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ABSTRACT

In the current study, complementary metasurface units with toroidal geometry were fabricated, using the computer numerical control
engraving method. The metasurfaces were engraved in copper-coated, FR-4 plates. The produced metasurfaces were electromagnetically
characterized in the microwave regime. Furthermore, they were studied regarding their energy harvesting capability, in the microwave range,
where they absorb electromagnetic energy. It was found that toroidal structures harvest energy from the incident microwaves and transform
it to electric power, through a simple rectification circuit. Moreover, their energy harvesting efficiency was found to be comparable or even
superior to those of others reported so far. Therefore, the hereby obtained experimental results evidently show that engraved toroidal meta-
surfaces could potentially be used as energy harvesters in the microwave regime.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0190763

I. INTRODUCTION

Metamaterials (as well as their two-dimensional counterparts
called metasurfaces) can be defined as artificial materials composed
of periodically arranged subwavelength resonant meta-atoms. They
possess exotic electromagnetic properties, such as negative to
largely positive values of refractive index and artificial magnetism
at high frequencies, etc.'® Due to those extraordinary properties,
metamaterials and metasurfaces have been exploited for numerous
applications including perfect absorption and electromagnetic
shielding, sensing, polarization control, anomalous reflection/
refraction and beam splitters, optical stirring, and broadband delay
devices, to name a few.”* Lately, metamaterials and metasurfaces
have been realized for energy harvesting applications,”™"* in a wide
frequency range. In particular, special attention has been paid to
metasurfaces operating in the microwave regime. The advantage of

such metasurfaces is that they have dimensions of a few millimeters
and can be developed in a relatively easy manner, employing con-
ventional methods, such as those used in the development of elec-
tronic circuits or thin film devices. Nevertheless, the exploding
interest of microwave metasurfaces in energy harvesting applica-
tions mainly stems from the dramatical growth of microwave wire-
less networks,'””” which are used mostly for wireless
telecommunications. Large amount of microwave power is emitted
from antennas and wi-fi hubs, while only a fraction of that is
received and converted into signal. Therefore, the tremendous
growth of wireless networking also generates a significant amount
of wasted energy, which is considered as the energy source for
microwave energy harvesters.

Thus far, there are numerous metasurface designs proposed,
exhibiting high harvesting performance in the microwave
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regime.”'® Various shapes and configurations have been proposed,

such as split ring resonators (SRRs),”"** cut-wire meta-atoms,””**
cross-shaped resonators,'*” and rectangular or circular ring reso-
nators.”>”’ Moreover, complementary metasurfaces (where the
geometry is carved into an otherwise uniform metallic film) have
also been proposed for energy harvesting,”"***"~*

Regardless of their shape and configuration, microwave meta-
surfaces are usually constructed by employing typical the printed
circuit board (PCB) technology, allowing for the production high
quality metasurface units. PCBs can be defined as rugged noncon-
ductive boards built on substrate-based structures. They are preva-
lent in electronic devices and can be easily identified as the
green-colored board in most cases. Based on the design specifica-
tions and requirements, many active (for example, operational
amplifiers and batteries) and passive components (such as induc-
tors, resistors, and capacitors) are mounted on the PCBs to match
the form factor of the final design.”

Although, the PCB process is a well-established,
industry-oriented technology, used for the manufacturing of elec-
tronic circuits and components, it requires a complex procedure to
ensure the performance of the finished product, such as lamination
Cu/polymer, PCB fabrication, component assembly using conduc-
tive adhesives, encapsulation of the circuit, thermoforming, heating
and sagging of the electronics circuits, forming using the desired
mold designs, etc., reaching 20 or even more steps during manufac-
turing.”””" Therefore, such a process is not that user-friendly, espe-
cially for the development of metasurfaces in the laboratory.
Moreover, the core or inner layers of the printed circuit boards
need to have extra copper removed before the PCB fabrication
process can continue. Etching involves covering the necessary
copper on the board and exposing the rest of the board to a chemi-
cal. The chemical etching process removes all unprotected copper
from the PCB, leaving only the board’s necessary amount. The
latter process shows that, in several cases, the PCB process is not so
environmentally friendly, as it involves chemicals, acids, and flam-
mable or even toxic reagents.’”

On the other hand, energy harvesting metasurfaces have been
successfully grown, using more versatile routes, such as fused fila-
ment fabrication (FFF).”" This is a three-dimensional printing tech-
nique, using a polymer composite as a starting material. Such a
method is simpler, cheaper, user-friendly, as well as
laboratory-oriented, compared to the PCB method. The main
drawback of the method is that the produced metasurfaces exhibit
relatively low electrical conductivity, leading to reduced harvesting
efficiency.

Alternately, the fabrication of complementary metasurfaces
employing the so-called Computer Numerical Control (CNC)
method has been recently reported.”” CNC milling is a subtractive
fabrication process that uses rotating cutting tools to remove mate-
rials from a starting stock piece, commonly referred to as the work-
piece. The CNC milling system typically consists of a worktable for
positioning the workpiece, a cutting tool (most commonly an
endmill), and an overhead spindle for securing and rotating the
cutting tool. CNC helps to automate the fabrication process, thus
improving repeatability and precision, reducing human error, and
adding advanced capabilities (e.g., the direct conversion of CAD
models to finished parts).”* Moreover, the CNC process does not

ARTICLE pubs.aip.org/aip/jap

involve the use of chemicals, which are demanded in other manu-
facturing processes, making it particularly advantageous for printed
circuit boards.”"

Although the CNC process is quite promising compared to
PCB technology, there are some limitations that must be taken into
account. Those limitations are mostly related to the resolution and
the accuracy of the engraving process. In practice, the resolution
and the accuracy of the CNC engraving method depends on several
parameters, such as cutting tools used, CNC cutting speed, the
dimensions, as well as the complexity of the engraved object itself,
the surface used for engraving, etc.”” " Considering all those
parameters, the resolution of the CNC engraving process could go
down to a few tens of micrometers. Such high resolution/accuracy
levels are achieved only when optimal engraving conditions are pre-
sumed. However, the CNC engraving method still exhibits fair
accuracy and resolution compared to methods previously discussed.

In the current study, the CNC method is employed to develop
complementary metasurfaces, with a toroidal geometry I[ie.,
Fig. 1(a)], on metallized surfaces. Such a metasurface topology has
been chosen since it exhibits strong resonant response, which can
be gently manipulated, by tuning the dimensions of the central
gap.”’ Therefore, an efficient harvesting performance could be
expected. Notably, metasurfaces with such a geometry have been
studied previously, regarding their energy harvesting response.”' ™"
In particular, arrays of metasurfaces with the toroidal topology
have exhibited high harvesting efficiency and insensitivity to the
incident angle. Nevertheless, complementary toroidal metasurfaces
(CTMs) have not been studied, to the best of our knowledge.
Moreover, compared to other approaches alternative to PCB, the
CNC method is easier than FFF printing and dedicated for large-
scale production, enabling the production of metasurface sensors in
the industrial scale. Therefore, the utilization of such methods to

develop metasurfaces for energy harvesting sounds a rather promis- *

ing approach.

Therefore, CTMs similar to those previously investigated"’
were developed employing the CNC method, combined with a
router, dedicated to engrave surfaces, such as metals, wood, and
polymers. In the current study, CTMs were being fabricated on
metallized FR-4 surfaces. All fabricated CTMs were characterized
regarding their electromagnetic (EM) performance, so as their effi-
cient absorbing behavior is confirmed. By appropriately incorporat-
ing a Schottky diode, the basic rectification process took place and
corresponding DC signals were recorded. Various experiments
were performed in order to clarify the intrinsic nature of the
observed signals, as well as optimum conditions needed so as the
whole setup shows maximum output power and harvesting effi-
ciency. It is shown that the studied CTMs exhibit a rather good
energy harvesting performance, showing efficiencies of the order of
30%, in the frequency range around 4-4.5 GHz, enabling the capa-
bility of such structures to be used for energy harvesting applica-
tions in the microwave regime.

Il. EXPERIMENTAL DETAILS

A unit cell of toroidal topology is investigated in the current
study [Fig. 1(a)]. In its conventional form, the toroidal structure
exhibits a very sharp and controllable electromagnetic response,*’
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FIG. 1. (a) Drawing of the complementary toroidal metasurface. Dimensions are also shown. (b) Topography of the metasurface, showing the via interconnect and the con-
nection of the diode between the top surface and the ground plane. (c) Experimental setup of the electromagnetic characterization of the engraved metasurfaces.
(d) Experimental setup, dedicated for energy harvesting experiments. The equivalent electronic circuit is also presented.

enabling its promising potential for efficient energy harvesting.
Mechanical engraving was used in order to develop such metasur-
faces, using a home-built CNC router. The appropriate drawings of
the metasurfaces were developed using the open-source CAD soft-
ware EASEL (Inventables Inc., Chicago, IL, USA, https://site.
inventables.com/technologies/easel). The same software was used
to transform the CAD file to the corresponding g-code files as well
as to guide the CNC router. The router moved in all three dimen-
sions upon engraving with a thin metallic carpenter blade (diame-
ter: @ 1.0 mm). The substrate/material, at the top of which the
desired metasurfaces were developed, was a typical plain FR-4
surface (1.5mm thick), covered with a 35um-thick cooper clad-
ding. During the process, the blade removed certain areas of the Cu
film; thus, the final complementary metasurface was formed [see
Fig. 1(a)—from now on this structure will be referred to as CTM1].
The depth of the engraved structures was kept at 0.2 mm. Another
toroidal metasurface was also developed on the double-sided
Cu-coated FR-4 surface [Fig. 1(b)], with the bottom coating acting
as the ground plane (this structure will be referred to as CTM2).

The produced metasurfaces were investigated regarding their
dimensions via optical microscopy experiments. For this reason, an
optical microscope was used (AP-8 microscope, Euromex
Microscopen bv., Arnhem, the Netherlands), with the maximum
magnification of x80. Both desired and measured dimensions of all
metasurfaces are listed in Table I.

The electromagnetic response of the engraved metasurfaces
was investigated via S-parameter measurements in the microwave
regime. In particular, all engraved structures were measured using a
combination of a P9372A vector network analyzer (VNA)

(Keysight, CA, USA) and WR187 waveguide [i.e., Fig. 1(c)]. Details
regarding the setup and the measurement procedure were previ-
ously described.”""*

In order to investigate the energy harvesting performance of
the complementary metasurfaces, a modified configuration pro- !
posed by Alavikia et al.”"** is employed. In particular, a via inter-
connect (0.5mm diameter) is made through the dielectric slab, as
shown in Fig. 1(b). In the ground plane side, the copper coating
around the via has been removed in order to exclude any possibility
of short circuit between the top coating and the ground plane.
Moreover, a HSMS 285B Schottky diode was connected between
the via and the ground plane, for rectification purposes. Schottky

20:92:60 ¥20Z dunr €0

TABLE I. Nominal and measured dimensions of the studied complementary
metasurfaces.

Toroidal meta-atom dimensions

Nominal values (mm) Measured values (mm)

a, 247 24.6+0.3
a, 225 22.0£02°
L, 24.0 24.1+02

L, 22.0 22.0 £0.2°
w 3.30 33+0.1

d 0.80 0.61 £0.03
d, 1.20 0.96 +0.04

“Dimensions a, and L, are fixed to the width of the WR187 waveguide.
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diodes of the same family have been successfully used for micro-
wave signal rectification, in several previous works.”™*" The DC
voltage drop measured across the diode is considered as the voltage
output harvested by the device. The same configuration is also
employed in all complementary metasurfaces, studied here, regard-
less the presence/absence of the ground plane.

The above-described device was placed in front of a horn
antenna and in the middle of its cross section. The horn is con-
nected to a microwave signal generator, transmitting electromag-
netic waves in the range 9 kHz-6 GHz, with a maximum power of
~0.5 W. The voltage drop across the diode is measured, through a
sensitive voltmeter. Using this experimental setup, the DC output
signal as a function of frequency is recorded. Moreover, the DC
output signal is also recorded with respect to the horn power, upon
constant frequency. Furthermore, corresponding experiments were
performed, with respect to the orientation of the metasurface
against the horn. The experimental setup is shown in Fig. 1(d).

At this point, it has to be stressed that the above described
experimental setup and procedure have been successfully used in a
previous investigation, concerning the energy harvesting perfor-
mance for 3D printed metasurfaces.”* Compared to other
reports,”**™" in which clusters of metasurfaces are placed several
meters away from the horn, it exhibits distinct advantages.
Especially in the case where the energy harvesting device consists
of a single unit (such as in our case), the produced DC output
signal is expected to be rather weak. Thus, by putting the device
next to the horn, the metasurface absorbs more energy, which
results in producing stronger output voltages. Moreover, such
experiments were performed in open space, thus several parasitic
signals could contribute to the measured DC output signal. Hence,
placing the metasurface in front of the horn is a rather simple and
appropriate route to enhance the signal-to-noise ratio, resulting in
the further improvement of the measured DC voltage. Moreover,
regarding the rectification process, it has to be noted that tradi-
tional low-frequency rectifiers consisting of a diode in series with a
resistor—capacitor pair fail to rectify microwave signals because the
capacitor is by-passed, and the RC component cannot filter the
time-varying component of the original signal. However, a simple
microwave rectifier can consist of a diode and considered as a reso-
nance circuit exhibiting its best performance in the desired fre-
quency regime.”” Due to its simplicity, this rectification circuit will
probably suppress the overall performance of the harvesting device.
However, the optimization of the microwave-to-DC conversion in
such devices is a wide and intriguing field of investigation, and falls
out of the scope of the current study.

Theoretical simulations were also performed. In particular,
full-wave simulations with a continuous wave (CW) excitation were
performed using the frequency domain solver of the commercial
software CST Studio Suite. The toroidal meta-atom was engraved
on a double copper-coated FR-4 substrate and then the whole
structure was inserted in the center of the WR187 waveguide. In
addition, rectangular waveguide ports were used to excite the struc-
ture with the fundamental, TE,, mode of the waveguide. The wave-
guide walls were considered to be perfect electric conductors
(PECs) through the PEC boundary conditions. Copper top and
bottom layers were modeled via the electric conductivity of
5x 107 S/m for these frequencies.

ARTICLE pubs.aip.org/aip/jap

The relative electric permittivity of the FR-4 substrate consid-
ered to be 4-0.04i. An automatic adaptive mesh refinement proce-
dure was followed to obtain converged results for the S parameters.

lll. RESULTS AND DISCUSSION

Figure 2(a) shows a typical picture of the developed comple-
mentary toroidal metasurface (CTM1). It seems that the structure
is well engraved into the Cu-coated FR-4 substrate. Lines are
straight, with parallel edges [Fig. 2(b)]. Corners are a bit rounded
[Figs. 2(c) and 2(d)], which is most likely attributed to the engrav-
ing process as well as to the engraving blade used. Moreover, well-
defined gaps [Figs. 2(c) and 2(d)] are shown, although their
corners are also rounded. The dimensions of the metasurface are
listed in Table I. Long dimensions L; and L, are in good agreement
with the theoretical values. Here, it must be noted that both a, and
L, dimensions of the toroidal metasurface are kept at approxi-
mately 22 mm, so that the device can be fitted into the WR187
waveguide (i.e., width 22.4 mm).

Regarding the line width w dimensions, measured values are
identical to the desired ones, while gap dimensions g; and g, are
smaller than the corresponding nominal values. Therefore, the
CNC engraving process results in the development of well-shaped
complementary metasurface units; however, fine tuning of the
process is required in order to achieve the exactly desired
dimensions.

The electromagnetic response of the engraved metasurface
units is shown in Fig. 3. In particular, Fig. 3(a) shows the S,

FIG. 2. (a) Typical picture of the engraved toroidal meta-atom. Optical micros-
copy pictures (b)-(d) reveal details of the engraved structure.
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FIG. 3. (a) Transmittance spectrum for the CTM1 sample with (red line) and
without (black line) the diode included. (b) Transmittance spectrum for the
CTM2 sample. Black line corresponds to electromagnetic response without
diodes, while the red line corresponds to the electromagnetic signal with diodes.
In both panels, blue solid line corresponds to spectra extracted from theoretical
simulations.

parameter (black solid line) as a function of frequency, for the
CTMLI structure. A sharp dip is observed at 4.3 GHz. The dip is
indicative of negligible transmission observed at this certain fre-
quency. Moreover, the S;; vs f spectrum shows a distinct drop at
the same frequency, suggestive of negligible reflection [Fig. S1(a) in
the supplementary material]. In general, transmission T = |Sy;|%,
reflection R = |S; 1|2, and absorption A are interconnected through
the relation

A+R+T=1. (1)

Considering the almost zero transmission and reflection,
observed at the resonance frequency, it can be concluded that the
CMT1 fully absorbs the incident electromagnetic energy, when in
resonance. Furthermore, the resonance frequency and the basic
characteristics of the S,; vs f spectrum are consistent with predicted
spectra coming from corresponding theoretical simulations [blue
solid line, Fig. 3(a)]. Moreover, the hereby obtained electromagnetic
results are in qualitative agreement with results presented for three-
dimensional printed toroidal meta-atoms.”’ With the diode
included (red solid line), the resonance dip shifts toward lower fre-
quencies; The shift is ~322 MHz. A similar resonance shift has
been observed for 3D printed cut-wire metasurfaces.”* In addition,
Fig. 3(b) shows the S,; vs frequency for the CTM2 sample. There is
a well-defined dip at 5 GHz, which is also predicted from theoreti-
cal simulations and it is indicative of absorption at that frequency.
The presence of diode shifts the resonance dip by ~340 MHz,
toward lower frequencies. Both samples are expected to harvest

ARTICLE pubs.aip.org/aip/jap

energy in the frequencies where the metasurface units absorb in the
presence of the diode.

The electromagnetic response of the engraved toroidals, with
respect to the angle of the incident wave, is of great importance,
since it directly affects the absorption of the metasurface and the
corresponding energy harvesting in actual operating conditions.
There are three different angles that the metasurface can rotate
with respect to the incident wave, delta, theta, and phi (i.e., see
Fig. S2 in the supplementary material). Nevertheless, due to
WRI187 waveguide dimension constraints, we can study only the
effect of angles theta and phi. The corresponding experimental
evidence for the CTM1 sample is shown in Fig. 4. Particularly,
Fig. 4(a) shows the evolution of the S,; parameter with respect to
the frequency for various theta angles. The resonance frequency
shifts to lower values, while the resonance depth is also reduced.
We quantify the spectral position and the minimum transmission
value in Fig. 4(b). For theta = 90°, resonance almost vanishes, sug-
gesting that the metasurface does not absorb.

On the other hand, Fig. 4(c) shows the S,; vs frequency,
against various phi angles. The main dip remains almost stable in
the vicinity of 3.9-4 GHz [i.e., see Fig. 4(d)]. Furthermore, the reso-
nance depth decreases with increasing phi, up to 60° and then it
remains almost constant. Interestingly, there are satellite dips
revealed as the phi angle increases. Both dips constantly shift
toward the main dip, with increasing phi angle [Fig. 4(d)].
Moreover, their depth increases and becomes larger than the main
resonance dip for phi greater than 60°. The above-observed
complex electromagnetic behavior of the CTMI1 sample is fairly
reproduced by corresponding numerical simulations (ie., see
Fig. S3 in the supplementary material).

S,1 vs frequency spectra, upon various theta angles, are pre-
sented for the sample CTM2, in Fig. 5(a). The resonance dip at

~4.7 GHz, goes towards lower frequencies, and it decreases with |

increasing theta angle [Fig. 5(b)]. Such behavior is qualitatively
similar to the behavior of the CTMI1 sample. Simultaneously, a
second resonance dip develops at higher frequencies, which also
shifts toward the main one, as the theta angle increases
[ie., Fig. 5(c)]. Nevertheless, for theta above 60°, both dips are dra-
matically suppressed, and they are almost eliminated for 90°.
Figure 5(d) shows the S,; vs frequency spectra for the CTM2
sample, upon changing phi angle. The main dip at 4.65 GHz seems
to be rigid [Fig. 5(e)]; however, a secondary dip develops and
becomes observable above 45°. This dip moves toward higher fre-
quencies [Fig. 5(e)], as the angle phi increases. Moreover, its depth
is comparable or even greater than the main one [Fig. 5(f)]. The
above-described electromagnetic behavior is qualitatively corrobo-
rated with corresponding theoretical simulation results (i.e., see
Fig. $4 in the supplementary material).

The above comprehensive electromagnetic response investiga-
tion is of great importance since metasurfaces effectively harvest
energy, at frequencies where resonance has been observed. In this
context, Fig. 6(a) shows open circuit voltage Vo against frequency,
for the CTM1 sample. A clear and well-defined voltage maximum
is observed at 3.95GHz. The peak is at the frequency regime,
where corresponding electromagnetic resonance occurs (~4 GHz).
At its peak Voc =172V, while FWHM ~380 MHz. The measured
voltage indicates the energy harvesting behavior of the metasurface
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FIG. 4. CTM1 sample; (a) S, vs frequency for various theta angles. The inset shows the experimental configuration used for those measurements. (b) Corresponding res-
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quency and Sy, min Values, for both secondary dips, with respect to the phi angle. Solid lines are guides to the eye.

(the ~50 MHz difference between electromagnetic and voltage
measurements could be plausibly attributed to the different experi-
mental setups used). The Voc vs frequency curve is wavy, which
can be attributed to the presence of the diode. In general, diodes
are non-linear electronic components, which can trap high fre-
quency harmonic modes, other than the fundamental. Such a har-
monic mode trapping could result in the curvy character of the
open circuit voltage. Moreover, other voltage shoulders are also
observed, i.e., at ~4.7 GHz. However, their presence does not seem
to affect the overall performance of the metasurface.

Confirmation of the intrinsic nature of the observed phe-
nomenon requires further experimental investigation. Figure 6(b)
shows the Voc behavior with respect to the microwave power
coming out of the horn. It is seen that Voc increases, with
increasing horn power and for maximum power (24 dBm) we find
Voc ~ 1.72 V. Although not directly observed, Voc seems to satu-
rate above 24 dBm (we cannot perform experiments in higher

power levels due to horn power generator constraints). Such
dependence of the open circuit voltage with respect to the horn
power, indicates the energy harvesting function of the metasur-
face. Moreover, such behavior is indicative that the investigated
metasurface reaches its maximum harvesting capability. On the
other hand, Fig. 6(c) depicts the harvesting response of the meta-
surface, when horn power is set on and off. It is clearly seen that
Voc takes non-zero values when the horn power sets on (“ON”
mode), depending on the power level. Vo becomes zero, as soon
as the power is interrupted (“OFF” mode). Furthermore, when in
the “ON” mode, Vo is extremely constant, with respect to time,
i.e, Fig. 6(d). All the above experimental evidence demonstrates
the capability of the toroidal metasurface to transform the micro-
wave energy to electrical power. Therefore, complementary toroi-
dal metasurface could harvest energy in the microwave band.

Such an important observation merits further investigation,
ie, it is sensible to study the energy harvesting capability with
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respect to the incident angle. It has been previously shown that the
electromagnetic response of the metasurface is directly affected by
such factors. Therefore, Voc vs frequency experiments, for various
theta and phi angles are performed for the CTM1 sample (Fig. 7).
More specifically, the Voc vs f behavior, with respect to the theta
angle, is depicted in Figs. 7(a) and 7(b). Upon increasing theta,
Voc peak shifts to lower values, as well as peak value dramatically
decreases. Even more, the Voc vs f behavior, with respect to the
phi angle, is shown in Figs. 7(c) and 7(d). Here, the resonance fre-
quency remains unaffected, with increasing phi, nonetheless corre-
sponding voltage value decreases. Moreover, a secondary voltage
peak shows up and shifts toward the main one, for angles greater
than 45°. Such a harvesting performance follows closely the corre-
sponding electromagnetic behavior shown in Fig. 4 and strongly

indicates that harvesting capability of the metasurface is directly
affected by the incident wave. From the practical point of view, the
metasurface harvests energy in a more efficient manner as long as
the incident wave hits its surface vertically. Additionally, it seems
that the secondary voltage peak qualitatively agrees with the sec-
ondary S,; minimum shown in Fig. 4(c); therefore, it cannot be
considered as an artifact.

Since the harvesting performance of the metasurface has been
verified and connected to its corresponding electromagnetic behav-
ior, it is crucial to investigate the efficiency of the metasurface. In
this context, we connected several different resistances, in parallel
to the diode and we recorded the output voltage Vour as a function
of frequency. Corresponding results are shown in Fig. 8(a). It is
seen that Vour increases with increasing R, reaching the V¢ value
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“ON” state.

for resistance loading greater than ~500kQ [Fig. 8(b)]. The Vour
peak value is observed at 3.95GHz for all resistance loadings.
Considering the Vour values, the output power of the harvesting
device can be calculated through the relation Poyr = V3;/R, and
the results are presented in Fig. 8(c). A clear maximum is obtained
(~2mW) for 200 Q, suggesting that the maximum output power
can be given for such an external loading. Nevertheless, the Vour
vs R curve is relatively wide, and power levels near the peak value
can be achieved for resistances laying in the vicinity of 100-500 Q.
From the application point of view, this is a useful result, demon-
strating that the device can be potentially used in combination with
other electronic devices with overall resistance load of a few
hundred Ohms, without losing much of its efficiency. Furthermore,
the efficiency of the harvesting device is shown in Fig. 8(d). In
order to estimate 7%, we work as follows: the overall power coming
out of the horn is 24 dBm =0.251 W. Assuming that the electro-
magnetic power exhibits a uniform distribution pattern at the exit
of the horn,” we put the harvesting device just in front of the
horn, and we consider that the power captured by the metasurface
unit can be roughly estimated as proportional to the ratio

Apnis/Atiorn, Where Ay is the surface of the metasurface unit and
Ao is the cross section of the horn. The horn cross section is
212.5 cm?, while the effective area of the metasurface is 5.33 cm?. It
can be found that the metasurface covers the 2.5% of the total horn
area; therefore, it presumably absorbs ~2.5% of the total horn
power. Here, it must be stressed that the metasurface unit captures
almost all the incident electromagnetic energy, as evidently proven
by corresponding electromagnetic measurements, previously
shown. Thus, the incident power is Ppy=6.27 mW, and then the
efficiency can be determined through the relation 7 % = Poyr/Py.
Following the above-described analysis, we found that the devices
harvest energy with a maximum efficiency of ~33%. Apparently,
the efficiency of the harvesting device is roughly estimated, by fol-
lowing such a route. In general, the incident power P;, is calculated
employing the equation DS=P;-G;/4-x-R?, where P, is the
power transmitted by the horn, G, is the horn gain, and R is the
distance between the power source and the sample under test.”
The above-mentioned equation determines the power density deliv-
ered by the horn, at a certain distance away from the horn.
Considering that P,=0.251 mW (24 dBm), G, (@ 4 GHz) =13 (as
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given by the horn manufacturer), and R=0.21 m, the calculated
incident power density is DS = 5.88 W/m”. Considering the surface
area A of the metasurface, the power captured by the harvesting
device is P, = S- A = 3.27 mW, resulting in a considerably high
harvesting efficiency, which probably does not reflect the real per-
formance of the investigated harvesting device. In particular,
although the metasurface itself effectively absorbs almost all the
incident microwave energy (as previously shown by the corre-
sponding S,; and S;; spectra), the transformation of such energy to
electric power is not that effective, because the rectification circuit
used is the simplest possible. Therefore, the rectification efficiency
is far away from the optimum one, possibly leading to a suppressed
overall harvesting efficiency. Hence, it seems more appropriate to
follow the rough estimation of the harvesting efficiency, as previ-
ously described. As it will be shown later, such a roughly estimated
efficiency value is comparable to others previously reported for cor-
responding metamaterial structures, giving credence to the reliabil-
ity of the hereby obtained results.

Energy harvesting experiments have also been performed for
the CTM2 sample. In particular, the open circuit voltage as a func-
tion of frequency is shown in Fig. 9(a). A broad voltage peak is
observed at ~4.6 GHz (thus at the same frequency where resonance
has been obtained), indicating the harvesting behavior of the meta-
surface unit. Peak voltage value is ~3.7 V, with FWHM ~ 500 MHz.
Moreover, energy harvesting experiments, for various angles with
respect to the incident wave, are also performed. Corresponding
results are consistent with the electromagnetic response signals,
previously presented (i.e, see Fig. S5 in the supplementary
material), suggesting the maximum harvesting behavior of the
metasurface unit, at resonance frequencies, as well as its perfor-
mance dependence on the incidence wave angle. In addition, the
output voltage of the metasurface unit is measured with respect to
the resistance loading, as presented in Fig. 9(b). It is seen that the
output voltage increases with increasing resistance loading,
approaching the open circuit voltage for resistances greater than
1 MQ. Such behavior is similar to that previously observed for the
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CTM1 sample, as well as it is qualitatively similar to the behavior
of FFF printed metasurfaces.”* The corresponding output power
and efficiency of the CTM2 sample is demonstrated in Fig. 9(c).
Maximum output power (Py.x~2 mW) is obtained for resistance
load of 1.5k, with a calculated efficiency of ~30%. Maximum
power output in such a high resistance load has been previously
reported, in other microwave harvesters.”” Comparing to the
CTM1 sample, the efficiency is of the same level; however in the
latter case, such an efficiency is obtained for higher resistance
loading.

Regarding the resistance loading, in which maximum power
output is achieved, it is found to be different between CTM1 and
CTM2. On the other hand, resistance load of the CTM1 is of the
same range as that obtained for cut-wire metasurface units (ie.,
~500 Q), regardless their different shapes.”* In electronic circuits,
maximum power output values are obtained, when impedance
matching is achieved, that is when the input impedance and the
output impedance of a given electrical load are designed to reduce
signal reflection and maximize the power transferred to the electric
load.” A metasurface can be considered as an RLC electronic
circuit, consisting of a resistor R, a capacitor C and an inductor L,
connected in series. Such a circuit possesses an input impedance

2
Zin =1\|R2+ ( joL — WLC) . Variation of any of the three R, L, C

parameters would result in the variation of the total input imped-
ance. Moreover, maximum power output, of such circuits, requires
a resistance load with output impedance Z,,;, matched to the cor-
responding Z;,. On resonance, the imaginary part of the input
impedance is zeroed out. Thus, the load impedance is used to
modify the real part of Z;,, and achieve impedance matching with
the input wave. Considering the above discussion, different resis-
tance loads obtained for CTM1 and CTM2 could be attributed to
the ground plane that existed in the latter. Ground plane existence,
most probably results in increasing of the total input impedance
Z;, of the metasurface unit, and consequently the required output
impedance Z,,, of the load should be increased so that impedance
matching is achieved.

Other metasurface harvesters, with toroidal geometry,
possess higher efficiencies; therefore, the hereby obtained efficiency
values are much lower. Furthermore, compared to other comple-
mentary harvesting metasurfaces’ efficiency” """ (>80%),
hereby obtained efficiencies are still inferior. Nevertheless, among
other microwave energy harvesting metasurface arrays,””*>"” our

41-43,57
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(c). Output power Poyr and harvesting efficiency n% with respect to the resis-
tance loading R. Peak efficiency is observed for R ~ 1.5 kQ.

toroidal CNC-printed complementary metasurface units exhibit
comparable or even superior harvesting performance.

It is noteworthy that the obtained efficiency of the investigated
toroidal metasurface harvesters can be considered as underesti-
mated. Several factors related to the performance of our harvesters
are not optimized. First of all, the simple rectifying circuit, used for
the RF-to-DC conversion, is not the optimal one, resulting in the
suppression of the harvester performance. In general, special
RF-to-DC converters are designed and developed, individually ded-
icated to each microwave harvesting system, so that they suppress
parasitic effects, leading to the optimization of the rectifier perfor-
mance and consequently to the maximization of the efficiency of
the harvesting device.”*>°7%2 However, rectifiers themselves
possess a limited efficiency, which, in practice, is always lower than
100%, reducing the performance of the harvester. In the current

ARTICLE pubs.aip.org/aip/jap

investigation, the rectifying circuit consists of a Schottky diode, and
obviously it is not optimized to the requirements of the harvester.
Therefore, the efficiency of the rectifying circuit itself is possibly
very low, reducing further the performance of the toroidal harvest-
ers. Nonetheless, such a simple rectifying circuit has been previ-
ously chosen,”*  for 3D-printed cut-wire metasurfaces, to
successfully demonstrate their harvesting performance in the
microwave regime. Furthermore, in the current investigation, har-
vesters consist of one single metasurface, while in other reports,
harvesters consist of metasurface arrays, which could also contrib-
ute to their total performance. Considering all the above, it is obvi-
ously shown that the obtained efficiency for the investigated
toroidal harvesters can be considered as underestimated, and
further research is required toward their performance enhance-
ment. Nevertheless, such research is out of the scope of the current
study.

IV. SUMMARY AND CONCLUSIONS

In the current study, complementary metasurfaces, with toroi-
dal topology, have been engraved, utilizing the CNC method. Both
shape and dimensions of the metasurface are consistent with our
previous theoretical and experimental investigation. The engraving
process has also been previously used, for the construction of com-
plementary metasurface sensors, dedicated for water quality control
against detergents and fertilizers. Metasurfaces were engraved on
metallized FR-4 surfaces. Two different FR-4 surfaces were used; a
single-side Cu coated and a double -side Cu coated one. Thus, two
different metasurfaces were formatted, i.e., one with a back con-
ducting plate acting as a ground plane and another without the
ground plane.

Both of them are characterized regarding their shape and
dimensions. Compared to the initial design imported to the CNC
router software, the dimensions measured in the developed meta-
surface are in a rather good agreement. Furthermore, the metasur-
face is well shaped, nevertheless with round corners. Therefore, the
CNC process could be used for the production of complementary
metasurfaces; however, optimization of the process will increase the
quality of the produced samples.

Electromagnetic characterization of the grown metasurfaces
reveals their strong electromagnetic response in certain frequencies,
predicted by corresponding theoretical simulations. Moreover, their
electromagnetic behavior with respect to the angle of the incident
wave was studied and found to be consistent with theoretical
predictions.

Harvesting behavior of the metasurfaces was extensively
studied, through various experiments. Open circuit voltage as high
as 3.6 and 1.75V were measured, for the metasurfaces with and
without the ground plane. These voltage values were observed in
the frequencies where the metasurface resonate. Furthermore, open
circuit voltage increases with increasing the power incident the
metasurface, reaching saturation above a threshold value. All these
experimental results clearly demonstrate the microwave energy har-
vesting performance of the engraved metasurfaces. By incorporat-
ing proper resistance loading, a maximum power output is
obtained, leading to a corresponding harvesting efficiency of more
than 30% for both studied metasurfaces. Such an efficiency is still
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inferior comparing to other metasurfaces with the toroidal geome-
try; however, it is comparable or even superior than other comple-
mentary metasurface harvesters. Furthermore, optimization of the
rectification process, used hereby, as well as the construction of cor-
responding metasurface arrays, could also result in significant
improvement of the harvesting efficiency, of the studied
metasurfaces.

All in all, engraved complementary metasurfaces are quite
promising candidates for energy harvesting applications in the
microwave band.

SUPPLEMENTARY MATERIAL

See the supplementary material for Figs. S1-S5, in which sup-
porting experimental data are provided regarding the electromag-
netic response of the hereby studied metasurfaces, as well as their
energy harvesting behavior. In particular: Fig. S1 on S;; vs f spec-
trum for CTM1 sample. (b) S;; vs f spectrum for CTM2 sample;
Fig. S2 for different angles that the metasurface can be turned, with
respect to the incident wave, namely, delta theta and phi; Fig. S3
for theoretical simulations for CTM1 sample; Fig. S4 for theoretical
simulations for CTM2 sample; and Fig. S5 for energy harvesting
experimental results, with respect to the incident wave angle, for
CTM2 sample.
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