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Electromagnetic energy harvesting, i.e., capturing energy from ambient microwave signals, may
become an essential part in extending the battery lifetime of wearable devices. Here, we present a
design of a microwave energy harvester based on a cut-wire metasurface with an integrated PN
junction diode. The cut wire with a quasistatic electric-dipole moment is designed to have a reso-
nance at 6.75 GHz, leading to a substantial cross-section for absorption. The external microwaves
create a unidirectional current through the rectifying action of the integrated diode. Using an
electrical-circuit model, we design the operating frequency and the resistive load of the cut wire.
Subsequently, by optimizing our design using full-wave numerical simulations, we obtain an
energy harvesting efficiency of 50% for incident power densities in agreement with the typical
power density of WiFi signals. Finally, we study the effect of connecting adjacent unit cells of the
metasurface in parallel by a thin highly inductive wire and we demonstrate that this allows for the
collection of current from all individual cells, while the microwave resonance of the unit cell is not
significantly altered, thus solving the wiring problem that arises in many nonlinear metamaterials.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4976804]

Energy harvesting is the emerging field of research
focused on the recovering of ambient energy that is otherwise
lost to the environment, e.g., vibrational energy, thermal
energy, solar energy, and even the microwave energy typi-
cally used in wireless communication systems. Vibrational
energy is harvested using electromechanical systems. These
systems are essentially made of two parts: a mechanical part
that collects and enhances the ambient vibrations and an elec-
trical part that converts the vibrations into electrical energy
via a transducer.'~” Thermoelectric generators are used to har-
vest thermal energy. Such a component consists of a closed
loop formed by two different metals joined in two places,
where a temperature gradient between the junctions creates a
voltage difference across the metals.*° The most popular form
of energy harvesting is the collection of sunlight energy and
its conversion into electrical energy using solar cells.'®!!
Microwave electromagnetic energy, finally, is the ambient
energy source that has grown substantially in the last decade,
as a result of the inherent inefficiency of electromagnetic
energy transfer in wireless communication broadcasting sys-
tems. While this energy is normally lost, it could be used
instead to power small electronic devices such as wearables.

A first successful attempt towards the conversion of
microwave electromagnetic energy to DC electrical power
was made using a single rectenna harvester.'>”'> More
recently, metamaterials'® % and metasurfaces® >° were pro-
posed for this purpose.’*™? Indeed, metamaterials can be
designed to resonate at particular frequencies depending on
their shape, geometry, size, and orientation, and they provide
a powerful platform for electromagnetic wave manipulation.
Typically, metamaterials can have a higher density of interact-
ing units than an array of microstrip patch antennas, allowing
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for higher energy conversion efficiencies.®” Furthermore, by
designing a metamaterial energy harvester resonating at tera-
hertz frequencies, it is even possible to harvest solar
energy,”>* resulting in hybrid solar and electromagnetic
energy harvesters.'* Ramahi er al. were the first to study elec-
tromagnetic energy harvesting with metamaterials.*® They
designed a metamaterial energy harvester made from split-
ring resonators (SRRs), operating at 5.8 GHz. A resistance
was inserted within the gap, thereby directly channeling the
RF energy to power a resistive load. To increase the efficiency
of this device even further, a stacked array of the same unit
cell was developed by Almoneef and Ramahi in Ref. 35 and a
ground plane was added in Ref. 36.

To increase the practical usability of these energy har-
vesters, the microwave energy needs to be converted into
DC current. This was first achieved experimentally by
Hawkes et al.>’ by integrating a Greinacher circuit as a recti-
fier within a split-ring resonator. This electrical circuit has
two Schottky diodes in parallel that double the output voltage,
allowing for 36.8% of the incident power to be converted to
DC power for a 5 x 1 array. A key technical challenge remains
how to integrate a rectifier element inside the metamaterial
harvester without substantially degrading its efficiency. For
this purpose, Duan et al.*® used the technique of tunable meta-
material absorbers, consisting of an electric inductive-capaci-
tive (ELC) metamaterial, a dielectric substrate, and a ground
plane, and integrated a Schottky diode into the metamaterial
unit cell that acts as a rectifier. Despite these efforts, the effi-
cient recovery of microwave energy sources remains a chal-
lenge and the development of suitable microwave energy
harvesters has become an increasingly important question, par-
ticularly at realistic incident microwave power levels.

Published by AIP Publishing.
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In this Letter, we propose a purely planar metasurface
energy harvester based on a cut-wire metamaterial unit cell
with a PN junction diode embedded in each unit cell, as
shown in Fig. 1. There is no DC bias voltage applied to the
PN junction, so a biasing circuit is not required, and we con-
sider a realistic amplitude of the input signal corresponding
to the field intensities typically observed for WiFi signals.

To understand how this metasurface allows for efficient
energy harvesting, it can be instructive to think about the
interaction of a simple diode without the surrounding resona-
tor. When an electromagnetic wave with an amplitude of
approximately 20V/m illuminates such a free-standing
diode, the voltage drop over the contacts of the diode is
much too small (<100 mv) to overcome the threshold volt-
age of the diode. As a result, barely any current will flow
through the element. However, the situation changes signifi-
cantly by adding a resonator, allowing for large electric field
enhancement and larger voltage differences across the diode.
Metasurface cut-wire elements are ideal candidates for this
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FIG. 1. (a) The metasurface energy harvester composed of cut-wire cells
with an integrated diode. (b) The equivalent electrical circuit of a single unit
cell. (¢) The absorbed power inside the cut wire (without diode) as a func-
tion of the impedance (Zp) of a resistance inserted in the middle of the unit
cell. The size of the unit cell is: /; = 23.6 mm, [, = 22.8 mm, w; = 3 mm,
wy = 1.6 mm, d=2.95mm, and a, = a, = 30 mm. The electrical parame-
ters are: L=43.28 nH, C=0.07pF, Ry =1.62 mQ, and R, = 1.35 x
10722 x f2 Q/Hz2. The input voltage amplitude & equals 13 V.
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purpose, because they have a large electric dipole moment
for improved collection of external radiation and they can be
closely packed with a distance between two cut-wire unit
cells smaller than a fraction of the wavelength, in order to
consider the device as an effective metasurface and to avoid
diffraction effects. Therefore, the coupling between adjacent
unit cells cannot be neglected.

Indeed, when an electromagnetic plane wave propagates
through such a metasurface unit cell, the electric dipole reso-
nance of the cut wires is excited and an electric current is
induced in the structure. The dynamics of this current is very
similar to that of an RLC circuit with the coupling effects
included in the electric parameters (see Fig. 1(b)). The induc-
tance L of the resonator can be engineered by altering the
length and the width of the cut wire and the capacitance C is
predominantly determined by the end caps of the structure.
The resistance R has two contributions here: the ohmic loss
Ry, related to the dissipative loss in the metal, and the radia-
tion loss R;, related to the reradiation of electromagnetic
waves by the cut wire. The radiation resistance is propor-
tional to the square of the input wave frequency (f).**

Although the electric field is enhanced considerably by
the cut-wire metamaterial and absorption is enhanced, the
captured field usually reradiates rapidly due to the electric-
dipole coupling to the free space modes in the absence of a
nonlinear element. Therefore, we insert a PN junction diode
within each unit cell of our metasurface.*' To this end, a nar-
row gap is created in the middle of the cut-wire as shown in
Fig. 1(a), where the diode is inserted. The parameters of the
diode are determined such that the power transfer into the
unit cell is optimized. This is done in a two-step procedure
(see the supplementary material). First, we insert a resistance
load as a lumped element in the narrow gap, where the diode
is going to be placed. By sweeping the impedance (Zp) of the
lumped element in a full-wave numerical simulation, we find
that the maximum power transfer is obtained at Zp =~ 100 Q,
as shown in Fig. 1(c). The same results are retrieved from
the equivalent electrical circuit using a PSPICE electrical
circuit simulator. Second, the lumped element is replaced by
a diode, whose characteristic resistance Rp in series with the
wire resistance equals the impedance of the lumped element.
The complete unit cell now is equivalent to an RLC circuit in
series with a diode, as shown in Fig. 1(b).

To verify our intuitive model and to gain insight into the
role of the diode implemented in the metasurface, we per-
form full-wave numerical simulations using a finite-element
electromagnetic solver. We illuminated the metasurface by
an incident field generated on a distant surface by a surface
current with a Gaussian time profile given by

1=

Jy = Jyo sin( 2nft)e_(T’0)2, (D

where Jy is the maximal amplitude of the surface current
density and the relationship between J; and the incident elec-
tric field E;, is J, = 215:"” (see the supplementary material).
The amplitude of the incident electric field is 20.5 V/m corre-
sponding to an incident power density of 1.13 W/m?
which is approximately the amplitude of microwave electric
fields in wireless communication systems. The characteristic
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current-voltage relation of the diode in series with the resis-
tance is modeled by the following relation:

= U -
o = if Up>Us, @
Rp

where Uy is the threshold voltage of the diode. We assumed
mirror symmetric boundary conditions compatible with the
incident electric field polarization in order to model a peri-
odic array of the cut-wire metamaterial energy harvester.*?
Doing so, we include all potential coupling effects with
neighbouring unit cells and make a very realistic simulation
of the performance. To visualize the temporal evolution of
the electric field across the diode, we solve for the electric
fields using a time-domain analysis. A typical result of this
analysis is shown in Fig. 2. This figure clearly visualizes
how the incident electromagnetic radiation is converted into
DC electric power for a frequency of f=3 GHz and a thresh-
old voltage of 0.3 V (typical for a germanium diode).

Instead of oscillating and reradiating, the voltage across
the cap of the thin wire will stabilize to a constant value.
From the saturation voltage, we can estimate the energy har-
vested by the nonlinear metasurface. Indeed, this voltage is
generated through the accumulation of charges between two
ends of the cut-wire metamaterial, resulting from the unidi-
rectional flow through the diode. From Fig. 2, we can
observe a harvested voltage of around 0.13 V for a power
density of 1.13W/m? at a frequency of 3 GHz. We can
obtain the same results from the equivalent electrical circuit
by considering an input voltage with the same form as Eq.
(1) at the same frequency and taking the characteristic

Up—Us

current-voltage relation Ip = I, (e (T) - 1). This result
demonstrates that the cut-wire metasurface with an inte-
grated diode is able to harvest electromagnetic energy and to
transform a microwave field pulse into a DC voltage without
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FIG. 2. The time evolution of the voltage across the diode for the computer
simulation of the cut-wire metamaterial energy harvester and its equivalent
electrical circuit for a power density of 1.13 W/m? at a frequency of 3 GHz.
The parameters of the diode in PSPICE are /; = 1002 A, U; =03V, n=1,
extra internal capacitance of the diode C; = 10~° pF, and the input voltage
amplitude & = 0.67 V. The discrepancy in the transient region is probably
due to a subtle limitation of the electric-circuit model with a nonlinear diode.
In practice, there are charge carriers sitting not only at the end caps of the
cut wire, but also along the entire edge. In a linear circuit, this can all be
taken together in a single capacitance, but with inclusion of the nonlinear
diode, the local energy distribution influences the transient response.
Nevertheless, the steady-state solution is not affected.

Appl. Phys. Lett. 110, 083901 (2017)

the need for a DC bias voltage to trigger the functionality of
the rectifier.

We have repeated the previous time-domain simulation
for many incident frequencies and for two different kinds of
diodes, allowing for an investigation of the bandwidth and of
the effect of the threshold voltage on the efficiency of the
metasurface energy harvester. We considered silicon diodes
with threshold voltage U; = 0.7V and germanium diodes
with Us; = 0.3 V. The efficiency 7 is calculated as 1 = W,/
Wi,, where we determine the output energy W, by evaluating
the saturation voltage (U,) and calculating the stored energy
on the capacitor by W,,;, = C Uf /2. The capacitance of the
cut-wire C is retrieved numerically. The incident power W, is
found by integrating the Poynting vector over the unit cell
area A (see the supplementary material)

E2 At :
W, = —in A\/g(1 _ o 2AnfA?). 3)

4

The resulting energy conversion efficiency is shown in
Fig. 3 as a function of the center frequency of the incident
field. The thin-wire resonator with an integrated diode clearly
shows a resonant response close to 6.75 GHz. The addition of
the diode shifted this resonance frequency compared to the
traditional thin wire (see the supplementary material), due to
the extra internal capacitance of the diode (the resonance fre-
quency can still be chosen at will by modifying the geometric
capacitance of the cut-wire). It is remarkable to find that on
resonance up to 50% of the incident energy can be collected
and transformed into DC energy. Note that a 50% collection
efficiency is the maximum that can be expected from an
electric-dipole-only metasurface—for higher efficiency a
magnetic dipole is needed. We also observe that the use of a
germanium diode (U; = 0.3 V) increases the conversion effi-
ciency of the energy harvester fivefold (from 12.5% to 50% at
6.75 GHz) compared to when a silicon diode is used. Along
the same line, we notice that the bandwidth is larger using a
germanium diode compared to a silicon diode. Finally, we
also find that the threshold voltage does not affect the reso-
nance frequency. These results are perfectly in agreement
with the intuitive model described in the first part of this letter.
Indeed, a smaller threshold voltage allows for larger currents
to flow for a given voltage difference across the diode, hence
increasing the energy conversion. At the same time, it allows
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FIG. 3. Energy conversion efficiency of the harvesting metasurface for dif-

ferent values of the threshold voltage. The metasurface with a Germanium
diode reaches an energy conversion efficiency of 50% at resonance.
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for the energy to be harvested at frequencies further away
from resonance, explaining the broadening of the bandwidth.

It can be expected that the efficiency changes for vary-
ing incident angles. We have performed additional simula-
tions to investigate this effect (see the supplementary
material). For waves incident under an angle 0, the imped-
ance of the surface is given by Z/(cos0), where Z is the
impedance for perpendicular incidence. The maximum effi-
ciency is obtained for normally incident waves, because the
structure was optimized (load matching) for normal inci-
dence. From Fig. S6 (supplementary material), it is also clear
that the performance remains high for a broad range of inci-
dent angles. In practice, the radiation that we want to harvest
is uniformly distributed over all angles. Only the energy in a
small angle range will not be accepted efficiently by our har-
vester, but since this is only a small band it will not substan-
tially affect the efficiency of our device.

In the final part of this Letter, we investigate how the
DC energy can be collected from a large array of cut-wire
elements. This is an important problem as the harvesting of
the DC current requires a conducting path throughout the
entire metasurface, possibly adversely affecting the effi-
ciency of the individual cut-wire elements. For this purpose,
we add thin metallic wires with high inductance between the
end caps of adjacent unit cells [see Fig. 4(a)]. The high
inductance of the thin wire inhibits the flow of microwave
current between the unit cells. This is confirmed by the
results shown in Fig. 4(b), where we compare the capacitor
voltage for two different cases: (1) the structure discussed
above with disjoint cut-wire elements and (2) the same struc-
ture but with the end caps of the cut wires connected by
large-inductance conducting lines. We find that the capacitor
voltage is almost the same in both cases, with only a very
minor decrease in the saturation voltage due to a small shift
in resonance frequency originating from the high-inductance
lines. This demonstrates that DC electrical energy can be
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FIG. 4. (a) Connection of the cells to channel the energy harvested. (b) Time
evolution of the voltage across an unconnected single cell (Uc) and time
evolution of the voltage across a connected cell (Uc,) for a threshold voltage
of the diode U; = 0.3 V at the frequency f=6.75 GHz.
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easily collected in a large array of the metasurface elements
proposed in this Letter.

In summary, we have shown that energy can be har-
vested from ambient microwave radiation using a cut-wire
metasurface, in which an electric dipole resonance is used
for electric field enhancement and an integrated diode for
rectification of the induced current. Using a combination of
circuit models and accurate full-wave simulations, we have
optimized our harvesting metasurface to achieve conversion
efficiencies close to 50%, the theoretical maximum for a
metasurface without a magnetic dipole response. It was also
shown that germanium diodes are required for their lower
threshold voltage in order to obtain high efficiencies for the
typical electric field intensities used in mobile communica-
tion networks. An additional advantage of germanium diodes
is that they lead to a high bandwidth. Finally, the coupling
between adjacent unit cells in the metasurface using thin
metallic wires with high kinetic inductance provides a robust
mechanism to collect the harvested energy from all cells
with barely any degradation of the efficiency of the micro-
wave energy harvester. We are convinced that the subwave-
length thin, planar metasurface studied here will lead to
future experimental work. A small discrepancy that can be
expected in comparing the simulations with experiments can
occur because of a non-uniform illumination of the entire
surface. Although the fabrication defects, the choice of the
diode, and the truncation to a finite array of the metasurface
may slightly affect the efficiency, these deviations are mod-
erate and the broadening due to realistic tolerances is typi-
cally smaller than the bandwidth of the device. We envision
that our design can be used as sustainable power source to
drive small sensors and wearable appliances for a plethora of
applications.

See supplementary material for a detailed description of
the metasurface design, the calculation of the efficiency at
oblique incidence, and details of the simulation methods.
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