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Tunable energy harvesting on UHF bands
especially for GSM frequencies
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Metamaterial-based energy harvesting structures operating at GSM 900 and GSM 1800 frequency bands have been proposed.
The basic structure is composed of four nested U-shaped elements on the front and back side of the dielectric substrate, with a
1808 relationship between the front and back resonators. As energy harvesting capability is directly related to the quality of
absorption, with the aim being perfect absorption, there is an air gap to allow tuning of the resonance frequency, and copper
plate follows the air gap to facilitate the perfect absorption of electromagnetic waves, which is verified by means of simulation
and experimental tests. A set of simulations and experimental study were further carried out to demonstrate incident and
polarization angle dependency, the effects of Schottky diodes, and the optimal orientation of the U-shapes. Spectrum analysis
and DC voltage measurements across the HSMS 2860 Schottky diode are also presented to test the energy harvesting capabil-
ity: the spectrum analyzer shows a 40 dBm difference, while 81.7 mV maximum DC voltage is observed at 900 MHz. The
simulation and experimental study results, while displaying several differences, do suggest that the proposed design can be
used for running low-energy consumption devices such as sensors and switches.
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I . I N T R O D U C T I O N

After experimental validation of Veselago’s ideas about simul-
taneous negative permittivity and permeability [1], metama-
terials (MTMs) have been used in sensing [2–5], cloaking
[6, 7], absorption [8–10], energy harvesting [11–14],
antenna applications [15, 16], and a range of other applica-
tions [17–20]. Absorption of electromagnetic waves within
the specified electromagnetic frequency range is thus crucial
for contemporary applications of MTMs. Perfect absorption
occurs when a specially designed MTM, which is generally
backed by copper plate, prevents transmission or reflection.

Perfect absorption theoretically occurs when the imped-
ance of the MTM matches the impedance of the free space.
Different absorber studies have identified structures and
materials that operate in different frequency bands [21–24].
MTM energy harvesting is a different application, however,
that makes use of perfect absorption and microwave power
delivery to create a load. Loads in microwave energy harvest-
ing applications are composed from lumped elements includ-
ing resistors or Schottky diodes. After capture, microwave

energy is converted to DC voltage by means of rectifiers.
Radio frequency (RF) energy harvesting is also a viable
source of energy that may be used to charge electronic
devices that require power at the mW level, and due to
modern communication needs, the environment is teeming
with different signals from GSM, satellite communications,
Wi-Fi connections, and ISM devices.

In this study, a MTM absorber-based energy harvesting
system was designed to operate in two GSM bands, 900 and
1800 MHz. Examining energy harvesting systems that
operate in GSM bands, different systems utilizing MTM or
antenna-based designs are available. In [25], design and
realization of a wearable system that works in the GSM fre-
quency bands was proposed, and this is antenna-based.
Similarly, in [26], an antenna-based energy harvesting system
that operates in the GSM and 3 G bands was proposed. That
design was integrated into a circuit system to allow energy har-
vesting in different bandwidths. In [27], a MTM-based energy
harvesting design that operates at 900 MHz was used to transfer
GSM wireless energy by using a Schottky diode, while in [28],
four types of basic antenna structures suitable for harvesting
applications, namely the patch antenna, slot antenna, modified
inverted F antenna, and dielectric resonator antenna, were com-
pared from the viewpoints of reflection coefficients, efficiency,
radiation patterns, and dimensions. In another study, a 5 × 5
MTM array split ring resonator was introduced onto a
C-shaped rectangular patch antenna with a defective ground
plane. The patch antenna was designed to operate at the down-
link RF band of GSM 900 with a pair of bevel-shaped structures,
and a horizontal slot on top is proposed in [29].
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The current study differs from other energy harvesting
studies by two ways. The first is related to design. The proposed
design for this study is MTM-based, which is a new approach for
GSM band energy harvesting. The second difference is related to
the bands utilized: the proposed design is especially adapted to
operate in two GSM bands, 900 or 1800 MHz, as by means of
varying the air gap between the backside resonators and the
copper plate, the system can be amended to work in either band.

The structure of this study is such that in Section II, detailed
information regarding the design, experimental setup, and
simulation setup is presented. In Section III, simulation and
experimental study results are given. In Section IV, the energy
harvesting experimental results are given, and in Section V, all
of the findings are summarized.

I I . D E S I G N A N D S Y S T E M A T I C
D E S C R I P T I O N O F T H E U N I T C E L L

In this study, MTM-based absorber equipped with lumped
elements is initially proposed as a means of energy harvesting
in the 900 MHz GSM band. The first and most important part
of this is therefore the design process. In the design stage of the
study, simulations of different shapes are tested to find the
best responses to the wavelength of the GSM band frequen-
cies. After finding a compatible structure that satisfies the
requirements of both energy harvesting and absorption, fine
tuning of the structure for the operational frequency is also
conducted based on the simulation results. Production and
testing stages follow this design stage.

Once the design process is satisfactorily completed, the
proposed model is created by means of an LPKF Laser and
Electronic AG, a Promat E33 model Computerized Numeric
Control (CNC), and a printed circuit board (PCB) machine.
Generally, calibration is completed prior to the measurement
in order to prevent the occurrence of random errors resulting
from changes in ambient factors; this is done by using ap-
propriate calibration kits. The current state of the art requires
calibration to be performed prior to every measurement, and
this is checked by testing the manufactured samples to ensure
the return of the correct measurement results.

In this study, a structure composed of four nested
U-shaped resonators that are placed both in front and back
of the FR4 substrate, with an angle difference of 1808, was con-
structed. The FR4 substrate thickness and dielectric factor
are1.6 mm and 4.2, respectively, and the loss tangent value
of the chosen FR4 is 0.025. The U-shaped resonators are com-
posed of copper with a thickness of 0.035 mm and a conduct-
ivity of 5.8 × 108 S/m. HSMS 2860 Schottky diodes have been
used to harvest incidental electromagnetic energy; these were
chosen for their low threshold value and high-frequency oper-
ation compatibility. The four nested U-shaped elements used
in the front and back of the FR4 substrate, with a 1808 differ-
ence, are shown in Figs 1(a)–1(c). The difference is designed
to increase mutual inductance and capacitance. An air gap
is created to increase absorption and to provide a tuning
option to the proposed structure allowing sensitive resonance
frequency adjustments. This air gap, with an initial thickness
of 4.5 mm, is placed between the rear resonators and the
copper plate, and acts to adjust the resonance frequency and

Fig. 1. Proposed structure for GSM band energy harvesting (a) front side, (b) profile view, (c) back view of the proposed structure.

Fig. 2. (a) Unit-cell boundary application of simulation program, (b) manufactured sample of proposed structure.
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absorption level, both of which are crucial for energy harvest-
ing applications.

The design details of the proposed structure can be seen in
Figs 1(a)–1(c). The noted 1.5 mm value applies to both reson-
ator thickness and resonator gap. These dimensions were
chosen by evaluating a range of parametric studies to calculate
the best available numerical and experimental results. The
final design was produced using a CNC machine, and the
experimental tests were conducted using a horn antenna con-
nected to an 8 GHz vector network analyzer (VNA), as shown
in Fig. 2(b). For the absorber and energy harvesting configur-
ation tests, a single port with time gating in VNA was used
(single-port Tx-Rx) to feed the horn antenna, with linearly
polarized electromagnetic waves transmitted from the horn
antenna with normal incidence to the manufactured test
sample, which was compromised of 4 × 4 unit cells, as
shown in Fig. 2(a). From the simulation and test results, the
proposed structure’s reflection coefficient value (S11) is mini-
mized at the GSM resonance frequencies of 900 MHz.

Numerical simulation results were obtained using the CST
Microwave Studio utilizing a finite integration technique.
Absorption can be defined as a lack of transmission and re-
flection in the case of incidental radiation. Absorption can be
calculated as A(v) ¼ 1 2 R(v) 2 T(v) where A(v), R(v),
and T(v) define the absorption, reflection, and transmission
values. When R(v) ¼ |S11|2 and T(v) ¼ |S21|2, A(v) falls to
the minimum value, and absorption rises to the maximum
level at the given resonance frequency. No transmission will
then be available due to the metal plate placed behind the air
gap. In order to collect microwave energy, it is necessary to
absorb energy in the MTM. For this reason, harvested energy
rises the more nearly perfect absorption can be achieved. This
energy can then be converted using a high-frequency
Schottky diode. In this study, HSMS 2860 Schottky diodes
were used in both the simulation and experimental sections.
It is possible to reduce reflection to almost zero by choosing
appropriate relative effective permittivity 1(v) and permeability
m(v) values to provide impedance that matches that of the air.

For absorbing and energy harvesting applications, unit-cell
boundary conditions are applied along the 2 x and 2 yaxes,
while an open additional space boundary is assigned along

the +z direction and the wave is applied along the 2z axis.
The boundaries in CST are defined as unit cell, unit cell,
open add space along the x, y, and z axes, respectively, as
shown in Fig. 2(a). This type of selection provides a normal
incidence wave that represents transverse electromagnetic
wave propagation. Within both the simulation and tests, the
angle of incidence’s direction is –Z, and the polarization
angle is 908. For this application, the electric field vector is
in the Y direction, while the magnetic field vector takes the
X direction, as in Fig. 2(a). The frequency domain solver in
CST Microwave Studio was used as the sole solver type
throughout this paper, while experimental validation and
tests were conducted on a manufactured sample of 4 × 4
unit cells, as shown in Fig. 2(b).

I I I . S I M U L A T I O N S A N D
E X P E R I M E N T A L R E S U L T S

A model of the proposed structure, as shown in Fig. 2(b), was
created using CNC machining, and experimental tests were
conducted using a horn antenna connected to a 42.5 GHz
VNA, as shown in Fig. 3. For testing, a single port with time
gating in VNA was used (single-port Tx-Rx) to feed the
horn antenna, and linearly polarized electromagnetic waves
were transmitted from the horn antenna with normal

Fig. 3. Laboratory test picture using single-horn antennas, a 42.5 GHz Agilent vector network analyzer.

Fig. 4. Simulated and measured absorptivity of the proposed structure under
unit-cell boundary conditions between 500 and 2 GHz.
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incidence to the manufactured test sample, which was com-
promised of 4 × 4 unit cells. Initially, reflection coefficient
measurement of the proposed structure was completed.

The simulated and measured absorptivity graph was
plotted as shown in Fig. 4. The figure shows that the proposed
design has resonances at 900 and 1020 MHz. As harvested
energy is directly related to the confined electromagnetic
wave within the absorber, it will increase at the maximum
absorption points. The simulated and measured absorptivity
values are compatible with each other and they both indicate
that the proposed design can be used as an energy harvester
for the GSM 900 band. Based on modern communication
needs, cell towers operate continuously at frequencies of 900
and 1800 MHz, which is why the proposed structure is
designed for these frequencies. The simulated resonance fre-
quency and absorptivity were thus defined as 900 MHz and
98%, and the measured ones were 900 and 95%. This differ-
ence is likely to be caused by production and calibration
errors in the test laboratory. A further resonance occurred
at 1020 MHz; in that frequency, the simulated and measured
values of the absorptivity were 99 and 96%, respectively. Other
resonances following these points were also defined by means
of measurement and simulation, and at these points, some
frequency shifts can be seen.

A second resonance occurred in the air gap between the
copper plate and rear resonators, and this will be examined
in the following sections. Although this resonance appears
to be unnecessary for GSM 900 band work, it may be

used in future work to harvest further electromagnetic
energy.

In order to explain the absorption mechanism of the pro-
posed structure, surface current distribution and electric
energy densities were investigated at resonance frequencies

Fig. 5. Simulated surface current distribution: (a) surface current distribution at 900 MHz resonance, (b) simulated surface current distribution at 1.02 GHz.

Fig. 6. Extracted material parameters of permittivity, permeability, and
refractive index from 0.5 to 2 GHz for the proposed structure.

Fig. 7. Absorptivity simulation and experimental study with three different air
gap samples: (a) 1.6, (b) 3.2, and (c) 4.8 mm.
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of 900 and 1020 MHz, and the simulated results are plotted
in Figs 5(a) and 5(b). It can be seen from the figures that
the electric energy is concentrated at the left and middle
side of the resonators. The electric field component of incident
wave excites free electrons causing a surface current, and the
surface charge oscillates along the external electric field; this
field causes magnetic dipole moment, and it is this dipole
moment that causes resonance absorption. Parallel and anti-
parallel surface currents can be seen in both figures. While par-
allel currents induce electric fields, anti-parallel currents result
in magnetic fields. These responses couple with E and H com-
ponents of the incident electromagnetic wave and produce a

strong localized electromagnetic field at the resonance fre-
quency. Due to the larger absorption value at 1020 MHz, the
surface current values in this instance are bigger than those
seen at 900 MHz.

In order to examine the material parameters between 0.5
and 2 GHz, Re(1), Re(m), and Re (n), which represent the per-
mittivity, permeability, and refractive index of the proposed
structure, are extracted by using scattering parameters.
Figure 6 is plotted between 0.5 and 2 GHz in order to demon-
strate the change in material parameters. Negative permittiv-
ity values are seen to cause a negative refractive index at
900 MHz.

Fig. 8. (a)Sample used for illustration of Schottky diode effects, (b) simulated and measured reflection coefficients in dB of the proposed structure when Schottky
diodes are not used as a lumped network element.

Fig. 9. RF to DC efficiency at different resistor values when used as a lumped network element.
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A) Effects of the air gap on the reflection
coefficient
The proposed design offers a tuning function by means of
changing the air gap distance between the copper plate and
the rear resonators. As the distance between parallel plate
capacitors is inversely proportional to their capacitance
value, theoretically, as the distance increases, capacitance
decreases and resonance frequency increases; this can be
thought of as a tank circuit. Using this theory, a simulation
of air gap distance was added to the observations to reflect
the effects on the reflection coefficient. In order to support
the simulation study, an experimental study was also performed.
As it is easy to adjust the distance by using different amounts of
substrates, 1.6, 3.2, and 4.8 mm air gap distance values were
chosen as a sample of possible distances; the simulation and
experimental study results of this are shown in Fig. 7. When
air gap distance is adjusted to 1.6 mm, resonance frequencies
occur at 1730 and 1050 MHz. If the distance is increased to
3.2 mm, the resonance frequencies shift to 1600, 1030, and
930 MHz. Finally, when the air gap distance becomes 4.8 mm,
the resonance frequencies become 1020 and 900 MHz, as theor-
etically predicted. These values verify the capacitance and tank
circuit approach to resonance frequency shifts in reflection

coefficients. Absorptivity in these frequencies is higher than
90%, which increases the captured energy level available for
energy harvesting applications. By using this property, the pro-
posed structure can be utilized for energy harvesting at 900 and
1800 MHz. As shown in Fig. 7, the air gap can therefore be used
for tuning resonance frequencies in energy harvesting applica-
tions in the ultra high-frequency (UHF) band.

B) Effects of the Schottky diode on energy
harvesting
In order to show the effects on the reflection coefficient of
using the Schottky diodes (HSMS 2860), simulation and
experimental studies were implemented. The sample was pro-
duced by using a CNC PCB machine, as shown in Fig. 8(a),
and then tested. The simulated and experimental results are
given in Fig. 8(b). Comparing this figure with the previous
results, it is clear that the resonance frequency is shifted by
about 10 MHz and the reflection coefficient level increases
by about 10%. The simulation and experimental study
results agree with each other except for a 15 MHz shift,
which is due to production and calibration errors. As it is
seen from the figures, the existence of Schottky diodes does
not significantly affect the reflection coefficient for energy har-
vesting applications, and they must be used in order to convert
incidental electromagnetic wave energy within the resonators.

An alternative to a Schottky diode, a resistor, can also be
used to harvest energy by acting as a load resistor. In order
to show the effects of resistor value on harvested energy, a
set of simulations was prepared. Here, the resistor value was
changed between 5 and 25 V, with a step of 5 V. The simula-
tion results showed the RF to DC conversion performance,
and this value is important to create efficient energy

Fig. 10. Effects of the U-shaped elements’ geometry on absorptivity between
0.5 and 2 GHz.

Fig. 11. Simulated absorptivity versus frequency for the proposed structure, (a) u angle is set to different values between 0 and 608; simulated absorptivity is
presented. (b) The F polarization angle is set to different values between 0 and 608; simulated absorptivity is presented.
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harvesting design, which will be calculated as in [13]

r = PDC

PRF
. (1)

PRF is defined as 1 W by the simulation program manufac-
turer, and the PDC values are extracted from the voltage and
current values of the resistors used in this study. To facilitate
numerical validation, resistors were placed between outside
and inside resonators in place of Schottky diodes. The
power harvesting efficiency graph for this case at 900 MHz
is given in Fig. 9. As can be seen from the figure, the simulated
power for different resistance values increases as the resistance
value increases. Maximum power efficiency is numerically
found to be 0.43 W between 15 to 25 V, and this decreases
linearly between 5 and 25 V, with minimum power harvesting
efficiency found as 0.41 W. In order to measure the voltage
across the lumped elements without using a rectifier circuit,
the Schottky diode is therefore used as a lumped network
element.

C) Effects of orientation
In this section, the effects of geometry on the front and rear
resonators are analyzed by means of simulation. When

U-shaped elements are placed on the FR4 substrate, as shown
in Fig. 10, the resonance points at 900 MHz remain the same
but the resonance at 1020 MHz is removed. Any additional res-
onance points differ from the previous ones. Based on the results,
the geometry of U-shaped elements geometry also appears to be
appropriate for use at 1 and 1.5 GHz for energy harvesting.

D) Effects of angles of incidence and
polarization
In this section, the angle of incidence and polarization angle
under normal incidence have been simulated to show the pro-
posed structure’s angle insensitivity. The polarization angle (F)

Fig. 12. Simulated absorptivity versus different polarization angles, F, (a) simulated absorptivity when u is set to 0, (b) simulated absorptivity when u is set to 20,
(c) simulated absorptivity when u is set to 60.

Fig. 13. Simulated power across the Schottky diode (HSMS 2860) between 0.5
and 2 GHz.
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and angle of incidence (u) are defined as “phi” and “theta” on the
excitation port of the simulation program. Absorptivity for each
of the F and u angles is plotted by varying the “phi” and “theta”
values on the port for the angles of 0, 20, 40, and 608.
Absorptivity is simulated under oblique incidence by changing
the “theta” value. Then, after simulating and plotting absorptiv-
ity versus the u angle of incidence, the polarization angle, F, is
simulated by using normal incidence (u¼ 0). The results are
presented in Figs 11(a) and 11(b). As shown in the figures,
absorptivity is not affected by either angle, which is an important
requirement of absorber and energy harvesting applications.

In order to show the angular stability of the proposed struc-
ture, the angle of incidence (u) was varied from 0 to 608 in
steps of 208 and the absorptivity results are presented in
Fig. 12. As seen in the figure, the proposed structure’s absorp-
tivity value is not affected by this angle. As electromagnetic
waves can be excited by different sources, angle independency
is an important parameter for energy harvesting applications.
This independency is obtained in this instance by utilizing the
unique structure of the U-shaped elements.

I V . E N E R G Y H A R V E S T I N G

A) Simulated energy harvesting
In order to investigate energy harvesting efficiency between
0.5 and 2 GHz, power across the Schottky diode was simulated

using CST Microwave Studio; the energy harvesting simula-
tion study results are given in Fig. 13. According to the
figure, the absorbing efficiency is 0.5 W, which corresponds
to 50% efficiency if the radiated power is assumed to be 1 W
as set by the simulation program manufacturer. Simulated
power becomes maximized at 1020 MHz, as expected. The
simulated power at 900 MHz was defined as 0.48 W, which
is sufficient when compared with previous energy harvesting
study results [12–15]. This simulation also verifies that har-
vested energy becomes maximized at the resonance points
of the reflection coefficient between 0.5 and 2 GHz.

An impedance versus frequency plot of the structure is
essential to ascertain the maximum power harvesting capabil-
ities, and this is thus plotted in Fig. 14. As seen in the figure,
the real and imaginary parts of the impedance change sud-
denly at the resonance points. The maximum value of the
impedance is calculated at 1.6 GHz, with a value .1000 V.

1) experimental testing for energy

harvesting

In this section, two different measurements were implemented
by using a Rohde & Schwartz FSH 8 hand-held spectrum ana-
lyzer and voltmeter measurements. These allowed measure-
ment and investigation of the signal across the Schottky
diode. In order to show the experimental study results, a
sample structure, composed of a single cell, was produced
and placed between two horn antennas, as shown in the
Fig. 15(a). The horn antennas were connected to a Rohde &

Fig. 14. Real and imaginary parts of the impedance plot between 0.5 and 2 GHz.

Fig. 15. (a) Sample for experimental study and spectrum analyzer view of the proposed structure between 0.5 and 3 GHz, (b) measured voltage across the HSMS
2860 Schottky diode.
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Schwartz 6 GHz network analyzer, and the HSMS2860 poles
were connected to an 8 GHz spectrum analyzer using a
SMA connector. The spectrum analyzer measurements are
presented in Fig. 15(a). As the figure shows, a 40 dBm differ-
ence occurs at 900 MHz; however, at 1020 MHz, no resonance
points are seen, while additional resonances can be seen at 1.5
and 2.5 GHz. As the laboratory in which these experiments
took place does not have an anechoic chamber, disturbances
do occur, and these can be seen from the spectrum analyzer
screen.

V . C O N C L U S I O N

MTM-based energy harvesting structures for UHF bands, par-
ticularly the GSM 900 and GSM 1800 bands, have been pro-
posed. In order to demonstrate the absorption performance
of these structures, reflection coefficients and absorptivity
were validated using simulation and experimental methods.
Surface current distribution was analyzed at 900 and
1020 MHz, along with polarization and angle of incidence
independency. The results show that the proposed structure
is independent of angle, which is an important feature for
energy harvesting applications. In order to demonstrate
energy harvesting efficiency, a simulation study was presented
between 0.5 and 2 GHz. The effects of Schottky diodes and the
air gap were verified using both simulation and experimental
methods. Tests of the orientation of the U-shapes and air gap
were simulated and the results are plotted for closer examin-
ation. In terms of energy harvesting performance measure-
ments, the proposed structure was tested using a spectrum
analyzer and voltmeter. Both simulation and experimental
data show that the proposed structure can be used effectively
for energy harvesting in UHF band applications. Although the
measured output power of the proposed structure is low, it is
sufficient to run low-energy consumption devices such as
sensors and switches as in [30, 31]. As mentioned above, all
papers should close with a conclusion section.
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