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Abstract 
Structural degradation in dielectric materials, particularly cracks and micro-
defects, significantly affects the reliability of engineering systems. Conven-
tional non-destructive testing techniques are often limited by cost, intermit-
tent operation, and lack of suitability for continuous monitoring. This paper 
presents a simulation-based wideband multiresonance chipless RFID sensing 
framework for quantitative crack estimation in dielectric structures for struc-
tural health monitoring applications. The proposed approach introduces a 
compact LV-shaped resonant tag designed to deliberately engineer multiple 
stable resonant modes within a wide frequency band, enabling multi-dimen-
sional spectral encoding of structural variations. Unlike conventional single-
resonance chipless RFID sensors that primarily support binary detection, the 
proposed multiresonant configuration enables simultaneous sensitivity to 
crack width and orientation via independent resonance shifts, thereby ena-
bling quantitative defect characterization. A wideband antipodal Vivaldi an-
tenna is employed as the interrogation unit to ensure efficient excitation and 
reliable spectral retrieval. Full-wave electromagnetic simulations demonstrate 
consistent, distinguishable resonance shifts that correspond to variations in 
crack geometry. The results confirm that the proposed multiresonance chip-
less RFID system provides a passive, scalable, and simulation-validated frame-
work for multi-parameter crack characterization, enhancing the potential of 
chipless RFID-based structural health monitoring systems. 
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1. Introduction 

Structural health monitoring (SHM) has become a critical requirement for ensur-
ing the safety and reliability of modern infrastructure systems. Compared with 
conventional nondestructive evaluation (NDE) techniques, SHM enables contin-
uous, distributed monitoring of structural conditions, which is essential for long-
term performance assessment of bridges, pipelines, railways, and industrial stor-
age systems. This shift toward real-time condition monitoring has enabled pre-
dictive maintenance strategies that reduce both operational risk and lifecycle cost 
[1]. In high-risk industries such as oil and gas transportation, early detection of 
structural degradation is essential to prevent catastrophic failures. Defects such as 
micro-cracks, corrosion, and material fatigue gradually evolve and often remain 
undetected until structural integrity is severely compromised. In particular, die-
lectric-based structures used in insulation, coatings, and composite layers are 
highly vulnerable to crack propagation, which can significantly degrade system 
performance [2]. 

Although conventional NDE techniques such as ultrasonic inspection, eddy 
current testing, and thermography provide accurate defect detection, they are fun-
damentally limited by their requirement for direct access, high operational cost, 
and inability to support continuous monitoring over large or inaccessible areas 
[3]. These limitations motivate the development of autonomous sensing systems 
capable of wireless, scalable, and long-term operation. 

Wireless sensing approaches based on radio-frequency identification (RFID) 
have emerged as promising alternatives. In particular, chipless RFID systems 
eliminate the need for integrated circuits by encoding information through elec-
tromagnetic resonant signatures. This enables fully passive sensing platforms that 
are low-cost, lightweight, and suitable for large-area deployment. 

However, existing chipless RFID sensing approaches still exhibit critical limita-
tions when applied to structural crack monitoring. Most reported designs rely on 
single or dual resonant features, which significantly restricts the amount of ex-
tractable sensing information. As a result, these systems typically provide only bi-
nary or low-resolution defect indication rather than true quantitative characteri-
zation. 

Furthermore, commonly used resonator types such as dipoles, spirals, and 
patch-based structures suffer from inherent constraints including limited quality 
factor stability, polarization dependence, and weak sensitivity to localized dielec-
tric perturbations. Environmental interference, fabrication tolerances, and reader 
alignment issues further degrade their reliability in practical SHM environments 
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[4]-[7]. 
Recent advances have attempted to improve chipless RFID performance 

through multi-bit spectral encoding and hybrid amplitude-phase techniques. 
While these methods increase data capacity, they introduce additional system 
complexity, require precise phase coherence, and remain sensitive to multipath 
and environmental distortions, limiting their deployment in real-world structural 
monitoring scenarios [8] [9]. 

More recently, multi-parameter RFID sensors have been reported for monitor-
ing strain, displacement, and surface defects. Although these approaches demon-
strate improved sensing capability, they are generally optimized for metallic sub-
strates and exhibit reduced performance on dielectric materials due to weak field 
confinement and reduced interaction with localized defects [10]-[15]. 

To overcome these limitations, this work introduces a wideband, multireso-
nance, chipless RFID system specifically designed for quantitative crack-defect es-
timation in dielectric structures. Unlike conventional single-resonance or low-bit 
encoding tags, the proposed approach employs a compact LV-shaped resonator 
architecture that supports multiple stable, independent resonant modes across a 
wide frequency band. These resonances provide enhanced degrees of freedom for 
capturing subtle variations in crack geometry. 

The key innovation of the proposed system lies in its ability to transform crack-
induced dielectric perturbations into multi-resonance spectral signatures, ena-
bling not only detection but also estimation of crack width and orientation with 
improved resolution. In addition, a wideband antipodal Vivaldi antenna is inte-
grated as the interrogation unit, enabling efficient excitation and robust capture 
of resonance shifts under practical wireless conditions. 

Unlike existing chipless RFID SHM systems, the proposed approach enables 
high-resolution, passive, and scalable crack characterization in dielectric struc-
tures, making it suitable for long-term monitoring of critical infrastructure. 

2. Multiresonance Chipless RFID Sensor Tag Operation 

The proposed sensing architecture is based on a wideband multiresonance chip-
less RFID tag that encodes structural information directly into its frequency-do-
main scattering signature, as illustrated in Figure 1. Unlike conventional RFID 
identification schemes that rely on single-resonance or binary spectral encoding, 
the proposed system exploits multiple independently excited resonant modes to 
significantly expand the sensing dimensionality for defect characterization. In this 
framework, the sensor tag operates as a passive electromagnetic transducer, where 
its scattering response is governed by the interaction between incident electro-
magnetic waves and the local dielectric environment of the monitored polyamide 
structure. Any variation in structural integrity, such as crack formation or propa-
gation, perturbs the effective permittivity distribution around the tag, resulting in 
measurable shifts in multiple resonant frequencies. 

The interrogation mechanism is based on a wideband radar-inspired excitation 
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signal transmitted from the reader unit, enabling simultaneous excitation of all 
resonant modes within the tag. To enhance detection robustness and suppress di-
rect coupling between transmitter and receiver, a cross-polarized configuration is 
employed. The transmitting antenna radiates a vertically polarized field, while the 
receiving antenna is oriented orthogonally to capture only the depolarized scat-
tered response, thereby improving signal to clutter isolation in complex environ-
ments [16] [17]. Upon excitation, the multiresonance tag exhibits a frequency-
selective scattering behavior in which each resonant mode acts as an independent 
sensing channel. These resonances are not only determined by the geometric con-
figuration of the tag but are also highly sensitive to localized dielectric perturba-
tions induced by structural defects in the underlying material. This enables the 
conversion of spatial crack variations into a high-dimensional spectral signature. 
The received backscattered signal is processed in the frequency domain to extract 
the multiresonant signature of the tag. Changes in resonance frequency spacing, 
amplitude variation, and spectral distortion collectively provide a richer feature 
set for quantitative defect estimation, rather than simple binary detection. 

Compared to conventional chipless RFID sensing approaches that rely on lim-
ited resonance count or single-parameter sensitivity, the proposed multireso-
nance architecture introduces an enhanced sensing framework capable of captur-
ing higher-order electromagnetic interactions between the tag and the damaged 
dielectric medium. This results in improved resolution and increased robustness 
for structural health monitoring applications. 

Figure 1 illustrates the operating principle of the proposed chipless RFID sens-
ing system, including wideband interrogation, cross-polarized transmission/re-
ception, and the depolarized backscattered response from the sensor tag. 
 

 
Figure 1. Principle of operation of Chipless RFID sensor. 
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2.1. Physical Sensing Mechanism 

The proposed chipless RFID sensor operates by exploiting the interaction between 
the resonant electromagnetic fields of the LV-shaped resonator and the dielectric 
material under inspection. The sensing structure consists of an LV-shaped copper 
resonator printed on a dielectric substrate backed by a continuous copper ground 
plane. The resonator generates localized fringing electric fields that extend into 
the polyamide specimen. 

When a crack is introduced into the polyamide, part of the dielectric material 
is replaced by air, reducing the effective dielectric constant in the sensing region. 
This dielectric perturbation alters the effective capacitance of the resonator, re-
sulting in measurable shifts in the resonant frequencies. Since the LV-shaped res-
onator supports multiple resonant modes, each mode exhibits a distinct sensitivity 
to crack geometry, allowing for the characterization of both crack width and ori-
entation. 

2.2. Generation of Multiple Resonance and the Principle of 
Dielectric Defect Sensing 

The proposed chipless RFID sensing tag is based on a multiresonance electromag-
netic scattering architecture implemented using a microstrip patch-based config-
uration. In this system, the conductive patch layer is positioned above a dielectric 
substrate, while the ground plane is conceptually associated with the monitored 
polyamide structure. This configuration enables strong near-field electromagnetic 
interaction between the resonant elements and the host material, thereby convert-
ing the conventional patch antenna into a distributed dielectric-sensing trans-
ducer. 

From an electromagnetic perspective, each microstrip patch operates as a cavity 
resonator that exhibits frequency-selective scattering behavior. The resonant con-
dition is governed by the effective electrical length of the patch and the equivalent 
permittivity of the surrounding medium. The fundamental resonant frequency of 
a rectangular microstrip patch can be expressed as: 

( )2 2
r

r

Cf
L L ε

=
+ ∆

 

where rf  is the resonant frequency, C is the speed of light in a vacuum, L is the 
patch’s physical length, L∆  is the fringing extension added to L, and rε  is the 
substrate’s relative permittivity. Any perturbation in the local electromagnetic en-
vironment directly modifies the effective permittivity and boundary conditions of 
the resonator, resulting in measurable shifts in resonant frequency. These shifts 
form the fundamental sensing principle of the proposed system, where structural 
defects are mapped into variations of the multiresonant spectral signature. 

To enhance sensing dimensionality, multiple microstrip resonators with dis-
tinct geometrical configurations are integrated within a compact sensing region. 
Each resonator contributes an independent spectral response, enabling the for-
mation of a wideband multiresonance signature. This multi-mode response sig-
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nificantly increases the information content of the backscattered signal, allowing 
improved resolution for defect characterization. 

From a field-theoretical perspective, incident electromagnetic waves induce 
surface current distributions and charge accumulation across the patch-ground 
interface. These induced currents act as the primary source of backscattered radi-
ation. When structural discontinuities are present, the current flow paths are dis-
turbed, leading to modified resonance conditions that manifest as frequency 
shifts, amplitude variations, and spectral distortion. 

In the case of dielectric crack defects, the presence of a crack introduces a local-
ized geometrical discontinuity that disrupts current continuity on the effective 
ground plane region. This disruption creates anisotropic perturbations in the cur-
rent distribution, meaning that both crack width and orientation influence the 
degree of resonance shift. As a result, crack characteristics are encoded into the 
spectral response, enabling quantitative defect estimation rather than simple bi-
nary detection. 

In contrast, corrosion-related degradation and coating layers introduce distrib-
uted changes in the effective electromagnetic medium. The presence of multiple 
material layers—including base polyamide, corrosion products, and protective 
coatings forms a complex multilayer dielectric stack. These layers collectively alter 
the effective permittivity, permeability, thickness, and loss tangent experienced by 
the resonant modes. 

Since electromagnetic field penetration is frequency-dependent, different reso-
nant modes interact with different effective depths of the material stack. This re-
sults in mode-dependent resonance perturbations, allowing the system to capture 
both surface-localized and subsurface material variations. 

Therefore, the proposed multiresonance chipless RFID architecture provides a 
high-dimensional electromagnetic sensing framework, where localized crack de-
fects and distributed corrosion effects are simultaneously mapped into a multi-
resonant spectral signature. This enables enhanced sensitivity, improved feature 
richness, and more accurate structural health assessment compared to conven-
tional single-resonance or narrowband chipless RFID sensing systems. 

3. Design of LV-Shaped Multiresonance Chipless RFID 
Sensor Tag 

The proposed sensing element is a wideband multiresonance chipless RFID tag 
based on an integrated L-shaped and V-shaped depolarizing resonator configura-
tion. The LV geometry is specifically engineered to support multiple orthogonal 
current paths and controlled electromagnetic coupling mechanisms, resulting in 
enhanced spectral richness for dielectric defect estimation in structural health 
monitoring applications. The geometrical layout and key design parameters are 
illustrated in Figure 2. Unlike conventional single-resonance chipless RFID tags, 
the proposed structure is not designed solely for frequency allocation but for 
multi-mode electromagnetic scattering generation, where each resonant segment 
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contributes independently to the overall spectral signature. This enables higher 
information density and improved sensitivity to small variations in the surround-
ing dielectric environment. 

The tag is fabricated on a Rogers RO3035 lossy substrate with dielectric con-
stant 3.5rε =  and loss tangent 0.0023δ = . The top metallization layer consists 
of the LV-shaped copper resonator, while the bottom layer forms a continuous 
copper ground plane with a thickness of 0.018 mm. The monitored polyamide 
structure is positioned beneath the ground plane and acts as a lossy sensing me-
dium, enabling direct electromagnetic interaction with the resonant field distri-
bution. The substrate thickness is fixed at 1.52h =  mm, and both substrate and 
ground plane share identical lateral dimensions of 35 × 35 mm. The sensing me-
dium (polyamide structure) is extended to 60 × 60 mm to ensure sufficient field 
penetration and to minimize edge reflection effects, thereby improving the relia-
bility of dielectric interaction modeling. 

The design methodology follows a sensing-driven resonator synthesis ap-
proach, where classical microstrip antenna theory is adapted not for radiation op-
timization but for maximizing dielectric perturbation sensitivity and multireso-
nance separation. The fundamental electromagnetic behavior is first related to 
resonant wavelength as: 

 C
f

λ =  (1.1) 

where C is the velocity of light and f  is the resonance frequency. The patch 
width is then defined using Equation (1.1). 

w  is the width of the patch, and the relative permittivity of the substrate is rε . 
The effective electromagnetic behavior of the resonator is governed by the inter-
action between the physical geometry and the surrounding dielectric environ-
ment, which is expressed through 

 2
2 1r

CW
f ε

=
+

 (1.2) 

 
2eff

reff

CL
f ε

=  (1.3) 

where C  the speed of light in a vacuum effL  is the effective length of the patch, 
and   reffε  is the substrate’s effective relative permittivity  effL  takes into ac-
count both physical length and fringing fields at the patch’s tips, resulting in: 

 2effL L L′ = + ∆  (1.4) 

L′  is the length of the patch which is equal to the effective length ( 2effL L+ ∆ ), 
whereas L∆  is the extended length, L∆  can be further elaborated as 

 
( )

( )

0.3 0.0264
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w
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where w  is the patch’s width and h  is the thickness of the substrate under-
neath the patch. In both (1.3) and (1.5),  reffε  is related to the dielectric constant
  rε ,  w  and h  of the substrate, and may therefore be represented as: 

 

1
21 1 1 12

2 2
r r

reff
h
w

ε εε
−+ −  = + + 

 
 (1.6) 

The Equations (1.4) to (1.5) describe the relationships between the resonance 
of a V-shaped patch and several parameters, including the patch’s length and 
width, substrate thickness, and substrate permittivity. These estimate equations 
are valid for a V-shape patch constructed on a Roger substrate. Substrate length 
and width are calculated by using the following formulas, which are given below. 

Whereas Lg & Wg are the length and width of the substrate, and h  is given by 

 0.0606

r

h λ
ε

=  (1.7) 

Figure 2 illustrates the configuration of the LV-shaped chipless RFID sensor 
and identifies the principal geometrical parameters used to define the resonant 
structure. 
 

 
Figure 2. Configuration and geometrical characteristics of a chipless RFID sensor. 

 
The detailed geometrical parameters of the proposed structure are provided in 

Table 1, which defines the dimensional variations of each resonant arm responsi-
ble for multiresonance generation. 
 
Table 1. Dimension of Multiresonance Chipless RFID sensor. 

h g la lb lc ld V1 V2 ta W 

1.52 0.52 29 27 26 16 21 14 0.018 2 

4. Simulation of L & V Shape-Based Multiresonance Chipless 
RFID Sensor Tag 

This section established the principle of multiresonance generation for dielectric 
crack defect estimation using microstrip resonators [16]. Building on this concept, 
the present study employs a cross-polarized interrogation framework, where the 
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chipless RFID tag operates as a depolarizing electromagnetic scatterer [16] [17]. 
This enables robust separation of the transmitted and backscattered signals, im-
proving detection reliability in practical structural health monitoring environ-
ments. 

The proposed design is inspired by the concept of radio-frequency encoding 
particles [18], where multiple resonant scattering elements are engineered to en-
code information in the frequency domain. In this work, the concept is extended 
by integrating L-shaped and V-shaped resonant geometries into a unified LV-
shaped architecture to achieve enhanced multiresonance behavior and improved 
dielectric sensitivity. 

The final configuration of the proposed chipless RFID sensor tag is illustrated 
in Figure 3. The structure consists of a combination of diagonal dipole-based res-
onators arranged in L and V geometries with varying physical lengths. The V-
shaped section is formed by two orthogonal sets of dipole arms: one set al.igned 
diagonally and the other oriented orthogonally, resulting in controlled current re-
distribution and strong depolarization effects [16] [17]. Two additional L-shaped 
resonators are positioned adjacent to the V-shaped structure to further enhance 
multiresonance generation and spectral diversity. 

From an electromagnetic perspective, this hybrid arrangement induces multi-
ple current paths and coupling mechanisms within a compact footprint, leading 
to the formation of distinct resonant modes across the operating bandwidth. These 
resonances collectively form a wideband multiresonance spectral signature, which 
is highly sensitive to variations in the surrounding dielectric environment [18]. 

Each resonant element is etched on a Rogers RO-3035 substrate with a relative 
permittivity of 3.5 and a thickness of 1.52 mm. The total footprint of the sensor 
tag is maintained at 35 mm × 35 mm to ensure compact integration while pre-
serving sufficient field confinement for stable resonance behavior. The monitored 
polyamide structure lies beneath the ground plane and interacts with the fringing 
electromagnetic fields, enabling defect-induced perturbations in the scattering re-
sponse [19]. 

The proposed LV configuration is specifically designed to enhance mode diver-
sity, polarization conversion efficiency, and resonance separation, which are crit-
ical factors for improving crack defect estimation accuracy [16]-[18]. Unlike con-
ventional single-geometry chipless RFID tags, the hybrid LV structure introduces 
controlled asymmetry and orthogonal coupling paths, resulting in richer spectral 
encoding capability. 

Figure 3 illustrates the full-wave simulation setup used to evaluate the multi-
resonance RCS response of the proposed chipless RFID sensor under plane-wave 
excitation. 

4.1. Simulation Methodology 

The proposed chipless RFID sensor was modeled and analyzed using CST Studio 
Suite over the 2 - 6 GHz frequency range. Simulations were performed using the 

https://doi.org/10.4236/ojapr.2026.142003


M. Zubair et al. 
 

 

DOI: 10.4236/ojapr.2026.142003 32 Open Journal of Antennas and Propagation 
 

Frequency Domain/Time Domain solver with Open (Add Space) boundary con-
ditions. An adaptive mesh refinement was employed until the predefined conver-
gence criterion was satisfied. 
 

 
Figure 3. Simulation setup of the multiresonance chipless RFID sensor. 

 
The sensing structure consists of an LV-shaped copper resonator backed by a 

continuous copper ground plane. The inspected material was modeled as polyam-
ide with a relative permittivity of εr = 3.5 and a loss tangent of tanδ = 0.005. Crack 
widths of 1 - 3 mm with orientations of 0˚, 45˚, 90˚, and 135˚ were simulated to 
evaluate their effects on the resonant response. All other simulation parameters 
were kept constant throughout the study. 

4.2. Substrate Optimization and Multiresonance Radar  
Cross-Section Characteristics 

The selection of substrate relative permittivity and thickness plays a critical role 
in determining the electromagnetic scattering performance of the proposed wide-
band multiresonance chipless RFID sensor tag. In particular, these parameters are 
optimized to enhance the radar cross-section (RCS), which directly governs the 
detectability of the tag under cross-polarized interrogation conditions. A higher 
RCS ensures stronger backscattered signal strength, improving the reliability of 
tag recognition at the reader side. From a system perspective, the achievable read 
range is fundamentally governed by the radar range equation, where the tag’s RCS 
acts as a key scattering parameter influencing the received signal power [20]. 

The substrate permittivity introduces a trade-off between electromagnetic con-
finement and scattering efficiency. Lower permittivity substrates increase the ef-
fective electrical size of the resonant patches, which generally enhances RCS due 
to stronger scattering. However, this also reduces the quality factor of the reso-
nances, leading to broader spectral peaks and reduced frequency selectivity. Sim-
ilarly, increasing substrate thickness improves scattering strength and RCS per-
formance but may introduce additional dielectric losses and mode distortion ef-
fects if not properly optimized [21]. 

Established RCS-synthesis and RF-encoding-particle frameworks further sup-
port the frequency-domain interpretation of chipless RFID backscatter and reso-
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nant coding adopted in this work [22] [23]. 
Therefore, the substrate parameters are carefully selected to achieve a balanced 

trade-off between high RCS for reliable detection and sufficient quality factor for 
distinct multiresonance separation. This balance is essential to ensure that multi-
ple resonant peaks remain distinguishable while maintaining strong backscatter 
response for practical chipless RFID interrogation. In addition to material selec-
tion, the geometry of the LV-shaped resonator is optimized to generate multiple 
resonant modes within a compact footprint. The spatial configuration and reso-
nator lengths are engineered to ensure adequate separation between resonant fre-
quencies while preserving strong scattering efficiency, enabling simultaneous high 
detectability and high spectral resolution. 

Under the optimized design, the proposed sensor tag exhibits six distinct reso-
nant responses within the 2 - 6 GHz band. The resonant frequencies are observed 
at 2.29 GHz, 2.73 GHz, 3.11 GHz, 3.74 GHz, 4.51 GHz, and 5.1 GHz, respectively. 
These well-distributed resonances form a wideband multiresonance spectral sig-
nature, which enhances sensitivity to dielectric perturbations and enables im-
proved crack defect estimation capability. 

Figure 4 shows the simulated RCS spectrum of the optimized sensor, where six 
distinct resonant responses are observed across the 2 - 6 GHz operating band. 
 

 
Figure 4. Simulated RCS spectra of the multiresonance chipless RFID sensor. 

4.3. Origin of Multiresonance Response and Crack-Dependent 
Spectral Behavior 

To further explain the origin of the six observed resonances, the surface current 
distributions at the corresponding resonant frequencies are analyzed in Figure 
5(a), Figure 5(b). The multiresonance behavior of the proposed wideband chip-
less RFID sensor is directly governed by the independent excitation of L-shaped 
and V-shaped resonant paths, each contributing distinct electromagnetic modes 
within the operating bandwidth. 
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Figure 5. Current distributions at the surface of the multiresonance chipless RFID (a) 2.29 
GHz; (b) 2.73; (c) at 4.51 GHz; (d) 4.8 GHz; (e) at 4.51 GHz; (f) 4.8 GHz. 

 
The first two resonant peaks at 2.29 GHz and 2.73 GHz originate from the L-

shaped resonators. These resonances are primarily determined by the effective 
electrical lengths of the L-shaped current paths. Specifically, the longer L-shaped 
arm exhibits a lower resonant frequency due to increased effective current path 
length, while the shorter arm supports a higher-frequency resonance. This con-
firms that the L-shaped geometry operates as a length-dependent resonant scat-
terer within the multiresonance framework. 

The next two resonant modes at 3.11 GHz and 3.74 GHz are generated by the 
V-shaped resonant configuration. The orthogonal arrangement of the V-shaped 
dipole arms produces controlled current redistribution and enhanced depolari-
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zation behavior, resulting in additional distinct resonant states. These modes 
are strongly influenced by the angular orientation and coupling between the di-
agonal dipole segments, which increases spectral diversity within the tag re-
sponse. 

The final two resonances at 4.51 GHz and 5.1 GHz are attributed to higher-
order harmonic responses of the L-shaped resonators. These resonances arise due 
to partial current excitation along segmented portions of the L-shaped geometry, 
where current distribution becomes non-uniform and supports higher-order res-
onant modes. As a result, each L-shaped element contributes multiple spectral 
features rather than a single resonance, significantly increasing the overall infor-
mation density of the tag. 

The defect sensing mechanism becomes evident through the analysis of surface 
current perturbations. Any structural discontinuity in the underlying polyamide 
layer modifies the current distribution on the ground interface, leading to changes 
in both the amplitude and frequency position of the resonant peaks. This pertur-
bation directly translates into variations in the radar cross-section (RCS) response, 
forming the basis for crack-dependent spectral encoding. 

To evaluate crack sensitivity, a parametric study is performed by varying crack 
width from 0 mm to 3 mm in 1 mm steps, while fixing crack depth at 2 mm. In 
addition, crack orientation angles of 0˚, 45˚, 90˚, and 135˚ are considered to ana-
lyze directional sensitivity. This systematic sweep enables quantitative assessment 
of how crack geometry influences multiresonance frequency shifts and RCS vari-
ations, thereby validating the proposed sensor for crack defect estimation in struc-
tural health monitoring applications. 

4.4. Simulation Study of Orientation-Dependent Dielectric Crack 
Detection 

To investigate the influence of dielectric cracks on the radar cross-section re-
sponse of the proposed sensor, cracks with widths of 1, 2, and 3 mm were intro-
duced into the polyamide specimen. Four crack orientations, namely 0˚, 45˚, 90˚, 
and 135˚, were considered while the remaining geometrical and material param-
eters were kept unchanged. The resulting RCS spectra were compared with the 
intact-specimen response. 

A dielectric crack locally replaces part of the polyamide with air and therefore 
changes the effective dielectric loading experienced by the LV-shaped resonator. 
This perturbation modifies the localized electric-field distribution and electro-
magnetic coupling between the resonant elements and the monitored specimen. 
Consequently, variations in crack width and orientation produce changes in the 
frequency positions and amplitudes of the multiresonance response. 

For each resonant mode, the crack-induced frequency variation is defined as 

 ( ) ( ), , ,0 ,i i if w f w fθ θ∆ = −  (1.8) 

where ( ),if wθ  denotes the frequency of the ith resonance for crack width w  
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and orientation θ , and ,0if  represents the corresponding resonance fre-
quency of the intact specimen. A positive value of Δf  indicates a shift toward 
a higher frequency, whereas a negative value represents a shift toward a lower 
frequency. 

In the proposed sensing framework, crack width is represented by the magni-
tude of the multiresonance frequency variation, whereas crack orientation is char-
acterized by the distribution and direction of the shifts across the selected reso-
nant modes. Therefore, the complete multiresonance signature, rather than a sin-
gle resonance, is used to distinguish the investigated crack conditions. 

Figure 6 presents the simulated RCS response for the horizontal 0˚ crack ori-
entation. Increasing crack width produces distinguishable variations in several 
resonant modes, particularly in the intermediate-frequency region. The changes 
arise because the horizontal crack intersects the electromagnetic-field distribution 
associated with the LV-shaped resonator and modifies the local effective permit-
tivity beneath the sensing structure. 
 

 
Figure 6. Multiresonance chipless RFID sensor tag placed on the dielectric material with varying crack orientations and crack widths 
at 0˚. 

 
The individual resonances do not exhibit identical responses. Some modes un-

dergo more noticeable frequency displacement, while others primarily show 
changes in peak amplitude or spectral prominence. This mode-dependent behav-
ior indicates that the sensitivity of the proposed sensor is governed by the spatial 
overlap between the crack and the electromagnetic field associated with each res-
onant path. The combination of these resonance variations provides a character-
istic spectral response for the 0˚ orientation. 

Figure 7 shows the simulated RCS response for the vertical 90˚ crack orienta-
tion. Rotation of the crack from 0˚ to 90˚ changes its alignment relative to the 
dominant electric-field and surface-current paths. Consequently, the resulting 
resonance-shift pattern differs from that observed for the horizontal crack. 

https://doi.org/10.4236/ojapr.2026.142003


M. Zubair et al. 
 

 

DOI: 10.4236/ojapr.2026.142003 37 Open Journal of Antennas and Propagation 
 

As the crack width increases, several resonant modes exhibit measurable fre-
quency and amplitude variations. However, the variation is not uniformly linear 
across all widths and resonances. In particular, some modes display non-mono-
tonic behavior, indicating that a single sensitivity coefficient cannot adequately 
represent the entire 90˚ response. These localized reversals may result from redis-
tribution of the electromagnetic fields and changes in coupling between neighbour-
ing resonant sections. Nevertheless, the collective multiresonance signature remains 
distinguishable from the responses obtained for the other crack orientations. 

 

 
Figure 7. Multiresonance chipless RFID sensor tag placed on the dielectric square shape crack material with varying crack orienta-
tions and crack widths at 90˚. 

 
Figure 8 illustrates the simulated RCS response for a 45˚ diagonal crack. Unlike 

the horizontal and vertical cases, the diagonal crack intersects multiple electro-
magnetic-field regions associated with both the L-shaped and V-shaped resonant  
 

 
Figure 8. Multiresonance chipless RFID sensor tag placed on the dielectric square shape crack material with varying crack orienta-
tions and crack widths at 45˚. 
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elements. This asymmetric interaction produces mode-dependent spectral pertur-
bations. The spectra show that different resonant modes respond differently as 
crack width increases. Certain resonances exhibit greater frequency displacement, 
whereas others show comparatively small changes or predominantly amplitude 
variations. The resulting mixed response demonstrates that crack orientation can-
not be determined reliably from the direction of a single resonance shift. Instead, 
the relative variations of multiple resonant frequencies must be considered to-
gether to form an orientation-specific signature. 
 

 
Figure 9. Multiresonance chipless RFID sensor tag placed on the dielectric square shape crack material with varying crack orienta-
tions and crack widths at 135˚. 

 
Figure 9 presents the simulated RCS response of the proposed sensor for a 135˚ 

crack orientation with crack widths of 1, 2, and 3 mm, together with the intact 
reference condition. The overall multiresonance profile remains preserved across 
the 2 - 6 GHz band, while individual resonant modes exhibit different levels of 
frequency and amplitude variation as the crack width increases. The most visible 
changes occur mainly in the resonance region around 3.8 - 4.1 GHz, whereas the 
higher-frequency resonances show comparatively smaller but still distinguishable 
perturbations. 

The 135˚ crack intersects the localized electromagnetic-field distribution in a 
direction different from the 45˚ case. Because the LV-shaped resonator is geomet-
rically asymmetric, these two diagonal orientations do not produce identical elec-
tromagnetic loading. The 135˚ crack therefore perturbs a different combination 
of L-shaped and V-shaped current paths, resulting in an orientation-specific res-
onance pattern. 

For smaller crack widths, the simulated curves remain relatively close to the 
intact response for several resonant modes, indicating limited dielectric perturba-
tion within some sensing regions. As the crack width increases, the difference be-
tween the crack-loaded and intact responses becomes more visible, particularly 
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for the resonances that exhibit stronger field interaction with the diagonal defect. 
This behavior indicates that the sensitivity of the sensor is mode-dependent and 
that not every resonance contributes equally to crack-width estimation. 

The response in Figure 9 should therefore be interpreted using the collective 
multiresonance signature rather than by assuming a uniform upward or down-
ward shift of all resonances. The relative frequency displacement, amplitude var-
iation, and spectral separation of the selected modes together provide the charac-
teristic signature of the 135˚ rack orientation. This combined response enables 
discrimination from the 0˚, 45˚, and 90˚ cases, provided that the same resonant 
modes are tracked consistently for all crack widths. 

4.5. Quantitative Sensitivity and Linearity Assessment 

The quantitative sensitivity of the proposed sensor was evaluated by tracking five 
consistently identifiable resonant features in the simulated radar cross-section 
spectra for crack widths of 1, 2, and 3 mm. The datasets for each crack orientation 
were generated using the same 2 - 6 GHz frequency range, RCS output definition, 
and 0.004 GHz frequency sampling interval, allowing direct comparison of the 
resonance-frequency variations. 

To reduce the effect of the discrete frequency step, each resonance frequency 
was refined using local quadratic interpolation around the corresponding RCS ex-
tremum. Ordinary least-squares linear regression was then applied independently 
to each resonant mode according to 

( ), , , ,i i if w S w bθ θ θ= +  

 
Table 2. Orientation-Dependent frequency sensitivity and linearity of the selected resonant modes. 

Crack orientation Mode 
Frequency region 

(GHz) 
Sensitivity 

(MHz/mm) 
R2 Response behaviour 

0˚ M1 2.33 −0.223 0.599 Weak variation 

0˚ M2 2.72 - 2.73 −2.470 0.599 Non-monotonic 

0˚ M3 3.94 - 3.96 −2.202 0.056 Non-monotonic 

0˚ M4 4.51 - 4.52 −0.570 0.056 Non-monotonic 

0˚ M5 5.14 - 5.17 −4.854 0.063 Non-monotonic 

Orthogonal M1 2.33 +0.788 0.832 Moderately linear 

Orthogonal M2 2.70 - 2.71 +0.975 0.521 Weak-to-moderate linearity 

Orthogonal M3 3.93 −1.223 0.995 Strong linear response 

Orthogonal M4 4.51 +0.117 0.021 Negligible/non-monotonic 

Orthogonal M5 5.11 - 5.12 +1.317 0.329 Poor linearity 

 
Table 2 summarizes the orientation-dependent frequency sensitivity and line-

arity (R2) of the selected resonant modes, providing a quantitative basis for iden-
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tifying the most reliable modes for crack-width estimation. 
For the 0˚ crack orientation, the tracked resonance frequencies do not exhibit a 

consistently monotonic relationship with crack width. Although numerical slopes 
can be obtained from linear regression, the corresponding coefficients of determi-
nation are low, with R2 values ranging from 0.056 to 0.599. Therefore, these modes 
should not be interpreted as reliable linear crack-width indicators. Instead, their 
combined frequency and amplitude variations may be used as supplementary 
spectral features for distinguishing crack orientation and severity. The three da-
tasets used for the 0˚ analysis correspond to crack widths of 1, 2, and 3 mm and 
share the same CST simulation format and frequency sampling. 

For the orthogonal crack orientation, the resonance located near 3.93 GHz 
shows the strongest and most consistent dependence on crack width. The reso-
nance frequency decreases from approximately 3.932 GHz at a crack width of 1 
mm to approximately 3.930 GHz at 2 mm and 3.929 GHz at 3 mm. The corre-
sponding linear regression gives 

( ) 0.001223 3.933088 GHz,f w w= − +  

with a sensitivity of 

1.223 MHz mmS = −  

and a coefficient of determination of 
2 0.995.R =  

This high 2R  value indicates that the frequency shift of this mode is approxi-
mately linear over the investigated crack-width range. Consequently, the reso-
nance near 3.93 GHz may be used as the primary quantitative feature for estimat-
ing crack width under the orthogonal orientation. 

The resonance near 2.33 GHz also exhibits a moderately consistent response, 
with a positive sensitivity of 0.788 MHz/mm and 2 0.832R = . However, its lin-
earity is lower than that of the 3.93 GHz mode. The remaining orthogonal 
modes exhibit either weak or non-monotonic frequency changes and are there-
fore more suitable as complementary classification features rather than inde-
pendent crack-width estimators. The orthogonal datasets were also obtained for 
crack widths of 1, 2, and 3 mm under identical frequency-sweep and RCS-output 
settings.  

Overall, the results demonstrate that the crack-sensing response is both mode-
dependent and orientation-dependent. A uniform upward or downward shift can-
not be assumed for all resonances. Instead, selected resonant modes with high lin-
earity should be used for quantitative crack-width estimation, while the complete 
multiresonance signature can be employed for crack-orientation discrimination. 
It should also be noted that the regression analysis is based on three simulated 
crack-width cases. Therefore, the reported sensitivity represents the response over 
the investigated range of 1 - 3 mm and should not be extrapolated beyond this 
range without additional simulations or experimental validation. 
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4.6. Crack Width and Orientation Estimation 

The proposed sensing methodology estimates crack characteristics by comparing 
the measured multiresonance RCS spectrum with the reference spectrum of the 
intact structure. For each resonant mode, the resonance frequency is extracted 
from the measured RCS response, and the corresponding frequency shift is calcu-
lated as 

 ,0Δ ,i i if f f= −  (1.9) 

where ,0if  is the resonance frequency of the intact sensor and if  is the meas-
ured resonance frequency after crack formation. 

For resonant modes exhibiting an approximately linear response, the crack 
width can be estimated using the regression model 

 ,i i

i

f bw
S
−

=  (1.10) 

where iS  is the sensitivity obtained from the linear regression analysis and ib  
is the corresponding regression intercept. 

Rather than relying on a single resonance, the proposed sensor exploits the 
complete multiresonance signature. Different crack orientations perturb different 
resonant modes because the crack interacts differently with the current distribu-
tion of the asymmetric LV resonators. Consequently, the collective frequency-
shift pattern provides orientation-dependent information, while the most linear 
resonant modes can be used for quantitative crack-width estimation. 

5. Proposed Reader Configuration and Simulated 
Interrogation Framework 

The proposed chipless RFID sensing system is illustrated using a conceptual in-
terrogation framework operating over the 2 - 6 GHz frequency range. The frame-
work consists of two broadband antipodal Vivaldi antennas arranged in a cross-
polarized configuration, where one antenna transmits the incident electromag-
netic wave and the second antenna receives the backscattered response from the 
sensing tag. This configuration is presented to demonstrate a practical implemen-
tation of the proposed sensing concept and to illustrate how the tag may be inter-
rogated in a real measurement environment. 

As shown in Figure 10, the sensing tag is positioned on the dielectric specimen 
containing the crack defect. Variations in crack width and orientation modify the 
electromagnetic interaction between the resonator and the surrounding dielectric 
material, resulting in changes in the resonance frequencies of the scattered RCS 
spectrum. These resonance-frequency variations constitute the sensing signature 
used for crack characterization. 

It should be emphasized that the reader configuration shown in Figure 10 was 
not explicitly modelled or experimentally implemented in this work. All reso-
nance characteristics, frequency shifts, sensitivity values, and crack-characteriza-
tion results presented in this paper were obtained exclusively from full-wave elec-
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tromagnetic simulations performed in CST Studio Suite. The reported spectra 
therefore represent simulated monostatic radar cross-section (RCS) responses of 
the proposed chipless RFID sensor rather than signals acquired from a physical 
interrogation system. 

In a practical implementation, the backscattered response could be measured 
using broadband antennas and conventional RF instrumentation, followed by 
resonance extraction using standard peak-detection or curve-fitting techniques. 
The design and experimental validation of such a hardware interrogation system 
are beyond the scope of the present work and will be considered in future stud-
ies. 
 

 
Figure 10. Chipless RFID sensor with UWB low scattering and antipodal Vivaldi antenna 
(AVA). 

 
The reader antennas are arranged in an orthogonal configuration to optimize 

polarization diversity and improve the robustness of backscatter detection. Spe-
cifically, the ultra-wideband (UWB) low-scattering antipodal Vivaldi antenna is 
oriented vertically, while the antipodal Vivaldi antenna (AVA) is positioned hor-
izontally. This cross-oriented arrangement enhances isolation between transmit-
ted and received signals, thereby improving the accuracy of chipless RFID tag in-
terrogation. 

To compensate for the inherently low backscattered power of chipless RFID 
tags, high-gain antennas are employed at the reader side, with gain values ranging 
from 7 dBi to 10.2 dBi across the 2 - 6 GHz operating band. This ensures sufficient 
link budget for reliable detection of weak multiresonance responses from the sen-
sor tag under practical conditions. 

The simulated RCS spectra obtained from CST Studio Suite were analyzed to 
evaluate crack-induced resonance variations. The six resonant modes shown in 
Figure 11 and Figure 12 constitute the sensing features used for crack character-
ization. The spectral response exhibits six distinct resonance peaks corresponding 
to the designed LV-shaped resonator structure. 
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Figure 11. The multiresonance chipless RFID sensor tag attached to the crack with varying crack orientations and crack widths: (a) 
at; (b) at. 

 
Figure 11(a) illustrates the simulated multiresonance spectral response of the 

proposed chipless RFID sensor for dielectric cracks oriented at 0˚ with different 
crack widths. As the crack width increases, the electromagnetic coupling between 
the LV-shaped resonator and the polyamide substrate is progressively modified 
due to the reduction in the effective dielectric loading within the sensing region. 
This perturbation results in measurable variations in the resonance spectrum, 
where several resonant modes exhibit frequency shifts with different sensitivities. 
The response demonstrates that the proposed sensor can distinguish different 
crack widths while maintaining a stable multiresonance signature throughout the 
operating bandwidth. The observed resonance variations indicate that crack width 
directly influences the electromagnetic field distribution around the resonator, 
thereby providing a reliable indicator for structural defect characterization. 

Figure 11(b) presents the simulated resonance response for 45˚ crack orienta-
tion. Compared with the 0˚ orientation, the resonant signatures exhibit a different 
frequency-shift pattern because the crack intersects the localized electric-field dis-
tribution at a different angle. Consequently, the electromagnetic interaction be-
tween the resonator and the dielectric material changes, resulting in orientation-
dependent resonance behavior. Although the overall multiresonance characteris-
tics are preserved, the relative sensitivity of individual resonances differs from that 
observed in Figure 11(a), demonstrating that the sensor is capable of discriminat-
ing crack orientation in addition to crack width. 

Figure 12(a) shows the simulated resonance spectra for 90˚ crack orientation 
under different crack widths. Similar to the previous cases, increasing crack width 
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modifies the effective dielectric environment surrounding the resonator, produc-
ing systematic perturbations in the resonance frequencies. The resulting spectral 
response remains clearly distinguishable for each crack condition, confirming that 
the proposed multiresonance sensor maintains consistent sensing capability irre-
spective of crack orientation. The differences in resonance behavior relative to 
Figure 11(a) and Figure 11(b) further indicate that the orientation of the crack 
significantly influences the electromagnetic coupling mechanism and conse-
quently the resonance signature. 

 

 
Figure 12. The multiresonance chipless RFID sensor tag attached to the crack samples with varying crack orientations and crack 
widths: (a) at; (b) at. 

 
Figure 12(b) illustrates the spectral response for 135˚ crack orientation. The 

resonance characteristics continue to exhibit orientation-dependent behavior, 
with several resonant modes showing distinguishable frequency variations as the 
crack width increases. These variations arise from changes in the distribution of 
the electric fields around the resonator caused by the altered crack geometry. The 
unique resonance signature associated with this orientation further demonstrates 
the capability of the proposed chipless RFID sensor to identify multiple crack con-
figurations using a single passive sensing structure. 

Overall, Figure 11 and Figure 12 demonstrate that the proposed multireso-
nance chipless RFID sensor produces distinct and repeatable resonance signatures 
for different combinations of crack width and orientation. Rather than relying on 
a single resonant frequency, the sensor exploits the collective response of multiple 
resonant modes, thereby improving defect discrimination and enhancing sensing 
reliability. Since each crack orientation produces a unique resonance pattern, the 
multiresonance response provides sufficient information to characterize both the 
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severity and orientation of dielectric cracks. All resonance spectra presented in 
Figure 11 and Figure 12 were obtained from full-wave electromagnetic simula-
tions using CST Studio Suite and represent the simulated backscattered response 
of the proposed interrogation framework. No experimental measurements, re-
ceiver-voltage acquisition, or hardware signal-processing implementation were 
performed in this study. 
 

Table 3. Comparison on proposed work and previous studies related to chipless RFID sensor designs for crack detection. 

Study/Work Method Used 
Defect/Parameter 

Measured 
Frequency 

Range 
Results/Observations Limitations 

Our work 

Multi-resonance 
chipless RFID sensor 

with LV-shaped 
patches and UWB 
Antipodal Vivaldi 

antenna for far field 
chipless RFID 

Crack size and 
orientation 

2.3 GHz to 5 
GHz 

Distinct  
resonance-frequency shifts 

observed across various 
crack sizes (1 mm to 3 

mm). High sensitivity for 
crack detection and 

precise resonance shifts in 
both metallic and 
dielectric surface. 

Requires advanced 
signal processing 
for environmental 

noise, potential read 
range limitations in 

real-world 
conditions. 

Marinda et al. 
(2018) [12] 

Chipless RFID sensor 
tag with UWB 

frequency signature 
and dipole encoders 

for metal crack 
detection. 

Crack detection in 
metal 

2 - 6 GHz 
High resolution for crack 
detection only in metallic 

surfaces. 

Narrow read range 
(<1 m), metal 

dependency, and 
susceptibility to 

interference. 

Amin et al. (2013) 
[5] 

Spiral  
resonator-based 

chipless RFID sensor 
for humidity sensing. 

Humidity 2.45 GHz 
Low-cost and printable, 

sensitive to environmental 
changes in humidity. 

Limited bit 
capacity, short read 

range, fragile in 
high-temperature 
environments... 

Zhao et al. (2017) 
[8] 

Miniaturized UHF 
RFID patch antenna 
sensor for corrosion 

characterization. 

Corrosion on metal 
surfaces 

2.4 - 2.485 GHz 
Capable of detecting 

corrosion with standard 
UHF readers. 

Uniform current 
distribution limits 

sensitivity, requires 
close proximity for 
accurate detection. 

Karami-Horestani 
et al. (2023) [10] 

Hybrid time/phase 
domain synchronous 

electromagnetic 
encoders for  

near-field chipless 
RFID. 

Motion control and 
defect detection 

UHF and MHz 
range 

Capable of high-resolution 
motion control and defect 

detection. 

Complex hardware, 
requires accurate 
synchronization, 
limited scalability 

for large structures. 
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Table 3 compares the proposed multiresonance chipless RFID sensor with rep-
resentative prior sensor designs in terms of sensing method, measured parameter, 
operating frequency range, and reported advantages and limitations. 

6. Comparative Analysis with Existing State-of-the-Art 
Methods 

In comparison with existing state-of-the-art chipless RFID sensing approaches, 
the proposed multiresonance LV-shaped sensor demonstrates clear improve-
ments in crack detection capability, operational robustness, and structural health 
monitoring functionality. Prior works such as [12] and [8] primarily focus on sin-
gle-parameter sensing and are largely constrained to metallic surfaces, limiting 
their applicability in dielectric-based structural monitoring scenarios. 

In contrast, the proposed design introduces a multiresonant LV-shaped archi-
tecture that enables simultaneous extraction of crack width and orientation 
through distinct frequency shift patterns. This significantly enhances the infor-
mation-carrying capacity of the sensor compared to conventional single- or dual-
resonance chipless RFID tags. 

Compared to spiral resonator-based sensing techniques [5], which exhibit sen-
sitivity to environmental variations such as humidity and suffer from limited res-
olution stability, the proposed system maintains consistent multiresonance be-
havior across a wide UWB operating band (2.3 - 5 GHz). This results in improved 
frequency stability, higher encoding reliability, and enhanced defect discrimina-
tion capability. 

Furthermore, the integration of a UWB antipodal Vivaldi antenna improves 
radiation efficiency and bandwidth performance compared to narrowband reader 
architectures commonly reported in earlier studies. The proposed system also 
benefits from passive operation, low cost, and scalable deployment, while calibra-
tion-based signal processing effectively mitigates noise and false peak detection 
issues. 

Overall, the proposed chipless RFID sensor overcomes key limitations of exist-
ing approaches, including substrate dependency, limited read range, and single-
parameter sensing, thereby providing a more robust and adaptable solution for 
dielectric crack monitoring in structural health monitoring applications. 

7. Conclusions 

This study presented the design and analysis of a wideband multiresonance chip-
less RFID sensor for the detection and characterization of dielectric cracks in 
structural materials. The proposed LV-shaped resonator architecture demon-
strates that key crack parameters, including width and orientation, can be effec-
tively extracted through distinct multiresonance frequency shift patterns. 

The results confirm that the developed sensing framework, combined with 
cross-polarization interrogation and an antipodal Vivaldi antenna-based reader, 
enables reliable detection of defect-induced variations in the frequency signature. 

https://doi.org/10.4236/ojapr.2026.142003


M. Zubair et al. 
 

 

DOI: 10.4236/ojapr.2026.142003 47 Open Journal of Antennas and Propagation 
 

The proposed system successfully characterizes crack orientations of 0˚, 45˚, 90˚, 
and 135˚, as well as crack widths ranging from 1 mm to 3 mm. 

A depolarizing chipless RFID tag configuration, together with controlled near-
field interrogation at a fixed reading distance of approximately 15 cm, ensures 
stable extraction of the multiresonance spectral response even in the presence of 
a large monitored dielectric structure. The use of cross-polarized measurement 
further enhances signal isolation and improves detection robustness. 

Overall, the proposed LV-shaped multiresonance chipless RFID sensor pro-
vides a compact, passive, and high-resolution sensing solution with strong radar 
cross-section performance. Compared with conventional chipless RFID ap-
proaches, it offers improved feature richness, enhanced defect discrimination ca-
pability, and better suitability for practical structural health monitoring applica-
tions. 

The presented approach demonstrates strong potential for future deployment 
in infrastructure monitoring systems, where low-cost, scalable, and wireless non-
destructive evaluation techniques are required. Future work may focus on extend-
ing read range, improving multi-tag discrimination, and experimental validation 
in real-world environments. 

8. Future Work and Perspectives 

The results presented in this study highlight the strong potential of the proposed 
chipless RFID-based sensing system for structural health monitoring of critical 
infrastructure, including railways, pipelines, and oil storage tanks. Despite these 
promising outcomes, several practical challenges must be addressed to enable 
large-scale field deployment and system integration. 

A key limitation lies in improving the maximum reading range and overall de-
tection accuracy. Future design optimization should focus on identifying an opti-
mal tag topology that balances spectral encoding capacity, spatial resolution, and 
interrogation distance. Although miniaturization of chipless RFID tags remains 
an active research direction, it presents significant challenges due to inherent 
trade-offs between size reduction and resonance stability. 

Further research is also required to overcome current technological con-
straints and to expand the application scope of passive multiresonance chipless 
RFID sensors. Future developments can be broadly categorized into three main 
directions. 

1) Networking and standardization: development of tag arrays and controlled 
tag-tag coupling mechanisms for improved coverage, along with integration of 
ultra-wideband (UWB) techniques for high-capacity data encoding and robust 
interrogation. 

2) Flexibility and ubiquity: integration with hybrid sensing platforms combin-
ing chipless RFID with embedded sensor technologies, implementation of auto-
mated impedance matching and digital RSSI processing, exploration of functional 
materials for analog memory behavior, and adaptation for wearable and biomed-
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ical sensing applications. 
Overall, these directions indicate a pathway toward more intelligent, scalable, 

and multifunctional chipless RFID systems for next-generation structural health 
monitoring and sensing networks. 
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Supplementary Work 
Cracks in Dielectric Material 

Crack and corrosion are two kinds of defects that have been identified as causes 
of structural failures in the dielectric material. Repeated application of weights 
and exposure to harsh environmental conditions can cause crack and corrosion, 
affecting the integrity of dielectric structures. The degradation can start in the 
form of minor defects, become more noticeable over time, and finally lead to cat-
astrophic failures. Crack and corrosion are two distinct phenomena, but they both 
represent severe threats to infrastructure safety. This section examines the crack 
and corrosion mechanisms in dielectric structures, their fundamental properties, 
and the challenges they pose related to sensing. The described system is based on 
identifying the cracks on different materials before the work has been done on 
simple metals such as steel, aluminum, etc. Our work is based on the detection of 
cracks in dielectric materials. Cracks are the most frequent and harmful for any 
materials such (as steel, aluminum, etc.) because they diminish the cross-section 
of a structure, hence reducing its structural capability. In addition to mechanical 
stress, such as fatigue, structures may develop cracks because of various physical 
and chemical processes (stress corrosion). Strain and corrosion can also be mon-
itored using multiresonance chipless RFID sensor systems, enabling early detec-
tion of structural health problems. The crack’s width varies from 1 mm to 3 mm, 
but the length and depth of the crack is fixed. Cracks can occur at different orien-
tations; Figure S1 illustrates the representative crack orientations from 0˚ to 135˚ 
considered for the dielectric material. 

As shown in Figure S1, the dielectric crack model includes multiple representa-
tive orientations, enabling evaluation of orientation-dependent changes in the 
multiresonance response. 
 

 
Figure S1. Different cracks orientation in the dielectric material. 
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