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ABSTRACT Employing circular aperture probes for microwave imaging in the near-field has been proven
to render high resolution images of a variety of samples under test (SUT) when compared to the conven-
tionally utilized rectangular aperture probes. In this paper, it is proposed to further enhance the near-field
imaging resolution and sensitivity by loading the circular aperture (operating in the K-band frequency
range) with a resonant iris. It is shown that the probe exhibits a confined and localized near-field distri-
bution close to the iris opening, thereby improving its resolution and sensitivity. The design and analysis
of the probe presented herein are aided by 3D electromagnetic simulations and validated experimentally.
The spatial resolution of the probe is established through line scans of the probe over a pair of targets
interspaced at known distances. To further demonstrate the utility of the probe in critical non-destructive
testing (NDT) applications, a manufactured prototype is devised to detect cracks on metal structures
and map corrosion areas hidden under paint layers. It is shown here that the proposed probe provides
significant resolution and sensitivity improvement over the un-loaded circular aperture probe. Specifically,
for crack detection, the proposed probe provides two-fold and more than three-fold improvement in the
resolution and sensitivity, respectively. For corrosion mapping, the proposed probe yields 2 to 5 times
higher image signal-to-noise ratio compared to the unloaded aperture probe.

INDEX TERMS Circular probe, cracks, corrosion, iris structure, microwave imaging, non-destructive
testing, resonant sensor.

I. INTRODUCTION

HIGH-RESOLUTION near-field microwave imaging
methods are emerging as powerful inspection tools

for diverse industrial applications. These methods have
been successfully applied for non-destructive testing (NDT)
of metal structures to detect surface defects such
as cracks [1], [2], [3], [4], [5], [6], [7], [8], [9] and pre-
cursor pits [10], [11], map corrosion and rust under
paint [12], [13], and inspect composite materials for subsur-
face defects [14], [15], [16], [17], among others. For these
applications, the practical utility of near-field microwave
imaging as an inspection modality and its merits com-
pared to other well-known NDT modalities such as
phased array ultrasonic testing have been demonstrated
recently [14], [16].

Microwave imaging probes operating in the near-field,
reported in the past include coaxial probes [18], [19], [20],
printed planar imaging probes [17], [21], [22], [23], [24],
[25], bulk periodic left-handed metamaterial (LHM) super
lens [26], [27], non-periodic near-field plates [28], [29],
waveguide-fed aperture probes [10], [11], [12], [13], [14],
[15], [16], [30], [31], [32] and aperture probes loaded with
resonant structures [2], [7], [33], [34], [35], [36]. The main
design objectives of probes operating in the near-field are to
enhance the lateral resolution and sensitivity. This is accom-
plished generally by confining the electromagnetic (EM)
fields in the probe’s near-field region [26].
Rectangular and circular apertures fed by waveguides have

been utilized thoroughly as near-field imaging probes for
numerous industrial applications [6], [14], [30], [37]. These
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probes are typically devised for imaging as they are rel-
atively inexpensive and easy to fabricate. Unlike most of
other near-field probes, these apertures emit near fields that
are limited to a tiny footprint in the near-field area and
maintained for greater imaging distances. In essence, the
resolution capability of the probe is determined by the
lateral size of its footprint in the near-field. It is well-
established that the attainable lateral resolution from aperture
near-field probes is around half the largest dimension of
the aperture [38], [39]. The resolution of aperture probes
can be further enhanced by loading the feeding waveg-
uide with low-loss dielectric materials [7], [10], [40], [41]
and tapering the feeding waveguide to yield a smaller
aperture [10], [38], [42].
Recently, loading waveguide-fed rectangular apertures

with resonant structures have been shown to signifi-
cantly enhance resolution of the probe (in the near-
field) [2], [7], [33], [34], [35], [36], [43]. Electrically-small
split-ring resonators were employed in [2] and [36] to
load rectangular apertures. However, the capability of the
previously developed probes were either not demonstrated
for corrosion under paint mapping and/or thin crack detec-
tion.
In this paper, a waveguide-fed circular aperture probe

operating at 26 GHz is introduced for crack detection and
corrosion mapping. A resonant iris structure is attached to the
aperture of the probe proposed herein. Owing to the confined
footprint of the probe in the near-field region, the spatial res-
olution and detection sensitivity are enhanced. The design
of the proposed probe is relatively simple and practically
feasible. Although the used iris structure has been known
since long time ago [44], it was only recently devised to
load a circular aperture and demonstrated for imaging of
composite structures in the X-band frequency range [45].
On the other hand, experimental investigations revealed the
inadequacy of the aforementioned probe in detection of prac-
tical corrosion under paint samples and limited resolution for
cracks with narrow spacing between them. The efficacy of
such an iris loaded probe operating at a higher frequency
band for crack and corrosion under paint detection is yet
to be demonstrated In this work, the iris loaded circular
aperture probe that operates at a relatively higher frequency
(K-band) is introduced and its effectiveness towards detec-
tion of cracks and corrosion under paint is presented. The
analysis and evaluation of the designed probe is supported
by extensive electromagnetic simulations and experimental
investigations.
The remainder of the paper is organized as follows.

Section II describes the design of the proposed probe along
with a comprehensive characterization of its performance
through electromagnetic simulations. Experimental results
demonstrating the resolution and sensitivity of the probe,
along with the acquired images of corrosion under
paint samples are included in Section III. Conclusions
and remarks of the overall work is summed up in
Section IV.

FIGURE 1. 3D model of the simulated probe showing (a) the iris in front and (b) the
probe in perspective view.

TABLE 1. Iris probe simulation parameters and description.

II. PROBE DESIGN AND SIMULATIONS
The K-band probe introduced in this paper is a resonant iris
loaded circular aperture fed with a waveguide, as shown in
Fig. 1. A zoomed in picture of the resonant iris structure and
a perspective view of the probe modeled in CST (Computer
Simulation Technology) Studio Suite [46] are illustrated in
Fig. 1(a) and (b) respectively.
The resonant iris structure is built out of aluminum. It

has sub-resonant circular slot of diameter of 3.38 mm and
a pair of 0.29 mm wide strips extending from the edge of
the slot to the center. A gap of 0.545 mm is maintained
between the strips, which adds the capacitance required to
create resonance by the iris structure. The thickness of the
iris wall is 0.32 mm. The iris structure is attached to the
aperture of a 30 mm long circular waveguide probe (made of
aluminum as well) with internal diameter of 6.25 mm. The
circular probe is loaded with Teflon to reduce the cut-off
frequency in the circular waveguide.
The geometrical parameters of the iris structure and the

circular probe considered for simulation are tabulated in
Table 1. In simulation, a waveguide port was used to feed
the probe such that the electric field is along the strips of
the iris. The model was simulated under free-space condi-
tions using the FD (frequency domain) solver to acquire its
response which is shown in Fig. 2. The figure depicts the
magnitude of the reflection coefficient (S11) as a function of
frequency. It can be observed that the probe resonates close
to 26 GHz and has magnitude of -17.2 dB. The dip observed
around 24 GHz is possibly due to a higher order mode of
the probe. The response of a circular aperture probe without
the iris structure is also depicted in the figure to show the
effect of the resonant iris on the aperture reflection. It is
evident that the magnitude of reflection coefficient of the
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FIGURE 2. Simulated reflection coefficients of circular probe with and without the
iris structure radiating into free-space.

FIGURE 3. Shift in resonance frequency as a function of iris parameter dimensions.

circular probe without the iris is relatively flat throughout
the frequency range, while the iris loaded probe resonates
sharply at the resonance frequency with better matching. It
is further remarked that the reflection coefficient and res-
onance frequency of the iris probe is affected by changes
in the probe design parameters, such as the strip width, the
strip gap length, and the slot radius. However, the factor
affecting the resonance most was found to be the strip gap
between the metal strips of the iris. Several trials involving
parametric sweeps of the strip gap and strip width were per-
formed to optimize the iris parameters. Sensitivity analysis
for iris parameter dimensions was performed in simulation
and is depicted in Fig. 3. The figure presents the shift in res-
onance frequency as a function of change in nominal values
of iris strip gap and strip width. It is evident that increas-
ing the strip gap resulted in a positive change in resonance
frequency, while the resonance frequency decreased with any
increments in strip width. The final design parameters were
therefore fixed based on the best matching obtained for the
reflection coefficient of the probe.

A. NEAR-FIELD DISTRIBUTION
As mentioned earlier, the circular probe when loaded with
the iris structure causes the near-field distribution to be con-
fined locally near the opening of the iris. To demonstrate

FIGURE 4. Simulated electric field distribution (magnitude) in (a) x − y plane at
z = 0, (b) x − y plane z = 1, (c) y − z plane at z = 0, and (d) x − z plane at z = 0.

this, the electric field distribution (magnitude) of the probe
in x−y plane at the aperture of the iris is shown in Fig. 4(a).
It is evident from the figure that the electric field intensity
is concentrated at the center, which is at the gap between
the strips. However, the field intensity attenuates gradually
and symmetrically along opposite directions. The magnitude
of electric field intensity plot along the x− y plane at a dis-
tance of 1 mm from the aperture of the probe is shown in
Fig. 4(b). It can be seen that the electric field is relatively
less concentrated at the center of the iris when compared to
the response at the aperture. This is expected for near-field
probes, as the electric field spreads rapidly as a function of
standoff distance (SOD) from the aperture. Additionally, the
electric field distributions along y − z and x − z planes are
also presented in Fig. 4(c) and (d). In the y − z plane, the
electric field intensity remains within 25 dB of the maximum
at the aperture up to a distance of 2 mm and then gradually
attenuates while moving away from the aperture. Moreover,
the x − z plane figure shows that the field is concentrated
around the iris slot and fades at a distance greater than 2 mm
from the aperture.

B. RESOLUTION
To assess the spatial resolution of the probe, a printed circuit
board (PCB) sample was modeled in CST. The 1.6 mm thick
substrate made of FR-4 was built and a conductive layer was
placed on top of the substrate. Thin strips of the conductive
layer were removed to emulate narrow cracks on the surface
of a conductor as presented in Fig. 5(a). Three pairs of
cracks of constant width (0.25 mm) but varying interspacing
between each pair were created. The separation among the
cracks in the first pair is 1mm (starting from left), while
the interspacing among cracks in the next two pairs is 2mm
and 3mm respectively. A line scan was performed along the
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FIGURE 5. (a) Picture of the PCB crack sample developed in CST, and (b) change in
magnitude of reflection coefficient (linear) for a line scan over the same sample.

FIGURE 6. Simulation model showing the corrosion layer on steel substrate
concealed under paint.

3 pair of cracks having varying interspacing between them
(1-3mm), at a standoff distance of 1mm and a step size of
0.5mm. The relative change in magnitude (linear) obtained
subsequent to the line scan is shown in Fig. 5(b). It can be
observed that the probe produced clear and distinguishable
peaks for the 2mm and 3mm spaced cracks, while rendered
a single indication for the 1mm spaced pair of cracks. The
resolution of the probe, therefore is established at 2 mm
from the figure.

C. SENSITIVITY
To assess the performance of the iris probe for detecting
corrosion layers under paint, a steel sample with uniform
layer of corrosion concealed under paint was created in
CST, as presented in Fig. 6. The steel substrate measures
100 by 60 mm and has thickness of 1.7 mm. Initially, only
a 1 mm thick layer of paint was applied on the steel sub-
strate. The response of the iris probe and a circular aperture
probe without iris was simulated for a frequency range of
20-26.5 GHz at a standoff distance of 1 mm from the painted
steel sample. Subsequently, a corrosion layer was introduced
beneath the paint layer to mimic a scenario where corrosion
forms under paint. The thickness of the corrosion layer was
varied between 0.05 mm to 0.2 mm and the response of
both probes (with and without iris) was recorded at a given
standoff distance (1mm) and over a frequency range of
20-26.5 GHz. The dielectric constants of paint and corrosion
layer considered for this simulation are 5.346 – j0.21 and
5.5 – j0.55, respectively [8], [47].

FIGURE 7. Relative change in (a) magnitude and (b) phase from no-corrosion to
increasing thickness of corrosion layer produced by the iris probe and circular probe
(without iris).

TABLE 2. Change in magnitude and phase for increasing corrosion thickness.

The change in the magnitude and phase of the reflection
coefficient relative to the no-corrosion case as function of
the corrosion layer thickness as obtained from both probes
is presented in Fig. 7(a) and (b) (plotted at 25.6 GHz).
The corresponding numerical data is represented in Table 2.
Referring to the table, the change in magnitude rendered by
the circular aperture probe for a corresponding 0.025 mm
increase in thickness of corrosion layer (from no-corrosion
case) is 0.003, while the iris probe produced a change of
0.03, which is ten times higher. It is remarked that such
minute changes (<0.02) are close to the uncertainty of the
network analyzer which is employed to carry out measure-
ments. While both probes depicted considerable change in
phase for a 0.025 mm increase in corrosion thickness layer,
the iris probe showed more than five times higher sensitiv-
ity when compared to the circular probe. From the table,
it is also evident that the iris probe produced maximum
change (in magnitude) for the 0.2 mm thick corrosion layer,
which is still almost three times higher than the circular
aperture probe. In comparison to the circular probe, for the
0.1 mm thickness layer of corrosion, the iris probe demon-
strated more than 15 times higher sensitivity in magnitude
and around five times better phase response. However, for the
subsequent increase in corrosion layer thickness, the change
in phase and magnitude rendered by the iris probe either
dipped or remained nearly constant. On the other hand, the
circular probe produced roughly six times higher magnitude
change for the 0.15 mm thickness layer of corrosion and
was constant thereafter. The phase change depicted by the
circular probe linearly increased by approximately 1.5 times
with the corrosion layer thickness. Nevertheless, the change
in magnitude recorded from the iris probe is still more than
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FIGURE 8. (a) Photograph of the manufactured probe, and (b) a zoomed in
illustration of the iris structure (all dimensions in mm).

FIGURE 9. Photograph of the imaging setup.

2.5 times higher than the circular probe (for 0.15 mm and
0.2 mm corrosion layer thickness). Moreover, the calculated
change in phase from the iris probe is double than the circular
probe for 0.15 mm thickness of corrosion and is compar-
atively higher for the thickest layer considered herein. The
iris probe clearly demonstrated higher sensitivity than the
circular probe for corrosion under paint, and in particular
for thin layers, which is of practical interest in the industry.

III. MEASUREMENT RESULTS
The manufactured prototype of the probe used for
measurements in this work is shown in Fig. 8(a), and
an enlarged photograph of the resonant iris structure is
illustrated in Fig. 8(b).
The dimensions of the as-built iris structure are annotated

in the figure. The manufactured iris slot dimeter measures
3.4 mm and width of the metal strips is 0.29 mm, while
the strip gap is 0.58 mm, slightly higher than the value
considered in simulation. This is attributed to tolerances in
manufacturing and material. The iris structure was attached
to the circular aperture probe via conductive epoxy. The
probe has an external diameter of 10.8 mm.
The overall imaging setup utilized in this work is shown in

Fig. 9 with a zoomed in illustration of the probe fixed to the
positioning system in the inset. A Network Analyzer (NA)
was used to measure the complex reflection coefficient at
the feed location of the probe (i.e., at the SMA port).
For all the measurements performed herein using the iris
probe, the RF input power was -15 dB, and the intermediate
frequency bandwidth (IFBW) was set at 10 KHz. It is
remarked that although such an IFBW is not very suitable

FIGURE 10. Relative change in magnitude and phase produced by (a, b) circular
probe with photo of metallic notch sample in the inset and (c, d) iris probe.

for accurate measurements of resonant structures, there is
always a hard compromise between speed of operation and
RF accuracy/resolution. A frequency range of 20-26.5 GHz
was swept over 201 points. An automated scanning table
was employed to move the sample in predetermined step
sizes and a PC was used to control the table and to plot the
scanned data. It is remarked that the XYZ positioning stage
used herein addresses a wide range of scanning distances, in
contrast with nanoscale set-ups that work on micron scale
and requires complicated distance control. The manufactured
probe was used for crack detection and mapping of corrosion
under paint as presented in the following subsections.

A. CRACK DETECTION
To demonstrate the response of the probe for narrow notches
in metals, a sample shown in the inset of Fig. 10(a) was
prepared and scanned by the probe. To simulate cracks for
the investigation, narrow notches were machined through
a 9.5 mm thick aluminum block using the process used
in [3]. The notches have equal lengths of 30 mm and
width (w) ranges from 0.25 mm to 0.75 mm (left to right),
increasing in steps of 0.25 mm. The interspacing between
each notch is 15 mm.
Line scans were performed along the notches using the iris

probe and a circular aperture probe introduced in [30], [48].
The distance between probes and the sample was fixed at
1 mm (standoff distance). For all scans, a frequency range of
20-26.5 GHz was swept for 201 points along a scan distance
of 52 mm. An automated scanning table was employed to
move the sample with precise step sizes of 0.5 mm along
the scan direction. Both probes were positioned such that the
electric field orientation is orthogonal to the notch width.
The change in magnitude and phase (relative to the

response without notch) as obtained using the circular probe
were used to produce the line scans shown in Fig. 10(a)
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and (b), respectively. Distinct indications were produced for
each notch in the sample. The relative changes in magni-
tude and phase are shown to be proportional to increase
in notch width. The change in magnitude for the 0.25 mm
wide notch is around 0.03 (linear) and the corresponding
phase change is roughly 5.3 degrees. The maximum change
in magnitude for the widest notch is 0.043, and the phase
changes by 6.3 degrees, increasing only slightly from the
change observed for the 0.5 mm notch (0.04 in magnitude
and 5.6 degrees in phase).
The results from the line scan of the metallic notch sample

generated by the proposed iris probe are shown in Fig. 10(c)
and (d). Strong indications were produced for each notch.
While the change in magnitude (linear) measured around
0.17, a phase change of almost 20.5 degrees was observed for
a notch width of 0.25 mm. For the widest notch (0.75 mm),
the iris probe produced a change of 0.18 in the magnitude
and an approximate 24.3 degree change in phase. Similar to
the circular probe response, the difference in the magnitude
and phase change for the 0.5 mm and 0.75 mm wide notch
is minimal. In contrast to the circular aperture probe, the iris
probe rendered roughly 6 times more change in magnitude
for the narrowest notch (0.25 mm) and the relative change
in phase was almost four times. For the widest notch, the
change in magnitude and phase is close to four times that of
the circular probe response, thereby highlighting the higher
sensitivity of the iris probe.
It is observed that the iris probe yields double indica-

tions for each notch, which are manifested in the magnitude
response. These are attributed the null in the electric field
at the center of the iris structure while radiating over the
notch on the metal surface. To confirm this, the electric field
distributions of the probe when radiating over a metal block
with and without notch are presented. A metal sample with
a narrow notch of width 0.25 mm (resembling the sample
in Fig. 10(a)) was created in CST simulation environment.
The normalized electric field distribution (magnitude) along
the metal strips of the iris when radiating over the notch
is shown in Fig. 11(a). It is apparent from the figure that
electric field null exists at the center of the iris structure
(opening gap of the strips), which explains the double indi-
cations rendered by the probe in Fig. 10(c). The field seems
to be more confined while the probe is radiating over the
notch and it is relatively more dispersed when there is no
notch as evident in Fig. 11(b). It is further remarked that,
double indications in the probe response are in fact advan-
tageous and have been reported to increase the probability
of detection [11].
To assess the spatial resolution of the probe, a crack sam-

ple was prepared on a PCB substrate as shown in Fig. 12(a).
The sample is a manufactured prototype of the model demon-
strated in the simulation (c.f. Fig. 5(a)). The PCB is made
out of FR-4 material with thickness of 1.6 mm. Cracks of
equal length of 25 mm were etched on the copper layer.
In line with the simulation model, three pairs of cracks
with different interspacing between them were created. The

FIGURE 11. Simulated electric field distribution (magnitude) of the probe in x − y
plane at a standoff distance of 1mm from the (a) notch on metal surface
and (b) without notch.

FIGURE 12. (a) Picture of the PCB sample, and normalized magnitude line
scans (linear) rendered by the (b) iris probe and the (c) X-band probe proposed in [45].

interspacing distance (d) between cracks in each pair is 1mm,
2mm, and 3mm, as annotated in the figure.
The iris probe and the X-band probe proposed in [45]

were utilized to conduct line scans over the pair of cracks
such that the electric field was orthogonal to the crack width.
The standoff distance from the aperture of the probes and
the sample was fixed at 1 mm and the step size with which
the sample moved beneath the probes was 0.5 mm. The nor-
malized magnitude response of the iris probe and the probe
introduced in [45] is shown in Fig. 12(b) and (c) respectively.
It is perceivable that the proposed probe rendered two clear
distinct peaks for the 2 mm spaced cracks. This is in line
with the simulated line scan result of the probe over a sim-
ilar PCB crack sample modeled in CST (c.f. Fig. 5(b)). It
is therefore established both in simulation and measurement
that the spatial resolution of the probe is 2 mm. This is a two-
fold improvement over the unloaded aperture probe which
rendered 4 mm resolution [30]. However, the probe intro-
duced in [45] failed to resolve the 2mm spaced cracks and
only rendered clear distinction for the 3mm spaced cracks.
To demonstrate the capability of the proposed probe

towards narrow crack detection, two samples were prepared.
The first sample is a PCB substrate, similar to the one shown
in Fig. 12(a). Slits of same length, but varying width were
etched on the copper layer as shown in Fig. 13(a). The
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FIGURE 13. Photograph of (a) PCB sample with varying slit width (sample-1)
and (b) zoomed 0.07 mm wide cut on a copper tape sheet (sample-2).

smallest slit width on this sample measures 0.13 mm. The
second sample was prepared using a sheet of copper tape
of nominal thickness 0.08 mm. A very fine cut of width
0.07mm was made on the surface of the sheet via a thin
knife, as depicted in a zoomed in photograph of the sample
presented in Fig. 13(b).
Both samples were imaged using the proposed iris probe

using the imaging setup shown in Fig. 9. The probe was fixed
at a standoff distance of 1 mm from the sample surface and
moved along the scan area with step size of 0.5 mm along
each axis. Normalized magnitude and phase images of the
first sample rendered by the probe are shown in Fig. 14(a)
and (b) respectively. The images were plotted at 26.2 GHz.
As evident, all three slits were produced by the probe and
notably the narrowest slit of the sample measuring only
0.13 mm. While the slits are visible in both magnitude and
phase images, the magnitude image presents the slits with
clear distinction from the background.
The normalized magnitude and phase image of the second

sample is depicted in Fig. 14(c) and (d) respectively. The ren-
dition of the fine cut of width 0.07 mm was clearly portrayed
in the image. Similar to the previous sample, the magnitude
image offers a better contrast to the background when com-
pared to the phase image. The length of the cut is also
faithfully reproduced in the images, with clear demarcation
of the extremities.
To benchmark the crack detection capability of the probe

against previously published work, the minimum crack width
detected using the proposed probe is compared to other
works in Table 3. It is to be noted that the minimum crack
width detected in this work (0.07 mm) is lesser than most
works reported earlier. From the table, it can be seen that
only in [36], a lesser width than the one presented herein
was detected. However, it is also remarked that the standoff
distance between the probe and the sample was almost half
when compared to this work. In fact, none of the papers in
Table 3 demonstrated crack detection at such SOD (1 mm).
Apart from this, there are papers in which cracks with lesser
width were detected. However, either the imaging was per-
formed at a very high frequency [55] or different approaches
like the higher order mode (HOM)/contact methods were
adopted [56].

FIGURE 14. Normalized magnitude and phase images of (a,b) sample-1 and
(c,d) sample-2.

TABLE 3. Example crack width detection in some of the previous works.

B. CORROSION MAPPING
To demonstrate the sensitivity of the probe in corrosion
mapping application, two samples were considered. The
photos shown in Fig. 15 show the samples with 1 mm thick
paint layer applied over them and with scan area highlighted.
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FIGURE 15. Photos of the corrosion samples covered under paint.

The first sample in this sub-section (Sample-3) has a number
“4” engraved in the metal. It was left to corrode naturally,
and then, it was painted. The second sample (Sample-4) had
a localized corrosion layer under the paint [16].
A scan was performed over the samples using the iris

probe and the circular aperture probe at a standoff distance
and step size of 1mm. The normalized magnitude and phase
images of sample-3 obtained using both probes are depicted in
Fig. 16. The engraved number “4” is clearly visible in all the
images with clear distinction from the background. However,
in the images acquired using the circular probe, the engraved
impression is not as sharp as indicated by the iris probe image.
This is attributed to high resolution and sensitivity of the iris
probe, which is noticeable in the images.
To compare the performance of the probes in quantitative

terms, the signal-to-noise ratio (SNR) value of the images
produced by both probes was calculated using the approach
reported in [14] and is presented in Table 3. For the third
sample, the SNR value of the iris probe image is almost
six times that of the image generated by the circular probe,
further highlighting the effectiveness of the probe to produce
qualitatively and quantitatively better images when compared
to a probe without the resonant iris structure.
The normalized magnitude and phase images for the fourth

sample acquired using both probes are shown in Fig. 17.
The localized corrosion under the paint layer is very sharply
depicted in the magnitude as well as phase images generated
by the iris probe, and is discernible from the background.
While the corrosion under paint is visible in the images
rendered by the circular aperture probe shown in Fig. 17(c)
and (d), it is not as sharp and detailed as seen in the iris
probe image. The outline of the localized corrosion is better
illustrated in the iris probe image owing to its higher resolu-
tion and sensitivity. Furthermore, the SNR value of the iris
probe image is almost twice that of the image rendered by
the circular probe, as presented in Table 4. In conclusion,
the qualitatively and quantitatively better images of the iris
probe for both samples signifies the imaging capability of
the probe in corrosion mapping.
To further demonstrate the effectiveness of the probe

when compared to the probe introduced in [45], the images

FIGURE 16. Normalized magnitude and phase images of corrosion
Sample-3 obtained using (a, b) the proposed iris probe and (c, d) a circular aperture
probe.

TABLE 4. SNR values of corrosion sample images.

produced by the probe (in [45]) for sample-4 are also
included in Fig. 17(e) and (f). The magnitude and phase
image generated using this the probe does not faithfully
render the corrosion under paint. Clearly, in the magni-
tude image, the corrosion is almost indistinguishable from
the background. On the other hand, the probe proposed in
this paper provided considerable improvement in terms of
the sensitivity in this particular application. To compare the
performance of the probes quantitatively, the SNR value of
the probe introduced in [45] was computed. The obtained
SNR value of 41.1 is still significantly less than the SNR
of the proposed probe (74.8). Thus, the proposed probe
qualitatively and quantitatively outperformed the probe used
in [45]. It is remarked that the inadequacy of the previous
probe to reliably detect corrosion under paint prompted
the development of the high frequency iris probe proposed
herein.
Besides the circular probe which was used herein for

benchmarking, the proposed probe performs well in com-
parison to several other reported probes as listed in Table 5.
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FIGURE 17. Normalized magnitude and phase images of the corrosion
Sample-4 obtained using (a, b) the proposed iris probe, (c, d) a circular aperture probe
and (e, f) the probe introduced in [45].

Evidently, the resolution obtained in this work is higher than
most of the compared probes. Only the modified rectangular
aperture probe with choke proposed in [58] achieved slightly
better resolution. However, it is remarked here that the oper-
ating frequency of the rectangular aperture probe with choke
was 80 GHz in the W-band with aperture broad dimension of
2.54 mm, which would inherently provide a resolution of less
than 2 mm. Although a resolution of 2 mm was reported
in [36] at a relatively lower frequency than the proposed
probe, the results were obtained using an array of split ring
resonators operating at small standoff distance of 0.6 mm.
It is noted here that only a few previously developed probes
were designed and optimized for crack detection while no
imaging results were presented (except in [24]) to elucidate
the sensitivity/practicability of the probe towards any other
defect types like corrosion beneath a layer of paint.

TABLE 5. Resolution comparison against various probes.

IV. CONCLUSION
A loaded circular aperture probe operating at 26 GHz has
been introduced in this paper for high resolution imaging
in the near-field area. The design of the iris structure was
presented and the utility of the probe for crack detection
and corrosion mapping was demonstrated. Extensive 3D
electromagnetic simulations were conducted to analyze the
probe performance and establish the spatial resolution of the
probe. Subsequently, the resolution ‘was confirmed through
measurements on a similar sample. Attributes of the probe
such as sensitivity and resolution were demonstrated exper-
imentally and benchmarked against circular aperture probe
without the resonant iris. It was shown that the loaded probe
rendered better resolution and nearly six times more sensitive
response for a narrow crack of width 0.25 mm. Furthermore,
to highlight the effectiveness of the probe towards detection
of corrosion under paint, simulations were performed for
a uniform corrosion layer of varying thickness concealed
under paint. The response was compared to a circular probe
and it was shown that the iris probe was highly sensitive
in terms of corrosion detection under paint for very small
thicknesses. In addition to this, two practical corrosion under
paint samples were imaged using the proposed probe and
the high resolution images of the corrosion samples clearly
showed the potential of the probe in industrial applications
concerning inspection.
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