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Abstract. We propose a microwave imaging structure with GSM, ISM, Wi-Fi, and WiMAX operating frequencies
at 1.80, 2.45, and 5.80 GHz, respectively. The suggested structure is based on a microwave antenna-inspired
absorber with cavities in resonator layers. Our study, which is validated using simulation and experimental tech-
niques, deals with the absorption of the incident electromagnetic waves at 1.80, 2.45, and 5.80 GHz for creating
the image when radio frequency microwave is employed. The above-mentioned three operating frequencies, by
which electromagnetic waves are radiated from three different antennas, are read via digital oscilloscope and
finally these voltages are converted to 256 gray-leveled pixel values of each cell. During the experimental testing,
simulated and tested values complied with each other. Small differences occurred due to calibration and testing
errors. The novelty of this study is having image capability with most commonly used frequency bands by
absorbing microwave energy. © 2018 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.0E.57.11.113102]
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1 Introduction

Nowadays, applications of wireless communications and
power transfers are increasing with the development of tech-
nology such as Bluetooth, Wi-Fi, 3G-4G, and WLAN. '
Also technologies cause electromagnetic (EM) pollution
in the area around us.®® These undesired EM waves can
be absorbed using various techniques,” ™’ which mainly con-
fine incident EM waves between resonators. In addition to
this, the incident EM wave confined in the absorber can
also be gathered by energy harvesters.”’ > To implement
perfect absorption, Landy et al.’ analyzed, characterized,
and fabricated two coupled metamaterial structures to dem-
onstrate operating principle of metamaterial structure at the
frequency of 11.50 GHz. The coupled resonators lie in par-
allel in front and back sides of each cell to confine and absorb
incident power. To obtain wideband absorption, Xin et al.'?
developed an absorber with the continuous ground plane and
square resonators to absorb and confine microwaves with the
frequencies of 32 GHz and bandwidth of nearly 22-GHz. In
another study, a dual-band metamaterial-based polarization-
independent and tunable microwave absorber is designed
and suggested by Yu et al.'® In addition, a dual-band meta-
material-based absorber was proposed for WLAN-WiMAX
bands especially at 3.50 and 5.80 GHz, respectively.'®
In addition, Bakir et al.'® suggested a tunable perfect meta-
material absorber using a varactor diode. Karaaslan et al."”
developed an absorber structure to absorb and harvest
incident microwaves for wireless communication bands.
Almoneef and Ramahi’' designed a metamaterial-based
absorber structure that has perfect absorption characteristics

*Address all correspondence to: Cumali Sabah, E-mail: sabah@metu.edu.tr
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at 3 GHz. Energy harvesting from radiated radio frequency
(RF) signals is investigated by Heydari Nasab et al.”?

To harvest incident energy, some processes are needed
as a rectification process.”®>” In addition, different structures
used as rectifier-integrated antennas are called as
rectennas.’*> Gao et al.”® proposed a rectifier structure
using CMOS technology that can be used in wireless
power transfer applications such as 2.40 GHz. In the litera-
ture, there are many studies that contain rectification of
2.45 GHz with high efficiencies.”’>! Other studies presented
rectification at 5.80 GHz, which is in the wireless commu-
nication band.*>* Moreover, there are some studies based on
an absorber and energy harvester to obtain an image of inci-
dent microwaves.**™ Xie et al.*® suggested a 6.30-GHz
microwave camera, which is based on metamaterial absorber.
Ghasr et al. developed a real-time microwave camera for the
frequency of 24 GHz using an array of slot antennas.’’ Also
they designed a wideband microwave camera to operate in
the range of 20 to 30 GHz, which is capable of 3-D images.*

This paper presents an imaging structure that is based on
a microwave signal absorber. In the design and simulation
parts, finite integration technique (FIT)-based microwave
solver is used. The designed microwave absorber structure
absorbs incident waves at the frequencies of 1.80, 2.45,
and 5.80 GHz, respectively. Under normal incidence, the
designed structure has 95.6%, 84.1%, and 89.8% absorption,
respectively. The electric field distributions are different
at different resonances; therefore, these differences cause
voltage difference at resonance frequencies of 1.80, 2.45,
and 5.80 GHz, respectively. In the imaging operation, the
designed structure is fabricated as a 5 X 6 array and each
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cell is represented by 256 gray levels with voltage
differences. The novelty of the study is that the proposed
metamaterial absorber experimentally demonstrates strong
imaging characteristic specifically at commonly used com-
munication bands of GSM, ISM, Wi-Fi, and WIMAX
with absorption ratios of 0.97, 0.95, and 0.93, respectively.
These high absorption values have been harvested at each
unit cell as a pixel to high imaging contrast. The advantages
of the study over the alternatives'>!*!%?7-3637 are the compa-
tibilities of the structure to three commonly used communi-
cation bands and metamaterial absorber characteristic.

2 Background and Design

Radiated RF and microwave energy can be absorbed and
harvested with different techniques as mentioned before.
Rectennas and metamaterial structures are often seen in
the literature to absorb and harvest incident energies. This
study proposes a three-band signal absorber-based image
detector. In the design part, FIT based on a commercial
microwave simulator (CST Design Environment) is used.
The designed unit cell of microwave signal absorber consists
of two resonator layers as shown in Fig. 1, yellow layers
denote copper resonators. Other than this, the designed
unit structure is composed of three layers such as metal
back plate, substrate layer, and resonator layer. In the design
of the resonator layer and metal back plate, copper is chosen
and it has thickness of 0.035 mm and conductivity of
5.8 x 107 S/m. Also FR-4 dielectric is used in the substrate
layer with thickness of 1.6 mm, permittivity of 4.3, and loss
tangent of 0.025, respectively. Dimension parameters of
the designed absorber are obtained using a genetic algorithm
tool, which is presented by a simulation program and
obtained dimensions are given in Table 1. As shown in
Table 1, each unit cell has 38-mm edge length and consists
of two resonator layers. Each resonator is inspired from rec-
tangle-shaped ring and gaps in each ring are also rectangle
shaped.

3 Simulation and Experiment

Simulations are also carried out in FIT-based commercial
microwave simulation software and boundaries are adjusted
as electric field £ = 0 in the x-direction, magnetic field H =
0 in the y-direction, and open in the z-direction, respectively.
This kind of arrangement creates transverse electromagnetic
(TEM) mode incident EM wave. Therefore, absorption
capability of the proposed structure is investigated under
TEM mode microwaves. The power intensity in simulation
is 1 Watt and the simulation uses power ratios with respect to
this value. The incident power adjusted in the experimental
setup is 5 dBm with a maximum power, and the study was
carried out with the absorption of this power at the related
frequency ranges. Absorption can be calculated by the equa-
tion of A=1—-T —R, where A, T, and R refer absorption,
transmission, and reflection, respectively. In other words,
transmission 7 and reflection R can be expressed by scatter-
ing parameters as T = |S,;|> and R = |S}|*. The proposed
absorber contains a copper back plate as mentioned before,
which causes minimum transmission, which is nearly zero.
The final2 absorption equation is rearranged as A = 1 — R =
L=[Sy [

The designed absorber structure is examined at 1 to
6 GHz TEM mode incident microwaves in a microwave sim-
ulator. Obtained absorption characteristics are shown in
Fig. 2. Three absorption peaks are observed and absorption
peaks occur at 1.80, 2.45, and 5.80 GHz, respectively. As
shown in Fig. 2, 1.80, 2.45, and 5.80 GHz have 95.6%,
84.1%, and 89.8% absorptions, respectively. According to
absorption characteristics, the proposed structure can be
used as EM wave absorber in GSM, ISM, Wi-Fi, and
WIMAX frequency bands.

To see the effects of each resonator on the absorption,
electric field distributions are obtained from the microwave
simulator as shown in Fig. 3. In this numerical analysis,
a Floquet port is used for each resonance frequency to obtain
electric field distribution. The applied wave is in TEM mode
for the Floquet port with a distance adjusted to far-field
application. The same results can also be observed for differ-
ent antenna types located to far-field distance from the struc-
ture. Each resonator has different electric field distributions.

a
b Under 1.80-GHz incident microwave, electric field distribu-
tion is concentrated on the upper resonator as shown in
' Fig. 3(a). Likewise, under 2.45-GHz incident microwave,
e d electric field distribution is concentrated on the lower reso-
nator as shown in Fig. 3(b) and electric field distribution is
g —
a h% f i
1 : 3
) 05 V] o (18,0.95633) v
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Fig. 1 Front view of designed unit cell structure. 2 0a |1
2o
. . . 0.2
Table 1 Design parameters of designed unit cell structure.
0.1
Ny
0
; . t 15 2 25 3 35 4 45 5 55 6
Parameter a b c d e f g h i j Frequency / GHz
Value (mm) 38 36.3 106 10 1.38 34 4 12 7 26.72 ) _ o _
Fig. 2 Absorption characteristics of designed structure.
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Fig. 3 Electric field distribution at: (a) 1.80 GHz, (b) 2.45 GHz, (c) 5.80 GHz, and (d) front view of

designed absorber.

observed with small diffraction on the upper resonator at
5.80 GHz as shown in Fig. 3(c). In addition, the front
view of proposed absorber is shown in Fig. 3(d).

The designed three-band absorber is fabricated with 5 X 6
unit cell array as shown in Fig. 4 using LPKF ProtoMat-E33
Printed Circuit Board (PCB) production machine. A Rohde
and Schwarz vector network analyzer and a wideband horn
antenna are used to obtain absorption characteristics of
the fabricated structure, also given in Fig. 4. Before the
absorption measurement, experimental kits are calibrated
for impedance matching between the antenna and vector net-
work analyzers according to current state of the art. When the
1- to 6-GHz incident microwaves are applied by wideband
horn antenna, reflections are obtained from the vector net-
work analyzer. Distance in the far field can be calculated
with respect to the largest antenna dimension using the
equation of far-field distance > 2D?/*, where D is the largest
antenna dimension and A is the operating wavelength.®
The minimum far-field distance of the largest dimension
of the used antenna (8 cm) has been evaluated as 7.68 cm
for minimum resonance frequency of 1.8 GHz as shown
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in Fig. 4. As mentioned before, absorption can be calculated
from scattering parameter S;; therefore, absorption charac-
teristics of fabricated structure are shown in Fig. 5.
Maximum peaks are observed at 1.85, 2.57, and 5.82 GHz
and some unwanted noises are seen in the experiment
because of laboratory conditions. The resonance frequency
shifts in terms of percentage of the central frequencies at
1.8 and 2.45 GHz are 2.7% and 4.1%, respectively. In addi-
tion to this, the shift cannot be verified at 5.8 GHz by the
same approach due to the inconsistency of bandwidths
between measurement and simulation results. In parallel,
these unexpected frequency shifts are observed because of
fabrication imperfection such as soldering. Moreover, the
experimental data have a wider band compared with the
simulated ones. This unexpected wider band at 5.80 GHz
stems from laboratory conditions such as scatterers around
experimental setup, soldering, fabrication imperfection, and
noises.

MATS-1000 antenna training system is calibrated and
used for operating at the frequency range between 300 MHz
and 6 GHz.** The main advantage of using the antenna

November 2018 « Vol. 57(11)
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Fig. 4 Fabricated 5 x 6 array absorber and experimental setup.

Absorption

35 4
Frequency / GHz

Fig. 5 Absorption characteristics of simulation and experimental
measurement.

trainer system is to have maximum 5-dBm incident micro-
wave power. When the incident microwaves are applied from
the patch antenna to absorber structure, each resonator has
voltage on it as electric field distribution similar to simula-
tion, which is discussed before. Consequently, under incident
microwave power, voltage measurement is carried out as
shown in Fig. 6. To measure the voltage on each unit cell,
small size holes are drilled near the gap of each unit cells.
A digital oscilloscope is used to measure voltage difference
and the probe’s noise sensitivity is decreased nearly zero
level to obtain noiseless voltage signal.

Therefore, minimum 6-mV RMS voltage is observed
without incident microwave power. Obtained minimum

Fig. 6 Voltage signal measurement via digital oscilloscope probe.
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signals are converted to pixel values with 0 to 55 mV
scale as shown in Fig. 7. MATLAB is used in the volt-
age-to-pixel conversion operation. Then 2.57-GHz incident
microwaves are applied using 2.45-GHz wideband patch
antenna and maximum 53-mV RMS voltage signal is
obtained on the resonator layer. Obtained voltages on
5 X 6 array absorber are converted to pixel values with 0- to
55-mV scale as shown in Fig. 8, whereas each cell absorbs
nearly the same amount of incident microwave power.
However, obtained images are not fully symmetric as can
be seen in Figs. 7 and 8 due to inaccurate placement of
the copper block and the fabrication errors such as drilling
on each resonator and soldering parts.

To see the image capability of designed absorber struc-
ture, a metal plate is located between the patch antenna
and absorber as shown in Fig. 9. In theory, a metal reflects
or absorbs incident microwaves, and transmission must be
zero via the metal layer. To demonstrate microwave signal
transfer via the metal plate, the aluminum plate is used to
block transmission and the obtained image is shown in
Fig. 9. According to the obtained image, transferred
power is decreased half of its maximum value against the
fact that all the signals will be cut off. So all incident signals
cannot be blocked by the aluminum plate due to its dimen-
sions (50 cm X 50 cm) and side lobes effects, which stem
from the edges of aluminum plate. Although larger plate
dimensions exactly prevent transmission of incident wave,
the 50- X 50-cm aluminum plate is used due to not have
in laboratory equipment. Because the skin depth of the met-
allic sheet (from 2.6 to 1.05 pm) with a thickness of 0.5 cm at
the related frequency range is sufficient to block the incident
wave, a single aluminum plate has been used.

The fabricated absorber has good absorption characteris-
tics as explained before, and another experiment is con-
ducted with a 5.80-GHz Yagi—-Uda antenna to see image
capability of the fabricated structure at 5.80 GHz. Yagi—
Uda antennas are directional antennas and located as shown
in Fig. 10. Maximum 28-mVRMS voltage is observed under
incident microwave power from Yagi—-Uda antenna. Image
capability is also obtained by MATLAB environment and
scaled between 0 and 30 mV as shown in Fig. 10, the direc-
tivity of Yagi—Uda antenna is different than patch antenna
because it causes the different voltage scales. The similar
pixel inaccuracies, which are caused by different transferred
power values, are observed in both 2.45 and 5.8 GHz with

November 2018 « Vol. 57(11)
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55 mV

0mV

Fig. 7 Image without incident EM signals.

55 mV

0 mV

Fig. 8 Image under 2.57-GHz incident EM signals.

55 mV

0mV

Fig. 9 Image under 2.57-GHz incident EM signals with aluminum plate in front of the absorber.

the patch antenna and Yagi—Uda antenna, respectively. This
observed similarity stems from fabrication errors as drilling
and soldering. About 5-dBm incident microwave power is
transmitted from Mats-1000 antenna training system via pro-
fessional Yagi—Uda antenna toward the absorber structure.
The measured absorption is 93% at 5.82 GHz; therefore,
the absorbed power can be evaluated as 4.65 dBm for
5-dBm incident power at 5.82 GHz. Each cell absorbs
power at 5.80-GHz incident microwave power, but absorp-
tion levels are not the same as shown in Fig. 10. These
differences are occurred from laboratory conditions and
fabrication imperfections.

Furthermore, a metal plate is located between the Yagi—
Uda antenna and absorber structure as shown in Fig. 11.
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Measured voltage signals on each resonator layer are reduced
to half of its maximum value as obtained in the previous
experiment. The aluminum metal plate is not cut-off trans-
mission fully because the metal is not big enough and its
width is not too thick. Each unit cell of the metamaterial
absorber is a part of the entire structure. In metamaterial
applications, behavior of unit cell has similarity with overall
structure. In addition to this, the undesired interaction
between nearby unit cells cannot be eliminated. Hence, in
this study, this interaction is also observed between nearby
unit cells as can be seen from Figs. 8 and 10, respectively.
This undesired interaction will be avoided in future studies
using small microwave band gap surfaces by minimizing
surface currents.

November 2018 « Vol. 57(11)
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30 mV

0 mV

Fig. 10 Image under 5.80-GHz incident EM signals.

30 mV

0mV

Fig. 11 Image under 5.80-GHz incident EM signals with aluminum plate in front of the absorber.

4 Conclusions

In this paper, a three-band microwave power absorber-based
image detector is proposed for the frequencies of 1.80, 2.45,
and 5.80 GHz. First, the proposed structure is designed in
a FIT-based microwave simulator and then 5X 6 array
absorber is fabricated by CNC-based PCB machine.
Therefore, the fabricated structure is tested using a vector
network analyzer and a horn antenna, and then an absorption
characteristic is obtained by experimental measurement.
According to the obtained absorption characteristic, reso-
nance frequencies are seen at 1.85, 2.57, and 5.82 GHz
and this result shows that there are small frequency shifts
in resonance frequencies after fabrication. In addition,
image capability of the fabricated absorber is tested under
resonance frequencies. Maximum 53-mV RMS voltage sig-
nal is obtained at 2.57 GHz and 28-mV RMS voltage signal
is observed at 5.82 GHz. In fact, each cell absorbs and indu-
ces a voltage signal on its resonator layer, which makes each
resonator has antenna behavior. 2.57- and 5.82-GHz micro-
waves are applied by a patch antenna and a Yagi-Uda
antenna, respectively. Moreover, obtained voltage signal on
each resonator converted to pixel value to create the image of
incident microwave power. Also incident power is blocked
by an aluminum plate to see effect of metal plate between
antenna absorber layers. To sum up, image capability of a
three-band microwave absorber is discussed in this paper.
The proposed absorber can be used as a microwave image
detector in some applications, e.g., nondestructive imaging,
incident microwave tracing, and medical areas.
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