
Progress In Electromagnetics Research C, Vol. 156, 59–65, 2025

(Received 7 April 2025, Accepted 16 May 2025, Scheduled 26 May 2025)

A Defect Scanning Sensor Based on a Reconfigurable
Spiral-Shaped DGS

Zhi Chen∗

School of Information Science and Engineering, Zhejiang Sci-Tech University, Hangzhou, Zhejiang, China

ABSTRACT: Microwave non-destructive testing (NDT), with its high sensitivity and non-contact advantages, is widely applied in the
defect detection of non-metallic composite materials. However, conventional microwave NDT requires frequently mechanical moving to
modify the detection area, significantly reducing the detection efficiency. To address this limitation, this paper proposes a reconfigurable
spiral defect-ground structure (DGS)-based defect scanning sensor. The sensor is loaded with multiple spiral DGS units, with PIN
diodes bridged across them. By switching the state of the diodes electronically, the area of the electric field concentration is changed,
furthermore controlling the sensitive detection area without mechanical movement. Compared to the existing complementary split-ring
resonator (CSRR) sensors, which have a unit detection area of 3mm × 3mm, the proposed sensor achieves an enhanced unit detection
area of 15.5mm × 11mm. Additionally, relying on the unique structural characteristics of the spiral shape, the field distributes more
evenly, effectively reducing blind spots in detection. Experimental results demonstrate that the proposed reconfigurable spiral DGS-based
defect scanning sensor can effectively detect defects in non-metallic composite materials.

1. INTRODUCTION

Non-metallic composite materials, known for their light
weight, high strength, and ease of processing, are widely

utilized in fields such as aerospace energy [1]. In industrial
applications, non-metallic composites are prone to internal de-
fects due to factors such as usage wear and fatigue accumula-
tion, which significantly affect their reliability in practice and
increase safety risks seriously. Hence, defect detection in non-
metallic composites is significant [2].
Several detection methods have been proposed by many re-

searchers. Ultrasonic testing [3] relies on a coupling agent
for surface contact, limiting its applicability in certain scenar-
ios; radiographic testing [4–6] not only incurs high costs but
may also poses health risks to operators; thermal imaging test-
ing [7, 8] involves a heating process that not only increases de-
tection time but also makes the accuracy of results suscepti-
ble to environmental factors such as temperature. By contrast,
microwave technology, owing to its ability to penetrate dielec-
tric materials, offers a promising approach for defect detection
by analyzing variations in microwave parameters. As a result,
microwave non-destructive testing has gained widespread at-
tention from researchers and is applied in defect detection of
non-metallic composites due to its non-contact nature, high in-
tegration, and durability [9].
In recent years, various types of microwave non-destructive

testing sensors have been designed and applied to defect detec-
tion [10–12]. For instance, waveguide sensors [13] have been
employed to detect defects in ceramic materials. However,
their sensitivity depends on the operating frequency, and higher
frequencies are associated with increased costs. In addition, the
use of reflection methods for defect detection often requires ex-
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pensive specialized equipment [14]; a flexible sensor based on
Spoof Surface Plasmon Polaritons (SSPPs) [15] was proposed
for defect detection, but its detection area is confined to a fixed
region. Introduced by Pendry et al. in 1999, Split-Ring Res-
onator (SRR) structure is an artificial structure [16]. Due to
its high sensitivity, SRR-based sensors have found widespread
application [17–19], leading to the development of various
derivative structures, among which Complementary Split-Ring
Resonator (CSRR) [20–22] is one of the most representative.
CSRR structure concentrates electromagnetic field within the
gap of the split ring, and while it offers high sensitivity, it leads
to uneven electric field distribution inherently.
Because of the constrained detection range of CSRR struc-

ture, frequent mechanical movement across the surface of the
object being tested is required, which substantially diminishes
detection efficiency. To overcome this limitation, researchers
have put forward methods to control the switching of the sen-
sor’s detection area for defect inspection electronically. By
controlling the diodes loaded between the inner and outer rings
of the SRR, the sensor’s detection area can be electronically
shifted along a specific direction [23]. However, in practical
testing, the detection area of a single unit is only 3mm× 3mm,
and frequent transitions between multiple sensor units further
reduce detection efficiency [24].
This paper reveals a defect scanning sensor based on a recon-

figurable spiral DGS for detecting defects in non-metallic com-
posite materials by monitoring frequency shifts [25]. Leverag-
ing the spiral structure, the electric field distribution in the de-
tection area is more uniformly, thereby reducing detection blind
spots. Additionally, the sensor loads multiple spiral DGS de-
tection units, with PIN diodes used to dynamically reconfigure
the sensor across different units, thus controlling the sensitive
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FIGURE 1. Microwave NDT schematic.

(a) (b)

FIGURE 2. Schematic diagram of the sensor: (a) Bias circuit; (b) Proposed sensor layout based on spiral DGS.

detection area without moving. Compared to previous research,
the sensor proposed significantly expands the detection area of
each unit and reduces the switching frequency through elec-
tronic control, increasing detection speed substantially.

2. THE PRINCIPLE OF THE RECONFIGURABLE DE-
FECT STRUCTURE
Microwave NDT exploits the interaction between microwaves
and the electromagnetic properties of the material under inspec-
tion. The presence of defects leads to variations in the dielec-
tric constant, which in turn affects the propagation of the mi-
crowaves. The phenomena such as reflection, transmission,
and scattering occur as the microwaves propagates, causing
interference effects. These interactions result in measurable
changes in signal parameters such as amplitude and frequency,
enabling the detection and characterization of internal structural
defects within the material consequently. A schematic diagram
of the principle is shown in Figure 1.
Based on the basic principle of microwave nondestructive

testing, we have designed this sensor. Figure 2(a) shows the
biasing circuit of the PIN diode in the sensor. By controlling
the state of the diode, a reconfigurable design of the sensor can
be achieved. The schematic diagram of the sensor is shown in
Figure 2(b).
The sensor features a spiral structure etched onto the metal

ground plane of the microstrip line, with the dielectric sub-
strate remaining unchanged and maintaining its original dielec-
tric material. The PIN diode, as shown in Figure 2(a), is in-
corporated at the top layer of the sensor, bridging the DGS to
function as a switch. The dimensional parameters of the sensor
are as follows: a = 15.5mm, b = 12.5mm, c = 0.5mm, d =
3.3mm, e = 8.5mm, f = 4.5mm, g = 3mm, h = 10mm,

i = 2mm, w = 1.5m. The resistance values are all 1 kΩ; the
capacitance values are all 100 pF; the inductance values are all
22 nH; and the supply voltage (VCC) is 3.3V.
To demonstrate how the aforementioned PIN diode enables

reconfigurability, we have simulated the transmission coeffi-
cient (S21) of the sensor under two states of the PIN diode: for-
ward bias (off) and reverse bias (on), as shown in Figure 3. The
model’s dimensional parameters remain consistent with those
in Figure 2(b). The dielectric substrate material used in the sim-
ulation is FR4, with a substrate thickness of 1mm, a relative
permittivity of 4.4, and a loss tangent of 0.02. The electromag-
netic simulation was performed in High Frequency Structure
Simulator (HFSS).
As shown in Figure 3, when the switch is in the off state, a

significant transmission zero appears at 0.89GHz. This trans-
mission zero can be equivalently modeled as the LC parallel
resonance frequency in the circuit model shown in Figure 4. At
the resonance frequency, the transmission effect is nearly zero,
resulting in a prominent lower bound in Figure 3. When the
switch is closed, the DGS is approximately in a short-circuit
state, and the signal can be approximated as passing through
without obstruction within the observed frequency range.
In this equivalent circuit model, the calculations for the in-

ductance and capacitance are as follows:

C =
ωc

2Z0(ω2
0 − ω2

c )
(1)

L =
1

4π2f2
0C

f0 (2)

where ω0 is the stopband center frequency, ωc the 3 dB band-
width frequency, Z0 the characteristic impedance of the mi-
crostrip line, C the equivalent capacitance, L the equivalent
inductance, and f0 the resonance frequency.
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FIGURE 3. Transmission coefficient of the sensor in two states of the
PIN diode.

 

FIGURE 4. Equivalent circuit diagram of the sensor under forward bias
of PIN diode.

(a) (b)

(c)

FIGURE 5. Electric field distribution diagram: (a) Electric field distribution diagramwhen detection unit 1 is in operation; (b) Electric field distribution
diagram when detection unit 2 is in operation; (c) Electric field distribution diagram when detection unit 3 is in operation.

When L and C are in parallel resonance, the transmission
coefficient (S21) will exhibit a zero point. The resonance fre-
quency at this point is given by:

f0 =
ω0

2π
=

1

2π
√
LC

(3)

Based on the above principles, if multiple DGS sensor units are
cascaded into the same circuit, with each sensor unit responsi-
ble for detecting its respective region, it is possible to sequen-
tially reconfigure each sensor unit through electronic control,
thereby enabling defect detection across all regions. To testify
the above hypothesis, five DGS sensor units were cascaded into
a single circuit, and the simulated electric field distribution di-
agrams for selected cases are shown in Figure 5. The sensor
detection units are labeled from left to right as unit 1, unit 2,
and so on in each picture below.
Figure 5(a) shows the electric field distribution when the

switch of sensor unit 1 is in the off state, and the other four
switches are closed. Figures 5(b) and 5(c) follow in a sim-
ilar manner. In Figure 5, we can clearly see that the region

of concentrated field moves during the simulation. This phe-
nomenon indicates that by changing the state of the PIN diodes,
The region of field concentration can be controlled, which cor-
responds to the sensitive area of detection. Thanks to the phys-
ical structure of the spiral DGS, the field distribution becomes
more uniformly, significantly reducing detection blind spots
within a unit area. The detection area of each sensor unit is
also enhanced, expanding the detection range and reducing the
frequency of switching. Compared to traditional mechanical
movement methods, the electronic control approach offers ad-
vantages of faster detection speed and lower motion errors.
This control method is commonly referred to as “electronic
scanning”.

3. DEFECT SENSING PRINCIPLE
The presence of defects leads to a shift in resonance frequency.
When a dielectric plate is loaded at the bottom of the sensor, it
affects the DGS characteristics, increasing its capacitive com-
ponent and causing the transmission zero to shift toward lower
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FIGURE 6. Electromagnetic simulation results (S21).

(a) (b)

(c) (d)

FIGURE 7. Physical image of the sensor: (a) Top view of the sensor circuit board; (b) Bottom view of the sensor; (c) Physical image of the sensor
with the sample material loaded; (d) Physical image of the sensor with the biasing circuit loaded.

frequencies. Compared to a complete dielectric plate, a defec-
tive dielectric plate has a lower dielectric constant due to the
defects. When a defective plate is loaded at the bottom of the
DGS, although this also causes a shift in the transmission zero,
the degree of this shift is smaller than that of the complete di-
electric plate. Furthermore, the greater the number of defects is,
the more significant the shift is, resulting in a larger difference
in the position of the transmission zero than the complete plate.
Therefore, by comparing the transmission zeros of the defective
dielectric plate and the complete dielectric plate, defects can be
effectively detected, and their severity can be assessed.
To validate this principle, we conducted a full simulation of

the sensor’s three-dimensional model in HFSS. The sensor re-
tains the same geometric dimensions and substrate material as
shown in Figure 2. In the simulation, an FR4 dielectric plate
with dimensions of 56mm × 30mm × 1mm was tightly fitted
to the sensor, covering the entire DGS region. To verify the sen-
sor’s ability to effectively detect defects, we prepared dielectric
plates with four different levels of defects for simulation and
monitored the transmission coefficient of the sensor at various
frequencies S21.

The electromagnetic simulation results of the sensor with
four different levels of defective dielectric plates and without a
dielectric plate are shown in Figure 6. The defect levels of the
four dielectric plates increase progressively, as shown in detail
in Table 1. From Figure 6, it can be seen that the transmission
zero occurs at 0.865GHz without a dielectric plate. For the di-
electric plates with different defect levels, the transmission ze-
ros corresponding to defects A to D are 0.700GHz, 0.705GHz,
0.730GHz, and 0.775GHz, respectively. It is evident that as
the defect severity increases, the shift in the transmission zero
relative to the transmission zero of the non-defective dielectric
plate becomes larger, which is consistent with our expectations.

4. TESTING AND VERIFICATION
To verify the above design, we created a sensor model based on
the dimensions and materials specified in Section 2 and com-
pared it with the simulation results. The physical photographs
of the fabricated sensor are presented in Figure 7. Specifically,
Figure 7(a) shows the top view of the sensor circuit board; Fig-
ure 7(b) illustrates the bottom view of the sensor; Figure 7(c)
depicts the sensor with the sample material loaded; Figure 7(d)
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FIGURE 8. Comparison of measured and simulation results: (a) Comparison chart of class A defect results; (b) Comparison chart of class B defect
results; (c) Comparison chart of class C defect results; (d) Comparison chart of class D defect results.

FIGURE 9. Schematic diagram of the dielectric plate detection unit (unit: mm).

displays the sensor with the biasing circuit loaded. We designed
five holes on both the top and bottom of the sensor and fixed
the dielectric sample with ten non-metallic screws. The param-
eters of the dielectric sample remain consistent with those in
Section 3. STM32F103ZET6 microcontroller is used to con-
trol the switches of each detection unit of the sensor to achieve
reconfigurability.
The comparison between the physical measurement and sim-

ulation results is shown in Figure 8. By comparing the simula-
tion results with the actual measurement ones, we can observe
significant consistency in the S-parameter curves. To provide a
more intuitive comparison at the resonance frequency, we also
compared the transmission zeros obtained from the simulation
with the actual measurement results, aligning them with the
transmission zeros of the five sensor units from left to right on

the dielectric plate, and calculated the error. The measurement
results are shown in Table 2, and the corresponding resonant
frequencies of the units with different defect severities are il-
lustrated in Figure 9.
As illustrated in Figure 9, there is a distinct correlation be-

tween the resonant frequencies of the sensor and the varying
defect severities in each unit of the dielectric board. Defect
Type A, representing the non-defective condition, is selected
as the reference, and the resonant frequencies corresponding
to each unit are recorded accordingly. It is clearly observed
from Figure 9 that units 2 and 4 are free of defects, while the
other three units show significant defects. Even a defect with
a radius as small as 0.2mm can be clearly identified through a
measurable shift in the resonant frequency. By comparing the
frequency deviations of the defective units with that of the non-
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TABLE 1. Table of correspondence for dielectric slab defect numbering.

Types Defect conditions of the dielectric plate

A Defect-free

B A circular defect with a diameter of 0.4mm and a center-to-center spacing of 2.95mm.

C A circular defect with a diameter of 1.2mm and a center-to-center spacing of 2.9mm.

D A circular defect with a diameter of 2mm, and the center-to-center spacing is 2.85mm.

TABLE 2. Comparison table of resonant frequency and simulation frequency for dielectric samples with different defect types.

Unitsss Types Simulation Experiment Error
GHz GHz %

1 C 0.730 0.735 0.685%
2 A 0.700 0.690 0.709%
3 B 0.705 0.720 2.128%
4 A 0.700 0.690 0.709%
5 D 0.775 0.780 0.645%

FIGURE 10. Comparison of measured results (S21) for physical sam-
ples with dielectric slabs at different defect levels.

defective reference, the relative severity of the defects can be
effectively estimated. This approach enables rapid and efficient
detection of localized defects across different regions of the di-
electric board through electronic control of the reconfigurable
sensor.
Additionally, we compared the measurement results when

loading dielectric samples with different types of defects, as
shown in Figure 10. The experimental results also demon-
strate a distinct nonlinear resonant behavior of the circuit. By
leveraging the abrupt resonance shifts, defects can be effec-
tively detected through monitoring of frequency deviations.
The transmission zero frequencies for the four dielectric plates
with different defect levels, labeled fromA toD, are 0.690GHz,
0.720GHz, 0.735GHz, and 0.780GHz, respectively. As the
defect level of the dielectric plate increases, the transmission
zero frequency measured by the sensor shifts further from
the transmission zero frequency of the non-defective dielectric
plate, which is consistent with the electromagnetic simulation
results shown in Figure 6.

5. CONCLUSION
This paper presents a defect scanning sensor based on recon-
figurable DGS. The sensor’s working principle was analyzed
through electromagnetic simulations. When different defect
levels of dielectric materials are loaded, compared to the trans-
mission zero of a complete dielectric plate, the shift in the trans-
mission zero is related to the level of defects. Leveraging the
structural characteristics of the spiral DGS, the field distribution
is more uniformly, effectively reducing detection blind spots.
Through PIN diode control, the sensor dynamically modulates
the electric field across different units, expanding the detection
area of each unit. Compared to traditional mechanical move-
ment and smaller detection units, this approach significantly
enhances the detection speed. The experimental measurements
show strong consistencywith the simulation results, further val-
idating the practical application of the proposed reconfigurable
DGS-based sensor in defect detection.
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