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Abstract—This paper considers wireless powered communica-
tion networks (WPCN). Our goal is to investigate the maximum
network energy efficiency (EE) by joint time allocation and power
control while taking account the initial battery energy level of
each user. It is shown that the EE maximization problem for
the WPCN can be cast into the EE maximization problems
for two independent networks, i.e., purely wireless powered
communication networks (PWPCN) or initial energy limited
communication networks (IELCN). For the PWPCN, we find
that: 1) in the wireless energy transfer (WET) stage, the power
station always transmits with its maximum power; 2) it is
not necessary for all users to transmit signals in the wireless
information transmission (WIT) stage, but all scheduled users
will deplete all of their energy; 3) the maximum system EE
can always be achieved by exhausting all the available time.
Based on these observations, we derive a closed-form expression
for the system EE based on the user EE, which transforms
the original problem into a user scheduling problem that can
be solved efficiently. While for the IELCN, we reveal that the
most energy-efficient transmission strategy is to only schedule
the user who has the highest user EE. Simulation results validate
our theoretical findings and demonstrate the effectiveness of the
proposed scheme.

I. INTRODUCTION

Wireless energy transfer techniques have drawn significant
attention because of their capability to prolong the lifetime of
wireless networks, especially for energy-constrained scenarios
[1], [2]. There are basically two lines of research in this
field. An earlier line of research focuses on simultaneous
wireless information and power transfer (SWIPT) which has
been investigated in various scenarios [3], [4]. Another related
line of research aims at a paradigm shift on wireless networks,
known as wireless powered communication network (WPCN)
[5]. Specifically in [5], the energy transfer time and the infor-
mation transmission time are jointly optimized to maximize
the system throughput. Note that all the above works on energy
transfer focus on improving the system throughput only.

Recently, green-oriented technologies have inevitably be-
come the design components of future communication sys-
tems due to the rising energy costs and tremendous carbon
footprints [6]. Energy efficiency (EE) defined as bits per joule
has been accepted gradually as an important green indicator of
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practical systems. However, few works investigate the energy
efficiency of energy transfer. The authors in [7] study the
energy-efficient resource allocation for orthogonal frequency
division multiple access (OFDMA) systems employing SWIP-
T. However, the conclusions and proposed methods in [7] are
not applicable to the WPCN scenario due to the fundamental
differences between these two systems. To our best knowledge,
the energy efficiency of WPCN has not been investigated
in the literature and designing energy-efficient transmission
is also crucial to transforming the green concept into future
communication systems.

In this paper, we consider a WPCN where multiple users
harvest energy from a power station and then transmit sig-
nals using the harvested energy to a receiving station. The
difference between this work and [5] is three-fold. First, the
receiving base station in our system model does not need to
be co-located with the power station and hence the near-far
problem that appeared in [5] is naturally solved. Second, each
user is allowed to store redundant energy harvested from the
current transmission block which shall provide higher flexi-
bility for the energy utilization. Third, we aim to maximize
the system energy efficiency while guaranteeing the quality of
service instead of only maximizing the system throughput

We formulate the EE maximization problem for multiuser
WPCN with joint time allocation and power control while
taking account the initial battery energy level of each user.
Moreover, the circuit energy consumption of the power station
and user terminals is explicitly considered. In particular, we
reveal that the energy-efficient WPCN can be directly cast
into either initial energy limited communication networks
(IELCN) or purely wireless powered communication networks
(PWPCN). By exploiting the special structure of the problem,
we derive the optimal solution and provide the corresponding
physical interpretation for each network.

II. PRELIMINARIES
A. System Description

We consider a WPCN, as illustrated in Fig. 1, which consists
of one power station, K wireless-powered users, denoted as
U, for k =1, ..., K, and one receiving base station, which can
be or not be co-located with the power station. The “harvest
and then transmit” protocol is employed for this network [5],
i.e. all users first harvest energy from the RF signal sent by the
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The system model of a wireless powered multiuser communication

power station, referred to as downlink (DL), and then transmit
the information signal to the receiving base station, referred
to as uplink (UL). It is assumed that the power station and
all users operate in the time division manner over the same
frequency band for the ease of implementation. Without loss
of generality, we also assume that U, for £k = 1,..., K, is
configured with a rechargeable battery built-in with an initial
energy level of (i, which may be the energy stored from
previous transmission blocks and can be used for WIT in this
transmission block.

Assume that both DL and UL channel are quasi-static block
fading, where the channel coefficient remains constant during
each block, but can vary from one to another. The DL channel
gain between the power station A and user terminal k, and the
UL channel gain between user terminal k£ and the receiving
base station are denoted as hj and gy, respectively. We also
assume that the power station can obtain perfect and global
channel state information (CSI) through a dedicated channel
so as to explore the EE upper bound of WPCN.

During the WET stage, the power station broadcasts the
energy signal, denoted as zy, which represents an arbitrary
complex random signal. The corresponding transmit power is
denoted as Py, i.e. E[|zo|?] = Py, and the transmission time
is 79. Then the received signal y; at Uy can be expressed as

yk:\/ﬁkI0+”k, kivia (1)

where ny; is the additive white Gaussian noise at Uj,. Generally,
the harvesting receiver at each user terminal will harvest
energy from the whole signal. However, since the noise is
negligible compared with the energy signal with large transmit
power, and is thereby omitted in the harvested energy. Thus,
the amount of energy harvested at Uy can be expressed as

El =nroPoh, k=1, K, )

where 7 € (0, 1] is the energy conversion efficiency depending
on the type of the receiver.

During the WIT stage, each user transmits its independent
information signal xj to the base station in a time division
manner and the corresponding transmit power is denoted as
pk» i.€., E[|x1]|?] = pr. Then, at the receiving base bastion
side, the signal from U} can be expressed as

Yo = g,k + 2k, 3)

where zj represents the additive white Gaussian noise for
x, with zero mean and variance o2. Denote the information
transmission time of user k as 7;. Then, the achievable
throughput of Uj, can be expressed as

By = mW log, (1+ 2492, @)

To?
where W is spectrum bandwidth of the considered system and
I" characterizes the gap between the achievable rate and the
channel capacity due to a practical modulation and coding
design. In the sequel, we use 7x = {25 to denote the the

normalized channel gain in WIT. Thus, the total throughput
of the WPCN, denote as Biot, is given by

K K

Biot = ZB’“ = ZTkWIOgQ(l + PrVE)- &)
k=1 k=1

B. Power Consumption Model

The total energy consumption of WPCN consists of two
parts: the energy consumed in WET and WIT, respectively.
For each part, we adopt the similar energy consumption model
as used widely in [7]-[10], namely, the power consumption of
a transmitter includes not only the over-the-air transmit power
but also the circuit power consumed by hardware processing.

During the WET stage, the system energy consumption,
denoted as EwgT, is modeled as

K
Ewgr = Pyro — Z E} + P.o, (6)
=1

where the P. is the circuit power of the power station. Note
that Pymy — Zszl E,’; is the energy loss due to channel
propagation. In practice, it is always positive due to the law
of energy conservation, and the non-ideal energy conversion
efficiency. The third term P, represents the energy consumed
for circuits of the power station.

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

Ly = prTi + peTk, N

where p. is the circuit power of the user terminal, and is
assumed to be same for all users. Noth that Ej should satisfy
E, < E,i‘ + Qk, which is known as the energy causality
constraint in energy harvesting systems.

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

K

Biot = Bwer + Y . (®)
k=1

C. User Energy Efficiency
In our previous work, we introduced the concept of user EE
and it was shown to be highly connected with the system EE.

In this subsection, we review the definition of user EE in the
context of WPCN.
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Definition 1 (User Energy Efficiency): The EE of user k, for
k =1,.., K, is defined as the ratio of its achievable throughput
over its consumed energy in the WIT stage, i.e.,

TeWlogy (1 + pryk) _ Wlogy (14 prk)

; )
TkPk + TkPe Pk + De

eer =

where the energy consumption includes both the transmit
energy and the circuit energy.

The user EE eey, is a strictly quasiconcave function of py
and it is easy to prove that this fractional type function has
the stationary point which is also the optimal point. Thus,
by setting the derivative of eej with respect to py to zero, we
obtain that the optimal power and the optimal user EE satisfies

w117 g
ee;In2 | T

Pk = (10)
where [2]T £ max{x,0}. Based on (9) and (10), the numeri-

cal values of ee; and pj; can be easily obtained by the bisection
method [11].

III. ENERGY-EFFICIENT TRANSMISSION FOR WPCN

In this section, we study the resource allocation in WPCN to
maximize the system EE, which is defined by the ratio of the
achieved system throughput over the consumed system energy,
ie.,

_ Btot

FE = .
Ekm

1D
Specifically, our goal is to jointly optimize the time allocation
and power control in the downlink and the uplink for the EE of
considered systems. Then, EE maximization can be formulated
as

K
Wl 1
max Zk:1 W logy (1 + pryk)

;f)’{{;“k}j Poro(1 — Zf:l nhy) + Peto + Zle(pkm + peTk)

K
s.t. Cl: Py < Puax, €35 70+ Y7k < Thnaxs
k=1
C2: piTi + petk < nPotohi + Qk, Yk,
C4: 70>0, 7. >0, VE,
C5: Ph>0, pp >0, VE. (12)
In problem (12), constraint C1 imposes the maximum trans-
mit power Pp,.x for the power station in the DL. C2 ensures
that the energy consumed for WIT in the UL does not exceed
the total available energy which includes both the harvested
energy 1Pymohi and the initial energy Q. In C3, T}y, is the
total available transmission time. C4 and C5 are non-negative
constraints on time allocation and power control variables,
respectively. Note that problem (12) is neither convex nor
quasi-convex due to the fractional-form objective function
and the non-linear inequality constraints in C2. Generally,
there is no standard method for solving non-convex problems
efficiently.

A. Equivalent Optimization Problems

First, we show that the EE maximization problem for W-
PCN can be cast into two independent optimization problems
for two simplified sub-systems. To facilitate the presentation,
we define ®p and 7 as the set of users whose initial energy
levels are zero and strictly positive, i.e., Qr = 0 for k € ®p
and Qr > 0 for k € &7, respectively. The system EE of the
WPCN is denoted as EE™.

Theorem 1: Problem (12) is equivalent to one of the fol-
lowing two problems:

1) The EE maximization in a purely wireless powered
communication network (PWPCN) (i.e. all the concerned users
in ®p, are solely powered by WET without initial energy
available):

> keap TEW1ogy (1 + pevk)
max

K
E)’,{{ch}}’ Poto(1 = > h—q nhw) + Peto + X jcapn (kT + PeTh)

st.  C4, C5,
}6 S }1nmu
DPrTr + PeTi < NP0y,

To + j{: Tk < Tﬁaw
kedp

where EEfypen 1s the maximum EE of the WPCN. 2) The
EE maximization in an initial-energy limited communication
network (IELCN) (i.e. all the concerned users in ®7 are solely
powered by the initial energy without harvesting energy):

ke dp,
13)

> kea, TW1ogy (1 + pryk)
max
{pr} {7} Zk@pz (PeTk + PeTk)
st. C4, C5,
PrTk +PeTi < Qk, k € Pz,

j{: Tk < Thmxa ke @I-
kedr

where EFE{g;cn is the maximum EE of the IELCN. If
EESwpen = EFEfgons then EE* = EEYSypens otherwise
EE* = EEfg;on-
Proof: Please refer to Appendix A. [ ]
Theorem 1 clearly reveals that the EE maximization prob-
lem of WPCN with initial stored energy can be reduced to the
EE maximization in either of the two simplified systems, i.e.,
PWPCN and IELCN. In the following, we study the EE as well
as characterizing the properties of each system independently.

(14)

B. Properties of Energy-Efficient PWPCN

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

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

Proof: Due to space limitation, Lemma 1, 2, and 3 will
be put in the journal version of this paper. [ ]
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This lemma seems contradictory to intuition at first thought.
In conventional systems, since only the transmit power is opti-
mized, the EE is generally first increasing and then decreasing
with the transmit power when the circuit power is taken into
account. Yet, in the PWPCN where the transmission time can
also be optimized, letting the power station transmit with the
maximum allowed power could reduce the allocated time for
WET in the DL, and thereby reduce the energy consumed on
circuits of the power station. Moreover, it also provides users
more time to improve the system throughput during UL WIT.

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

Lemma 2: In the energy-efficient PWPCN, the optimal sys-
tem EE can always be achieved by using up all the available
transmission time, i.e.,

To + § Tk = Tmax~
kedp

15)

Moreover, the optimal system EE is independent of T}, ..

Lemma 2 indicates that in the PWPCN, there is only a
certain relationship between the energy transfer time and
the information transmission time of each user. If the total
available time is not completely used up, increasing the time
for WET and WIT at the same scale can at least maintain the
system EE, while improving the system throughput.

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

Lemma 3: In the energy-efficient PWPCN,

1) if EESwpen < eef, then user k is scheduled, i.e., 777 > 0,
and it will use up all of its energy, ie., 77 (p; + pc) =
77P ma)(T(;K hs

2) if EESwpen = €€, scheduling user k or not does not
affect the maximum system EE, ie., 0 < 7/ (p} + p.) <
77P max'r0>’< hk;

3) if EESywpon > eef, then user k is not scheduled, i.e.,
7 = 0, and it preserves all of its energy for the next
transmission slot.

Although EEjpoy s still unknown, Lemma 3 reveals
an important property related to the user scheduling and the
energy utilization: users that are scheduled, should have a
better or at least the same energy utilization efficiency as that
of the system, and for the strictly better users, utilizing all of
their energy can always benefit the system EE.

Remark 1: In [5], which focuses on the throughput max-
imization problem in the PWPCN, it has been shown that
the transmission time of each user increases linearly with the
equivalent channel gain. In other words, all users are scheduled
no matter how poor their UL channels are. However, for EE
oriented systems, it may not be cost effective any more to
schedule all users, especially those with weak channels, since
they also cause additional circuit energy consumption.

In Lemma 1, 2, and 3, we have successively revealed several
basic properties of the EE oriented PWPCN. In the following,
we derive the expression of the system EE and also the optimal
solution based on properties above.

Theorem 2: In the energy-efficient PWPCN, the optimal
system EE can be expressed as

Ekes* eephy
L 1 =00 b )+ s B
1 \ Prmax k=1"T1""%k kes 1tk

where S* is the optimal scheduled user set. The optimal power
and time solution can be expressed as

EE* =

, (16)

TIl’laX
= — (17)
P ke og, (25
W 11"
N = - — 18
Pr {ee,ﬁln? 'Vk] ’ (18)
h *
71 = PraxTo—aok (19)
logs( cer )
Proof: Please refer to Appendix B . [ ]

Theorem 2 provides a very clear expression of the system
EE by using the user EE and other system parameters. In
(16), since P,y and P. are the maximal allowed transmit
power and the circuit power, which are anticipated to be larger
and smaller for practical systems, respectively, their ratio Pf, —
can be interpreted as the inefficiency of the power station.
The term 1 — Zkl,(zl nhy represents the energy loss per unit
transmit energy due to wireless channels and non-ideal energy
harvesting devices.

Note that % (P},};x +1- Zszl nhk> only consists of ini-
tial system parameters and is thereby a constant. This means
that once S* is given, the optimal solution can be obtained
by (16). Therefore, the problem is simplified to finding the
optimal user set S*. In [9], we have proposed an efficient
algorithm to tackle a scheduling problem with the similar
structure as (16). The details of this algorithm are omitted
here and we refer the readers to [9] for more information.

C. Properties of Energy-Efficient IELCN

Theorem 3: Problem (14) is equivalent to the following
problem

W logy (1 + pkk)
DPkTk + DTk

St PrTk + PeTh < Qk,

ke o7,

max
kedz

max
Pk:Tk

kE(I)I,

Tr < Trnaxs (20)

and the corresponding optimal solution is given by
Pic>

p:
{7

(0, 2],

)
= Pk+Pe
0,

Proof: Please refer to Appendix C. [ ]
Theorem 3 indicates that the optimal transmission strategy
of IELCN is to schedule only the user with the highest user EE,
i.e., time division multiplexing access (TDMA) is the optimal.
Thus, based on Theorem 3, FEf; on can be easily obtained
with the introduced user EE in Section II-C.

if k =argmax ee],
icedr

. (21)
otherwise, Vi,

if k = argmax ee,
i€dz (22)
otherwise, Vi.

157



IEEE ICC 2015 SAC - Green Communications

4 4

x 10 x 10

x 10

&
~

Throughput Optimal
—&— Fixed Proportion p=1

IELCN

o
>

Energy efficiency of the system (bits/Joule)
Energy efficiency of the system (bits/Joule)

—O— EE Optimal

—— Fixed Proportion p=0.7
~—— Fixed Proportion p=0.3

—O— EE Optimal

—&— Throughput Optimal

—8— Fixed Proportion p=1

—p— Fixed Proportion p=0.7
Fixed Proportion p=0.3 | |

© 0

~

[

@ B

~

Energy efficiency of the system (bits/Joule)

N

<>
-

o
<
14

30 35 20
(dBm)

i

25
Transmit power P
max

2
Fig. 2. System switching from PWPCN to IELCN. Fig. 3.

IV. NUMERICAL RESULTS

In this section, we present comprehensive simulation results
to validate the theoretical findings, and demonstrate the system
EE of the proposed methods. Five users are randomly and
uniformly distributed on the right side of the power station
with the reference of 2 meters and the maximum service
distance of 15 meters, respectively. The receiving BS is
located 300 meters away from the power station. The system
bandwidth is set as 15 kHz and then SNR gap is I' = 0 dB.
The path loss exponent for large scale fading is 2.8 and the
thermal noise power is -110 dBm. The small scale fading for
WET is the Rician fading with Rician factor 7 dB while that of
for WIT is the normalized Rayleigh fading. The circuit powers
at the power station and the user terminal are assumed as 500
mW and 5 mW, respectively. The energy harvesting efficiency
is set to n = 0.9 unless specified otherwise.

A. System EE of WPCN: PWPCN versus IELCN

Here, we provides a concrete example to detailedly illustrate
Theorem 1. We assume that P, and p. are 500 mW and
5 mW, respectively. Specifically, we set Q@ = [0,0,1,1,1] ,
h =10.1,0.1,0.1,0.1,0.1], and v = % = [8,6,73,0.3,0.2],
respectively. Note that only the last three users have the initial
energy. Therefore, from Theorem 3 for ELCN, we know that
only the third user would be scheduled provided v3 > 0.3
and its EE is independent of P.,x while increasing with ~s.
However, from Theorem 2, we know that the EE of PWPCN is
increasing with P,,,x. Therefore, we can adjust v3 and Py, ,x to
observe the system switching from IELCN to PWPCN, which
is shown in Fig. 2. In the low transmit power regime, the
system is in the IELCN mode, but as P, increases, when the
EE of PWPCN supasses that of IELCN, the system switches
to the PWPCN mode.

B. System EE versus Transmit Power of Power Station

We compare the EE of following methods: 1) EE Optimal:
proposed approach; 2) Throughput Optimal: based on the con-
ventional throughput maximization [5]; 3) Fixed Proportion:
each user consume the same fixed proportion of its harvested
energy, denoted as p, which can be adjusted.

i
25
Transmit power Pmax (dBm)

The system EE versus the transmit power. Fig. 4.

by ; 2
v < a2
3

I I I
30 35 40 4t 2.4 26 2.8 3.2

Path loss exponent o

System EE versus the path loss exponent.

In Fig. 3, as P,,,x increases, we observe that the perfor-
mance of the EE Optimal scheme first increases and then only
have marginal increase while that of a Throughput Optimal
scheme first increases and then decreases, which is due to its
greedy use of power. Moreover, for fixed proportion schemes,
with p increases, the system EE also increases. However, even
p = 1, the EE Optimal scheme still outperforms the fixed
proportion scheme. The performance gap comes from that the
proposed scheme only schedule users which is beneficial to
the system EE while the fixed proportion scheme imprudently
schedules all users without any selection.

C. System EE versus Path Loss Exponent of WET Channel

In Fig. 4, the system EE of all schemes decreases with an
increasing path loss exponent «. Moreover, the performance
gap between those schemes also decreases as « increases. As
we know that a larger path loss exponent leads to more energy
loss in signal propagation. This enforces the energy-efficient
designs to schedule more users and utilize more energy to
increase the system throughput so as to improve the system
EE, which makes the proposed algorithm behave similar to
the Throughput Optimal scheme.

V. 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 basic case of best-effort
WPCN, we have shown that the EE maximization problem can
be cast into the EE maximization of two independent systems.
For each system, we derive the optimal solution directly
by exploiting the fractional-form structure of the problem,
which serves as building blocks for obtaining the system EE.
Simulation results demonstrate our theoretical findings and
show that the propose scheme outperforms the throughput
optimal scheme and fixed energy consuming scheme.

APPENDIX A: PROOF OF THEOREM 1

Let * = {Py, 75, {pi} {73} 8 = {Po, 70, (e} {71},
and S = {P,0,{pr}, {7x}} denote the optimal solutions of
EE*, EE wpons and EEfg o which have been defined in
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Theorem 1, respectively. The corresponding energy loss during
DL WET are E{y i1, EweT, and 0, respectively. The feasible
sets of problems (12), (13), and (14) are denoted as D, Dp,
and D7, respectively. By exploiting their fractional structures,
we have the following inequalities
EE*
K * *
D k1 Tk (PR)
* K * *
Eyer + 2k=1 T (P), + Pc)
Y ke THTEPE) + 2 pca, ThTE(DR)
Eypr + 2 keap Th Pk T Pe) + ke, Th (P + Pe)

2 Zkeép Trk(P))
~ max " . - ;
WET T 2kea, Th (P + Pe) s en
Zkebz Tore(P))
Eke@: TI: (pz + pc) S*eD
b TirE(D
S max Zkeq?"p k kf(pk)

Ewer + Zke‘i’p %k(ﬁk +pc) SeDp

Zk€<1>1 T ()
Sreas er 00 |

= max{EEpwpen: EEgLen - (23)

where the inequality “a” holds true due to the property of the
fractional structure, which can be easily verified. In the next,
we analyze “b” can holds with strict equality, i.e., EESwpon
or EETg on can be achieved without violating the feasible
domain of original problem (12), which results in the following
two cases:

e For £k € ®p, it is easy to verify the equivalence of
{E@,Tg,pkﬂ'k} € D and {Py,70,pk, 7k} € Dp. As
{Po, 70, Pk, 7k} is the optimal solution of maximizing
FEFEpwpcn, “D” holds true for the first term inside the
bracket.

o For k € ®7, {p}, 7} € D means that 7 (pj + p.) <
Pirihy + Qr and 75 + ZkK:J T < Tinax- Then, we can
construct another solution { Py, 0, px, 7} with Py = Py,
Dr = py, and T, = a1}, where o = ggbnz Wéfﬂ?hk <1
such that 7 (px 4+ pc) < Qp for V k. It can verified that
{Po,0, Pk, Tr} is a feasible point in Dz, but can achieve

the same EE as {Py, 75, p;, 7o} € D, ie.,
Dkcar kT (PR)  pea, @Tir(PR)
Zkecbz Tk (Pk + Pe) a Zketbz ary; (pz +Ppe)
. Zkebz Trrie(PF)
B Zke@z Th (PZ + pe) .
On other hand, since {]50, 0, Pk, 7} € Dz is the optimal
solution of maximizing F Eygpcn, “D” holds true for the

second term inside the bracket.
Based on the above analysis, Theorem 1 is proved.

(24)

APPENDIX B: PROOF OF THEOREM 2

Denote S* as the set of users which are scheduled. Sub-

stituting Py = Ppax and 7, = % into the objective

function of problem (13), we have

rnaxh
EE = Lkest anpr,TOW (1 + peye)
= Powih
Bwer + 2 s e (pr + pe)

anax ZkES* hkeek
Pmax(l - ZkK:I Uhk) + Pe + nPrax ZkeS* h
Given S*, we only have to maximize each eej, which is solely

determined by py, and its maximal value eej can be computed
by (9) and (10). After some manipulations, we obtain

> kes- hreey
L Lo b 1=K o) + Shese hi
7 \ Panax k=1 "1k kese Itk
Since the transmit power of each scheduled user k is p} from

(26), 75 and 77 can be easily derived from Lemma 2 and
Lemma 3.

(25)

bl

EE* =

(26)

APPENDIX C: PROOF OF THEOREM 3
From (14), we can have
EEly o = > kew, Th Wlogs (1 + ppyk)
> kear T (P) +Pe)

 max T, W log, (1 + pirw)
keds T (P} + pe)

d W 1 1 x

< max OgQ*( + i) = ee}, 27
kedz Py + De

[TPR]

where the inequality “c” holds true due to the same argument
as (23), and “d” follows from the optimality of pj for eej.
Then, putting the optimal power p* into the time and energy
harvesting constraints, we obtain (21) and (22).
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