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Abstract—Energy harvesting techniques emerge as a potential
solution for prolonging the lifetime of the energy-constraned
mobile wireless devices. In this paper, we focus on radio fopiency
(RF) energy harvesting for multiuser multicarrier mobile wireless
networks. The mobile users are capable of harvesting energyom
the dedicated subcarriers over which they are communicatig
with the base station in addition to harvesting ambient RF gjnals.
We propose a joint data and energy transfer optimization frame-
work for powering mobile wireless devices through RF energy
harvesting while minimizing the overall power consumption The
proposed framework determines the optimal power resources
that need to be allocated to meet data rate requirements of
downlink and uplink communications. Simulations show that
substantial power savings are achieved by allowing the amént
RF energy harvesting as well as by exploiting the differentystem
parameters.

Index Terms—Energy harvesting, optimal power resource al-
location, mobile wireless networks.

|. INTRODUCTION

a formulation that depends on location only to serve as a
simpler alternative for solving the same general problem.

In this paper, we also investigate the problem of wireless
energy transfer, but for the network scenario in which the
wireless devices are mobile. Also, instead of relying on the
WCV/base station to move around and charge the wireless
nodes, we explore the possibility of having the base station
transfer energy wirelessly to the nodes, and having theshode
themselves harvest it via energy harvesting techniquese Mo
specifically, we propose that wireless nodes harvest energy
from RF signals and use it for transmitting their data, thgre
making them less dependent on their batteries.

There have recently been works that focus on RF energy
harvesting techniques [6—13]. In [6], the authors inved&d
energy harvesting in cooperative networks, where a number o
source-destination pairs are communicating with eachrsthe
through an energy harvesting relay. This work proposed powe
splitting strategies that the relay can use to distribugehr-

_ Minimizing energy consumption and prolonging networkested energy among the multiple users. In [7, 13] perfonean
lifetime have become primal design goals of next-genematigadeoffs between the power-splitting and the time-sviiitgh
wireless networks, merely because of the energy-constiaifnethods, when used for jointly transferring energy and data

nature of wireless devices. Wireless energy transfer wolgy
emerges as a key solution for addressing such issues,

in various point-to-point systems, have been studied. Fpr e
#afget al. [7] derived suboptimal power splitting ratios for

has recently attracted Iots_of research attention [1—5ﬂn_@e point-to-point multi-channel systems. Energy harvestirag
able to harvest energy wirelessly offers great potential f@|so been studied in the context of various other systeneh, su

increasing the lifetime of wireless devices. Such an ghfilés

as multiuser access [9], MIMO systems [10, 11], and cogmitiv

even greater impact when considering wireless devicesatieat radio networks [12].
battery powered and whose batteries cannot (or are difficultoyr main contributions in this paper are as follows:
to) be replaced, as in the case of remote sensor nodes. The

authors in [1-3] proposed an interesting idea for tranisfgrr

energy wirelessly to sensor network nodes. The idea bjsical
consists of having a designated wireless charging vehicle

(WCV) to periodically travel inside the network to wireléss

charge sensors’ batteries. They formulated an optimizatio
problem whose objective is to maximize the ratio of WCV’s

o We develop a joint data and energy transfer optimiza-
tion framework for wirelessly powering mobile devices
through RF energy harvesting while minimizing overall
system power consumption. We investigate the general
setup where energy harvested from any ambient RF
signals; a mobile user can harvest energy from any RF

vacation time over the cycle time, and proved that the optima
traveling path for the WCV is the shortest Hamiltonian cycle
This idea of relying on designated WCVs to charge nodes’
batteries wirelessly has been further applied to netwoitksss

signals communicated between the BS and any users.

We analytically derive closed-form expressions of the
optimal power allocation required for meeting the data
rate requirements of downlink and uplink communica-
tions between the base station and its mobile users.

base stations are mobile [4]. The authors in [4] studied the
problem of whether and how the mobile base station canThe rest of this paper is organized as follows. In Section II,
be co-located on the WCV to also serve as the chargimg present system framework. We formulate and solve the
vehicle. The authors formulated the co-location probleraras studied optimization problem in Section Ill. The numerical

optimization problem while accounting for energy chargingesults are presented in Section IV, and our conclusion is
WCV'’s stopping behavior, and data flow routing, and proposeguovided in Section V.
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Fig. 2. Power splitting based receiver structure.
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signals received at the different users and the BS are esquies
——-> Uplink channel — Downlink channel respectively, as
Fig. 1. System model: a BS and mobile users. ; ; . ; ;
Yps.k = Ti\/ PrsiPsk + "Bsk (1a)
1. SYSTEM MODEL Yi,ps = 2\ Pr.psli,ps + 1, ps» (1b)

We consider a point-to-multipoint half-duplex OFDM netfor i € [1..N] wherez! and z} are the unit-power symbols
work with a base station (BS) and a set I§f mobile users, transmitted by the BS and the” user, respectiverPngy,g
as illustrated by Fig. 1. The BS transmits overorthogonal and P} ;¢ are the transmission powers at i subcarrier in
subcarriers where only/ subcarriers are used to communicatehe downlink and the uplink, respectivelyi; s, andni 5
with each user. We assume that the number of subcatkiersare Additive White Gaussian Noises (AWGN) with zero mean
is the same for all the users, i.d,= K x N. Without loss and variancer};5 ;, andoj, 55, respectively.
of generality, we assume that the fifst subcarriers are used When using the power splitting approach, the amount of
to communicate with the first user, the second N subcarrigrarvested energy at the mobile ugerQ,, is expressed as
are used to communicate with the second user and so on. In K N
the uplink, each user also communicates aesubcarriers. _ i ik 2 i
The downlink and uplink channels between the BS and:the Qk = 1Pk Z Z Ppsilhps +0opsi 2
user over the'” subcarrier aré’, o , andhi, 4, respectively. . . .
The subcarriers’ allocation is beyond the scope of this paﬁ’gher? m 0 <7 <1,is the energy ,har"es“.”,g efficiency
but we assume that it is allocated through one of the OFDMA! 1S characteristic of the RF circuitry, ard;, is the
allocation’s techniques. Readers may refer to [14]. downlink channel impulse between the !38 and_ e user
Broadly speaking, there are two energy harvesting tecdipat corresponds to tf{é—l).xN_—i—i subcarrier that is normally
niques that have been widely considered in the literatuddocated for the communication from the BS to useifhe
in the case of single-input single-output systems [15,1@{Ser Uses the second stream for information decoding which

power splitting and time switching. Time switching consistl€@ds to an achieved rate by the BS of

=1 1i=1

of splitting the time window into two portions, where during N (1 — pi) Pl | |2
the first portion of the time frame, the receiver converts the Rpgj = ZBlogQ <1 + ;35,1@ BSk )
received RF signals into power while the second portion ef th i=1 TBS,k

time frame is dedicated for decoding the signals. Althou t
technique is very simple, it requires a perfect synchrditisa |, he uplink, the mobile usef uses the amount of the

otherwise, it induces some information loss [17]. harvested powe€);, along with its remaining battery power

Power splitting, on the other hand, consists of splitting thpk, to communicate with the BS. Recalling Equation (1b), the
received signal into two streams, where the first serves fQkniaved rate in the uplink can be expressed as

extracting power and the second is used for decoding the

where B the ith subcarrier’s bandwidth allocated to uder

sent information. At usek, the splitting ratio,p, is meant N Pl polbd ool

to balance between the amount of harvested power and the Ry, ps = ZBICg2 L+ 077

achieved data rate. Fig. 2 illustrates the splitting apginoa j=1 k.BS

which we consider in this work. Note that throughout this work, we do not consider the

The communication process is described as follows. ftocessing power used at the BS and users’ circuitry since
the first time slott, the BS communicates with all theit is negligible compared to the transmission power [18]e Th
users over the non-interfering subcarriers using a totalepo focus of this paper is on determining the optimal power lgvel
S i, Phg ., Where Phg . is the power level used in that should be allocated by the BS and each mobile user so
the downlink to communicate with the usérover thei’* that both (the BS’s and users’) data rate requirements ate me
subcarrier. In the next time slot+ 1, each user relies on theln our proposed framework, each user harvests energy from
power splitting technique [16] to harvest part of the reediv its dedicated RF subcarrier signals over which it is reogjvi
RF signal power and uses it, in addition to its remainingdrgitt its data from the BS, and takes advantage of the downlink
power P, to communicate back with the BS. Hence, thehannels of the other users and harvest energy from any



ambient RF signals communicated between the BS and anyf the amount of power at the battef, is enough to satisfy
other users. In the next section, we present the our probleﬂjBS, then there is no need for harvesting energy from the
formulation and the different analysis. BS'’s signals. In this case, the optimization problem at tise B
and at each usérbecomes decoupled, and the solution at each
I1l. AMBIENT RF SGNAL BASED ENERGY HARVESTING  of them is the classical water filling solution. However, et
TECHNIQUE OPTIMIZATION case wheré?, is not sufficient to achieve the rate threshold of

The global problem of jointly minimizing the downlink (the US€rk, each user needs to harvest a part of the BS's downlink

BS) and uplink (the users) powers can be formulated as  Signals. o _ -
We now begin, in the next section, by determining the
amount of the energy needed by ugeto meet its required

> (Phsi+Pips)  (33) uplink data rateyt", .
=1 ’

(

M=

- min
{PrPhg P pstei =1

<.

, _ A. Optimal Uplink Power Allocation
P ps < Py + Qs (3b) prmal =P

)

S.t.

M=7

I
=

P In the uplink, each user needs to minimize its transmission
Rps.y > 0 ., (3c) Power subject to meeting its data rate requirement. This can
’ ’ simply be formulated as follows:

Ry ps > Ttk},IBS, (3d)
Ppgy >0, Plpg>0, 3e - b
BS,k Z k,BS = (3e) min ZPIz,BSa (4a)
0=<p=1 (3f) {Pi ps i, i=1
h
Equation (3a) expresses the global objective, which is to St Ri.ps 2 Bok'ns (40)

minimize the total power consumed by bOth. the BS in th‘Fhe solution to this optimization problem is given by the
downlink and the users in the uplink. Constraint (3b) Cdﬂtrofollowin lemma

the total power budget at thé'” user, so that it does g

not exceed the harvested power plus the remaining battéemma 2. (The power allocation in the uplink)

power. Constraints (3c) and (3d) are used to meet the datse optimal power allocation in the uplink for each ugeis
rates required by the BS and the mobile users, respectivejiven by

rifs x = Bo'fs . is the minimum downlink rate threshold that .

should be achieved by the BS when communicating with user Py ps = [Vk -
k while r}"5 ¢ = Bo}/'s 5 is the data rate threshold that should

be achieved in the uplink by usér Constraint (3f) ensures where

the positivity of the allocated power levels and the spigti L(Cal

. 5 . 2

ratios. v = (2955 /( 1T 7. 55l /o7, 59)) )
Lemma 1. Under fixed splitting ratiop, the optimization JECx

problem(3) is a convex optimization problem.

(®)

i +
Ok,BS }
0

; 2
15, 5]

andCy, = {i|vg —C’/i,Bs/|h§c,Bs|2 > 0}. |Ck| is the number of
Proof. In general, the optimization problem (3) is not convexelements o€, and [z]¢ = max{0, z}.

While the objective and the first constraint are affine furmsi
the two constraints (3c) and (3d), as function m@f is not
convex. By fixing its valuep is no longer an optimization
parameter, and hence, the problem becomes convex. [

Proof. The solution to (4) is straightforwardly derived by
minimizing the Lagrangian dual function. It is the classica
water filling. O

We propose to solve the problem over the power variablesHaVIng determined _the power levek. . ”59“‘5 needs
while making the variablg a design parameter. We can the o be able to co.mmunilcate_lts data over sqbcanr,leme can
use a brute force search to determine the optimal value rbqw_f,et the vanabIePBS’k, n the. optimization _proble_m ®)
p such that the total power in the uplink and downlink &0 I, s, @and solve for the downlink power variablegy ;..
minimized. In the simulation section, we will study itisedt 1S iS done next.
on the optimal solution.

To solve our optimization problem (3), we will proceed a
follows. We calculate the amount of power to be needed inlIn the downlink, the BS aims to find the optimal power level
the uplink as a first step to quantify how much power shouttiat it has to transmit at so as to meet each é&downlink
be harvested by each user. In a second step, we determinediua ratergls,k, and to be able to power (via RF harvesting)
downlink power levels that are to be used at the BS to mesdich usek with enough power to allow it to meet its required
the downlink data rate threshold, as well as the amount wflink rate,r}" ;. Given the uplink power needed at each user,
power needed by the users for the uplink communications,whkich is determined by Equation (5), the optimization pesbl
determined in the previous step. at the BS is then formulated as

g. Optimal Downlink Power Allocation



The power level accounts for the interference channels be-
tween users. It includeak” K.K.T. multipliers, {\, , vy }1<,,

min Z Z Pho 1, (6a) that we compute by replacin@g&,c in the K.K.T. conditions.
{Phs L k=1 i=1 ' First, we derive the expression af, in the following lemma
s.t. RBS k> BoBs ks (6b)

Lemma 3. The K.K.T mulipliers\) are expressed as

th ot [ ~Te
ZZPBSZVLBsz = b (60) No= 27 11 T " 9)
l‘l i=1 icc, 1 —-E: dﬁ'h

Phar 0, (6d) Kk 1=1 BS.k

where Pi" represents a power threshold that we deduce froffhereCy, = {i|A; /(1 — > ilhs E 1/}
the constralnt (3b).P" depends on the amount of POWeb60f, Using the K.K.T. condition,

needed for achieving the required uplink data rate, the atou

of power available in the battery, the splitting ratio, the Ne (Rps,r — Bols;,) =0,

conversion efficiency, and the noise power, and is expressedd | h fth | level
as is expressed as and replacing the expression of the optimal power levelmgive

by Equation (8), the expression of the K.K.T. multipligf
SN P WRNELEN can be written as
P;Eh LB ZZ%BS (7)

- NPk =1 i=1 logy(N) = QBSk 1 log, <H Yk _ 2>’
The following theorem gives the optimal power allocation ICi| |Ck| iec, 1 — Zfil ¢l|hj§ls il
at the BS. ) ’
Theorem 1. (The power allocation in the downlink) Whelaegkd— {Z|f[\h/( -0 1 Uil ) = 1/91}. Then, Vée
The solution to the optimization problef@) is given by could deduce the expression bf.
X o + To get the expression of the Lagrangian multipligfsvk
Phs . = B3k (8) [1.K], itis sufficient to get the expression of,. Let ¢ =
’ 1= 28 )b s k| (1 — i) lhgs . [1...9k]T. The following lemma characterises.

where )\, and ¢, are the K.K.T multipliers that will be Lemma 4. The K.K.T. multiplier) is the zero of the functions
characterised subsequently.

QtBhs k
. _— . . [CkI
Proof. Since the optimization problem (6) is convex, we fr(x) = = =
minimize the Lagrangian dual function, which can be written 2 §
as <H’Yk/ 1- E | Sk| )>

1€Cy

K N
({PBSk}z 1a{/\kﬂ/)k}kK:1):ZZP§s,k % i | 7Sl| _ZZ hBSl| th

)

k=1i=t 1=1ieC, B I=1 ieC, i
K . 1- me| S,l|
- Z/\ (Rps,k — Bo%s )
’“21 . wherex = [z, ..xx]T
Z ZZPBSl|hBSl — piM) Proof. Using the second KK.T condition
b=l = U (2, L IPBSl|hZBSl| Py = 0, if g # 0,

f then we can write

Pt = ZZPBSlVLBSlQ

Let~! = (1 —pk)|hg57k| /0’5, By taking the derivative o
L over Py ., and set it to zero, it follows that

/\lﬂ/k Z =1 1i€C;
7 ¢l| S k| ik 2 i,
(1+PBS 177.) log (2 =1 B ,iz |hEs.l i hBSl|
. = N -
By letting A}, = A/ log(2), the optimal power level allocated I=1iec | a i =1 icC, v
at the BS to usek over the subcarrier can be derived as Z¢m| S,l|

Now, substituting Equation (9) in the previous equation
gives the desired function. O

Ny 1}*
2 i
1= 1¢l|hBSk Tl

Replacingy; with its expression in the previous equation, we Deriving a closed-form expression ap is not possible
get the result. 0 because of the nonlinearity of the functigh defined as

Pgs,k = [



F(p) = [f1()...fx(x)]T where fi () is given by Equa- -

tion (10). However, it could be derived using an iterative L ‘lf;ﬁifm;:ff;lfi;"::olﬂgim
approach. We propose to use the Newton method where, al ‘\ — = uplink channel gain=10 dBm
each iteration, o P 1
Q
-1 &
P =" — (VEW™) T F("),
nit e e
where (Vf(w))kj is given by
Ofr(¥) L
o = W)+ W) ST T 1
J P
with , . - .
Fig. 3. The sum power function of the splitting ratie The system
ot Yik o parameters: the downlink channel SNR= 10d8] , = 20bit/s/Hz= and
sy =270 /( I s oty = 10bit/s/Hz.
1 K hz,l ’
i€Cr L+ 21:1 ¢l| BS,k'
higl
) =Y BS.l _ from py¥* to 1. In fact, if p, < p;*, then more power is needed
i D S | i to be harvested to meet the user’s rate threshdfd,s. On
o, the other hand, ifp, > pZ”t, then the user's needed power
. |hjéjs,k| is met while more power is needed to meet the BS’s data
2‘-"%5& SE1- K plhim |2 requirementrgls,k. Hence, the splitting ratio strikes a balance
&) =— 10k m=l M BSK between the amount of harvested power and that of the needed
ICk| o TenT power to meet the data rate. Second, we investigate thet effec
H 1_ ZK ¥ |hi,l 2 of the uplink channels’ SNR on the total power. As the uplink
1€ t=1 FIIEBS k channels’ SNR becomes stronger, less power consumption
K W‘,qul 2|hi7{91 2 is needed which confirms the intuition. Third, for a strong
BS, BS,

Cp)=> > — downlink channels’ SNR (chosen to H@ dB), the optimal
1=1ieC, (1 — Zﬁzl ¢m|hj§§,l| ) splitting ratiOpZ”t becomes closer to as the uplink channels’

SNR increases. This is because as the channels’ SNR becomes
stronger, less of power is needed to be harvested (propattio
d[o the splitting ratio).

Next, we investigate the effect of the downlink channel’s
SNR for a fixedp;, and we compare to the case when consid-
IV. NUMERICAL EVALUATION ering the optimabzpt under different channels’ SNR values. In

In this section, we present our simulation results. Weig. 4, we plot the total power consumption while varying the
consider the BS to be at the center of a cell with radiys downlink channels” SNR for a fixed splitting ratip, = 0.5.
We consider a set ok users distributed uniformly in the cell. Observe that the total power consumption decreases as the
The fading of the channels is modeled as Rayleigh with mefWnlink channel’s SNR increases. As the downlink channel
[do/dy,]” wherea is the pathloss exponent which is set3o 9ains be_come stronger, less power is reqwred to achieve
andd, is the distance between the mobile useand the BS. the required data rate;y ,. Also, as the uplink channels’
AT each user, the energy harvesting conversion efficiepcySNR increases, the total power consumption decreases. This
is chosen to be equal 1.8 while the noise power densityis because the user needs less power to achieve its required
is chosen to be equal t8, = —174 dBm. The bandwidth data rater,zleS. Furthermore, we plot in the same figure the
of each subcarrier is 15kHz. Therefore, the noise power §§m power using the optimal splitting ratig”’. Note that an
obs = BNo Vi, k. We consider the number of subcarriergdditional gain in the power consumption is obtained with th
N = 5 but the results are still valid for higher number oPptimal splitting ratio. However, from a practical persipee,
subcarriers. We fixP;, to zero to make all the users rely soleljthis comes at the expense of a more sophisticated circuitry
on the harvested power to communicate. design, as the optimal ratio needs to be found at each time

The splitting ratiop;; is taken as a design parameter whos#ot, depending on the channels’ gains.
impact is to be studied here. We first consider the case wher&Vhen accounting for harvesting from the signals intended to
the BS communicates with one user, i.E.,= 1, and plot the the other users, we anticipate to achieve further powengavi
total consumed power as a function of the splitting ratidn at the BS. Hence, we compare the total power allocated for
Fig. 3. Observe that the required power varies as a functioommunicating with and powering the different users in the
of the splitting ratio, as well as the SNR of the uplink antivo system setups: when each user harvests power only from
downlink channels. It decreases with the increasgiofrom its intended signals and when, in addition to that, each user

0 to some valuq)zpt but it starts to increase ags, increases harvests energy from the signals intended to the other .users

With the use of the Newton method for deriving there is a
tradeoff between precision and computational compleAity.
accuracye of 10> was sufficient to get the Newton metho
converges in relatively small computational time.



—— Uplink channel SNR =-10 dB
- %~ Uplink channel SNR =0 dB
@ Uplink channel SNR =5 dB
--+--Uplink channel SNR =15 dB

=05

%10 10 o ¥ J [1]

A L

g %%, 7

g 5y

@ xxxg§§§§*:xx*x_x [2]
10-12 Saqq ]

5.0 5 10 15
Downlink channels él\R

I I
-20 -15 -10 20

[3]
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Fig. 5. Comparison of the base station’s sum power allocébegower
the users and achieve their downlink rate for the two scesaeach user
harvests only from the subcarriers used for its commuminatind when each
user harvests also from the interference. The system p&sesnéhe uplink

channels’ SNRLO dB, ol , = 50bit/s/Hz, and o} ;g = 50bit/s/Hz.

El
[10]

In Fig. 5, we plot the total power used by the BS for the
two setups and for different number of users as a function Bl
the downlink channel's SNR. Using our framework, we have
achieved less power consumption when compared with the first
setup. This is because accounting for the received intarter [12]
at each user, which leads to increasing the amount of the
harvested power, decreases the total required power athe B
to serve the users. However, this substantial gain coméwat i3]
expense of the knowledge of all the channel gains between the
BS and the users. Fortunately, the different channels gains
already known since it is required in the subcarriers atioca [14]
process.

V. CONCLUSION [15]

This paper investigates the optimal power allocation for
multiuser multicarrier communication system composed of
base station and a set of mobile users. We derive the optimal
power allocation needed by the base station to communic tﬁ
data in the downlink as well as to power users with enougﬂh
harvesting power to enable its uplink communications, wher
users are assumed to have RF energy harvesting capabféi@r
using the power splitting technique. We studied the impact
of different system parameters on the total consumed power.
Our performance analysis shows that the power consumption

[%6]

gain takes advantage of the variability of channels’ gatins,
splitting ratios, and the consideration of the interfeenc
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