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SUMMARY  Inthis paper, we consider an orthogonal frequency division
multiple access (OFDMA)-based multiuser full-duplex wireless powered
communication network (FD WPCN) system with beamforming (BF) at an
energy transmitter (ET). The ET performs BF to efficiently transmit energy
to multiple users while suppressing interference to an information receiver
(IR). Multiple users operating in full-duplex mode harvest energy from the
signals sent by the ET while simultaneously transmitting information to
the IR using the harvested energy. We analytically demonstrate that the
FD WPCN is superior to its half-duplex (HD) WPCN counterpart in the
high-SNR regime. We propose a transmitter design method that maximizes
the sum rate by determining the BF at the ET, power allocation at both
the ET and users, and sub-band allocation. Simulation results show the
effectiveness of the proposed method.

key words: wireless energy transfer, energy beamforming, interference
suppression, power allocation, sub-band allocation

1. Introduction

With the emergence of Internet-of-Everything systems,
large-scale Internet-of-Things (IoT) networks are expected
to be developed. Because significant energy resources are
required to operate such a large network stably, an energy-
efficient communication system is required for 6G sys-
tems [1]. For this requirement, wireless energy transmission
(WET) via radio frequency (RF) signals is an effective tech-
nology to provide energy to energy-constrained communica-
tion terminals distributed in a wide area [2]. Simultaneous
wireless information and power transfer (SWIPT) systems
and wireless powered communication network (WPCN) sys-
tems have been actively studied as candidates for WET-based
communication systems. In SWIPT, user terminals harvest
energy simultaneously while receiving information from RF
signals sent by a transmitter. On the other hand, in a WPCN,
user terminals harvest energy from RF signals sent by an en-
ergy transmitter (ET) and then the user terminals use the har-
vested energy for wireless information transmission (WIT)
to an information receiver (IR) [3].

Most previous studies on WPCN systems assumed half-
duplex (HD) transmission based on a harvest-then-transmit
protocol, which temporally separates WET and WIT to pre-
vent interference from the ET to the IR [4]-[6]. Several
studies have been conducted on transceiver design for HD
WPCN systems. In [4], the time allocation for WET and
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WIT in a time division multiple access (TDMA)-based mul-
tiuser WPCN was optimized by maximizing the sum rate. A
joint time and power allocation method that maximizes the
energy efficiency of a TDMA-based multiuser WPCN was
proposed in [5]. In [6], the beamformer in a space division
multiple access (SDMA)-based multiuser WPCN was de-
signed by maximizing the minimum throughput. The major
disadvantage of HD WPCN systems is the loss of spectral
efficiency because information transmission cannot be per-
formed during the WET phase.

Full-duplex (FD) transmission, which enables simulta-
neous WET and WIT, is an effective method for overcoming
this problem. An inherent problem with FD WPCN systems
is that the signal sent by the ET causes interference at the
IR, which has a significant negative impact on system perfor-
mance. The authors of [7] proposed a time allocation method
that maximizes the sum rate in a TDMA-based multiuser FD
WPCN and demonstrated its superiority over an HD WPCN
if the interference can be effectively suppressed. However,
specific methods for suppressing the interference were not
provided in [7]. In [8], a beamforming (BF) technique at
an ET equipped with multiple antennas was employed to
suppress the interference in an FD WPCN by directing the
null to the IR, demonstrating its effectiveness over an HD
WPCN. However, the authors in [8] assumed a single-user
system. For large-scale IoT WPCNs, the system should be
extended to multiuser systems. In [9], [10], the extensions of
the single-user system in [8] to multiuser one were proposed.
However, they operate in the HD mode.

Orthogonal frequency division multiple access
(OFDMA) has been widely used in narrowband IoT networks
to accommodate multiple users because of its low complexity
and efficient spectrum utilization [11]. In[12], [13], resource
allocation, such as sub-bands and power, for an OFDMA-
based WPCN was considered. However, these systems are
assumed to operate in the HD mode. The authors in [14]
proposed an allocation method for power and sub-bands for
an OFDMA-based multiuser FD WPCN with a hybrid ac-
cess point (HAP), where the ET and IR are collocated and
communicate with multiple users. The authors in [15] ex-
tends the system in [14] to include relay nodes to support
WIT. A HAP equipped with a single antenna transmits the
energy signal to the users and simultaneously receives the
information signals sent by the users using the harvested en-
ergy. Although the IR in the HAP suffers from interference
form the ET, concrete methods to suppress it were not pro-
vided in [14], [15]. BF at the ET as in [8] is expected to
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effectively mitigate interference even in OFDMA-based FD
WPCN systems as in [14], but no such studies have been
conducted. This motivates us to study the interference sup-
pression by incorporating BF at the ET into OFDMA-based
FD WPCN systems.

In this paper, we consider an OFDMA-based multiuser
FD WPCN system with a BF in the ET. In the system, the ET
performs BF to efficiently transmit energy to multiple users
while suppressing interference to the IR, and the users op-
erating in the FD mode harvest energy from the signals sent
by the ET while transmitting information on the allocated
sub-bands using the harvested energy to the IR. We propose
a transmitter design method that maximizes the sum rate by
determining the BF at the ET, power allocated to each sub-
band at the ET, sub-bands allocated to each user, and power
allocated to each sub-band at each user. Analytical and sim-
ulation results are provided to demonstrate the effectiveness
of the proposed method.

Throughout this paper, the following notations are used:
()T, ()™, and (-)* indicate the transpose, Hermitian trans-
pose, and complex conjugate of a vector or matrix, respec-
tively. ® denotes the Kronecker product, Onxps denotes a
N x M matrix whose elements are all zero, Iy denotes a
N x N identity matrix, J,, € RV*Ndenotes a matrix with
(n,n) elements of 1 and 0 otherwise, [x]* = max{0, x}, |S|
denotes the number of elements in the set S.

2. System Model

We consider an OFDMA-based FD WPCN system that con-
tains an ET, K users, and an IR (Fig. 1). The ET transmits
energy signals toward the users. Each user operating in FD
mode harvests energy from its received signal and simulta-
neously transmits its information data to the IR using the
harvested energy. The IR detects the data from its received
signal. ET uses Mt transmit antennas to suppress interfer-
ence to the IR as in the system in [8]. The IR is equipped
with a single receiving antenna, and each user is equipped
with a single transmitting antenna and a single receiving an-
tenna. We assume that the system has perfect knowledge of
all channels, which are frequency-selective. OFDMA with
N sub-bands is applied to the energy transmission by the ET
and information transmission by the users.
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Fig.1  Proposed OFDMA-based multiuser FD WPCN system.
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The transmitted signal of the ET in the nth sub-band is
expressed as

xE = | PEW,u, (1

where PE is the transmit power of the ET in the nth sub-band,
w,, € CMm™1 i5 the BF vector in the nth sub-band, and u,,
is a random signal for energy transmission in the nth sub-
band. We assume that {u, } are normalized and independent
of each other, i.e., E[u,u;,] = 1 for n = n’, and otherwise
0, and the BF vectors w,, are normalized, i.e., |w,|| = 1,Vn.
Thus, the total transmit power of the ET is given by

N-1 N-1
PE= Y E[Ix:I?] = ) Ph 6)
n=0 n=0

The transmitted signal from the kth user is expressed as

x,Iik = P,Iikvn,k’ 3)
where P}IJ « is the transmit power of the kth user in the nth

sub-band, and Unk is the data symbol of the kth user in the
nth sub-band. We also assume that the transmit symbols
{vnx} are normalized and independent of each other, i.e.,
E[vpkv;,] = 1 for n = n’, and otherwise 0. Each user
receives the signals sent from the ET and its own transmitted
signal owing to the FD operation and harvests energy from
the received signals. The harvested power of the kth user is
expressed as [12]

o )

N-1
EH _ E.7T 2 U |~
Pk =7 ZPn|hn,kWn| + Z Pn,k|gn,k
n=0

neNg

where h,, ; € CM™! is the channel from the ET to the kth
user in the nth sub-band, §, x € C is the loopback channel
of the kth user in the nth sub-band, N is the set of the sub-
bands allocated to the kth user, and 7 is the energy conversion
efficiency. Note that the users do not suffer from so-called
self-interference caused by the FD operation since they do
not aim for information reception.

Assuming that each user uses all the harvested energy
to transmit its information data, the following relationship
holds for all k¥:

Py =P ©)

neNy

Furthermore, from Egs. (4) and (5), we obtain a closed-form
expression for PY, as

N-1
77 Zn':() PS’thl‘/’kwn’lz

1= 1lGn,k|?

) (6)

U
Pn,k = Un,k

where a power allocation parameter @, x € R is introduced

TPast literature on OFDMA-based WPCNs [12]-[15] imposed
an inequality constraint for WIT energy consumption. Instead, we
impose the equality constraint, which makes the transmitter design
problem tractable.
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in place of P > subject to @k > 0, and X, ep, @k = 1,
Vk. We assume that the signals from the ET and all users
arriving at the IR are time-aligned within the cyclic-prefix
interval. Subsequently, the received signals of the IR in the
nth sub-band can be expressed as

V gn k Unk t nf Wity + Zn, @)

where g, x € C is the channel of the kth user in the nth sub-
band, f, € CM™! is the channel vector from the ET to the
IR in the nth sub-band, the first term is the received signal
from the kth user in the nth sub-band, the second term is
the interference from the ET to the IR in the nth sub-band,
and z,, is the additive white Gaussian noise in the nth sub-
band at the IR. From Egs. (6) and (7), the received signal-to-
interference-plus-noise ratio (SINR) for the kth user in the
nth sub-band at the IR is obtained by

y P,E{klgn,k|2
k = —
" PEIfTw, |2 + 02
N-1
ankz PE |h wn’|2G )
= ,k’
Prlf|fgwn|2+0-z "
2
where G, = "‘Lkl‘z Note that, according to (5), the

1=17|Gin
SINR includes {w,} and {PE} in both the numerator and
denominator. This makes the WET BF design and WET
power allocation tractable, as explained in Sect.4. Subse-
quently, the achievable sum rate of the system is expressed
as

K

Rsum = Z Z 10g2(1 + '}’n,k)‘ (9)

k=1 nENk

The aim of the transmitter design explained in Sect. 4 is to
determine the variables {w,}, {PE}, {@,x}, and {Ni} to
maximize Ry -

3. Performance Analysis

We compare the transmission rate of the FD WPCN with
that of the HD WPCN. For simplicity, we assume that the
same power @, x is allocated to all sub-bands in both FD and
HD WPCNs and that the sub-bands allocated to a user Ny
are the same for the FD and HD WPCNEs. It is reasonable to
assume that the harvested power in the HD WPCN is larger
than that in the FD WPCN by appropriately setting w,, and
P,lf because no interference from the ET to the IR exists;

T A few sub-bands may be sufficient for the energy transmission
and can avoid interference from the ET to the IR. This is valid
if there are no restrictions on the power spectral density of the
transmitted signals. Even in this case, it is crucial to determine the
sub-bands used and appropriate power allocation to the sub-bands
for efficient energy transmission. Moreover, it was reported in [16]
that it is necessary to distribute the transmit power over multiple
sub-bands to comply with regulations such as the power spectral
density constraints in the ISM band. These facts justify the power
allocation {PE} to the sub-bands for the energy transmission.
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thus, the BF at the ET can focus only on transmitting energy
to users in the HD WPCN.

In the HD WPCN, the users harvest energy from the
signals sent by the ET in the first phase of duration 77T
and send the information data using the harvested energy in
the second phase of duration (1 — 7)7, where 0 < 7 < 1,
and T is the block transmission time. Thus, the following
relationship between the harvested and transmitted energies
of the kth user holds:

TP, = (1- 0T Z PY.. (10)

neNg

where PR, is the harvested power of the kth HD user.
From Eq. (10), we obtain P, = TPHDk/(l 7)|Ni | under
the assumption of equal power allocation. Therefore, the

transmission rate of the kth user in the nth sub-band in the
HD WPCN is expressed as

TPEY g il
R? = log, 1+ ) (11)
(1 - 1)[Nilo?
for n € Ny.
For the FD WPCN, we obtain PE = PFD Hok /| Nk | under
the assumption of equal power allocation, where PEp | i

the power harvested by the kth FD user. Subsequently, the
transmission rate of the kth user in the nth sub-band in the
FD WPCN is expressed as

I |g k|2
FD EH,k 71,

_— 12
Nl + D)) (12

for n € Ny, where I,, > 0 represents the power of the inter-
ference from the ET to the IR in the nth sub-band. From the
assumption on the harvested power mentioned above, we ob-
tain PHD > pED ,uk EH  for 0 < g < 1. In addition,

EH, k EH,k —
O'Z <I,+ o-z2 = v,,a'z holds for v,, > 1. Therefore, we can
rewrite (12) as R™ = log, (1 + e PED g i 2/ val Nl )
By deﬁning the signal -to-noise ratio (SNR) as y,, x =

Hok |gn.k1I?/INic|o2, the transmission rates can be rewrit-
ten as

PHD

R = (1-1)log, (1 + . vn,k) (13)
- 7T
RED =1log, (1+ dui¥n) (14)

where A, x = pr/va, which satisfies 0 < A,x < 1 and
indicates the SNR degradation of the FD WPCN. Taking the
limit of y,, x — oo for RHD >/ RF D we obtain

R};"i . log,(1 + 2k
lim FD =(1-71) lim
Yn, k=0 R Yn, k>0 10g2(1 + /ln,k')/n,k)
=1l-7<1. (15)

The result R), > R!'? holds for any k and n. Thus, we
can conclude that the sum rate of the FD WPCN is higher
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than that of the HD WPCN. Note that, however, the result
holds only for a sufficiently high SNR. To evaluate their
performance at moderate SNRs, we conducted simulations,
which are described in Sect. 5.

4. Transmitter Design
Now, we design the transmitters of the ET and users. Specif-

ically, the problem of determining {w, }, {PF}, {a,.x }, {Ni}
that maximizes Ry, is formulated as follows:

(P1): max Roum (16)
W 3 APE} (i} AN
st ||wall = 1,Vn, (17)
N-1
D P < Poas, (18)
n=0
0 < PE < Ppeak, Vn, (19)
Z Uni = Lank > 0,Vn k. (20)
neNy

Equation (18) implies that the total power at the ET is limited
to the maximum power Ppax. Equation (19) implies that the
power allocated to each sub-band is limited to the peak power
Ppeak. This is introduced to address power spectral density
constraints of transmitted signals [16]. Jointly optimizing
problem (P1) for all variables is difficult. Therefore, we
consider solving problem (P1) for each variable sequentially.

4.1 Beamforming for Energy Transmission
We consider determining the transmission BF vector {w,, } at

the ET when {PE}, {Ni}, and {a, x} are given. We rewrite
SINR in (8) as

Ha
w'H,, W
k= ——=—", 21)
n. wHF,w (
where w = [wg .. WJTV—l]T e CMNX1 and H,, ; and F,

are MTN X MtN block diagonal matrices defined by

an:a’nank

E1, * T
POhO khOk 0
. . (22
E %
0 PN th 1, khN 1,k
2
F,=J,0PEEel 4 WZIMTN. (23)

Assuming a high SINR, the sum rate can be approximated
as

- log, (ﬁ I WHH—"W) . 4)

H
k=1 ne Ny w an
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Algorithm 1 GPI Algorithm [17] for Energy BF Design
k=0, w<0):\/N‘T4T[1 ..... 17

1:

2: repeat

3: Compute H(w(®)) in (27) and F(w(*)) in (28)
4: y = F(w)) " TH(w() )w(x)
50w =yl

6: K=k+1

7: until |[w®) — w1 < ¢

8: forn=0to N — 1 do

. In®lprp W

% W el W]
10: end for

Therefore, the optimization problem for determining the BF
vector w that maximizes the sum rate is formulated as

(P2):  max ]_[ ]_[ hl H""W st Wl =N. (25

=1 neNg

Problem (P2) can be solved by using a general power itera-
tive (GPI) algorithm [17]. Defining the objective function

e
as A(w) = W B ew

HkK_l [Then, W the solutions to problem

(P2) should satisfy the condition ’I(w) = 0. From the con-
dition, we obtain
H(w)w = A(w)F(w)w (26)

where

K K
H(w) = Z Z 1—[ 1_[ WHﬁi’kW I:I,,,k, 27)

k=1 nENk k=1ieNy
i#n

N-1[N-1

F(w) = Z l_[ wHFw|F,. (28)
n=0\ i=0
i#n

Because Eq. (26) has a similar form to a generalized eigen-
value problem, we employ the power method, which is an
iterative algorithm for solving eigenvalue problems. How-
ever, unlike ordinary generalized eigenvalue problems, the
matrices in Eq. (26) depend on w. Therefore, the GPI algo-
rithm updates the matrices during the iterations. The GPI
algorithm is summarized in Algorithm 1. In Steps 8 to 10,
the BF vector on the nth sub-band is extracted from the
resulting vector w¥) and normalized.

4.2 Power Allocation for Energy Transmission

We consider determining the transmission power {P,If} at the
ET when {w,,}, { Nt} and {ay, 1} are given. The problem of
determining {PE} that maximizes the sum rate is formulated
as

K ZN ]PE |h |2
max log, [ 1+ @k Gn i
b 2 20 | i

N-1

D PE < P, 0 < P < Ppe Vi, (29)

n=0
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where Pg = [Pg‘ . Pl%_l]T. This problem is difficult to
solve because the objective function Ry,ny(Pg) is generally
nonconvex with respect to Pg. Hence, to solve this problem
as a convex optimization problem, we employ the approach
described in [18]. First, the objective function is rewritten as
the difference of concave functions as Rym(Pg) = f(Pg) —
g(Pg), where

K

fPe =" > log, (P,'ﬂfz wal? + 02

k=1 l’lENk

+ @G Z PEINT, , wy| ) (30)

N-1
g(Pe) = ) log, (PEIET WAl + 02) GD)
n=0

Next, the objective function Rym(Pg) = f(Pg) — g(Pg) is

approximated by using a first-order approximation of g(Pg).

Subsequently, the optimization problem is expressed as
(P3): max f(Pg) - g(Pp) - Vg' (P) - (Pg — Pp)

N-1
D PE < Pras, 0 PE < Ppeac Vi, (32)
n=0

where PY, € CV*! is any vector satisfying the constraints and

Vg" (Pg)
_ L If2 wol? £, Wil (33)
In2 | PEIfTwo2 " PE_IfT who)?

Problem (P3) is concave and solvable via the solver
CVXPY [19]. Although an iterative approach that updates
Pg in (32) may provide a better solution, a one-shot solu-
tion can provide satisfactory performance according to our
preliminary simulation results.

4.3  Power Allocation for Information Transmission

We determine the transmission power allocation parameters
{1} for users when {w,}, {PE}, and {N;} are provided.
The problem of determining the allocation parameters {a;, x }
can be expressed as

K
(P max 33 log, (1 +an,kG;’k)
k=1 ne Ny
s.t. Z i =1, ang >0, Vn, k, (34)
neNg
where

N-1
an—o PE |h Wn’|2

= G- 35
ok 1’,‘15|1’5vvn|2+ffz2 " )

’

This problem can be solved using the water-filling algorithm.
Therefore, the solution of (P4) is given by
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1

n,k

Un.k = [Vk -

where the water level vy is calculated numerically to satisfy
the constraints in (P4).

4.4 Sub-Band Allocation for Information Transmission

We consider determining the sub-band allocation { N }. Be-
cause information transmission can be considered an uplink
OFDMA transmission, we can exploit the concept of a sub-
band allocation algorithm for uplink OFDMA in [20]. The
key concept of the algorithm is to allocate the nth sub-band
to the kth user with the highest transmission rate as

(P5): k =arg max {logy(1 + an Gy, 1)} 37)

where the transmission rate log, (1 + @, G/, ,,) is obtained
by allocating all unallocated sub-bands to the k’th user. To
adopt criterion (37) in our system, we require further as-
sumptions. To compute the transmission rates, we require
{ank} {G;,k}, {w,} and {PE}, as shown in (35). Here, we
assume that PE are identical for all n. To obtain {w,, }, we use
Algorithm 1 under the assumption of equal power allocation
for @, k. Subsequently, we refine {a,, x } using (36) and allo-
cate sub-bands to users based on (37) until all sub-bands are
allocated. The resulting algorithm for sub-band allocation is
summarized in Algorithm 2.

4.5 Summary of Transmitter Design

The BF design and resource allocation described above are
performed according to the following steps.

Stepl) Determine {Ny} using Algorithm 2.
Step2) Initialize PE = Pax /N, @ni = 1/|Ni| Vi, k.

Algorithm 2 Sub-band Allocation Algorithm

1: N={0,1,..., N-1},N=0,N.=0,Vk
2: PE = Pmax/N, VYn

3: for k =1to K do

4 ay =1/N,Vn

5 Determine {w,, x } using Algorithm1

6:  Determine {G}/’l,k} using (35)
7

8

: end for 3
: while 3X_ [Nk =N do
9: for k =1to K do

10: N =N, Wy =W, i, Vn

11: Determine { @y, x } using (36)

12: end for

13: for n € N do

14: if 7,1 =1log, (1+ “n,kG;l,k) =0, Yk then
15: N=~N+{n}

16: else

17: k:argnll(z}x{rn’k/},/\N/k = Ni + {n}

18: end if

19: end for

200 N=N,N=0
21: end whi~le
220 N = Ni
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Step3) Using {PE}, {an.x}, { Nk}, determine {w,}
using Algorithm 1.

Step4) Using {w,,}, {@n.x }, {Ni}, determine {PE}
by solving (P3).

Step5) Using {w,}, {PE}, {Nk}, determine {a@, 1}
by solving (36).

The computational complexity of Steps 1, 3, 4, and 5 are
O(K(N*MZ + NM3)), O(N*M? + NM3), O(N?) [18], and
O(N’Mr), respectively. Note that the proposed design
method can only provide suboptimal solutions. However,
simulations in the next section validate that the suboptimal
solutions can provide satisfactory performances.

5. Simulation Results

We evaluated the performance of the proposed system us-
ing computer simulations. Unless otherwise stated, the
simulation settings were as follows: The number of sub-
bands was N = 16, the number of transmit antennas of
the ET was Mt = 5, the number of users was K = 2,
the energy-conversion efficiency was n = 0.6 [21], the
maximum transmit power of the ET was Pp,x = 40dBm,
the maximum transmit power per sub-band of the ET was
Ppeak = 8Pmax/N, the loopback gain of the user was —10 dB,
the noise power was 0'22 = —90dBm, the distance attenua-
tion was (c/4n f.)>d**, where c is the speed of light, d is
the distance, and the carrier frequency was f. = 900 MHz.
The Rayleigh fading channels were modeled as linear FIR
filters with a 6 tap exponentially decaying power profile. The
locations of the ET, users, and IR are shown in Fig.2. The
ET and IR were located at (—6 m, 0 m) and (6 m, 0 m), respec-
tively, and the users were uniformly distributed in a circle
with the center (xy,0) and radius 3m. Except for Fig.8,
we set xy = 0. The average sum rates were obtained from
10° simulation trials in which each trial had an independent
channel realization.

First, we confirmed the convergence of the GPI algo-
rithm because convergence cannot be ensured analytically.
Figure 3 shows convergence characteristics for Mt = 2,5,
and 10. The GPI algorithm converged after about 10 itera-
tions for any number of antennas.

Next, we evaluated the performance of the proposed BF
method. Figure 4 shows the sum rate characteristics for vari-
ous BF methods as a function of the number of antennas Mt
at the ET. “EH maximization BF”’ maximized the harvested
power in Eq.(4), which was obtained using a normalized
eigenvector corresponding to the largest eigenvalue of the
matrix derived from (4). “Interference Nulling BF” com-
pletely canceled the interference at the IR, i.e., ffw, = 0
for Mt > 2. When no BF was performed (labeled as “w/o
BF”), we set w, = 1/4/M7[1,...,1]. For “w/o BF” and
“Interference Nulling BF,” the sum rate did not increase as
the number of antennas increased because they did not con-
sider the sum rate improvement. For “EH maximization BF,”
the sum rate increased as the number of antennas increased.
However, owing to the significant influence of interference,
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its performance was not even comparable to that of “Interfer-
ence Nulling BF.” The proposed method also increased the
sum rate as the number of antennas increases and achieved
a higher sum rate than the other methods. This is because
the proposed method determines BF by considering both
interference suppression and efficient energy transmission.
Next, we considered power allocation at both the ET and
users. Figure 5 shows the sum rates of the power allocation
methods as a function of the maximum transmission power
of the ET, where “Equal Power Allocation” was the case in
which PE = Py /N and @, ;. = 1/|Ni|,Vn, k. The sumrates
of both methods increased with increasing Pp,x because the
BF at the ET considerably suppressed the interference at
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the IR. The proposed method had a higher rate at any Ppax
than “Equal Power Allocation” owing to appropriate power
allocation.

Next, we considered sub-band allocation methods. Fig-
ure 6 shows the sum rate characteristics with respect to the
number of the users, where “Fixed Sub-band Allocation”
was the case in which the sub-bands allocated to the kth
user were n = (k— 1)+ iK,i = 0,1,...,|[N/K — 1|. When
K =1, the proposed method was identical to a fixed allo-
cation because no sub-band allocation was performed. The
performance difference between the proposed method and
fixed allocation increased as the number of users increased.
This is because an increase in the number of users provides
multi-user diversity, which utilizes combinations of users
and sub-bands with favorable channel conditions.

Next, we considered the effect of the transmission power
constraint per sub-band at the ET. Figure 7 shows the sum
rate characteristics with respect to the transmission power
constraint per sub-band Ppe.x, where “Equal Power Allo-
cation at ET” was the case in which P,I;: = Pnaxx/N. By
increasing Ppeax, the power could be allocated intensively to
a few specific sub-bands as long as the maximum transmit
power was not exceeded. The figure shows that the sum rate
improvement using the proposed method increased with an
increase Ppeak. This result indicates that to improve the sum
rate, a few specific sub-bands, rather than all the sub-bands
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in energy transmission, should be used. However, such a
large power allocation to a few sub-bands is not always pos-
sible in practical scenarios because it might violate the legal
constraints of the transmit power [22].

Next, we considered the effect of the locations of users.
Figure 8 shows the sum rates when the x-coordinate xy of
the center of the circle in which the users existed changed.
The sum rate had a minimum at xy = 0 and was symmetric
around xy = 0 for any Pp,x. Therefore, it is preferable for
users to move toward either ET or IR. This is not the case
when using an HAP in which both ET and IR are collocated.

Finally, we compared the proposed FD WPCN with
the HD WPCN designed using the proposed method with
f, = 0 and g, = 0. Figure 9 shows the sum rates as
a function of the time allocated for energy transmission 7
where the sum rate of the HD WPCN was obtained using
Y Zhen (1= ) logy(1 + =yux) and My = 2. Unlike
the analytical results for the high-SNR regime in Sect. 3, the
transmission rate of the HD WPCN depended on 7 because
the SNR was not sufficiently high in the simulation setup.
The results show that the proposed FD WPCN exhibited a
higher sum rate than the HD WPCN, regardless of 7 even in
the moderate-SNR regime.
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6. Conclusion

This paper has investigated an OFDMA-based multiuser FD
WPCN system with BF. We proposed a sum rate maximiza-
tion design method that determines the BF and transmit
power allocation at the ET, as well as the transmit power
and sub-band allocation of each user. The analytical re-
sults demonstrated the superiority of the FD WPCN over the
HD WPCN in the high-SNR regime. The simulation results
showed that the proposed transmitter design is effective in
improving the sum rate even in a moderate SNR regime.
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