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Abstract

Thereisagrowinginterestintheuseofcompositesinseveralindustriessuchasaerospace,
automotiveandcivilinfrastructureduetotheiruniquepropertiessuchaslight-weight,
corrosionresistanceandexcellentthermo-mechanicalproperties.However,itiscriticalto
ensure that no defects, such as disbonds, voids and delaminations are introduced during
fabrication or during service. A variety of nondestructive evaluation (NDE) techniques
have been proposed and developed to detect such defects that can compromise the
integrity of these structures. Microwave NDE techniques are well suited for inspection of
dielectric materials such as composites because of the ability of electromagnetic waves to
interact with these materials. Far field electromagnetic inspection systems have the
capability of rapid, large area inspection at large stand-off distance. However the
diffraction limits restrict the resolution of conventional far field imaging. This contribution
focuses on enhancing the resolution of microwave far field imaging using metal reflectors
to increase the virtual aperture of the receiver array. Model based studies demonstrate the
feasibility and robustness of this approach and also determine the limits of this technique.
Preliminary experimental results based on a time reversal cavity environment validates
the approach for enhancing the resolution of microwave NDE imaging.

Keywords: ~ Microwave imaging, Nondestructive Evaluation, Composite Materials

1. Introduction

Composites are being increasingly used in several industries to replace metals, fully or
partially due to their unique properties such as high strength, durability and light-weight
[1]. They also offer flexibility and strategic tailoring of their mechanical properties. Defects
such as disbonds, voids, delaminations may be formed during the manufacturing as well as
in-service stages of these structures [2]. These defects affect the overall structural strength,
performance and integrity resulting in catastrophic failure [3]. Thus, there is a need for a
reliable nondestructive evaluation (NDE) system that can be utilized to rapidly inspect
large areas of composites, and accurately detect potential anomalies [4, 5].



Currently ultrasonics, eddy current, X-ray, infrared thermography and optical imaging
are some of the most widely investigated industrial NDE techniques [6, 7, 8]. Microwave
NDE is a relatively new technique, particularly suited for lowloss and lossless
Preprint submitted to NDT&E International November 12, 2019
dielectric materials [9]. Since electromagnetic (EM) waves can penetrate such materials,
the scattered fields contain valuable information about structural integrity of such
materials. Some of the recent applications of Microwave NDE are corrosion detection in
painted aluminum and steel substrates, flaw detection in Sprayed on Foam Insulation
(SOFT) of space shuttles, disbond detection in CFRP strengthened cement based structures
[10].

Microwave far field imaging techniques are particularly suited to image source,
scatterers and anomalies in dielectric materials [11]. Microwave time reversal (MTR) is a
source focusing method which can be utilized to image defects that act as secondary
sources in composite materials [12]. The basic idea of MTR is that EM field components
diverging out from a point source can be reversed in time and back-propagated in a
numerical model to focus back at the original source location [13]. Introduced by Mathias
Fink in 1992 for lithotripsy applications [14], TR was extended to EM waves by Lerosey et
al. [15]. EM TR is now used widely in radar detection, breast tumor imaging and wireless
charging applications [16, 17]. Some of the advantages of using TR over conventional
tomographic imaging include its ease of implementation, non-iterative, quasi real-time
nature, super-resolution and selective focusing capabilities [18]. However the diffraction
limits restrict the resolution of conventional far field imaging [19]. Objects smaller than the
operating wavelength are not detectable in far field microwave data. While near field
imaging techniques provide much higher resolution, the scanning time can be very high for
large areas [20]. Enhancing the imaging resolution for TR was first demonstrated for
acoustic fields in the presence of a medium with random inhomogeneities [21]. The
presence of random inhomogeneities produces multipath scattering of the acoustic wave,
which enlarges the aperture of the receiver array than its actual physical size [22]. The
same concept was extended to electromagnetics by Yavuz et al. in 2005 [23]. A similar
multi-path scattering effect is observed due to multi-path reflection of EM waves in the
presence of metals, in contrast to ultrasonic waves which do not exhibit such a behavior as
they can propagate through metals [24]. Numerical studies have shown the application of
metal confinement to enhance the focusing effect [25]. However, the application of such
metallic reflectors for improving imaging resolution and its extension to NDE experiments
have not been accomplished to the best of the authors’ knowledge. This paper focuses on
enhancing the resolution of far field microwave NDE by using metal reflectors to increase
the virtual aperture size.

The reflectors serve to reflect the outgoing EM fields and directs them towards the
receiving antenna array. The increase in the aperture size of the receiving antenna array
due to the reflected energy results in an increase in the spatial resolution. Simulation
studies and parameteric analysis demonstrate the capability and robustness of the
approach for imaging disbonds in metal-composite joints. Experimental studies involving
source localization and disbond detection in a test setup with and without metal reflectors
validate the proposed approach.



The paper is organized as follows. Section 2 describes the TR algorithm and describes
simulation studies related to the first approach. Accurate results and high imaging quality
achieved from the parametric limits obtained from simulation studies demonstrate the
efficacy of the approach. In section 3, experimental studies are conducted with the help of
a time-domain laboratory setup and a TR back-propagation code for high resolution
imaging of external source as well as defects in composites.

2. TR imaging

TR is a consequence of the wave reciprocity property. The scalar wave equation in a
lossless medium is given by [26]
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Since the above EM wave equation is time-symmetric, the above equation yields a
diverging, causal solution ¢(r,t) and a converging, anti-causal solution ¢(r,-t). Due to this
property, the scattered fields from a point source collected by the receiver antenna array
can be time reversed and back propagated using a numerical model to focus back at the

source location.

2.1. TR algorithm
The TR algorithm can be adapted for NDE applications for imaging defects in dielectric
materials, as outlined below [27].

1. an ultra-wide band pulse is transmitted from a source antenna to the sample;

2. scattered signals due to the defective sample and healthy sample are measured
byreceivers placed at separate locations and subtracted to obtain the perturbation
signal;

3. the perturbation signal waveform is reversed in time and back propagated
throughthe healthy sample using a numerical model;

4. localization techniques are applied to obtain spatio-temporal focusing and imagingof
defects in the sample.

The wave propagation phenomenon is numerically modeled for a two-dimensional TMz
mode excitation using the finite difference time domain technique (FDTD), with
convolution perfectly matched layer (CPML) boundary conditions to truncate the
computational domain. The FDTD parameters satisfy Courant’s stability criterion and are
defined as follows: Ax = Ay = A/10,At = Ax/2c, where Ax,Ay and At are the FDTD cell sizes
and time steps respectively [28]. The transmitter is modeled as a point source, and a
circular array of sensors is used to collect the back-scattered fields. The fields are time
reversed and back propagated in the same model. A time integrated energy localization
method is utilized to detect presence of defects in the dielectric material. Simulation results
and parametric analysis have been conducted as part of prior research and have helped us
determine the feasibility and limits of the parameters that affect the TR algorithm [12].
These parameters are used for conducting passive TR experiments to image defects in
composite materials.



2.2. High resolution focusing with metal reflectors
The electric field radiated from the point source propagating towards the receivers can
be expressed in a cylindrical coordinate system as

Jj -
E.(w.p) = 3 Eo(w)Hy” (kp) @

where Eo(w) is the electric field magnitude, w is the frequency of the wave, k is the wave

(2) 10y .
vector, p is the distance between the source and observation point and 1o ('I‘lf’) is the
second order Hankel function describing the outgoing propagating wave. Thus the fields
measured by the receiver array can be expressed as

E(w,p) = E:(w,pi) (3)

where i is the receiver antenna, p: denotes the position of the ith receiver antenna and
iell, N1 where N is the total number of antennas of the array.
The cross range (Ac) and down range resolution (Aq) for TR is given by

l 1!2
Ac=Al - Ag=1 —
(!.’ a ) (4)

where | and a are the distance of source from the receiver array and receiver aperture
length respectively. The presence of the metal reflectors in effect extends the aperture of
the receiver array. This can be physically understood from the following argument. The
metal reflectors behave like additional receivers that trap waves that would have
otherwise diverged away from the receiver array, thereby virtually extending the effective
aperture size (a.). The relationship between the new aperture size and the geometrical
parameters of the configuration shown in Figure 1 can be derived using trigonometric
identities as follows.
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Table 1: Materal Properties
Material | Relative Permittivity Loss Tangent | Spatial dimensions
(mxm)
GFRP 3.8 0.017 0.6x0.1
Epoxy 3.6 0.032 0.6x0.02
Disbond 1 0 varying




where d is half of the increase
in the  aperture size.
Combining the two equations
of (5) we obtain,

-1 Xm

(6) Oy = tan Y

In practically all the cases, d > >0 leadingtotheextendedaperture

0,leading to Ov" ~ size and
hence an improvement in the imaging resolution.

2.3. Numerical validation

Numerical studies were conducted with and without the metal reflectors in order to
study the effects of the reflectors on imaging resolution.

2.3.1. Source focusing

The schematic for the simulation is shown in Fig. 2 (a). 50 receivers are placed over an
aperture size of 70 cm, at a distance of 70 cm away from the source. The fields radiated
from the point source are received by the receiver array, time reversed and back-
propagated in the model in accordance with the time reversal algorithm. The time
integrated back-propagated energy image without the metal reflectors is shown in Fig. 2
(b). Next, metal reflectors are introduced to the left and right of the source and their effect
on resolution is studied using the simulation model. The length of the metal and spacing
between metals are denoted as L and g respectively. Two cases, namely (i) g=20cm,
L=40cm and (ii) g=40cm, L=70 cm are investigated. The corresponding time integrated
energy image for the two cases are shown in Figs. 2 (c, d). It is seen from Fig. 2 (c) that the
focusing resolution is improved and images show a tighter focal spot, with relatively better
down range resolutions. In accordance with (6), the resolution is further improved when d
and | are increased due to an increase in effective receiver aperture size as seen in Fig. 2

(d).

2.3.2. NDE of metal-composite joints

Next, a test sample comprising metal-composite joint is introduced in the inspection
geometry shown in Fig. 3 (a). schematic of the simulation is shown in Fig. 3 (a). The
geometry of the problem consists of a Glass Fiber Reinforced Polymer (GFRP) composite
material adhesively bonded to a metal layer (conductor) via an epoxy layer. Defects in the
form of disbonds are introduced as air gaps in the epoxy layer. The material properties and
spatial dimensions of the sample are summarized in Table 1. The scattered signals are
subtracted from a baseline measurement to obtain the defect contribution.
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Figure 2: Source focusing (a) Schematic of test geometry, (b) TR energy without metal reflectors, (c) TR energy
with metal reflectors, (d) TR energy with wider coverage of metal reflectors

The defect signals are time reversed and back-propagated in accordance with the time
reversal algorithm. The back-propagated time reversed energy highlights the location and
spatial extents of the disbond, as seen in Fig.. 3 (b). However, there is a spreading effect
observed along the down range direction resulting in a smeared image of the defect, due to
limited aperture size of the receiver array along the down range direction. Next,
simulations are carried out with metal reflectors with g= 20 cm and L= 17 cm. As in the
case of source focusing results, the TR energy is more accurately focused near the disbond
location when the metal reflectors are introduced. The down range spreading effect is
diminished to a large extent with the metal reflectors, leading to an enhancement in
imaging resolution. The cross range signal is defined by a line scan across the energy image
corresponding to the source location. There is also improvement in the cross range
resolution as can be seen from the comparison of the cross range signals with and without
the metal reflectors (Fig.3 (d)). The full width at half maxima (FWHM) of the signals is used
to estimate the length of the disbond. The true disbond length is 3 cm; the estimated length
without the metal reflectors is 7.5 cm and in the presence of the metal reflectors, the
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estimate is 4cm. This example quantitatively validates the hypothesis of enhancing imaging
resolution via increased aperture size by introducing appropriate metal reflectors.

2.4. Parametric analysis

Parametric studies are conducted with respect to the metal reflector lengths and
location in order to understand the effect of these parameters on the TR energy and
determine the robustness of the approach. For each of these parameters, the full width at
half maxima value of the time-reversed energy was examined, and used as the quantitative
can also be utilized to estimate the bounds on accuracy for different test geometries.
metricforperformanceevaluation.Theparameterlimitsobtainedfromthesimulations

2.4.1.Metallength
Simulationstudiesareconductedwithsimilarconfiguration,asshowninFig.3(a)
andthemetallengthisvariedfrom5cmto40cm,withafixedspacingof80cm.
Simulationsareperformedconsideringtwodisbonds,eachoflength3cmlocatedwith
aspacingof20cm.Fromtherelationshipderivedin(6),weobservethatas Ym = 0,

x10™
03 Receiger array ) 15
= Source =
% !
U
02| =
E-01 g E 10
3 5
=
g 0 1 &
I =
S z
§ oa — 2 ’
02 1
GFRP
03 1
N . — !
03 -02 -01 0 01 02 032 - -0. -01 0 01
Down Range (m) Cross Range (m)
() (b)
x10"°
02 5 1
04
022 5 08
o
. f E 0
Eoz =
z g 08
5 3 505
P H
< =
z T 04
=] £
o 2 S 03
028 =
02
1
0.1
0 0
-03 -0.2 -01 0 01 02 03
Cross Range (m) Crass Range (m)
G (d)
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(c) TR energy with metal reflectors, (d) Comparison of cross range signals
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Figure 4: (a, b, c) TR energy for varying metal lengths, (d) Parametric analysis of width of predicted disbond vs
metal lengths (green solid line denotes actual disbond length, red dashed line denotes predicted disbond length
without metal)

0 Oy — HN, which is the resolution obtained without the metal reflectors. As Ym— Y,
Oy = (-n/2m/ 2). As the length of the metallic reflectors increase, the incident field
at larger angles get reflected towards the receiver array, leading to an improvement in

resolution. AsYm — Yoo, Oy — (=27, 27). With an infinitely long metal plate, incident field
at all angles are received by the receiver array, leading to a best possible resolution of Ac=
A/(2m) and Aa= A/(2m)?. The time reversed energy images for lengths of 5 cm, 20 cm and
40 cm respectively are shown in Figs.4 (a-c). It can be seen that the imaging resolution
improves with increase in the length of the metal reflectors. The relationship between the
estimated disbond length with the metal length is plotted in Fig.4 (d). It is seen that the
estimation of the disbond size becomes more accurate with increase in the length of the
reflectors, the estimated value nearing its actual value when the metal length is 40 cm.



2.4.2. Spacing between metals

Simulation studies are conducted with the previously mentioned configuration and the
spacing between metals is varied from 6 cm to 8.2 cm, with their lengths fixed at
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Figure 5: (a, b, ¢) TR energy for varying metal spacing, (d) Parametric analysis of width of predicted disbond vs
metal separation (green solid line denotes actual disbond length, red dashed line denotes predicted disbond
length without metal)

50 cm. From the relgtionship derived in (6), we observe that as ry — 0,8y —0. As
Xn = (yn = Yu), Oy = 1/ 4 Asthe spacing between the metallic increase, the incident
field at larger angles get reflected towards the receiver array, leading to an improvement

in resolution. As®n — 00, 0 — (=2, 277). With a metal plate placed infinitely far away
from the excitation source, incident field at all angles are received by the receiver array,
leading to a best possible resolution of Ac.= A/(2m) and Ad= A/(2m)2. The time reversed
energy images for spacing of 6 cm, 7 cm and 8 cm are shown in Figs.5 (a-c) respectively. It
is seen that the imaging resolution improves with increase in the length of the metal
reflectors. The relationship between the estimated disbond length with different spacing is
plotted in Fig.5 (d). It is seen that the estimation of the disbond size becomes more accurate
with increase in the metal spacing, the estimated value nearing its actual value when the

10



metal spacing is 8.2 cm. This is consistent with the mathematical relationship mentioned
earlier.
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Figure 7: Experimental configurations along with dimensions: (a) Configuration 1, (b) Configuration 2
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3. Experimental studies

Experimental studies are performed with an ultra-wide band frequency domain setup
and metal reflectors. The effect of the metal walls on the resolution of the time reversed
image is demonstrated experimentally.

3.1. Experimental setup

The experimental setup is shown in Fig. 6 (a). Two vivaldi antennas are used as
ultrawide band transmitting and receiving antennas, operating between 3 and 10 GHz. The
wide bandwidth of the antenna results in a narrow pulse width, which leads to a higher
range resolution of the imaging system[29]. The performance of the vivaldi antenna has
been discussed in details as part of a previous research [30]. The antennas are probed with
the help of a E5070B Vector Network Analyzer (VNA). The metal reflectors are placed in
between the transmitter and receiver antenna similar to the simulation schematics
discussed before. The receiver antenna is moved linearly in order to emulate the receiver
array. Scattering parameters are measured while moving the receiver antenna.

3.2. Source localization

Two different configurations with varying distances between the transmitter and
receiver and metal spacing are used for performing the experiments. The schematic along
with the exact dimensions used for obtaining the measurements for both configurations
are shown in Fig. 7. Measurements are taken with and without the metal reflectors. The
wide-band insertion loss S12 magnitude and phase data measured over the frequency range,
which measures the power received from the transmitter to the receiver with and without
the metal reflectors for three different receiver antenna positions marked in Fig. 7 are
shown in Figs. 8 (a-f) respectively. It is observed that both amplitude and phase
measurements are distinct for the three positions. The measurements show consistent
change in both amplitude and phase throughout the frequency range, which is crucial for
TR in order to ensure that the pulse delay and attenuation between corresponding antenna
measurements are preserved. The measurements for the metal configuration 2 are
smoother than the other configurations due to the finer frequency sampling and more
distance between the transmitter and receiver antenna. However, we will observe later
that this factor does not hamper the TR imaging quality.

3.2.1. Experimental results

The time domain pulses are generated from the wide-band frequency domain data by a
series of operations involving windowing the frequency domain data to reduce clutter,
followed by conversion to time domain by inverse fourier transform operation. The
obtained pulses are time gated to eliminate background reflections and fed to the time
reversal algorithm for back-propagation. The time domain pulses with and without the
metal reflectors received by the antenna array are shown in Fig. 9. In the absence of the
metal reflectors, the direct fields from the transmitter reach the receivers, as shown in Fig.
9 (a). Additonally, there is some distortion in the pulse at later time intervals, possibly due
to surrounding clutter and finite frequency sampling measurements. However, time gating
of these pulses can eliminate such distortions. In the presence of the metal reflectors, the
pulse comprises direct fields from the transmitter as well as fields reflected by the metal
boundaries. However for metal configuration 1, the maximum time delay between the

12



direct and reflected ray paths (0.15 ns) is less than the pulse width (0.20 ns). Hence it is
hard to separate out the two components from the resultant pulse, as shown in Fig. 9 (b).
For metal configuration 2, the time delay between the direct and reflected ray paths (0.25
ns) is almost equal to the pulse width . Hence it is barely able to distinguish between the
two components from the resultant pulse, as shown in Fig. 9

(o).

The pulses are fed through the time reversal algorithm for back-propagation and the
time reversed energy is plotted in order to perform source localization. The time reversed
energy without the metal reflector is shown in Fig. 10 (a). Most of the energy is focused
around the receiver array region, with a weak focusing observed around the source
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antenna. The focal spot around the source is stretched out both in down range and cross
range directions. In the absence of metal reflectors, most of the fields diverging away from
the source are not detected by the receiver array, thus leading to weak detection of the
source. Next, the metal reflectors are introduced according to configuration 1 (Fig. 7 (b)).
TR is performed with the pulses obtained from the system. Although some of the energy is
focused around the reciever array, the source can be clearly detected in this case, with a
relatively sharper focal spot. The metal reflectors behave like additional receivers that trap
waves that would have otherwise diverged away from the receiver array, thus virtually
extending the effective receiver array aperture and enhancing the imaging quality.
However, it is also observed that bulk of the energy is focused at the metal reflectors,
especially at the region between the receiver array and the reflectors due to the strong
interactions between fields radiating out from the receiver and reflections from the metal
reflector. In order to eliminate these additional artifacts, a new configuration is utilized
with the spacing between the metal increased from 6.5 inches to 8 inches and the distance
between the transmitter antenna and the receiver antenna array increased from 4 inches
to 12 inches (Fig. 7 (b)). As shown in Fig. 10 (c), the TR energy for this configuration is
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primarily focused at the source location, with limited energy around the metal reflectors.
Although some of the energy is focused at the center of the receiever array, it does not
hamper the quality of the source localized image. Additionally, it is interesting to note that
the focal spot is slightly stretched along both cross and down range directions. This is
directly related to (4) explained before. The increase in distance between the transmitter
and receiver (1) leads to a decrease in focal resolutions. A comparison of the cross range
resolution can be obtained by plotting the TR cross range signals in Fig. 10 (d). It can be
clearly observed that the focal spot is quite stretched
withoutthemetalreflectors,whileitisquitefocusedwiththereflectorsalongthecross
rangedirection.Althoughthefocusingissuperiorforconfigurationl,additionalartifacts
andsidelobesduetothereceiverarraypositionedclosertothemetalandalessermetal
spacingareobservedforthisconfigurationwhichhampertheoverallimagingquality.On
thecontrary,theartifactsandsidelobesareeliminatedatthecostofarelativelypoor
resolutionduetoanincreasedgapbetweenthetransmitterandthereceiverarray.
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Figure 10: TR energy for source imaging (a) without metal, (b) with metal configuration 1, (c) with metal
configuration 2, (d) Comparison of different configurations (white line indicates metal reflector and black circle
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3.3. Disbond detection in composites

Finally, the experimental system is utilized with metal reflector and sample composed
of a simulated metal composite joint. The sample is composed of a Teflon (& = 2.1,
tan6=0.00028) square section of dimensions 150 mm x 150 mm and a thickness of 28 mm,
bonded to an aluminum sheet by Teflon screws and bolts[12]. The disbond is created by
machining a groove of dimensions 15 mm x 5 mm (A/2 x A1/6) at the metal dielectric
interface along the entire length of the sample. The sample with the groove invariant along
the z direction, closely resembles a 2-D metal-composite plane with a disbond, as shown
from the top view of Figure ?? (b). In order to perform the baseline subtraction, an identical
sample without a defect is used. As seen from the configuration in Fig. 11 (a), the sample is
placed inside the metal boundaries, while keeping both transmitter and receiver outside.
The schematic along with the exact dimensions used for obtaining the measurements is
shown in Fig.11 (b).

Measurements are taken with and without the presence of the metal reflectors. The
wide-band insertion loss S12 magnitude and phase data measured over the frequency range
with and without the metal reflectors at the fixed receiver position shown in Fig. 11

(b) for both samples with and without disbond are shown in Figs. 12 (a-d)
respectively.It is observed that the amplitude and phase for samples with and
without disbond consistently vary throughout the frequency range. The phase shift
for the sample with disbond

is slightly smaller compared to the sample without disbond. This is because the EM waves
\/

travel faster through the defect region due to higher phase velocity (v, = ¢/ &) and reaches

the receiver antenna faster in comparison to the sample with disbond, leading to the phase
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variation. Additionally, it is also observed that the differences in insertion loss between the
samples with and without disbond are higher with metal reflectors than in free space, due
to more information on the scattered fields in the reflector environment
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Figure 12: (a, b) S12 with no metal, (c, d) S12 with metal

as discussed before.

3.3.1.Experimentalresults

The time domain pulses are generated from the wide-band frequency domain data with
and without the metal reflectors. The defect contribution is obtained by subtracting the
signals from samples with and without disbond. The pulses are fed through the time
reversal algorithm for back-propagation in a healthy sample and the time reversed energy
is plotted in order to perform source localization. The time reversed energy without the
metal reflector is shown in Fig. 13 (a). It is observed that most of the energy is focused
around the defect location. However, the focal spot around the defect is stretched out both
in down range and cross range directions. In the absence of metal reflectors, most of the
fields scattered by the disbond are not detected by the receiver array, thus leading to weak
detection. Next, the metal reflectors are introduced according to Fig. 11 (b)). TR is

18



performed with the pulses obtained from the system. The time reversed energy with the
metal reflector is shown in Fig. 13 (b). The back-propagated energy is focused around the
defect location with an enhanced focusing around it. The focal spot around the defect is
much more spatially confined than without metal reflectors. The metal reflectors behave

like additional receivers that trap the field scattered from the defect
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Figure 13: TR energy for defect imaging (a) without metal, (b) with metal, (c) with metal configuration
2, (d) Comparison of cross range signal

that would have otherwise diverged away from the receiver array, thus virtually extending
the effective receiver array aperture and enhancing the imaging quality. The additional
field information can also be observed from the higher value of the energy peak in the
presence of the metal reflectors. A comparison of the cross range resolution can be
obtained by plotting the TR cross range signals, corresponding to the defect location, as
shown in Fig. 13 (c). It is observed that the focal spot is much more focused along the cross
range direction with the metal reflectors than without them. The FWHM of the cross range
signal is 5 cm and 10 cm with and without the metal reflectors, leading to a more accurate
prediction with the metal reflectors. Experimental results on more realistic disbond (~ 0.5
mm) in GFRP composites will be performed as part of future research.
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4., Conclusion

This research proposes a scheme for enhancing the resolution of microwave far field
imaging by implementing time reversal imaging to data collected in the presence of metal
reflectors. A mathematical analysis is performed to understand the effect of the metal
reflectors on the imaging quality. Numerical studies show the feasibility of the approach
for source focusing and defect detection. Parametric studies conducted with respect to the
metal reflector properties provide some guidelines for choosing geometrical parameters of
the test setup with metal reflectors. A frequency domain experimental setup based on a
time reversal cavity environment is developed for performing experiments involving
source localization and disbond detection in composites. Preliminary experimental results
validates the approach for enhancing the resolution microwave NDE applications. Initial
results demonstrate the efficiency of the methodology presented in this paper and lays the
foundation for a robust, high resolution microwave imaging system for NDE of composites.
Future work involves developing a 3-D back-propagation model that will be capable of
detecting volumetric defects such as impact damages and delaminations in composite
materials.
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