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a  b  s  t  r  a  c  t

A  metamaterial  absorber  (MA)  based  sensor  is designed  and  analysed  for various  important  applica-
tions  including  pressure,  temperature,  density,  and humidity  sensing.  Material  parameters,  as  well  as
equivalent  circuit  model  have  been  extracted  and  explained.  After  obtaining  a perfect  absorption  (PA)
at around  6.46  GHz  and  7.68  GHz,  surface  current  distributions  at resonance  points  have  been  explained.
Since  bandwidth  and  applicability  to different  sensor  applications  are  important  for  metamaterial  sensor
applications,  we  have  realized  distinctive  sensor  demonstrations  for  pressure,  temperature,  moisture
eywords:
etamaterial

bsorber
icrowave

ensor

content  and  density  and the  obtained  results  have  been  compared  with  the  current  literature.  The  pro-
posed  structure  uses  the  changes  on the  overall  system  resonance  frequency  which  is caused  by the
sensor  layer’s  dielectric  constant  that  varies  depending  on the  electromagnetic  behaviour  of  the  sample
placed  in.  This  model  can  be adapted  to be used  in  sensor  applications  including  industrial,  medical  and
agricultural  products.

©  2017  Association  of  Polish  Electrical  Engineers  (SEP).  Published  by  Elsevier  B.V.  All  rights  reserved.
. Introduction

Metamaterials (MTMs) are such engineered structures that pos-
ess extraordinary features such as backward propagation, negative
ermittivity and/or permeability. They allow researchers to explore
any interesting areas [1–6]. MTM  sensors offer higher sensitiv-

ty and resolution compared to the traditional structures due to
heir strong localization of fields [7]. They also reduce the sensor
ize compared to a regular structure that is less proportional to
he operating frequency. Hence, MTMs  have been extensively used
n sensor applications for the past decade. For example, Chen et al.
7], presented the recent progress concerning metamaterials-based
ensing, and detailed reviews of the principle, detecting process
nd sensitivity of three distinct types of sensors based on meta-
aterials. Lee et al. [8] reviewed the MTM  and metasurfaces for

ensor applications. Cherifi and Bauhafs [9] investigated a potential
f SPR sensors based on multilayer interfaces with gold and LHM

or biosensing applications. Upadhyay et al. [10] conducted a study
or sensitivity estimation of metamaterial loaded planar waveguide
ensors. Biosensors, material investigation sensors, strain sensors,

∗ Corresponding author at: Department of Electrical and Electronics Engineering,
iddle East Technical University – Northern Cyprus Campus (METU-NCC), Kalkanli,
uzelyurt, 99738, TRNC/Mersin 10, Turkey.

E-mail address: sabah@metu.edu.tr (C. Sabah).

ttps://doi.org/10.1016/j.opelre.2017.10.002
230-3402/© 2017 Association of Polish Electrical Engineers (SEP). Published by Elsevier
environmental [11–14] and agricultural product sensors [15–18]
are the most popular type of MTM  sensors. One of the fundamen-
tal properties of MTM  sensors is that they concentrate and use
the electrical specifications of materials [19,20]. Since the dielec-
tric properties of materials exposed to electromagnetic field will
affect the incident wave and current depending on the material
type [20–24], these effects are beneficially used by scientists to
develop MTM  sensor applications and designs [25–29].

In this manuscript, a concept study which is covering both MA
and MTM  sensor studies in C band is developed to provide high
resolution sensing in temperature, humidity, pressure and den-
sity. Although there is another study for the combination of MA
with MTM  sensor in X band waveguide in literature [30], this type
of waveguide applications is restricted by their small dimensions.
Hence, this structure is designed to operate in C band between
5 GHz − 8 GHz within the periodic boundary conditions. Sensor
layer is placed between the resonator part and copper plate in
this proposed topology. Variation in a sensor layer leads to shifts
in the resonance frequency of the proposed sensor system. There-
fore, frequency shifts measured from the reflection pattern can be
used for sensing physical and biological parameters of the sample
under test (SUT). Resonance frequency shift in this study is based

on the change of dielectric constant value of the sensor layer which
is influenced by the electric field. Therefore, the entire system can
be regarded as being non-destructive and real time. Sensor out-
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Fig. 1. (a) 35 mm x 35 mm unit Cell of the proposed MA  based sensor structure which is composed from square and ring resonators cell; (b) experimental setup for absorber
and  sensor applications in free space testing together with produced MTM.
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ig. 2. (a) The proposed structure for sensing configuration showing layers and bou
roposed structure.

ut provides information about the sample, in particular about the
omplex permittivity of the sample that can be applied for analysis
nd recognition. Although today’s sensors (both analogue and dig-
tal types) are readily available with very low cost, good accuracy,
nd easier to carry out the measurement results, the proposed MA
ased sensor provides different approach and multipurpose appli-
ation types to researchers due to its practical structure. Sandwich
ype sensor layer can be applied for biosensor and food related
eating or cooling applications of powders for complex permittivity
easurements. In order to exemplify this type of applications, tem-

erature, moisture and density applications have been proposed by
sing recent studies in the literature [31–36].

. Design details

Proposed MTM  structure as introduced in Fig. 1 is composed
f two resonators; one of them is a square and the other one is

 ring shaped inclusion which incorporates two splits. Resonators
re made of copper elements with the conductivity of 5.8 × 107 S/m,
ossy Arlon DiClad 527 from Rogerscorp material is used as a sub-
trate with a thickness of 1.6 mm,  dielectric constant of 2.50 and
oss tangent of 0.0002. Square and ring resonators have a thickness
f 0.8 mm and the distance between the square resonator and the
nit cell edge is also 0.8 mm.  Split width on the resonators are cho-
en as 1.6 mm and the external radius of the split ring resonator
s 15 mm.  These dimensions are especially chosen by evaluating
arametric studies to ensure the best numerical and experimental
esults. Design is produced by using a CNC controlled machine and
xperimental tests are realized by using a horn antenna connected
o a 42.5 GHz VNA as shown in Fig. 1(b). For absorber and sensor
onfiguration tests, single port with time gating in VNA is used

single port Tx-Rx) for feeding the horn antenna which transmits
inearly polarized electromagnetic waves with normal incidence
o the manufactured test sample which is compromised from 5 × 5
nit cells.
 conditions in X, Y axis; (b) explanation of layers in the sensor configuration of the

As it is explained in the following sections, the proposed design
is tested numerically and experimentally for absorber and sensor
applications. In the absorber configuration case, copper plate is
used behind the dielectric substrate that supports resonators. For
the sensor configuration case, a copper plate is not used behind
the resonators’ substrate and the sensor layer is placed behind the
substrate. In order to show the absorption characteristics, a dielec-
tric substrate (DiClad 5.27) which is backed by copper is placed
behind the sensor layer as shown in Figs. 2(a) and 2(b) . For sen-
sor and absorber applications, periodical boundary conditions are
applied along −x and −y axes while open add space boundary
is assigned along +z direction and the wave is applied along −z
axes. CST Microwave Studio based on Finite integration technique
(FIT) is used for a numerical analysis. The boundaries in CST are
defined as Periodic, Periodic, Open Add Space along x, y, and z axes,
respectively. This type of selection provides normal incidence wave,
in other words Transverse electromagnetic wave (TEM) propaga-
tion. For the simulation and test, we selected the incident angle
direction as −Z and polarization angle as of 90◦. In this type of
application, electric field vector is in Y direction while magnetic
field vector is in X direction as in Fig. 2. Frequency domain solver in
CST Microwave Studio is used as a solver type throughout the paper.
The novel geometry is specifically designed to increase mutual and
self-coupling effects. Dielectric constant of the sensor layer directly
changes these effects which results in a resonance shift of the reflec-
tion coefficient. These shifts in the resonance frequency can be
explained by 1/

√
LC expression.

The microwave sensor structure can be modelled by an electrical
circuit representation which is composed of inductances, resis-
tances and capacitances. It can be assumed that self-inductance
of MTM  structure is constant since the self-inductance

(
Lself

)
of

the circuit is only related to the metallic path lengths and inci-

dent signal wavelength. The change of dielectric constant in the
sensing layer does not change the self-inductance of MTM struc-
ture on the front side due to the lack of magnetic effects. Since the



320 M. Bakır et al. / Opto-Electronics Review 25 (2017) 318–325

t
t
I
T
b
t
r
a
p
B
t
r
e

i
m
c
s
m
r
l
t

w
f
i
s

Table 1
The rapeseed temperature, complex permittivity and resulting resonance frequency
for the proposed MA based sensor application. Necessary temperature and complex
permittivity data is taken from Ref. [34].

The Rapeseed
Temperature

ε′ �
′′ Loss Tangent Resonance

Frequency (GHz)

20 ◦C 5 2 0.40 6.10
40 ◦C 6.8 2.1 0.30 6.00
Fig. 3. Absorption A(w) vs. frequency for different dielectric constant values.

hickness of a sandwiched layer region is constant, mutual induc-
ance between metallic ground plane and MTM  structure is stable.
n this respect, the individual mutual inductances are also constant.
he self-capacitance (Cself) of the MTM  structure is affected from
oth gap capacitances in the square and circular paths and capaci-
ances among the outer and inner paths (C = �ε0A/d). This equation
epresents the capacitance value of the parallel plate capacitors
ccording to the given amount of charge (�), area of the parallel
late capacitor (A) and distance of parallel plated conductors (d).
y keeping A and d values constant, capacitance values increase as
he dielectric permittivity of the sensor layer increases and, 1/

√
LC

esonance frequency also shifts backward as in the tank circuit
quations and vice versa.

It is well known that the effective dielectric constant of the sens-
ng layer εeff (sub) is related with the permittivity of the sensing

aterial. In addition, the effective dielectric constant changes self-
apacitance (Cself) of the MTM  structure on the front side. Hence,
elf-capacitance is proportional with thickness and relative per-
ittivity of the sensing layer. The mutual capacitance refers to the

elationship between MTM  on the front side and backside metallic
ayer and can be defined by an equivalent circuit model of capaci-
ance of MTM  structure and a capacitance of the sensor layer:

1
Cmut

= 1
CMTM

+ 1
Cint

, (1)
here CMTM and Cint denote the capacitances of MTM  on the
ront side and of the sensing layer, respectively. The total capac-
tances of the system are directly related with both mutual and
elf-capacitances. The resonance of the system is observed for

Fig. 4. (a) Extracted effective material parameters; (b) e
60 ◦C 8 2.3 0.28 5.95

equivalent values of total inductance and capacitance. At the res-
onance frequency, the intrinsic impedance of the system is almost
similar to the free space impedance and total internal penetration
is provided to obtain higher absorption values.

In order to show the underlying physics of the proposed struc-
ture, the following simulation study is presented. For this purpose,
sensor layer thickness is set to 1.6 mm as in the proposed appli-
cations in this study and the S11 Spectra is simulated for different
values of the sensor layer dielectric constant as �=7, 9, 12 and 15 and
the results are plotted in Fig. 3. The resonance frequency shifts back-
ward as the dielectric constant of the sensor layer is increased due
to capacitive effects of the sensor layer. Variation of the resonance
frequency according to the sensor layer dielectric constant is given
in Table 1. Total bandwidth is of 180 MHz  as the dielectric constant
increases from 7 to 15 with absorption rates bigger than 92%. This
graph is also important for the scientists who want to use in the
future for different applications. The absorption mechanism of the
overall structure can be explained in the light of impedance match-
ing of free space from which the incident wave comes and with the
intrinsic impedance of the proposed MA.  It is well known that the
effectiveness of an absorber is directly related with both impedance
matching of the surfaces at resonance frequency to provide exact
penetration of incident wave and backside metallic ground plane
to restrain the wave in the MA.  Both conditions must be satisfied
at the resonance frequency.

In order to show the effective material parameters epsilon, mu
and refractive index, the following graph is plotted between 6 GHz

and 8 GHz. As presented in Fig. 4(a) , negative values of refractive
index at resonance points can be seen. Equivalent circuit model of
the proposed sensor structure is presented in Fig. 4(b). The resistors

quivalent circuit model of the proposed structure.
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ig. 5. In order to show the effects of the resonators, three structures which are 

oundary conditions for absorber configuration. Absorption vs. frequency of the (a
esonator, (c) proposed structure that has a split square ring and a split ring resona

1 and R2 indicate total power loss in the resonator parts of the
roposed structure [31]. The overall effective inductance L1 and L2
onsist of a unit cell resonator with mutual inductance. Cs1 and Cs2
re originated from mutual capacitance between the neighbouring
nit cells [32]. Cg1 and Cg2 are the effects of capacitive gap placed

n inner and outer resonator of the structure, respectively and they
rovide charge accumulation by the external field.

. Metamaterial absorber and metamaterial sensor

.1. MTM  absorber application
Since the proposed MTM  sensor applications are based on
he absorber mechanism, we physically produced, numerically
nd experimentally verified the absorber application. For absorber
pplications, copper plate is placed behind the dielectric of the
sed from 5 × 5 unit cells have been manufactured and tested under the periodic
cture which has a square split ring resonator, (b), structure which has a split ring

resonators and experimental verification of absorber is tested by
using horn antennas. Numerical verification is realized by using
CST microwave studio under periodic boundary conditions. It is
known that the essential requirement of an absorber is to confine
the penetrated energy in the structure. The reflected and transmit-
ted waves have to be minimized (R (ω) &T (w) →  0) so that these
waves should be as small as possible in order to realize perfect
absorption. Absorption which is related to the angular frequency
can be calculated by the equation of:

A (w) =  1 − R (w) − T (w) , (2)

where, A (w),  R (ω) = |S11|2and T (ω) = |S21|2 are the magnitude of

the absorption, reflection and transmission corresponding to a cer-
tain frequency range, respectively. Due to the continuous metal
plate, transmission is not allowed so it would be close to zero ide-
ally. Therefore, only the reflection value of the overall structure
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Fig. 6. Simulated surface current distribution at the absorption frequency of (a) 6.46 GHz, (b) 7.68 GHz for the proposed structure.
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Fig. 7. Numerical simulation and experimental test results: c

eeds to be investigated which is directly related with S11. As a
esult, the absorption can be calculated as:

(w) =  1 − R (w) . (3)

The physics behind using two resonators in this study is to
ealize high efficient sensor applications by using Metamaterial
bsorber (MA). Using two resonators in front of the proposed MA
tructure provides more absorption values which increases sen-
itivity. The other reason of using second resonator on the front
ide of the structure is for tuning purposes. By using second res-
nator, we will increase the absorption and we can change the
bsorption frequency according to the place and dimensions of the
plit. In order to show the importance of using two  resonators in
ront the structure, following simulation and experimental graph
s prepared. Resonators are placed in the front side which sup-
orted by a dielectric substrate. After that, the copper plate is placed
ehind the dielectric substrate to realize an absorber configuration
ithout sensor layer. When we compare the simulated and exper-

mental absorption graph of the structure which has square split
ing resonator as plotted in Fig. 5(a) , we only see a single reso-

ance around 7.4 GHz. If only split ring resonator has been used

n the proposed structure as plotted in Fig. 5(b), we will not get
 significant absorption. However, if we use both square and split
ing resonators as in the proposed structure, we  have two  reso-
rison for pressure sensor configuration between 1 and 2 mm.

nance points between 6 GHz and 8 GHz as shown in Fig. 5(c)As seen
from the following figure, square ring resonator is directly affect-
ing the resonance frequencies and the absorption level. Without
split ring resonator, absorption occurs at around 7.4 GHz with a
smaller absorption level. These effects are caused by mutual and
self-inductance with capacitance values of resonators. Manufac-
tured samples and experimental results are also compliant with the
simulated results. These results are presented to show the advan-
tageous sides of the proposed structure.

As presented in Fig. 5(c), two  resonances are observed at
6.46 GHz and 7.68 GHz for the proposed structure. Resonance fre-
quencies are located in the upper half of the C-band and dual
resonance characteristics are sufficient to absorb electromagnetic
energy. When numerical results are compared with the experimen-
tal results, a tiny shift is seen in the resonant frequency which is
due to calibration, fabrication errors and non-ideal measurement
conditions and tools (cables, adaptors, etc.). Measured absorption
level is also smaller than that of the simulation due to the same
reasons.

In order to explain the physical properties of the structure, sur-

face current distribution is simulated at 6.46 GHz and 7.68 GHz  as
shown in Fig. 6. Since electric field vector is in the Y axis direction,
it is strongly coupled with the splits and provides an independent
electric response making them to be seen as a dipole. As a result, the
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Fig. 8. Absorption for the Marrowbone Temperature Sensor Configuration between
7  GHz and 7.2 GHz.
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Fig. 10. MA Based density sensor: numerical and experimental result comparison
for  Arlon type AD300, AD 350 and AD450 materials.
ig. 9. Absorption for the Rapeseed Temperature Sensor Configuration between
.5  GHz and 6.5 GHz, 150 MHz  bandwidth is observed between 20 ◦C and 60 ◦C rape-
eed.

urface charge oscilates along the external electrical field. This elec-
ric response excites free electrons as a surface currents from upside
o downside of the strips. For this reason, magnetic dipole moment
ue to the surface current charges induces magnetic response. This
agnetic response, consequently, causes a resonant absorption.
oreover, there are parallel and anti-parallel surface currents on

he structure. Parallel currents induce an electric field, whereas the
nti-parallel currents induce a magnetic field. These responses cou-
le with E and H components of the indicent EM wave and produce

 strong localized EM field at the resonance frequency. While strong
esonance at 6.46 GHz causes surface currents at left and right of
he resonators, we can see that small surface currents through the
esonators as shown in Fig. 6(b).

.2. Pressure sensor application

The first sensor application of the proposed sensor configuration
efined in Fig. 2 is a pressure sensor. It is simulated and experi-
entally tested by changing the sensor layer’s thickness up and

own which corresponds to a pressure alteration. Three different
ir cushions that have been taken as samples which are of 1 mm,
.5 mm and 2 mm to show reflection coefficient both numerically
nd experimentally are presented in Fig. 7. Three different air cush-
ons are particularly chosen to show linearity. Since capacitance
s inversely proportional with plate distances, the increment of
he distance decreases capacitance value and resonance frequency
hifts upward (1/

√
LC). Absorption [A(w)] term is the main crite-

ia for all sensor applications in this study, since air is an isolating
aterial and its thickness affects A(w) term. Absorption frequen-

ies for the sensor layer with a thickness of 1mm,  1.5 mm and 2 mm
ave been defined as 5.92 GHz, 6.00 GHz and 6.05 GHz, respec-
ively as shown in Fig. 7. The corresponding absorption values are
f 0.77, 0.97, 0.99 at the resonance frequencies of 5.92, 6.00 and
.05 GHz, respectively. Better absorption values are observed for

he layer thickness of 1.5 and 2.0 mm.  Figure 7 also shows that

 1 mm change in the sensor layer thickness results in a shift of
30 MHz  in the resonance frequency which proves that the sen-
or application based on this absorber is highly sensitive to the
Fig. 11. MA  Based density sensor simulation results for pine bark, seaweed and
straw between 7.5 and 8.5 GHz.

changes in the sensor layer thickness. There are small differences
between numerical and experimental results which come from the
calibration and fabrication errors as mentioned before. The pro-
posed sensor can be realized for only one resonant frequency by
replacing a varicap across the gaps. By tuning the capacitance value,
only one resonance frequency with the same absorption value can
be obtained.

3.3. Temperature sensor application

In order to demonstrate the usefulness of the proposed structure
in bio-sensor application and agricultural products, two numerical
studies are realized. The first study is related with a marrowbone
temperature sensing, and the second study is related with a rape-
seed temperature sensing. Temperature sensing is important in
order to understand how biological tissue temperature is affected
from electromagnetic waves being used in static absorption rate
(SAR) or curative waves testing. Heating properties of biological
tissues are generally related with liquid ratios but absorption prop-
erties of biological tissues are directly proportional with variable
permittivity and layer numbers of biological tissues. For this rea-
son, in order to investigate the EM absorption rate of the biological
tissues, it is critical to monitor the temperature changes. In this
respect, the sensor layer thickness is kept constant at 1.6 mm and
this layer is composed of marrowbone with different temperatures
in the simulation case. Marrowbone’s temperature and complex
permittivity values are taken from a related study in the liter-
ature [33]. Any changes in temperature will result in variations
of complex relative permittivity of marrowbone causing a shift
in resonant frequency of the system. Temperature sensor simu-
lation is performed by using 3 different temperature values of
30 ◦C, 40 ◦C and 50 ◦C. The real parts of the relative permittivity
ε’ corresponding to the temperatures mentioned above are 6.19,

6.30, 6.40, respectively. Using these values in the simulation, the
resonance frequencies are found to be 7.11, 7.10, 7.09 GHz, respec-
tively (Fig. 8). Absorption values are approximately constant at
a (0.97) level for each of the three temperature values. There is
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Table  2
Pine bark, seaweed and straw density, complex permittivity and resulting resonance
frequency table. Related data is taken from Ref. [36].

Material and
Solid Density
(gr/cm3)

ε′ �
′′ Loss Tangent Resonance

Frequency (GHz)
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Table 3
Water content of sandy soil, dielectric constant, loss tangent and related resonance
frequencies [38].

Almond Kernel
Moisture Content
(%)

ε′ �
′′ Loss Tangent Resonance

Frequency (GHz)

8 3.75 1.3 0.34 6.21
11.9  5.1 2 0.39 6.09
15.8  7.8 2.7 0.34 5.95
19.6  9.2 3.4 0.36 5.87
Pine bark − 1.60 7.20 0.04 0.009 7.98
Seaweed − 1.73 4.89 0.05 0.01 8.18
Straw − 1.82 4.26 0.08 0.01 8.26

pproximately a linear relationship between the temperature and
esonance frequency between 7 − 7.2 GHz. That is, for every 10 ◦C
hange in temperature, 10 MHz  shift occurs in the resonance fre-
uency.

Another important temperature sensor application is rapeseed
emperature sensing for showing agricultural product temperature
pplication. Rapeseed is one of the oilseed crops that have been
rown almost everywhere in the world as a source of edible and
on-edible oils, vegetable, fodder, manure and condiment. After
xtracting oil from seeds, the remaining residue can be used as
nimal feed or fertilizer together with an option as biodiesel pro-
uction due to its advantageous in low carbon dioxide emission and
iodegradability [34]. The dielectric properties of food materials are

mportant in order to understand their behaviour when they are
ubjected to high frequency electromagnetic fields in the process
f microwave cooking or in other processes which involve radio
requency (RF) or microwave dielectric heating [34]. These proper-
ies can also help to assess the quality of food materials by using RF
nd microwave instruments. We  have taken 20 ◦C, 40 ◦C and 60 ◦C
apeseed as samples and their corresponding complex permittivity
alues are presented in Table 1. Since the proposed study is based
n a change in the complex permittivity of the sensor layer, it can
e used as a temperature sensor since material complex permit-
ivity values are changing by temperature or other environmental
ffects. When changing the complex permittivity values accord-
ng to rapeseed complex permittivity values, simulation results are
iven in Fig. 9 between 5.5 and 6.5 GHz. 150 MHz  bandwidth is
bserved when the temperature of the rapeseed increased from
0 ◦C to 60 ◦C and this bandwidth is two times greater than the
andwidth in Ref. [35]. This demonstration can be applied to other

ndustrial and scientific biosensor or temperature examples if the
omplex permittivity is changing by temperature.

.4. Density Sensor Application

Sensor layer can be used to detect the density of a material if
t is properly configured. In this part of study, the sensor layer is
ssumed to be filled with such materials that have different density
alues. Sensor layer thickness is again 1.6 mm for both numerical
nd experimental parts of this illustration. As a beginning, three
ifferent materials known as Arlon AD300, Arlon AD350 and Arlon
D 450 are used in the sensor layer for simulation and experimen-

al validation. Numerical and experimental results are presented
n Fig. 10. Resonance frequencies are of 8.44, 8.36, 8.23 GHz for
D 300, AD350 and AD450, respectively. When AD450 type mate-
ial is used in the sensor layer, the maximum absorption value of
.97 is obtained. The dielectric constants are of 3, 3.5, 4.5 for AD
00, AD350 and AD450, respectively. As seen from Fig. 10, when
he dielectric constant of the material used in the sensor layer
ncreases, the resonance frequency of the absorber based sensor
hifts downward. The total shift is of about 210 MHz  which shows
hat the absorber based sensor is highly sensitive to the changes

f the dielectric constant of the sensor layer. This relationship is
he basis for all sensor applications in this design. The difference
etween the resonance frequencies of numerical and experimental
esults is of about 30 MHz. Fabrication, measurement, environmen-
Fig. 12. Absorption for the MA Based moisture content of sand between 5.5 and
6.5  GHz.

tal or calibration errors may  cause such a difference. Due to the
losses of Arlon 350, Arlon 400 and Arlon 450 material used and
other production errors, amplitude of the signals have a difference
of 5% since ε = ε′ − jε”. In this equation, losses are directly affecting
the dielectric permittivity and indirectly affecting the absorption
rate.

Global challenges related with energy, sustainability, and the
environmental impacts of burning fossil fuels lead to an increas-
ing need for switching to the use of clean resources [36]. One of the
suggestions to solve this problem is Bio-oil, pine bark, seaweed and
straw can be used as source of bio oil and their density values with
complex permittivity have been researched in the literature [36]. In
this part of the simulation, sensor layer is assumed to be composes
from these materials without changing its dimensions and absorp-
tion rate simulated according to them. Density values and complex
permittivity values of these materials with corresponding reso-
nance frequencies are summarized in Table 2. As seen from Fig. 11,
262 MHz  bandwidth observed according to the change of density
by 22 g/cm3. This value is greater than the bandwidth obtained in
Ref. [37] when density and resonance frequency values are taken
as sample.

3.5. Moisture sensor application

Another sets of simulation designed to illustrate the proposed
design is related with moisture sensing. Moisture values of agricul-
tural products and textile products are crucial since it is affecting
the lifetime of the products. For this purpose, almond kernel
moisture content versus absorption frequency is simulated. As pre-
sented in Table 3, four different almond kernels are taken as sample
from the literature [38]. While their moisture contents are of 8%,
11.9%, 15.8% and 19.6%, the corresponding dielectric constants are
of 3.75, 5.1, 7.8 and 9.2, respectively. Without changing the dimen-
sions of the sensor layer, it is assumed to be composed of almond
kernels with different moisture contents. Using the data given in
Table III, S parameters and absorption values are calculated by CST
Microwave Studio. The absorption values are then plotted as a func-
tion of frequency as shown in Fig. 12. The total shift in the resonance

frequency is found as of 340 MHz  as the moisture content of almond
kernel increases from 8% to 19.6%. In this application, the maximum
value of the absorption is of about 97% and similar absorption rates
are observed due to similar tangent losses.
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. Conclusions

This study focuses on multi-functional sensor applications
ased on MA.  The sensing properties of the suggested sensor design
re presented for pressure, temperature, density, and humidity.
urface current distributions, material parameters and equivalent
ircuit model of the proposed structure. Another sets of simu-
ation designed to illustrate the proposed design is related with

oisture sensing. Moisture values of agricultural products and tex-
ile products are crucial since it is affecting the lifetime of the
roducts. For this purpose, almond kernel moisture content vs.
bsorption frequency is simulated. As presented in Table 3, four dif-
erent almond kernels are taken as sample from the literature [38].

hile their moisture contents are of 8%, 11.9%, 15.8% and 19.6%,
he corresponding dielectric constants are of 3.75, 5.1, 7.8 and 9.2,
espectively. Without changing the dimensions of the sensor layer,
t is assumed to be composed of almond kernels with different

oisture contents. Using the data given in Table 3, S parameters
nd absorption values are calculated by CST Microwave Studio. The
bsorption values are then plotted as a function of frequency as
hown in Fig. 12. The total shift in the resonance frequency is found
s of 340 MHz  as the moisture content of almond kernel increases
rom 8% to 19.6%. In this application, the maximum value of the
bsorption is of about 97% and similar absorption rates are observed
ue to similar tangent losses.

In order to show the sensor quality of the proposed design, pres-
ure and density sensor applications are also experimentally tested.
t can be seen that the numerical results are in a good agreement

ith the experimental ones. Linear shifts can be seen in different
ensor applications. Operation principle of the proposed MA based
ensor application study depends on the sensor layer’s thickness
r sensor layer’s dielectric properties. Therefore, different sensor
pplication for industrial scientific and medical use can be devel-
ped if the dielectric constant value is changing.
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