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Abstract—Wireless transfer of energy will help realize peren-
nially operating sensors, where dedicated transmitters replenish
the residual node battery level through directed radio frequency
(RF) waves. However, as this radiative transfer is in-band, it
directly impacts data communication in the network, requiring
a fresh perspective on medium access control (MAC) protocol
design for appropriately sharing the channel for these two critical
functions. Through an experimental study, we first demonstrate
how the placement, the chosen frequency, and number of the
RF energy transmitters affect the sensor charging time. These
studies are then used to design a MAC protocol called RF-
MAC that optimizes energy delivery to desirous sensor nodes on
request. To the best of our knowledge, this is the first distributed
MAC protocol for RF energy harvesting sensors, and through
a combination of experimentation and simulation studies, we
demonstrate 112% average network throughput improvement
over the modified unslotted CSMA MAC protocol.

Index Terms—RF harvesting, Optimization, Medium Access
Protocol, Sensor,Wireless power transfer, 915 MHz.

I. INTRODUCTION

Wireless energy transfer will allow deployed sensors to
recharge during network operation, thereby extending their
lifetimes and minimizing application downtime. Our recent
research on powering Mica2 sensor motes by harvesting the
energy contained in radio frequency (RF) electromagnetic
waves in [1] indicated the potential for large scale deploy-
ment of this technology. However, at the protocol level, this
form of in-band energy replenishment is fraught with several
challenges on (i) how and when should the energy transfer
occur, (ii) its priority over, and the resulting impact on, the
data communication, (iii) the challenges in aggregating the
charging action of multiple transmitters, and (iv) impact of the
choice of frequency. Thus, the act of energy transfer becomes
a complex medium access problem, which must embrace a
cross-disciplinary approach incorporating wave propagation
effects and device characteristics, apart from the classical link
layer problem of achieving fairness in accessing the channel.
This paper is concerned with a design of a CSMA/CA based
MAC protocol for such RF energy harvesting sensors, inspired
by experimental evaluations on our testbed.

An example network architecture, with stationary, omni-
directional energy transmitters (ETs) x, y, and z, is shown
in Figure 1(a). The sensor S1 can be charged either through
a unilateral action of any of the ETs, or through a coordinated
transmission of multiple ETs. Interestingly, the joint action can

Charging range 

Interference range 

x 
y z 

 

 

 

S1 

S2 

(a)

Frequency (Hz) 

R
e

ce
iv

e
d

 p
o

w
e

r 
(d

B
m

) 
 

f1 f2 

f 

frequency 

response, H(f) 

Power spectral 

density, S1(f) 

Crossover point,  

Power spectral 

density, S2(f) 

    
(b)

Fig. 1. Network architecture with energy transmitters (x, y, z) and harvesting
sensors (S1,S2) (a) Two-tone wireless energy transfer (b)

only be beneficial if the arriving waves at sensor S1 are aligned
in phase. Hence, ETs x and z may together transmit, both
being at a multiple of the signal wavelength λ away (which
translates in a phase difference that results in ‘constructive’
interference). While the sensor can also be charged by ET y,
combining the action of y with either of the others diminishes
the performance (owing to y causing ‘destructive’ interference
with respect to x and z).

Our MAC protocol that works with RF energy harvesting,
called as RF-MAC, ensures optimal energy delivery to the
requesting node. In RF-MAC, a node broadcasts its request for
energy (RFE) packet containing its ID, and then waits to hear
for the ETs in the neighborhood. These responses from ETs are
called cleared for energy (CFE) pulses, which are simple, time-
separated energy beacons. These pulses may be transmitted
by more than one ET concurrently, as overlapping CFEs
need not be distinguished. Rather, the concurrent emission of
the CFEs increases the received energy level at the sensor,
and this indicates a higher number of potential transmitters
from the energy requesting sensor. The responding ETs are
then classified into two sets, based on rough estimates of
their separation distance from the energy requesting node
to minimize the impact of destructive interference as much
as possible. Each set of ETs is assigned a slightly different
peak transmission frequency (separated by only few KHz,
hence still called in-band as the channel separation is typically
5 MHz for 802.11) so that each set contributes constructively
to the level of RF energy received at the node. The core
contributions of our work can be summarized as follows:
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• We experimentally identify the operating constraints of
the RF energy transferring MAC protocol using actual
wireless energy harvesting circuits interfaced with Mica2
motes. We demonstrate how two slightly separated energy
transfer frequencies can be assigned to ETs to improve
the constructive interference of their collective action.

• We formulate the optimality conditions for the energy
transfer, and create a strongly coupled protocol that
operates on link layer metrics with the awareness of both
the underlying hardware and fundamental limits of RF
energy harvesting.

The rest of this paper is organized as follows: In Section II,
we give the related work. Section III describes preliminary
experiments used to motivate and design the RF-MAC protocol
detailed in Section IV. The simulation results are presented in
Section V. Finally, Section VI concludes our work.

II. RELATED WORK

MAC protocols that aim for energy conservation have been
extensively explored in the recent past, with a comprehensive
classification and survey on this topic presented in [3]. Specific
to the scenario of RF energy transfer, the protocol proposed in
[4], and its subsequent analytical model in [5], adopts a duty-
cycle based on the proportion of harvested energy. However,
this protocol requires a strict centralized base station control
and relies on out-of-band RF power transfer, which does not
result in the added complexity we observe in our in-band case.
In [6], the authors evaluate conventional MAC protocols, such
as the classical TDMA and variants of ALOHA under a packet
deliverability metric, assuming again out-of-band RF transfer.
A CSMA-based MAC protocol with ARQ error control mech-
anism is modeled in [10] leveraging stochastic semi-markov
models. In [7], the authors present multiple concepts for multi-
hop wireless energy transfer (such as store and forward vs.
directly single hop transfer) and derive the efficiency of each
method using inductive coupling first demonstrated in [8].
However, this non-radiative transfer is shown to work up to
2 m and requires perfectly aligned coils of 25 cm radius among
the source and receiver nodes, not feasible in a randomly
deployed network. RFID technology comes closest to the
energy transferring paradigm, where a tag operates using the
incident RF power emitted by the transmitter [9]. However,
there are limitations in directly porting these approaches to
networking scenarios since RFID is unable to generate enough
energy to run the local processing tasks on the node, such
as powering the Atmel ATmega128L micro-controller on the
Mica2 mote [11].

III. PRELIMINARY EXPERIMENTS

In our experiments to characterize the constructive and
destructive effect of the ETs, we placed two such 0 dBm con-
tinuous wave transmitters 2.5 m away from the receiver. Two
Agilent N5181 MXG RF signal generators, each connected to
a 50 Ω omnidirectional antenna tuned to the 915 MHz ISM
band, were used to generate the signal. We fixed the phase of
one signal generator and varied the phase of another signal

generator, while keeping the their locations fixed (note that
keeping the transmission phase fixed and varying their distance
as a function of the signal wavelength will have the same effect
on the received signal phase). The fall in the signal strength
was dramatic when the ETs operated in phase opposition
(−54 dBm) compared to in-phase operation (−36 dBm).

The bandwidth of the RF energy harvesting circuit con-
nected to the sensor determines the maximum frequency
separation of the continuous wave ETs, refer to Figure 1(b).
If the bandwidth of this circuit is narrow, or the spread of the
transmitted spectrum too large, there may not be enough room
to completely separate the spectrum of the two transmitters
by assigning them slightly varying center-frequencies. Hence,
there may be an overlap in the two out-of-phase energy trans-
mitters with a resulting destructive combination. Moreover,
the bandwidth of the energy transmitter also has an effect
on maximum energy transfer. It is preferable to have signal
power contained in a narrow bandwidth, say within 99% of
the occupied bandwidth. This relaxes the constraint of having
a complete separation of out-of-phase signal bandwidth for
different ETs.

Having established the need for separating out-of-phase
ETs, we next direct our attention on how much of the phase
mismatch is actually harmful. If the ETs are not completely
π radians separated in phase, then some of them may even be
allowed to transmit together. The resultant increase in the raw
emitted power in these cases compensates for the loss owing
to the slight mismatch. The phase difference ∆φ between two
energy transmitters is varied from [0, π] radians in order to
study its effect on the received signal power at 915 MHz. A
phase difference of 0 or 2π for the received signal (the emitted
signals being in-phase) corresponds to a linear distance of one
wavelength between the two transmitters. Thus, depending
upon the actual distance L between the ET x and receiver
node, we represent φx = L

λ · 2π. Here, λ is the wavelength
of the transmitted radiation. We observe that for small phase
difference, i.e., for ∆φ ≤ π

2 , the resultant signal strength is not
significantly lowered (i.e., the fall is only about 1 − 2 dBm).
Hence, we group together all those ETs that are separated
by ∆φ ≤ π

2 under one category (and center its transmissions
at frequency f1, say). Similarly, ETs that are separated by
π
2 ≤ ∆φ ≤ π fall in the second category (and use frequency
f2 as the center transmission). We call this method as the
two-tone energy transfer.

In Figure 1(b), using the discussion above on the relation-
ship between the phase and distance, all ETs separated by a
multiple of the wavelength from each other, i.e., L = mλ,
m = 1, 2, ... transmit on f1, while the others separated
by L = (m + 1/2)λ transmit on frequency f2. As there
are two active transmission tones present concurrently during
transmission, each of these are separated in the frequency
domain, one on each side of the center response point of
the harvesting circuit. Both these tones must be completely
encompassed by the response of the harvesting circuit at
the receiver side. Clearly, the EH circuit with a wide and
flat frequency response accommodates better separation of

307



3

(m+1/2)   

 m   

ET1 

ET2 

ET3 

ET4 

ET5 

ET6 

ET7 

ET8 

ET9 

 Decision boundary 

(a)

2 1 

Charging period 

S1 

ET 1 

ET 2 

ET 3 

ET 4 

ET 5 

ET 9 

m    

(m+1/2)    

   RFE  ACK 

Slot  number 
Energy pulses 

Ring slot time 

(b)

Fig. 2. Energy transmitter selection (a) Timing diagram for RF-MAC (b)

transmitting frequencies. Our detailed investigations on the
design of such a RF energy harvesting circuit are described
in [1], where we design the circuit to deliver the highest
power at the tuned frequency of 900 MHz. However, the
output power begins to drop if there is any deviation from
the tuned frequency, depending upon component selection and
normal wear and tear of continuous operation. We measured
the reduction in circuit efficiency within a frequency span of
10 MHz on either side of 900 MHz and observed that the
reduction is approximately 0.38%. As opposed to this, the
99% occupied bandwidth of the Powercaster transmitter is
relatively small, approximately 63 kHz, thereby allowing us
to accommodate the entire transmission spectrum of the ET
within the frequency response curve of the EH circuit.

IV. RF-MAC PROTOCOL DESCRIPTION

Recall that energy contained within a capacitor of value C
and the voltage across its terminals are related as Eres =
1
2CV

2. When the voltage falls below a pre-set threshold
(∼ 2.3v, as minimum operating voltage of the Mica2 is 1.8v),
the node sends out the RFE packet, requesting for energy. The
RFE contains only the requesting sensor node’s ID, transmitted
at a constant signal strength. This RFE can only be sent
when the channel is free, i.e., when there is no ongoing data
transfer or energy charging operation and the channel lies
idle for the DIFS duration. The ETs that receive this packet
estimate roughly their distances from the node, based upon
the received signal strength (RSS). Recall from Section III,
the distance between the ET and the sensor node directly
results in a phase difference for the incoming wireless signals
at the node. The ETs that identify themselves to lie in the band
[mλ− λ

4 ,mλ+ λ
4 ], are grouped together, where m = {1, 2, ...}.

We call this as Group I. Similarly, the other ETs in the
range [(m + 1/2)λ − λ

4 , (m + 1/2)λ + λ
4 ] fall in the second

group, called Group II. Thus, on receiving the RFE, each
ET knows which concentric band it lies in centered around the
requesting node, and the group in which it belongs. Figure 2(a)
shows a sample scenario. The shaded region depicts the ETs
4 and 5 that lie in the band of λ, i.e., in Group I. This
region extends up to λ

4 on either side of the central bold line

that lies at an exact distance of λ with the requesting node
placed at the center. Since we do not precisely require the ET
to calculate the distance from the requesting node, but only
need to determine if it lies within a concentric band-region, our
approach is more robust to RSS fluctuations. Of course, using
a dedicated localization scheme or GPS hardware considerably
eases this constraint, though adding to the implementation cost
and power requirement.

1) Grouping of the responding ETs: The ETs that hear the
RFE reply back with a single, constant energy pulse. Each
concentric band has the choice of one of two time slots in
which this pulse may be emitted, beginning from the instant
of completion of the RFE, as shown in Figure 2(b). Referring
again to the band structure in Figure 2(a), the first slot is
allocated for CFE pulses sent by energy transmitter of Group
I (note: all Group I bands are shown shaded). Similarly,
CFE pulses from energy transmitters of Group II are sent
during the second slot, i.e. ETs 1, 2 and 3 collectively lie in
the second concentric (Group II). band and simultaneously
transmit their pulses in the second slot. The node that sent the
initial RFE estimates the total energy that it will receive based
on the signal strength of the CFE pulses in the slot number
in which they were received. This arrangement of using the
pulses allows the ETs to be simple in design, and removes the
concern of collisions in the reply packet. Unlike classical data
communication, it is not important for the node to know which
ET will transmit energy. Rather, its energy calculations are
based on how much energy is contributed by the two groups of
ETs separately. We define this cumulative energy as EGroup IRX

and EGroup IIRX , respectively, which are calculated by the RFE
issuing node from the received pulses. Each slot time is 10µs
in our work, allowing a very fast response time.

The purpose of differentiating the energy contribution from
the two groups is useful in the next stage, where an optimiza-
tion function returns the center frequencies of the ETs. Let
Group I ETs be centered at frequency f1, and Group II
ETs be centered at frequency f2 so that they can concurrently
transfer energy without destructively affecting each other.
Also, a desirable goal is to have minimum separation f2− f2,
as the spectrum is most efficiently utilized. This also leaves
open the possibility of future advancements using more than
two concurrent frequencies. How to select these frequencies
f1 and f2 is explained next, which takes into account two
important physical layer characteristics of the energy transfer.
The first is the spectrum response of the energy harvesting
circuit that is connected to the sensor nodes, shown by the
envelope H(f) in the frequency domain in Figure 1(b). The
power spectral density (PSD) of the two groups of ETs is the
other concern, represented by S1(f) and S2(f), respectively,
for Group I and Group II. These shapes are observed by
the sensor node from the incoming pulses from the ETs. Thus,
the bandwidth 2ε of the transmission spectrum (centered at f1
and f2) must be selected in such a way their is minimum
overlap between their individual spectra, and yet contained
within the envelope of H(f) to affect the maximum level of
power transfer. We use the following optimization assuming
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the transmission spectrum of the ETs occupies a bandwidth of
2ε.

2) Optimization function for frequency assignment: The
aim of the optimization formulation is to maximize the energy
transfer EMax

RX = EGroup IRX + EGroup IIRX to the requesting
sensor node. The energy transferred by the RF signal at a
given frequency point is the product of the power spectral
density and the circuit frequency response, i.e., S1/2(f)H(f).
Thus, the useful components that need to be maximized are
the first two terms of (2), which give the constructive energy
contribution of the ETs of the two groups.

Given : S1(f), S2(f), and H(f)

To find : f1, f2 (1)
To Maximize :

EMax
RX =

∫ f1+ε

f1−ε
S1(f)H(f)df +

∫ f2+ε

f2−ε
S2(f)H(f)df

− (

∫ γ

f2−ε
S2(f)H(f) df +

∫ f1+ε

γ

S1(f)H(f) df)︸ ︷︷ ︸
destructive interference

(2)

Subject to :

d(S1(f)H(f))

df

∣∣∣
f=γ

< 0 (3)

d(S2(f)H(f))

df

∣∣∣
f=γ

> 0 (4)

The two constraints of the above optimization ensure that
the spectrum shapes of the Group I and Group II ETs
does not overlap completely. We assign f1 to the left of f2
on the frequency scale (see Figure 1(b)). At the point of the
intersection of the PSD curves S1(f) and S2(f), which we call
the cross-over point γ, the slope of the curves must be positive
and negative, respectively. This is calculated by differentiating
the respective PSD plots at γ, to ensure that one of them
increases (positive slope) while the other falls (negative slope).

A problem is said to have an optimal substructure if an
optimal solution can be constructed efficiently from optimal
solutions to its sub-problems. We claim that our proposed
optimization also exhibits the optimal substructure property.

With the resulting dual-frequency wireless energy transfer,
both groups of ETs can be simultaneously active. The final part
of this stage involves letting the ETs know that they are cleared
for energy transmission through an Acknowledgement (ACK)
packet. This packet provides the ETs the center point for the
frequencies f1 and f2, according to the optimization results.
The ETs know which group they belong to internally, based
on the RSS-based band structure shown in Figure 2(a). After a
short SIFS wait period following the ACK, the ETs begin their
transmission. In case of loss of the RFE due to packet collision
or bad channel conditions, the contention windows are re-
set to the minimum width, thereby initiating an immediate
subsequent retry.

V. SIMULATION RESULTS

In this section, we thoroughly evaluate our proposed MAC
protocol using the ns-2 simulator. We observe the behavior

of RF-MAC protocol with respect to the number of energy
transmitters and the numbers of nodes. The simulation pa-
rameters are set as follows: The EH circuit parameters are
from [1]. We model the ETs on the Powercaster transmitter
[2], which radiates continuous waves at 3 W. The operational
characteristics of the sensor, such as energy spent in trans-
mission, reception, idle listening, channel bandwidth, etc. are
from MICA2 specifications [11]. Additional parameters used
in the simulation are present in Table I. Unless specifically
stated, 250 sensor nodes and 100 ETs are deployed uniformly
at random in 50 x 50 m2 grid. The default packet size is 50
Bytes and the sender/receiver pairs are chosen randomly from
the set based on the random number generator in ns-2.

We compare the proposed RF-MAC with the modified
unslotted CSMA. RF-MAC has the frequency optimization and
ET selection features by assigning different frequencies to the
two groups of ETs. The unslotted CSMA modified from the
description in [3] provides the base case and reference protocol
for comparison. Here, each sensor node may issue the RFEs
and receive the CFEs. However, there is no attempt to assign
optimal frequency to the ETs.

A. Impact of the number of ETs

In this sub-section, we investigate the effect of the number
of ETs on the average harvested energy and average network
throughput for different MAC protocols. Figure 3 shows the
effect of the ET density on the average harvested energy of RF-
MAC. The ET density, defined as the average number of ETs
located within node’s radio range, is varied from 1 to 12. It is
clear that RF-MAC delivers monotonically increasing average
harvested energy with increasing the number of ET density.
The benefit of the frequency optimization greatly improves the
performance as it maximizes the energy transfer by separating
the two transmission spectrum and ensuring the highest level
of energy delivery. Without this optimization, ETs enter the
charging process and do not take into account the possibility
of destructive interference, resulting in sub-optimal energy
transfer.

The average network throughput is shown in Figure 4 and
the pattern resembles to that of the average harvested energy
plot. RF-MAC yield higher average network throughput as
ET density increases. Both the average harvested energy and
average network throughput of unslotted CSMA are lower.
This is because the unslotted CSMA does not have the fre-
quency optimization feature offered by the RF-MAC protocol.
In this case, RF-MAC yields over 89% and 112% more than
the unslotted CSMA in terms of the average harvested energy
and average network throughput, respectively.

B. Impact of the number of sensor nodes

We investigate how RF-MAC protocol behaves when the
number of sensor nodes in the topology changes. We randomly
deploy various numbers of sensor nodes in the topology,
ranging from 60 to 240. The average harvested energy is
shown in Figure 5, wherein the performance of RF-MAC
smoothly tends to stabilize and unslotted CSMA has a rather
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Fig. 3. Effect of the number of ETs on average harvested energy
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Fig. 4. Effect of the number of ETs on average network throughput

constant average harvested energy with fluctuation around the
mean trend. Again, RF-MAC offers higher average harvested
energy when compared to modified CSMA scheme. Figure
6 depicts the average network throughput of RF-MAC with
different numbers of sensor nodes. Similar to the earlier case,
the unslotted CSMA performs lower than RF-MAC in terms
of average network throughput.

VI. CONCLUSIONS

The RF-MAC protocol defines new metrics and methods
for selection of RF energy transmitters or ETs, that ensures
high lifetime of the sensor nodes. The grouping of the ETs
into two sets with varying transmission frequencies, and the
minimal control overhead are both geared to keep the hardware
requirements simple, and the protocol easy to implement.
Simulation results reveal that RF-MAC largely outperforms
the unslotted CSMA in both average harvested energy and
average network throughput. The features incorporated in RF-
MAC efficiently optimize the energy delivery.
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