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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. Our goal is to investigate the
maximum 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 maximization 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 corresponding physical interpretation, despite
the non-convexity of the problems. Subsequently, we study the
EE maximization problem under a minimum system throughput
constraint. Exploiting fractional programming theory, we trans-
form the resulting non-convex 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

Energy harvesting allows devices to harvest energy from
ambient sources, and has attracted considerable attention in
both academia and industry [1], [2]. Energy harvesting from
natural renewable sources, such as solar and wind, can provide
a green and renewable energy supply for wireless commu-
nication 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 generated by dedicated devices, this type of energy source
is more stable than natural renewable sources.
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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 au-
thors in [17] investigate how an energy harvesting relay can
distribute its harvested energy to support the communication
of multiple 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 re-
source 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 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 scenario 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 con-
sumption is non-negligible compared to the power consumed
for data transmission, especially for small scale and short
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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 channel 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 certain amount of initial energy and can store
the harvested energy from the current transmission block for
future use. This generalization 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 maximizing the system EE while
guaranteeing a minimum required system throughput instead
of maximizing the system throughput. The main contributions
and results of this paper can be summarized as follows:

o 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 terminals.
In the first step, we investigate the system EE of W-
PCN 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.

¢ 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
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

Power Station Wireless Powered Devices Information Receiving Station

Power Transfer
Information Transmission

Fig. 1.
network.

The system model of a multiuser wireless powered communication

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.

« For the case of throughput-constrained WPCN, exploiting
fractional programming theory, we transform the original
problem into a standard convex optimization problem.
Through the analysis of the Karush-Kuhn-Tucker (KKT)
conditions, we characterize the optimal structure of time
allocation and power control, and propose an efficient
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
I, we study best-effort communication in energy-efficient
WPCN. In Section IV, we investigate the EE maximization
problem in the presence of a minimum system throughput
requirement. Section V provides extensive simulation 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 transmit” 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 receiving station, and all users are
equipped with a single antenna and operate in the time division
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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
Q1 (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.

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 &£ and the UL
channel power gain between user terminal £ and the informa-
tion receiving station are denoted as hj and gy, respectively.
Note that both hj and gj capture the joint effect of path
loss, shadowing, 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 practical WPCN [9]. Once calculated, the resource
allocation policy is then sent to the users to perform energy-
efficient transmission. 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 signaling 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 79 at a transmit power Fy. 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 U, can be
modeled as

E} =nmoPohi, k=1, K, (1)
where n € (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 U}, can be expressed as

Bkzrqu&(1+£@ﬁ), )

o2

where W is the bandwidth of the considered system, o2 de-
notes the noise variance, and I' characterizes the gap between
the achievable rate and the channel capacity due to the use of
practical modulation and coding schemes. In the sequel, we
use v, = o5 to denote the equivalent channel to noise ratio
for WIT. Thus, the total throughput of the WPCN, denoted as
Biot, 1s given by

K K

Bit = Y _ B =Y mWlogs(1+pey).  (3)
k=1 k=1

B. Power Consumption Model

The total energy consumption of the considered WPCN
consists 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 EwgT, is modeled as

K
P,
Bwgr = ?07'0 — > B + P, (4)
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, frequen-
cy synthesizer, and digital-to-analog converter, etc. In (4), P,
represents the circuit energy consumed by the power station
during DL WET. Note that Py7y *ZkK=1 E! 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, Py7o — Zszl El = Pyrg (1 - Zle Uhk)
is always positive due to the law of energy conservation and
0<n<1I[4], [20].

During the WIT stage, each user independently transmits
its own signal with transmit power p; during time 7j. Thus,
the energy consumed by Uy can be modeled as

By = %’@m + pemi, ®)

where ¢ and p. are the PA efficiency and the circuit power
consumption of the user terminals, respectively, which are
assumed to be identical for all users without loss of generality.
In practice, F, has to satisfy Fj < E,}j + Q},, which is known
as the energy causality constraint in energy harvesting systems
(4], [20].

Therefore, the total energy consumption of the whole sys-
tem, denoted as Fi.t, is given by

K

Biot = Bwer + Y _ Ey. 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 1 (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.,

By,

eek:: _—=
Ej,

TeWlogy (1+ pryr) _ Wlogy (14 i)
TiEE + Thpe B2 +pe

» (D
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where the energy consumption includes the energy consumed
in both the PA and the electronic circuits. Hence, eej, repre-
sents the energy utilization efficiency of user k£ in WPCN.

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

deey, (1+pVZJ:) 3 (2 +pe) — Wlogy (1 + prye) ¢

dpk: (p*’C +pc)2

S

®)

After some straightforward manipulations, the optimal trans-
mit power can be expressed as

Wg¢ 117"
- N
Pk Lez In2 'yk] Y

©))

where [z]T £ max{z,0} and eej} is the maximum EE of user
k in (7). Based on (7) and (9), the numerical values of ee}
and p;. 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., FE = giii . 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* £

S W logs (1 + prye)

0 Poro(E = Sy i) & Pero + Sy (B + peme)
Fofpe} ©OTONE T Zek=t R T EeTO T L=t g Th T PeTh
s.t. Cl: Py < Phax,
€2 Por 4 peri < nPymohi + Q. Yk,
K
C3: 70 + ZTk S Tmaxa
k=1
C4: 0 > 07 T > 0, Vk,
C5: Py >0, pp >0, VE. (10)

where EE* 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 nFPy7oh and the initial
energy Q. In C3, T1,,.« is the total available transmission time
for the considered time block. C4 and CS5 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 s-
tandard 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. Egquivalent 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 de-
fine ®p and P7 as the set of users whose initial energy levels
are zero and strictly positive, respectively, i.e., Qr = 0 for
k € &p and Q > 0 for k € ®7.

Theorem 1: Problem (10) is equivalent to one of the fol-
lowing 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 ®p
are present for UL WIT): EESwpon =

D keap TW logs (1 + prk)

Trriz}x} Pyro( L K o P Pl
ot e, Tomole = 2pmy i) + Peto + 3 e, (5 7h + PeTk)
st. Cl: Py < Puax,
C2: Zﬁ’l'k, + pet < T]P()Tghk-, ke dp,
S
C3: To + Z Te < Tmax>
kedp
C4: 19 2>0, TkZO,kIE(I)'p,
Cs: POZOa kaOake‘I’Pa (11)

where EEfypon 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 ®7 are present for UL WIT):

A
EEgron =
Zketbz W logy (1 + pryk)
> kear (BT + PeTi)

Pk
Tk + pe7i < Qk,

max
{pr} {7}, kePr

s.t. C2:

k€ &7,

C3: Z Tk < Tmax7
kedr
Cd: 7, >0, ke @I,
C5: pr >0, k€ dr, (12)

where EE; «n is used to denote the maximum system EE
of the IELCN.

If EEpwpen 2 Elygrens then EE® = EEpwpons
otherwise FE* = FEFE[g;cn, 1.€., 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 IELCN. In the following, we study the EE and characterize
its properties for each of the systems independently. Note that
for the special case that EESypon = E LR N, 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 ®7.
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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 station
always transmits with its maximum allowed power, i.e., Py =
Proax, 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
transmit power is optimized, the EE is generally first increas-
ing and then decreasing with the transmit power when the
circuit 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 station. 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., 79 + Zke% T = Thax-

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,
scheduling strategy is optimal:

D) If EESwpen < €€, Yk € ®p, then user k is scheduled,
ie., T,: > 0, and it will use up all of its energy, i.e.,
T];k(pfk +pe) = N PaxT) P
2) If EEjwpen = €€, Vk € ®p, scheduling user k
or not does not affect the maximum system EE, ie., 0 <
T,:‘(%’C + pe) < NPyaxTd k-
3) If EESwpon > e€r, Yk € ®p, then user £ is not
scheduled, i.e., 77 = 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
maximization problem for PWPCN. For that problem, the
optimal transmission time of each user increases linearly with
the equivalent 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

the following

are weak, since each user introduces additional circuit power
consumption.

In Lemmas 1, 2, and 3, we have revealed several basic
properties 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

Zkes* eerhy

K
Pizx + % - Zk:l nhk?) + Zkes* h
(13)

1

EE;’WPCN = (
n

where S* C ®p is the optimal scheduled user set. The optimal
power and time allocation can be expressed as

Wg 11"
=l - — 14
Pr [eeiln? ’VJ (1
Tmax
7 = e (19)
1 + anaX ZkGS* W10g2( VV*slwkz)
. hireey
Tk = anaxTO  Wemr - (16)
Wlogz(ee )
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 P.x and P. are the maximum allowed transmit
power and the circuit power, respectively, their ratio =
can be interpreted as the inefficiency of the power station.
The term % — 2521 nhy, 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 % ( Pi — + é - Zszl nhk) involves only fixed
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 omitted here and we refer the readers to [22] for more
information.

Another interesting observation for PWPCN is the rela-
tionship between the number of scheduled users and the
physical system parameters, which has been summarized in
the following corollary.

Corollary 1: 1) For energy-efficient PWPCN, the number
of scheduled user increases with the ratio - 2) For energy-
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 condition
for scheduling user %k is EEjwpen < eef. Since a larger

Pe or a lower 7 leads to a lower system EE, EFEjwpons
i.c.. 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
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of the power station (P., Ppax) and/or user terminals (1) 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

W logy (1 + pryi)

max max -
k€®z  pr,Tk T’“Tk + DTk
s.t. %Tk + DTk < Qk» ke (I)Ia
Tk < TmaX7 ke (I)Ia
C4, C5, 17)
and the corresponding optimal solution is given by
p*, if k=arg1 max eer,
pp=9 " oz (18)
otherwise, Vz

(0 max Tmax) , if k = argmax ee}
i€dr
=0, otherwise, Vi.

19)

Proof: Please refer to Appendix F. [ |

Theorem 3 indicates that the optimal transmission strategy
for EE maximization in IELCN is to schedule only the
user with the highest user EE. Thus, based on Theorem 3,
EEfs1,cn 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
solution 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
minimum system throughput. In this case, the EE maximiza-
tion problem can be formulated as

S T W logy (1 + pyk)

IT’?),{{T;;C:} POTO( Zk 1 nhk) + Pero + Zk 1( “Tk erch)
st.  Cl, C2, C3, C4, C5,
K
C6: Y W logy (1+ pryk) = Runin, (20)

k=1

where R, 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, Riy,.
The following theorem provides the necessary and sufficient
condition for the feasibility of problem (20).

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

K

70 PmaxNhi +
> mWlog, (1 o max TR T Xk Zk’“ Q’“m —mc%)
k=1

max
70,{7Kk}

s.t. 719+ Z T = Tmax,

7020, 7 >0, V. 1)

Proof: Due to the space limitation, we only provide
a sketch of the proof. It can be shown that the maximum
throughput 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 equality. 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
standard 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, R;, can
be decreased and/or T, (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 R, is sufficiently large, both
power transfer and the initial energy are needed to meet the
system 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 objective 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 B = Ppax.

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., 7 > 0, then we can show that P = Ppax
following a similar proof as for Lemma 1. Second, if 7§ =0
holds, then the value of the power station’s transmit power P
does not affect the maximum system EE, and thus Py = Ppax
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
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7o, {pk}, and {7}, ¥k, for solving problem (20). According
to nonlinear fractional programming theory [32], for a problem
of the form,

* _ max M, (22)

TOv{Pk}:{Tk}e]: Etot(T()?pka Tk)
where F is the feasible set, there exists an equivalent problem
in subtractive form, which satisfies
T(q") =

max
To, APk} {TK}EF
(23)

The equivalence of (22) and (23) can be easily verified at the
optimal point (7, p}, ;) 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

max
70, {7k}
{pr}

K K
ZTleogg (L +peve) —a (Z (pgkm +pc7k>

k=1 k=1

+PrnaxTO ( Z nhk> + PCTO>

st.  C2,C3, C4, C5, C6. (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., By =
PrTk, for Yk, which can be interpreted as the actual energy
consumed by user k. Replacing py wrth problem (24) can
be written as

K
Ey E
ZTleOg? (1 + ’)’k) —q (Z (gk +chk>

max
T‘){’é;’“}} C k=1 k=1
1 K
+PmaXTO (5 - Znhk> + PCTO>
k=1

st. C3, C4, CS: Ep>0, Vk,

E
C2: i +chk < anaxTOhk + Qka Vk7
S

K
E
%‘ZWW@4“4%02%W 25)
k

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.

{Btot(pk77—k) q*Etot(TOapkaTk)} =0.

C. Iterative Algorithm for Energy Efficiency Maximization

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

‘C(TO7 Eka Tk K, 6 19)

K
=(1+9) ZTkW1og2 (1 —+ %) —q ( ( +pc7k>
k=1

k=1

K
Zﬁ%) +PCTO> +5< max

1
+ PmaxTO ( -
k=1

K
+ Z Mk (Qk + anaxTOhk - % - chk) - 'ﬂRmina (26)
k=1
where u, 0, 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 optimal
solution in the following. Then, the optimal solution can be
obtained from the following theorem.
Theorem 6: Given u, 0, and 9,
L(70, Bk, Tk, i, 6,19) is given by

the maximizer of

* S [0; Tmax)a if fO(/J/) = 07
70 { 0, if folp) <0, 7
E; =1mipk, Yk, (28)
— ﬂmexTo hk+Qk if > gt
p’” +pe T ’
T];k c 0 UPmdeO hk+Qk:| if Vi = * (29)
p" +pe ’ ’
=0, if v, < a*,
where p, and fo(p) are given by
+
bt = { WA +9)s 1} VE (30)
Pl ) n2

K K
fO(l"’) = Prax <Z prhi —q (1 - Z’I]hk)) —qP. - 6.
k=1 k=1

(3D
In (29), * denotes the solution of
1
aq(In2) logQ(ax)g + % —qgla+p.)—96=0, (32)
where a £ W(11+19)
Proof: quease 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
6. Line 9 calculates z* from (32), where z* is the threshold to
determine whether a user is scheduled or not. It is interesting
to note that since the parameters a, g, s, p., and § in (32) are
independent of the user index k, the threshold z* is thereby
identical for all users. Then, based on (29), we determine the
users that should be scheduled by comparing «* with . Thus,
for an unscheduled user k, its corresponding pij is zero since
constraint C2 is met with strict inequality. In contrast, for a
scheduled user k£ with 7, line 10 calculates its corresponding
k. by setting f(ug, vx) = 0 in (47), where f(ux, i) is given
by (46). With given ¥, §, and py,, the power allocation variable
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Algorithm 1 Energy-Efficient Transmission Algorithm for
WPCN

1: Initialize ¢ = 0 and the maximum tolerance e;

2: Repeat

3: Initialize ) and & ;

4: Set Lagrange multipliers ¥yax = 19, Ymin = 0, Omax =
5, and Omin = 0;

5: While ¢,,0x — Ymin > €

6: 9= %(ﬁmax + 19min);

7: While 6,0 — Omin > €

8: 0= %(51113)( + 5min);

9: Compute z* from (32) for given ¢, ¥, and J;

10: Compute pij, from (46) and (47) with v, > x*;
otherwise, ux = 0;

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

12: Obtain 79 and 75 from (27) and (29),
respectively;

13: If there exist 79 and 73, V k, satisfying (??),
then, break;

14: elseif ) + Zle Tk > Tonax

15: Omin = 0; else  Opax = 0;

16: end

17: end while

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

19: elseif S 7. W log, (1 + prgk) < Rumin

20: Umin = U5  else  Vpax = U

21: end

22: end while 5

23: Update ¢ = %;

24: until T'(¢*) < ¢

pi can be immediately computed from (30) in line 11. Then,
from (27) and (29), the region with respect to 7y and 7y is
easily obtained as in line 12. Since it has been shown in (39)
and (46) that the Lagrangian function £ is a linear function
with respect to 79 and 7y, the optimal solution that maximizes
L can always be found at the vertices of the region created by
7o and 7. It is worth noting that in the case that all users
have sufficient energy, it follows that p;, = 0 due to the
complementary slackness condition (42). Then, from (31), this
leads to fo(pe) < O 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 bisection 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: If the total available transmission time is not
used up, i.e., 7o+ Zszl Tr < Tmax, then each scheduled user

k transmits with the power that achieves the maximum user
EE, i.e., pr = p; in (7). In contrast, if the total available
transmission time is used up, then the optimal transmit power
of each scheduled user k satisfies pi, > py.

Proof: Please refer to Appendix H. [ ]

Corollary 2 reveals that as long as the total available
transmission time is sufficiently long, letting each user inde-
pendently 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
Rin, 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 R.in. The following
corollary sheds some light on how an energy-efficient WPCN
meets the QoS requirement.

Corollary 3: If WET is used, i.e., 7o > 0, and a scheduled
user m does not use up all of its available energy, then
the transmit 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 79 and
the transmission time 75 of any scheduled user £k # m
decrease, respectively, while the transmission time 7, of user
m increases.

Proof: Please refer to Appendix L. [ ]

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
distance 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 factor 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, Thax = 18, 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.
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Fig. 2. System EE versus the number of outer-layer iterations of the proposed
algorithm for different minimum system requirements, Ry,ip .

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 Theo-
rem 1 for best-effort communication. Specifically, we set
Q 2 [Q1,Q2,Q5,Q4,Q5] = [0,0,1,1,1] (Joule), b £
[h1,ho, h3, hyyhs] = [0.1,0.1,0.1,0.1,0.1], and ~ =
[71, 725 73, V4, V5] = [8,6,73,0.3,0.2], respectively. Note that
only the last three users have initial energy available. There-
fore, from Theorem 3 for IELCN, we know that only the third
user is scheduled if v3 > 0.3, and its EE is independent of
Ppax and increasing with 3. However, from Theorem 2, we
know that the EE of PWPCN is increasing in Pp,,x. Therefore,
we can vary 73 and P, to observe the system switching from
IELCN to PWPCN in terms of system EE, which is shown in
Fig. 3. In the low transmit power regime, the system is in the
IELCN mode, but as P, 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 Propor-
tion: let each user consume a fixed proportion of its harvested
energy, denoted as p, which can be adjusted to balance the
energy consumed and stored. In Fig. 4, as P« 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

L Pt
IELCN
25F l : ¢
[ T

Energy efficiency of the system (bits/Joule)

i i i i i i
10 15 20 25 30 35 40
Transmit power Pmax (dBm)

Fig. 3. Illustration of the system switching from IELCN to PWPCN as Prax
increases. The green curve corresponds to PWPCN and the horizontal portion
of curves corresponds to IELCN.

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
performance as it only schedules users which are beneficial for
the system EE while the Fixed Proportion scheme imprudently
schedules all users without any selection.

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 « increases.
A larger path loss exponent leads to more energy loss in
signal 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, 7. An
interesting observation is that the number of scheduled users
is non-decreasing with increasing 7. This is because as the en-
ergy 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, Ry, for different numbers of user termi-
nals. We observe that as R,,;, increases, the system EE first
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
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Fig. 4. System EE versus the maximum transmit power.

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
communication, 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 PW-
PCN, we have reduced the EE maximization problem to a
multiuser scheduling problem where the number of scheduled
users increases with the circuit power but decreases with
the energy conversion 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 solution. 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
throughput 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 optimal CSI acquisition strategy for maximizing

—©— EE Optimal
Throughput Optimal
—8— Fixed Proportion p=1 ||
—p— Fixed Proportion p=0.7
~—— Fixed Proportion p=0.3 |

Energy efficiency of the system (bits/Joule)

i
24

i
22

26 28 3
Path loss exponent a

Fig. 5. System EE versus the path loss exponent.

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 tradeoff is worth studying so that different trans-
mission strategies can be employed to strike the balance among
EEs of different users. 3) Finally, maximizing the system EE
while guaranteeing 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 Zi; < max {%7 5 where “=" holds
if and only if § = 5.

Proof: The proof is straightforward and thus omitted due
to the space limitation. [ ]

Let S = {Po,70,{px},{7x}} denote an arbitrary solu-
tion of problem (10) and its corresponding system EE is
denoted as FE. Let S = {Py, 70, {pr}, {fx}} and S =
{Py,0,{pr},{7x}} denote the optimal solutions of problem
(11) or problem (12), respectively. The energy consumptions
c/(\)rresponding to S, S, and S during DL WET are Ewgr,
Ewgr, and 0, respectively. The feasible sets of problems (10),
(11), and (12) are denoted as D, Dp, and Dz, respectively,
and 7 (pr) = Wlogy(1 4 ppyk). Note that if 7, = 0 holds
for Vk € ®p and Vk € @7, the system 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:

) {0 >0;3k € Pp, 7, > 0; Vk € 7,7, = 0}: In this case,
as 1o > 0 while Vk € ®7, 7, = 0, the maximum EE of WPCN
is achieved by PWPCN, i.e., problem (10) simplifies to prob-
lem (11) and EE* = max {EE}wpen, 0} = EESwpon-

2) {TO = 0;Vk € ®p, 7, = 0; Ik € Oz, 71 > 0}: In this
case, as 7o = 0 and V& € ®p, 1, = 0, the maximum EE of
WPCN is achieved by IELCN, i.e., problem (10) simplifies to
problem (12) and FE* = max {0, EE{z on} = EEfgLon-
3) {70 > 0;3k € Op, 7, > 0; Ik € Pz, 7, > 0}: In this
case, by exploiting the fractional structures of (10)-(12), we
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Fig. 7. System EE versus the minimum required throughput.

ie., BESwpen and E B oy 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

{P077—07{pjg}ﬂ{7—k}} € D and {P077—07{pk}ﬂ {Tk}} €

Ewer + 2 hea, (2 +pe) + D pca, T(EE +pe) Dp. As { Py, 7o, {Pr}, {7} } maximizes EEpwpcn, “b”
" D Ter(pr) holds true for the first term inside the bracket.

< max 7 kedp o 7 o For k € ®7, the optimal solution, denoted as {p;. 7} €
Wit + 2 pean Th('E FPe D, 1mp11es that 7',6(10’c + pe) < nPitihe + Q and
Zkebz Tk (k) 75 + Zk 1T < Thax. Then, we can construc-
> keay Th(EE +pe) t another solution {PO,O (B}, {7}} with By =
. . Py, p = p;, and T, = a7}, where a =
% max Lcwr Tkrk(pk) min 5@ < 1 such that 7(2 + p.) < Qy
Bwer + D ko Tk( +pe) heds o . ~ o~ .
z for Vk. It can be verified that {Py,0,{px}, {7e}} is
Zke<1>1 Tkrk(pk) a feasible point in Dz, and can achieve the same EE
Zkebz Tk( +p0) as {PdkaT(Bkv {pz}v {7—]:}} S D, 1e ZE’CE(I)I T]ETk(ik)) —

— ked, Tk DPe
= maX{EEPWPCN7EEIELCN}7 (33) Prewy @ThTR(PE) _ Prewy ThTR(PR) .IOn the oth-

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 “b”
holds since S and S are the optimal solutions correspond-
ing to EESwpen and E B o, respectively. Therefore, in
(39), 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 “b”. In this case, there exists a solution that satisfies
{7'0 > 0;3dk € Pp,7, > 0; Ik € Pz, 7, > 0} and
achieves the maximum system EE of WPCN. It thus follows
that EE* = EEjwpon = EEpLcn and without loss of
generality, we assume that the maximum system EE for this
case is achieved by PWPCN in order to preserve the initial
energy of users belonging to ®z. 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 {79 > 0;3k € ®p,7, > 0; Ik € Pz, 7, > 0} will
be strictly smaller than the maximum EE of either PWPCN
or IELCN, i.e., EE* = max{EE}wpen: EEfgLen b Which
suggests that either PWPCN or IELCN is optimal. Next, we
investigate under what conditions “b” holds with strict equality,

Yreas a‘r,j(%wch) . Dkews Th @erc)
er hand, since {Fop,0,{pr},{7x}} € Dz maximizes
FEFErrLen, “b” holds true for the second term inside the
bracket.

The above analysis proves Theorem 1.

APPENDIX B: PROOF OF LEMMA 1

We prove Lemma 1 by contradiction. Suppose that
{F¢ . Api} 75, {ri}} is the optimal solution to problem (11)
where P < Pyax holds for any FJ, and the optimal
system EE is denoted as FE*. Let Ef = Pgr; where
E§ can be interpreted as the actual energy transmitted by
the power station. Then, we can construct Nanother solution
{Po, {Dr.}, 70, {?k}} satisfying Py = Pax, PoTo = E§, Pr, =
Dy, and 7y = 7, respectively. The corresponding system EE is
denoted as EE. It is easy to check that {Po, {pr}, 7o, {7} }
is a feasible solution given {F, {p}.}, 70, {7/ }}. Moreover,
since Py = Pnax > Fj, it follows that 7p < 7§ and hence
P.7 < P 7'5‘ always holds true. Therefore, we always have

Smce nelther {pk} nor {r;} are changed in the

Py
P.15.
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constructed solution, based on problem (11), it follows
that FE > FEFE*, which contradicts the assumption that
{P§,{pi}, 75, {7 }} is the optimal solution. Lemma 1 is thus
proved.

APPENDIX C: PROOF OF LEMMA 2

Suppose that {Pg,{p;}, TO,{Tk}} yields the maximum
system EE, EE*, and satisfies 0 < 75 + > e, T < Timax-
Then, we can construct another solution {Po, {Dr}, 70, {7 }}
with PO = PO, Dr = Dy, To = aT, Ty = aTy, respectively,

T ~ ~
where @ = —max—— 1 such that 7 TR =
T +Zkeq>7, T > 0+ ZquMJ k

Thax- The corresponding system EE is denoted as EE. First,
it is easy to check that {Po,{pk},@,{m}} still satisfies
constraints C1-C5. Then, substituting { Py, {px }, 70, {7 } } 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., Ti,.x. Lemma 2 is thus proved.

APPENDIX D: PROOF OF LEMMA 3

First, if EESwpen < eer,, 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 {F§,{p;}, 75, {7;}} is the
optimal solution to problem (11) and there exists a U,,,
Vm € ®p, such that EEPWECN < eey,, but its harvested
energy is not used up, i.e., (p;” + pe) T, < NPmaxT hm and
(@ + pe) 7 < NPuax7dhi for k # m. The corresponding
system EE, EESypcy» 18 given by

EEpwpcen
Zk;ém W log, (1 + piye) + T W logy (14 pryvm)

Biymr + Perg 4+ Y g i (2 £t pe) + 7 (pz" + pe)
(34)

Then, we can construct another solution {Py, {B}, 70, {761}
with Py = P§, pr = pj for Vk, 70 = p15, 7 = BT}
for K # m, and 7,, = ar,,, respectively, where 0 <
B8 < 1 and o > 1. Note that as 8 — 0, it follows that
NPmax70hm = BNPmaxT{hm — 0, and as « increases, it
follows that (pm + Pe)Tm = a(p’" + pe)T
fore, there always exist a and /3 such that a(% + po) T,
ﬁnfjmanghm holds. It is also easy to check that for k # m,
8 (%’“ + pe)Ti < BN Pmax7g hi still holds. Consequently, the
corresponding system EE, denoted as EEPWPCN, is given by

increases. There-

EEpwpcen

Zk;é TeWlogs (1 + Drvk) + T W logs (1 4 PrnYm)
BEwpr + P7o + > ktm Tk( +pe) + Tm(pm +pe)

B2 it T W log, (1 +pk%) + ar;, W log, (1 + ppvm)

s (E\);VET + Pty + Zk¢m7'k( +pc)) JFOKT?;,,(% + pe)
(35)

In order to compare FEjwpen and EEpwpcen, We introduce
Lemma 5.

Lemma 5: Assume that a, b ¢, and d are arbitrary positive
numbers which satisfy 4t¢ < ¢ <. Then, for any 0 < 3 < «,

b+d
a+c < Ba+ac
b+d

we always have Fhrad:
Proof: The proof is straightforward and thus omitted due
to the space limitation. [ |
Let a Dkt TW logy (1 +piye), b
By ( Zk Vi) + Perg + Zk;ﬁm (% + pe),

¢ = 7 Wlogy (1+pr,ym), and d = 7, ( i Pe),
respectively. Since wuser m is scheduled, we have
EESwpen < eer,, ie., gi‘g < 5, otherwise, EEfpoy can
be further increased by 1etg1£g 7' = 0. Based on Lemma 5,
we obtain FELwpen < EEpwpcen, 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.

;;e" ‘a-*

APPENDIX E: PROOF OF THEOREM 2

Denote S* C ®p as the set of users which are scheduled.
Substituting Py = Pyyay and 75, = 1omexsT0 jnio the objective

c

function of problem (11), we have

Zkes* E::_hkmw(l +pk7k)
FEFE =
PaxhiT §
Ewgr + P+ ZkeS* W;O(pf +pc)

NPrax D _peg+ hreer

Zk 1 nhk) + P. + nprnax ZkeS* hk
(36)

Pmax(

where eey, is the user EE defined in (7). Given S*, in order
to maximize F'E, 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

Zkes* hxeei
7715 ( +172k 157/hk)+2k65*
Since the transmit power of each scheduled user k is pj; given

by (37), 7y and 7;; can be easily obtained from Lemma 2 and
Lemma 3. Theorem 2 is thus proved.

EE* =

- 3D

APPENDIX F: PROOF OF THEOREM 3

From (12), we have

Drear W log2 (1 + pive)

EEfpLen =
Ykea, Th(E £t pe)
S max leng*(l + Py k)
kedz Tl’;(& + pc>
d W1 1
£ max 0gs (1 + ppk) —ect  (38)
kedr pk + De
.where inequality “c” holds due to the same argument as
inequality “a” in (33), and “d” follows from the optimality

of py for ee;. From (38), we observe that the maximum
system EE is always achieved by scheduling a single user.
Then, applying the optimal power p* in the time and energy
harvesting constraints, we obtain (18) and (19).
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APPENDIX G: PROOF OF THEOREM 6

By taking the partial derivative of £ with respect to 79, F,
and 7y, respectively, we obtain

oL K 1 &
67’7'0 :Pmax (Z,U/k:hk —q (5 _th>> _ch_57
k=1 k=1
39
oL (A+Dmeye g+ m 40)
oF, (Tk + Ek:'Yk) In2 ¢
oL Ey, W(1+9)Exvk
— =W(A+9)1 1+ — A A
oy, (1+9) Og2< * Tk %) (Tk + Exyk) In2
— (¢ + p)Pe — 4, (41)

and the complementary slackness conditions are given by

E
i (Qk + N PraxTohy — Tk - pcm) =0, (42
K
) (Tmax —T0 — Z Tk) = 07 (43)
k=1
K E
) (Z T W log, (1 + 7—k%> — Rmin> =0. (44)
k
k=1

Let fo(p) = g—fo and f(y, ur) = gjﬁk. From (39), we
know that £ is a linear function of 7. Since 7y > 0, to make
sure that the Lagrangian function £ is bounded above [31],
we have fo(p) < 0. Specifically, when fo(p) < 0, it follows
that 79 = 0, otherwise if fo(p) = 0, 79 > 0, which results in
(27). From E?Ti = 0, we can obtain the relationship between
FE), and 75, as

E W+ 11"
pkk[w] V. (45)
Tk (q+p)In2
Substituting (45) into (41) and after some manipulations,

f(vk, pi) can be expressed as

+
F(yis i) = (14 9)W log, (1 o [ W(a+d)s 1 } )

(g+pr)In2

Wi+d9) 177"
— (q + ) <|:(q+/lk)ln2 - %] +pc> — .
(46)

Since 7, > 0, using a similar analysis as for 7y, the optimal
solution of 7 must satisfy

% = f('YkaMk){

To facilitate our derivation, we next introduce a lemma related
to f(Vk, pr)-
Lemma 6: f(vy,pr) is an increasing function of -~

and a decreasing function of u; under the condition that

W (149)s 1

(gpk)In2 7~ - . .
Proof: Lemma 6 can be easily proved by taking the

derivative of f (v, pur) with respect to «y, and p, respectively.
The proof is thus omitted due to the space limitation. ]

Based on Lemma 6, we know that the maximum value of
f vk, pi) in terms of py is achieved at g = 0, i.e., f(y&,0).

<0,
:0,

Tkio,

7o >0, Vk. 47)
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Moreover, when ~y; = %, f(v,0) = —gp. — 6 < 0
holds, and when ~; — 400, f(7k,0) — 400 holds. From
(46), since f(vk,0) is an increasing function of ~j, there
always exists a «* such that f(z*,0) =0, i.e.,

. W(l+9)z*
Q_M_qpc_(;:o, (48)
T In2

which results in (32). Note that since the parameters ¥, W,
q> S, Pe, and § in (48) do not depend on the user index k,
the threshold z* is thereby identical for all users. Now, we
analyze the following three cases:

o For v, < z*, it follows that f(yg, px) < f(7,0) < 0.
According to (31), we know that a user with UL channel
gain - less than zj, is allocated zero transmission time,
i.e., Tk = 0.

e For 7, > x*, there always exists a pr > 0 such that
F (i ) = 0 < f(,0) since f(ye, jux) is a decreasing
function with respect to uy. However, there may exist
pur > 0 such that f(4g,ux) < 0. Then, according
to (29), it follows that 7, = 0 and £ 4 p.7, =
0 < NPuaxTihr + Qk, which contradicts (42), i.e.,
11 (N P i+ Qi — 22 — o) = 0, and this is thereby
not the optimal solution. Nevertheless, for users with ~;
larger than z*, p, > 0 implies that they utilize all of their
energy. Thus, from (42), we have 75, = %zgoiw
Correspondingly, as 7, > 0, the value of ,Jk can be
calculated from the second case in (47), where f(7k, i)
is given by (46), i.e., f(vg, pr) = 0.

o For vy, =", if py > 0, then f (g, pu) =0 < f(,0) =
0 and 79 = 0, which contradicts (42). Therefore, px = 0
follows from (42), this means that user k can utilize any

. . . Pooax 7 e
portion of its energy, i.e., T, € [O, % .
E 4 pe

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 created by (27) and (29). Moreover, 7§ and 75, for
k=1,..., K, satisfy the complementary slackness conditions
(43) and (44). Therefore, if 6 > 0, then the time constraint
should be strictly met with equality, otherwise, we obtain an
associated inequality for limiting the range of time variables
7, and 79. The same interpretation also applies to 9.

APPENDIX H: PROOF OF COROLLARY 2

From (46) and (47), we know that for each scheduled user
k, we have

(1+9)Wlogy (1 + vepr) — (¢ + ) <p§’“ +pc> —5=0.
(49)

Note that from (45), % = pr + %k also holds for

user k. Substituting this relation into (49) and after some



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TWC.2015.2502590, IEEE

Transactions on Wireless Communications

manipulations, we obtain
W<

D(pr) & Wlog, (1+ - (&4
(Pk) 0gs ( PkYk) (on + )1n2( c Pe)
1)
19 (50)

If the total available transmission time is not used up, i.e.,
704+ S5y Tk < Tax it follows from (43) that § =
Note that D(py) is increasing in pj. Moreover, when pj = 0,
D(py) = —*2=p, < 0, and when p; — +oo, D(py) —
+o00. Therefore, there is always a unique solution pj for (50).
Combining (50) with (7) and (9), after some manipulations,
we conclude p;, = pj.. On the other hand, if the total available
transmission time is used up, i.e., 79 + Zk 1 = Thax, it
follows that 6 > 0. Hence, we conclude that p, > p;
since D(py) is monotonically increasing with respect to py.
Corollary 2 is thus proved.

APPENDIX I: PROOF OF COROLLARY 3
If WET is activated, i.e., 79 > 0, from (27), we obtain

i P,
5:PmaxZ(q+/ffk)hk_q< IZaX+PC).
k=1

Meanwhile, for any scheduled user k, it follows that (50)
also holds true. Combining (51) and (50), and after some
manipulations, we obtain

(S

K

W(pk + ng meaxghlk
W log, (1 + -
g2 (1 + Pevk) (e + L) In2 kz::l (P T L )In2
o +pc) 0 52
L T 62
If the energy of any user m is not used up, p,, = 0

holds due to the associated complementary slackness condition

in (42). Thus, from (45), we know that p,, = L= =

Tm

+
[% — Vim} ,V'm. Therefore, substituting p,, into (52),
we have
(p +p S) = ch
k c ma,x k
logo (1 + -
g2 (1 + prvk) ox + )2 2:1 (e + 2)In?
g( o +pc>
+ — (53)
(Pm +5-)In2

From (53), we observe that the transmit powers of the sched-
uled users depend only on the system parameters W, &, ¢,
Prax> Pe, and ;. Moreover, the left hand side of (53) is a
monotonically increasing function of p. Therefore, as long as
the energy of user m is not used up, (53) holds true and py
remains constant. Note that if the energy of user m is used up,

+
. W (1+9 .
ie., pym > 0, Dy = m — A%m and i, is thereby

introduced in (55). Then, the value of p; varies with f,,. On
the other hand, since WET is used, i.e., 7o > 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., 1o + Z,If:l T = Tmax-
At the same time, the required system throughput has to be

satisfied, i.e., Zle T logs (1 4+ prgr) > Rmin. Therefore, as
. . . .. . K
Ruin increases, the information transmission time ),  ; 7%
has to be increased since p; remains constant. Thus, it follows
that 79 decreases due to the more stringent time constraint.
Then, the energy harvested at each user 1Py axhi 7o decreases

and the transmission time for any user k& # m also decreases
PraxheTo+Qk
as T, = .
k P(k Tpe

REFERENCES

[11 Q. Wu, M. Tao, D. W. K. Ng, W. Chen, and R. Schober, “Energy-
Efficient transmission for wireless powered multiuser communication
networks,” in Proc. IEEE ICC, 2015.

[2] 1. Kirikidis, S. Timotheou, S. Nikolaou, G. Zheng, D. W. K. Ng, and
R. Schober, “Simultaneous wireless information and power transfer in
modern communication systems,” IEEE Commun. Mag., vol. 52, no. 11,
pp. 104-110, Nov. 2014.

[3] R. Zhang and C. K. Ho, “MIMO broadcasting for simultaneous wire-
less information and power transfer,” IEEE Trans. Wireless Commun.,
vol. 12, no. 5, pp. 1989-2001, May 2013.

[4] D. W. K. Ng, E. S. Lo, and R. Schober, “Wireless information and
power transfer: Energy efficiency optimization in OFDMA systems,”
IEEE Trans. Wireless Commun., vol. 12, no. 12, pp. 6352-6370, Dec.
2013.

[5] X. Zhou, R. Zhang, and C. K. Ho, “Wireless information and power
transfer in multiuser OFDM systems,” IEEE Trans. Wireless Commun.,
vol. 13, no. 4, pp. 2282-2294, Apr. 2014.

[6] D. W. K. Ng, E. S. Lo, and R. Schober, “Robust beamforming for
secure communication in systems with wireless information and power
transfer,” IEEE Trans. Wireless Commun., vol. 13, no. 8, pp. 4599-4615,
Aug 2014.

[7] ——, “Multi-objective resource allocation for secure communication in
cognitive radio networks with wireless information and power transfer,”
IEEE Trans. Veh. Technol., to appear, 2015.

[8] K. Huang and V. Lau, “Enabling wireless power transfer in cellular net-
works: Architecture, modeling and deployment,” IEEE Trans. Wireless
Commun., vol. 13, no. 2, pp. 902-912, Feb. 2014.

[9] H. Ju and R. Zhang, “Throughput maximization in wireless powered
communication networks,” IEEE Trans. Wireless Commun., vol. 13,
no. 1, pp. 418-428, Jan. 2014.

[10] ——, “User cooperation in wireless powered communication networks,”
arXiv preprint arXiv:1403.7123, 2014.

[11] ——, “Optimal resource allocation in full-duplex wireless-powered
communication network,” IEEE Trans. Commun., vol. 62, no. 10, pp.
3528 — 3540, Oct. 2014.

[12] H. Chen, Y. Li, J. Luiz Rebelatto, B. F. Uchoa-Filho, and B. Vucetic,
“Harvest-then-cooperate: Wireless-powered cooperative communication-
s,” Signal Processing, IEEE Transactions on, vol. 63, no. 7, pp. 1700-
1711, Apr. 2015.

[13] L. Liu, R. Zhang, and K.-C. Chua, “Multi-antenna wireless powered
communication with energy beamforming,” IEEE Trans. Commun.,
vol. 62, no. 12, pp. 4349-4361, Dec. 2014.

[14] G.-M. Yang, C.-C. Ho, R. Zhang, and Y. Guan, “Throughput optimiza-
tion for massive mimo systems powered by wireless energy transfer,”
IEEE J. Sel. Areas Commun., vol. 33, no. 8, pp. 1640-1650, Aug. 2015.

[15] S. Lee and R. Zhang, “Cognitive wireless powered network: Spectrum
sharing models and throughput maximization,” arXiv preprint arX-
iv:1506.05925, 2015.

[16] Y. L. Che, L. Duan, and R. Zhang, “Spatial throughput maximization
of wireless powered communication networks,” IEEE J. Sel. Areas
Commun., vol. 33, no. 8, pp. 1534-1548, Aug. 2015.

[17] Z. Ding, S. M. Perlaza, 1. Esnaola, and H. V. Poor, “Power allocation
strategies in energy harvesting wireless cooperative networks,” IEEE
Trans. Wireless Commun., vol. 13, no. 2, pp. 846-860, Feb. 2014.

[18] J. Wu, S. Rangan, and H. Zhang, Green Communications: Theoretical
Fundamentals, Algorithms and Applications. CRC Press, 2012.

[19] H. Li, L. Song, and M. Debbah, “Energy efficiency of large-scale
multiple antenna systems with transmit antenna selection,” IEEE Trans.
Commun., vol. 62, no. 2, pp. 638-647, Feb. 2014.

[20] X. Chen, X. Wang, and X. Chen, “Energy-efficient optimization for
wireless information and power transfer in large-scale MIMO systems
employing energy beamforming,” IEEE Wireless Commun. Lett., vol. 2,
no. 6, pp. 667-670, Dec. 2013.

1536-1276 (c) 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TWC.2015.2502590, IEEE

Transactions on Wireless Communications

[21] G. Miao, “Energy-efficient uplink multi-user MIMO,” IEEE Trans.
Wireless Commun., vol. 12, no. 5, pp. 2302-2313, May 2013.

Q. Wu, W. Chen, M. Tao, J. Li, H. Tang, and J. Wu, “Resource allocation
for joint transmitter and receiver energy efficiency maximization in
downlink OFDMA systems,” IEEE Trans. Commun., vol. 63, no. 2, pp.
416-430, Feb. 2015.

K. Huang and E. Larsson, “‘Simultaneous information and power transfer
for broadband wireless systems,” IEEE Trans. Signal Process., vol. 61,
pp. 5972-5986, Dec. 2013.

Q. Wu, M. Tao, and W. Chen, “Joint Tx/Rx energy-efficient scheduling
in multi-radio wireless networks: A divide-and-conquer approach,” in
Proc. IEEE ICC, 2015.

C. Xiong, G. Li, S. Zhang, Y. Chen, and S. Xu, “Energy-efficient
resource allocation in OFDMA networks,” IEEE Trans. Commun.,
vol. 60, no. 12, pp. 3767-3778, Dec. 2012.

H. Kim and G. De Veciana, “Leveraging dynamic spare capacity in
wireless systems to conserve mobile terminals’ energy,” IEEE/ACM
Trans on Networking, vol. 18, no. 3, pp. 802-815, Jun. 2010.

J. Xu and R. Zhang, “Energy beamforming with one-bit feedback,” IEEE
Trans. Wireless Commun., vol. 62, no. 20, pp. 5370-5381, Oct. 2014.
Y. Zeng and R. Zhang, “Optimized training design for wireless energy
transfer,” IEEE Trans. Commun., vol. 63, no. 2, pp. 536-550, Feb. 2014.
Q. Shi, L. Liu, W. Xu, and R. Zhang, “Joint transmit beamforming
and receive power splitting for MISO SWIPT systems,” IEEE Trans.
Wireless Commun., vol. 13, no. 6, pp. 3269-3280, Jun. 2014.

J. Xu and R. Zhang, “Throughput optimal policies for energy harvesting
wireless transmitters with non-ideal circuit power,” IEEE J. Sel. Areas
Commun., vol. 32, no. 12, pp. 322-332, Feb. 2014.

S. Boyd and L. Vandenberghe, Convex Optimization.
University Press, 2004.

W. Dinkelbach, “On nonlinear fractional programming,” Management
Science, vol. 13, no. 7, pp. 492-498, Mar. 1967.

D. W. K. Ng, E. S. Lo, and R. Schober, “Energy-efficient resource allo-
cation for secure OFDMA systems,” IEEE Trans. Vehicular Technology,
vol. 61, no. 6, pp. 2572-2585, Jul. 2012.

[22]

(23]

[24]

[25]

[26]

[27]
(28]

[29]

(30]

[31] Cambridge

[32]

[33]

Qingqing Wu (S’13) received the B.S. degree in
electronic engineering from South China University
of Technology, Guangzhou, China, in 2012. He is
currently working toward the Ph.D. degree with
the with the Network Coding and Transmission
el Laboratory, Shanghai Jiao Tong University. Since
August 2015, he is working as a visiting student
in the School of Electrical and Computer Engineer-
ing, Georgia Institute of Technology, Atlanta, GA,
USA. His current research interests include energy-
efficient optimization and wireless information and
power transfer. He served as a TPC member of Chinacom 2015. He is the
recipient of the International Conference on Wireless Communications and
Signal Processing (WCSP) Best Paper Award in 2015.

Meixia Tao (S’00-M’04-SM’10) received the B.S.
degree in electronic engineering from Fudan Uni-
versity, Shanghai, China, in 1999, and the Ph.D.
degree in electrical and electronic engineering from
Hong Kong University of Science and Technology
in 2003. She is currently a Professor with the De-
partment of Electronic Engineering, Shanghai Jiao
Tong University, China. Prior to that, she was a
Member of Professional Staff at Hong Kong Applied
Science and Technology Research Institute during
2003-2004, and a Teaching Fellow then an Assistant
Professor at the Department of Electrical and Computer Engineering, National
University of Singapore from 2004 to 2007. Her current research interests
include content-centric wireless networks, resource allocation, interference
management, and physical layer security.

Dr. Tao is a member of the Executive Editorial Committee of the IEEE
TRANSACTIONS ON WIRELESS COMMUNICATIONS since Jan. 2015. She
serves as an Editor for the IEEE TRANSACTIONS ON COMMUNICATIONS and
the IEEE WIRELESS COMMUNICATIONS LETTERS. Dr. Tao is the recipient
of the IEEE Heinrich Hertz Award for Best Communications Letters in 2013,
the IEEE ComSoc Asia-Pacific Outstanding Young Researcher Award in 2009,
and the International Conference on Wireless Communications and Signal
Processing (WCSP) Best Paper Award in 2012.

Derrick Wing Kwan Ng (S’06-M’12) received
the bachelor degree with first class honors and the
Master of Philosophy (M.Phil.) degree in electron-
ic engineering from the Hong Kong University of
Science and Technology (HKUST) in 2006 and
2008, respectively. He received his Ph.D. degree
from the University of British Columbia (UBC) in
2012. In the summer of 2011 and spring of 2012,
he was a visiting scholar at the Centre Tecnologic
de Telecomunicacions de Catalunya - Hong Kong
(CTTC-HK). He was a senior postdoctoral fellow
in the Institute for Digital Communications, Friedrich-Alexander-University
Erlangen-Niirnberg (FAU), Germany. He is now working as a Lecturer in the
University of New South Wales, Sydney, Australia. His research interests
include convex and non-convex optimization, physical layer security, and
green (energy-efficient) wireless communications,

Dr. Ng received the Best Paper Awards at the IEEE Wireless Communica-
tions and Networking Conference (WCNC) 2012, the IEEE Global Telecom-
munication Conference (Globecom) 2011, and the IEEE Third International
Conference on Communications and Networking in China 2008. He was
awarded the IEEE Student Travel Grants for attending the IEEE WCNC
2010, the IEEE International Conference on Communications (ICC) 2011,
and the IEEE Globecom 2011. He was also the recipient of the 2009 Four
Year Doctoral Fellowship from the UBC, Sumida & Ichiro Yawata Foundation
Scholarship in 2008, and R&D Excellence Scholarship from the Center for
Wireless Information Technology in HKUST in 2006. He has served as
an editorial assistant to the Editor-in-Chief of the IEEE Transactions on
Communications since Jan. 2012. He is currently an Editor of the IEEE
Communications Letters. He was a Co-Chair for the Wireless Access Track
of 2014 IEEE 80th Vehicular Technology Conference. He has been a TPC
member of various conferences, including the Globecom, WCNC, ICC,
VTC, and PIMRC, etc. He was honoured as the top reviewer of the IEEE
Transactions on Vehicular Technology in 2014 and an Exemplary Reviewer
of the IEEE Wireless Communications Letters for 2012, 2014.

1536-1276 (c) 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TWC.2015.2502590, IEEE
Transactions on Wireless Communications

Wen Chen (M’03-SM’11) received the B.S. and
M.S. degrees from Wuhan University, Wuhan,
China, in 1990 and 1993, respectively, and the
Ph.D. degree from The University of Electro-
Communications, Tokyo, Japan, in 1999. From 1999
to 2001, he was a Researcher with the Japan Society
for the Promotion of Sciences. In 2001, he joined the
University of Alberta, Edmonton, AB, Canada, start-
ing as a Postdoctoral Fellow with the Information
Research Laboratory and continuing as a Research
Associate with the Department of Electrical and
Computer Engineering. Since 2006, he has been a Full Professor with
the Department of Electronic Engineering, Shanghai Jiao Tong University,
Shanghai, China, where he is also the Director of the Institute for Signal
Processing and Systems. Since 2014, he has also been the Dean of Electronic
Engineering and Automation with Guilin University of Electronic Technology,
Guilin, China. He is the author of 67 papers in IEEE JOURNALS AND
TRANSACTIONS and more than 100 papers in IEEE Conference Publication-
s. His research interests include network coding, cooperative communication-
s, cognitive radio, and multiple-input-multiple-output orthogonal-frequency-
division multiplexing systems.

Robert Schober (S’98-M’01-SM’08-F’10) was
born in Neuendettelsau, Germany, in 1971. He re-
ceived the Diplom (Univ.) and the Ph.D. degrees
in electrical engineering from the University of
Erlangen-Nuermberg in 1997 and 2000, respectively.
From May 2001 to April 2002 he was a Postdoctoral
Fellow at the University of Toronto, Canada, spon-
sored by the German Academic Exchange Service
(DAAD). Since May 2002 he has been with the
University of British Columbia (UBC), Vancouver,
Canada, where he is now a Full Professor. Since
January 2012 he is an Alexander von Humboldt Professor and the Chair
for Digital Communication at the Friedrich Alexander University (FAU),
Erlangen, Germany. His research interests fall into the broad areas of Commu-
nication Theory, Wireless Communications, and Statistical Signal Processing.

Dr. Schober received several awards for his work including the 2002
Heinz MaierCLeibnitz Award of the German Science Foundation (DFG), the
2004 Innovations Award of the Vodafone Foundation for Research in Mobile
Communications, the 2006 UBC Killam Research Prize, the 2007 Wilhelm
Friedrich Bessel Research Award of the Alexander von Humboldt Foundation,
the 2008 Charles McDowell Award for Excellence in Research from UBC, a
2011 Alexander von Humboldt Professorship, and a 2012 NSERC E.W.R.
Steacie Fellowship. In addition, he received best paper awards from the
German Information Technology Society (ITG), the European Association
for Signal, Speech and Image Processing (EURASIP), IEEE WCNC 2012,
IEEE Globecom 2011, IEEE ICUWB 2006, the International Zurich Seminar
on Broadband Communications, and European Wireless 2000. Dr. Schober
is a Fellow of the Canadian Academy of Engineering and a Fellow of
the Engineering Institute of Canada. He is currently the Editor-in-Chief of
the IEEE Transactions on Communications and the Chair of the Steering
Committee of the IEEE Transactions on Molecular, Biological and Multiscale
Communication.

1536-1276 (c) 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



