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Abstract
This work describes and proposes a new triple-band (GSM
900, DCS 1800, WiFi), highly efficient metamaterial har-
vester that is capable to operate in wide angles of plane
wave incidence. The energy harvesting structure consists of
a conventional metamaterial electric resonator, which em-
ploys a via that channels all the absorbed RF power to a
resistive load. The latter represents the input impendance
of a RF-to-DC rectifier. The metamaterial harvester is an-
alyzed in terms of absorbance, power efficiency and power
losses mechanism for normal as well as for wide angle inci-
dence. The assets of the proposed model, could be proven
to be potentially instructive for various electromagnetic RF
energy harvesting configurations.

1. Introduction
Metamaterials certainly represent one of the most recent

research achievements in the field of unconventional materials
and complex media. They are expected to have an impact across
the entire range of technologies where electromagnetic radia-
tion is used. One very common definition considers metama-
terials as artificially engineered, subwavelength structures that
exhibit unique electromagnetic properties not readily observed
in nature at the frequencies of interest and, thus, allow going
beyond some of the limitations encountered when using natural
materials in microwave and optical components [1]. Actually,
these unusual, exotic features have inspired several applications
in various engineering fields, like antennas, substrates, cloak-
ing, and shielding, to name only a few [2, 3].

Although initial interest in metamaterials arose due to their
unique electromagnetic effects they have been proven to be ex-
cellent candidates for electromagnetic wave absorbers. A par-
ticular branch of metamaterial absorbers – the metamaterial per-
fect absorber (MPA) – has become the main focus due to its
ability to offer near unity absorption of electromagnetic waves.
In fact, although the first experimental results on metamaterial
perfect absorbers were in the microwave frequency realm [4]
work quickly followed in the THz and even visible frequencies
[5, 6]. A typical MPA’s unit cell consists of an imprinted metal-
lic resonating structure on the front side of a dielectric spacer
backed by a ground plane. In theory, in order to maximize the
absorption rate, we can minimize the reflection and transmis-
sion simultaneously at the same frequency range. The reflection
can be minimized by tuning the metamaterial impedance equal
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Figure 1. The unit cell schematic of the proposed metamaterial
harvester: it is a conventional electric resonator with a resistor
loaded in a specific position. Plane wave impinges with θ angle
of incidence, while electric component always perpendicular to
the zy-plane

Table 1. The meta-harvester unit cell dimensions (mm)

a c d e g s w t
33.31 15 3.5 13.5 0.5 0.5 3 9.9

to one, and hence, becomes matched to the free space.
A critical difference between a typical metamaterial ab-

sorber (meta-absorber) and a metamaterial harvester (meta-
harvester) is that while in the first case the captured power
mainly dissipates in the dielectric substrate and the metallic
parts, in the second case, the captured power is mainly de-
livered to a properly placed load, which represents the input
impedance of a rectification circuit [7–10]. A typical structure
of meta-harvesters can outperform a conventional rectification
system [11,12], which consists of an antenna and a rectifier (i.e.
rectenna), to the following: in general, metamaterials are pe-
riodic structures, and a typical metamaterial’s unit-cell size is
λ/10. Hence, a meta-harvester could be used on grids (similar
to photovoltaic panels) and consequently capture more energy
and at the same time operate at low frequency bands (e.g. FM
radio, digital TV), and carry more power.

The purpose of this paper is to present the design of a
new, triple-band (GSM 900, DCS 1800, WiFi), highly-efficient,
wide-angle meta-harvester. The design is based on an array of

320



0.5 0.9 1.35 1.8 2.45 3
0

0.25

0.5

0.75

1

Frequency (GHz)

M
ag

ni
tu

de

 

 

Absorbance
Reflectance
Transmission

10
−5

10
−4

10
−3

10
−2

Figure 2. Simulated absorbance and reflectance for normal in-
cidence are plotted from zero to one on the left axis, while trans-
mission is plotted from 10−5 to 10−2 on the right axis. Perfect
Absorbance (100%) occurs at 0.9 and 2.2 GHz, while is well
above 80% at 1.8 and 2.45 GHz

square type ELC (Electric-Inductive-Capacitive) resonators that
are capable of high absorption. By incorporating a resistive load
in the structure and after a proper design, the meta-absorber is
converted to a meta-harvester and almost all the absorbed power
is driven to the load. A full length electromagnetic analysis,
through simulation results, is carried out unveiling the wide-
angle character of the structure as well as it’s highly absorptive
feature.

2. Metamaterial Harvester
The absorbing properties of a meta-harvester depend on the

electromagnetic characteristics of the dielectric substrate along
with the metallization geometry of the unit-cell and the load
(location and resistance). In order to minimize the losses at
dielectric, foam with a relative permittivity εr = 1.04, loss tan-
gent tan δ = 0.001 and thickness t = 9.9 mm is chosen as the
substrate for the proposed structure, which is presented in Fig.
1. All the metallic parts are made of copper with thickness 35
µm, which introduces metallic losses. A conventional ELC res-
onator [13] is imprinted on the front face of the dielectric spacer
whereas the bottom layer is a full copper plane that minimizes
the transmission through the slab. The unit-cell dimension and
periodicity is around λ/10, where λ is the wavenumber at 0.9
GHz. The resonance frequency can be altered by tuning the
gaps and other geometric features of the resonator, depending
on the desired operation frequency spectrum.

The main difference between the proposed design and a
conventional electric resonator is a carefully placed via that con-
nects a resistive load between the top and bottom conductive
layers. Through this via, the induced electric surface currents
are driven to a 50 Ω resistive load, which can be accounted
for an input impedance of a typical rectification RF-to-DC sys-
tem [11, 12].

An array of infinite unit cells is formed by applying pe-
riodic boundary conditions along the x- and y-axis, while at
z-axis Floquet boundary conditions were applied. The chosen
transmitted mode corresponds to a plane wave with the elec-
tric component perpendicular to zy-plane. All simulations are
carried out using the the electromagnetic full-wave simulator
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Figure 3. Simulated power efficiency at load (left axis). Over
94% and 98% of the incident power is delivered to the load
at 0.9 and 2.2 GHz, respectively, while for 1.8 and 2.45 GHz
the load captures 81% and 87% of the incident power. It is
also plotted (right axis) the power efficiency on dielectric and
metallic parts: it is observed that the absorbed power is mainly
dissipated to the load

ANSYSr HFSSTM. In order to design the meta-harvester unit-
cell, an optimization procedure was applied. The goal was the
maximization of the unit cell absorbance,

A(ω) = 1− |S11|2 − |S21|2 (1)

where, S11 and S21 is the reflectance and transmission coeffi-
cient, respectively, and simultaneously, the maximization of the
unit-cell power efficiency at load,

η =
PL

Pinc
(2)

where, PL is the delivered to the load power and Pinc is the
incident to the meta-harvester power. Similarly, is defined the
power efficiency at dielectric substrate and metals as the ratio

Figure 4. Surface current distributions on the front side of the
triple-band meta-harvester at the three resonating frequencies
0.9 GHz (top, left), 1.8 GHz (top, right) and 2.45 GHz (bottom,
center).
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Figure 5. The simulated absorbance of the proposed meta-
harvester for obliquely incident plane wave at 0.9, 1.8 and 2.45
GHz. It is observed that, meta-harvester absorbs power with
high efficiency for a wide-angle variation at all frequency cases
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Figure 6. The simulated meta-harvester power efficiency at
load for obliquely incident plane wave at 0.9, 1.8 and 2.45
GHz. It is observed that meta-harvester delivers power to the
load with high efficiency for a wide-angle variation at all cases

Pdlc/Pinc and Pmtl/Pinc, respectively, where Pdlc and Pmtl

are the dissipated power on dielectric and metallic parts, respec-
tively. The degrees of freedom were the dimensions (Fig. 1) c,
d, e, g, s, and w, while a and load resistance was fixed at λ/10
and 50 Ω, respectively. After simulation, the obtained metama-
terial unit cell dimensions are tabulated in Table 1.

Simulated results for absorbance and reflectance at the case
of normal incidence are plotted from zero to one on the left axis,
while transmission is plotted from 10−5 to 10−2 on the right
axis in Fig. 2. The first and the second perfect absorption peak
of 100% occurs at the frequency of 0.9 and 2.2 GHz, respec-
tively, while the reflectance is minimized at the same frequency.
More specific, the high absorptive region remains above 80%
for 0.8876−0.9234 GHz and for 1.7915−2.5129 GHz. Hence,
the meta-harvester could capture RF energy from GSM 900,
DCS 1800 and WiFi frequency bands.

The simulated power efficiency at is depicted in Fig. 3 (left
axis). Over 94% and 98% of the incident power is delivered to
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Figure 7. The simulated power efficiency on dielectric parts for
obliquely incident plane wave at 0.9, 1.8 and 2.45 GHz. It is
observed that, the dielectric losses is constantly below 1.5% of
the incident power
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Figure 8. The simulated power efficiency on metallic parts for
obliquely incident plane wave at 0.9, 1.8 and 2.45 GHz. It is
observed that, the metallic losses is constantly below 2.5% of
the incident power

the load at 0.9 and 2.2 GHz, respectively, while for 1.8 and 2.45
GHz the load captures 81% and 87%, of the incident power,
respectively, enhancing the characterization of our structure as
an efficient meta-harvester. On the other hand, power efficiency
on dielectric and metallic parts remains constantly bellow 2.5%
(Fig. 3, right axis).

The absorption mechanism is an issue of careful investiga-
tion, since it offers a valuable physical insight to the problem
under analysis. In a typical meta-absorber, there are two pos-
sible loss mechanisms that are generally accepted in the liter-
ature; dielectric losses arising from the imaginary part of the
substrate’s dielectric constant and metallic losses due to the im-
perfect conductivity of the metallic parts of the structure. In
order to have high absorption, dielectric with high losses is de-
sired. On the other hand, on a meta-harvester, dielectric and
metallic losses should be minimized, while power delivered to
the load should be maximized. In this case (Fig. 3), it is obvious
that the power distribution within the unit cell in high absorp-
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tion is significantly affected by the implanted via that drives the
power towards the load.

Additionally, in order to enhance the aforementioned ob-
servations and gain an insight into the physical resonant behav-
ior mechanism of the device, the surface current distributions
at the three resonant frequencies are illustrated in Fig. 4. Ev-
idently, the current flows towards the via in all the three cases
of resonance. At 0.9 GHz, the current is flowing through the
middle metallic part while in the other two resonant frequen-
cies 1.8 GHz and 2.45 GHz, the peripheral flow of the current
is apparent. The surface current on the two rings generates anti-
circulating currents that merge at the bottom of the cell where
the via is strategically placed to allow the maximum current
flow to the load.

Next, an elaborated analysis is also conducted on the wide
angle performance of the proposed structure, proving its effi-
cient operation for the various scenarios of oblique incidence.
By retaining the electric field component perpendicular to the
zy-plane we modify the angle θ, between the wavevector k and
the z-axis, where 0◦ ≤ θ ≤ 80◦. It is noted that the geometry
is symmetrical at zx-plane. The simulated results at 0.9, 1.8
and 2.45 GHz are depicted in Fig. 5. The first observation con-
cerns the absorption for the first resonant frequency of 0.9 GHz.
The meta-harvester perfectly captures RF power from −10◦ to
+10◦. The absorbance is constantly over 80% from −25◦ to
+25◦, while at 30◦ there is a critical drop. At 1.8 GHz, the
absorption deteriorates beyond 65% for |θ| ≥ 10◦. Finally, at
2.45 GHz the absorbance remains above 40% for a variation of
−60◦ ≤ θ ≤ 60◦, a very good result for a wide angle absorber
at WiFi frequency band.

Fig. 6 depicts the meta-harvester simulated power effi-
ciency at load for obliquely incident plane wave at 0.9, 1.8 and
2.45 GHz. Results are similar with Fig. 5: at all cases, the
proposed meta-harvester delivers power to the load with high
efficiency for a wide-angle variation. Especially at 2.45 GHz
power efficiency remains constantly over 40% for−60◦ ≤ θ ≤
60◦.

Finally, Fig. 7 and 8 depict the simulated power effi-
ciency on dielectric substrate and metallic parts, respectively,
for obliquely incident plane wave at the three resonance fre-
quencies. It is observed than the dielectric and metallic losses is
constantly below 1.5% and 2.5% of the incident power, respec-
tively. Consequently, it is evident that for the power absorption
the load plays the major part.

3. Conclusion
In this paper, the design and simulation of a novel opti-

mized meta-harvester with the ability to achieve high efficiency,
triple-band absorption and drive almost all the absorbed power
to a resistive load has been demonstrated. A thorough investiga-
tion has been performed and presented to better understand the
physical mechanism of the power distribution for normal and
oblique incidence. The promising absorbing and power har-
vesting performance of the proposed design renders the struc-
ture appropriate not only on RF power harvesting systems but
also on wireless power transfer systems.
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