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Fairness-aware transmitter design for OFDMA-based full-duplex wireless

powered communication networks

Keigo Hirashima' and Teruyuki Miyajima (='!-®

Abstract This letter introduces a transmitter design algorithm that priori-
tizes user fairness for OFDMA-based full-duplex wireless powered commu-
nication networks. In the energy transmitter, beamforming is determined
to efficiently transmit energy signals to user terminals while minimizing
interference to the information receiver, and the transmit power is allocated
according to a proportional fairness criterion. In user terminals, subbands
are allocated based on minimum rate maximization for information trans-
mission using the harvested power. The simulation results demonstrate that
the proposed design algorithm achieves superior user fairness compared to
the conventional sum-rate maximization algorithm.
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1. Introduction

Future Internet of Things (IoT) networks must support nu-
merous energy-constrained communication terminals with
high energy efficiency. Wireless energy transmission (WET)
using radio frequency (RF) signals, which efficiently and
wirelessly supply energy to communication terminals, is
a promising technology for IoT networks [1]. Wireless
powered communication networks (WPCNss) have been ex-
tensively investigated as WET-enabled communication sys-
tems. In WPCNSs, a user terminal harvests energy from an
RF signal transmitted by an energy transmitter (ET) and uses
the harvested energy for wireless information transmission
(WIT) to an information receiver (IR) [2].

Most conventional WPCNs employ half-duplex transmis-
sions based on the harvest-then-transmit protocol to perform
WET and WIT in the same frequency band [3]. However,
such half-duplex WPCNs suffer from spectral-efficiency loss
because the user terminals cannot transmit information dur-
ing the WET phase. Full-duplex WPCNs (FD WPCNs) have
been considered to improve the spectral efficiency of half-
duplex WPCNs [4], in which WET and WIT are performed
simultaneously. A critical problem with FD WPCNs is that
the signals sent by the ET to the user terminals for WET in-
terfere with the signals sent by the user terminals to the IR for
WIT. In [5], it was demonstrated that transmit beamforming
(BF) using multiple antennas at the ET was effective in sup-
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pressing interference. However, the BF technique assumes
a single-user system and cannot be applied to multi-user
systems. In [6], multiple users were accommodated using
orthogonal frequency-division multiple access (OFDMA),
which has been widely used in narrowband IoT networks ow-
ing to its low complexity and efficient spectrum utilization in
frequency-selective channels. OFDMA is also preferable for
WPCNs because of its spectrum resource usage flexibility to
meet power spectral density (PSD) requirements for safety
and interference avoidance [2]. Although it is crucial to mit-
igate the interference from the ET to the IR, specific methods
for suppressing it have not been described in [6]. In [7], an
OFDMA-based multi-user FD WPCN utilizing a BF at the
ET for interference suppression was considered, and a trans-
mitter design algorithm that maximized the sum rate was
proposed. However, the transmitter design allocates more
resources to users with favorable channel conditions, result-
ing in unfair resource allocation among users. In WPCNs,
the user fairness issue is more critical because users far away
from ET and IR suffer from lower throughput than those in
the vicinity, i.e., doubly near-far problem [2]. Thus, it is
essential for WPCN s to enhance user fairness.

Some studies have been conducted on fairness-aware
transmitter designs for multi-user WPCNs [8, 9]. In [8],
three power and time allocation criteria were considered to
achieve rate fairness. In [9], proportional-fairness-based re-
source allocation outperformed sum rate maximization in
terms of fairness performance. However, despite the useful-
ness of OFDMA and FD transmission for WPCN, as shown
in [7], previous studies have not employed them.

In this letter, we propose a transmitter design algorithm
that considers user fairness in OFDMA-based multi-user FD
WPCNs [10]'. Inthe proposed algorithm, the BF at the ET is
determined for efficient WET and interference suppression,
and the transmit power at the ET is allocated to subbands
based on the proportional fairness criterion. In addition,
the subband allocation at the user terminals was determined
based on the minimum rate maximization [11].

2. System model
Figure 1 depicts an OFDMA-based FD WPCN system con-

sisting of an ET, K users, and an IR. The ET transmits energy
signals to users using N subbands. Each user operates in

I'n [10], we only outlined the power allocation method. In this
letter, we describe the entire transmitter design algorithm in
detail and presents more numerical results.
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Fig.1 OFDMA-based FD WPCN system.

FD mode to harvest energy from its received signal and
transmit its information data to the IR using the harvested
energy simultaneously. The IR receives signals from users
and detects their information. The ET uses M transmitting
antennas, and the IR uses a single receiving antenna. Each
user uses a single transmitting antenna and receiving an-
tenna. We assume perfect knowledge of all channels, which
are frequency-selective.

The ET sends a random signal u, in the nth subband
for energy transmission, which is preferable because of its
lower PSD [2]. Its transmitted signal in the nth subband is
expressed as x \/_ W, u,, where PE is the transmission
power of the ET and w, € CMrx! is the BF vector in the nth
subband. We assume that E[u,u,,] = 1 for n = n’; other-
wise, 0, and ||w,|| = 1,Vn. The total transmit power of the
ET can then be expressed as Y, ' E [|IxE|?] = 22! PE.

Let N, denote the set of subbands allocated to the kth
user. The kth user sends the data symbol v, in the
nth subband. Its transmitted signal in the nth subband is

xr[ik = /Pr[l{kvn,k, n € N, where P}ik is the transmit power
of the kth user in the nth subband. We also assume that
E[vn,kv;‘l,’k,] =1 forn = n’ and k = k’; otherwise, it is
0. The total transmit power of the kth user can then be ex-
pressed as 3, cn, P, . The harvested power of the kth user

is expressed as follows

N-1
PEH =n (Z P5|h£’kwn|2 + Z P,[iklgn,klz s (D
n=0 neNg

where h,, ; € CM™! s the channel from the ET to the kth
user in the nth subband, §, x € C is the loopback channel
of the kth user in the nth subband, and 7 is the energy-
conversion efficiency. Eq. (1) implies that each user har-
vests energy from the signal transmitted by the ET and its
own transmitted signal. Note that the reception of its own
transmitted signal acts as energy self-recycling rather than
self-interference. We assume that each user uses all the
harvested power for data transmission. Subsequently, the
relationship 3, e, PU = P]];:H holds true. From this re-
lationship, the transmlt power of the kth user in the nth
subband is expressed in closed form as

ZN—I P |h wn’|2
1- nlgn,kP

P = ank )
where the power allocation parameter @, € Ris introduced
instead of PU , subject to @y > 0and ¥, e, @k = 1.
The IR recelves information signals from each user and
interference from the ET. Assuming that the signals from
the ET and users arrive at the ET within a cyclic prefix
interval, the received signal of the IR in the nth subband is
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given by

— ’ U T
- Pn’kgn,k Un,k + Pr}lzfn Wiy + n, N (S Nk, (3)

where g, r € C is the channel from the kth user to the IR
in the nth subband, f, € CMrx! ig the channel vector from
the ET to the IR in the nth subband, and z,, is the additive
white Gaussian noise in the nth subband at the IR. In (3),
the first term is the desired data component of the kth user,
and the second term is the interference component that must
be suppressed. From (2) and (3), we obtain the signal-to-
interference-plus-noise ratio (SINR) for the kth user in the
nth subband of the IR as follows:

N-1
Uk 2 =0 PE |h Wn’|2

- Gk 4
Yn.k PEIf,anlz N 0'12 n,k “4)
where G, = %, The achievable user rate for the
kth user is given by:
Re= )" logy(1+yuk). (5)
neNy

3. Transmitter design

The purpose of the transmitter design is to determine the
variables {w,}, {PE}, {@n.«}, and {Ni}. Determining the
optimal variables is cumbersome because the variables are
coupled. In the proposed algorithm, we take the approach
of determining each variable separately.

First, we determine the power allocation {P,lf‘} at ET when
{wn}, {@n.r}, and {Ny} are given. To ensure user fairness,
we employ a proportional-fairness-based power allocation
that maximizes the sum of the logarithms of the user’s rate
Ry.. The power allocation problem for PE can be formulated
as

maﬁ kz log(Ry) s.t. Z P < Phaxs P,]:: >0,Vn, (6)

where Py is the maximum transmission power at the ET.
Because of the existence of PE in the denominator of 1y, x
in (4), the problem (6) is nonconvex, making it difficult to
solve. To solve this problem, we assume that the interference
can be sufficiently suppressed by an appropriate BF, that is,
|f£wn |> ~ 0. Then, the problem (6) can be reformulated as

K a’nkZ/— PE|h Wn|2
max log{ZIng (1+ w0 5 ok Gk

E
P i em Iz

N_
St PE < Pog, Py 2 0,Vn, @)

Problem (7) is concave and can be solved in a computation-
ally efficient manner using convex solvers, such as CVXPY.

Next, we determine the BF vector {w,} when {PEL},
{an i}, and {Ni} are given. The BF vector should suffi-
ciently suppress interference to hold the assumption made
in (7). To achieve this, we employ the SINR maximiza-
tion approach. Specifically, the problem solving for w,, is
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expressed as:

H
w, H,, W
max —— st wall=1Lne M. (8)
wn Wi F,wy,
where
N-1
E T E.7T 2
Hk = @n G | PER, (BT, + Z PEIR] Wi *Tasy
i=0
i#n
€ CMTXMT’ (9)
F, = PEET + 021y, € CMTMT (10)

Problem (8) cannot be solved directly because Hy,  in (9)
depends on w;(i # n). To avoid this dependence, we em-
pirically set w; = 1/y/Mtl in (9), where 1 = [1---1]T.
Subsequently, because problem (8) results in a generalized
eigenvalue problem, w,, which maximizes vy, x is given by

wn = -E{Hn,kaFn}, n € Nk9 (11)

where L£{A,B} denotes the normalized eigenvector corre-
sponding to the largest generalized eigenvalue of the matrix
pair (A, B).

Next, we consider determining the power allocation pa-
rameters {a,x} for users. When {w,}, {PF}, and {Ni}
are given, {@, x } can be determined independently for each
user. A reasonable strategy is to maximize Ry for {a,«},
which can be formulated as:

max Ry s.t. Z ank =1, apx > 0,Vk. (12)

{a'n,k } ne Nk
The water-filling algorithm can solve this problem, and its
solution can be expressed as:

Q@p k = max {O,yk - }, n e Ng, (13)

’
Gn,k
where the water level uy is chosen to satisfy the constraint
and N-1 pE |pT 2

SNV PEI, Wyl

! — ’
’ n’=0"n

T PRI W, 2 + o2

Finally, we explain the subband allocation {Nx}. When
{w,}, {PE}, and {a,, « } are given, the problem to be solved
is the same as the subband allocation problem in OFDMA-
based communication systems. Here, we employ the simple
subband allocation algorithm of [11], which maximizes the
minimum rate among users to ensure user fairness. Using
this algorithm, each user is allocated at least one subband,
and lower-rate users are allocated more subbands.

The proposed algorithm is summarized in Algorithm 1.
From steps 2 to 11, the tentative rates R,y are computed
by assuming that each user can use all subbands Ny = N,
and equal power allocations are applied PE = Py.x/N and
anx = 1/N. From steps 12 to 19, the subband allocation
{Nx} is determined by the algorithm in [11] using the tenta-
tive rates. In step 20, the BF vectors {w,,} are determined.
In step 22, the power allocation at the ET {PE} is deter-
mined under an equal power allocation of @y, r. In step 23,
the power allocation for users {a, «} is determined. Note

G- (14)
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Algorithm 1 Proposed Transmitter Design Algorithm

I: N ={0,1,...,N =1}, Ny = N,Vk, PE = Ppax/N,Vn,
apx =1/N,Vnk

2: for k =1to K do

3: forn=0toN-1do

4: Determine H,, ;. using (9) with w; = 1/VM7L,Vi # n
5: Determine w,, using (11) and set wﬁlk) =Wy,
6: end for

7. forn=0toN-1do

8: Determine G;l * using (14)

9: Ry i =logy(1 + an,kG;’k)

10: end for

11: end for

12: N = 0,Vk

13: for k = 1to K do

14:  Find n satisfying R, > Ry, x,Vm € N
> N =N +{n}, N=N-{n}, Re = Zpen, Ruk

15: end for

16: while N # 0 do

17:  Find k satisfying Ry < R;,Vl € {1,2,...,K}

18:  For the found %, find n satisfying R, = Ry i, YVm € N
SN =N +{n}, N=N—{n}, Rp = Zpnen, Ruk

19: end while

20: W = wh Vion e M

21: an k= l/lNkl,Vk,n € Nk

22: Determine PE by solving (7), Vn

23: Determine a,, x using (13), Vk,n € Nj

that we confirmed in our preliminary simulation that itera-
tively running this algorithm did not improve performance.
The computational complexity of the proposed algorithm is
dominated by the computation of the BF vector w,, in steps
2-11, which is O(NK M)

4. Simulation results

We evaluated the performance of the proposed transmitter
design algorithm by comparing it with that of the sum rate
maximization (SRM) design algorithm in [7]. The sim-
ulation settings were as follows: N = 16,Mt = 5, =
0.6, Pax = 40 dBm, the loopback gain of users was —10 dB,
and the noise power of z, is o'z2 = —90 dBm. The dis-
tance attenuation was (c/4x f.)>d~>*, where c is the speed
of light, d is the distance, and the carrier frequency was
fe =900 MHz. The ET and IR were located at (—6 m,0 m)
and (6 m,0 m), respectively, and the users were uniformly
distributed in a circle centered at the origin and with a radius
3 m. The Rayleigh fading channels were modeled as linear
FIR filters with a 6 tap exponentially decaying power profile.
To evaluate the user fairness, we defined the fairness index
(ZK | Ri)?
KT Ry
channel realizations.

Figure 2 shows fairness performance comparisons as a
function of the ET transmission power Py, for two cases of
K. The fairness index of the proposed algorithm increases
with Ppax, whereas that of SRM does not increase for a larger
Pmax- The proposed algorithm provides superior fairness
performance compared to the SRM in both cases.

Figure 3 illustrates the effect of the number of users on the
fairness index. We observed that the fairness index of SRM

as . The simulation results were averaged over 103
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significantly decreased as the number of users increased,
whereas the proposed method maintained a higher fairness
performance.

Figure 4 shows the cumulative distribution functions
(CDF) of user rates Ry for two cases of K. In the pro-
posed algorithm, Rys are distributed within a narrow range,
whereas in SRM, Rys are distributed over a wide range.
Furthermore, in the SRM, 20% of the users have a rate of
0 bps/Hz for K = 8 and 50% for K = 16. These results

IEICE Communications Express, Vol.13, No.6, 227-230

show that the proposed algorithm has higher user fairness
than SRM.

Figure 5 presents a sum-rate performance comparison as
a function of the number of users. The sum rate of SRM is
higher than that of the proposed algorithm for any number
of users, except K = 1. The performance difference is up to
11 bps/Hz at K = 8 and decreases when the number of users

is small or large.

5. Conclusion

In this letter, we proposed a transmitter design algorithm
that considers user fairness in OFDMA-based multi-user
FD WPCNs. The proposed transmitter design achieved high
user fairness by preferentially allocating resources to users
at lower rates. The simulation results showed that the pro-
posed method has higher user fairness than the sum-rate
maximization algorithm at the expense of a slight sum-rate
degradation.
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