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Abstract
Metamaterials are frequently employed as sensors in a wide range of applications because of their special qualities that are 
not present in nature. This study focus on the design, fabrication and measurement of a novel shape metamaterial absorber 
for moisture-sensing applications. The proposed metamaterial absorber consists of modified cross along with split square 
resonator shape conductor on top of a 0.6 mm thick substrate. Parametric studies are also performed on the different design 
parameters, such as the thickness of the substrate and split square resonator etc. to figure out the optimal value of design 
variables. The simulated results of the proposed absorber illustrate the maximum reflection coefficient at 9.9 GHz. The 
obtained reflection coefficient value is − 30.5 dB at the resonant frequency The measured results of the absorber also show 
good agreement with the simulated results. Furthermore, the proposed metamaterial-based absorber utilize as a sensor. The 
proposed sensor design demonstrates excellent results in terms of resonance shift, sensitivity, linearity, Q factor, and figure 
of merit, making it a good candidate for moisture-sensing applications.
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1  Introduction

An electromagnetic wave's polarization, magnitude, and 
phase can all be controlled and altered using metamaterials 
(MM), which have extraordinary properties. The theory of 
Metamaterials has been commenced by Veselgo et al. [1] in 
1968. Since, then this concept has been globally exploited 
by engineers and physicists for distinct applications like in 
antennas absorber [2] and sensors [3, 4]. MM are synthetic 
or man-made materials with unique characteristics like a 
negative index of refraction (n), negative permeability (μ) 
and permittivity (ε) [5]. The structure, volume, and arrange-
ments of the unit cell provide the distinctive and valuable 
qualities of MM instead of the composition of the material 

[6]. The traditional absorbers are expensive as they are bulky 
due to their high thickness which limits their application in 
today’s era. Therefore, conventional absorbers are replaced 
by the MM-based absorbers; first, it was investigated by 
Landy et al. [7] in 2008. Numerous microwave absorp-
tion structures are proposed by authors and accessible in 
literature based on a single band, dual-band and broadband 
absorption on different frequencies [8–11]. The multi-lay-
ering structures are also proposed by the different authors in 
the literature to obtain the multiband and broadband absorp-
tion characteristics, but simultaneously it increases the cost 
of fabrication and complexity too [12]. Recently investiga-
tors are also attracted to the polarization insensitivity of the 
absorber with the utilization of resistors [13]. In spite of that, 
a cost-effective, low thickness, polarization-insensitive and 
single-layer absorber is still a difficult aspect among schol-
ars. An author has demonstrated an MM-inspired wideband 
absorber of 8.30 GHz from 6.86 to 15.16 GHz [14]. Bakir 
et.al propounded an ultrathin MM-based absorber, which 
demonstrates wideband and narrowband behavior by select-
ing an FSS substrate and by determining the proper FSS 
shape [15].

To meet the requirements of the various applications, 
various MM absorbers with various absorption bandwidths 
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have been proposed thus far. MM absorbers can be broadly 
categorized into two categories based on their absorbing 
bandwidths: narrow and wide. Applications for wideband 
spectra include photodetectors and solar energy harvesting 
[16]. Narrowband spectra, on the other hand, have possible 
applications in thermoelectric, sensors, and a variety of other 
fields. Moisture sensing is a key area of research for sensing 
technologies and has received a lot of attention. Water could 
be found in a wide range of environmental and fabricated 
products. Water content is commonly referred to as moisture 
content, and is widely used to assess product quality as well 
as ideal collection and storage requirements.

In this study, a novel ultra-thin narrow band MM absorber 
is analyzed and designed. The main innovation of the study 
is the high absorption efficiency and tunability of the met-
amaterial absorber. This is achieved using a double-layer 
structure consisting of a metallic metamaterial resonator film 
and ground plane, which allows for a high degree of control 
over the absorption properties of the structure. The proposed 
absorber is also attractive for practical applications due to 
its low-cost and scalable fabrication process. The metamate-
rial absorber has potential applications in energy harvesting, 
sensing, and stealth technology. The absorber is also tuned 
for moisture-sensing applications in the X band, demonstrat-
ing its potential for practical applications in various fields. 
The study is divided into three more sections. Section 2 
details the design and analysis part of the proposed sen-
sor. The moisture-sensing properties of the proposed MM 
absorber sensor is investigated in Sect. 3. The research is 
concluded in Sect. 4.

2 � Design of MM‑based structure

In this design, the MM unit cell is a single layer consist-
ing of a split square resonator (SSR) with modified cross in 
between SSR. The backplane of the structure is completely 
covered by the metallic layer. The structure is etched on 
the 0.6 mm thick FR4 substrate whose dielectric constant 
is 3 and the loss tangent is 0.025. The absorption of the 
absorber can be expressed as A(ω) = (1–R(ω)–T(ω)), where 
R(ω) is the reflection and T(ω) is the transmission [17]. In 
this prototype, the structure is completely backed by a metal-
lic thin film to restrict the transmission. Therefore, for this 
structure absorption is based on reflection only. The unit 
cell of the presented structure is illustrated in Fig. 1. Table 1 
represents the values of the MM unit cell dimensions which 
are illustrated in Fig. 1. This structure is simulated in Com-
puter Simulation Technology (CST) Microwave Studio. The 
structural dimensions of the MM-based unit cell are refined 
using mathematical models based on a frequency domain 
solver. The goal of the optimized procedure is to achieve the 
resonance in X-band with higher absorption. Initially, the 

thickness of the FR4 substrate has been optimized to obtain 
the maximum absorption in the desired band. After deter-
mining the thickness of the substrate, the other parameters 
of the MM-based unit cell were optimized.

2.1 � Simulated results

Figure 2 illustrates the reflection coefficient of the MM-
based structure. It has been perceived that the peak of 
the resonance is at 9.9 GHz with a − 30.5 dB value of the 
reflection coefficient. The surface current distribution of 
the structure is also studied and portrayed in Fig. 3. It has 
been noticed that at 9.9 GHz maximum absorption is due to 
modified cross resonator and corners of SSR. The narrow 
band response is observed with a FWHM (Full Width Half 
Maxima) bandwidth of 203 MHz from 9.86 to 10.0 GHz. 
Furthermore, parametric studies are performed to know the 
optimal value of substrate thickness and other parameters of 
the MM unit cell, as shown in Fig. 4a. The optimal value of 
the thickness of the dielectric substrate is 0.6 mm, as we can 
perceive that as the thickness of the substrate is increasing, 
the reflection coefficient graph is shifting below − 10 dB. 
As the reflection is directly proportional to the thickness of 
the substrate. The peak resonance and highest maximum 
absorption are observed at 9.9 GHz with 0.6 mm thickness. 

Fig. 1   Front view of the MM-based structure

Table 1   Optimized dimensions of the MM unit cell

Dimension Value (mm) Dimension Value (mm)

P 9.5 L2 5
W 1 G1 1.1
L1 5 D 1
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The second study is performed on the scaling of the modi-
fied cross resonator as this geometry plays a vital role in the 
absorption. The study of scaling has been performed from 
0.2 to 1 range, as beyond that range the SSR and modified 
cross resonator get overlap each other. Figure 4b illustrates 
the performance of scaling in terms of reflection coefficient, 
and it has been observed that as the size of the modified 
cross resonator increases, the change in the value of induct-
ance and capacitance resultant resonance shifts towards the 
lower frequency.

The prime requirement of the MM unit cell is single reso-
nance with maximum absorption as further it will be utilized 
as a sensor. The next simulation is performed on the center 
slits of the SSR. Figure 4c depicts the variation in the gap 
of the square in terms of the reflection coefficient. It has 
been observed that at different values the reflection coef-
ficient value is shifting towards 0 dB, with multiple reso-
nances. The optimum value of the gap is 1.1 mm, where 

the maximum absorption with single resonance is achieved. 
Meanwhile, one more study is performed on the edges of the 
SSR. The value of the edges varied from 1.0 to 1.8 mm with 
a 0.2 mm gap. At 1.6 mm and 1.8 mm multiple resonances 
have been observed with the shifting of resonance towards 
higher frequency. The best absorption is achieved at 1.4 mm; 
therefore, it has been considered as optimal value.

One step further, simulated reflection coefficient graphs 
of the proposed MM unit cell are illuminated in Fig. 5a 
for transverse magnetic (TM) and transverse electric (TE) 
polarization. Whereas, Fig. 5b shows the reflection coeffi-
cient graph for different polarization angles. Figure 5a shows 
the variations in the reflection coefficient graph at 9.9 GHz 
under TE polarization. As the angle increases from 0° to 
60° the bandwidth gets reduced due to the shifting of the 
reflection coefficient towards 0 dB. Whereas, in TM polari-
zation after 40° it shows similar behavior as TE polarization 
but below 40° not much variation has been observed. The 
proposed design is simulated from 0° to 60° under distinct 
polarization angles. It is observed from Fig. 5b that the pro-
totype illuminates polarization-insensitive behavior as the 
MM-based absorber is a fourfold symmetrical design.

2.2 � Fabrication and measurement

The final design of the metamaterial structure was exported 
from CST Microwave Studio and printed on a 0.6 mm thick 
FR4 substrate using standard PCB technology [18]. This 
process involves etching copper cladding from the FR4 
substrate using a standard photolithography process, which 
includes several steps to ensure proper fabrication [19].

First, the FR4 substrate was cleaned thoroughly with 
acetone and isopropyl alcohol to remove any dust, dirt or 
contaminants that may have interfered with the fabrication 
process. A thin layer of copper cladding was then lami-
nated to the FR4 substrate using a hot press. Next, a layer 

Fig. 2   Reflection coefficient of 
the MM-based structure

Fig. 3   Surface current distribution at 9.9 GHz
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Fig. 4   Parametric study on a 
substrate thickness, b scaling of 
modified cross, c scaling of SSR 
and d gap between SSR

(a) 

(b)

(c)
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of photoresist was coated on the copper cladding and the 
photoresist was exposed to UV light using a mask aligner 
[20]. The exposed photoresist was then developed using a 
developer solution to remove the unexposed areas of the 
photoresist, leaving only the desired pattern.

The copper cladding was then etched using a ferric chlo-
ride solution to create the desired metamaterial structure. 
Finally, the remaining photoresist was stripped using a sol-
vent to reveal the copper metamaterial structure. The sample 
was prepared as an array of the unit cell by considering the 
homogenous properties of the unit cell used in simulation 
[21]. The dimension of the fabricated structure was chosen 
to be 256 × 256 mm2 to avoid any edge diffraction. The front 
view of the fabricated prototype is demonstrated in Fig. 6a.

To investigate the performance of the fabricated meta-
material structure, it was subjected to a free-space micro-
wave measurement setup in an anechoic chamber. This 
measurement setup was designed to analyze the reflection 
coefficient of the metamaterial absorber to determine its 
absorptive properties [22]. This setup included a broadband 
horn antenna and vector network analyzer (VNA) (Keysight 
E5063A) for measuring the reflection coefficient of the met-
amaterial absorber. The reflection coefficient was measured 
in the frequency range of 0–18 GHz under normal incidence 
to analyze the absorptive behavior of the metamaterial struc-
ture, as illustrated in Fig. 6b.

To ensure accurate and reliable results, the measure-
ment setup was carefully calibrated using a set of calibra-
tion standards [23]. These standards are used to remove the 
effects of any systematic errors introduced by the measure-
ment setup itself. The calibration procedure was performed 
immediately prior to the metamaterial measurements to 

ensure optimal performance of the setup. In addition, the 
far-field distance between the metamaterial structure and the 
horn antenna was carefully chosen to ensure that the meas-
urements were taken in the far-field region, where the radia-
tion pattern of the antenna is well-defined and the field is 
approximately uniform. This helps to ensure that the meas-
ured reflection coefficient accurately reflects the absorptive 
behavior of the metamaterial structure itself, rather than 
being influenced by the near-field effects or other artifacts.

During the measurement process, the horn antenna 
was positioned normal to the surface of the metamaterial 
absorber, and the reflection coefficient was recorded for each 
frequency point in the 0–18 GHz range. The measured data 
were then compared with the simulated results obtained 
from the CST Microwave Studio simulation to validate the 
performance of the fabricated metamaterial absorber.

Real-time continuous measurement was carried out dur-
ing the experiments, and the reflection coefficient of the 
metamaterial absorber was recorded and analyzed using the 
VNA. The simulated and measured reflection coefficient 
graphs of the recommended design are shown in Fig. 6c. 
It can be observed that the simulated peak reflection coef-
ficient value is − 30.5 dB at 9.9 GHz, whereas the measured 
results show that the minimum reflection coefficient value at 
9.7 GHz is – 28.61 dB. The simulated and measured results 
are hardly different, which could be owing to finite sam-
ple size and manufacturing limitations. It is worth noting 
that the complexity of the metamaterial structure and the 
surrounding environment can cause the emergence of extra 
peaks in the measurement. These small peaks occur due to 
the interplay between the metamaterial structure and the sur-
rounding objects or measurement equipment. However, our 

(d)

Fig. 4   (continued)
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study primarily focused on the main resonant peak of the 
metamaterial structure, as it is the key feature responsible 
for absorption. The additional peaks were not significant 
enough to contribute to the absorption resonance and were, 
therefore, ignored.

3 � Sensor analysis

The MM absorber-based sensing is a potential method for 
distant sensing that does not require electrical contact to 
construct a non-invasive sensor. The reflected waves from 
the absorber surface are used as sensing parameters in this 
approach, which is not directly coupled to the spectrum ana-
lyzer. As a result, keeping the signal analyzer away from the 
sensors, it may make wireless sensing easier. In agriculture, 

the most significant element in determining the ideal time 
to harvest and the greatest circumstances for safe storage is 
moisture content. In addition, continuous and precise moni-
toring of soil water content is a critical and essential metric 
in cultivation. The designed absorber properties that have 
been proposed are being examined for moisture-sensing 
applications in this section.

The effectiveness of any sensor is generally expressed 
in three characteristics. The first and foremost is that the 
sensor must generate a dynamic response to moisture vari-
ations. The second requirement is linearity, which means 
that depending on how much the measured parameter 
has changed, the sensor output response must vary pro-
portionately. The last one is the sensitivity of the sensor 
to detect the minute change in sensing parameters. The 
aforementioned properties may be investigated by placing 

Fig. 5   Study the effect of dis-
tinct angles of incidence under 
a TE and TM (b) different 
polarization angles

(a)

(b)
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an analytic-sensing layer over the suggested absorber, as 
shown in Fig. 7. The sensing analytic layer is assumed to be 
made of sandy soil with different moisture contents and the 
corresponding permittivity and loss tangent values for the 
different moisture levels are estimated using [24] and are 
outlined in Table 2.

The sensing behavior of the suggested structure is 
investigated by observing the resonance frequency change 
with respect to moisture levels for analytic layer thinness 
of 0.6 mm. Figure 8 displays the absorption attained for 
the various volumetric moisture level with a 0.1 step shift. 
When the volumetric moisture level of the analytic rises, 

the peak of absorption moves to the lower side of the fre-
quency spectrum. The resonant frequency shift may be 
understood using the general resonance formula. Since the 
capacitance is proportional to sample permittivity, every 
increase in the sample's dielectric property increases the 
resonator’s effective capacitance. As a result of increased 
capacitance, the system’s resonance frequency decreases. 
The absorptivity attained for all of the resonance frequen-
cies is approximately equivalent to that obtained for a per-
fect 100% absorption benchmark. Table 3 summarizes the 
results obtained for said absorber sensor.

(a)

(c)

(b)

Fig. 6   a Front view of fabricated prototype, b measurement setup and c measured results
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For sensing applications, excellent absorbability, high 
sensitivity (S), narrow bandwidth and high Quality (Q) fac-
tor is often needed. The sensitivity of this moisture sensor 
is determined by the relationship between the resonance fre-
quency transition and the alteration in the volumetric mois-
ture level. Furthermore, a single Figure of Merit (FoM) may 
assess all of the behavior of the sensor and is defined as the 
sensitivity to the Full-Width Half Maxima (FWHM) ratio. 
The suggested sensor’s resonant peak moves by roughly 
650 MHz for a 0.1 step change in the volumetric moisture 
level with an FoM and aggregate sensitivity of 41.75 and 
6.525 GHz/VMU, respectively.

The absorption peak shift percentage for different volu-
metric moisture levels is plotted in Fig. 9. Equation (1) 
describes quantitatively how the proposed sensor’s linearity 
is estimated through the curve-fitting method:

where Δf  and Vm are the resonance frequency shift percent-
age and volumetric moisture level, respectively. The slope 
of the fitted curve is used to verify the sensitivity of the 
designed moisture sensor. In comparison with the simu-
lated value of 6.52 GHz/VMU, the measured sensitivity 
of 6.62 GHz/VMU is achieved. Thus, the proposed sensor 
design proves to be a good candidate and shows good results 

(1)Δf (%) = 66.27(Vm) + 7.089

Fig. 7   Illustration of analytic layer on MM absorber

Table 2   Dielectric properties of the sandy soil for moisture levels

Permittivity Loss tangent Volumetric 
moisture

5.08 0.22 0.1
9.20 0.28 0.2
13.08 0.38 0.3
19.20 0.40 0.4
28.80 0.45 0.5

Fig. 8   Absorption of the 
proposed sensor for different 
volumetric moisture levels

Table 3   Performance 
characteristics of the absorber-
based moisture sensor

Volumetric 
moisture

Resonance 
peak (GHz)

Absorption (%) FWHM (GHz) Q factor S (GHz/VMU) FoM

0.1 8.55 99.92 0.2242 38.14 – –
0.2 7.83 99.96 0.1864 42.01 7.2 38.63
0.3 7.21 99.98 0.1817 39.68 6.2 34.12
0.4 6.51 99.97 0.1391 46.8 7 50.32
0.5 5.94 99.92 0.1297 45.8 5.7 43.95
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in terms of resonance shift, linearity, sensitivity, Q factor 
and FoM.

The comparative analysis of the metamaterial absorbers 
presented in Table 4 demonstrates the exceptional perfor-
mance of the current study. The absorptivity achieved in 
this study was 99.31%, which is higher than most of the 
references and is sufficient to behave as a perfect absorber. 
For fair comparison, the sensitivity is normalized by the 
absorber’s resonant frequency, and the current study out-
performed most of the references. In addition, the FoM of 
the current study was significantly higher than the state of 
the art. The dimensions of the current metamaterial absorber 
were also relatively small and compact, making it easy to 
integrate into different devices.

In summary, the current study achieved outstanding 
results in terms of absorptivity, normalized sensitivity, 

FoM, and dimensions, demonstrating the potential of the 
proposed metamaterial absorber for sensing applications. 
Furthermore, the small size and ease of fabrication of the 
proposed absorber make it easy to integrate into different 
devices, further enhancing its applicability.

4 � Conclusion

An ultra-thin narrow band MM absorber is analyzed and 
designed in this research for moisture-sensing applications 
in the X band. The electromagnetic absorber consists of 
a 0.6 mm thick magnetic substrate sandwiched between a 
bottom ground layer and a top resonator layer, which work 
together to block incoming waves and dissipate their energy. 
It is observed from the simulated results that at 9.5 GHz it 

Fig. 9   Resonance frequency 
shift percentage with respect to 
volumetric moisture

Table 4   Comparison of design 
with state of art

Reference Absorptivity (%) Normalized sensi-
tivity

FoM Dimension

[25] 98.97 0.14 7.27 0.36 λ × 0.36 λ × 0.02 
λ

[26] – 0.25 4.9 0.56 λ × 0.56 λ × 0.02 
λ

[27] – 0.04 4.2 1.31 λ × 1.31 λ
[28] 98 0.07 4.26 0.42 λ × 0.42 λ × 0.16 

λ
[29] 99.7 0.09 6.56 0.42 λ × 0.42 

λ × 0.005 λ
[30] – 0.02 10.86 0.78 λ × 0.35 λ × 0.05 

λ
[31] 99.5 0.2 5.36 0.23 λ × 0.23 λ × 0.17 

λ
This work 99.31 0.66 41.75 0.31λ × 0.31λ × 0.02λ
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shows a − 30 dB value of reflection coefficient. The simu-
lated and measured results are well-matched with each other, 
which proves the usage of the proposed absorber for prac-
tical applications. With an aggregate FoM and sensitivity 
of 41.75 and 6.525 GHz/VMU, respectively, the suggested 
sensor’s resonant peak moves by approximately 650 MHz 
for a 0.1 step change in the volumetric moisture level of 
the analytic test sample. The linear fitting curve’s slope is 
used to confirm the sensitivity of the proposed moisture sen-
sor. The measured sensitivity is 6.62 GHz/VMU, which is 
higher than the simulated value of 6.52 GHz/VMU. Due to 
its excellent qualities, the designed absorber has promising 
future development in the fields of moisture sensing for vari-
ous agro-environmental applications.
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