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In this contribution, we present a cut-wire metasurface for an electromagnetic energy
harvesting with a PN junction diode embedded in the metasurface to channel the DC
output power. The structure is optimized to work for a broad range of angle of incident
and by optimizing the characteristics of the diode, we obtain an efficiency of 50 %,
which corresponds to the theoretical upper limit. A robust collection mechanism is also
made to collect the harvested DC current from all cells, solving in this way a common
problem in nonlinear metasurface.

Introduction

The world of technology is growing very fast, driving the volume reduction of
computing systems. It is expected that in 2020, mm-scale sensors will largely be
important with the expansion of 10T (Internet of Things) and the 5G technology for
smart cities and intelligent systems. One of the big challenges at this moment will be the
powering of sensors. A smart use of energy will be required and a method to do so is to
harvest the surrounding ambient energies like radio frequency energy, which will spreed
over the world. increase with the Wi-Fi networks and other sources alike.

Radio frequency electromagnetic energy is the lowest-power system among all energy
sources [1], but it has the advantage to be the only one available everywhere, day and
night. While most of the energy is normally lost, it could be used instead to power
sensors. Recently metamaterials were proposed to harvest electromagnetic energy.
These engineered materials can be designed to resonate at particular frequencies and
they provide a powerful platform for electromagnetic wave manipulation [2-6]. The
integration of AC-DC rectifiers in this kind of system is a challenging situation since it
can destroy the harvested energy [7-9].

In this paper, we propose cut-wires metasurface with integrated PN junction diodes as
rectifiers for electromagnetic energy harvesting. Proceeding with this purpose, the
design of the structure will be presented in the next section following by a section on a
collection mechanism to harvest DC current from all the cells.

Metasurface design for electromagnetic energy harvesting

The design of the metasurface energy harvester is done in 3 steps, shown in Fig.1.

The first step consists of the choice and the design of the unit cell, operating at a
particular frequency. Typically, this is realized based on the shape, the geometry, the
size and the orientation of the metamaterial unit cell. Here we consider a perfect electric
conductor cut-wire metamaterial with a quasistatic electric dipole moment designed to
resonate at around 3 GHz. The dimensions of the cell are given in the caption of Fig. 2.
When the electric dipole moment of this cell is excited by an electromagnetic plane
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wave, an electric current is induced in the structure, whose dynamics is very similar to
an RLC circuit with equivalent electric parameters. These parameters can be estimated
by doing a fit between the electric conductivity of the structure and the equivalent
electrical conductivity [10].
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Fig. 1 Design steps: (a) Cut-wire particle with full length, (b) cut-wife particle with
embedded resistance and (c) cut-wire particle with embedded diode.

The second step consists of the creation of a narrow gap in the length of the cut-wire
particle as shown in Fig. 1(b), and the insertion of a lumped element. By sweeping over
the impedance of the lumped element, we find the value for which an impedance
matching of the structure with the free space impedance is achieved. This value is equal
to 150 Q and corresponds to be the impedance value of the structure where the
maximum of electromagnetic radiation is transformed into AC current.

Finally in step 3, the lumped element is replaced by a PN junction diode with an
intrinsic resistance equal to 150 € in the aim to maintain the impedance matching
between the structure and the free space impedance, and also between the cut-wire and
the diode.
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Fig. 2 (a) Design of the metasurface energy harvester composed of cut-wire cells with
an integrated diode, (b) energy conversion efficiency for different values of the
threshold voltage. a, =a, =30 mm, |, =23.6 mm, I, =22.8 mm, w, =3 mm,

w, =1.6 mm, d =2.95 mm.

Fig. 2(a) presents the complete metasurface energy harvester. To study the efficiency of
the structure, we make some assumptions:
- the electromagnetic incident plane wave is normal to the metasurface;
- the distance between the source and the metasurface is sufficiently small = 1/2;
- the conversion efficiency is the one considered here.
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We consider as input signal, the microwave electric field of common wireless
communication systems which equals 20.5 VV/m, corresponding to an incident power
density of 1.13 W/m?® with a Gaussian time profile. The energy conversion efficiency is
investigated for two different types of diodes: a Silicon diode with a threshold voltage
of 0.7 V and a Germanium diode with a threshold voltage of 0.3 V . Fig. 2(b) shows
that the Germanium diode obtains a fivefold energy conversion efficiency (from 12.5%
to 50%) in comparison with the use of Silicon diode. Furthermore, the maximum of
energy conversion occurs at 6.75 GHz due to extra capacitance introduced by diode.
For waves incident under an angle @, the effect of varying angles translates directly into

a varying equivalent impedance of the surface, given by 150/ cos(&) Q. Using the

equivalent electrical circuit model, whose performances have already been verified [10],
we calculated the efficiency of the metasurface energy harvester for varying incident
angles. As illustrated in Fig. 3, the structure performs well for wide range of incidence
angle and only a small range of incidence angle will lead to less efficient harvesting.
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Fig. 3 The performance of the structure as a function of the incidence angle.

Collection mechanism of the harvested DC current

We investigate how the DC current can be collected from all the unit cells of the
metasurface. This is a common problem in nonlinear metasurface. To address the issue,
thin metallic wires with high inductance are added between the end caps of adjacent unit
cells. The high inductance allows the flow of current between the unit cells with barely
any degradation of the output energy.
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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 cell (U, ) and the one of a connected cell (U,).
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This is confirmed in Fig. 4 where the time evolution of the voltages across an
unconnected cell (U ) and the one across a connected cell (U, ) are the same. This

demonstrates that DC electrical energy can be easily collected in a large array of the
metasurface.

Conclusion

We designed a planar metasurface for electromagnetic energy harvesting integrating a
PN junction diode as a rectifier. This diode does not require a bias voltage to trigger its
operation. For a realistic incident power density of 1.13 W/m?, using a Germanium
diode is more interesting since it leads to increase of the power conversion efficient at
50% in comparison with a Silicon diode because of its lower threshold voltage. Our
unit cell is electromagnetically subwavelength and thus can be used as power source for
small-scale sensors.
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