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Abstract. A metamaterial-based energy harvesting structure has been designed and experimentally tested in
this study. The proposed structure has square and split ring resonators placed in different angles on the back and
front sides for compatible multiband operation in energy harvesting. Resonance points have been defined at
900 MHz, 1.37 GHz, 1.61 GHz, 1.80 GHz, and 2.55 GHz, by simulation and experimental methods. These points
correspond to Global System for Communication (GSM) 900, GSM 1800, Universal Mobile Telecommunication
System (UMTS), satellite navigation, and Industrial Scientific and Medical (ISM) band frequencies. Supporting
multiband application in a single structure without changing dimensions or design is one of the properties of
this study. To harvest captived electromagnetic energy, an HSMS 2860 Schottky diode has been used. For
wireless power transmission efficiency, voltage across the Schottky diode has been measured by a spectrum
analyzer in different points experimentally. The maximum obtained voltage across the Schottky diode is 90 mV at
1800 MHz when a 500 mV signal is applied from a 5 cm distance. Simulated and experimental results prove that
the proposed structure can effectively be used in GSM, satellite communication, and UMTS electromagnetic
bands for energy harvesting and filtering applications. © 2018 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI:

10.1117/1.0E.57.8.087110]
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1 Introduction

Metamaterials (MTMs) are artificial structures that exhibit
exotic properties as negative refraction.! It is possible to
absorb electromagnetic energy for different purposes within
the MTMs.> Radio frequency (RF) energy harvesting (EH)
applications are generally based on metamaterial absorber
(MA) that search widely’ by utilizing MTMs for sophisti-
cated energy transfer. In contrast to the MA studies, which
are developed for absorbing electromagnetic energy, EH
studies are realized using a resistor or Schottky diodes for
harvesting the energy collected on the gaps or splits on
the resonators.®'* Other types of EH applications are vibra-
tional, thermal, and solar, which can be accomplished
by electromechanical and/or thermoelectric systems.''~'*
Microwave energy is such an ambient energy source due to
substantial transmission of wireless communication systems.
The idea of microwave EH depends on the energy that is
normally lost on the environment. This energy can be used
as a power source for small electronic devices.

In the first microwave EH study realized”® ~0.15 V
harvested experimentally between 6 and 15 GHz. After
that, an electrically small rectenna was designed and tested
at the global positioning system (GPS) L1 frequency
(1.5754 GHz).'® After using antenna in EH, a MTM EH
study was initially reported by Ramahi et al.” They designed
a split ring resonator (SRR)-type MTM energy harvester that

*Address all correspondence to: Cumali Sabah, E-mail: sabah@metu.edu.tr
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operates at 5.8 GHz. A resistive load had been used as a
lumped element to transfer RF energy to power. In 2013,
Hawkes et al.'” designed and implemented a power harvesting
MTM at the rate of 36.8% at 900 MHz. The signal was exper-
imentally rectified by a Greinacher circuit, which is placed in
the SRR that has two Schottky diodes connected parallel to
double the output voltage with the efficiency of 36.8%.
In 2014, Alavikia et al.'® introduced a class of electrically
small resonators composed of complementary SRR backed by
a ground plane that is used for EH at 5.8 GHz. Microwave
energy is transferred using a resistive load again. Again in
2014, Almoneef and Ramahi proposed three-dimensional
MTM stacked arrays for efficient conversion of electromag-
netic energy into AC." In that proposal, several vertically
stacked arrays in which each array is comprised of multiple
SRR elements and resistive loads connected across the gaps
takes place for EH at 5.8 GHz. In 2015, Alavikia et al.?°
demonstrated a ground backed complementary split ring res-
onator (G-CSRR) study with a power conversion efficiency of
92%. Another study in 2015 proposed by Almoneef and
Ramahi®! is related to the increase of efficiency in the earlier
work. That work emphasized the importance of SRR arrays in
the usage of EH. In 2016, Duan et al.’* presented a planar
MTM harvester to convert incident electromagnetic wave to
direct current with rectifying functionality. It consisted of
6 x 6 MTM particles integrated with miniaturized rectifiers
showing 44.5% efficiency at 2.45 GHz. In 2017, Tékam
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et al.> presented a microwave energy harvester based on a
cutwire metasurface with an integrated PN junction diode
at 6.75 GHz. New studies regarding EH in 5G networks
were studied by Liu et al.*

This study differs from other studies in some aspects with
advantages and disadvantages. The first important part of this
study is that the proposed design is especially configured to
work in GSM 900, GSM 1800, and ISM bands, which mean
900, 1800, and 2550 MHz without changing the design.
When we look at the similar studies in Refs. 25-27, it is nec-
essary to change the design or adjust the air gap behind the
MTM to harvest energy in GSM 900, GSM 1800, and ISM
bands. In contrast to these studies, the proposed structure
covers three bands without making any changes due to its
special design. Air gap thickness is set to 5.6 mm according
to parametric study results of the CST Microwave Studio
(MWS) program.

Antenna-based wireless power transfer studies have been
widely used by different scientists for EH.?*=! Another dif-
ference of this study is related to its design: it is MTM based.
MTMs have widely been used in near to infrared absorber
studies. This study demonstrates the MTM-based EH appli-
cations for GSM and ISM bands. By adding voltage double
circuits, and using outdoor RF sources as GSM base stations,
the proposed structure could be more productive since their
RF power ranges from 40 to 100 W. Due to limitations in our
laboratory, we used a 20-mW RF source for the experimental
validation.

As will be shown in this paper, return loss at that fre-
quency is low as wished for maximum EH ratio. In addition,
one of the important aspects of this study is that the proposed
structure is designed as an SRR-based chiral MTM to be
novel in this area. The other advantage of this study is that
it shows tunable property using air gap or lumped element
with a resistor. By changing the air gap, it is possible to
tune the resonance frequency of the EH system or it is pos-
sible to change the Schottky diode with the resistor to change
the resonance frequency of the proposed design. As briefly
explained here, most wireless devices operate within the
operation frequency band of the proposed system; using
a single structure, it is possible to harvest energy between
900 and 2550 MHz. Another important point in this study
is the wireless power transfer ratio; wireless power transfer
efficiency of the design is measured by a signal generator
and spectrum analyzer between 5 and 75 cm. Findings are

reported in a table together with efficiency values. The
organization of this study is as follows. In Sec. 2, the structure
geometry based on chiral SRR is proposed, and the numerical
method is presented. In Sec. 3, numerical and experimental
results are presented and compared. Finally, a summary
and conclusions are provided and discussed in Sec. 4.

2 Design and Numerical Setup

In this study, MTM is composed of SRRs proposed for GSM
band EH. The proposed structure-based resonators are
placed on a FR4 substrate, the FR4 substrate has a thickness
of 1.6 mm and dielectric constant of 4.2, and the resonators
are made up of copper that has a thickness of 0.035 mm and
conductivity of 5.8 x 103 S/m. The lumped element that is
used for harvesting microwave energy is a Schottky diode of
HSMS 2860. As shown in Figs. 1(a)-1(c), the front side and
back side resonators are not placed symmetrically. There is
an air gap between the copper plate and back side resonators.
This air gap is used for shifting the resonance frequency. As
the structure contains a metallic back resonator, it is possible
to tune the resonance frequency of the proposed structure by
adjusting the placement of the front and back resonators as
well as their dimensions. Front and back resonator do not
have an electrical connection since they are used for manipu-
lating the electromagnetic energy. As the structure contains a
metallic back plate with a thickness of more than skin depth,
the transmission value for the structure is zero. Hence, the
absorption entirely depends on the reflection from the struc-
ture and absorption can be maximized by minimization of
reflection. The most important part of the structure is design
and placement of the front and back side resonators.
Resonator dimensions are adjusted according to parametric
study results run on a CST MWS. As will be seen in the
simulation and test results, the proposed structure’s reflec-
tion coefficient value (S;;) is minimum at the GSM reso-
nance frequencies of 900, 1800, and 2550 MHz. When
we look at the resonators in the front and back sides of
the FR4 substrate, square SRR is placed outside the structure
and has a length of 34 mm, and SRR that is placed inside the
proposed structure has a diameter of 34 mm. The width of
split is adjusted to 2 mm for both of them. SRR that is placed
on the inner side of the resonator in the front and back sides
have been placed differently with an angle of 45 deg and
125 deg. These angles are adjusted according to maximum
efficiency in EH for GSM bands. The air gap that is placed

(a) Copper plate  (p) (c)
40 mm
L
{[fhm
40 mm ‘ﬂ%[’
Schottky X
dio ML
=S = £ — T
1 mlm 1 r:r_n \ F 36 mm L
FR4 substrate ;
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Fig. 1 Proposed structure for GSM band EH (a) front side, (b) profile view of the proposed structure, and

(c) back view of the proposed structure.
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between back resonator and copper plate is set to 5.6 mm
for maximum EH efficiency.

Numerical simulation results are obtained by a CST
MWS that is commercially available and utilizes finite inte-
gration technique. Absorption can be defined as no trans-
mission and reflection in the case of an incident radiation.
Absorption can be determined as A(w) = | — R(w) — T(w),
where A(w), R(w), and T(w) define the absorption, reflec-
tance, and transmittance, respectively. When reflection
R(w) = |S;,|* and transmission T(w) = |S,,|?> fall to the
minimum values, absorption rises to the maximum level at
the resonance frequency. There will be no transmission to
be examined since a metal plate is placed behind the air
gap. To harvest microwave energy, it is necessary to absorb
it in the MTM. For this reason, harvested energy rises when
perfect absorption occurs. This energy can be harvested
using a high frequency Schottky diode. In this study, a
HSMS 2860 Schottky diode is used both in the simulation
and experimental study parts. It is possible to reduce reflec-
tion to almost zero by choosing the relative effective permit-
tivity ¢(w) and permeability y(w) values carefully to provide
impedance matching with the air. It is possible to absorb both
the incident electric and magnetic field by properly tuning
e(w) and p(w) of the effective medium of the absorber.

3 Results and Discussion

To show the performance of the proposed structure, it is nec-
essary to analyze the reflection coefficient in dB. For this
reason, it is numerically analyzed and experimentally veri-
fied. Also, the Schottky diode used in this study to harvest
microwave energy is placed between the outside and inner
side resonators as shown in Fig. 1. Since Schottky diodes
have unique characteristics, they will affect the resonance
frequencies because of the matching impedance where
they have been used. For this reason, a single Schottky
diode has been used and no other lumped element is used
in this study for perfect absorption at the GSM band frequen-
cies. Schottky diodes used in this study have no serial or
parallel connection as designed. This is an advantage since
effects of the circuit parameters have been ignored. First of
all, to show the S11 reflection coefficient of the proposed
structure, it is produced using a CNC controlled PCB pro-
duction machine; after that, the S11 parameter is measured
using a two horn antenna and vector network analyzer, as
shown in Fig. 2. Two horn antennas have been used to

Reflection coefficient in dB
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Fig. 3 Simulated and measured reflection coefficient (magnitude in
dB) of the proposed structure under unit cell boundary conditions
between 500 MHz and 3 GHz.

see the transmission coefficient since that parameter is
affecting the absorption value according to equation A(w) =
1 — R(w) — T(w). When it is measured, its value is very
small due to the copper plate behind the air gap; for this
reason, T(w) is assumed to be zero.

Simulated and measured reflection coefficient graphs are
given in Fig. 3. Small differences between them occurred due
to calibration and test errors in the laboratory. As shown in
Fig. 3, resonance frequencies are determined as 900 MHz,
1.37 GHz, 1.61 GHz, 1.80 GHz, and 2.55 GHz, respectively,
between 500 MHz and 3 GHz. Because the proposed design
is an instance of MTM absorber, resonance points signifi-
cantly increased. As shown in Fig. 3, S|, parameters are
apparently high and generally agree at resonance points as
expected. One of the aims of the study is to have a simple
structure that can easily be produced and have some reso-
nances at GSM and satellite communication bands, which
is proposed by the suggested design.

To explain the absorption mechanism of the proposed
structure, the surface current distribution and electric energy
densities are studied at the resonance frequency of 900 MHz,
which is the resonance frequency defined both experimen-
tally and numerically. The simulated surface current distri-
bution is given in Fig. 4(a); the figure shows that the
electric energy is concentrated at the left bottom side of the
resonators. The structure provides an independent electric
response at the resonance, as in the pattern of the electrical
dipole. As a result, the surface charge oscillates along the
external electric field. This electric response excites free

Fig. 2 (a) Closer look at the manufactured sample and (b) picture from a test for measuring scattering

parameters.
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Fig. 4 (a) Simulated surface current distribution, which is showing
parallel and antiparallel currents at 900 MHz, (b) equivalent circuit
model of the proposed EH structure, and (c) reel part of dielectric
permittivity, permeability, and refractive index between 500 MHz and
1 GHz.

electrons as a surface current. For this reason, the magnetic
dipole moment due to the surface current charges induces
a magnetic response. This magnetic response, consequently,
causes a resonant absorption. Moreover, there are parallel
and antiparallel surface currents on the structure. Parallel
currents induce an electric field, whereas the antiparallel
currents induce a magnetic field. These responses couple
with E and H components of the incident EM wave and pro-
duce a strong localized EM field at the resonance frequency.
As shown in Fig. 4(a), there is surface current distribution
difference between inner and outer resonators that is strong
at the outer resonator due to the incident electromagnetic
wave. This difference causes a voltage difference between
the inner and outer resonator, which can be read from the
poles of the Schottky diode at the resonance frequencies
as shown in the EH section.

To explain resonance characteristics of the proposed
structure, Fig. 4(b) is plotted. R1 and R2 indicate total
power loss of the proposed EH structure in the resonator
parts. The overall inductance L1 and L2 consist of the
unit cell resonator with mutual inductance. Cs1 and Cs2
originate from the mutual capacitance between neighboring
unit cells. Cgl and Cg2 are the effects of capacitive gaps
placed in the front and back resonators, which provide
charge by the external field. Finally, Cm is the mutual capaci-
tance between the front and back side resonators.’>* As
briefly shown here, resonance frequencies and resonance
peaks depend on both resonator shapes and the air gap,
which is placed between back resonator and copper back.

After explaining surface current distribution and equiva-
lent circuit model of the proposed EH structure, effective
circuit parameters obtained between 500 MHz and 1 GHz
are shown in Fig. 4(c). Dielectric permittivity, permeability,
and refractive index of the proposed structure are negative
between 500 and 900 MHz. At 900 MHz, a sudden change
occurs due to sudden resonance peaks.

Optical Engineering

087110-4

0 \ Rgflection coefficient ip dB i _
VY VY TV
Fooov b W

511 simulation

511 measurement

1.5 2 2.5 3
Frequency (GHz)

Fig. 5 Simulated and measured absorption values of the proposed
structure Schottky diode not used as a lumped network element.

3.1 Effects of Schottky Diode

To show the effects of using a Schottky diode, the Schottky
diode is removed from the proposed structure, and the sim-
ulation together with the experimental study to define the
absorption value is studied. As shown in Fig. 5, absorption
resonance frequencies have not significantly changed.
Resonance at 1800 and 2550 MHz shifted to 1810 and
2600 MHz, respectively. Test results also verify the simula-
tion results with some differences caused by calibration and
test results. When absorption results are compared with each
other, the Schottky diode effect can be accepted as negli-
gible. When we look at the experimental results, they gen-
erally comply with the simulation results. Simulated S; in
the dB level is considerably higher than the experimental
results, and there is a resonance shift between them because
of the calibration and manufacturing errors together with
the testing environment.

Instead of a Schottky diode, a resistor can be used to
harvest energy as a load resistor. To show the effects of
the resistor value on harvested energy, a set of simulations is
prepared. In this case, a resistor value is changed between
5 and 50 Q with a step of 5 Q. Simulation results show
the RF to DC conversion performance. As is generally
known, the RF to DC conversion value is important for
the efficient EH design, which will be calculated as
Ref. 7,

P
p=10¢, )
RF

where Pgrg is defined as 0.5 W by the simulation program
manufacturer. These simulation power data have been
taken from the simulation program by choosing the monitor
voltage and current section in the lumped network element.
Simulated power data are taken from the accepted power
section at the simulation results. Ppc values are extracted
from the voltage and current values of the resistors used
in this study. For numerical validation, resistors are placed
between outside and inside resonators instead of Schottky
diodes. In this case, the power harvesting efficiency graph
is given in Fig. 6, at 900 MHz. As seen from the figure, simu-
lated power on different resistance values decreases as the
resistance value increases. Maximum power efficiency is
found numerically; it is 0.40 W between 5 Q and 10 Q
and decreases linearly between 10 Q and 50 Q. Minimum
power harvesting efficiency is 0.18 W.

August 2018 « Vol. 57(8)
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Fig. 6 Simulated harvested power in watt according to different resis-
tor values that is used as a lumped network element.

3.2 Effects of Air Gap on Reflection Coefficient

A copper plate is placed 4 mm away from the back side res-
onators to increase the absorption rate directly, which affects
the harvested power efficiency and resonance frequency of
the proposed EH system. In this part, two numerical simu-
lations are prepared; the first one is the air gap distance
and absorption relation, and the second one is related to
the removal of the copper plate. In this case, we have
removed the copper plate, harvested energy is simulated,
and the numerical and experimental reflection coefficient
is presented.

For the purpose of assessment, first, the copper plate is not
removed and the air gap thickness is adjusted between 1.6
and 5.6 mm with a step of 2 mm. The [S};] in the dB spectra
were simulated using CST MWS. Furthermore, simulated
power between the Schottky diode was simulated at
900 MHz; results are presented in Table 1. As shown in
Fig. 7, the air gap between the backside resonator and copper
plates has a shifting effect on the reflection coefficient,
and signal magnitude level maximum absorption occurs
at the 5.6-mm air gap distance. Also, at this distance, the
GSM 900, GSM 1800, and UMTS bands are covered,
and there are four different resonance points at 900 MHz,

Table 1 Energy harvesting efficiency comparison table (single
array).

Simulated power at 900 MHz Efficiency

Airgap = 1.6 mm 30% (0.30 W)

Airgap = 3.6 mm 38% (0.38 W)

Airgap = 5.6 mm 40% (0.40 W)

100%;

Absorptivity A(w) vs frequency (GHz) Plot

1.37 GHz, 1.61 GHz, and 1.8 GHz. As the distance
decreases, the resonance frequency shifts upward due to
the capacitive effects of the plate. As is generally known,
the parallel plate capacitors’ capacitance value depends on
the distance of parallel plates and the surface area of the
plates. When we look at Fig. 7, the resonance frequency
shifts downward between 0.5 and 3 GHz due to the effects
of parallel plates.

3.3 Effects of Polarization Angle and Incident Angle

In this section, the theta and phi polarization angle with inci-
dent angle dependency is simulated using CST MWS. To
realize these simulations, the proposed MTM, which is pre-
sented as in Fig. 1, is prepared; after that, the simulation
setup is completed according to simulation program settings.
After finishing these preadjustments, reflection coefficient
according to the phi angle is simulated; obtained results
are presented in Figs. 8 and 9. As shown in these figures,
the reflection coefficient is not affected by the phi and
theta polarization angles, which is good for harvesting effi-
ciency. Another simulation presented here is the incident
angle dependency of the proposed structure. To realize this,
two different incident angle values, which are 0 deg and
30 deg, have been taken as samples; the simulated incident
angle dependency is shown in Fig. 10.

As shown in Fig. 10, when the incident angle changes, it
affects the reflection coefficient by both resonance shifts and
the dB level. This is related to the design details of the
proposed structure as the place of the Schottky diode and
resonators.

3.4 Energy Harvesting and Wireless Power Transfer

In this section, EH and wireless power transfer performance
of the proposed structure have been determined. First,
simulated power harvesting efficiency is presented using
CST MWS between 500 MHz and 3 GHz. As shown in
Fig. 11, harvested power at the resonance points, which

»R(—Eﬂection coefficient in dB -
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0.5 1 1.5 2 2.5 3
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Fig. 8 Effects of phi angle in reflection coefficient.
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Fig. 7 Reflection coefficient in dB according three different air gap
values. Fig. 9 Effects of theta angle in unit cell boundary.
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Fig. 10 Effects of incident angle on reflection coefficient.
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Fig. 11 (a) Simulated power in watt between 500 MHz and 3 GHz.

are at 900 MHz, 1.37 GHz, 1.61 GHz, 1.80 GHz, and
2.55 GHz, are changing between 0.2 and 0.5 W.
Especially at 900 and 1800 MHz, a 0.5-W value is remark-
able since the simulation program produces 0.5-W power
during simulation, which means that energy is fully absorbed
and unity efficiency has been obtained at the resonance
frequencies of GSM bands. To support simulation results,
we have realized a spectrum analyzer measurement across

an HSMS 2860 Schottky diode, which will be explained
in this section. The bandwidth of the EH intervals at reso-
nance frequencies is small. However, this is a disadvantage;
when we think about the bandwidth of GSM and ISM bands,
this study has compatible use in these bands. To compare the
simulated power harvesting efficiency with similar studies,
Table 2 is prepared. While EH efficiency starts from smaller
values as 47%, it reaches up to 100% due to advances in this
field. The proposed structure also has 100% simulated power
harvesting efficiency.

According to simulated power in watt, the proposed struc-
ture covers more than three bands. However, due to maxi-
mum power efficiency, only three bands were chosen for
samples. In the same table, we also compare the measured
results with similar studies. As seen clearly, RF to DC con-
version is smaller since this study is not rectenna based. The
other studies are using a rectifier with antenna and cascade
connected RF diodes to increase power efficiency.

To show the spectrum analyzer view between 500 MHz
and 3 GHz, we connected the spectrum analyzer using
a cable across the HSMS 2860 Schottky diode as shown
in Fig. 12. As shown in the figure, the proposed structure
was produced in a 2 X2 unit cell, and only one of the
Schottky diodes on the structure is connected to a spectrum
analyzer. The reason for this setup is to create a periodic
boundary effect as in the other sections of the study. The
horn antenna is Schwarzbeck BBHA 9120, which has a com-
patible operation between 800 and 5200 MHz RF. The horn
antenna is connected to a network analyzer that is operating
in §;; measurement mode. After completion of this measure-
ment setup, we obtained a spectrum analyzer view, which is
given in Fig. 13.

According to Figs. 3 and 13, Table 3 is prepared to give
brief information about the §; reflection coefficient and sig-
nal increment at the resonance points. Both resonance points
are generally compatible with each other. However, due to

Table 2 Comparison table of measured and simulated power efficiency with other studies.

Power efficiency

comparison table This study Almoneef and Ramahi® Alavikia et al.'®

Bakir et al.’®  Alavikia et al.?°® Gabin et al.°  Almoneef et al.??

Simulated (%) 100 47 84 87 92 100 100
Measured (%) 39 Not available 60 Not available 60 50 80
(b)

(@) {.

| Spectrum analyzer

/ Horn antenna

Network
analyzer

| Metamaterial under test |

Fig. 12 (a) Test schematic for spectrum analyzer measurements and (b) real picture of the experiment.
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1610 MHz, 40 dBm

900 MHz, 18 dBm

Fig. 13 Spectrum analyzer view of the proposed structure across the
HSMS 2860 Schottky diode between 500 and 3000 MHz when net-
work analyzer is operated between these frequencies.

external effects and calibration errors, signal levels are not
compatible with each other as in 2.55 GHz. Another point
that affects this value is the antenna gain values at different
frequencies. Antenna gains have different values at different
frequencies, which are indicated by the manufacturer of the
horn antenna on the device. Figure 13 is taken directly from
the spectrum analyzer output file, which shows the signal
level increase around the resonance points of the proposed
structure. It is very clear from the figure that maximum signal
level is observed around 1600 and 1900 MHz, which com-
plies with the maximum reflection coefficient level and their
resonance points. The maximum signal increase is 45 dBm at
1600 MHz; there are also different signal increments present
at difference resonance points as expected, which can be seen
in Fig. 13. While 20 and 30 dBm differences are seen at
900 and 1800 MHz, respectively, during spectrum analyzer
measurement, reflection coefficient measurement values are
presented. According to Table 3, test measurements gener-
ally comply with each other.

For comparison of measured spectrum analyzer results in
Fig. 13 with simulated power in Fig. 11, Table 4 is prepared.
As seen, some of the resonance points cannot be seen during
spectrum analyzer measurement. These errors are caused by
the calibration and testing environment. Since these points

Fig. 14 Experimental test setup for wireless power transfer.

are not used for EH in this study, the effects of these points
on overall structure are minimal.

To show the wireless power transfer performance, another
experimental validation was made. In this validation, a vector
network analyzer was taken and the TTR2050 signal gener-
ator was connected to the horn antenna while the spectrum
analyzer is still connected to the Schottky diode on the unit
cell, which is shown in Fig. 14.

According to the measurement setup that is given in
Fig. 14, the signal generator output is set to 500 mV and
is connected to the spectrum analyzer to see the cable and
other losses. The spectrum analyzer shows 497 mV with
a power of 2 mW input value at 1610 MHz as shown in
Figs. 15(a) and 15(b). According to this input, we have
not seen any loss that affects the horn antenna input due
to cable and signal generator. When we connect the signal
generator to the horn antenna and measure the signal level
on the Schottky diode, which is connected to the spectrum
analyzer, the following distance versus voltage level across
the Schottky diode table is prepared. As shown in Table 5,
distance and voltage level are indirectly proportional to each
other, which means that as the distance increases, measured
voltage as well as power across the diode decreases in
accordance with the Friis equation given below since output
power is inversely proportional to distance. This value can be
increased using different rectenna circuits

Table 3 Sy reflection coefficient and spectrum analyzer measurement result comparison table.

Resonance type

Resonance frequency in GHz. and signal level in dB for network analyzer Il spectrum analyzer in dBm (increment)

Sy 09/-18dB  1.08/—-7 dB

Spectrum analyzer 0.9/18 dBm 1.2/18 dBm

1.370/ - 15 dB

1.38/30 dBm

161/-15dB 18/-18dB  2/-7dB  255/-6dB

1.61/18 dBm 1.8/22 dBm 2.1/20 dBm 2.6/30 dBm

Table 4 Resonance frequency comparison table of measured spectrum analyser results with simulated power in Fig. 11.

Simulation / experimental

Resonance frequencies

Simulated power 660 MHz 900 MHz 1.06 GHz 137GHz 161GHz 18GHz 208 GHz 255GHz 292 GHz
Spectrum analyzer None 900 MHz 1.2 GHz 1.38GHz 161GHz 1.8GHz 2.1 GHz 2.6 GHz None
Optical Engineering 087110-7 August 2018 « Vol. 57(8)



Bakir et al.: Metamaterial-based energy harvesting for GSM and satellite communication frequency bands

Fig. 15 (a) Signal generator output at 1610 MHz, and spectrum ana-
lyzer view of the applied signal, which is emphasized by marker at
1610 MHz and (b) spectrum analyzer direct view of the signal gener-
ator output defined as 497 mV at 1610 MHz.

P66, (-2 ’ 2)
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As shown in Fig. 16, marker position is set to 1.61 GHz
and voltage level across the HSMS 2860 Schottky diode,
which is measured by spectrum analyzer, is 81 mV at
5 ¢cm, 36 mV at 20 cm, and 1.8 mV at 75 cm. When the
input value has been accepted as 497 mV, efficiency of
the EH system at 5 cm is Pout/Pin, meaning 81/497 =
16%:; this value decreases to 7% at 20 cm and 0.4% at
75 cm. Although, these values are small when compared
with wireless power transfer studies realized in MHz fre-
quency level,** they can be used as a reference in GHz
frequency band.
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Fig. 16 (a) Schottky diode spectrum analyzer view when the wireless
power transfer horn antenna is placed at different distances and spec-
trum analyzer marker is set to 1.61 GHz. (a) 5 cm and 81 mV output,
(b) 20 cm and 36 mV, and (c) 75 cm and 2 mV values have been read.

4 Conclusion

In this study, a MTM-based EH structure is proposed.
This structure design dimensions are adjusted to operate
between 500 MHz and 3 GHz, especially for GSM band
frequencies. A set of simulations that are verified by exper-
imental measurements covering S;; parameter and spectrum
analyzer measurements for EH and wireless power transfer
have been supplied. The design dimensions are especially
chosen for EH at GSM 900 MHz, 1800 MHz, satellite

Table 5 Spectrum analyzer readings according to horn antenna and proposed structure distances set to 5, 10, 20, 35, 50, and 75 cm when 2-mW

power is applied.

Measured voltage and DC power efficiency at 0.05 m 0.1m 02m 0.35 m 0.5m 0.75 m
1610 MHz/voltage 81 mV 46 mV 36 mV 20 mV 11 mV 1.8 mV
1610 MHz/power efficiency 31% 10% 6% 1.95% 0.6% 0.1%
1800 MHz 90 mV 44 mV 34 mV 17 mV 12 mVv 7 mV
1610 MHz/power efficiency 39% 9.9% 5.7% 1.72% 0.61% 0.25%
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communication, and UMTS frequency bands, which are the
most common frequency bands for mobile devices. This
study has unique characteristics of three bands being covered
in a single design when it is compared with other EH studies.
This point is very important for mobility and easiness of
usage since no dimension adjustment is necessary as in
Ref. 17. Simulated and measured resonance frequencies in
S, measurement have been defined as 900 MHz, 1.37 GHz,
1.61 GHz, 1.80 GHz, and 2.55 GHz, respectively, between
500 MHz and 3 GHz. A comprehensive study that covers
network analyzer measurements, spectrum analyzer mea-
surements, and voltage measurements has been realized.
At 1.6 GHz, the signal increased from —90 to —40 dBm,
which is in about 50 dBm increments. Also, wireless
power transfer measurements were realized using a spectrum
analyzer and signal generator. Wireless power transfer per-
formance was measured from six different points from 5 to
75 cm. Wireless power transfer efficiency was measured to
be 17% at 5 cm. Simulation and experimental study results
generally comply with each other; small differences occur
due to calibration and test environment as well as effects or
harmonics coming from outside. This study will be used as a
reference in GSM band EH studies. For future work, power
transfer efficiency can be increased using a different design
and using powerful resources as base station transmitters
since their power ranges from 40 to 100 W. Using these
types of powerful RF sources will increase the distance
away from 75 cm and harvested power quantity.
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