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Abstract

This paper considers a wireless powered communicationankt@@VPCN), where multiple users
harvest energy from a dedicated power station and then caoncate with an information receiving
station. Our goal is to investigate the maximum achievahlergy efficiency (EE) of the network via
joint time allocation and power control while taking intocacint the initial battery energy of each user.
We first study the EE maximization problem in the WPCN withany system throughput requirement.
We show that the EE maximization problem for the WPCN can Is¢ ioéo EE maximization problems
for two simplified networks via exploiting its special sttue. For each problem, we derive the optimal
solution and provide the corresponding physical integdien, despite the non-convexity of the problems.
Subsequently, we study the EE maximization problem undemanmam system throughput constraint.
Exploiting fractional programming theory, we transforne tlesulting non-convex problem into a standard
convex optimization problem. This allows us to charactetize optimal solution structure of joint time

allocation and power control and to derive an efficient iieeaalgorithm for obtaining the optimal
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solution. Simulation results verify our theoretical finginand demonstrate the effectiveness of the

proposed joint time and power optimization.
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I. INTRODUCTION

Energy harvesting allows devices to harvest energy fromi@misources, and has attracted
considerable attention in both academia and industry PI], Energy harvesting from natural
renewable sources, such as solar and wind, can provide a gneerenewable energy supply for
wireless communication systems. However, due to the intemnh nature of renewable energy
sources, the energy collected at the receiver is not cdaittel and the communication devices
may not always be able to harvest sufficient energy. On therdtand, it has been shown that
wireless receivers can also harvest energy from radio &necy (RF) signals, which is known
as wireless energy transfer (WET) [1], [2]. Since the RF algrare generated by dedicated
devices, this type of energy source is more stable than alatemewable sources.

Two different lines of research can be identified in WET. Th&t fine focuses on simultaneous
wireless information and power transfer (SWIPT), where \thieeless devices are able to split
the received signal into two parts, one for information dkeg and the other one for energy
harvesting [[3]4[V]. SWIPT has been studied for example fartiple-input multiple-output
(MIMO) [3], multiuser orthogonal frequency division myitexing access (OFDMA)_[4], 5],
multiuser multiple-input single-output (MISQ)![6], andgrative radio [7]. These works generally
consider the power splitting ratio at the receiver side tmgtthe fundamental tradeoff between
the achievable throughput and the harvested energy. Thendellme of research in WET
pursues wireless powered communication networks (WPGN®re the wireless devices are first
powered by WET and then use the harvested energy to tranataitstynals/[8]--[11]. In_[9], the
downlink (DL) WET time and the uplink (UL) wireless informah transmission (WIT) time are
jointly optimized to maximize the system throughptihen, WPCNs with user cooperation and
full-duplex, relay, multi-antenna, massive MIMO, and citiye techniques are further studied in
[10]-[16], respectivelyMoreover, the authors in [17] investigate how an energy éstiug relay
can distribute its harvested energy to support the comnatioit of multiple source-destination
pairs. However, most existing works on WET aim to improve #ystem throughput while
neglecting the energy utilization efficiency which is alsaritical issue for next generation
communication systems, especially for energy harvestasgth systems [18]—[23].

Because of the rapidly rising energy costs and the tremendatbon footprints of existing

systems|[18], energy efficiency (EE), measured in bits palejois gradually accepted as an



important design criterion for future communication sys$e{19], [24], [25]. The authors in [4]
study the resource allocation for EE maximization in SWIRF ©OFDMA systems requiring
minimum harvested energy guarantees for multiple receiveiowever, the conclusions and
proposed methods in[4] are not applicable to the WPCN saeriare to the fundamentally
different system architecture. Energy-efficient poweoe@dtion for large-scale MIMO systems
is investigated in[[20]. Yet, the resource allocation isimpted only for the single-receiver
scenario and cannot be directly extended to the multiuser dae to the coupling between time
allocation and power control. Moreover, the circuit powensumption of the user terminals is
ignored in [3]-7], [9]1-[11]. However, as pointed out in_[RGhe circuit power consumption
is non-negligible compared to the power consumed for dai@smission, especially for small
scale and short range applications. Furthermore, in the M/R@ergy is not only consumed
in the UL WIT stage but also in the DL WET stage during which ragadis transmitted. In
fact, a significant amount of energy may be consumed during\®T in order to combat the
wireless channel attenuation. Therefore, EE optimizasoeven more important in WPCN than
in traditional wireless communication networks.

In this paper, we consider the WPCN where multiple users limstest energy from a power
station and then use the harvested energy to transmit sigmain information receiving station.
The considered system model is most closely related to th§@]i However, there are three
important differences. First, a hybrid station is employe¢9], i.e., the power station for WET
and the information receiving station for WIT are co-lochtélence, a user near the hybrid
station enjoys not only higher WET channel gain in the DL Habdigher WIT channel gain in
the UL compared with users that are far from the hybrid statithis phenomenon is referred
to as “doubly near-far” problem in_[9]. To avoid this problem this paper, the information
receiving station is not restricted to be co-located with gower station. Hence, a user far
from the power station can be near the information receigtagion and visa versa. Second, in
contrast to[[9], each user is equipped with a certain amotimitial energy and can store the
harvested energy from the current transmission block fauréuuse. This generalization provides
users a higher degree of flexibility in utilizing the hanezsenergy and improves thereby the EE
of practical communication systems. Third, unliké [9], veeds on maximizing the system EE
while guaranteeing a minimum required system throughpstiead of maximizing the system

throughput. The main contributions and results of this paja@ be summarized as follows:



« We formulate the EE maximization problem for multiuser WP@Nh joint time allocation
and power control. Thereby, we explicitly take into accotln& circuit energy consumption
of the power station and the user terminals. In the first stepinvestigate the system EE
of WPCN providing best-effort communication, i.e., WPCNittllo not provide any system
throughput guarantee. Subsequently, to meet the QoS esggits of practical systems,
the EE maximization problem is studied for the case with aimim required system
throughput.

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

« For the case of throughput-constrained WPCN, exploitigtfonal programming theory,
we transform the original problem into a standard convexnapation problem. Through
the analysis of the Karush-Kuhn-Tucker (KKT) conditionsg wharacterize the optimal
structure of time allocation and power control, and propasesfficient iterative algorithm
to obtain the optimal solution. We show that for a sufficigiting transmission time, the
system EE is maximized by letting each user achieve its owrirman user EE. For a
short transmission time, users can only meet the minimurtesyshroughput requirement

at the cost of sacrificing system EE.

The remainder of this paper is organized as follows. Sedtigrtroduces some preliminaries
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Fig. 1. The system model of a multiuser wireless powered conication network.

regarding WPCN. In Section Ill, we study best-effort commeation in energy-efficient WPCN.
In Section IV, we investigate the EE maximization problenthe presence of a minimum system
throughput requirement. Section V provides extensive Etan 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 statibmireless-powered users, denoted
by U, for k =1, ..., K, and one information receiving station, that is not neaégseo-located
with the power station, as illustrated in Fig. 1. As a speceae, the information receiving station
and the power station may be integrated into one hybridostats suggested inl[9], which leads
to lower hardware complexity but gives rise to the “doublebar-far” problem. The “harvest
and then transmit” protocol is employed for the WPCN. Namallusers first harvest energy
from the RF signal broadcasted by the power station in theddd,then transmit the information
signal to the information receiving station in the UL [9].rFamplicity of implementation, the
power station, the information receiving station, and alns are equipped with a single antenna
and operate in the time division mode over the same frequieasy [4], [9]. To be more general,
we assume that uséf, for £k = 1,..., K, is equipped with a rechargeable built-in battery with
an initial energy ofQ, (Joule). The initial energy may be the energy harvested &o@d in
previous transmission blocks. This energy can be used fdr MWkhe current block.

Assume that both the DL and the UL channels are quasi-stiitk dading channels. The

DL channel power gain between the power station and userirtalrh and the UL channel



power gain between user termirfahnd the information receiving station are denotedaand

Jr, respectively. Note that both, and g, capture the joint effect of path loss, shadowing, and
multipath fading. We also assume that the channel statennafioon (CSl) is perfectly known
at the power station as we are interested in obtaining an Erupound for practical WPCN
[9]. Once calculated, the resource allocation policy isiteent to the users to perform energy-
efficient transmission. We assume that the energy consuareskfimating and exchanging CSI
can be drawn from a dedicated battery which does not rely erh#rvested energy [23]. We
note that signaling overhead and imperfect CSI will resaliai performance degradation but
the study of their impact on the system EE is beyond the scopki® paper. For a detailed
treatment of CSI acquisition in WPCN, we refer to [27], 1[28].

During the WET stage, the power station broadcasts an RRlsigna time durationy, at a
transmit powerF,. The energy harvested from channel noise and the receiveWULsignals
from other users is assumed to be negligible, since the mpmger is generally much smaller
than the received signal power and the transmit powers ofudes are much smaller than
the transmit power of the power station in practice [9]-[2B]. Thus, the amount of energy

harvested at/,, can be modeled as
E]?:T]’Topohk, kal,"',K, (l)

wheren € (0, 1] is the energy conversion efficiency which depends on the ¢§peceivers|[[9].
During the WIT stage, each usetransmits an independent information signal to the rengivi
station in a time division manner at a transmit powgr Denote the information transmission

time of userk as7,. Then, the achievable throughput Gf can be expressed as

By, = 7, W log, (1 + %) ; (2)

where IV is the bandwidth of the considered systesi, denotes the noise variance, ahd
characterizes the gap between the achievable rate and ammalhcapacity due to the use of
practical modulation and coding schemes. In the sequel seg,u= ;% to denote the equivalent
channel to noise ratio for WIT. Thus, the total throughputtlted WPCN, denoted a8, IS

given by

K K
Bt = Y Br =Y W logy(1 + pime)- 3

k=1 k=1



B. Power Consumption Model

The total energy consumption of the considered WPCN cansibttwo parts: the energy
consumed during WET and WIT, respectively. For each partad@pt the energy consumption
model in [4], [21]-123], namely, the power consumption ofransmitter includes not only the
over-the-air transmit power but also the circuit power eoned for hardware processing. On
the other hand, according to [26], [30], the energy consiwonpihen users do not transmit, i.e.,
when they are in the idle mode as opposed to the active moaegigible.

During the WET stage, the system energy consumption, dérad® T, is modeled as

Py

K
Ewgr = ¢ TO_ZEIZL_'_PCT(b (4)
=1

where¢ € (0,1] is the power amplifier (PA) efficiency an#l. is the constant circuit power
consumption of the power station accounting for antenneuits, transmit filter, mixer, fre-
guency synthesizer, and digital-to-analog converter,lat@d), P.7, represents the circuit energy
consumed by the power station during DL WET. Note tRat, — Zle E! is the energy loss
due to wireless channel propagation, i.e., the amount ofggnehat is emitted by the power
station but not harvested by the users. In practi¢e, — Z,f:l Eh = Pyry (1 — Z,f:l nhk> is
always positive due to the law of energy conservation @rdn < 1 [4], [20].

During the WIT stage, each user independently transmitswits signal with transmit power

pr during timer,. Thus, the energy consumed by can be modeled as
Ey, = %Tk + PeTk, (5)

where¢ and p. are the PA efficiency and the circuit power consumption ofubker terminals,
respectively, which are assumed to be identical for allsiggthout loss of generality. In practice,
E}, has to satisfyE, < EP + Q, which is known as the energy causality constraint in energy
harvesting systems [[4], [20].

Therefore, the total energy consumption of the whole systtenoted ad,, is given by

K
Eiot = Ewgr + Z Ey. (6)

k=1



C. User Energy Efficiency

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

Definition 1(User Energy Efficiency): The EE of uskrk =1,--- , K, is defined as the ratio
of its achievable throughput and its consumed energy in the $tage, i.e.,

cep — Br _ mWlogy (14 pryw) _ Wlogs (1 + pi)

, 7
Ey T2 + TEpe B+ pe 0

where the energy consumption includes the energy consumiedth the PA and the electronic
circuits. Hencege,, represents the energy utilization efficiency of usan WPCN.

It can be shown thate,, is a strictly quasiconcave function pf and has a unique stationary
point which is also the maximum point [31]. Therefore, bytiset the derivative ofee;,, with

respect top, to zero, we obtain

deey, (1+::~;Lk) 1n2(ka +pc) - Wlog2(1 +pk7k)%

= =0. (8)
2
dpi (% +pc)
After some straightforward manipulations, the optimahgmit power can be expressed as
W 11"
r = —— ,VEk 9
pk |:662 1n2 ’Yk:| ) ) ( )

where [z]* £ max{z,0} andee’ is the maximum EE of usek in (7). Based on[{7) and(9),
the numerical values ofe; andp; can be easily obtained using the bisection method [31]. As
shown in the sequel, the user EE plays an important role iividgran analytical expression

for the maximum system EE as well as for interpreting the iobthexpression.

IIl. ENERGY-EFFICIENT RESOURCEALLOCATION FOR BEST-EFFORT WPCN

In this section, we study the resource allocation in besteIVPCN with the objective to
maximize the system EE, which is defined as the ratio of théeaet system throughput to the
consumed system energy, i.&F = % Specifically, our goal is to jointly optimize thime
allocation and power controlin the DL and theUL for maximizing the system EE. The system



EE maximization can be formulated as

EE* — Zsz1 7.W log, (1 + prk)
=, nax - 7 e
0,70, {Pr} {76}V K POTO(E — Ek:l nhg) + P.o + Ek:l(TTk + PeTk)

s.t. Cl: Py < Puax,

C2: %Tk + pemie < nPyrohy + Qk, Yk,

K
C3: To + ZTk S Tmax>

k=1

C4: 70>0, . >0, Vk,
C5: Pp>0, pp >0, VE. (20)

where EE* is the maximum system EE of WPCN. In problemI(10), constr@btlimits the
DL transmit power of the power station 18,.,.. C2 ensures that the energy consumed for WIT
in the UL does not exceed the total available energy whiclommprised of both the harvested
energynPyrohs, and the initial energy),. In C3, T,,..« is the total available transmission time
for the considered time block. C4 and C5 are non-negatitystraints on the time allocation
and power control variables, respectively. Note that @ob(10) is neither convex nor quasi-
convex due to the fractional-form objective function and tloupled optimization variables. In
general, there is no standard method for solving non-cooyimization problems efficiently.
Nevertheless, in the following, we show that the considgmexblem can be efficiently solved

by exploiting the fractional structure of the objective ¢tion in (10).

A. Equivalent Optimization Problems

First, we show that the EE maximization problem for WPCN igieglent to two optimization
problems for two simplified sub-systems. To facilitate thresentation, we definé, and 7
as the set of users whose initial energy levels are zero amdlyspositive, respectively, i.e.,
Qr =0 for k€ ®p andQ;, > 0 for k € ®7. ®p = {k|Q, = 0}

Theorem 1:Problem [(ID) is equivalent to one of the following two probke

1) The EE maximization in the pure WPCN (PWPCN) (i.e., thetayswhere DL WET is
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used and only the users i are present for UL WIT):

. Y kewn TeW logy (1 + pryi)
EEfwpen £ max €ep

P()77_07{pk}7{7_k}7keq>73 POTO(% - EkK::[ nhk) + PCTO _'_ Ek€¢p<p_k7k + chk)

N

S.t. C1: P(] < Pmax7

C2: @Tk + pete < nPytohg, k € Op,
S
C3: 70 + Z Tk S Tmaxa
kedp

Ch4: 020, . >0, k€ Op,
C5: POZ()) pkzov ke(bp, (11)

where EEjpey 1S Used to denote the maximum system EE of the PWPCN.
2) The EE maximization in the initial energy limited commeetion network (IELCN) (i.e.,
the system where DL WET is not used and only the use®rare present for UL WIT):

. A > kea, kW logy (14 pryk)
EEgon = max r
{pi}ATr} k€D Zk€q>z(?k7-k + chk)

st. €2 P 4 pm <O, k€ By,
S
C3: Z Tk S Tmax>
kedr

C4: 7,>0, k € dr,

C5 pr >0, ke g, (12)

where EEjy;; IS used to denote the maximum system EE of the IELCN.
If EESwpen = EEfgLen, then EE* = EESypen: Otherwise EE* = EEf oy, 1.€., either
problem [11) or probleni(12) provides the optimal solution fproblem [(10).
Proof: Please refer to Appendix A. [ |
Theorem[ll reveals that the EE maximization problem in WPChh wiitial stored energy
can be cast into the EE maximization in one of the two simplifsystems, i.e., PWPCN
or IELCN. In the following, we study the EE and characterize properties for each of the
systems independently. Note that for the special caseBlt&gtypon = E Efgcon, Without loss

of generality, we assume that the system EE of problerh (18glseved by PWPCN in order
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to preserve the initial energy of users belongingbta In the following, we study the EE as

well as characterizing the properties of each system incibgely.

B. Properties of Energy-Efficient PWPCN

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

Lemma 1:In energy-efficient PWPCN, the power station always tratsmith its maximum
allowed power, i.e.Py = P,.x, for DL WET.

Proof: Please refer to Appendix B. [ |
Remark 1:This lemma seems contradictory to intuition at first. In camvonal non-WPCN
systems, since only the transmit power is optimized, thedsgenerally first increasing and then
decreasing with the transmit power when the circuit poweaken into account [4]/ [18]-[22],
[24]. Yet, in PWPCN, where the transmission time can also pgnozed, letting the power
station transmit with the maximum allowed power reducestithe needed for WET in the DL,
and thereby reduces the energy consumed by the circuitegider station. Moreover, it also

gives the users more time to improve the system throughputVid in the UL.
The following lemma characterizes the time utilization &éergy-efficient transmission.
Lemma 2:In energy-efficient PWPCN, the maximum system EE can alwayadhieved by
using up all the available transmission time, i®.; Zke% T = Tax-

Proof: Please refer to Appendix C. [ ]
Remark 2:Lemmal2 indicates that, in PWPCN, using up the entire aail&dansmission
time is optimal. In fact, if the total available time is notropletely used up, increasing the time
for both DL WET and UL WIT by the same factor maintains the eystEE at least at the same

level, while improving the system throughput.

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

Lemma 3:In energy-efficient PWPCN, the following scheduling stggtés optimal:
1) If EESwpen < e€r, VE € ®p, then userk is scheduled, i.ez; > 0, and it will use up all
of its energy, i.e.rg(%’z + pe) = N PrnaxT( k-
2) If EESwpen = €€, VEk € @p, scheduling usek or not does not affect the maximum system
EE, i.e.,0 < Tg(% + pe) < NPrax Pk



12

3) If EELwpen > e€r, Yk € @p, then uselk is not scheduled, i.er;; = 0, and it preserves all
of its energy for the next transmission slot.

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

the system EE.

Remark 3:In [9], the authors focus on the throughput maximizatioropem for PWPCN. For
that problem, the optimal transmission time of each useresses linearly with the equivalent
channel gain. In other words, all users are scheduled noemhtiw severely their channel
conditions are degraded. However, for EE oriented systénssnot cost effective to schedule
all users, especially if their channels are weak, since emdr introduces additional circuit
power consumption.

In Lemmad l1[ R, and] 3, we have revealed several basic prep@ftiEE optimal PWPCN. In
the following, we derive an expression for the maximum EE alsd the optimal solution based
on the above properties.

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

2 kes+ €6k
ﬁ + % - ZkK:1 nhk) + D ke i

where S* C &5 is the optimal scheduled user set. The optimal power and &loeation can

, (13)

1
n

EE;WPCN = (

be expressed as

W 11"

ph=|— __} , (14)
leezIn2
Tmax
75 € |0, Feek ) (15)
1+ nPhax Ekes* m
eek n

hieex;

Ty = 1N PmaxTo ) (16)
W log,( 35555

Proof: Please refer to Appendix E. [ |

Theoren 2 provides a simple expression for the system EEtimstef the user EE and other

system parameters. In_(13), sinBg., and P, are the maximum allowed transmit power and the
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circuit power, respectively, their ratig% can be interpreted as the inefficiency of the power
station. The terr‘r‘% — Ele nhy represents the energy loss per unit transmit energy dueeto th
wireless channels, non-ideal energy harvesting devicesaanon-ideal PA at the power station.

Note that; <ﬁ +e- S nhk) involves only fixed system parameters and is therefore
a constant. This means that ong§é is determined, the optimal solution can be obtained from
(@3). Therefore, the problem is simplified to finding the oml user setS*. In [22], we have
proposed a linear-complexity algorithm for solving a salled) problem with a similar structure
as [13). The details of this algorithm are omitted here andefer the readers to [22] for more
information.

Another interesting observation for PWPCN is the relatiopdetween the number of sched-
uled users and the physical system parameters, which hasdoeemarized in the following
corollary.

Corollary 1: 1) For energy-efficient PWPCN, the number of scheduled usaeases with

the ratio

Pix; 2) For energy-efficient PWPCN, the number of scheduled dsereases with the
energy conversion efficiency.

Proof: Due to space limitation, we only provide a sketch of the ptoarfe. From Lemmal 3,
we know that the condition for scheduling users EEfypen < e€f. Since a Iarge% ora
lower n leads to a lower system EEE}ypen I-€., more users satisfy the scheduling condition,
more users are scheduled. [ |

Corollary[1 generally reveals the relationship between rtbmber of scheduled users and
the physical system parameters of the power station £,..) and/or user terminals;) in the
energy efficient PWPCN.

In the next subsection, we investigate the EE of IELCN andatttarize its properties.
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C. Properties of Energy-Efficient IELCN

Theorem 3:Problem [(1R) is equivalent to the following optimizatioroptem
W log, (1 + pwk)
max max
ke®r  pr,T %Tk + DTk

%Tk + i < Qr, k€ Pr,

S.t.
Tk S Tmax7 k € (I)Z7
C4, C5, (17)

and the corresponding optimal solution is given by

pr, if k= argmax eef,
=4 " (18)
0, otherwise Vi,
€ <0,max( p*Q’“ yTmax) |, If k=argmax eel,
7';: lerpc i€Pr (19)
=0, otherwise Vi.
Proof: Please refer to Appendix F. [ |

Theoren B indicates that the optimal transmission strategi#E maximization in IELCN is
to schedule only the user with the highest user EE. Thus,dbaseTheoremi I3E E}y;; - can
be easily obtained with the user EE introduced in Sectio@. lI-

In summary, we have obtained the optimal solutions of proBl€11l) and (12) in Section
[1I-B and Section lI-C, respectively. Thus, as shown in ®tem[1, the optimal solution of

problem (10) is achieved by the one which results in largstesy EE.

IV. ENERGY-EFFICIENT RESOURCEALLOCATION FOR WPCNWITH A QOS CONSTRAINT

Since practical systems may have to fulfill certain QoS nmegments, in this section, we
investigate energy-efficient time allocation and powertcarior WPCN guaranteeing a minimum

system throughput. In this case, the EE maximization probtan be formulated as

A 25:1 W log, (1 + pri)
POvTov{pk}v{Tk} POTO(% — Zf:l nhk) + PCT(] + Zl[f:l(p?ka +pc7—k)

st. C1,C2, C3, C4,C5

K
C6: > 7Wlog, (14 pivk) > Runin, (20)

k=1
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where R,;, denotes the minimum required system throughput and allrgtheameters and
constraints are identical to those [n10). We note thatediffit priorities and fairness among
the users could be realized by adopting the weighted sumirnsttead of the system throughput.
However, since the weights are constants and do not affecaltjorithm design, without loss

of generality, we assume all users are equally weightedighgaper [[4].

A. Feasibility of Problem[{20)

Before proceeding to solve probleiin {20), we first investgtite feasibility condition for
a given QoS requiremenf?,;,. The following theorem provides the necessary and sufticien
condition for the feasibility of probleni_(20).

Theorem 4:Problem [(20) is feasible iR* > R,,;,, whereR* is the maximum objective value
of the following concave optimization problem

K
* To Pmaxn i +
R* £ max g W log, (1 + 2 nhi + SV —pCG%)

mo{n} Tk

K
st. 7+ Z Te = Tmax,
k=1

70 >0, 7 >0, VE. (21)

Proof: Due to the space limitation, we only provide a sketch of theofprlIt can be
shown that the maximum throughput of probleml(20) is acldewben C1-C3 are all satisfied
with equality, which leads to problend (21). If the energy ofre user is not used up, the
system throughput can always be improved by increasingatsmit power while keeping its
transmission time unchanged, thus C2 holds with strict igu&imilar considerations can also
be made for C1 and C3, respectively. The objective functiof2l) is concave and all constraints
are affine, thus probleni_(R1) is a standard concave optiraiza@roblem. [ |

In fact, problemI[(201) falls into the category of throughpuaximization problems in WPCN
and can be solved by standard optimization techniques, asicthe interior point method [31].
The feasibility of problem[(20) can thereby be verified basaedTheoreni 4. If it is infeasible,
R,in» can be decreased and/By,.. (Puax) Can be increased until the problem becomes feasible.

In the following, we assume that problem [20) is feasible.
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B. Transformation of the Objective Function

It is intuitive that whenR,,;, is sufficiently large, both power transfer and the initiakrgy
are needed to meet the system throughput requirement. phaislem [20) cannot be simply
cast into PWPCN or IELCN. Moreover, problem [20) is neithemvex nor quasi-convex due to
the fractional form of the objective function and the nomeexity of inequality constraints C2
and C6. Next, we study the transmit power of the power station

Theorem 5:For problem [(2D), the maximum system EE can always be adhitwel; =
Pax-

Proof: As the power transfer may not be activated due to the initiatgy of the users, we
discuss the following two cases. First, if the power trangeactivated for the optimal solution,
i.e., 7y > 0, then we can show thab; = P,.. following a similar proof as for Lemmal 1.
Second, ifry = 0 holds, then the value of the power station’s transmit poiRedoes not affect
the maximum system EE, and th#ts = P,... is also an optimal solution. [ |

It is worth noting that Lemma 1 is in fact a special case of Taan5. Considering Theorem
B, we only have to optimizey, {p.}, and {7}, V&, for solving problem[(20). According to

nonlinear fractional programming theory [32], for a prahlef the form,

BO b
= omax Do) (22)
0. {pe A} eF Eiot (To, Dy Tk)

whereF is the feasible set, there exists an equivalent problembiractive form, which satisfies

T(q*) = max {Btot(pku Tk) - q*Etot(T(]?pku Tk)} =0. (23)
T0,{px }: {7k }EF

The equivalence of (22) and (23) can be easily verified at thenal point (77, p;, 7;7) with the
corresponding maximum valug which is the optimal system EE to be determined. Dinkelbach
provides an iterative method in [32] to obtaj. In each iteration, a subtractive-form maxi-
mization problem[(23) is solved for a given The value ofg is updated and problem (23) is

solved again in the next iteration until convergence isead. By applying this transformation
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to (22), we obtain the following problem for a givenin each iteration

K K
1
max Y nWlogy (1+ pie) — g (P Ty (‘ ) Znhk> + Py

70,{Pk ATk } 1 '3 st

K
Pk
—|—Z <?Tk —|—pc7'k)>
k=1

st. C2,C3, C4, C5, C6 (24)

Although problem [(24) is more tractable than the originabkgpem [20), it is still a non-
convex optimization problem since it involves products gtimization variables. Hence, we
further introduce a set of auxiliary variables, i.&,, = p,7:, for V k&, which can be interpreted
as the actual energy consumed by useReplacingp;, with ’f—: problem [[24) can be written as

K 5 1 K
max Z W log, (1 + T—:w> —q (Pmaxro (E — Z nhk> + P.1y
k=1

TOv{Ek}v{Tk} k=1

R PcTk
k=1

st. C3 C4 C5: E,>0, Vi,

F
C2: Tk + peTie < N PaaxTohi + Qu, Y,

K
E
C6: > 7.Wlog, (1 + —’Wk) > Ruin. (25)
k=1 Tk

After this substitution, it is easy to show that problém] (5x standard convex optimization
problem, which can be solved by standard convex optimimdgohniques, e.g., the interior-point
method [31]. However, this method neither exploits theipakdr structure of the problem itself
nor does it provide any useful insights into the solutionnéte in the following, we employ

the KKT conditions to analyze problem (25), which resultamoptimal and efficient solution.
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C. lterative Algorithm for Energy Efficiency Maximization

The partial Lagrangian function of problem {25) can be writas

K K
1)
£(T0, Ek,Tk,[,l,,(s, 19) = (1 + 79) E TkWIOgQ (1 -+ T—k’}/k) -+ 5 (Tmax — T0 — E Tk>
k k=1

k=1
1 & " /B
—dq (PmaxTO <_ - ZW%) + PcTO + Z <_k + chk)> - 'ﬁRmin
6 k=1 k=1 s
& E
+ Zﬂk (Qk + N PraxTohr — ?k - chk) ; (26)
k=1

wherepu, 9, andd are the non-negative Lagrange multipliers associated eattstraints C2, C3,
and C6, respectively. The boundary constraints C4 and Calmerbed into the optimal solution
in the following. Then, the optimal solution can be obtairiexn the following theorem.

Theorem 6:Given u, ¢, and, the maximizer ofL(r, Ey, 7, , 9, 9) is given by

€ [0, Thax), if fo(p) =0,

s (27)
= 07 if fo(l’l’) < 07

E; = 1pr, Vk, (28)
. anaxT*hk‘i‘Qk H *
_7?;% , if v, > 2%,

Te € |0, PmaTchitQu | g g (29)

Epe

=0, if v, < a*,

\

wherep, and fy(u) are given by

W(1+9)s 1]+
s | TS g
P [(Q+uk)1n2 Vi

K K
fo(#) = Prnax (Z pchi — q (1 - nhk>> —qP. 4. (31)
k=1 k=1

In (29), * denotes the solution of

(30)

1
aq(In2) 10g2(ax)2 + % —q¢(a+p.) —0 =0, (32)
whereq & Wi
qgln2
Proof: Please refer to Appendix G. [ |

By exploiting Theorenhl6, the optimal solution 6f {25) can txained with Algorithm 1 given

on the next page. In Algorithm 1, we first initialize the Lagga multipliersy andd. Line 9
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Algorithm 1 Energy-Efficient Transmission Algorithm for WPCN
1: Initialize ¢ = 0 and the maximum tolerance

2: Repeat

3 |Initialize J ando;

4. Set Lagrange multipliers,.. = 9, Umin = 0, dmax = 0, and i = O;
5: While 905 — Umin > €

6: 0 = §(Vmax + Vuin);

7: While 60 — Omin > €

8: 6 = 2 (Omax + Omin);

o: Computez* from (32) for giveng, 1, andJ;

10: Computey,, from (46) and [(4l7) withy, > x*; otherwise,u;, = 0;
11: Obtainp, for each user from_(30);

12: Obtain, and 7, from (274) and [(2B), respectively;

13: If there existry and 7,V k, satisfying ¢7?), then,break;

14 elsaif 0+ 3r ) Tk > Tinas

15: Omin = 0; €S Jpax = 0;

16: end

17: end while

18: If power allocation variableg,, V k, satisfying ¢?), then,break;
19: dseif % 7 W logy (14 prge) < Rumin

20: Upin = 0 €@se Dpux = U;

21: end

22: end while

. __Biot(Pr,7k) .
23:  Updateq = 7 0o,

24: until T'(¢*) < e
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calculatesz* from (32), wherex* is the threshold to determine whether a user is scheduled or
not. It is interesting to note that since the parameterg, <, p., andé in (32) are independent
of the user index, the threshold:* is thereby identical for all users. Then, based[ond (29), we
determine the users that should be scheduled by compatingth ~,. Thus, for an unscheduled
userk, its corresponding is zero since constraint C2 is met with strict inequalitycbntrast,

for a scheduled user with ~4, line 10 calculates its correspondipg by setting f (zux, 7x) = 0

in (47), wheref (14, vi) is given by [(46). With given), §, andy,, the power allocation variable
pr can be immediately computed from {30) in line 11. Then, fr@M) @nd [(29), the region with
respect tor, and 7, is easily obtained as in line 12. Since it has been showh i 488 [(46)
that the Lagrangian functiod is a linear function with respect tg andr;, the optimal solution
that maximizesC can always be found at the vertices of the region created,lnd r,.. It

is worth noting that in the case that all users have sufficee@rgy, it follows thatu;, = 0 due

to the complementary slackness conditionl (42). Then, fi8f), (this leads tofy(x) < 0 which
implies that activating the power transfer is not benefitdalachieving the highest system EE.
Otherwise,;y and$ are updated iteratively until they converge.

The computational complexity of Algorithm 1 can be analyasdollows. The complexity of
lines 8-11 in Algorithm 1 is linear in the number of usefs, Furthermore, the complexity of
the Dinkelbach method [33] for updatingand the bisection method [31] for updatifigand §
are both independent df. Therefore, the total complexity of the proposed algoritsrd(K).

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

Corollary 2: If the total available transmission time is not used up, &+ Z,le Tre < Tax,
then each scheduled uskertransmits with the power that achieves the maximum user [€E, i
pr = py in ([{). In contrast, if the total available transmission ¢ifs used up, then the optimal
transmit power of each scheduled usesatisfiesp, > p;.

Proof: Please refer to Appendix H. [ |

Corollary[2 reveals that as long as the total available tassion time is sufficiently long,
letting each user independently maximize its own maximumi&ihe most energy-efficient
power control strategy for the whole system, which also@dies with the conclusion in Theorem
for best-effort PWPCN. On the other hand, if the availakd@$mission time is not sufficient,
users can only meet the required system throughput by isioigdheir transmit power at the
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expense of sacrificing user EE and also system EE. Furthermsers that are not scheduled in
the problem withoutr,;,, i.e., problem[(10), may have to be scheduled in order to mRggt,
although scheduling them is detrimental to the system EEsTH is likely that some of these
users only consume just enough of their energy to safi§fy,. The following corollary sheds
some light on how an energy-efficient WPCN meets the QoS reqpant.

Corollary 3: If WET is used, i.e.;;p > 0, and a scheduled uset does not use up all of its
available energy, then the transmit powers of all schedusts remain constant until users
energy is used up. Moreover, as the required system thramighgreases, the energy transfer
time 7, and the transmission time of any scheduled usér = m decrease, respectively, while
the transmission time,, of userm increases.

Proof: Please refer to Appendix I. [ |

Corollary[3 suggests that if some scheduled user has a laxgerd of initial energy available,
it is preferable to utilize this energy instead of prolorggithe DL WET time if the required
throughput is high. This is because DL WET not only causesuitienergy consumption but

also reduces the time for UL WIT.

V. NUMERICAL RESULTS

In this section, we present simulation results to validate theoretical findings, and to
demonstrate the system EE of WPCN. Five users are randondlyuaifiormly distributed on
the right hand side of the power station with a referenceadist of 2 meters and a maximum
service distance of 15 meters. The information receiviatj®t is located 300 meters away from
the power station. The system bandwidth is set as 20 kHz am&HNR gap id" = 0 dB. The
path loss exponent is 2.8 and the thermal noise power is -Bbf. dhe small scale fading for
WET and WIT is Rician fading with Rician factor 7 dB and Ragleifading, respectively. The
circuit power consumptions at the power station and the teseminals are set to 500 mW and
5 mW [34], respectively. The PA efficiencies of the poweristatand the user terminals, i.e.,
¢ andg, are set to unity, without loss of generality. Unless spedifbtherwise, the remaining
system parameters are setrte= 0.9, T,,.x = 1S, andP,,., = 43 dBm. In Figs. 3-6, best-effort
communication WPCN are considered, whereas in Figs. 2 andinimum system throughput

requirement is imposed.
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Fig. 2. System EE versus the number of outer-layer iteratiointhe proposed algorithm for different minimum system

requirements Rmin.

A. Convergence of Proposed Algorithm

Fig.[2 depicts the achieved system EE of the proposed Algurit versus the number of outer-
layer iterations using the Dinkelbach method for differeanfigurations. As can be observed,
on average at most six iterations are needed to reach theapsiolution in the outer-layer
optimization. Since the time allocation and power contrplthe bisection method also results
in a fast convergence in the inner-layer optimization [34§ proposed algorithm is guaranteed

to converge quickly.

B. System EE of WPCN: PWPCN versus IELCN

We provide a concrete example to illustrate Theorém 1 fot-effsrt communication. Specif-
ically, we setQ 2 [Q1,Q2,Q3,Q4,Qs] = [0,0,1,1,1] (Joule),h = [hy, hy, hs, hy, hs] =
[0.1,0.1,0.1,0.1,0.1], and v £ [v1, 72,73, 74, V5] = [8,6,73,0.3,0.2], respectively. Note that
only the last three users have initial energy available.réfoee, from Theoreril3 for IELCN,
we know that only the third user is scheduled/f> 0.3, and its EE is independent &f,., and
increasing withs. However, from Theoreml 2, we know that the EE of PWPCN is iasirggy
in P,.x. Therefore, we can varys; and P,,., to observe the system switching from IELCN to
PWPCN in terms of system EE, which is shown in Kig. 3. In the teansmit power regime,
the system is in the IELCN mode, but &%,., increases, when the EE of PWPCN surpasses
that of IELCN, the system switches to the PWPCN mode.
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Fig. 3. lllustration of the system switching from IELCN to PRMEN asP.,.x increases. The green curve corresponds to PWPCN

and the horizontal portion of curves corresponds to IELCN.

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

We compare the EE of the following schemes: 1) EE Optimalppsed approach; 2) Through-
put Optimal: based on conventional throughput maximizaj8); 3) Fixed Proportion: let each
user consume a fixed proportion of its harvested energy,tddnmsp, which can be adjusted
to balance the energy consumed and stored. In[Fig. 4,,as increases, we observe that the
performance of the EE Optimal scheme first sharply increasésthen experience a moderate
increase while the EE of the Throughput Optimal scheme fimsteiases and then strictly
decreases, which is due to its greedy use of power. Morefmrethe Fixed Proportion schemes,
asp increases, the system EE also increases. However, evendar, the EE Optimal scheme
still outperforms the Fixed Proportion scheme. The progasdeme has a superior performance
as it only schedules users which are beneficial for the sy&Enwhile the Fixed Proportion
scheme imprudently schedules all users without any selecti

In Fig. [3, the system EE of all schemes decreases with inogamth loss exponent.
Moreover, the performance gap between the different scheleereases asincreases. A larger
path loss exponent leads to more energy loss in signal pabipag which forces the energy-
efficient designs to schedule more users and to utilize moergg to increase the system
throughput so as to improve the system EE. Hence, the prdpalgerithm behaves similar to

the Throughput Optimal scheme for very high path loss exptme
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D. Number of Scheduled Users versus Energy Harvesting dtfgi

In Fig.[8, we show the number of scheduled users versus thgyeharvesting efficiency of
the user terminaly. An interesting observation is that the number of schedulssrs is non-
decreasing with increasing This is because as the energy harvesting efficiency inesedise
energy loss decreases which leads to a higher system EEfurthier forces the system to be
more conservative in scheduling users so as to maintairehigk. Moreover, for a larger,,

more users are scheduled.

E. System EE versus Minimum Throughput Requirement

Fig. [4 shows the system EE versus the minimum required sysieoughput, R, for
different numbers of user terminals. We observe thatRas, increases, the system EE first
remains constant and then gradually decreases, which i®dhbe fundamental trade-off between
EE and spectral efficiency (SE). As expected, the EE incsea#tb the number of user&’. The
reasons for this are twofold. First, for DL WET, if more uspessticipate in energy harvesting, the
energy loss due to signal propagation decreases. Secandl.f&/IT, a larger number of users
results in a higher multiuser diversity gain, which in tueadlis to a higher system throughput.

Another interesting observation is that for large€r the system EE decreases more rapidly
than for smallerK. This is mainly because for largéf, more energy is harvested and thus the

energy loss in DL WET is relatively less dominant in the tatakrgy consumption compared
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Fig. 6. Number of scheduled users versus the efficiency Fig. 7. System EE versus the minimum required throughput.

to the energy consumed for UL WIT. Therefore, for high thriopigt requirements, the energy
consumption is more sensitive to changes in the throughgutirements for largek’, which

leads to a faster decrease in the system EE.

VI. CONCLUSIONS

In this paper, we have investigated the joint time allocatémd power control of DL WET
and UL WIT to maximize the system EE of the WPCN. For the WPCNhwiest-effort
communication, we have shown that the EE maximization gmbls equivalent to the EE
maximization in two different simplified systems, i.e., P@? and IELCN. For the PWPCN, we
have reduced the EE maximization problem to a multiusercadivg problem where the number
of scheduled users increases with the circuit power butedses with the energy conversion
efficiency at the user side. On the other hand, for the IELCNy ¢he user with the highest
user EE is scheduled. Furthermore, we have studied the EEmzaxion problem under a
minimum required system throughput constraint and pragaseefficient algorithm for obtaining
the optimal solution. In addition, we have shown that whes dlailable transmission time is
sufficiently long, the most energy-efficient strategy foe gystem is to let each user achieve its
own maximum user EE. In contrast, if the transmission timmdasshort, the system EE has to
be sacrificed to achieve the system throughput requirement.

There are several interesting research directions thdd doei pursued based on the results

in this paper: 1) While the throughput in UL WIT improves withe quality of the CSI, this
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comes at the expense of energy and time needed for CSI dstinveltich reduces the system
EE. Therefore, the design of the optimal CSI acquisitiomtsetyy for maximizing the system
EE is an interesting topic. 2) Beyond the system EE, maxmgithe user EE may be desirable
in practice, for example, to extend the lifetime of some fmedbattery. Thus, the user EE
tradeoff is worth studying so that different transmissitnategies can be employed to strike the
balance among EEs of different users. 3) Finally, maxingzhre system EE while guaranteeing

minimum individual user throughputs is also an interespngblem.

APPENDIX A: PROOF OFTHEOREM[I]

We first introduce a lemma to facilitate our proof.

Lemma 4:Assume thatz, b, ¢, andd are arbitrary positive numbers. Then, we hﬁg <
max {7, 5} where “=" holds if and only ifg = <.

Proof: The proof is straightforward and thus omitted due to the spewitation. [ |

LetS = { Py, 70, {pr}, {7} } denote ararbitrary solution of problem[(10) and its correspond-
ing system EE is denoted dSE. Let S = {Py, 7, {fi}, {7}} and S = {£, 0, {5}, {7 }}
denote the optimal solutions of problem {11) or problém| (¥2%pectively. The energy con-
sumptions corresponding t®, S, andS during DL WET areEwegr, EWET, and 0, respectively.
The feasible sets of problenis {10d),(11), and (12) are ddraedeé>, Dp, and Dz, respectively,
andry(p) = Wlog,(1+pryi). Note that ifr, = 0 holds forv k € ®» andV k € &, the system
EE of WPCN is zero which is obviously not the maximum value oftppem [10). Therefore,
the maximum EE of probleni_ (10} E*, can only be achieved for one of the following three
cases:
1) {10 > 0;3k € p, 7. > 0; VEk € &7, 7, = 0}: In this case, as, > 0 while Vk € &7, 7, = 0,
the maximum EE of WPCN is achieved by PWPCN, i.e., problen) &Mplifies to problem
(11) andEE" = max {EEpwpen, 0} = EEpwpen-
2){ro=0;Vk € ®p, 7, = 0; Ik € &7, 7, > 0}: In this case, asy = 0 andVk € &p, 7, = 0,
the maximum EE of WPCN is achieved by IELCN, i.e., problén) (diénplifies to problem[(12)
and EE* = max {0, EEy on} = BB on-
3) {0 > 0;3dk € Op, 7. > 0; Ik € &7, 7. > 0}: In this case, by exploiting the fractional
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structures of[(I0):(12), we have the following inequaditie
Zf:l 7.7k (k)
EE -

Ewer + 2 (B + 1)

Zke%: Terk(pr) + Zkecpz Tk (D)
Ewer + 3 o, (2 +1e) + D pen, (2 +De)
o > kewp ThTk(Pk) > reay ThTE(DE)

Ewgr + Ek@bp Tk(%k +pe)’ Zke@z Tk(%k + pe)
o > kewp ThTk(Dk) > reay kTR (Dr)

Ewgr + Zke% %k(% + Pc)’ Zk@z %k(ka + pc)
= max {EEfwpon: EEfLon] (33)

A=

VAN

where inequality ¢” holds due to Lemma 4 and the strict equality “=" represehésdpecial case
when the system EE of PWPCN is the same as that of IELCN. Iriégtid” holds sinceS and

S are the optimal solutions correspondingf@ ;v pen aNd E By o, Fespectively. Therefore, in
(35), if and only if themaximumsystem EE of PWPCN is the same as thaximumsystem EE
of IELCN, the strict equality in &” can hold together with the strict equality in™ In this case,
there exists a solution that satisfigg > 0; 3k € &p, 7, > 0; Ik € &7, 7, > 0} and achieves the
maximum system EE of WPCN. It thus follows thal:* = ELE}pony = EEfgLcn and without
loss of generality, we assume that the maximum system Emi®case is achieved by PWPCN
in order to preserve the initial energy of users belongingtoOtherwise, the strict equality in
“a” can not hold together with the strict equality ih"* This means that the system EE achieved
by any solution that satisfigsy > 0; 3k € &p, 7, > 0; Ik € Pz, 7, > 0} will be strictly smaller
than the maximum EE of either PWPCN or IELCN, i.&F* = max {EESwpens EEfELon |
which suggests that either PWPCN or IELCN is optimal. Nexg wvestigate under what
conditions b” holds with strict equality, i.e.,EE}wpeny and EEf, «n are achieved without
violating the feasible domain of the original problem](1This leads to the following two

cases:

« Fork € ®p, it is easy to verify the equivalence betweéRy, o, {pr}, {7x}} € D and
{Py, 70, {p.}, {7:}} € Dp. As {Py, %, {pr}, {7:}} maximizesEEpwpcx, “b" holds true
for the first term inside the bracket.

« For k € @z, the optimal solution, denoted d%;,7;} € D, implies thatr,j(%‘t +pe) <

NPT hi+Qk andTg+ZkK:1 77 < Thax- Then, we can construct another solut{d?@, 0,{px},
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{Tx}} with By = B}, pr = p;, and7, = a7}, wherea = gégmw < 1 such that

’fk(% +p.) < Q for V. It can be verified thaf Ry, 0, {x}, {7} } is a feasible point

in Dz, and can achieve the same EE{&S%, 7, {p;}, {7 }} € D, i.e., Zkeag WROY

kEPITk(;+pC)
Z‘“EanTkr'i(p‘“) _ 2weagTeHPD o the other hand, sincér,0, {pi}, {#}} € Dz

Zkeplm'k( +pc) Zke} T ( p +Pc)
maX|m|zesEEIELCN, b holds true for the second term inside the bracket.

The above analysis proves Theorem 1.

APPENDIX B: PROOF OFLEMMA [1]

We prove Lemmall by contradiction. Suppose #¥af, {p; }, 7, {7} } is the optimal solution
to problem [(I1) whereP; < P,.x holds for anyP;, and the optimal system EE is denoted
as EE*. Let E; & P:7; where E; can be interpreted as the actual energy transmitted by the
power station. Then, we can construct another solutign {5, }, 7, {7} } satisfyingPy = Prax,
Py = E;, pr. = p;, andT, = 77, respectively. The corresponding system EE is denoted as
EE. Itis easy to check thathy, {pi}, 7o, {7} } is a feasible solution giveQry, {p.}, 75, {7} }-
Moreover, sinceﬁo = Puax > Py, it follows that7, < 7§ and henceP.7, < P.7j always holds
true. Therefore, we always havg7, ( Zk 1 nhk) + P.1o < By7§ (% — Zszl nhk) + P15
Since neither{p;} nor {7;} are changed in the constructed solution, based on probl&j (1
it follows that EE > EE*, which contradicts the assumption th@®;, {pi}, 75, {7}} is the
optimal solution. Lemmall is thus proved.

APPENDIX C: PROOF OFLEMMA [2

Suppose thaf Py, {pi}, 75, {7} } yields the maximum system EE,E*, and satisfie§ < 75+
Zk@ Tr < Thax. Then, we can construct another solutm {DPr}, 70, {7 }} with PO Py,
Dk = D To = aty, T, = aTy, respectively, wherex = %Jrzif:vﬁ > 1 such that7r, +
Zke% T = Tmax. The corresponding system EE is denotedrds. First, it is easy to check
that { Py, {px}, 70, {7x}} still satisfies constraints C1-C5. Then, substitut{#g, {5}, 70, {7} }
into problem [(111) yieIdsTE\E = FE*, which means that the optimal system EE can always be

achieved by using up all the available time, i&,,.,. Lemmal2 is thus proved.

APPENDIX D: PROOF OFLEMMA

First, if EESwpen < eer,, We proved that usem will be scheduled in our previous work

[Theorem 1] [[24]. Second, we prove that the scheduled uskruae up all of its energy by
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contradiction. Suppose thdtF;, {p;}, 75, {7i}} is the optimal solution to probleni_(11) and
there exists d&/,,, Vm € ®p, such thatE £} pon < €€, but its harvested energy is not used
up, i.e.,(’% + )7 < NPrmax T hm, and(% + )7 < NPmaxTi by fOr k # m. The corresponding
system EEEESypcn, IS given by

Dkt oW logy (14 piyw) + 750, W logy (1 + pjhyvim)
Pimi (= XA i) + Pt + S 7t (% 4 1e) + 75 (B 4+ 1)

Then, we can construct another solutioRy, {pi.}, 7. {7x}} with Py = P, b = p for Vk,

E E;WPCN = (34)

To = P15, T = B for k # m, andT,, = at;, respectively, wher® < § < 1 anda > 1.

Note that asg — 0, it follows that nPy.xTohm = B1Pmax7ihm — 0, and asa increases,

it follows that (’%’" + pe)Tm = a(% + p.)7; increases. Therefore, there always exisand

B such thata(p%” + pe)T, = BNPmaxTihy holds. It is also easy to check that fér # m,

ﬁ(% +pe)Ti < BnPuax7d i Still holds. Consequently, the corresponding system EBotel as

E\EPWPCN, is given by

B Bunon = — _ > ko W logy (1 tﬁk%) + ?r,iW}ogz (1+ 'pzanN)

Py (£ = SASamhn) + P+ Xy T2+ 00) + Fon (22 + )
B ko TEW logy (1 + piyi) + a1, Wlog, (1 + pj,ym)

8 (Foms (2= Shounhe) + Pors + S 78 (% 4 2e) ) + 0 (2 4 )

In order to comparé’ E}ypen and ETEPWPCN, we introduce Lemmal5.

(35)

Lemma 5:Assume thau, b, ¢, andd are arbitrary positive numbers which satiﬁg < =z

Ba+ac
Bb+ad®

Proof: The proof is straightforward and thus omitted due to the spaewitation. [ |

Leta =3, ., 7iW logy (14 pion), b= Fog (¢ — Sy ) + Porg + Y0 7 (% 4 p0),
c = 15 Wlogy (1 +piym), andd = T;;(’% + p.), respectively. Since user. is scheduled,

Then, for any0 < 8 < o, we always have-s <

we have EEfywpon < eer,, 1.e., 55 < 5, otherwise,EEfypey €an be further increased by
letting 7,5, = 0. Based on Lemmal 5, we obtaliE)ypen < EEpwpcn, Which contradicts the
assumption, and 1) in Lemnia 3 is thus proved. The proofs oh@)3) can be obtained easily

following a similar procedure as above, and thus are omhte for brevity.
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APPENDIX E: PROOF OFTHEOREM[2

Denote S* C ®p as the set of users which are scheduled. Substitubing= P,.. and

T = % into the objective function of probleni {I11), we have

> kes %W logy (1 + prye)
PmaxTO(% - Zf:l nhk) + PCTO + Ekes* i pehaTy (ka + pc)

ka +Pc

LFE =

anaX Ekes* hkeek
Pmax(% - Zszl Uhk) + PC + anax Zkes* hk’
where ee;, is the user EE defined iml(7). Givesr, in order to maximizeE'FE, we only have

(36)

to maximize eachee;, which is solely determined by, and the maximum valuee; can be

computed from[(7) and [9). After some manipulations, we iobta

EE* — Ekés* hkeez ] (37)

n% <P§ZX£ +1-30, gnhk> + D kese

Since the transmit power of each scheduled ésirp; given by [37),7; andr; can be easily

obtained from Lemma 2 and Lemma 3. It is worth noting thatehamly exists a relationship
betweenr, and 7, V& as in [16). The value of, can be scaled without affecting the system
EE of PWPCN in the feasible region. Theoréim 2 is thus proved.

APPENDIX F: PROOF OFTHEOREM[3

From (12), we have

oW log, (1 + pj, c W1 1+ p;
Bl o = Serr V08 L Piw) ¢ miWlog, (1+ pi)

SANEU SUR R AT
d Wl 1 x
< max ng*( +pk7/€) _ 66;; (38)
k€<1>1 p_k + pc
S

where inequality ¢” holds due to the same argument as inequalityit (83), and ‘@” follows
from the optimality ofp} for ee;. From [38), we observe that the maximum system EE is always
achieved by scheduling a single user. Then, applying thienappowerp* in the time and energy
harvesting constraints, we obtain (18) ahd| (19). SimijaHg value ofr;, V k£ does not affect the
system EE of IELCN.



31

APPENDIX G: PROOF OFTHEOREMI[G
By taking the partial derivative of with respect tor,, F, and7, respectively, we obtain

oL K 1 &
om0 = Prax (Z el —q (E — ZU%)) —qP. -0, (39)
=1

k=1
oL W +9)mw gt

— , 40
OE,  (7x + Exyr) In2 S (40)

oL B W (1 +9)Exn
— =Wl +v)1 1+ — — — e — 0, 41
g (1+7) ng( + %) (ot B In2 (¢ + t)p (41)

and the complementary slackness conditions are given by
E},

Mk (Qk + anaXTOhk - T - chk) = 07 (42)

K
) (Tmax — To — ZTk> = 07 (43)
k=1
& E
9 (Z 7. W log, (1 + —k%) — Rmin> =0. (44)
k=1 Tk

Let fo(u) = 2% and f(y, k) = 5=. From [39), we know that is a linear function of

To. Sincery > 0, to make sure that the Lagrangian functifris bounded above [31], we have
fo(p) < 0. Specifically, whenf,(p) < 0, it follows thatr, = 0, otherwise if fo(p) = 0, 70 > 0,

which results in[(2[7). FrorrfEik = 0, we can obtain the relationship betwegp and 7, as

_ B _ {(W(1+19)< 1T’Vk‘

g+ ) In2
Substituting [(4b) into[(41) and after some manipulatiof(3y, 1) can be expressed as

S (ves i) = (1 + 9)W log, (1 T {M _ i} )

Pk = (45)

Tk

Wa+d9)s 1]°F
—(q + ) ([m — %} -I-Pc) — 0. (46)

Sincer, > 0, using a similar analysis as fay, the optimal solution of,, must satisfy

< 0, =0,
oL { Tk (47)

—— = f(W &)
8Tk = 07 Tk > O, Vk.

To facilitate our derivation, we next introduce a lemma tedato f (-, ).
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Lemma 6: f(~«, ) is an increasing function of, and a decreasing function @f, under
i W (14+9)s 1
the condition thatm > -
Proof: Lemma 6 can be easily proved by taking the derivative ©@fy, 1) with respect to
v, and uyg, respectively. The proof is thus omitted due to the spacédtmn. [ |
Based on Lemmi 6, we know that the maximum valug (@f, 1) in terms ofy,, is achieved
at u, = 0, i.e., f(v,0). Moreover, wheny, = %, f(v,0) = —gp. — d < 0 holds, and
wheny, — +o00, f(7%,0) — +oo holds. From[(4B), sincég (v, 0) is an increasing function of
vk, there always exists @a* such thatf(z*,0) =0, i.e.,

1 * 1
M)+Q_M_qpc_5:0, (48)
x In 2

f(x*,0) = (1 +9)W log, < 2

which results in[(3R). Note that since the parameterd/, ¢, <, p., andé in (48) do not depend
on the user index, the thresholde* is thereby identical for all users. Now, we analyze the
following three cases:
o For~, < z*, it follows that f(vx, ux) < f(%,0) < 0. According to (31), we know that a
user with UL channel gain, less thane, is allocated zero transmission time, i.e,,= 0.
o For v, > z*, there always exists @, > 0 such thatf (v, ux) = 0 < f(%,0) since
f (v, px) is @ decreasing function with respect jtg. However, there may existy > 0
such thatf (v, ux) < 0. Then, according to (29), it follows that, = 0 and % + P =
0 < 1 Puax7ihi + Qr, Which contradicts[(42), i.euy,(nPuaxg hi+ Qx — 2= — peri) = 0, and

this is thereby not the optimal solution. Neverthelessyi®ers withy, larger thanc*, p; > 0

nPrnaxTo* hk +Qk
PEgp.

Correspondingly, as, > 0, the value ofy;, can be calculated from the second casé in (47),
where f (i, 1) is given by [46), i.e.f (7, pu) = 0.

o FOr~, =a*, if pu > 0, then f(yx, ux) = 0 < f(1%,0) = 0 and, = 0, which contradicts
(42). Thereforeu, = 0 follows from (42), this means that usércan utilize any portion

of its energy, i.e.7; € [0, W]
S C

implies that they utilize all of their energy. Thus, from j4%e haver, =

Based on the above three cases, we obtain the region of tlowmtbn variables given i _(27)
and [29). As the Lagrangian functiahis a linear function ofr, and7;, the maximum value of
L can always be obtained at the vertices of the region creat¢@®) and [(2D). Moreover,; and

, for k= 1,..., K, satisfy the complementary slackness condition$ (43) @ddil (Therefore,
if 0 > 0, then the time constraint should be strictly met with edyabtherwise, we obtain an
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associated inequality for limiting the range of time valésor, and,. The same interpretation

also applies ta’.

APPENDIX H: PROOF OFCOROLLARY [2

From (46) and[(47), we know that for each scheduled ésave have

(1 +9)Wlogy (1 +ypr) — (¢ + ) <% +pc> —0=0. (49)

Note that from [EB),(ZZ(;S?; = px + - also holds for usek. Substituting this relation into

(49) and after some manipulations, we obtain

We (73 +pc) ' _y. (50)

D(pr) = Wlog, (14 prye) — ( . i

D+ %) In 2
If the total available transmission time is not used up, g+ Zszl T < Thax, i1t follows
from (43) thato = 0. Note thatD(py) is increasing inp,. Moreover, wherp, = 0, D(py) =
—%pc < 0, and wherp, — 400, D(pr) — +oo. Therefore, there is always a unique solution
px. for (B0). Combining [(B0) with[{[7) and19), after some mangiidns, we conclude, = p;.
On the other hand, if the total available transmission timmesed up, i.e.rp + Zle = Troaxs
it follows thatd > 0. Hence, we conclude thaf, > p; sinceD(py) is monotonically increasing

with respect top,. Corollary[2 is thus proved.

APPENDIX |: PROOF OFCOROLLARY [3

If WET is activated, i.e.;y > 0, from (217), we obtain

K

Pmax

§ = Puax E <Q+/~Lk)hk_Q( ¢ +Pc)- (51)
k=1

Meanwhile, for any scheduled uskr it follows that [50) also holds true. Combining {51) and

(B0), and after some manipulations, we obtain

—0. (52)

K Prax
W (pr + pes W Ppaxshy, @ < ¢ +p0>
W10g2(1 +pk7k) — (pk P ) Z b

(pe + )2 & (pp + L) In2 149
If the energy of any usem: is not used upy,,, = 0 holds due to the associated complementary
+
slackness condition ifi {#2). Thus, from145), we know that= £= — [w — i] Vm.

Tm qln2 TYm
Therefore, substituting,, into (52), we have

~ 0. (53)

Pmax
(pk + pcg) i Pmaxghk s (T - pc)
(o + )2 " (pm+ =) In2

log, (1 _ _
°83(1 + Pii) (pe +--)In2 &
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From [53), we observe that the transmit powers of the sceedisders depend only on the system
parameterdV, &, ¢, Puax, Pe, and-~y,. Moreover, the left hand side df_(53) is a monotonically
increasing function of,. Therefore, as long as the energy of useis not used up,(83) holds

true andp, remains constant. Note that if the energy of users used up, i.e.4t,,, > 0, p,, =

W({A+9)s 1
(Q+Mm) In2 Ym

’ and p,, is thereby introduced in (55). Then, the valueppfvaries withs,,.

On the other hand, since WET is used, i7g.>> 0, and the energy of uset is not used up, it can

be further shown that the total available time must be used.epr, +Zszl T = Thax. At the
same time, the required system throughput has to be saliiscﬁe@jf;l Tk 10go (14+prgk) > Rumin-
Therefore, afi,,;, increases, the information transmission t@jé(:l 7 has to be increased since
pr remains constant. Thus, it follows that decreases due to the more stringent time constraint.
Then, the energy harvested at each ugey..h, 7y decreases and the transmission time for any

userk # m also decreases as = %W
< c
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