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Abstract—This paper aims at providing a green battery so-
lution for practical wireless communication systems. First, we
discuss the demands and latest developments of wireless energy
transfer (WET) in relevant industries. Second, we propose a
user-centric energy-efficient approach in wireless powered com-
munication networks (WPCNs), where mobile users first harvest
energy from a dedicated power station and then communicate
with an information receiving station. Our goal is to maximize
the weighted sum of user-centric energy efficiency (WSUEE) via
joint time allocation and power control. The proposed approach
provides the flexibility of assigning users different levels of
importance so that the individual user EE can be balanced. We
first study the properties of the WSUEE maximization problem.
Then, the closed-form expression of the maximum WSUEE
as well as the optimal time allocation and power control are
derived. Based on this, we finally characterize the EE tradeoff
among users in the WPCN: within a throughput region, all
users can achieve their own maximum EEs simultaneously while
beyond that region, there exists non-trivial user EE tradeoff.
Simulation results verify our theoretical findings and demonstrate
the effectiveness of the proposed approach.

I. INTRODUCTION

Batteries of wireless devices such as smart phones and
tablets, need to be replaced frequently, which has aroused
complaints from more than 60% of mobile users [1]. As
a result, wireless energy transfer (WET) has emerged as a
promising technology to prolonging the lifetime of wireless
devices [2]–[6]. It is reported that Samsung and Qualcomm
have just announced a new project that aims to promote the
“global standardization of a wireless power transfer technolo-
gy” [7]. Meanwhile, the explosive energy consumption growth
in industry has triggered considerable attention for energy effi-
ciency (EE) optimization in academia [2]–[4], [8]. Therefore,
EE optimization for WET as well as for wireless information
transmission (WIT) is highly expected to be a green battery
solution for future wireless communication networks.
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System-centric EE maximization has been studied for var-
ious scenarios with WET [2]–[4]. However, the resource
optimization aiming at improving the system-centric EE makes
no distinction among different users in terms of the user
EE. Due to capacity limited batteries but increasing demand
of user experience, the individual user EE becomes more
and more critical in practical mobile networks [1]. For wire-
less powered communication networks (WPCNs) where users
harvest energy and transmit data independently, the user-
centric EE oriented objective focuses on the EE of each user
directly and is thus more interesting than that of the system-
centric EE. More importantly, user-centric EE optimization
also helps to understand and characterize the EE tradeoff
among users. In the spectral efficiency (SE) optimization field,
the tradeoff among users is quite obvious and simple, since
large amounts of resource, such as transmit power or transmit
time, are always beneficial to the data rate of any user [9].
However, it may not be this case in the EE optimization
field. As is known that exceedingly large transmit power is
contradictory to the expectation of high user EE [10], which
implies that users may not always compete with each other
for the resource under the target of improving the user EE. In
other words, the EEs of users are possibly to be maximized
simultaneously. Furthermore, if users are specified with high
minimum throughput requirements, then a user allocated with
short transmission time has to increase the transmit power
significantly which may result in lower user EE. In contrast, a
user allocated with longer transmission time would have higher
flexibility to adjust its transmit power in achieving higher user
EE. In this case, the EEs of users may not to be maximized
simultaneously. Therefore, the user EE tradeoff in the WPCN
is quite interesting and worth studying. Unlike existing works
[2]–[4], [8], [9], we study the energy-efficient resource al-
location in the WPCN from a user-centric perspective. The
time allocation and power control are jointly optimized with
the objective of maximizing the weighted sum of user-centric
EE (WSUEE). We reveal that the optimal strategy is to let
the power station transmit with its maximum allowed transmit
power while letting each user exhaust its own harvested energy
with a fixed transmit power. Furthermore, the user EE tradeoff
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is also characterized for the WPCN which is shown to be quite
different from the conventional user SE tradeoff in [9].

The rest of this paper is organized as follows. The relevant
industry issues and activities are discussed in Section II.
In Section III, IV, and V, we propose and analyze a user-
centric energy-efficient approach: system and power models
are introduced in Section III, the theoretical result is detailed
in Section IV, and the performance analysis is provided in
Section V. Finally, Section VI concludes the paper.

II. INDUSTRIAL DEMANDS AND ACTIVITIES

Due to the great convenience of wireless charing, the
market of wireless powered systems, encompassing mobile
devices, consumer electronics, industrial applications, and
infrastructure devices, is expected to reach 17.04 billion dollars
by 2020, growing from 4.9 billion dollars in revenue in
2012 [11]. Currently, there are three leading organizations
that are devoted to WET, i.e., Wireless Power Consortium
(WPC), Alliance for Wireless Power (A4WP), and Power
Matters Alliance (PMA) [12]. The stated mission of these
organizations is to formulate and advance a suite of interface
standards for smart and energy-efficient transfer of wireless
power. However, due to the non-unified standards and different
interfaces supported by those organizations, the widespread
popularization and the application of WET has been largely
delayed for commercial systems. On June 1, 2015, A4WP and
PMA announced the signing of the merger agreement between
the two organizations [13]. This agreement was a move toward
industry consolidation of wireless charging standards. The
merger positioned the combined organization as the leader
in wireless charging, bridging two core wireless charging
technologies to support a wide range of consumer, medical,
military and industrial applications.

In general, the WET technologies can be categorised into
three types: inductive coupling-based WET, magnetic resonan-
t coupling-based WET, and electromagnetic radiation-based
WET [14]. The first two WET technologies make use of
magnetic field induction and resonant theory to enable wireless
charging which only exists for short rang distance. Therefore,
these two WET technologies can only be applied to near-field
wireless charging scenarios. However, the electromagnetic
radiation-based WET is to use the charging sensor nodes at
the receiver side to harvest energy from the radio frequency
(RF) signals sent by a power station such as in Fig. 1, which
thus enables a much longer transmission distance. Due to this
advantage, it has attracted tremendous attention from both
academia and industry [2], [5]. The main research themes of
all WET technologies focus on improving the transmission
efficiency. In addition, driven by industrial needs, the ability
of transferring energy from a single transmitter to multiple
receivers is often required in practice. Fortunately, it has been
shown in [15] that compared with the single receiver case,
increasing the number of receivers will benefit the transmission
efficiency of WET.

Combined with WIT, WET introduces a paradigm shift to
the design of conventional wireless communication systems
which aims at delivering a superior consumer experience.

Power Station Wireless Powered  Devices Information Receiving Station

hk gk

Power Transfer
Information Transmission

Fig. 1. The system model of a WPCN.

Therefore, the joint optimization of WET and WIT are needed
for practical systems in order to prolong the lifetime of the
wireless devices as well as providing a more flexible solution
for industrial designers.

III. PRELIMINARIES

A. System Model

We consider a WPCN, which consists of one power station,
K wireless-powered users, and one information receiving
station, as depicted in Fig. 1. The “harvest and then transmit”
protocol is employed for the WPCN as in [9], i.e., all users first
harvest energy from the RF signal broadcasted by the power
station in the downlink (DL), and then transmit information
signals to the information receiving station in the uplink (UL).
Assume that both the DL and the UL channels are quasi-
static block fading channels. The DL channel gain between
the power station and user terminal k and the UL channel gain
between user terminal k and the information receiving station
are denoted as hk and gk, respectively. We also assume that
the channel state information (CSI) is perfectly known at the
power station since we are interested in obtaining an EE upper
bound for practical WPCNs [9]. We note that signaling over-
head and imperfect CSI will result in performance degradation
but the study of their impact on the EE is beyond the scope
of this paper.

During DL WET, the power station broadcasts the energy
signal with transmit power P0 and transmission time τ0. The
energy harvested from the noise and the received UL WIT
signals from other users is assumed to be negligible, since
both the noise power and the user transmit power are generally
much smaller than the transmit power of the power station in
practice [9]. Thus, the amount of energy received at user k
can be modeled as

Eh
k = ηkτ0P0hk − τ0pr,k, (1)

where ηk ∈ (0, 1] is the energy conversion efficiency of user
k and pr,k is a constant circuit power consumption accounting
for reception processing.

During UL WIT, each user k transmits an independent
information signal to the receiving station with transmit power
pk and transmission time τk. Then, the achievable throughput
of user k, denoted as Bk, is given by

Bk = τkW log2 (1 + pkγk) , (2)



where γk = gk

σ2 denotes the equivalent channel gain for UL
WIT. In (2), W and σ2 are the bandwidth of the considered
system and the Gaussian noise variance, respectively.

B. Power Consumption Model for Mobile Terminals

Since we focus on the user-centric EE maximization, it
is of primary importance to model the energy consumption
for user terminals in the WPCN. Here, we adopt the power
consumption model from a comprehensive survey of the
green mobile networking [1], where the transmission power,
transmission circuit power, and reception circuit power are
taken into account for all user terminals.

In the WPCN, the overall energy consumption of each
mobile terminal consists of two parts: the energy consumed
in DL WET and UL WIT, respectively. During DL WET,
since the mobile terminal is in the reception mode, only the
reception circuit power is consumed, i.e., pr,k. During UL
WIT, since the mobile terminal is in the transmission mode,
the power consumption includes not only the over-the-air
transmission power, denoted as pk, but also the circuit power
consumed for transmission hardware processing, denoted as
pc,k. Therefore, the overall energy consumption of user k in
the WPCN can be expressed as

Ek = τ0pr,k + τk
pk

εk
+ τkpc,k, (3)

where εk ∈ (0, 1] is a constant which accounts for the power
amplifier (PA) efficiency of user terminal k.

C. Objective Function: User-Centric EE

The EE of each user in the WPCN is defined as the ratio
of its achievable throughput in UL WIT to its overall energy
consumption in both DL WET and UL WIT, i.e.,

EEk =
Bk

Ek
=

τkW log2 (1 + pkγk)
τ0pr,k + τk

pk

εk
+ τkpc,k

. (4)

In this paper, we aim at balancing the EE among users in
the WPCN. To achive this goal, we adopt the weighted sum
of user-centric energy efficiency (WSUEE) as the objective
function, which is in fact a scalarization of EEs of multiple
users. This metholodolgy has been domenstrated as a common
practice to investigate possible conflicting objectives [16].
Therefore, the WSUEE of the WPCN can be expressed as

EEsum =
K∑

k=1

ωkEEk, (5)

where the weighting factors ωk ≥ 0, ∀ k, are provided
by upper layers to capture the priorities of different users.
These predefined weights provide the flexibility to achieve the
customized green performance for different users [10]. For
example, the system designer can assign higher weights for
some users with less energy but requiring higher throughput
so that to make them more energy-efficient.

IV. A USER-CENTRIC ENERGY-EFFICIENT APPROACH

A. Problem Formulation

Our goal is to jointly optimize the time allocation and power
control in both DL WET and UL WIT for maximizing the
WSUEE, i.e., EEsum. The WSUEE maximization problem is
formulated as

max
τ0,{τk},

P0,{pk}

K∑
k=1

ωkEEk =
K∑

k=1

ωk
τkW log2 (1 + pkγk)

τ0pr,k + τk
pk

εk
+ τkpc,k

s.t. C1: P0 ≤ Pmax, C3: τ0 +
K∑

k=1

τk ≤ Tmax,

C2: τ0pr,k + τk
pk

εk
+ τkpc,k ≤ ηkP0τ0hk, ∀ k,

C4: τ0 ≥ 0, τk ≥ 0, ∀ k,

C5: P0 ≥ 0, pk ≥ 0, ∀ k. (6)

In problem (6), C1 constrains the DL maximum allowed
transmit power of the power station to Pmax due to practical
hardware limits. C2 ensures that the overall energy consumed
by user k in DL WET and UL WIT does not exceed the
harvested available energy ηkP0τ0hk. In C3, Tmax is the
total available transmission time. C4 and C5 are non-negative
constraints on optimization variables. Note that problem (6)
is neither convex nor quasi-convex due to the sum-of-ratios
objective function and the products of optimization variables
in C2. In general, there is no standard method for solving non-
convex optimization problems. Nevertheless, in the follow-
ing, we first investigate the properties of the energy-efficient
transmission in the WPCN, and then we derive a closed-form
expression of the WSUEE based on those properties.

B. Optimal Solution

We first study the transmit power of the power station.
Proposition 4.1: In the WSUEE maximization, the power

station always transmits with its maximum allowed power, i.e.,
P0 = Pmax, for DL WET.

Proof: Please refer to Appendix A.
The interpretation of Proposition 4.1 is that letting the power

station transmit with the maximum allowed power reduces the
reception time needed for DL WET, and thereby reduces the
reception energy consumption of mobile terminals. In addition,
this transmission strategy also provides users more time to
improve their throughputs in UL WIT and thus improve user
EEs. Next, we study how the wireless powered users utilize
their harvested energy for the energy-efficient transmission.

Proposition 4.2: In the WSUEE maximization, each user
will use up all of its harvested energy, i.e., τ0pr,k + τk

pk

εk
+

τkpc,k = ηkP0τ0hk, ∀ k.
Proof: Please refer to Appendix B.

Proposition 4.2 reveals the optimal structure of energy
utilization for users in energy-efficient WPCN: to make full
use of the harvested energy. Since DL WET will lead to
reception circuit energy consumption for users, if they do
not fully utilize the harvested energy in UL WIT, the user
EE can always be improved via decreasing the transmission



time of DL WET. With Proposition 4.1 and 4.2, the closed-
form expression of maximum WSUEE as well as the optimal
solution is derived in Theorem 4.1.

Theorem 4.1: In the WPCN, the maximum WSUEE,
EE∗

sum, can be expressed as

EE∗
sum =

K∑
k=1

(
1 − pr,k

ηkPmaxhk

)
ωkee∗k, (7)

where ee∗k � max
pk

W log2(1+pkgk)
pk
εk

+pc,k
and it can be interpreted as

the transmit EE of user k in UL WIT. Correspondingly, the
optimal power and time allocation can be expressed as

p∗k =
[

Wεk

ee�
k ln 2

− 1
γk

]+

,∀ k, (8)

τ∗
k =

(ηkPmaxhk − pr,k)ee∗k
W log2(

Wεkγk

ee∗
k ln 2 )

τ0,∀ k, (9)

τ∗
0 ∈

⎛
⎜⎝0,

Tmax

1 +
∑K

k=1
(ηkPmaxhk−pr,k)ee∗

k

W log2(
W εkγk
ee∗

k
ln 2 )

⎤
⎥⎦ . (10)

Proof: Please refer to Appendix C.
Theorem 4.1 provides a closed-form expression of the

maximum WSUEE by using the system parameters in the
WPCN. Since (ηkPmaxhk−pr,k)τ0 is the actual energy stored
in the battery, the term pr,k

ηkPmaxhk
in (7) can be regarded as the

receiver EE accounting for storing energy. Thus, a user with
lower pr,k

ηkPmaxhk
indicates that it is able to store more energy

in DL WET. In addition, we also observe that the optimal
transmit power of each user p∗k in (8) is solely determined by
its own local parameters, i.e., pc,k, gk, and εk. This implies that
the maximum WSUEE can always be achieved by letting each
user maximize its own EE. This is because when the minimum
user throughput requirements are not considered, the optimal
strategy is to let each user use up all of its harvested energy,
which only results in a linear relationship between τ0 and τk

as shown in (9). Since scaling τ0 and τk with the same factor
does not affect the user EE in (4), the system can always find
a small enough τ0 and τk, ∀k to satisfy time constraint C3 for
a given Tmax such that the EEs among users do not conflict
with each other.

Remark 4.1: In general, achieving the maximum user EE
simultaneously for all users does not always hold in the W-
PCN. It is intuitive that if higher user throughput requirements
are specified, there will be a non-trivial tradeoff between time
allocation among users. For example, for a user allocated
with short τk, the only way to meet its minimum throughput
requirement is to increase the transmit power pk, which
thus may lead to a lower user EE. In contrast, for a user
allocated with longer τk, it has a higher flexibility to adjust pk

which helps to achieve a higher user EE as well as meeting
the specified throughput requirement. Therefore, it is very
interesting to investigate the user EE tradeoff in the WPCN.

C. User EE Tradeoff in the WPCN

Corollary 4.1: The maximum achievable throughput re-
gion, C, while achieving maximum user EE simultaneously

for all users, is given by

C =
{

(B1, ..., BK)
∣∣∣∣B1 ≤ Rmax

1 , ..., BK ≤ Rmax
K

}
, (11)

where Rmax
k = τ∗

k W log2(1+p∗kγk). If any user k’s minimum
throughput requirement exceeds Rmax

k , then at least one user’s
EE has to be strictly decreased.

Proof: Please refer to Appendix D.
Corollary 4.1 indicates that inside the user throughput region

C, each user can achieve its own maximum EE without
decreasing the EE of others while beyond region C, there
exists non-trivial EE tradeoff among users. It is worth noting
that the user EE tradeoff among users is different from the
conventional user SE tradeoff in [9] where users are always
competing with each other for resources, such as power, in
order to maximize its own throughput and thus strict user SE
tradeoff always exists. However, for the EE maximization in
this work, as exceedingly large power may not be beneficial,
the EEs of users are possibly to be maximized simultaneously
within a certain user throughput region. On the other hand, in
the user throughput region where non-trivial user EE tradeoff
exists, the EEs among users can be balanced by assigning
different priorities to different users, which results in different
time allocation and power control strategies.

V. NUMERICAL RESULTS

In this section, we present simulation results to validate our
theoretical findings, and to demonstrate the user EE of WPCN.
Four users are randomly and uniformly distributed on the right
hand side of the power station with a reference distance of 2
meters and a maximum service distance of 15 meters. The
information receiving station is located 100 meters away from
the power station. The system bandwidth is set as 20 kHz.
The path loss exponent is 2.4 and the thermal noise power
is -110 dBm. The small scale fading for WET and WIT is
Rician fading with Rician factor 7 dB and Rayleigh fading,
respectively. Without loss of generality, we assume that users
have the same system parameters, which are set as pr = 30
mW, pc = 50 mW, η = 0.9, and ε = 0.9, ∀ k, respectively.
Unless specified otherwise, the remaining system parameters
are set as Tmax = 1 s, and Pmax = 46 dBm.

In Fig. 2, we compare the WSUEE of the following
schemes: 1) WSUEE Optimal: proposed approach; 2) System
EE Optimal : the approach in [4]; 3) Throughput Optimal: the
approach in [13]; 4) Fix proportion: let each user consume
only part of its harvested energy, i.e., τk

pk

εk
+ τkpc,k =

ρ(ηkPmaxhk−pr,k)τ0, where ρ (0 < ρ < 1) can be adjusted to
strike a balance between the energy consumed in the current
transmission block and stored for the next transmission block.
From Fig. 2, it is observed that the WSUEE of the proposed
approach first increases with the transmit power of the power
station and only experience marginal increases in the high
transmit power regime. This is because when Pmax is low,
to transfer a certain among of energy, a small increase of
Pmax can largely reduce the time needed for DL WET and
thus the reception circuit energy consumption. Therefore, the
user EE is improved quickly. On the other hand, when Pmax
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is in the high regime, the time needed for DL WET is already
so short that the reception circuit energy consumption is non-
dominating in the total user energy consumption, and thus
further improving the transmit power is not that effective,
which only results in a marginal increase. Moreover, it also
outperforms all other schemes due to the joint time allocation
and power control.

In Fig. 3, we provide a concrete example to demonstrate
the finding in Corollary 4.1. A two-user scenario is assumed
for the WPCN. Specifically, we set h � [h1, h2] = [0.1, 0.1]
and γ � [γ1, γ2] = [1000, 500], respectively. We plot the user
EE achieved versus the user throughput requirements under
different weights where the non-tradeoff and tradeoff regime
is shown when Rmin = Rk

min, k = 1, 2, without loss of
generality. Specifically, when ω = [5 1], as we can see that the
EE of user 1 decrease slowly while the EE of user 2 decrease
sharply as Rmin increases. In contrast, when ω = [1 5], the
opposite tendencies of the user EE happen to user 1 and user
2, respectively, and for Rmin = 4.5 × 104 bits, user 1 and
user 2 achieve almost the same EE. This suggests that in the
tradeoff regime, assigning different weights to different users
can indeed enforce a certain notion of fairness among users
and help to improve the EE of some channel degraded users.
Fig. 4 characterize the tradeoff among four users in the tradeoff
regime.We assign the same weight to user k, k = 2, 3, 4, i.e.,
ω2 = ω3 = ω4 = 1, while adjusting the weight of user 1, ω1,
from 1 to 15. We observe that with the increasing of ω1, the
EE of user 1 increases while the EE of user k, k = 2, 3, 4,
all decreases, which further demonstrates that assigning higher
weight to some user indeed helps to improve its EE.

VI. CONCLUSIONS

In this paper, we first summarized recent industry issues
and activities of the WET, and then investigated the energy-
efficient resource allocation in the WPCN from a user-centric
perspective. The time allocation and power control of DL WET
and UL WIT were optimized to maximize the WSUEE. Simu-
lation results verified our theoretical findings and demonstrated
that the proposed approach can indeed strike the EE balance
among individual users.

APPENDIX A: PROOF OF PROPOSITION 4.1

We prove Proposition 4.1 by contradiction. Suppose that
{P ∗

0 , {p∗k}, τ∗
0 , {τ∗

k}} achieves the maximum WSUEE of prob-
lem (6) satisfying P ∗

0 < Pmax. The corresponding EE of user
k is denoted as EE∗

k . Then, we construct another solution
{P̂0, {p̂k}, τ̂0, {τ̂k}} satisfying P̂0 = Pmax, τ̂0 = P∗

0 τ∗
0

P̂0
,

p̂k = p∗k, and τ̂k = τ∗
k , respectively. The corresponding

EE of user k is denoted as ÊEk. It is easy to check that
{P̂0, {p̂k}, τ̂0, {τ̂k}} does not violate other constraints and is
thus a feasible solution. Furthermore, since P̂0 = P̂max > P ∗

0 ,
it follows that τ̂0 < τ∗

0 . Then, the energy consumption of each
user satisfies τ̂0pr,k + τ̂k

p̂k

εk
+ τ̂kpc,k < τ∗

0 pr,k +τ∗
k

p∗
k

εk
+τ∗

k p∗c,k.
Thus, from the definition of user EE, it can be shown that
EE∗

k < ÊEk for ∀k. Therefore, we have
∑K

k=1 ωkEE∗
k <∑K

k=1 ωkÊEk, which contradicts that {P ∗
0 , {p∗k}, τ∗

0 , {τ∗
k}} is

the optimal solution.

APPENDIX B: PROOF OF PROPOSITION 4.2

We prove Proposition 4.2 by contradiction. Suppose that
{Pmax, {p∗k}, τ∗

0 , {τ∗
k}} achieves the maximum WSUEE of

problem (6) while there exists a user m who does not use
up its harvested energy, i.e., τ0pr,m + τk

pm

εm
+ τmpc,m <

ηmPmaxτ0hm and τ0pr,k + τk
pk

εk
+ τkpc,k = ηkPmaxτ0hk for

k �= m. The corresponding EE of user k, denoted as EE∗
k , is

given by

EE∗
k =

τ∗
k W log2 (1 + p∗kγk)

τ∗
0 p∗r,k + τ∗

k
p∗

k

εk
+ τ∗

k p∗c,k
,∀ k. (12)

Then, we construct another solution {Pmax, {p̂k}, τ̂0, {τ̂k}}
satisfying p̂k = p∗k for ∀ k, τ̂0 = βτ∗

0 , τ̂m = ατ∗
m, and

τ̂k = βτ∗
k for k �= m, respectively, where 0 < β <

1 and α > 1. Note that as β → 0, it follows that
ηmPmaxτ̂0hm − τ̂0pr,m = βτ∗

0 (ηmPmaxhm − pr,m) → 0;
while as α increases, τ̂m

p̂m

εm
+ τ̂mpc,m = ατ∗

m( p̂m

εm
+ pc,m)

increases. Thus, there always exist α and β such that both
ατ∗

m( p̂m

εm
+ pc,m) = βτ∗

0 (ηmPmaxhm − pr,m) and τ̂0 +∑K
k=1 τ̂k = β

(
τ∗
0 +

∑K
k �=m τ∗

k

)
+ ατ∗

m ≤ Tmax are satisfied.

It is also to check that τ̂0pr,k + τ̂k
p̂k

εk
+ τ̂kpc,k = ηkPmaxτ̂0hk



still holds. Thus, the corresponding user EE, ÊEm and ÊEk

for ∀ k �= m, can be expressed as

ÊEm =
τ̂mW log2 (1 + p̂mγm)

τ̂0p̂r,m + τ̂m
p̂m

εm
+ τ̂mp̂c,m

=
ατ∗

mW log2 (1 + p∗mγm)

βτ∗
0 p∗r,m + α

(
τ∗
m

p∗
m

εm
+ τ∗

mp∗c,m
) , (13)

ÊEk =
τ̂kW log2 (1 + p̂kγk)

τ̂0p̂r,k + τ̂k
p̂k

εk
+ τ̂kp̂c,k

=
βτ∗

k W log2 (1 + p∗kγk)

βτ∗
0 p∗r,k + β

(
τ∗
k

p∗
k

εk
+ τ∗

k p∗c,k
) ,∀ k �= m. (14)

Compared (12) with (13) and (14), it is easy to conclude
ÊEm > EE∗

m and ÊEk = EE∗
k for ∀ k �= m, as α > 1

and 0 < β < 1. Therefore, we have
∑K

k=1 ωkÊEk >∑K
k=1 ωkEE∗

k, which contradicts that user m does not use
up all of its harvested energy.

APPENDIX C: PROOF OF THEOREM 4.1

From Proposition 4.2, we obtain τk = (ηkPmaxhk−pr,k)τ0
pk
εk

+pc,k
.

Substituting τk, ∀ k, into the objective function of problem
(6) yields

EEsum =
K∑

k=1

ωk

(ηkPmaxhk−pr,k)τ0
pk
εk

+pc,k
W log2(1 + pkγk)

pr,kτ0 + (ηkPmaxhk−pr,k)τ0
pk
εk

+pc,k

(
pk

εk
+ pc,k

)

=
K∑

k=1

ωk

(
1 − pr,k

ηkPmaxhk

)
W log2(1 + pkγk)

pk

εk
+ pc,k

. (15)

From (15), we can observe that ωk

(
1 − pr,k

ηkPmaxhk

)
is a

constant for each user k. Let eek � W log2(1+pkγk)
pk
εk

+pc,k
, which can

be interpreted as the transmit EE of user k. Thus, to maximize
EEsum, we only have to maximize eek. It is easy to prove that
eek is a strictly quasiconcave function of pk and its unique
stationary point is also the maximum point. Thus, setting the
derivative of eek with respect to pk to zero yields

p∗k =
[

Wεk

ee∗k ln 2
− 1

γk

]+

, (16)

where ee∗k is the maximum transmit EE of user k. The
numerical values of ee∗k and p∗k can be easily obtained by
the bisection method [2].

APPENDIX D: PROOF OF COROLLARY 4.1

From Theorem 4.1, we know that the optimal time alloca-
tion that maximizes the WSUEE is only to restrict a linear
relationship between τ0 and τk for ∀ k. In particular, the max-
imum value of the WSUEE does not depend on the value of
positive τ0 in the feasible region while the achieved throughput
Bk increases linearly with the transmit time τk as pk is given
by (8). Therefore, τ0 and τk for ∀ k, all reach their maximum
feasible values if and only if τ∗

0 +
∑K

k=1 τ∗
k = Tmax holds.

Thus, the maximum achieved throughput while maintaining
the maximum WSUEE, denoted as Rmax

k , is given by

Rmax
k = τ∗

k W log2(1 + p∗kγk)

=
(ηkPmaxhk − pr,k)τ∗

0
p∗

k

εk
+ pc,k

W log2(1 + p∗kγk)

= (ηkPmaxhk − pr,k)τ∗
0 ee∗k. (17)

Thus, if any user k’s minimum throughput requirement ex-
ceeds Rmax

k , from (17), we observe that the only way to
improve Rmax

k is to increase the DL WET time τ∗
0 as

eek already reaches its maximum value ee∗k. Then, from
τ∗
0 +

∑K
k=1 τ∗

k = Tmax, it follows that
∑K

k=1 τ∗
k has to be

decreased which suggests that at least one user’s τ∗
k has to be

decreased. As EEk increases with τk while decreases with τ0,
we conclude that at least one user’s EE has to be decreased.
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