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Abstract—Energy harvesting techniques emerge as a potential
solution for prolonging the lifetime of the energy-constrained
mobile wireless devices. In this paper, we focus on radio frequency
(RF) energy harvesting for multiuser multicarrier mobile w ireless
networks. The mobile users are capable of harvesting energyfrom
the dedicated subcarriers over which they are communicating
with the base station in addition to harvesting ambient RF signals.
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 ambient
RF energy harvesting as well as by exploiting the different system
parameters.

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

I. I NTRODUCTION

Minimizing energy consumption and prolonging network
lifetime have become primal design goals of next-generation
wireless networks, merely because of the energy-constrained
nature of wireless devices. Wireless energy transfer technology
emerges as a key solution for addressing such issues, and
has recently attracted lots of research attention [1–5]. Being
able to harvest energy wirelessly offers great potential for
increasing the lifetime of wireless devices. Such an ability has
even greater impact when considering wireless devices thatare
battery powered and whose batteries cannot (or are difficult
to) be replaced, as in the case of remote sensor nodes. The
authors in [1–3] proposed an interesting idea for transferring
energy wirelessly to sensor network nodes. The idea basically
consists of having a designated wireless charging vehicle
(WCV) to periodically travel inside the network to wirelessly
charge sensors’ batteries. They formulated an optimization
problem whose objective is to maximize the ratio of WCV’s
vacation time over the cycle time, and proved that the optimal
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 networks whose
base stations are mobile [4]. The authors in [4] studied the
problem of whether and how the mobile base station can
be co-located on the WCV to also serve as the charging
vehicle. The authors formulated the co-location problem asan
optimization problem while accounting for energy charging,
WCV’s stopping behavior, and data flow routing, and proposed

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 the nodes
themselves harvest it via energy harvesting techniques. More
specifically, we propose that wireless nodes harvest energy
from RF signals and use it for transmitting their data, thereby
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 investigated
energy harvesting in cooperative networks, where a number of
source-destination pairs are communicating with each others
through an energy harvesting relay. This work proposed power
splitting strategies that the relay can use to distribute the har-
vested energy among the multiple users. In [7, 13] performance
tradeoffs between the power-splitting and the time-switching
methods, when used for jointly transferring energy and data
in various point-to-point systems, have been studied. For e.g.,
Fanget al. [7] derived suboptimal power splitting ratios for
point-to-point multi-channel systems. Energy harvestinghas
also been studied in the context of various other systems, such
as multiuser access [9], MIMO systems [10, 11], and cognitive
radio networks [12].

Our main contributions in this paper are as follows:

• 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
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.

The rest of this paper is organized as follows. In Section II,
we present system framework. We formulate and solve the
studied optimization problem in Section III. The numerical
results are presented in Section IV, and our conclusion is
provided in Section V.
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Fig. 1. System model: a BS andK mobile users.

II. SYSTEM MODEL

We consider a point-to-multipoint half-duplex OFDM net-
work with a base station (BS) and a set ofK mobile users,
as illustrated by Fig. 1. The BS transmits overL orthogonal
subcarriers where onlyN subcarriers are used to communicate
with each user. We assume that the number of subcarriersN
is the same for all the users, i.e.,L = K × N . Without loss
of generality, we assume that the firstN subcarriers are used
to communicate with the first user, the second N subcarriers
are used to communicate with the second user and so on. In
the uplink, each user also communicates overN subcarriers.
The downlink and uplink channels between the BS and thekth

user over theith subcarrier arehiBS,k andhik,BS , respectively.
The subcarriers’ allocation is beyond the scope of this paper
but we assume that it is allocated through one of the OFDMA
allocation’s techniques. Readers may refer to [14].

Broadly speaking, there are two energy harvesting tech-
niques that have been widely considered in the literature
in the case of single-input single-output systems [15, 16]:
power splitting and time switching. Time switching consists
of splitting the time window into two portions, where during
the first portion of the time frame, the receiver converts the
received RF signals into power while the second portion of the
time frame is dedicated for decoding the signals. Although this
technique is very simple, it requires a perfect synchronisation;
otherwise, it induces some information loss [17].

Power splitting, on the other hand, consists of splitting the
received signal into two streams, where the first serves for
extracting power and the second is used for decoding the
sent information. At userk, the splitting ratio,ρk, is meant
to balance between the amount of harvested power and the
achieved data rate. Fig. 2 illustrates the splitting approach,
which we consider in this work.

The communication process is described as follows. At
the first time slot t, the BS communicates with all the
users over the non-interfering subcarriers using a total power,
∑K

k=1

∑N
i=1

P i
BS,k, whereP i

BS,k is the power level used in
the downlink to communicate with the userk over the ith

subcarrier. In the next time slott+ 1, each user relies on the
power splitting technique [16] to harvest part of the received
RF signal power and uses it, in addition to its remaining battery
power P̄k, to communicate back with the BS. Hence, the

Fig. 2. Power splitting based receiver structure.

signals received at the different users and the BS are expressed,
respectively, as

yiBS,k = xik

√

P i
BS,kh

i
BS,k + ni

BS,k, (1a)

yik,BS = zik

√

P i
k,BSh

i
k,BS + ni

k,BS , (1b)

for i ∈ [1..N ] wherexik and zik are the unit-power symbols
transmitted by the BS and thekth user, respectively.P i

BS,k

andP i
k,BS are the transmission powers at theith subcarrier in

the downlink and the uplink, respectively.ni
BS,k and ni

k,BS

are Additive White Gaussian Noises (AWGN) with zero mean
and varianceσi

BS,k andσi
k,BS , respectively.

When using the power splitting approach, the amount of
harvested energy at the mobile userk, Qk, is expressed as

Qk = ηρk

K
∑

l=1

N
∑

i=1

P i
BS,l|h

i,k
BS,l|

2

+ σi
BS,l, (2)

where η, 0 < η < 1, is the energy harvesting efficiency
that is characteristic of the RF circuitry, andhi,kBS,l is the
downlink channel impulse between the BS and thekth user
that corresponds to the(l−1)×N+i subcarrier that is normally
allocated for the communication from the BS to userl. The
user uses the second stream for information decoding which
leads to an achieved rate by the BS of

RBS,k =

N
∑

i=1

B log2

(

1 +
(1− ρk)P

i
BS,k|h

i
BS,k|

2

σi
BS,k

)

whereB the ith subcarrier’s bandwidth allocated to userk.
In the uplink, the mobile userk uses the amount of the
harvested powerQk, along with its remaining battery power
P̄k, to communicate with the BS. Recalling Equation (1b), the
achieved rate in the uplink can be expressed as

Rk,BS =

N
∑

j=1

B log2

(

1 +
P j
k,BS |h

j
k,BS |

2

σj
k,BS

)

Note that throughout this work, we do not consider the
processing power used at the BS and users’ circuitry since
it is negligible compared to the transmission power [18]. The
focus of this paper is on determining the optimal power levels
that should be allocated by the BS and each mobile user so
that both (the BS’s and users’) data rate requirements are met.
In our proposed framework, each user harvests energy from
its dedicated RF subcarrier signals over which it is receiving
its data from the BS, and takes advantage of the downlink
channels of the other users and harvest energy from any



ambient RF signals communicated between the BS and any
other users. In the next section, we present the our problem
formulation and the different analysis.

III. A MBIENT RF SIGNAL BASED ENERGY HARVESTING

TECHNIQUE OPTIMIZATION

The global problem of jointly minimizing the downlink (the
BS) and uplink (the users) powers can be formulated as

min
{ρk,P i

BS,k
,P i

k,BS
}k,i

K
∑

k=1

N
∑

i=1

(

P i
BS,k + P i

k,BS

)

(3a)

s.t.
N
∑

i=1

P i
k,BS ≤ P̄k +Qk, (3b)

RBS,k ≥ rthBS,k, (3c)

Rk,BS ≥ rthk,BS , (3d)

P i
BS,k ≥ 0, P i

k,BS ≥ 0, (3e)

0 � ρ � 1 (3f)

Equation (3a) expresses the global objective, which is to
minimize the total power consumed by both the BS in the
downlink and the users in the uplink. Constraint (3b) controls
the total power budget at thekth user, so that it does
not exceed the harvested power plus the remaining battery
power. Constraints (3c) and (3d) are used to meet the data
rates required by the BS and the mobile users, respectively.
rthBS,k = B̺thBS,k is the minimum downlink rate threshold that
should be achieved by the BS when communicating with user
k while rthk,BS = B̺thk,BS is the data rate threshold that should
be achieved in the uplink by userk. Constraint (3f) ensures
the positivity of the allocated power levels and the splitting
ratios.

Lemma 1. Under fixed splitting ratioρ, the optimization
problem(3) is a convex optimization problem.

Proof. In general, the optimization problem (3) is not convex.
While the objective and the first constraint are affine functions,
the two constraints (3c) and (3d), as function ofρ, is not
convex. By fixing its value,ρ is no longer an optimization
parameter, and hence, the problem becomes convex.

We propose to solve the problem over the power variables
while making the variableρ a design parameter. We can then
use a brute force search to determine the optimal value of
ρ such that the total power in the uplink and downlink is
minimized. In the simulation section, we will study it is effect
on the optimal solution.

To solve our optimization problem (3), we will proceed as
follows. We calculate the amount of power to be needed in
the uplink as a first step to quantify how much power should
be harvested by each user. In a second step, we determine the
downlink power levels that are to be used at the BS to meet
the downlink data rate threshold, as well as the amount of
power needed by the users for the uplink communications, as
determined in the previous step.

If the amount of power at the batterȳPk is enough to satisfy
rthk,BS , then there is no need for harvesting energy from the
BS’s signals. In this case, the optimization problem at the BS
and at each userk becomes decoupled, and the solution at each
of them is the classical water filling solution. However, in the
case wherēPk is not sufficient to achieve the rate threshold of
userk, each user needs to harvest a part of the BS’s downlink
signals.

We now begin, in the next section, by determining the
amount of the energy needed by userk to meet its required
uplink data rate,rthk,BS .

A. Optimal Uplink Power Allocation

In the uplink, each user needs to minimize its transmission
power subject to meeting its data rate requirement. This can
simply be formulated as follows:

min
{P i

k,BS
}N
i=1

N
∑

i=1

P i
k,BS , (4a)

s.t. Rk,BS ≥ B̺thk,BS (4b)

The solution to this optimization problem is given by the
following lemma

Lemma 2. (The power allocation in the uplink)
The optimal power allocation in the uplink for each userk is
given by

P i∗

k,BS =

[

νk −
σi
k,BS

|hik,BS |
2

]+

0

(5)

where

νk =
(

2̺
th
k,BS/(

∏

j∈Ck

|hjk,BS |
2

/σj
k,BS)

)
1/|Ck|

,

andCk = {i|νk−σ
i
k,BS/|h

i
k,BS |

2
≥ 0}. |Ck| is the number of

elements ofCk and [x]+0 = max{0, x}.

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

Having determined the power level,P i∗

k,BS , userk needs
to be able to communicate its data over subcarrieri, one can
now set the variable,P i

BS,k, in the optimization problem (3)
to P i∗

k,BS , and solve for the downlink power variables,P i
BS,k.

This is done next.

B. Optimal Downlink Power Allocation

In the downlink, the BS aims to find the optimal power level
that it has to transmit at so as to meet each userk’s downlink
data rate,rthBS,k, and to be able to power (via RF harvesting)
each userk with enough power to allow it to meet its required
uplink rate,rthk,BS . Given the uplink power needed at each user,
which is determined by Equation (5), the optimization problem
at the BS is then formulated as



min
{{P i

BS,k
}N
i=1

}K
k=1

K
∑

k=1

N
∑

i=1

P i
BS,k, (6a)

s.t. RBS,k ≥ B̺thBS,k, (6b)
K
∑

l=1

N
∑

i=1

P i
BS,l|h

i,k
BS,l|

2

≥ P th
k , (6c)

P i
BS,k ≥ 0, (6d)

whereP th
k represents a power threshold that we deduce from

the constraint (3b).P th
k depends on the amount of power

needed for achieving the required uplink data rate, the amount
of power available in the battery, the splitting ratio, the
conversion efficiency, and the noise power, and is expressed
as is expressed as

P th
k =

∑N
i=1

P i
k,BS − P̄k

ηρk
−

K
∑

l=1

N
∑

i=1

σi
l,BS (7)

The following theorem gives the optimal power allocation
at the BS.

Theorem 1. (The power allocation in the downlink)
The solution to the optimization problem(6) is given by

P i∗

BS,k =

[

λ′k

1−
∑K

l=1
ψl|h

i,l
BS,k|

2
−

σi
BS,k

(1− ρk)|hiBS,k|
2

]+

0

(8)

where λ′k and ψl are the K.K.T multipliers that will be
characterised subsequently.

Proof. Since the optimization problem (6) is convex, we
minimize the Lagrangian dual function, which can be written
as

L
(

{P i
BS,k}

N
i=1, {λk, ψk}

K
k=1

)

=
K
∑

k=1

N
∑

i=1

P i
BS,k

−

K
∑

k=1

λk(RBS,k −B̺thBS,k)

−

K
∑

k=1

ψk

(

K
∑

l=1

N
∑

i=1

P i
BS,l|h

i,k
BS,l|

2

− P th
k

)

Let γik = (1− ρk)|h
i
BS,k|

2
/σi

BS,k. By taking the derivative of
L overP i

BS,k, and set it to zero, it follows that

1−
λkγ

i
k

(1 + P i
BS,kγ

i
k) log(2)

−

K
∑

l=1

ψl|h
i,l
BS,k|

2

= 0

By letting λ′k = λk/ log(2), the optimal power level allocated
at the BS to userk over the subcarrieri can be derived as

P i∗

BS,k =

[

λ′k

1−
∑K

l=1
ψl|h

i,l
BS,k|

2
−

1

γik

]+

0

Replacingγik with its expression in the previous equation, we
get the result.

The power level accounts for the interference channels be-
tween users. It includes2K K.K.T. multipliers, {λ′k, ψk}

K
k=1

,
that we compute by replacingP i∗

BS,k in the K.K.T. conditions.
First, we derive the expression ofλ′k in the following lemma

Lemma 3. The K.K.T mulipliersλ′k are expressed as

λ′k = 2
̺th
BS,k

|Ck|

(

∏

i∈Ck

γik

1−
∑K

l=1
ψl|h

i,l
BS,k|

2

)− 1

|Ck|

, (9)

whereCk = {i|λ′k/(1−
∑K

l=1
ψl|h

i,l
BS,k|

2

) ≥ 1/γik}.

Proof. Using the K.K.T. condition,

λ′k
(

RBS,k −B̺thBS,k

)

= 0,

and replacing the expression of the optimal power level given
by Equation (8), the expression of the K.K.T. multiplierλ′k
can be written as

log2(λ
′
k) =

̺thBS,k

|Ck|
−

1

|Ck|
log2

(

∏

i∈Ck

γik

1−
∑K

l=1
ψl|h

i,l
BS,k|

2

)

,

whereCk = {i|λ′k/(1−
∑K

l=1
ψl|h

i,l
BS,k|

2

) ≥ 1/γik}. Then, we
could deduce the expression ofλ′k.

To get the expression of the Lagrangian multipliersλ′k ∀k ∈
[1..K], it is sufficient to get the expression ofψk. Let ψ =
[ψ1...ψK ]T . The following lemma characterisesψ.

Lemma 4. The K.K.T. multiplierψ is the zero of the functions

fk(x) =
2

̺th
BS,k
|Ck|

(

∏

i∈Ck

γik/
(

1−
K
∑

l=1

xl|h
i,l
BS,k|

2
)

)

1

|Ck|

×
K
∑

l=1

∑

i∈Cl

|hi,kBS,l|
2

1−

K
∑

m=1

xm|hi,mBS,l|
2

−
K
∑

l=1

∑

i∈Cl

|hi,kBS,l|
2

γil
− P th

k ,

wherex = [x1, ..xK ]T

Proof. Using the second K.K.T condition

ψk

(
∑K

l=1

∑N
i=1

P i∗

BS,l|h
i,k
BS,l|

2

− P th
k

)

= 0, if ψk 6= 0,
then we can write

P th
k =

K
∑

l=1

∑

i∈Cl

P i∗

BS,l|h
i,k
BS,l|

2

= λ′k

K
∑

l=1

∑

i∈Cl

|hi,kBS,l|
2

1−

K
∑

m=1

ψm|hi,mBS,l|
2

−

K
∑

l=1

∑

i∈Cl

|hi,kBS,l|
2

γil

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

Deriving a closed-form expression ofψ is not possible
because of the nonlinearity of the functionf defined as



f(ψ) = [f1(ψ)...fK(ψ)]T where fk(ψ) is given by Equa-
tion (10). However, it could be derived using an iterative
approach. We propose to use the Newton method where, at
each iteration,

ψ
n+1 = ψn −

(

∇f(ψn)
)−1

f(ψn),

where
(

∇f(ψ)
)

kj
is given by

∂fk(ψ)

∂ψj
= ξ′(ψ)ζ(ψ) + ξ(ψ)ζ′(ψ)

with

ξ(ψ) = 2
̺th
BS,k

|Ck| /

(

∏

i∈Ck

γi,k

1−
∑K

l=1
ψl|h

i,l
BS,k|

2

)
1

|Ck|

ζ(ψ) =

K
∑

l=1

∑

i∈Cl

|hi,kBS,l|
2

1−
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m=1
ψm|hi,mBS,l|

2

ξ′(ψ) = −
2

̺th
BS,k

|Ck|

|Ck|

∑

i∈Ck

|hi,jBS,k|
2

1−
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ψm|hi,mBS,k|

2

(

∏

i∈Ck

γik

1−
∑K

l=1
ψl|h

i,l
BS,k|

2

)

1

|Ck|

ζ′(ψ) =

K
∑

l=1

∑

i∈Cl

|hi,kBS,l|
2

|hi,jBS,l|
2

(

1−
∑K

m=1
ψm|hi,mBS,l|

2)2

With the use of the Newton method for derivingψ, there is a
tradeoff between precision and computational complexity.An
accuracyǫ of 10−5 was sufficient to get the Newton method
converges in relatively small computational time.

IV. N UMERICAL EVALUATION

In this section, we present our simulation results. We
consider the BS to be at the center of a cell with radiusd0.
We consider a set ofK users distributed uniformly in the cell.
The fading of the channels is modeled as Rayleigh with mean
[d0/dk]

α whereα is the pathloss exponent which is set to3
anddk is the distance between the mobile userk and the BS.
AT each user, the energy harvesting conversion efficiencyη
is chosen to be equal to0.8 while the noise power density
is chosen to be equal toN0 = −174 dBm. The bandwidth
of each subcarrier is 15kHz. Therefore, the noise power is
σi
BS,k = BN0 ∀i, k. We consider the number of subcarriers
N = 5 but the results are still valid for higher number of
subcarriers. We fix̄Pk to zero to make all the users rely solely
on the harvested power to communicate.

The splitting ratioρk is taken as a design parameter whose
impact is to be studied here. We first consider the case where
the BS communicates with one user, i.e.,K = 1, and plot the
total consumed power as a function of the splitting ratioρk in
Fig. 3. Observe that the required power varies as a function
of the splitting ratio, as well as the SNR of the uplink and
downlink channels. It decreases with the increase ofρk from
0 to some valueρoptk but it starts to increase asρk increases

ρ
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Fig. 3. The sum power function of the splitting ratioρ. The system
parameters: the downlink channel SNR= 10dB,̺th
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= 20bit/s/Hz and

̺th
k,BS

= 10bit/s/Hz.

from ρoptk to 1. In fact, if ρk < ρoptk , then more power is needed
to be harvested to meet the user’s rate threshold,rthk,BS . On
the other hand, ifρk > ρoptk , then the user’s needed power
is met while more power is needed to meet the BS’s data
requirement,rthBS,k. Hence, the splitting ratio strikes a balance
between the amount of harvested power and that of the needed
power to meet the data rate. Second, we investigate the effect
of the uplink channels’ SNR on the total power. As the uplink
channels’ SNR becomes stronger, less power consumption
is needed which confirms the intuition. Third, for a strong
downlink channels’ SNR (chosen to be10 dB), the optimal
splitting ratioρoptk becomes closer to0 as the uplink channels’
SNR increases. This is because as the channels’ SNR becomes
stronger, less of power is needed to be harvested (proportional
to the splitting ratio).

Next, we investigate the effect of the downlink channel’s
SNR for a fixedρk and we compare to the case when consid-
ering the optimalρoptk under different channels’ SNR values. In
Fig. 4, we plot the total power consumption while varying the
downlink channels’ SNR for a fixed splitting ratio,ρ = 0.5.
Observe that the total power consumption decreases as the
downlink channel’s SNR increases. As the downlink channel
gains become stronger, less power is required to achieve
the required data rate,rthBS,k. Also, as the uplink channels’
SNR increases, the total power consumption decreases. This
is because the user needs less power to achieve its required
data rate,rthk,BS . Furthermore, we plot in the same figure the
sum power using the optimal splitting ratioρoptk . Note that an
additional gain in the power consumption is obtained with the
optimal splitting ratio. However, from a practical perspective,
this comes at the expense of a more sophisticated circuitry
design, as the optimal ratio needs to be found at each time
slot, depending on the channels’ gains.

When accounting for harvesting from the signals intended to
the other users, we anticipate to achieve further power savings
at the BS. Hence, we compare the total power allocated for
communicating with and powering the different users in the
two system setups: when each user harvests power only from
its intended signals and when, in addition to that, each user
harvests energy from the signals intended to the other users.
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Fig. 5. Comparison of the base station’s sum power allocatedto power
the users and achieve their downlink rate for the two scenarios: each user
harvests only from the subcarriers used for its communication and when each
user harvests also from the interference. The system parameters: the uplink
channels’ SNR10 dB, ̺th

BS,k
= 50bit/s/Hz, and̺th

k,BS
= 50bit/s/Hz.

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 of
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 interference
at each user, which leads to increasing the amount of the
harvested power, decreases the total required power at the BS
to serve the users. However, this substantial gain comes at the
expense of the knowledge of all the channel gains between the
BS and the users. Fortunately, the different channels gainsare
already known since it is required in the subcarriers allocation
process.

V. CONCLUSION

This paper investigates the optimal power allocation for a
multiuser multicarrier communication system composed of a
base station and a set of mobile users. We derive the optimal
power allocation needed by the base station to communicate
data in the downlink as well as to power users with enough
harvesting power to enable its uplink communications, where
users are assumed to have RF energy harvesting capability
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

gain takes advantage of the variability of channels’ gains,the
splitting ratios, and the consideration of the interference.
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