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In this paper, a wireless powered communication
network (WPCN) consisting of a hybrid access point
(H-AP) and multiple user equipment (UE), all of which
operate in full-duplex (FD), is described. We first
propose a transceiver structure that enables FD
operation of each UE to simultaneously receive energy
in the downlink (DL) and transmit information in the
uplink (UL). We then provide an energy usage model
in the proposed UE transceiver that accounts for the
energy leakage from the transmit chain to the receive
chain. It is shown that the throughput of an FD WPCN
using the proposed FD UE (FD-WPCN-FD) can be
maximized by optimal allocation of the UL transmission
time to the UE by solving a convex optimization
problem. Simulation results reveal that the use of the
proposed FD UE efficiently improves the throughput of
a WPCN with a practical self-interference cancellation
capability at the H-AP. Compared to the WPCN with
FD H-AP and half-duplex (HD) UE, FD-WPCN-FD
achieved an 18% throughput gain. In addition, the
throughput of FD-WPCN-FD was shown to be 25%
greater than that of WPCN in which an H-AP and UE
operated in HD.
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I. Introduction

A growing interest in harvesting energy from far-
field radio-frequency (RF) signal transmissions has
emerged as a novel means of powering mobile
devices. In particular, the design of a wireless-powered
communication network (WPCN) has been studied as a
significant application of RF energy harvesting, whereby
remote user equipment (UE) utilizes the energy harvested
from a wireless RF power transfer for wireless
communications. A typical WPCN model was proposed
in [1]. In this model, a wireless energy transfer (WET) in
the downlink (DL) and wireless information transmission
(WIT) in the uplink (UL) are both coordinated by a
hybrid access point (H-AP). In a WPCN in which the
H-AP and UE all operate in half-duplex (HD) mode—an
HD-WPCN—a fundamental trade-off exists in allocating
resources to the DL for a WET and the UL for a WIT
[1]. This is because allocating more resources to the DL
for a WET increases the transmit power of the UEs in
the UL owing to the increase in the amount of harvested
energy, while also decreasing the resources allocated to
the UL for a WIT.
Meanwhile, full-duplex (FD) based wireless systems—

in which the wireless nodes simultaneously transmit and
receive RF signals in the same frequency band—have
received considerable attention. FD operation is expected
to potentially double the spectral efficiency in wireless
communications by cancelling the self-interference (SI)
that occurs through the leakage of a transmitted signal
received by the transmitting node itself. In particular, the
feasibility of FD communication has been verified through
a proof-of-concept design, which shows that the power of
the residual SI after self-interference cancellation (SIC) is
applied is reduced to a level sufficiently close to that of
background noise [2], [3].
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The simultaneous transmission and reception of an FD
operation can also improve the WPCN throughput. In [4],
a WPCN model was proposed in which an H-AP with an
FD operation coordinates both a wireless energy transfer
to and a wireless information transmission from a set of
UEs operating in HD mode. This is denoted as FD-
WPCN with HD UE (FD-WPCN-HD). It was shown in
[4] that the FD operation of an H-AP in an FD-WPCN-
HD can increase the throughput of a WPCN when the SI
is sufficiently cancelled out. In [5], the authors studied
resource allocation in an FD-WPCN-HD using an energy
causality constraint, which is a constraint in which the
signal transmission of a UE at a given time can utilize
only the energy harvested during a previous time. An
FD-WPCN-HD with orthogonal frequency-division
multiplexing (OFDM) modulation was further studied in
[6]. Finally, in [7], a wireless powered relay network was
investigated in which an FD relay that utilizes SI as an
energy source relays information of an HD source to an
HD destination.
In the present study, we examined another type of

WPCN, in which not only the H-AP, but also the UE,
operate in FD mode, denoted by FD-WPCN with FD UE
(FD-WPCN-FD). Owing to the FD capability, UE can
receive the signal sent by the H-AP to carry energy while
transmitting the respective UL information. We first
propose a transceiver structure for UE that enables
simultaneous energy reception in the DL and information
transmission in the UL. By extending our previous work
[8], we characterize the energy usage in the proposed UE
transceiver, accounting for an energy leakage from the
transmit chain to the receive chain. Additionally, we show
that the UE can harvest energy from the leakage of its own
UL transmissions (in other words, SI) as well as the
received signal sent by the H-AP in the DL. Finally, based
on a time-division-multiple-access (TDMA) protocol for
WIT in the UL, the optimal time allocation to maximize
the weighted sum-throughput in the network, subject to a
given total time constraint, is described.
The remainder of this paper is organized as follows.

Section II presents the FD-WPCN-FD system model and
the proposed UE structure. In Section III, we examine the
FD-WPCN-FD throughput and resource allocation to
maximize the throughput. Section IV provides simulation
results on the FD-WPCN-FD throughput. Finally,
Section V concludes this paper.

II. System Model

Figure 1 shows the FD-WPCN-FD model considered in
this paper. This network consists of one H-AP and K UE

(denoted by Ui, i = 1, . . . , K), all of which are equipped
with a single-antenna FD transceiver to simultaneously
transmit and receive signals over the same frequency
band.
The H-AP transfers energy to the UE in the DL by

broadcasting a signal dedicated to carrying energy. At the
same time, the H-AP receives signals transmitted by the
UEs in the UL, which contains information for decoding.
The FD operation of the H-AP enables the simultaneous
transmission/reception of energy/information signals in the
DL/UL, respectively. For decoding information received in
the UL, an SI canceller is deployed at the FD transceiver of
the H-AP to eliminate SI (in other words, the leakage of
a DL energy signal transmission received by itself),
which interferes with the reception of the UL information
signals.
On the other hand, UE harvests energy from the received

signals and charges its respective batteries. A portion of the
charged energy is used to transmit information in the UL.
On account of the FD operation, UE can simultaneously
transmit/receive information/energy signals in the UL/DL,
respectively. This is enabled by the transceiver shown in
Fig. 2. Note that the energy signal broadcasted by the H-
AP in the DL carries no information for decoding; it only
carries energy. Therefore, neither an information decoder
nor an SI canceller is deployed at the receiving end of a UE
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Fig. 1. WPCN model with an FD H-AP and FD UE.
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Fig. 2. Transceiver structure for FD UE.
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transceiver. Instead, an energy harvester (for example, a
rectifier) is installed at the receiving end to harvest energy
from the received signals.
Note that, in this transceiver, a portion of the power

amplifier (PA) output energy at the transmitting end leaks
into the receiving end as SI on account of the circulator
loss (duplexer loss), whereas the remaining portion of the
PA output energy is used to transmit information to the H-
AP. At the ith user Ui, as shown in Fig. 2, Ei, El

i , and Et
i

represent the PA output energy at the transmitting end,
energy leaking into the receiving end as SI, and energy
used to transmit information, respectively, where
Ei = El

i + Et
i . For convenience, El

i and Et
i are given,

respectively, by

El
i ¼ uiEi and Et

i ¼ ð1� uiÞEi; 0�ui � 1; (1)1)

where φi represents the circulator loss at the transceiver of
Ui. At the proposed transceiver, a trade-off is yielded by
the value of φi because, as φi increases, the energy
harvested from SI increases, whereas the energy used for
WIT decreases.
In the network shown in Fig. 1, a signal transmission

from Ui to Uj, ∀i, j 2 {0, . . . , K}, is assumed to pass
through a complex channel, hi, j, with the channel power
gain given by Hi, j = |hi, j|

2 (U0 represents the H-AP later
herein). In particular, when i = j, hi,i represents the SI
channel at Ui through which the leakage signal of Ui is
received by itself. It is assumed that the channels remain
constant during a block transmission time denoted by T
(in other words, following quasi-static flat-fading), and
hi, j = hj,i with the channel reciprocity. The H-AP is
assumed to have perfect knowledge of h0,i, ∀i 2 {0, . . . ,
K}. Furthermore, φi, ∀i 2 {0, . . . , K}, is also assumed to
be known by the H-AP.
Figure 3 shows a transmission protocol for FD-WPCN-

FD. During the whole block duration, T, the H-AP

transmits an energy signal with constant power P0 in the
DL, which is received by all UE. While broadcasting
energy by the H-AP, the UE transmits its own independent
information to the H-AP in the UL orthogonally over time
through a TDMA. The transmission block therefore
consists of K slots, each of which is allocated to Ui for the
UL information transmission. The duration of the ith slot
is given by siT, i = 1, . . . , K, where

XK
i¼1

si � 1; 0� si � 1: (2)

During the ith slot, the H-AP and user Ui transmit a
DL signal to carry energy and a UL signal to carry
information, respectively. Therefore, the received signals
at the H-AP and Ui, i 6¼ 0, during the ith slot can be
expressed, respectively, as

yi;0 ¼
ffiffiffiffiffi
Pi

p
h0;ixi þ

ffiffiffiffiffi
P0

p
h0;0x0 þ n0; (3)

yi;i ¼
ffiffiffiffiffi
P0

p
h0;ix0 þ

ffiffiffiffiffi
Pi

p
hi;ixi þ ni; (4)

with xk, ∀k = 0, . . . , K, denoting the transmitted signal of
Uk with E[|xk|

2] = 1, where E[l] represents the expectation
of a random variable, l. Furthermore, Pk represents the
transmit power of Uk, ∀k = 0, . . . , K. Finally, nk denotes
the receiver noise at Uk, ∀k = 0, . . . , K. It is assumed that
nk ~ CN(0, ri

2), with CN(v, r2) representing a circularly
symmetric complex Gaussian random variable with mean v
and variance r2. It is worth noting that the H-AP must
decode xi in (3), whereas Ui does not decode information
in the DL. At its respective receiving ends, therefore, the
H-AP must cancel the leakage of its own transmission
acting as SI (the second term in (3)), whereas it is not
necessary for Ui to cancel the leakage of its own
transmission (the second term in (4)).
In addition, the inactive UE during the ith slot, in other

words, Uj with j 6¼ 0 and j 6¼ i, also receives signals from
the transmissions of the H-AP and Ui. At an inactive UE
Uj, j 6¼ i, therefore, the received signal during the ith slot
is given by

yi;j ¼
ffiffiffiffiffi
P0

p
h0;jx0 þ

ffiffiffiffiffi
Pi

p
hi;jxi þ nj: (5)

III. Throughput of FD-WPCN with FD UE

In this section, the achievable throughput of the FD-
WPCN-FD presented in Section II is described. In
particular, we aim to maximize the weighted sum
throughput of information transmissions in the UL.

DL Energy transfer
UL Information transmission

H-AP

2Tτ KTτ1Tτ

1U 2U KU

H-AP 

U1 U2 UK

τ1T τ2T τKT

DL energy transfer 
UL information transmission 

Fig. 3. Transmission protocol for FD-WPCN-FD.

1) When the transmitting and receiving antennas of a UE are separated, φi models
the near-field energy absorption by the receiving antenna.
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1. Achievable UL Throughput of Each UE

According to the channel knowledge available at the H-
AP, the throughput of the proposed FD-WPCN-FD can be
obtained with two approaches. The first assumes a full
knowledge of channels by an aid of a “genie,” whereas the
other assumes partial channel knowledge in a more
practical sense.
1) Ideal throughput achievable by a genie-aided

approach. A UE, Ui, can harvest energy from the received
DL signals transmitted by the H-AP (in other words, the
first term in (4)) during the whole block duration. In
addition, Ui can also harvest energy from the leakage of its
own transmission during the ith slot allocated to it for a UL
information transmission (in other words, the second term in
(4)). Furthermore, UL transmissions of other UEs received
by Ui can also be used for energy harvesting (EH) of Ui. In
particular, the energy harvested from the transmissions of
other UE can be considered to optimize throughput when
the H-AP is assumed to have a global knowledge of
channels. In other words, Hi, j, i, j 2 {0, . . . , K}, i 6¼ j,
i 6¼ 0, j 6¼ 0, as well as h0,i and φi, ∀i 2 {0, . . . , K}. In this
case, the harvested energy of Ui during a block duration T,
denoted by Eh

i , can be obtained from (4) and (5) as

Eh
i ¼ fi P0H0;i þ siPiHi;i þ

XK
j¼1; j 6¼i

sjPjHj;i

 !
T ; (6)

where 0 ≤ fi ≤ 1, i = 1, . . . , K denotes the energy
harvesting efficiency at Ui. The energy harvesting
efficiency accounts for RF direct current (DC) conversion
efficiency of a rectifier because it represents the ratio of the
energy of the received signal (RF) converted into the
energy harvested and stored (DC). In (6), assuming that the
amount of energy harvested from the receiver noise is small
enough to be neglected [1], such energy is not considered.
In the FD UE transceiver shown in Fig. 2, based on the

law of energy conservation, the energy harvested from the
leakage of its own transmission—siPiHi,iT in (6)—is
equivalent to the amount of energy leaking from the
transmitting end into the receiving end. From (1), we
therefore have

siPiHi;iT ¼ El
i ¼ uiEi: (7)

In each transmission block, a portion of the harvested
energy is used to generate the PA output signal at the
transmitting end of the transceiver, as shown in Fig. 2.
The energy of the PA output signal at Ui is then given by

Ei ¼ giE
h
i ; (8)

with 0 ≤ gi ≤ 1, i = 1, . . . , K denoting the portion of the
harvested energy used to generate a PA output signal at Ui

under a steady state.2) Note that Et
i in (1) can be

represented as

Et
i ¼ siPiT ¼ 1� uið ÞEi: (9)

From (6) through (9), we then have

Eh
i ¼ fi P0H0;i þ uisiPi

1� ui
þ
XK

j¼1;j 6¼i

sjPjHj;i

 !
T

¼ siPiT
gi 1� uið Þ ; (10)

from which we have

1� hiui

1� ui

� �
siPi � hi

XK
j¼1; j 6¼i

sjPjHj;i ¼ hiP0H0;i; (11)

where hi = gi fi. It then follows that

AXP ¼ P0b; (12)

where P = [P1, P2, . . . , PK]
T and Ω = diag{[s1, s2, . . . ,

sK]
T}, with diag{v} denoting a diagonal matrix, of which

the diagonal entries consist of vector v. Furthermore, A is a
matrix with

Ai;j ¼ 1� hiuið Þ= 1� uið Þ
�hiHi;j

; if j ¼ i;
; otherwise;

�
(13)

where Ai,j denotes the element of matrix A on the ith row
and jth column. Finally, b is a vector given by

b ¼ h1H0;1 h2H0;2 � � � hKH0;K
� �T

: (14)

From (12) through (14), Pi is then given by

Pi ¼ qi
P0

si
; i ¼ 1; . . . ; K; (15)

where qi, i = 1, . . . , K, is given by

q1; q2; . . . ; qK½ �T ¼ A�1b: (16)

Note that at the H-AP, the residual SI after SIC can be
approximated as I0 ~ CN(0, aP0), where a � 1 [9].
Given the time allocation s = [s1, . . . , sK], the achievable

2) In practical scenarios, energy causality can also be considered, as studied in
[5]. To focus on the FD operation at the UE, however, we do not consider the
energy causality in this study. Specifically, we do not assume that Ui batteries are
adequately charged at the start of each block. Nor do we assume that Ui’s employ
their respective harvested energy so that the energy charged in the battery at the
end of each block reaches its initial state.
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UL throughput of Ui during the ith slot is then given from
(3) and (15) by

Ri sð Þ ¼ si log2 1þ H0;iPi

C r20 þ aP0
� 	

 !

¼ si log2 1þ ci P0ð Þ
si

� �
; i ¼ 1; . . . ; K; (17)

where ci is given by

ci P0ð Þ ¼ qiHi;0P0

C r20 þ aP0
� 	 ; i ¼ 1; . . . ; K: (18)

Here, qi, i = 1, . . . , K, given in (16), and Γ represents the
gap of the signal-to-interference-plus noise ratio (SINR)
from the additive white Gaussian noise (AWGN) channel
owing to the practical modulation and coding used.
2) Practical throughput achievable by partial

knowledge of channels. In practice, it is difficult for the H-
AP to obtain the knowledge of the channels between
different UE, in other words, Hi, j, i, j 2 {0, . . . , K}, i 6¼ j,
i 6¼ 0, j 6¼ 0. At a UE, furthermore, energy harvested
from the transmissions of other UE is small enough to be
negligible [1], [4]. Therefore, a practical throughput of a
FD-WPCN-FD can be obtained by assuming that the H-
AP only has the knowledge of h0,i and φi, ∀i 2 {0, . . . ,
K}, and by ignoring the energy harvested from the
transmissions of other UE. In other words,

XK
j¼1; j 6¼i

sjPjHj;iT ¼ 0; (19)

in (6). In this case, the amount of harvested energy at Ui in
(10) is modified as

Eh
i ¼ fi P0H0;i þ siPiHi;i

� 	
T : (20)

By the same procedure from (7) through (12) with Eh
i

replaced by (20), matrix A described in (13) is then
modified as a diagonal matrix given by

Ai;j ¼ 1� hiuið Þ= 1� uið Þ ;
0

if j ¼ i;
; otherwise:

�
(21)

Accordingly, qi, i = 1, . . . , K, in (15) is obtained by (16)
and (21) as

qi ¼
1� uið Þ
1� hiuið Þ hiH0;i: (22)

The throughput of FD-WPCN-FD in this practical sense is
then given by (17) and (18), where qi in (18) is replaced
by that in (22). As clearly shown in (17), (18), and (22),

the throughput of the FD-WPCN-FD increases with hi. In
other words, it increases with gi or fi since hi = gi fi.

2. Weighted Sum-Throughput Maximization

As shown in (17), the throughput of the FD-WPCN-FD
can be maximized by optimizing the time allocated to each
UE for a UL information transmission, denoted by
s = [s1, . . . , sK]. Specifically, we maximize the weighted
sum throughput in this network by solving the problem
formulated as follows:

(P1) : max
t

XK
i¼1

xiRi tð Þ (23)

s:t
XK
i¼1

si � 1; (24)

si [ 0; i ¼ 1; . . . ; K: (25)

It can be easily seen that problem (P1) is a convex
optimization problem because Ri(s) and (24) are concave
and affine functions of s, respectively. The optimal time
allocation solution for (P1), denoted by s*, is then
obtained as follows.
Proposition: The weighted sum throughput of the FD-
WPCN-FD is maximized by the optimal time allocation
solution for (P1), given by s* = [s1*, s2*, . . . , sK*] with

s�i ¼
ci P0ð Þ
z�i

; i ¼ 1; . . . ; K; (26)

where zi* denotes the solution of f(z) = k*ln2/xi, with f(z)
defined as

f zð Þ¼D ln 1þ zð Þ � z
1þ z

: (27)

Proof: The proof is shown in Appendix A. &
Figure 4 compares the achievable throughput region of

the FD-WPCN-FD against those of the HD-WPCN and
FD-WPCN-HD studied in [4], with K = 2, P0 = 20 dB,
r20 = 0 dB, and Γ = 1. Duplex modes of the H-AP and
UEs in the HD-WPCN, FD-WPCN-HD, and FD-WPCN-
FD are summarized in Table 1. It is assumed that
H0,1 = 0.50, H0,2 = 0.15, and H1,2 = H2,1 = 0.01. For the
FD-WPCN-HD, SIC at the H-AP is assumed to be perfect.
For FD UEs in the FD-WPCN-FD, it is assumed that
φ1 = ��� = φK = 0.03 with 15 dB of isolation between
transmission and reception.
Considering the practical difficulty for the H-AP to

obtain the knowledge of channels between different UEs,
for all considered WPCNs, we assume that the H-AP has
the knowledge of H0,1 and H0,2 only; the energy harvested
from the transmissions of other UEs is thus ignored. In the
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case of FD-WPCN-FD, however, the ideal throughput
obtained by (6) through (18) with the knowledge of H1,2

and H2,1 is also presented for the purpose of comparison.
It is shown in Fig. 4 that the throughput region of the

FD-WPCN-FD is enlarged as a decreases (in other words,
SIC performance improves). Moreover, the throughput of
FD-WPCN-FD with consideration of energy harvested
from the transmissions of other UE (blue dot–dash line in
Fig. 4) is greater than the throughput of its counterpart
(FD-WPCN-FD without consideration of energy harvested
from transmissions of other UE; blue solid line). However,
the increase is insignificant.
Figure 4 also compares the throughput region of FD-

WPCN-FD obtained by (17) through (22) with those of
HD-WPCN and FD-WPCN-HD when the energy
harvested from the transmissions of other UE is not
considered. It is observed from this figure that the
throughput region of the FD-WPCN-FD when a = 0.5b
with b = r20/P0 is shown to be larger than those of HD-
WPCN and FD-WPCN-HD with Ppeak = 2P0, where Ppeak

denotes the maximum peak transmit power at the H-AP in
HD-WPCN and FD-WPCN-HD. In addition, when
a = 0.01b, the throughput region of the FD-WPCN-FD
approaches those of HD-WPCN and FD-WPCN-HD with
Ppeak = ∞, which are theoretically maximum achievable
throughput regions of HD-WPCN and FD-WPCN-HD.

Corollary: The sum throughput of the FD-WPCN-FD is
maximized with a time allocation sH = [sH1 , s

H
2 , . . . , s

H
k ],

with

sHi ¼ ci P0ð Þ
PK
j¼1

cj P0ð Þ
; i ¼ 1; . . . ; K: (28)

Proof: The proof is shown in Appendix B. &

IV. Simulation Results

In this section, the sum throughputs of the HD-WPCN,
FD-WPCN-HD, and FD-WPCN-FD are compared through
simulations, with K = 10 and hi = 0.5, ∀i = 1,
. . . , K. Duplex modes of the H-AP and UE in the
aforementioned WPCNs follow those described in Table 1.
We compare the practical throughput of these WPCNs by
ignoring the energy harvested from the transmissions of
other UE. For the FD-WPCN-FD, however, we also present
the ideal throughput by considering the energy harvested
from the transmissions of other UE for comparison. The
bandwidth and noise spectral density are set as 1 MHz and
�160 dBm/Hz, respectively. The UE is assumed to be
uniformly distributed within two concentric circles, with
diameters of 5 m and 10 m, respectively, where the H-AP
is located at the center of these concentric circles.
Assuming that the average signal power attenuation at
a reference distance of 1 m is 30 dB, the channel power
gain Hi, j is modeled as Hi, j = υi, j10

�3 Di, j
�d, ∀i, j = {0,

. . . , K}, i 6¼ j, with Di, j denoting the distance between Ui

and Uj in meters and the path loss exponent given by d = 2.
In addition, we assume that the short-term fading, denoted
by υ, is Rayleigh-distributed. That is, υ is an exponentially
distributed random variable with a unit mean. For FD UE in
FD-WPCN-FD, φi = 0.03, ∀i = 1, . . . , K, assuming
15 dB of isolation between transmission and reception.
Finally, we set Γ = 9.8 dB by assuming an uncoded
quadrature amplitude modulation with the required bit-error
rate given by 10�7 [10].
In Fig. 5, the maximum sum throughputs of the HD-

WPCN, FD-WPCN-HD, and FD-WPCN-FD are compared
with respect to the P0 values in dBm. For both ideal and
practical scenarios in FD-WPCN-FD, the throughput is
obtained by assuming a = 0.01b, with b defined in the
previous section, whereas perfect SIC is assumed for the
FD-WPCN-HD.
As shown in Fig. 5, in the FD-WPCN-FD, the

difference between the sum throughput obtained with
and without considering the energy harvested from
transmissions of other UE is negligible. This verifies that

Table 1. Comparison of duplex modes in various WPCNs.

H-AP UE

HD-WPCN HD (TDD) HD (TDD)

FD-WPCN-HD FD HD (TDD)

FD-WPCN-FD FD FD

Achievable rate of U1 (bps/Hz) 
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Fig. 4. Rate regions of WPCNs according to duplex modes.
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the energy harvested from the transmissions of other UE
has a minimal effect on the increase of throughput of FD-
WPCN-FD. Furthermore, this implies that the throughput
of the FD-WPCN-FD can be optimized, even with simpler
approach presented in (17) through (22).
In addition, it is apparent in Fig. 5 that, even when the

energy harvested from the transmissions of other UE is not
considered, the average sum throughput of the FD-
WPCN-FD is equivalent to those of the HD-WPCN and
FD-WPCN-HD with Ppeak = ∞. Note that the throughput
of HD-WPCN and FD-WPCN-HD with Ppeak = ∞ is an
ideal throughput that is only theoretically achievable; it is
not achievable in practice. Given that the power of
residual SI after SIC is sufficiently close to the level of
background noise, the FD-WPCN-FD can achieve the
throughput equivalent to the theoretically maximum ones
of HD-WPCN and FD-WPCN-HD, even with practical
settings and a simple resource allocation algorithm.
Compared to the FD-WPCN-HD with Ppeak = 2P0,

finally, the FD-WPCN-FD achieves a sum throughput
gain of 4 dB with respect to P0. Furthermore, the sum
throughput of the FD-WPCN-FD is shown to increase
more quickly with the increase in P0 than that of the HD-
WPCN with Ppeak = 2P0.
Figure 6 compares the maximum sum throughput of the

aforementioned WPCNs for different values of SIC gain,
where the SIC gain is defined as 1/a. The sum throughput
of the FD-WPCN-FD is shown to be greater than those of
the HD-WPCN and FD-WPCN-HD when the SIC gain at
the H-AP is greater than 114 dB. In other words, the
power of the residual SI after SIC is 4r20. Note that current
SIC technologies (for example, [2] and [3]) reduce the
power of the residual SI sufficiently close to r20 after SIC.

Even with current SIC technologies at the H-AP,
therefore, the use of the FD UE shown in Fig. 2 efficiently
improves the throughput of the WPCN. When a is
120 dB, in other words, the aggregated power of residual
SI and background noise is 4r20, FD-WPCN-FD achieves
18% and 25% of throughput gain compared to FD-
WPCN-HD and HD-WPCN, respectively.
Finally, Fig. 7 shows the throughput of the FD-WPCN-

FD with respect to the circulator leakage φi. When
φi = 0 dB, the throughput of the FD-WPCN-FD is zero
because the whole energy at PA output leaks into the
energy harvester and thus information is not transmitted.
When φi 6¼ 0, a trade-off associated with the value of φi is
observed. The throughput of FD-WPCN FD decreases
with increasing φi when φi ≤ 3 dB because the increase of
the harvested energy owing to greater SI is dominant
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when φi is small. When φi ≥ 3 dB, on the other hand, the
throughput increases with φi because more energy
utilization for WIT with smaller φi is more beneficial when
φi is adequately large, although the amount of the
harvested energy decreases. However, the effect of the
trade-off associated with φi on the throughput of FD-
WPCN-FD is observed to be insignificant as long as
φi 6¼ 0. Finally, the throughput of FD-WPCN-FD
converges when φi ≥ 14 dB.

V. Conclusion

This paper described a WPCN, where both the H-AP and
UE operate in FD mode. Owing to the FD capability, UE
can receive energy and transmit information simultaneously
in the DL and UL, respectively. We first proposed an FD
transceiver structure for UE that enables simultaneous
energy reception and information transmission. We then
provided an energy usage model in the proposed UE
transceiver. Furthermore, an optimal time allocation
solution to maximize the weighted sum throughput of the
WPCN with the FD H-AP and FD UE was obtained for
both cases in which the energy harvested from the
transmissions of other UE respectively was and was not
considered. It was shown that the use of the proposed FD
UE, as well as an FD H-AP with practical SIC capability,
significantly improved the WPCN throughput. In addition,
the use of FD H-AP and FD UE was shown to enable
WPCN to achieve the throughput equivalent to the
theoretically maximum ones of conventional HD-WPCN
and FD-WPCN-HD, even with practical settings and a
simple resource allocation algorithm.
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Appendix A. Proof of Proposition

From (23) through (25), we have the Lagrangian of (P1)
as

L s; kð Þ ¼
XK
i¼1

xiRi tð Þ � k
XK
i¼1

si � 1

 !
; (29)

with k ≥ 0 representing the Lagrange multiplier
associated with (24). We thus have the dual function of
(P1) as:

G mð Þ ¼ min
t2D

L s; kð Þ; (30)

with D denoting the feasible set of s specified by (24) and
(25). Note that Slater’s condition holds for (P1) because
we can find a s 2 D, si > 0, i = 1, . . . , K, through which

XK
i¼1

si\1:

Therefore, (P1) is shown to be a convex optimization
problem for which the strong duality holds, and the
globally optimal solution for (P1) thus satisfies the
Karush–Kuhn–Tucker conditions [11] given by

XK
i¼1

s�i � 1; (31)

k�
XK
i¼1

s�i � 1

 !
¼ 0; (32)

@

@si

XK
i¼1

Ri s
�ð Þ � k� ¼ 0; i ¼ 0; . . . ;K; (33)

with si*’s and k* denoting the optimal primal and dual
solutions of (P1), respectively. With no loss of generality,
we can assume k* > 0 from (32) because

XK
i¼1

s�i ¼ 1

must hold for (P1). From (33), it then follows that

ln 1þ z�i
� 	� z�i

1þ z�i
¼ k� ln 2

xi
; i ¼ 1; . . . ;K; (34)

where zi* = ci (P0)/si*. Note that f(z) in (27) is a
monotonically increasing function of z with f(0) = 0
and f(∞) = ∞. Therefore, s* is uniquely obtained for
the given values of ci(P0). The proof of proposition is
completed.

Appendix B. Proof of Corollary

The sum throughput of this network is maximized by
solving (P1) with x1 = x2 = . . . = xK = 1/K. For the
inequality in (34) to hold in this case, we should have

c1 P0ð Þ
sH1

¼ c2 P0ð Þ
sH2

¼ � � � cK P0ð Þ
sHK

: (35)
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From (32) and (35), it follows that

XK
i¼1

sHi ¼ sHi
ci

XK
j¼1

cj ¼ 1; (36)

and from (36), the optimal time allocation solution in (28)
is obtained. The corollary is now proved.
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