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See through metallic sensor
implemented using proximity
resonant coupling

Thamer Almoneef'™, Shehroze Amir2, Muhammad Amin3 & Omar Siddiqui?

Metal detection plays an important role in applications ranging from security to industrial quality
control. This work presents a novel ground-less circular patch resonator which behaves as an open
stub, engineered for high-sensitivity detection of metallic objects. The key innovation lies in utilizing
electric field coupling between the stub’s top surface and nearby metallic targets. The detection is
achieved by monitoring changes in the transmission coefficient. The proposed design offers two

key advancements by extending detection range up to 8 cm and selective sensitivity exclusively to
metallic materials by remaining unresponsive to dielectric objects. Experimental results show that as
the distance between the metallic object and the sensor decreases, the resonance coupling becomes
stronger, demonstrated by a resonance frequency shift and dip of approximately -10 dB in the
transmission coefficient. The sensor is also capable of “see-through” metal detection behind dielectric
barriers, and its selective sensitivity to metallic materials helps minimize false responses from non-
metallic objects. This approach allows for the detection of cracks in metallic objects and applications
involving ground penetration radar (GPR) systems.

Keywo rds Metal detectors, Microwave sensors, Resonance, Ground penetrating radars, Proximity detection,
See-through wall, Metal cracks

Metal detection is a critical technology with applications in security screening, industrial automation,
archaeology, and food safety!?. Conventional methods, such as inductive proximity sensors and eddy current
detectors, face limitations such as shallow penetration depth, susceptibility to environmental noise, and poor
resolution for small or deeply embedded objects®=>. Historically, metal detection relied on methods such as
beat-frequency oscillators (BFO) and pulse induction (PI), which analyze frequency changes or inductive
field responses caused by metallic objects®”. However, these methods struggle with sensitivity and accuracy
requirements, particularly for low-conductivity metals. Microwave sensing has emerged as a robust alternative,
operating at higher frequencies (1-100 GHz) to enable non-invasive detection and deeper penetration®’. By
analyzing perturbations in microwave signals (e.g., scattering parameters, resonance frequency shifts), these
systems achieve high precision. Recent advances in miniaturized antennas, metamaterials, and machine learning
have further expanded their applicability'®!.

Microwave sensing utilizes electromagnetic interactions between waves and conductive materials. Antenna
theory offers the foundation for the design of antennas and understanding wave propagation, elucidating how
metallic objects affect scattering parameters. For example, split-ring resonators (SRR) operating at 2.45 GHz are
used to detect buried metals in the soil'?, while synthetic aperture radars at 350 GHz facilitate millimeter wave
imaging for security applications'®>. A microwave split-ring resonator sensor for real-time, non-contact, and
selective measurement of water, alcohol, and sugar concentrations using multi-harmonic spectral analysis'*®.

The proximity coupling in microwave resonators, especially through open stubs transitioned to SRR, has
emerged as a promising technique. SRR characterized by their strong resonance behavior, enhance sensitivity
to environmental variations'®. Transitioning from an open stub to an SRR improves field confinement and
resonance control, increasing the system’s sensitivity to mutual coupling with nearby metallic objects!’~1.
This coupling redistributes current and modifies the resonator’s input impedance, altering transmission
characteristics, and enabling detection through measurable changes in the transmission coefficient. Sensitivity
can be further enhanced by optimizing the SRR geometry?°-22. However, since metal sensing is achieved through
the perturbation of microstrip fields, these sensors also exhibit sensitivity to dielectric samples, sometimes
making it challenging to distinguish between metal and dielectric materials®?. In contrast, our proposed sensing
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scheme relies on proximity coupling with the metal object, making it unresponsive to the presence of dielectrics.
The concept of “see-through dielectric wall” is illustrated in Fig. 1. When a metallic object is positioned beneath
the circular patch, it completes the resonant path, resulting in a sharp Lorentzian resonance at a frequency
determined by the metal’s proximity. As demonstrated in the following sections, the resonance depth and
frequency can be used to characterize the object’s distance from the dielectric wall.

Microwave sensing technology is adoptive in diverse fields from archaeology to security?*?*. In industrial
safety and automation, microwave sensors are crucial for detecting metal contaminants in food products and
identifying surface cracks in metallic structures?’. Machine learning techniques have been integrated to improve
the detection and characterization of internal defects in composite materials and surface cracks in metals?®. For
example, waveguide probes combined with SRR have been developed to detect surface cracks in metallic surfaces
by analyzing changes in resonance frequency and scattering parameters'®1%6. These innovations highlight the
synergy between hardware advancements, such as compact resonant structures, and software-driven analytics,
enabling real-time detection in complex scenarios?’.

Microwave resonators incorporating SRR have shown significant improvements in quality factor (Q-factor),
improving detection capabilities compared to traditional resonators®. Coupling-based sensing has also been
applied in moisture detection, biomedical sensing, and material characterization?®?°. For example, implantable
antennas that use coupling-based techniques monitor physiological parameters with high sensitivity, enabling
applications such as glucose monitoring and pressure detection®*:3,

Despite progress, challenges remain, including signal attenuation in conductive media (e.g. wet soil),
interference from nonmetal clutter, and high-power demands at millimeter-wave frequencies. Researchers
are addressing these limitations through ultra-wideband (UWB) sensors for improved penetration and multi-
static radar configurations to enhance spatial resolution®2. Using proximity coupling in microwave resonators,
detection sensitivity and accuracy can be significantly improved for a wide range of critical applications,
including the detection of surface cracks in metallic structures.

Design of circular patch resonator

The design of circular patch resonator is provided in the Fig. 2. The patch stub metal proximity sensor consists of
a planar dielectric substrate on Rogers RT/Duroid 6002, with a width of p, = 60 mm and a length of p, = 64
mm. The circular patch has a diameter of d = 54 mm and is placed above the probed metal surface at a certain
height h (also known as lift-off distance). The microstrip transmission line has a width of ¢ = 2 mm, while the
ground conductor has a width of w = 6 mm. The ground conductor partially covers the transmission line in the
top plane and remains hollow beneath the circular patch. The feed-line connecting the patch to the transmission
line, has a length of s = 6 mm. The dielectric substrate has a thickness of 0.762 mm, and the metal layer has a
thickness of 18 pm. The substrate material is selected to provide a balance between effective field confinement
and extending the electromagnetic field into the surrounding environment, thereby enhancing coupling with
nearby metallic objects. The thickness of the substrate offers mechanical stability while maintaining excellent
electromagnetic properties.

It is important to highlight that the design features a ground-less configuration, producing a highly localized
electric field that couples selectively to metallic objects while remaining insensitive to dielectrics. A circular
geometry was chosen over other shapes for its rotational symmetry, compact footprint, simplified mode structure,
and compatibility with the stub arrangement, ensuring uniform sensitivity. The dimensions were optimized to
enhance the sensitivity of the sensor for detecting small metallic objects. The proposed microwave resonator
detects metals by exploiting the interaction between its electromagnetic fields and nearby metallic surfaces,
where the resonant electric field couples with the surface currents induced on the circular patch, leading to
measurable perturbations in the microwave transmission characteristics.
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Fig. 1. Schematic illustration of the proposed metal sensor’s capability to “see-through” dielectric wall.
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Fig. 2. (Left) Schematic illustration of Circular patch resonator stub for probing metal. The patch resonator
probes the surface below the substrate at a distance 4. (Right) Top and bottom views of circular patch
resonators.

Simulation results

We performed full-wave electromagnetic simulations using a finite element method (FEM)-based simulation
platform, to rigorously model the interaction of microwave fields with conductive structures. The simulation
provided high-fidelity analysis of field distributions, current densities, and scattering parameters (S-parameters)
for the designed geometries.

In the absence of metallic objects, the resonator operates with minimal resonant coupling effects. The circular
patch section without a ground-conducting plane has the electric field distributed around the circular patch as
shown in Fig. 3a. This field distribution ensures efficient energy transfer between the input and output terminals.
Furthermore, the transmission properties of the resonator were examined in the presence of external metallic
objects, as depicted in Fig. 3b. Three distinct scenarios were evaluated: a metallic backplane configuration
resonating at approximately 380 MHz, a metallic plate positioned at » = 1 mm resonating around 1.22 GHz,
and a metallic plate at » = 10 cm exhibiting shallower dips, indicating diminished interaction with greater
distance. These observations highlight the resonator’s responsiveness to the proximity and presence of metallic
objects.

Here, we examine the effect of perturbation due to proximity of metallic object close to the circular patch
resonator. The electric and magnetic field distributions are shown in Fig. 4, where the coupling-induced surface
charge from the metallic object under test perturbs the electric field. When a planar metallic object approaches
the resonator, the electric field from the circular patch couples to the metallic object via capacitive coupling. This
interaction induces opposing surface charges on the circular patch and the metallic object, effectively forming an
electrical dipole. The strength of this interaction is characterized by a mutual capacitance effect, which depends
on the distance h between the resonator and the metallic sheet.

The electric and magnetic field coupling, and the corresponding dipole formation are illustrated in Fig. 4. As
an example, at a distance of b = 1 cm, the electric and magnetic field coupling is strong, resulting in a significant
accumulation of surface charge on the metallic sheet and creating a pronounced dipole. This strong coupling
corresponds to a high mutual capacitance between the resonator and metal object. As the distance increases to
h = 2 cm, the resonant coupling decreases. Finally, at h = 3 cm, the resonant coupling decreases further. These
near-field coupling characteristics highlight the resonator’s sensitivity to metal proximity. At shorter distances,
the strong coupling substantially alters the resonator’s impedance and shifts its resonance frequency. In contrast,
at larger distances, the weaker coupling results in minimal variation in the surrounding electric field. These
effects serve as the basis for detecting metallic objects based on their proximity to the resonator.

The simulated transmission characteristics of the microwave resonator in the context of metal proximity
detection are provided in Fig. 5a, b. Figure 5a, b presents the transmission coeflicient, Sy, in dB as a function
of frequency for different distances of the metal object under test from the resonator. As the object moves closer
(e.g., 10 mm), the resonance dip deepens significantly, indicating stronger coupling and variation in impedance
characteristics of a circular patch stub resonator. As the distance increases, the resonance dip becomes shallower,
demonstrating reduced interaction between the resonator and the metal object.

Figure 5c¢ quantifies the minimum value of a resonance dip as a function of distance from the spectral
characteristics of S21 in Fig. 5a. The results show that at shorter distances, the transmission loss is more
pronounced because of strong coupling with the nearby metal object. As the object moves farther away, the
transmission dip decrease shows a weaker coupling. Figure 5d tracks the resonant frequency at which the
minimum So1 occurs as a function of distance. Initially, as the metal object gets closer, the resonant frequency
shifts to lower frequencies, indicating an increase in effective capacitance as a result of strong field interaction.
Beyond a certain distance, the resonant frequency begins to shift to higher frequencies.

The depth of the resonance dip and the frequency shift serve as key indicators for proximity detection,
establishing it as an effective mechanism for metal detection and detection of associated metallic cracks.

The input impedance of a circular patch open-circuit stub is difficult to determine analytically due to complex
electromagnetic interactions, including non-uniform current distributions, fringing fields, and higher-order
mode excitations. Furthermore, the ground plane is missing below the circular patch, and the fringing fields
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Fig. 3. (a) Electric field distribution around the stub resonator without the presence of external metal. (b)
Magnitude of transmission spectrum |S21| (dB) with the presence of external metallic object below the
substrate at various distances h.

couple directly to the metallic object under test. As a result, numerical methods such as full-wave electromagnetic
simulations are utilized to determine the input impedance of the resonator stub.

Figure 6 presents the simulated input impedance (Z;,) as a function of frequency for different distances
of the metal object. The inset diagram illustrates the circular patch with an inset feed, where the impedance
of the stub is evaluated. The variation in impedance highlights the sensitivity of the resonance behavior to the
proximity of a metal object. Specifically, the resonance frequency shifts as the distance from the object under
test varies. Moreover, the plot in Fig. 6 focuses the lower values of R(Zi,) near unity, which determines the
condition for maximum power transfer through the inset feed. In particular, the smallest input impedance
value R(Zin) approaching unity is observed for a closer distance at h = 0.5 cm, indicating a stronger resonant
coupling between the circular patch and the metallic object.

Next, we evaluate the sensor’s sensitivity to specific features of metallic objects, including their size and the
presence of potential cracks within metal sheets. It is noteworthy that various microwave sensing approaches
have been reported for identifying such metallic characteristics, particularly targeting crack or flaw detection
in metal structures®*. This analysis also offers a quantitative perspective on the sensor’s detection limits. Figure
7a shows the variation in transmission coefficient due to the proximity of a metallic sheet with various cross-
sectional areas (A). The distance between the detector and the sheet is fixed at h = 2 cm. The areas range from 100
mm? to 10,000 mm?. The results indicate that as the cross-sectional area increases, the transmission coefficient
varies, showing distinct resonant dips around 1.45 GHz, with the depth and width of the dips influenced by the
area of metallic sheet. This parametric analysis highlights the sensor sensitivity to background metal objects.

Figure 7b illustrates the variation in the transmission coefficient caused by small cracks on a wide metallic
sheet. The sensor exhibits clear sensitivity to such cracks, and to further enhance this sensitivity, the lift-off
distance was reduced to & = 0.5 cm. The crack width (wd) was varied from 1 mm to 5 mm and compared with
the sensor’s response to an intact sheet. The results show that both the presence and width of the crack have a
significant impact on the transmission coefficient, with narrower cracks (1 mm) producing deeper and sharper
resonance dips around 1.45 GHz, whereas wider cracks yield a smoother spectral response. These observations
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Fig. 4. Electric field vector field (left) and magnetic field vector field (right) distributions across the cross
sectional plane for different distances h between the resonator and the metallic sheet below the substrate i.e.,
h =1cm, h = 2cm, and h = 3 cm. The arrow lengths for both the electric field (( E ), in V/m) and magnetic
field ((H ), in A/m) are normalized to reflect the relative magnitude of the field strength at each point.

demonstrate the resonator’s capability to shift the resonance frequency and improve crack detection sensitivity.
Overall, the findings indicate that the cross-sectional area and the presence of cracks in metallic sheets can be
effectively detected and characterized by monitoring changes in the transmission coeflicient over the frequency
range.

Experimental results

The performance of the proposed resonator sensor is experimentally verified by fabrication and measurement
with proximity testing in various conditions. Figure 8a shows that the sensor is placed in the closed vicinity a
metallic sheet at distance h. The sensor response is measured to detect changes in the transmission coeflicient
(521). A vector network analyzer (VNA) was used to measure the transmission coefficient (S21) of the sensor.
Initially, S21 was measured in the absence of any object near the sensor to establish a baseline reference.
Subsequently, a metallic sheet was placed at varying distances h, ranging from 1 cm to 8 cm with increments of
1 cm, and the corresponding S21 values were recorded to observe the effect of proximity of metal object on the
SEensor’s response.

To evaluate the see-through-wall capabilities, a piece of cardboard was placed near the sensor, and the
transmission coefficient (S21) was measured as shown in Fig. 8b. Subsequently, the see-through-wall performance
was evaluated by positioning the cardboard at a fixed distance of 1 cm from the sensor, while a metallic sheet was
maintained at a constant 3 cm distance. See-through-wall sensing plays a vital role in Ground Penetrating Radar
(GPR) applications, facilitating the detection of buried objects.

The transmission coefficient S21 was measured under these diverse conditions to analyze the combined
influence of metallic and non-metallic materials on the sensor’s response. The measured S12 response provided
in Fig. 9a exhibits a clear trend as the distance h between the sensor and the metallic object under test is varied.
It is worth mentioning that a discrepancy exists between the experimental and simulated spectral results in
terms of resonance frequency. For instance, for the metal sheet placed at a distance of h = 1 cm, the simulations
indicate a resonance near 1.45 GHz, whereas microwave measurements show a resonance around 800 MHz.
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Fig. 5. Transmission coeflicient S21 due to proximity with metallic object at various distances h at longer
distances (a) cm scale and shorter distances (b) mm scale. (¢) Variation in the dip of S2; with respect to
distance h. (d) Corresponding shift in resonant frequency with distance h.
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Fig. 6. Variation in the real part of input impedance z;,, at the stub feed location indicated in the figure inset,
due to proximity with metallic object at various distances h.

We believe that these variation are primarily due to additional capacitive coupling introduced by the metallic
connectors positioned near the adjacent ports, as shown in Fig. 8b. Implementing appropriate shielding can
effectively mitigate these spurious coupling effects. As the metallic sheet approached the sensor, the transmission
coeflicient (S12) showed a significant resonant dip as shown in Fig. 9b, indicating increased coupling between
the electric field of the resonator and the metallic object. Furthermore, the Fig. 9c provides the influence on
resonant frequency with the distance distance h. This measured response is consistent with the simulated
response reported earlier in Fig. 5a, b.
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Fig. 7. (a) Transmission coeflicient S21 due to proximity with metallic sheet of various cross sectional area
(A). (b) Transmission coefficient S21 due to proximity with metallic sheet with a crack size of width (wd).

The Fig. 10 presents the experimental setup and corresponding measurements for crack detection in a
metallic sheet using transmission coefficient analysis. The inset shows the metallic sheet with cracks of varying
widths (wd), positioned 5 mm below the sensor. The measured transmission coefficients (S21) are plotted for
crack widths of 1 mm, 3 mm, and 5 mm, and compared against the no-crack case. The results indicate that
the presence of cracks has a clear impact on the S21 response, with even a small crack of 1 mm width being
detectable.

Figure 11 shows the influence on the sensor’s response when a dielectric surface is introduced next to the
resonator. When a non-metallic object (cardboard) was placed near the sensor, the S21 values showed negligible
variation in comparison to no neighbouring object. This highlights the sensor’s selective sensitivity to metallic
objects. Similarly, Fig. 11 shows the see-through wall capabilities of the sensor with the metallic sheet positioned
at 3 cm and the cardboard at 1 cm. The resonance is still strong in S21 due to coupling with the metallic sheet
behind the cardboard wall. By transmitting electromagnetic waves and analyzing the resulting perturbations,
subsurface structures can be effectively examined. This technique is widely applied in archaeology to uncover
ancient structures, in civil engineering to inspect foundations and pipelines, and in military operations to detect
landmines.

These experimental results validate the effectiveness of the proposed sensor in detecting metallic objects or
cracks in the metallic objects and its ability to differentiate between metallic and non-metallic materials based
on changes in the transmission coefficient (S21).
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Fig. 8. (a) Measurement setup for the transmission coeflicient spectral response of the fabricated sensor in the
presence of metal directly and (b) for a 3 mm cardboard is placed between the sensor and the metal sheet to
determine see-through-wall capabilities of the sensor.

Equivalent circuit model and transfer matrix representation
To gain physical insight into the operating principle of the proposed stub-based metal sensor, an equivalent
lumped-element circuit is developed and expressed in the transfer-matrix (ABCD) formalism. The sensing
element is a single open-circuited stub attached to the center of a transmission line of characteristic impedance
Zy and electrical half-length d/2. The open stub is modelled by a series R1-L1-C1 branch whose series
impedance is mapped to an equivalent shunt admittance when connected to the main line.

The transmission-line half-sections are each represented by the two-port transfer matrix

d/2 i Zo sin(Bd/2
Tu(w) = []1500 :i(f(ﬁ/d/)m ’ coz(ﬁ(dﬁﬂ/) )] ’ W

where S is the propagation constant and Yo = 1/Z. The open-stub (series Ri1, L1, C1) appears as a shunt
admittance

1
Yiw) =

1

— tJjwli + B @
JjwCi
and its two-port transfer matrix (shunt element) is
1 0

Tu) = |y 1" 3)

The total transfer matrix of the single-stub configuration is the cascade of the left line, the stub, and the right line:

Tuota () = Tul) Tul) Tulw) = [5(2) D] @)

For ports matched to Zo, the forward transmission coefficient is obtained from the ABCD parameters as
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Fig. 9. (a) Measured transmission coefficient S21 due to proximity with metallic object at various distances h.

(b) Variation in the dip of S21 with respect to distance h. (c) Corresponding shift in resonant frequency with
distance h.
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Because Y;(w) contains the series RLC branch, the position, depth and bandwidth of the observed transmission
notch are direct consequences of the chosen R1, L1, C1 values and the electrical length d of the host line.
Figure 12b shows a comparison of S2; spectral responses obtained from the equivalent-circuit transfer-
matrix model above and full-wave electromagnetic simulation of the physical microstrip stub. Table 1 provides
the parameters that define the electrical and physical properties of the microstrip line and its stub, used to
compute the S21 spectral response. The circuit model accurately predicts the resonance frequency and the
general notch shape for the resonance. Overall, the equivalent circuit based transfer-matrix method provides
a better understanding for underlying physical phenomenon due to coupling with nearby metallic targets.
Furthermore, the transmission spectra for the analytical model are plotted for R; values ranging from 1 to
50 €2, as shown in Fig. 12¢c. A smaller resistance results in lower losses and a higher quality factor (Q), leading
to a sharper resonance and a deeper notch. As R increases, losses rise, the resonance broadens, and the notch
depth decreases. This highlights R; as a critical parameter for tuning the sensor’s sensitivity and bandwidth.

Scientific Reports |

(2025) 15:45365 | https://doi.org/10.1038/541598-025-28295-w nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Crack of
width (wd)

)
=
N
2 -157 \\ //
—---"No crack AN /)
=—wd =1 mm \‘\ /
201+ ———=wd =3 mm - )
=——wd =5 mm v
\\ "
\/
-25 : :
0.6 0.7 0.8 0.9
Frequency (GHz)

Fig. 10. Measured transmission coefficients (S12) due to proximity with metallic sheet with a crack size of
width (wd). Inset shows the setup for measuring the crack in a metallic sheet.
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Fig. 11. Measured transmission coeflicients (S12) under see through wall detection condition i.e., sensor next

to dielectric plastic sheet only at 1 cm distance and dielectric sheet with the metal sheet at 2 cm distance in the
background as shown in Fig. 8c.
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Fig. 12. (a) Equivalent circuit representation of spectral response of a single open-circuited stub resonator
for metal detection application. (b) Comparison between S21 parameter (transmission coefficient) and the
analytical model. (¢) The analytical model S21 responses are evaluated for varying resistance ( R1 ) (from 12

to 50€2) over the same frequency range.

Benchmarking analysis
In the past, numerous microwave and millimeter-wave (MMW) techniques have been proposed for locating

metallic features, with a major focus on detecting cracks or flaws in metal components®. There are a number
of non-distructive techniques methods in the range of microwave and millimeter-wave for detecting surface-
breaking cracks in metals.

The ideal metal sensor should possess features such as versatility and effectiveness across diverse applications.
High lift-off capability is critical, allowing non-contact detection over uneven or inaccessible surfaces, enhancing
safety and practicality in industrial or structural inspections. See-through-wall detection is another standout
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Parameter Symbol | Value
Characteristic impedance | Zg 50 ©

Length of microstrip d 0.05 m

Stub capacitance Cy 1 pF

Stub inductance L1 11.5 nH

Stub resistance R, 35Q

Speed of light c 3 x 108 m/s
Relative permittivity € 1

Table 1. Parameters for single-stub microstrip transmission line circuit described in Fig. 12.

Ref. Freq. (GHz) | Crack width (mm) | Lift-off (mm) | Key innovation Probe type
33 26.5-40 0.15 9 Far-field Rectangular waveguide aperture
34 1 1 1 Far-field Cutoff-cavity probe
* 0.8 0.25 1 Resonant coupling Spiral resonator
3 1.5-3.5 1 0 Resonant coupling Complementary Split-Ring Resonator
37 9.5 0.2 0.2 Resonant coupling Complementary split-ring resonators (CSRRs)
8 2-6 15 0 Resonant scattering Passive RFID sensor tag
» 3-5 1 0 Resonant scattering Passive RFID sensor tag
- Resonant coupling exclusive to metal objects
Present work* | 1.45 1 5 - Maximum lift-off detection limit upto 8 cm | Ground-less circular patch resonator
- Supports see-through wall metal detection

Table 2. Comparison of microwave crack detection methods.

feature, enabling the sensor to identify hidden metal objects through non-metallic barriers. Additionally, sub-
millimeter crack detection ensures the sensor can identify both fine and moderate defects. Lastly, a compact,
non-intrusive design improves portability and ease of deployment.

Table 2 summarizes microwave-based metal sensing methods, primarily developed for detecting small-scale
fatigue cracks but applicable to broader metal detection tasks due to their reliance on electromagnetic coupling
and resonant field perturbations. Far-field techniques, such as those in*® (26.5-40 GHz) and** (40 GHz), employ
rectangular waveguide apertures or cutoff-cavity probes for precise open-space applications, though they are
limited by lift-off distances of 1-9 mm. Resonant coupling approaches, including® (0.8 GHz spiral resonator),>®
(1.5-3 GHz split-ring resonator), and*” (3.5-9.5 GHz CSRRs), provide high sensitivity but require minimal lift-
off (0-0.2 mm). Meanwhile, resonant scattering methods, as in?®3 uses RFID sensor tags to detect defects in
planar metal sheets. The approach involves examining the surface and remotely monitoring the backscattered
signal using a reader. These RFID techniques rely on detecting perturbations in the RFID tag’s backscattered
signal, that is caused by a crack that alters the current distribution around the tags antenna. The drawback is
that these method assume that the crack’s location is either known in advance or will develop in close proximity
to the tag.

Compared to existing methods, our ground-less sensor offers a unique advantage with its 5 mm to 8 cm
lift-off range and through-wall detection capability, significantly exceeding the 0-9 mm lift-off of other
approaches. This makes it particularly suited for non-contact and concealed metal detection. In contrast to
many probes that require near-contact scanning and have strict polarization constraints such as RFID sensor
tags, our circular patch resonator is largely orientation-independent and remains effective at moderate lift-off
distances. Its consistent dip in S21 deeper than -10 dB range and minimal sensitivity to dielectric barriers enable
reliable detection of various metallic objects. Furthermore, the ground-less architecture enhances portability
compared to bulkier waveguide or RFID-based probes, making it one of the most versatile options for modern
non-destructive testing.

Conclusion

In this work, we proposed a circular patch microwave resonator with an open-circuit stub for metallic object
detection, where the sensing mechanism is based on variations in the transmission coefficient (S12) due to
electric field coupling with nearby metallic objects. Experimental results confirm the feasibility of the design, with
measurable resonance changes observed as metallic targets approach the resonator. While detectable responses
extend up to 8 cm, the practical sensitivity is strongest within approximately 1 cm. Moreover, although the
concept suggests potential applicability in ground-penetrating radar (GPR), our proof-of-concept only involved
detection through a cardboard barrier, and therefore such claims remain preliminary until further subsurface
evaluations are conducted. Finally, the present study primarily relies on the depth of the Si2 resonance dip
as a detection metric, and future work could strengthen robustness by considering frequency shifts or multi-
frequency analysis. Overall, the proposed sensor demonstrates a promising step toward compact and scalable
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microwave resonators for metallic object detection, with clear opportunities for refinement in sensitivity,
detection range, and metric robustness.

Data availability
All data required to evaluate the findings of this work is available in the presented paper. Additional data related
to this work may be requested from the corresponding author.
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