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ABSTRACT 

This study introduces the conceptual development and evaluation of a microwave sensor based on a split ring resonator as a 
metamaterial structure, aimed at achieving enhanced Q -factor for solid characterization. The proposed configuration utilizes the 
resonant characteristic inherent to metamaterials and exploits the substantial coupling between electromagnetic fields to facilitate 
high Q -factor deriving sharp resonance at 2.16 GHz for solid detection. The suggested sensor is simulated in HFSS software for 
common substrates used in antenna fabrication, such as FR-4 and Rogers. The results demonstrate that variations in the different 
dielectric constant and height of solid under test (SUT) cause corresponding shifts in the resonant frequency. Due to the high 
Q -factor, this design provides widespread applications like new material detection and quality control processes industries. The 
Q -factor of proposed sensor is 42.2 at 2.16 GHz. In addition, the sensor sensitivity and dimensions are 1.63%, 0.28 λ0 ×0.28 λ0 ×0.02 λ0 
where λ0 indicates the wavelength in free space, respectively. 
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 Introduction 

n recent years, microwave sensors have been widely used in var-
ous industries, including healthcare for non-invasive diagnostics
 1, 2 ], agriculture for soil moisture measurement [ 3 ], food industry
 4 ] and dielectric detection [ 5 ]. Quantitative analysis of permit-
ivity profiles and associated electromagnetic field behaviours
n single and multi-layered structures [ 6–8 ] remains a critical
rea of scientific investigation. The relative permittivity of solid
nd liquid materials can be characterized through various mea-
urement techniques such as metamaterial structure [ 9 ], optical
ethod [ 10 ], microwave sensor [ 11 ] and magnetic induction [ 12 ].
etamaterial-based permittivity measurement techniques utilize
ubwavelength artificial structures exhibiting engineered electro-
agnetic properties like negative refractive index or near-zero
ermittivity to achieve superior field confinement and sensitiv-
ty [ 13 ]. Metamaterials have been extensively applied in fields
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ranging from graphene electronics [ 14 ] to telecommunications,
where their implementation in MIMO antenna systems [ 15–17 ].
In addition, Spectroscopic ellipsometry and THz time-domain
spectroscopy have emerged as powerful tools for non-invasive
dielectric characterization, resolving complex permittivity with
femtosecond temporal resolution and micrometer spatial pre-
cision across the optical spectrum [ 18 ]. Meanwhile, magnetic
induction-based characterization techniques derive complex per-
mittivity values in conductive media by analysing frequency
dependent eddy-current perturbations, typically implemented
through synchronized impedance analyser measurements from
0.1 to10 MHz [ 19 ]. 

Unlike low frequency capacitive methods, microwave sensor
approaches including microstrip ring resonators such as split
ring resonator (SRR), complimentary split ring resonator (CSRR)
and cavity perturbation techniques [ 20, 21 ] enable broadband
its use, distribution and reproduction in any medium, provided the original work is properly 
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FIGURE 1 The planar view of the sensor. l1 = 90 mm, l2 = 35 mm, 
l3 = 6 mm, l4 = 8 mm, l5 = 9 mm, l6 = 7.5 mm, l7 = 5 mm, w1 = 50 mm, 
w2 = 5 mm, d1 = 1 mm, d2 = g = 2 mm, h = 1.6 mm. 
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ielectric characterization with enhanced sensitivity to both real
nd imaginary permittivity components at GHz frequencies.
RRs and CSRRs both improve microwave sensor sensitivity
ut differ in operation. SRRs respond to frequency shifts, while
SRRs react to transmission zeros, enabling tailored material
IGURE 2 (a) Sensor design with SUT; (b) Influence of SUT on S21 (dB); (
an δ effect. 
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analysis. Transmission line and SRR coupling makes electromag-
netic hot spots via field confinement, dramatically boosting Q -
factor, sensor sensitivity and detection capability [ 22 ]. Microwave
frequency metamaterial sensors offer an economical platform
for wireless, non-destructive, contactless and real-time detection
applications. Illustrated implementations include biological ana-
lyte monitoring like glucose [ 23 ], chemical substance analysis
for instance, ethanol, methanol [ 19 ] with Q -factor 31, 19.34 and
sensitivity of 0.2%, 1.37% at 2.45 GHz and 4.5 GHz, respectively. 

The suggested sensor demonstrates multifunctional capabilities,
with primary application in precise permittivity characterization
of solid materials especially dielectric substrates, which is a
crucial parameter in antenna fabrication. The sensor exhibits a
sensitivity of 1.63%, with a Q -factor of 42.2 at 2.11 GHz. 

2 Sensor Design 

The broad applicability of microwave sensors in industries neces-
sitates enhancements in Q -factor, sensitivity and miniaturization
to meet evolving performance requirements. The proposed sensor
structure, illustrated in Figure 1 , incorporates two meandered line
c) Gap effect on S21 (dB); (d) SUT thickness effect on S21 (dB); (e) Substrate 

The Journal of Engineering, 2026

di D
i Pale , W

iley O
nline L

ibrary on [27/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



r  

5  

m  

l  

c  

s  

s  

s  

a

3

T  

i  

f  

0  

p  

o  

c  

f  

s  

t

M  

s  

f  

d  

p

A  

i  

e
 

a  

TABLE 1 Q -factor and sensitivity according to various SUT. 

Material Permittivity 
Loss 

tangent Q -factor 
Sensitivity 

(%) 

FR-4 4.4 0.02 40.8 1.63 
RO 4350 3.66 0.0037 41.6 1.39 
RO 3003 3 0.0013 42.2 1.15 
Without 
SUT 

1 — 43.2 —
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esonators (dimensions specified in Figure 1 ), terminated with
0 Ω SMA connectors serving as the sensor feed. Two parallel
etamaterial elements arranged in line with the transmission
ines. The gap between the meandered line SRR assess the
apacitance, while the SRR lengths define inductances. Proposed
ensor from top to bottom consists of three layers of SRR layer,
ubstrate and ground, respectively. The design utilizes FR-4
ubstrate ( εr = 4.4, tan δ = 0.02), selected for its cost-effectiveness
nd suitable dielectric properties. 

 Simulation Results and Discussion 

he placement of the SUT on the sensor surface is demonstrated
n Figure 2a . Figure 2b presents the S21 parameter evaluation
or materials with εr = 3, 3.66, 4.4 and tan δ = 0.0013, 0.004,
.02, demonstrating resonant frequency shifts proportional to
ermittivity variations. As illustrated in Figure 2c , the effects
f gap variations were investigated, confirming their signifi-
ance in capacitor specification definition and energy storage
unctionality. Furthermore, Figure 2d reports the transmis-
ion characteristics of the proposed sensor across varying SUT
hicknesses. 

oreover, as illustrated in Figure 2e , reducing the loss tangent
harpens the resonance null, thereby enhancing the quality
actor of the sensor. This improvement occurs because lower
ielectric losses minimize energy dissipation, resulting in a more
ronounced and stable resonant response. 

 positive relationship between stored energy and Q -factor
s derived in Equation ( 1 ), confirming that energy storage
nhancement elevates quality factor [ 25 ]. The terms funloaded , fεr
nd f denote the sensor’s resonant frequency without SUT,
0 

IGURE 3 The E-field distribution of suggested sensor. (a) f = 2.04 GHz

he Journal of Engineering, 2026
with SUT and the bandwidth’s centre frequency, respectively.
Increasing permittivity yields greater Δf , leading to improved Q -
factor and sensitivity per Equation ( 3 ), with results validated in
Figure 2b . 

𝑄 =
𝑓0 

BW3dB 

= 1 

𝑅 

√ 

𝐿 

𝐶 

= 2 𝜋𝑓r ×
energystored 

powerloss 
(1)

𝑓0 =
1 

2 𝜋
√
𝐿𝐶 

(2)

𝑆 =
𝑓unloaded − 𝑓𝜀r 
𝑓unloaded (𝜀r − 1) 

(3)

Table 1 presents the measured quality factors and sensitivities,
which exhibit dependencies on resonance frequency and SUT
properties as derived in Equations ( 1 )–( 3 ). 

The E-field distribution which has demonstrated in Figure 3
reveals the sensor’s performance under 1 W excitation and
unloaded resonator condition, achieving 1.5 ×10 4 V/m peak
intensity at 2.16 GHz. This aligns with the SRR-metamaterial cou-
pling described in Equation ( 1 ), where energy conservation and
; (b) f = 2.08 GHz; (c) f = 2.11 GHz; (d) f = 2.16 GHz. 
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TABLE 2 Comparison of suggested sensor with pervious works. 

Ref. Size ( 𝝀𝟎 
𝟑 ) 

Freq. 
(GHz) Q -factor 

Sensitivity 
(%) 

[ 22 ] 0.28 × 0.2 × 0.02 4.5 19.34 1.37 
[ 23 ] 0.31 × 0.24 × 0.09 2.45 31 0.2 
[ 26 ] 0.65 × 24 × 0.02 5.515 11.278 1 
This 
work 

0.28 × 0.28 × 0.02 2.16 42.2 1.63 
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ffects. 

omparative analysis in Table 2 evaluates the proposed sen-
or improvements over existing designs in miniaturization,
requency operation, Q -factor, sensitivity. 

 Conclusion 

his work presents a microwave sensor based on SRR metama-
erials, comprising two meandered line resonators coupled in
arallel and fed by 50 Ω SMA ports in a line with transmission
ines. The design employs an FR-4 substrate positioned between
he ground plane and SRR layer. Full-wave electromagnetic
imulations in HFSS validated the sensor’s performance, sup-
lemented by parametric studies quantifying the influence of
eometric dimensions on resonant characteristics. Comparative
nalysis in Table 2 depicts a significant improvement in Q -
actor over previously reported microwave sensors. High Q -factor
ensors are indispensable for applications demanding accuracy,
ow noise and minimal energy loss. 
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