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SURFACE IMPEDANCE RECONSTRUCTION

SUMMARY

The Inverse Scattering problems related to objects having inhomogeneous
impedance boundaries are addressed by considering cylindrical bodies. Two
methods are presented: First, a method for the reconstruction of inhomogeneous
surface impedance of a two-dimensional (2D) cylindrical object of slightly varying
arbitrary shape located over a perfectly electric conducting (PEC) plane and
second, a method for the impedance determination of 2D cylindrical objects
located over an impedance surface. The aim of the Inverse Impedance problem
is to reconstruct the inhomogeneous surface impedance of the body from the
measured field data. Here, representing the scattered field as a single-layer
potential leads to an ill-posed integral equation of the first kind for the density
that requires stabilization for its numerical solution, for example by Truncated
Singular Value Decomposition (TSVD) regularization. Then the field itself and
its normal derivative on the boundary of the object, which are required for the
evaluation of the surface impedance, are obtained by the use of jump relations
through the Nystrom method. Consequently, from the boundary condition
finally the surface impedance can be reconstructed either by direct evaluation
or by a minimum norm solution in the least squares sense. By considering the
relation between the shape of a PEC object and its equivalent one in terms
of surface impedance, it is shown that the method can also be used in the
shape reconstruction. The numerical implementation shows that the method
is capable of reconstructing the surface impedance as well as shape even with
aspect limited data. This is due to the fact that the PEC plane has a mirror
effect on the measured data which corresponds to full view configuration as in
the case of objects located in an infinite medium. The reconstruction algorithm is
later developed for objects located over a flat impedance surface. The numerical
examples show the method is satisfactory for such kind of problems.



YUZEY EMPEDANSI BELIRLENMESI

OZET

Homojen olmayan empedans yiizeylerine sahip cisimlere iligkin ters sacilma
problemleri silindrik cisimler iizerinde incelenebilir. Bu calismada iki problem
incelenmistir: Ilki, miikemmel iletken (PEC) yiizey iizerinde bulunan sekli hafifce
degisen iki boyutlu silindrik cisimlerin homojen olmayan yiizey empedanslarinin
belirlenmesi ikincisi, sabit empedans yiizeyi {iizerinde bulunan sekli hafifce
degisen iki boyutlu silindrik cisimlerin homojen olmayan yiizey empedanslarinin
belirlenmesi. Ters empedans probleminin amaci Olgiilen alan datasiyla cismin
homojen olmayan yiizey empedansinin belirlenmesidir. Burada, sac¢ilan alani tek
tabakali potansiyel ile gostererek yogunluk icin birinci gegit kétii konumlanmig
bir integral denkleme ulagilir ki, bu denklemin sayisal ¢oziimii i¢in tekil nokta
ayrigmasi (TSVD, Truncated Singular Value Decomposition) regiilarizasyonu gibi
bir yontemle stabilizasyon gerekir. Daha sonra, yiizey empedansinin hesabinda
gereken alan ve alanin cismin simiri tizerindeki tilirevi sinir kosullar1 aracihigiyla
elde edilir. Son olarak, cismin iizerindeki empedans smir kosulundan ytizey
empedansi direk ¢oziimle ya da en kiicilik kareler yontemi ile bulunur. PEC cismin
sekliyle, bunun yilizey empedansi cinsinden esdegeri arasindaki baglantiy1 goz
oniine alarak, metodun gekil bulmada da kullanilabilecegi gosterilebilir. Numerik
uygulamalar metodun smirl ol¢lim datasiyla bile cismin yilizey empedansinin
ve seklinin belirlenebilecegini gosterir.  Bu, PEC diizlemin o6lgiilen data
iizerinde ayna etkisi yaparak sonsuz uzayda cismin g¢evresinde Ol¢iim yapilan
konfigiirasyona kargi diigtiigii gerceginden dolayidir. Bu yontem daha sonra
empedans yiizeyi lizerinde bulunan cisimler icin de genigletilmis ve sonuclar
yontemin bu tip problemlerin ¢6ziimiinde etkili oldugunu gostermistir.

vi



1. INTRODUCTION

The field of inverse scattering, at least for electromagnetic waves has originated
with the invention of radar and sonar during the Second World War. The ability
of radar and sonar in using electromagnetic waves to determine the location of
hostile objects through sea water and clouds played an important role in the
outcome of the war. The success of radar and sonar inspired the possibility
of not only determining the range of an object from the transmitter but also
image the object and thereby identify it, e.g. to distinguish between a whale
and a submarine or a goose and an airplane. The identification problem was
computationally expensive and also ill-posed in the sense that the solution did
not depend continuously on the measured data. The possibility of reconstruction
began to appear a realistic possibility after 1970s with the development of
mathematical theory of ill-posed problems by Tikhonov and others in United
States together with the rise of high speed computing facilities.

Since that time the basis of electromagnetic inverse scattering problem has
reached a level of maturity. The inverse scattering problem may be stated as
follows: given the knowledge of the incident field and the scattered field data find
the nature of the scatterer e.g. size, shape, constitutive characteristics. In recent
years, the inverse scattering problems have received much attention because of
their important applications in engineering areas, e.g. remote sensing, plasma
diagnostics, target recognition using radar and sonar, underwater exploration,

seismology, optics, etc.

An important class of problems in electromagnetic theory is the analysis of
electromagnetic scattering by the buried objects [1] [2]. This is due to the fact
that the results of such investigations have various applications in practice in
the areas such as detection of the locations of dielectric mines, nondestructive

testing, determination of underground cracks and earthquake zones, detection



of underground tunnels and pipelines, etc. Another important issue for radio
frequency, microwave and remote sensing applications is the shape reconstruction
of strongly scattering objects, specially metallic ones [3]. The problem consisting
of finding the geometrical as well as the physical properties of inaccessible buried
objects has become more attractive for researchers because of its wide range of
practical applications like the observation of seismic behaviour of underground [4].
Microwave imaging methods focused on solving inverse scattering problem have
proposed a complementary method of breast cancer detection, providing images
of the electrical properties of tissues [5]. In many branches of applied sciences
there is the need of detecting and imaging unknown objects located in inaccessible

domains by solving inverse scattering problem.

One of the effective approaches used in the solution of electromagnetic scattering
problems is establishment of an equivalent problem to the original one through
the impedance boundary condition (IBC), which aims to reduce its mathematical
and numerical complexities. IBC gives a relation between the electric and
magnetic field vectors on a certain boundary in terms of a coefficient called
Surface Impedance. The surface impedance is in general a tensor and may be an
inhomogeneous scalar under an isotropic assumption. The Surface Impedance is
commonly used to model imperfectly conducting scatterers, perfectly conducting
objects coated with a penetrable or absorbing layer, and scatterers with
corrugated or rough surfaces. The determination of the IBC for a given scatterer
constitutes an important class of problems in the electromagnetic theory and
various approximate methods have been established in the literature. In all these
examples one first tries to solve the direct scattering problem for a given scattering
structure and then to express the IBC in terms of electric and magnetic field on
the boundary. The IBC can directly be defined either on the surface of the actual
scatterer or on a fictitious boundary [6-9]. The simplest form of the IBC is the
Standard Impedance Boundary Condition (SIBC) which has been used to model
coatings and lossy dielectrics. Traditionally, the surface impedance appearing
in SIBC is assumed to be independent of the location and associated with a
constant coefficient [6] [7]. This is due to the approximations that are made

in the derivation of SIBC. On the other hand, when a more accurate SIBC is



considered, the surface impedance may be a function of location, and even may
be of tensor form to model anisotropic scatterers [8]. For example when the
nonhomogeneous earth surface composed of different parts such as forest, rocky
soil, sand, see etc. is modeled by an IBC, the surface impedance becomes a
function of location. Higher order boundary conditions were also proposed for
example for thick slabs where the fields vary more rapidly along the surface. The
reason for going into higher order boundary conditions is to develop conditions
that take into account strong variations along the surface [8-10]. On the other
hand, due to the equivalence principle, the surface impedance is related to the

geometrical and physical properties of the actual scatterer.

In [11] it is shown that there is an explicit relation between the geometrical
variations of an arbitrary PEC object and the equivalent surface impedance
placed on a circular one covering the original scatterer. Thus as long as the
surface impedance is known one can extract the geometrical properties of the
PEC scatterer from this information. This property can be used in the inverse
scattering problems the aim of which is to determine the shape of an inaccessible
PEC object from the measured scattered field. For that reason the reconstruction
of the inhomogeneous surface impedance of a known boundary is of importance
from both theoretical and application points of view. Recently, some effective

methods have been developed in this direction [12-18].

In [12] [13] the problem of reconstruction of the surface impedance of a planar
boundary with an infinite extend is analyzed by analytically continuing the
measured scattered data to the boundary through Fourier transform techniques.
The case of cylindrical objects of arbitrary shapes located in an infinite medium
is considered in [14], and an effective method which allows one to reconstruct the
surface impedance through a single illumination at a fixed frequency is developed.
The method requires to collect the scattered field data all around the object. This
approach is extended to the case of objects located in a half-space in [15]. Note
that in this case, one achieves the reconstruction by using data which can be

collected in the accessible half-space.

On the other hand, the shape reconstruction problems have been extensively

investigated in the open literature and several methods based on different



approaches, such as physical optics theory, Newton-Kantorovich method,
equivalent source technique and decomposition methods have been developed
[18-25|. As far as we know, there is no approach which is based on the equivalent

representation of the object to be reconstructed in terms of surface impedance.

In the direct scattering problem, the object and the incident wave is specified and
the scattered wave is found. In contrast, in the inverse scattering problem, the
scattered wave for a given incident wave is measured and the properties of the
object is determined. Two considerations are important in the inverse problem.
First, the measurements are normally limited and only certain quantities within
some ranges are measured. Second, an effective inverse method is needed so
that the object characteristics can be determined with limited measured data.
Therefore, it is clear that the inverse solution may not be unique and that the
existence of the solution may not be apparent. It is also common that the inverse
solution is unstable, so that a slight error in the measurement may create large
error in the unknown. So, if the incident and scattered waves are given, an inverse

scattering problem determines the properties of the scatterer.

In this study, the 2D electromagnetic inverse scattering problem at a fixed
frequency is concerned. In order to extend the method developed in [14] to
the reconstruction of the surface impedance of a cylindrical object located above
a perfectly conducting planar surface and use it in the shape reconstruction of
PEC targets. The results of such problems may have applications in the inverse
scattering problems related to objects located in the atmosphere. In such a
case, the earth surface can be modeled by the perfectly conducting plane. The
scattered field measurements are assumed to be established in the near field region
on a circular arc. In the present study, the scattered field in the half-space
above the PEC plane is represented by a single-layer potential and the density of
the single-layer potential is obtained by solving the resulting Fredholm integral
equation of the first kind. Since the latter one is ill-posed, a regularized solution
is given via the truncated singular value decomposition scheme (TSVD). The
use of the jump relations for single-layer potential leads to explicit expressions
of the scattered field and its normal derivative on the impedance surface. Then

the least squares reconstruction of the surface impedance is achieved by using



the SIBC itself. The surface impedance reconstruction algorithm mentioned
above is also extended to the shape reconstruction of the perfectly conducting
objects. To this aim the unknown object is equivalently represented in terms
of a known one having a surface impedance on its boundary. Then the surface
impedance is reconstructed via the method described above from the measured
values of the scattered field due to the object to be reconstructed. By using
the explicit expression between the surface impedance and the shape of the
actual object given in [11] the determination of the shape is achieved. The
method is very effective for the reconstruction of smooth and slightly varying
impedances. Similar observation is valid for the application of the method to the
shape reconstruction problems, e.g. it is capable of determining the shape of the
PEC objects whose surfaces are relatively simple. After giving the mathematical
formulation for the problem, the method is extended for the objects located over
impedance surfaces which means the Green’s function of the medium needs to be

re-calculated.

The plan of this paper is as follows: in Section 2 the general formulation
of the inverse impedance problem related to objects located over planar PEC
surface is given, in addition to the numerical results, a solution is presented
and the application of the method for the shape reconstruction of PEC objects is
presented. While in Section 3 the inverse problem related to objects over constant
impedance surface is given with the numerical results. Finally, conclusions and

concluding remarks are given in Section 4.

A time factor exp(—iwt) is suppressed throughout this study.



2. SURFACE IMPEDANCE RECONSTRUCTION

The two-dimensional (2D) electromagnetic scattering problem illustrated in
Figure 2.1 is considered. In this configuration a body D having an inhomogeneous
surface impedance Z(x) on its boundary dD is located in a homogeneous half-space
bounded by perfectly conducting plane x, = 0, where x = (x1,x;) is the position
vector in R?. It is assumed that dD is a smooth boundary and can also
be represented in the parametric form dD : {(xi(t),x2(¢));t € (0,27)}. The
electromagnetic constitutive parameters of the background medium are €, i, and
6 =0. On the boundary dD the applicable boundary condition is the standard

impedance boundary condition given by
—nx(nxE)=Z(x)nxH on dD, (2.1

where E and H are the total electric and magnetic field vectors and n is the
outward unit normal vector of dD. The inverse scattering problem considered
here is to reconstruct the inhomogeneous surface impedance Z(x) through the

measured values of the scattered field on I" (See Figure 2.1).

To this aim the body is illuminated by a time-harmonic TM polarized plane wave

whose electric field vector is
Ei(x) _ (0,0,ui(x)), ui(x) _ e—ik(xl cosq)o—b—xzsin(l)o)7 (2.2)

where @ € (0, 7) is the incidence angle and k = @./€lL stands for the wave number
of the background medium. Note that in such a case the total electric vector will
be in the form of E = (0,0,u) and hence the problem can be formulated in terms

of the scalar field function u.



2.1 The Reconstruction Algorithm

In order to formulate the problem in an appropriate way the field u” which is the

total field in the half-space in the absence of body D is introduced. Its explicit

expression can be found in any ordinary textbook,

MO _ efik(xl cosPotxpsingg) efik(xl cos @p—x2 sin @p)

measurement line .| ¥

)8
e l.o=0 D

O

(2.3)

Y L L L e L e
PEC

Figure 2.1: An Object with Inhomogeneous Surface Impedance over a PEC Plane

Then the difference v® = u — u°

impedance body and satisfies the reduced wave equation

A’ +Ku' =0 inDand x>0

corresponds to the scattered field due to the

(2.4)



under the boundary conditions

n du

— =0 oD 2.5
et ik on on 2.5)
and
u' =0 on x=0 (2.6)

with the Sommerfeld radiation condition

hm\/_<

r—oo

(x )—ikus(x)> =0, r=|x|. 2.7

Here 7 is the normalized surface impedance defined by

n(x) ::ZZ(—;C), x€adD

where Zy = /11 /€ denotes the intrinsic impedance of the background medium.

In view of 2.5 the surface impedance can be obtained from the values of the total

field u and its normal derivative du/dn on dD via

n(x) = —ik a”u(x) , x€aD. (2.8)

an (x)

In the sequel a method similar to one given in [14] will be described for
reconstructing the required field values on the boundary dD from the measured
scattered field data. To this aim, by the use of image theorem we first represent

the scattered field as a single-layer potential of the form

= [ we—aDedse) + 5 [ (= Dot ) ds(),

x€xy>0 (2.9)

with an unknown density function @. Here the point y = (y;,—y;) is the image

of the point y and H(gl)

is the Hankel function of the first kind with zero order.
We also note that the boundary dD’ is the image of dD with respect to the plane

x, =0 ( See Figure 2.2) and as a result of the image theorem @(y') = —@(y).

8



In order to solve the surface impedance from 2.8 we need to obtain the total field
u and its normal derivative % from the given scattered field data u®(x), x € T
Then by substituting u®(x), x € I' into 2.9 the problem can be reduced to the

solution of the following Fredholm integral equation of the first kind
Ap=u’(x), xeT (2.10)
for the density ¢, where the integral operator A is given by

Ao = [ B W= shomds+ 5 [ HKix—y () st @.11)

The operator A has an analytic kernel and therefore the equation 2.10 is severely
ill-posed. For that reason some kind of stabilization has to be applied. Here we
obtain a regularized solution by using Singular Value Decomposition (SVD). For

a linear compact operator A, the SVD is defined as triple {¥,, 6,,V,} such that

Ap =Y Gu(Q, W) Vs (2.12)

N=—o0
which leads to the explicit inversion formula

= 1
o=y — @ Vn) VW (2.13)

n=—oo YN

Due to the properties of the kernel of the operator A, the singular values o,
accumulate to zero exponentially fast for n — . A possible way to tackle

this instability is given by the regularized solution provided by TSVD inversion

formula
Noq

=Y —@' Vi)W (2.14)
n=—N -1

in which the truncation index N is usually determined on the basis of the expected

measurement noise.

Once the single-layer density ¢ is known, the values u and du/dn of the total
field on the boundary dD can be recovered through the jump relations for the
single-layer potential [18], that is, by



w@ = @)+ [H K)o 0)ds)+5 [ H (K=o () ds ()
aD

aD’
x€adbD (2.15)
and
=24 L [ 2 Hél;ff('j)‘y" o0as) 4 [ 8H51;(f('§)‘ D g)asty)
—% o(x), x€aD 2.16)

For the numerical evaluation of these singular integrals over dD we make use of

the same quadrature formulas in connection with the Nystrom method [26].

The surface impedance can now be reconstructed from 2.8 in terms of the values
of u and its normal derivative for each point x € dD. It is obvious that this
solution will be sensitive to errors in the normal derivative of u in the vicinity

of zeros. To obtain a more stable solution, we express the unknown impedance

function in terms of some basis functions ¢,, n=1,...,M, as a linear combination
M

n=1Y a9, onadD. (2.17)
n=1

A possible choice of basis functions consists of splines or trigonometric
polynomials. Then we satisfy 2.8 in the least squares sense, that is, we determine
the coefficients ay,...,ay in 2.17 such that for a set of grid points xi,...,x) on

dD the least squares sum

M M ou 2
u(xm) + Z anq)n(xm)% (2m) (2.18)
n=1

m=1

is minimized. The number of basis functions M in (2.17) can be considered as

some kind of regularization parameter.

10



oD,
D

g uoc=0

aD

Figure 2.2: Image of the Object D

2.2 Application to Shape Reconstruction of Conducting Objects

In [11] it is shown that there is an explicit relation between the shape of a PEC
object and its equivalent surface impedance defined on a fictitious boundary which
is assumed to cover the actual one. By considering this property the reconstructed
surface impedance can be used for the shape determination of the PEC objects.
To this aim, we consider a circular domain which covers the perfectly conducting
object to be reconstructed and set an equivalent problem by imposing an
inhomogeneous surface impedance Z(¢@) on the new circular boundary (See Figure
2.3). If the object has a slightly varying and smooth boundary, it can be
represented in terms of a Standard Impedance Boundary Condition [11| and the
following relation is valid between surface function f(z) = /x1(¢)% +x2(¢)? of the
PEC object and parametric form of equivalent surface impedance Z(t) on the

circular boundary p = a, namely,

Z(t) =iouy(f(t) —a), te€(0,2m). (2.19)

11



Then, for the given measured scattered data related to the actual object, we first
reconstruct the surface impedance Z(t) via the method given in previous section

then obtain the surface function f(¢) simply from 2.19.

a2
measurementline . ...L....... 7~
~s,
-
: A
VZ(y)
e u.o=0 PEC ) Equivalent
1 impedance
al) I surface
)
rd
s
dl
0 X,

PEC

Figure 2.3: PEC Object with Arbitrary Geometry and its Equivalent one in terms of
Surface Impedance

2.3 Numerical Results

In this section some illustrative examples both for surface impedance
determination and its use in the shape reconstruction are presented. The data
which should be collected by real measurements are created synthetically by
solving the associated scattering problem through the mixed layer potential
approach [26]. In all numerical examples the frequency of the incident wave
is chosen as f = 300MHz and the background as free space corresponding to a
wavelength A = Im. A random noise of level 1% is added to the simulated data for

2iraT is added to each scattered

each example. In particular, a random term n;|u’|e
field value u®, n; being the noise level and r; a random number between 0 and 1.
In the application of the least squares solution the basis functions are chosen as
combinations of cos(2zxp¢) and sin(2zpd), p =0,1,...,P, and the number P is

determined by trial and error.

12



As a first example a drop-shaped object given by the parametric equation

dD = {(0.4co0s7,0.5+0.2sin(t/2)) : t € [0,27]} (2.20)

and having a surface impedance with real and imaginary parts as shown in Figure
2.4a and Figure 2.4b, respectively (solid line). Their reconstructed values are also
illustrated in the same figures (dashed lines). In particular the body is illuminated
by a plane wave with an illumination angle of ¢y = /2. The reconstruction is
obtained for the scattered data observed on the semi circle R = 5m at 100 points.
The number of singular values used in the TSVD inversion is N = 15 and the
number of basis functions used in Least Squares Optimization is P =9. The exact
and reconstructed surface impedance variations are in a very good agreement for
this example. This is because, although the data is observed in a limited domain
¢ € (0,m) on a semi-circle R=5, x; >0, due to the mirror effect of the x, =0
plane, the measured data contains information also from the shadow part of the

object, which allows us to have a full view configuration.

06 T T T T
= = = reconstructed
= o4l exact
©
S 0.2f
i N
e 0‘~____.._____
_02 1 1 1 1 1
0 60 120 180 240 300 360
(@)
0.5 -
- = = = reconstructed
5 exact
G
o
> 0 -
©
C
k)
©
E

I
o
o

120 180 240 300 360
Observation angle on dD

(b)

Figure 2.4: Normalized Exact and Reconstructed Values of the Real and Imaginary
Parts of a Surface Impedance on a Drop Shaped Object

o
D
o
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In order to give an idea about the effect of the extend of the measurement domain,

a kite-shaped object with parametric equation

dD = {(0.2cost +0.1cos2r —0.032,0.540.2sin¢) : 7 € [0,27] } (2.21)

is taken into account and the reconstructions are obtained for three different
measurement domains ¢ € (n/4,3n/4), ¢ € (x1/6,57/6) and ¢ € (0,7) on the
semi-circle R =15, x; > 0. The real and imaginary parts of the exact and
reconstructed surface impedances are demonstrated in Figure 2.5a and Figure
2.5b, respectively. In all cases, the parameters are chosen as ¢p = w/2, N =11
and P=5. As expected the aspect limited measurement configuration yields poor
reconstructions when the measurement domain getting smaller. Nevertheless, the
method is capable of determining surface impedance of a given scatterer through

the measurement of the scattered field for single illumination at a fixed frequency

when the impedance function has a smooth variation.

full view reconstruction
exact

= = = reconstructed @1/6-5176)
reconstructed @{174—-3174)

Real part of n

360

1 I I

- | full view reconstruction
5 05} Lo LT TS, exact i
ot & (N
I Py ‘N = = = reconstructed @{T/6—-41V6)
o P .
> o¥ N | == reconstructed @(1/4-314)| -
< NV ?
£ N S, ~ i
g -0.5F ‘N e s L 1
—_ ’ ~ . Py

-1 1 1 1 1 1

0 60 120 180 240 300 360

Figure 2.5: Normalized Exact and Reconstructed Values of the Real and Imaginary
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Parts of a Surface Impedance on a Kite Shaped Object
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The wuse of reconstructed surface impedance in the shape reconstruction

applications is tested by first considering a perfectly conducting object with

parametric equation,

dD = {(0.4+0.02cos(8¢))cos(t),2+ (0.4 +0.02sin(8¢))sin(r) : t € [0,27]}. (2.22)

The scattered field measurements due to this object is assumed to be performed
on the semi circle R=5, ¢ € (0, 7). The equivalent impedance boundary is chosen
as the circle with radius a = 0.42 and center (0,2) and the surface impedance is
reconstructed on this circle from above given data. By using the relation (2.19)
the shape of the object is reconstructed. In Figure 2.6 the variation of the exact
and reconstructed values of the surface impedance on the circle R = 5m are given.
The exact and reconstructed shapes of the object are illustrated in Figure 2.7.
As can easily be observed the reconstructed shape is very close to the actual one.

Note that in this example the variation of the surface is very small compared to

wavelength.
005 T T T T T
= = = reconstructed
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0 - b
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I
]
-0.051 I/ - h 1\ i
1 \
E ! 1 ! I [] - ’\ /4
s} 1 1 1 1 1 / Y
t -0.4f |y 1 1 1 ]
© . 1 [] Il 1
e 1 o 1 1
> I I ] ] 1
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1 \l, " I 1 1 7
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] 1 I
-0.25F 1! y .
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Observation angle on dD
Figure 2.6: Exact and Reconstructed Normalized Equivalent Surface Impedance on

the circle a = 0.42m for the Perfectly Conducting Object given in Equation
2.22.
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Figure 2.7: Exact and Reconstructed Shapes of the Object given in Equation 2.22.

For a different object of parametric equation

dD = {(0.3+0.05co0s(3¢))cos(t),2+ (0.3+0.05sin(3¢))sin(¢) : t € [0,27]} (2.23)

exact and reconstructed surface impedances are given in Figure 2.8 while the
exact and reconstructed shapes are demonstrated in Figure 2.9. Obviously, very

accurate reconstructions are obtained.

The last two examples show that the surface impedance concept can be used for
the shape reconstruction of the perfectly conducting objects. The quality of the
reconstructions is related to the oscillations on the surface variation of the object
to be reconstructed and the method is not capable of reconstructing objects of
complex shapes having large number of concave and convex parts. This is due to
the fact that the method for surface impedance reconstruction is valid for those

impedances having smooth variation and Standard IBC modeling is used.
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Figure 2.8: Exact and Reconstructed Equivalent Surface Impedance on the circle a =
0.32m for the Perfectly Conducting Object given in Equation 2.23.

2.4 T T T T T T

actual geometry
= = =reconstructed

2.3

221

2.1f

x,/A (M)
N

1.9

1.7

1'6 1 1 1 1 1 1
-0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4

xl/)\ (m)

Figure 2.9: Exact and Reconstructed Shapes of the Object given in Equation 2.23.
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3. CONSTANT IMPEDANCE SURFACE

A method is presented for the reconstruction of inhomogeneous surface impedance
of a two dimensional (2D) cylindrical object of arbitrary shape located over a
constant impedance plane. The method is an extension of the one given above.
The impedance surface is illuminated with a time harmonic plane wave and the
measurements are performed on a circular arc in the half space above the surface.
The scattered field in the whole half-space is then represented by a single-layer
potential where the unknown single-layer potential density is obtained by solving
the resulting Fredholm integral equation of the first kind. A regularized solution
can be obtained using Singular Value Decomposition (SVD). Once the single
layer density is known the total field and the normal derivative of the total
field on the boundary of the cylindrical object through jump relations for single
layer potential. For the numerical evaluation of the singular integral, Nystrom
Method is used. The surface impedance later can be reconstructed using Standard

Impedance Boundary Condition (SIBC).

3.1 Green’s Function of the Medium

The Green’s function, also known as the source function or influence function,
is the kernel function obtained from a linear boundary value problem and forms
the essential link between the differential and integral formulations. To obtain
the field caused by a distributed source by the Green’s function technique, the
effects of each elementary portion of source have to be found and summed up.
If G(x;y) is the field at the observation point (or field point) x caused by a unit
point source at the source point y, then the field at x by a source distribution
g(y) is the integral of g(y)G(x;y) over the range of y occupied by the source. The
function G is the Green’s function. Thus, physically, the Green’s function G(x;y)

represents the potential at x due to a unit point charge at y.
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Figure 3.1: An object with Inhomogeneous Surface Impedance over a Constant
Impedance Plane

Consider a linear operator L that operates on a function of x and y. If we wish

to solve the equation

L(x,y) = S(x,y) (3.1)
we first solve

LG(x1,y1|x2,y2) = 8(x1 —x2)6 (y1 — y2) (3.2)

and determine the Green’s function G for the operator L. For this problem, 3.1

1S
Au+kKu=0 inDand x>0 (3.3)

which means the equation needs to be solved in order to obtain Green’s function

18

AG+KG=—8(x;—y1)8(xa—y2). (3.4)
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An efficient way of obtaining the Green’s function is by means of Fourier series

expansion;

G (v,x2;y) = /_ZG(Xl,Xz;y)e_ivx‘dm (3.5)
which leads us to

—— (1)2 — k2) G=—e""1§(x;—y) (3.6)

by taking Fourier transform of 3.4.

Here, representing the G as

A o ] AR, X2 >y
G(v,x2:y) = { Be ™2+ Ce"™, 0<xy <y 3.7)
and solving under conditions
Glomsg = Clo; =0 (3.8)
and
G G .
e _ 77 — _pivy
dx2 2=y dxy 2702 e (3.9)
and impedance boundary condition
~ 1ndG
G+r——"1|._0=0 3.10
+ ik &XZ ’xzio ( )
gives the Fourier transform of the Green’s function as
: U vty gmion _ 1 vty ymivn _ 2 —ytaatyn) i
G(U,xz;y):—e YX2732) o0V o Y X2TY2) 10V e T\2ty2) =1 y1’
2y 2y 1—vZ
x>0 (3.11)

After obtaining the Green’s function by taking the inverse Fourier transform of
the 3.11 the reconstruction algorithm given in 2.1 is used to determine the surface

impedance related to objects above impedance surfaces.
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3.2 The Total Field
The field up which is the total field in the half space above the constant impedance

surface in the absence of the body D needs to be solved. It can be represented as

u® (x) _ efik(xl cos 0+x;sin ) _i_Refik(xl cos 0—x;,sin0) (3.12)

where R, the reflection coefficient is

B iksinf-Z—1

_ e 3.13
iksin0-Z+1 ( )

which is determined using the SIBC

n ou® (x)

0
" ()C)+ ik aX2

=0 =0 (3.14)

Here Z =n/ik.

3.3 Numerical Results

The inverse scattering problem whose aim is to reconstruct the surface impedance
of a cylindrical object located over a constant impedance plane is solved. The
method yields satisfactory surface impedance reconstructions for a single wave
illumination. The frequency of the incident wave is chosen as f = 300MHz
and the background as free space corresponding to a wavelength A = 1m. In
the application of the least squares solution the basis functions are chosen as
combinations of cos (2zp¢) and sin(2zpd), p=0,1,...,P, and the number P is

determined by trial and error.

As an example an ellipse-shaped object given by the parametric equation
dD = {(0.3co0s#,0.5+0.1sin(z)) : t € [0,27]} (3.15)

and having a surface impedance with real and imaginary parts as shown in Figure
3.2a and Figure 3.2b, respectively. Their reconstructed values are also illustrated
in the same figures (dashed lines). In particular the body is illuminated by a
plane wave with an illumination angle of ¢y = /2. The body is located over an

impedance surface where Z = 5. The reconstruction is obtained for the scattered
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data observed on the semi circle R = 5m at 120 points. The number of singular
values used in the TSVD inversion is N = 20 and the number of basis functions
used in Least Squares Optimization is P =15. The exact and reconstructed surface

impedance variations are in a very good agreement for this example.

Another example for a box-shaped object given by the parametric equation
9D = {(0.2(cost)* +sin(t),2 +0.2(sin(¢))* +sin(¢)) : ¢ € [0,27] } (3.16)

which is located over an impedance surface Z = 10 and illuminated by a plane
wave o = 7 /4 where the reconstruction is obtained on a semi-circle R = 5m at 140
points and the number of singular values used in the TSVD inversion is N = 30
and the number of basis functions used in Least Squares Optimization is P =4

shows the method has quite satisfactory results as shown in Figure 3.3a and 3.3b.
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4. CONCLUSION

The inverse scattering problem whose aim is to reconstruct the surface impedance
of a cylindrical object of arbitrary shape over a PEC plane is solved through the
extension of the method in [8]. On the other hand, by means of the equivalency
theorem, it is possible to show that a PEC object can be represented in terms
of a surface impedance defined on a known surface and the surface impedance is
explicitly related to the shape of the actual object. By the use of this result the
method can also be used in the shape reconstruction problems related to PEC

bodies. The method later extended to objects located over impedance surfaces.

The method yields quite satisfactory surface impedance reconstructions for a
single illumination even in the case of aspect limited data. This is due to the fact
that the planar PEC boundary reflects all the field which carries the information
about the non-illuminated part of the object. In other words, the reflection of the
incident field from the PEC plane behaves like a second excitation and interacts
with the shadow part of the object. When the surface impedance equivalently
represents a PEC object, it yields quite accurate shape reconstructions for slightly
varying object boundaries. This is the result of using only standard impedance
boundary condition for the equivalent problem. By using higher order IBC, it
may be possible to reconstruct more complex shapes. Future studies are devoted

in this direction.

The satisfactory results for the object located over impedance surface shows that
the method is useful in the reconstruction even for the constant impedance case.
For this configuration, the added term in the Green’s function is because of the

losses caused by the impedance surface.
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