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Abstract— In this paper, we study a wireless powered communication network (WPCN) in a general N -user interference
channel (IFC), where a hybrid access-point (H-AP) in each cell
supports its corresponding user. In this multi-cell environment,
the H-AP first sends the energy signal to charge users in the
downlink (DL) phase, while in the subsequent uplink (UL) phase,
each user transmits its information signal to the corresponding
H-AP utilizing the previously harvested energy. For the WPCN
in this IFC scenario, cross-link interference occurs due to asynchronous time allocation of the DL and the UL among N cells
which significantly affects the overall performance. To handle
the interference issue efficiently, we jointly optimize the DL and
UL time allocation of each cell as well as the transmit power
allocation at the H-APs and the users so that the weighted
sum-rate of UL information transmission is maximized. To tackle
non-convexity of the weighted sum-rate maximization problem,
we propose an iterative algorithm where the time allocation and
the transmit power are updated based on the weighted minimum
mean square error criteria and the gradient projection method,
respectively. Furthermore, we consider two simple protocols
where the DL time allocation of each cell is synchronized and
present resource allocation method, respectively. In simulation
results, we verify that the proposed algorithm for the asynchronous protocol outperforms conventional schemes.
Index Terms— Wireless powered communication networks,
interference channels, sum-rate maximization.

R

I. I NTRODUCTION
ECENTLY, energy harvesting (EH) techniques have been
regarded as one of promising alternatives of traditional
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energy sources because of the potential of energy supplies.
Especially, the EH based on radio frequency (RF) signals
has attracted an enormous amount of attentions, and many
researchers have studied RF EH methods for wireless communication networks [2]–[12]. There are two main streams
in such technologies, which are simultaneous wireless information and power transfer (SWIPT) [2]–[7] and wireless
powered communication network (WPCN) [8]–[14]. In the
SWIPT, wireless energy transfer (WET) and wireless information transmission (WIT) are simultaneously conducted in
the downlink (DL). In particular, the SWIPT in interference
channels (IFC) was considered in [3]–[7] where users in each
cell behave as either an information decoder or an energy
harvester.
On the other hand, in the WPCN, an energy access point
broadcasts the RF signals for the DL WET phase, and user
nodes harvest the energy to transmit the WIT signals in the
uplink (UL). The WPCN in a single cell scenario was studied
in [8]–[12]. The authors in [8] introduced the optimal power
allocation methods for sum-rate maximization in a single user
WPCN. For the multi-user WPCN, a successive interference
cancellation technique was applied for information decoding,
and precoding matrices were employed for the DL WET and
the UL WIT [9]. Also in [10]–[12], multiple access schemes
were adopted in the WIT to avoid interference. The work
in [10] developed a harvest-then-transmit WPCN based on
time division multiple access (TDMA), where the WET and
the WIT are carried out in a time division duplex (TDD) mode,
and presented a resource allocation scheme to maximize the
sum-rate. In addition, the WPCN systems with orthogonal
division multiple access and space division multiple access
were investigated in [11] and [12], respectively. Moreover,
the authors in [15] examined the required charging time for
sensors in the practical environments. However, different from
the SWIPT, it should be emphasized that most works on the
WPCN have been dedicated to a single cell scenario, and
the IFC has not been studied in the literature to our best
knowledge.
In this paper, we examine a WPCN in a general N -user
IFC where a hybrid-access point (H-AP) in each cell conducts
the WET and the WIT in the TDD mode.1 When the TDD
based WPCN is applied in the IFC, the WET and the WIT
1 In

[1], only two-user IFC was considered for the system model.
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operation in different cells may not be synchronized in general.
As a result, in a IFC setup, asymmetric time allocation among
N cells generates cross-link interference [16], and thus the
WET signal from a certain cell exhibits detrimental effects on
the information decoding at the other cells, whereas the WIT
signal provides additional energy sources to other harvesting
users. Therefore, the DL and UL operations should be jointly
taken into account for the WPCN in the IFC. Also, compared
to conventional single cell WPCN systems [10], in which the
optimal time allocation depends only on the channel gain of
users, for the WPCN in the IFC, inter-cell interference in the
DL and UL also needs to be considered when time and power
are allocated.
In such an asynchronous protocol, we propose a joint time
and power allocation method to maximize the sum-rate. Owing
to cross-link interference, the weighted sum-rate maximization problem becomes non-convex in general. To tackle this
problem, we provide an alternating algorithm [17] which first
optimizes power allocation utilizing the weighted minimum
mean square error (WMMSE) approach [18], [19], and then
computes time allocation based on the gradient projection
method [20].
Furthermore, we present two simple protocols where there is
no WET cross-link interference. First, a synchronous protocol
is studied where both DL and UL time synchronization is made
among N cells. In this case, although the weighted sum-rate
maximization problem is still non-convex, we provide a global
optimal solution. To be specific, we fix the DL time allocation
and obtain the corresponding power allocation by applying the
outer polyblock approach [21] to achieve the global optimality
in IFC. Then, the DL time allocation problem can be solved
by a simple one-dimensional search method.
Next, we consider a time division multiple access (TDMA)
based protocol which can be regarded as an extension of a
single cell system in [10]. In this case, due to the absence
of interference in the UL, the weighted sum-rate maximization becomes a convex problem, and thus we readily find
a closed-form solution for time allocation. From simulation results, we demonstrate that the proposed algorithm for
the asynchronous protocol outperforms conventional schemes
which allocate time and power independently in each cell.
The remainder of this paper is organized as follows:
Section II introduces a WPCN in a general IFC setup
and formulates the weighted sum-rate maximization problem. In Section III, we provide time and UL power allocation methods for the asynchronous protocol. Subsequently,
in Section IV, two simple protocols are presented, and the
optimal solution is provided. Then, we evaluate the average
sum-rate performance of the proposed methods in Section V.
Finally, the paper is ended with conclusion in Section VI.
Throughout this paper, bold and normal letters represent a
vector and a scalar, respectively. Also, (·)∗ and (·)T indicate
complex conjugate and transpose, respectively, and ēi denotes
a vector with its ith element being 1 and all other elements
being 0. In addition, 0 represents the all-zero vector and x ≤ y
means a component-wise inequality for any two real vectors
x and y.
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Fig. 1.

Schematic diagram for the WPCN in a N -user IFC.

II. S YSTEM M ODEL AND P ROBLEM F ORMULATION
As shown in Figure 1, we consider a WPCN in a N -user
IFC where the jth H-AP (j = 1, 2, · · · , N ) is intended to serve
one user in cell j. The H-APs first broadcast the WET signals
to charge the users in the DL, and then the users transmit
the WIT signal to the corresponding H-AP in the UL. It is
assumed that all the H-APs and the users are equipped with a
single antenna and operate in the same frequency band.
Note that the WIT interference signals in the UL from
other cells degrade performance of the information rate at
the H-APs, while the WET interference signals in the DL
coming from the other cells help the users to harvest additional
energy. This is quite different from traditional communication
systems, where the interference signal reaching at unintended
users usually deteriorates the performance.
In this paper, we adopt the harvest-then-transmit protocol
where each H-AP conducts the WET in the DL and the WIT in
the UL in a TDD manner, as described in Figure 2. We assume
that the total operation time for one system block is equal to
one and denote the time durations of the DL and the UL for
cell j as τj and 1 − τj , respectively. Without loss of generality,
we consider τ1 ≤ τ2 ≤ · · · ≤ τN 2 for the asynchronous
protocol.
A channel estimation procedure for the WPCN system can
be executed prior to the WET phase in Figure 2 by utilizing
mutually orthogonal pilot symbols at each cell and the MMSE
estimate [22]. Although this channel estimation procedure is
2 In general, we should take into account all possible N ! cases of different
cell ordering. However, throughout this paper, we concentrate on the case
τ1 ≤ τ2 ≤ · · · ≤ τN , since a similar derivation can be obtained for other
cases. Then, a final solution is chosen as the one with the greatest sum-rate
value among N ! cases.
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Illustration of the WET and WIT operation in each cell.

crucial for practical implementation, considering the pilot
transmission power and the channel estimation time interval is
beyond the scope of this paper and thus omitted. In addition,
global channel state information (CSI) and channel reciprocity
are assumed for every cells.
The asynchronous protocol can be divided into N + 1
intervals as illustrated in Figure 2. In the first interval 0 ≤ t ≤
τ1 , all H-APs execute the WET in the DL, and the users collect
the energy from the WET signals. Let us define the UL channel
between H-AP j and user i as hi,j for i, j = 1, 2, · · · , N .
Then, due to channel reciprocity, the DL channel becomes
h∗i,j . Denoting riuser [n] as the received signal of user i in the
nth interval (n = 1, · · · , N ), the received signal of user i
during the first interval is given by
riuser [1]

k=1

where pd,j [n] and xd,j [n] stand for the DL transmit power and
the independent WET signal with E[|xd,j [n]|2 ] = 1 at H-AP
j in the nth interval, respectively, and ziuser [n] indicates the
complex Gaussian noise at user i.
Then, the amount of the harvested energy Ei,1 at user i
during the first interval can be written by
Ei,1 = ητ1

⎜
⎜
log ⎜1+
⎝

pd,k [n]|hi,k |2 , ∀ i,

(1)

where η represents the conversion efficiency of the EH process.
For simplicity, we ignore the noise power in (1), since it is
negligible compared to pd,j [n] in practice [2].
Unlike the first interval, cross-link interference occurs in
the following nth interval (n = 2, · · · , N ), as H-AP j
(j = n, n + 1, · · · , N ) still carries out the WET operation in
the DL, whereas the remaining H-AP j (j = 1, 2, · · · , n −
1) receives the WIT signals transmitted from users i
(i = 1, 2, · · · , n − 1). Defining rjH-AP [n] as the received signal
of H-AP j (j = 1, 2, · · · , n − 1) in the nth interval, rjH-AP [n]
is expressed by
n−1


√
= pu,j [n]hj,j xu,j [n] +

√
pu,k [n]hk,j xu,k [n]

k=1, k=j





pu,j [n]|hj,j |2
n−1

σ2 +



N

pu,k [n]|hk,j |2 +

⎟
⎟
⎟.
⎠
βpd,k [n]|gj,k |2

k=n

Meanwhile, user i (i = n, n+1, · · · , N ) still harvests energy
in the nth interval. Therefore, the received signal at user i in
the nth interval becomes
riuser [n]

N
n−1


√
∗
=
pd,k [n]hi,k xd,k [n] +
k=1, k=i

k=n



√
user
pu,k [n]gi,k
xu,k [n]




cross-link WIT interference



user
where gi,k
indicates the channel coefficient between user i
and user k. Accordingly, the amount of the harvested energy
at user i in the nth interval can be written by

⎛
⎞
N
n−1


user 2⎠
pu,k [n]|gi,k
| ,
Ei,n = η(τn −τn−1 )⎝ pd,k [n]|hi,k |2+





(4)

Note that the total harvested energy at user i is now given by
i
Ei  n=1 Ei,n .
For the last (N +1)th interval τN ≤ t ≤ 1 where all the users
carry out the WIT operation, the received signal at H-AP j,
∀j, in the (N + 1)th interval is derived as
rjH-AP [N +1] =

√
pu,j [N +1]hj,j xu,j [N +1]
N


+
(2)

k=1, k=i

k=n

for i = n, · · · , N.

WIT Interference
N


+
βpd,k [n]gj,k xd,k [n] +zjH-AP [n],
k=n

(3)
⎞

+ ziuser [n], for i = n, · · · , N,

k=1

rjH-AP [n]

Rj [n] = (τn − τn−1 ) ×
⎛

k=1, k=j

N

√
=
pd,k [1]h∗i,k xd,k [1] + ziuser [1], ∀ i,

N


respectively, β is the attenuation factor related to the WET
signal cancelation which will be described later, gj,i accounts
for the channel coefficient between H-AP j and i, and zjH-AP [n]
represents the complex Gaussian noise at H-AP j with zero
mean and variance σ 2 . Here, it is worth mentioning that there
are two different types of interference, i.e., WIT interference
and cross-link WET interference in equation (2).
Since the WET signals {xd,j [n]} do not carry any information, we can pre-determine {xd,j [n]} as an arbitrary random
variable so that it can be shared among H-APs as in [3]
and [6]. Exploiting this cooperation, each H-AP can cancel
the cross-link WET interference in (2), and the amount of cancelation depends on the level of knowledge of {xd,j [n]}.3 We
model this by multiplying the attenuation factor β (0 ≤ β ≤ 1)
√
on pd,j [n]gj,i xd,j [n] in (2). Consequently, the achievable
information rate Rj [n] at H-AP j (j = 1, · · · , n − 1) in the
nth interval is obtained as

k=1,k=j



√
pu,k [N +1]hk,j xu,k [N +1] +zjH-AP [n].




WIT Interference

cross-link WET Interference

where pu,i [n] and xu,i [n] equal the UL transmit power and the
WIT signal with E[|xu,i [n]|2 ] = 1 of user i in the nth interval,

3 If the WET signal can be fully shared among H-APs, then cross-link WET
interference can be perfectly canceled β = 0. Otherwise, we have 0 < β ≤ 1.
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Subsequently, the achievable rate Rj [N +1], ∀j, in the
(N + 1)th interval is expressed as
⎞
⎛
⎜
⎜
Rj [N +1] = (1−τN )log⎜1 +
⎝

⎟
pu,j [N +1]|hj,j |
⎟
⎟.
N
⎠
σ2 +
pu,k [N +1]|hk,j |2
2

we can reformulate problem (5) into the equivalent WMMSE
problem as
N
+1 n−1



min

{Wi,n },{Ui,n },
{qu,i [n]},{qd,j [n]} n=2 i=1

(6)

k=1, k=j

Then, the total achievable rate of user i is now equal to
N +1
Ri  n=i+1 Ri,n .
In this paper, we jointly optimize the time allocation {τn },
the DL power allocation {pd,j [n]}, and the UL power allocation {pu,i [n]} to maximize the weighted sum-rate performance.
The weighted sum-rate maximization problem can be formulated as
max

R ({τn }, {pu,i [n]}, {pd,j [n]}) 

{τn },
{pu,i [n]},{pd,j [n]}

N N
+1



ψi Ri [n]

i=1 n=i+1

(5)
s.t.

N
+1


(τn − τn−1 )pu,i [n] ≤ Ei , ∀ i,

(5a)

n=i+1

pd,j [n] ≤ ppeak,j , ∀ j, and n = 1, 2, · · · , j,

(5b)

τ1 ≤ τ2 ≤ · · · ≤ τN ≤ 1, τ0 = 0, τN +1 = 1,
where ψi is used to exhibit the priority of user i in the
system, (5a) represents the UL transmit power constraint that
users cannot use more energy than the harvested energy Ei ,
and we impose the peak power constraint (5b) at each H-AP
as in [23].4 Note that due to non-convexity of the objective
functions and the EH constraint (5a), it is not straightforward
to find an optimal solution for problem (5). In the following
section, we propose optimization methods to obtain a local
optimal solution for problem (5).
III. J OINT T IME AND P OWER ALLOCATION FOR THE
A SYNCHRONOUS PROTOCOL
In this section, we identify a local optimal solution for the
weighted sum-rate maximization problem in (5) by optimizing
{τn } and {pu,i [n], pd,j [n]} in an alternating fashion. Specifically, we update {pu,i [n], pd,j [n]} with given {τn } using the
WMMSE approach [18], and {τn } is computed with fixed
{pu,i [n], pd,j [n]} based on the gradient projection method [24].
A. Power Allocation for Given Time
We first find a power allocation solution with given {τn }.
In order to make problem (5) tractable, we introduce the
energy variable as qd,j [n] = (τn − τn−1 )pd,j [n] (∀j and
n = 1, 2, · · · , j), and qu,i [n] = (τn − τn−1 )pu,i [n] (∀i and
n = i + 1, · · · , N + 1). Then, denoting {Wi,n } and {Ui,n } (∀i
and n = i + 1, · · · , N + 1 as a positive weight variable and
the MMSE receiver of user i in the nth interval, respectively,
4 In general, H-APs are assumed to have enough energy to transmit signals.
Thus we omit the average power constraint for the sake of brevity, and
consider the practical peak power constraint [10], [12]. However, we briefly
introduce a method of an extension of our proposed solution when the average
power constraint is considered and provide the simulation result which shows
the impact of it in Section III-A and Section V, respectively.

ψi (τn −τn−1 ) (Wi,n ei,n −log Wi,n )

N
+1


s.t.

qu,i [n] ≤ Ei , ∀ i,

(6a)

n=i+1

qd,j [n] ≤ (τn −τn−1 )ppeak,j , ∀j and n = 1, 2, · · · , j, (6b)
where ei,n ({Ui,n }, {qu,i [n]}, {qd,j [n]}) (∀i and n = i +
1, · · · , N + 1) represents the mean square error as [18]
ei,n ({Ui,n }, {qu,i [n]}, {qd,j [n]})
√

2 n−1
∗
∗
  √qu,k [n]Ui,n
 qu,i [n]Ui,n

hi,i
hk,i 2




= √
− 1 +
 √τn − τn−1 
τn − τn−1
k=i

2
N 
∗


 βqd,k [n]Ui,n gi,k 
+
 √
 + σ 2 |Ui,n |2 .

τn − τn−1 

(7)

k=n

It is worth noting that the objective function of problem (6) is convex over each of the optimization variable
{Wi,n }, {Ui,n }, and {qu,i [n], qd,j [n]}. Therefore, we can adopt
the block coordinate descent method by sequentially fixing two
of the three variables and updating the remaining one. Thus,

}
we can obtain the locally optimal MMSE receiver {Ui,n

and the weight {Wi,n } for problem (6) by deriving the zero
gradient conditions as

Ui,n

(8)

√
√
qu,i [n]hi,i / τn − τn−1

=
qu,i [n]|hi,i |2
τn −τn−1

+


=
Wi,n

n−1

k=i
−1
ei,n ,

qu,k [n]|hk,i |2
τn −τn−1

N

+

k=n

βqd,k [n]|gi,k |2
τn −τn−1

,
+

∀ i, and n = i + 1, · · · , N + 1.

σ2
(9)


{Wi,n
}

By plugging the weight
in (9) and the MMSE

receiver {Ui,n
} in (8) into the objective function in (6),
the equivalence between problems (5) and (6) can be easily
verified. Due to this equivalence, optimizing {qu,i [n], qd,j [n]}
(or equivalently {pu,i [n], pd,j [n]}) of the weighted sum-rate
maximization problem in (5) can be accomplished through the
WMMSE problem in (6) with a much more efficient manner.


[n], qd,j [n]} with given
Next, in order to calculate {qu,i


{Wi,n } and {Ui,n }, we apply {Ui,n } in (8) and {Wi,n
} in (9)
to problem (6) which results in the following problem:
min

{qu,i [n]},{qd,j [n]}

s.t

f0 ({qu,i [n]}, {qd,j [n]})

(10)

(6a) and (6b),

where
f0 ({qu,i [n]}, {qd,j [n]})
 √
2
N
+1 n−1
 ∗



 qu,i [n](Ui,n
) hi,i



ψi (τn − τn−1 )Wi,n  √
− 1
τn − τn−1
n=2 i=1

2 



√
n−1
N 
 ∗
∗
  qu,k [n](Ui,n
) hk,i 2 
βqd,k [n]Ui,n
gi,k 


 +
+
√
 √
 .



τn − τn−1
τn − τn−1 
k=i

k=n
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Since problem (10) is convex and satisfies the Slater’s
condition, the strong duality holds for problem (10). Therefore, we exploit the Lagrange duality method to optimally
solve (10). The Lagrangian of problem (10) with constraint (6a) is given by
L({qu,i [n]}, {qd,j [n]}, {μi })
(11)
 N +1

N


= f0 ({qu,i [n]}, {qd,j [n]}) +
μi
qu,i [n] −Ei ,
i=1

n=i+1

where {μi } is the non-negative dual variable related to constraint (6a). The dual function G({μi }) is then written by
G({μi }) 
s.t.

min

{qu,i [n]},{qd,j [n]}

L({qu,i [n]}, {qd,j [n]}, {μi }) (12)

(6b).

To obtain the dual function G({μi }) in (12), we need to
identify {qu,i [n], qd,j [n]} which minimizes the Lagrangian (11)
subject to constraint (6b).5 Thus, by taking derivative with
respect to {qu,i [n], qd,j [n]} and equating the result to zero,
we have
⎛
⎞2
√


⎜
⎟
ψi τn − τn−1 Wi,n
Re{Ui,n
h∗i,i }
⎟ ,
qu,i [n] = ⎜
⎝n−1
⎠
N
user |2
 |U  h |2 +μ −η
ψs Ws,n
μs |gs,i
i
s,n i,s
s=n

s=1

(13)



(τn − τn−1 )ppeak,j , if q̃d,j [n] ≤ 0,
qd,j [n] =
0,
else,

(14)

where Re{·} stands for the real part of a complex number and
N


2
2
q̃d,j [n] = n−1
k=1 ψk βWk,n |Uk,n gk,j | − η
k=n μk |hk,j | .
From (13) and (14), the dual function G({μi }) with given
dual variables {μi } can be calculated.6 Then, the dual problem
is defined as max{μi } G({μi }) and we can efficiently solve this
problem by the ellipsoid method [25]. The sub-gradient νμi of
the dual function with respect to μi is expressed as νμi = Ei −
N +1


n=i+1 qu,i [n], ∀i. The optimal solution {qu,i } and {qd,j } for
problem (10) are then computed from (13) and (14), respectively, with the optimal {μi }. Finally, the process of calculat



}, {Ui,n
}, {qu,i
, qd,j
}
ing the locally optimal solutions {Wi,n
is repeated until the weighted sum-rate R ({qu,i [n]}, {qd,j [n]})
converges.
B. Time Allocation for Given Power


Once {qu,i
} and {qd,j
} are found, the time allocation solu
tion {τi } can be identified by applying the gradient projection
method. To this end, we adopt the change of variables as
5 Note that constraint (6b) is not included in the Lagrangian. This is because
if constraint (6b) is included, problem (12) will be a linear problem with
respect to {qd,j [n]} without any constraints, and this makes it difficult
to obtain an analytical expression of {qd,j [n]} which satisfies the KKT
condition.
j
6 When the average power constraint, i.e.,
n=1 (τn − τn−1 )pd,j [n] ≤
Pavg,j , is considered in the weighted sum-rate maximization problem (5),
the dual function can be easily found by simply extending our solution in (14). To be specific, denoting the condition in (14) as χj,n 
n−1
N


2
2
k=n μk |hk,j | , the Lagrangian can be
k=1 βWk,n |Uk,n gk,j | − η
minimized by allocating the peak power in an ascending order of χj,n until
all the average transmit power is assigned.







a = [a1 , a2 , · · · , aN ]T , where ai = τi+1 − τi , ∀i. Then,


problem (5) for given {qu,i
, qd,j
} can be recast to
max f1 (a)
(15)
a≥0

s.t.

N


an ≤ 1,

n=1

where f1 (a) 
⎛
⎜
⎜
× log ⎜1 +
⎝

N +1 n−1

ψi an−1
⎞

n=2 i=1
2

σ2 +

qu,i [n]|hi,i |
⎟
an−1
⎟
⎟.
n−1
N
⎠
2
qu,k [n]|hk,i |
βqd,k [n]
2
+
an−1
an−1 |gi,k |
k=i
k=n

Lemma 1: The objective function f1 (a) is jointly concave
with respect to a.
Proof: Please refer to Appendix A.
From Lemma 1, for given {qu,i , qd,j }, we can optimally
solve problem (15) by the gradient projection method. The
gradient of the objective function f1 (a) can be calculated as
∇g = [∇g1 , ∇g2 , · · · , ∇gN ]T , where ∇gn is presented in
equation (16) at the top of the next page. Then, by utilizing
the gradient ∇g in equation (16) as a descent direction, a can
be updated as
a = PE (a + s∇g),

(17)

where PE (·) denotes projection onto a feasible region
N
E = {a ≥ 0| n=1 an ≤ 1}, and s is a small step size.
C. Proposed Alternating Algorithm
Putting the solutions presented in previous subsections
together, the power allocation problem of Section III-A and the
time allocation problem of Section III-B are iteratively updated
until the weighted sum-rate R ({τn }, {qu,i }, {qd,j }) converges.
We summarize the proposed algorithm for problem (5) in
Algorithm 1 below. Note that Algorithm 1 yields at least a
local optimum solution due to the characteristic of an iterative
procedure and the block coordinate descent method used at the
power allocation problem (6). To improve the performance,
we randomly generate M feasible
vectors {τn } as the initial




}, {qd,j
} is chosen
points, and the best solution {τi }, {qu,i
which achieves the highest sum-rate value. Note that a solution
from Algorithm 1 is based on the assumption τ1 ≤ τ2 ≤
· · · ≤ τN . To further enhance the sum-rate performance
of the WPCN in IFC, we can apply the same method in
Algorithm 1 to the rest of N ! cases.
One can show that the convergence of Algorithm 1 is
guaranteed, since the weighted sum-rate is upper bounded
by a certain value and increases monotonically in each step.
In detail, the convergence behavior of the projected gradient
method employed in an outer loop of the algorithm and that
of the WMMSE approach in the inner loop have been proven
in [24] and [18], respectively.
IV. J OINT T IME AND P OWER A LLOCATION
FOR S IMPLE P ROTOCOLS
The asynchronous protocol presented in the previous section
provides good sum-rate performance as will be shown in
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⎞

⎛
∇gn =

n−1

k=1

⎜
⎜
ψk log ⎜1 +
⎝

qu,k [n]|hk,k |2
σ 2 an +

N

βqd,i |gk,i |2 +

i=n

n−1
i=1, i=k

⎟
⎟
⎟ − ψk
⎠
1+
qu,i [n]|hi,k |2

 βq
N

(σ2 an +

an qu,k [n]|hk,k |2 σ2

d,i |gk,i |

i=n

 βq
σ a +
2

N

n

i=n

2+



n−1
i=1, i=k

qu,i [n]|hi,k |2 )2



.

qu,k [n]|hk,k |2

d,i |gk,i |

2+

n−1
i=1, i=k

qu,i [n]|hi,k |2

(16)

Algorithm 1 Time and Power Allocation Algorithm for the
Asynchronous Protocol
Initialize {τn }.
Repeat
1. Initialize {qu,i , qd,j }.
2. Repeat
(a) Given {qu,i , qd,j }, compute {Ui } in (8).
(b) Calculate {Wi } in (9) with given {qu,i , qd,j } and
{Ui }.

} and {qd,j } in (13) and (14),
(c) Obtain {qu,i
respectively, using the ellipsoid method.
3. Until R({qu,i }, {qd,j }) converges
4. With fixed {qu,i , qd,j }, update {τn } utilizing the gradient
projection method (17).
Until R({τn }, {qu,i }, {qd,j }) converges

Section V. However, the cross-link interference terms make
overall system complicate. To avoid this, in this section,
we devise two simple protocols where the DL time allocation
is synchronized so that cross-link WET interference does not
occur.

First, in this subsection, we introduce a synchronous protocol where time allocation for all cells is synchronized, i.e,
τ1 = τ2 = . . . = τN = τ for the WET operation and 1 − τ
for the WIT operation, and thus it consists of two intervals.
Denoting pd,j as the DL transmit power of H-AP j for the
synchronous protocol in the first interval, it is obvious that
the optimal DL power allocation solution is the peak power
pd,j = ppeak,j , ∀j. Then, the amount of the harvested energy
ES,i of user i becomes
N


ppeak,j |hi,j |2 .

j=1

For the second interval, all users simultaneously transmit
their WIT signals by utilizing the harvested energy ES,i .
Defining pu,i as the UL transmit power of user i for the
synchronous protocol, the achievable information rate RS,j at
H-AP j is expressed as

RS,j = (1 − τ )log 1+

max

τ,{pu,i }

N


sum-rate

maximization

(18)

ψj RS,j

j=1

s.t. (1 − τ )pu,i ≤ ES,i , ∀ i.
Due to non-convexity of problem (18), it is hard to
obtain a global optimal solution. Here, observing that for a
fixed τ , problem (18) becomes equivalent to the weighted
sum-rate maximization problem in the conventional IFC system, we adopt an outer polyblock approximation method to
compute the optimal power allocation solution [21]. Then,
the optimal τ  can be identified by using an one-dimensional
search.
Let us briefly review the outer polyblock method. For a
given τ , by denoting the achievable rate vector variable rS =
[RS,1 , RS,2 , · · · , RS,N ]T , problem (18) can be reformulated as
max f2 (rs ) 
rS

N


ψj RS,j

(19)

j=1

s.t. rs ∈ RS ,
where the achievable rate region Rs is defined as

Rs 
{[rs,1 , · · · , rs,N ]T | rs,i ≤ RS,i , ∀i}.

A. Synchronous Protocol

ES,i = ητ

Based on this, the weighted
problem (5) can be stated as

pu,j |hj,j |2
σ2 +

N
k=1, k=j

pu,k |hk,j |2


, ∀ j.

pu,i ≤ES,i /(1−τ ),∀i

Since problem (19) maximizes a strictly increasing function
f2 (rs ) over a normal set Rs ,7 constructing a sequence of
polyblocks8 can tightly approximate the rate region Rs [21].
Then, denoting Z  as a set of all vertices of the polyblock
which approximates Rs the best, the optimal solution rs  of
problem (19) must be the vertex that achieves the maximum
weighted sum-rate among Z  , since the optimal solution of a
strictly increasing function over a polyblock lies in the set of
vertices of the polyblock.
In order to find Z  , we introduce an iterative method
to construct the polyblocks. Let Z (i) and z̃ (i) =
(i)
(i)
(i)
[z̃s,1 , z̃s,2 , · · · , z̃s,N ]T  arg maxz∈Z (i) f2 (z) represent the
set of all vertices of the polyblock and the vertex that achieves
the maximum weighted sum-rate at the ith iteration, respectively. Then, the intersection point on the Pareto boundary of
(i) (i)
(i) T
Rs and z̃ (i) , defined as r̃(i)
s = [r̃s,1 , r̃s,2 , · · · , r̃s,N ] , can be
7 If all x with 0 ≤ x ≤ x for any point x ∈ R belong to R , R is
s
s
s
called a normal set.
8 A polyblock is a union of the rectangle set, i.e., {x|0 ≤ x ≤ x }, where
x is any real vector.
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in Figure 3, all users harvest energy during the first t0 duration,
and the harvested energy ET,1 of user 1 is given by10
ET,1 = ηt0

N


ppeak,j |h1,j |2 .

j=1

Fig. 3.

Note that every user exploits all the harvested energy since
the WIT transmission is based on the TDMA scheme. Then,
user 1 transmits its WIT signal during the subsequent t1
E
duration with the maximum power pu,1 = tT1,1 . Consequently,
the achievable information rate RT,1 at H-AP 1 is expressed as

Illustration of TDMA based WPCN.

obtained by solving the following problem.
max

Rsum ,{pu,i }

Rsum 

N


(i)

j=1

z̃

s.t. Rsum

N
j=1 zs,j

j=1

s,j

∈ Rs .

r̃(i)
s ,

a new set of vertices
By using the intersection point
Z (i+1) can be updated as

Z (i+1) = Z (i) \ z̃ (i) {z (i),1 , z (i),2 , · · · , z (i),N }, (21)
(i),j

(i)

(i)
− (z̃s,j

where z
 z̃
− r̃s,j )ēj . Note that the polyblocks
generated by (21) always approximate the rate region Rs
well when it converges [21, Proposition 3.2]. The resulting
algorithm is described in Algorithm 2. As for the convergence
of Algorithm 2, we resort to the well-known result in [21].
Algorithm 2 Polyblock Approximation Algorithm for Solving
Problem (19)
(1)

(1)

(1)

1. Set i = 1, Z (1) = z̃ (1) = [z̃s,1 , z̃s,2 , · · · , z̃s,N ]T , where
(1)

E

|h

|2

z̃s,i = log(1 + S,iσ2 i,i ), ∀i.
2. Repeat
(a) Calculate z̃ (i)  arg maxz∈Z (i) f2 (z).9
z̃ (i)

(b) Find r̃s (i) = Rsum
by solving problem (20).
N
z



i=1

s,i

(c) Construct the set Z (i+1) by equation (21).
(d) Set i = i + 1.
=
3. Until f2 (z̃ (i) ) − f2 (r̂s (i) ) ≤ , where r̂ (i)
s
arg max{f2 (r̃s (i) ), f2 (r̃s (i−1) )} represents the best
intersection point until the ith iteration and  is a small
value.
B. TDMA Protocol

In this subsection, we investigate a WPCN system where
the WIT operation is executed in a TDMA manner, and
examine the globally optimal time allocation method. In this
protocol, the WET operation in each H-AP is still carried out
to charge all users at the same time, and this can be regarded
as an extension of the single cell WPCN in [10]. As shown
2 might converge slowly when one of the elements in z̃(i)
approaches zero. Thus, in order to mitigate the slow convergence, we can use
(i)
Z  {z ∈ Z (i) |zs,i ≥ , ∀i} instead of Z (i) .
9 Algorithm

t0 C1
),
t1

where C1 = η j=1 ppeak,j |h1,j |2 |h1,1 |2 /σ 2 .
Meanwhile, user i (i = 2, 3, · · · , N ) not only harvests the
WET signals from H-APs during the first t0 duration, but
also from the cross-link WIT signals transmitted by user k
(k = 1, · · · , i − 1). Thus, the amount of the harvested energy
ET,i at user i for i = 2, 3, · · · , N can be written as
N

Problem (20) can be optimally solved via a well-known rate

profile approach [26]. After determining the optimal Rsum
(i)
(i)
of (20), the intersection point r̃ s can be calculated as r̃ s =
z̃

.
Rsum
N
z



RT,1 = t1 log(1 +

(20)

r̃s,j

ET,i = η(t0

N


ppeak,j |hi,j |2 +

j=1

i−1


user 2
ET,k |gi,k
| ).

(22)

k=1

Based on the recursion in (22), we have
ET,i  η(t0

N


ppeak,j |hi,j |2 +ηt0

j=1

N
i−1 


user 2
ppeak,j |hk,j |2 |gi,k
| ).

k=1 j=1

Here, we have neglected the terms where the number of
product of channel gains is greater than 3. Then, with the
E
transmit power pu,i = tTi ,i , user i sends the WIT signal during
the ti duration, and correspondingly the achievable information
rate is obtained as
t0 Ci
RT,i = ti log(1 +
),
ti
where Ci
⎞
⎛
N
N
i−1 
2


user 2 ⎠|hi,i |
= η⎝
ppeak,j |hi,j |2 +η
ppeak,j |hk,j |2 |gi,k
|
.
σ2
j=1
j=1
k=1

The weighted
formulated as

sum-rate

max
{ti }

s.t.

maximization

N

i=1
N


problem

is

ψi RT,i

(23)

ti ≤ 1.

(23a)

i=0

Since problem (23) is convex, we can solve it by leveraging
the Lagrange duality method with zero duality gap.
The Lagrangian of problem (23) is written by
LT ({ti }, λ) =

N

i=1

ψi RT,i + λ(1 −

N


ti ),

(24)

i=0

10 Similar to the asynchronous protocol in Section III-A, we assume that
the WIT transmission is performed in the order of cell 1, 2, · · · , N . Also,
the optimal DL transmit power is set as the peak power, i.e., pd,j = ppeak,j
for ∀j.
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where λ denotes a non-negative dual variable related with
constraint (23a). By checking the zero gradient conditions
of the Lagrangian (24) with respect to ti , the optimal time
allocation is determined in the following proposition.
Proposition 1: The optimal time allocation solution {ti }
for problem (23) is given by
⎧
1
⎪
, if i = 0,
⎪
⎨
N
1 + k=1 Ck /Xi

(25)
ti =

⎪
⎪
⎩ t0 Ci ,
else,
Xi


where Xi = −1/W −exp(− ψλi − 1) − 1 with W(·) representing the Lambert W-Function, and λ is the constant satisfying N
Proof: Differentiating
i=1 ψi Ci /(1 + Xi ) = λ.
the Lagrangian (24) with respect to {ti } yields
⎧
N
ψk Ck
⎪
⎪
⎪
− λ,
if i = 0, (26)
⎪
t0 Ck
⎪
⎪
k=1 1 + tk
⎨
∂
LT =
⎪
∂ti
t0 Ci
⎪
⎪
t0 Ci
⎪
ti
⎪
log(1
+
)
−
ψ
− λ, else. (27)
ψ
⎪
i
i
⎩
ti
1 + t0tCi i
Setting the gradient in (26) to zero, it follows


t0 Ci
λ
Xi   = −1/W −exp(− − 1) − 1, ∀ i.
ti
ψi

Fig. 4. Convergence curves of Algorithm 1 with PT = 30 dBm and N = 2.

(28)

Then, the optimal λ can be computed by plugging (28)
into equation (26) and finding the zero gradient condition.
Next, it is obvious that constraint (23a) holds with equality
at the optimal solution. Thus, with some transposition of
N
equation (28) and utilizing
i=0 ti = 1, we can arrive at

the optimal {t } in (25).
V. S IMULATION R ESULTS
In this section, we evaluate the sum-rate performance of the
WPCN in the IFC. Throughout this section, the UL and DL
2
channel gains are generated as |hi,j |2 = d−α
i,j κi,j |h̃i,j | , where
di,j and h̃i,j are the distance and the small-scale Rayleigh
fading coefficient between H-AP i and user j, respectively,
α represents the pathloss exponent, and κi,j indicates the
strength of the interference channel. We set di,j = 10 m ∀i, j,
κi,i = 1 ∀i, and κi,j = κ̃ for i = j as in [27]. Similarly,
user 2
the channel gain of the cross-link |gj,i |2 and |gj,i
| are deter−α
2
2
user 2
user 2
mined as |gj,i | = dH κ̃|g̃j,i | and |gj,i | = d−α
u κ̃|g̃j,i | ,
where the distance equals dH = du = 15 m. Also, we fix the
efficiency of the EH process as η = 0.5, the noise power as
σ 2 = −50 dBm, the transmit peak power ppeak,j at H-AP j
as ppeak,j = PT ∀j, the priority weight as ψi = 1 ∀i, and the
number of initial points for Algorithm 1 and 2 to M = 20.11
Furthermore, for comparison, we consider a non-cooperation
scheme where each cell assigns its UL transmit power and
time allocation independently based on the single cell WPCN
solution in [10] with β = 1.
11 We have confirmed through simulations that M = 20 is sufficient for
achieving good performance.

Fig. 5. Average sum-rate performance with respect to PT when κ̃ = 1.5
and β = 0.

Figure 4 illustrates the convergence behavior of Algorithm 1
for the asynchronous protocol with different κ̃ and β.
We observe that the sum-rate converges for all cases. In addition, we can see that the sum-rate converges faster for a
small β and a large κ̃.
Figure 5 compares the average sum-rate of various protocols
under a strong interference channel condition, i.e., κ̃ = 1.5
with β = 0. As shown in Figure 5, the asynchronous protocol
outperforms the TDMA protocol, since users in the asynchronous protocol can exploit additional RF energy conveyed
from cross-link interference. In addition, we could confirm
that the performance gap between the asynchronous and the
synchronous protocols increases as PT grows. This indicates
that through the cross-link interference link, the harvested
energy of users can be more efficiently utilized when the
H-APs and the users operate in the asynchronous manner.
Also, with PT = 25 dBm, the proposed weighted sum-rate
maximization algorithm provides 53% and 87% gains over
the non-cooperation scheme at N = 2 and 4, respectively.
In Figure 6, we depict the average sum-rate performance
in a weak interference channel condition when κ̃ = 0.2.
We can observe that the proposed method still outperforms
conventional schemes. Compared to the strong interference
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Fig. 6. Average sum-rate performance with respect to PT when κ̃ = 0.2
and β = 0.

Fig. 7.

Average sum-rate performance with respect to κ̃ with N = 4.

case of Figure 5, the performance gap between the proposed
scheme and the synchronous protocols decreases, since the
harvested energy for the synchronous protocol is better utilized in the weak interference channel condition. Moreover,
we identify that unlike the strong interference channel condition, the synchronous protocol performs better than the TDMA
protocol due to the waste of time resource in the TDMA
protocol. In addition, although a performance gain between
the proposed weighted sum-rate maximization algorithm and
the non-cooperation scheme is reduced due to diminished
influence of the interference link, 23% and 62% performance
gains are still observed at N = 2 and 4, respectively, with
PT = 25 dBm.
Next, to check the impact of the interference channel condition on overall performance, Figure 7 illustrates the average
sum-rate performance as a function of κ̃ with N = 4. Due to a
trade-off between the amount of the harvested energy and the
WIT interference, it is observed that the sum-rate performance
of the proposed algorithm for the asynchronous protocol
slightly changes as κ̃ increases. In contrast, the performance of
the TDMA protocol continuously enhances as the interference
strength κ̃ grows, whereas that of the synchronous protocol

Fig. 8. Average sum-rate performance with respect to β with κ̃ = 0.3 and
N = 4.

Fig. 9. Average sum-rate performance with respect to Pavg with κ̃ = 0.8
and N = 4.

and the non-cooperation scheme constantly decline for both
PT = 15 dBm and 30 dBm.
In Figure 8, the average sum-rate performance as a function
of β is demonstrated for PT = 20 dBm and 30 dBm. We can
see that the proposed asynchronous protocol outperforms
the synchronous and TDMA protocols for the whole range
of β. Especially, we can confirm that β = −50 dB is
sufficient to provide good performance with almost no WET
cross-link interference for the asynchronous protocol. In addition, the performance gap between the asynchronous protocol
and the synchronous protocol diminishes as β grows. This is
attributed to the fact that the asynchronous protocol automatically aligns the DL and UL time duration for all cells such
that the for a high β, a performance reduction from cross-link
interference can be avoided.
In Figure 9, the sum-rate performance is plotted as a function of the average power Pavg . As mentioned in Section III-A,
although the average power constraint is additionally imposed
at the sum-rate maximization problem (5), the optimal {pd,j }
can be obtained through a simple extension of our solution
in (14). As expected, the sum-rate performance improves with
the increase of the peak power limit and the average power
limit. Further, the performance gap between two constraints
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to a design of robust resource allocation methods for imperfect
CSI should be investigated further. Also, resource allocation
methods considering the channel estimation interval should be
developed for designing practical WPCN systems. Moreover,
our system is confined to the IFC scenario where only CSI
is shared among cells. Thus, an extension to joint processing
systems, where the received signals as well as CSI are shared
among H-APs, will also be an interesting future work.
A PPENDIX
P ROOF OF L EMMA 1

Fig. 10. Average sum-rate performance with respect to PT when N = 4,
2 = 5%.
β = 0, and σest

becomes larger as the peak power grows. Thus, we can
conclude that the average power constraint should be imposed
at H-APs when it is relatively smaller than the peak power.
Figure 10 shows the impact of imperfect CSI on the
sum-rate performance. As in [28], we adopt a deterministic
model to capture the effect of imperfect CSI as hi,k =
ĥi,k + Δhi,k and gi,k = ĝi,k + Δgi,k , ∀i, k, where ĥi,k and
ĝi,k are the estimates of hi,k and gi,k , respectively. In addition,
Δhi,k ∈ Ξi,k and Δgi,k ∈ Λi,k represent the estimation
2
|hi,k |2 }
errors with Ξi,k  {Δhi,k ∈ C : |Δhi,k |2 ≤ σest
2
2
2
and Λi,k  {Δgi,k ∈ C : |Δgi,k | ≤ σest |gi,k | }, where
2
σest
indicates the normalized maximum channel estimation
error. As we can confirm in the plot, the performance gap
between perfect CSI and imperfect CSI increases as PT
grows for the weak interference channel condition κ̃ = 0.2,
since all users concurrently transmit the WIT signal at every
interval, and thus channel estimation errors severely affect the
sum-rate performance. A detailed design of robust resource
allocation methods for the WPCN in the IFC scenario will be
an interesting future research topic.
VI. C ONCLUSION
In this paper, we have investigated joint time and power
allocation methods to maximize the weighted sum-rate for the
WPCN in the IFC, where cross-link interference is induced
by the asynchronous UL and DL operations of multiple cells.
First, we have provided an algorithm to maximize the weighted
sum-rate performance in an alternating manner. In the proposed algorithm, the power allocation is performed based on
the WMMSE approach for a given time duration, and the time
duration is allocated by the gradient projection method for a
given power. Next, we have considered a simple synchronous
protocol where DL and UL time allocation among all cells
are synchronized, and presented the globally optimal solution
based on the polybolck approximation method. Furthermore,
we have presented the globally optimal time allocation strategy
for a TDMA based WPCN. Simulation results have demonstrated that by utilizing the resource efficiently, the proposed
asynchronous protocol outperforms conventional schemes.
In addition, as we confirm in simulation results, an extension

The Hessian matrix F of −f1 (α) can be computed by
⎡
⎤
o1 0 · · · 0
⎢
.. ⎥
⎢ 0 o2
. ⎥
2
⎢
⎥
F  − f1 (α) = ⎢ .
.. ⎥
.
..
⎣ ..
. ⎦
0
0 · · · oN
where the nth diagonal element on of F is defined as
"
#
n

σ 2 ôi,n (2σ 2 õi,n + σ 2 ôi,n )an + 2õ2i,n + 2õi,n ôi,n
on 
(σan + õi,n )2 (σan + õi,n + ôi,n )2
i=1
n−1
2
with ôi,n  qu,i [n]|hi,i |2 and õi,n =
k=i qu,k [n]|hk,i | +
N
2
k=n βqd,k [n]|gi,k | . Since the feasible region of an is given
by 0 ≤ an ≤ 1, on for n = 1, . . . , N is always greater or equal
to zero. This indicates that the Hessian matrix F of −f1 (α)
is always positive semi-definite, and thus f1 (α) is concave
function.
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