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Abstract— Microwave far-field imaging techniques are well
suited to image source, scatterers, and anomalies in dielec-
tric or composite materials. However, the diffraction limits
restrict the resolution of far-field imaging. This contribution
focuses on the feasibility of designing a metamaterial lens based
sensor for enhancing the resolution of microwave far-field imag-
ing. Metamaterials have been increasingly used in the past few
decades for the designing of novel microwave circuits and sensor
systems. The unique properties of metamterials offer several
advantages, such as sub-wavelength nature, compact design,
and super-resolution, which is not found in the conventional
materials. The feasibility of enhancing imaging resolution using a
metamaterial lens along with time reversal processing of far-field
microwave data is studied in this paper. Specifically, the super-
resolution capability of the lens for detection of sub wavelength
defects inside the composite materials is presented.

Index Terms— Metamaterials, microwave imaging, time rever-
sal, NDE, composites.

[. INTRODUCTION

-OMPOSITES are being increasingly used in several
C 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 during service [2]. These defects affect the overall structural
strength, performance and integrity and in the long run may
lead to catastrophic failure [3]. Thus, there is a need for a
reliable nondestructive evaluation (NDE) sensor system that
can be utilized to rapidly inspect large areas of composites,

and accurately detect potential anomalies [4].

Currently ultrasonics, eddy current, X-ray, infrared ther-
mography and optical imaging are some of the most widely
investigated industrial NDE techniques [5], [6]. This paper
presents a microwave NDE system for lowloss and lossless
dielectric materials [7]. Since electromagnetic waves can pen-
etrate such materials, the scattered fields can be utilized to
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evaluate the 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 (SOFI) of space shuttles, disbond
detection in CFRP strengthened cement based structures [8].

Microwave far field imaging techniques are particularly
suited to image source, scatterers and anomalies in dielectric
materials [9]. Microwave time reversal is a source focusing
method which can be utilized to image defects that act as
secondary sources in composite materials [10]. Electromag-
netic 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 [11].
Introduced by Mathias Fink in 1992 for lithotripsy applica-
tions [12], TR was extended to electromagnetic waves by
Lerosey et al. [13]. Electromagnetic TR is now used widely in
radar detection, breast tumor imaging and wireless charging
applications [14], [15]. 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 [16]. Previous
far field TR simulation and experimental studies have demon-
strated diffraction limited imaging resolution [17]. Objects
smaller than the operating wavelength are not detectable
in the far field microwave data. While near field imaging
techniques provide much higher resolution, the scanning time
for large areas can be very high [18]. This paper proposes
the use of metamaterials, which can provide higher resolution
using far field microwave measurements. Recent work has
demonstrated the application of utilizing a metamaterial lens
to increase the sensitivity of microwave NDE techniques for
detecting subwavelength size defects, in isotropic dielectric
materials [19], [20].

Prior experimental results have demonstrated the ability of
a metamaterial lens with a relative refractive index of —1,
to form images that overcome diffraction limits [21]. This
research proposes the inclusion of a metamaterial lens in
conjunction with a microwave sensor system in a far field
microwave setup, coupled with the TR algorithm for enhanced
resolution of imaging. Fig. 1 shows an overview of a far field
microwave sensor system for imaging applications. A conven-
tional system involves a narrow band antenna to receive the
scattered fields and an iterative tomographic imaging algo-
rithm in order to achieve diffraction limited resolution. The
proposed approach involves a wide band antenna coupled with
a metamaterial lens and a non-iterative time reversal imaging
algorithm in order to achieve rapid, sub-wavelength inspection
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Fig. 1. Modules of a far field microwave sensor system.

of composite materials. While the authors have previously
developed the antenna system [22] and the time reversal
algorithm [10], the significance of the metamaterial lens has
been investigated in this paper. The addition of the lens in
the overall sensor system provides significant benefits such
as improved focusing, rapid inspection and super-resolution.
Simulation studies demonstrate the capability of the lens for
focusing fields inside the composite material. Initial results
using the lens, coupled with the TR imaging algorithm illus-
trate the superior focusing, detection and imaging resolution
with far field microwave data. The paper is organized as
follows. Sections 2 and 3 describe the conventional microwave
imaging setup and experimental results using a passive TR
algorithm to detect defects in composites. The limitations of
the system in terms of resolution are presented. Sections 4 and
5 discuss the physics, numerical modeling and simulation
studies of metamaterials. Section 6 couples microwave TR
with the metamaterial lens and presents simulation results. The
superior imaging quality and better resolution obtained with
the metamaterial lens for detection of source, dielectric targets
and closely spaced sub-wavelength defects inside composites
demonstrate the benefits of the proposed approach using
metamaterial lens in microwave NDE.

II. PRINCIPLES OF TIME REVERSAL IMAGING

TR is a consequence of the wave reciprocity property. The
scalar wave equation in a lossless medium is given by [23]

2()62
’ nczr 57 O(r, 1)=0. )

Since the above electromagnetic wave equation is time-
symmetric, the above equation yields a diverging, causal
solution ¢(r, ¢) and a converging, anti-causal solution @(r ¢).
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
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Fig. 2. Pulsed time domain experimental setup.

at the source location. This process can be modified for NDE
applications in order to image defects in dielectric materials,
as outlined below [24].

1) an ultra-wide band pulse is transmitted from a antenna
to the region of the sample;

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

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

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

The wave propagation phenomenon is numerically modeled
for a two-dimensional TMz mode excitation by discretization
of Maxwell’s equations using the finite difference time domain
technique, 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: @x = @y =A/10, @ @2cwhere
©x, & and @ are the FDTD cell sizes and fe steps
respectively [25]. A time integrated energy localization
method is utilized to obtain the focused TR energy and used
as a measure of the imaging quality. 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 [10]. These
parameters are used for conducting passive TR experiments
to image defects in composite materials.

III. PROBLEM STATEMENT

The experimental results demonstrated in this section illus-
trate the limitations and issues of a conventional far field
microwave imaging system. A microwave far field, bi-static,
pulsed time domain experimental system is utilized to perform
TR imaging for detecting defects in composite materials. The
experimental setup is shown in Fig. 2. Two H-1498 horn
antennas with a bandwidth from 2-18 GHz are chosen as
the transmitting and receiving antennas. The antennas are
mounted on a reflectivity arch-range, with the transmitter
position stationary and the receiver is moved by 2° over an
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Fig. 3. Conventional TR imaging results (a) GFRP sample with defects (Red
line shows healthy region), (b) Measured TR energy, (c) Cross range signal
detects D1 and D2.

angular coverage of 40° in order to mimic an antenna array
system. A pulse generator produces a 45 ps input pulse, which
is fed to the transmitting antenna. The sample is placed in
far field at a distance of 3.5 m away from the antennas.
A digital sampling oscilloscope is used to measure the received
back-scattered fields from the test sample and an equivalent
healthy sample. The experimental system is explained in detail
in [17]. The received fields from healthy and test samples are
subtracted to obtain the perturbation signal which are back-
propagated using the 2D TR numerical model.

The model based TR system is initially validated for imag-
ing well defined defects in calibration and prototype samples.
Next, the system is used for inspection of glass fiber reinforced
polymer (GFRP) composite samples, fabricated at the MSU
Composite Vehicle Research Center. A vacuum assisted resin
infusion technique was used to manufacture the samples with
S2-glass plain weave fabric (fibers woven at 0 and 90°). The
composite sample (Fig. 12(a)) is a sixteen layer cured laminate
with a thickness of 9 mm. 3 holes of radius 4 mm (D1), 2 mm
(D2), and 1 mm (D3), separated from each other by an inch
were drilled, as shown in Fig. 3 (a). The perturbation signals
were measured, reversed in time and back-propagated in the
numerical model. As shown in Fig. 3 (b), the integrated energy
image is capable of detecting the two bigger defects (D1 and
D2), but D3 is not detected. This is due to the fact that the
far field microwave data is limited by the classical diffraction
theory, thus producing a focal spot of the order of the operating
wavelength [23]. The cross range signal shown in Fig. 3 (c)
indicates strong detection of the 4 mm radius hole, a relatively
weak detection of the 2 mm radius hole and no detection of the
1 mm radius hole, since the time reversed wave focuses back

with an amplitude proportional to the scattering cross sectional
area of the defects. While there are several types of practical

defects in composites such as disbonds and fiber delaminations
that are smaller than 1 mm, the current experimental setup
is limited to imaging defects of size more than 4 mm (A/4).
A potential solution for this issue is offered by metamaterials,
which are discussed in the following sections.

IV. METAMATERIALS

Metamaterials are artifical materials designed using periodic
structures to create a desired macroscopic behavior such as
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negative index of refraction. Due to their unique properties,
research on metamaterials has increased in terms of both the-
ory and applications. The simultaneous negative permittivity
and permeability of the metamaterial results in a negative
refractive index. The refractive index of metamaterials is given
by [26]

n=—"Tz. )

Maxwell’s curl equations for a monochromatic plane wave in
k-space is given by:
kX H

WeE; kX E = WyH. 3)

¢ c
It can be clearly seen that E,H and k form a left handed triplet
of vectors for LHMs (in contrary to a right handed triplet
for conventional materials), which result in the phase velocity
being anti-parallel to the group velocity. The energy flux
carried by the wave is determined by the Poynting vector S,
given by

s “E_n o

Thus, the vector S always forms a right handed set with the
vectors E and H. Accordingly in right handed substances,
S and k are in the same direction. In left handed substances,
S and k are in the opposite direction. Since k is associated with
phase velocities, we can observe that the phase velocity and
group velocity are in opposite directions in LHM. The phase
velocity is opposite in direction to the energy flux, leading to
several phenomenon such as reversed Doppler and reversed
Vavilov-Cerenkov effects [27], [28].

The negative refractive index of metamaterials can be uti-
lized in the design of a planar lens that can achieve perfect
focusing, thus focusing the radiation from a point source
located at a distance d¢; from the plate [21]. The lens can
achieve resolution beyond the diffraction limit. Additionally,
the evanescent fields that are not transmitted in a conventional
lens can be recovered in a metamaterial region due to its
negative refractive index [29]. This can be mathematically
understood by defining a wave propagating along +z direction
described by a superposition of elementary plane waves of the

type:

E(x,p,z;1) = Ake, ky)e/ Bexthothz=wi) =5y
kx,ky

where k. = 2— k% — k2 is real, leading to propagating

waves, when ‘“—> (K* + ,?). However, k is imaginary,

when “L < (k2 lq-z) Jleading to the high angular frequency
evanescent waves. In a conventional lens, the evanescent
wave amplitude decays exponentially along z axis from the
source location, giving a highest resolution of ks 2T/A.
However, in order to transport energy Mlve y
axis in a metamaterial region, k: = — % > k2, 2., The
evanescent fields (small scale features) are amphﬁed in the
metamaterial region. Thus they can be recovered, enhanced
and transmitted, leading to super-resolution. Thus, while the
resolution of a conventional lens based on materials with
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positive refractive index and curved surfaces is limited by
the operating wavelength, the super resolution property of
the metamaterial lens can transcend diffraction limits and is
capable of sub-wavelength resolution with increased overall
sensitivity.

In 1967, Veselago [26] formulated the negative refrac-
tion capability of metamaterials mathematically by match-
ing boundary conditions for E and H fields. Over the
past 2 decades, a lot of research has been focused in
the physical design of a metamaterial lens [30]-[32]. The
research conducted in the following sections involve simu-
lations that consider homogenization of metamaterials based
on Veselago’s ideas. In other words, the simulation studies are
conducted considering the metamaterial region as a homoge-
neous medium with equivalent permeability and permittivity
expressions.

A. Electromagnetic Properties of the Metamaterial

Metamaterials are characterized by a double negative
(DNG) layer can be described using electromagnetic plasma
equations. The ideal dielectric response of a plasma is given
by

w2
e—e(l %), (6)
w
which takes negative values for w < Wy, where Wy is the
8?%11( ilectric lasma frequency. The ideal magnetic response

plasma 1s given by
N
H=u (1 —2) M
w

which takes negative values for W < Wy, , where W, is the
peak magnetic plasma frequency. Tuning these parameters, it is
possible to attain a valueof € = — 1 and y = —1 atleast
at a single frequency. The frequency dispersive electric and
magnetic properties of a lossy Drude model characterizing the
DNG layer can thus be expressed as [33]

wh
fw) =g 1+ 57—
W,, — w* + jT.w
2
w
plw) = 1+ : ®)

2

worn - w2 +ijw

where & and y are the free space permittivity and permeabil-

ity, Woe, Wy A€ the frequency edge of electric and magnetic

plasma and 7., 7, refer to electric and magnetic losses due to

the electric and magnetic collision. It can be easily found out
i < < W < Whe

Sromhe ghgrg cquations that £, < Opxhendles: e Wt e

om pm

the parameter values of Wy, = Wpe = 20 GHz, Won = Woe =

4 GHzand 1. = 7,, = 0 to be used in later simulations, are

shown in Fig. 4.

B. Numerical Modeling of the DNG Layer

As mentioned in Section II, FDTD is used for numerical
modeling of Maxwell’s equations. Using the frequency dis-
persive electromagnetic properties shown in (8), the electric
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Fig. 4. (a) Refractive index of a DNG medium, (b) zoomed in plot shows
n = —1 and zero crossover point.

constitutive relationship can be modified in the presence of
the DNG layer as follows:

D(w) = & E(w) + P(w),

£ w2
Pl = o )
We— w? + jT.w

where E(w), D(w) and P(w) are the electric field, dis-
placement current and polarization density of the medium
respectively. Since the fields are modeled in time domain,
the frequency dependent terms of (9) need to be converted
to equivalent terms in time domain. The auxiliary differential
equation (ADE) method uses inverse Fourier Transform to
convert frequency domain equations into corresponding time
domain difference equations, given by

)

(Pn _ Pn—Z)
JwP(w) — 2—éf_1’ |
Guppw) — =20 P,
P(w) — P! (10)

Using the above relations in (9) along with the central dif-
ference approximation method, the fields are updated by time
marching algorithm as follows:

2 el (Pn _ 2Pn—1 + Pn—Z) (Pn _ Pn—2)
woeP + 0t2 — T 20[
— qw En (1)

Arranging like terms the final updating equation for P(w),
with the fields updated recursively by FDTD is given by

2 Te 1
pr = o~ W piiy, 267 % pi2
ﬁfa 127 ?Tﬁ li
“’12750 n—1
T N )
20t T @12

In a similar fashion, the magnetic fields inside a DNG
layer can be solved by recursively updating the magnetic
polarization density, with the fields updated recursively by
FDTD. A simple 2D FDTD scheme was used to solve for
electromagnetic fields in the Double Positive Region (DPS).

In order to understand and validate the wave propagation
in the presence of the metamaterial slab, wave propagation
simulations are conducted in a DPS-DNG-DPS medium with
the schematic and spatial dimensions shown in Fig. 5 (a).
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(a) simulation schematic, (b)

ny

Fig. 6. Ray diagram of metamaterial lens in free space.

10 cells are chosen for the convolution perfectly matched layer
(CPML) boundaries, with a 25 cell thick DNG slab (cells 45 to
70) inserted between the DPS regions. An input sinusoidal
pulse with central frequency fo = 14.7 GHz was chosen with
n = —1. Fig. 5 (b) shows the electric field snapshot at T =300
of the electromagnetic wave. The waves undergo a phase
reversal of 180° at the first DPS-DNG interface and another
phase reversal of 180° at the second DPS-DNG interface.
Thus Fig. 5 (b) shows negative phase velocity (backward
propagation) in the DNG region and positive phase velocity
(forward propagation) in the DPS region, as expected in a
typical metamaterial behavior.

V. FOCUSING OF FIELDS USING THE LENS

The DNG layer can be utilized in the design of a metama-
terial lens with perfect refocusing capabilities.

A. Focusing of the Lens in Free Space

It can be shown in Fig. 6 that the radiation from a point
source located at a distance (d;) from the lens can focus
at a point (d2) in free space. If the thickness (t) of the
DNG layer is appropriately chosen, the electromagnetic fields
are refracted in the DPS-DNG interfaces such that the field
focuses once inside the lens and once outside the lens. The
lens thickness t can be chosen according to the following
relationship, d) ¢ ¢ and the corresponding ray diagram
shown in Fig. 6. This relationship can be derived from the ray
diagram as follows:

hml = dltanel;
hmy = drtan6s;

hp = tltanez;

hmz = trtan6s; (13)
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Fig. 7. Focusing of the metamaterial lens in free space: (a) d1 = 3.5 Ao;
dr = 4.4 Ao t = 8A¢, (b) d1 = 2.4 Ao; d2 = 5.5 Ao; t = 8Ao.
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Fig. 8. Focusing nature of the metamaterial lens in composites: (a) Focused
wave with lens, (b) Near plane wave without lens.

where all the parameters /1, o, t1, t2 are defined in the ray
diagram. Combining the above equations, we obtain

di = titanB,cotb, d; = Ktanbrcothy;
d+ dr = (tl + tz)tan92c0t91. (14)
From Snell’s law we obtain a relationship between 6; and 6,.
sinB; = |n»|sind;, (15)

where n, is the refractive index of the metamaterial lens.
Combining (14) and (15), the relationship between di, d> and
t is obtained.

P cosB;
—t
(16}7% — sin?6, )
It can be observed that for a perfect metamaterial lens (n> =
—1),(16) is reduced to dy dayt. =

FDTD simulations are conducted with the sinusoidal exci-
tation source in order to validate the focusing property of the
lens with the chosen parameters & 3.5 Ay and £ 8A¢. The
electric fields shown in Fig. 7 (a), shows the first focal spot
inside the lens and the second focal spot outside the lens, with
dr» =4.4 Ao, which satisfies the perfect focusing condition.
It can be observed from (16), that keeping the thickness of
the lens constant, varying d; produces the second focal spots
at different d> position. When d; is 2.5 Ao, d» is found out to
be 5.4 A, as seen in Fig. 7 (b).

d+

B. Focusing in Presence of a Composite

The simulations described above show that the lens has
perfect focusing capabilities in free space. This section studies
its focusing capability in presence of a composite sample.

FDTD simulations are conducted with the sinusoidal exci-
tation source at 14.7 GHz in the presence of the lens and a
composite sample with & = 4. The simulation parameters
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Fig. 9. Focusing resolution of the lens (a) free space, (b) composite.

are as follows di =3.5Ap, d', 35 Ao and t=8Ap. The
dimension of the composite is 4A¢x 8A¢. In the presence
of the lens, the waves focus once inside the lens, refract at
the composite interface and later focus in a region inside
the composite, as seen in Fig. 8(a). Fig. 8(b) shows that
in the absence of the lens, near plane waves are incident
on the composite, which limits the imaging resolution.

1) Resolution of Focal Spot: The focal spot of the metama-
terial lens in the presence of the composite needs to be studied
in order to assess the imaging resolution of the lens. The
focusing resolution is determined from the integrated energy
of the focused wave on the composite and is plotted in Fig. 9.
In the absence of the composite sample, there is no additional
refraction and all rays combine at the same point, leading to
an ideal focal spot with near equal cross and down range
resolutions, as shown in Fig. 9 (a). In the presence of the
composite, the rays constituting the EM wave are refracted at
different angles at the air-composite interface. Thus although
all the rays focus at the same cross range location, they are
focused at different down-range depth regions of the composite
sample. From Fig. 9 (b), it can be clearly seen that the wave
is localized well along the cross range, but poorly localized

algenSitloNaIranss g AGP the poak AP ka-tanse HFRliin

detect and resolve than along the cross range.

2) Location of Focal Spot Inside the Sample: The ray
diagrams through the lens in free space and the presence

of a composite half space are shown in Fig. 10. The ray
undergoes an additional refraction at the composite interface in
accordance with Snell’s law. Since the wave velocity inside the
composite is slower than free space, scaled by the composite’s
lative dlele tric constant, the w ve is focused at a distance
a('sl ? om the ens 1nsteac]n of d> ( f) e ray dlagrams
can be utilized to determine the location of the second focus
of fields inside the composite sample. From the simple ray
diagrams in Fig. 10 and application of Snell’s law, we have,

dy=dy + dn; d Fdn + dzlz. (17)

Using Snell’s law of refraction at the air-composite interface
for Fig. 10 (a), we obtain

sin@,  m3

= 7. (18)

sin 93 ny
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Fig. 10.  Ray diagram of metamaterial lens in the presence of (a) air,
(b) composite half space.

Additionally using simple trigonometric identities from
Fig. 10, we obtain
ho/2 ho/2

— =tan6;, —— =tan 6.
22 dxn

(19)

Combining the above two equations, we obtain
dz]2 tan 6
dn = tan s

From (20) and (17), dlﬁan be calculated as

(20)

d212 = d tan Bicot 6; (21)

Combining (18) and (21), we get the analytical expression of
d}and determine the exact focusing spot in terms of da, &
and 6, as follows:

& — sin? 6,
cos 6
= dy», wheng = 1,

dy, = d» (22)

It is observed from (22) that d'

leading to a focal point at d in free space. However, since
the wave consists of a bundle of rays incident atdifferent
angles, ) depends on the radiation pattern and beamwidth
of the antenna that is used as the source. Thus finding the
exact focusing distance is non trivial from (22). Using a
small angle approximation and combination of (18) and (20),
the relationship between d»; and d' cap, be approximated
simply in terms of & as follows,

dl _
2 _ */sr. (23)
dr

The derived expression is compared with numerical FDTD
simulations in order to determine the approximation error. For
a dielectric sample of &= 4 (4§ =2 d»), Fig. 11 shows

800 CAIRSEIS 035 R e e 1 S oM st P Fesnits

€ error
an important yet simple approximate relationship between
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Fig. 12. Schematic of test geometry: (a) source, (b) target.
dr and d) . If the bulk dielectric constant of the sample to
be inspected can be extracted from a material characterization
technique, (23) can be utilized to determine an approximate
location where the field will be focused in the sample.

VI. TIME REVERSAL WITH METAMATERIAL LENS

The previous section demonstrates the capability of the
metamaterial sensor for focusing in free space as well as in
composites. Next, the metamaterial lens is coupled with the
far field TR imaging algorithm, for achieving high resolution
imaging. TR back-propagation simulations based on a trans-
mission mode setup are conducted for detecting the excitation
source, sub-wavelength targets and defects embedded inside a
composite. The input pulse s(t) is a modulated Gaussian pulse
of pulse width 73 ps, corresponding to a 12 GHz bandwidth
having a modulating frequency fo = 14.7 GHz,

2

_ (i=19).
s(t) = e~ 202 cos(21fot), (24)

where the Gaussian pulse is centered at # and 0 determines
the pulse width.

A. Source Detection in Air

Simulations are conducted to image a source in transmission
mode with and without the metamaterial lens. The metamate-
rial lens is placed between the source and the receiver array,
as shown in Fig. 12 (a). The electric fields are measured by the
receiver array, time reversed and back-propagated numerically.
The time reversed energy images with and without the lens are
shown in Figs. 13 (a, b). It is observed that the TR energy is
much more focused in cross and down range directions in
the presence of the lens. The evanescent field amplification
and perfect focusing condition of the lens is responsible for
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Fig. 14. TR with metamaterial lens shows enhancement of microwave imag-
ing for sub-wavelength target imaging, (a) TR energy without metamaterial
lens, (b) TR energy with lens.

the superior resolution of the image. Although a focal spot
is detected in the lens and additional artifacts are observed at
the lens interface, they are relatively far away from the source
position and to affect the imaging resolution of the lens.

B. Target Detection in Air

Next the capability of the metamaterial lens for detecting
sub-wavelength targets is demonstrated. A sub-wavelength
square target of size 2 mm (Ay/10) and relative dielectric
constant of 4 is placed with and without the lens as shown
in Fig. 12 (b). The electric fields are measured by the receiver
array in the presence and absence of the target and subtracted
in order to calculate the perturbation fields. The perturbation
signals are time reversed and back-propagated numerically in
the model. The time reversed energy with and without the
lens is shown in Figs. 14 (a, b). It can be clearly observed
that while the TR energy is efficiently localized on the small
target with the lens, there is hardly any focusing in its absence.
Although additional artifacts are observed at the lens interface
with focal spots within the lens and source position, they
are relatively far away from the dielectric target region and
does not affect the imaging resolution. The cross range signal
(Fig. 15) shows the superior focusing and sub-wavelength
target detection capability of the imaging system.

C. Defect Detection in Composites

Next, the lens is used for detecting closely spaced sub-
surface, sub-wavelength defects inside a composite slab. Sev-
eral cases involving multiple defects closely separated in the
cross range and down range directions are studied. The spatial
dimensions of the metamaterial lens used for simulations are

16 cm X 6 cm (8Ag X 3Ao).
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Fig. 16. TR with metamaterial lens shows enhancement of microwave
imaging for sub-wavelength cross range separated sub-wavelength defects in
a composite slab, (a) Schematic of test geometry, (b) TR energy comparison.

1) Cross Range Separated Defects: A GFRP slab of dimen-
sions 6 cmxS mm (3A03d0/4) is placed between the metama-
terial lens and the receiver array, as shown in Fig. 16(a). Two
sub-wavelength square air voids (D1 and D2) of size 2 mm
(A/10) are placed in the middle of the sample, separated
in cross range by a distance of 2 mm (Ay/10), as shown in
Fig. 16(a). TR simulations are conducted for this configuration
with and without the lens. Similar to the process mentioned
in Section II, the perturbation field is extracted from signals
corresponding to reference and test samples, time reversed and
back-propagated in the numerical model. Important parameters
t, di and d» are chosen such that the lens focuses fields
on the defect plane. It is also worth mentioning that source
location and consequently the focal spot in the composite
is closer to defect 1. The time reversed normalized cross
range signal comparison with and without the lens is shown
in Fig. 16 (b). Without the lens, the TR energy image is
unable to resolve the closely spaced defects and produces an
image of a single extended defect. However, in the presence
of the metamaterial lens, the TR energy is able to resolve both
DI and D2 efficiently. Since the source location is closer to
D1 as mentioned before, the focal spot in the composite is
closer to D1 and thus more electromagnetic energy interacts
with D1 than D2. Thus, although both defects are of same
size, higher TR energy is focused on D1.

The focusing spot inside the composite can be shifted in the
horizontal plane by translating the source. In order to under-
stand this effect, the source is moved to 6 different positions
as shown in Fig. 17(a) and the corresponding normalized TR
energy results are displayed in Fig. 17(b). From Fig. 17 (b),
it is clearly observed that the back-propagated TR energy
image of a defect reduces as the focal spot shifts further away
from the defect. At position 4, minimum energy is focused on
defect 2, as it is farthest from the source and is thus exposed to
relatively lower electromagnetic fields. Similarly, at position 6,

4969

Defect 1 Defect 2
o [Composps == T T— 1
3o RTE T e T
@ [ ' @
X BeE=r
o ' P 4t ' ' & Ans ; Postion
s * I Jos !
%2“"""”":""‘“"‘"“"'-" N .
a ' B i ' . = :
1 & 93'01 & : nh“ - »
' R ' '
02 015 D1 005 0 005 01
7
2L C?bsa Ragge (A) 9 4 Sample x (m)
(a) (h)

Fig. 17. TR with metamaterial lens shows enhancement of microwave
imaging for sub-wavelength cross range separated sub-wavelength defects in
a composite slab, (a) Schematic of test geometry, (b) TR energy comparison.
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Fig. 18. TR with metamaterial lens shows enhancement of microwave
imaging for a sub-wavelength defects in a composite slab for different source
positions, (a) Schematic of test geometry, (b) TR energy comparison.

minimum energy is focused at defect 1, as it is farthest from
the source. The implication of this results is that one can focus
the energy to any desired location in the composite to obtain
a high resolution image of the composite sample.

A far field experiment with TR processing was performed
previously for detecting 3 drilled holes in a GFRP sample
(shown in Fig. 18 (a)). Finally, we consider a similar sample
discussed in Section III with three defects (D1, D2 and D3) of
dimensions 1 cmx4 mm (A2 %o/5), 4 mm  4ymm (Ay/5 %
A/5) and 2 mm x 4 mm (A/10 x A¢/S), separated in cross
range by a distance of 4 mm (A¢/5), as shown in Fig. 18(a). TR
simulation results with and without the metamaterial lens are
shown in Fig. 18 (b). Without the metamaterial lens, the TR
energy is able to clearly detect D1 and weakly detects D2, but
D3 is undetected. However in the presence of themetamaterial
lens, the TR energy is able to clearly detect all three defects
with the strongest indication of D1 followed by D2 and D3 due
to its super resolution capabilities. The results indicate that if
a physical metamaterial lens is utilized, the resolution of far
field microwave imaging can be enhanced.

2) Down Range Separated Defects: As described earlier,
the focal spot of the lens is sharp in the cross range, but
diffuse in the down range, making it harder to detect and image
defects in the down range direction. The previous section
demonstrated how the focal spot can be moved horizontally
in the sample by moving the source. This section describes
how the focal spot can be moved in the vertical direction
by moving the source in the vertical direction relative to
the sample. In order to understand this effect, the source is
moved to 3 different positions, indicated by A,B,C as shown
in Fig. 19(a). Line scans across the TR energy image obtained
for the different positions are presented in Fig. 19(b). From
Fig. 19 (b), it is clearly observed that the back-propagated TR
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Fig. 19. TR with metamaterial lens shows enhancement of microwave
imaging for sub-wavelength cross range separated sub-wavelength defects in
a composite slab, (a) Schematic of test geometry, (b) TR energy comparison.
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Fig. 20. TR with metamaterial lens shows enhancement of microwave
imaging for sub-wavelength down range separated sub-wavelength defects in
a composite slab, (a) Schematic of test geometry, (b) TR energy comparison.

energy at the defect reduces as the focal spot shifts down from
the defect. Additionally, it is observed that the field amplitude
with the lens (1.4 x 10714V/m) is approximately 28 times
larger than that obtained without the lens (5x 10~'%V/m).
Thus the lens adds sensitivity and focusing property in the
down range direction.

In order to determine the minimum separation between
2 defects placed in the down range, TR simulations are con-
ducted for varying separation distances as shown in Fig. 20(a)
and the corresponding results are displayed in Fig. 20(b).
While the minimum detectable cross range separation between
defects for detection is noted to be A¢/10, the minimum
detectable down range separation for detection between defects
is estimated to be Ao/3.

The above results demonstrate that a metamaterial lens can
be used in conjunction with TR to improve the microwave
imaging resolution. Better detection of sub-wavelength targets
and higher resolution with superior focusing is achieved using
the lens. Simulation results also indicate much more improve-
ment in cross range resolution £ A¢/10) than the down range
resolution.

VII. CONCLUSION

A metamaterial lens based sensor system is proposed for
enhancement of microwave imaging for NDE of composites.
Model based time reversal imaging experiments are performed
in order to image practical defects in GFRP samples. The
far field system limits the imaging resolution and paves the
way for the design of a metamaterial lens. Theoretical and
simulation studies demonstrate ability of a DNG layer to
function as a lens to achieve focusing in free space and
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in the presence of composites. Finally, the lens is used in
conjunction with TR for detecting source, sub-wavelength
targets and closely spaced sub-surface, sub-wavelength defects
in composite materials. Future work in this research involves
several tasks. The analytical expressions for the spread of the
focusing spot needs to be derived in order to model focusing
resolution and shift in a lossy, imperfect metamaterial lens.
Although TR is successfully combined with the lens, all the
simulations are performed in transmission mode. In several
practical inspections, there is only single side access. Hence
the performance of the metamaterial lens for NDE applications
needs be reevaluated in reflection mode. Another task involves
optimizing the operating frequency, shape and electromagnetic
properties of the lens in order to improve its down-range
resolution.
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