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Abstract—This paper considers a wireless powered communi-
cation network (WPCN), where multiple users harvest energy
from a dedicated power station and then communicate with an
information receiving station. Qur goal is to investigate the max-
imum achievable energy efficiency (EE) of the network via joint
time allocation and power control while taking into account the
initial battery energy of each user. We first study the EE maxi-
mization problem in the WPCN without any system throughput
requirement. We show that the EE maximization problem for
the WPCN can be cast into EE maximization problems for two
simplified networks via exploiting its special structure. For each
problem, we derive the optimal solution and provide the corre-
sponding physical interpretation, despite the nonconvexity of the
problems. Subsequently, we study the EE maximization problem
under a minimum system throughput constraint. Exploiting frac-
tional programming theory, we transform the resulting nonconvex
problem into a standard convex optimization problem. This allows
us to characterize the optimal solution structure of joint time
allocation and power control and to derive an efficient iterative
algorithm for obtaining the optimal solution. Simulation results
verify our theoretical findings and demonstrate the effectiveness
of the proposed joint time and power optimization.

Index Terms—Energy efficiency, wireless powered networks,
time allocation, power control.

I. INTRODUCTION

NERGY harvesting allows devices to harvest energy from
ambient sources, and has attracted considerable atten-
tion in both academia and industry [1], [2]. Energy harvesting
from natural renewable sources, such as solar and wind, can
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provide a green and renewable energy supply for wireless com-
munication systems. However, due to the intermittent nature of
renewable energy sources, the energy collected at the receiver
is not controllable, and the communication devices may not
always be able to harvest sufficient energy. On the other hand, it
has been shown that wireless receivers can also harvest energy
from radio frequency (RF) signals, which is known as wireless
energy transfer (WET) [1], [2]. Since the RF signals are gen-
erated by dedicated devices, this type of energy source is more
stable than natural renewable sources.

Two different lines of research can be identified in WET.
The first line focuses on simultaneous wireless information
and power transfer (SWIPT), where the wireless devices are
able to split the received signal into two parts, one for infor-
mation decoding and the other one for energy harvesting
[3]-[7]. SWIPT has been studied for example for multiple-input
multiple-output (MIMO) [3], multiuser orthogonal frequency
division multiplexing access (OFDMA) [4], [5], multiuser
multiple-input single-output (MISO) [6], and cognitive radio
[7]. These works generally optimize the power splitting ratio
at the receiver side to study the fundamental tradeoff between
the achievable throughput and the harvested energy. The second
line of research in WET pursues wireless powered communi-
cation networks (WPCN), where the wireless devices are first
powered by WET and then use the harvested energy to transmit
data signals [8]-[11]. In [9], the downlink (DL) WET time and
the uplink (UL) wireless information transmission (WIT) time
are jointly optimized to maximize the system throughput. Then,
WPCNs with user cooperation and full-duplex, relay, multi-
antenna, massive MIMO, and cognitive techniques are further
studied in [10]-[16], respectively. Moreover, the authors in
[17] investigate how an energy harvesting relay can distribute
its harvested energy to support the communication of multi-
ple source-destination pairs. However, most existing works on
WET aim to improve the system throughput while neglecting
the energy utilization efficiency which is also a critical issue for
next generation communication systems, especially for energy
harvesting based systems [18]-[23].

Because of the rapidly rising energy costs and the tremen-
dous carbon footprints of existing systems [18], energy effi-
ciency (EE), measured in bits per joule, is gradually accepted as
an important design criterion for future communication systems
[19], [24], [25]. The authors in [4] study the resource allocation
for EE maximization in SWIPT for OFDMA systems requiring
minimum harvested energy guarantees for multiple receivers.
However, the conclusions and proposed methods in [4] are not
applicable to the WPCN scenario due to the fundamentally
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different system architecture. Energy-efficient power allocation
for large-scale MIMO systems is investigated in [20]. Yet, the
resource allocation is optimized only for the single-receiver sce-
nario and cannot be directly extended to the multiuser case
due to the coupling between time allocation and power control.
Moreover, the circuit power consumption of the user terminals
is ignored in [3]-[7], [9]-[11]. However, as pointed out in [26],
the circuit power consumption is non-negligible compared to
the power consumed for data transmission, especially for small
scale and short range applications. Furthermore, in the WPCN,
energy is not only consumed in the UL WIT stage but also
in the DL WET stage during which no data is transmitted. In
fact, a significant amount of energy may be consumed during
DL WET in order to combat the wireless channel attenuation.
Therefore, EE optimization is even more important in WPCN
than in traditional wireless communication networks.

In this paper, we consider the WPCN where multiple users
first harvest energy from a power station and then use the har-
vested energy to transmit signals to an information receiving
station. The considered system model is most closely related
to that in [9]. However, there are three important differences.
First, a hybrid station is employed in [9], i.e., the power station
for WET and the information receiving station for WIT are co-
located. Hence, a user near the hybrid station enjoys not only
higher WET channel gain in the DL but also higher WIT chan-
nel gain in the UL compared with users that are far from the
hybrid station. This phenomenon is referred to as “doubly near-
far” problem in [9]. To avoid this problem, in this paper, the
information receiving station is not restricted to be co-located
with the power station. Hence, a user far from the power station
can be near the information receiving station and visa versa.
Second, in contrast to [9], each user is equipped with a cer-
tain amount of initial energy and can store the harvested energy
from the current transmission block for future use. This gener-
alization provides users a higher degree of flexibility in utilizing
the harvested energy and improves thereby the EE of practical
communication systems. Third, unlike [9], we focus on maxi-
mizing the system EE while guaranteeing a minimum required
system throughput instead of maximizing the system through-
put. The main contributions and results of this paper can be
summarized as follows:

e We formulate the EE maximization problem for multiuser
WPCN with joint time allocation and power control.
Thereby, we explicitly take into account the circuit energy
consumption of the power station and the user termi-
nals. In the first step, we investigate the system EE of
WPCN providing best-effort communication, i.e., WPCN
that do not provide any system throughput guarantee.
Subsequently, to meet the QoS requirements of practical
systems, the EE maximization problem is studied for the
case with a minimum required system throughput.

e For the case of best-effort communication, we reveal that
the energy-efficient WPCN are equivalent to either the
network in which the users are only powered by the initial
energy, i.e., no WET is exploited, or the network in which
the users are only powered by WET, i.e., no initial energy
is used. We refer to the former type of network as “initial
energy limited communication network™ (IELCN) and to
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the latter type of networks as “purely wireless powered
communication network” (PWPCN). For the IELCN, we
show that the most energy-efficient transmission strategy
is to schedule only the user who has the highest user
EE. In contrast, for the PWPCN, we find that: 1) in the
WET stage, the power station always transmits with its
maximum power; 2) it is not necessary for all users to
transmit signals in the WIT stage, but all scheduled users
will deplete all of their energy; 3) the maximum system
EE can always be achieved by occupying all available
time. Based on these observations, we derive a closed-
form expression for the system EE based on the user
EEs, which transforms the original problem into a user
scheduling problem that can be solved efficiently.

e For the case of throughput-constrained WPCN, exploiting
fractional programming theory, we transform the origi-
nal problem into a standard convex optimization prob-
lem. Through the analysis of the Karush-Kuhn-Tucker
(KKT) conditions, we characterize the optimal structure
of time allocation and power control, and propose an effi-
cient iterative algorithm to obtain the optimal solution.
We show that for a sufficiently long transmission time,
the system EE is maximized by letting each user achieve
its own maximum user EE. For a short transmission time,
users can only meet the minimum system throughput
requirement at the cost of sacrificing system EE.

The remainder of this paper is organized as follows.
Section II introduces some preliminaries regarding WPCN. In
Section III, we study best-effort communication in energy-
efficient WPCN. In Section IV, we investigate the EE max-
imization problem in the presence of a minimum system
throughput requirement. Section V provides extensive simula-
tion results to verify our analytical findings and the paper is
concluded in Section VI.

II. SYSTEM MODEL AND PRELIMINARIES
A. System Model

We consider a WPCN, which consists of one power station,
K wireless-powered users, denoted by Uy, for k =1,..., K,
and one information receiving station, that is not necessarily
co-located with the power station, as illustrated in Fig. 1. As
a special case, the information receiving station and the power
station may be integrated into one hybrid station as suggested in
[9], which leads to lower hardware complexity but gives rise to
the “doublely near-far” problem. The “harvest and then trans-
mit” protocol is employed for the WPCN. Namely, all users first
harvest energy from the RF signal broadcasted by the power
station in the DL, and then transmit the information signal to
the information receiving station in the UL [9]. For simplicity
of implementation, the power station, the information receiv-
ing station, and all users are equipped with a single antenna
and operate in the time division mode over the same frequency
band [4], [9]. To be more general, we assume that user k, for
k=1,..., K, is equipped with a rechargeable built-in battery
with an initial energy of Q (Joule). The initial energy may
be the energy harvested and stored in previous transmission
blocks. This energy can be used for WIT in the current block.
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Fig. 1. The system model of a multiuser wireless powered communication
network.

Assume that both the DL and the UL channels are quasi-
static block fading channels. The DL channel power gain
between the power station and user terminal k and the UL chan-
nel power gain between user terminal k£ and the information
receiving station are denoted as Ay and g, respectively. Note
that both Ay and gi capture the joint effect of path loss, shad-
owing, and multipath fading. We also assume that the channel
state information (CSI) is perfectly known at the power station
as we are interested in obtaining an EE upper bound for practi-
cal WPCN [9]. Once calculated, the resource allocation policy
is then sent to the users to perform energy-efficient transmis-
sion. We assume that the energy consumed for estimating and
exchanging CSI can be drawn from a dedicated battery which
does not rely on the harvested energy [23]. We note that sig-
naling overhead and imperfect CSI will result in a performance
degradation but the study of their impact on the system EE is
beyond the scope of this paper. For a detailed treatment of CSI
acquisition in WPCN, we refer to [27], [28].

During the WET stage, the power station broadcasts an RF
signal for a time duration 7y at a transmit power Py. The energy
harvested from channel noise and the received UL WIT signals
from other users is assumed to be negligible, since the noise
power is generally much smaller than the received signal power
and the transmit powers of the users are much smaller than the
transmit power of the power station in practice [9]-[11], [29].
Thus, the amount of energy harvested at Uy can be modeled as

E} =ntoPohy, k=1,--- K, (1

where 7 € (0, 1] is the energy conversion efficiency which
depends on the type of receivers [9].

During the WIT stage, each user k transmits an independent
information signal to the receiving station in a time division
manner at a transmit power pi. Denote the information trans-
mission time of user k as 7;. Then, the achievable throughput
of Uy can be expressed as

(@)

Br = 7 W log, (1 Pkgk) ,

+ o2

where W is the bandwidth of the considered system, o> denotes
the noise variance, and I'" characterizes the gap between the
achievable rate and the channel capacity due to the use of prac-
tical modulation and coding schemes. In the sequel, we use
Yk = % to denote the equivalent channel to noise ratio for
WIT. Thus, the total throughput of the WPCN, denoted as B,
is given by
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K K
Bot=) Bi=)_ uWlog,(I+ piw). 3)
k=1 k=1

B. Power Consumption Model

The total energy consumption of the considered WPCN con-
sists of two parts: the energy consumed during WET and WIT,
respectively. For each part, we adopt the energy consumption
model in [4], [21]-[23], namely, the power consumption of a
transmitter includes not only the over-the-air transmit power but
also the circuit power consumed for hardware processing. On
the other hand, according to [26], [30], the energy consumption
when users do not transmit, i.e., when they are in the idle mode
as opposed to the active mode, is negligible.

During the WET stage, the system energy consumption,
denoted as Ewgr, 1s modeled as

K
Po
Ewgr = e > E}+ Pero. “

k=1

where & € (0, 1] is the power amplifier (PA) efficiency and P,
is the constant circuit power consumption of the power station
accounting for antenna circuits, transmit filter, mixer, frequency
synthesizer, and digital-to-analog converter, etc. In (4), Pt
represents the circuit energy consumed by the power station
during DL WET. Note that Pytg — Z,f:] E ,f is the energy loss
due to wireless channel propagation, i.e., the amount of energy
that is emitted by the power station but not harvested by the

users. In practice, Pyto — Z,{;l E,i’ = Py1o (l - Z,le r/hk)
is always positive due to the law of energy conservation and
0 <n <11[4],[20].

During the WIT stage, each user independently transmits its
own signal with transmit power py during time t;. Thus, the
energy consumed by Uy can be modeled as

Pk
Ep = ?Tk + PeTk, (5)

where ¢ and p. are the PA efficiency and the circuit power con-
sumption of the user terminals, respectively, which are assumed
to be identical for all users without loss of generality. In prac-
tice, Ey has to satisfy E; < E,i’ + Qp, which is known as the
energy causality constraint in energy harvesting systems [4],
[20].

Therefore, the total energy consumption of the whole system,
denoted as Eqy, is given by

K

Eot = Ewgr + Y Ex. (6)
k=1

C. User Energy Efficiency

In our previous work [24], we introduced the concept of user
EE and it was shown to be directly connected to the system EE.
In this subsection, we review the definition of user EE in the
context of WPCN.

Definition I (User Energy Efficiency): The EE of user k, k =
1,---, K, is defined as the ratio of its achievable throughput
and its consumed energy in the WIT stage, i.e.,
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By _ uWlogy (1+ pryx) _ Wlogy (1 + pkve)
Ey Tk% + Tk Pe % + Pe

3

(N

where the energy consumption includes the energy consumed
in both the PA and the electronic circuits. Hence, eej represents
the energy utilization efficiency of user k in WPCN.

It can be shown that eey is a strictly quasiconcave function
of pr and has a unique stationary point which is also the maxi-
mum point [31]. Therefore, by setting the derivative of ee; with
respect to py to zero, we obtain

Wy
deey  Wrpagma (% + pe) = Wlogy(1+ pevi)y .
- . -
(2+7)
®)

dpi
After some straightforward manipulations, the optimal transmit
power can be expressed as

. Wg 17"
Pr = |: * __i| 1Vkv (9)
eecgIn2  y

where [x]T £ max{x, 0} and ee; is the maximum EE of user
k in (7). Based on (7) and (9), the numerical values of ee} and
Py, can be easily obtained using the bisection method [31]. As
shown in the sequel, the user EE plays an important role in
deriving an analytical expression for the maximum system EE
as well as for interpreting the obtained expression.

III. ENERGY-EFFICIENT RESOURCE ALLOCATION FOR
BEST-EFFORT WPCN

In this section, we study the resource allocation in best-effort
WPCN with the objective to maximize the system EE, which
is defined as the ratio of the achieved system throughput to the
consumed system energy, i.e., EE = giz . Specifically, our goal
is to jointly optimize the time allocation and power control in
the DL and the UL for maximizing the system EE. The system

EE maximization can be formulated as EE* £

K

e Wlog, (1
max Y ke eWlogs (14 pryi)
0. {Tc -

1 K K
Po,{pi} POTO(E = 2=t M) + Peto + 34 (%Tk + PeTh)
s.t. Cl: Py < Pmax,
2 %Tk + petk < nPoTohk + O, VK,

K
C3: 70 + ka < Tiax,
k=1
C4:19>0, 1 >0, Vk,

C5: Py >0, py >0,Vk. (10)

where E E* is the maximum system EE of WPCN. In problem
(10), constraint C1 limits the DL transmit power of the power
station to Ppax. C2 ensures that the energy consumed for WIT
in the UL does not exceed the total available energy which is
comprised of both the harvested energy n Pytohj and the initial
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energy Qy. In C3, Ty, is the total available transmission time
for the considered time block. C4 and C5 are non-negativity
constraints on the time allocation and power control variables,
respectively. Note that problem (10) is neither convex nor quasi-
convex due to the fractional-form objective function and the
coupled optimization variables. In general, there is no stan-
dard method for solving non-convex optimization problems
efficiently. Nevertheless, in the following, we show that the
considered problem can be efficiently solved by exploiting the
fractional structure of the objective function in (10).

A. Equivalent Optimization Problems

First, we show that the EE maximization problem for WPCN
is equivalent to two optimization problems for two simplified
sub-systems. To facilitate the presentation, we define ®5 and
®4 as the set of users whose initial energy levels are zero
and strictly positive, respectively, i.e., QO = 0 for k € ®p and
Qk > 0 fork € ®y.

Theorem 1: Problem (10) is equivalent to one of the follow-
ing two problems:

1) The EE maximization in the pure WPCN (PWPCN) (i.e.,

the system where DL WET is used and only the users in
@ are present for UL WIT): E Efypen e

max
T0-{Tk ),
Po.{pk}kedp

> kewy TeWlogy (1+ piyi)
Poto(§ =Y iy nhi) +Peto+ Y geq, (Zti+ pete)
S.t. Cl P() S Pmaxy

C2: ﬂTk + petk < nPoTohk, k € Dop,
S

C3: 19 + Z Tk < Tmax,
kedp
Chd:t9>0, 1. >0,k € Dop,

C5: Py >0,pr >0,k € Do, (11)

where E Efypey 18 used to denote the maximum system
EE of the PWPCN.

2) The EE maximization in the initial energy limited com-
munication network (IELCN) (i.e., the system where DL
WET is not used and only the users in ®4 are present for
UL WIT): EEy on =

Y kew, wWlogy (1 + pryi)
Dkewy (BT + peti)

st. C2: &rk + petk < Ok,

max
{pr} Ak} kedy

kGCDj,

S
C3: Z Tk < Tmax,
kE(Dg

C4:1. >0,
C5: pr =0,

kECDj,

k € &g, (12)

where EEfg; -~ is used to denote the maximum system
EE of the IELCN.
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If EEpwpen = EEfpone then EE™ = EEpgpens Oth-
erwise EE* = EE[g oy, i.€., either problem (11) or
problem (12) provides the optimal solution for problem
(10).
Proof: Please refer to Appendix A. |
Theorem 1 reveals that the EE maximization problem in
WPCN with initial stored energy can be cast into the EE max-
imization in one of the two simplified systems, i.e., PWPCN
or I[ELCN. In the following, we study the EE and characterize
its properties for each of the systems independently. Note that
for the special case that E Efypen = E Efp cn» Without loss of
generality, we assume that the system EE of problem (10) is
achieved by PWPCN in order to preserve the initial energy of
users belonging to ®5.

B. Properties of Energy-Efficient PWPCN

The following lemma characterizes the operation of the
power station for energy-efficient transmission.

Lemma 1: In energy-efficient PWPCN, the power sta-
tion always transmits with its maximum allowed power, i.e.,
Py = Pmax, for DL WET.

Proof: Please refer to Appendix B. |

Remark 1: This lemma seems contradictory to intuition at
first. In conventional non-WPCN systems, since only the trans-
mit power is optimized, the EE is generally first increasing
and then decreasing with the transmit power when the cir-
cuit power is taken into account [4], [18]-[22], [24]. Yet, in
PWPCN, where the transmission time can also be optimized,
letting the power station transmit with the maximum allowed
power reduces the time needed for WET in the DL, and thereby
reduces the energy consumed by the circuits of the power sta-
tion. Moreover, it also gives the users more time to improve the
system throughput for WIT in the UL.

The following lemma characterizes the time utilization for
energy-efficient transmission.

Lemma 2: In energy-efficient PWPCN, the maximum sys-
tem EE can always be achieved by using up all the available
transmission time, i.e., 7o + D ;o » T = Tmax.

Proof: Please refer to Appendix C. |

Remark 2: Lemma 2 indicates that, in PWPCN, using up the
entire available transmission time is optimal. In fact, if the total
available time is not completely used up, increasing the time
for both DL WET and UL WIT by the same factor maintains
the system EE at least at the same level, while improving the
system throughput.

Next, we study how the wireless powered users are sched-
uled for utilizing their harvested energy for energy-efficient
transmission.

Lemma 3: In energy-efficient PWPCN, the following
scheduling strategy is optimal:

1) If E Ef;WPCN < ee]:, Vk € @, then user k is scheduled,

ie, 77 >0, and it will use up all of its energy, i.e.,

T}j (p?k + pc) = anaxT(;khk
2) If EEjypen = €€;» Yk € @p, scheduling user k or
not does not affect the maximum system EE, i.e.,

0= T]:: (p?k + pc> = anaxT(;khb
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3) If EE;WPCN > ee,:, Vk € ®, then user k is not sched-
uled, i.e., r,f = 0, and it preserves all of its energy for the
next transmission slot.

Proof: Please refer to Appendix D. |
Lemma 3 reveals an important property related to user
scheduling and the corresponding energy utilization: users that
are scheduled should have a better or at least the same EE as the
overall system, and for users with a strictly better EE, utilizing
all of their energy always benefits the system EE.

Remark 3: In [9], the authors focus on the throughput max-
imization problem for PWPCN. For that problem, the optimal
transmission time of each user increases linearly with the equiv-
alent channel gain. In other words, all users are scheduled
no matter how severely their channel conditions are degraded.
However, for EE oriented systems, it is not cost effective to
schedule all users, especially if their channels are weak, since
each user introduces additional circuit power consumption.

In Lemmas 1, 2, and 3, we have revealed several basic prop-
erties of EE optimal PWPCN. In the following, we derive an
expression for the maximum EE and also the optimal solution
based on the above properties.

Theorem 2: The optimal system EE of PWPCN can be
expressed as

> kes+ €€xhi

+1 -2 ﬂhk> + ket I

. (13)

EE} =
PWPCN = 7 ( P
1

Pmax

where §* C @ is the optimal scheduled user set. The optimal
power and time allocation can be expressed as

w 17
i = [—g - —} , (14)
ee;In2
= Tnan (15)
° 14+ 7Pmax hueef ’
max Y N
keS Wlogz(j%iﬁ"z)
hiee;
% = NPTy ——— . (16)
Wlog, (ee,: 1n2)

Proof: Please refer to Appendix E. |

Theorem 2 provides a simple expression for the system EE in
terms of the user EE and other system parameters. In (13), since
Pnax and P, are the maximum allowed transmit power and the
circuit power, respectively, their ratio Pe canbe interpreted as

Prmax

the inefficiency of the power statipn. The term é - Zle nhyi
represents the energy loss per unit transmit energy due to the
wireless channels, non-ideal energy harvesting devices, and a
non-ideal PA at the power station.

Note that L ( PP s
77 max

system parameters and is therefore a constant. This means that
once S* is determined, the optimal solution can be obtained
from (13). Therefore, the problem is simplified to finding
the optimal user set S*. In [22], we have proposed a linear-
complexity algorithm for solving a scheduling problem with a
similar structure as (13). The details of this algorithm are omit-
ted here and we refer the readers to [22] for more information.

Another interesting observation for PWPCN is the relation-
ship between the number of scheduled users and the physical

+ % - Zle nhk) involves only fixed
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system parameters, which has been summarized in the follow-
ing corollary.
Corollary 1: 1) For energy- -efficient PWPCN the number of

efficient PWPCN, the number of scheduled user decreases with
the energy conversion efficiency 7.

Proof: Due to space limitation, we only provide a sketch
of the proof here. From Lemma 3, we know that the condi-
tion for scheduling user k is EEpypey < ee;. Since a larger

Pizx system EE, EEjypens 1-€.,
more users satisfy the scheduling condition, more users are
scheduled. |

Corollary 1 generally reveals the relationship between the
number of scheduled users and the physical system parameters
of the power station (P,, Pmnax) and/or user terminals () in the
energy efficient PWPCN.

In the next subsection, we investigate the EE of IELCN and
characterize its properties.

C. Properties of Energy-Efficient IELCN

Theorem 3: Problem (12) is equivalent to the following
optimization problem

7 Wlog, (1 + pryk)

max max Tk
Tkt PcTk

kedg Pkt

st Potpn <0 ked,
S
T < Tmax, k € @7,
C4, C5, a7
and the corresponding optimal solution is given by
Py, if k =argmaxee’
p,t — k icdy (18)
0, otherwise, Vi,
e [0, max [ =&, Tmax | |» if k = arg max ee’,
p?k'i‘]’c‘ ie(l:vg
=0, otherwise, Vi.
(19)
Proof: Please refer to Appendix F. |

Theorem 3 indicates that the optimal transmission strat-
egy for EE maximization in IELCN is to schedule only the
user with the highest user EE. Thus, based on Theorem 3,
E E[; o can be easily obtained with the user EE introduced in
Section II-C.

In summary, we have obtained the optimal solutions of
problems (11) and (12) in Section III-B and Section III-C,
respectively. Thus, as shown in Theorem 1, the optimal solu-
tion of problem (10) is achieved by the one which results in
larger system EE.

IV. ENERGY-EFFICIENT RESOURCE ALLOCATION FOR
WPCN WITH A QOS CONSTRAINT

Since practical systems may have to fulfill certain QoS
requirements, in this section, we investigate energy-efficient
time allocation and power control for WPCN guaranteeing a

2317

minimum system throughput. In this case, the EE maximization
problem can be formulated as

K
W log, (1
max Zk 1 Tk 2> (1 4 pryk)
;30 {pk}PO 0( Zk 17)hk> + Pt +Zk 1 (%Tk +pc":k)

s.t. Cl1,C2,C3,C4, C5,
K

Co: Z T Wlog, (1 + prvi) = Ruin,
k=1

(20)

where Ry, denotes the minimum required system throughput
and all other parameters and constraints are identical to those
in (10). We note that different priorities and fairness among
the users could be realized by adopting the weighted sum rate
instead of the system throughput. However, since the weights
are constants and do not affect the algorithm design, without
loss of generality, we assume all users are equally weighted in
this paper [4].

A. Feasibility of Problem (20)

Before proceeding to solve problem (20), we first investigate
the feasibility condition for a given QoS requirement, Rpip.
The following theorem provides the necessary and sufficient
condition for the feasibility of problem (20).

Theorem 4: Problem (20) is feasible if R* > Ry, where
R* is the maximum objective value of the following concave
optimization problem

70 Pmax ik + Ok
max ZTkW]ng (1 + maxr—ks‘)/k — PcSVk

70, rk}
K
s.t. 10+ Z Tt = Tmax,
k=1

790>0,7% >0, Vk. 21

Proof: Due to the space limitation, we only provide a
sketch of the proof. It can be shown that the maximum through-
put of problem (20) is achieved when C1-C3 are all satisfied
with equality, which leads to problem (21). If the energy of
some user is not used up, the system throughput can always
be improved by increasing its transmit power while keeping its
transmission time unchanged, thus C2 holds with strict equal-
ity. Similar considerations can also be made for C1 and C3,
respectively. The objective function in (21) is concave and all
constraints are affine, thus problem (21) is a standard concave
optimization problem. |

In fact, problem (21) falls into the category of throughput
maximization problems in WPCN and can be solved by stan-
dard optimization techniques, such as the interior point method
[31]. The feasibility of problem (20) can thereby be verified
based on Theorem 4. If it is infeasible, Ry, can be decreased
and/or Tiax (Pmax) can be increased until the problem becomes
feasible. In the following, we assume that problem (20) is
feasible.

B. Transformation of the Objective Function

It is intuitive that when Ry, is sufficiently large, both power
transfer and the initial energy are needed to meet the system
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throughput requirement. Thus, problem (20) cannot be simply
cast into PWPCN or IELCN. Moreover, problem (20) is neither
convex nor quasi-convex due to the fractional form of the objec-
tive function and the non-convexity of inequality constraints C2
and C6. Next, we study the transmit power of the power station.

Theorem 5: For problem (20), the maximum system EE can
always be achieved for Py’ = Pmax.

Proof: As the power transfer may not be activated due to
the initial energy of the users, we discuss the following two
cases. First, if the power transfer is activated for the optimal
solution, i.e., 7y > 0, then we can show that Py = Ppax fol-
lowing a similar proof as for Lemma 1. Second, if rak = 0 holds,
then the value of the power station’s transmit power Pj does not
affect the maximum system EE, and thus Py = Pp,y is also an
optimal solution. |

It is worth noting that Lemma 1 is in fact a special case of
Theorem 5. Considering Theorem 5, we only have to optimize
70, {pr}, and {7}, Y k, for solving problem (20). According to
nonlinear fractional programming theory [32], for a problem of
the form,

x max M (22)
w.{pe} {m)eF Eot(T05 Pis Th)
where J is the feasible set, there exists an equivalent problem
in subtractive form, which satisfies

T(q") =

{Biot(Pk» ™) — ¢* Eiot (10, pi, )} = 0.
(23)

The equivalence of (22) and (23) can be easily verified at the
optimal point (zj, py, ty) with the corresponding maximum
value ¢* which is the optimal system EE to be determined.
Dinkelbach provides an iterative method in [32] to obtain ¢*. In
each iteration, a subtractive-form maximization problem (23) is
solved for a given g. The value of ¢ is updated and problem
(23) is solved again in the next iteration until convergence is
achieved. By applying this transformation to (22), we obtain
the following problem for a given ¢ in each iteration

K K
Pk
max Z T Wlog, (1 + pryi) —q (Z (?Tk + Pcfk>

7. {t }s
tpe) k=1 k=1

max
w0, {pk}t e ted

K
1
+ Pmax 7o <§ -3 nhk> + Pcfo)

k=1

s.t. C2,C3, C4, Cs, Co6. (24)

Although problem (24) is more tractable than the original
problem (20), it is still a non-convex optimization problem
since it involves products of optimization variables. Hence, we
further introduce a set of auxiliary variables, i.e., Ex = prtx,
for V k, which can be interpreted as the actual energy consumed
by user k. Replacing p; with %, problem (24) can be written
as

X Ey K (B
max Zrleog2 <1+—Vk> —q Z(—-i-pcfk)
70 {tk s =1 Tk =1 S
{Ex} "= -
1 K
+ Pmax 0 (g -3 nhk) + Pcfo)
k=1
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s.t. C3, C4, C5: Ex > 0,Vk,

E
C2: ?k + Petk < NPmaxTohi + Ok, Yk,

K
E
C6: Y nW log, <1 + T—:yk) > Ruin- (25)

k=1

After this substitution, it is easy to show that problem (25) is
a standard convex optimization problem, which can be solved
by standard convex optimization techniques, e.g., the interior-
point method [31]. However, this method neither exploits the
particular structure of the problem itself nor does it provide
any useful insights into the solution. Hence, in the following,
we employ the KKT conditions to analyze problem (25), which
results in an optimal and efficient solution.

C. Iterative Algorithm for Energy Efficiency Maximization

The partial Lagrangian function of problem (25) can be
written as

L(vo, Ex, tes 1, 8, 0)

K E K /g,
= (149) Y n%Wlog, (1+r—k)/k) -9 (Z <?+Pcfk>

k=1 k=1

K K
1
+ Pmax0 (g_ § nhk>+PcTO> +6 <Tmax_7:0_ E Tk)
k=1

k=1

K Ek
+ ) Qi PraxTohi === = peti | =0 Ruin, (26)
k=1

where u, §, and ¥ are the non-negative Lagrange multipliers
associated with constraints C2, C3, and C6, respectively. The
boundary constraints C4 and C5 are absorbed into the opti-
mal solution in the following. Then, the optimal solution can
be obtained from the following theorem.

Theorem 6: Given u, §, and ¥, the maximizer of L(to,
Ex, T, ., 8, 0) is given by

‘C* € [09 Tmax)9 lf fO("l') = 09 (27)
*|=0. if fo(w) <0,
Ef =1t pk. V&, (28)
TIPmanghk“"Qk . *
= — 0 if yp > x*,
Ltpe
tl;k c 0’ 77Pm‘dl);:6<h_k+Qk , lf Vk — x*’ (29)
Etpe
=0, if < x*,
where py and fp(p) are given by
+
Pi= [M _ Li| Yk, (30)
(g +m)In2

K K
Jo(w) = Prax (Z mikhe —q (1 - Zﬂ’%)) —qP.—4.
k=1

k=1
(€29}
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Algorithm 1. Energy-Efficient Transmission Algorithm for
WPCN

Initialize ¢ = 0 and the maximum tolerance €;
Repeat

Initialize & and §;

Set Lagrange multipliers $max = D, Omin =0, dmax =
$, and Spin = 0;
5 While &, —
6 U= %(ﬁmax + Ymin);
7. While §ax — Smin > €
8: §= %(3max + Smin);
9.
0

b

Umin > €

Compute x* from (32) for given ¢, ¢, and §;

1 Compute puy from (48) and (49) with y; > x*;
otherwise, u; = 0;

11: Obtain py for each user from (30);

12: Obtain 79 and 7 from (27) and (29),
respectively;

13: If there exist g and i, V k, satisfying (33),
then, break;

14: elseif 79 + Zle % > Tmax

15: Smin = J; else dmax = §;

16: end

17: end while

18: If there exist py, V k, satisfying (34), then, break;

19: elseif Z,{il 7 Wlog, (1 + prgk) < Rmin

20: Omin = U else Umax = U

21: end

22: end while

23: Update g = ootlpe) .

Eot(70, prs7k)

24 until T(¢g*) < €

In (29), x* denotes the solution of

1
aq(In2) Ing(ax); + j‘]—c —q(a+p)) —8=0, (32)
where a £ %. Moreover, 7 and 7, for k =1,..., K,
satisfy
K =T §>0
ES *k - max»
ERDI {ngdx, 5=0 (33)
k=1
K
=R ¥ >0
7, Wlog, (1 + maxs 34
]; (W logy( Pkgk){SRmax’ s_o ©¥
Proof: Please refer to Appendix G. |

By exploiting Theorem 6, the optimal solution of (25) can
be obtained with Algorithm 1 given on the next page. In
Algorithm 1, we first initialize the Lagrange multipliers ¢ and
8. Line 9 calculates x* from (32), where x* is the threshold
to determine whether a user is scheduled or not. It is interest-
ing to note that since the parameters a, g, ¢, p., and é in (32)
are independent of the user index k, the threshold x* is thereby
identical for all users. Then, based on (29), we determine the
users that should be scheduled by comparing x* with y,. Thus,
for an unscheduled user k, its corresponding iy is zero since

2319

constraint C2 is met with strict inequality. In contrast, for a
scheduled user k with yy, line 10 calculates its corresponding
wi by setting f(uk, vk) = 0 in (49), where f(uk, yx) is given
by (48). With given ¥, §, and puy, the power allocation variable
px can be immediately computed from (30) in line 11. Then,
from (27) and (29), the region with respect to tp and i is eas-
ily obtained as in line 12. Since it has been shown in (41) and
(48) that the Lagrangian function £ is a linear function with
respect to 79 and ti, the optimal solution that maximizes £
can always be found at the vertices of the region created by
709 and 1. Then, if (33) and (34) are both satisfied for the above
obtained 19, 7%, and py, the optimal solution for given g has
been found. It is worth noting that in the case that all users
have sufficient energy, it follows that p; = 0 due to the comple-
mentary slackness condition (44). Then, from (31), this leads to
fo(m) < 0 which implies that activating the power transfer is
not beneficial for achieving the highest system EE. Otherwise,
¥ and § are updated iteratively until they converge. Since the
outer-layer Dinkelbach method and the inner-layer bisection
method are both convergent (31), [32], the proposed algorithm
is guaranteed to converge to the optimal solution.

The computational complexity of Algorithm 1 can be ana-
lyzed as follows. The complexity of lines 8—11 in Algorithm 1
is linear in the number of users, K . Furthermore, the complexity
of the Dinkelbach method [33] for updating ¢ and the bisec-
tion method [31] for updating ¥ and § are both independent of
K. Therefore, the total complexity of the proposed algorithm is
O(K).

In the following, we reveal some properties of energy-
efficient WPCN with a throughput constraint.

Corollary 2: 1If the total available transmission time is not
used up, i.e., 7o + Zf: 1 Tk < Tmax, then each scheduled user &
transmits with the power that achieves the maximum user EE,
i.e., pr = p; in (7). In contrast, if the total available transmis-
sion time is used up, then the optimal transmit power of each
scheduled user k satisfies py > p;.

Proof: Please refer to Appendix H. |
Corollary 2 reveals that as long as the total available trans-
mission time is sufficiently long, letting each user indepen-
dently maximize its own maximum EE is the most energy-
efficient power control strategy for the whole system, which
also coincides with the conclusion in Theorem 2 for best-
effort PWPCN. On the other hand, if the available transmission
time is not sufficient, users can only meet the required system
throughput by increasing their transmit power at the expense of
sacrificing user EE and also system EE. Furthermore, users that
are not scheduled in the problem without Ry, i.e., problem
(10), may have to be scheduled in order to meet R, although
scheduling them is detrimental to the system EE. Thus, it is
likely that some of these users only consume just enough of
their energy to satisfy Rpi,. The following corollary sheds
some light on how an energy-efficient WPCN meets the QoS
requirement.

Corollary 3: 1If WET is used, i.e., 79 > 0, and a scheduled
user m does not use up all of its available energy, then the trans-
mit powers of all scheduled users remain constant until user m’s
energy is used up. Moreover, as the required system throughput
increases, the energy transfer time 7( and the transmission time
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7 of any scheduled user k # m decrease, respectively, while
the transmission time 7, of user m increases.
Proof: Please refer to Appendix 1. |
Corollary 3 suggests that if some scheduled user has a large
amount of initial energy available, it is preferable to utilize this
energy instead of prolonging the DL WET time if the required
throughput is high. This is because DL WET not only causes
circuit energy consumption but also reduces the time for UL
WIT.

V. NUMERICAL RESULTS

In this section, we present simulation results to validate
our theoretical findings, and to demonstrate the system EE of
WPCN. Five users are randomly and uniformly distributed on
the right hand side of the power station with a reference dis-
tance of 2 meters and a maximum service distance of 15 meters.
The information receiving station is located 300 meters away
from the power station. The system bandwidth is set as 20 kHz
and the SNR gap is I' = 0 dB. The path loss exponent is 2.8
and the thermal noise power is —110 dBm. The small scale
fading for WET and WIT is Rician fading with Rician fac-
tor 7 dB and Rayleigh fading, respectively. The circuit power
consumptions at the power station and the user terminals are
set to 500 mW and 5 mW, respectively. The PA efficiencies of
the power station and the user terminals, i.e., £ and ¢, are set
to unity, without loss of generality. Unless specified otherwise,
the remaining system parameters are set to n = 0.9, Tpax = Is,
and Ppax = 43 dBm. In Figs. 3-6, best-effort communication
WPCN are considered, whereas in Figs. 2 and 7, a minimum
system throughput requirement is imposed.

A. Convergence of Proposed Algorithm

Fig. 2 depicts the achieved system EE of the proposed
Algorithm 1 versus the number of outer-layer iterations using
the Dinkelbach method for different configurations. As can be
observed, on average at most six iterations are needed to reach
the optimal solution in the outer-layer optimization. Since the
time allocation and power control by the bisection method also
results in a fast convergence in the inner-layer optimization
[31], the proposed algorithm is guaranteed to converge quickly.

B. System EE of WPCN: PWPCN Versus IELCN

We provide a concrete example to illustrate Theorem 1
for best-effort communication. Specifically, we set O 210,
02, 03, 04, 051 = 10,0, 1, 1, 1] (Joule), h £ [hy, ha, h3, hy,
hs] =1[0.1,0.1,0.1,0.1,0.1], and y £ [v1, v2, v3, va, ¥s] =
[8, 6, ¥3,0.3,0.2], respectively. Note that only the last three
users have initial energy available. Therefore, from Theorem 3
for IELCN, we know that only the third user is scheduled if
y3 > 0.3, and its EE is independent of Pp,x and increasing with
y3. However, from Theorem 2, we know that the EE of PWPCN
is increasing in Pmax. Therefore, we can vary y3 and Ppax to
observe the system switching from IELCN to PWPCN in terms
of system EE, which is shown in Fig. 3. In the low transmit

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 15, NO. 3, MARCH 2016

—a— Rmm= 40 Kbits

—o—R_, =60 Kbits ||

—6—R_ =80 Kbits | |

Energy efficiency of the system (bits/Joule)

1 2 3 4 5 6 7 8 9 10
Number of iterations

Fig. 2. System EE versus the number of outer-layer iterations of the proposed
algorithm for different minimum system requirements, R yip.
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Fig. 3. Illustration of the system switching from IELCN to PWPCN as Pmax
increases. The green curve corresponds to PWPCN and the horizontal portion
of curves corresponds to IELCN.

power regime, the system is in the IELCN mode, but as Ppax
increases, when the EE of PWPCN surpasses that of IELCN,
the system switches to the PWPCN mode.

C. System EE versus Transmit Power of Power Station and Path
Loss Exponent of WET Channel

We compare the EE of the following schemes: 1) EE
Optimal: proposed approach; 2) Throughput Optimal: based
on conventional throughput maximization [9]; 3) Fixed
Proportion: let each user consume a fixed proportion of its har-
vested energy, denoted as p, which can be adjusted to balance
the energy consumed and stored. In Fig. 4, as Ppax increases,
we observe that the performance of the EE Optimal scheme
first sharply increases and then experience a moderate increase
while the EE of the Throughput Optimal scheme first increases
and then strictly decreases, which is due to its greedy use
of power. Moreover, for the Fixed Proportion schemes, as p
increases, the system EE also increases. However, even for
p =1, the EE Optimal scheme still outperforms the Fixed
Proportion scheme. The proposed scheme has a superior per-
formance as it only schedules users which are beneficial for
the system EE while the Fixed Proportion scheme imprudently
schedules all users without any selection.
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Fig. 4. System EE versus the maximum transmit power.
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Fig. 5. System EE versus the path loss exponent.

In Fig. 5, the system EE of all schemes decreases with
increasing path loss exponent «. Moreover, the performance
gap between the different schemes decreases as o« increases.
A larger path loss exponent leads to more energy loss in sig-
nal propagation, which forces the energy-efficient designs to
schedule more users and to utilize more energy to increase the
system throughput so as to improve the system EE. Hence, the
proposed algorithm behaves similar to the Throughput Optimal
scheme for very high path loss exponents.

D. Number of Scheduled Users Versus Energy Harvesting
Efficiency

In Fig. 6, we show the number of scheduled users versus
the energy harvesting efficiency of the user terminal, 1. An
interesting observation is that the number of scheduled users is
non-decreasing with increasing 7. This is because as the energy
harvesting efficiency increases, the energy loss decreases which
leads to a higher system EE. This further forces the system to be
more conservative in scheduling users so as to maintain higher
EE. Moreover, for a larger P., more users are scheduled.

E. System EE Versus Minimum Throughput Requirement

Fig. 7 shows the system EE versus the minimum required
system throughput, Rni,, for different numbers of user termi-
nals. We observe that as Rpi, increases, the system EE first
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Fig. 6. Number of scheduled users versus the efficiency 7.
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Fig. 7. System EE versus the minimum required throughput.

remains constant and then gradually decreases, which is due to
the fundamental trade-off between EE and spectral efficiency
(SE). As expected, the EE increases with the number of users
K . The reasons for this are twofold. First, for DL WET, if more
users participate in energy harvesting, the energy loss due to
signal propagation decreases. Second, for UL WIT, a larger
number of users results in a higher multiuser diversity gain,
which in turn leads to a higher system throughput.

Another interesting observation is that for larger K, the
system EE decreases more rapidly than for smaller K. This is
mainly because for larger K, more energy is harvested and thus
the energy loss in DL WET is relatively less dominant in the
total energy consumption compared to the energy consumed
for UL WIT. Therefore, for high throughput requirements,
the energy consumption is more sensitive to changes in the
throughput requirements for larger K, which leads to a faster
decrease in the system EE.

VI. CONCLUSIONS

In this paper, we have investigated the joint time allocation
and power control of DL WET and UL WIT to maximize the
system EE of the WPCN. For the WPCN with best-effort com-
munication, we have shown that the EE maximization problem
is equivalent to the EE maximization in two different simplified
systems, i.e., PWPCN and IELCN. For the PWPCN, we have
reduced the EE maximization problem to a multiuser schedul-
ing problem where the number of scheduled users increases
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with the circuit power but decreases with the energy conver-
sion efficiency at the user side. On the other hand, for the
IELCN, only the user with the highest user EE is scheduled.
Furthermore, we have studied the EE maximization problem
under a minimum required system throughput constraint and
proposed an efficient algorithm for obtaining the optimal solu-
tion. In addition, we have shown that when the available
transmission time is sufficiently long, the most energy-efficient
strategy for the system is to let each user achieve its own
maximum user EE. In contrast, if the transmission time is too
short, the system EE has to be sacrificed to achieve the system
throughput requirement.

There are several interesting research directions that could be
pursued based on the results in this paper: 1) While the through-
put in UL WIT improves with the quality of the CSI, this comes
at the expense of energy and time needed for CSI estimation
which reduces the system EE. Therefore, the design of the opti-
mal CSI acquisition strategy for maximizing the system EE is
an interesting topic. 2) Beyond the system EE, maximizing the
user EE may be desirable in practice, for example, to extend
the lifetime of some specific battery. Thus, the user EE trade-
off is worth studying so that different transmission strategies
can be employed to strike the balance among EEs of different
users. 3) Finally, maximizing the system EE while guarantee-
ing minimum individual user throughputs is also an interesting
problem.

APPENDIX A: PROOF OF THEOREM 1

We first introduce a lemma to facilitate our proof.

Lemma 4: Assume that a, b, c, and d are arbitrary positive
numbers. Then, we have b-—:-_;l < max {7, 5} where “=" holds if
and only if § = 5.

Proof: The proof is straightforward and thus omitted due
to the space limitation. |
Let § = { Py, 10, {pr}, {Tx}} denote an arbitrary solution of
problem (10) and its corresponding system EE is denoted as
EE. Let 8 = {Py, %o, {pc}. (%)} and 8 = {Fo, 0, {pi}, (%))
denote the optimal solutions of problem (11) or problem (12)
respectlvely The energy consumptions corresponding to S, s,
and S during DL WET are Ewegr, EWET, and 0, respectively.
The feasible sets of problems (10), (11), and (12) are denoted as
D, D, and Dy, respectively, and r¢(pr) = W log, (1 + pryi).
Note that if 7z = 0 holds for Yk € ®p and Vk € Py, the sys-
tem EE of WPCN is zero which is obviously not the maximum
value of problem (10). Therefore, the maximum EE of problem
(10), EE™, can only be achieved for one of the following three
cases:

1) {7o > 0;3k € ®p, 171 >0, Vk € ®g, 7% =0}: In this
case, as tg > O whileVk € &4, ty = 0, the maximum EE
of WPCN is achieved by PWPCN, i.e., problem (10) sim-
plifies to problem (11) and E E* = max {E Epypen 0} =
EEpwpen-

) {to=0;Vk € Pp, 7, =0; Tk € Pg, 7% > 0}: In this
case, as 79 =0 and Vk € ®p, 7 =0, the maxi-

mum EE of WPCN is achieved by IELCN, i.e.,

problem (10) simplifies to problem (12) and EE* =
max {0, E Efg; on} = EEjg on-

3) {to > 0; 3k € ®p,17; > 0; Tk € &g, 71 > 0}: In this

case, by exploiting the fractional structures of (10)—(12),
we have the following inequalities
S e (pr)
Ewgr + Z;le Tk (% + pc>
> kewp k(P +D ke, Trk(Pr)
EWET+2 keap Tk (%-ch)‘i"Zkecbj T (%‘ch)

EE =

> kedp krk(PK)
max - 5

EWET + 2 keayp T (% + 1%)

IA=

> kedy Twrk(pr)
D keay T (p?k + Pc)
> kedop krk(Pr)
Ewer + D kedsp Tk (% + Pc) ’

NS

max

Zkecbj Ttk (Pr)
ZkEd)g T <[7?k + pc)

= max {E Epwpens EEfgron} s (35)

where inequality “a” holds due to Lemma 4 and the
strict equality “=" represents the special case when the
system EE of PWPCN is the same as that of IELCN.
Inequality “»” holds since S and § are the optimal solu-
tions corresponding to E Efypey and E Efy; - Tespec-
tively. Therefore, in (37), if and only if the maximum
system EE of PWPCN is the same as the maximum
system EE of IELCN, the strict equality in “a” can
hold together with the strict equality in “»”. In this
case, there exists a solution that satisfies {rgp > 0; 3k €
Op, 7 > 0; Ik € &g, 1, > 0} and achieves the maxi-
mum system EE of WPCN. It thus follows that EE* =
EEjwpeny = EEf oy and without loss of generality,
we assume that the maximum system EE for this case
is achieved by PWPCN in order to preserve the ini-
tial energy of users belonging to ®j5. Otherwise, the
strict equality in “a” can not hold together with the
strict equality in “b”. This means that the system EE
achieved by any solution that satisfies {rop > 0;3k €
Op, 7 > 0; Ik € Pg, 7y > 0} will be strictly smaller
than the maximum EE of either PWPCN or IELCN, i.e.,
EE* = max {E E]*;WPCN, E EI*ELCN}’ which suggests that
either PWPCN or IELCN is optimal. Next, we investigate
under what conditions “b”” holds with strict equality, i.e.,
EEpwpen and EEf; ~ are achieved without violating
the feasible domain of the original problem (10). This
leads to the following two cases:
e For k € ®p, it is easy to verify the equivalence
between {Po, 70, {pi}, {r}} € D and {Po, 7o, {pk},
{t}} € Dp.  As  {Py, o, {Pr}, {Tk}} ~maximizes
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E Epwpen, “b” holds true for the first term inside the
bracket.

e For k € &g,
{p;.tf} € D, implies that r,f(p?" + pe) < NPy
tihe + Qr and t§ + Z,le 7 < Tmax. Then, we
can construct another solution {Po,0, {pk}, {Tk}}
with Py = P§, px = pj, and T = at, where a =

such that ?k(% + pe) < Ok

the optimal solution, denoted as

; Ok
min ~——&—— <1
ked>g Qk+nP(§<rghk -

for Y k. It can be verified that {P;, 0, (Pr), {7k} is a
feasible point in Djg, and can achieve the same EE

. Zked) '?/\'rk(ﬁk)
as(Py. 7. (p) (g7} € D, e, st B
0 pk g Zke(bj Tk(%“‘p(:)

On the other

Dkeay @71k (P)
Dkedy ‘”ZF(? P Lrew, T/f(g“‘l’c)
hand, since {Po, 0, {px}, {f}} € Dy maximizes
E E1g1cN, “b” holds true for the second term inside the
bracket.
The above analysis proves Theorem 1.

Lkewy WP

APPENDIX B: PROOF OF LEMMA 1

We prove Lemma 1 by contradiction. Suppose that
{Py. {p;), Ty {7’} is the optimal solution to problem (11)
where Pj < Ppax holds for any P, and the optimal system
EE is denoted as EE*. Let Ej = Py Ty where E can be inter-
preted as the actual energy transmitted by the power station.
Then, we can construct another solution { Py, { P}, %o, {Tk}} sat-
isfying Py = Prax, PoTo = E§, pr = pj,and T; = 1}, respec-
tively. The corresponding system EE is denoted as EE. It is
easy to check that (P, {Pr}, 70, {Tx}} is a feasible solution
given { Py, {p;}, 75, {t7}}. Moreover, since Py = Pmax > PF,
it follows that Ty < 7 and hence P.To < P.tj always holds

true. Therefore, we always have ﬁo?o <§ — Zle nhk) +

P.7o < Pitg (% — Z,le nhk) + P.7jj. Since neither { p;} nor
{z{} are changed in the constructed solution, based on problem
(11), it follows that EE > EE *, which contradicts the assump-
tion that { Py, {p;}, 7', {r;'}} is the optimal solution. Lemma 1
is thus proved.

APPENDIX C: PROOF OF LEMMA 2

Suppose that { P, {p;}, 75, {7} yields the maximum sys-
tem EE, E E*, and satisfies 0 < 7 + Zkequ 7, < Tmax. Then,

we can construct another solution {Py, {Pr}, %0, {T¢}} with

Po = Py, px = pf» To = atj, T = aty, respectively, where

o = ﬁ:ﬁ > 1 such that ?() + ZkeCDvy ?k = Tmax- The
P

corresponding system EE is denoted as EE. First, it is easy
to check that {7, {Pr}, 70, {Tk}} still satisfies constraints C1-
C5. Then, substituting {Po, (i}, To, {Te)} into problem (11)
yields EE = EE*, which means that the optimal system EE
can always be achieved by using up all the available time, i.e.,
Tmax- Lemma 2 is thus proved.
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APPENDIX D: PROOF OF LEMMA 3

First, if £ E;WPCN < ee},, we proved that user m will be

scheduled in our previous work [Theorem 1] [24]. Second,
we prove that the scheduled user will use up all of its energy
by contradiction. Suppose that { Py, {p;}, 7y, {r;'}} is the opti-
mal solution to problem (11) and there exists a U, Ym €
®p, such that E E;WPCN < eey,, but its harvested energy

is not used up, i.e., (% + pe)T < anaxTE)khm and (% +
Pe) T < N Pmaxtyhy for k # m. The corresponding system EE,
E Epwpens- 18 given by

E Epwpen
_ Dkgm G W logy (14 pivi) + 7, W logs (14 P, V)

: . (36)
Eypr+Petg+Ym 7 (B4 po) 475 (224 po)

Then, we can construct another solution (P, {Pr}, To, {Tk )}
with Py = P§, pr = p; for Vk, To = Btj, = = Bty for
k #m, and T, = at, respectively, where 0 < 8 < 1 and
o > 1. Note that as B — 0, it follows that nPmaxToh, =
,Banaxré“ h, — 0, and as « increases, it follows that (% +

P)Tm = a(% + pc)t,, increases. Therefore, there always
exist & and B such that a(p?’f’ + pe) Ty = BN Pmaxti hm holds.

It is also easy to check that for k # m, ,B(p?’t + p)Tf <

B1 Pmax g hy still holds. Consequently, the corresponding sys-
tem EE, denoted as E Epwpcn, is given by

EEPWPCN
_ 2krm wWogy (14 Piyi) + T W logy (14 Pin¥im)
EWET + PC?O + Zk;ém ?k <% + pc) + ?m (P?m + pc)
B tim T Wlogy (14 piwi) +atys W logy (14 pjyvim)

B (EévETWLPcTék"'Zk;em T (p?k+176))+0‘fn*1 (p?m+17c)
(37

In order to compare E E;WPCN and ﬁpprN, we introduce
Lemma 5.

Lemma 5: Assume that a, b, c, and d are arbitrary positive
numbers which satisfy 415 < 5. Then, forany 0 < 8 < a, we

b+d

always have 755 %.
Proof: The proof is straightforward and thus omitted due
to the space limitation. |

Leta =3, 5tWlog, (14 piw), b= P(Sktg(% -k,
i) + Petf + Yo e (B + po)s e =1 Wlogy (14 pj,

VYm), and d = r;f,(% + p¢), respectively. Since user m is

* * atc c _
scheduled, we have EEpwpen < €€y, 1-€., brd < d- other:

wise, EEpypen can be further increased by letting 7, = 0.
Based on Lemma 5, we obtain E E;WPCN < EE PWPCN, Which
contradicts the assumption, and 1) in Lemma 3 is thus proved.
The proofs of 2) and 3) can be obtained easily following a
similar procedure as above, and thus are omitted here for
brevity.
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APPENDIX E: PROOF OF THEOREM 2

Denote S* C ®4 as the set of users which are scheduled.

Substituting Py = Pmpax and 1 = 'ﬂz,'(‘“—xf”‘m into the objective
I3 C
function of problem (11), we have

Y g DomatiT0 (1 4 gy

EE — %"-&-Pc —
Ewgr + P.1o + ZkeS* W (% + Pc)
I3 C
_ 1 Pmax Y _ges hieex
Prax (% - Zlf:] Uhk) + Pe + 17 Pmax ZkeS* hy

(38)

where eey is the user EE defined in (7). Given S*, in order
to maximize EE, we only have to maximize each eej, which
is solely determined by py, and the maximum value ee; can
be computed from (7) and (9). After some manipulations, we
obtain

*
> kes hkee;

EE* = - < .
wE (szlxé +1=2 "Enhk> + D kes I

(39)

Since the transmit power of each scheduled user k is p; given
by (39), 75 and 7;° can be easily obtained from Lemma 2 and
Lemma 3. Theorem 2 is thus proved.

APPENDIX F: PROOF OF THEOREM 3

From (12), we have

ke, T Wlogy (14 pive)

EE} =
IELCN (7
D ke T (& T+ Pe
© max 7 Wlog, (1 + p,f)/k)
T kedy ‘L']:ﬁ (p_lf + pc)
3
d Wlog, (1 + p;
< max 2 (Lt Pive) _ et (40)
kG@j

% + Pe
where inequality “c” holds due to the same argument as
inequality “a” in (35), and “d” follows from the optimality of
py, for eey. From (40), we observe that the maximum system EE
is always achieved by scheduling a single user. Then, apply-
ing the optimal power p* in the time and energy harvesting
constraints, we obtain (18) and (19).

APPENDIX G: PROOF OF THEOREM 6

By taking the partial derivative of £ with respect to 1y, Ek,
and 1z, respectively, we obtain

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 15, NO. 3, MARCH 2016

9L K [
3_=Pmax Zﬂkhk_q __th —qP. -3,
7o k=1 S k=1

@1)
3L 1+
AL A+ Dun _ 9t @)
0Er (% + Exyr)In2 S
oL Ex W +9)Erye
Z Wl +Nlog, [ 14+ Ly ) = ——— 25
oy At g2< 7 Vk) (% + Exyo) In2

— (g +u) P =6, (43)

and the complementary slackness conditions are given by

E
Mk <Qk + 1 PmaxTohx — ?k - Pcfk> =0, (44
K
5 (Tmax —T0-) u) =0, (45
k=1
K B
0 (Z 7w W log, (1 + E”‘) - Rmin) =0. (46

k=1

Let fo(p) £ % and f(yk, pur) = % From (41), we know
that £ is a linear function of 7. Since 79 > 0, to make sure
that the Lagrangian function £ is bounded above [31], we
have fop(p) < 0. Specifically, when fo(u) < 0, it follows that
79 = 0, otherwise if fo(u) = 0, 9 > 0, which results in (27).

From % = 0, we can obtain the relationship between Ej and
Ty as
E W+ 17"
pro= 2k = [M——} Yk @D
178 (g +u)In2  yy

Substituting (47) into (43) and after some manipulations,
f (Y, x) can be expressed as

@+umn2  w

W+ 17"
—(%ﬂu)([ﬁ——} +pc)—8.

Wl + o Bk
f(Vk»,ka)=(1+29)W10g2<1+yk|: 1 +79)g } )

(g +pu)In2
(48)

Since 1 > 0, using a similar analysis as for 7¢, the optimal
solution of t; must satisfy

7% =0,

<0,
= . >0, Vk.

o, (49)

0L
P I Vs 1) {
Tk

To facilitate our derivation, we next introduce a lemma related
to f (Vi t)-
Lemma 6: f(yr, k) 1S an increasing function of yi

and a decreasing function of p; under the condition that
W(a+d)g 1
() In2 =y

Proof: Lemma 6 can be easily proved by taking the

derivative of f(yx, ;) with respect to yx and g, respectively.
The proof is thus omitted due to the space limitation. ]

Based on Lemma 6, we know that the maximum value
of f(yk,mx) in terms of uj is achieved at ux =0, ie.,
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f (¥, 0). Moreover, when y; = W(1+z9)g S, 0) = —gpc —
8 < 0 holds, and when y; — 400, f(y,0) = 400 holds.

From (48), since f (y, 0) is an increasing function of yy, there
always exists a x* such that f(x*,0) =0, i.e.,

1 *
Fx*,0) = (1+ )W log, <M)
gIn2
1
L4 WOAHDe o —s=0, (0

X In2

which results in (32). Note that since the parameters ¢, W, ¢,
G, Pe, and 8 in (50) do not depend on the user index k, the
threshold x* is thereby identical for all users. Now, we analyze
the following three cases:

e For y; < x*, it follows that f(yx, ux) < f(yx, 0) < O.
According to (31), we know that a user with UL channel
gain yi less than xy is allocated zero transmission time,
ie., i =0.

e For y; > x*, there always exists a u; > 0 such that
FOks 1) =0 < f i, 0) since f (v, jux) is a decreas-
ing function with respect to ;. However, there
may exist ugx > 0 such that f(yx, ux) <0. Then,
according to (29), it follows that 7z =0 and % +
Petk = 0 < nPmaxtyhk + Ok, which contradicts (44),
i.e., (N Pmaxtyhr + Qk — % — petx) = 0, and this is
thereby not the optimal solution. Nevertheless, for users
with yx larger than x*, ug > O implies that they uti-

lize all of their energy. Thus, from (44), we have 7, =
anaxTJhk+Qk
% tpe _
i can be calculated from the second case in (49), where

J ik, i) is given by (48), i.e., f(yk, k) = 0.

e For y=x* if x>0, then f(y,ux)=0<
f(%,0) =0 and 719 =0, which contradicts (44).
Therefore, wur =0 follows from (44), this means
that user k can utilize any portion of its energy, i.e.,

UPmaxT(Thk"l‘Qk
Based on the above three cases, we obtain the region of time

allocation variables given in (27) and (29). As the Lagrangian

function £ is a linear function of 7y and 7%, the maximum value
of £ can always be obtained at the vertices of the region cre-
ated by (27) and (29). Moreover, ra“ and r,:‘, fork=1,...,K,

satisfy the complementary slackness conditions (45) and (46).

Therefore, if § > 0, then the time constraint should be strictly

met with equality, otherwise, we obtain an associated inequal-

ity for limiting the range of time variables t; and 7. The same

interpretation also applies to 9.

. Correspondingly, as 7 > 0, the value of

T, € [0,

APPENDIX H: PROOF OF COROLLARY 2

From (48) and (49), we know that for each scheduled user &,
we have

(I+9)Wlogy (1 + vipr) — (g + 1) <% + pc) —-6=0.
(€29)

2325

Note that from (47), % Pr+ ik also holds for user
k. Substituting this relatlon into (51) and after some manipula-

tions, we obtain

Wg¢
D(pr) £ Wlog, (1 + pryk) — 7 I\~ (ﬁ + Pc)
(pk + W) In2 \ &
1)
—_— 52
14+ 9 (52)

If the total available transmission time is not used up,
i, 10+ YK | 7% < Tax it follows from (45) that § = 0.
Note that D(pg) is increasing in pg. Moreover, when
k=0, D(pp) =— lnggk pe <0, and when p; — 400,
D(pr) — +oo. Therefore, there is always a unique solution py
for (52). Combining (52) with (7) and (9), after some manipu-
lations, we conclude p; = p,’:. On the other hand, if the total

available transmission time is used up, i.e., To + Zle = Tmax,
it follows that § > 0. Hence, we conclude that p; > p,:
since D(px) is monotonically increasing with respect to py.
Corollary 2 is thus proved.

APPENDIX I:
PROOF OF COROLLARY 3

If WET is activated, i.e., g > 0, from (27), we obtain

K

8=Pmax2(q+ﬂk)hk_Q<

k=1

Prax
+ PC) . (53)

§

Meanwhile, for any scheduled user k, it follows that (52)
also holds true. Combining (53) and (52), and after some
manipulations, we obtain

W(pk + pcs) _ W Pmax S hi
(Pt E)m2 (S (pet )2
q (Prgax +pc)

N T
+ 1+

Wlogy (1 + pryi) —

(54)

If the energy of any user m is not used up, wu, =0

holds due to the associated complementary slackness con-

dition in (44). Thus, from (47), we know that p,, = f_r’: =

+
[M — L] , Y m. Therefore, substituting p,, into (54),

qIn2 Ym
we have
(P + pes) & Pansu
logy (1 + pryi) — 1 oy
(pk+ﬁ)ln2 k=1 (pk+ >ln2
 (tam+ p.)
+ =0. (55)

(pm+y+n)1n2

From (55), we observe that the transmit powers of the sched-
uled users depend only on the system parameters W, &, ¢, Pmax,
Pe, and yx. Moreover, the left hand side of (55) is a mono-
tonically increasing function of py. Therefore, as long as the
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energy of user m is not used up, (55) holds true and p; remains
constant. Note that if the energy of user m is used up, i.e.,

+
W(l+o . )
wm >0, pp = |:(6HEM+1)H§2 - yLm] and p,, is thereby intro-

duced in (55). Then, the value of pj varies with ;. On the
other hand, since WET is used, i.e., 7p > 0, and the energy of
user m is not used up, it can be further shown that the total
available time must be used up, i.e., 7o + Zle T = Tmax. At
the same time, the required system throughput has to be satis-
fied, i.e., Zle Tk logy (1 + prgk) = Rmin. Therefore, as Ruin
increases, the information transmission time Z,le 7x has to
be increased since pj remains constant. Thus, it follows that
79 decreases due to the more stringent time constraint. Then,
the energy harvested at each user nPmnaxhi7o decreases and

the transmission time for any user k % m also decreases as
Prmaxhik 10+ Ok

T =
k p?k*i’Pc
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