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Abstract

An enhanced sensor based on symmetrical split ring resonator (SSRR) functioning at microwave
frequencies has been proposed in order to detect and characterize the metal crack of the materials.
This sensor is based on perturbation theory, in which the dielectric properties of the material affect the
quality factor and resonance frequency of the microwave resonator. Conventionally, coaxial cavity,
waveguide, dielectric resonator techniques have been used for characterizing materials. However, these
techniques are often large, and expensive to build, which restricts their use in many important applications.
Thus, the enhanced bio-sensing technique presents advantages such as high measurement sensitivity
with the capability of suppressing undesired harmonic spurious and permits potentially metal crack
material detection. Hence, using a High Frequency Structure Simulator (HFSS) software, the enhanced
sensor is modeled and the reflection S11 is performed for testing the aluminum metal with crack and
without crack at the frequency range of 100 MHz to 3GHz. Variation of crack width and depth has been
investigated and the most obvious finding emerged from this study is that the ability of detecting a
minimum of sub-millimeter crack width and depth which is a round 10 gm width or depth where the
minimum shift of reflected frequency is recorded at 6.2 MHz and 3 MHz for crack width and depth
respectively. The enhanced SSRR provides high capability of detecting small crack defection by utilizing
the interaction between coupled gap resonators and it is useful for various applications such as aircraft
fuselages, nuclear power plant steam generator tubing, and steel bridges and for others that can be
compromised by metal fatigue.
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1. Introduction

Recently, researchers have shown an increased interest in microwave sensors since
they are desirable for many important applications such as food industry applications,
quality control, surface crack detection, bio-sensing applications and solid and liquid materials
detection [1-11]. Microwave planar based sensors can meet the demand in these devices
technologies. This is due to their advantages including high field penetration and sensitivity in
characterizing the properties of small electric materials. Microwave planar sensors are easy to
fabricate, design, and cost effective. The planar sensor mechanism is based on measuring
shifts in resonance frequencies and reflection coefficients when interacting with tested
material samples. Defects in metallic materials such as steel bridges, gas and oil tubing and
nuclear power plant steam generator turbines can be affected by cracks. Inspection and
detection for surface and subsurface cracks in metallic materials is critical for the maintenance
and assessment of the quality as supported by study in [12]. Numerous studies have attempted
to use microwave sensors for crack detections [12-18].

In [16], authors investigated the crack detection in the surface of the metallic using
waveguide sensor. An artificial intelligence was implemented to detect the crack from
non-cracked surfaces in metallic materials. The waveguide sensor has the ability to observe any
frequency changes or shifts in the magnitude of the reflection coefficient (S11) pattern.
Those sensors achieve high accuracy rate however, they have a complex design and
expensive to build. Another study done by [13], authors presented an electromagnetic bandgap
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inspired scanning-probe sensor for characterizing high frequency dielectric laminates.
The material under test (MUT) is placed between the substrate comprising of 50Q microstrip
line and the electromagnetic bandgap which consists of 1x3-unit cell elements. Research finding
by [15] also points towards crack detection which is consistent with literature [12]. Both research
findings are using planar microwave sensor techniques based on complementary split ring
resonator (CSRR). The CSRR is etched out from the ground of substrate and is excited by a
microstrip line. A defected aluminum plate with crack can be scanned by passing it over the
CSRR sensor where the near field will be distrusted, and the resonant frequency will be shift
downwards.

The SSRR with/without spurline filters based sensors is initially reported in [1, 19, 20]
and it is used for detecting the properties of solid materials such as FR4, Roger 5880 and Roger
4350. The sensor is successfully tested and have capability of detecting materials properties.
Further investigation of possible enhancement and improvement of Symmetrical split ring
resonator is indicated in [20]. The result demonstrates significant improvement in resonant
frequency and reflection coefficients when the coupling gap between the feedlines and rings of
the sensor is enhanced. Several types of schemes for material measurement techniques
development have been analyzed and the enhanced coupling periphery technique has the
highest performance since its insertion loss is low compare to others and has less shifted
frequency as indicated in [20]. Thus, the integration of enhanced coupling periphery scheme
and SSRR sensor is used for crack detection in this paper since it has much more performance
and produces a maximum field perturbation with high sensitivity due to the coupling gap
between the feedlines and ring structure. The enhanced SSRR sensor is used to detect small
defected crack in metal materials. An investigation of sensor performance is carried out by
varying out the depth and width of crack in the tested metal. The previous model of crack has
been used to detect 100 pum cracks and in this work cracks smaller than this is
being investigated.

2. Research Method
2.1. Enhanced SSRR Sensor Design

Figure 1 shows a schematic view of a square SRR formed with metallic strips of width,
wif, and the radius of the inner and outer rings are denoted as Ri and Ro, respectively, measured
from the centre of the structure. The splits on the inner and outer rings have identical gap
dimensions g, respectively, lying diametrically on opposite sides of the same axis. A comparison
of the simulated result between the split ring resonator (SRR) and enhanced symmetrical split
ring resonator (SSRR) is demonstrated in Figure 2 where there is about 20 MHz shifting in
reflected frequency. However, it can be clearly seen that the enhanced symmetrical split ring
resonator has much more better sensitivity compared to split ring resonator (more details for
slits and split can be found in [21]).
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Figure 1. Schematic view of a circle split ring Figure 2. A comparison results of simulated
resonator (SRR) formed with metallic rings of  minimum reflection for both split ring resonator
width, wf and split gap (SRR) and enhanced symmetrical split ring
dimensions, g resonator (SSRR)
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The configuration and design parameters of SSRR structure are demonstrated in
Figure 3 based on the mathematical equations from (1) to (3). It illustrates the relative positions
of the feed lines and rings on the upper surface of the board. The feed lines and rings resonator
are printed transmission lines with width chosen for 50Q characteristic impedance [22]. A small
gap g is included between the ring and each feed line; this gap is included to separate the
resonant behavior of the ring from the feed network and ranges from 0.1 to 1.0 times the width
of the feed microstrip. Roger corporation® RT/Duroid 5880 was used with substrate thickness of
0.787 mm (h), loss tangent of 0.0009 (tand), and permittivity of 2.20 (&), refer to. It has a copper
thickness of 17.5 pm (t). A cross-sectional dimension of 68.3 mm x 71.84 mm, (Wg, Lg)
respectively, is used to model the proposed sensor with 0.37 mm (g) gap between the ring and
feed-lines. The design structure of SSRR has a main ring radius of 15.85 mm of the outer ring
and 10.85 mm main radius of the inner ring. The proposed sensor is modelled in the High
Frequency Structural Simulator (HFSS) at 2.2 GHz operating frequency, and the simulation is
carried out to obtain the two-ports scattering parameters in the specified frequency band.
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Figure 3. Design Structure of Enhanced Coupling gap SSRR sensor with 50 Q loaded feedlines
and the substrate is Roger RT/Duriod 5880 with thickness h = 0.787 mm and dielectric constant
& = 2.2. Dimensions are Lg = 71.84 mm, Wg = 68.3 mm, R = 15.85 mm, a = 12.76 mm,
and for the gap g = 0.37 mm

The resonance in the conventional microstrip planar ring resonator is produced whenever
the ring mean circumference is equal to an integral multiple of the guided wavelength:

27r = n/lg
1)

where n = 1, 2, 3, 4... and so on. The resonant frequency for n modes can be calculated
by using:

Eeff )

where:
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So, by considering (1) and (2), the resonant frequency can be found using:

nc
fo =
2rr Eeff

®3)

where r: the main radius of the ring element

Ag: the guided wave length

n: the mode number, 1,2,3, ...

fo: the resonant frequency

e the effective of dielectric constant

c: the speed of the light (3 x 108)
For the 50 Q characteristic impedance Zo, analysis of the ring structure begins with (&er)
is found by applying a formula found in [22, 23] for the appropriate value of the ratio of w to d:

w 8"
d e -2 4
where:
A:i ’gr +1 i -1 0'23+0.11
60 2 & +1 &
g+l g -1 1
geff = +
2 2 d
1+ 12(}
w
For the main radius, it can be calculated using this formula:
nA
r=—2
2 ()

It can be considered to be simple LC circuit with a response frequency fo using
the following [24, 25]:

B 1
27, /Lr (C +Cy) ©

where, f, is the SSRR resonant frequency, Lr and Cr are the inductance and capacitance
associated with SSRR, respectively, Cg is the capacitance between the ground plane and
microstrip-line. The Cg and Lr are always considered as constant due to the MUT which is
usually non-magnetic, and a constant permittivity used in the substrate of the
proposed sensor.

The effects of band-stop spurlines filters are applied to the symmetrical split ring
resonator (SSRR) for harmonic suppression. This feature makes the proposed SSRR ring
resonator compact and more suitable for microwave devices compared to other techniques.
The configuration is embedded by L-shape slot with a length (a) and with a gap width (s).
The frequency response is determined by optimizing the parameters: length (a), and gap (s).
Generally, the slot width (s) or the gap exhibits the effects of the capacitive while the microstrip
line provides an effect of the inductance. The length (a) dictates the frequency of the notch
characteristic. The rejected wavelength can be calculated as [26]:

f

TELKOMNIKA Vol. 17, No. 4, August 2019: 2107-2115



TELKOMNIKA ISSN: 1693-6930 m 2111

4 7)

where a = the spurline length, and Ag = the rejected wavelength. By deriving (7) into the
frequency domain as follows [26]:

C

stop —
4
A et ®)

where a = the spurline length, &« = the effective permittivity of the substrate, ¢ = speed of light
(3x108 m/s), and fsop = the undesired frequency.

f

2.2. Realization of Sensing Element

For obtaining a maximum electric field, enhanced coupling gap is applied to
symmetrical split ring resonator with double spurlines. The coupling scheme is applied for
enhancing the E-field distributions surrounding the SSRR sensor and achieving a maximum
electric field. The coupling gap between the SSRR ring and feed lines are take into
consideration due to its capacitive effects on changing the resonance frequency significantly.
The SSRR with double spurlines sensor was fed through an enhanced coupling gap between
the ring and the length of the microstrip feedlines.

Investigating the behavior of the field surrounding the enhanced SSRR resonator by
showing the electric field distributions is significant for demonstrating the critical location at
which the maximum E-field is concentrated. Figure 4 demonstrates the maximum electric field
distribution on enhanced SSRR which can be used as a sensing element in order to place the
material under test (MUT). The MUT will disturb the perturbing electric field which causes a shift
in the resonance frequency. The shift is dependent on the material disturbing the electric field
and it happens due to the real part and imaginary part of the material permittivity.
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Figure 4. Simulated electric field distribution on an enhanced SSRR and the location
of sensing element

2.3. Scanning Mechanism

A geometrical structure of the designed sensor and tested aluminum metallic plate with
and without crack is described in Figure 5. For loaded condition, an overlay thin Teflon film with
a thickness of 0.076 mm and 2.1 dielectric constant is used to conceal the surface of an
aluminum plate which possibly hide the crack from visual inspections. The reason behind using
Teflon film as a cover for the aluminum plate surface is that the tested material might be
covered by a layer of dielectric coating or paint as discussed in [12].
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(b)

Figure 5. Design structure of enhanced SSRR sensor along with tested aluminum metallic plate:
(a) Without crack, (b) with crack, (c) Crack depth and width

The sensing mechanism is performed by passing the sensor above the cracked
aluminum metallic plate. Figure 6 demonstrates the scanning direction of the sensor in the
aluminum metallic with crack. The distribution of electric field on the aluminum metallic plate
with crack is also demonstrated in Figure 6. It demonstrates very high concentrated electric field
on the surface of the cracked aluminum plate.
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Figure 6. Scanning direction and the concentrated electric field on the surface of the
cracked aluminum plate

3. Results and Discussions

The proposed enhanced SSRR is designed and simulated using High Frequency
Structure Simulator (HFSS). The simulated results demonstrate the differences between the
frequency response when the sensor is passed over the aluminum metallic with variation of
crack width and depth. The sensor is scanned over the aluminum plate and the reflection
coefficients are recorded when there is no crack under the senor and when the sensor passes
over the cracks.
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The effect of using another protected material on reflection coefficients (S11, dB) are
studied in order to compare with a Teflon thin film as indicated in Figure 7. The protected
coating materials is having a specification with a dielectric permittivity of 2.2 and 2.7, and a
thickness of 0.13 mm, and 0.076 mm for the thin Teflon and Fast film; respectively. The
obtained simulation result of the two protected materials is verified by a good agreement with
the theoretical results which indicates that increasing the value of material permittivity, the shift
in resonance frequency will be increased. The simulated results of using thin Teflon film is
having a higher sensitivity with low resonant frequency shift compared with using Fast-film
material since it has a higher value of permittivity. Thus, thin Teflon Film is suitable to be applied
as a protected coating material for the enhanced sensor.

The result of reflection response with/without sample is demonstrated in Figure 8.
It can be clearly seen that there is a shifting when the protected thin Teflon film is applied which
is about 12 MHz. Furthermore, when the sensor scanning the aluminum metallic plate with no
crack the reflected frequency is shifted up to 1 GHz from the operating frequency at 2.1965
GHz. However, a shift of more than 96 MHz from the reference case (aluminum with no crack)
is achieved when there is a crack with 2 mm width and 2 mm depth on the aluminum
metallic plate.
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Figure 7. the frequency of minimum reflection  Figure 8. The frequency of minimum reflection
when the sensor passes over a protected thin ~ when the sensor passes over a protected thin
Teflon film and thin Fast film Teflon film, aluminum with no crack, and
aluminum with crack width Cw =2 mm and
depth Cd =2 mm

A variation of the width and depth of the crack is considered and investigated in order to
demonstrate the potential of this approach and its suitability for the application. The crack width
was varied from 10 ym to 20 um while keeping the crack depth fixed at 1 mm. Figure 9
demonstrates the effect of the reflected frequency by varying the width of crack and keeping the
depth of crack constant. There is a clear trend of shifted resonant frequency at 10 um and 20
um crack width. These shifts in the material properties are very important in detection purposes.
The evidence from this study provides that the frequency response shift is about 6.2 MHz and 8
MHz when changing the crack width to 10 um and 20 um, respectively while keeping the depth
to 1 mm. This indicates that this sensor can detect a 10 ym minimum of sub-millimeter
crack width.

On the other hand, the width is keep constant at 1 mm while varying the value of crack
depth to 10 ym and 20 uym. Figure 10 illustrates the ability of the proposed sensor to
discriminate between two closely spaced cracks of depth at 10 um and 20 um. This is clearly
demonstrated that the proposed sensor has the capability to resolve sub-millimeter cracks.
The result of this study indicates that the frequency response shifts about 3 MHz and 11.7 MHz
at 10 um and 20 um crack depth respectively, while keeping the width constant at 1 mm.

Enhanced symmetrical split ring resonator for... (Rammah A. Alahnomi)
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The purpose of this investigation is to determine the minimum crack depth that this sensor can
detect which is make capable to be applied in very important industrial application.
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Figure 9. Variation of crack width Cw = 10 um  Figure 10. Variation of crack depth Cd = 10 um
and 20 um while keeping the depth constant and 20 yum while keeping the width at
atCd=1mm Cw=1mm

4. Conclusion

The procedures of designing enhanced coupling symmetrical split ring resonator
(SSRR) with spurlines have been explained in detail in this paper. The designed SSRR sensor
is based on Microstrip planar resonator. The electric field distributions and the location of the
material under test (MUT) have been also demonstrated. The mechanism of sensing is
explained and a minimum of reflected coefficient (S11) at resonance frequency shifts whenever
the enhanced SSRR is loaded. A maximum shift of more than 96 MHZ is achieved when the
crack depth and width kept at 2 mm. The minimum detection of limit is investigated which is a
round 10 ym width or depth where the minimum shift of reflected frequency is recorded at
6.2 MHz and 3 MHz for crack width and depth respectively. The most significant findings from
this study is the sensor’s capability of sensing sub-millimeter crack on aluminum metallic plate
which can be applied in very important industrial applications. Future work can be done by
verifying and validating the simulated results through experimental works.
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