RADIO SCIENCE, VOL. 42, RS6S20, doi:10.1029/2007RS003665, 2007

Click
Here
for
Full
Article

Uniqueness of complex permittivity reconstruction in a

parallel-plane waveguide

Y. V. Shestopalov' and V. V. Yakovlev*

Received 22 March 2007; revised 22 June 2007; accepted 12 July 2007; published 26 October 2007.

[1] The paper presents a statement and a proof of uniqueness of solution to the

inverse problem of determination of permittivity of a lossy dielectric inclusion in a
parallel-plane waveguide from the reflection and transmission characteristics. The
approach is based on the analysis of asymptotic representations of a solution to the direct
problem of diffraction of a transverse electric wave and employs a generalization of the
notion of partial far-field patterns applied for a guide.
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1. Introduction

[2] With the recent remarkable progress of computa-
tional resources, computer-aided design has become a
valuable component in developing systems of micro-
wave power engineering. Knowledge of complex per-
mittivity (¢ = & — ic”) of materials involved in an
application is critical for creating an adequate model
and thus for successful system design. However, the
dielectric constant ¢’ and the loss factor £” are not always
available. The lack of data regarding realistic materials
motivates further development of robust and practical
techniques of determining complex permittivity.

[3] Since & and &” are not directly measured, but
calculated given the data on some measurable character-
istics, a related numerical simulator may be made in-
volved in determination of material parameters through a
numerical solution of a corresponding inverse problem.
This approach has been taken in a number of techniques
using the finite element method [Coccioli et al., 1999;
Thakur and Holmes, 2001; Olmi et al., 2002; Santra and
Limaye, 2005], the finite-difference time-domain
(FDTD) method [Wippling-Raaholt and Risman, 2003]
and the finite integration technique [Requena-Pérez et
al., 2006] for modeling of the entire experimental fix-
tures. Further exploring this trend, Eves et al. [2004] and
Yakovlev et al. [2005] have recently developed the novel
neural-network-based FDTD-backed technique capable
of efficiently determining the dielectric constant and the
loss factor of materials placed in a transmission-line-type
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cavity. In this case, the experimental part is reduced to
measuring the reflection and transmission coefficients of
the systems. The technique is demonstrated to be versa-
tile, robust, frequency- and cavity-independent, and
applicable to the samples and fixtures of arbitrary con-
figuration. However, while it has been shown by Eves et
al. [2007] that the reconstructed &” and £” can be easily
validated and are proved to be accurate, uniqueness of
this reconstruction remains to be an assumption. The
latter circumstance may become an issue when using this
or other modeling-based technique for determining ef-
fective complex permittivity of such increasingly impor-
tant materials as nano-composites and metal powder,
typically characterized by very high values of &’. This
paper presents the first results of the original study
aiming to show that determination of complex permit-
tivity of a body in a waveguide is unique when & and &”
are reconstructed from the related reflection and trans-
mission coefficients.

[4] More specifically, a goal of our study is to
develop solution techniques elaborated by Shestopalov
and Sirenko [1989] and Shestopalov and Shestopalov
[1996] for the direct and inverse boundary value prob-
lems (BVPs) for Maxwell’s and Helmholtz equations
associated with the wave propagation in the waveguides
with dielectric inclusions. Such problems arise also in
mathematical models of the wave propagation and dif-
fraction in inhomogeneous media [Colton and Kress,
1998]. In our approach, the BVPs and eigenvalue prob-
lems are formulated in unbounded domains and with
partial radiation conditions at infinity that contain the
spectral parameter; the method of solution employ inte-
gral equations (IEs) constructed using Green’s function of
the domain occupied by a regular guide. The methods of
reconstructing the shape of the scatterer or its permittivity
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Figure 1. TE-mode diffraction by a dielectric inclusion

in a parallel-plane waveguide.

are developed by Colton and Kress [1998] mainly for
the cases when the obstacles are supposed to be per-
fectly conducting or dielectric bodies in two- or three-
dimensional space. The recent paper by Shestopalov and
Lozhechko [2003] suggests the technique for cylindrical
scatterers whose (two-dimensional) cross sections are
formed by domains with infinite noncompact boundaries.
The uniqueness for such problems stated in the whole
space or in the half-space is proved when the data in the
inverse problem of finding the shape of the scatterer or
permittivity of the inclusion (1) consist of the far-field
patterns of the scattered field given for the plane wave
irradiating the obstacle from all directions, and (2) are
available for all frequencies varying in a certain interval.

[s] However, when a dielectric body is situated in a
waveguide, similar results concerning the unique solv-
ability and efficient solution techniques for the inverse
scattering problems of reconstructing permittivity of the
scatterer are not available. This fact becomes a driving
force of our effort in developing a new approach to the
solution of both direct and inverse scattering problems in
waveguides. The present paper is devoted to the proof of
uniqueness for a parallel-plane waveguide.

2. Diffraction Problem

[6] We consider a parallel-plane waveguide S = {(y, z):
—m<y<m,z<oo} containing a nonmagnetic, isotropic,
and inhomogeneous dielectric inclusion having the cross
section D C O = {(y, 2): —m <y <m, =276 <z < 2mb}
bounded by a piecewise smooth closed contour 0D
(Figure 1), where Q C S denotes the so-called transi-
tion domain. The permittivity function ¢ = ¢ (), z) is
assumed to be continuously differentiable and such that
supp m(y, z) C Q, where m(y, z) = 1 — ¢ (y, z). We also
assume that the permittivity € (y, z) is a complex-valued
function of two real arguments y, z continuously differ-
entiable and bounded in S and denote

=gi(v,2) +igyz).
(1)

e(3,2) = e1(n,2) expliea (v, 2)]
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In accordance with physical assumptions of the model, the
real and imaginary parts of equation (1) are positive, conti-
nuously differentiable, and bounded satisfying g, (), z) > 1,
so that the modulus ¢, and argument &, of the € (y, z) are
also positive functions that are continuous and bounded
on the line and satisfy 0 < &, (y, z) <w/2 and £, (y, 2z) > 1.

[7] We further introduce the complex magnitude of the
stationary electric and magnetic field, E(r, ) and H(r, ?),
respectively, where r = (x, y, z), and consider the problem
of diffraction of the TE mode (assumed to be linearly
polarized)

E(r,t) = E(r) exp(—iwt), H(r,#) = H(r) exp(—iwt),
2)
E(r) = (Ex7 07 0)7
1 OE, 1 OE,
e = (0 -~ ) ?

by a dielectric inclusion D. '

[8] The total field u(y, z) = E, (v, 2) = EY° (», 2) +
EFY (v, 2)=u' (v, z) + v’ (3, 2) of the diffraction by the D
of the unit-magnitude TE wave with the only nonzero
component is the solution to the BVP [Shestopalov and
Sirenko, 1989]

[A+ k*e(p,2)]u(y,z) =0in S, u(£m,z) =0,
(4)
u(y,z) = u'(y,2) + ' (y,2),
w'(y,z) = i a’ exp(il,z) sin(ny), (5)
o 2 2
where A = is the Laplace operator, super-

g 8 2
scripts " and ~ correspond to the domains z > 276 and z <
—27d, w = kc is the dimensionless circular frequency,
Kk = wlc = 27/\ is the dimensionless frequency parameter
(A is the free- -space wavelength), ¢ = (Eouo) is the
speed of light in vacuum, and T, = (x> — n?)"? is the
transverse wavenumber satisfying the condltrons

T, = ImD, = (n2 - ﬂz)l/z,
(6)

It is also assumed that the series in (5) converges
absolutely and uniformly and allows for double
differentiation with respect to y and z.

[s] Note that u' (y, z) satisfies (4) in S, the boundary
condition, and radiation condition (5) only in the posi-
tive direction, so that the electromagnetic field with the

Imrn > 07

n> K.

L, =T,

20f6



RS6S20

x-component u' (y, z) may be interpreted as a mode
coming from the domain z < —279.

[10] In the next section, we show that problem (4)—(6)
can be reduced to a volume integral equation (IE). Then
we show that if only one TE mode propagates in the
waveguide without the inclusion, then the solution to
(4)—(6) can be represented as a superposition of the
reflected (in the domain z < —276) and transmitted (in
the domain z > 276) fields and exponentially decreasing
terms. This form of the solution is crucial for developing
a method of solution to both direct and inverse scattering
problems.

3. Integral Equation

[11] We solve the (direct) problem (4)—(6) in the
transition domain Q by reducing it to a Lippmann-
Schwinger volume IE [Colton and Kress, 1998]. To this
end, we use Green’s function G, of problem (4)—(6)
[Morse and Feshbach, 1953] defined at ¢ = 1 in the
domain S from the expression

Z explil',|z — zo] sin(ny)

n=1
I (7)

G (y,z yO;ZO

-sin(nyo) I,

The IE with respect to the sought for scattered field u (y, z)
has the form

2mh T
/ /Go(y,Z;ymZo)[l—E(ymZo)]

-2y -7

-u(yo,zo)dyodzo + u'(y,2), (»,2) €0. (8)

The existence and uniqueness of the solution to (8) and
its equivalence to BVP (4)—(6) can be proved on the
basis of the approaches developed by Shestopalov and
Sirenko [1989] and Colton and Kress [1998].

[12] Separating the singularity of Green’s function (7)
in the form

1
o In [(y —yo)2+(z - 20)2
+N0(y,Z;yo,Z()), (9)

Go()’aZ;J’anO) =

where N (y, z; yo, zo) is differentiable for all (y, z), (vo, zo)
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€ Q one can show that the following result is valid.

[13] For Theorem 1, suppose that m(y, z) = 0 for
\ /y +z2 > a with some a > 0 (so that the inclusion
D is contained in a circle BO of radius a centered at the
origin) and BY c Sand let k? < 2/Ma?, where M = maxgo
lm (v, z)|. Then there exists a unique solution to the
IE (8).

[14] In fact, following Shestopalov and Sirenko [1989],
one can prove a more general result based on the fact that
the integral operator of the second kind associated with
IE (8) is a Fredholm and meromorphic operator-valued
function of «: IE (8) is uniquely solvable for all x > 0
and, what is more, for all complex k except for a
countable set of isolated points.

[15] Lippmann-Schwinger IE (8) can be written in the
operator form

(I - K=, (10)

where [ denotes the identity operator and the integral
operator K and the right-hand side f are defined in (8).
Under the conditions of Theorem 1, the (unique) solution
to IE (8) can be written as the Neumann series

o0

=Y K'f=f+Kf +Kf+....

n=0

(11)

This representation can be used for the analytical
solution to the inverse problem of determination of
permittivity of a lossy dielectric inclusion inside a
parallel-plane waveguide formulated in section 5.

[16] Let C (Q) denote the space of continuous func-
tions in the transition domain Q with the norm ||f]| =
W/ llcco) = max |f(», 2)|. We can estimate the norm of the

mtegral operator K in (8), which is bounded and contin-
uous in C (Q) according to representation (9), as

IK||< Mo(D)|e — 1|, My(D) = My -mes D, (12)

where M, is a constant governed by the properties of the
regular part Ny of Green’s function specified in (9). A
sufficient condition for the convergence of the Neumann
series (11) which implies the unique solvability of (8)
can be written as

Mo -mes Dle — 1| < 1. (13)
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This implies that if electric dimensions of the scatterer
are sufficiently small, the (direct) diffraction problem
(4)—(6) is uniquely solvable.

4. Asymptotic Representation of the Field

[17] The goal of this section is to prove that, under the
condition | < k < 2, the asymptotic representation of the
total field has the form

u(y,z) = {

where R(x) and T(k) are, respectively, the reflection and
transmission coefficients. To this end, we use (8) and
express the scattered field

27 s
u'(y,z) = — Go(¥,2:¥0,20)m(vo, 20)u(vo, 20)
—2r6 -7
~dyodzo,  m(yo,20) = 1 — e(yo,20), (15)

by substituting the expression (7) for Green’s function
for z > 2x6 into (15) to obtain

w(y,2) = — sin(y) exp(iTi2)u (k)
o iexp(—|Fn|z) ()
S e < LA  K). 16
; T |Fn| uoo.,+(y7 K) ( )
Here 'y = (v — D% k€ (1, 2), [T, = (@® — &*)'?
(n > 1), and the partial far-field patterns
ul (viw) = sin(m)ulll (), n=2,3,..., (17)

where

1&4@=//wmmmmmmmmmwm@>
[

. dy()dZ().

[18] For z < —2md we obtain the scattered field

w(3,2) = — sin(y) exp(—Tiz)ul)_()
N Z i exp(|1",1|z) u(n)i(y; I-i)

= |F"‘ =

(18)
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and the partial far-field patterns
ul)_(yik) =sin(mp)ul)_(x), n=2,3,...,

where
&Uszfamﬂwmmemm>
0

- u(0,20)dyodzo.

z < =27,
(4)

z > 2w,

[19] To sum up, we write the sought for asymptotic
expressions

W (p,2) = —sin(y) exp(iTiz)ull) , () + o(ef\mz)

=~ (r, 2l (k) + O ), 2> 2m,

(19)

us(yv Z) = - Sin(y) eXp(—i]_—‘lZ)uO:)%_(/g) + O(e‘FZ\Z)
= —u'(y, —z)u(()lo%,(n) + O(e\l“z\Z>7 2 < —2m,
(20)

which proves representations (14). A

[20] Expressions (19) and (20) prove also that u = ' +
u® is a twice continuously differentiable solution to (4)—
(6) because (16) and (18) satisfy (4) and (5) and series in
(16) and (18) converge absolutely and uniformly in every
closed subdomain of S and admit termwise differentia-
tion arbitrary number of times. Also representation (15)
holds in the whole S.

5. Uniqueness of Solution to the Inverse
Problem of Permittivity Reconstruction
[21] Assume that the domain D occupied by the

dielectric inclusion in the waveguide is fixed and there
are given sets of the partial far-field patterns (17) and

(18)

Usoit (¥ £) = Unc,x(¥; 5 €5u) = {u@i(y; ﬁ)}

- sin(ny)ug;).i(“) },,:1 ’

00
n=1

(21)
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for all y € [—, 7] and (i) for one frequency or (ii) for all
values in an interval Kk € K = (k1, k) C (1, 2). It is
necessary to determine the permittivity €, (), z) of the
inclusion, which is assumed to be a continuous function
in the closed domain D.

[22] Variable y in (21) plays the role of the observation
angle of the far-field pattern. However, the angle of
incidence of the plane wave which enters the far-field
pattern representation in the case of scattering by an
obstacle in the space has no counterpart in this state-
ment. Therefore it is not possible to prove the uniqueness
of finding the permittivity of the inclusion directly using
the methods developed by Colton and Kress [1998].

[23] In order to prove the uniqueness of finding per-
mittivity of the inclusion, assume that ; (y, z) and &,(y, z)
are two different permittivity functions (continuous in S)
such that the corresponding (nontrivial) partial far-field
pattern vectors (21)

Uéo,i(y; KJ) = UDO,:t(y; K3 &3 uj)? ./ = 1727
where

U s (k) = {ufﬁi(y; ﬂ)} R
coincide,

UL:(ik)—Us (k) =0, ye[-ma]. (22)

[24] Tt follows that

/ /eii\rllm sin(yo)r(»o, o) dyodzy = 0,
o

/ /e:t|1"n\zo Sin(}’lyo)r(yo,Z())dy()dZ() = 0,
0
n=273...,
I’()/(),Zo) = ml(yo,Zo)ul(yo,Zo) - m2()’0720)142(,)}0720)-

[25] Using formulas (16)—(18) we obtain the scattered
(transmitted and reflected) fields generated by UL . (v; k)

w(y,z) = — sin(y) exp(iT12)ull)? (v; k)
>~ i exp(—|Tylz) (n) )
—E - Uy T K), =1,2,
n=2 Q0 |FV!| 7+(y ) /
(23)

SHESTOPALOV AND YAKOVLEV: PERMITTIVITY RECONSTRUCTION

RS6S20
for z > 278 and
uj(y, z) = —sin(y) eXp(_iFIZ)”oloz{(y, x)
- ni_: %%”Qi(% k), j=1,2,
(24)

for z < —276.

[26] Conditions (22) imply that the (twice continuously
differentiable) functions specifying the scattered fields
coincide in the whole domain S, u] (v, z) = u5 (y, 2) =
u' (3, 2), (,z) €S _

[27] Consequently, the total field u = u' + »* is uniquely
determined by the partial transmitted and reflected far-
field pattern vector U, . (v; ) in the domains z > 270
and z < —2m6, respectively, and thus in S. We have that
the total field u(y, z) satisfies equation (1) with two
different permittivity functions €1 (y, z) and &,(y, z): [A
+ k% 0, 2)u@, z) = 0 and [A + K%e> (3, 2)Ju(y, z) = 0,
(, z) € S. This yields e, (y, z) = €, (1, z) because
Kes 0, 2) — €1 O, 2)]u(y, z) = 0 and u(y, z) # 0.

6. Conclusion and Discussion

[28] We have proved the uniqueness of the solution to
the inverse problem of finding permittivity of a lossy
arbitrarily shaped body inside a parallel-plane waveguide
on the basis of knowledge of the partial far-field patterns
of the transmitted and reflected fields. The analysis
complements the inverse scattering theory and could be
generalized to the general case when the domain con-
taining the scatterer is a waveguide. The obtained as-
ymptotic representation of the scattered field justifies the
way of choosing the data for reconstructing complex
permittivity in the form of the reflection and transmission
coefficients.

[20] The presented results have a potential for diverse
further development. For instance, the suggested proof
can be extended to a more complex 3D case involving a
regular waveguide. This will become a valuable support-
ive argument for additional enhancement of the available
practical techniques of complex permittivity reconstruc-
tion. An important aspect of these applied methods is
associated with the fact the corresponding measurements
can be noise contaminated. In this situation, the unique-
ness of permittivity reconstruction in a parallel-plane
waveguide can be also proved, subject to certain restric-
tions, by the proposed method. If the problem is consid-
ered in the frequency band in which the irradiation is
applied (i.e., when only one dominant mode propagates
in the waveguide), then the scattered field can be
calculated from the asymptotically exact expressions of
the form (14) with exponentially small error. Thus if the
partial far-field patterns (equation (21)) are given with a
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noise component which does not violate the convergence
of the series equations (23) and (24) the additional error
of finding the scattered field subject to noise will be
again exponentially small. One can then reconstruct the
complex permittivity with an error that has the same
order of magnitude as in the noiseless problem plus an
exponentially small addend. In this study we consider
only a theoretical proof of uniqueness of permittivity
reconstruction rather than a mathematical method or
algorithm of its practical determination. Therefore we
leave a detailed analysis of noise-contaminated problems
for a separate consideration.

[30] In conclusion, it seems to be important to reiterate
the fact that the eventual goal of the presented analysis,
being rather theoretical at its present stage, is to directly
serve in support of a group of existing practical techni-
ques of determination of material parameters in many
industrial and engineering fields. Once our proof does not
apply any restriction on the values of real and imaginary
parts of complex permittivity, the corresponding applied
technology will be given an appropriate level of con-
fidence when working with new materials whose
parameters cannot be found with the use of alternative
methods.

[31] Acknowledgment. This work was partially supported
by the European Aeronautic Defense and Space (EADS)
Company Foundation.

References

Coccioli, R., G. Pelosi, and S. Selleri (1999), Characterization
of dielectric materials with the finite-element method, /EEE
Trans. Microwave Theory Tech., 47, 1106—1112.

Colton, D., and R. Kress (1998), Inverse Acoustic and Electro-
magnetic Scattering Theory, 334 pp., Springer, Berlin.
Eves, E. E., P. Kopyt, and V. V. Yakovlev (2004), Determina-
tion of complex permittivity with neural networks and
FDTD modeling, Microwave Opt. Technol. Lett., 40, 183—

188.

Eves, E.E., E.K. Murphy, and V. V. Yakovlev (2007), Reconstruc-
tion of complex permittivity with neural-network-controlled
FDTD modeling, J. Microwave Power Electromag. Energy,
41, in press.

SHESTOPALOV AND YAKOVLEV: PERMITTIVITY RECONSTRUCTION

RS6S20

Morse, P. M., and H. Feshbach (1953), Methods of Theoretical
Physics, 556 pp., McGraw-Hill, New York.

Olmi, R., G. Pelosi, C. Riminesi, and M. Tedesco (2002), A
neural network approach to real-time dielectric characteriza-
tion of materials, Microwave Opt. Technol. Lett., 35, 463 —
465.

Requena-Pérez, M. E., A. Albero-Ortiz, J. Monzd-Cabrera, and
A. Diaz-Morcillo (2006), Combined use of genetic algo-
rithm and gradient descent optimization methods for accu-
rate inverse permittivity measurement, /[EEE Trans.
Microwave Theory Tech., 54, 615-624.

Santra, M., and K. U. Limaye (2005), Estimation of complex
permittivity of arbitrary shape and size dielectric samples
using cavity measurement technique at microwave frequen-
cies, IEEE Trans. Microwave Theory Tech., 53, T18—722.

Shestopalov, Y., and V. Lozhechko (2003), Direct and inverse
problems of the wave diffraction by screens with arbitrary
finite inhomogeneities, J. Inverse Ill-Posed Probl., 11, 643 —
653.

Shestopalov, V., and Y. Shestopalov (1996), Spectral Theory
and Excitation of Open Structures, 399 pp., Peter Peregri-
nus, London.

Shestopalov, V., and Y. Sirenko (1989), Dynamical Theory of
Gratings (in Russian), 255 pp., Naukova Dumka, Kiev.
Thakur, K. P., and W. S. Holmes (2001), An inverse technique
to evaluate permittivity of material in a cavity, /[EEE Trans.

Microwave Theory Tech., 49, 1129—1132.

Wippling-Raaholt, B., and P. O. Risman (2003), Permittivity
determination of inhomogeneous items by retro-modeling
with a degenerate mode cavity, paper presented at 9th AM-
PERE Conference on Microwave and High Frequency Heat-
ing, Assoc. for Microwave Power in Eur. for Res. and Educ.,
Loughborough, U. K.

Yakovlev, V. V., E. K. Murphy, and E. E. Eves (2005), Neural
networks for FDTD-backed permittivity reconstruction, /nt.
J. Comput. Math. Electr. Electron. Eng., 33, 291-304.

Y. V. Shestopalov, Karlstad University, Karlstad SE-65188,
Sweden. (youri.shestopalov@kau.se)

V. V. Yakovlev, Worcester Polytechnic Institute, Worcester,
MA 01609, USA.

6 of 6



