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Abstract—The imaging method when a lossy layer (e.g., a defected
metallic slab or a plasma layer) is present between the target and the
sensor is demonstrated using the concept of active left-handed material
(LHM). The effect of the lossy layer to the reflection coefficients
measured by the receiver can be cancelled by imaginatively adding an
active LHM layer, which has a same thickness as the lossy layer but an
opposite sign of the constitutive parameters. Therefore, the updated
reflection coefficients obtained after this data process look like the lossy
layer has been removed, which leads to a significant improvement of
the target imaging. When the lossy layer is inhomogeneous due to
the existence of small defects, we use a homogenization procedure
based on the Drude model to characterize its effective constitutive
parameters. Our simulation examples shows the effectiveness of the
proposed method.

1. INTRODUCTION

Using microwave signals to “see” through obstacles such as walls,
doors, and other visually opaque materials is always an interesting
and challenging topic [1-5], which offers powerful tools for a
variety of applications in both military and commercial paradigms,
such as rescue radar operation [1,2], underground detection [4],
Surveillance /navigation [5], etc. Through-the-wall imaging can tell
what is happening or locate persons/assets on the other side of a wall,
behind bushes, in the dark, in a tunnel or a cave, or through a dense fog.
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It is seen that most “walls” are fairly transparent to radar frequencies,
making the imaging through the wall to be possible. The material of
the wall is very important to image quality. Usually they are limited
to thin non-absorbing and non-metallic material in order to achieve a
good image quality [1,2]. When the obstacle becomes extraordinarily
absorbing and lossy, or even possesses metallic-like property, it becomes
increasingly difficult to see the target behind the “wall”.

In this present paper, we proposed a method to find the tiny
target information from the raw measured data that recorded by the
receiver. The case we investigated is that the object is behind a wall
with large losses. The method utilizes the concept of left-handed
material (LHM), which has simultaneously negative permittivity and
permeability over a certain range of frequencies and thus can act as
a phase compensator/conjugator. LHM has not only been plentifully
realized and experimentally confirmed [6, 7] but also has opened many
new possibilities in different applications [8-13]. In this method, an
active LHM layer with the same thickness as the lossy obstacle layer
is imaginatively inserted. The constitutive parameters (including both
the real and imaginary parts) of the LHMs are exactly opposite to
those of the lossy obstacle layer. Since the LHM layer can compensate
the path where the electromagnetic wave goes through the obstacle
layer, the effect of the lossy obstacle layer to the reflection coefficients
measured by the receiver can be cancelled. Therefore, the retrieved
reflection coefficients of the object looks like the lossy obstacle layer
has been removed, leading to significant improvement of the object
imaging.

In general, the proposed imaging procedure can be described as
follows: Firstly, we need to know the information of the lossy layer
(or lossy “wall”) including the thickness and the material property
(permittivity and permeability). These information actually can be
obtained in reality beforehand, for example, when we want to detect
whether there are any cars or trucks below a forest, we can get the
effective parameters of the forest beforehand. If the lossy layer is
inhomogeneous, we also need to obtain its effective electromagnetic
parameters by using a homogenization procedure. Secondly, by
supposititiously adding an active LHM layer, we reconstruct the
reflection coefficient without the effect of the lossy layer. Finally, the
information of the target can be obtained by using the reconstructed
reflection coefficient. The main challenge in this method is that in
the real world the lossy layer is usually not homogeneous. There may
be all sorts of defects in it, which is equivalent to the case that the
raw data measured by the receiver contains noise. However, in most
of the cases, the sizes of the defects, for example, narrow and short
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slots, bubbles with small radius, tiny cracks, and so on, are usually
very small compared with the operating wavelength. Therefore, it is
possible to homogenize them with effective constitutive parameters.
The paper is organized as follows: In Section 2 we give a detailed
description of the methodology on how we reconstruct the reflection
coefficient of the target. Transmission line theory (TLT) is applied
for one-dimensional (1-D) imaging. In Section 3, two typical kinds of
defects are investigated and the suitable homogenization models are
presented. In Section 4, we apply the methodology to reconstruct the
reflected information of the target through different type of defects. We
show significant improvement of the imaging quality can be achieved.

2. METHODOLOGY

We investigate a specific one-dimensional (1-D) case, in which the
obstacle (lossy “wall”) might be plasma medium or thin metal.
Without loss of generality, the frequency band is set to be 0~600 GHz,
with the center frequency f. = 300 GHz corresponding to a wavelength
of A\ = 1mm. The thickness of the lossy “wall” is 0.1 mm (\./10).
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Figure 1. Transmission line theory for 1-D layered medium.

We use the transmission line theory to study the 1-D imaging
problem. The well-known transmission line theory [14] is an efficient
tool to solve the 1-D problem. As shown in Fig. 1, two layers are
arranged along the wave propagating direction which is normal to the
layers surfaces. According to the TLT, the ratio of F and H (input
impedance) at any position only depends on the material parameters
behind. Hence, we can treat the entire thing behind the layer that we
are interested as a black box. For example, we treat Region 3 (z > dp)
in Fig. 1 as a black box, then we can obtain £ and H fields at d;
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surface from the F and H field at dy surface by,

E(di) | cos(kd) —iZ sin(kd) E(dp) 1)
H(dy) | | —iY sin(kd) cos(kd) H(dy)

where k = w,/en is the wave vector, Z = /u/e (for TE wave) is the
characteristic impedance, Y = 1/Z, and d is the thickness of the layer
inside Region 2 (d; < x < dp). After that the generalized impedance
and reflection coeflicient at d; surface can both be calculated.

Similarly, if Region 1 (marked in gray in Fig. 1) is an LHM layer,
Eq. (1) becomes the following form:

B0 | [ oot izemea | [ B )

where k has the same wave number, and d is also the thickness of
Region 1 (dy < < di). The matrix in Eq. (2) is in fact the inverse
matrix of the one in Eq. (1), we call it inverted matrix in this paper,
then we get exactly the identical field at ds surface as at dg surface,
meaning E(do) = E(dg), H(do) = H(dg)

Furthermore, our idea of reconstructing the reflection coefficient
without obstacle is illustrated in Fig. 1. In the real imaging, what
we can get is usually the reflection coefficient at d; surface, where
Region 2 (d; < x < dp) is the really existent obstacle, but Region 1
(d2 < & < dj) is added imaginarily. The purpose of inserting one more
layer is to cancel the effect of the obstacle slab (Region 2) and make
it seems to disappear in the light of electromagnetic waves. Therefore,
the supposititious layer (Region 1) should be an active LHM layer with
exactly opposite signs of permittivity and permeability (including both
real part and imaginary part) of Region 2 and with the same thickness
as Region 2. In this way, Region 1 and Region 2 as a whole disappears
when viewed externally; it is like this volume of space (d2 < x < dp)
is stolen and the two interface of x = dy and = = do overlap, which
means the two surfaces have identical electrical and magnetic fields.
Once we know the electric and magnetic fields at =z = dy, we can get
the reflection coefficient at x = dy as follows:

Z(do) — Zo ci2kod

R(x=dy) = 7Z(do) 7

where

_ [ho _ cos(kd)Z(dy) +iZ sin(kd) B
2=y (do) = 75 sin(kd)Zl(dl) + cos(kd)’ Z(d) H(dy) )
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Therefore, the reconstructed reflection coefficient, R (x = d;), contains
only the reflection information of the target which was treated as the
black box. Hence, with the full frequency band retrieved reflection
coefficient,the information of the object, e.g., the distance, can be
inversely obtained.
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Figure 2. The procedure of modelling lossy layers when there are
defects.

3. HOMOGENIZATION OF THE LOSSY LAYER WITH
DEFECTS

The main challenge in the reality is that the lossy layer is
inhomogeneous, which is usually exist in the real life, for example,
cauterization, abrasion, scratch, perforation, and so on. These natural
phenomena bring the obstacle layer various defects, which makes the
imaging of the object a very challenging work. The inclusion of the
defects has the same effect as the noise to the reflection coefficients
measured by the receiver. If the lossy layer is perfectly homogeneous,
we can get ideal image of target hidden behind the lossy wall using
the reconstructed reflection coefficient obtained in previous section.
However, when the lossy layer contains defects with various kinds
of geometries whose dimensions are much smaller than the working
wavelengths, we can still model it as a homogeneous layer. The
procedure of modelling is indicated in Fig. 2. We model the real
lossy layers containing various shapes of air defects as homogenous
layers with effective parameters depending on the defects. Then in the
process of compensating the reflection coefficient we use these modelled
effective parameters to obtain the inverted matrix. Two kinds of lossy
layer which are very typical in practice are investigated in this section.

3.1. Lossy Layer 1: Metallic Slab with FSS-like Defects

The first kind of lossy layer is metal slab with different kinds of defects.
A metal slab can be used as a shield to keep the object away from the
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exposure of electromagnetic waves. However, sometimes the shield can
be damaged by the outside force, yielding various kinds of slits or holes
on it. These defects are usually smaller than the wavelength of the
incident wave. In this subsection, we investigate such kind of defected
metal layers. For simplicity, we consider the slots on the metal layer to
be uniform and arranged in order. This configuration is very similar to
the frequency selective surface (FSS). The frequency selective surface
is a periodic metal surface which is basically an assembly of identical
elements arranged in a one- or two-dimensional infinite array [15].
People are interested in the reflection or transmission of FSS at or
around the resonance and make use of it, for instance, hybrid radomes,
band-stop filters, dichroic sub-reflectors, etc. There are many types of
FSS. In this subsection, we mainly discuss several examples as shown
in Fig. 3, which the real defects are more inclined to be, despite some
distortions in physical world.

type I: type II: type III:
bar defect cross defect branch defect
vertical
J\-incidence
horizontal
vertical
—
horizontal O—I
incidence

Figure 3. Unit cells for different types of defects in metal layer acting
like F'SS.

Unlike former researchers on FSS who concentrate only in the
resonant region, we investigate the reflection and transmission property
over a much wider frequency band for the sake of obtaining the effective
parameters of metallic wall. For bulk metal materials, ideally they are
described by a dielectric function of the same form as plasma media

w2

(W) =1-2 5)

where w, is the plasma frequency, which is related to the electron
density n, electron mass me, and electron charge e as

5  mne?

wi = (6)

P €0Me
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For most metals, the free electron density is at the order of 10?2 cm ™3,

and the plasma frequency wj, is in the range of visible to ultraviolet
(UV) wavelength. Eq. (5) is known as Drude model.

Pendry has proposed an effective medium theory that a thin-wire
photonic structure behaves like a low density plasma of very heavy
charged particles with a plasma frequency in the GHz range [16], and
according to Eq. (6), presented an expression of plasma frequency for
his structure model. Because the wire medium has a much smaller
effective electron density but a much larger effective electron mass than
those of the electrons in metallic film, it is evident that the plasma
frequency of wires is much lower than that of the metal film, whose
plasma frequency is usually located in the visible and near UV. The
same principle can be applied to our model since the metallic film
contain air defects which are able to lower the electron density. The
key point is how we can estimate the position of effective wy, in the
Drude model.

One feasible method is based on the effective parameters retrieval
algorithm [17], which is the determination process of effective
permittivity and permeability of metamaterials from reflection and
transmission coefficients. We use the simulation software (Microwave
Studio) to simulate a plane wave normally incident onto the slab of the
metallic layer with different types of defects, then we record the Sig
and S9; data, from which the effective € and p at the whole frequency
band can be inversely obtained. The retrieval effective permittivity
and permeability for metallic layers with defects of the three prototypes
(depicted in Fig. 3) are given in Fig. 4.

From Fig. 4, we can find the plasma frequencies of the metallic
layer with different types of defects, which are all around 400 GHz.
We also can see the retrieval results of the metal film with regularly
arranged branch defects (Fig. 4(c)) are not so clear as the first two
(Fig. 4(a) and Fig. 4(b)), but we still can roughly treat it as a dielectric
material with a Drude model whose plasma frequency is up to over
400 GHz. The vibration below 400 GHz is due to the asymmetry along
the horizontal and vertical line which causes some other resonance, but
the main resonant effect owing to FSS is still dominant. We haven’t
show the results at very low frequencies because the absolute values
of real part of e, are too large, as well as the imaginary part. The
retrieved permeability values have comparable small values (smaller
than 0.1) and almost remain constant over the whole frequency band.

The effective parameters obtained from the retrieval method can
be used as a comparison with some other analytical models, which is
used to estimate the effective permittivity of the metallic films with
FSS-like defects. As the retrieved results of effective permittivity
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Figure 4. Retrieval results for the metal layers with different defects
in Fig. 3.
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and permeability for the three defected metallic layers are similar to
each other, we consider them with the same proposed model. By
comparing the values coming from the Drude model with retrieved
ones, we find the aforementioned Drude model can be applied to fit
the retrieved effective permittivity of the defected metal layer. The
only improvement is that we include an additional coefficient e for the
original Drude model, which has the following form:

O [POO000000000000000000:! 000000000000000)

Effective permittivity

-50 + real part from retrieval
o imag part from retrieval
—real part from model
imag part from model
-100 : ‘ :

200 300 400 500 600
Frequency/GHz

Figure 5. Comparison between retrieved effective permittivity and
predicted values from our model for metal layer with type II (cross)
defects.

wp
cep(w) =€ (1 - m) (7)

We take the cross defected layer (type II) as an example. In our
simulation, an optimal € value which is equal to 35 has been found,
which is able to make the parameters from the model match best with
the retrieval in the largest extend of the whole frequency, when the
thickness of metal film is 0.1 mm (A./10). Fig. 5 shows the comparison
between the retrieved permittivity values and the predicted ones from
Eq. (7) with parameters € = 35, w, = 394.0355 GHz, and v = 0.1 GHz.
From the results, we can see that if the parameters in Eq. (7) are
properly chosen, the curve predicted by our model agrees well with
the retrieved results, except in very high frequency part. As the Drude
model works well in most of the frequency band, we can use this model
in the object imagining. In order to determine the three parameters
(€, wp, and 7y) in the model, we can estimate the plasma frequency of
the Drude model by retrieving the effective permittivity of the metal
layer from its Sy; and S2; parameters. If sometimes we cannot get
the S-parameters for retrieval in reality, we can predict the plasma



20 Cheng et al.

frequency w, by other means, for example, we can roughly predict the
effective wy, by the dimensions of the patterns on the metal layer while
the collision frequency v and the coefficient € can be determined based
on the experience values.

light moderate severe
defects defects defects

Figure 6. Lossy layers with different degrees of air bubble defects.

3.2. Lossy Layer 2: Plasma Slab with Air Bubbles Defects

In most cases, the lossy metallic “wall” is etched, corrupted, or
perforated by small air inclusions. For these kinds of obstacles, we
can model them as a plasma medium with air bubbles. The effective
permittivity of the plasma layer will depend on the density of the
defect. Fig. 6 shows different density of the air bubbles inside of the
plasma layer. According to (Eq. (6)), when the air spheres are added to
the plasma medium, the electrons in original plasma is diluted, which
leads to a lower plasma frequency. We use the following equation to
roughly predict the plasma frequency of the type of lossy layers:

1 — fs)noe?
wl = % = (1— fowry (8)
where ng is the original electron density, wyo is the plasma frequency
for the non-defected plasma medium, and f; is fractional volume of air
spheres. Eq. (8) tells how we predict the effective plasma frequency of
the defected plasma layer when f; is known.

Figure 7 shows the predicted w, (solid line) as a function of f
by Eq. (8), which is compared with the retrieved effective plasma
frequencies under different circumstances among large numbers of
simulations. It should be noted that in the retrieval process, the air
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Figure 7. Predict effective plasma frequency for the defected plasma
layer.

defects are randomly added into the plasma layer in the simulation and
their sizes are also randomly extending form very tiny to a maximum
value. For example, the plus marks in Fig. 7 stand for the air sphere
defects whose upper limit radius is 0.05mm, A./20; and the circles
are for average smaller spheres whose upper limit radius is 0.02 mm,
Ac/20. We also simulate several cases when the defects added into
plasma layer are not sphere but with irregular shapes, and find the
retrieved effective plasma frequencies (cross marks in Fig. 7) matches
even better with the formula prediction.

4. APPLICATION AND RESULTS

In order to show the effect of our method in compensating the lossy
layer with an active LHM slab, we compare the imaging results with
the compensated reflection coefficients (compensated with proposed
model and retrieval) and the original data. The inversion results for
PEC target hidden behind a defected lossy wall are plotted in Figs. 8
and 9.

In Fig. 8, we consider a PEC target located at 25 mm away from
sensor while an obstacle 10 mm away, which is a metallic film defected
by a cross (type II in Fig. 3) with thickness 0.1 mm. The original
reflection coefficient data, which we use to get the original target image,
as the dot-dashed curve shows, is the Sj; parameter (450~600 GHz)
obtained in the simulation. When the retrieved e.; and p.z are
used to compensate the reflection coefficient, the imaging result is
illustrated by the dashed curve, from which we can see there is no
significant improvement of the imaging quality. Using the parameter
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Figure 8. Imaging of PEC target behind a metal film with cross
defects using partly frequency band 450~600 GHz.

values from the proposed model (Eq. (7), € = 35, w, = 394.0355 GHz,
~v = 0.1 GHz), however, the solid curve shows the great enhancement
at target peak while the obstacle peak gets more suppressed. So the
effective parameter values from the Drude model works better than
the retrieval method. This is because the retrieved effective parameter
values contain noises during the retrieval procedure and the imagining
procedure is an intrinsical inverse problem which is very sensitive to
noise.

Figure 9 gives a more detailed example which shows how the
incorrect estimates of the lossy layer’s effective parameters affect the
performance of our imaging method. In this case, the target is located
at x = 9mm and the obstacle is located at + = 5mm. The obstacle
layer is a plasma layer (background: w, = 500GHz, v = 10 GHz)
defected by different extents of air inclusions, with thickness 0.1 mm.
Again, imaging results compensated with effective parameters from
the Drude model (Eq. (8)) and with retrieved method are given in
Figs. 9(b), 9(c), and 9(d).

Figure 9(a) shows the imaging results for the plasma layer without
defects (fs = 0). The blue arrow pointing down marks the location
where the obstacle peak is depressed and the red arrow pointing up
shows the place where the target peak is enhanced. The imaging
result after compensation [see solid curve] suppresses the obstacle peak
by 7.1dB and increase the target power 3.5dB, compared with the
one without compensation on the plasma layer [see dot-dashed curve].
Fig. 9(b) shows the imaging results for the plasma slab with a fs = 6%.
We can see that the imaging quality by the Drude model (solid curve)
is better than the retrieved method (dashed curve). The same result
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Figure 9. Imaging of PEC target behind the plasma layer with
different f;. The results are obtained from the whole frequency band
0~600 GHz simulated data.

happens when the air fractional volume percentage increases to 10.3%
as shown in Fig. 9(c). However, the difference between the two results
obtained by the two compensated images becomes smaller. When the
air fractional volume is increased as much as 40%, we can hardly see
any differences between the two sets of values because noise dominates
the modelling and inversion process. However, compared with the one
without compensation, the improvement of imaging quality using the
compensation method can still be observed in Fig. 9(d).

5. CONCLUSION

To summarize, inverted matrix is used to cancel the effect of the
lossy obstacle layer in the process of objects imaging. The imagining
process using the Drude model are found to work better than that
using retrieved parameters. The reason is due to the fact that the
Drude model is less sensitive to the noise introduced in the numerical
simulation than the retrieval method. Two kinds of lossy layer with
different types of defects are investigated and have been used to test
our inverted matrix compensation method. The performance of the
method is obvious as long as we can get the right parameters of the
obstacle. If we can model lossy layer damaged by different types of
defects properly, this method of imaging through lossy layer is very
helpful for us to find the right position of objects behind obstacle.
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