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Abstract—A cooperative wireless-powered communication network protocol is proposed, in which user far away from a hybrid access point (H-AP)
is capable of harvesting wireless powers by overhearing the uplink signals
of users that are relatively nearer to the H-AP, in addition to downlink
signal broadcast by the H-AP. In this setting, time allocations for the downlink transmission of the H-AP and the uplink transmission for the users are
jointly optimized for two different purposes. First, the weighted sum-rate
maximization problem is solved for a given total transmission time. Then,
the total transmission time is minimized under a minimum rate constraint,
and an efficient algorithm is also presented to solve the optimal solution
by a line search strategy. Numerical results demonstrate that the proposed
schemes significantly increase the far user’s rate, which in turn improves
user fairness and transmission delay.
Index Terms—Wireless powered communication networks, user cooperation, user fairness, transmission delay.

I. INTRODUCTION
To enable reliable and self-sustainable wireless networks for fifth
generation (5G) cellular systems, such as the Internet-of-things (IoT),
energy harvesting technologies [1]–[3] have recently drawn significant
attention in both academia and industry. In particular, wireless powered
communication networks (WPCNs) [4]–[6] represent a promising new
paradigm in the design of wireless networks, in which wireless devices
are powered over the air by dedicated wireless power transmitters for
information transmissions without the need for manual battery replacement/recharging. A joint optimized design of energy transfer and information transmission [6] has been recently studied to improve the
user throughput in WPCNs, where a hybrid access point (H-AP) acts
not only as a power transmitter but also as an information receiver. Due
to a significant signal power attenuation over distance, the harvested
energy level at a user far from the H-AP is much less than that of near
users; however, relatively more energy is required to send a far user’s
information to the H-AP. This phenomenon, which is called doubly
near-far problem in WPCNs [6], causes severe throughput disparity
among the users in different locations and is related to user fairness.
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To overcome this critical issue in WPCNs, various potential solutions
have been recently introduced under different setups. One popular
approach is the use of energy beamforming with a multiple-antenna HAP so that the amount of energy transferred to users can be controlled
by the H-AP [7]. In general, for energy beamforming, the H-AP requires
to receive accurate channel state information to all users through uplink
feedback. Considering the channel feedback overheard, this might even
degrade the uplink rate performance in IoT scenarios which support
very large numbers of small devices. Non-orthogonal multiple access
has also been applied in the context of WPCN to enhance spectral
efficiency and user fairness [8], [9].
On the other hand, cooperative relay protocols for WPCNs have been
developed in [10] from the intuition that a near user can help a far user
by forwarding the far user’s message in addition to its own message to
the H-AP. The cooperation benefit comes from the fact that the near
user has much higher efficiency in both energy transfer and information
transmission due to its shorter distance compared to far users. However,
the implementation of cooperative relaying can be very costly due to
its practical requirements for the operation, such as high computational
complexity for decoding, transmission delay, and signaling overhead.1
In [11], a dedicated relay is considered to help a far user rather than
a near user. In contrast, the concept of energy cooperation protocol
has been proposed [5], [12] so that the near user directly shares its
excessive energy with far users via (orthogonal) out-of-band channels,
instead of information forwarding. In fact, the potential gain from
energy cooperation can be dramatically compromised by a large amount
of overhead for the extra spectrum resources.
In this paper, we continue to explore the benefit of cooperative protocols in WPCNs yet from a different perspective. We propose a novel
cooperative WPCN framework, in which the far users can consistently
scavenge energy by overhearing signals sent by nearer users to the HAP before its information transmission. This cooperative protocol can
significantly improve user fairness while it does not sacrifice the near
user’s energy and rate in contrast to most prior work. Under this new
setting, we are interested in jointly optimizing time allocations for the
downlink transmission of the H-AP and the uplink transmission for the
users. It is worth emphasizing that the system model in this paper is
quite different from that of the conventional WPCN with an ambient
interfering source (see for example [9] and the references therein).
The contributions of this paper are three-fold: First, we propose
a novel cooperative WPCN concept by embracing interference from
nearer users to harvest energy at the users. Second, for the cooperative
WPCN, we formulate a weighted sum-rate maximization problem, and
present an optimal time allocation in closed form. Lastly, we find an
optimal solution of a total time minimization problem in closed form,
which is targeted for low latency IoT applications.

II. SYSTEM MODEL
As shown in Fig. 1, we consider a cooperative WPCN, consisting of one H-AP and K users operating in the same frequency
band.2 The H-AP is connected to a constant power supply, while each
1 All active users as well as the H-AP in a WPCN must be aware of the other
users’ codebooks and control information on scheduling/resource allocation at
all time, which incurs a significant signaling overhead in practice.
2 The power transfer efficiency can be improved particularly for a narrowband
link, although not for a broadband data link [13], if the power and data transfer
functions of a wireless link are separated; yet, this brings some new practical
challenges for low-cost IoT devices.
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Fig. 1. An illustration of cooperative WPCN with interference harvesting, where DL-WET and UL-WIT refer to wireless energy transfer in the downlink and
wireless information transmission in the uplink, respectively.

user has a supercapacitor as an energy storage to accumulate the energy
harvested from the environment, but no external power supply [14].3
It is assumed that the H-AP and users are each equipped with a
single antenna. Furthermore, we assume block based transmissions
over quasi-static flat-fading channels in which channel coefficients
remain constant during each block transmission time, denoted by T .
The channel power gain between the H-AP and user i is denoted by
hi for both the downlink and uplink due to the channel reciprocity.
Without loss of generality, it is assumed that the users are sorted in the
descending order of channel gains, i.e., |hi | ≥ |hj | for i < j. Also, gi , 
represents the channel power gain between user i and user .
In each block, the first τ0 T amount of time is assigned to the downlink transmission for the H-AP to broadcast wireless energy to all users
where τ0 ∈ [0, 1]. The remaining time in the same block is assigned
to the uplink channel for information transmission, in which each user
sends its independent information to the corresponding H-AP by time
division multiple access (TDMA). The amount of time allocated to the
transmission of user i is denoted as τi T , i = 1, . . . , K. Note that we
have a total and individual time constraints as follows:4
K


Also, η denotes the energy conversion efficiency at the receiver, η ∈
(0, 1).6 In this regard, latter users have more opportunity to harvest
energy with the help of the proposed cooperation protocol, and can
achieve a better balanced rate as compared with basic WPCN. For
convenience, we use a normalized unit block time, i.e., T = 1.
Assuming an additive white Gaussian noise at the H-AP receiver,
the achievable rate of user i through uplink information transmission
within a block is given by


Pi (τ )hi
T
, i = 1, . . . , K,
(4)
Ri (τ ) = ei τ log2 1 +
σ2
where σ 2 denotes the noise power at the H-AP.

III. A WEIGHTED SUM-RATE MAXIMIZATION
In this section, we maximize the weighted sum-rate of the cooperative WPCN, which is formulated as
(P1) :

K


maxτ

ωi Ri (τ ),

(5)

i= 1

τi ≤ 1,

and

τi ≥ 0.

(1)

s.t.

1T τ ≤ 1,

(6)

i= 0

During the (i + 1)th time slot, users with relatively poor channel
conditions compared to the ith user harvest energy by overhearing
the signal sent by the ith user, with the aim of alleviating the doubly
near-far problem in WPCNs [6]. By doing so, user i can transmit its
own information to the
harvested energy
 H-AP using the accumulated
5
τ
T
amount
of
time.
Due
to the significant
during the previous ii −1
i
=0
self-discharge of the supercapacitor, it is reasonable to assume that
the energy harvested after data transmission in each block cannot be
utilized in the next block. Then the average transmit power at user i,
denoted as Pi (τ ), is given as follows:

P0 hi τ0 + i−1
= 1 P (τ )gi ,  τ
Pi (τ ) = η
(2)
τi
 ηgi ,  e τ
ηhi e0 τ
P0 +
P (τ ),
=
ei τ
ei τ
= 1
i −1

(3)

where τ = [τ0 , τ1 , . . . , τK ]T , and ei denotes a row vector of length
K + 1 with 1 in the (i + 1)th position and 0 in every other positions.
3 Supercapacitors have the advantages of small form factor and rapid charging

with a great number of charging cycles; however, they suffer from considerably
high self-discharge and leakage.
4 Note that the total time constraint is no longer valid in Section IV.
5 According to [6]–[11], it is assumed that the energy harvested from the noise
at the users is negligible.

eTi

τ > 0,

ωi ≥ 0,

i = 0, 1, . . . , K,
i = 1, 2, . . . , K,

(7)
(8)

where 1 denotes an all-one vector with an appropriate dimension.
It is a non-trivial task to show the convexity of the objective function of (P1) with respect to τ in the above form since Pi (τ ) is
a recursive function. To simplify this, we define the new variable
eT τ h i
.
σ2

γi  Pi (τ ) e iT τ
0

Lemma 1: Givenγ0 =0, 
γi can be expressed in the recursive form

ηP h2
gi, hi
γi = σ02 i +η i−1
γ , which is constant with respect to τ .
=1
h
Proof: According to the definition of γi , the following relation
holds:
γi =

eTi τ Pi (τ )hi
σ2
eT0 τ

eT τ
= η iT
e0 τ

(a )

(b )

=

h 2i e T0 τ
e Ti τ

P0 +


ηP0 h2i
+η
σ2
= 1
i −1



i −1

g i ,  h i e T τ

= 1

e Ti τ

P (τ )

σ2


gi ,  hi
h

γ ,

(9)

6 For convenience of exposition, it is assumed that the energy harvesting
efficiency is identical for all user terminals.
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where (a) comes from the expression for Pi (τ ) in (3), and (b) follows
from the definition of γ . It can be seen that, in the end, γi is not a
function of τ .
From Lemma 1, the rate of Ri (τ ) can be re-expressed as


eT τ
Ri (τ ) = eTi τ log2 1 + γi 0T
,
(10)
ei τ



ηP h2
gi, hi
γ , ∀i ≥ 1 and γ0 = 0, all inwhere γi = σ02 i + η i−1
=1
h


dependent of τ . As a result, the original optimization problem of (P1)
is equivalently recast as,
(P2) :
s.t.

maxτ



eT τ
ωi eTi τ log2 1 + γi 0T
,
ei τ
i= 1

K


(11)

τ ∈ D,

(12)

ωi ≥ 0,

i = 1, 2, . . . , K

(13)

where D denotes the feasible set of τ specified by the constraints
(6)–(7).
eT τ

We note that the Hessian of Ri (τ ) = eTi τ log2 (1 + γi e 0T τ ) is
negative
−γ i2

semidefinite

e Ti τ (e Ti τ + γ i e T0 τ ) 2

for

any

τ

i

as

xT 2 Ri (τ )x =

(eT0 x · eTi τ − eTi x · eT0 τ )2 ≤ 0

for

any

real

(K + 1) × 1 vector x, which indicates that the objective function of
(P2) is concave with respect to τ . This is because a nonnegative
weighted sum of concave functions is concave [15]. In addition to this,
all constraints are linear inequalities, which indicates that the feasible
set D is also concave. Thus, (P2) is a convex optimization problem
that can be efficiently solved by convex optimization tools. In Lemma
2, we provide a closed form solution to the problem (P2), which in
turn is similar to one presented in [6].
Lemma 2: An optimal time allocation τ  of the problem (P2) is
given by
⎧
1
⎪
⎪
, i=0
⎪
⎨ 1 + K (γ /z  )
= 1

T 
(14)
ei τ =
⎪
γi /zi
⎪
⎪
,
i
=
1,
.
.
.
,
K

⎩

1+ K
 = 1 (γ /z )
where zi is the solution of the following two equations:
ln(1 + zi ) −

zi
μ
=
ln 2,
1 + zi
ωi

∀i

K

ω i γi
= μ ln 2.
1
+ zi
i= 1

(15)
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can be formulated as
(P3) :
s.t.

minτ 1T τ ,
eTi τ > 0,

The positive constant μ is set to satisfy the above conditions for a
given zi .
Proof: Since (P2) is a convex optimization problem, the corresponding Karush-Kuhn-Tucker (KKT) conditions are sufficient for
global optimality. It can be easily shown that by solving the conditions the optimal τ  is uniquely given as in (14), and this proof is
essentially similar to the proof in [6, Appendix F]. Due to space limitations we omit the detailed derivation of (14). It must be noted that
(14) is also an optimal solution to the original problem (P1).

IV. A TOTAL TRANSMISSION TIME MINIMIZATION
In this section, we aim to minimize the total transmission time of
the cooperative WPCN under minimum rate constraints. This problem

i = 0, 1, . . . , K,

Ri (τ ) ≥ θi ,

(18)

i = 1, 2, . . . , K,

(19)

where θi (> 0) is the minimum rate requirement of user i.
Recall that Ri (τ ) is a concave function, and thus the feasible set
specified by constraints in (19) forms a convex set. In addition, the objective and constraint functions are linear. Therefore, (P3) is a convex
optimization problem. The Lagrangian of (P3) can be expressed as7



K

eT τ
L(τ , λ) = 1T τ +
λi θi − eTi τ log2 1 + γi 0T
,
ei τ
i= 1
where λi is a non-negative Lagrangian dual variable associated with
the ith constraint in (19).
It can be argued that the set of constraints (19) should be met with
equality in the optimal solution, which follows from Lemma 3 below.
Lemma 3: An optimal time allocation τ  of (P3) must satisfy
all the K constraints given in (19) with equality, i.e., eTi τ log2 (1 +
eT τ

γi e 0T τ ) = θi , i = 1, 2, . . . , K.
i

Proof: We will prove this by contradiction. Suppose that τ  =

[τ0 , τ1 , . . . , τK ]T is an optimal solution satisfying eTi τ  log2 (1 +
eT τ 

eT τ

γi e 0T τ  ) > θi . Note that for i ≥ 1, eTi τ log2 (1 + γi e 0T τ ) is a monoi

i

tonically increasing function of τi ≥ 0 for any given strictly positive
γi and τ0 . This is because its derivative with respect to τi is nonnegative, i.e.,
x
(1+ x ) 2

1
[ln(1
ln 2

eT τ

+ γi e 0T τ ) −
i

γ i e T0 τ

e Ti τ + γ i e T0 τ

] ≥ 0 due to

∂ h (x )
∂x

=

e T0 τ

≥ 0 and limx →0+ h(x) = 0 for x  γi e T τ ≥ 0, where h(x) =

ln(1 + x) −

x
1+ x

i

. As a result, there exists τ̃ = [τ0 , τ̃1 , · · · , τ̃K ]T with
e T τ̃

τi − τ̃i > 0 for some i (≥ 1) such that eTi τ̃ log2 (1 + γi e 0T τ̃ ) = θi .
i

This is a contradiction to the assumption that τ  is an optimal value
for (P3) owing to 1T τ̃ ≤ 1T τ  .
Taking into account the observation in Lemma 3, the following KKT
conditions must be satisfied by optimal primal and dual solutions of
(P3):


eT0 τ 
T 
(20)
ei τ log2 1 + γi T  = θi , ∀i ≥ 1,
 ei τ T  


T 
∂L(τ , λ)
e τ
λ γi e0 τ
= 0 ⇒ λi ln 1 + γi 0T  − T i
∂eTi τ
ei τ
ei τ + γi eT0 τ 
= ln 2,

(16)

(17)

∀i ≥ 1,

(21)

K

∂L(τ  , λ)
λi γi eTi τ 
= ln 2,
=
0
⇒
T
T 
∂e0 τ
e τ + γi eT0 τ 
i= 1 i

λi > 0,

∀i ≥ 1.

(22)
(23)

eT τ 

By changing variables as zi = γi e 0T τ  , i = 1, 2, . . . , K, λ̃i =
i

λi
,
ln 2

and θ̃i = θi ln 2, the conditions (21)–(22) can be
ln(1 + zi ) −

zi
1
= ,
1 + zi
λ̃i

K

λ̃i γi
= 1.
1 + zi
i= 1

∀i

(24)

(25)

7 To save effort, we ignore the set of non-negative constraints (18), then we
will check whether the optimal solution always satisfies the constraints.
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In addition, from (23), (24) and (25) it follows that
K


1=

i= 1

(a )

=



1

max 0, ln(1 + zi ) −

K

i= 1

zi
1+ z i



Fig. 2. Rate region comparison for WPCN and cooperative WPCN with d1 =
4, d2 = 5 according to different values of the pathloss exponent α.

γi
1 + zi

be seen that
γi
 f (z),
(1 + zi ) ln(1 + zi ) − zi

(26)

where (a) follows from the same line of reasoning as that in the proof
for Lemma 3, i.e., h(x) ≥ 0. Also, the constraint specified in (20) can
be rewritten as
eT0 τ  =

θ̃

1 T   e T iτ 
ei τ e i
− 1 , ∀i.
γi

(27)

Given θ̃i and γi , an optimal solution τ  can be computed from
(26) and (27) by the following observation. Note that from Lemma
4 (provided in the final part of this section), eT0 τ  and eTi τ  vary
inversely, which implies that zi varies directly as the single parameter
eT0 τ  only according to the definition of zi . In addition, f (z) is a
monotonically decreasing function of z since the ith component of
zi

+ h (z i )

zi
(1+ z i )
= − (hγ(zi ln)(1+
< 0, ∀z 0, resulting
f (z) is −γi h1+
(z i ) 2 (1+ z i ) 2
z i )) 2
i
in f (z) 0. Accordingly, zi can be obtained by iteratively updating
eT0 τ and eTi τ from (27) until (26) is satisfied, which can be formulated
as a single variable problem and solved by a line search strategy [15]
effectively. To be more specific, when f (z) − 1 is positive, eT0 τ  is
increased and otherwise it is decreased. To summarize, the algorithm
to find the optimal solution to (P3) is given in Algorithm 1.
An alternative closed form expression of the optimal solution to
(P3) can be obtained by rearranging (27) as follows:

eTi τ  =

⎧
⎪
⎪
⎪
⎨
⎪
⎪
⎪
⎩

θ̃1 z1
,
ln(1 + γ1 z1 )

i=0

θ̃i
,
ln(1 + γi zi )

i = 1, . . . , K

(28)

where zi (≥ 0) is tuned such that the condition (26) is met. It is worth
noting that eTi τ  ≥ 0 always holds as long as θi ≥ 0.
Lemma 4: For given positive real numbers ci , ∀i, t(x) 
c2
c1 x e x − 1 is a monotonically decreasing function of x ≥ 0.
Proof: To prove this lemma, we need to show that the sign of the
derivative of the function t(x) with respect to x is negative. This can

c2

c2
∂t(x)
ex
= c1 e x − 1 − c1 c2
∂x
x


c2
c
2
− c1
= c1 e x 1 −
x

(a )

≤ 0,
(29)


c2
where (a) comes from e x 1 − cx2 ≤ 1, which is equivalent to 1 − x̄ ≤
e−x̄ with x̄ = cx2 ≥ 0. It is worth noting that the last inequality can
be proved by showing ∂ g∂(x̄x̄ ) = −e−x̄ + 1 ≥ 0 and g(0) = 0, where
g(x̄)  e−x̄ + x̄ − 1.

V. SIMULATION RESULTS
In this section, numerical results are provided to evaluate the performance gains of two proposed cooperative WPCN methods in comparison to non-cooperative WPCN schemes. We deploy a two-user channel
setup (i.e., K = 2), where the distance between the H-AP and user i
is di meters. For a fair comparison, it is assumed that each user has
no access to the codebook used by other users. In the simulations, the
transmit power at the H-AP is 30 dBm. The noise spectral density at
the H-AP is assumed to be −160 dBm/Hz; the system bandwidth is
set to 1 MHz. For ease of exposition, a simple path loss model [6] is
considered, which is given as hi = Γ/dαi and gi ,  = Γg /dαi . Note that
Γ refers to an average power attenuation at a reference distance of 1
m for the links between the H-AP and users including antenna gains,
and Γg refers to the average power attenuation for the links among the
users including antenna gains. Here, we set Γ = −30 dB and Γg = −3
dB to capture the effects of line-of-sight (LoS) and non-LoS for the
different links.8 Finally, the energy harvesting efficiency is set to be
η = 0.75 for each user.
In Fig. 2, we compare the rate regions of the proposed cooperative
WPCN in Section III (labeled ‘cWPCN-I’) and conventional WPCN
with optimizedtime allocation [6] (labeled ‘WPCN’) for a given transmission time ( K
i = 0 τi = 1). It can be seen that the rate region is strictly
8 It is assumed that the two users are sufficiently close to each other thanks
to proper scheduling so that the propagation from one user to the other nearby
user is highly likely to be under an LoS condition, contrary to the links between
the H-AP and users.
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than that of the proposed cWPCN-II method and conventional WPCN
with optimized time allocation. It is observed that cWPCN-II requires
a fairly less amount of total transmission time, compared to other two
suboptimal solutions.
Remark 1: We should highlight that cWPCN-I and cWPCN-II work
properly regardless of user orderings. Finding the optimal scheduling
is NP-hard in general since it has to consider not only the direct channel
gains between the H-AP and users but also the channel gains among
user. However, in the special case of two users used in the simulation,
our sorting approach based on the direct channel gains is optimal. It
would be interesting to investigate efficient scheduling algorithms for
a general case, and we leave this for future work.

VI. CONCLUSION

Fig. 3. Rate region comparison for different WPCN protocols and different
distances between users with d1 = 4 and α = 2.

We proposed a novel cooperative WPCN protocol which exploits
interference as a new source of energy harvesting at the users. We
characterized the maximum weighted sum-rate and the minimum total
transmission time in closed forms by jointly optimizing time allocations for the downlink and the uplink channels. Through the numerical
results, it has been shown that the proposed protocol has a great potential to overcome the doubly near-far problem, which is arguably the
most challenging issue in WPCN.
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