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Abstract—This paper studies device-to-device wireless communications, where two energy-constrained Internet-of-Things
(IoT) nodes, which do not have constant power supplies, wish
to exchange their information with each other. Because of small
form factor, the IoT nodes are normally equipped with simple
energy storages, which might suffer from a high self-discharging
effect. Therefore, the energy stored in each node would not be
available after a few time duration. In this system, we investigate power splitting (PS)-based energy exchange methods by
exploiting radio frequency (RF) wireless energy transfer techniques, and propose a new concept called wireless information
and power exchange (WIPE). In this WIPE protocol, each node
operates either in a transmit mode and a receive mode at each
time slot. First, a transmit node sends the information signal
to a receive node which utilizes a PS circuit for information
decoding and energy harvesting. Then, the harvested energy of
the receive node is stored in the energy storage. At the consecutive time slot, two nodes switch their operations, i.e., the
receive node in the previous time slot now operates in a transmit mode which transfers RF signals by using the harvested
energy. This procedure continues by changing the operations
of two nodes at each time slot. For the proposed WIPE protocol, we provide two different PS ratio optimization schemes
which maximize the weighted sum throughput performance
according to the level of channel state information (CSI) knowledge. For the ideal full CSI case where the CSI for all time
slots is known in advance, the globally optimal PS algorithm
is presented by applying convex optimization techniques. Also,
for a practical scenario where only the causal CSI is available, we propose an efficient PS optimization method which
achieves performance almost identical to the ideal full CSI
case. Simulation results verify that the WIPE protocol with
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the proposed PS optimization techniques performs better than
conventional schemes.
Index Terms—Power splitting (PS), wireless energy transfer
(WET), wireless information and power exchange (WIPE).

I. I NTRODUCTION
AR-FIELD wireless energy transfer (WET) techniques
utilizing radio frequency (RF) signals have been considered as a promising solution for supplying power to
energy-constrained devices [2], [3]. Recent researches [4]–[21]
investigated the feasibility of applying the WET methods
to traditional communication systems where the role of
the RF signals has been confined to wireless information
transmission (WIT).
In particular, simultaneous wireless information and power
transfer (SWIPT) [5]–[14] and wireless powered communication network (WPCN) [15]–[21] have received great attentions
among diverse WET-enabled communications. Especially,
these techniques have been intensively examined for Internetof-Things (IoT) environment [22]–[24].
The SWIPT systems mostly focus on a joint operation
of the WIT and the WET over downlink networks, and
the performance of the WET is measured by the amount
of the energy harvested at receivers. Many works on the
SWIPT have been dedicated to transceiver optimizations so
that both information decoding (ID) and energy harvesting
(EH) capabilities can be maximized. In order to decode
information and harvest energy at the same time, time switching and power splitting (PS) receiver structures were introduced for the SWIPT under a two-user broadcast channel
(BC) setup [5]. After this pioneering work, these structures
were extended to multiuser BC [6]–[9], interference channels [10]–[12], and relay networks [13], [14]. Recently, the
validity of SWIPT relay systems was investigated in wireless body area networks [23]. Note that the SWIPT systems
are only interested in increasing the amount of the harvested
energy but not in the usage of this energy.
Meanwhile, the WPCN systems study downlink WET and
uplink WIT networks. Specifically, in the WPCN systems, an
access point (AP) first broadcasts the RF signals to charge
energy-constrained nodes, and the harvested energy is utilized
for WIT where the nodes transmit to the AP. Therefore, the
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WET capability in the WPCN is normally evaluated in terms
of the communication performance, such as the data rate and
quality-of-service.
In [15]–[18], the optimal resource allocation solutions
which maximize the sum throughput of multiple nodes were
proposed for various single antenna WPCN systems, and the
total transmission time minimization problems were tackled
in [16] and [24]. For a multiantenna WPCN, the optimal
precoding matrix and the channel estimation procedures were
presented in [19]–[21] and [25] analyzed the average throughput performance. Unlike the SWIPT systems, however, the
WPCN does not allow joint transmission of information and
energy, and normally focuses on the downlink WET and the
uplink WIT operations.
In this paper, we introduce a new WET-enabled communication protocol which combines the SWIPT and the
WPCN concepts. To be specific, we consider a device-todevice wireless communications in IoT environments where
two IoT nodes want to exchange the information with each
other. It is assumed that two nodes do not have any external
power supplies, and are equipped with simple energy storage devices such as supercapacitors, which have small-form
factor and exhibit fast charging cycles and long chargedischarge cycle life [26]. Due to these characteristics, such
energy storage devices have been widely applied for small
devices in IoT, wireless sensor networks, and RF identification (RFID) systems [16], [17]. However, because of the high
self-discharge effect of the supercapacitors, the nodes would
not be able to store the energy for a long time [26]. Therefore,
communications between two nodes may not be possible after
several time slots [13], [15].
For this configuration, we propose a new WET-enabled
communication protocol called wireless information and
power exchange (WIPE). In the proposed WIPE protocol,
the nodes switch their mode between a transmit mode and
a receive mode at each time slot. A transmitting node radiates
the information bearing RF signal to a receive node which
adopts the PS circuit. Then, the received signal can be split
into the ID and the EH parts, and the harvested energy is
stored at the receive node for future data transmission. This
procedure is then repeated by changing the modes of the nodes
until the predefined communication time slots. It is worth noting that unlike the WPCN, the proposed WIPE allows joint
transmission of information and energy for multiple time slots.
Also, since the harvested energy in the WIPE is utilized for
communications at future time slots, it differs from conventional SWIPT systems which only optimize the performance
at the current time slot. We can show that the proposed WIPE
protocol is a general framework which includes the SWIPT
and the WPCN as a special case.
In this paper, we aim to maximize the weighted sum
throughput of two nodes for the proposed WIPE protocol by
optimizing the PS ratio at each time slot. According to the
level of channel state information (CSI) knowledge, two different algorithms are discussed. First, for an ideal full CSI
case where channel coefficients of all time slots are known in
advance, we identify the globally optimal PS solution for the
weighted sum throughput maximization problem.
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Fig. 1.

Schematic for energy-constrained device-to-device systems.

Second, a practical scenario is considered in which only
causal CSI is available at both nodes. We propose a PS computation algorithm for the causal CSI case which achieves
almost identical performance compared to the full CSI case.
Simulation results confirm that the proposed WIPE protocol outperforms conventional systems without the WIPE.
Also, we demonstrate that the proposed PS solutions improve
the weighted sum throughput performance over a naive PS
solution.
This paper is organized as follows. In Section II, we
introduce the system model and the WIPE method for deviceto-device communications. Section III develops the optimal
PS algorithm for the ideal full CSI case. Also, we propose a PS solution for the practical causal CSI case in
Section IV. Section V presents the feasibility and the efficacy of the proposed WIPE protocol through numerical results.
Finally, this paper is terminated with the conclusions in
Section VI.

II. S YSTEM M ODEL AND P ROPOSED WIPE P ROTOCOL
In this section, we describe a system model for a deviceto-device communication in Fig. 1 where nodes A and B want
to exchange their information with each other over orthogonal
time resources. Both nodes employ supercapacitors as energy
storages and have rectifier circuits for harvesting energy of the
RF signals. In this configuration, it is assumed that nodes A and
B have an initial energy E0A and E0B in their supercapacitors,
respectively. Notice that this initial energy can be considered
as the energy supplied from external sources in the past, for
instance, ambient RF signals or dedicated wireless chargers.
Node B is assumed to be energy-constrained at the initial
time, i.e., E0B is insufficient for transmitting the RF signals to
node A, while the energy E0A at node A is enough for supporting
node A’s data transmission. For simplicity, we assume E0 
E0A > 0 and E0B = 0. Due to the severe self-discharge of
the supercapacitor, however, the initial energy E0A at node A
could not be available after a short time duration. This scenario
prevails in IoT networks, such as wireless sensor networks,
RFID, and wireless body area networks [22]–[24].
To tackle this difficulty, when the data is exchanged between
nodes A and B, we apply the PS techniques to both nodes, so
that the received RF signal is decoupled into the EH and the ID
parts. Note that in the conventional PS-based SWIPT systems,
the PS ratio, which indicates a portion of the received signal
used for an EH, is normally designed to achieve the optimal
tradeoff between the throughput performance and the amount
of the harvested energy. In other words, the SWIPT does not
consider the future usage of the harvested energy. However,
in our scenario, the PS ratio should be determined such that
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(a)

Fig. 2.

Transceiver structure of the WIPE nodes at time slot i.

data transmission performance at the current and future time
is maximized.
Thus, the conventional SWIPT cannot be directly applied to
our system. Also, since joint transmission of the information
and the energy is not allowed in the WPCN protocols, data
transmission at node A is not viable with the WPCN. Thereby,
in order to support interactive communications between two
nodes, we need a new WET-enabled communication protocol
which will be explained in the following.
A. Sustainable Wireless Information and Power Exchange
In this section, we propose the WIPE protocol which
enables self-sustainable communications between nodes A and
B. We consider a time-slotted system with total N time slots.
For convenience, each time slot is assumed to have a unit
length, and we interchangeably use the power and the energy
terms throughout this paper. In the WIPE, two nodes transmit
and receive data with each other. We illustrate the transceiver
structure of the WIPE nodes in Fig. 2 at a certain time slot i
(i = 1, . . . , N). A node in a transmit mode at time slot i sends
the data symbol xi ∼ CN (0, 1) to the other node in a receive
mode by using the energy Ei−1 harvested in the previous time
slot. To avoid the self-discharge energy loss of the supercapacitor, the transmit node consumes all the available energy
Ei−1 at each time slot i.
Then, the receive node at time slot i, which employs the PS
ratio ρi as shown in Fig. 2, decodes information and harvests
energy from the RF signal transmitted from the transmit node.
In the subsequent time slot, the two nodes switch their role and
continue the transmit and the receive operations. This process
is repeated during N time slots. We summarize the operations
of the proposed protocol at time slots i and i + 1 with odd i
in Fig. 3.
Now, we detail the operations of the nodes at time slot
i. Assuming frequency-flat quasi-static fading, the received
signal yi of the receive node at time slot i can be expressed as

yi = Ei−1 hi xi + ni
where hi accounts for the channel coefficient between two
nodes at time slot i and ni ∼ CN (0, δ 2 ) stands for the antenna
noise at the receive node at time slot i.

(b)
Fig. 3. Operations of each node in the proposed protocol at consecutive time
slots (a) i and (b) i + 1 with odd i.

In the meantime, the receive node divides the received signal
yi with the aid of the PS circuit which accepts the ρi portion
of yi for the EH and the remaining 1 − ρi portion for the ID.
and yID
Then, the signals yEH
i
i for the EH and the ID operation
at time slot i are, respectively, written by

√ 
yEH
= ρi Ei−1 hi xi + ni
i



(1)
Ei−1 hi xi + ni + zi
yID
i = 1 − ρi
where zi ∼ CN (0, σ 2 ) equals the additive noise induced by
the ID circuitry.
From (1), the harvested energy Ei of the receive node at
time slot i is given by [5]

2 

Ei = ηExi ,ni yEH
i
 ηρi Ei−1 |hi |2
i

ρj
= ηi E0 Hi

(2)
(3)

j=1

where 0 < η ≤ 1 is defined as the EH efficiency, EX [ · ]
represents the expectation operation over a random variable
X, and Hi  ij=1 |hj |2 denotes the product of the channel
gains for time slots 1, . . . , i. In (2), we ignore the antenna
noise power δ 2 since it is practically much smaller than that
of the signal power [5]. Also, (3) comes from the recursive
feature of Ej = ηρj Ej−1 |hj |2 for j = 1, . . . , i − 1.
On the other hand, the achievable throughput Ri at time slot
i can be obtained as
Ri = log2 1 +
 log2 1 +
⎛

(1 − ρi )Ei−1 |hi |2
κ(1 − ρi )δ 2 + κσ 2
Ei−1 |hi |2
(1 − ρi )
κσ 2

⎞
i−1
i−1 E H

η
0 i
= log2 ⎝1 +
ρj ⎠
(1 − ρi )
κσ 2

(4)

j=1

where κ indicates the signal-to-noise ratio (SNR) gap from the
additive white Gaussian noise channel capacity due to practical
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modulation and coding schemes [15]. In (4), we assume δ 2 
σ 2 , i.e., the antenna noise ni is negligible compared to the
noise zi introduced by the ID circuit, which is considered as
the worst scenario for the PS receiver [5], [27].

problem [28]. As a result, we can optimally solve (6) by applying the Lagrange duality method. The Lagrangian L({Ai }, {νi })
of problem (6) is written by
L({Ai }, {νi }) =

B. Problem Formulation

N


wi log2 1 +

i=1

In this paper, we investigate the PS ratio optimization
methods which
N maximize the weighted sum throughput
performance
i=1 wi Ri , where wi ≥ 0 indicates a given
weight for time slot i.1 The weighted sum throughput
maximization problem can be formulated as
⎛
⎞
i−1
N
i−1 E H


η
0 i
wi log2 ⎝1 +
ρj ⎠
max
(5)
(1 − ρi )
{ρi }
κσ 2
i=1

j=1

s.t. 0 ≤ ρi ≤ 1, for i = 1, . . . , N.

+

ηi−1 E0 Hi
(Ai−1 − Ai )
κσ 2

N

(νi − νi−1 )Ai + ν0
i=1

where νi ≥ 0 equals the dual variable corresponding to the
constraint Ai ≥ Ai+1 for i = 0, 1, . . . , N.
Then, the Karush–Kuhn–Tucker (KKT) conditions can be
expressed as
νi +

wi+1 ηi E0 Hi+1


κσ 2 + ηi E0 Hi+1 Ai − Ai+1

wi ηi−1 E0 Hi

,
κσ 2 + ηi−1 E0 Hi Ai−1 − Ai
for i = 1, . . . , N − 1
(8)
N−1 E H
η
w
N
0 N



+
νN = νN−1
κσ 2 + ηN−1 E0 HN AN−1 − AN
(9)


 

νi Ai − Ai+1 = 0, for i = 0, 1, . . . , N
(10)

It should be emphasized that the sum throughput
maximization problem in (5) is a generalized framework which
includes the SWIPT and the WPCN. Note that when N = 1,
the proposed WIPE reduces to the conventional SWIPT in
which the PS ratio ρ1 is designed such that both the throughput R1 and the harvested energy E1 can be maximized. Also,
by setting N = 2, ρ1 = 1, and ρ2 = 0, the proposed protocol
boils down to the conventional WPCN which does not support
joint information and energy transfer at the same time. As a
result, the sum throughput maximization problem in (5) for
the proposed WIPE protocol is totally different from existing
WET-enabled wireless communication systems.
Problem (5) is nonconvex in general, and thus it is not easy
to obtain the optimal PS ratio solution {ρi }. In the following
sections, we provide efficient approaches to solve problem (5)
in two different scenarios. First, assuming the ideal full CSI
case where all the channel coefficients hi for i = 1, . . . , N are
available in advance, the globally optimal solution is derived
in Section III. Second, in Section IV, we consider the practical
scenario in which only the causal CSI hj for j = 1, . . . , i is
known at time slot i.

where Ai denotes the optimal primal variable with A0  1
and νi stands for the optimal dual variable. Note that (8)
and (9) are derived from the zero gradient conditions
[(∂L({Ai }, {νi }))/∂Ai ] = 0, and (10) implies the complementary slackness conditions. By investigating the KKT conditions, the optimal solution {Ai } for problem (6) is presented
in the following theorem.
Theorem 1: The optimal Ai for i = 1, . . . , N is obtained as

+

κσ 2
Ai−1 − νwi − ηi−1
, for i = 1, . . . , N − 1

E0 Hi
Ai =
N
0,
for i = N
(11)

III. F ULL CSI C ASE

where (a)+  max{a, 0}, and the optimal dual variable νN is
given by a solution of the equation

In this section, we determine the global optimal solution for
problem (5) when the full CSI knowledge hi for i = 1, . . . , N
is available. To this end, by introducing auxiliary variables
Ai  ij=1 ρj for i = 1, . . . , N, we reformulate the nonconvex
problem (5) into the equivalent convex problem as
max
{Ai }

N

i=1

wi log2 1 +

ηi−1 E0 Hi
(Ai−1 − Ai )
κσ 2

s.t. Ai ≥ Ai+1 , for i = 0, 1, . . . , N

(6)
(7)

where the constraint in (7) results from the definition of Ai
with A0  1 and AN+1  0.
One can check that problem (6) is convex and satisfies the
Slater’s condition, and thus the strong duality holds for this
1 In practice, the data symbols x for i = 1, . . . , N may require differi
ent transmission rate. This can be efficiently controlled by applying unequal
weights for each time slot.


= νi−1
+

N
  
wi
κσ 2
−
ξ νN 
νN
ηi−1 E0 Hi

+

= 1.

(12)

i=1

The optimal νN satisfying (12) can be identified by the
bisection method [28].
Proof: We first check (11) for i = N. The dual function
G({νi }) for problem (6) can be written by [28]
G({νi }) = max L({Ai }, {νi }).
{Ai }

(13)


must be positive, since
It can be verified that νN − νN−1

otherwise the optimal AN for problem (13) is calculated as
AN = −∞, which is infeasible for the primal problem (6).

Therefore, it follows νN > νN−1
≥ 0, i.e., the optimal dual

variable νN is positive. Combining this result and the complementary slackness condition νN AN = 0, the optimal AN can
be computed as AN = 0.
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Next, we will prove (11) for i = 1, . . . , N − 1. From (8)
and (9), we have

=
νN − νi−1

Ai−1

wi ηi−1 E0 Hi

,
κσ 2 + ηi−1 E0 Hi Ai−1 − Ai
for i = 1, . . . , N.

(14)
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optimal νN which fulfills ξ(νN ) = 1 by using the bisection
method [28]. This completes the proof.
Based on Theorem 1, we now proceed to derive an analytical expression for the optimal PS ρi of the original
problem (5). Let us first define an integer L as
L  min l

Ai

−
is non-negative, the left-hand-side (LHS)
Since
of (14) should be greater than zero. Thus, (14) can be
rewritten by
Ai−1 − Ai =

νN

wi
κσ 2
− i−1
,

− νi−1
η E0 Hi

for i = 1, . . . , N.

To solve the above N equations, we investigate two different
cases of νN < θi and νN ≥ θi with θi  [(wi ηi−1 E0 Hi )/κσ 2 ].
First, when νN < θi , it is easily shown that Ai−1 − Ai in (15)
is positive since
wi
κσ 2
−
>0
νN
ηi−1 E0 Hi

where the first inequality comes from the dual feasible con
dition νi−1
≥ 0. By combining this and the complementary
 becomes ν  = 0. Therefore,
slackness condition in (10), νi−1
i−1
Ai can be given by
Ai = Ai−1 −

wi
κσ 2
.
−
νN
ηi−1 E0 Hi

θi

ηi−1 E0 Hi  
1 + κσ 2 Ai−1 − Ai
θi

ηi−1 E0 Hi  
1 + κσ 2 Ai−1 − Ai


νi−1
= νN −

>0

Ai = 1 −

N
 

  
Ai−1 − Ai
ξ νN =

(17)

i=1

=1

(18)

where (17) comes from (11), and (18) is obtained by the
definition A0 = 1. Note that since the function ξ(νN ) is monotonically decreasing with respect to νN , we can identify the

⎪
⎩

0,

= 1.

(19)

1
i−1 
j=1 ρj

i

wj
κσ 2
− j−1

νN
η E0 Hj

+

> 0, for i = 1, . . . , L − 1

j=1

where the equality
and the inequality are attained from (11)

and the fact ij=1 ([wj /νN ] − [κσ 2 /ηj−1 E0 Hj ])+ < 1, respectively. Hence, the optimal PS ρi for i = 1, . . . , L − 1 can be
obtained as
ρi =

Ai
=1−
Ai−1

1
i−1 
j=1 ρj

wi
κσ 2
−
νN
ηi−1 E0 Hi

+

On the other hand, for i = L, L + 1,
.i . . , N, it can
be shown from (19) that the equation
j=1 ([wj /νN ] −

2
j−1
+
[κσ /η E0 Hj ]) = 1 is true since ξ(νN ) = 1. As a result,
the optimal Ai for i = L, L + 1, . . . , N is given by Ai = 0,
and the thus optimal PS ρi for i = L, L + 1, . . . , N should
satisfy the following equations:
Ai =

which violates the complementary slackness condition
 (A − A ) = 0. As a result, the optimal A is obtained
νi−1
i
i
i−1
as Ai = Ai−1 in this case. Based on this analysis, it can be
shown that the optimal Ai is calculated as in (11).
Now, we verify that the optimal dual variable νN can be
determined from (12). The function ξ(νN ) in (12) can be
rewritten by

ρi =

+

In
L is the minimum time slot index l satisfying
lother words,
 ] − [κσ 2 /ηi−1 E H ])+ = 1.
([w
/ν
i N
0 i
i=1
Then, it can be shown that Ai is positive for
i = 1, . . . , L − 1 as

i

j=L

(16)

⎧
⎪
⎨1 −

l

wi
κσ 2
− i−1

νN
η E0 Hi

for i = 1, . . . , L − 1.

Second, we consider another case of νN ≥ θi . In this case,
we will show Ai = Ai−1 by contradiction. Suppose that Ai−1 −
Ai > 0. Then, from (15), it follows:

≥ θi −

s.t.

i=1

(15)

Ai−1 − Ai ≥

1≤l≤N

ρj ·

L−1


ρj = 0, for i = L, L + 1, . . . , N.

(20)

j=1

Due to the fact ρj = (Aj /Aj−1 ) > 0 for j = 1, . . . , L − 1,
the optimal ρi for i = L, L + 1, . . . , N satisfying (20) can be
chosen as ρi = 0. Finally, the optimal PS ρi for i = 1, . . . , N
can be expressed by (20), shown at the bottom of this page.
Now, let us provide insights on the optimal PS ratio in (20).
First, it is easily shown that the optimal ρi is nonzero for
i = 1, . . . , L − 1, and then becomes zero after i = L. Also,
since the product of the channel gains Hi generally decreases
as the time slot index i grow, the optimal PS ratio ρi for
i ≤ L − 1 decreases as i gets larger. These observations
indicate that for i = 1, . . . , L, the nodes harvest nonzero
energy in order to exchange their data at the future time
slots, but the amount of the harvested energy gets smaller
since the optimal ρi decreases. Eventually, at time slot L, the
receive node no longer collects energy by setting ρL = 0,

wi
κσ 2
−
νN
ηi−1 E0 Hi

+

, for i = 1, . . . , L − 1
for i = L, L + 1, . . . , N

(20)
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Algorithm 1 Proposed PS Algorithm for the Full CSI Case
Compute νN by solving (12) via the bisection method.
Find the time slot index L from (19).
Obtain the optimal PS ρi for i = 1, . . . , L from (20).

and thus no energy is available for the remaining time slots
i = L+1, L+2, . . . , N. This is due to the fact that from the sum
throughput maximization perspective, utilizing all the received
signal power for the ID at time slot L is more beneficial than
harvesting energy and transmitting data at the subsequent time
slots. As a result, sustainable communications of two nodes
are terminated at time slot L, and the throughput performance
Ri for i = L + 1, L + 2, . . . , N must be zero. For this reason,
the time slot index L can be interpreted as a terminating time
slot after which the WIPE operation ends.
To calculate the optimal PS in (20), we first need to identify
the optimal dual variable νN satisfying (12). Next, we can
determine the terminating time slot L from (19). Finally, the
optimal ρi can be computed by using the analytical expression
in (20) for i = 1, . . . , L. Note that the nodes no longer transmit
after the terminating time slot L. The overall procedure for
solving problem (5) is summarized in Algorithm 1.
IV. C AUSAL CSI C ASE
Although the PS solution presented in Section III yields the
globally optimal performance for the weighted sum throughput
maximization problem (5), the future channel knowledge hi
for i = 1, . . . , N are required in advance. For this reason,
employing the optimal ρi in (20) might not be feasible in
practice because of the noncausal CSI issue. To address this
problem, in this section, we propose an optimization method
for the PS ratio ρ̂i at time slot i which utilizes only the causal
CSI hj for j = 1, . . . , i and the probability density function
(PDF) of the channel. Throughout this section, we assume that
the magnitude of the channels |hi | for i = 1, . . . , N follows
an independent and identically distributed (i.i.d.) Nakagami-m
distribution with the average power .
From (20), it can be verified that the noncausality of the
optimal PS is induced by the computation of the optimal dual
i−1 
ρj
variable νN in (12), since other quantities, such as j=1
i
2
and Hi = j=1 |hj | can be known at time slot i. Based on
this observation, we provide an approach to calculate a longterm dual variable ν̂N which only requires the PDF of the CSI
hi for i = 1, . . . , N.
To this end, we consider the optimality condition for νN
in (12). One can determine the long-term dual variable ν̂N as
a solution of the following equation:
 N

+
 wi
κσ 2
− i−1
E{Hi }
= 1.
(21)
ν̂N
η E0 Hi
i=1

In order to evaluate the LHS of (21), we
√ need to identify
i
the PDF of the random variable ui  Hi =
j=1 |hj |,
which is the product of i Nakagami-m random variables |hj |
for j = 1, . . . , i. In [29] and [30], the exact PDF of ui was
derived with extremely complicated expressions, such as the
Meijer-G function or an infinite series, which makes obtaining

ν̂N in (21) highly difficult. Alternatively, we employ an accurate approximation method for the PDF of ui in the following
lemma.
Lemma 1: Let Xj for j = 1, . . . , i be the i.i.d. Nakagami-m
random variables with the average power . Then, the
i
PDF fUi (x) of the product Ui 
j=1 Xj can be
approximated as


2Bi i Mi
x exp −Bi x2/i
i(ζi )
ζ

fUi (x) 

(22)

∞
where (s) = 0 ts−1 exp(−t)dt stands for the gamma
function and we define
Bi 

2mi m
i

2mi
+ 2m − 3
Mi 
i
ζi  mi + mi − i.
Here, mi and

i

can be numerically determined as
mi = 0.6102i + 0.4263,
−0.9661
+ 1.12.
i = 0.8808i

Proof: Please see [31].
Lemma 1 reveals that the product of i Nakagami rani
dom variables, i.e., ui =
j=1 |hj |, follows a generalized
Nakagami-mi distribution [31] with the shape parameter (1/i)
and the average power i . Through numerical simulations, it
was confirmed in [31] that the approximation (22) is quite
accurate.
By applying this lemma, we now propose an approach for
identifying the long-term dual variable ν̂N via a simple line
search method. Let us define a function ψi (ν̂N ) as

+
 
wi
κσ 2
ψi ν̂N  Eui
−
.
(23)
ν̂N
ηi−1 E0 u2i
Then, from (22), ψi (ν̂N ) can be evaluated as

 ∞
 
wi ∞
κσ 2
ψi ν̂N =
fU (ui )dui − i−1
u−2 fUi (ui )dui
ν̂N √bi i
η E0 √bi i
ζ  ∞


wi 2Bi i
2/i
Mi
dui

√ ui exp −Bi ui
ν̂N i(ζi ) bi
ζ  ∞


κσ 2 2Bi i
2/i
Mi −2
dui
− i−1
u
exp
−B
u
i
i
η E0 i(ζi ) √bi i


wi
1/i
 ζi , Bi bi
=
ν̂N (ζi )


κσ 2 Bii
1/i
(24)
− i−1
 ζi − i, Bi bi
η E0 (ζi )
√
where (24) comes from the integration interval bi ≤ ui ≤ ∞
due to the maximum operation in (23), bi is defined as bi 
ν̂N (κσ 2 /wi ηi−1 E0 ), and the last equality is obtained since [32]


2/i



i ζi , Bi ui
2/i
i
dui = −
uM
i exp −Bi ui
ζ
2Bi i
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∞
with (s, x)  x ts−1 exp(−t)dt being the upper incomplete
gamma function. As a result, the LHS of (21) can be derived as
N

i=1

N

 
1  wi 
1/i
 ζi , Bi bi
ψi ν̂N 
ν̂N
(ζi )
i=1



Bii
κσ 2 
1/i

ζ
−
i,
B
b
i
i
i
E0
ηi−1 (ζi )
i=1
 
(25)
 ψ ν̂N .
N

−

To efficiently find ν̂N which satisfies ψ(ν̂N ) = 1, we present
the following lemma which proves the monotonicity of ψi (ν̂N ).
Lemma 2: The function ψi (ν̂N ) is monotonically decreasing
with respect to ν̂N .
Proof: The derivative of the upper incomplete gamma
function (s, x) with respect to x is given by
∂(s, x)
= −xs−1 exp(−x).
∂x
Then, it follows:


1/i
∂ ζi , Bi bi



ζi
Bi i
−1
1/i
bi i exp −Bi bi
∂ ν̂N
i


 βi ζi , ν̂N .
 
The derivative of ψi ν̂N can be expressed as


1/i
 



ζ
,
B
b
i
i i
∂ψi ν̂N
wi βi ζi , ν̂N
wi
−
=− 2
∂ ν̂N
(ζi )
ν̂N (ζi )
ν̂N


i
2
ζ
β
−
i,
ν̂
κσ Bi i i
N
+ i−1
(ζi )
η E0


1/i



ζ
,
B
b
i
i i
wi βi ζi , ν̂N
wi
−
=− 2
(ζi )
ν̂N (ζi )
ν̂N


ζ
β
,
ν̂
wi i i N
+
ν̂N (ζi )


1/i

ζ
,
B
b
i
i i
wi
=− 2
(ζi )
ν̂N
ζ −1

(26)

ρ̂i =

⎪
⎩

0,

i−1
j=1 ρ̂j

this page, where the terminating time slot L̂ is obtained by the
minimum time slot index l which fulfills
l

wi
κσ 2
− i−1
ν̂N
η E0 Hi

+

≥ 1.

(29)

It is worth noting that in order to determine ν̂N , we only
need η, N, m, , κ, and σ 2 , and thus each node can
identify ν̂N in advance. After obtaining ν̂N , the time slot
index L̂ should be found for computing ρ̂i in (28), which
requires the noncausal CSI hi for i = 1, . . . , N. To avoid
this noncausal issue, at each time slot, the nodes should
first
condition (29) is satisfied or not. If
l check whether 2the i−1
([w
/ν̂
]
−
[κσ
/η
E0 Hi ])+ < 1, it follows i < L̂, and
i
N
i=1
thus the nodes simply compute the PS ρ̂i from (28). Otherwise,
if the current time slot i is shown to be the terminating slot,
i.e., i = L̂ or N, the communication between two nodes ends
by setting ρ̂i = 0. The proposed PS algorithm for the causal
CSI case is summarized in Algorithm 2.
From simulations, we will show that Algorithm 2 for the
causal CSI case exhibits a negligible performance loss compared to the optimal PS algorithm for the full CSI case in
Section III.
V. S IMULATION R ESULTS

(27)

where (27) comes from the definition of βi (ζi , ν̂N ) in (26).
1/i
Since [((ζi , Bi bi ))/(ζi )] > 0, the derivative of ψi (ν̂N ) is
always negative, i.e., ψi (ν̂N ) is monotonically decreasing. This
completes the proof.
Lemma 2 indicates that the function ψ(ν̂N ) in (25) is also a
decreasing function, and thus the long-term dual variable ν̂N
satisfying (25) can be found by a simple line search scheme,
such as the bisection method [28].
Finally, similar to (20), the PS ratio solution ρ̂i for the causal
CSI case can be calculated as (28), shown at the bottom of

1

Algorithm 2 Proposed PS Algorithm for the Causal CSI Case
Compute ν̂N by solving (25) via the bisection method.
For i = 1 : N
+
 
κσ 2
If ij=1 ν̂wi − ηj−1
< 1,
E0 Hj
N

+
wi
1
κσ 2
Obtain ρ̂i = 1 − i−1
−
.
i−1
ν̂N
η E0 Hi
j=1 ρ̂j


+

κσ 2
Else if ij=1 ν̂wi − ηj−1
≥ 1 or i = N,
E0 Hj
N
Set ρ̂i = 0 and terminate the communication.
End

i=1

=−

⎧
⎪
⎨1 −
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In this section, we present numerical results evaluating the
performance of the WIPE with the proposed PS algorithms
for the full and the causal CSI cases. For the simulations,
we adopt the Nakagami-m fading channel model with m = 5
and 30 dB average signal attenuation between the nodes [15],
[17], [20], which is approximately corresponds to 1 m distance
at a carrier frequency of 900 MHz. We assume an antenna
gain of 5 dBi at each node. Also, the noise variance σ 2 is
set to σ 2 = −80 dBm [25] and the SNR gap κ is fixed as
κ = 9.8 dB assuming that uncoded quadrature amplitude modulation is employed [15]. Unless stated otherwise, we employ
η = 0.5 for the EH efficiency at each node.
In Fig. 4, the average sum throughput regions of nodes A
and B are presented for N = 2 and 4 with E0 = 30 dBm.

wi
κσ 2
− i−1
ν̂N
η E0 Hi

+

,

for i = 1, . . . , L̂ − 1
for i = L̂, L̂ + 1, . . . , N

(28)
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Fig. 4. Average sum throughput regions for N = 2 and 4 with E0 = 30 dBm.

Here, the sum throughput RA and RB of node A and B are
N/2
N/2
defined as RA =
i=1 R2i−1 and RB =
i=1 R2i , respectively. The sum throughput region can be generated from the
proposed algorithms by setting the weights wi for i = 1, . . . , N
as wA = w2i−1 and wB = w2i , ∀i, with different combinations
of wA and wB . For comparison, we also present the average
sum throughput pair of the following three baseline schemes:
1) the WIPE with random PS scheme; 2) non-EH; and 3) the
WPCN systems. In the random PS scheme, the proposed WIPE
adopts randomly selected PS ratios where ρi follows a uniform distribution over [0, 1]. The non-EH system indicates the
conventional device-to-device communication without the EH
techniques. Then, due to the energy shortage at node B, the
communication between two nodes directly ends at the first
time slot, i.e., the conventional non-EH scheme is a special
case of the proposed WIPE protocol with N = 1 and ρ1 = 0.
Also, in the WPCN protocol, only the node B’s information
transmission is supported by setting N = 2, ρ1 = 1, and
ρ2 = 0. From the plot, it is confirmed that the proposed PS
algorithm for the causal CSI case achieves almost the same
throughput region with that for the full CSI case although
the WIPE with the causal CSI only utilizes the causal knowledge of the channel gains. Also, we can see that the increased
number of time slot N brings substantial sum throughput
gains for both nodes. This indicates that the proposed WIPE
becomes powerful as N increases although the wirelessly harvested energy might get smaller. In addition, the proposed PS
optimization methods exhibit a larger sum throughput region
than the baseline schemes which only achieve a single sum
throughput pair. These observations verify that by utilizing the
proposed WIPE protocol combined with the PS optimization
methods, we can significantly improve the data transmission
throughput at both nodes.
Fig. 5 depicts the average sum throughput performance as
a function of the initial energy E0 for N = 2 and 4. Here, for
simplicity, the weight wi is set to wi = 1, ∀i. From the figure, we can first check that the performance gap between the
full CSI and the causal CSI cases is negligible. It is observed
that as the number of time slots N grows, the performance
of the proposed WIPE increases. Note that all the curves for
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Fig. 5.
Average sum throughput performance as a function of E0 for
N = 2 and 4.

Fig. 6. Average weighted sum throughput performance as a function of E0
with unequal weights for N = 4.

the WIPE outperform the conventional non-EH and the WPCN
systems, which demonstrates the effectiveness of the proposed
WIPE. Moreover, it is shown that the WIPE with the proposed
PS algorithms provides a 3 dB gain over the random PS
scheme at N = 4.
In order to investigate a performance gain of the proposed
PS optimization methods over the random PS scheme, Fig. 6
evaluates the average weighted sum throughput performance
of the WIPE protocol with respect to E0 for N = 4. Here, the
weights wi for i = 1, . . . , N are set to [w1 , w2 , w3 , w4 ] =
[1, 1, 9, 9] and [1, 3, 6, 9], respectively. In this case, the
proposed PS solution for the causal CSI case still achieves
near-optimal performance, while the performance gap between
the optimal and the random PS grows as E0 increases. By
comparing the curves for [w1 , w2 , w3 , w4 ] = [1, 3, 6, 9] and
[1, 1, 9, 9], we can see that a performance gain of the proposed
PS solutions over the random PS gets larger when the weights
becomes more asymmetric. It is observed that for the cases of
[w1 , w2 , w3 , w4 ] = [1, 3, 6, 9] and [1, 1, 9, 9], the proposed PS
methods exhibit about 6 dB and 8 dB gains compared to the
random PS scheme for the average weighted sum throughput
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Fig. 7. Average terminating time slot as a function of N for different E0
with wi = i, ∀i.

Fig. 8. Average weighted sum throughput performance as a function of N
for different E0 with wi = i, ∀i.

of 80 bits/Hz, respectively. Therefore, we can conclude that
the proposed PS algorithms substantially enhance the weighted
sum throughput performance of the WIPE protocol over the
random PS scheme.
Fig. 7 shows the average terminating time slots L and L̂
for the full CSI and the causal CSI cases, respectively, as a
function of N for different initial energy E0 with wi = i, ∀i.
First, it can be checked that the terminating time slot L̂ for
the causal CSI case is almost identical to L for the full CSI
case. Besides, we can see that for a small N, the terminating time slot linearly grows as N increases regardless of E0 ,
because the simulated E0 is enough for the nodes to transmit
RF signals during a given small number of time slots. Thus,
in this region, the terminating time slot is given by L = N.
However, when N ≥ 4, the terminating time slot is saturated
at a certain value, which means that the transmission of the
WIPE may end before N time slots in general as discussed in
Section III. In addition, the saturated value of L grows as E0
becomes larger, since two nodes can communicate longer if
node A has more initial energy.
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Fig. 9. Average weighted sum throughput performance as a function of η
for different E0 with N = 4.

In Fig. 8, we demonstrate the average weighted sum
throughput performance of the proposed WIPE protocol as a
function of N for E0 = 20 dBm and 30 dBm with the weight
wi = i. It is shown that the performance of the proposed
PS algorithms increases as N grows, and then it is saturated
at a certain N since the terminating time slot is also saturated (see Fig. 7). A similar phenomenon can be observed
from the curve of the random PS scheme, but the average
sum throughput performance is degraded in comparison to
that of the proposed PS solutions. It is emphasized that the
proposed algorithms offer about 18% gain over the random
PS scheme at N = 4, and the proposed PS for the causal
CSI case exhibits the performance identical to that of the full
CSI case.
Fig. 9 illustrates the average weighted sum throughput
performance as a function of the EH efficiency η for E0 =
20 dBm and 30 dBm with N = 4. Here, we set the weight
wi as [w1 , w2 , w3 , w4 ] = [1, 1, 9, 9]. It can be observed
that the average sum throughput gap between the proposed
and the random PS schemes increases as η grows, and the
WIPE with the causal CSI achieves near-optimal performance
for all simulated η. Even for the case where the EH efficiency is fairly small, the proposed methods offer significant
performance gains compared to the random PS. We can check
that when η = 0.2, the proposed PS solutions provide about
46% and 40% performance gains over the random PS scheme
for E0 = 20 dBm and E0 = 30 dBm, respectively. This confirms the efficacy and the feasibility of the WIPE for practical
EH systems with low EH efficiency.
VI. C ONCLUSION
This paper has investigated energy-constrained device-todevice wireless communication systems where an energyconstrained node wants to communicate with the other node
which has nonzero energy. We have introduced a new WIPE
protocol which supports sustainable communications between
two nodes with the aid of the PS-based WET techniques. In
the proposed WIPE, each node switches the operation between
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the transmit and the receive modes at each time slot. In order
to maximize the weighted sum throughput performance of the
WIPE protocol, we have proposed the PS ratio optimization
techniques for the full CSI and the causal CSI cases. First, in
the ideal full CSI case, where all the future channel coefficients
are available in advance, the globally optimal PS ratio at
each time slot has been derived in an analytical form. Also,
based on this result, we have presented a PS optimization
algorithm for the causal CSI scenario under the Nakagami
fading setup. It has been shown from numerical results that
the proposed PS method with the casual CSI achieves almost
identical performance to the optimal full CSI case. Also, simulation results have verified the feasibility and the efficacy of
the WIPE in the practical pathloss model compared to the conventional non-EH and the WPCN systems, and demonstrated a
performance gain of the proposed PS optimization algorithm
over conventional schemes. In this paper, we have focused
on identifying the reference performance of the proposed
WIPE protocol. Further researches on performance evaluation with practical modulation schemes would be worth
pursuing.
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