that if the TS policy α satisfies γH(λ,α) ≥ K λν

p̄dν̂
,

the set of ONC policies which apply zero-wait ONC policy at
Qν , but apply ONC at Qν̂ arbitrarily are stabilizing. From
Lemmas 3(a) and (b), we directly conclude the following
corollary.

2
l

1
l

1

2

2

1

dd
pp

ll
=
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a2l

b2l

Fig. 3. Stability region of the static approach.

Corollary 1: λ ∈ R if and only if there exists α such that
γH(λ,α) ≥ K λν

p̄dν̂
. Then, any β ∈ Bλ, including β = (1, 1),

stabilizes node R. This reveals that waiting in ONC policy
does not contribute to the stability of node R. In other words,
if the TS policy satisfies γH(λ,α) ≥ K λν

p̄dν̂
, then node R is

stabilized by applying zero-wait ONC policy. Otherwise, node
R will not be stable under any ONC policy.

The stability region is derived in the following proposition.
Proposition 1: The stability region is derived as R =
{λ|γH(λ,α∗

λ) ≥ K λν
p̄dν̂
}, where α∗λ is defined in (8).

Proof: Since α∗λ maximizes γH(λ,α), we can find a TS
policy satisfying γ(λ,α) ≥ K λν

p̄dν̂
if and only if γH(λ,α∗

λ) ≥
K λν
p̄dν̂

. This fact, along with Corollary 1, proves the proposed
relation for the stability region. �

Using (7) in Proposition 1, the stability region is written as

R =

{
λ1( Kp̄d2

+ ē1
p̄u1

) + λ2
ē2
p̄u2
≤ ē1 + ē2; λ1

p̄d2
≥ λ2

p̄d1
,

λ2( Kp̄d1
+ ē2

p̄u2
) + λ1

ē1
p̄u1
≤ ē1 + ē2; λ1

p̄d2
< λ2

p̄d1
.

(11)
The stability region has been illustrated in Fig. 3. Moreover,

λ1a, λ1b, λ2a, and λ2b are derived as in the following:

λ1a =
ē1 + ē2

K
p̄d2

+ ē1
p̄u1

+ p̄d1
p̄d2p̄u2

ē2

, λ2a =
ē1 + ē2

K
p̄d1

+ ē2
p̄u2

+ p̄d2
p̄d1p̄u1

ē1

,

λ1b =
ē1 + ē2

K
p̄d2

+ ē1
p̄u1

, λ2b =
ē1 + ē2

K
p̄d1

+ ē2
p̄u2

.

(12)
Also, by some mathematical manipulation, it can be shown

that the line connecting (0, λ2b) and (λ1b, 0) lies below the
border of stability region and thus, R is convex.

Although waiting in ONC does not contribute to the stability
of node R, it may reduce the average delay of the packets,
as will be seen in Section VI. A subset of stabilizing ONC
policies at λ ∈ R was shown to be Bλ, according to Corollary
1. The following lemma states that when γH(λ,α) = K λν

p̄dν̂
,

the only stabilizing ONC policies are β ∈ Bλ, i.e., zero-wait
ONC should be applied at Qν .

Lemma 4:

(a) If γH(λ,α) = K λν
p̄dν̂

, then (α,β) ∈ Πλ if and only if
β ∈ Bλ.

(b) If γH(λ,α) = K λν
p̄dν̂

and β ∈ Bλ, then Qν is at stability
edge and thus, always backlogged.

Proof: See Appendix D. �

Corollary 2: When γH(λ,α) = K λν
p̄dν̂

, we should have βν =
1 to preserve the stability, according to Lemma 4(a). Then,
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Qν becomes always backlogged, according to Lemma 4(b),
implying that all packets of Qν̂ are transmitted in coded form.
Thus, waiting in ONC is irrelevant at Qν̂ . In this regard, when
γH(λ,α) = K λν

p̄dν̂
, the stabilizing β is considered to be only

(1, 1).
Corollary 3: From Proposition 1, and by considering Def-

inition 3, the border of stability region is indicated as ∂R =
{λ|γH(λ,α∗λ) = K λν

p̄dν̂
}. Then, using Corollary 2, Qν is

always backlogged at λ ∈ ∂R. Moreover, Πλ = (α∗λ, (1, 1)).
This is due to the fact that on the one hand, at α∗λ, the only
stabilizing β is (1, 1), according to Corollary 2. On the other
hand, no other policy with α 6= α∗λ can belong to Πλ since
using (8) and γH(λ,α∗λ) = K λν

p̄dν̂
, such a policy satisfies

γH(λ,α) < γH(λ,α∗λ) = K λν
p̄dν̂

and thus, is not stabilizing
according to Lemma 3(a).

IV. THROUGHPUT-OPTIMAL AND POWER-OPTIMAL
POLICIES

A. Throughput-Optimal Policy
The throughput of the network is defined as the successful

data rates exchanged between nodes S1 and S2, i.e., λ1 + λ2,
given that node R is stable. In the following proposition, we
derive the throughput-optimal policy.

Proposition 2: In the considered TWRN, the throughput-
optimal policy is (α∗

λTh , (1, 1)), where α∗λ is given in (8). Also,
λTh ∈ ∂R and is derived as

λTh =


(λ1a, λ2a);

ē1
p̄u1
− ē2

p̄u2
≤ K

p̄d2
, ē2

p̄u2
− ē1

p̄u1
≤ K

p̄d1
,

(λ1b, 0); ē1
p̄u1
− ē2

p̄u2
> K

p̄d2
,

(0, λ2b); ē2
p̄u2
− ē1

p̄u1
> K

p̄d1
,

(13)
where λ1a, λ2a, λ1b, and λ2b are given in (12).
Proof: The throughput, λ1 + λ2, is maximized at one of
the corners of the stability region since the stability region,
shown in Fig. 3, is convex. Thus, it is enough to compare
the throughput at points (λ1a, λ2a), (0, λ2b), and (λ1b, 0),
which are λ1a +λ2a, λ2b, and λ1b, respectively. By using (12)
and some mathematical manipulation, the throughput-optimal
λ, denoted by λTh, is derived as in (13). Moreover, since
λTh belongs to ∂R, Qν is always backlogged and we have
ΠλTh = (α∗

λTh , (1, 1)), according to Corollary 3. Also, using
the assumption K ≥ amax, we have |ē1 − ē2| ≤ K. Then, if
p̄ui > p̄dj for i, j ∈ {1, 2}, the constraints of the first case in
(13) hold and thus, the throughput-optimal policy is a two-way
relaying policy. �

B. Power-Optimal policy
In this part, we aim to minimize the energy transferred by

the sources to the relay through minimizing the EH rate, γH,
at node R. In this regard, a power-optimal policy at λ ∈ R is
defined as the policy that minimizes the EH rate, given that
the stability of node R is preserved. In fact, the power-optimal
policy is the answer of the following optimization

arg min
(α,β)∈Πλ

γH(λ,α) (14)

In the following proposition, we derive the power-optimal
policies at λ ∈ R and show that under such policies, the

energy consumption rate at node R is minimized and no
energy is wasted (blocked). Since the energy consumed or
wasted at node R is supplied by the sources, minimizing γH is
tantamount to minimizing energy consumption at the sources.
If the sources are some sensors, regarding battery capacity in
the sensors, it prolongs the lifetime of those sensor nodes.

Proposition 3: The set of power-optimal TS policies at
λ ∈ R is ΠPO

λ = {(α, (1, 1))|γH(λ,α) = K λν
p̄dν̂
}. Moreover,

under a power-optimal TS policy, Qν is at stability edge. Also,
the power-optimal TS policy, (α1, α2), satisfies the following
relations

1

min{ p̄u1
λ1
, g−1(1)}

≤ α1 ≤
1

max{g−1( p̄u2
λ2

), 1}
, α2 =

1

g( 1
α1

)
,

g(x) = 1 +
p̄u2

λ2ē2
[K

λν
p̄dν
− λ1ē1

p̄u1
(x− 1)].

(15)
Proof: According to Lemma 3(a), we have γH(λ,α) ≥ K λν

p̄dν̂

for any (α,β) ∈ Πλ. Thus, considering (14), any (α,β) ∈ Πλ

that satisfies γH(λ,α) = K λν
p̄dν̂

is power-optimal. According
to Corollary 2, when γH(λ,α) = K λν

p̄dν̂
, the only stabilizing β

is (1, 1) and Qν is at stability edge. This completes the proof
of power-optimal policies. Also, note that at a power-optimal
policy, the energy consumption rate at node R is minimized
since Qν is always backlogged at stability edge, and thus, all
packets of Qν̂ are transmitted in coded form. As a result, we
have γC = K λν

p̄dν̂
. On the other hand, no energy is wasted

(blocked) at node R since γH = γC (see Lemma 2).
Let us define α′i = 1

αi
. Then, using (7) and γH(λ,α) =

K λν
p̄dν̂

, α′2 is written as α′2 = g(α′1) = 1 + p̄u2
λ2ē2

[K λν
p̄dν
−

λ1ē1
p̄u1

(α′1 − 1)]. Then, from 1 ≤ α′2 ≤
p̄u2
λ2

, we conclude
that g−1( p̄u2

λ2
) ≤ α′1 ≤ g−1(1). On the other hand, 1 ≤

α′1 ≤
p̄u1
λ1

. Therefore, we have max{g−1( p̄u2
λ2

), 1} ≤ α′1 ≤
min{ p̄u1

λ1
, g−1(1)}. The right-hand side of this inequality is

positive since g−1(1) > 0. Thus, we have 1

min{ p̄u1
λ1
,g−1(1)}

≤

α1 ≤ 1

max{g−1(
p̄u2
λ2

),1}
. Also, when λ ∈ ∂R, the only power-

optimal TS policy is α∗λ. In fact, it is the only stabilizing TS
policy that satisfies γH(λ,α) = K λν

p̄dν̂
(see Corollary 3). �

V. AVERAGE DELAY ANALYSIS OF THE PROPOSED TWRN
In this section, we derive the average delay of the proposed

TWRN for a given TS-ONC policy. It is worth mentioning
that in non-EH TWRNs, the delay-optimal ONC policy is β =
(1, 1). Using the analysis of average delay in this section, we
show in Section VI that unlike the non-EH TWRNs, the delay-
optimal NC policy in an EH TWRN may wait for a coding
opportunity, i.e., βi < 1 (i ∈ {1, 2}), when enough energy
exists. According to the Little’s law, the average delay at node
R is written as

τavg(α,β) =
q̄1 + q̄2

λ1 + λ2
, (16)

where τavg(α,β) is the average delay at node R under policy
(α,β). Moreover, q̄1 and q̄2 are the average number of data
packets at Q1 and Q2, respectively. Note that the difficulty in
deriving τavg lies in modeling three inteacting queues, Q1, Q2,
and Qe. In the following, we propose two inter-related QBDs
for deriving τavg.
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A. Proposed Inter-related QBDs

The system state is represented by (q1, q2, qe), where qi ∈
Z∗ (i ∈ {1, 2}) and qe ∈ {0, 1, ..., N} denote the number
of data packets and energy units at Qi and Qe, respectively,
at the beginning of the downlink subslot. Thus, a slot is
considered as a downlink subslot and two consecutive uplink
subslots. The system state in our scenario evolves according
to a Markov chain since all network parameters, e.g., channel
detection probabilities and EH profiles, are independent and
identically distributed across different subslots. However, the
underlying Markov chain is very hard to solve since the first
and second entries of the system state, i.e., q1 and q2, are not
finite and the data queues and energy buffer are interacting.
To tackle this problem, we follow an approach similar to [24].
In particular, by limiting the system state in the first and
second dimensions, we approximate the system Markov chain
with two inter-related Markov chains, denoted by MC1 and
MC2, respectively. Then, MC1 and MC2 are solved iteratively
in order to derive the average delay. In the following, we
introduce MCi (i ∈ {1, 2}) in detail.

Let j 6= i, where i, j ∈ {1, 2}. Then, the state of MCi is
represented as (qi, q̃j , qe), where qi ∈ Z∗ denotes the state
of Qi, as in the original underlying Markov chain. Moreover,
the state of Qj is modeled by q̃j , where q̃j ∈ {0, 1, ...,m},
i.e., Qj is approximated by m states instead of infinite ones.
If q̃j ∈ {0, 1, ...,m− 1}, then there are exactly q̃j packets in
Qj , i.e., qj = q̃j . However, when q̃j = m, the number of data
packets at Qj is equal to or greater than m, i.e., qj ≥ m. Note
that the number of states in MCi is still infinite due to the
first entry, qi. However, we are able to solve MCi since it is a
QBD process [27]. According to the convention, each state in
a QBD process is represented by an ordered-pair (l,

−→
φ ), where

the first and second entries, i.e., l and
−→
φ , denote the level and

the phase of the QBD process, respectively. Therefore, if we
denote by QBDi as the QBD process corresponding to MCi,
then, qi and

−→
φ i = (q̃j , qe) represent the level and the phase of

QBDi, respectively (see Fig. 4). We solve QBD1 and QBD2

iteratively to derive the τavg. In the following, we first derive
the transition probabilities of the proposed QBDs and then,
introduce an iterative algorithm for deriving τavg.

B. Transition probabilities

Let X = (qi, (q̃j , qe)) denote the current state of QBDi.
Also, Zi (i ∈ {1, 2}) is equal to one if a packet is transmitted
from Qi and zero otherwise. Moreover, given the current state
X , and the variables Zi and Zj , the conditional probabilities
Fi(q

′
i, a|X,Zi) and Gi(q̃

′
j , ã|X,Zj) associated to QBDi are

defined as the probabilities that the state of Qi and Qj
become q′i and q̃′j at the beginning of the next downlink
subslot, respectively, while a and ã energy units are harvested
from nodes Si and Sj in the corresponding uplink subslots,
respectively. Then, the transition probability from state X to
state Y = (q′i, (q̃

′
j , q
′
e)) in QBDi, denoted by Pr{X → Y }, is

derived as (q′e < N , L1 = q′e − qe +K, L2 = q′e − qe)

Pr{X → Y } =

L1∑
a=0

Fi(q
′
i, a|X,Zi = 1)Gi(q̃

′
j , L1 − a|X,Zj = 1);

qi > 0, q̃j > 0, qe ≥ K,

βi
L1∑
a=0

Fi(q
′
i, a|X,Zi = 1)Gi(q̃

′
j , L1 − a|X,Zj = 0)+

(1− βi)
L2∑
a=0

Fi(q
′
i, a|X,Zi = 0)Gi(q̃

′
j , L2 − a|X,Zj = 0);

qi > 0, q̃j = 0, qe ≥ K,

βj
L1∑
a=0

Fi(q
′
i, a|X,Zi = 0)Gi(q̃

′
j , L1 − a|X,Zj = 1)+

(1− βj)
L2∑
a=0

Fi(q
′
i, a|X,Zi = 0)Gi(q̃

′
j , L2 − a|X,Zj = 0);

qi = 0, q̃j > 0, qe ≥ K,
L2∑
a=0

Fi(q
′
i, a|X,Zi = 0)Gi(q̃

′
j , L2 − a|X,Zj = 0); otherwise.

(17)
In the first case of (17), the packets of Q1 and Q2 are coded

and transmitted with probability one, i.e., Zi = Zj = 1,
since both queues are nonempty and enough energy exists.
Consequently, K energy units are consumed and thus, in order
to transit from qe to q′e, L1 = q′e− qe +K energy units should
be harvested. In this respect, the first factor in the summation
indicates that a energy units out of q′e − qe + K ones are
harvested from Si in the following uplink subslot i, while
the rest are harvested from Sj in the following uplink subslot
j. In the second case, a packet is transmitted from Qi with
probability βi since Qi is nonempty but Qj is empty. The
second additive term of this case states that if no transmission
occurs (with probability 1 − βi), we have Zi = Zj = 0 and
l2 = q′e−qe energy units should be harvested in order to transit
from qe to q′e. Other cases are written in a similar way.

When q′e = N , the transition from qe to q′e = N happens if
more than N − qe (N − qe + K in the case of transmission)
energy units are harvested. In fact, the excess energy units
will be blocked. Thus, when writing Pr{X → Y }, the terms
L2∑
a=0

(
L1∑
a=0

in the case of transmission) in (17) are replaced with

∞∑
L2=N−qe

L2∑
a=0

(
∞∑

L1=N−qe+K

L1∑
a=0

in the case of transmission).

Now, we derive the conditional probabilities in (17).
Fi(q

′
i, a|X,Zi = 1) is computed as

Fi(q
′
i, a|X,Zi = 1) =

p̄dj(1− αi)fi(a) + p̄djαi(1− p̄ui)1(a = 0); q′i = qi − 1,

(1− p̄dj)(1− αi)fi(a) + (1− p̄dj)αi(1− p̄ui)1(a = 0)+

p̄djαip̄ui1(a = 0); q′i = qi,

(1− p̄dj)αip̄ui1(a = 0); q′i = qi + 1,

0 ; otherwise.
(18)

where fi(a) is the probability that a energy units are harvested
from a packet transmitted by node Si. The first term in the
first case of (18) states that qi decreases by one if the HoL
packet in Qi is transmitted successfully (with probability p̄dj),
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Fig. 4. QBD model.

node R selects the EH mode in subslot i (with probability
1 − αi), and a energy units are harvested from Si (with
probability fi(a)). Moreover, according to the second term
of the first case, if a = 0, the transition also happens to qi−1,
when in the sequence of the aforementioned events, node R
selects the DD mode instead of the EH one in subslot i (with
probability αi), however, it cannot detect the packet of node
Si successfully (with probability 1− p̄ui). The other cases are
obtained similarly. Moreover, Fi(q′i, a|X,Zi = 0) is derived
from (18) by replacing p̄dj with zero since when Zi = 0, no
packet is transmitted from Qi in the downlink subslot. Next,
we derive Gi(q̃′j , a|X,Zj = 1) as follows.

For 0 < q̃j < m:

Gi(q̃
′
j , ã|X,Zj = 1) =

p̄di(1− αj)fj(ã) + p̄diαj(1− p̄uj)1(ã = 0); q̃′j = q̃j − 1,

(1− p̄di)(1− αj)fj(ã) + (1− p̄di)αj(1− p̄uj)1(ã = 0)+

p̄diαj p̄uj1(ã = 0); q̃′j = q̃j ,

(1− p̄di)αj p̄uj1(ã = 0); q̃′j = q̃j + 1,

0 ; otherwise.
(19)

Note that since q̃j < m in (19), it represents the real number of
data packets at Qj . Moreover, for any choice of 0 < q̃j < m,
the transition can occur to the states q̃j and q̃j ± 1. Thus, the
transition probabilities in (19) are written exactly as in (18).
However, when q̃j is equal to m, the transition to q̃′j = m− 1
or q̃′j = m is only possible. In this regard, when q̃j = m, we
have

Gi(q̃
′
j , ã|X,Zj = 1) =

πjmp̄di(1− αj)fj(ã) + πjmp̄diαj(1− p̄uj)1(ã = 0);

q̃′j = q̃j − 1,

(1− πjm + πjm(1− p̄di)) ((1− αj)fj(ã) + αj1(ã = 0)) +

πjmp̄diαj p̄uj1(ã = 0); q̃′j = q̃j ,

0 ; otherwise.
(20)

where πjm is the probability that qj = m, given that q̃j = m
or equivalently, qj ≥ m. According to the first term in the
first case of (20), the transition to q̃j − 1 occurs when qj is
exactly equal to m, a packet is transmitted successfully from
Qj in the downlink subslot, node R selects the EH mode in the
following uplink subslot j, and it harvests ã energy units from

the transmission of node Sj . According to the second term, in
the case that ã = 0, the transition to q̃j − 1 also happens if in
the sequence of the aforementioned events, node R selects the
DD mode instead of the EH one in the following uplink subslot
j, but does not detect the packet of node Sj successfully. The
other cases are obtained in a similar way. Finally, for deriving
Gi(q̃

′
j , ã|X,Zj = 0) in the cases 0 ≤ q̃j < m and q̃j = m, it is

enough to replace p̄dj in (19) and (20) with zero, respectively,
since when Zj = 0, no packet is transmitted from Qj .

C. Deriving average delay

As can be seen from (17)-(20), the parameters of the tran-
sition probabilities of QBDi (i ∈ {1, 2}) are all known except
πjm. In fact, this parameter is related to the distribution of the
number of data packets at Qj and thus, can be derived from
QBDj since in QBDj , we model the states of Qj completely.
Therefore, we solve QBD1 and QBD2 iteratively to derive the
values of π1m and π2m. In particular, we first set some initial
values for π1m and π2m. Then, in iteration t (t ≥ 1), first,
the transition probabilities of QBDi (i = 2 − mod(t, 2)), are
updated using πjm. Then, QBDi is solved, i.e., the stationary
probability of different states are derived, using the related
algorithms in [27]. Consequently, by solving QBDi, πim is
updated. The iterations are repeated until a certain convergence
criterion is met. Moreover, in each iteration, after QBDi is
solved (i ∈ {1, 2}), πim is updated as follows

πim =
πi0(Ri)

m1∑∞
l=m πi0(Ri)l1

, (21)

where πi0 is the steady state probability vector of the states
(0, (q̃j , qe)) at QBDi, where q̃j ∈ {0, 1, ...,m} and qe ∈
{0, 1, ..., N}. Also, 1 is the all-one column vector. Moreover,
Ri

2 is a matrix related to QBDi and is derived according to
some algorithms in [27]. In (21), πi0(Ri)

l is the probability
vector of the states in level l, i.e., the states with qi = l
[27]. Once the aforementioned iterative algorithm for solving
QBDs is converged, the average queue length q̄i (i ∈ {1, 2})
is derived as

qi =
∞∑
qi=0

qiπi0(Ri)
qi1 = πi0Ri(I−Ri)

−21. (22)

VI. NUMERICAL RESULTS

In this section, we present our numerical results to evaluate
the effect of different system parameters on the stability region
as well as optimal throughput of the network, and power-
optimal and delay-optimal policies corresponding to some
arbitrary point in the stability region, i.e., at some specific
satisfying rates. The simulation has been done in MATLAB
environment and the results are reported in some figures to
validate the analytical approach. In the following, we first
consider a practical system setup and derive the parameters
of our system model, including the average detection proba-
bilities p̄di, p̄ui, and EH profile fi(.) (i ∈ {1, 2}). Then, the
numerical results are presented.

2The dimension of Ri is m(N + 1) ×m(N + 1) and the entry (k, k′)
is the expected number of visits to the state (n + 1, k′), before a return to
level n or previous levels given that the process starts from state (n, k).

Authorized licensed use limited to: CALIFORNIA INSTITUTE OF TECHNOLOGY. Downloaded on November 01,2020 at 20:56:10 UTC from IEEE Xplore.  Restrictions apply. 



0018-9545 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TVT.2020.3031662, IEEE
Transactions on Vehicular Technology

10

TABLE II
TYPICAL VALUES OF SYSTEM PARAMETERS

Parameter Value Parameter Value
PS1

= PS2
30 dBm PR -27dBm

All channel gains 1 σ2 −97 dBm
dS1R = dS2R 15 m GS = GR 8 dBi

λ 0.33 m C 0.1
d0 1 m ε 10−7 J
κ 0.6 N 100

A. Simulation Setup

We consider Nakagami block fading channels with shape
parameter M = 2 and derive the average detection prob-
abilities, p̄ui and p̄di, through simulating the corresponding
wireless channels. Specifically, by assuming BPSK modulation
and uncoded transmissions at the wireless nodes, we calculate
the detection probability of a packet as (1 − Q(

√
2wXY))L,

where L is the packet length, wXY is the signal-to-noise ratio
at the receiver of X to Y transmission, and Q(.) is the Q-
function. Moreover, wXY = CΛPXE(|hXY |2)

σ2dηXY
[25], where PX

is the transmission power of node X, hXY is the gain of
the channel X-Y, σ2 is the noise power, dXY is the distance
between the nodes X and Y, η is the path loss exponent, E(.)
is the mean operator, C models the shadow fading effect, and
Λ is a constant related to the path loss model. In particular,
Λ =

GSGRλ
2dη−2

0

4π2 , where GX is the antenna gain at node X,
λ is the carrier wavelength, and d0 is the close-in reference
model. Typical values of the parameters are listed in Table II,
using [25]. Using Table II, we have Λ = 0.027, p̄u1 = p̄u2 ≈ 1,
and p̄d1 = p̄d2 = 0.23.

Moreover, let Γi be the continuous random variable de-
noting the harvested energy in subslot i. Then, Γi =

κCΛ
PSi |hSiR|2

dηSiR
, where κ is the EH conversion efficiency. More-

over, Γi has the same distribution as |hSiR|2, which is Gamma.
We discretize Γi to derive fi(.) (i ∈ {1, 2}), i.e., the proba-
bility of harvesting m energy units in subslot i (i ∈ {1, 2}).
As such, considering each energy unit to be ε Joules, fi(m)
is derived as fi(m) = Pr((m − 0.5)ε ≤ Γi ≤ (m + 0.5)ε)
[26]. Then, using Table II and choosing each time slot as the
time unit,we have ē1 = ē2 = 1.6 energy units. Moreover,
K = PR

ε = 20 energy units. Also, regrading the size of energy
buffer, i.e., N = 100, the assumption N ≥ 2K holds. On
the other hand, it is observed that F (m) ≥ 1 − 0.001 for
m ≥ 10 and thus, amax = 10 (see Section II-D). Therefore,
the assumption amax ≤ K holds. Note that in our simulations,
we do not truncate the EH profiles and apply the real ones.

B. Simulation and Analytical Results

In Fig. 5, the stability region of the network is depicted
for different values of K. For deriving the border of stability
region by simulation, we first choose an arbitrary λ1. Then,
using Corollary 3, we increase λ2 until Qν becomes unstable
under the policy (α∗λ, (1, 1)). It can be seen that the simulation
results are almost matched with the analytical ones. Note that
increasing K, has a two-fold effect on the optimal throughput.
On the one hand, it may increase the optimal throughput due to
increasing detection probabilities in downlink channels. On the
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Fig. 5. Stability region of the network.
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Fig. 6. Optimal throughput versus the detection probability of channel R-S2.

other hand, it may decrease the optimal throughput since the
packets have to wait longer to accumulate enough energy for
transmission. When K is increased from 15 to 30 in Fig. 5, the
former effect dominates the latter one, leading to the expansion
of the stability region. However, when K is increased to 40, the
detection probabilities do not change considerably and thus,
the latter effect dominates the former one, resulting in the
shrink of the stability region.

In Fig. 6, the optimal throughput, derived in (13), is plotted
versus K, at different values of dS2R. It is worth noting
that the EH profile, f(.), changes with dS2R, so does amax,
e.g., amax is 19 and 10 at dS2R = 12 and 15, respectively.
Then, at each value of dS2R, the analytical results are valid
for K ≥ amax. Moreover, to check the accuracy of our
results when K ≤ amax, we have added some simulation
results to Fig. 6, in the cases of dS2R = 12, 15. As can be
seen, even when K ≤ amax, the simulation results match
with the analytical ones well enough. In fact the assumption
K ≥ amax helped us to prove that pb is zero when Qν
is always backlogged (see Lemma 2), which is the case in
throughput-optimal policy. Here, although the assumption does
not hold, but pb is very small under the condition of Lemma 2,
leading to our analytical results still being accurate. According
to our simulation results, pb only becomes considerable when
the value of K results in very poor downlink channels (e.g.,
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Fig. 7. Power optimal TS policies at λ2 = 0.06.

K ≤ 2 in Fig. 6). Here, the energy arrival rate at Qe is high
since DD probabilities are set very small to store less data,
while only a small energy is departed in each transmission
(K), leading to a large pb. Also, as can be seen in Fig. 6,
at a fixed dS2R, there is an optimum value for K due to the
aforementioned contradicting effects of K on the throughput.

In Fig. 7, the TS policy, i.e., (α1, α2), of the power-optimal
policy, derived in Proposition 3, is plotted at λ2 = 0.06 and
different values of λ1, where (λ1, λ2) ∈ R. In these cases, for
λ1 ≤ 0.06, we have Qν = Q2, and for λ1 > 0.06, Qν = Q1.
As can be seen in Fig. 7, at a fixed α2, the power-optimal α1

increases with λ1 as long as λ1 ≤ 0.06. This is due to the
fact that for λ1 ≤ 0.06, Q2 is at stability edge and thus, the
packets of Q1 are transmitted with packets of Q2 in coded form
and do not consume energy separately. Therefore, although λ1

increases, there is no need to harvest more energy. In this
regard, the EH rate from node S1, i.e., 1−α1

p̄u1α1
λ1ē1, should

remain constant, which happens by increasing α1. However,
when λ1 > 0.06, α1 decreases with λ1 at a fixed α2. Here,
Q1 is at stability edge and thus, all energy units are consumed
by the packets of Q1. Therefore, if λ1 increases, more energy
is needed to keep Q1 stable. Hence, α1 decreases to increase
the EH rate from node S1. As can be seen in Fig. 7, when λ1

increases, the ranges of power-optimal α1 and α2 shrink. This
is due to the fact that the data queues become more crowded
and the power-optimal policy should harvest more energy to
keep the data queues stable and thus, is not free to change α1

and α2 in a large interval. Moreover, at λ = 0.069, which is
on the border of the stability region, there is only one power-
optimal policy, i.e., α = α∗λ. In fact, α∗λ is the only stabilizing
TS policy when λ ∈ ∂R, according to Corollary 3.

In Fig. 8, the average delay at node R is plotted versus
β1 and different values of β2, given that λ = (0.06, 0.09).
Also, we set α = α∗λ since in this case, the EH rate is
maximized. As observed in Fig. 8, when β1 increases from
zero, the average delay decreases at first since by increasing
β1 the packets at Q1 are transmitted faster, in uncoded form.
However, when β1 becomes large enough, the uncoded trans-
missions at Q1 leads to a larger energy consumption rate and
thus, more frequent depletion of the energy buffer. Thus, the
average delay increases. From Fig. 8, it can be seen that, unlike
the case of non-EH TWRNs, the delay-optimal value of β is
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Fig. 8. Average delay at node R versus NC probabilities (λ = (0.06, 0.09),
dS1R = 12, dS2R = 12).

not equal to (1, 1). If β is chosen to be (1, 1), the average
delay increases about 9% compared to the optimal average
delay, happening approximately at β = (0.16, 0.2).

VII. CONCLUSION

We considered a TWRN with a WEH relay that applies an
ONC policy for transmission of the packets, either in coded
or uncoded form, and a TS policy to receive data and energy
from transmissions of two sources. We derived the stability
region of the proposed network by deriving stabilizing TS
and ONC policies at the relay. We concluded that waiting
in ONC does not contribute to the stability region. Moreover,
we derived the throughput-optimal and power-optimal policies.
It was shown that in the these policies, the ONC parameter
related to the queue with maximum total arrival rate is equal
to one. Then, to derive the average delay of the packets at the
relay, we modeled the system with two inter-related QBDs.
The proposed QBDs modeled the states of the data queues
and energy buffer. We showed that unlike the non-EH TWRNs,
the delay-optimal policy in an EH-TWRN may decide to wait
for a coding opportunity. Finally, we validated our analytical
approach with several numerical results.

APPENDIX

A. Proof of Lemma 1

Part (a): We prove the lemma by contradiction. If node R
is unstable, then, according to Definition 2, at least one of
the queues is unstable. Assume that Qν is stable and Qν̂ is
unstable. Then, according to Remark 1, we have λoν = λν

p̄dν̂

at Qν , while λoν̂ <
λν̂
p̄dν

at Qν̂ . Therefore, using λν̂
p̄dν
≤ λν

p̄dν̂
,

we conclude that λoν > λoν̂ . On the other hand, Qν̂ is always
backlogged due to instability, according to Remark 2. Thus,
all packets of Qν are coded and transmitted with the packets
of Qν̂ , implying that the total departure rate at Qν is less than
or equal to the total departure rate at Qν̂ , i.e., λoν ≤ λoν̂ .
This contradicts with the previous result, λoν > λoν̂ . When
Qν is unstable, it is always backlogged, according to Remark
2. Then, every packet at Qν̂ is coded and transmitted with
a packet at Qν , implying that λc = λoν̂ . Thus, γC = Kλoν ,
according to (9).
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Part (b): We prove the second part of the lemma by
contradiction, i.e., we assume that only Qν̂ is at stability
edge. Then, unlike Qν , Qν̂ is always backlogged, according to
Remark 2. This implies that all packets at Qν are transmitted
in coded form, with a rate less than the total departure rate at
Qν̂ , i.e., we have λoν < λoν̂ . On the other hand, due to the
stability of node R, both queues are stable, and thus, we have
λoν̂ = λν̂

p̄dν
and λoν = λν

p̄dν̂
, according to Remark 1. Therefore,

we conclude that λν
p̄dν̂

< λν̂
p̄dν

, which contradicts with (5). When
Qν is at stability edge, it is always backlogged, according to
Remark 2. Thus, similar to Part (a), we have γC = Kλoν . On
the other hand, since Qν is stable at stability edge, we have
λoν = λν

p̄dν̂
, using Remark 1. Therefore, γC = K λν

p̄dν̂
.

B. Proof of Lemma 2

We first show that if Qν is always backlogged and βν = 1,
then pb = 0. Let qe and q′e denote the number of energy units
at the beginning and ending of a typical downlink subslot. In
the case of K ≤ qe ≤ N , a packet is transmitted from Qν
since enough energy exists, Qν is backlogged, and βν = 1.
Consequently, we have q′e ≤ N − K since K energy units
are consumed. On the other hand, in the case if qe < K,
no transmission happens, leading to q′e = qe. The equations
qe < K and q′e = qe, along with the assumption N ≥ 2K
introduced in Section II-D, results in q′e < K ≤ N−K. Thus,
in either cases, we have q′e ≤ N −K. Therefore, no blocking
happens in the uplink subslots of the next slot since due to
our assumption amax ≤ K (see Section II-D), the number of
energy units harvested in a slot is less than or equal to K. For
proving the “only if” part, note that when Qν is backlogged
and βν < 1, despite the presence of data packets at Qν , the
transmission may not occur when K ≤ qe ≤ N . In this case,
it is probable that the energy units are blocked if qe > N−K.

C. Proof of Lemma 3

Part (a): Assume that (α,β) ∈ Πλ. Then, node R and
consequently, Qν , are stable under the policy (α,β), i.e., we
have λν

p̄dν̂
= λoν , according to Remark 1. Thus, K λν

p̄dν̂
= Kλoν .

Note that Kλoν is the energy consumption rate at Qν due to the
packet transmission, which is definitely less than or equal to
the EH rate, i.e., γH(λ,α). Thus, we have K λν

p̄dν̂
≤ γH(λ,α).

Part (b): We prove this part by contradiction. Assume that
γH(λ,α) ≥ K λν

p̄dν̂
and β ∈ Bλ but (α,β) 6∈ Πλ, i.e., node

R is unstable under the policy (α,β). Consequently, Qν is
unstable, according to Lemma 1(a). This results in K λν

p̄dν̂
>

Kλoν , according to Remark 1, and γC = Kλoν , according to
Lemma 1. On the other hand, since Qν is always backlogged
when unstable and βν = 1, we have γC = γH, according
to Lemma 2. Hence, from K λν

p̄dν̂
> Kλoν , γC = Kλoν , and

γC = γH, we conclude γH < K λν
p̄dν̂

, which is a contradiction.

D. Proof of Lemma 4: parts (a) and (b)

The “if” part of Lemma 4(a) is concluded from Lemma 3(b),
i.e., if γH(λ,α) = K λν

p̄dν̂
and β ∈ Bλ, then (α,β) ∈ Πλ. To

prove the “only if” part, we first show that if γH(λ,α) = K λν
p̄dν̂

and (α,β) ∈ Πλ, then Qν is at stability edge. On the one
hand, (α,β) ∈ Πλ implies that Qν is stable under (α,β),
i.e., λν

p̄dν̂
≤ µν , according to Remark 1. On the other hand, µν

cannot be greater than γH(λ,α)
K , i.e., µν ≤ γH(λ,α)

K . Therefore,
by γH(λ,α) = K λν

p̄dν̂
, we have µν = λν

p̄dν̂
, i.e., Qν is at stability

edge, according to Remark 1. Hence, γC = K λν
p̄dν̂

, according
to Lemma 1(b), and thus, γC = γH. When Qν is at stability
edge and thus, always backlogged, γC = γH is achieved only
if β ∈ Bλ, according to Lemma 2.
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