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CHAIRMEN'S WELCOME

Dear colleagues:

We are very glad to see so many new and familiar faces at MMET*2000, especially of
those speakers who have come to MMET for the third and forth time since 1990. This proves
that mathematics, computational electromagnetics and physics of microwaves still attract time
and efforts of researchers. This also proves that the conference is held at the right place and in
the right time. One of the main features of the MMET series of conferences is English as
working language. This may be liked or not but it is clear that this single factor has opened
many new and exciting opportunities for the scientists of Ukraine and the Former Soviet
Union to meet their Western colleagues and communicate in the recognized professional
language. Results are seen in the visits, joint projects and publications of Ukrainian scientists
and their colleagues from Europe, Japan and USA. Joint papers accepted to the program of
MMET are getting common, with some speakers coming from their posts in foreign
laboratories. Another feature is accessibility that is guaranteed by convenient location of
Kharkov and good transportation network. This city has been for centuries on the crossroads
between Ukraine, Russia, Black Sea and the Caucasus and acquired a unique cosmopolitan
spirit and broad-mindedness. Still another feature is affordability for low-income participants:
registration fee is split into several convenient parts to meet variety of incomes, cheaper
accommodations are available. MMET started as a school-seminar for young scientists, and
by tradition it keeps a number of absolutely one-of-a-kind opportunities for younger
participants. These are reduced registration fee and a moderate travel support, plus a chance
of winning an award of the conference that includes a fee waiver for the next meeting. All this
would never be possible without very kind and efficient support of a number of international
organizations and professional societies.

This year the Technical Program Committee adopted more strict selection criteria. The
rate of acceptance of contributed papers was 78% (186 out of 240 submitted). It means that
one of every five papers had no chance to be accepted. We hope that their authors will be
luckier next time. Local Organizing Committee has shown its best in preparing the
proceedings, running the facilities, managing the conference events, and arranging the social
program. A new feature was frequently updated Web site of the conference. We are grateful
to all the members of LOC and TPC for their contribution to the success of MMET*2000.

Thank you for coming to participate, enjoy the conference, make friends, discuss new
joint projects, and plan to attend future MMETs.

Eldar I. Veliev and Alexander I. Nosich

Kharkov, Ukraine, VIII-th International Conference on Mathematical Methods in Electromagnetic Theory
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DECOMPOSITION APPROACH TO MULTILAYER CIRCUITS
ELECTROMAGNETIC MODELING
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fax: 038 0572 441105, e-mail: kirilenko@ire.kharkov.ua

2 Polar Wave Consulting, Canada

ABSTRACT
A system approach based on transverse resonance technique and well-equipped modeling
system is used to calculate eigen-mode spectrum of the multiconductor lines with the
piecewise coordinate boundary of cross-section. It serves as the background for calculation of
multilayer circuit frequency response by mode-matching and S-matrix techniques.

Modeling of multilayer circuits is now a very actual
S• problem in applied electromagnetics [1,2]. It is

desirable here to have more flexible algorithms
allowing an on-line retuning to some new topology of
the cross section within the framework of a unified
approach. One of the most popular techniques of
computing the eigen modes of the transmission lines
of complicated cross- sections is the transverse reso-

Fig. 1 nance method that, in fact, reduces to the decomposition of
the cross section into fragments with known scattering descriptors (for instance, S-matrixes).
The availability of modeling systems equipped with tools for electromagnetic "assembling" of
scatterers, as well as an advanced library of key elements and archiving, buffering and
interpolation tools makes it possible to treat efficiently fairly large classes of problems on the
spectrums of eigen modes, at the same time retaining a high effectiveness of solutions. It
proves to be close to the effectiveness of the methods being used at computing key elements.
The goal of the given report is to demonstrate a similar unified approach to the calculation of
the modes' spectrums of complicated lines and to the analysis of corresponding scattering
problems. Here the modeling system SES-06, that is based on C++ classes, is employed both
at the stage of building the bases of various lines and at the final stage of calculating the
frequency response of the integral circuit. Let us note that the proposed approach to modeling
multi-layer circuits allows us also to take into consideration the width of conductors, that was
a problem in the algorithm used in the similar situation in [2].
As an example of the object, the calculation of which includes the main features of this
technology, let us consider the fragment of the integral circuit as an element of the
inductance " type being put into a rectangular screen. (see Fig. 1). It follows from the very
essence of such a scatterer that it naturally splits into a set of regular segments of nonstandard
transmission lines that usually have very complicated cross sections (see Fig. 2). The plane
junctions couple these lines.
The calculation of the characteristics of the object being treated requires a preliminary
analysis of the full spectrum of TEM-, TE- and TM- modes in such lines for their further usage
in the projection algorithm of analyzing S-matrixes of the plane junctions of such lines. This
simplest example already makes it clear that any possible modification of the topology of the
above-treated object, for instance, the increase of the number of layers in the integral circuit,
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brings a new set of configurations both for the transmission lines themselves and for their
junctions. It is clear that the maximum universality can only be achieved on the basis of a
well-structured approach which is the transverse resonance method realized on the basis of the
corresponding modeling system (in this case the system SES-06 was used - it is one of the
latest versions of SES-04 described in [3]). As a result, there is a possibility to freely
manipulate with the configuration of "assembling" electromagnetic objects.

4 -

Line "1" -"Lin 9 Line "3" 3

- Line "4"- Line "5"

Fig.2

Bases of TE-and TM- modes.
The calculation of the spectrum of TE-and TM- modes reduces to the calculation of eigen-
frequencies and oscillations of the resonator that is infinite in the longitudinal direction of line
under consideration. Matching the fields of partial domains that were formed by the regular
segments of the rectangular WG with the help of scattering matrixes of E, (H7 )-polarized
waves on the corresponding steps and bifurcations, we receive two systems of homogeneous
equations, nontrivial solutions of which give these desired spectrums for modes of E, (H, )-

types. However, the well-known idea of transverse resonance requires some comments
concerning possible alternatives in the formulation of the dispersion equation. Assuming that
the transverse resonance method is known, let us discuss only the three most important
solution schemes.
In the simplest Scheme A, a homogeneous matrix equation is formulated relevant to the
vector A•) of unknown amplitude waves in one of the regular partial domains of the cross
section and looks as follows (I .S(JJ)F().•(j) E(J))Aw~j =0 (1

I- •eft right

where Sj•'1 and S•ii, are matrixes of reflection correspondingly from the left and the right

boundary of a chosen partial domain, E°i=diag1exp(iý,(,"h0')} - is a diagonal transmission

matrix dealing with the waves on the segment of a plane WG with the length h(i),

4JW = k2 -(ng/ai'))2 -is the constant of propagation in the plane WG of a(j' width.
The advantages of such a scheme in comparison with the others (see below) lie in a smaller
amount of time spent on the calculation of the matrix operator determinant in (1), since the
calculation of and can by derived by step by step scheme. The disadvantage of

Scheme A is the following one: the determinant of the type E-Si, S~ightE 1  is

characterized by a steep response in the vicinity of the sought-for zeros that, in turn, requires a
denser frequency set at the initial localization of roots. The other disadvantage is connected
with a possible field localization of one of the oscillations in a domain different from, for
instance, a chosen j-domain. At the weak electromagnetic coupling of this domain with the
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domain of the field localization, a missing zero is here also possible at seeking the roots of the
dispersion equation.
Scheme B is used in cases when the cross-section being considered has large-scale domains
and one resorts to forming a matrix equation relevant to field vectors in some of them. If we
distinguish the domains 9, 4, 0 of Line 3 (see Fig.2) as dominant, than we pass to a
homogeneous system of equations of the type:

I + S9 (9~)2 0 _s9 )E( 4 ) 0

V (E'9)I _s44 E (4) 4

(9Is4 ( ) ( 4 S (9 )( 2) (4 0 , (2)
_s- ~E (4 ) 0 I +S S (0()~ AM0 ,

where Aj) and BW) are the amplitudes of forward and back waves in the j domain.
The time for determinant calculation increases in comparison with (1), though the frequency
dependence of the latter becomes smoother. Both in Scheme A and especially in Scheme B
there are determinant poles on the cutoff frequencies of some domains, that makes the process
of searching for the critical frequencies more difficult.
Scheme C does not presuppose preliminary "assembling" of partial elements and is based on
the full initial system of equations that describes the couplings between all the vectors of the
waves in partial domains with the help of S-matrixes. Since in the general case not all partial
domains couple with each other, the matrix operator contains a great number of zero
elements. On the one hand, it leads to a more laborious algorithm and to greater time
consumption. On the other hand, the determinants being generated by Scheme C do not have
poles; their frequency dependence is fairly smooth and, on the contrary, decreases calculation
time. In the general case, Scheme C is also more reliable.
At calculations several dozens of eigen modes of H- and E-types for each transmission line
with a complicated cross section are usually taken into consideration. This part of the integral
circuit calculation algorithm turns out, for instance, to be more laborious if we lack prior
information about the spectrums of these lines. By and large, this procedure consists of two
stages: (1) Rough search for the initial approximation for the whole spectrum that in one or
another way is based on the analysis of sign variation points in the real and imaginary parts of
the complex determinant. In Schemes A and B at the critical frequency, it is typical for one of
the two constituents of the complex value determinant really to change its sign, and for the
other 'only to touch the frequency axis. Scheme B does not have such problems, since both the
real and the imaginary part of the complex determinant change their signs at the
corresponding points. (2) The search for the spectrum of the precise values of critical
frequencies is based on Newton method and on a special algorithm of a gradual building the
wave bases being used. At each stage of such an algorithm, a simultaneous refinement of the
whole cutoffs' spectrum is carried out.

TEM-MODE BASIS
The transverse resonance method can be also used for determination of the fields of TEM-
modes, including those multiply degenerate. In fact, we are dealing with the determination of
the cross (to the resonator axis) field of the resonator's main *oscillation that was formed by
A0 /2 - section of the corresponding transmission line at the resonance frequency fo = cI/2d ,
where c -is the light velocity in free space, d -is the resonator length. The conditions of the
transverse resonance are formed for the packages of H I1 - and E~,,, - waves that resonate in
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the volume built by the sections of the rectangular WG with the dimensions a) xd and

lengths h(i). The same approach was repeatedly used in the case of single-conductor
transmission lines with internal conductors of various forms (see, for instance, [4]).
If the line being analyzed has N internal conductors, than there is a problem with
determination of the package eigen-fields N-times degenerated TEM-modes. To eliminate
degeneration of the eigen frequencies of A,/2 -resonators, an artificial approach was used

that consists in the insertion of discontinuities on the end resonator walls. Steps of Aj/2

height were inserted to both end walls for rarefaction of the field space spectrum in the
resonator.
Let us indicate the critical frequency of H0, -wave in the partial domain "i" where the steps

are inserted as f0'() =c/2(d - A")) , and the spectrum of "shifted" eigcn frequencies as
f(k, k = 1,2,...N. It is easy to notice that f 0 _<.ffk)•f(•i ,•) where fM( corresponds to the

S , f ,,, cd to tmax

domain with the minimum value A1') . Together with it, each new value generates the new

frequency of the H0,- wave cutoffs, and also an additional "false" determinant zero. All in
all, the final problem lies in the determination of the roots of the dispersion equation on the
interval f<--• f:O5m. The choice of equal Ai=A that "brings" determinant false zeros to the

boundary of the search domain fo< f:fo),= c/2(d - A) makes the task of determining the

spectrum of TEM-modes much easier.
At the real choice of dimensions of the "end steps", one should take into account two factors.
On the one hand, it is desirable to choose the value A as small as possible, in order to, firstly,
minimize the difference of the object being viewed from the non-perturbed A0 / 2 -resonator

in general, and, secondly, in order to reduce the level of H - and E,,, -waves with

q=3,5,..., in particular. Let us note that already at A/d &10-2 the amplitudes of I,,3 and

E3 waves in the found spectrum of Fourier-expansion of the TEM-oscillation turn out to be

three or four orders lower than the amplitudes of H,,,, and E, waves. Let's point out that the
technique of searching for the degenerate TEM-modes package used here simultaneously
deals away with the well-known orthogonalization problem, since the found field distributions
are orthogonal within 10-5 :10-16.
To check the adequacy of the data being obtained a series of internal criteria was developed. It
is clear that at integrating E. - or E. -components along L "from screen to screen" one can

estimate the value of field "potentiality" for the found TEM-mode. It turned out that already
taking account of 10- 15 members in the Fourier field decompositions corresponding
conditions are met accurate not worse than to 10-6 + 10-7.

FIELDS OF EIGEN-MODES
In the approach that was used here the cross section of the p-WG - Cp, is presented as a sum

of partial subdomains , j = 0,1,...J, where each of them has two metallized walls 'and can

be given with a set of values P YU) a", , h() that describe the coordinates of the origin, the

width and the length of the corresponding WG segment. Practically Cp is given with some

matrix of Gp values that contain the numbers of domains and their coordinates. The fields of
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eigen modes are described in each of such subdomains by a set of the amplitudes of waves in
the corresponding plane WGs (while calculating TE- and TM-modes) or rectangular WGs (in
the case of TEM-modes). These amplitudes are nontrivial solutions of homogeneous matrix
equations at transverse resonance frequencies and can be found with the aid of a special
procedure. The latter is used in case there is lack of any data concerning possible field
structure, when the type of the coefficient being extracted can not be given <<a priori>> and the
search for minor with the determinant maximum value is required.
Fig. 3,4 depicts brightness electric fields' distributions for some eigen modes of lines with
various complicity (lighter domains correspond to more intensive fields). Fig.3 shows E-field

Fig.3 Field of one of TEM-modes(E.,) Fig.4 Field of one of TM-modes (E.)

distribution for one of TEM-modes in the three-conductor Line2. In the case of lines with a
very complicated geometry, it is difficult to speak about any classification of the modes inside
TE(M)s. However no doubt it is possible to find some analogy between E_ -component

distribution of the sixth TM-mode represented in Fig. 4 and the field of TM31 -mode of
rectangular WG. The field of this mode takes only the right part of WG cross-section.

CALCULATION OF PLANE-PARALLEL JUNCTIONS
To calculate the scattering matrix of the plane junction in two multi-wire lines a traditional
projection procedure has been used. (See, for instance, [5]). At calculating the coupling
integrals a preliminary analysis of reciprocal crossings of partial subdomains of the enclosing
O-WG and the p-WG being enclosed is required. The thing is that in contrast to the junctions
of the WGs with "simple" cross sections (H-, H-, the rectangular coaxial), where these
crossings are obvious, their determination for a pair of WGs with fairly exotic cross sectons
requires a separate procedure. The implementation of the projection procedure thus starts with
the determination of the matrix of the Dop crossings that contain the coordinates crossing area

along the matrixes Go and Gp that give the configuration of the plane junction.

NUMERICAL REALIZATION
The program realization of the complex of numerical algorithms the basic moments of which
are described above was performed on C+ + as the part of the modeling system SES-06. The
main parameters that determine calculation accuracy were the lengths of projection and
descriptor (in the S-matrixes method) bases, as well as, M~') -the number of waves taken into
account in expansions for the fields of eigen modes. Below the data are cited those tentatively
characterize calculation accuracy and required resources.
As an example, a four-layer integral circuit is considered that is depicted in Fig.1 with the
following dimensions: the thickness of one layer is - 3.7 mil; the thickness of conductors is -
0.037 mil; their width is - 10 mil; the gap between the conductors of inductance in the parallel
and transverse direction is 35 mil; the dimensions of the screen are - 14.8x 120 mil; the relative
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dielectric permittivity of the ceramic surface is- 7.8. In order to range the size of the bases in
different lines, the condition of proximity of highest transverse wave numbers in each line to

some general value k was used.
At k = 20.5, for instance, Line] basis encloses only one TEM-mode, 50 TE-modes and 27
TM-modes, and basis Line 4 basis - 3 TEM-modes, 60 TE-modes and 16 TM-modes.
Calculation time of the mode bases on IBM PC (500 MHz) for each line makes up from one
(for Line]) to five (for Line 2) hours. The calculation of the matrix of coupling integrals for
all line junctions requires up to an hour, and the further calculation of the frequency response
of the whole "inductance" in 250 points - up to 50 minutes.
The quality of the mode basis being calculated depends on many factors, for instance, already
at Mt J1 = 20+ 25 we get that TEM-, TE- and TM- modes of small numbers (up to 5+6) are
orthogonal accurate to the values 10-4 + 10-6.

Table] illustrates the convergence of the calculation results with the increase of the mode
numbers in the basis, the length of which in general is determined by the limit wave number
value k . For a frequency of 1 GHz the transmission coefficients of the first TM-mode for the
junction Line I and Line 2 are given. Though the mode constitution of lines taking part in
calculation is quite complicated, the convergence of the numerical results is apparently quite
good.

Table I
10.0 15.0 20.5

S21 0.4547 (i0.043-) 0.4416 (iO.021) 0.4423 (iO.020)

The frequency response of "inductance" shown in Fig. I was calculated in wide frequency
band up to the frequencies, where the input and output rectangular bar lines become multi-
mode. A breakdown of response monotony and vivid peaks of the reflection coefficient were
noted after 5 GHz and were apparently caused by the resonances of TEM-modes along the
full length of the "inductance" conductor or with the resonances within the circui't formed by
the inductance itself and intermediate capacities.
CONCLUSION
The idea of the project was not to achieve the limit indexes in speed and accuracy while
calculating a complicated WG object with a fixed configuration. It is clear that direct use of
projection approaches for solving the corresponding homogeneous problems will provide an
advantage in calculation time. Our goal was to develop the tools that allow "in whole" (from
algorithm development up to concrete results) a rapid estimation of electromagnetic
properties and potential of specified configurations.
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ABSTRACT

The spatial transient regime of a fiber mode transformation near the cutoff frequency is
analyzed both theoretically and numerically depending on material losses and radial
distribution of refractive coefficient of a guiding structure. Kerr-like nonlinearity of a fiber
material is shown to be efficiently used to manage the transmittance of the structures near the
cutoff frequency of a fiber mode.

INTRODUCTION

When a lossless fiber mode reaches the cutoff, it's longitudinal power flow ceases to
decrease radially, and the mode propagates as a plane wave in the fiber cladding. What
happens when the characteristic frequency gets lower than the cutoff one? Mathematically, all
propagation constants of the mode become complex denoting that transverse power flow
appears and radiation leaks out the guiding region. Behavior of a fiber mode near the cutoff
frequency (leaky mode) is known to depend on its polarization [1]. The HEl,, modes of a step-
index fiber have the following kind of behavior: the mode field doesn't tend to zero at r - 0c,
the power flow increasing very rapidly as V---WV. Characteristic equation has the following
asymptotic form: w2lnw - 2 = 0, which differs from the one of the other types of fiber modes.
Behavior of the HEln (LPon) modes of a weakly guiding fiber was analyzed [2] by numerical
solution of the characteristic equation near the cutoff value of the characteristic frequency.
The multisheeted Riemann surface of the Macdonald's function has been taken into
consideration. Behavior of the dispersion curves was shown to depend on the material losses,
the curves corresponding to the lossless fiber being located on the infinite sheet of the
Riemann surface. The cutoff value of the characteristic frequency was shown to depend on
the magnitude of material losses [3].

Guiding properties of multilayered fibers were analyzed in [4] depending on the radial
profile of the refraction coefficient. Full-vectorial mode solver was used to calculate the
modal numbers of the fiber modes. These modal numbers were shown to be complex in
general and tended to be real as the radiation wavelength decreased.

Other phenomena which can change the guiding properties of a fiber is self-focusing of the
propagating radiation resulting from Kerr-like nonlinearity of a fiber material. The
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complicated interaction of nonlineaO fiber modes is shown [5] to destroy the higher modes
even in a regular fiber.

The first part of this paper is a review of some numerical and semi-analytical techniques
useful to analyze mode behavior and spatial transient processes of the total field propagation
in waveguiding structures including into consideration longitudinal irregularities, losses and
Kerr-like nonlineraity of the fiber material, radial dependence of the refraction coefficient. In
the second part the results of calculations are shown and some structures are analyzed
comparatively by numerical simulations of the guided modes transformation into the leaky
ones.

METHODS OF INVESTIGATION

1.Characteristic equation solution near the cutoff frequency

The amplitude of the total time-harmonic scalar field propagating along the z-axis of an
irregular linear fiber can be written as a sum of the discrete set of Ng guided waves and the
radiation field [6] (in the case of small discontinuities in the weakly-guiding fiber, the
backscattering can be neglected):

N,,

E(r,z) = ZA, (z)E, (r)exp(if, z) + Er,,,(r,z), (1)
n=1

E,.,,,,(r, z) f . dwAJ (w,'z) Ej(w,'r)exp(i,8j (w) z) (2)
0

with A, and fl,, being the amplitudes and the longitudinal wavenumbers of the n -th guided
mode, Aj and /j being the amplitudes and the longitudinal wavenumbers of the j-th
radiation mode. The functions E,(r) and Ej(w,r) describe radial distributions of the guided
and the radiation modal fields, respectively. The integrands Ej(w,r) are meromorphic
functions on the multi-sheet Riemann-surface of the complex parameter w, which is treated as
the cladding transverse wavenumber of a fiber mode [6]. The poles of the functions Ej(w,r)
correspond to the leaky modes and are located in the w -plane depending on the value of the
characteristic frequency V = kano - nt,, determined in the given cross-section of the fiber

(here k = 2TI/2 is the free-space wavenumber, a is the radius of the fiber core, n,0 and n(j are
the refraction indices in the core and in the cladding, respectively). Each pole formally is a
solution of the characteristic equation of the eigenvalue problem and characterizes the field
which increases exponentially in the radial direction.

In the simple case of step-index fiber with infinite cladding the characteristic equation is
well known to be of the transcendental form and can be solved numerically by an iteration
method of Newton-Raphson. The complex w-plane was shown to be convenient [7] to
analyze the solution behavior depending on the characteristic frequency taking into
consideration losses of the fiber material.

In order to analyze all-dielectric fibers having a uniform glass core and a multilayered
infinite cladding the following semi-analytical technique can be applied. In each layer,
riI < r < r, the fields can be decomposed [8] into the sets of Hankel functions such that:

Ez (r) = Ai Hl)(k r)+Bi H(2) (k, r) , (3)
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where

[21 (kr)E (ri) _- HS2, (kiri)E, (r)]

[- H 1,) (kjrji_)Ez (ri) + H,() (kijrj)Ez (r,)]
"A [U") (k=ir[,1 )J( 2) (k 1ri)- _ 'H1) (kiri),J2) (k_ r_,

and H ') (x) is the Hankel function of the n-th order of the i-th kind. E,(ri) is the value of E,

at r = ri, and k=2 = n k -_3
2 , where 8 is a longitudinal propagation constant of the field. A

similar expansion can be found for H,. It is noted that in the core (r < a) and outer
cladding regions ( r > a + (dI + d2 )N -d 2) the expression (1) simplifies to:

E (r)- E=ml•) J,(ktlr) ,Ez(r) - EZ(rN) H, )(kNr) (4)J,, (k,. r,) H n2 (k Nru )

From these expressions it is straightforward to derive the tangential field components Eo and
Ho on each side of the boundaries between the layers in terms of the values of E, and Hz at the
boundaries. Requiring continuity of Eo and Ho yields a matrix equation whose determinant
will only be zero if 83 is a modal propagation constant.

2. Numerical simulations of the spatial transient regime of the total field propagation by
Beam Propagation Methods.

The most commonly used numerical method to solve the scalar wave equation is the split-step
Fourier series method which is in fact an extension of the beam propagation method (BPM)
originally developed by Fleck, Morris and Feit [9]. Physically the technique corresponds to
replacing the continuous refractive index distribution by an infinitesimally thin lens emerged
in a homogeneous reference medium of uniform refractive index.

Conventionally to utilize this method in solution of the wave equation an algorithm is
employed which is based on the fast Fourier transformation (FFT) algorithm. The so called
beam propagation method (FFT-BPM) proved to be an accurate and efficient tool for solving
a variety of propagation problems in waveguide geometries involving one or two transverse
Cartesian coordinates. However, in application of this method in cylindrical coordinates one
has to cope with the increased storage and reduced efficiency.

An alternate numerical scheme to solve the wave equation is to use a finite difference
(FD) approximation [10]. Following the Finite-Difference Beam Propagation Method (FD-
BPM) the wave equation is replaced by a finite-difference scheme.

In this work, the finite-difference beam propagation method (FD-BPM) is used, based on
the implicit representation of derivatives and recursive procedure known as the sweep-method
[11]. Following the weakly-guiding approximation we assume the amplitude of the total
electrical field F(rz) to be slowly varying in axial direction, so that: E(rz)=F(rz)exp(i,8'z),
where )6' is the real part of the longitudinal wavenumber determined at the input endface of
the structure. Propagation of the electrical field in a circularly-symmetric step-index weakly-
guiding fiber is characterized by the scalar wave equation for the slowly varying amplitude :

2i a+ a,- + I-a + ZF(r, z) =0 (5)
(2 )r

with the normalized radial and longitudinal coordinates r - ra, z --> Z/Zd. The diffraction
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length zd = f6'a 2 , with a being the core'radius determined at the input endface of the fiber. The
boundary conditions for the problem are taken to be as follows: F(ocz)=O, tF(O,z)/ 0r=0. To
avoid nonphysical reflections from the grid boundaries, a complex scaling has proved to be
suitable [12].

ANALYSIS OF THE GUIDED MODE TRANSFORMATION INTO THE LEAKY
ONE IN DIFFERENT GUIDING STRUCTURES.

1.Down-tapered dielectric fiber.

Numerical techniques described above were used to analyze HE,, mode behavior when it
propagates through the cutoff cross-section. The model of a down-tapered fiber with a step-
index profile of refraction coefficient and infinite cladding appeared to be suitable for this
purpose.

Several dispersion curves representing a path of..........C :D A"
roots of the characteristic equation are shown in the D1 H
Fig.1. The value of V'(z) varies along every curve, the ::::Q i
value of V" being fixed. The roots which are located
in the zero-th sheet are marked by the empty circles, 0 ::0
the roots in the first sheet are marked by the filled 2
ones. Assume that some initial value of V' is above 0
the cutoff. When V' decreases (this direction is 4- *

indicated by arrows), the root moves to the point w=O. "
Behavior of the dispersion curves depends evidently .....
on the losses of the fiber material (the curves 1-3 are
obtained with V"=-0.07 ,-0.062, -0.005, ..................
correspondingly). The curves can turn several times
around the point w=O, the number of such turns A 2  . b :
depending on the losses. In the limit case of
nonabsorbing waveguide the number of turns is infinite. Fig. 1.

Propagation of HE12 mode along a taper with the length L and the linear longitudinal
profile a(z) = a, - Aaz /L was simulated numerically by FD-BPM. The transverse profile of
the field at the input end face of the taper corresponds to the guided HE12 mode of a regular
step-index fiber with a core radius a,. The fiber mode is supposed to be excited by a light
source with the wavelength X=lmpt. The corresponding range of the characteristic frequency
variation is 3. 7< V(z)<4 containing the cutoff value (for the lossless fiber V, ;z3.83).

When the fiber radius decreases the wavenumber
7 moves along the dispersion curve and crosses the w"-

6 6 • axis. Accordingly, the guided mode reaches the cutoff
Scross-section of the taper, passes through it, and
" forms a spatial wave which goes outsize the fiber core

S3 (Fig.2).

6 2 RHowever, a part of the radiation which propagates
= 1below the cutoff close to the fiber core is of the same

0 transverse distribution as the guided mode was. The
0.4 1 6 o total field can be sufficiently described here by the

14 leaky mode field. It propagates over some long distance
Fig.2 along the fiber core since the imaginary part of the
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longitudinal modal number p3" W 10-5 i ml. Far from the fiber axis, the radiation field is
finite, and goes to zero at infinity.
2. Multilayered all-dielectric fibers.

Multilayered dielectric two-dimensional structures
have been used mainly to lower the losses in hollow
metallic waveguides [13]. The guiding properties of
all-dielectric hollow waveguides were studied recently
[4,14].

In this paper we analyze all-dielectric fibers having
a uniform glass core and a multilayered infinite
cladding as potential bandgap structures. The n ftr' , i'i
structure consists of 2N - 1 concentric dielectric 111
layers. The cross-section of the waveguide is presented "2
in Fig.3 together with its refractive index profile. The ,
number of pairs N of adjacent layers with different r

indices is assumed to be finite and variable. Fig.3
The layered part of the structure is surrounded by an infinite uniform dielectric cladding
having the same refractive index as the core. Two different structures were

Low - contrast structure High - contrast structure
(n1=1.467, n2= 1.46) (na=1.467, n2 = 1.43)

Re3/k Re3/k
1.467

1.466 fdamentAi mode 1.460.

i.465 - 1.455

1.464- leaky modes
1.445-

0.2 0.4 0.6 0.8 1.0 1.2 1.4 0.2 0.4 0.6 0.8 1.0 1.2 1.4

wavelength, pim wavelength, jim
Ir3/k ImP3/k

1 ~0.00000-
-0.00001o . fundamental -0.0005. fundament

mmode-005fudmna
-0.00002- J u•d• mode

-0.00010-

-0.00003-
-0.00015

-0.00004- leaky modes
leaky modes -0.00020,

-0.00005 .
0.2 0.4 0.6 0.8 1.0 1.2 1.4 0.2 0'.4 0.6 0.8 1.0 1.'2 1.4

wavelength, jtm wavelength, pim

Fig.4
considered using this method. These had low- and high- index contrast in the cladding
respectively and a = 2.5pro, d, = 0.5/,Sn, d 2 = 0.5urn, N = 15. Two types of complex

solutions were identified - the modes with Im/3/k < O.1dB km -' which can be treated as the
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as the guided ones and a variety of closely locAted roots corresponding to leaky waves. The
most significant roots are shown in Fig.4. The fundamental mode behaves as the guided one
over a wide range of wavelengths depending on the refraction index contrast (n1 - n 2). The

leaky modes transform into the guided ones as the wavelength decreases.

3.Regular fiber with Kerr-like nonlinearity.

When a beam passes through the dielectric medium with a Kerr-like nonlinearity, the
refraction coefficients n,, and net depend on the intensity of the electric field as n = n, + n2
IF(r,z) 12, where nf is the linear coefficient and n2 is the positive nonlinear coefficient. This
changes the guiding properties of the structure, resulting in beam self-focusing.

Nonlinear mode propagation was considered based on the model of a double-mode fiber
(V=4.47) excited by a linear HE12 mode of the regular fiber. When the fiber is linear, the
radial distribution of the field doesn't vary along the fiber axis (see Fig.5). In the presence of
Kerr-like nonlinearity ( 2nrlIF12 ~-0.2) a small part of the input field transforms into another
mode. Two modes interact over some distance. Then just one mode is left to propagate, its
radial distribution being of the gaussian-like shape similar to the fundamental mode of a linear
fiber.

Linear fiber: Nonlinear fiber:
Field aimplitude (u.a.) Field amplitude (u.a.)

Fig.

1,0 ,

1,0 •~ 0,510

'~2 0,,2

ism 10 10 .z, mm 510 5 10

Sr,,u m

Fig.5

Propagation of the total field through the cutoff cross-section of the linear HE,2 mode in the
down-tapered fiber with a Kerr-like nonlinearity is depicted in Fig.6. The taper was assumed

to be excited by a linear
HE,2 mode of the regular
fiber with the core radius

(a) (b) a,. ' The intensity-
1dependent term was taken

2150 to be of the order of A n =
•0 *125 nco - nlo , the structure

75 100 , dimensions were as
-• 75

50 soi follows: L=3mm, al =5 a
... 25 m, Aa=1 pn, (a)-lossless

2.5 2.5

2°.0 2.o fiber, (b) -lossy fiber. It is

%,o 2 1 60 rWA seen clearly that the
'N, 0.' 14 1, " 14 radiation field expansion is

Fig.6 suppressed by the nonlinear
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contraction of the beam resulting in the propagation of the HE 12 mode through the cutoff to
depend on the amplitude of the input field. The high intensity beam may experience a
transformation from the guided mode into the gaussian-like nonlinear guided mode of the
fiber.

CONCLUSIONS

Spatial transient regime of a guided mode transformation into the leaky one is shown to
depend on the features of the guiding structure material: losses, Kerr-like nonlinearity, and
radial distribution of the refractive coefficient. In the presence of material losses, behavior of
a mode near the cutoff cross-section of the lossy fiber becomes more complicated comparing
with the lossless one. The length of the transient regime in the lossy fiber is less than the one
predicted by the theory of lossless fibers.

Including some layered structure into the fiber cladding one obtains a tool for efficient
management of the guiding properties of the fiber. The cutoff value of radiation frequency is
proven to depend on the radial distribution of refractive coefficient of the multilayered
structure.

Kerr-like nonlinearity of the fiber material causes the nonlinear interaction of the guided
modes resulting in transformation of the higher modes into the fundamental one.
Transmittance of the nonlinear structures depends on their geometry and can be managed by
the appropriate adjustment of their spatial parameters.

The phenomena analyzed above can be efficiently applied for elaboration of novel logical
elements, large-core amplifiers, mode-locked fiber lasers.
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INTRODUCTION:

Exploring the possible links between the mathematical field of fractional calculus and the
electromagnetic theory has been one of the topics of our research interests in recent years. We
have studied the possibility of bringing the tools of fractional calculus and electromagnetic theory
together, and have explored and developed the topic of fractional paradigm in electromagnetic
theory (see e.g., [1-10]). Fractional calculus is a branch of mathematics that addresses the
mathematical properties of operation of fractional differentiation and fractional integration -
operators involving derivatives and integrals to arbitrary non-integer orders (see e.g., [I 1-13]).
In our study in recent years, we have applied the tools of fractional calculus in various problems
in electromagnetic fields and waves, and have obtained interesting results that highlight certain
notable features and promising potential applications of these operators in electromagnetic theory
[1-10]. Moreover, since fractional derivatives/integrals are effectively the result of
fractionalization of differentiation and integration operators, we have investigated the notion of
fractionalization of some other linear operators in electromagnetic theory. Searching for such
operator fractionalization has led us to interesting solutions in radiation and scattering problems.

"FRACTIONAL SOLUTIONS" IN RADIATION AND SCATTERING PROBLEMS

Let us consider the time-harmonic Maxwell equations VxE=icoB, VxH =J-icoD,
V . D =p, and V. B = 0 where the time dependence e-")' is assumed, and the electric current
density J may be considered either as a primary current source (in radiation problems) or as a
secondary, induced current (in scattering problems). The continuity equation is of course
satisfied as V .J = -icop. Now let us choose a linear operator L from a class of linear operators

(or mappings) where the domain and range of any linear operator of this class are similar to each
other and have the same dimensions. In other words, the linear operator L should map an

element from the space C" into generally another element in the space C". That is

L: C" ->C" (1)
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where C" is an n-dimensional vector space over the field of complex numbers. One can then

suggest a "fractional" operator Lv, where the fractionalization parameter v can be a noninteger

real number (or in some circumstances even complex number), using some techniques one of

which is reviewed in [5]. Such a fractional operator Lv, which also maps the n-dimensional

space into the n-dimensional space

Lv • "-> CC (2)

has the semigroup properties, i.e., (1) for v - 0, the fractional operator Lv approaches the unit

operator, LV -> L' =; (2) for v -> 1, the operator Lv approaches the original operator L,

Lv --> L' = L; and (3) for two parameters v, and v2 we will have Lvlo Lv2 = Lvl+v2. If the vector

fields Eo, Ho, B0 , and D. are the solutions to the time-harmonic Maxwell equations with the

current density Jo, one can pose the following question: If we apply the fractional operator L'

on these vector solutions, under which condition(s) will the resulting vector functions, LvEo,

LvH1, L"B, and LVDo, satisfy the Maxwell equations with the new current density LvJo ? One

can observe that if the fractional operator Lv and the curl operator V x commute, i.e., if

LvVx = V x Lv, (3)

one will then have

V X (LvE,,) j(L vB)

VX(LVvHo)=LVJ -iro(LvDo) (4)

which indicates that the new set of vector functions LyE, LvHo, LvBo, and LvDo does satisfy

the Maxwell equations with the current density LVJo. What this implies is that if we know a set

of solutions for an electromagnetic problem with a given current source Jo, we will be able to

find the set of solutions to the related problem in which the current source is expressed as L'Jo

by just applying the fractional operator Lv on the solutions of the first problem. This can offer

interesting mathematical applications in the treatment of certain electromagnetic problem. As
some specific cases, we have considered the operators of fractional integration, fractional
integration, and fractional curl to show some of the interesting features of this treatment of certain
radiation and scattering problems. [1, 4, 5, 6, 7, 9] In the following section, we present an
example of application of the fractional operator in a scattering problem.

FRACTIONAL OPERATION AND PHYSICAL OPTICS APPROXIMATION

Let us consider a flat rectangular patch with certain surface impedance boundary conditions (e.g.,
a perfectly electric conducting (PEC) rectangular patch). This obstacle is being illuminated by a
monochromatic electromagnetic wave. The incident and the scattered fields are denoted by
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E'"'(x,y,z) and E"c"'(x,y,z), respectively. Let us now apply the fractional differintegration

operator (with respect to a (dimensionless) Cartesian coordinate, say k,,z, and with a general
fractional order v on the incident and the scattered fields. That is

E'ef'rv(x, y, z)=_ D4,vzE lr (x, y, z) (5b)

where _.Dk,z indicates the operation of fractional differintegration. For the definition of

fractional integration, we use the Riemann-Liouville fractional integration [11] which is written
as

1 !.

aD•_f(Z) f (z - u)v 1 f(u)du for Re(v) < 0 (6)

If Re(v) > 0, one will need to choose an integer m in the expression

,D Df(z)d D-"'f(z) such that Re(v - m) < 0. Then the above definition can be used to

evaluate aD'-"f(z) [11].

We ask the following question: Can the resulting field, E'Scr.V(x,y,z), be shown to be
approximately the field that would be scattered from another rectangular patch with the same size
and shape but with a different surface impedance boundary condition that would be determined
from the knowledge of surface impedance of the original scatterer and the fractional parameter v?
The results of our preliminary theoretical study have shown that, under certain circumstances and
approximations (such as physical optics approximation), the answer to the above question is
positive for the case of finite-size flat obstacles. In order to express the relationship for the
impedance transformation, we first describe below the case of an infinitely extent flat plate.

Let us assume an infinitely extent flat plate with a specified isotropic uniform surface impedance
boundary condition, Z . This requires that the tangential components of the total electric and

magnetic fields on the surface of this infinite plate be related as E, Z H, (See Fig. 1). A

Cartesian coordinate system (x, y, z) is used here. For the sake of brevity of discussion here, we
consider the transverse electric (TE) case for the incident electromagnetic wave illuminating this
plate (i.e. the vector E"' is polarized along the y axis). As shown in Fig. 1, the angle of
incidence is chosen to be 0, (with respect to the unit vector normal to the surface) and the angle
of tilt of the plate (with respect to the x-axis) is taken to be 00. Obviously the reflected plane
wave can be easily written in terms of the reflection coefficient, RV, which can be explicitly given
as a function of the surface impedance Z . Since we have assumed that the surface impedance is

isotropic and uniform, one can write EYi' Zo-- , where Zo denotes the surface impedance

on this flat boundary, and Ht''"" indicates the total tangential magnetic field on the surface. Now
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we take the fractional differintegral of the total electric field Et°'OI E"C + Er•f with respect to

variable koz and with fractional order v. We have

S V'

A B

Fig. 1. Panel A depicts the problem of reflection of a TE incident plane wave from an
infinitely extent flat boundary with the isotropic uniform surface impedance Zso. (The
electric vector is parallel with the y axis.) When the incident and reflected plane waves in
such a problem are fractionally differintegrated with order V with respect to the z variable,
the resulting functions can be interpreted as the new incident and new reflected waves in
another problem (Panel B) with infinite flat boundary but with a differing surface
impedance Zý,. The relationship between Zý0 , Zv and other relevant parameters is

given in text.

Erotal,=v DvzE total = kic+ Dv Fref

-~ký -,Dv Elc-.D -E,

-i ikozco,(0, 0- )-ikxsin(O , - )+iv -icz cos(9,+Q )-ikkx-sin( •Q0 -)-iv"
EJco20+ Ra Rcosv (0i + 0i )e 2]n

(7)

The resulting total field, which can be shown to indeed satisfy the Maxwell equations and thus
represent electromagnetic fields, consists of a new incident field, k Itb_, Dvo E"" that may be regarded

as an incident plane wave with the incidence angle 0, illuminating the plate with the tilt angle 00,
and the new reflected wave, - o -A E"rf that can be interpreted as the corresponding reflected
plane wave. The tilt angle of the plate and the incidence angle remain as 0, and 0, respectively.
However, the new reflection coefficient, which relates the new incident plane wave with the new
reflected plane wave is different from Ro, and is given as

Rv = Ro e-'È'z COS V(Oi + Oi)(8cosv(0-±0,) (8)

cosV(0a -o)i
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Following a series of mathematical steps, for the TE case we can show that the new plate, which
would provide such a reflection coefficient, should have a new surface impedance, denoted as
Zý,, that can be explicitly written as

i e z - cosz(O,+, e

Z,' +-'I,' cog' (0, -00

A similar approach can be used to obtain the corresponding expression for the TM case. The
above results demonstrate that when the plane wave reflected from an infinite flat plate with the
surface impedance Z,0 is fractionally differintegrated (with the order v) the result can be
interpreted as a plane wave that would have been reflected if the infinite plate (with the same tilt
angle O0, and the same angle of incidence O0 for the incoming plane wave) had had a differing
surface impedance Z,, that can be explicitly given in terms of all the quantities involved.

Although the example of reflection of plane wave from an infinite flat boundary with uniform
surface impedance is an idealized example and the mathematical connections via fractional
calculus for the infinite flat plates is rather formal, our preliminary analysis has shown that for the
finite-size flat plates the operation of fractional differintegration may be quite useful to link and
relate approximately the scattered fields for two separate problems with finite-size flat plates of
differing surface impedances. To demonstrate this point, let us now return to our example of flat
rectangular patch, and consider the problem of electromagnetic wave scattering from a
rectangular, flat, thin, perfectly electric conducting (PEC) plate when the incoming plane wave is
normally incident on this patch. Using the physical optics (PO) approximation, the scattered field
can be easily obtained. Then we apply the fractional differintegration operator (with order v) on
the far-zone scattered electric field in the region in front of the illuminated side of the rectangular
plate. We then use the impedance transformation given in Eq. (9) to find Z,,, and afterwards
using the PO approximation we find the scattered fields from the rectangular plate with the same
size and shape but with this new surface impedance Z,v. Our analysis has shown that the result of
fractional differintegration of the scattered field from the PEC rectangular plate is approximately
similar to the scattered field from the same-size rectangular plate but with the surface impedance
Z,,V,. Figure 2 presents the scattered field in the E-plane and H-plane using the fractional
integration (in this figure we used order v=-0.5) and using PO approximation from the
impedance plate. Good agreement in the magnitude and phase, particularly near the central
region, can be easily observed from these plots. This example suggests that instead of re-
calculating the scattered field from the impedance plate, one can use the well-known PO results
of the scattering from the PEC plate and just apply fractional differintegration on the scattered
fields in the far zone in front of the illuminated region, which would provide us with an
approximate answer to the far-zone scattering from the impedance plate. So, when we encounter
the problem of wave scattering from a finite-size flat plate with a given impedance boundary
condition, instead of solving such a problem directly using the PO approximation, one can use the
results of PO scattering from PEC version of the same-size same-geometry flat plate, and then
apply the fractional differintegration operator on these results. If the variable with respect to
which this fractional differintegration is taken is selected appropriately and if the order of the
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fractional differintegration is chosen properly using Eq. (9), then the results of such operation
would be approximately similar to the results of scattering from the finite-size impedance plate.
We have extended the above case to the situation where we can have two adjacent flat panels and
the results support the above idea for the application of fractional operators.

E-p1,tft[-0. -6,. 8=0.k-s8

oso

-• .• oso

io.

-os

o 80 -0 -40 -20 0 .0 . .0 . A B -8 200 -0 -... . .. .

1 80 4 -00 -20 0 205 0 00 80 - 8 H-P.0 -20 I 0 20 4u.5 0 2 60

0.2
-1 t , ' "...... ........... . .'

0n ... . . o-.. 2 . ... . C D .. . .. Th~ .. .oo-2 .. .. .

Fig. 2. Scattering of a normally incident EM wave from a rectangular thin plate with dimensions
koa = 30 and kob = 60. First, using the physical optics (PO) approximation, the far-zone scattered

field from such a plate with perfectly electric conductor (PEC) surface impedance was obtained. Then
we applied the fractional integration operator (with order V =-0.5) on such far-zone fields in the
region in front of the illuminated side of the rectangular plate. The solid lines show the resulting fields
from such fractional integration. We then used the impedance transformation given in Eq. (9) to find

Z, for v = -0.5, Oi = 0o = 0' and Zso = 0; and afterwards using the PO approximation we

directly evaluated the scattered fields from the same-size rectangular plate with this new surface
impedance Z4,. The dotted lines depict such fields. Panels A and B show the amplitude and phase for

these two calculated fields in the E-plane, whereas Panels C and D show the corresponding quantities in
the H-plane. Our preliminary analysis shows that the result of fractional differintegration of the
scattered fields using PO approximation from the PEC rectangular plate, (solid line), is approximately
similar to the scattered field from the same-size rectangular plate but with the surface impedance Zs,,

(dotted line). Good agreement between the solid line and the dotted line, particularly near the central
region, is noticeable.
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In this talk, we will present some of the recent results of our research on applications of fractional
operators in radiation and scattering problems and discuss their salient features and physical
justifications.
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ABSTRACT
Application of the domain product technique for analysis of scattering and radiation from
penetrable cylindrical structures with arbitrarily polyhedral boundaries is described. The
Mathieu function expansions are used to represent fields in both the interior and exterior
regions. The technique allows the fast and accurate evaluation of electrodynamic
characteristics for an extensive class of the 2D structures including realistic objects of higher
complexity.

INTRODUCTION
Analysis of electromagnetic scattering and radiation from cylindrical structures with
polyhedral boundaries plays an important role in electromagnetic theory and practice [1-5].
However, study of those objects quite often meets with difficulties. Geometry is commonly
arbitrary that excludes the use of effective analytical methods. Possible application of direct
numerical techniques (such as, for example, finite difference and finite element methods) is
complicated by overcoming difficulties associated with presence of edges on the scatterer
contour and with the mesh truncation in the exterior region.
We present here an alternative approach , named the Domain Product Technique (DPT)[6]. In
resonant frequency range, it gives an opportunity to attain an efficient field representation in
the form of the Mathieu function series and to reduce the problem to that of determining the
set of unknown expansion coefficients. In the past, the DPT was used for analysis of perfectly
conducting scatterers [6-10]. Last years, a series of works [11-18] analysing structures
incorporating dielectric have been carried out. The report is based on their content.

FIELD REPRESENTATION IN REGION WITH MULTIANGULAR BOUNDARIES
Let us consider a 2D finite or infinite region that is cross-section of a polyhedral cylindrical
structure homogeneously filled with a lossless material characterised by (gCo,up 0 ). A

particular case is shown in Fig. 1 (a). Axis Oz of the basic co-ordinate system (x, y, z) is
directed along the generator of the cylinder. The structure is excited either by E- or H-
polarised wave with z -component u0 (x, y) .We shall distinguish between those cases as (E)

I

and respectively (H). The time dependence is e'". The region wave number is k = (6p) 2 k0 ,

where k0 = 2z / A and 2 is the free-space wavelength. Define the longitudinal component of
the total field as

u =u ± u, (1)

where u, is a scattering contribution due to the presence of the boundaries. The sought-for

function u must satisfy the 2D Helmholtz equation, homogeneous Dirichlet or Neumann
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boundary condition on the conducting part of the boundary and matching condition on the
part of the boundary corresponding to interface. In addition, the edge condition and the
radiation condition (placed on u, in the case of an infinite region) must be satisfied.

N

Multiangular contour of the region is a broken line L consisting of N segments: L =U Lj. If
j=l

boundary contour is closed, it divides all the space into two subregions, namely a physical
part being domain of the field definition and a non-physical one completing the former to the
whole plane. For each the segment we introduce local Cartesian (xj, yj) and elliptic (ýj, 77j)

co-ordinate systems as

xj = fj cosh ýj cos 77j, yj = fj sinh ýj sini/, j =1, N (2)
The systems are shown in Fig. 1 (a,b) .Then, every segment of the boundary may be taken for

a degenerate ellipse { (vj,r 7 j) j =0; 7j e (- 7r,;r] } and physical region (it does not matter

internal or external one) can be considered as a common part (product) of simple infinite
domains ýj > 0 (j = 1, N). Since Helmholtz's equation is a linear one, the quantity u. can be

written in the form of superposition of some other functions being solutions to the equation as
N

U, =-uj (3)
j=1

Suppose region ýj > 0 is the domain of definition of the function uj and this function

satisfies the condition needed at infinity. In elliptic co-ordinates, region ýj > 0 has separable

geometry. Assuming Li is a segment of an open boundary contour and examining boundary

conditions, we find that uj can be expressed as series of angular eigenfunctions in the form

j=1,N (4)

Here, qj = (kfj /2)and ma, (rlj, qj) stands for the even Mathieu function ce, 1 (7j, qj) in

the case of the Dirichlet boundary condition [6]. For the Neumann boundary condition,
ma,, (71j, qj) coincides with the odd Mathieu function se,, (q 7, qj )[7]. M,, ( j, qj) is expressed

in terms of relevant radial Mathieu functions as Me,2( (4j, qj )/Me•(,• (0, qj) or respectively

Ne,1)(ýj,qj)/Ne, 2 ) (O, q.). Assuming Li is a part of a closed contour, we ascertain
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independently of the type of boundary condition there exists a choice of two possible
representations [8,11,15]. Function us, possessing physical meaning inside or outside the

closed boundary, is continued by (3) and (4) into the whole plane out of L.
For all that in the case of the even function series, expansion coefficients approach zero as
DJ,. = 0(/n2+x) , n - oo provided uj represents solution of the boundary value problem

and transverse components of the field have singularities of the type O(r-r) [9]. Here,
X = 1 - 2/ and y is the greatest of two powers corresponding different end points. The fast

enough convergence of series (4) is caused by the fact that both the sought-for function u and
its derivatives with respect to ýj and 77j have no singularities in this problem. Transverse

components of the field, being expressed in terms of Du/D9j and au/alaj , involve factor

1/ Vrr 2 where r, and r2 are distances between an observation point and the end points of the

segment. Since usually y • 1/ 2, derivatives au/laj and au/Oqj can be only finite values or

infinitesimals of some order when r, or r2 tends to zero. Odd function expansion is, in

general, less beneficial in the sense of convergence because, unless u1 vanishes at the ends of

the segment, D, = 0(1 / n) only. The last condition holds provided L1 is cross-section of a

separate strip (H) or series relating to both segments adjoining L1 have the even function

form [17]. So, we assume further that in the (H) case all parts of the boundary contour are
closed or consist of separate strips. Since M,, (Jj, qj) -exp(-n4j) (;J fixed, n -> oo), proper

choice of the type of the expansion (4) ensures, with the above restriction, quite efficient
representation of the field within the region considered and at its boundary.

PECULIARITIES OF PENETRABLE STRUCTURE MODELING
Fig. 2 shows a penetrable cylinder of a general type. It is y(2 (2)
composed of regions I and 2. Exterior region 2 contains a n. x

source. Let NC ) and I be sets of the segment's numbers Source g

relating to the conducting part of the K -th region
boundary and to the interface. N(K N~K) U I. We ,0

define the z -component of the total field in regions 1 and

as u =•u (1) and correspondingly u (2) =u (2) +. o,
Scattering contribution u(K) (K = 1,2) is expressed by , "

formulas similar to (3) and (4) where all the quantities are Y/ C
marked by additional superscript K. nductors
Substitution of the above expansions into boundary Z
conditions on the conducting part of the boundary yields Fig. 2
infinite system

KDJ KK+, a, ,,KD=K cm =1, oo, 1 c N (K) K=1,2 (5)
D+In Ifll f III 5

peN(K)

with some known matrix elements [9].
Substitution into matching conditions yields equations completing (5). Here, all matrix
elements have the same type as those in (5) except for 12a i and 21a/, (jel) [11,15,17].
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The last elements correspond to segments that belong to different regions and are imposed on
each other along the interface. Those quantities include as a factor integral

= -- me,,t(lI , q. )ine (i(),q(1 )dr/1) (6)
7/0

Since ce ,(q,q)-cosnrI and se,,(rq)-sinnrI as n--c>, functions nia,,((i'),q (2)) and

ma, (q q) are asymptotically orthogonal. Based on this property, it is possibly to rewrite
"12 ja and 'a as 2 

- ( jj ) , a il and 21a j, 1-(-1) 517118 / P + f,, ,i where P ,p (E)a,,,,, a ,,,, fli p,,l, /?1 MI,, III, ,,,= - ,,
or P = e (H), 8,,,,, is the Kronecker delta, and a and /,8 ,are some infinitesimal sequences.

It can be shown that when ni, n -> co, they approach zero not more slowly than other matrix

elements. It means that on replacing 'D, and 2D,j (iE 1) by new unknowns
-bj='D, + (_'"' 2D , and 2bD'=2Di -D(- 1),'' D , / P, we obtain a conventional DPT system.

II, IIIIIII I I

In the case of a purely conducting scatterer, equalities (5) constitute a complete set of
equations. It was shown in [9,10] that, dealing with those equations , one could apply
truncation procedure provided the frequency of the incident field does not coincide with
natural frequencies of the non-physical region. Same is valid and in the case of penetrable
structure. It should be noted that natural frequencies of the last region can be easily changed
by placing an auxiliary boundary segment inside it (dashed line in Fig. I(a)), adding an
appropriate term into (3) and assigning a boundary condition on the segment introduced.
Regarding the new segment as a perfectly conducting one, we shift natural frequencies along
the real axis [10]. Prescribing auxiliary boundary condition of an impedance type, we make
them complex valued.

SAMPLE NUMERICAL RESULTS
In this section, we illustrate the technique described in earlier sections. First for the sake of
verification, we consider a triangular dielectric cylinder backed by a conducting strip and
excited by a plane wave. The convergence of the algorithm at point A is demonstrated in
Fig.3. Here, truncation number M is the order of partial sums in expansions of type (4) after
truncation. a is the impinging angle. As seen, quantities Iau() /anI (E) and I u(1 1 (H),
which are proportional to magnitudes of the surface current densities, settle down to their
final values for quite low truncation sizes. In a particular case of 6 = 1, solutions converge to
the known values (dashed lines) obtained by the method of separation of the variables.
Corresponding far-field pattern (not given here) level more rapidly with increasing order M.
Roughly, truncation number M = [lj /(0.212)] + 2 with lj = 2fj VH < 2/1 is recommended

for calculation of electrodynamic characteristics in far-zone. It is sufficient to plot quality
graphs. This number can be reduced with increasing electrical length of the segment.
Next two examples demonstrate versatility of the technique and its efficiency in dealing with
arbitrary geometry. Fig. 4 shows far-field patterns of a flanged parallel-plate waveguide
radiator with a plug shaped like a wedge in the case of TEM excitation. Fig. 5 presents
radiation patterns obtained for an H-plane horn with dielectric insert that behaves as a lens.
Another examples of application of the DPT for analysis of scattering and radiation from
different penetrable structures one can find in works [11,14,15,18]. Before closing this
section, it should be noted that technique can be also applied to other problems such as
eigenmode problem for transmission lines[12,13] or analysis of waveguide discontinuities
[16].
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ABSTRACT
The two-dimensional and three-dimensional numerical simulations of scanning near-field optical

mricroscope by integral equation methods, which are performed in our laboratory, have been reported in
this paper. The Guided-Mode Extracted Boundary Integral Equations has been applied to the
two-dimensional global-model and the conventional volume integral equation with Generalized
Minimum Residual Method has been applied to the simplified three-dimensional global-model. The
numerical simulations have revealed basic characteristics of near-field optical microscope.

INTRODUCTION
Recently, many researchers of electromagnetic theory have been interested in the technology of

Near- Field Optics (NFO) and have proposed various techniques for the analysis of NFO problems [1-4].
Integral equation methods are the most popular method among them, because we can easily treat the
NFO global-model and can apply various mathematical techniques in solving the integral equations.
First, in this paper, we have applied the boundary-element method (BEM) based on integral equations
called Guided-Mode Extracted Integral Equations (GMEIE's) to the simulation of a two-dimensional
(2D) scanning near-field optical microscope (SNOM) [5-7]. In this method, the explicit expression of
the excited guided-mode in the scanning dielectric-probe can be obtained and it is not necessary to
employ any approximations in the formulation of interaction between dielectric-probe and near-fields.
Then, we have applied the Moment Method (MoM) based on the conventional volume integral equation
(VEI) with Generalized Minimum Residual Method (GMRES) to the three-dimensional (3D)
simulation of a simplified model of 3D-SNOM. We can understand the basic physical characteristics of
the output image of 2D and 3D SNOM by these numerical simulations.

TWO-DIMENSIONAL SIMULATION
We first explain numerical simulations of 2D SNOM with dielectric-probe. Although the

electromagnetic wave propagation in a 2D problem is different in principle from that in 3D one, obvious
similarities exist. The geometry of the problem that shows 2D-PSTM considered in this paper and its
basic structure are shown in Figs. 1(a), 1(b) and 1(c). In the operation of SNOM, following
operation-mode are used experimentally. One is collection-mode (c-mode) and another is
illumination-mode (i-mode) as shown in Figs. 1(a) and 1 (b), respectively.

In the c-mode, the object placed on the semi-infinite dielectric substrate is illuminated by the
transmitted evanescent wave which is created by the total reflection of an incident plane wave that
comes from inner side of the substrate as shown in Fig. I(a). The object illuminated by the evanescent
wave creates near-fields around the object. This near-field around the object is detected by the probe-tip
as shown in Fig. 1(a). After interaction between near-fields around the object and the probe-tip, the
transmitted guided-wave is excited in the probe which is a dielectric slab waveguide in this case. If we
moved the probe along the x-direction and measure the transmitted power in the probe, we can obtain
the scanning image of the object. In the i-mode, the object is illuminated by the near-fields created
around the probe-tip by the incident guided-mode that comes from upper direction in the probe as shown
in Fig. 1(b). After interaction between near-fields around the probe-tip and the object on the substrate,
the reflected guided-mode will transport information concerning the object. Moving the probe along the
x-direction, we can also obtain a scanning image of the object placed on the substrate. We can expect
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that scanning images obtained by these niethods will have higher resolution than that of the conventional
optical microscope.
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E(x)z=EC(x) + T E+(l)(x) for x on Cj. (1)

Similarly, for the ease of i-mode, we assume that the E(x) on the boundary C1 is composed of as

EOx,)=EC(x)+R E+(1)(x) ± E-(1)(x) for x on C1, (2)

where E±+ (1)(x) are guided-mode fumnctions which propagate to the upper direction (+ in the probe as
shown in Fig. 1(a) and which propagate to the lower direction (- in the probe as shown in Fig. 1(b).
Constants Tand R are transmission and reflection coefficients of the guided-mode in the probe as shown
in Fig. 1(a) and 1(b). respectively. In Eqxs. (1) and (2), we consider that total field in the uniform
waveguide region ofthe probe is composed of the guided-mode and other field denoted by Ec(x). When
the probe, which is a dielectric slab waveguide in the 2D-SNOM, satisfies the single-mode condition,
we can expected that EC(x) will vanish at points far away from the probe-tip. We denote the total field on
the boundary (C2 that is the boundary ofthe probe-tip as shown in Fig. 1 (c) as

E(x) - -EC(x) for x on - - 2  (3)

for convenience of notation. For the case of c-mode, we decompose the total field on the boundary C4in Fig. 1 (c) into field components as

E(x) a EC(x) + t(x) for x on the upper side of C4, (4)
E(x) = EC(x) + U'(x,) + E'('x) for x on the lower side of C4, (5)
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where Ei(x), Er(x) and Et(x) are an incident, reflected and transmitted plane waves, respectively, which
make the total reflection by the boundary C4 as shown in Fig. 1 (a). For the case of i-mode, the boundary
C4 can be regarded as finite-length one because of finite-sized field-distribution of the guided-mode. So,
we can assume that the total field on the boundary C4 can be denotes as follows:

E(x) = EC(x) forx on C4  (6)

for i-mode. The total field on the boundary C3 of the object on the substrate is denoted by

E(x) = EC(x) for x on '3 (7)
for both c-mode and i-mode.

It is possible to consider that all fields EC(x) defined in Eqs. (1)-(7) will be confined in the vicinity
of the probe-tip and the object as shown in Fig. 1(c). Substituting expressions Eqs. (1)-(7) into the
conventional boundary integral equations and considering that the radiation field does not exist at far
points from the probe-tip in the waveguide, we can obtain boundary integral equations for only unknown
functions EC(x) for both c-mode and the i-modes as follows [6,7]:

EC (x)/2 =4, [P I (x4v ) 6 EC (x c) / )n '- ECrx) cPl(xc )/ 9 n ] dl '+ S I (x), (8)
CI+C2 +C3 +C4

EC(x)/2- f [P2(x) 9EC(x) / On'- EC(x) dP 2(xx g)/ n 7 dl '+ S2(x), (9)

EC(x)/2= f[G 3 (4*c) &EC(x)/ On '- EC(x) $G3(xr )/ c9 n7 di (10)

Ec (x)2= f [G4 (xC ) )2EC(x)/ c n '- EC(x) c2G4 (xx )/ 9n 7 dl (11)
C64

where impressed terms are given by

Sl(x)=y t(x) , SV2x)=O for c-mode, (12)

Si(x)= -Uj-(1)(x) + Ui+(1)(x) ui-( 1)(t/2)iui+(1)(,Z2) (i=1,2) for i-mode, (13)

respectively. Functions U1 ±- (1)(x) are derived by applying Green's theorem to the uniform waveguide
regions surrounded by boundary C1 + ClI as shown in Fig. l(c) and they can be written as

UlI+-(1) (x)= [Gl (# ) OE+ (1)(x )/n'-E±--(1)(x') dGl (x~r')/ gn']d1'. (14)

(12
Kernel functions of Eqs. (8)-(l0) are given by

P i(x ) =Gi(x•')- gi(7v'2ý ) Ui+(1)(x)/u2 W(7r/2) (i=1, 2), (15)
and

Gi(x*,c H)=-j/4Ho(2) (kOnft-x '1) (i=],2,3,4), (16)

where k0 -=is a wave number in a vacuum and Ho(2)(x) is the 0-th order Hankel function of the second
kind.

We have called Eqs. (8) and (9) Guided-Mode Extracted Integral Equations (GMEIE's) so far [5-7].
For fields EC(x) on boundaries of the object and the substrate, the conventional boundary integral
equations are employed as Eqs. (10) and (11). Since all fields denoted by EC(x) are confined in the
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vicinity of object and probe-tip. we can regard the infinite-length boundaries C1 and C'4 as finite-length
boundaries in Eqs. (8)-( 11). Introducing boundary conditions in each boundary, the simultaneous
boundary integral equations of finite-length boundaries Eqs. (8)-( 11) can be solved by the conventional
BEM. In our numerical calculations, we used BEM in which the quadratic function as a basic function
and the delta-function as a testing function were used [8].

It OZOl

()o_ J fle dee•vndunce of I-7oll the position Fig. 2(b) D)istrihutions ofabN,-ilute values of
oflthc prwtv-tip (c-n le), el'ctric field in the vicinity ofoltiec and profbe.

When the fields EC(x) on all the boundaries have been obtained numrerically, we can calculate the
transmission coefficient T for c-mode and the reflection coefficient R for i-mode by using EC(x) [5-7].
The dependence of the transmission power FT, which is defined by / T /2, for c-mode on the position
of the probe-tip are shown in Fig. 2(a) for nl=nF--n3=n4=].5, k0 X (width of the probe)-O.5, k0 X
(tip-radius)=0.5. koa= koh=I.O, and Oi=60 degrees in Fig.l(a). In Figs. 2(a) and 2(b), kolx is a
normalized x-direction distance between center axis of the probe and the center of the object and ko/y is a
normalized y-direction distance between probe-tip and upper surface of the object as shown in Fig. 1 (a).
The sign of kolx in Fig. 2(a) is positive when the probe exists in the right of the object and negative when
the probe exists in the left of the object in Figs. l(a)-l(c). A square object is located on the substrate
surface so that its center exists at kOlx=O in Figs. 2(a). Distributions of absolute values of electric field in
the vicinity of object and probe-tip are illustrated in Fig. 2(b). The incident and reflected plane waves are
extracted from total field in the substrate i.e., y<O in Fig. 2(b), so that small additional fields can be seen
in the dielectric substrate.

From these numerical examples, it is found that smaller value of tip-radius (sharp-tip) does not give
higher resolution in the case of dielectric-probe without metal coating. We can also find that the
following interesting results concerning interaction between probe-tip and evanescent fields around the
object of the c-mode. The object and the probe scatter the evanescent field and create standing
evanescent fields in the region of positive x region on the substrate. Due to the effects of these standing
waves, the most of the energy of the evanescent field enters the dielectric-probe through the
side-boundary of the probe, not through the probe-tip.

Figure. 3(a) shows the dependence of reflection power rR for i-mode on the position of probe-tip.
The FR is normalized by the incident power in the probe. Distributions of absolute values of electric
field in the vicinity of object and probe-tip are also illustrated in Fig. 3(b). It is also found that smaller
value of tip-radius (sharp-tip) does not give higher resolution in i-mode. From above-mentioned
numerical simulations, it is found that the physical process of interaction between probe-tip and
near-field around the object in c-mode is more complicated than that in i-mode.

THREE-DIMENSIONAL SIMULATION
Theoretically, it is possible to extend above-mentioned techniques to the 3D NFO global model as
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shown in Figs. 1(a) and 1(b). However, it is difficult to perform numerical calculations in this technique
due to the limited ability of our system at present, because the system of linear equations to be solved
becomes very large even for small 3D-NFO problems. So, we consider a simplified model of the
3D-SNOM and the geometry of the problem is shown in Fig. 4 [9, 10]. One 3D F-shaped planar
dielectric object whose index of refraction is given by n I is z

placed on the rectangular dielectric substrate whose
index of refraction is given by n2 in a vacuum. A
dielectric sphere with diameter a, which is a version
of the active part of dielectric probe and whose d

index of refraction is given by n3, is placed in the Iz
vicinity of the object. The dielectric sphere is used x
as a scanning probe that moves along the plane parallel
to the x-y plane above the object as shown in Fig.4. lX ly

The distance between the sphere center and the upper
surface of the object is maintained by a constant
value d during the scanning. A plane wave whose Fig. 4 A simplified 3D-SNOM
wavelength is given by X. is assumed to be
incident to this system from the negative x-axis as shown in Fig. I and it is scattered by the object,
dielectric substrate and the probe-sphere. We can consider that the dependence of the far-field scattered
power on the position of the probe-sphere relative to the F-shaped object on the substrate corresponds to
an output image of the F-shaped dielectric object of this simplified 3D-NSOM system.

It is well known that the one of the simple methods to solve the scattering by the 3D dielectric
object is the 3D-VIE method in the computational electromagnetics. The 3D-VIE to be solved for the
scattering problem by 3D dielectric objects can be written as [11]

-k0
2 S [n2 6')-I]G(xlx') .E(x) c&, +f {[n 2(x) + 23/3}E(x) =Ei(x) (17)

V
where G(x* ) is a free space electric dyadic Green's function given by

GL(xlx )-= (I + 14k2 V7V7)g(x~x'). (18)

and x and x' represent the observation and source points, respectively. In Eq. (18), 1 represents a unit
dyadic and g(xlx) is a scalar free space Green's function given by

g(xlx) = 1/(4 z))exp[(-ik0ox-x 'I)]1/-x'J. (19)

01

0. 10

Fig. 3(a) Dependence of 17,on the position ig. ) Dstons oa lute vaues o

of the probe-tip (i-mode), electric field in the vicinity of object and paobe.
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In Eq. (17), E(x) is the 3D total electric vectors, n2 &)represents the distribution of index of refraction of
the dielectric objects in a vacuum, f dv' represents the principal-value of volume integration over the
entire space V. We define the incident plane wave whose electric field is parallel to the x-y plane as
TE-wave and define that whose electric field is perpendicular to the x-y plane as TM-wave in Fig. 4 [9,
10]. It is assumed that the incident wave Ei(x) has an unit amplitude.

We apply the Moment Method (MoM) to the numerical evaluation of the integral equation (7). We
use the pulse function as basis function and use the delta function as testing function in the application of
the MoM to Eq. (17) [11 ]. After discretizing VIE (17), we can obtain a system of linear equations of 3N
unknowns, which are values of electric vector at N center points of the cubes that are discretized
elements of the object, substrate and probe-sphere. Since the resultant 3N X 3N coefficient-matrix of the
system is very large, complex and dense for usual problems in 3D NFO, it is unrealistic to employ
Gaussian-elimination (LU decomposition) method in order to solve this large-scale matrix equation.
Therefore, we apply an iteration method called Generalized Minimum Residual Method (GMRES) [12,
13] to the inversion of the matrix in order to solve the problem within reasonable computational cost.

The distribution of the absolute value of near-field on the plane above the F-shaped object on the
substrate are shown in Fig. 5(a) and 5(b) for incident TE-wave and for incident TM-wave, respectively.

Fig. 5(a) Near-field distribution above the object Fig. 5(b) Near-field distribution above the object
for incident TE-wave. for incident TM-wave.

The distance between the observing plane and the Lipper surface of the F-shaped object is d-5 nm. Other
parameter used in the nunerical calculations is given by 2. =632 rim, n= n2= n3=1.5, az10 nm, 1=50
nm, w=30 nim, h=:7.5 nm, d=10 nm. [x=230 nm, I1y =250 nm and lz=20 nm. The size of the F-shaped
object is approximately 2 /12. The insets in Fig. 5(a) and 5(b) show the results for the case where there
are no dielectric substrate. We can find that the electric field distribution around the F-shaped object is
very similar to the electrostatic field distribution. The dependence of the total scattered power on the
position of the probe-sphere i.e., output image of this simplified 3D-NSOM, are shown in Fig. 6(a) and
6(b) for incident TE-wave and TM-wave, respectively. Lower figures show the gray scale image of the
upper figure in Figs. 6(a) and 6(b). It is found that these output images are very similar to Fig. 5(a) and
5(b). So, ideally. the output images of small object compare to 2. represent the electrostatic field
distribution around objects in 3D-SNOM as showvn in Fig. 4 [14].

CONCLUSION
We have reported the 2D and 3D numerical simulations of NFO microscope and have found many

interesting characteristics of the NFO system. Most of basic characteristics of NFO system can be
analyzed by the classical electromagnetic theory. A lot of important. interesting and basic NFO problems
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have not been solved until now. For example, the relation between the shape of probe-tip and the
resolution of 3D-NSOM has not been uncovered clearly.
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Fig. 6(a) Output image of 3D-NSOM as shown Fig. 6(a) Output image of 3D-NSOM as shown
in Fig.4 for incident TE-wave. in Fig.4 for incident TM-wave.
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Abstract

In this paper we summarize some recent progress in applying the theory of critical points to the
analysis of guided-wave problems. In particular, we are interested in fold singular points and Morse
critical points which occur in spatial/temporal transform space. An important observation is that these
points are associated with temporal transform-domain branch-point singularities, which ultimately govern
observable modal interactions. Numerical results for a variety of guided-wave structures illustrate the
role of critical and singular points in analysis and simulation, and their use in explaining observed modal
phenomena.

I. INTRODUCTION

Guided-wave structures are fundamentally important in high-frequency systems, from
electronic through optical regimes. Knowledge of the dispersion behavior of the natural
modes supported by such structures is crucial for understanding system behavior, and
can be utilized for the design of novel guided-wave components. Unfortunately, the dis-
persion characteristics of all but the simplest waveguiding structures must be determined
numerically, which obscures the analytical characteristics of the dispersion function. As
such, the mathematical and physical nature of observable modal interaction is not always
clear from numerical simulation or experimental results. In this paper we examine modal
dispersion behavior, and especially modal interaction, using the concept of critical and
singular points. Of principal interest are Morse critical points and fold singular points,
and associated branch-point singularities.

The application of Morse critical point theory to the analysis of modal interactions on
electromagnetic structures was instigated in [1]- [8]. In [9] this theory was applied to
mode leakage on striplines, and in [10], [14] the connection between the theory of Morse
critical points and coupled-mode theory was established. Fold points have been found
to occur in the cut-off region on waveguiding structures [9], [11], and, along with Morse
points, are seen to be related to branch point singularities in the complex-frequency plane
[11], [13], [14]. In this paper we discuss these points in a general framework, and show
that a wide range of observable modal phenomena are explained in terms of critical and
singular point theory.

II. FORMULATION

Consider a two-dimensional waveguiding structure, invariant along the waveguiding (z)
axis. Subsequent to a two-dimensional Fourier transform in space and time, (z, t) -

(K, w), source-free Maxwell's equations can be converted to an operator equation for the
discrete propagation modes of the structure,

A(U-, fe , c)X = M . ec
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In (1) A is an operator-function, n is the spatial Fourier transform variable, representing
the modal propagation constant, f = wl/2r where w is the temporal Fourier transform
variable, representing frequency, ý G Ck represents a vector of k generally complex-valued
parameters associated with the physical structure of the waveguide (dielectric permittivity,
dielectric thickness, etc.), and X represents a modal field distribution, typically current
density, electric field, or magnetic field, depending on the problem formulation. We
consider the analytic continuation of (r,, f) into the complex plane C2, such that V =
(n, f, ý) forms a vector in the complex space Cl+k.

Non-trivial field solutions are obtained from the implicit dispersion equation

H(O) = H(i, f, ý) = det(A (, f, ý)) = 0. (2)

Let O0 = (no, fo, ý0) be the set of solutions of (2), i.e., H(1O0) = 0, and note that we
are usually interested in determining the implicit solution 0o(fo, ýo) of (2) for the modal
propagation constant as a function of frequency. We assume that the mapping H :
C2+k --- C is continuous, and that all second partial derivatives of H exist and are
continuous. Analytical properties of H for (ij, f, ý) corresponding to values of physical
interest or mathematical significance (e.g., f in the vicinity of the real-frequency axis)
govern observable modal characteristics.

The 2 + k-tuplet V = (tK, f, ý) belongs to one of three possible categories. If

OH( - €H ('O) 0, ""') = H -'0)# 0
an- a, f_ (3)

= H" ('0) - o, .... (H d) 0

then O = VO is said to be a regular point of the mapping H. If all of the partial derivatives
in (3) are zero, we call V = V, a critical point of the mapping H. Regular and critical
points of H do not necessarily affect solutions of the dispersion equation (2), although
most elements of the solution space of (2) will also be regular points of H. Critical points
of H which either satisfy (2) (i.e., VO = V,) or occur in some sense close to solutions
of (2) (i.e., IhO - -Ooll < 6 for some 6 > 0) significantly affect modal behavior. From
a geometric view, one can consider properties of the surface (',f, ,H(•,f, )) in the
vicinity of the hyperplane (r., f, ý, 0).

In addition to the solution set of (2) being comprised of either regular points or critical
points of H, obviously it is possible that some, but not all, of the partial derivatives in (3)
may be non-zero for points 0,, H(79,) = 0. We call VO a singular point of the equation
H = 0. Every solution of (2) is either a regular point (O0 = dO) of the mapping H, a
critical point (,Od =%O) of H, or a singular point (O0 = O,) of the equation H = 0.

At a regular point of H which also satisfies (2), or a singular point of (2), the implicit
function theorem states that one can obtain from (2) a unique solution for one of the
variables in terms of all of the other variables. For example, if H'(, f, ) 0 0, then (2)
admits a unique solution i,(f, ý). Furthermore, if H has, for instance, continuous second
derivatives, then so does the solution n(f, ý). At regular points of H modal dispersion
curves do not exhibit modal interaction (coupling, cutoff, etc.), and so in the following
we will concentrate on critical and singular points.

Although sometimes if is useful to work within the general framework discussed above,
in what follows we will consider ý as a fixed vector in Ck, whereas (n, f) will be variable
parameters. In this case we will suppress the dependence on ý and define regular points
(ti, f) of the mapping H by

OH H,(, f) 7 0, a = H(, Kf) -# o. (4)
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Singular points (ri, f) of the equation H = 0 occur when one of the partial derivatives
in (4) vanishes, and critical points of H occur when both partial derivatives vanish. In
the following sections we consider two types of non-regular points of importance in modal
interaction problems, both of which lead to branch-point singularities in the temporal
transform plane.

A. Morse Critical Points

Critical points (KC, fc) of H may be broadly classified by study of the Hessian,

H" , H" - H" " K

where all partial derivatives are evaluated at (K,, f,). For simplicity we assume that
A(Kc, f,) E R, which is found to occur for critical points of interest on lossless waveguiding
structures.

If A(,c, f,) = 0 the critical point is called degenerate or nonisolated. This type of
point occurs, for example, at a trough-like surface (e.g., H(K, f) = f 2 ). These types of
points are not of interest here. If A # 0, then the critical point is nondegenerate or
isolated. For A(i,,, f,) > 0 the solutions of H(r,, f,) = 0 represent an extremum point
(e.g., H(n, f) = 0 + f 2), and are also not of interest here. For A(r,,, f,) < 0 the critical
point represents a saddle point, which is found to occur in regions of modal coupling.

In particular, we are interested in Morse critical points (MCP) (r,,, fn) of the mapping
H, which satisfy the equations

H" (kc,/)K(m,/mf) = 0, Hf (r, f)(Kfm) = 0, A(i•, fin) < 0. (5)

In the lossless case for the structures examined here, the MCP (rim, f,) is obtained as
a real-valued quantity, as are H(Km, fin), and H"Q(I.t, f,) for a,/3 = n, f. The Morse
lemma shows that H in the vicinity of a MCP can be represented by a quadratic form
using a smooth change of variables. The result is the normal form associated with the
Morse critical point,

( ) 2  (f f)2 = H(mfr )

leading to the dispersion function

rz(f) = K•, + ýH(rm," f"•) + (f - f.)2.

More quantitatively useful is the Taylor polynomial of order two (the order of the

polynomial justified by the quadratic nature of the normal form),

1 ,,+ q l (f ,, f. 2
H(, f) =H(Km, fm)+ 1H (K-/m)2 -+ H(- K.i)(f - fin) + -H"'(f fr)2 (6)

where again all partial derivatives are evaluated at ( , fr). In the vicinity of the MCP
the local dispersion behavior is obtained from (6) as

r(f)2 Hf (f __ fm(ff)2 2,-(Hf -H" H"f(f- f,.) - 2HK"H(r_,i,fm). (7)

It is obvious that the square root in (7) defines a two-valued function in the complex
frequency plane unless H(n,, f,) = 0, i.e., if the Morse point is also a solution of (2).
This situation arises in the event of a modal degeneracy.
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The case H(rim, fm)/H ,, < 0 is particularly important, relating to co-directional mode
coupling [10]. From (7) the branch point pair ('bl,2, fbl,2) is obtained as complex-conjugate
points centered about the real-valued Morse point (Km, fin),

F /-2H.".H(,m,f)H

fbl,2 = f.. 2 H •f, H KIbl,2 - KM T 2  
H " -H"'

For coupling between contradirectional waves, H(rcm, fm)/H > 0, and the branch-point
pair is obtained as

H"~~~~~ ~ -H/"' hl, imT 2HZ,.,H tcm,fm)

fbl,2 = fm ± 2/ -r,,1_ fmi, HZ,, ,H "bl,2 = K M Tý -HZ" ,. H-,

which relate to complex modes in the modal interaction region [14].
A frequency contour which passes between the branch points results in mode-coupling,

i.e., mode transformation (hyperbolic dispersion) behavior, whereas passing above or be-
low the pair fbl,2 results in modal interaction but no mode transformation [14]. At a
modal degeneracy (of, say, even and odd modes or TM and TE modes, etc.) due to struc-
tural symmetry, the branch points fbl,2 collapse together at the Morse frequency fm, such
that multivalued behavior of the dispersion function in the complex frequency plane van-
ishes. Such points are unstable with respect to symmetry-breaking perturbations, having
universal unfoldings with co-dimension one.

Morse critical point theory can also be shown to be locally equivalent to the traditional
coupled-mode theory [10]. From (7), define uncoupled modes R corresponding to a modal
degeneracy (H(tKm, fi) = 0),

_H" 1 H- H,1,H•H" f))(f fr). (8)

Then, (7) becomes

KW 2 RR ) 2 H (9)

Compared with the classical coupled-mode result

S+2 ± I
2 +R-(-) - K 2  

(10)

where K is the coupling factor, we obtain K =

B. Fold Singular Points

Fold singular points (also known as turning or limit points) (nf, ff) of the equation
H = 0 satisfy

H(t•f, f:) = H' (K, f)J(,f,'ff) 0 (11)

(K -- H (,f ) I (,) Hf(r, f) <('f,ff)

The associated normal form is

(_ )2 + (f _ff) C > 0

(t -K) 2 - (f - ff) ( < 0
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Fig. 1. Dispersion behavior for dominant modes of symmetrical and nonsymmetrical conductor-backed
coplanar strip line with infinite superstrate. Degeneracy occurs for the symmetric structure (dashed
line, wi/hi = w2 /hi = 0.25), and is broken by the perturbation of symmetry due to unequal strip
widths (solid line, wi/hi = 0.25, w2/hl = 0.27), d/h, = 0.25, hi = 1cm, h 2 = 0.1hi, E, = 2.25,
cs/e = 1.15. Insert shows the path of frequency variation.

leading to the dispersion function

K (f±) = ff j V/-f- f >0 (12)
r'(f) == rf -- V/-] - f f < 0.

The square root in (12) clearly implicates frequency-plane branch points, although a more
general proof of this using the Weierstrass preparation theorem is provided in [11]. It is
found that fold singular points occur in the vicinity of cutoff on a variety of guided-wave
structures [9], [11], and are persistent with respect to small structural perturbations, hav-
ing co-dimension zero. Complex singular points satisfying (11) have been also identified
in the analysis of eigenmode coupling in open waveguide resonators [4] and cylindrical
strip and slot lines [5], [8].

III. NUMERICAL RESULTS AND DISCUSSION

It is shown above that Morse critical points and fold singular points lead to frequency-
plane branch points. If those branch points lie near to a region of interest on the real-
frequency axis, then as frequency is varied near to these points modal behavior will be
significantly affected. As an example, a coplanar coupled microstrip transmission lines
with a dielectric superstrate will be considered.

Fig. 1 shows the dispersion behavior for frequency variation through the point f m on
the real-frequency axis, between the branch points fbl,2. Mode coupling occurs, resulting
in the transformation c-mode (-+ 7r-mode. In Fig. 2 frequency is varied along a contour
through the branch point fbl, and in Fig. 3 frequency is varied along a contour above the
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Fig. 2. Propagation constant characteristics for dominant modes in nonsymmetrical conductor-backed

coplanar strip line versus complex frequency with Imr{f} = 0.2083 GHz. A bifurcation of character-
istic curves occurs at the Kb1 point when the path of frequency variation crosses the branch point fbl
in the complex f-plane.
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Fig. 3. Propagation constant characteristics for dominant modes in nonsymmetrical conductor-backed

coplanar strips versus complex frequency with Imr{f} = 0.25 GHz. No mode transformation occurs

when the frequency variation path is deformed above the branch point fbi in the complex f-plane.

branch point pair. Whenever the frequency contour passes outside of the region between
the branch point pair, mode interaction but not mode transformation occurs. For lossless
structures this phenomena does not occur for the real-valued frequencies of interest, since
the real-frequency axis lies between the branch point pair (fbl,2). However, as loss is
introduced the Morse point (KMn, fro) and the associated branch point pair migrates into
the complex plane, as shown in Fig. 4. When the branch point pair move sufficiently
far from the real-frequency axis, the unusual modal behavior depicted in Fig. 3 can
occur. Further numerical results will be shown in the presentation, including the effect
of branch-point singularities on the transient analysis of waveguiding structures.
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ABSTRACT
The described systems combine possibilities as well of tomograph operating "on passage" as
tomograph operating in regime of undersurface measurements.
It is shown that if incident wave is arranged at Brewster angle, surface reflection is decreased
and the imaging by microwave tomography method or the stepped frequency radar method of
buried weakly scattered objects like mine etc. is better than at non Brewster angle.
The new reduction method of the surface contribution in an image of subsurface objects is
offered and considered. The essence of the method consists in using leaky waves of a
transmission line of electromagnetic energy, when the line is located close to a surface, for
illumination of subsurface objects.
The suggesting version of tomography is orientated towards applications in industry,
medicine, detection and identification of abandoned objects and other fields.

INTRODUCTION
Development of millimeter wave and microwave tomography for nondestructive testing and
subsurface investigations is suggested. It may be manufactured as well in waveguide
modification as in quasioptical one. Using both of these approaches will allow us to create
microwave or millimeter wave tomograph providing the image reconstruction of the object
under investigation.
The modeling and experimental results of the image reconstruction of the buried objects are
given and studied with the using of the angle spectrum of scattered field and the microwave
tomography method. In the inverse problem, a complex function of space coordinates
representing the normalized polarization currents, have been reconstructed. A modulus of the
complex function is the image of the object under investigation. The reconstruction algorithm
is based on Fourier inverse formulas.
The tomography setups contain electrodynamical systems operating in frequency range 2.5-
4.5 GHz, 4-12 GHz and 100 GHz. A vectorial network analyzer measures real and imaginary
parts of the scattered field and allows to sample the data about scattered field at 512 frequency
points. Scanner can move two dielectric antennas (transmitter antenna and receiver antenna)
in the plane and rotate the object studied.
One of the most important problems for imaging of buried objects by microwave tomography
method is the reflection from surface. Experiments show that the level of surface reflection is
very high. Because of this reflection from surface, it is very hard to get images from weakly
scattered objects like mine etc. if they are buried close to surface. This paper shows that if
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incident wave is arranged at Brewster angle, surface reflection is decreased and the imaging
by microwave tomography method of buried weakly scattered objects like mine etc. are better
than at non Brewster angle.
The new reduction method of the surface contribution in an image of subsurface objects is
offered and considered. The essence of a method consists in using leaky waves of a
transmission line of electromagnetic energy, when the line is located close to a surface, for
illumination of subsurface objects.

RECONSTRUCTION OF MICROWAVE CROSS-SECTION IMAGES OF
IMMERSED DIELECTRIC BODIES BY FIRST ORDER DIFFRACTION
TOMOGRAPHY
The basic equation of the diffraction tomography [1] may be obtained as a result of solution
of a scattering inverse problem of a plane electromagnetic wave by the object under
investigation. So, the scattered field in the first-order Born approximation U(1 )(7) may be

written in integral form:

S (') ( J0(7 -G ')Q(7')U, (i')dF(1)

where G(7 - T') is Green function; Q(') is the object function; U,(7') is the incident
field; 7 , 7'are coordinates. In inverse scattering problem, function Q(I') should be find at
known scattered field Us')(7). Solution of such problem using the integral equation (1) allows

to obtain the main equation of diffraction tomography. Results of the image reconstruction of
dielectric cylinders immersed in sand are obtained by the main equation of diffraction
tomography and described in this section. Functional scheme of experiment is shown in Fig. ].

Plastic Box

Cylindrical
Pvc Pipes

T iReceivingAntennaTransmitting -

antenna S.....Air Gap

Cylindrical
Object

Fig. 1. Functional scheme of experiment with dielectric objects immersed in sand.
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In the test the data are collected on distance 0.3 meter with space step Ax = 0.005m. The
rotation angle step is Aý f 190, the number of slices is 19. After obtaining amplitude and
phase distributions of scattered field, the image processing is carried out by using the image
reconstruction program. Only the data at 7.5 GHz (X=4cm) are used for image reconstruction.
In the experiment some dielectric materials of different shapes: like paper, marble, wood,
PVC (plastic) and also two kinds of landmine were used. In Fig.2 one can see cross-sectional
images of two ceramic rods (a)) and antipersonnel mine of M14 type (b)), which were
obtained with using experimental data. In the figures, there are real cross-sections of objects
as well.

a) b)

3 -- ,,•. ,100
14 431.192 - 1.00
13.362.- 140031.87- .9

50 325 1376 - 84:•;;• 2e -- 1.35 0 E 1.68 - 1.76

E1,153 1.161

E E 1 145 - .1530 O E 0- 1.137 - 1.145
>: • >:

-50- -50-
50

-100 -100 -
-100 -50 6 5,0 -160 -90 6 5'0 100

X, mm X, mm

Fig.2. Images of two ceramic rods (a)) and antipersonnel mine of M14 type (b)).

SUBSURFACE TOMOGRAPHIC ALGORITHM

In this part we will briefly consider our approach [2] to the image processing in subsurface
diffraction tomography. The scattered field Vy(x, Y1) at line y = y, (1-D case, Fig.3) can be
represented in the form of Fourier integral

Y=Y1

kyY Y1

81

0 k,= 27v x

y
Fig.3. The region under consideration in plane x, y and projections of wave vector
on axes of the coordinates.

y(x, ) -J= y(v,y,)exp(2,ixv)dv (2)

where f(v, y, ) the Fourier image of yI(x, yJ) and it is defined as

Kharkov, Ukraine, VIII-th International Conference on Mathematical Methods in Electromagnetic Theory



64 MMET*2000 Proceedings

k(v, yJ) = ,(v)exp[- iy, k2 -(2Tv)2Y] = Q(v)exp(- iYy,); (3)

=k -(27-v) 2 ; k = (a/c) is wave number of plane wave in free space; CO is cyclic

frequency; c is velocity of light. Function q(,v) can be written as

p(v) = c (v)c2 (v) (4)

ik 2T
where c' H 2 (5)

Y1 +722

T is Fresnel transmittance of the boundary between two media with dielectric permittivities

6l = 60 (air) and c2 = 'r2cO (cr2 is relative dielectric permittivity); y -j (2v)

ki = 0o2• 2l8 ++iWo/ooC-, j=1,2; 2,o"2 are electrodynamical parameters characterizing

medium where cylindrical dielectric objects under investigation are embedded, C2 is

dielectric permittivity; C-2 is conductivity. Function c2(v) may be written in the integral form

c2 (v)= JK(x',y')exp[- 2'i(a' + /Jy'}x',dy'] (6)

S

wherea=a(v,w,01); 8l=P(V, C/',wO, 0 r2,o-2) are functions [3]; symbol S denotes that

integration is over the cross section S of object under investigation; function K(x ,y )
represents normalized the polarization current which is sought for;01 is an angle of
incidence; symbol S denotes that integration is over the cross section S of object under
investigation; function K(x',y') represents normalized the polarization current which is

sought for. Thus desired function K(x',Iy) is found by means of inverse Fourier

transformation and by function k'(v(a,/O), y, ).

In numerical experiment, a reconstruction of imaging function k(x, y) - K(x, y)l at normal

angle of incident 0, -- 0 was carried out in the frequency band Af = 4.0÷3.52 GHz at 17
frequencies (the currents were summarized) with step of Af = 0.03 GHz. Relative dielectric

permittivities and conductivities of the mediums are equal: 6r, = I ; C,, = 5; C 2 = 0.0;

8r3 = 4 (object). Relative magnetic permeabilities of the media were taken as 1. The electric

field amplitude of incident plane wave is equal I V / in and an incidence 01 = 0. Scattered field

V(x,y,)has been calculated using formula (1) in the bounded limits of integration by

v = -30 ÷ 30m- at values of x = -4/o + 4A0 (Ao = 0. ln) with constant step Ax = 0.002mn.

These values of v are used also in the inverse problem. Images were reconstructed in the field
4 2o x 42o at values of x = -2A0 + 22o and at values of y = 0 + 4o.
Fig.4 shows the reconstructed images of studied dielectric cylinder (black contour) by

method described above. Data about scattered field was calculated at y, = -0.012o. In the
picture 4.a) one can see the subsurface object at using in calculation of scattered fields of the

region 0.0 < v <1 .Omn-', corresponding only to the propagating waves in the spectrum of

field. We can conclude that in this case the position of the image corresponds to the position
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of object. But the cross-section shapes are different. In h -direction (into depth) the size of the
image bigger than in x -direction. The structure of the image cross-section is smooth. The best
results can be obtained if in the image reconstruction the full range (including evanescent
waves of the field spectrum at all frequencies from 3.52 GHz to 4.0 GHz) of
0.0 < jv < 30.0m- is used. In the picture 4 b) one can see the object image in this case.

00 0,0-

0.0- a) IKI, b) K,
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Fig.4. Reconstructed images with using only of the nonevanescent part (a)) of the
plane waves spectrum of scattered field and full spectrum (b)).

Fig.5 shows the reconstructed images of two marble rods, which are placed in the sand.
Experimental data about back-scattered field were measured on the line above surface of
sand. It was used into the image processing only the nonevanescent part of the plane waves
spectrum of scattered field. In picture 5 a) one can see rods located "in depth", and picture 5
b) illustrates the case when rods are distributed "in cross direction".

a) ...... b) •~ ' .:.: ......
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0,2
Y.M 0r 3 0 ,,l O Y, 0,3 0,4" O'00

Fig.5. Reconstructed images with using only of nonevanescent part of the plane
waves spectrum of the back-scattered field measured by experimental setup.
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IMAGING OF BURIED OBJECTS BY MICROWAVE TOMOGRAPHY METHOD IN
CONDITIONS OF LOW REFLECTION ON SURFACE MEDIUM
Reflection coefficient between two medium with relative dielectric constans ro = 1; -. for the

case of parallel polarization are introduced according to the following equation,

(Cr - Sill 2 a,)1/2 -- • COS a,

1 C7Sil2=,11 (7)
(•. -sin 2 r•)I/2 at, cos a

An important feature of q7 is that it vanishes for an angle of incidence a, = a1,, called

Brewster Angle, where from reflection coefficient equation, can be found as follow,

a, , (8)

At this particular angle of incidence, all the incidence power is transmitted into the
dielectric medium.

In our case, objects such that different kinds of mines, metals etc. are buried in sand
and general viewing of this subsurface experimental setup are given in Fig.6.

eNetwork Analyzer

board nn

0 ' 'i I
M" Sep iotoScainenr

Horn Antennas

SanidSI i~ i i !. ............ .... .... ..................................... C E i ................ ........ ........ ........

Computer System In vest i gated
Object

Fig.6. Experimental setup for the investigations of buried objects.

According to figure 6, receiving and transmitting antennas are moved by scanner to get
scattered field data for diffraction tomography processing. In our case, transmitting antenna is
arranged at Brewster angle [4], which is obtained 50 degree experimentally for soil. Brewster
angle of soil is calculated experimentally and drawn graphics in figure 7. Two experimental
results are given in Fig.8 and Fig.9. Fig. 8 shows the tomography image of buried mine at 60
degree which is not Brewster angle for sand. Fig.9 shows the image of buried mine at 50
degree which is Brewster angle for sand.
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Brewster Angle Measurement
Epsilon=2,5 Brewster Angle=50

degree

Transmitting Receiving

Antenna Antenna

Sand

Anle 0
Buried
Object

Fig.7. Brewster angle calculation for soil (measured)

If one compares these results, it is clear that at Brewster angle, reflection from surface
is decreased and reflection from object is increased according to non-Brewster angle.

Reflection 1 Reflection
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Fig.8. The image of buried mine Fig.9. The image of buried mine

at 60 degree (non Brewster angle) at 50 degree (Brewster angle)
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ABSTRACT
The Meteosat Second Generation (MSG) program concerns the launch and operation of three
new satellites in the coming years. MSG continues meteorological services, which are
currently provided by the very successful first generation of satellites (Meteosat Operational
Program - MOP), operated by Eumetsat. MSG expands on services offered by MOP by
providing more frequently data in more observation bands, with higher resolution. A
telecommunication system on-board the MSG satellite transmits measured data to the
primary ground station and receives and re-transmits pre-processed images and
meteorological data as received from the latter station. Meteorological data are collected
from data collection platforms. The MSG satellite carries a Search and Rescue transponder.
The antenna sub-system has been specifically designed for the telecommunication functions
and permits appropriate data throughput with the satellite spinning at a rate of 100
revolutions per minute.
The antenna sub-system for MSG is described, after a short general description.

BACKGROUND
The first pre-operational Meteosat satellite
was launched in 1977. Meteosat Operational
Program was started in 1983 after a 'pre-
operational' period with an agreement to,/
launch three operational satellites. A v// / , _______

prototype pre-operational satellite called P2, -7/ \ . I
was prepared and launched with an ARIANE KNR
4 launcher in 1988. The last MOP-satellite / . ..
was launched in 1997, it continues service -
today (Meteosat Transitional Program or
MTP). ESA carried out operations of -_..,_..
Meteosat satellites ([1] data collection, pre-
processing and redistribution of
meteorological information), until the new .• 1.
European organisation Eumetsat took over L --_-

these tasks in 1995. Eumetsat operates the Figure 1: MSG Mission Scenario with RF linksjfr the
MOP satellites and MTP [2] today. raw radiometer data to the primarv ground station
Services continue untill 2001 after which (with back-up) and the up- and downlinksfor the

processed data to primary and secondary users
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MSG satellites shall take over. ESA and Eumetsat are preparing this MSG program, with
ESA responsible for procurement of the satellites.
First some descriptive information is given for both MOP and MSG satellites. It is followed
by the main subject of this paper: a description of the MSG antenna-system. Modelling,
optimisations and associated tools are outlined, with decisions made. Realised performances
of this specific antenna sub-system, functioning on a spinning satellite, are shown.

MOP AND MSG SATELLITES
A MOP-type satellite orbits the Earth at an altitude of 35.800 km, in geostationary orbit, thus
leading to a satellite position above the equator on a fixed meridian (for Meteosat the
Greenwich meridian). It is a spin-stabilised spacecraft, rotating at a speed of 100 revolutions
per minute (100 RPM). It has its spin-axis perpendicular to the orbital plane. The primary
payload for MOP is a high resolution three channel radiometer instrument, which images the

Earth in less than half an hour in three
spectral bands (X = 0.5-0.9 jtm, 10.5-
12.5 ýtm and 5.7-7.1 jim). One image line

. is taken each revolution of the satellite
Sover the Earth disc over the angular range
Sfrom +10' to -10' (as seen from the

geostationary orbit). An image composed
out of 2500 scan-lines results after 2500
revolutions, thus in 25 minutes.
The stored image line data are re-sampled

Figure 2: MSG satellite (left) and MOP satellite at a and transmitted down to the Earth during
.Vililnr srcalh, remainder part of the 3600 arc outside this

±10° interval. The data are processed at a dedicated location (at Eumetsat in Darmstadt),
where also other meteorological products are derived. Processed images with additional data
are sent up again towards the satellite, which redistributes data to users within the coverage
zone. Much more info is found in [1] and [2]. Meteosat (MOP and MTP) are also received in
Ukraine [3]. The satellite collects also meteorological data from remote (automatic) platforms
within its coverage zone and relays this information to the central ground station (this is the
so-called DCP mission). A very broad basis of experiences has been created with the satellite,
with its operations, with data processing and data utilisation, after more than 25 year. It
provided a very good starting point for a configuration of a new satellite, the Meteosat
Second Generation satellite.
MSG satellite will also be a spin-stabilised spacecraft, operating from a geo-stationary
location, with a number of enhanced capabilities. The radiometer generates images at double
the speed (15 min) and operates in 12 spectral bands with better resolution (1 km for the
visible channel, 3 km for other spectral channels). This permits to extract three-dimensional
data about the atmospheric composition.
The reader is invited to estimate the pointing and localisation correctness (1 km from 35800
km). The larger amount of data from MSG is also transmitted to a new primary ground
station of Eumetsat (in Usingen in Germany), from where processed data are transmitted up
to the satellite again for re-distribution to primary and secondary users within the coverage
[2]. Fig.1 shows the link schema. MSG provides the data collection mission (DCP) with a
larger number of channels than available on the MOP satellite. A Search and Rescue
transponder is carried. It makes use of the UHF and L-band antenna for respectively
reception (up) of emergency messages and transmission (down).MSG is a much larger
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spacecraft than MOP, due to the
enhanced capabilities with the much
larger radiometer, the need for a
longer lifetime and the associated
supporting equipment. Fig. 2 shows
the MOP spacecraft and the MSG
spacecraft (left) with relative
dimensions. Fig.2 indicates also
already a very important constraint for
the antenna farm, located on top of
the spacecraft. The height permitted
for the antenna farm of MSG is
relatively small, much less than the
height available on top of the MOP Figure 3: From a high elliptic trasnfer orbit to a

satellite body. This is very important; geostationary orbit. MSG will use three motorfirings

it has led to many calculations to
optimise the antennas for MSG in the presence of the satellite body as indicated below.
Conversion of the transfer orbit to the geostationary orbit is also different: MOP used a solid
fuel apogee boost motor to change from the transfer orbit to the geostationary orbit with one
motor firing. MSG will use a set of two apogee boost motors, which use bi-propellant fuel.
Three motor firings are planned to convert the transfer orbit to geostationary orbit (fig.3).

ANTENNAS USED IN THE TELECOMMUNICATION SYSTEM
The MSG telecommunication system
performs a number of tasks, using
dedicated antennas:
* Reception of telecommands and

transmission of house keeping data.
Two (redundant) S-band
transponder are connected to a
dedicated telemetry and :4:
telecommand antenna, (TT&C
antenna), the antenna is not j"

redundant.
" Transmission of measured

radiometry data, coming from the Figure 4: MSG Antenna Farm, Engineering Model,

data handling subsystem to a (courtesy Alenia Spazio)
primary groundstation. The
electronically despun antenna (EDA) is used for this task in L-band.

" Reception of pre-processed images with associated data, using a toroidal pattern S-band
antenna.

"• Transmission to users, using the L-band EDA antenna for low resolution and high-
resolution data.

"* Receiving data from Data Collection Platforms (DCP) by means of an Electronically
Switched Circular array antenna (UHF-EDA, operating at 402 MHz).

"* Transmission of the DCP data, using the L-band EDA antenna.
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Figure 5: MSG Satellite with Antenna Farm
on top (Qualification Model, courtesy Alcatel)

Figure 6: TT&C antenna for MSG, wiregrid
Inodel for design calculations at ESTEC (right)

0.1

0°40

0.0.1

-0.00.

-0.1 -0.1

* Receiving emergency messages (Search and Rescue). The UHF - EDA is used at 406
MHz.

* Transmission of S&R messages, using the L-band EDA antenna near 1544 MHz.
Alenia Spazio is responsible for design, manufacture and test of the MSG antenna sub-
system.
The Engineering Model antenna sub-system was completed early 1999 and the first Flight
Model antenna sub-system has been tested last summer on a dedicated antenna test range at
Alenia.
Fig.4 shows the flight model with the different antennas from top to bottom:
-1- TT&C antenna on top,
-2- S/L-band toroidal pattern antennas inside a black cylindrical radome,
-3- L-band Electronically Despun Antenna, using 32 columns, 4 dipole radiators in each

column.
-4- UHF Electronically Despun Array (16 crossed dipole radiators), in front of the L-

Band EDA.
See also other references for more details on design and analyses references [5] (MOP), [6,71
(MSG).Fig.5 shows the qualification (thermal/mechanical) model of the MSG satellite with the
antenna platform on top, just before the spin test in Alcatel in Cannes.

TT&C ANTENNAA low-gain wide-coverage antenna, mounted on top is used for the link for telemetry and
telecommanding (TT&C) of the satellite. During launch and early orbit phase (LEOP, fig.3) a
more wide coverage is needed than when MSG is in the operational phase (on-station). MOP
type satellites use such type of antenna of a much older design (quadri-filar helix). Relativepattern information for such antenna was derived from tests during the LEOP phase [41 and

compared with predictions and tests before launch. However, the MOP TT&C could not beused directly. A MOP satellite is much smaller than a MSG satelite (fig.2). A detailed design
and optimisation had tod be carried out with the much larger MSG geometry taken into
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account. The antenna uses four spiral conductors printed on a cylinder and fed in phase
quadrature. The antenna has a mass below 200 gram and operates in S-band (2000 MHz band
for telecommand and 2200 MHz band for telemetry).
The coverage from the spinning MSG satellite is within an angular volume from 0=0°
(satellite spin-axis, North) to 0=1200 for all azimuth angles in right hand circular polarisation.
Optimisation of the antenna was done in a sequence of steps, initially at antenna level alone,
followed by taking into account the effect of the complete satellite body. This resulted into an
optimum antenna geometry. For the antenna alone, the associated electrical field integral
equation has been solved using Method of Moments (MoM). Various parameter settings have
been explored to optimise gain and axial ratio for a maximum coverage. Fig.6 shows a wire
grid model, used in such type of calculations. Software like NEC or comparable tools are
readily available for such analyses.
The presence of the satellite body and the part of the antenna farm below the TT&C antenna
must be taken into account, which is possible with GTD analyses. The use of MoM is not
advisable, as the number of segments required in the model to represent the antenna with also
the satellite-body (very big in terms of wavelength). It would lead to too big sizes for the
matrix to be inverted. The main scattering elements are a few wavelengths away, permitting
to use geometrical theory of diffraction. The MoM pattern of the antenna alone was used as
input to the calculations. The effects due to the nearly rotationally symmetric spacecraft
structure are predominantly affecting the visibility region for larger theta angles, as is visible
from test results shown below. For 0=1200 the pattern level drops fast. The axial ratio is
clearly influenced by the satellite body. This is observed in the predictions. Fig. 7 shows
radiation patterns for antenna (measured with a mock-up for the satellite). The antenna has
been designed, manufactured and tested by SAAB Ericsson (who also produced the TT&C
antenna for MOP). Extensive supportive calculations have been carried out in the design
phase by Estec and by Space Engineering.

TOROIDAL PATTERN ANTENNAS IN S- AND L-BAND
Two toroidal pattern antennas (TPA) are used, operating in S-band (2101-2107 MHz) and L-
band (1684- 1690 MHz) respectively. These antennas are narrow band resonant slotted

waveguides antennas and provide a
Minmax Ca-and cross-po! GAIN at rC-freq toroidal pattern in the plane perpendicular

,.. ___to the spin-axis. Each slotted waveguide
0.00 J _ has three slots on each broad-wall side of

.5,00 --- - - its (reduced height) waveguide. The

.10.00o _ - _ - , antennas are mounted side-by-side inside a{.5,.00 .... T m !E ___ black painted radome. Such S/L TPA is
'.20k.0 ,/ , t Y Z11 Fv% A also used for MOP.

-2500 -Geometric constraints for MSG led to a"-25.00 - -_ - - need for a position more near to the upper
-200 i - platform (compared to the previous relative

-•5.00 location on MOP). Such a lower position
combined with the larger diameter of the

Theta (degrees)

satellite (fig.2) has clear effect, as is
Figure 7: oT&C antenna for MSG. Mir and tax level
for co-polar pattern with spec (upper two curves) and observed in the radiation pattern. Analyses

cross-polar pattern (any azimuth) evaluated using a S/C and tests showed that the TPA could be
mock-up (courtesy SaabEricsson) used to cover Europe as required (the S-

Kharkov, Ukraine, VIII-th International Conference on Mathematical Methods in Electromagnetic Theory



MMET*2000 Proceedings 73

band uplink will be from a dedicated groundstation in Usingen - Germany). The use of
narrow bandwidth resonant slots implies a low coupling between respective S and L-band
Rx- and Tx channels. It is an interesting feature of the configuration with the antennas side-
by-side, that a remarkably good (toroidal) antenna pattern is provided in the azimuth plane,
even in the azimuth direction, where there is the neigh-bouring L-band antenna. The far-field
phase behaves cosine-like, as expected due to the offset of the wave-guide axis from the spin-
axis. The L-band toroidal pattern antenna is the back-up transmit antenna for a highly
unlikely situation of a failure of the L-band Electronically Despun Antenna.

L-BAND EDA ANTENNA
The L-band Electronically Despun Antenna (EDA) is a transmission-only antenna, used to
send data to the primary groundstation and to re-transmit processed images to the users. Also
DCP messages and Search and Rescue messages are transmitted with this antenna. A toroidal
pattern antenna can not achieve the necessary gain and with the limited volume available for
the antenna, one or another despun antenna is a natural choice. Mechanical despun antennas
are used in several telecommunication (spinning) satellites and have been used for
meteorological satellites. A mechanical despun antenna has a disadvantage, that it may give
potential disturbances due to micro-vibrations, which can lead to a degraded image quality.
This is the case in particular for MSG with its resolution and localisation requirements from
an orbit of 35800 km altitude.
The advantage of an electronically despun antenna (EDA) was already recognised for the
first Meteosat satellite[5]. The EDA has demonstrated itself as a very robust and elegant
antenna. It has been selected also for the MSG antenna subsystem. Fig 4 shows the EDA
cylindrical array, just below the black radome for the toroidal antennas. The circular array of
crossed UHF dipoles is located around the EDA. Fig 8 shows the L-band EDA antenna with
TPA and TTC antenna on top.
The EDA antenna consists of a cylindrical array with 32 columns with four dipole elements
in each column. The radiating columns are connected to pin-diode switches, which regulate
the actual number of 4 or 5 active radiating
columns out of the 32 columns.
Fig.9 gives a schema [5] for the feed network.
The incoming transmit-signal is split in 4 equi-
phase and equi-amplitude signals by means of
a four-way power divider (4WPDV). Each of
the four branches is connected to a variable
power divider (VPD). Each VPD has two
outputs, each connected to pin-diode switches
(single-pole, 4-through - SP4T). The SP4T's
route the power to the radiating columns, as -

selected to form a radiating set of 4 or 5 out of
32 columns on the Earth facing side. The
4WPDV consists of 3 Wilkinson-type 2-way
power dividers. The VPD uses a power
division scheme in which an input hybrid
divides the power into two channels. In one of
the channels a phase-shift (p between 0' to -90' Figure 8: L-Band EDA with SIL TPA and TTC

is provided, synchronously with a phaseshift 9 antenna on top, before environmental testing

between 00 to +90' phase-shift in the other (courtesy Alenia)
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branch. Then the two channels are combined again SP4T

using a 3-dB hybrid circuit. The two output ports 19 5 2 6 1 7 4 1
of the latter hybrid provide a power level as a 1 2 3 4 5 6 7 p

function of this phase shift 9:
Pot-1 1 =/ (cos 9 + sin (P )2  VPD 1 VPD 2 VPD 3 VPD 4

P out-2 :=1/2 (cos (p - sin (p

Seven pre-selected phase settings for y lead to
seven distinct power division steps, between I and 4WPV

0, respectively 0 and 1 in complement for the two input
VPD-output power levels. With this scheme, the Figure 9: Schematic representation L-band EDA

incoming power is routed to four adjacent beam-forming network [5]

columns (step '1'). One out of the four VPD's switches gradually (in 7 steps) the power
from the first column to the fifth column, after which a next VPD switches over from
column 2 to column 6, after this the next VPD takes over, etc. In this way a set of 4
(step '1' and step '7') or 5 adjacent radiating columns (step '2' through step '6') out of

the 32 available is provided, by an
appropriate VPD and SP4T control. A
logical circuitry, which is synchronised

•. _ with the spinrate, provides the actual
control signals for VPD and SP4T. Earth-
sensors are used to provide the correct
angular reference to this logical circuitry. In
this way the active set of radiating columns
can be kept automatically pointed towards

,, 'the Earth, while the satellite is spinning.

"The antenna operates between 1670 and
1695 MHz and provides a link also for the

.-. Search and Rescue downlink (1544.5

a4 • MHz). The switching scheme for the VPD
", 1 -- 1 ,is designed to have a minimum amplitude

Figure 10: Typical L-band EDA antenna and phase ripple. The resulting pattern is
pattern for a fixed beam for VPD setting in step very characteristic for the EDA and is in fact

'4', derived from tests on the EM model on its 'fingerprint'. An example of one out of
Alenia'sfar-field test range. Courtesy

Alenia/Snace Enieerin, the seven switching states is the EDA beam

S. . .. .. . ............ for a VPD step 4 setting (the lowest

S ... ,-I •.:Iti:;1i . gain is obtained for step ' ) is given in
S7TH ; fig.10. There are 32 of VPD '4' beams

7.1 realised in one revolution.
The larger diameter of the MSG platform:H:;:K" (compared to MOP) causes obviously an

Figure 11: Typical L-band EDA dynamic impact on the EDA antenna pattern. This was

antenna pattern fragment, taken on the carefully analysed and precautions were

Aleniafar-field test range (2 dB/div taken. The large platform leads to a slight

vertical, 10 div horizontal) more northward pointing of the EDA beam.
Installation of a UHF electronically despun
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array in front of the L-band EDA causes obviously an impact. This was thoroughly analysed
and checked by testing. A characteristic fragment of a dynamic diagram over a small azimuth
interval (22.50) is shown in Fig.11. The switching sequencing (7 steps during 11.250) is
noticed.

THE UHF-BAND ELECTRONICALLY DESPUN ANTENNA
The data collection task (DCP) in the UHF band (402.1 MHz) could be handled for MOP
with an antenna with -0.5 dBi gain over the coverage. For MSG, with the increased number
of DCP channels, a higher gain has been desirable. Furthermore, the installed Search &
Rescue transponder uses this antenna for its receiver at 406 MHz and requires higher gain.

Moreover, with the geometry constraints for
"the satellite, the height available to
accommodate the antenna farm has been
reduced compared to MOP. It led after many
analyses of performances to the choice of an
electronically switched antenna. Some
antenna elements are needed to provide
some gain and then smooth switching at this
frequency (X=75 cm) requires a relative
large diameter. With the available L-band
EDA antenna drum, with a diameter of 1.30
meter, the UHF antenna has been designed

Figure 12: UHF antenna element in presence of with 16 elements, at a distance of about 3/¾X
the structure and 15 terminated elements in front of the L-band EDA. The L-band

(Courtesy: Space Engineering) EDA drum is used as reflecting surface.

There are 4 out of 16 dipoles actively used
for a beam. The other elements are switched
to a load. Every 22.5', the next UHF dipole is
actively connected to this group of four,
while one dipole at the other side of the
group of 4 is switched off. In this way an
active set of 4 dipoles is switched around,
thus providing an antenna with a contra-

MeteosatSecond Generalion rotating switched beam. The beamforming

Figure 13: Four UHF antenna elements in the circuitry for this receive-only antenna is more

presence of the structure and the other 12 simple than for the L-band EDA. One 4-way
terminated elements (Courtesy Space Engineering) power divider connects to four 4-way

switches, which switch in the active
elements. The control of the latter switches is also synchronised with the spin-rate. The
antenna elements are crossed dipoles, installed on a mast above the satellite platform. Fig. 4
shows the dipoles. More directive elements could have been used, but at a cost of mass and
also increased blockage of the L-band EDA performances. Alenia Spazio, as responsible for
the antenna design, has been supported by Space Engineering for analysis and optimisation
work. Several extensive calculations have also been carried out at ESA-Estec. At this
frequency the satellite is only a few wavelength in size and the configuration is rotationally
symmetric. This permits to handle the analysis work by using Method of Moment
approaches, in which rotational symmetry is exploited. It is observed, that the current
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distributions on the antenna elements as well -4 -
as on the scattering satellite structure F IT-.- fK
contribute to the pattern (the whole satellite • -"
acts as antenna). The current representation-.
on the structure elements of the model can be 4.-

derived and an example of such a result is
shown in fig. 12, where one dipole as active
element is located in the 16-element UHF Figure14:UIFdnanicalpatternover360°(2

a .The current distribution (and - note - dBdiv vertical, 10 div horizlontal). The periodicity
aras ry. irelated to the switching evely 22.5 'is observed, co and
its asymmetry) is clearly observed. Fig.1 3 cross polarisation levels are shown, ineasuredfor 5 0
shows the relative current distribution for the elevation South (406 MHz) (Courtesy Alenia .Spazio)

full array. Interesting perceptions are made:
the bottom locations of the UHF dipoles are important. One notes also the secondary
excitation of dipoles not actively used in the array of 4 elements, but switched in the line to a
load (in the 4way switch).
It has been proved useful to add a scattering structure on top of the L-band EDA (figA). This
structure has been designed, such, that it is scattering at UHF, but nearly transparent in L-
band. The latter structure is noticed in the models in fig.12 and 13 and the relative current
level indicates, that it is functional for the UHF radiation pattern (it has led to a gain
improvement of about 0.3 dB). The blockage effect of the UHF antenna for the L-band EDA
has been analysed and led to the geometry as used. Indeed, there is an impact of about 0.2 a
0.3 dB, but this has to be allowed for. Fig.14 shows dynamical pattern for a UHF EDA
antenna measured on Alenia's test range over 360' in azimuth at a frequency of 406 MHz.

CONCLUDING REMARKS
The specific antenna sub-system for the spinning Meteosat Second Generation satellite was
discussed. An initial description of the satellite tasks was given. Differences between the
MOP and the MSG antenna systems were highlighted. Modeling aspects and decisions, based
on modeling, for antenna configuration selections were indicated, like for instance the
location of the UHF array in front of the L-band array. The available analysis tools provided
a possibility to take such design decisions.
The impact of scattering by the spacecraft has been an important issue for all antennas. The
resulting configuration as designed. built and tested by Alenia Spazio is very interesting both
in theoretical and actual realised sense. Currently, the first Flight Model Antenna sub-system
has been fully tested at Alenia Spazio and it has also been checked out, after installation on
the complete satellite.
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Abstract. The edge conditions which dictate the asymptotic behaviour of the electromagnetic field near the
edges play a crucial role in solving boundary-value problems involving boundaries having edges. In analytical
studies they permit one to determine some unknown functions while in numerical investigations they enable
one to improve the convergence of some processes by introducing beforehand the edge singularities into the
field functions. This work is devoted to the analysis of wedge configurations bounded by material sheets
having different constitutive parameters. From mathematical point of view, the problem can be reduced to 9
canonical types. These canonical types are investigated in full detail by introducing the confluence concept
which permits one to reveal also the logarithmic singularities, if any.

1.Introduction
From both experimental and theoretical works it is known that some components of the electromagnetic field
exhibit singularities of certain types near edges. Many investigations concerning structures involving edges
require the knowledge of the types and orders of these singularities beforehand because their knowledge in
analytical investigations (based, for example, on the Wiener-Hopf or Riemann- Hilbert techniques) permits one
to determine some auxiliary functions while in numerical works it enables one to improve the convergence of
some procedures if the singularities are incorporated into the field expressions explicitly. The aim of the
present paper is to investigate the edge conditions for a wedge with boundaries formed by arbitrary material
sheets in its most general form by a rather simple but rigorous approach.

The history of the edge conditions for the electromagnetic field goes back to a work by Bouwkamp in 1946.
In this work connected with a perfectly conducting half-plane located in an infinite homogeneous space, he
showed that it is possible to find many solutions satisfying both the Maxwell equations and the boundary
conditions. They differ from each other by their singularities near the edge, which are, in general, not
physically acceptable. If one knows the physically acceptable singularity, then one can find the unique,
physically meaningful solution. The problem was then considered by many researchers. For example

-in 1949 Meixner [I] postulated the expansions in the form of power series of r112 , namely:

I-(r,4?) = A(ý) +B(ý)r +C(#)r3
/
2 +

where (rt,z) stand for the circular cylindrical coordinates such that r = 0 corresponds to the edge.
-in 1972 Meixner [2] proposed a modification of his first expansion, namely:

EXr, ) = ao( )rt + a,( )rt + a2(#)r' +

(similar expressions for the other components).Here t stands for a number which will be determined
through both the Maxwell equations and the boundary conditions.

-in 1976 Hurd[3] proposed to use the results to be derived from the solution of the static field problems
connected with the same geometrical and physical conditions.

-in 1985 Van Bladel [4] used the same concept.
-in 1964 Jones [5] postulated an expansion which depends on the concept of separable solutions, namely:

sin vo
I a.vYv{(k 2"m 2) 2r}e"Ie Cos VO

where Y, stands for the usual Neumann function which is singular when r -- 0.
-in 1988 Braver and his colleagues [6] proposed to write

00 m

r,')=rT  2: Y Cm,(4)rm ln" r, 0.
mn=0 n=0
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The Ansatzes of Meixner were criticized by several investigators because i) they had no sound basis and,
consequently, although the first terms they yield are correct, their higher order terms are invalid (nonexisting),
and ii) they do not involve logarithmic singularities and, consequently, their results are sometimes wrong.

As to the staticfield approachs, they start from the Laplace equation and consider merely an electric (or a
magnetic) field not coupled to a magnetic (or an electric) field whereas many boundary conditions which are
actually in extensive use involve electric and magnetic fields simultaneously.

The critiques directed to Meixner can also be repeated for Braver. For example, according to the well-
known theory of the ordinary linear differential equations, near a regula,--singular point the solution of an
equation of the second order may involve only Inr but not (Irr)r with n > 2. Secondly, from the recurrence
relations to be satisfied by C.. , it is not easy to find the maximum power of the logarithms. Furthermore, it is
rather hard to elaborate the postulated expressions to derive results concerning rather complicated boundary
conditions and geometrical configurations.

Finally, to conclude this short historical introduction we want also to draw the attention to some methods
depending on integral equations used by Maue [19491 and Jones [1950].Though they are much more general
as compared to the above-mentioned ones and allows directly for curved edges as well as those which change
direction discontinuously, in a situation similar to the present investigation which concerns the most general
boundary conditions they seem to result in too complicated equations.

Now, by considering the diversity of the boundary conditions which frequently appear in the open
literature as well as those which seem to have important practical applications in near future, we will try to
formulate the problem in its most general form. To this end we will consider a wedge with faces formed by
arbitrary material sheets and apply the above-mentioned method of separable solutions combined with the
concept of confluence, which will both produce the logarithmic singularity, if any, and clarify the reason
behind this type of singularity. A time dependence exp(-icot) is assumed and omitted throughout the paper.

2.Formulation of the Problem
For the sake of mathematical simplicity, we will define a coordinate system Oxyz such that the wedge is
symmetrical with respect to the plane y = 0 and the edge is coincident with the z-axis. We will also assume
that the given point is the origin and the field does not depend on the z-coordinate (see Fig.-I). The faces S

S

Figure-I xS0

y.4

and 1 of the wedge are supposed to be material half-planes which may, in general, be penetrable. Hence, one
has to consider both regions B and B* separated by the wedge. Then the limiting field values on the boundary
S, observed from sides I and 2, are interrelated by two boundary conditions which can be written in the
following forms( see [7,8] ):

(1) alnxH+a2nx H*+a3Et+a4E,*+asnxgradH•,,+a 6nxgradH*fl+a 7gradEfl+aggradE*fl =0

(2) binxH+b2nxH*+ .......... + bagradE*n =0.

In these equations n stands for the unit normal on S directed from side 1 to side 2 while the subindices n and t
refer to the normal and tangential components, respectively. As to the superindex (*), it refers to the values
observed inside the region B. The coefficients ai and bi are known complex constants which can be determined
through the constitutive parameters of the material of the sheet modelled by S [8].If the material of the sheet is
isotropic in tangential directions (it may be anisotropic when both the tangent and the normal directions are
considered together), then (1,2) can model the sheet S rather accurately [7,8lSimilar relations are also written
for the face E. In what follows, the coefficients related to E will be denoted by otj and j3i, namely:
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(3) lnx H*+a2nx H+a3E*t+a4Et'•xn×gradH*.+xnx gradI+aTgradE *.+asgradEn =0

(4) P3inxH*+fP2nxH+ ....... +OggradE, =0.

If all the coefficients with even indices in (1) and odd indices in (2) are zero ( or (1) and (2) can be reduced
to such a system), then S constitutes an impenetrable boundary. The same is true for (3),(4) and E also. When
both S and Z are impenetrable, the boundary S+E becomes a shield and separates the regions B and B*
completely from each other. In such a case the regions B and B* have to be considered separately. In what
follows we will first consider the case where the boundary S+F is penetrable. The results concerning the
impenetrable wedge will then be derived from those concerning the penetrable one by straightforward
simplifications.

3.The Wedge With Penetrable Boundary
In this case all the cartesian components of the electromagnetic field satisfy the same reduced wave

equation near the edge, namely:

(5) Au(r,4,) + k~u(r,4,) = 0, re [0,ro), (r,4) EB

(6) Au(r,4,) + kOu(r,4,) = 0, rr [0,ro), (r,4)rB=,

where r and 4, are the usual cylindrical polar coordinates while k and k* stand for the wave numbers of the
regions B and B*, respectively. As to r0, it is a certain positive number determined by the sources.

As is well known, every particular solution to equ. (5), which satisfies certain boundary conditions,
consists, in general, of discrete or continuous combinations of its separable solutions. These latter are of the
form u = R,(r)ct(4,) with

( Jv(kr) when v
(7) Rn(r) Jn(kr) + An Yn(kr) when v = n E {0,1,2,...}

and

[Bvcosvq + Cvsinvo when v# 0
( 4)= B0 + Coo when v 0

Here v stands for the separation parameter while J, and Y, denote the usual Bessel and Neumann functions.
The set of v which has to be taken into account to construct a particular solution u(r,4) is the spectrum of u.
The spectrum as well as the constants A., B1 and C, appearing in (7) and (8) can be determined by
considering also the sources as well as the boundary and radiation conditions, which is beyond our present aim.
Our aim consists of revealing the asymptotic behaviours of the field components when r -- 0. In order to this
end we have to consider the following expresssions of J, and Y,,, which are valid near r = 0:

(9) J,(kr) = arv + Or"+2 + ..... (v • -1,-2....)

(10) Y.(kr) = air' + Ojr n+2 +...+ [ylrn "-2rn+2 Inn

Here cc, cc etc are certain numbers. From (9) and (10) one concludes at first glance that when r-* 0 the field
can become singular having infinitely large values as a negative power of r or logarithm of r. To reveal the
asymptotic behaviours (and admissible singularities) of the field components for r --- 0, we will (and must!)
take into account the fact that i)the field components satisfy the Maxwell equations, ii) the energy stored near
the edge is finite, and iii) the boundary conditions on S +1 are satisfied.In what follows we will study the
contributions of these restrictions separately, In order to reduce useless mathematical complications, we will
consider the E- and H-cases separately. In E-case the electric field is parallel to the edge while in H-case the
magnetic field is parallel to it.
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3.1.The H-case
In this case, all the non-zero components of the electromagnetic field near the edge in B can be written in
terms of a scalar potential u satisfying (5), namely:

(11) H7 ' k2u, E,= (io))/rau/04), E4= -ikpa8 u/Or.

By replacing k and gt in (11) by k* and Ct*, respectively, one gets the expressions valid in B*. By considering
these expressions with the restrictions (i-iii) mentioned above we get the following results.

A.Contribution of the energy restriction
As is well known, the densities of the stored electric and magnetic energies are proportional to IEI2and IHI2,
respectively. In order for the total electromagnetic energy stored in a finite volume including the edge to be
finite, one has to have

(12) (r)"2 H, (r, .), (r)'1 2E,(r, .), (r)" 2E4(r,.)e 1Q(0, rol

On the other hand, (7,8) and (9,10) yield

[ constant.rv when v * n

(13) R,(r) constant.rn + constant.Anr" when v = n > 1
1+ constant.A 0 In r when v = n = 0

By using (13) and (8) in (12) one gets easily

(14) 9vv>0 when v n, A = 0 when n = 0, ,... and Co 0.

Here 91v stands for the real part of v.From these we conclude that the separable solutions can not
individually involve logarithmic singularities. Such a singularity in the field may come from certain kind of
confluence which generates nonseparable solutions ( see Sec.G below).

B.Contribution of the Maxwell equations
Because of(14), the above-mentioned potential function u consists of a combination of certain functions u,
whose dominant asymptotic expressions are as follows:

30 when v =0
(15) u _ [Bvcosvi + Cv sinvo]rv when 91 v > 0.

The parameter v appearing above is the number which both belongs to the spectrum and has the smallest real

part. All the numbers v which will appear below will designate this minimal v. We suppose first that

(16) v # 1,2,....

The case where v = ne{ 1,2,... }will then be treated as to be a limiting case v -+ n as certain parameters
approach some critical values (see the remark in Sec.E below). By using (15) and (16) in (11) we get

(17a) E, - r"[P cosv4) + Q sinv4)]

(17b) E+- rv'1 [Q cosv4) - P sinv4)]

(17c) H, ~- 1B0 + ik2 /(vcot) rv[Q cosv4 - P sinv4)],

where P, Q and B0 are certain constants to be determined through the boundary conditions.
The expressions related to the region B, for which 4)e(0, 2rt-0), are quite similar, namely:
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(18a) Er - rv'[P cosvý + Q* sinvfl

(l8b) E#- rv"[Q' cosv4 - P° sinvf]

(1 8c) H4 - k*2Bo + ik*2 /(vcot*) rv[Q* cosvý - P* sinvi].

C.Contribution of the boundary conditions
If we consider (16), (17a-c) and (18a-c) in (1), then the coefficients of the powers r'-2, rv.' and rv permit us to
write

(19) 7a7,ag) = 0, g(a3,a4) + gl(a 7,as) = 0, f(a'1,a' 2) + f1(a3,a4,a7,as) = 0,

where we put
a', = ik2al/(o(tgv), a' 2 = ik*2a2/(O)ýt*V),

f(a,a') = alP sinvO - Q cosv0] + a'[P* sinvO - Q* cosv0]
and

g(a,a') = a[P cosvy + Q sinvO] + a'[P* cosvO + Q* sinvO].

As to the functions f1(a3,a4,a7,as) and g1(a7,ag), they exist only when the points v+1 and v+2 belong to the
spectrum, and are homogeneous linear functions of their arguments as well as of the additional unknown
coefficients connected with the spectral points v+l and v+2. In what follows we will not need the explicit
expressions of f, and gi.

The result to be obtained from (19) can be summarized as below:

Cond.(1) on S =: if 1a71+lasj •0 => f(a7,as) = 0
if Ia7l +1asl = 0 :> when ja31+ja 4j • 0 = g(a3,a4) = 0

when 1a3!+1a 41 0 = f(a'1 ,a' 2) = 0.

The discussion made for (1) can also be repeated for (2). The result is quite the same except that the constants
ai are now replaced by bi.

Consider finally the conditions written on Z. They give the similar results

Cond.(3) on I > if Jc7 I+(asI 0 :> AV(as,a?7) = 0
if I(X+fas l =0 => when Ia3+1a4 O=':X>( 4,a3)=0

when 1a31+1a4 -0=W(a'2,0',)=0.

Here we put
a', = ik'2oa/(cO)A*v), OC'2 = ik2 OL2/(cOptv),

V(ca') -c[P sinvO + Qcosv0] +a'[P*sinv(2n-0) - Q*cosv(2n-0)]
and

((x,a') = c[PcosvO - Qsinv0]+cc'[P*cosv(2x-0) +Q*sinv(27r-O)].

Notice that the same results are also valid when aj are replaced by Pi.

D.An example
In order to clarify the above discussion let us reconsider a generalization of a configuration studied earlier by
both Lang and Braver. In this example S is perfectly conducting while Y, consists of a resistive half-plane. One
supposes also that the spaces B and B* have the same constitutive parameters.Then, the boundary condition
tables are

[o00100001l 00 1 -1000 1
0. 0, -11 0 0 0 0 01

S 0  0 0 1 00 0 1' -1 1/R 0 0 0 0
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which yield

Pcosv0 + Qsinv0=0 , P*cosv0 + Q sinv0=0

-Pcosv0 + Qsinv0+P*cosv(27t-0) +Q*sinv(2n-0)=0, P*cosv(21t-0) +Q*sinv(2c-0)=z0.

The compatibility of these homogeneous equations requires A(v) = -sin2v0 sin2v(7t-0) = 0 and gives

v = min{7t/20,n/2(n-0)}

whenever 0 #n/2 ( the case of 0 = it/2 will be discussed at the end of Sec.G below).

E.Determination of v and canonical types
The four equations such as f = 0, g = 0 etc, derived in subsection C above constitute a system of linear and
homogeneous algebraic equations in terms of the constants P, Q, P* and Q*. Since at least one of these latter is
different from zero, the determinant formed of the coefficients appearing in these equations, say A(v), is zero.
It is the equation A(v)=0 that will permit us to determine the minimal exponent v. Since the left hand-sides of
the equations are always f or g and v or X and the numerical values of the constants aj ,bi,ai and Pi taking
place in these equations are not mathematically important, the cases which have to be considered in full detail
are only the following nine canonical types:

(ffVY) (ffiy; (ffxx) (fgWY) (fgWX) (fgXX.) (ggyw) (ggwx) (ggxx)

The determinants corresponding to all these canonical cases except the fifth one can be computed very
easily.The results are recapitulated in TABLE-I. From this table it is evidently seen that in four cases (i.e.the
types (ffyy), (ggXX), (ffXX) and (gg~y) ) the value of v is determined only via the geometry of the wedge,
i.e. via the angle 0, while in the other cases the constitutive parameters of the boundary of the wedge as well as
those of the regions B and B* affect also the value of v.To find the numerical value of v in these rather
complicated cases except the case (fgtXp) one has to solve a trigonometric equation of the form

sin2v(7t - 0)cos2v0 = Asin2v0cos2v(n -0),

which can be solved, in general, through numerical methods. As to the most complicated case (fgyX), the
resulting equation is as follows:

asinvO -acosv0 a'sinv0 -a'cosv0
(20) A(v) = bcosv0 bsinv0 b'cosv0 b'sinv0 0.

ca'sinv0 a'cosv0 -ctsinv(2n - 0) acosv(27t - 0)
13'cosV0 -1'sinv0 1cosv(2z - 0) P3sinv(2t - 0)

Notice that the constants appearing in (20) are the parameters which take place in the expressions of the
equations (fg v X) successively, namely: f(a, a') = g(b, b') = Y(ct',c) = X(P3',3)=0.

F.Determination of the constants B0 and B*O
From (17c) it is obvious that when B130, the dominant behaviour of E, is not like O(rv) but rather 0(1).
Therefore one has always to check whether B0 and B*0 are zero or not. The first relations involving these
constants can be obtained by considering the terms of order 0(r?) in the boundary conditions mentioned in
Subsec.-C above. Now we don't want to consider this point further.

G.Confluence of the zeros of A(v). Logarithmic singularities
The minimal exponent v which satisfies certain equation A(v)=0, where A(v) denotes an entire function of v,
is obviously a function of the parameters such as 0, aj, zq, E'. *'* etc. Let T denote any one of these
parameters. If we write now the above-mentioned entire function A(v) more explicitly as A(v,r) and consider
all the roots of the equation A(vt) = 0, which are in general of infinite number, then we obtain a relation
similar to what is shown in Fig.-2.The minimal exponent v is, in general, such that the point (r,v) is an
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ordinary point of the curve which represents all branches of the function v = v(T). In this case v v(T)

.o".........

Figure-2

0 V V0 V11 V

generates the solutions (17a-c) and (18a-c). When r tends, however, to a certain critical value, say 'r, the point
(To,vo) may become a branch point of the curve mentioned above, such that at this point v'-- v"-4 vo when
-r --fm. Here v'and v" stand for the first two solutions of the equationA(v,T)= 0, i.e. A(v',')=0 and A(v",r)- 0.
Now it is an easy matter to show that for the couple (0 o ,vo) one has [fa/v A(v,'ro )] =o 0, which implies
that v0 is a double root of the equation A(vjo) = 0.

Now return to the field expressions given by (17a-c) and suppose that T = To. Since this critical case can be
thought as to be the limiting case when ' -* To, we have to consider both exponents v'--vo and v"--vo
together and write

(21) Er - lima ,.+o{rv'l [P'cosv'ý + Q' sinv'f] + rV'"l[P" cosv"+ + Q" sinv"ý]}.

Here P',Q',P" and Q" denote certain constants which can also depend on the parameter T, or, inversely, on v'
and v". If these coefficients individually tend to certain finite limits, then (21) reduces to (17a). But this is not
the only possibility which produces a finite limit. Indeed, if P', Q', P" and Q" tend individually to infinity
such that

P'(v') --> (Po/2)/(v' - vo) + P, -- Po/(v' - v") + P1

P"(v")-(Peo/2)/(v"- Vo) + P2-4 Po/(V" - v') + P2

Q'(v') -+ (Qo/2)/(v' -vo) + QI -- Qo/(v' - v") + Q,

Q"(v")-*(Qo/2)/(v" - vo) + Q2-+Qo/(v" -v') + Q2,

where Po ,Qo ,Pj Q1, P2 and Q2 are certain constants, then (21) will also produce a finite limit, namely:

(22) E, - rv•o -[Pcosvo4 + Qsin voý]+ r--' [Qo 6cosvo4 - Po sinvof] + r°'0 Inr [Pocosvoý + Qosin vo04

The first term in (22) is quite similar to that in (17a). Therefore, by substituting vo again by v we can claim
that when the minimal exponent v is a double root of the equation A(v) = 0, the expressions (17a-c) are
replaced by the following confluent expressions:

E, - r•' [P cosvy + Q sinvf] + rv'z[-Po ýsinv4 + Qo 4cosvfhl + r' 1 inr [Pocosv4, + Qosinvf]

E*- rv'd[Q cosv4 - P sinvfhl - rv' [Qo ýsinvý + Po 4cosvfI + rv'1 inr[QocosvO - PosinvQ]

HI - k2Bo + ik2/(vog)rv[Q cosvý - P sinv#] - ik 2/(vo)[L)rv[Qo +sinvý + Po ýcosvf]
+ ik2/(v•pj)rv lnr[Qocosv4 - Posinvfl].
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Notice that these expressions involve also such terms as r"'[lnr cosv4 - +sinvfI and rv''[lnr sinv4 + ýcosv•],
which are not in separated form (Cf. 7,8).

The relations valid in the region B* (i.e. for ýc(0, 27c - 0)), which corresponds to (I 8a-c), are obtained from
the above expressions through the substitution

k-- kV, Bo -> B*o, tt--ý ý*, P-4 P*, Q-- Q*, P0-+P*0 , Qo-- Q*o.

An Example
As an example reconsider the case studied in Sec.-D above. The first two roots of the equation A(v) = 0 are
v'n= /20 and v" = n/2(t-0).They obviously depend on the angle 0 and when O--)*/2, v'->v"-4l.That
means that in the case of a two-part plane with the above-mentioned physical properties there is a coalescence
of the roots, which gives rise to logarithmic singularities. Beyond this critical case, the minimal exponent is
always simple and results algebraic singularities. It is worthwhile to remark that this configuration was also
considered by Lang and Braver et al. Lang has considered the cases of 0 =3n/4 (or 0 -r/4) and 0 = 7/2 while
Braver et al. have considered only the case 0x--/2. Our results are quite identical to those obtained by Braver et
al. for 0 = n/2 with a different approach except for H,. According to our results Hz=o(l) while Braver et al.have
given Hj=O(l).As to the results given by Lang for 0 = 3/4 and 0 = 7r/2, they all are quite different from our
results,

3.2.The E-case
Consider now the case when the electric field is parallel to the edge. In this case the non-zero components of
the electromagnetic field can be obtained from (11) by making the substitutions -P1 -_ 8', H, > E7. Er ,
and E4 . -> H .But we don't dwell on this topic.

TABLE-I
Minimal exponent v for the canonical types of a penetrable wedge

Type Typical equations v validity conditions
(ffrV) f(a,a') = f(b,b') = 0 min{(n/(20),n/(2(t-0))} ab'-a'b # 0, 0 * 7t2

'F(a',a) = T(O3',P3) 0 (1/2<v<l) UP%"- X'D # 0
v = I (double-=-og singularity). 0 -+ r/2

(ggXX) g(a,a') = g(b,b') = 0 min{n/(20), x/(2(t-0))} ab' -a'b # 0, 0 * 7t/2
%(ox',Lx )= x(1',P) = 0 (1/2<v<l) az3' -ca'p3 # 0

v = I (double-=log singularity). 0 -* 7t/2

(ffix) f(a,a') = f(b,b') = 0 min{7t/(40),1t/(4(n-0))} ab'-a'b # 0
(c',ac) =(',3) = 0 (1/4<v<1/2) ac3'-ct'O3 t 0

(ggvW) g(a,a') = g(b,b') = 0 min{n/(40),r/(4(nr-0))} ab'-a'b # 0
Ot,) = V( ) = 0 (1/4<v<1/2) c4o'-a'fO * 0

(ffin) f(a,a') = f(b,b') = 0 tg2v(t- 0) = Atg2v0 ab'-a'b • 0
a = (V',) = 0 A =

(fgWW) f(a,a') = g(b,b') = 0 tg2v(n-0) = Atg2vO a[3' - a',1 P 0
J(a',a)=V,(f•',[)=O A = - ab'/(a'b)

(fgzX) f(a,a') = g(b,b') 0 tg2v(it-0) = Atg2vO ctl3' - #'1 • 0
XA = x(V,3) = 0 A = -a'b/(ab')

(ggWx) g(a,a') = g(b,b') = 0 tg2v(t-0) = Atg2vO ab'- a'b * 0
I(a',a) = X(3', 3) = 0 A =

(fgWX) f(a,a') = g(b,b') = 0 equa.(3.14)
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GROWTH CHARACTERISTICS OF
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ABSTRACT - With the aid of the multilayer approximation method, growth charac-
teristics of a two-dimensional Cherenkov laser filled with transversely inhomogeneous and
collisional background plasma at millimeter wavelengths are investigated. The accuracy
of numerical results is confirmed by comparison with the available analytical solution. We
show that the injection of a dense plasma into the background of a Cherenkov laser im-
proves the beam-wave coupling and growth characteristics. Degradation due to electron-
ion collisions in background plasma can be kept at an acceptable level by appropriate
choices of the plasma and beam parameters. From numerical results, we can identify the
main parameter of the inhomogeneous background plasma which affects growth charac-
teristics of a plasma-filled Cherenkov laser.

1 INTRODUCTION

The Cherenkov free-electron laser (CFEL) is a coherent high-power and tunable source,
possessing a promising future in various applications at short millimeter and sub-millimeter
wavelengths, such as space-communications, high-resolution radars, remote sensing, and
so forth [1]. In a typical vacuum Cherenkov device, however, the electromagnetic (EM)
field which interacts with a relativistic electron beam concentrates around the dielectric
surface of a waveguide and decays exponentially in the transverse direction, leading to a
weak beam-wave interaction. This becomes more significant at higher frequencies, since
the field decays more rapidly from the dielectric surface. In such a situation, an attempt
to inject an electron beam into the region of high field intensity near the dielectric sur-
face can cause more difficulties regarding dielectric breakdown and the control of beam
transport. Further, increasing the beam thickness in a weak field would not help enhance
the beam-wave interaction, but result in essentially low efficiency devices [2].

With the recent development of plasma technologies, it has been reported that the
injection of a dense plasma into the background of the CFEL provides a more effective
beam-wave coupling, leading to a device with greatly enhanced performances covering
those drawbacks for the vacuum device stated above [3],[4]. The background plasma also
plays an important role in neutralizing the space-charge force in the electron beam, and
facilitating the beam transport. Since the plasma lightens the repulsive force which causes
the beam to broaden, increasing the space-charge limited current of the electron beam
[5], it is easier to achieve a higher output power with a higher beam current.

In this work, on the basis of the multilayer approximation method [6], we investigate
the growth characteristics of a CFEL filled with a transversely inhomogeneous and colli-
sional background plasma at millimeter wavelengths. The accuracy of numerical results
is confirmed by comparison with the analytical results available for a cold plasma with
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Fig. 1. Geometry of the problem.

a parabolic density profile [7],[8]. We show that the injection of a dense plasma into
the background of a CFEL improves the beam-wave coupling and growth characteristics.
Degradation due to the effect of electron-ion collisions [4] in the background plasma which
cannot be ignored at millimeter wavelengths is briefly mentioned. We also discuss how
the plasma inhomogeneity affects the growth characteristics of a CFEL, and compare
with the results obtained from the simplified analysis where the plasma is assumed to
be homogeneous. From the above discussion, we can identify the main parameter of the
inhomogeneous background plasma which affects the growth characteristics of the CFEL.

2 MULTILAYER APPROXIMATION METHOD AND DISPERSION RE-
LATION IN THE ABSENCE OF ELECTRON BEAM

A two dimensional (2-D) parallel-plate model of a CFEL filled with a dense background
plasma with a parabolic density profile illustrated in Fig. 1 is considered. For simplicity,
we assume that both the background plasma and the electron beam are restricted to
move only along the z direction by a sufficiently large axial magnetic field. On the basis
of the multilayer approximation method [6], a plasma slab with a transverse density profile
described by

(a+d )2 ( a d) 2

is approximated by n homogeneous layers with different densities as shown in Fig. 2. From
Maxwell's equations, the relativistic equation of motion, and the continuity equation, we
can find the field expressions for the TM waves in each region specified in Fig. 1, as
well as in each plasma layer [4],[9]. By imposing proper boundary conditions at each
interface on the field components, we obtain the dispersion relation which describes the
coupling between the negative-energy space-charge wave propagated along the relativistic
electron beam and the slow EM wave propagated along the dielectric waveguide filled with
plasma. Then, from the dispersion relation, we can numerically determine the values of
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Fig. 3. Normalized wave number kza for the lowest-order TM
mode versus the number of plasma layers n.

propagation constant kZ and spatial growth rate a for the coupled space-charge and EM
waves at a. certain frequency.

As seen from Fig. 3, the accuracy of the numerical results for the case of inhomoge-
neous plasma in the absence of the electron beam can be confirmed by comparison with
the exact solution obtained from the analytical approach for a parabolic profile of plasma
density [7],[8]. When n > 20, the values of k~a obtained from the approximation method
have relative errors less than 0.001%, and they gradually converge to the exact values
as n increases. Hence, with a sufficiently large n, the multilayer approximation method
gives a stable solution, and is expected to be applicable to the plasma with an arbitrary
density profile without significant computational errors.

The dispersion curves in the absence of the electron beam calculated from the multi-
layer approximation method are shown in Fig. 4. We see that, due to the presence of the
background plasma, the modified dispersion curves are up-shifted to higher frequencies,
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Fig. 4. Dispersion relation for the lowest-order TM mode in the
absence of electron beam.

depending on the value of plasma frequency w. or number density Np. Since in general
the operating point of the coupled system can be approximately obtained at the intersec-
tion of the dispersion curve for the unloaded waveguide and the beam line approximated
by w = kV 0 . Then, it is obvious from the dispersion diagram that the system with
background plasma can operate at higher frequencies when the beam with an appropriate
value of drift velocity is injected, or can be driven by a higher beam current at the same
operating frequency, leading to a higher output power.

Besides the modification of EM wave branches, the background plasma also results
in an appearance of some additional plasma modes near the dielectric asymptotic line
(not shown in Fig. 4), when the background plasma owns a rather large density [3]. A
relativistic electron beam with a certain value of beam velocity can couple with both the
modified up-shifted EM mode and the plasma modes. The synchronous frequency for
the fundamental plasma wave (which is expected to have the largest spatial growth rate
among the plasma modes) is well lower than those for the modified EM waves. This may
introduce undesired lower frequency components which consume a fraction of energy in
the coupling process. However, the maximum growth rate for the plasma waves for the
values of the parameters used in our calculation is found to be much lower than those for
the modified EM waves.

3 GROWTH CHARACTERISTICS IN THE PLASMA-FILLED DEVICE

For the coupling between the modified EM and space-charge waves which is of our interest,
we see from Fig. 5 that the spatial growth rate is greatly enhanced by the injection of
background plasma. This is because, at a distance apart from the dielectric surface,
the EM field in the plasma device is yet strong enough to interact effectively with the
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Fig. 5. Spatial growth rate versus beam velocity for various plasma-filled
waveguides. ((a)"-,(d) are the same as those in Fig. 4.)

beam. This also suggests us possibilities (i) to inject the beam at a distance far enough
from the dielectric surface in order to improve the heat transfer condition and relax the
requirements on the beam transport [3], and (ii) to use the beam with larger thickness
in order to gain a more effective coupling and higher output power. Furthermore, due to
a larger growth rate, the plasma device is expected to reach saturation earlier than the
device without background plasma, leading to a more compact device. (See, for example,
the transient growth and saturation characteristics for vacuum and plasma devices in [4].)

3.1 EFFECT OF ELECTRON-ION COLLISIONS

As for an operation at millimneter wavelengths, a stationary plasma with a peak density
about 2-,,•3 orders larger than that at microwave frequencies is required. Because of
such a high density of the background plasma, we could not possibly ignore the effect
of electron-ion collisions in the plasma. We take into account this effect in terms of the
collision frequency t-'i. For our model at millimeter wavelengths, the ratio VejiWc is of the
order of 10.2 [4]. The introduction of small Vei into the dispersion relation does not affect
much the values of propagation constant k2. But, as seen from Fig. 5, it brings damping
to the EM waves, resulting in degradation of spatial growth rates. However, with suitable
values of parameters, we can yet expect that the spatial growth rate in the plasma device
is enhanced beyond that for the vacuum one.

3.2 EFFECT OF PLASMA INHOMOGENEITY

As seen from the above results, the plasma devicheprovides enhanced spatial growth rates
beyond that for the vacuum one, due to a strong EM field interacting with the electron
beam. Especially, in the case of inhomogeneous plasma, the EM field component can
have a large magnitude and a nearly flat transverse distribution over the cross section
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Fig. 6. Spatial growth rate versus normalized beam velocity ,3 for various plasma
profiles. The parabolic profile is used in previous calculations (see Figs. 3-5).

of the beam. In this case, we can have a more enhanced growth rate and a more stable
interaction. From Fig. 5, in the case (c) where the inhomogeneous plasma has a peak
value of plasma frequency equal to that for the homogeneous case (b), the spatial growth
rate slightly deviates from that of (b). However, in the case (d) where the peak value
of plasma density is increased and the average value of plasma frequency equals that
for the case (b), the spatial growth rate is greatly raised. Even in the absence of the
electron beam, the dispersion characteristics for the cases (b) and (c) are quite similar
(see Fig. 4). We can therefore judge that the main parameter of the background plasma
which affects the value of the spatial growth rate is not the average plasma density, but the
peak plasma density. This issue is confirmed by the investigation of growth characteristics
for various plasma profiles with the same peak density. Results in Fig. 6 indicate that
differences in plasma profile do not affect much the growth characteristics of the plasma-
filled CFEL, provided that the peak values of plasma density are the same. Consequently,
for simplified analysis, we can properly treat the inhomogeneous background plasma as
the homogeneous one with a plasma density equal to the peak value.

4 CONCLUDING REMARKS

Growth characteristics of the 2-D Cherenkov free-electron laser (CFEL) filled with inho-
mogeneous and collisional background plasma at millimeter wavelengths were investigated
with the aid of the multilayer approximation method. The accuracy of the numerical re-
sults was confirmed by comparison with the available analytical solution. We found that
the CFEL with background plasma can provide a more effective beam-wave coupling and
enhanced spatial growth rates, suggesting a possibility of a more compact device.

In this paper, we also discussed the effect of electron-ion collisions and plasma in-
homogeneity in the background plasma. The presence of electron-ion collisions resulted
in a significant decrease in the spatial growth rate for the coupled waves. However, by
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proper choices of the plasma and beam parameters, the value of the spatial growth rate
was found to remain well over that for the vacuum device. On the other hand, only a
little difference was found between the waveguides filled with homogeneous plasma and
inhomogeneous one with the same peak plasma density as that of the former. From these
results, we can conclude that the main parameter of the background plasma which affects
the value of the spatial growth rate is the peak plasma density.

For simplicity, a sufficiently large static axial magnetic field was assumed to be applied
to our model to restrict the movement of the background plasma and the electron beam
only to the longitudinal direction. In fact, an important role of the background plasma in
neutralizing the space-charge force in the electron beam can help relax the requirements
on beam focusing and alignment. Therefore, the device can be down-sized by making use
of smaller solenoids for generating a guiding magnetic field [3].
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Importance of mm-wave radar as a highly efficient instrument for the environmental studies has

been generally recognised. Present-day requirements imposed on such instruments call for the

development of radar systems capable for long-term unattainable operation, which allows for

conducting real-time measurements of various atmospheric and earth surface characteristics.

In this presentation, a review is given two such devices recently developed at the Institute of

Radio Astronomy NASU that include a side-looking airborne radar remote sensing system and

cloud radar systems. These systems are designed to perform measurements at frequencies of 36

GHz and 95 GHz. The setup of these instruments, novel technical solutions, and signal processing

technique are discussed. Results obtained during measurement campaigns with such instruments

are summarized. The side-looking radar system is capable for investigation of the radar scattering

properties of various surfaces at millimeter wavelengths. At the first stage of exploitation, the

system was used for the study of millimeter-wave backscatter characteristics of water surfaces in

the presence of oil spills.

This study aims at development of efficient instruments and methods for oil-spill detection and

quantification. The developed 36 and 95 GHz cloud radar systems provide real-time

measurements of profiles of radar backscatter, Doppler spectrum and Doppler moments. Each

radar includes a reliable system of permanent calibration, with a possibility of remote control and

opportunity of a network access to the radar data. The calibration system introduced enables one

to perform a permanent accurate measurement of reflectivity in terms of dBZ through a

measurement of the transmitted power, and radar sensitivity including antenna gain.

The developed software package having client-server architecture supports both remote and local

control of radar operation, data acquisition and processing. The radar images can be viewed in a

local Ethernet in real time. The Internet access allows viewing the current images and previously

stored radar data. The cloud radar systems have demonstrated a high capability for the study of

structure and dynamics of various types of clouds, airflow, and precipitation. Results of these

measurements are also discussed in this presentation and compared to those obtained by other

instruments.
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ABSTRACT

The calculation method is presented for scattering of plane electromagnetic wave by a
perfectly conducting electrically large object wholly or partly covered with an absorbing
coating. The object admits surface breaks with toroidal absorbing coating. This method is
based on the calculation of contributions to scattering field by smooth surface parts (physical
optics approximation) and local break scattering parts (proposed asymptotical method). The
Radar Cross Section (RCS) results are demonstrated for "Space Shuttle" and B-2 bomber.

INTRODUCTION

In a number of problem of applied electrodynamics and radar [1,2], it is necessary to get a
prior information about scattering characteristics of complex shape objects wholly or partly
covered by radioabsorbing materials (RAM). Such problems, in particular, are to detect
aircrafts made by "Stealth" technology.

1. SCATTERING BY SMOOTH OBJECTS WITH RADIOABSORBING COATING

We consider a plane monochromatic wave with polarization unit vector j30 and propagation

direction f)0
E°(x)= y) exp (- jko (R°.o,)

W • {ý--o fi0Xi )exp (-jk,(o(•.) 1

'L0
incident to a smooth electrically large object with surface S. Here 80,p 0 are dielectrical and

magnetic permeabilities of free space respectively, k. is a wave number for free space, x is
vector to considered space point. Then, through Lorenz lemma [3], the object field scattered
in direction ý° is
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P.k Rý k -ý - , (2)
60 47c R

(7°)= - k 1• (!xFo)]exp(- jko(70 (.))ds (3)

where E I =iixE , /-L =iixH, (t ,/-) is a full field, h is a external normal unit vector to
surface S.
Let perfectly conducting scattering object (or its part) be coated by a thin RAM layer with a
constant depth.

Taking into account the electrically large sizes of object, the values H.(x), & (x) in (3) can
A A

be replaced approximatively by values ± (x),/4 E(x) on the surface of plane equidistant layer
(from absorber material) on metal backing substituted in point x e S and tangent to S.
Thus it is necessary to solve the model problem of (1) plane wave scattering from a plane
equidistant absorber layer on a metal backing.
The solution of the problem for arbitrary polarization of an incident wave and arbitrary
incident angle (in particular, near normal incidence) has been obtained in this paper. We write
the expression for scattering field outside the layer

nIx) (P° x/x)p (-ik°,(R°x) (0 +' I ° exp (-ik° (Rk -))' (4)

w here R' k =F 2° - 2 / '(/ ° 
cn), 

(osO'x) I X'= 0,P I - _i (f ./0

Coscs
__ccosO+lo 0j fio(o-°)/oc~l /°•) ]

Pr ccos--- -I PT jccosO-1 T Jc-cosO 1P jcC Cos 2 01

Cos 0

A A

If we substitute the found expressions for E, H to (2) and replace the surface S by its

illuminated part S we obtain an approximate expression for scattering field:
f.EP(R F° ),-jko exp(jkfR) Jf( )exp(jkoQ(?))dS, (5)

4; R so

where f(?)=h(7).•+Y(7).(WbxT°),Q(?)=-(F°+!°)., (i)=fix(fO°+f),

h(r)= iiX [(°/o < ýO)+ (fi x R )], " is vector of integration point.

Integral in (5) requires using a special cubature formulae, because its integrand function is
quick-oscillating. The cubature formulae have been obtained for similar integrals in [4]. These
formulae are based on linear approximations of functions f(T) and Q(F).
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The concept of formula [4] structure is following. Let the set of points M,(i =1,2,-,n) be given

on surface S. Points are located on S densely and unregularly. The values of f(G) and

2(-) are known in these points. S is covered by triangular system with vertices in points Mi

and integral (2) is a sum of integrals for each triangle. Inside each triangle functions f(.ý) and

Q(.ý) are interpolated by linear functions (through values in three vertices). After

transformation to baricentric system of coordinates, obtained integrals are calculated
analytically.

Note that the object RCS is quick-oscillating function of frequency in considered high-
frequency band. The RCS average has to be carried in some frequency band for obtaining
stable values. In addition, in spite of certain advantages of cubature formula, if illumination
wave length is reduced, then necessary quantity of integration surface separations is
increased. For electrically large objects (for example, aircraft) it is difficult to realize the
sufficiently dense separation of surface. In this case it is necessary to use RCS averaged in
certain frequency band. Calculations for simple objects (sphere, ellipsoid) show, that, by
determining the quantity of surface separation, it is possible to choose the frequency band
width (with prescribed mean value) such that RCS obtained by average in this band is close to
the corresponding averaged value for real surface.

2. SCATTERING BY OBJECTS WITH THE COATED SURFACE BREAKS

If breaks of object with perfectly conducting piecewise smooth S surface are covered
by toroidal absorbing coating, then the integration surface in (3) formula is

S=SI+So, (6)

where S. is surface, cross-section of which by H- plane is a part of circle with the P

center and po0 p radius. Here p is radius of circle in the section of coating by FI

plane, which is orthogonal to the rib in each of its P points, p,p 0 ((2 ; 2 is probing

signal wave length. Surface ScS , and all points of this surface in 1-H plane cross-

section are spaced from M point by a distance, that is more than p0 . Thus in (3) 7(70)

is a sum of integrals by S1, So

I (To)=is (T0)+jS ýO)- (7)

is( (F0) integral assumes the representation
I'SO (ro)=H exp [J. k(V<-1-° )-7ý(1)] fi O,r° )dl, (8)

L

where Ki (l,70)exp[ - jk0 (?0e)] a(j() dq,
S'

RO is an illumination unit vector, ý(I) is a radius-vector of P point with I
coordinate on L break line, So is a curve (circle part) on So surface placed in H-
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plane, which is orthogonal to L, G(i) is e vector-function containing the tangential

components of (E,/t) field at absorbing torus surface in indicated cross-section,
dq=podq is S' element.

Estimating (8) integral by stationary phase method, we can obtain, that for the break
line as convex smooth curve, at least, two stationary phase points must be existed
(with the exception of some special case; e.g. for body of revolution with breaks- it
is a case of axial probing and monostatic receiving). In this "special" case we can
calculate fs0 (F°) by numerical integration. This is a simple task, if po/! << 1. In other

cases the stationary phase method for (8)yields

So(F°)zoexp jko(° 0 -7 0 ) -(lo)+gl-• .M Toro 2I, (9)

(1(J) L 4J VkX(10 )1(ojO T)ý;(ij )i

where z(1o), i(io) are a curvature and a main normal unit vector of L line in Po point

with 10 arc coordinate, 8 = sgn [(Ro070)i(0 )], and (1o ) symbol, under the sum shows that
summation must be carried out by all "visible" stationary phase points (from illumination
and reception directions) [5].
Taking into consideration the electrically large sizes of scatterer and small curvatures of its

surface smooth parts, -(E,H) field tangential components on S0 line approximated by
corresponding values on surface of absorbing circle cylinder covered the rib of tangent
perfectly conducting wedge (p=p0 ) in P0 point. Consequently, the main problem of (9)
formula is the problem of oblique plane electromagnetic wave incident on ideal conducting
wedge with radioabsorbing cylinder on rib.
The main difficulty of the problem is associated with the three-dimension character of its
solution. The solution cannot be represented as a union of two independent two-dimensional
problems, so in the problem of oblique plane wave incident on ideally conducting wedge and
in the problem about normal (to rib) incidence of plane wave on the considered structure.
Nevertheless, we have shown, that the problem can be reduced to a system of two two-
dimensional problems, solutions of which are associated with the boundary conditions (by
means of same matrix-differential operator).

If E 3 =U(X ,X2 ) exp (ko 3 R3) H 3 = v (x1 ,x 2 )exp (jko x 3 3) 'V- , then 0 vector

is represented by Fourier-Bessel series with (262 ) matrix coefficients. For example, outside
absorbing cylinder

ý=F . [BmJv,,, (Xor)-+C H( (Zor)]JIJ(p,), (10)

IVn=O
ut =0

where J,, (z) is the Bessel function, H(')(z) is the Hunkel function,

K-ak Ukan , Vh sin(vt i Cfnoa tlMo ds in/ Elcroae

Kharkov, Ukraine, VIII-th International Conference on Mathematical Methods in Electromagnetic Theory



98 MMET*2000 Proceedings

7r-(1) is the wedge opening (O • q. _ vrr(/ )) BC are matrix coefficients determined from

conjunction conditions for u,v functions and their derivatives on absorbing cylinder

boundary.

Series of (10) type converge well for r small values ( r < po ) [6].

The integral is, (TO) is estimated by the method, which is described above for smooth parts of

surface.

Using the results for monochromatic object illumination, the scattered field calculation
methods can be developed for pulse (transient) illumination.

In particular, the main term of transient asymptotics for edge contribution of scattering
field has been obtained in bistatic case by replacing of the real surface by wedge surface near
the break line. For example, if probing pulse signal is Q(t) (Q (t) 0at tc (0,,0 ),,50 <<1),

and its spectrum is centered near k = ko, then the response of scattering edge local parts is
m in• ,-,') Q (S) d ,( 1

(10) 0 t- (0 - s

where t(lo)=(kO-Fo°)>(1o)+C, C is constant, depending from configuration of

transmitter, receiver and object. A(10 ) is vector coefficient corresponding to scattering edge

local center with 10 arc coordinate. This coordinate depends on material and parameters

coating, directions and polarizations of illumination and reception fields.

3. RCS CALCULATION RESULTS FOR COMPLEX OBJECTS ("SPACE
SHUTTLE" AND B-2 BOMBER)

We use the described method to calculate the averaged scattering characteristics (RCS) for
"Space Shuttle" (Fig.1) and B-2 bomber (Fig.3). "Space Shuttle" (Fig.1) is covered by
isolating materials for prevention of its combustion when entering the air. The most
vulnerable parts (for example, bow and leading edges of fin and wings) are covered with a
carbon-carbonic composite material (CCM) (relative permeabilities are approximately

'= 4+3,5.10 li, p'= 1 ). The bottom surface of Shuttle is covered with black plates from high-

temperature isolation (HTI) made from quartz fibre (parameters are approximately
e'k= 4,5 + 3,5i, efc=1 ).
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Fig. 1. Approximated surface of "Space Shuttle".

Fig.2 illustrates the dependences of "Space Shuttle" RCS averaged in the band from 2.25 to
3.75 GHz for different illumination and reception angles. The solid line corresponds to the
perfectly conducting model. The dash line corresponds to the model with the coating
described above.
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Fig.2. Dependences of "Space Shuttle" averaged RCS on elevation and bistatic angles for perfectly

conducting model (solid line) and model with isolating materials.

Dependence of RSC on elevation angle is illustrated in Fig.2.a. Elevation angle 900
corresponds to the frontal sounding, angles less than 900 correspond to sounding from lower
half-sphere and angles more then 900 are from upper half-sphere. At elevation angles 45°-60'
the RCS of the covered object is reduced in 4.. .5 times as the main contribution to RCS in
these angles is made by the object bottom surface covered by HTI. At elevation angles 65'-
1100 the main contribution to RCS is carried in bow and leading edges of wings covered by
CCM with large conductivity. So at these angles the RCS reducing by coating is small. At the
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sounding from upper half-sphere (elevation angles are 120'-145°), RCS is reduced in 1.5...2
times by the coating. To the end, at the sounding angles 145°-160' the RCS is reduced in 3...4
times because the main contribution to RCS is made by a bow covered by HTI. At the same
elevation angles, the RCS absolute values are more increased (values by order 105 i2).

RCS dependences of bistatic angle are presented in Fig.2.b. Analyzing Fig.2, one can made
the following conclusions:

1. Heat-insulating coatings of "Space Shuttle" can significantly reduce RCS (in 3...4 times) at
certain sounding angles in SHF band.

2. If object surface parts with IHT dominate over the RCS, then influence of heat-insulating
coating on the RCS is most considerable.

The research of B-2 model averaged RCS (Fig.3) is partly theoretical because we do not know
the real parameters of radioabsorbing coating. We use 5 cm material layer with constant
permeabilities -'=,u'=l+l0i as a coating. These parameters correspond to some types of real

ferromagnetic coating [3]. Some typical results have been shown in Fig.4. The middle lines
in Fig.4.a,b correspond to partial covering of bomber surface (dark color in Fig.3). There are
RCS values averaged in band 2.25...3.75 GHz in Fig.4.a,b. The analysis of Fig.4 allows us to
make the following conclusions:

1.The partial covering of B-2 model reduce the aircraft RCS by the same value as for wholly
covered model for the certain sounding angles (in particular, for frontal sounding).

2.The RCS dependencies on bistatic angle in Fig.4.b show that if the bistatic angle is
700...800 the RCS is more increased for all three models. It is a basic conception used in
"Stealth" technology: the object surface geometry provides the electromagnetic scattering in
side direction irrespective of coating type.

Fig.3. Approximated surface of B-2 bomber.
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Fig.4. Dependences of B-2 averaged RCS on elevation and bistatic angles for perfectly
conducting model (solid line), model partly coated by RAM and model wholly coated by

RAM.
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ABSTRACT

The all-optical network should take the advantage of photonic devices of various kind that
above all should provide the means for all-optical signal processing. Photonic band-gap
structures (PBG, photonic crystals) are expected to be very helpful for achievement of several
functions that an all-optical network asks for. In the paper the state-of-art and potential future
applications of PBG structures in optical telecommunication systems are reviewed. In
wavelength-division-multiplexed systems the wavelength sensitivity of PBGs and their
filtering properties resulting from it are of particular interest. Possible locations of PBG-based
devices within the advanced all-optical network architecture are indicated and their functional
parameters are discussed.

INTRODUCTION

Photonic band-gap (PBG) structures, also known as photonic crystals, are one of the crucial
technology factors leading to the achievement of several functions that an all-optical network
asks for. PBG-based devices have numerous potential functional locations within the
advanced all-optical network architecture. In the paper the state-of-art and also the possibility
of potential future applications of PBG structures in optical telecommunication systems are
reviewed, and their impact on the development of all-optical transport networks is discussed.
Although it is commonly accepted that optical fiber-based telecommunication systems are
actually in an advanced and mature stage, qualitatively new concepts are still developed in
laboratories and commercially applied as well. One should mention wavelength-division-
multiplexed (WDM) systems, and a concept of so-called "opticalization" of the network, a
notion that stands for an observed actually trend to eliminate electronic components from
optical transmission links and evolution towards transparent optical networks.

Transparent optical networks
The optically transparent terabit network is an ultimate goal that should lead to a much more
efficient exploitation of enormous transmission bandwidth that is offered by the fiber and the
light -itself [1]. This way the future information society needs for reliable means of
transmission and the foreseen necessity of general and easy access to multimedia and
hypermedia services should be satisfied. Actually the process of migration of today's fiber-
based transmission networks to future all-optical transport networks (OTN) is in an advanced
stage [2].
The optical transparency of the network offers various economic advantages in both cases of
backbone and access networks. Cost-effective wavelength cross-connects and add/drop
multiplexers and high-capacity, ultra-long-reach, all-optical transmission over conventional
fibers are shown to make the economics of transparent optical networking quite compelling

Kharkov, Ukraine, VIII-th International Conference on Mathematical Methods in Electromagnetic Theory



MMET*2000 Proceedings 103

[3]. Nevertheless, the idea of transparent networks is the subject of a variety of constraints
arising from physical effects as well as operations and business issues [4]. At the present stage
of the transparent network evolution it is essential to elucidate the direction networks are
likely to take.
The introduction of Erbium-Doped Fibre Amplifiers (EDFA) which have replaced electronic
regenerators in fibre based transmission links in early 90s resulted in optical transparency of
the links. This was in contrary with electronic regenerator based links. In those a combination
of electronic logic circuit along with electro-optical and opto-electrical conversions of the
digital signal transmitted has been used in order to cope with signal distortion. In optical links
the distortion results from physical limitations of the transmission of light signals through
fibres, namely from fibre attenuation, dispersion, and nonlinear distortion.
Optical transparent transmission offers almost infinite optical bandwidth. This is especially
attractive in view of future information society needs for exchange of enormous information
streams, resulting from a general use of multimedia and hypermedia services.
Transparency is very attractive also from user point of view: he/she sends his/her own data
streams and the transparent network transmits them regardless of their format, bitrate etc. A
functional model of a transparent passive network consists of an optical telecommunication
cloud through which clients send and receive their messages of various kinds.
Recent years have shown a rapid growth of demand for capacity of telecommunication
networks. It has inspired many laboratories to explore new techniques of more efficient
utilisation of the huge bandwidth offered by optical fibre links. WDM technology is one of
the most promising and cost effective ways to increase optical link total throughput.
In a WDM system many information channels are transmitted through one fibre using
different optical wavelengths modulated by independent data streams. This method is
analogous to Frequency Division Multiplexing (FDM) which is widely exploited in other
communication systems, especially in radio broadcasting. Using WDM we can easily increase
the capacity of already existing fibre links that is particularly significant in the areas where
placing new cables is impossible or too expensive. WDM is a technique compatible with the
idea of all-optical networks, where one can create transparent optical paths connecting
successive network nodes by switching optical channels organised at the different light
wavelengths. One can also envision the application of WDM in broadcast networks and/or in
subscriber loop [5].
These and other advantages ofWDM have prompted the beginning of standardisation work
[6]. Nevertheless the task is not yet completed and further research and estimations are
required [7].

Non-Linear Limitations
In spite of its merits the WDM technique is not free from limitations. The most characteristic
and essential problem for multichannel optical systems, beside attenuation and dispersion, is
interchannel crosstalk [8]. In WDM systems the interchannel crosstalk is caused by non-linear
interplay between many different spectral components of the aggregate optical signal. The
non-linear optical phenomena involved are self-phase modulation (SPM), cross-phase
modulation (XPM), four-wave mixing (FWM), stimulated Raman scattering (SRS), and
stimulated Brillouin scattering (SBS). One can distinguish crosstalk caused by non-linear
interactions between the light in different channels or between the light and the fibre material.
In spite of the intrinsically small values of the nonlinearity coefficients in fused silica, the
nonlinear effects in silica glass fibres can be observed even at low power levels because of
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very large interaction distances. This is possible because of important characteristics of
single-mode fibres, a very small optical beam spot size, and extremely low attenuation [9].

EMERGING TECHNOLOGIES

The transparent photonic transport network insures the scalability, i.e. possibility of future
upgrades. Emerging technologies as distributed Raman amplification technique enables to
construct large-scale transport networks. As an example, recent experiments with 10 Gbit/s x
16-channel recirculating loop demonstrated that the network scale can be expanded over 2
times [10]. In the commercial systems scale the European all optical transparent network
based on the 16x 2.5 Gbit/s WDM transmission with the use of fiber gratings and dispersion
management technique is actually investigated [ 11].
A commercial deployment of broadband D-WDM systems with hundreds of transmission
channels is foreseen in the near future. Also systems with channel number approaching or
surpassing thousand of very closely spaced (50 GHz, 25 GHz or even less) channels are
investigated in mature laboratory experiments. They require sophisticated narrow-band light
sources with extreme wavelength stability, as well as a variety of photonic devices for all-
optical signal processing. Therefore research challenges for system components based on new
concepts arise. In that research, (quasi) periodic photonic structures in one-, two- and three-
dimensions, along with nonlinear optics applications are among the most promising
technologies.
Optically transparent technology is actually advancing very fast. Almost unlimited capacity is
available, however, the future technology has to meet new demands especially in the field of
optical signal digital processing, including full 3R regeneration. Moreover, a concept of the
4R regeneration where the fourth "R" means the regeneration of the optical signal spectrum
has been introduced recently [12].
Reduced cost of bandwidth enabled by the optical amplifier and wavelength-division-
multiplexing (WDM) technologies have resulted in a dramatic reduction of cost of
transmission bandwidth. Moreover, WDM offers the orthogonality between wavelength and
time, so they can be processed independently and simultaneously [13]. However, significant
research challenges still remain to realise the huge potential offered by optical networking.

Attractiveness of photonic crystals in all-optical networks
Photonics is a key enabling technology in telecommunications. In the last decade, the
technology to fabricate structures on an optical to sub-optical wavelength scale has matured,
and opened for a new generation of photonic devices, which once inserted in the telecom
fabric is expected to increase systems performance significantly. An international co-
operation in the field of wavelength-scale photonics for telecommunications is undergoing
and there are several international projects exploiting advanced photonics in
telecommunication applications [14].
Photonic crystals are periodic structures that influence the behavior of photons in similar way
as atomic lattice of natural solid state crystals influences the behavior of electrons. In
particular, photonic crystals forbid the propagation of photons within a certain range of
energies, which is called photonic bandgap [15]. Those unique optical properties of photonic
crystals have great potential to stimulate development of truly-VLSI-type photonic circuits
[16]. PBGs are directly scalable in frequency by a scaling of the periodicity, making the PBG
concept generic.
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Photonic crystals have a unique possibility of inhibiting spontaneous emission in active
electno-optic devices. If the propagation is inhibited in any direction, then a complete and
absolute photonic band-gap occurs. For some applications like vertical cavity surface emitting
semiconductor lasers (VCSEL) complete and absolute band-gap is necessary. This can be
achieved in photonic crystals with higher-order of symmetry [17].

1-D PBGs
The most common realization of one-dimensional photonic crystal is the optical waveguide
Bragg-grating. It appears in two variants: planar waveguide Bragg grating, and Fiber Bragg-
Grating.
Planar waveguide Bragg gratings are increasingly used in manufacturing of efficient narrow-
band laser sources for telecommunications. Semiconductor waveguide lasers in DBR
(Distributed Bragg-Reflector) and DFB (Distributed Feed-Back) technologies are increasingly
exploited in commercial systems and field trials. In those cases wavelength-selective Bragg
reflection helps to obtain single-longitudinal mode light sources that are mostly suitable for
high-speed data modulation.
A special case of 1-D grating is circular Bragg grating. In that case the refractive index
changes in radial co-ordinate direction. The technology is used for VCSEL fabrication taking
advantage of the possibility to suppress lateral spontaneous emission.
An addition to that also quasi-periodic or self-similar 1-D dielectric structures are exploited
widely for the purpose of assuring the quasi-phase matching condition in experiments
involving interaction of optical beams that differ in the wavelength. The triadic Cantor and the
Fibonacci sequence are typical examples. The structures are obtained by alternating two
dielectric layers of different refractive indices such that the highest refractive index layers
belong to some fractal set. This way an efficient second-harmonic generation is possible [18].

Fiber Gratings
The Fiber Bragg-Grating (FBG) is a short piece of fiber in which permanent refractive-index
changes in the core are "written" by exposing to a diffraction pattern of an ultraviolet light
beam. Fiber gratings are an emerging broad class of structures that will enhance the
performance of future generations of communication systems [ 19]. Specially designed chirped
Moir6 gratings can be used for either transmission as passband filters for WDM either
reflection to decompose short broadband pulses for encoding/decoding operations [20]. Also,
electro-optically tunable fiber Bragg gratings have been demonstrated recently [21]. Tunable
FBGs have strong potential applications in all-fiber amplitude modulators and high-speed
tunable filters.

2-D PBGs
Two-dimensional photonic crystals exhibit periodicity of electromagnetic properties (e.g. of
the index of refraction) in two perpendicular directions. One way to achieve this is by
assembling dielectric fibers. The technology exploiting that phenomenon is known as
photonic crystal fibers.

Photonic Crystal Fibers
By a proper introduction of defects into the photonic crystal fiber structure a single-mode
guiding of light in a photonic crystal fiber can be obtained regardless of the optical
wavelength [22]. In addition, the dispersion curve of such fiber is very flat, and can be very
accurately determined with the use of analytic and numerical modeling techniques as the
finite element method. E.g. the unimodal broad band behavior of photonic crystal fibers was
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analyzed, and the chromatic dispersion was reliably predicted at any wavelength versus the
geometric parameters [23].

3-D PBGs

The fabrication of three-dimensional photonic crystals for infrared wavelengths that are used
in optical telecommunications is at the beginning stage and serious technological difficulty
results from the fact that lattice constants of the order of micrometer are involved. Recently a
complete photonic band gap centered at 1.55p.m has been obtained with macroporous silicon
[24]. Also scheme of automatic fabricating 2-D and 3-D photonic crystals with an autocloning
method has been proposed recently [25].

Modelling of PBG structures

For photonic-crystal based optical waveguide structures standard numerical techniques as
finite-difference and finite-element methods are usually applied for investigating the modal
and dispersion characteristics of the waveguide. An overview of different theoretical models
for analysis of photonic crystal fibers can be found in [26].

An efficient method of modeling the evolution of spatial beams and wide-band temporal
pulses in 2-D photonic crystals has been reported recently [27]. In that work a time-domain
beam propagation method (BPM) based on the finite-element scheme is applied for the
analysis of reflections of both TE and TM polarized pulses in waveguiding structures
containing arbitrarily shaped discontinuities. Perfectly matched layer boundary conditions
were introduced in that analysis in order to avoid non-physical reflections from the
computational window edges. The method was proved to be applicable to various photonic
crystal circuit components.

Actual and prospective PBG applications in optical telecommunications

The all-optical network should take an advantage of photonic devices of various kind that also
should provide the means for all-optical signal processing. Photonic band-gap structures are
expected to be a crucial technology factor leading to an achievement of several functions that
an all-optical network asks for. To this purpose many proposals have been elaborated and an
intense research is currently underway.

Dispersion Compensation

Chromatic dispersion is an inherent feature of an optical link that severely limits the
transmission distance of high bit-rate data streams. Although dispersion-compensating fibers
(DCF) are commonly used in order to cope with dispersion, they have a substantial drawback
as they introduce additional power losses. Another way to combat dispersion effects is to use
chirped fiber Bragg gratings as dispersion compensators. The transmission performance of a
system with chirped Bragg gratings has been shown to be significantly superior to that of an
equivalent DCF module [28].

As a recent example, dispersion equalizers for the arbitrary dispersion characteristics of
optical fiber links in the form of cascading chirped fiber Bragg gratings and optical circulators
were proposed [29]. Also it has been shown that the dispersion slope can be efficiently
controlled to match that of current transmission fibers by chirping the sampling function of a
sampled fiber grating [30]. Dispersion compensating gratings of 3-nm bandwidth and 700
ps/nm total dispersion were fabricated [31]. A broadband dispersion-compensating grating
module can be efficiently used for compensation of both dispersion and dispersion slope in
high bit-rate WDM transmission systems [32].
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Also technology possibility to manufacture tunable fiber Bragg gratings enables dynamic post
dispersion compensation instead of classical fixed post compensation. That issue has been
applied successfully in a multi-span 40 Gbit/s NRZ transmission system [33].

All-Optical Switching
All-optical switching is a key factor for the realization of future photonic transport network. It
can be achieved by exploiting optical nonlinearities in the free-space, an optical waveguide or
photonic crystal structure. Recently a first observation of an all-optical switching operation
based on the bistable characteristic of a GaInAsP nonlinear directional coupler loaded with
Bragg reflector at telecommunication wavelength 1.55 pm has been reported [34]. Also
nonlinear pulse switching using long-period fiber gratings has been demonstrated very
recently [35].

CONCLUSIONS

Photonic crystals have fascinating properties that actually are far from being well understood.
They have a potential to revolutionise fiber telecommunications and optical signal processing
in new millennium in a similar way as semiconductor technology has changed electronics
over last half-century. The future transparent all-optical network, all-optical signal processing,
optoelectronics, and optical computing are the domains to be mostly influenced.
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ABSTRACT
A flat waveguide filled by a homogeneous cold time-varying plasma is considered. A problem
of an excitation and propagation of an axial symmetric electromagnetic waves in such a
waveguide is solved. To obtain a solution, the resolvent operator in a polar coordinate system
is constructed that allows to write an exact and explicit expression for the electromagnetic
field.

INTRODUCTION
When a plasma time changing begins at zero moment then an electromagnetic field in a
waveguide is described by the equation according to [1]

E(t, F)=E(t,F)- -- fdt'Jidx'dy'f dz'(t - t', F - F') (V, (t')E(t, F)) (1)
C0 Wa 0

where F =-(x, y, z), 40 is the initial field, f is the transformed field, G is a tensor Green'sI ti
function, =1 (co dt'(t- t') -(c- 1)) is a medium operator written down for the case of

0

a plasma density changing from zero moment of time, e is a permittivity of a medium that
has filled a waveguide until zero moment of time, c is the light velocity in vacuum. In (1) x
and y are longitudinal coordinates and z is a lateral coordinate directed across the waveguide.
The distance between the planes of the waveguide is equal to b.

THE GREEN'S FUNCTION IN THE CYLINDRICAL COORDINATES
For the considered problem it is convenient to use the polar coordinates. The equation (1) in
polar coordinates is written down as

,-^2 b

/ i=/o+ kE, k -' Jdt' f p'dp' f d'of dz'G VeI) (2)
0 0 0 0

cos ( sinq( 0"
k is a kernel of integral equation, the matrix 1 = - sin p cos p 0

0 0 1)

takes into account the transformation of vector components. The Green's function must
satisfy boundary conditions on the waveguide boundaries so it can be presented as a Fourier
expansion of eigenfunctions of a flat waveguide. It can be presented also as a series to axial
angle. The coefficients of this expansion written down in the form of the Hankel transform
with respect to the polar radius
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a 2  
2 1a 2

v= -- (graddiv I)n-'gZ (r, p, p')eik(°-f)•,, (z)•' (z'),
at2 47" v t2 k,

where
4v •'sin v-r S72 + A,2,

g " (1, p, p') -f SJk (sp)Jk (sp')®(v7) ds
0 2 + A",

,sin A,,z 0 0

n= 0 sin A,,z J is the matrix of eigenfunctions of a flat waveguide,
ý,0 0 Cos A,, z'

in =T--, n = 0,1,2..., z- = t - t', E(.) - here is the unit Heaviside function.b

THE INITIAL FIELD OF LINEAR SOURCE
By virtue of the obtained Green's function, the initial field created by the source in general
case is presented as

- "; - P 21r b
= - -(I- f dt'j o'dp'Jf d0o 'dz''GT^o

Now find the linear source arranged on axes Z, which has a random time dependence.

=dz j(p) j(t)
P

We will restrict ourselves to the simplest case ( e = 1, v = c). In that case

to 2,7b idt, j'(t')O(c(t -t')- p)(4

Radiation of such source generates a lowest wave mode with the number n = 0.

THE TRANSFORMED FIELD
To obtain the transformed field, it is necessary to construct the solution of integral equation
(1). The Volterra integral equation of the second kind and its solution can be derived by the
resolvent method

E = E0 + REo (4)
The resolvent must obey the operator equation

R-kR=k (5)
where the K is the kernel of (2). The equation for the resolvent is conveniently made in the
impulse notation (the Fourier-Hankel- Laplace notation). That allows obtaining an exact and
explicit expression for the resolvent of the integral equation.

Co 
2 . t 2'r d ' b 2dz, o I I sin co r sin v

R .dt'.pdp' - jf--• .d -I x[graddiv 2O2ee )

o o o 2f" o A 2,,o 2• + ý2 co co.

sin cowerI] x Jk ('P)Jk (ýp')eik(ý)- i')", (z) /,, ( )CP -0

0) we

where COwe = c 2 (A2 + 2 )+COe (6)

The transformation of an electromagnetic radiation of an axial source in the plate waveguide
filled by the flash created plasma is carried out from (4) by using the obtained resolvent.
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2)b& 0 Jo (sp) ,
S= 2 f ds [f dtcssin cow, (t - t')j'(t') -

C 0 Cowe 0

co2 ° dsin(coe t + cst') sin(cOwet - cst')
ClOwe + CS COwe - CS

It is also a lowest wave mode with the number n = 0.

EXCITATION OF A WAVEGUIDE BY STEP CURRENT
Consider the excitation of a waveguide by the step current j(t) = 0(t - to). The incident field

in the empty waveguide from (3) is
- 27ib E(ct - t0_) - )

Sc2  c 2(t-t 0 ) 2 _p 2

The field occupies the region between the source and the wave front. That differs from the
case of a flat front, when the field has 5 - singularity [2].
After forming the plasma, the field is determined by the moment of switching on the source.

-Wez 2 (t)JdsJo(sp) sin(wwet+csto) sin(fwet-c or to <0
0 w O + CS cOwe - CS

0 we we 0 C

COb FC 2(t - 2

2 C O(c(t-to)-p)O(t-to) for to>0
C2 PCc2 (t-_to) 2  fo >0

The presence of the plasma yields the oscillatory character of the wave.

CONCLUSION
The Green's function for Maxwell's equations in a flat waveguide where a homogeneous cold
time-varying plasma is formed at the zero moment of time is derived. By virtue of the
obtained Green's function the four-dimensional integral equation for an electromagnetic field
is presented. An equation resolvent for the case of axial symmetric problems is obtained that
allows to present the exact and explicit expressions for an axial symmetric distribution of an
electromagnetic field.
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ABSTRACT

In the present paper, the influence of transverse target's size on the transition radiation
spectrum of relativistic electron moving through the thin metallic plate is considered. It has
been shown that significant spectrum distortion can occur in the millimeter range of waves in
comparison to the case of an infinite metallic plate. This effect takes place for "forward" and
"backward" radiation in both cases, i.e. for normal incidence of electron on the target as well
as for oblique incidence.

INTRODUCTION

A series of experiments (see, e.g. [1]) was recently performed in order to study the coherent
effects in the transition radiation emitted by bunching relativistic electrons in a thin metallic
targets. The measurements were performed on electron beams with energy in the range of
100MeV. The coherent transition radiation emitted by short bunches of electron beams was
studied in the millimeter and submillimeter range of waves. The experimental results were
analyzed using formulas from the theory of transition radiation for target with an infinite
transverse size.

THEORY
This work is devoted to the theory of transition radiation for transverse-bounded thin ideally
conducted targets. It is a "backward" transition radiation of relativistic electron moving
inclined through a thin metallic plate being considered in this work for millimeter wave range.
The theory that assumes the influence of the target transverse size on the transition radiation
spectrum in the case of normal electron incidence on the target, was proposed in [2-3]. It was
shown that not only longitudinal ( L ; 2y 221, ), but also transversal distances (Po,, ;t y2, where

y is a Lorentz-factor of electron and %, is a radiated wave length) that are responsible for
transition radiation can be macroscopic values in this case. A consideration of finite
macroscopic transversal target sizes can lead to a significant distortion of the transition
radiation spectrum in comparison to the case of infinite target. The spectral-angular density of
radiation, emitted in both <<forward», and <<backward» directions by relativistic electron that
penetrate the center of metallic disk is given by the equation [2,3]
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2

dE dE. (0
dE _d~ E__, F(ysin 19,-) , (1)

dcadf adcodQ ca±

where dE• is the spectral-angular density of transition radiation of electron on the target
dcod2

having the infinite transverse size, dQ = sin 9d9d(d ('9 and (p are polar and azimuthal

radiation angles) and F is the function to assign influencing of the target transverse sizes on
the transition radiation.

F(y,x) =1(y2 + 1)uduK1(u)J1 (yu) (2)
Y 0

Scy

Here x = 0)/ , cO ais the radius of a disk, y =ysin'9 and Kl(x),J,(x)- McDonald's
/O, a

and Bessel's functions, respectively. The equations (1) and (2) show, for y • 1, that density of

transition radiation does not practically depend on the transverse target size in the frequency
range co _> co, (in this case F -> 1). If co << co, ,then the consideration of limited transverse
target sizes leads to a significant decrease of transition radiation intensity in comparison to the
case of an infinite transverse target radius (F <<1 in this case for y ý 1 ). Thus, under the

experimental conditions [1] (A 0.1 and yr200), the value of the radiation intensity
suppression effect can reach several orders. The displacement of the main angular maximum
and the appearance of new oscillating maximum (in the spectral-angular distribution of
radiation intensity) should be observed as well.
We shall focus our attention on the fact that, for relativistic electrons, an influence of the
transverse size on the radiation spectrum takes place also for oblique electron incidence on the
target. The equation for the electron "forward" and "backward" transition radiation spectrum
in the case when electron is moving through a metallic disk is

d'E ee2 cos2 ((,8sin0- sin9cCos(P)2 "A2 +182 sin2 cos2  sin 2 
9 'B2)

dcodQ- z'r%- ((0 -8 ,sin 0sin cos)2 _,82 cos 2 9cos 2 (,)2(

were 0 is an angle between electron velocity v and the normal vector to the target surface

(normal vector coincides with OZ axis), 86 = vc- and

f daf tdtK(t, o, a)cos a exp[-ity cos a(sin ,9-/ fsin ,9)]

A= 0

f daf tdtK(t,, a)cos aexp[-ity cos a(sin 09-1 8sin S)]
-• 0

(4)
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f da ftdtK(t,Ob,a)sin aexp[-ity sin asin 19sin 0o]

B ` 0

fJdaf•tdtK(t, 0, a)sin a exp[- ity sin a•sin 9sin 9o]
-Ir 0

whereK, tl1sn bcs

where u =-- K(t, 0,a) -= Sln C'5oa)
v17 S C1-sin2 ýcos2 a

DISCUSSION

Values A(x,19,9,y,o) and B(x,9,ý9,y,o) in (3) are functions that define the influence of the
target transversal size on the transition radiation in the case of oblique electron incidence.
These functions are sufficiently complex even for the case of metallic disk but the main
tendency that determines influence of transversal geometry of target in the case of normal

incidence remains the same for oblique incidence. For co Ž_ m, (now cw.L = - ), i. e. for the
a

case when transverse size Pc,,, is less then the target radius a, we have A(x, 9,q,y,) -- 0 1,

B(x, 9, 9o,y, 0) -> 1, and spectral-angular density of radiation coincides with the well known
result for infinite metallic plate [4]. Within the frequency range co_ Co. we have
A(x,,f9o, y, ) << 1 and B(x,19,9ýo, y, 0) << I, and consideration of the transversal target size
results in a significant decrease of the transition radiation intensity in the infrared and far-
infrared range of waves in comparison to the case of an infinite plate.
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Most of the information we have obtained about the universe beyond the planet Earth came from
electromagnetic (EM) waves, and most of the information obtained from EM waves came from
steady state waves. Whenever received EM waves are decomposed into sinusoidal waves with
various frequencies one thinks and acts in terms of steady state waves theory. For instance, the
Doppler shift frequency - implied every time the term red-shift is used -is a steady state concept
even though the Doppler effect is not. A power spectrum density (Fourier frequency spectrum) of
received waves is a steady state concept as well. However, in reality there are many
electromagnetic events and phenomena which can not be described using a steady state concept,
and one have to apply a different approach for their proper description and understanding. For
example, a sunrise and sunset being considered as a single events provide us with non steady
state events since we can determine their beginning and ending times. In this way, we are coming
to the necessity of use of a different concept in describing EM waves, namely to the concept of
EM signals. Electromagnetic signal is an electromagnetic wave that is zero before a certain finite
time and has finite energy [1, 2]. In terms of mathematics a signal can be represented by a
function of a real variable with the usual topology of the real numbers and denoted time, the
function being zero below a certain finite value of the variable and quadratically integrable.
Pulsars provide us with electromagnetic signals since we can observe the increase of the electric
and magnetic filed strength from zero or the decrease to zero.
In the paper, we present results of our investigations on propagation of EM signals through
interstellar medium that is supposed to be formed by neutral atomic hydrogen gas with rather low
density. We describe the model under consideration and obtaining of the partial differential
equation for one of the EM field components, as well as formulation of initial-boundary value
problem for that equation and the method for its solution in time domain. EM signals propagation
over Billions light years distance through such medium is studied for various combinations of its
parameters.
Step-like changing of the EM signal field requires solving of the problem in time domain and
application of a non -conventional description of the above medium. Propagation of EM waves is
governed by Maxwell equations. However, those equations should be modified according to the
media properties where EM waves propagate. In the case under consideration, EM signals have
to propagate through the medium consisting of atomic hydrogen gas with a very low density.
Since the atoms are neutral and signals are supposed to be rather weak they cannot carry an
electric monopole current, but only dipole currents. Electric field strength will pull the positive
proton and the negative electron slightly apart and produce an electric dipole. A dipole current
flows while this pulling apart is in progress and also when the electric field strength drops to zero
and the hydrogen atom returns to its original, non-polarized state. Similarly, the hydrogen atom
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has a magnetic momentum like a little bar magnet. A magnetic field strength will rotate the atoms
to make them line up with the field strength. A magnetic dipole current flows while this rotation
is in progress and also when the magnetic field strength drops to zero and the magnetic dipoles
return to their original random orientation. So, we have to take into account the reaction of the
medium onto the action of the EM field of the propagating signal. Conventional approaches to
solution of that problem suppose that both intrinsic characteristic time of the media and its
relaxation time are much smaller the characteristic time of the EM field variation. Besides, they
also suppose performing of space averaging of the EM fields introducing into consideration both
electric and magnetic flux densities. Since in our case we have both very low density of the
neutral atomic hydrogen and very fast variation of the EM signal fields those methods are not
applicable anymore. In order to solve the problem we modify Maxwell equations for "empty
space" using both electric and magnetic dipole current densities rather then electric and magnetic
flux densities [3]. This implies description of the medium in the frame of microscopic approach
using representation of a hydrogen atom as a combination of electric and magnetic dipoles. Those
dipoles produce electric and magnetic dipole currents under the EM field action that is to be
calculated in a self-consistent way.
Self-consistent system containing both modified Maxwell equations and equations for the dipole
current densities evolution under the EM field action can be written in the following form [3]:
where

aIH - a- rotE = / +g,,; rotH c-- +ge; edivE = u divH = 0; (1)
at at

+ 't +--CL d = d 7r1,rE; ,,,+r' e g+- ,,,,dt = 2s,,-; (2)at Z- - at -Cf,,1  2
UP _ Noe 2z' _P No q1112 ' q)1 = P m1110.

O-i ; t,; q,. - ,___

mi In 2R

E and H e; ,and , op and s; c and /. ; e and mi; m...o0 and q,,

are electric and magnetic fields; dipole electric and magnetic current densities; electric and
magnetic dipole current conductances; permittivity and permeability of the vacuum; charge and
mass of electron; magnetic dipole moment and fictitious magnet charge, respectively; r' and t are
the relaxation time and period of eigen-frequency of the dipoles-oscillator used as the model of
atomic hydrogen.

Let consider a planar, transverse electromagnetic (TEM) wave propagating in the
direction y. A TEM planar wave requires

E, = H,=0; E,=E__E; H H,=-HzH

With this simplification, the above system of partial integro-differential equations are reduced to
the sixth order linear PDE for either electric E or magnetic H field component [3]. In order to
investigate propagation of EM signal through the above medium one have to solve initial-
boundary-value problem for that equation with the following boundary
(y=O) and initial (t = 0) conditions:
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E(y,O) - atn - j _y_ dt = dtdt'=O; n=1,2,3; (3)

E(oo,t) = finite

E (0,t E 0 S0(t) (I: t Ž0 . The above problem is solved [3]

by the variables separation method. The solution has the following form:
where k is the separation constant; i(k) are six roots of characteristic equation for PDE derived
from Eq.(l)-(2); A(k) are six constants to be determined by six initial conditions (3). The

E(yt)=Eo w(y,t)+e-(YL1 ]; w(y,t) = f( 6 Ai(k)ey'(k)tPhJ sin(27zky)dk (4)

expressions for L(r,, r, 2(k) and A(k) have an explicit, but rather complicated
form and can be found in the monograph [3]. Here we only note that because of the higher
symmetry of the modified Maxwell equations (1) we were able to find analytical solutions for the
sixth order characteristic equation. This enabled us of both performing of the Eq.(4) integrand
analysis as function of k and developing of efficient algorithms for numerical evaluation of the
electric and magnetic fields of propagating signals. In particular, the solution (4) has rather
different form depending on the ratio p of the dipoles relaxation time r' to its eigen-oscillation
period c'. We found that for p <1/2 only two terms A(k) are oscillating ones in the integrand in
Eq.(4) while for p >1/2 all of them have an oscillating form. However, this gives a qualitative
difference for EM signal precursor only while the main lobe of the signal is p independent when
it is propagating through interstellar medium.
Solutions of that equation for various combinations of the interstellar medium parameters and
initial signal-like E-field distributions are presented in the monograph [3]. Behavior of both
signal main lobe and its precursor for various EM signals, such as exponential step function,
sinusoidal and rectangular pulses when they are propagating over Billions light years distance are
studied in [3].
It is worth to stress that in our model, we did not use any representation of the EM fields based
upon steady state concepts, such as Fourier transform, but obtained the solutions in time domain
directly. In particular, this gave us possibility of studying of details in EM field transients while
signal-like waves are propagating in a medium that permits no monopole (conductivity) currents
but only electric and magnetic dipole currents.
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ABSTRACT
The principles of calculation of the ultrawide-band signals radiators are considered. The
electromagnetic analysis of a TEM - horn is carried out. The distortions of a pulse are considered
at the radiation and the peak pattern of the radiator are parsed.

One of the major problems at the construction of the videopulse radars is to develop an efficient
antenna systems which will satisfy the requirement of a directed radiation alongside with the
requirement of the minimal distortion of a pulse at radiating and receiving.
To achieve a high gain it is necessary to use radiating structures of the surface type with large
electrical sizes that allow forming a directed radiation of the UWB signals, as well as to provide a
rather smooth transition from output resistance of the generator to a wave resistance of the free
space, thus achieving a gain which is significantly larger than that of the elementary radiators.
In the present paper, the numerical-analytical solution of the task on excitation of a TEM-horn
with the exponential vertical and cross-sectional profiles is offered, the distortions of the shape of
the radiated signal are calculated and the peak pattern of the radiator are determined.
To solve the task of the TEM-horn excitation we shall consider a system consisting of the two
limited ideal conductive surfaces S = S1 U $2 with the exponential profiles located in the free
space. Consider the position of the sources is constant in the space, and the electromagnetic field
is excited by the electrical dipoles with the moment directed along the vertical axis.
To define the electromagnetic field outside of the surface S it is necessary to solve a set of
equations of the Maxwell satisfying to the boundary conditions on the surface S, to the zero
initial conditions and conditions of the radiation on the infinity.

If suppose a field Eo(Q,t), flo(Q,t), which excited by the electrical dipoles, as Fourier integrals,
the solution of the given task outside of the surface S can be expressed through tangential
components of the electrical and magnetic vectors on the surface S [I]:

47 _RMQ jdQ

+ I_{ gradp exp(- ik(oG)RMp ,flp,fI(P o))]] + (1)
47e S [LRMp 11

Rp- iko)Rmp) exp(- ik(0)RMP)
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where J0 (Q, w) is the surfaces density of a source current, k(co) = cow - is the wave number,

Mp, RMQ is a distance between points M and P, M and Q accordingly, fip is external to area S a
normal in a point P.
In a case of an ideal conductive surface the tangential components of the electrical field on the
surface become zero. If we enter for a surface current, that is induced on a surface of an ideal
conductive body, the denotation

f(P,o0) = [iip,flI(P,o)] (2)
and direct on the normal the point M to the point PO of the surface S, then, using properties of a
potential of a double layer, we shall receive an equation of the Fredholm integral equations of the
second kind for the area density of the current on an ideal conductive surface S

I(Po, )+1- r + jk(o)MJ(P,c), PPo]eXp(-ik ()RPPovýSp = 2[nIP0 ,HO(P,o))], (3)APO CO 1 + $2 •Rp '~

where R pp is a distance between the points P and P0, and Fp° is the unit vector in the direction

from point P to point Po.
For the implementation of the numerical algorithm at the definition of the surfaces density of the
current the surface S is divided into N cells. Within the limits of each cell, as usual in similar
cases, we consider the current density J as a constant (in the n cell 1 has components Jx JY ZI

in the rectangular coordinate system). The sizes of the cells are 0,12/ (2 - wavelength). For the
registration of the edge effects the Meixner condition is used [1].
Having conducted a discretization (3) similarly to [2], we shall reduce it to a system of the linear
algebra equations with the unknown components of area density of the current. At the
coincidence of the integration points the kernel has a feature, to eliminate which, it is cut by a
circle of radius =10-I6A. The presence of these features allows generating a system of the linear
algebraic equations with a dominant main diagonal. Taking into account the distribution of the
currents on the surface of the horn, the field in the far-field region can be retrieved according to
expression (2).
To estimate the practical applicability of the technique mentioned above, a number of
calculations was carried out. At the realization of the numerical calculations the function of [3]
type was used as a model of the a magnetic field of sources

HO (t)= B 0 ± LMn+1 expý Mt -- exp- j--X( (4)

where B0 is the normalized coefficient, and X(t) is the Heaviside step function.
Model (4) satisfies the statement of the task and requirement sign-variability of the radiated
electromagnetic field. Non-dimensional values M>1, n>O, T (there is a dimension of the time)
characterize the shape and duration of a signal, and determine a spectral content. In Fig. 1, the
shape radiated of the UWB signal with characteristics is represented: M=5, n=2, T=O,8 at
geometrical parameters of the antenna y=O,O05exp(2,9z); x=O,2exp(O,46z); ca=150 .
At all the values of the parameters n, M, T (used during the present researches) the radiated signal
represents the sequence of 3 signals which differs in the amplitude. Each of the partial pulses
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qualitatively keeps up the shape of the initial one. The presence of postpulse oscillations
represents the rereflection of the initial pulse from a source of load. The distortions of the
radiated signal shape are explained by a dispersion of the reflection coefficient. For an integral
estimation of the radiated signals distortions the temporary moments, described in [3], can be
used.

H(t) 150

100

50

ý1 - -A ,-- 0• 1,i- - • t' I

10 15 20 50

-50

-100

Fig. 1. The shape of the radiated pulse.
In Fig. 2, and 3, the peak pattern (relation of the amplitude from the direction of the radiation) in
the planes E and H, respectively, are shown. The width of the pattern on a peak amplitude on the
level 0,5 in the E-plane is about 600, and in the H-plane - 1500. The found difference of spatial
distributions of amplitudes are connected to the distinction of the electrical sizes of the antenna in
these planes. The longitudinal size of the antenna exceeds the spatial duration of the pulse and
that provides the radiation of energy mainly in a longitudinal direction of the TEM-horn, thus
narrowing the pattern in E-plane.
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Fig. 2 The peak pattern in E-plane Fig.3. The peak pattern in H-plane
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ABSTRACT
Some model direct problems of pulse sensing are considered. The suggested numerical
algorithms based on the Finite-Difference Time-Domain (FDTD) schemes utilize the exact
conditions on virtual boundaries for truncating the computational domain. The numerical
results obtained confirm the efficiency of the proposed approach. All programs are completed
with a vivid interface.

We present the algorithms and programs for solving model open-region plane problems in a
time domain with a predictable accuracy. The algorithms are based on finite-difference
schemes with the original exact conditions on virtual boundaries of the computational domain
[1,2]. On this approach we, realizing the versatility inherent in finite-difference methods,
increase their efficiency without adding the model distortions into the simulated physical
processes.
The proposed algorithms are adaptable for a wide range of geometries of scattering objects,
namely, arbitrary shaped plane gratings and waveguides with compact inhomogeneities;
locally-inhomogeneous objects in a free space near an irregular boundary between two
different media; cylindrical open resonators with perfectly conducting mirrors and arbitrary
inclusions; and various plane radiating structures. There is no restrictions on the type and
characteristics of sources and waves of excitation (concentrated sources, pulses of various
shape and duration, etc.), hence the results in time domain are convertable if required into a
frequency domain. Thus, it is a relatively simple matter to solve a lot of classical problems in
the framework of the approaches developed.
All algorithms were tested by the computational experiments as exemplified in Fig. 1. Here
the errors caused by the presence of virtual boundary in FDTD algorithm are shown for two
simple perfectly conducting structures (Fig. 1,a,b). Fig. 1,c-f present the local errors D(n,ml)

calculated at grid points (n,m,l) on the imaginary boundary p = 0.5, 0 < 0 < /-r (t = 0.6 in
Fig. l,c,d and t = 0.9 in Fig. 1,e,f). The dashed lines correspond to the classical absorbing
boundary conditions of the first approximation order [3], the full lines refer to the errors
resulting from the incorporation of the exact conditions on a virtual boundary into FDTD

scheme. Fig.l,g,h display the averaged error D(1) = N-'1 -D(n,m,l) on the lth time step

within the limits of the whole grid (N is the number of grid nodes).
The programs are completed with the vivid interface; their operation can be demonstrated in
the course of the presentation.
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ABSTRACT
The problem of transient wave radiation from open end of coaxial waveguide is solved by
means of Modal Basis Method in time domain. The analytical expressions of fields radiated
into free space and. reflected inside the waveguide are obtained for step-wise time dependence
of amplitude of exciting TEM-wave. The solution for exciting TEM-wave with arbitrary time
dependence of amplitude is obtained by calculation of Duhamel's integral. The exact solution
of the problem is compared with the same one obtained in Kirchhoff approximation. The
spatial and time dependencies of the field radiated from the coaxial aperture are obtained
experimentally to examine theoretical results. The comparative analysis of the theoretical and
experimental results is made.

INTRODUCTION
The essence of Modal Basis Method is the expansion of the transversal electromagnetic field
components in the cross section plane. So the three-dimensional electromagnetic problem is
converted into one-dimensional problem for the system of evolutionary equations. In the case
of a radiation problem we can obtain two independent evolutionary equations of Klein-
Gordon type describing propagation TE- and TM-waves in free space [1]. Using the
separation of variables method one can get a general solution of these equations without
employing Fourier transform.
The purpose of this work is the theoretical and experimental investigation of the transient
wave diffraction on the open end of a coaxial waveguide and comparing the result with the
same one obtained by Kirchhoff approximation.

THE STATEMENT OF THE PROBLEM
Let TEM-wave with step-wise time dependence propagates in the semi-infinite coaxial

waveguide with inner radius b and outer radius a. Reaching the open end of the waveguide in
z = 0 the wave will be partially reflected, radiated and converted into the other modes of the

coaxial waveguide (see Figure 1).
X We represent the transient

electromagnetic field in the waveguide as an
infinite sum of modes [2]. The field in free

(pPz) space is presented in terms of the Modal
b 0 P (o Basis as well [1]. Using mode matching

z method and the general solution of Klein-
Gordon equation [3] one can obtain analytical
expressions for the radiated field and the field
of reflected TEM-wave in the coaxial

Fig. 1. Problem geometry. waveguide.
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THE ANALYTICAL SOLUTION OF THE PROBLEM
It will readily be seen that the radiated field is the TM-wave with axial symmetry. According

to [I], the field in free space can be written in the following form:

0 &0 a

Ez.(p,Tz,t)=-f*jd* s(p,(p;,)B(z,t;4), where ý`(p,p;4)=Jo(p)/,F-, J Bessel
0

function of the first kind, B(z,t;4) is the evolutionary coefficient, which has the form
B O[J°, (4a) - J°, (ýb)]•Y ttzjt-z/t . 4t2-2-2mmlCt.z J2m~c•z +t2 •Ct 2

B=DZ J,(ýýt-z2Zý 2 t- r+ (- I

in the case of our diffraction problem, where D = cbto2a2 -b 2 /ln(a/b). The same radiation

problem was solved in Kirchhoff approximation [4]. In this case the evolutionary coefficient
is of the form

[J. (4a) -J.(4b)] ( ct -z 2+ 4 C
DtCt + Z g2

With the use of these expressions we can calculate numerically the amplitudes of all
components of radiated field for an arbitrary time dependence of exciting TEM-wave by
means of Duhamel's integral.

EXPERIMENTAL RESEARCH
The block schematic of the experimental setup is depicted in Figure 2. Generator of short
pulses (GSP) forms a sequence of triangular pulses with the amplitude controlled in the range
from I to 6 kV on the load 50 Ohm, with duration 1.2 ns and with the frequency of repetition
up to 30 kHz. GSP feeds the coaxial cable with wave impedance 50 Ohm loaded to the
coaxial cone antenna with the length 10 cm and the following aperture sizes: outer diameter-
67 mm, inner diameter- 2 mm.

E _<j Radiated videopulse signal is received by
special sensor - dipole-slotline probe.
Stroboscopic oscilloscope (SO) C7-13 with the

Fig. 2. Block schematic of the setup, working range from 0 to 10 GHz is exploited in
setup to observe and scale the pulses under study. Scanning signal of SO is digitized by ADC
and transferred into computer for the processing.

The theoretical and experimental time dependencies of the transversal and longitudinal
components of the electrical field are depicted in Figure 3. It is easy to see that at the angle
0 = 45' ( z = 6 cm, p = 6 cm) the exact solution is in the better agreement with experiment than
the approximate one. The dependencies of the amplitudes of the electrical field components
on p are illustrated in Figure 4. The differences between theoretical and experimental curves
can be explained by the influence of the finite sizes of the dipole-slotline probe.

CONCLUSIONS
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The transient TEM-wave diffraction problem is solved by Modal Basis Method for the first
time. The exact solution and the approximate one obtained by Kirchhoff approximation are
checked by performing the experiment in time domain. It is shown that theory is in good
agreement with the experiment.

Time nE TieEs
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Fig.4. Theoretical (exact and approximate) and experimental time dependencies of the
I amplitudes of the electrical field components
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E /E ..
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Fig.5. Theoretical - and experimental x dependencies of the amplitudes
of the electrical field components on p .
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ABSTRACT

The algorithm of the electromagnetic analysis in time-domain mode of planar structures with
arbitrary distribution of permittivity (c > co, E < co, c = 0, c < 0) is stated. A 2-parametric

algorithm and expressions for Rr -elements of the equivalent circuit of volume of space are
presented. The given expressions also allow to form a thin (1 layer of a grid) absorbing wall
for a flat wave and eigen wave rectangular waveguide H,,,0 . The accuracy of the method is
appreciated. The technique is implemented in the Rt-H Planar Analyzer program. The
obtained characteristics of the program are described which allows to analyze the area 150x90
of wavelengths (5.4-106 of nodes of a grid) on the computer Pentium-il (128 Mb, 433MHz)
for 7.5 hours.

INTRODUCTION

Solving of such problems as research of biological objects and plasma requires analyzing the
scattering of electromagnetic waves in structures, whose geometry allows to reduce the
problem to a planar one. The geometrical size of area of the analysis makes about
1002 x 1002 (/2 -wavelength in free space). Inside the area, there is an arbitrary distribution of
permittivity e, and c can be either > _o or < c., including the investigated area with the sites

c = 0 and c < 0. The geometry contains the following types of boundary conditions: metal,
magnetic wall, absorber. Usually system is excited by using a system of waveguide horns. In
this paper, we shall consider the approach allowing to solve the task of wave scattering in the
given area for H polarization.

CONSIDERATION

We used an impedance analogue of electromagnetic space [1] - [3]. To analyse the system we
shall decompose it to elementary cells having the sizes Ax, Ay, Az, and find equivalent
circuits with lumped parameters (Fig. la) or with distributed parameters (Fig. lb,c) to the
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obtained elementary cells [2]. The set of the equivalent circuits describing elementary
volumes, represents an equivalent circuit (Fig. Id) analysed system - its impedance model.
Then, we locate an arbitrary node in the constructed Rz- -grid. The given node is connected to
four next nodes by pieces of long lines with wave admittance Y,, Y2, Y3, Y4. The delay time

of signal distribution in lines is r0 = A 8,u, //-F2. For free space,

Y, =Y 2 = Y3 =Y4 =Y 0 = %0/p0 "A/Az/ 2 [4]. Admittance Y describes the

generalized losses in the node. At the presence of a non-uniform dielectric filling with 8 > 80,

superfluous value of capacity in the node is simulated by an open stub (Fig. 1b). For
modeling a filling with c < 8o, including 8 = 0 and 8 < 0, a short stub was used (Fig. Ic), that

was equivalent to the inductance, which reduces the capacity of an element of space. A stub,
that was used for modeling the dielectric filling has a wave admittance Y5 and length

appropriate to the delay time TO / 2.
2

ro ' / 2, Y, AY

. ......................

4 ................. b) To Y1 
1, 1P /~ / 4-

CTo,Y2/ / / / /

0'4 _ / _/ _ / /

A0 '
r0 /2,Y, - __ __ __

Ax=Ay=A 1o ,OA ' Y3

I=2'of/Az 4  Ay / / / / __

a) C) Axp d)

Figure 1. Impedance planar model

For the given circuit, similarly [2], we obtain expression that allows to organize iterative

procedure of calculation of value of a voltage in each node U' in current a time step i-, if the
values of voltage in two previous time steps z- -1 and z- - 2 are known.

U,=2(Y1 -'W + Y2U;-I± Yu;-l± YU;'I YU;'-± YU- 2 ) -u- 2  (1)

Y+ Y2 +Y3 +Y4 +Y

The expression (1) allows to analyze domains with 8 > 8o (sign '+' for Y5) and with 8 < 80,

including 8 • 0 (sign '-' for Y5 ).

For excitation and matching of system waveguides or flat waves we derived expressions
determining the phase speeds of the eigen waves in the given planar Rr -grid and
corresponding wave admittance [4]. For the eigen waves of the rectangular waveguide H,,,

the phase difference of one node is am = 2;(A/2m), where A,,, is the wavelength in grid, and

is defined by the expression

a m = arccos (2 cos coz- 0 - cos m / N) (2)

where N is the number of node in cross section waveguide.
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For a flat wave extending in infinity grid structure, m = 0, and, hence, the phase difference on
one spatial interval will be equaled, as it follows from the previous equations.

a = arccos2 cosco-r - 1) (3)

The value determining the characteristic admittance YOk of grids for waves H,,0 and a flat

wave was obtained [4].

YOk / YO = sin a,,, /sin coto (4)

The expression (4) is similar to the optics Snellius law and represents a condition of the
matching of eigen waves at the left and to the right of border. Since Y0 is the admittance of

line of grid and a,,, is the phases difference for the eigen waves to the left of border i = 0,

Y0k is the admittance of line and cor0 is the phases difference for one time step in a line to

the right of border i = 0. The received expressions (2) - (4) allow to calculate the excitation
and matching of elements of a matrix of scattering [4].
The expression (2) allows to estimate a phase error and shows the difference between the
wavelength of a flat wave of a grid 2' and the exact value wavelength 2 at a different step
of a grid A.

2'/1 = arccos(2, cos(cowr 0) - 1)/(- 2 coto ) (5)

where com 0 = TAI/(422).

CONCLUSION

In the present paper, the theory of the electromagnetic analysis in time-domain mode is
considered on the basis of the planar deviceRz- of grid structures with arbitrary dielectric
filling. The suggested algorithm allows to analyze domains with c > 6o and 6 < co, including

c-=-0 and c<0.
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The method of resonance expansion of one-dimensional fields is extended to the case of
point-source-radiated narrow-band signals propagating in randomly layered low-dissipative
media. Pulse ducting within a fluctuation waveguide and unification of the intensity spectrum
far away from the source are predicted. It is an interference (Anderson) localization of multi-
ply scattered constituent plane harmonics that causes the appearance of the low-decaying
pulse tail in a ID disordered system. The same phenomenon is responsible for the strong time
delay of the pulse as long as the receiver is slightly shifted transverse to the strata vs the
source position.

One-dimensional (ID) random systems hold a particular place in a theory of wave and parti-
cle propagation in randomly inhomogeneous media. In such systems the effect of Anderson
localization is exclusively pronounced. All eigenstates are localized in infinite 1D random
systems, whatever strength of disorder, and the transmittance of a finite ID system falls expo-
nentially when the system length exceeds the so called localization length.
In the wave theory, it is exactly fluctuational channeling of the finite-source radiation in a
medium with one-dimensional fluctuations of the refractive index (i.e. in a randomly stratified
medium [1]) that serves as a manifestation of Anderson localization. In Ref. [2], it was
shown, using the method of resonance expansion of fields, that monochromatic radiation of a
point source should be "locked" in the finite thickness parallel to the strata, even though non-
uniformity is rather weak. Formation of such a "waveguide" (called the fluctuation
waveguide) without a regular refraction in the medium is caused by the interference of plane
harmonics comprising the bulk signal on their multiple backscattering at medium inhomoge-
neities.
Interferential localization is known to appear in the case of elastic scattering only. As regards
the classical waves, it was previously predicted for monochromatic point-source signals [2].
In this paper, the problem is solved with regard to the propagation of non-stationary narrow-
band signals. In this case correlation of harmonics of different genuine frequencies is of deci-
sive importance and should be properly taken into account. We start from the wave equation
for the electromagnetic field G(R, R 0 It) (scalar for simplicity) radiated by a point source
located at a point R0 of 3D medium which is stratified along z-axis,

[A -I-c'1 ((z)-' + 4,u)lG(RR° It)=4rc5(R -R 0 )A(t)e-t'. (1)

Here A is Laplacian, -(z)= co + &(z) is the random dielectric permeability with the mean

value -0, o- is the conductivity of the medium, A(t) is the envelope of a wave packet (pulse

signal) with the carrier frequency co,. The problem of finding the "bulk" average intensity
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<I >=< G12 > in a randomly layered medium can be easily reduced to calculating the bi-

nary correlation function of one-dimensional stochastic fields F(z, z0 I q2 ,) obeying equa-

tion (1) being Fourier-transformed over in-plane coordinates and time, but corresponding to
different values of the "transverse energy" q2 and the genuine frequency Co. The key point of
the calculation technique is application of so-called resonance expansion of the field F,
which is valid for the case of weak scattering (WS) when all extinction lengths are large com-
pared to the carrier wavelength and the correlation radius rT of medium inhomogeneities,

F(z, z0 I q2, o) = F1 (Z, Z0 )eiq(z-zo) + -2 (z, z0 )e iq(z-z) + F3(z, z)eqZ+zo)+ F4(z, 0 )i(zo) . (2)

The WS conditions imply that the "amplitude" functions E.(z,zo) in Eq. (2) are smooth as
compared to the corresponding "fast" exponentials. By this is meant that at weak inhomoge-
neity of the medium not all spatial harmonics of permeability &s(z) are of decisive impor-
tance for wave scattering but only resonant harmonics whose momenta are close to zero (they
are responsible for the forward scattering) and ± 2q (backward scattering).

By averaging of the exact equation for F(z,z0 I q2 ,co) over a mesoscopic space interval, for
the matrix of smooth amplitudes in Eq. 2 a set of coupled stochastic first-order differential
equations follows. It can be solved in a functional form for arbitrary random &~(z), the ap-
propriate calculation procedure is described in detail in Ref. [3]. The main advantage of the
method is that it enables the field F(z, z0 I q2 ,o), which is a solution of a boundary-value
problem, to be expressed in terms of a set of solutions of some auxiliary Cauchy problems
with initial conditions given at either of two ends of the interval - 0o < z < Co. This makes it
possible to accurately perform statistical averaging over the random &(z) to arbitrary order
of the scattering theory, thus allowing for the interference of multiply scattered waves, which
results in Anderson localization in ID systems.
Using the developed technique, in the present work it is shown that regardless of the radiated
pulse spectral content the space-time dependence of the average intensity in the wave zone of
the fluctuation waveguide is described by the universal function

1 1- iddW,~2 exp-
(I(RR, It)) c- -o r- f do W(-) (u) v'u)Iz[1 (3)

where p is the in-plane distance between the source and the receiver, L,,, ; c 2 /602r, is the

localization length of the field harmonics which is most "energetic" in z-direction. In Eq. (3),
the functions W(1u) and v(/) are

,U r 2 p sinh(;Tu / 2) 1 + , 2
2 cosh3 (;u /2) 4

From Eq. (3), it can be readily seen that pulse radiation of the point source, similar to mono-
chromatic radiation, is ducted parallel to the medium strata within the layer of - L, thick, i.e.
within the fluctuation waveguide which is generated due to the Anderson localization of all
plane harmonics of the pulse signal. Unification of the pulse spectral content in the wave zone
is due to narrowity of band and high selectivity of a ID random system as regards the con-
stituent spatial harmonics. In Fig. 1, the pulse sweep at a given point (p, z) is shown for dif-

ferent values of the parameter ý" =1 z - /I / that characterizes the receiver displacement
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from the symmetry plane of the fluctuation waveguide. Considerable temporal extent of the
received pulse is due to the fact that at a given moment t the local intensity of the field is de-
termined by those plane harmonics that have reached a given point z after being multiply re-

scattered by irregularities of the
4 medium. In a randomly stratified

medium these are proven to be
0.05 the harmonics whose

A 0.075 "transverse" energies (i.e.

A- - - - 0.1 squared wave number z -compo-
nents) are close to
q2 = (coo / C)2[1-(p / ct)2]

The time dependence of
"effective" harmonics that make
up a signal at a given space point

____accounts for such an interesting
t phenomenon as the Wigner-

Fig. 1 Smith time delay of the signal. In

Fig. 2, the moment tm (in units p / c ) of the pulse burst arrival at the reception point is shown

for the case of p >> L,,,. This delay of the pulse relative to its expected arrival cannot be at-

tm tributed to lengthening of the
signal run in the waveguide. In
the present work, the delay is in-

1,5 terpreted as being caused by
multiple re-scattering (entangle-
ment) of the signal in a disor-
dered medium [4,5].
It should be noted that the solu-
tion to the point-source problem

1,0 in a layered medium, unlike the
case of purely one-dimensional

0 0,5 1,0 source (the infinite radiative
0,0 0,5 plane), enables one to make reli-
Fig. 2 able conclusions about localiza-

tion effects in individual realizations of the refractive index despite the fact that intensity, as
well as a delay time, is known to be not a self-averaging quantity. It is exactly the integration
over the point-source spatial harmonics that serves as an additional averaging factor in the
problem. It is natural to expect the additional averaging to "wash out" large fluctuations of the
intensity, which are typical for individual plane harmonics propagating in a medium disor-
dered in one dimension.
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ABSTRACT

Propagation of an electromagnetic wave along a planar waveguiding structure containing
gaseous/solid-state plasma slabs with time-varying free carrier density is considered in the
case when the time-scale of density variations is much greater than the wave period. Both
ionization and deionization (recombination, attachment) processes are included. General rela-
tions describing frequency shifting and energy losses of a guided wave are derived for arbi-
trary open/closed waveguiding structure. Adiabatic invariants, i.e. combinations of wave en-
ergy and frequency conserving in the course of temporal variations of the waveguiding me-
dium, are found. Detailed analyses are given for surface waves guided by the boundary of a
time-varying plasma half-space and a plasma slab.

INTRODUCTION

Frequency upshifting of electromagnetic radiation via rapid plasma creation has drawn con-
siderable attention in recent years due to its potential applications to the generation of tunable
microwave radiation over a broad frequency range. However, frequency shifting of bulk ra-
diation was examined only. Recently, frequency upshifting of surface electromagnetic waves
guided by the boundary of a plasma half-space [1] and a plasma slab [2] via instantaneous
growth of the plasma density in time was considered. In the present paper we extend this work
and present results of the theoretical study of the propagation of an electromagnetic wave
along an arbitrary open/closed waveguiding structure that contains gaseous/solid-state plasma
slabs with time-varying free carrier density in the case when the time scale of the density
variation is much greater than the wave period (adiabatic approximation).

FORMULATION OF THE PROBLEM AND GENERAL RELATIONS

We consider a planar waveguiding structure layered in y-direction. The structure contains one
or several gaseous/solid-state plasma slabs with time-varying plasma density N(y,t). In gen-
eral, the structure may also contain dielectric slabs and can be placed both in free-space and
on a perfectly conducting (metal) substrate (open waveguide) or between two parallel metal
planes (closed waveguide). We assume that at time t = 0 the electromagnetic field in the
structure is a traveling eigenmode with longitudinal wave number h0 and transverse depend-
ence which is determined by the structure. In the absence of processes of ionization and de-
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ionization (aN/at = 0) and collision losses (electron collision frequency v = 0) the wave is

monochromatic with eigenfrequency coo. If parameters of nonmonochromaticity are small, i.e.

_1__1 aN(y, t) (1)
N, at

where N, = mo2 /4ite 2, the guided wave mode at t > 0 can be written in the quasi-

monochromatic form with electric and magnetic fields E, B given by the real parts of com-

plex fields E, B E F t y exp){~ {~:~exp[it) -iho x] (2)

with slow time-varying real frequency to(t) = dpD/dt and complex amplitudes R, B. The lon-
gitudinal wave number h0 is fixed due to the spatial homogeneity of the waveguide in the x-
direction. The amplitude and frequency of the mode (2) can change significantly after a con-
siderable length of time (much longer than co-'). Under condition (1) transformation of this
mode into other guided modes and outgoing radiation (for open waveguides) is negligible.
Time evolution of the mode can be found within the adiabatic approximation suggested in [3].
According to this approach the solution procedure is separated into two stages.
The first stage of the procedure implies the solution of an eigenvalue problem on the basis of
the stationary wave equation for monochromatic field

VXV x ( /c)E 0, (3)
with real permittivity 8(y,t), and usual boundary conditions at the dielectric interfaces and
metal surfaces; for open waveguiding structure, we also use the condition of vanishing fields
at the infinity (lyl -> oo). The permittivity of the ionized layers is taken in the form s =

EbGlwp /o)2) where cop = /47te2N/mtb is the plasma frequency and Eb is the back-

ground dielectric constant of the solid-state plasma (8b = I for gaseous plasma). By solving
Eq. (3) for each time moment, we obtain the eigenfunction E(y,t) and the dispersion equation

D(co, h0) = 0, (4)
that determines the real eigenfrequency (o(t). Undefined time-dependent normalization factor

in the R (y,t) should be found by solving the equation for the energy of the wave.

The complex amplitudes E(y,t) and B(y,t) and frequency 0)(t) defined from the above for-
mulated eigenvalue problem satisfy the following general integral relations:

fn dy=JFBdy' (5)

rico,2 -2 2 IE12pydt LJjb Edy= -- -b Edy. (6)

Here Q is the region of the y-axis where electromagnetic fields exist (i.e., region between
metal walls in a closed waveguide or the (semi-)infinite interval in an open structure).
As the second stage of the solution procedure, we derive the energy evolution equation which
is valid for arbitrary waveguiding structure filled with a time-varying plasma. Our analysis is
based on the Poynting's theorem in the following form,

S b!2 + t2 C -+ • (E x/f) =-(j /) (7)

at 8rc -V=
and the equation for the current density J of free electrons in a time-varying plasma [4,5]
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a] e'N-, = E- (v+ ýtd)j (8)
at

where ýtd is the rate of deionization (VId << o). We will use the constitutive relation (8) for the
investigation of two practically interesting situations: when the plasma density grows in time
due to ionization (P.td 0) and in the opposite case of plasma decay (itd = -a(lnN)/at). In gen-
eral, Eq. (8) is valid even when processes of ionization and deionization go simultaneously
but only if ý1d is independent on time [6]. The later condition is realized when attachment pre-
vails over recombination, otherwise Eq. (8) can be used as an approximation. By substituting
E from Eq. (8) into the right-hand side of Eq. (7), averaging the latter on the wave period
2nt/o and integrating it over y, we derive the desired equation

dW_dt -Q 
(9)dt

f bE1 2 Fab 1
W= 8tFdy, b 16 lw2 E +t2 (v+ d)%o dy. (10)

The expression in square brackets in Eq. (10) can be rewritten as Yoa 2 /at with

y = 1 + 2(v + td) / It, t = OlnN/ at. If•y is independent on y, Eq. (9) can be reduced to
dW W do

dt (o dt
If y is independent on time we can integrate Eq. (11) and obtain the relation between the en-
ergy of the wave and its frequency (adiabatic invariant):

WoY = const. (12)
The assumption of constant y is satisfied in the most important in-practice situations. The first
situation is when ionization dominates (p>0, .>>v, »>>Pd) and y =1. Then Eq. (12) reduces to

Wo = const (13)
which is valid for an arbitrary dependence of p1(t). The second situation is when the plasma
decays exponentially: N(t) = N0exp(-dt), Pd = const, 1 = --ad. This situation occurs when at-
tachment prevails over recombination. In this case y = -(1 + 2v / lt.) and Eq. (12) reduces to

W/ico (l+2
V/•d) = const. (14)

Moreover, if elastic collisions are negligible (v << ýld) we arrive at a simpler formula
W/o = const (15)

which is valid for an arbitrary dependence of ltd(t).
The invariants (13)-(15) are valid not only for planar waveguides but for waveguides of arbi-
trary cross-section as well.
This work was supported by the Russian Foundation of Basic Research, Grant 00-02-17490.
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Time-Domain System Identification Modeling
for Microwave Structures

V. Chtchekatourov, L. Vietzorreck, W. Fisch, P. Russer
Institut fuer Hochfrequenztechnik, Technische Universitaet Muenchen

Arcisstrasse 21, D-80333 Muenchen, e-mail: chtchekaghft.ei.tum.de

Abstract - Some system identification (SI) and spectral analysis (SA) methods for computing the S-parameters
and the admittance Foster-represented matrix (AFM) to generate the lumped element equivalent circuits for linear
reciprocal distributed microwave circuits are analyzed. The methods, based on the parameter models, use measured
or simulated data obtained by the Transmission Line Matrix method (TLM). Applying the time-domain SI and SA
modeling allows us to find poles and residues system locations which satisfy AFM restrictions of the equivalent circuits
technical feasibility. Furthermore the real-time modeling can avoid long calculation time of TLM. The behavior of
a microelectromechanical (MEMS) capacitive switch, for which the calculation time usually is extremely long, was
investigated by using these methods. The advantage of the applied approaches are made obvious in a dramatic
reduction of computation time.

1 INTRODUCTION

The model-based parameter estimation methods to compute the S-parameters and to generate the lumped
element equivalent circuits for linear reciprocal distributed microwave circuits were developed and investi-
gated recently [1, 2]. In our paper we present some extended approaches to calculate directly the S-parameter
from the truncated time-domain TLM-calculated signals. Furthermore we can create the equivalent models
of microwave structures by finding the AFM [3]:

N } ~7 +A~ ( +
Y(p) = A(0 )+ A + A (1

where A(n) are real, symmetric and positive semi-definite matrices, A(0n) - complex constants and an denote
stable poles with R {an } < 0, N is the system order. The advantages and disadvantages of parameter
estimation methods used to generate the model from the field theoretical analysis data, simulated with
TLM, are shown. The 3-D full wave time-domain TLM simulation can yield to high computation efforts
for some real multi-port structures. So if input-output sequences are longtime, then parameters of the
equivalent model (1) and their updates can be built in real time of TLM simulation. The validation of the
created model and estimation of the model errors in real-time allow to generate a "stop signal" for the full-
wave analysis procedure and so decrease the total time of TLM calculation. A coplanar capacitive MEMS
shunt switch [4], which can be used for antenna and phased array applications for communication system,
automotive radar and other applications, is analyzed with TLM and model-based parameter estimation
approaches. The purely TLM analysis of the MEMS in different switching states is time consuming because
of the longtime oscillating behavior of the signal in time domain. The use of the above mentioned methods
reduces the needed calculation time and therefore makes the numerical analysis much more efficient and
suitable for optimization procedures. A very good consistency of simulated data, obtained by TLM and
by using parameter estimation techniques, as well as measurement results are shown for different switching
states.

2 HIGH RESOLUTION SA AND SI METHODS FOR AFM CONSTRUCTION

SI approaches, which analyze an excitation pulse and corresponding system responses simultaneously, or
SA methods for separate analyze can be used to find the AFM parameters. Table 1 describes some possibil-
ities for the AFM construction. The ARMA, AR, MA, non-parametrical (e.g. matrix-shifting) and Prony
approaches seem to be the most obvious way to find the parameters an and A(W) [5]. According to the sin-
gularity expansion method by Baum [1] one can express the electromagnetic response of physical structures
in an expansion of complex resonances. Furthermore the transient part of the response can be separated
from the driven one by considering the late-time term of system output signals. That allows us to construct
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AFM by applying SA methods for truncated signals as it is shown in Fig.i. If the input signal band width
is not sufficiently high to overlap the natural spectrum of the system or if the investigated system has fast
decaying components, the transient time-separation will be impossible and SI methods should be applied.

Table 1

Input conditions a., determination A(n) determination

No input information; 1. ARMA, AR., MA - based parametrical and non- l)arainetrical nieth- Integral residue estimation
assumed input is a white ods for system output; ARMA-MA-AR transformation
noise

No input information; 2. Prony method for the system output Prony residue estimation
Assumed input is a 6(t)

Modeled wide-band 3a. ARMA, AR, MA, Prony methods for system input and output for Residue extraction from the
input the purpose of signal prolongation: Laplace transformation and direct Laplace transformation

poles extraction of prolongated signals

3b. ARMA, AR, MA, Prony methods for systemn input and output Integral residue estimation
Model relations; ARMA-MA-AR transformation

3c. Finding impulse responses via deconvolution; Prony niethod for Prony residue estimation
the itmpulse responses
3d. Prony methods for the system truncated output: Input modeling; Prony residue est imatimo
Available transformation and transformations

3e. S1 methods Integral residue estimation

TLM simulator RF

1 • 3sile c
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Figure 1: Applying high resolution spectra analysis Figure 2: Micromechanical capacitive switch.
methods for the real--time AFM construction.

3 MEMS STUDY WITH TLM AND TIME-DOMAIN MODELLING

The capacitive switch [4] tinder study (Fig. 2.) consists of a thin metallic membrane connected to the ground
of a CPW-line which - when actuated by a DC voltage - forms a virtual short with the center conductor
of the CPW. The TLM model of the structure exhibits 268 x 88 x 90 nodes. A time discretization interval
of 2.058- 1s was chosen for the TLM simulation. For signal processing of the TLM simulation results the
sampling interval has been increased by up to two orders of magnitude. The data were preprocessed by
trend removal and SVD-based noise suppressing methods when it was necessary. The truncated signals
were determined by comparison system responses at different slices. From the big set of the SA and
SI methods OE common-denominator method (SI), parametrical least square AR.-based (LS-AR) method,
parametrical least square (LS-Prony) and non-parametrical matrix-shifting Prony (Pencil-of-Function, PoF-
Prony) methods were chosen [5, 6]. Two different criteria - a threshold of the validation error and unchanging
of the found AFM parameters can be used to estimate the quality of the created model and to generate
a "stop signal" for the TLM sinmlator. All found poles should be inside of the unit circle on z-domain
to avoid instability, otherwise the frequency factorization is used [5]. The validation errors for different
sample numbers, used for the AFM calculation, and for different number of AFM parameters are depicted
in Fig. 3. The 10000-samples validation window was used to check the created model. The validation
errors for all the methods do not change significantly if the number of poles exceeds some value, which so
can be calculated and optimized. PoF-Prony approach gave us the smallest order threshold which e.g. is
less than 20 for 20000 used samples. For LS-AR, LS-Prony methods it is about 30 and for SI approach it
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is more. The sample thresholdl for Prony approaches is less than for methods with usual residue position
estimation. Found with LS-Prony, LS-AR and SI poles position more regular distribute around the unit
circuit in z-domain and for small model order they do not overlap the most significant signal components,
which in our case are low frequency. Matrix-shifting based PoF-Prony method puts poles in order and in
the case yields to less calculation efforts to find the correct low frequency pole set. It is especially important
when it is known that the physical device can produce natural frequencies up to some frequency limit. Also
equivalent circuits modeling needs the pole positions of AFM placed in the low frequency range of interest.
For big model order the positions of most significant signal components found with the methods overlap
each other. So the system order can be chosen more than is in fact and only the poles which place in the
space of interest are used for the estimation of suitable residue. Note, that SI method describes also the
transient part of the system response and so need more filter order and samples in our case. Applying low
order sequential SI algorithm or matrix-shifting SI technique can be suggested, if the input signal band
width is not sufficiently high or if the system components decay so fast that transient part separation is not
possible [7]. Otherwise the matrix-shifting Prony methods for truncated signals are proposed for the AFM
construction. The "stop signal" generation and the reduction of the total calculation TLM time for AFM
construction strongly depends on the investigated structures. E.g. by applying the PoF-Prony method for
the used MEMS structures the total time was reduced by about factor 10.

LS-Prony-Mcthod PoF-Prony-Method LS-AR Method SI-Method
58 10t

44

30

110

4000 24000 44000 4000 24000 44000 4000 24000 44000 4000 24000 44000

Figure 3: The relative mean-square validation error as a function of poles number(vertical) and used for
AFM construction TLM samples (horizontal)

4 CONCLUSION

Some SI and SA methods for computing the S-parameters and the admittance Foster-represented matrix
(AFM) were investigated. The methods based on the OE-SI, AR, Prony models were combined with the
TLM full-wave analysis. Found system poles and residues can satisfy AFM restrictions of the equivalent
circuits technical feasibility. The MEMS capacitive switch was investigated by using these methods. PoF-
Prony approach gave us the smallest order threshold, which e.g. is less than 20 for 20000 used samples.
Applying the PoF-Prony method the total time was reduced by about factor 10. A decreasing memory and
computation time of TLM analysis allows us to simulate more complex structures.
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ABSTRACT

The paper considers a model of EM pulse propagation in a random homogeneous lossy
medium. Explicit expression for the Green's function of is problem was obtained and a
algorithm for calculating the shape of the output pulse is developed. A number of numerical
experiments for various values of parameters of the medium and the input pulse are presented.
The results enable us to make conclusions concerning the extent of pulse edges distortion.

A study of a lossy scattering medium properties can be based on the analysis of evolution
of EM pulses propagating in them (Fig. 1). In this paper, we consider such an important
characteristic of a scattered pulse as its edge time distortion. In the case of linear
scattering media it is convenient to characterize the problem of propagation of a
monochromatic EM pulse Iout (t) in terms of the Green's function

S(t) = f G(t - t')Ii,, (t ')dr' ,()

where Ii, (t) is the initial (input) pulse. The Green's function G(t) and coherence
function F(q) are connected with the Laplace transformation

G(t)=-' "F(r)exp(r/t)dtr (2)

There is a well-known problem consisting in determination of the time shape of an EM
pulse incident at the entrance (z = 0) of a plane-parallel medium and received at the
distance z =L by an on-axis (r =0) receiver. It was considered by Ishimaru [1]
neglecting attenuation of radiation. To take this effect into account we constructed [2]
the following equation

+-V r+a +br2) F(zr; 7/) = 0, F(0,r; q) = 1. (3)

a2 A- 7 -2

Here a,=77 l2ck2 and b = ocpk2/4ap , where k is wavenumber of EM radiation; c is

the light velocity; p is the scatterers concentration; o- is the single scatterer scattering
cross section; is the angular scattering parameter. In is known [3] that solution to a
parabolic differential equation with quadratic potential can be represented in terms of
conditional path integral taken over all possible paths {r(z)} starting at the plane z = 0

and finishing at point {z = L,rL = 0}. This integral is as follows:
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F(z,r;q) =fd2ro z =0,r0 exp - r(z)12 dz z=L,O). (4)
0

In our case, the correlator K,7 (z, z') of the random process r(z) is given by equation

K,7(z,z')=grqexp(-itz-z'l), , O<z<L. (5)

Thus, pulse propagation in random media, under certain conditions [1], can be
considered a diffusion process. Correlator (5) corresponds to the Ornstain-Uhlenbeck
stochastic process. This process is a solution to Langevin equation
dr(z) =vr(z)dz + u(z)dz with attenuation v and "white noise" u(z) as generating
process [3]. Within random paths model output pulses can be represented as a
superposition of sub-pulses arriving at the detector along different trajectories. On
having taken integral (4), one obtains that

4 vý
(4+ v)2 exp(ýL)- v)2 exp(-L) 2qvg. (6)

So, (1) and (6) bring an expression for the output pulse Iout (t)

Iout W=- If dtI Iin (t')f dr 4 v4exp(77t-r7t') (7).
o 2 Ji(u+ v) 2 exp(ýL)- ( - v)2 exp(-ýL)

In (7), internal integral (with integration variable qi) is taken along the Bromvich
contour and the limits of the external integral (with integration variable t') correspond
to the length of the input pulse Iin(t). Expression (7) is a general solution to the
problem. By changing in (7) the length z of the rectangular pulse Iin(t), medium
parameters and distance it is not difficult to get (by numerical integration) the sets of
pulses lout(t). It is possible to show that in case of Iin(t) =3(t), the time shape of
lout (t) has the following features: a) lout (0) = 0; b) lout (t) exponentially decreases as
t -> oo; and c) has one maximum and two inflection points. Fig. 2 shows output pulses

for v = 10-6 m- 1 and various L. One can see that two processes influence the shape of a
pulse, namely, a general energy decrease and the edges distortion. Fig. 3 shows output

pulses for various lengths z of the input pulse ( v= 10-3 m-1 , L= 3km). Fig. 4 (L = lkm)
and Fig. 5 (L = 3 km) illustrate pulse shape dependence on the attenuation coefficient v.
Fig. 4 shows that in case the pulse is distorted slightly, v does not effect edges of the
pulse and forces only its energy attenuation. But if the edges are distorted significantly
(Fig. 5), then attenuation increase leads to an "improvement" of the pulse shape
(Figures 5a and 5b differ only with their scales; every curve at (b) is normalized by its

maximum). All the plots were calculated for p = 108 m- 3 and - =100 ns (except of
Fig. 3). Thus, evolution of time pulses out (t) propagating in the homogeneous
scattering media has been studied. The plots of the output pulses are given for various
sets of medium parameters and parameters of the input pulse. Analysis of time distortion
of the pulses is made. Results obtained in this work can be used to solve direct (e.g.,
limiting resolution, pulse fronts distortion) and inverse problems (e.g., signal
identification, determination of the medium parameters).
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ATMOSPHERIC DISTORTIONS OF ULTRA-WIDEBAND PULSES:
METHOD OF TEMPORAL MOMENTS
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Results of numerical simulation of ultra-wideband electromagnetic pulses distortions in the
Earth atmosphere using the concept of temporal moments are presented. The relative
broadening, the skewness, and the kurtosis of the ultra-wideband pulses as functions of a
distance from source to the point of observation are computed under standard atmospheric
conditions. Generalization of the form of ultra-wideband pulse radiated by the source used
earlier in [1] is also proposed, thereby allowing more wide and flexible variation of its initial
shape.

INTRODUCTION
Ultra-wideband (UWB) electromagnetic pulses used for communication and ranging purposes
can be modified by propagation effects arising from dispersion and absorption. However, so
far there seems to be no studies published in the literature discussing their waveforms
distortions due to propagation effects in natural media. To describe these effects
quantitatively it was proposed to use the concept of temporal moments [1], the first few of
which have clear physical meaning. At present, available exact solutions [2] are limited to
some special cases, whereas numerical estimates of atmospheric distortions of UWB pulses,
based on the first and the second moments only [1], are not at all sufficient.
The aim of this paper is to investigate numerically the combined effects of dispersion and
absorption on the higher temporal moments of plane pulsed wave propagating through the
homogeneous earth's atmosphere. These quantities give more detailed information on the
pulse shape: the third moment is related to the skewness or asymmetry of the pulse and the
forth - to its kurtosis or concentration.

ASSUMPTIONS AND FORMULATIONS
Consider a plane pulsed wave propagating in the positive z-axis direction in the homogenous
isotropic medium. The evolution of the pulse waveform quantitatively can be estimated using
the temporal moments, defined by the equation

tk(z) f dttkE2(z,t) fdtE2(z,t), k = 1,2,..., (1)

where E(z, t) is one of the real-valued components of the pulse field.

The travel time required by the pulse to propagate from the source at z = 0 to the point of

interest at z (mean arrival time) may be found as -, (z) = t(z) - t(O). The mean square pulse

width (effective duration) is related to the second moment by 6t(z) = _t--t(z)2 and

gives a measure of pulse broadening. In this paper the asymmetry Y3(z) W= 3(z) /2 (z) and

the kurtosis 6t(O) , defined via ptk (z) = (t(z) - t(z)k , are also computed.
The initial shape E(t) = E(z = 0, t) of the ultra-wideband pulse is proposed as follows:
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E(t) = Eo(t/ T)" jMn+l exp[-(Mt/ T)'] -exp[-(t /TT) ]}H(t), (2)
where H(t) is the Heaviside unit step function, which must be included in order to establish
the time origin and ensure the fulfillment of the causality principle.

The model (2) satisfies the condition fdtE(t)= 0, corresponds to the intuitive idea on the

initial form of the irradiated UWB signal, and allows us to advance the analytical calculations.
In particular, initial values of the moments (1) for the waveform (2) are given by

t (0) "T k If ) cosh(-2 InnM -sin 2 (2arctan M---()F( 1 cosh 21nM -sin ni (2arctan M )

For convenience of interpretation it is assumed that the field E(t) is normalized so, that

f dtE2(t) = 1. This implies the choice of Ein the following form:

E n 2,1-I+1 2 2

n2 "' L" i
Naturally, in the special case m = 1 formulas (2)-(4) are reduced to those obtained by authors
earlier in [1]. Additional degree of freedom, related to the parameter ni, enables to vary the
pulse initial form more widely and flexibly.

NUMERICAL RESULTS
The computation of the UWB pulse shape requires a knowledge of the complex index of
refraction nc(w) in the large frequency range (VHF through UHF and even into the SHF
ranges for picosecond pulses), so one of the most complete models of nJo) developed by

H.J. Liebe [3] was used. In Figs. 1-3 relative broadening 6t(z)/6t(O), coefficients Y3(z) and

Y4 (z) calculated using FFT under standard atmospheric conditions (air pressure was taken as
p = 1013,25 mbar, temperature T = 298°K, and relative humidity RH = 25%) are presented

as functions of a distance z from the source for different initial waveforms.

8t(z)/6t(0 In all figures for pulses with 5t(0) = 0.1 ns (solid
lines) the following parameters of the model (2)

1,5 were chosen:
1,4 - #1-#-M=2, n=5, m= 1,2, T=0,025ns;

1,3 #2-M=2, n=5, m= 1,4, T=0,087ns;
1, , 3 #3-M=3, n=4, n= 1,4, T=0,071 ns.

1,2 tFor pulses with 6t(0) = I ns (dotted lines) the

1,1 ,following parameters were chosen:
1,0 #.I -M=.#1 -M=2, n=5, n= 1,2, T=0,25ns;

0 100 200 300 400 500 # 2 - M = 2, n = 5, m = 1,4, T = 0,87 ns;
Fig. 1 z, km #3-M=3, n=4, m= 1,4, T=0,71 ns.

For ultra-wideband pulses of duration up to 0.1 ns
under standard atmospheric conditions the main propagation effect is attenuation of higher
frequency components mainly. In time domain this results in pulse broadening, whereas
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2 3(z) distortions due to dispersion at distances up to 500 km
2-may be neglected.

As can be seen from Figs. 2 and3 effective duration is
inadequate to characterize the degree and character of

1500 - the ultra-wideband pulse distortions. So, pulses with
the same initial effective duration 8t(0) may have

quite different values of 73'(z) and Y4 (z). One can
1000 - - also see that while values of y3 (z) and Y4 (Z) for

------- UWB pulses with 5t(0) = 0.1 ns vary rather severally
(by one or two orders), those for pulses with 5t(O) = 1500

ns at distances up to 500 km are practically
unchanged.

----------- Given prior information about the duration of the
0 - -input UWB pulses, the last observation can be used to

0 100 200 300 400 500 gain qualitative kn6wledge of initial pulse shape by
Fig. 2 z, km examining the

behavior of the Y4(z)

integral characteristics y3 (z) and y4 (z) along a distance. 25000

Computations like the above-mentioned ones may
estimate the upper limits of the distances from the source 20000

and the low limits of the duration of those pulses, for which
such considerations with some degree of error still can be 15000

made.

CONCLUSION 10000 ..

Temporal moments of the orders greater than the second are 5000 - ,-
necessary in order to describe quantitatively the outcome of
the UWB pulses in a more complete way. Behavior of the 0:- - -.
output pulse waveform can be qualitatively predicted, based 0 100 200 300 400 500

on the knowledge of the spectrum and initial duration of the Fig. 3 z, km

UWB pulse under study.
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ABSTRACT
The time-domain operators are obtained that allow to describe a transformation of an arbitrary
initial field by a flat interface between two media in the 3-D case. The medium in one of the
two halfspaces changes its permittivity and acquires a conductivity. The description includes a
case when a boundary is created at some moment of time. Transmitted and reflected signals
are determined by integral operators that take into account the field polarisation
characteristics. Weight factors in kernels of these operators are just analogues of Fresnel
formulae. The obtained resolvent consists of two parts the first of which is a mere
generalisation of a resolvent for an unbounded medium and the second occurs through
availability of an interface between media.

THE INTEGRAL OPERATORS FOR SCATTERED FIELD
The transmitted field in the nonstationary half-space (x > 0) where the medium 'changes its
permittivity at zero moment from & into c1 is equal to E = E0 + El + E2 . Here, E0 is the

initial (source) field, E1 is the field corresponding to unbounded case

1-n 2 [ 2~ a21
E1 =9(x) 2v 1 Q-----TI WO, (1)

4v L at
and determined by the medium parameters and the initial field,

=I x-x'I /v) )E0 t',r') (2)
00 00 0

where 0(t) is the Heaviside unit function, J0 (z) is the Bessel function, Q is the differential

matrix, I is the unit matrix, n = v1 /v = r/ -,.

The direct influence of the boundary on the electromagnetic field is described by the
third term that is determined by differential matrices QjT, I I and contains three functions -
magnetic, electric and mixed - the analogues of the Fresnel coefficients.

E2 =(x)1-n2 V1 [v20 + 29e 2 VII- We (3)

are. Each term in (3) consists of four functions which dependence on time and longitudinal-

spatial variables is determined by the functions L(a )( r, x, x', k
00 00 X, 00

Wa = fdt' dx'O(t - t'- f dr' JdkkJo(kR± NZ N')a" (r,x,x',k)Eo (t,r'), (4)
0 0 V 00 j= 0
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The reflected field in the half-space x < 0 is

Er =E 0 O(x v SU It Ue (5)+o_)n oO[u 
7. ej (5

where a dt'dxV(t - t' X I - ) fdr' dkkJo(kR_) Ji)Me/) (r,x,x',k)Eo(t',r'), (6)
0v V0 0 j=0

S1 is the differential matrix and M( j)(r,x,x',k ) are analogues of LaI4)( t,x,x',k).

The constant coefficients N(j) in (4) and (6) are determined by a jump of the permittivity

only but their dependence on the jump magnitude is very different.

REFLECTION AND TRANSMISSION OF A PLANE WAVE ONTO FLAT
BOUNDARY THAT HAS COME INTO BEING
It is known [Fante R L 1971] that transformation of a plane wave
EO(x ) = E 0 exp[i(cot- sr )], where s = co/v, yields monochromatic waves only when a wave

impinges normally on a newly created flat boundary of a medium whose permittivity changes
in time.An oblique incidence of the wave on a flat boundary of a medium changes the picture
of the phenomena significantly, because this process is followed by a transient, Figure 1.
There are two regions. In the region x > v1t the changing medium yields two splitting waves

with new frequencies col = co v1 v

El(+) + El(-) = Vl (vv+v eidlt + v1 - v e-i°•lt)Eoei) t-isr. (7)

2v v v
These waves have the same form as the transformed field in the unbounded medium
[Morgenthaler F R 1958]. In the region 0 < x < v1t remains the -inverse wave with the

frequency co, only. There are also the ordinary refracted wave Erefract with the frequency co

of the incident wave and a transient field in this region.
z (+)" (-)

t < 0, z t < 0, 8; t >0, F_ E1 +

t > 0,

E- - E refract

-vt (X'

EoE trans

Figure 1. Transient in the electromagnetic field after the permittivity jump in the half-space.
The transient has a complex form and in the case of an oblique incidence the process is
described exactly by obtained spatial-time Fresnel's formulas. The time behaviour of the
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function W0 that determines the component E1 of the transmitted field is shown in Fig. 2 and

3.

4 -- --------I - - t - - " - _ - - - -

2 2

0-

LUU

o .....- 2

ct~n 3 .3 -------: •

4 ~ .3 - - . . . -i-? . .--- ',- - - "- - - '- - - - - '- - -- - - --- - . ..- - - -----
.4. . . I I

0 10 20 30 40 s0 60 0 10 20 30 40 so 60

cot 4 t

a) b)
Figure 2. The time behavior of the first part of transmitted field for the case of n = 1. 7 and

coox/v = 15, o)o t front = 8.8; a) the transient part of thefield, b) the total field

6 
-- -------- ------ ----- C

.-. 0 •i i. . . . .

-22
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6ot (ot

a) b)

Figure 3. The same as in the figure 2 for the case of n = 0.7 and co0x/ v 15, o0 tf,,rot 21.4

Steady-state monochromatic waves that are identical to the case of the normal impingement of
the initial wave are separated from this transient field asymptotically with t -* co. Exact
expression for the steady-state waves in the nonstationary half space x > 0 for an arbitrary
polarised initial wave is given in the form

E(-) + Erefract - vl(v -v) Eoe-i( 03It+sr) + Sl'+Sl Eoei(t-s'r). (8)2v 2  
2s,'

It follows that the asymptotic complete suppression of the direct wave with frequency co,
occurs in the case of an initial wave impingement on a medium boundary with an arbitrary
angle.
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ONE CLASS OF WAVEGUIDE RESONATORS: ALGORITHMS BASED
ON SEMI-INVERSION TECHNIQUE

IN TIME AND FREQUENCY DOMAIN

N.P.Yashina

Institute of Radiophysics and Electronics, NAS of the Ukraine
Ul. Proskury 12, Kharkov 61085, Ukraine

Tel. +380-(572)-14-10-66, e-mail: nataliya@lincom.kharkov.ua

Among huge body of various approaches, widely used nowadays in greatly computerized
electromagnetic theory the very special place belongs to rigorous technique [1]. As well
known the rigorous approaches are rather complicated in their implementations both mathe-
matical and numerical. These methods have quite bounded range of geometrical configura-
tions and structures that may be considered. But, having great intellectual content, they pro-
vide the investigator as an award for great efforts with decent advantages: they give incompa-
rable chance to investigate complicated resonant electromagnetic phenomena with any re-
quired in advance accuracy, practically without limits for parameters; and even to come over
to the new subtle properties and features or very peculiar displaying of the known ones for the
well known structures.
The approach, based on extraction and analytical inversion of the singular part of boundary
value problem (BVP) operator in frequency (FD) and time domain (TD) is applied to the one
class of resonant structures in waveguides (coaxial type plane discontinuities bifurcation's,
shunts, slots, irises, steps, disks etc.). Thus the initial BVP [2] and BVP [3] are reduced to the
matrix equation of the second kind or to Volterra integral equation of the second kind (with
straightforward scheme of time marching). All steps of technique are mathematically proved.
The convergence of numerical algorithms is proved also and estimated analytically.
Special attention is paid to computer implementation of algorithms developed and various
tests of them.
Thus the convergence of numerical solutions is thoroughly investigated and analytical esti-
mates are illustrated by numerical results. Special study of the condition numbers of matrix
equations the problems are reduced to has been carried out (FD): the limited, practically con-
stant (after certain number of equation in truncated system) and rather small condition number
(10-15) confirms the stability of the algorithm developed.
Boundary conditions (both in FD and TD) and additional relations derived from reciprocity
principle, various symmetry properties of the resonant structures, edge conditions and energy
conservation low have been verified for wide range of parameters. The high accuracy of their
fulfillment illustrates numerically not only the validity of the algorithms, but their equivalence
to the original BVP or initial BVP under consideration.
Fast convergence of the results, flexibility and accuracy of algorithms make them an efficient
and powerful tool for investigation of complicated resonant phenomena in TD and FD that
can be simulated by this class of waveguide resonators.

1. V.P.Shestopalov, Y.A.Tuchkin, A.Y.Poyedinchuck, and Y.K.Sirenko [1997], New Methods for
Solving Direct and Inverse Problems in Diffraction Theory. Analytical Regularization of Bound-
ary Value Problems in Electrodynamics, Kharkov, Osnova (in Russian). 385 p.

2. Y.K.Sirenko, V.P.Shestopalov, and N.P.Yashina [1997]. "New Methods in the Dynamic Linear
Theory of Open Waveguide Resonators", Comp. Math. and Math. Physics, 37, No 7. pp.84 5-853 .

3. N.P.Yashina. [1999]."Accurate Analysis of Coaxial Waveguide Slot Bridge". Electronic and Opti-
cal Technology Letters. 1999.Vol. 20. No.5. March 5, pp. 345-349.
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WAVEGUIDE WITH SPACE-TIME
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ABSTRACT
Propagation of electromagnetic TM waves in a waveguide filled with space-time
multiperiodically modulated nonmagnetic dielectric filling is discussed. The analytic
expressions for the TM filled are obtained on the assumption of a small modulation indexes of
the filling. The frequency of the o<strong interaction>> between the signal wave and the
modulation wave is found.

Propagation of transverse-electric electromagnetic (TE) waves in a waveguide with
multiperiodically nonuniform and nonstationary dielectric filling was discussed in [1]. Here
we consider the analogous problem for transverse-magnetic electromagnetic (TM) waves.
We shall consider an ideal regular waveguide whose generatrix lies along the axis OZ. We
assume that the permeability of the waveguide filling is V=l and the permitivity is modulated
multiperiodically in space and time with help of pump wave in the following way:

e = co[Il+mlcoskj(z-ut)+m2cosk2(z-ut)]. (1)

In (1), m, and m2 are the modulation indices, ki, k2 and u are, consequently, the wave
numbers and the velocity of the pump waves, Eo is the permitivity of the filling in the absence
of modulation.
The electromagnetic TM field in this case will be described with help of the longitudinal
component of the electric vector E,(x, y, z)=EEz(x, y, z). From Maxwell's equations we can
derive the following wave equation for E,

+9z -, 0.) (2)

a 2 a2
where A1 = - +-Y

aX 2  aY2

Equation (2) with variables z = z-ut, q1 -u UJ _
U U 2 _

so

where '62 = U2 o0 Ic 2 , c is the velocity of the light, transforms to

A±E S 4+±zll- 2 + EJ-- 1- 2 8
2 =0. (3)

r EU -th ntraia C 1_ofr2nce On c M o2 i
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If we solve the equation (3) in the form , - E im z(k,)V, (x, y), where yn (x, y) are the
n=0

eingenfunctions of the first boundary value problem for the transverse cross section of the

waveguide, for Ez we derive the following equation

ý 61 - 6- ) !Sp = 0, (4)

60

2 2 2

where = 2 6- A2 . (l-fl2 -.

Note that the functions V/,, (x, y) satisfy to the following equation

Ai/K, (X, Y)+ A,,.Y"f(X,Y)= O,vfl(x,y)E = 0,

where 2,, are the eigenvalues of the first boundary value problem, and I is the boundary.

Let us introduce a new variable into the equation (4) and we obtain

(mk, + mk 2 )bja_ (5)

where m,p=l,2,3,..., b=l-'8 2 , assuming that m1, 1, m2 <<1 and 11 =(mi621b) «1,

12 = (m2fl2 1b) <1<, 1~ - 12. Simple algebra then transforms the equation (4) into the Mathiew -

Hill equation, which to a first approximation with respect to m1 , m2 and l1,12 has a form

(O) e E.(S), (6)

ds
2  k=-I

where

(ink 4 +>)2_2 ( ,2  -.22b (7)O° (mkl + pk2 b(C

0-,n =91i 2Y 2 _, J6 ) a sin 2,za + flsin2181),)
, r(mk, + pk2)2 b( -u 82 . _ -12 1 2 .(8

a- ki j k2

mk1 + pk2  mk1 + pk2

The equation (6) is solved by using the method developed in [1-4]. Then ! 11j(s) can be

represented as
kfz WS = ei,u- '• n ci e(92n~)epsckne2I, (9)

k=-I

where the value of P/ satisfy to the following dispersion equation

(p, =O00 _2)2 _02 + (/P. +2)2-0on (10)

Substituting (9) into equation (6) and taking into account, that P 2  0' in the region of
"weak" (non-resonant) interaction between the signal wave and the modulation wave, we
obtain a solution of equation (6) by the variables t and z in the form
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E, ne(AZMý"k, ikj-N (A 2 ik 1 kn i rk k it jkj

,,. 0 + ,rk[(A -k k !I'-e',(--t) -k e Jeikk2(Z-l) + c,, e"('l+Pk-X-l') } ,(ii).60 0=0 k=,l L2 2) c2 2
where

cn
C01c° (12)c±, (unt +± 2)2 -0on

_ + mkl + pk2  n, (mkl + pk 2 )u(3
u ub 2 2 -(b3

[&i, (n+ 2kXmk + pk2 ) Y - it Ak n=[(p + 2kXink,+ pk2 ) -12.(14)
[ 2k 1  ubk1  k 2k2  ubk2j

and c0" is found from condition of normalization.

As known (see [2]), the dispersion equation (10) has a complex solution, when 00'"& 1. In this
case, at a certain frequency, the "strong" interaction between the signal wave and the

modulation wave of the filling takes place and c1 'j -cIo , c 1" ~ Il2 , i.e. the amplitude of the

mines first harmonic is of the same order as the amplitude of the zero harmonic. The
expression for the frequency of strong interaction CO0,s can be obtained from the condition

0 1I , taking into account (7), and (13).

Then we obtain

= u(mk, + pk2 ) 420 (15)os 2f. (mk + pk2 )2b" 15

For a stationary nonhomogeneous multiperiodically modulation (u --. 0) the formulas (11)
and (15) transform to

01 1 n 1 k m j~ k )

E,=-ZV1' (XyY(Ie: Z-"ck e , (16)
Co n=O k=-I

= c(mk, + pk2) 1+ 422. (17)

2, F + (mk, + pk2

where the values of U'§ ±p,-h"o,andaj"o can be found by the limit from (12), and (13) when u
-> 0.
In conclusion note, that the transverse components of the TM field in this case are given by,6 : 1 -2 [E zt] [joVV/n(X, Y)]' 1t" An t)-2/,(x )

HI-c , =-Z o-2 (18)
Cn=O at n=0 a

where z0 is a unit vector along the z axis.
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ABSTRACT

Efficient computing algorithms based on division of an electromagnetic process in the stream
R-c grids in two independent processes are analyzed. Ii is shown that on the basis of the 12-
parametric algorithm one can generate 2 variants of 6-parametric algorithms: with usage of a
half of nodes or a half of ports. New more efficient 3-parametrical algorithm is found on the
basis of combination of ideas of the mentioned algorithms, where a half of ports and a half of
nodes are used.

INTRODUCTION

In 1983, the stream Rt operator was suggested for engineering 3D analysis of electromagnetic
processes in the time-domain mode ([1], see Fig. 1.a). Later in the Western works it has been
investigated under the name of 12-port symmetrical condensed node (SCN), see [2], [3]. Here,
it is supposed that the whole space is divided into elementary volumes A3 (A << 2), like
shown in Fig. 1.a, each having 12 inputs (circles on the sides of A3 ) with two orthogonal
inputs on each side.

13

3412 
12

Is 4 10

43 2 y

9 20 17 7 2 |

16 
I

a) b) 7 8 c) d)
Fig. 1. Explanation of the "chess" algorithm for the Rt operator.

For this operator, it was suggested an equivalent 12-port circuit shown in Fig. 1.b containing
transmission-line sections A/2 with wave impedance Wo = 120;r and the time of delay of a

signal -L =A.•- ojo, joined at the center of A3 through ideally symmetrical transformers,

whose internal windings cross at 6 points. The arrows with indices i = 1 - 12 focused on the
coordinates x,y,z, denote voltage variations Ili and so-called scattered R-c-pulses O at

external inputs of the circuit in Fig. 1.b. The circuit in Fig. 1.b. is convenient for representing,
connecting pairs of sections for each side of A3 by thick lines coming to the central
transformer (Fig. l.c.). The orientation of waves I-I and O in the circuits in Fig. 1.b. and

Fig. 1.c. is identical. According to the circuit in Fig. 1.b. ([1]), if the pulses l-I come to 12

inputs of the circuit at the moment of time t = nr, then the scattered pulses O are formed at
the moment of time t = (n + 1)r.
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O =1 6-F1f 10+F,,2 0 n1+nl7+n9 -n1 , 0, --n 6 +nr8 +n,+nl2 04 -n+n 7-ng9 +r
02 02 2 03 2 0 2

05 ______ = ___________17 - -fl 0 +r1,l,+fl+r 4  0 - (1)rl+Fl
0 2 06 - 2 07 = 2 08 2•2
09 n,-7 4-+n 6+1n18  0 0 ,+171.± Ol5-n 7  0 F- nl,+nF4 +r+fn 8  0= n,- , +17.11

09 2 0- 2 2 2

From (1), the organization of the 12-parametric algorithm of the electromagnetic analysis
follows on the basis of grids from the Rc operators in Fig. 1.b. For each interval of time 'r, in
all elements A3 NP = 12 numbers 1-Ii are stored. For the interval T, computer on the basis of

(1) makes calculation of 12 scattered pulses O, which become incident for 6 next elementary

volumes in the subsequent time interval. The total number of arithmetic operations on each
step for one operator is N, = 30. The basic idea of new algorithms allowing to reduce N

(memory) and No (number of arithmetic operations), consists in the following: original

electromagnetic process taking place in the infinite R-r grid is split in two energetically
independent sub-processes. These two sub-processes can be considered independently,
although they are correlate with each other in accordance with the set of equations (1). The
correlation of sub-processes actually means a redundancy of their simultaneous use, i.e. in
electromagnetic analysis only one of sub-processes can be kept without a loss of accuracy of
calculations.

ALGORITHM "HALF OF NODES"

The first variant of a 6-parametrical algorithm [4] is designed as follows: the nodes in infinite
grid (Fig. 1.c) are painted in the chess order (Fig. 1.d). In Fig. 1.d, a grid with 19 nodes of
transformers, from which 13 are "black" and 6 are "white" is presented. For the central black
node with the number 1 all set of lines of the circuit in Fig. 1.c are marked. For the nodes 2-7
marked with white circles, five lines are shown. For peripheral black nodes 8-19 two lines are
shown. By analogy with Fig. 1.c, thin lines show orientation of electric fields of two
polarizations. All the lines between central nodes in Fig. 1.d have geometrical length A with
time delay t. Remarkable feature of the circuit in Fig. 1 .d is that 12 pulses outgoing from the
black node 1 at the moment t = n- come, at the moment t = (n + l)t, to white nodes 2+7 and,

without reflections but with twice reduced magnitudes, go from them in the directions of
peripheral nodes 8÷ 19, coming to them at the moment t = (n + 2)-T. In the circuit in Fig. 1.d,
signals are stored only at black nodes (up to 12 pulses at one black node) that enables one to
reduce the required memory twice. It is necessary to store only 6 numbers in average on a
node in the infinite grid. The calculations on the grid can be carried out in two steps. Suppose
that at the moment t = nt the pulses-causes incoming at black nodes are known. At the same
moment the scattering on the black nodes takes place. The scattering requires 30 operations at
a black node, i.e. in average 15 operations at a node for time r. At the moment t = (n + 0)t , the

pulses-effects outgoing from black nodes are interpreted as the pulses-causes incoming at
white nodes. After that the same scattering on white nodes requiring 30 operations on a node,
i.e. in average 15 operations on a node in time -r is carried out. After the scattering at the
moment t = (n + 2)-t the pulses incoming at black nodes become known and the calculations

are iterated in the above-stated order. Thus, for two steps the full duration 2-C requires in
average 15+15=30 operations at one node. Finally we obtain that given variant of calculations
needs in average 15 operations at a node in the time c. The introduction of boundary
conditions should be carried out in specific way for the algorithm with the pulse storing only
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at black nodes (Fig. 1.d) unlike it is done for other algorithms. Fig. 2 illustrates forming of
various boundary conditions for new 6-parametric algorithm. In Fig. 2.a, a simplified view of
the circuits in Fig. 1.b and Fig. 1.c is shown, where central node consisting of transformers
intersecting at 6 points A, B, C, D, E, F is marked. The indexing of 12 lines is identical to Fig.
1.c. Consider the cases of the cube in Fig. 2.a with a black or white node is located in the
plane of magnetic or electric walls. For example, suppose that white node 2 (Fig. 1.d) is
located in the plane of electric wall (metal). Assume that the system of transformers can be
divided in certain symmetrical parts. In Fig. 2.b, the case of division of the node in two parts
by a metal wall is shown. In this case the lines 1, 3, 6, 8 become shortcut, and the intrinsic
impedance for lines 2, 4, 5, 7 decreases twice because of division of them in center by the
wall that is normal to electric field. It is easy to find the scattering matrix of the circuit in Fig.
2.b by using the matrix in Fig. 1.b.

\1 E U A

A 1 D1D. .:Aa

FF F IkiI~
,ND

d b)

Fig. 2. Boundary conditions. Fig. 3. Groups of ports.

The circuit appears not reflecting at the inputs 8 and 10, only the magnitudes of transmitted
waves in lines 2, 4, 5, 7 vary. The total 6-parametric algorithm with step 2-c is developed.
Thus the node in Fig. 2.b can be both white and black. The circuit in Fig. 2.c illustrates the
case when the node is located at the edge of three metal surfaces forming a protuberant
wedge. In this case all the lines are maintained in the circuit. Thus the lines 1,2,5,6,11,12 have
intrinsic impedance W0/2. In-Fig. 2.d, the case is shown where a node is located on the
magnetic wall. In this circuit, only the lines 1, 3, 6, 8 with the intrinsic impedance 2W00 are
maintained. In Fig. 2.e, the circuit of a concave wedge consisting of two metal surfaces is
considered. At the wedge, the lines 9 and 2 with intrinsic impedance W0/2 are maintained
only. In Fig. 2.f, the circuit for a concave wedge consisting of three metal surfaces is shown.
The transmission lines are ablsent in such a node. The calculations on the boundaries of the
type shown in Fig. 2 slightly complicate the algorithm in boundary areas, not breaking
considered 6-parametric algorithm.

ALGORITHM "HALF OF PORTS"

The second variant of 6-parametrical algorithm turns out to be a generalized "chess" method
at the inputs of elementary volume. Accordingly, the sub-processes are defined not on two
arrays of nodes, but on two arrays of inputs.
Divide 12 pairs of pulses H,. in the circuit in Fig. 1.b in two groups of 6 pulses according to

Fig. 3.a and 3.b. For each side of A3 , waves L-, split in two orthogonal groups. The summary

Kharkov, Ukraine, VIII-th International Conference on Mathematical Methods in Electromagnetic Theory



156 MMET*2QO0 Proceedings

excitations in Fig.-3.a and 3.b, obviously, are equivalent to excitation in Fig. 1.c. For a mode
in Fig. 3.a from (1) we obtain:

__________ -I16 + 118+nio+ri, nfl n,0 Fl, if2+n1
Oi _ n,-nl+n1,+nl, 02 =0 0 3 = . 04=0 05= -2+ 4 06 =02 . 2 -- 6 (2)

-no+nj,,+F1,+F1 4 0 =0 09 n -n 0n0+= 0O011=0 Oi -n2+n4+ 10-+! 012 =0
2 2 2

For a mode in Fig. 3. b from (1) we obtain:
O1= 0 02 - 2 03=0 04 - 2 05 = 0 06 2 (3)

000 ri+n,+3 o 2 (3)1 2
07=0 08-- 2 29 = 0 1 0 -- = 0 012 .n 2n_+_ l

0 

x

a) b) b)

Fig. 4. Groups of pulses.

By analogy with Fig. l.d on the site Rt of the grid of 19 nodes (see Fig. 4.a and b) we place
two orthogonal arrays of pulses rIi of 6 on each element of volume A3 . For the subsystem of

pulses in Fig. 4.a, to the central "black" node i, j, k (node I in Fig. 1.d) the pulses come
according to the variant of excitation shown in Fig. 3.a. To the neighboring to 6 "white" nodes
2-6 (Fig. 1.d and Fig. 4), the pulses come according to the variant of excitation shown in Fig.
3.b. Pulses in Fig. 4 are marked with rectangles, in whose plane it is located, normally to the
lines, a vector of voltage I7i. To show the direction of propagation, the pulses are shifted

respectively to the middle of the dual lines connecting the next nodes of the grid, in the
direction of the node to which they propagate. The rectangles of "white" color correspond to
the mode of excitation of Fig. 3.a, and rectangles of "black" color to the mode of excitation of
Fig. 3.b. In Fig 4, the arrangement of pulses is fixed at the moment of time t = nr. At this
moment of time a half of nodes, in the chess order, begin to be excited by "white" pulses, and
the second half by "black" ones. At the next time step t = (n + 1)v, incident to the node i, j,k
"white" pulses leave for the next nodes as "black" ones. Thus in the next volumes after the
time step the mode in Fig. 3.b will be excited again, i.e. in the grid of Fig. 4.a, the mode
shown in Fig. 3.a and 3.b will alternate repeatedly after each step. In Fig. 4.b, the second set
of pulses H~i is presented. To "black" nodes, the pulses come according to (3) (Fig. 3.b), and
to "white" nodes they come according to (2) (Fig. 3.a). Two modes of excitation represented
in Fig. 4 illustrate an opportunity of division of general excitation (1) Fig. 1.c, in two
independent processes, each enabling one to solve the analysis problem. For the mode in Fig.
4.a (as well as for the mode shown in Fig. 4.b), at each node it is necessary to store only 6
numbers (amplitudes of pulses Ili) and to run 15 arithmetic operations for determining the

amplitudes of the scattered pulses O, according to (2) for "black" nodes and according to (3)

for "white" ones. Thus, all the basic integral characteristics of the analyzed stationary
electromagnetic process can be found: error of dispersion of propagation of plane waves in
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the R- grid are kept [5], structure of fields and phase velocities of all the waves in regular
waveguides, parameters of matrices of dispersion of the waveguide devices, etc. If a device is
excited from a rectangular waveguide with the wave H10 , this wave can be characterized not

only by complete system of the Rt pulses according to (1), and also by a system with a half of
pulses.

ALGORITHM "HALF OF PORTS + HALF OF NODES"

Suppose that in the structure of excitation in Fig. 4 the storing of pulses Hi is done not at all
the nodes of the grid but only at a half of nodes. For example, "black" pulses pass through
"white" nodes at once up to the next "black" nodes, like for the algorithm "half of nodes".
Then the total numbers Np (memory) and N, (number of arithmetic operations) in

recalculation at one node for one time step decrease twice and turn to be Np = 3 and

NO = 7.5. Thus the account of boundary conditions is carried out according to Fig. 2, i.e.,

metal and magnetic walls should pass through nodes of a grid.

CONCLUSION

It has been found that electromagnetic analysis on the basis of the R-t grids formed from the
stream Rc operators in vacuum can be carried out without loss of accuracy by using only a
half of inputs for each operator, and also with using the "chess" order of operations of storing
of amplitudes of pulses. As a result, an average volume of memory and number of arithmetic
operations at one node for single time step of calculations become equal to 3 and 7.5,
respectively.
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ABSTRACT
In this paper, the problem of an electromagnetic wave transformation in unbounded plasma is
considered when an external magnetic field changes in time abruptly and the time jumps
occur at different moments. A general expression for the transformation of the
electromagnetic wave after n jumps in the external magnetic field is obtained.

INTRODUCTION
Consider an electromagnetic field in plasma when the external magnetic field and the plasma
density vary in time starting from the zero moment. We consider the external magnetic field
being constant between jumps. The problem is formulated as the Volterra integral equation of
the second kind and its solution is found by the resolvent method. With the aid of the
resolvent the expression for the intensity of the electromagnetic field after the
n -th jump in the external magnetic field can be written as:

t

E I)(t,r) = F In)(t,r) + J dt'J dr'(xlRIn)Jx')F(")(t',r') . (1)
0 co

The free term of this equation is equal to:
n-I tk4I

F '(t'r) - F ()(t'r) f Z J dtf dr'(x{FTx')Pr ,$(t',r') + f dt'fdr'(xfF x')Pr'`) (t',r'), (2)k=1 Ik 000
i a2 (t- t I - r110c

where (xf',x',= (VV - C (t 2 Ir -' , c is the velocity of light, 8(t) is a Dirac

delta function, and x = (t,r) denotes the time-spatial four-vector.
The first term in (2) takes into account only the prehistory of the electromagnetic field
interaction with the plasma until the beginning of the change in the magnetic field, the other
terms describe after-effects caused by the external magnetic field jumps.

The polarization vector p n) is determined by the following relations:
2t1p, n) (t) _ p In) (t) f a w & n (t -t) E n)( ' d '

r t L-t'E ('d' (3)
47t

P'n)(t) = P(n-1)(tnI) + &(n)(t - t"1) dP~n-')(tn-,) , Pr °) = ( ,
dt
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where oe 2= 47r e2n/m is the plasma frequency, & is the susceptibility tensor, tn is the

moment of the n -th jump in the external magnetic field.

The expression for the resolvent operator of the problem R(n) is presented in [1]. It should be
noted that the expression for the resolvent for the sequence of jumps is the same as the
resolvent for a single jump in the external magnetic field if the Larmor frequency Q is
changed from step to step.

TRANSFORMATION OF A PLANE WAVE

Consider the initial field as a plane wave: E0(t,r)=E0 exp[i(o0t-sr)], where
s= ( 2 ) I )/c2 . Suppose that it exists till the switching on of the external magnetic field.

Let us consider that the transformations of the wave are made for a single jump in the
magnetic field. For this case a general expression which determines the transformed
electromagnetic field for an arbitrary orientation of the external magnetic field is obtained [1].
This expression is a bulky one so we do not write it here. It is interesting to investigate two
special cases of the mutual orientation of the magnetic field B0 and the wave vector s.

1. The external magnetic field B0 is orientated along the propagation direction of the primary

wave, i.e. b Is = {0,0,s}, E0 = {E0,0,}. In this case, the electromagnetic field is defined by

the following expression:

E(1) (t, r) - -isr{(p+i0O)Q(O)(p)-i0e2Q22(p2+C2S2), i00e 2•QP2 (P+i00), 0), (4)
2 2(6 22- 40

where H(p) = p 2(p2 +02)2 +2 2 (p 2 +C 2 S2 ) 2 , Q(l)(p)=p4 +(02 •±22)p 2 +K 2 2 S2 .

The analysis of (4) enables to conclude that the transformed electric field consists of three
pairs of waves with the frequencies Pk, which are the roots of the polynomial H(p) (see

Fig. 1). Waves in each pair remain transversal, preserve the wave vector s, and propagate in
the opposite directions.
2. The external magnetic field is switched on normally to the wave vector, i.e. bis = {s,0,0},

E0= { 0, E2, E3 }. Then, the transformed electric field will be determined by the expression
L 1 2 ep( ) ot-ir

E(1) (t,r) = E1 (1 exp[i(cot - sr)]+ ZE'- l exp((-1) mikt.-isr) (5)

m=Ok=l J)Q(2) ((-1) mi (ok)

where El,(') = { 0, 0, E 3 } is directed along the magnetic field and is the same as the primary

wave,
Elm(1)= Q(02e -1m0 +co) i((_-1)m00Mk + 0))(_0)2 +% (02+ 2) _ e 0 Q(2 ,

link ( O-)(k + 0)),k ee 2

The new =rqece are defe a) 2+ 2 S2 .

The new frequencies are defined as:
00=2 + 2Oe + n 2  , (6)

and presented in Fig. 2.
In this case, the component of the primary electric vector parallel to b is not changed. The
component normal to b forms two pairs of waves with the frequencies ± Onk . These waves

have both longitudinal and transversal components and correspond to the fast and the slow
extraordinary waves, respectively.
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TRANSFORMATION OF THE PLASMA OSCILLATIONS

Substituting 03 = 03e in (4) yields the transformation of plasma oscillations when the external
magnetic field is switched on at the zero moment and its vector b is normal to the electric
field in the plasma oscillations. The latter transforms into two elliptically polarized
oscillations:

2 Eo {(03)- 03 ))o 3t 29f i ))F"•• 
O

E_ _)(t)=•-•2_ +t Q20 C WA Qkn (9)
j~W 2 )co~ CoeW~ snkto

I032 2+0•2 + (-)k-IQ &-402 + gQ•22)

where (W`o2 = () -4W0e

In the case of a weak magnetic field: Q << W3e, the both types of oscillations are almost

circularly polarized and have the frequencies WOk 2 W 03e2 ± (.k • , which are slightly different

from each other. In the case of a strong magnetic field: E2 >> 03e, the oscillation with the

frequency 1 ; Q will be a circularly polarized cyclotron oscillation with a small amplitude:

The other oscillation will have the frequency (02 2
2  W 03e 4/ Q1

2 and almost linear polarization.
When the external magnetic field is parallel to the electric field of the plasma oscillations, i.e.
b II E0 = {E0 ,0,0}, the latter are not changed as it follows from (5), (6).

3.0 e / 0W =0.3 47 -- 2 2 /
2.5 W1 /

0 2 2 /

1.0

0.5 . ...............- '........................ . . .. . 1 I

0.0
....... ......... ..... .... --- --- ----

0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0

Q/W0 /0

Figure 1. New frequencies in the case when Figure 2. New frequencies in the case when
the external magnetic field is orientated the external magnetic field is normal to the
along the propagation direction of the direction of the primary wave b Is.

primary wave (b II s).

CONCLUSION
In this paper, a solution to the problem of electromagnetic wave propagation in a plasma with
a time-varying magnetic field has been obtained. The method which is used allows to consider
the simultaneous changes in the external magnetic field as well as in the plasma density. The
transformation of the primary plane wave and plasma oscillations with respect to arbitrary
orientated external magnetic field has been considered.
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ABSTRACT

This paper presents the novel concept of the condensed node FDTD method. The previous
approach by the same authors can update only E, of 2-D TM mode, and cannot update H.
and H.. This paper studies to update such components. Moreover, the proposed algorithm is
evaluated in comparison with Yee's FDTD method.

INTRODUCTION

It is well-known that Yee's Finite-Difference Time-Domain (FDTD) method [1] is obtained by
applying the mid-point method to Maxwell's equations. Since Maxwell's equations are first-
order simultaneous differential equations, the application of the mid-point method causes a half
cell length and a half time-step distances between electric and magnetic filed components. The
distances do not matter by Yee's spatial arrangement of field components, and this considerable
arrangement causes the widespread use of his algorithm. However, it would be more adequate
if any approximation does not derive such distances. Actually it is natural to evaluate all the
components at the same discrete points.

To solve such problem, some efficient FDTD algorithms have been already proposed based on
the finite-difference approximation of wave equation by mid-point method [2]. Those algorithms
enable to update only the electric component E, independently without calculating magnetic
components H. and H. in the case of 2-D TM mode. However, they cannot analyze the spaces
including magnetic objects like magnetic walls, since the algorithms are given as the finite-
difference equation of only Ez, excluding H. and Hy.

The present authors have proposed an algorithm which enables to update the electric com-
ponent E, when the analyzed field includes magnetic walls [3]. The remaining problem is to
update the magnetic components H; and Hy when electric and magnetic walls are placed. This
paper tries to update such magnetic components. The proposed algorithm is mainly based on
the Huang's wave equation approach, and partially based on the finite-difference approximation
of Maxwell's equation by the trapezoid method. The proposed method can establish the con-
densed node 2-D FDTD method while the computation time is almost as much as Yee's FDTD
method. The following sections describes the case of 2-D TM mode, however, they can be easily
applied to 2-D TE mode case.

PROPOSED APPROACH

The way to update the magnetic component H. is as follows. The proposed algorithm is mainly
based on the finite-difference approximation of wave equation by the mid-point method:

nl+ I(i,j) = 2Hn(i,j) - H- 1 (i,j) + \ {H•(i + 1,j) - 2H•'(i,j) + Hx(i - 1,j)}

+ (A)2 {Hn(i'j + 1)- 2Hxn(ij) + Hn(ij - 1)}, (1)
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where En (i, j) denotes the component E, at the point (iAx, jAy) when t = nAt. The parameter
c denotes the speed of light in a vacuum. Note that (1) can be applied only when Hx can be
regarded to be continuous at the five points (iAx, jAy), ((i ± 1)Ax, jAy) and (iAx, (j ± 1)Ay).
In the case H. is discontinuous at any of those points, the following equations are applied instead
of (1).

Hx+ 1(i,j) = -Hn+l(i,j + 1) + Hn(i,j + 1) + H(i,j)
At E+(i, j + 1) - En+'(i,j) + En'(i,j + 1) - En (i,j)}, (2)~iAy -

Hg+l(i,j) = -Hn~'(i,j -1)+H (ij) + ,(i,j - 1)

-(j - E '(ij - 1) + En(i,j) -En(ij - 1)}, (3)

pAy {E+

where p denotes the permeability. The equations (2) and (3) is derived by the finite-difference
approximation of Maxwell's equation by trapezoid method.

For example, suppose the electric wall of length L is placed along the x-axis in a 2-D free
space, as the electric wall B of Fig. 1. The condition of this wall is given as

Ez(i~j)=O0, i =I, I+l,..I+ L, j =J. (4)

In this case, the behavior of H, becomes discontinuous around the wall. Here we assume the
two magnetic values H.(i, J+) and H,(i, J-) at the point (iAx, JAy) for i = 1, 1+ 1,..., I + L,
where Hx(1, J±) = lim H.(I,j). Then the components H. around the wall are undated by

+J±O
the following procedure.

1. H (i, J+) and H.,(i, J-), i = I, I + 1,..., I + L are updated by (2) and (3) respectively,
while Hx(I + 1, J) and H,(I - 1, J) should be updated by (1) in advance.

2. H1(I - 1, J) is updated by (1), however, Hx(I, J) is replaced by the average {H,(I, J+) +
Hx(1, JL)}/2. H,(I + L + 1, J) can be updated similarly.

The components around the other walls are updated similarly, however the space does not permit
to describe them in detail. Overall, (1) is generally applied, and (2) and (3) are partially applied
due to the discontinuity of H,. Also, the component Hy can be updated in a same manner.

SIMULATION

The proposed algorithm is evaluated in comparison with Yee's FDTD method by analyzing a
simple field of free space with electric and magnetic walls. The field is drawn as Fig. 1. Electric
and magnetic walls are placed to surround the feed point, 25mm away from the boundary.
Specifications of the simulation is shown in Table 1.

Figure 2 shows the behavior of the magnetic component H, in dB. Note that the values
below -100dB are replaced by -100dB for the illustration. Figure 2 shows that the proposed
method works almost the same with Yee's FDTD method, except the right side of the magnetic
wall B. This is because FDTD method deal the magnetic walls one cell longer than the original
(Space does not permit to prove this fact).

CONCLUDING REMARKS

This paper presented the novel concept of the condensed node FDTD method, mainly based on
the finite-difference approximation of wave equation (1) and partially based on the trapezoid
approximation (2) and (3). The proposed realize more accurate analysis than Yee's FDTD
method. Although only the 2-D TM mode case is described, the 2-D TE mode case can be
easily analyzed by replacing E, H., and Hy by H,, E. and Ey, respectively.
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Table 1: Specifications of the simulationElectric Wall B _________

"Field size 100mm x 100mm

Feed point Center of the field

Electric Magnetic Length of each wall 30mm

Wall A Feed'point Wall A Cell size Ax, Ay 1mm

I Time step At Ax/cV2
Boundary condition Mur's 2nd-order

Gaussian pulse,

SMagnetic Wall B Incident voltage EE- =

x 0= 32,a - 40-2

Figure 1: The analyzed field

(a) Yee's FDTD method (b) Proposed method

Figure 2: Behavior of 20log 10 IHxI in the case t = 10OAt (t = 100.5At in the FDTD method).
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INTRODUCTION
Classical planar waveguide slot antenna arrays are well-known and widely used in

frequency range from 4 to 14 GHz. Among advantages of this type of antennas are low level
of cross-polarisation (-35 dB or better is achievable), high levels of radiated power, low losses
and simplicity. The main problem is that due to the resonant nature of the slots and their serial
fed in waveguide the frequency band of this arrays are usually limited by several percents.
Often different tuning posts, E-plane shorted stubs and metal plates are applied to obtain
improvement of characteristics in frequency range. Method of moments (MoM) was used
before to analyse such arrays. But MoM can be hardly implemented in the cases, when more
complicated waveguide structures together with radiating slots are to be studied. In this paper
finite difference time domain method (FDTD) method was used. Due to it's high flexibility it
gives the opportunity to investigate different complex structures accurately and at a high
speed. Coupling between slots through the free space and waveguide and the coupling
between slots and waveguide's discontinuities are taken into account.

Fig. 1. Fig. 2.
GEOMETRY DESCRIPTION

Section of rectangular waveguide with narrow longitudinal radiated slots in broad wall
are investigated in this paper (fig 1). The length of slots / is usually near to the half of
wavelength in free space at the desired frequency. Slots are assumed to be with 180 degree
phase shift and placed at the distance d equal to the half of wavelength in waveguide to
radiate in phase in the far zone.

FDTD APPLICATION
FDTD method was firstly proposed in [1] and its backgrounds are not discussed here.

When one analyse radiated slots in waveguide, the computational domain is obviously
subdivided into two parts. The first is free space above waveguide. Here it is limited by
perfectly match layer (PML) [2]. The second domain is the space inside the rectangular
waveguide. Here impedance boundary conditions (IBC) [3] were used at the input and output
planes of waveguide to excite and terminate propagating modes in waveguide. If the
discontinuity in waveguide is situated far from the IBC only mode TE10 in rectangular
waveguide can be taken into account to obtain accurate results of S-parameters in waveguide.
The value of impedance of IBC is chosen equal to the characteristic impedance in waveguide
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at the frequency, where the radiation pattern is calculated. This way avoid the reflections from
the ports in waveguide that can lead to the distorted values of radiated pattern. At the other
frequencies we are interested only in the S-parameters of waveguide sections and radiating P-
parameter (1), that indicates the radiated part of input power.

P=I2- Sl2- $212

For the calculation of radiation pattern standard near-to-far zone transformation in frequency
domain is used for the plain close to the outer metal plane of waveguide.

NUMERICAL REZULTS
At first the properties of a single longitudinal slot at the wide wall of rectangular

waveguide (cross-sections dimensions 23xl 1 mm) were investigated. Fig. 3. shows the family
of characteristics of P-parameters for the slot with the length / = 14,7mm, width 1mm and a
different displacements x ,that vary from 11 to 6.8 mm with a step 0.7 mm (the higher curve
corresponds to the lower value of displacement x). In Fig. 4 one can see the similar family
for the slot of length 1 = 12mm, width 1mm and the various displacements x ranged from 8 to
2,4 with step 1,4 mm. In this case two propagating modes were taken into account (TE10,
TE20). As it seen from figures at the resonant frequencies the radiated efficiency P increase.
The slots with smaller length in waveguide of fixed cross-sectional dimensions and
displacement x at the resonant frequencies have smaller values of parameter P. The
characteristic of reflection (S 11) for each slot also has maximum, which appears at the
frequency close to the resonant frequency of P-parameter. This fact is very important for the
slot antenna arrays, in which the slots placed at distance equal to the half of wavelength in
waveguide, because the reflections from all slots added producing high level of VSWR.

0.3

0.20

0.2 0.16

0.12

0.1 0.08

0.04

0 .0 = , ' ' ' 0.00 -
8 9 10 11 12 8 9 10 11 12 13

Frequency, GHz Frequency, GHz
Fig. 3. Fig. 4.

As an example four slot antenna array was calculated. It consists of equal transverse
slots of length 14,4 mm with width 1mm and displacement x = 7.6mm. Distance between
slots was 22,4 mm (2. / 2 for the waveguide with cross-sectional dimensions 23x 11 mm at the
frequency 9,42 GHz). The radiation pattern at the frequency 9,42 GHz both in H- and E-
planes are given in Fig. 5. S and P parameters are presented in Fig. 6. The value of S 11 at the
9,42 GHz exceed 0.26 even for the relatively short array.

To decrease the S II the waveguide slot section with E-plane shorted stub is analysed
(Fig. 2). The shorted E-plane stub is used to compensate reflections from a single radiating
slot (1=13,4 mm, x=4,9 mm, width=lmm) in waveguide (23x5 mm). The E-plane stub's width
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is 2mm and it's depth is 4mm. Values of Si 1 for the single slot structure with stub and
without it is shown in Fig 7. It should be noted that the normalised radiation pattern for the
single slots in examined cases was almost the same as demonstrated in Fig. 8.

H-plane 1.0 - -

-------- E-plane /o- 0.8 S

- 0.6- P

0.4

-20 0

-30 0.0
0 40 80 120 160 8 9 10 11 12

Degrees Frequency, GHz
Fig. 5 Fig. 6.

without stub
0.25 - 0-

-- - - - w ith stub " -/"•

'0.20 "

0.15 -

0.10 . -12
- ,H-plane

0.05 - 16 ---- -16 E-plane

0.00 I -20

8 9 10 11 0 40 80 120 160
Frequency, GHz Degrees

Fig. 7. Fig. 8.
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Alexander B. Samokhin, Yuri U. Kapustin
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INTRODUCTION

We consider a wide range of electromagnetic (EM) scattering problems on finite
inhomogeneous bodies characterized by general .•(x) and N(x). A system of singular
integral equations over the domain of inhomogeneity is used to formulate the problem. An
iterative quasi-minimal residual procedure is applied to solve the operator equation.

STATEMENT OF THE PROBLEM

Let arbitrary tensor functions L(x) and .(x) equal col and poi outside finite domain

Q c E 3 . According [1], the problem of EM scattering by Q can be described by the
following system of singular integral equations:

E(x)-= E (°) (x) - I x) -Iý(x)-[- k 2 f (g(y) -- 1 )(y)G(r)dy +
3 \ --0 0 j 0

Q

+ V.p.J((• -I)E(y), Vx)VxG(r)dy + ico/.to I[(N)- Vx

H(x)= H(O)() (x)_-I)( - ]i(x)+ k2J('o -_ jt(y,_(rI)dy (1)3 p*o 0 ,(y 1 'ur '•
Q

____A ' V GJ[(-{() - Y(y), Vx s(r)dy

Q Q

where G(r) = exp(- ikr)/4zr .

ITERATIVE METHOD

Consider a general system in Hilbert space H with continuous linear operator:

Au = f (2)

where A can be, for example, the result of discretization of (1) or operator (1) itself. If A
satisfies coercitivity condition, then solution of (2) exists, is unique and can be found with
the multistep minimal discrepancies method (MMD) [2]:
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u11) =u,, v, = h!°) = Au,)- f,

h(')= h!-')- r1w,, u(/)=u -1)-TrvI, = =l,m,I-I I-I

Wl=Avl, w, =Ah'-•) - akwk, v, h(-')- akvk, l = 2,m, (3)
k=1 k=1

V, = K(h~ -),4h!l-))/ w 112  , a_ ( Kah( 1 ),wk)/1wk 12

U 11tI+1 = U ? (I 1 )

Effective application of (3) in scattering problems, characterized by electrically dense media
or large domain volume, may require large values for m. For instance, let f is a sum of k
eigenfunctions of A corresponding to different eigenvalues and u0 = f. Then, from the fact

that the span of Aho,..., A'ho coincides with a space based on eigenfunctions, it is obvious
that m = k gives exact solution within k iterations. For m < k, the number of iterations may
greatly exceed k. Algorithm (3) with non-fixed m is often referred to as complete GMRES,
whose practical application is essentially determined by available memory and CPU
resources, since for each iteration number L calculation of the iteration requires storage and
processing of L vectors v,.

An iterative method described below is based on the idea of biorthogonalization [4].

Variation iterative methods, such as MMD, can be represented as follows:

Uk =u - ý1=, I)rt-ho (4)

where uk -- u and z(k) --> T, as k -> oo. Parameters rk) differ for various iterative methods,
but have the same limits.

Let introduce the following sequence

Av 1h-, +b...+b,')Aho, 1=2,N, (5)-3"VlN doe, notv depen onlI...0"-.

where b0') are complex parameters. Since subspace based on Av }, does not depend on

b(', we can write ho -== AV, and define the sequence

Uk = = Uk YkVk

Let q, E H is an arbitrary vector and p, = Av, = Ah 0 . According [3], [4] we define

P2 =Apl-a-pj, q2 =A*ql -'iqj

P1+= Ap1 - a, p, -/3 1 Pl-1
q1+1 =A q -alq, -/31 qj-, (6)

a, =(Apl,q 1)/(p,,q,), 1=1,2 ....

A, =(p,,q,)/(p,-1 ,q11), 1= 2 ....

so that vectors p, =Av, and q,, satisfy biorthogonal condition (p,,q,,)=(p,,

Therefore, parameters yt and vectors v, can be calculated as follows:
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r, = (ho, q, ý(Pl,,q,

V1 = ho, V2 = AvI -alv 1  (7)

V1+1 = Av1 -a-,V -/3•lvl

Iterative procedure (6)-(7) has the two features very important for applications. (1) If the
number of terms k in expansion of f is finite (which is the case for finite algebraic systems),
then iteration k = N will give exact solution; (2) increase of N does not require more
memory. Unlike MMD, the described method does not assure that discrepancies steadily
decrease to zero. Nevertheless, for a wide range of problems, the number of iterations (6)-(7)
is essentially smaller than in MMD in the case of m < N. For this reason, iterative method
(6)-(7) is known as quasi-minimal residual method (QMR). With respect to scattering
problems, the number of iterations in MMD and QMR are determined solely by operator A.
Hence, neither discretization method, nor collocation density or the number of basis
functions has an essential impact.

For QMR method it is possible, however, that for some r vectors p, and q, become
orthogonal while the entire iterative procedure is not completed. It is possible to show [4]
that such situations are rather rare and can be excluded by appropriate choice of vectors
p0 , q0 .

Operator (1) of scattering problems is not self-conjugate, but satisfies condition

A= =A. (8)

Assuming q, =P5 Aho we have q, =)5,, and QMR procedure can be simplified:

ho =Auo-f, p, =Aho, v,=ho,

P 2 = Apl -alPl, V2 = Avl -- alvl

p11= Ap1 - aP - fi P-I
v1+1 Av, - alvi - Alvi-(9

a 1 =(AP1,-P1)/(P,-,1 ), /3, =(P,-P)/(PiI,-,i)

Y1 =(h 0 ,J 1)/(p 1,J5), u1 =u1-1 -yrv 1 , 1=1,2,....
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ABSTRACT
Symbolic computation techniques (SCT) are applied for the evaluation of problems in
Electromagnetic(EM) by making use of Mathematica and Macsyma packages[l,2]. The
results are compared in terms of the obtained numerical and analytical information.

INTRODUCTION
Actually in some problems it is better to use symbolic techniques rather than numerical
evaluations. In some cases solutions of this kind are very useful for the interpretation of
results. These symbolic computations are applicable for lots of mathematical manipulations
particularly differentiation, integration, solutions of linear equations, expansion functions in
series, solutions of differential equations, curve analysis, tensor algebra and topological
approaches[3].
In this study we have concentrated on the solution possibilities of some EM problems. It is
very important to obtain exact solutions for design applications of Radio Frequency (RF).
Especially it is required to solve the problem exactly for some antenna designs and in such
cases trustability of the used program packages is very important. That is why comparison of
alternative SCT with different program packages is analysed in different problems.

INTERESTED PROBLEMS
In order to examine the results of these packages two well-known problems of
electromagnetic were studied. One of the problems is a short wire problem (flux density B
due to a short current carrying wire) and the other one is an antenna analysis.

Short Wire Problem
A short copper wire of length L and a cross sectional area a is concerned and current I exists
in positive z direction. Current I is assumed to be uniform throughout the wire and it is time
independent. If we deal with the situation at a large distance from the wire (r >>L) (see Fig. 1)
we make use of vector potential A in order to calculate the magnetic flux density B
everywhere [4,5].
The vector potential A at a distance r from wire for the current I in the z direction and

uniform is given by A=(O,0,c/r) where c - POIL

4;r
A = the vector potential at the distance r from wire, Wb/m, I = the current in the wire,A, L =
the length of the wire, m, r = the distance from the wire, m,
P 0=the permeability of air=400pi ,nH/m
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The vector potential is in the positive z direction and is inversely proportional to the distance r
from the wire. We obtain the flux density B by taking the curl of A

B = VxA. (1)
Magnetic flux density of a short copper wire is studied and symbolically visualised in the
following figures by Macysma & Mathematica.

0.3C

-0.30

a) b)
-. o. 0. 0.4 X 0.30

Fig. 1. Magnetic flux density (B) of the short copper wire
a) By Mathematica
b) By Macsyma

Antenna Analysis

The behaviour of antennas is primarily governed by Maxwell's equations [6,7]. One can
obtain the electromagnetic fields at any point outside the source region for known A at the
time harmonic variations.

B=VxA,H=B , E = qVxH (2a,b,c)

We consider a conductor of the length L and cross section area a carrying a current I in z
direction of angular frequency w . Such a current element is known as a Hertz dipole. The
vector potential at an arbitrary point P is given by in Cartesian coordinates
A = (0, 0, exp (-jkr)/r) or in spherical coordinates

A = (p exp(-jkr) Cos OO,-p exp(-jkr) sin 0), (3)

r r
where p =PL , q =1I

4;r jw6,U

Electromagnetic fields of the Hertz dipole is studied and symbolically visualised in the
following figures by Macysma (Fig. 2b) & Mathematica (Fig. 2a).

a) 0 b)

Fig. 2. Electromagnetic fields of Hertz dipole (r component)
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Fig. 3. Electromagnetic fields of Hertz dipole ( 0 component)
a) By Mathematica
b) By Macsyma

CONCLUSION

In fact these problems have been studied so that the trustability and compatibility of symbolic
computation should be presented in a commentary manner, SCT could also be applied for
much more complicated problems in different coordinate systems
If we analyse the obtained figures by two different packages we can easily notice the fact that
the forms of the graphs are very similar. There exist some discrepancies that are supposed to
be caused by different numerical procedures followed in the structures of these two packages.
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ABSTRACT

The basic stages of the technique of calculation of effective electromagnetic parameters of
composite materials and nonuniform media are presented. The technique is based on the
method of minimum autonomous blocks. The example of usage of this technique for
calculation of effective parameters of a composite containing segments of conductive fibrils is
given.

BASIC STEPS OF THE TECHNIQUE
Generally, a method of calculation of effective electromagnetic properties of composite
materials and nonuniform media includes: a choice of the key electromagnetic problem;
solution of the key problem taking account of the interior structure of composite; finding of
the effective electromagnetic parameters through the solution of inverse problem. As a key
problem we shall consider the interaction of a plain linearly polarized electromagnetic wave
with a flat stratum of a composite. The interior structure of a composite can be periodic or
statistically homogeneous. If the sizes of structural inhomogeneities of composite are small in
comparison with the wavelength A, then the electromagnetic properties of the flat stratum of
a composite illuminated by the electromagnetic wave can be characterized with the aid of the
scattering matrix S. For calculation of this matrix, the use of the technique outlined in [1] is
possible. This technique is based on the method of minimum autonomous blocks (MAB) [2]
and the theory of periodic structures [3]. The basic stages of this technique are given in Fig. 1.

a) b) C)

Figure 1

In Fig. 1a, a fragment of a flat stratum of a composite relevant to the initial key
electromagnetic problem is shown. Transition to an electromagnetic equivalent problem is
carried out. The virtual waveguide shown in Fig. lb corresponds to a single period of
composite. On its walls the requirements of periodicity are imposed. In view of the smallness
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of the cross section of the virtual waveguide, in the spectrum of scattered on the wavequide
inhomogeneity electromagnetic field, it is possible to take into account only the zeroth
Floquet harmonic. The area of the virtual waveguide containing spatial inhomogeneity is
divided into system of rectangular blocks, as shown in Fig. ic. According to the MAB
method, each of these blocks is considered as an independent block, whose electromagnetic
properties are characterized by the scattering matrix. The scattering matrices of separate
blocks are used in calculation of a multichannel scattering matrix within the framework of the
procedure of integration of the neighboring blocks. The relations for the elements of the
scattering matrices and a relevant recomposition procedure were explicitly presented in [2].
The required scattering matrix of a flat stratum of a composite is obtained by the relevant
averaging of elements of a multichannel scattering matrix.
For calculation of the effective electromagnetic parameters of a composite (s'f ,/p. ) it is

possible to use the relations of [4,5]:

8 , ' -z-2)2 (1)

I'f P'~ )' 27d

p=x+ x2 -1• , p1 •_1; (2)
-C=(Vi - p)/(1 -VIP); (3)

x= , V,=S21+SII; V2=S21-S 1 . (4)

where S1,,S21 are the elements of the scattering matrix S of a flat stratum of a composite.

NUMERICAL RESULTS
As an example of usage of designed technique, we shall consider the results of calculation of
an effective permittivity of the composite material, whose fragment and the notations of
design factors are shown in Fig. 2.

A !dx

Figure 2

The composite is formed from short perfectly conducting wires having square section with the
side length 8. Other parameters are as follows: d. =78,d, = 98,d, =118. The effective
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electromagnetic parameters of composite are calculated for the case of a plain
electromagnetic wave propagating along the z-axis, and electric field E II 5. The calculations
were performed in the assumption that dx, /1 2. In Fig. 3, the dependences of the effective

permittivity of the composite on value of separation between end faces of wires
A (d; - 1) are presented for different values of permittivity of material filling this gap.

6eff 25 ,-,__

20-

15-~~~~ -- =1 .......... ..

1 0 . .............. .. ...................... ................ ................. .............. ................ ............ ..... .... ....

5 - . . . .. ... .. ..

10

0,00 0,01 0,02 0,03 0,04 0,05 0,06 0,07 0,08 0,09 0,10

A/d

Figure 3

A strong dependence of ceff on A can be used in development of artificial dielectric materials

with controllable properties.

CONCLUSION
The offered technique ensures an opportunity to calculate the effective electromagnetic
parameters of materials and media with a composite interior structure and does not put
restrictions on the density of particles and their shape. The usage of the technique will enable
one to develop and examine composite materials with new electromagnetic properties.
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ABSTRACT

The numerical method is suggested for analysis of electromagnetic interaction by scattering
fields of perfect conducting obstacles. It is based on the using of cell collocation technique.
Parameters of the numerical models are defined by minimizing of the regularization
functional. The estimations of accuracy for the different obstacles are obtained.

The electromagnetic interaction of the antenna systems and the scattering obstacles can be
determined by integral equations method. These equations are used for determination of the
scattering fields by appropriate numerical model. When an incident electromagnetic field of

the antenna system E' ,H is scattered by a perfect conducting obstacles with surface S, the

scattered fields can be determined by integration when the surface current density j. induced

on surface S is known. This surface current density can be determined from the incident field
by solving either the magnetic field integral equation or electric field equation, which are
consequences of the boundary condition at the perfect conducting surface:

-•. = -.×II 1
is =2x H + -- x fJs x grad'G(r,r')ds';271 s

2n S

where G(F,r"')= exp(-iýr -F' )/ji - 'P; i,i'- radius-vectors of the observation and source

points respectively; Div denotes the surface operator; ni is the unit normal vector in an
outward direction from S.

These equations can be arranged in the form

Lu---f,

where L is an integral operator; u is an any scalar component of the js; f is the known
incident function.

Let us consider the method for calculating the unknown functions u by using the cell
collocation technique. Assume that the integral equations solving results can be transformed
into a numerical model of the appropriate scattering problem. The cell collocation technique
as a part of the method of weighted residuals allows approximating u in terms of a finite

series of basis functions {p, } as

Kharkov, Ukraine, VllI-th International Conference on Mathematical Methods in Electromagnetic Theory



MMET*2000 Proceedings 179

N1U= Lan~n,

n=l

where an is an arbitrary constants to be determined. For any numerical model the residual
function can be determined as

N

F= Lan'L(Pn -f:.
n=1

Then we follow the traditional procedure of the weighted residuals method [1] by using the
auxiliary weight function w, which is defined as a finite series of basis function I W

M
w = Z bmym,

n=1

where M is a number of basis elements. The functional in form inner product of the residual
function and auxiliary weight function is defined as ( ,w) and determined the weak form of
the operator equation

(Ew J{ anl-n r f} bmNnmdS= I Ibm(E, Yn)

and equality (s, w) = 0 must be fulfilled. We obtain the system of linear equations with an to
be found

{ aIp, -f Wmds = Zan(-Lpn,XJm) -(f,Yxm); m=,...,M
s (n=l n=1

The matrix form of this system may be represented in the following way

A a=F;

Annm=(L-pn,,m); a=[a, a 2 ...aN]t; Fm=(fWm).

The appropriate choice of the pair I T }, { W M determines successive solution of the problem.

The often used pairs of functions are given in [2]. The cell collocation technique basis as

{Ir } employs as a rule the series of 6 -functions and a pulse basis as {Xm} [1]. We propose a

successive modification of the cell collocation method for calculation of the surface current

density Js. We shall use pulse basis of several shape both {"n},{Wm}

s,= {l; s' [s'-A'/2, s" + A'/2];. i1/A; se[Sn-A/2, Sn +A/2];
-; s' E[s'-A'/2, s' + A'/2].' m ; s [s-A/2, s()A/2].

~{2[s' Z(sn -A'/2)]/A'; s' c[s' -A'/2, s" + A'/2]. (2)
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( F2(s, 1-A/2)/A; se[s,,,-A/2, s,,,+A/2].

where (1), (2) is rectangular and triangle two-dimensional basis respectively, A',A - pulse

basis parameters, s', s denotes coordinates of the source and observation points respectively

in the inner products. For these simple basis it is possible to calculate coefficients of linear

system by using simple three-point Simpson's integration formula. It is important to note that

the Green's function derivatives in weak form of the operator equation are absent. The surface

derivatives can be moved outside the inner integral of weak form and apply to pulse basis.

Thus, dominant diagonal elements of linear system provides stability of the numerical

computations. Obviously, optimal choice of the basis parameters is defined by properties of

surface S and prescribed accuracy. Often it is necessary to expand basis series in case of

unstable numerical integration results for sharp irregularities of S. In other cases substituting

the truncated series of the finite basis function into the integrands and integration will occur

with A',A which have no instabilities. Successive way for determining A',A is followed

from the known variational approach. According to [3], consider the functional

The choice of optimal basis parameters is reduced to minimize prescribed functional under

condition j, = const. The resulting matrix of the linear system is still valid and optimal basis

parameters satisfy main problem conditions, i.e. a stable computation, appropriate accuracy

must be fulfilled. This method was applied to the test problem of scattered field computation

by perfect conducting two-dimensional cylinder solved previously by the finite-element

method. The comparison of the numerical solutions with the exact one shows that the method

described here is more efficient. Numerical results for other cases will be presented.
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ABSTRACT
The axissymmetric scalar diffraction problem is presented. The singular and hypersingular

integrals with normal derivative of double layer potential are considered. The methods of singular
and hypersingular integrals calculation are proposed.

STATEMENT OF THE PROBLEM / y
Suppose the scatterer is symmetric to the axis Oz

and infinitely thin with finite disclosed surface S.
Generatrix of scatterer is a smooth contour L in the plane
xOy. Let us assume that the considered body is O
illuminated by Oz symmetric wave in the form X
H*(t,z-) = H*(t)exp(- coz),t E R3 (r is time, co is
circular frequency). We have to find the solution of
three-dimentional Helmholtz equation, that satisfies the
conditions: of Neumann on the surface S; of Meixner
type near the scatterer ribs; of Sommerfeld which
excludes waves propagating from infinity (except the
exciting one). Fig. 1. Infinitely thin disclosed shell

Let us find a solution as a double layer with curvilinear profile
potential [1]:

H S(T) = j exp(ivr(T, t))),f (t)dS (1)~a (r= sT, t
Satisfying the Neumann condition on the surface S and taking into account the axis symmetry of
the problem, the ribs' conditions and applying parametric equations of surface S:
x=l(v)cos(qo), y =l(-)sin(yp), z = z(vr), -1(r(1, -P • _<• _ (9is polar angle in the
plane xOy) we obtain:

1 • ~ex~p[iXr+,-, o,V•)]{ 1 [ eI-To tr~~d~

fJ-l(r I-[, p rv ) (r(r, rO,1()) 2  r(, z-o, 9) i Re(tto t tol(d d-±

+ 1 J()Vi' _ [exp[izr(z-,Z0ro )]

21- ix ... X-' r(z-Oo

______- ~ 2Re O T t - tT d~d -Io(2)
t (r(T, To,•] (0)) t0¢ Z- R _-to It'lt•) It'lt•) dr(d, tTO 0 00 ,2

where f(v)V -7 .

We can rewrite (2) in the following form:I 1/W exp(i~rz -,z0 p) i epi rzz',()1~ d
7r - (r(z-, z-0, (p))3  (r(, z-0 , (p)) J
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11 ITexpQi~r(z-, )
+±- f pdf,~lmr)

I-]-5 j-~imoV Z 1 iyexp(ixr(mro,qr,))d d7
2 -1 (r-ifo'(p)

--K5 ~ fexpi~vx0 )J 7 1 7  TO (,)) S,(3
- f f (pdi- = - I G~ oE 3

where gToRe _-otf gIT r)=R (-to t -'T
g(Tro> Re tto , g1tvp Re to -g( 0 , 0 =t

It is clear that integrals in (3) have logarithmic singularity and hypersingularity as 7-To2

type at T --> TO.

We shall consider the regularization method of these integrals [2].
Let us make the following steps:

I3*(v 0 >zJI1 7)g&,r0 'rOV11 -iTfrf" exp[ixr&:v'ZO')]}dqdr (4)

- O 1 - exp[ix{r(, Z0 , 0]1 -Iizr('v, ZO' 0)- 2 dqod T+ (5)

where 1 33&O (Z ' p~~~ )i Idqd, 6

2 fl ~ r(z,,z'), ()
Making the similar steps with integrals (6-8) we obtain singular and hypersingular integrals:

13 3 0 (To fJ 1  9 T O 1-vg 1, 1 )Jd (9)
(r(r,r1_,qý))3

I33r (-CO> 1 Vi (1-, 10XvC-CO )J'T 1 d~pdzr, (10)

1Z- f(11) oX_ o)2dpr
I33rrr)Siig&v v-) 2  (r(r~rq, ))3 div

13 20 (ro)f J i-I-g(r ro )f I~ 2 dqpd, (12)

(r(-, z0 , (p))

13r-o=I d(d- (14)
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Using proposed approach we can calculate all integrals. It is possible to calculate
effectively the integrals in arbitrary points of their definitions:

n - 1 Z - M ( -
M(ir)•~ I I Sk(M('K), (15)

nt k=O

where Sk (-)= 1 + 2Zcos(m(pk)cos(marccos(z"-) ok = (- 1( m =1 2n

We have tested the presented approach for singular integral (13) when complex coordinate

t of contour L describes parabola t = a/ 24 + +,++)2 /2+; -a=1, c-=1:

points Integral (13) Interpolation poli- points Integral (13) Interpolation poli-
nomial for (13) nomial for (13)

-0.9 11.7864 11.7864 0.1 6.85673 6.85673
-0.8 9.88613 9.88613 0.2 6.74371 6.74371
-0.7 8.87401 8.87401 0.3 6.61591 6.61591
-0.6 8.24451 8.24451 0.4 6.46763 6.46763
-0.5 7.82819 7.82819 0.5 6.29430 6.29430
-0.4 7.54292 7.54292 0.6 6.09220 6.09220
-0.3 7.34070 7.34070 0.7 5.85830 5.85830
-0.2 7.19013 7.19013 0.8 5.59005 5.59005
-0.1 7.06929 7.06929 0.9 5.28532 5.28532
0 6.96214 6.96220
As seen, it is enough to calculate the integrals in node points.
After regularization of the left part of (3) we obtain the sum of regular and singular parts.

Note that hypersingular integrals diverge in normal sense, but they converge in the sense of
Hadamard's finite part [3]. All regular integrals are smooth on the integral interval. Therefore we
can use quadrature formula for these integrals [4]:

;1 •-Trf (z)dz"zZ(¢); (16)

n k=1n 1 (4 ,F2 n1
where i2cOs(m'k)J,' J = J, cos(mzX- cos(z-)) + cos(z-)dr,

S7'3 m=l

Vk = cos 2k - Irk = 2k - , k = 1..n,
n ,7n ,n=1( n-1 )

and J 1j(T)dT z - j(Zrk)7( , k77 =- 2-2 ' cos(mqok (-1)m.1 / (17)k=l n( m=2,4,.... (M + 1)(m - 1)"

Thus, using the proposed approach we can calculate the singular and hypersingular
integrals and then obtain the system of linear algebraic equations using quadrature formulae (16-
17).

REFERENCES
[1] Colton D., Kress R. Integral Equation Methods in Scattering Theory. - New York: John Wiley &

Sons, 1983, -311 p.
[2] Ovsyannikov 0. I. The Numerical Method of Scalar Scattering Problem Solution// Proc. VI Intern.

Conference MMET'96. P. 121-124.
[3] Nazarchuk Z. T. Singular Integral Equations in Diffraction Theory. - Lviv: Karpenko Physico-

Mechanical Institute, 1994, - 210 p.
[4] Panasyuk V. V., Savruk M. P., Nazarchuk Z. T. Method of Singular Integral Equations in Two-

dimensional Diffraction Problems, - Kiev: Naukova Dumka, 1984, - 344 p. (In Russian)

Kharkov, Ukraine, VIII-th International Conference on Mathematical Methods in Electromagnetic Theory



184 MMET*2000 Proceedings

DIFFR - A UNIVERSAL SIMULATION ENVIRONMENT FOR
TWO-DIMENSIONAL DIFFRACTION PROBLEMS

M.Gilman, A.Mikheev
Institute of Problem in Mechanics, Russian Academy of Sciences,

and S.Sadov
Keldysh Institute of Applied Mathematics, Russian Academy of Sciences

ABSTRACT
A universal environment for computer simulation of two-dimensional time-harmonic
diffraction problems has been created. The purpose is to provide a convenient and reliable
tool for testing and benchmarking of diffraction solvers with an up-to-date interface and a
number of well-tested and calibrated solvers that cover a wide domain in the space of the
problem parameters. Interface conventions will allow users to add their own solvers to the
product's front-end. The software may be used for direct field calculation in presence of a
particular scatterer and for tests of new numerical methods that deal with diffraction
problems.

PURPOSE OF DIFFR AND DIFFR-LIKE SYSTEMS
Numerical solution of diffraction problems is of crucial importance in design of elements of
wireless and optical communication lines, various nondestructive testing techniques,
acoustics, etc.
While a huge literature on numerical methods for diffraction problems is available (see, e.g.,
our recent survey [2]), every group working in this area encounters a necessity to create its
own software, which is often "reinventing a wheel". Having a software like DIFFR can
sometimes eliminate this necessity, especially for those interested primarily in running
simulations rather than in numerical methods for their own sake. When a custom software is
really needed, DIFFR-like systems would largely reduce debugging time and help to
understand applicability limits of custom algorithms. Another possible application of such
software is testing solvers of inverse scattering problems.

ANNOTATION OF THE DIFFR SOFTWARE
DIFFR is designed as an umbrella for various solvers of diffraction problems and as a
testing/validation tool. It deals with a well defined, restricted, still a wide class of diffraction
problems that occur in electromagnetics and acoustics. Roughly speaking, its scope embraces
most standard problems described by a two-dimensional scalar or vector Helmholtz equation
(including time-harmonic Maxwell equations) with appropriate boundary and radiation
conditions.
DIFFR software consists of two parts: (1) a shell - user interface for 2D diffraction solvers
with modern graphical look and feel and scripting facilities for automated serial
computations; (2) a set of diffraction solvers that covers a big part of the parameter space for
common 2D diffraction problems. The supplied solvers are thoroughly tested; their areas of
applicability and numerical behavior is described.
Hence DIFFR may be directly used for solving many standard problems. User-supplied
solvers can be added, too. DIFFR provides convenient and reliable tools for testing and
benchmarking of Diffraction solvers, both embedded and external.
DIFFR is designed to be cross-platform portable at the code level. Currently, compilation of
the code is carried out for Windows-9* and Linux operating systems on Intel-based
computers.
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CLASS OF DIFFRACTION PROBLEMS
Time dependence: harmonic. This excludes transition processes.

Space dimensionality: 2. The reasons that essentially 3-dimensional problems are set aside are
as follows:

* Many real diffraction problems can be treated as two-dimensional if the scatterer is a
long cylinder of an arbitrary cross-section.
* Most important 2D scattering configurations can be easily classified, while 3D
problems are much more individual.
* A number of recent state-of the-art algorithms for two-dimensional problems combine
high precision and excellent performance, thus making available instant on-click two-
dimensional simulations.
"* For educational and research purposes, 2D simulations are often sufficient.
"* Some 3-dimensional features are preserved in a 2D-model, such as polarization and
direction of incidence (arbitrary, i.e. not necessarily orthogonal to the cylinder's grooves).

Frequency range: resonant, i.e. a typical size of the inhomogeneity is comparable to the
wavelength.

Boundary conditions/polarization: all types of physical boundary conditions and/or
polarization.

Direction of incidence: arbitrary. In particular, in case of an EM wave incident on a
cylindrical surface and the Pointing vector not in the cross-section plane, two polarizations do
not separate, and instead of a scalar Helmholtz equation one gets a vector Helmholtz equation.

Geometry of the scatterer: either a bounded obstacle or an infinite periodic diffraction grating.
The boundary can be smooth or piecewise linear. In periodic case, the scatterer can be a
continuous surface or a discontinous periodic grid. Smooth boundary is described by a finite
number of Fourier coefficients (in Cartesian or polar coordinates, depending on problem
type).

Properties of media:

From mathematical point of view, properties of the wave-carrying media determine a number
of regions where the Helmholtz equations are solved, and (together with polarization) a type
of boundary conditions. Currently, the number of media is limited to 2. The following
problem types are possible:

"* reflection from a perfectly conducting boundary;
"* reflection from an imperfectly conducting boundary (Leontovich's boundary
condition);
* transmission (refraction) through an interface between two dielectric or lossy
materials.

Results of simulations

DIFFR-conforming solvers can provide amplitudes of diffracted waves in a far zone: in a
given or all possible directions (radiation pattern), or the whole scattering matrix; surface
current; near-zone field where available.
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Far-zone results are considered to be more important and are in general more reliable.
Classical energy criterion is used for validation of results in case of a conservative problem (if
the whole scattering matrix is available, the energy criterion is the unitarity check). Another
simple criterion that is employed can be called a "back flux" criterion. It consists in
calculation of an "incident" field from a "diffracted" field in the problem with reversed
radiation condition. This criterion is applicable even to problem with losses.
Solvers may provide some data from their process of resolution, such as resolution time or
condition number of the linear system obtained as a discretization of an integral equation.

Solvers

DIFFR provides fast asymptotic solvers: for small slope profiles (Voronovich's Small Slope
Approximation), for high frequencies (Kirhhoff with corrections; GTD); simple Rayleigh
solver for shallow analytical profiles; and solvers based on boundary integral equations,
implementing different discretization schemes, from a robust collocation method with
piecewise constant elements to high precision quallocation schemes (due to R.Kress and
others).
Smooth and piecewise linear boundaries require quite different numerical methods, so the
solvers are accordingly divided into the two categories.
Besides the problem's physical parameters, each solver possesses such internal parameters as
a number of mesh points, etc. They can be set up via the graphical user interface or a script.
Although DIFFR is not as intelligent as to suggest a solver most appropriate for a given
problem, the supplied solvers are provided with a description that should help in this respect.
DIFFR uses a standardized gateway between the shell and solvers, which allows the users to
add their own solvers.

MORE ABOUT DIFFR
Predecessor of DIFFR Version 2, which is currently being developed, DIFFR-1, had been
released in 1993 and described in [1].
A reflection of research activity that lead to the creation of DIFFR-1, as well as results of
numerical experiments regarding areas of validity of various asymptotic methods for
diffraction problems, can be found in [3].
The authors have set up a website where an up-to-date information regarding the DIFFR
project can be found at URL: http://www.DIFFR.com.
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ABSTRACT
The plane wave diffraction by a thin material strip is analyzed for both E and H polarizations
using a new analytical-numerical approach together with approximate boundary conditions.
The problem is reduced to the solution of infinite systems of linear algebraic equations. The
final results are valid provided that the thickness of the strip is small compared with the
wavelength. The scattered field is evaluated asymptotically and a far field expression is de-
rived. Illustrative numerical examples on the radar cross section are presented and the far field
scattering characteristics are discussed. Some comparisons with the other existing method are
also given.

INTRODUCTION
Analysis of the scattering by imperfectly conducting and absorbing strips is an important
subject in electromagnetic theory, and it is relevant to many engineering applications such as
antenna and radar cross section (RCS) studies. A resistive sheet can be regarded as a suitable
model of thin material layers and there have been investigations on the scattering by resistive
strips based on some analytical methods [1,2]. It is also known that a thin material layer with
arbitrary permittivity and permeability can be modeled more accurately by a pair of modified
resistive and conductive sheets each satisfying given boundary conditions [3-5].
In a previous paper [6], we have analyzed the plane wave diffraction by a thin dielectric strip
using a new analytical-numerical approach [7] based on the orthogonal polynomial expansion
in conjunction with the Fourier transform, where an efficient solution has been obtained for
the strip thickness small compared with the wavelength. In this paper, we shall consider a thin
strip consisting of a homogeneous material with arbitrary permittivity and permeability as a
generalization to our previous geometry in [6], and analyze the plane wave diffraction for
both E and H polarizations. Applying the approximate boundary conditions to an integral rep-
resentation of the scattered field, the problem is formulated as two integral equations satisfied
by the unknown current density functions. Expanding the current density functions in terms of
the orthogonal polynomials, our problem is reduced to the solution of two infinite systems of
linear algebraic equations (SLAE) satisfied by the unknown expansion coefficients. These co-
efficients are determined numerically with high accuracy via appropriate truncation of the
SLAE. The scattered field is evaluated asymptotically and a far field expression is derived.
We shall present illustrative numerical examples on the RCS and discuss the far field scatter-
ing characteristics in detail. Some comparisons with Volakis [4] are also given to validate the
present method. In the following, the analysis procedure is presented only for the E-polarized
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case, but numerical results are given for both polarizations. The time factor is assumed to be

e-i' and suppressed throughout this paper.

SOLUTION BASED ON THE ANALYTICAL-NUMERICAL APPROACH

Let us consider the diffraction of an E-polarized plane wave by a thin material strip as shown
in Fig. 1, where the relative permittivity and permeability of the strip are denoted by 6, and

/p,, respectively. Let the total field be E:(x,y)=E E•(x,y)+E E•(x,y), where Ei(x, y)

[=e-ik( x°+)7)] is the incident field with ao= cos 0, for 0<0 <zr/2 and k(=o 6cv0•,,) being the

free-space wavenumber, and E,(x,y) is the unknown scattered field. The material strip is re-
placed by a strip of zero thickness satisfying the boundary condition corresponding to modi-

fied resistive and conductive sheets [5] under the condition
A *'(.E') that the strip thickness is small compared with the wave-

h, - length. Then the total field satisfies the boundary condition
: y on the strip as given by

H (x,+o) + H,(x, -0) + 2Rk,[E: (x,+O) - E. (x,-O)]= 0
Fig. 1. Geometry of the problem. (1 a)

F 1 +1 (1 +i 2 +1 . 02=Hr("+0

+ ',(]R - "')][Eý(x,+O)+E (x,-O)]=Hx(x,+O)-Hx(x,-O)' (1 b)
L 2R, 2R, k' Oy

where Rk=iZ/[kb(r,.-1)], R,, =iY/[kb(tr -1)], and k,=iZU•1/[kb(/pr-l)] with Z(=I/Y) being
the intrinsic impedance of free space. Using Green's formula, we can express the scattered
field as

Es(x, y)Z["J(x')-L4 J-(x') ) [k-(x-x')2 y2] dx' (2)

with H,'(([) being the Hankel function of the first kind, where J.(x)[= H,(x,+O)-H,(x,-0)] and

J. (x) [= EK (x, +0) - EK (x, -0)] are the unknown electric and magnetic current density functions,
respectively. Taking into account the boundary condition as given by (la,b), we obtain from
(2) that

2ZR J.*(x) = 2 ] -ae'e + I•iM_7a J(x')H(1 ) [kl(x +) y2 ] dx', (3a)
v-*0 2k y -LJ

+(R)=- ) Y-,0 2 12k 2R k y_-

Equations (3a,b) are the integral equations to this diffraction problem. Taking the finite Fou-
rier transform of (3a,b) over the interval I x j< a and using the integral representation of the
Hankel function, we are led to

J in .(3 a0 ) 1 sin K(a - 8) a2ZR,,, F(fl)=4 s in6)a4) 1- F(a) I8a2 da, (4a)
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1 a. sic+,))Z 1 1 o a incaf
Fý(16) =-2i + Z____ _ d

Re R) Kc(/ + ao) 27r( Re RC 1 a a 8 (4b)

+ g sin )(a-,8)
+ f'v fFa)V 1-a a-fl

with K = ka, where

,(a)= J;(ax)e dx', F.(a) = J ( ztax)e ax. (5)

It can be shown that the unknown functions J (x) and J.(x) are expanded in the form

J =W T Jý',fJx=J + 2 JT.(x(6

()J,, a 'L(x)- al(a do n a ' (6)

where 7,,(03 and U,,(E) denote the Chebyshev polynomial of the first and second kinds, respec-

tively. In (6), J,•x: for n = 0,1,2,... are unknown coefficients to be determined. Substituting (6)
into (4a,b) and applying some properties of the Weber-Schafheitlin discontinuous integrals,
we derive the two infinite systems of linear algebraic equations (SLAE) as in

(A,,, + 2ZR,,,B,,,,,)J;x =y,, (-C,,. -D.,,, + E,,,)X' =y (7)
n=0 n=0

for m=0,1,2,-.., where X' =Jo', X- =2(-i)nJ,,/n for n=1,2,3,.-.. In (7), Aý,... B,,,,, C,,,,, D,...

E,,, .. y', and y, are known coefficients. The unknowns Jx,- are determined with high accuracy
by solving (7) numerically via truncation.
NUMERICAL RESULTS AND DISCUSSION
We shall now present illustrative numerical examples of the RCS for both E and H polariza-
tions to discuss the far field scattering characteristics of the strip in detail. Figure 2 shows the
monostatic RCS as a function of incidence angle, where the strip width is 2a 22, 32, and

10 : ! 10 : : : ! ! /

.o.....• : ; 4 : .-:...... I ...... ...... ...... /........o...... - [

C) C)
-2 ... . •; , -.. .2;0''

-0 15 0 ...... 60 75 90 "0 ... 30 4. 6. 7. 9

INCIDENCE ANGLE [deg] INCIDENCE ANGLE [deg]

(a) 2a, = a2 (b) 2a = 3A.
Fig. 2. Monostatic RCS versus incidence angle for b =0.05A, e, 2.5 + ii .25, ý 1.6 + A&8.. :E polarization; ----

20 20

10 .... .., , ,,.,, ,...-2....'. . . .... t / k, r ............

z 10

0) . 0

o ..

--20

z 30 ý- '. . . . . . ... . .. . .m 3 . .. . . . . . .. . .
0

5 -40

"15 30 45 60 75 90 -5 30 60 90 120 150 180
INCIDENCE ANGLE [deg] OBSERVATION ANGLE [deg]

Fig. 3. Monostatic RCS versus incidence angle for H po- Fig. 4. Bistatic RCS versus observation angle for H polariza-
larization, 2a =2/2, b = 0.05A, e, = 4.0, p, 1.0 and its tion, 0, = P~, 2a= 2A, b =0.05A, c~, =l.5 +iO.l1, pi, =1.0
comparison with Volakis [4]. : this paper; - --- : Vo- and its comparison with Volakis [4]. : this paper;
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the strip thickness is b = 0.052.

As an example of existing lossy materials, we have chosen the ferrite with r =2.5 + il.25 and

A. = 1.6 + iO.8 in numerical computation. It is obvious that the peaks at 900 in the figure corre-
spond to the specular reflection from the upper surface of the strip. We also notice that the
RCS shows sharp oscillation with an increase of the strip width as can be expected. It is inter-
esting to note that the RCS level for the E polarization is lower than that for the H polarization
over the whole range of the incidence angle.
This problem has previously been analyzed by Volakis [4] for the H-polarized case based on
the plane wave spectrum method together with the extended spectral ray method. In the for-
mulation, Volakis employed the same approximate boundary conditions as in this paper. Fig-
ures 3 and 4 show comparisons with the results obtained by Volakis, where the monostatic
RCS as a function of incidence angle and the bistatic RCS as a function of observation angle
are illustrated. It is seen from the figure that our results agree reasonably well with Volakis's
results.
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THE CASE OF OBLIQUE INCIDENCE AND ARBITRARY

POLARIZATION
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Taganrog State University of Radioengineering, Nekrasovsky, 44, GSP - 17A, Taganrog,
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ABSTRACT

Plane wave scattering by single or double slots is investigated in the case of oblique incidence

and arbitrary polarization. To this end, systems of singular integral - integro-differential

equations of the first kind are constructed and discretized by a Krilov - Bogolubov method.

Several tests and extensive comparisons with available results were made in order to validate

the numerical results. Surface magnetic current densities, angular radiation pattern, equivalent

surface impedance and the radar cross sections were calculated for different geometrical

parameters of the structure and space parameters.

THEORY

Dielectric loads are often used as convenient means for modifying the scattering properties of

the basic slot scatterer. In particular radar cross-section reduction can be achieved by selection

of physical parameters dielectric constants, slot dimensions and angle of incidence.

The problem is formulated in the following statement. The unlimited space is divided by the

indefinitely thin perfect conducting screen into two areas V1 and V2 (Fig. 1). The area VI with

parameters Zal, 1Ata contains
y

stimulating sources, located in

V1 volume Vj. Area V2  with

• -, parameters 9,'2, 1a2 is without
•al '•!af

stimulating sources. The area V1

So So jj , borrows the whole top half-space

-a 0 V2  a X and is limited by a surface S1, the

"6a2 N2 area V2 - by a surface S2 . The

areas are connected by two parallel

Fig. 1 Geometry of the problem

Kharkov, Ukraine, VIII-th International Conference on Mathematical Methods in Electromagnetic Theory



194 MMET*2000 Proceedings

cracks of width So each, divided by strip conductor of width d. From the upper half-space

drops plane electromagnetic waves (Eexc, Hexc) under a angle (p, counted from perpendicular

to a surface of a screen. We consider the characteristic of exciting sources and design

parameters to be independent from coordinate z. It is necessary to define scattering field.

The solution of the problem is carried out by a method of the integral equations. Using the

relation of Lorenz lemma in the integral form, boundary conditions, conditions of radiation in

the case of H(TE)-polarization results to integral equation

f Jj' (x'( H(1 (k Ix - x'x) + '!a2 H(" (k 1 - - Hexc

wher th 2 0 0 1  d2 0 Z (xO, YO)

where JM is the equivalent surface magnetic current, k, = O talga, H(02)(k 2 tx-x') is the

Hankel function of the second kind and order 0.

Set y' = 0, x' C [- a,a] and apply the boundary condition

[,Ht2 x',) where n1 =-iy. Then, after some

transformations [1], we end up with the integrodifferential equation in the case of E(TM)-

polarization:

aX I0a _a J, a-H(2)• a '"0(l~x

+X 2)1 aI JJx')(x) H(2 (kR)dX' +° ),ga1 f J ` (x')H(2)(k2R)dx' +

axx 2 oga2 _a , ax' 2 a_

I a JM (r al(x') (k2R) d (0 C-a2 ( a (2)
+x 2012a''___afd'+ jJjm(x')H0  (k R)dx) H 'X (x, yo)

2(92-a x -a)

where JM (x) is the equivalent surface magnetic current, R = -(x-x')2 +(y- y,) 2

In the solution procedure JM (x) and JM (x) are approximated by a linear combination of

known linearly independent basis functions. In this paper using pulse functions JM (x) or

jM (x) is represented in [-a,a] by a plecewise - constant approximation as

N
JMZ(x))= ZC.PFn(x)

n=1

where C,, are unknown constants and the pulse functions P,, (x) are defined as

Pn (X)=l, xE(xn-AI2, xn +AI2)

0, otherwise
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NUMERICAL RESULTS AND DISCUSSION

To validate algorithms internal as well external tests [2] have been carried out. Following

results were obtained: 1) surface magnetic current densities for the single slot and for the
double slots; 2) angular radiation pattern; 3) radar cross sections and 4) equivalent surface

impedance. Fig. 2 shows the equivalent surface magnetic currents across a slot. Fig. 3 shows
formation of field pattern i the case of H-polarization/E-polarization. These numerical results

may be easily used for error valuing of the field pattern for kJR : .
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90

90 120 ...... 60

120 6(1 
. .........

.. " ..... 0•3.... .0//O .... '. -OPT 30

I,5o' , • ' , 30 ' , .. , .0 3 , >- ' " "
0.070'
'x ISO ; .. ., ........ .... ......

H go HX00
S•..>: •' .\ ;;r: ,• 7.,/

... ".330 " - , .•

240 3(0 270

270 1
" 22
23
3 4
4

(a) (b)
Fig. 3. Normalized field pattern in area V2 and for several values of R ( structure of Fig. I d =0, So =3?

'al = Io. sal = Ia2 R ) in case H-polarization (a) ( p = 600 ta2 = (2.68 -10.2 .10- 4 i)6 0 ) and E-polarization

(b) ((p = 00 g,, 2 =o). 1- R = 0.5% , 2- R = 2?,, 3- R = 7X, 4- R = 100X .
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THE ELECTROMAGNETIC WAVE DIFFRACTION BY A
PARTIALLY SCREENED ANISOTROPIC DIELECTRIC CYLINDER
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A solution method is suggested to the difraction problem of a homogeneous plane H-polarized wave
on a partially screened dielectric anisotropic (hyrotropic) cylinder. In the method, the original bound-
ary value problem in terms of the Maxwell's equation is equivalently reduced to the system of dual
series equations whose singular part is converted using the direct solution of the corresponding Rie-

mann-Hilbert boundary value problem with the specially developed analytical regularization proce-
dure. The result is the second-kind system of linear algebraic equations with Hilbert - Schmidt opera-

tors in the 12 -space to be effectively solved with the reduction method.

The plane electromagnetic wave diffraction is considered as applied to a partially screened circular
dielectric cylinder with the related permittivity tensor as following

E1 i -2 0

=-i62 l 0.

0 0 C3

The screening is realized with an infinitely thin and perfectly conducting unclosed circular cylinder
with the generator parallel to the geometrical axis of the anisotropic cylinder taken for the oZaxis of
a Cartesian coordinate system Oxyz.The open system extends infinitely in the oz direction, and the

excitation electromagnetic field has no z- dependence, suggesting the two - dimensional diffraction
problem consideration.
L.In mathematical terms, the problem is as follows. Let S be a section through the uncloused screen

in the Xo Y plane, with the completion AS of the circle, S = Su AS. The partially screened di-

electric anisotropic cylinder is illuminated with an H- polarized wave

V0(x,y) = exp(-(i30cos(q-ca))) which is incident normal to the cylinder axis. Here (r,q() are

27cz
polar coordinates originating at the anisotropic cylinder axis, a is the screen radius, k - - , and,22

is the excitation wavelength. The electrodynamical system is buried in vacuum. The problem reduces

to finding the diffracted field described by two functions V1 (x, y) and V2 (x, y) which are the solu-

tion of the boundary value problem

61A V2 (p) + k 2 (I -r f)V 2 (p)= 0,r< a,
(1)

AV 1(p)+ k 2 VI(p) = 0,r > a;

lim Vgo(p + hn)+ V1 (p + hn)) =

O<h->O pdS (2)

1iM (XV 2 (p-h i) XV2 (p-hfi) )I P 0
O<h-->O UI nNf
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HMOn((I -- 2) V2 (p-hii)- V 0(p+hii) - V(p+h~ii)) 0

(3)
lira (eI (VV2 (p - hf),ii) - i62(VV2 (p - hi),•) - (VV1 (p +hii),i) -

O<h--O
-(VVo(p + hi),i)) =0.

The boundary conditions are that the tangential component of the total electric field vanishes at the
screen
( condition (2)) and the tangential components of the electric and magnetic fields are continuous
across the boundary of the dielectric anisotropic cylinder ( condition (3)).

In addition, for Vm (x, y),Im = 1,2, the Meixner condition holds in any compact in R2 , and V1 (x, y)

must fit the Sommerfeld radiation condition at infinity. The time dependence is exp(- iot); f and

V are, respectively, the unit vectors of an outer normal and a tangent taken at an arbitrary point of

the screen. Functions Vl (x,y) and V2 (x,y) are related to the Hz - component of the scattered mag-

netic field as

Hz = I{(2 - e2 )V2(xy),r < a;
S>a.

The rest electromagnetic field components are obtained from the Maxwell's equations using

Vl(x,,y) and V2 (x, y).

2. In terms of the Fourier series expansion of Vm(x,y),m = 1,2 in function system jetm"" }+0_ and

with Sommerfeld radiation condition imposed, original boundary value problem (1) - (3) reduces to
the system of dual series equations

+00 iý + + -- O 0

I nxn em• -x (1 + e'( .- z)n-

n=l +
+00 (4)

ZxneinO =0; < 30 <•z.
n=-oo

Here t{n J + are the unknown coefficients corresponding to function

Vm(x, y),m = 1,2,9 = ; -+ 9, 0 = 7r - 0, where 0 describes the considered system geometry,

2 2
1 -2 62_

A ~ , and r =

For reasons of space, a quite cumbersome expression of function g(') is not presented. We only no-

tice that it depends on the excitation field and coefficients xn.

(1- -)(1+ 2 z)
System (4) differs from typical systems of this kind by (1 + T)(1 + A -) # 1. On the other hand, if

we use, say, the orthogonality of functions eimqp , m= 0,+1,+2,... on interval [- ;T,z,], (4) is easily

reduced to the infinite system of linear algebraic equations for coefficients Xn. This change however
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is not good in view of the Meixner condition indicating that xn =) Jn2 . This will cause a poor

convergence of the Fourier series in (4) and consequently a clow decrease of the matrix coefficients

of the corresponding infinite system of linear algebraic equations. In addition, the condition numbers

of the corresponding truncated systems of equations rapidly decrease with the truncation order. There-
fore a direct computer calculation of (4) is not possible.
We suggest an alternative approach to the solution of system (4). It rests on the analytical regulariza-
tion of system (4) and yield a closed - form regularizer on basis of the Riemann - Hilbert boundary

value conjugation problem. This approach is presented in [1] and involves two stages.

+-o 
+00

At the first stage, functions X+ (z) = nx, z"n, X- (z) = - n•xn z-1
n=l n=l

which are analytic, respectively, in the interior and exterior of circle Iz! < 1 make it possible to reduce

system (4) to the boundary value conjugation (Riemann - Hilbert) problem of the formX+(W - X-( W -0, r 5
(1- r)(l + + 9(,)2

+() + ( ) + A- ) X - (6)

where d ...

Here)' 1 is the arc of circle 4 = I which connects points exp(- i1) and exp(i4) and passes

through point z = -1, arc 72 is the 7l extension to complete circle Iz4 = 1.

At the second stage, Riemann - Hilbert problem (6) is solved with the following application of Sok-

hotsky - Plemel formulae[2] . A change to the Fourier coefficients yields the solution of (4) in the op-

erator form

S=Bx+ . (7)

= ,where
Here B= A x U,where A = zA1 n,,,•-cx is given in [1], and U Urnc 5 ,, , where

f(1 + 61 - 2 )fo(ka); m= O,u,,, :nm : 0.

Here is the kroneccker delta, and 1;m > 0 where ,, is the smallness pa-Here•,, 5 1, + _-1 + C2 17 < 0= ;ni7 < 0,
I + -I - C2

rameter, with 0, as 0in ±2

M atrix B = IB +,r,---c' gives the H ilbert - Schm idt operator in l2 and = (W n,) =_c- 1l2. On

this basis and in accordance with the Fredholm alternative and the uniqueness theorem it follows that

a solution of system (7) exists and it is unique. It can be obtained on computer with the reduction

method. A knowledge of x, readily gives VJi(x,y), m = 1,2.
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REGULARIZATION BY THE INTEGRAL IDENTITIES METHOD
FOR INTEGRAL AND SERIES EQUATIONS

IN DIFFRACTION PROBLEMS

Pleshchinskii N.B., and Tumakov D.N.

Kazan State University
P.O.Box 234 Kazan, 420503, Russia

E-mail: pnb@ksu.ru

A method of integral identities for the regularization of some problems of the diffraction
theory of the electromagnetic waves is proposed. Two auxiliary overdetermined Cauchy
problems for the Helmholtz equation for a half-plane and for a half-strip are considered. It is
shown that the Fourier transforms of the boundary functions must satisfy some condition. The
special integral identities can be obtained from this condition. In the periodical case the
integral identities have a summatorial identities form.
Two particular problems are studied: the plane electromagnetic wave diffraction on a periodic
metallic grating and the problem of diffraction on a step in the plane waveguide with metallic
walls. It is shown that these problems are equivalent to infinite systems of linear algebraic
equations (ISLAE) of the second kind.

INTEGRAL AND SUMMATORIAL IDENTITIES
Consider the Cauchy problem for the Helmholtz equation in the half-plane

±u Oau 2U(XZ)=0 z>0.•-2-~k ux~z=O, >0.(1)
&x2  2 '''D2 

+Z

We will seek the solutions of equation (1) in the Sobolev space Hs(Rj), s>3/2 of

distributions of slow growth at infinity. Denote

7(ý):{=11:k. + ijf-k 2 ; 1<k. _J-2 2 }.
It is proved in [1] (see [2], too) that

Lemma 1. The solution u(x, z) of the equation (1) belongs to the class of solutions outgoing
from the straight line z = 0 into a half-plane z > 0 and satisfies the boundary conditions

u(xO) = Uo(XW, -O-(xO) = ul(x), -00 <x< +00
OZ

if and only if when Fourier transforms of the boundary functions satisfy the equality

ul (0)-ir(ý)uo(ý) = 0. (2)

From (2) it follows that the following integral identities are valid

u,(x)= - Uo(r)l - iT(4)ei("--)dýj dr, (3)

u " (x) = ]iti(v) I _T) e'('r")d•, dr. (4)
-f: - fc

Suppose that the distribution u(x,z) is /-periodical by the variable x. Denote A = 2,r/l

and y,= y(An), n = 0,+1.... We obtain two summatorial identities from (3) and (4)
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Lemma 2.
f( anneiAnr +0 1 iAm(y-r(

l.,J , - dr = yane yr (0,!), (5)omo n=o j-0 n=-,

( iA 1 iA,,, -r) dr = Z.nyei nY, yý (O,1). (6)
0 n=oo n nr---w rn yn=-oo

Now we consider two Cauchy problems for the equation (1) in the half-strip x> 0,

0 < z < h [2]. Denote F = ir/h, Ob,,(z) = sinnFz or On (z) = cosnFz, n = (0),1,... and

gn ={k2 -n 2 2 >0 "k 2 -n 2 1 2 ; k2 -n 2r 2 <0-: in 2 ' 2 -k 2 }.

Lemma 3. The solution u(x, z) of the equation (1) belongs to the class of solutions outgoing

from the straight line x > 0 to the right and satisfies the boundary conditions

u(0,z)=uo(z), -x(O,z)=ul(z), 0<z<h,
ax

u(x,O)=O, u(xh)=O, x>0 or -(x,O)=0, -(xh)=O, x>O
az az

if and only if when Fourier coefficients of the boundary functions satisfy the equalities
uln + ibuo, = 0, n = (0),1,... (7)

From equalities (7) it follows that
Lemma 4.

00 
co

f• lanz.On(t) -2 Z lkm(t)qOm(z)dt= ylanqkn(Z), zE(0,h), (8)

0 n=(0)l nt-(00)l Yn? n=(0)1

hI 2 I 0 0m0nt~k()
f a,,•n(t) -- j• ntOnZdt= Ea,,nYA(Z), zE(0,h). (9)

0 n=(0) ) h "r =(O)l n=(0)I

TWO DIFFRACTION PROBLEMS
Suppose that a plane TE-polarisated wave falls on the 1-periodical ideally conducting
infinitely thin metallic grating [3]. We will search the potential functions of electromagnetic
fields in the forms

u+(y,z)= ZaneiyzeiAny, z>0, u-(y,z)= Zbne-ir"zeiAny, z<0.
n=--o, nl=--o0

We denote by M the part of the interval (0, 1) corresponded to the metallic bands and by N the
rest part of the interval. It is easy to show that the diffraction problem is equivalent to the
summatorial equation

ZaneiAny =--1, y M, (10)
tn=--Oo

ZanyneiAny =0, yE N. (11)
rn l=-oo

Kharkov, Ukraine, VIll-th International Conference on Mathematical Methods in Electromagnetic Theory



MMET*2000 Proceedings 201

Denote

Ik. f feiAkrdr, J, =fe iAkdr, k=0,+l,...
M N

From the identity (5) and the equation (11) it follows that
+00eiAny 1 +0 a 0 1- M imy

ZaneLnnYn Z " In-me , yE N. (12)
n=-oo n=-o m=--o Ym

Theorem 1 . The diffraction problem on the metallic periodical grating is equivalent to the
ISLAE of the second kind

ZaneiAny anYn nmeiamy, k=O,+1... (13)
n=-oo n=-o nt=--Qo Ym

We consider the diffraction problem on the step in the planar waveguide with metallic walls
[3]. Let the plane x= 0 separates two waveguides x< 0, a < z <,O and x> 0, a < z < b, here

a!a<,6<b .Wedenote N=(a,,8), M=(a,a)u(/f,b), h+=b-a, h-=/3-a,
F±- =7r/h-, 0n-(z)=sinF-n(z-a), q5+(z)=sinF+n(z-a), n=(O),l,... and

n = (k-) 2 -(F-n) 2 , n = (0),1,... Let an eigen wave with the potential function

u 0 (x,z) = AOe~iýxb7W(z), x< 0
falls from the left waveguide on the junction of the waveguides. The diffracted field is
presented in the form

u+(x,z)= ZAne-ix +(z), x>O, u-(xz)= ZBne+iL3vxVn-(z), x<O.
n•(70)l n=(0)l

We obtain from the conjucation conditions at the media interface and from the identity (8)

Theorem 2. The diffraction problem on the step in the planar waveguide is equivalent to the
ISLAE of the second kind

2 _ 2 Go n +n Zn 1-n-nmk 2AOIkn,' k = (0),l,... (14)2 h- n=Ol n- m0
where

'nm= Jf (t)Obm(t)dt, n,m=(0),l,...
N

It is proved that the ISLAE (13) and (14) can be numerical solved by reduction method.
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ELECTROMAGNETIC WAVE DIFFRACTION
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Abstract

A new strong mathematically rigorous and numerically effective method for

solving a boundary value problem of electromagnetic wave diffraction by an infinitely

thin perfectly conductive circular ring screen is proposed.

The method is based on the combination of the Orthogonal Polynomials

Approach and he ideas of the Analytical Regularization Methods. As a result of the

suggested regularization procedure, the initial boundary value problem is equivalently

reduced to the infinite system of the linear algebraic equations of the second kind in

the space of square summable sequences.

This equation can be solved numerically by means of truncation method with,

in principle, any desired accuracy.

The perspective of the method also includes the solution to the problem of

electromagnetic wave diffraction by a few infinitely thin circular ring screens.

Pilot experiments show good perspective of such ring reflector for development

of individual antenna tag for rescue radar systems.
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INTRODUCTION
Conformal printed antennas are frequently used in mobile and wireless communications and
radar due to their low profile and light weight. In this paper, the problem of modeling of a
spherical-disk conformal printed antenna is considered assuming an excitation by a slot. The slot
is modeled by a tangential magnetic dipole (TMD) located at the surface of the metal sphere
covered with dielectric. Previously, similar problems have been analyzed by the method-of-
moments [1,2]. However, accuracy of these numerical approximations suffer if narrow
resonances are present [3]. We propose an exact mathematical method based on the analytical
inversion of the free-space static problem for a spherical disk [4,5]. This method is remarkable
for the stable and fast numerical solutions. Our study is a further development of [6], where we
analyzed a similar conformal microstrip antenna excited by a probe simulated with an electric
dipole.

PROBLEM FORMULATION
Consider a zero-thickness perfectly conducting spherical disk of the curvature radius c and
angular width 20, located on a dielectric substrate of the thickness h and dielectric constant
E (see Fig. 1) and backed by a metal sphere of the radius a. The disk is symmetrically excited by
a TMD located at the surface of the metal sphere. The time dependence is assumed to be e-'.

I a- gg T.=18 dSg p l.3

Magnetic dipol
4

2.ý

o 10 is 20 25 0o 35 40 4 50

,,r, a1iz-d 1--qu-ncy KoC

Fig. I Geometry of the problem. Fig.2 Frequency scan of the radiated power.
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METHOD OF SOLUTION
Denote the substrate as the region «< (1) » and the outer space as the region « (2) »>. To comply
with the solution uniqueness, the total field components must satisfy the following requirements:

(A) time-harmonic Maxwell's equations with the wavenumber k, or k =ko-VF, (B) the set of the

boundary and continuity conditions on the complete spherical surfaces r = a and r = c, (C) the set
of dual conditions on the complementary segments of the spherical surface r = c:

E -02)r 0, E(,•1. 2 1c0 0 G (0,00), (1)
(i)2

H0 rI,.=c = H(2 r '•r() rj = n(2) r=,c 0 (Ooit ), (2)

(D) the Silver-Muller radiation condition at r --> oo that can be written as an asymptotic request to
the field to behave as an outgoing electromagnetic spherical wave, (E) the power boundedness
condition in any finite space domain enclosing the disk rim. Fulfillment of these conditions
provides uniqueness of the solution. The method of solution includes the following steps: 1)
reducing of the boundary-value problem to the dual series equations in terms of a global set of the
associated Legendre functions; 2) separation of the static part of the problem of a free-space disk,
3) static part inversion based on the Abel integral equation technique. To obtain the unknown
fields we use the expressions for electric and magnetic Debye potentials in the form of spherical
harmonic series expansions. The problem is finally reduced to determination of the expansion
coefficients ze), z1'1 from the following matrix equation (see [4,5] for details):

zee),, R ,,,,, (00) + 2k0c(1 + r,)A R.o , (00) - B R0o,, (00) = 3 a, - ( j,,

11=1

- Iz, 7),,R,,o(0o) + 2koc(1 /--)Roo(0O)A + (I - R®(00 ))B =-Z a)R,,,(0,) ;n=O
II~l n=1

z ,, -?_. z,~," •, ,• ,,,, (0 o) -- A Q 0 Q ,(O o) + B Q o, ((9 o) - ..a• ",, L ,7 -Q ,,,,(0 0o)j (3)
k0c ,=1

-2k0 c(1 + e-1)A Roo(9) - B (1 - R(Oo0 )) + _z Ell,,R,,o(0o) - a,,a)R,1o(0o) m = 0
fl=,

Here, 6n' is Kronecker's delta, A,B are some auxiliary constants, 6,,, i,, , c,(m', ,a "')are the
functions ofkc,a/c,_,, , and ,

lIsin(n-m)00  sin(n + m + 1)00
R," (0), Q"", (0) = -_ n-m n+i+1 (4)

The matrix equation (3) has favorable features. Its exact solution can be approximated as
accurately as desired by solving progressively larger truncated counterparts.

RADIATION CHARACTERISTICS
On solving (3), one can easily find the far-field patterns, total radiated power, directivity and
surface current density. The normalized radiated power as a function of the normalized
frequency is shown in Fig. 2. The far-field radiation patterns computed at the frequencies marked
by numbers in Fig.2 are presented in Fig.3. One can see the appearance of new sidelobes when
antenna is excited at higher-order modes of the disk.
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CONCLUSIONS
The presented approach enables one to analyze the basic antenna characteristics in full-wave
manner. Due to analytical inversion of the singular part of the problem, the resulting algorithm is
very efficient. Numerical study hence delivers a reliable information on the antenna performance
both in and off resonances. Such a study confirms intuitive considerations that a patch can
enhance the radiation conductance of a slot.
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Wave diffraction problem associ-
ated with an electric dipole radia-
tion in the presence of a finite I

non-equidistant array of circular
perfectly conducting identical
disks is considered in this paper. -h
An axial dipole placed on the axis
of rotational symmetry. The aim ..... hn
of the work is to obtain mathe-
matically and numerically exact
solution of the appropriate
boundary problem. By using the Fig. I.Scattering structure
moment method combined with a
partial inversion of the problem operator, the problem reduces to numerical solving of infinite
matrix equation set of the 2-nd kind. The Fredholm nature of obtained equations ensures the
existence of the unique solution.
The scheme to obtain the solution is as follows. The unknown scattered fields are written us-
ing Hankel integral transform which is convenient accounting the problem symmetry. From
the boundary conditions, one can obtain the set of dual integral equations for the unknown
spectral amplitudes. As obtained equation set is of the first kind, one has to provide their
regularization in order to obtain a convergent numerical algorithm. Therefore, we use the
method of the partial inversion of the problem operator. Eventually original equations are re-
duced to the matrix one of the second kind, which can be solved by using standard numerical
methods. Developed approach does not contain principal limitation on geometrical parameters
of the problem and provides an opportunity to compute the solution with any desired accuracy
up to the machine precision.
Consider the diffraction of a dipole source field by the structure consisting of N+l coaxial
perfectly conducting disks with the same radii that are placed at the arbitrary distance h,, from
the first one. The origin of the cylindrical coordinate system (r, 4 ,z) is in the center of the first
disk so that all the other disks are placed in the domain z>O. A source field wave is incident
on the structure from the domain z<O. Time dependence supposed to be exp(-i(Ot). Accounting
the problem's symmetry one can describe the electromagnetic field using only one component
of the Herz vector. The problem is to determine a scalar function P(r, z; k), which character-
izes the resulting field, here k=2t 7/ is the wave number. This function can be decomposed
as a sum of the incident P0 and the scattered PS fields. It is convenient to expand the scat-

tered field by using the Hankel integral transform in r
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P (r,z;k)= ja (ý)J 0 (ý r)e 'lzw) d, z<O, (1)s
0

00 i(z - hnP +s,n(r, z;k) jc n (ý)J 0 (ýr)e

0

k 00 -i(z - h ny(

P sJn(r,z;k) fb n(ý)Jo(ýr)e-
0

hn-I < z < hn

00 i(z - h N WO( dý,'
P (r,z;k)= fd (ý)J 0 (ýp)e z>hN,

0

Po (r, z; k) = _i f -_.jo (ýp) e iz+ d , - incident field.0 yt•')

F•) -4 2, Imy _, = 1,2,3... N, the number of disks is N+ 1, unknown spectral

amplitudes a(4),d(4),bn (4),cn (4) are to be determined.

From the boundary conditions one can arrive to the dual integral equations for the unknown
spectral amplitudes. Using the moment method, these equations can be reduced to the matrix
ones. It is well known that efficiency of the moment method strongly depends on the proper

(m)
choice of basic functions. We seek the solution as a series in terms of the functions 4 n (•)

(in) -1/2
*n (x)= 1 4n+2m+3J2n+m+3/2 (x)x (2)

The following properties take place:

oo(m) (in)

fn ()d4)= ns
0
00 (in) (in) n! 4n+2m+3 m 2 1/2 m/2) 2

f~n (9)Jm(4p)9dp =n (P)'

0

where P(a•') (x) are the Jakobi polynomials.
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Introduce the auxiliary functions un (n)

+ i(c ± )- i(hn- 1 -h 2)() b )ei(hn+ 1 -hn)() (3)Un - (n n b n) - 1 (nl+bn+1~ 3

On expanding the functions u+(m) (4) in terms of the functions (2):
+ 00 +. (1)Un(•) = ZCn~s4bs (•)

s=O

one comes to the infinite matrix equation for the unknown coefficients Cn,s
++ + + oo n-1

Bn, s= Cn, An, js-Cn, s + Z (Crl + Cn-rl, j)Dn,r; js+ (4)

j=0 j=0r=O
oc N-n-i1

-+ Z (c -c ,n=1,2...N.
I E n+r+l, j n+r+l, jG n,r;js

j=O r=O

-ns+ -if"d (s1) (• ()ihn-,Y(4) ( ei(hn -h n-1y(

0

+ 00(l() s)• + -7R)1 i(h n-hn_1)7(ý)
A njs =f~ (4ý (do do n (4) dý, Fn (4) = I + i--I T e )

+ ±

n,q;js =Hn-l,n-q-2; js -- Hn,n-q-2; js' Gn,q;js =Hn~q~l,n; js -- Hn~q~l,n-1; js

H*c() (1) i(h) -e y(•)d
00

Un,s; js =2- J s()e 4dý

Integrand functions in the matrix elements have no singularities and decrease as -4 or as

exp(-h 4 ) if 4 -> oo, so that their calculation can be done using standard numerical methods.
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MATHEMATICAL MODELING OF ELECTROMAGNETIC WAVE
DIFFRACTION BY INHOMOGENEOUS DIELECTRIC CYLINDERS

OF ARBITRARY CROSS-SECTION

A.Lerer and G. Kalinchenko
Rostov State University, Institute of Physics,194 Stachki Ave, 344090 Rostov on Don,

Russia,
Email: lerer@iphys.rnd.runnet.ru

Email:hitech @ aaanet.ru

ABSTRACT

The method of volume integral equations had been developed for simulation of 2-D
electromagnetic waves diffraction problem. The efficient codes for simulation of the
scattering by inhomogeneous dielectric cylinders of arbitrary cross-sections is carried out.
The method proposed is based on the idea of analytical regularization of singular integral
expression.

INTRODUCTION

For consideration of electromagnetic wave diffraction by dielectric body one can use both
surface and volume integral equations (IE). In our opinion volume ones (VIE) have following
advantages: VIE are more simple than surface TIE (SIE), the nonuniformity and nonlinearity
of dielectric do not turn out the solution to be rather complex, a spatial electric field
distribution can be found out directly from a solution. Meanwhile the VIE have one essential
deficiency - IE should be satisfied not only on the surface but also everywhere inside the
dielectric body.

ANALYTICAL FORMULATION

The problem of E-polarization wave E' diffraction by dielectric cylinder of nonuniform

permittivity c1(xy) have been reduced to IE solution in the same as in [1]

E(x, y)=EEe (x, y)+k 2 f (x', y')E(x', y')G(x, x', y, y')ds' (1)
s

where r(x, y)=6 1 (x, Y)-_'2, 2 - free space permittivity, S - cross-section of cylinder, G -

Green function (GF). Putting into operation function F(x, y)=r(x, y)E(x, y) we can rewrite

(1) as

F(x, y)/v(x, y)=Ee(x, y)+k2f F(x', y')G(x,x', y, y')ds' (2)
S

In every case the GF has logarithmic singularity G z G0 (r)= log r when r -4 0. Therefore it

is necessary to extract this singularity. Here we propose an effective method of singularity
extraction. After an identical transformation (2) we get the following expression

F(x,ry),r(x, y+ era(Xty)+ki2 F(x,ey)r(xe y)+k2o a[F(x',iy')G(x, x',My,oy'd - F(xi y)Ec (r)ots', (3)
s
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where I(x, y)=k2f Go(r)ds', function GO(r) has the same singularity when r -- 0 as GF.
s

Using the first Green's formula with supposition u = Go and v = r 2/4 the integral I(x,y) can be
transformed to one taken along the line L bounding the area S.

f Go(r)ds'=- I fr(log r- 1/2) --r dl's 4/re L On'

where r = (x-x') + (y - y) 2 , n/- vector normal to L.
The expression under the integral in third term of (3) has no a singularity as well and
therefore can be easy taken numerically. Stress that for same contours, for example, circle or
rectangle this integral can be taken analytically.

Hence, we can calculate it by the one of well-known formulae of numerical
N

integrating: f f(x', y')ds' ZA,,f(x,,, y,,), where coefficients A,,, x,,, y,, should be defined by
S

choice of integrating formula. Then, TE (3) must be satisfied when x=x ,y=y,,. As a result

we derive a set of algebraic equations (SAE). For nonlinear dielectrics C,=CI (x, y, EJ) we

get nonlinear IE, which can be solved by method of disturbance. Initially we solve the IE with
method described before for fundamental harmonics and as the result obtained (SAE). The
permeability here depends on electric field and therefore it is a nonlinear system, which can
be solved by approximation method. Then, for first harmonics we find IE analogous to (3)
with substitution of the fundamental harmonics field instead of E e. The fields of highest
harmonics can be simulated in the same manner.

Due to good convergence of series and integrals it
is enough to sum 20-30 terms in series and
numerical quadrature to get a deviation up to
0.1%. The order of system of algebraic equations
increases with increasing the dielectric body
dimension via wavelength in dielectric as

N z[5max(A,B)

C RESULTS

In this paper we have calculated the power
C ! transmitting coefficients for diffraction by

dielectric cylinder situated next dielectric planar
X waveguide layer shown in Fig.], grating made of

dielectric cylinders and dielectric cylinder setting
Fig.1 inside of planar metallic waveguide.

As the illustration of our method we present in Fig.2 the results describing the diffraction of
mode H, propagating in planar dielectric waveguide by dielectric cylinder when different
distances of cylinder from waveguide. The curves here express the power transmission

21- dcoefficient via normalized frequency F = 2d for linear regime. The waveguides

of two geometrical dimensions are shown by different types of curves - solid and dotted ones.
It is seen that resonance appears only if the inhomogeneity permeability is rather high. For
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both waveguides under consideration the reflection coefficient is not high. Therefore the
power, which is not passed through the inhomogeneity, radiates.

CONCLUSIONS

The problem of electromagnetic
waves diffraction by nonuniform Pr

and nonlinear dielectric cylinders is 1,0 ...... ...........
solved with integral equation 0,9-
method in an efficient and accurate 0,8- ,

manner. In this paper, we have
0,7-calculated the power transmitting

coefficients for diffraction 0,6- /
by grating made of dielectric o,-,
cylinders, dielectric cylinder setting 0,4-
inside of planar metallic waveguide Q3- 0.5
and dielectric cylinder situated 02

next dielectric planar waveguide 1.

layer. 0,1

Hence, this investigation can 00'.

become a basis for the studies of 0,4 0,6 0,8 1,0 1,2 1,4 1,6 1,8 2,0 2,2 24 F

propagation of complex waves in
nonlinear waveguide structures, Fig. 2. Solid curves - A/d = 1,B/d = 0.5, e, 2,c 2 = 1,c 10,

generation of highest harmonics, dotted -A/d=1,B/d=0.5,81 =2.343,c 2 =2.372,c=2.6,

capacity of light signal modulation, dash-dotted - emission loss Pr.
the demonstration of the possibility
the vibration control devices
creating, etc.
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DISCUSSION OF THE K-PULSE CONCEPTION

O.O.Drobakhin, D.Y.Saltykov, and V.G.Korotkaya

Radiophysics Dept., Dniepropetrovsk State University,
13 Nauchnaya Str., Dniepropetrovsk, 49050 Ukraine

ABSTRACT
A number of discrimination measures using K-pulse conception for the simplest object
characterized by a single complex natural frequency has been investigated by a computer
simulation. Besides the traditional weight function, the Hemming's function and function
with the Fourier transform coinciding with the Batterworth function have been used. The
Hemming's function has some advantages.

Ultrawide-band schemes of radar object discrimination have been under active investigation
for last two decades [1,2]. According to K-pulse [3] conception special form of input signal is
constructed, thus, output signal in time-domain does not contain late-time component. The
last component represents reverberations at object natural frequencies and can be expressed
with sum of exponentials. The zeros of K-pulse spectrum coincide with the poles of the
frequency response of the object. The zeros completely annihilate the poles and thus late-
time component is annihilated as well. Usually rather complex objects are investigated, that
does not allow one to obtain fundamental properties. In this paper, object model in form
R( (o) = A exp( jqp )/( co - (op - 6j ) is explored.

If a K-pulse excitation with spectrum K(wo) is used, a response of an object with frequency
function R(co) can be calculated according to

P( co ) = R(o ).K( o) (1)

After transformation into time-domain and obtaining signal p(t) the decision about
correspondence of the object and K-pulse is made by late-time component analysis. Under
complete coincidence of the poles of object and zeros time-domain signal is equal to function
sin(x)/x. To avoid oscillations in time domain, frequency weight function

W( o) = [I -exp(-joy )]/ jo, (2)

is used. Dirichlet weight function provides rectangular basic functions in time domain thus in
time domain sharp boundary between early and late components occurs. But this problem is
dual to low-pass filtering therefore the Batterworth weight functions can be applied
alternatively. Both Dirichlet and Batterworth weight function have zeros in frequency
domain, positions of which depend on value of natural frequencies of standard object.

In [I] discriminating measure

k4 Z p2ti )j rk2(ti ) (3)

h i=M e o i=0 I
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has been suggested. In (3) k(t) is the Fourier transformation of K(co). Discriminating measure
(3) has the evidential disadvantage if an object induces various values of a response amplitude
due to a variation of an angle of an observation. Under the circumstances one can not separate
a contribution of shifting of zeros and poles and changing of the amplitude in the value of k4.
Other measures for investigation used are identical to measures k1, k2, k3 [4].

The requirement of providing optimal value implies the weight function with the maximal
ratio of energy in the main lobe and the side lobes. The Hemming function has high properties
and simplicity simultaneously. Besides, the Hemming function has not zeros in its spectrum.
Traditionally the approach was applied for video-signals but in many cases measurements
have to be carried out in frequency domain in band with nonzero initial value. In the capacity
of time-domain signal can be used real, imaginary part of the Fourier transform of frequency
domain data. The approach corresponds to processing of videopulse. Alternatively, modulus
of the result of the transformation can be used. The last situation corresponds to processing of
an envelope of the time-domain signal. Our numerical simulation has displayed higher
sensitivity of the second approach in comparison with the first one to the difference of pole
and zero. If at the frequency of the pole a value of weight function for the first case is greater
than one for the second case, the opposite situation is observed. If values of weight functions
are equal at the frequency of a pole, relation between accuracy of discrimination depends on
the type of discrimination measure. Naturally, varying the initial phase value does not induce
changing the value of a discrimination measure if the envelope of time-domain signal is used.

k k

5 -20 .

% I

2.5 ~~ 15 \I
2. 10

00.16 0.19 0.22 0.25 0 .2 8 fo 0.ý16 0.19 0.22 0.25 0.28 fo

Figure I Figure 2

Some numerical measures of discrimination have been studied. The measures k1, kq, k3, k4 for
normalized frequency 0.225 are presented in Fig.l, where solid line corresponds k1 , dot line
corresponds k2 , dash line corresponds k3 , dash-dot line corresponds k4. It is evidently that kc4
provides more sharp characteristics and higher accuracy of estimation but choosing too small
step can involve missing the fact of the pole and zero coincidence. The measure k3 serves to
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improvement of reliability. The numerical simulation has shown that simultaneous application
of measures is appropriate.

The advantage of K-pulse is considered traditionally to be suppressing noise by weight
function but the same function can hide the effect of zero and pole coincidence. Usually they
suppose that more high level of noise is observed at the range of high frequencies of the
spectrum but for measurements in frequency domain it is not valid. A comparison of the
traditional and the Batterworth weight functions have been carried out. The view of measure
k4 for the Batterworth window (solid line), the Dirihlet window (dot line), and the Hemming
window (dash line) is presented in Fig.2. The Hemming's window provides more sharp
characteristic and therefore higher accuracy. According to the traditional K-pulse technique it
is necessary to vary the weight function parameters in dependence from the value of
frequency of standard object pole thus shifting the zero or even forming several zeros in the
frequency band of the weight function occur. The approach can imply occasionally
coincidence of weight function zero and the object pole and therefore the impossibility of
recognition. This situation was confirmed by numerical simulation with Batterworth window
and illustrated in Fig.2, where the corresponding measure k4 has not minimum at the
normalized frequency value equal to 0.225. Thus estimation of the pole value is impossible.
The coincidence of a weight function zero and the object pole does not allow us to detect the
fact of coincidence of the weight function zero and the object pole. Since the weight function
serves to eliminate oscillations in time domain, discrimination can be realized with the same
weight function but the reciprocal sequence of frequencies in the object response. For
instance, according to the suggestions normalized frequency 0.225 is transformed to value
0.275. Probability of recoincidence of the weight function zero and the object pole is
negligible small. The approach suggested has been applied successfully for the pole
discrimination for the Batterworth window.
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ABSTRACT
The problem of image compression using the PWL (Periodic Walsh Piecewise-Linear) transform

and optimal scalar quantization of PWL spectrum has been presented in the paper. Short description of
the PWL transform has been included. Optimal Lloyd-Max Quantization has also been presented. The
procedure of the presented compression method is based on quantization of class of scalar variables
representing blocks of the image. Effectiveness of the compression method has been examined. Visual
representation of the results of investigation has been included.

INTRODUCTION
Nostradamus wrote is his prophecies: "I see that world is getting smaller". Now, with respect to

the new telecommunication applications, especially the Internet Network, we can say that he was
probably right. The World Wide Web is favouring our generation, giving us incomparable with the
past access to information. Nowadays we can hear that the XXI century will be called the information
century. Requirement for transmitted and stored information will still be growing. Even without the
gift of Nostradamus, it is possible to predict that this requirement will overtake the development of
technology in the closest future. Thus, the problem of signal and image compression still has the
fundamental priority in the field of digital signal processing. Various techniques aimed on this subject
have been developed during the recent years. One of the most efficient methods is the transform
coding method.

THE PWL TRANSFORM
The set of non-orthogonal PWL functions is obtained by integrating the Walsh functions repeated

with T period [1 ]. The PWL functions are defined as follows [1,4,5,7,9]:
k+ mOT)+t

PWL(O,t) = I for t e (-cc, +oo), PWL(i,t) =- T wal(i,r) d (1)

where: (,uiT)

i - number of the Walsh function, i = 1, 2, ... , N - 1;

k - group index of the PWL function, k = 1, 2, .... log 2 N;

rn = 0,+ 1, + 2 .... -the period number; 2k+±/T - the normalization factor;

The PWL transform, for the continuous function x(t) sampled at N points, is following:
N-1 N-1N -I

x(t) =I ciPWL(i,t), for t E (-oo, + oo) co = N-YZx(11), ci k - 2 n
Zx~nwai~~n)(2)

i=0 /= 2 1=0

where:
i= 1,2,..., N-I; x(n) - samples of the x(t)

SCALAR QUANTIZATION
Quantization [2] is the step subsequent to sampling in image digitization. The quantization process

maps a continuous variable x into a discrete variable x *, which takes values from a finite set. The
x -ý x * mapping is usually a staircase function. The scalar quantization requires definitions of two
sets of increasing values: set of decision levels - p = {tk , k = 1, ... , L + 1}, with t1 and tL+I as the
minimum and maximum values of x, respectively, and set of reconstruction levels -
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x* = {r, ....... , rL }, defined with accordance to the set p. If x lies in interval [tk, tk+l ), then it is

mapped to rk. The quantizer introduces distortion QE = x * -x, which any reasonable design method

must attempt to minimize. The quantizers, useful especially in image coding techniques, are a zero
memory quantizers. One of the zero memory quantizers, useful in image coding techniques, is the
Lloyd-Max Quantizer [2,3], which minimizes introduced distortion for a given number of decision
levels L and for given probability density function p(x).

Two commonly used densities for quantization of image-related data are the Gaussian and
Laplacian densities, which are described by following formula [2]:

1 1 r-vI xI
(asin ) 2 2 exp -22 Laplacian: PL(=X)= 202exp (3)

where: a.2 and /u - the variance and mean of x, respectively.

THE COMPRESSION SCHEME
The compression method considered in this chapter is a kind of zonal compression method [8].

The input image (N x N) is divided into blocks (M x M). Each of these blocks is then transformed
using the PWL transform, what produces (N / A) 2 tables of spectrum coefficients (M x M). Next the
spectrum coefficients are grouped with respect to their position, what gives M2 new tables of grouped
coefficients (M x AM), only DC for instance. According to the grouped coefficients tables the matrix of
variances is produced, constituting a base for the normalisation process. The normalisation process
allows using the same quantizer to the data series of different variances. The variance matrix is used
also in Integer Bit Allocation procedure [6] to produce the matrix of bit allocation, which is a basis to
the quantization process of grouped coefficient tables. One of the input parameters to the compression
scheme and the Integer Bit Allocation procedure is the average number of bits a allocated for one
quantized table. As the expected probability density functions were Gaussian or Laplacian, the Lloyd-
Max Quantizer has been applied. Quantization is the final step of the coder in the considered
compression scheme. The coder sends to the transmission line: the variance matrix (M x M), M2

matrices of indices (M x Al) to the quantized values, M2 vectors of quantized values (length of each
vector depends on The Integer Bit Allocation procedure). The decoder of such a compression scheme
consists of the denormalisation process, the coefficients inverse-grouping task and the inverse PWL
transform step.

Distortions of the reconstructed image depend on a parameter. The number of information bits
transferred by the transmission line depends on a parameter, as well. The distortion can be measured
by a MSE error [10].

To count the number of information bits transferred to the decoder part, the compression factor
has been introduced:

(8. N,..N -c).lO0%

8. N .Nx (4)

where: c - the number of information bits transferred by the transmission line.

THE RESULTS
Some results of application of the proposed com ression method are presented in Fig. 1.

a) b) c) d)
Fig. 1. Compression results with various mean number of bits for quantized table a
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a) original image c) a = 1.0, MSE 52.6115, 7 [%]=78.7598
b) a =3.0, MSE 10.0469, 17[%]=32.0801 d) a =0.5, MSE= 102.9025,77[%]=88.9160

MSE and the r factor versus the a parameter are depicted in Fig. 2.

MSE 200 7% 10

150 50.

100 0-

50 -50

0 -100
0 2 4 6 8 a 0 2 4 6 8 a

a) b)
rig. 2. a) error MSE versus a parameter; b) the compression factor q/ versus a parameter

CONCLUSIONS
Average number of bits a decides on the number of bits allocated for particular tables of the PWL

spectrum grouped coefficients. The smaller the a, the shorter the vectors of quantized output values
and the more zero elements in the bit allocation table, thus smaller number of tables are being
quantized. In the other words, the value of a is proportional to the transmitted information, and
inversely proportional both to the mean-square error MSE and the compression factor q. Visual
analysis of Fig.1 shows that the images obtained for a < 1 are strongly distorted (example d), what
makes them unacceptable. The distortions obtained for a = I are hardly noticeable (example c). For
a > I the distortions are unnoticeable for the human eye (example b). Above tendencies are
confirmed by curves depicted in Fig.2. It is worth mentioning that for a > 4 the proposed method
begins to show trends, which are inverse to the expectations: the information sent is greater than the
input information. This can be noticed in Fig.2b.
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ABSTRACT

A direction of arrival estimation technique based on unification of eigenstructure and
maximum likelihood estimators is considered. The basic stages of proposed technique are
estimation the number of signals, fast evaluation of the initial DOA estimates, and fast
accurate definition of initial ones.

INTRODUCTION

The estimation of directions of narrow-band signals is the basic problem arising in radar,
mobile and satellite communication, radio astronomy and many other applications. This
problem is solved in a complex and dense environment as a rule. Therefore the adaptive (or
"smart") antenna array with digital signal processing is considered to be the most efficient
tool for direction of arrival (DOA) estimation.
Under the conditions of a priori uncertainty as well as small signal-to-noise ratio (SNR) the
maximum likelihood (ML) estimator is known to approach asymptotic efficiency. A very
serious shortcoming of the ML estimator is that it suffer from very computational cost.
In this context, the eigenstructure-based algorithms achieve a compromise between
computational complexity and estimation performance at high SNR. However, the application
of eigenstructure methods can be severely limited at low SNR and closely spaced sources.
In this paper the DOA estimation technique based on unification of eigenstructure and ML
estimators is considered. The basic stages of proposed technique are estimation the number of
signals, fast evaluation of the rough initial DOA estimates, and fast accurate definition of
initial ones.

PROBLEM FORMULATION

We are concerned with DOA estimation for a class of signals that can be represented as [I]-
[5]

j=1

where q is the number signals, x(i) is a Nx] complex observation vector, s(i) is a qx1 complex
signal vector, n(i) is a Nx1 complex noise vector, a(0)=(1, exp[j&],..., exp[j(N-1)0j)T is the
Nx] vector corresponding to the DOA 0, N is the number of sensors; and L is the number of
snapshots.
The samples of noise vector n(i) are assumed to be independent Gaussian complex random
vectors with mean 0 and covariance 021, where W2 is an unknown scalar constant and I is the
identity matrix.
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With the above given model, the problem to be solved is to determine the DOA's

'§ =@)1 '2.. q 6 of signals from a finite set of observations x(1), x(2) .. x(L).

DOA ESTIMATION TECHNIQUE

To solve mentioned problem the following approach is traditionally used. On the first stage,
when a-priori information about the number of signals is absent, some algorithm of signal's
detection and estimation of signal's number is applied. Among this type of algorithms Wax &
Kailath [1] one can be chosen because it has good performances at low computational cost.
After calculation of the number of signals DOA estimates are found by means of the quasi-
optimal eigenstructure-based algorithms like MUSIC [2] and Min-Norm [3]. Mentioned ones
have acceptable computational cost and ensure high accuracy and resolution. However, in
conditions of low SNR the root mean square error of the estimates obtained with the help of
the quasi-optimal algorithms essentially exceed the Cramer-Rao bound. Therefore with the
purpose of increasing of the DOA estimation accuracy we propose to include the third stage in
the array signal processing. The object of this stage is to define more precisely the DOA
estimates obtained by means of eigenstructure-based estimators.
To estimate DOA of received signals a recurrent ML algorithm can be used on the third stage.
It is well known that ML estimate of Ocan be written as follows [2]:

OML = arg max pD(O), T(O)=trP(O)RL, (2)
0

where tr is the trace of matrix; P(O) is the projector onto the signal subspace; R, is sampled
correlation matrix of signals (1).
According to recurrent algorithm the (k+l)st iteration for locating the parameter vector &

which maximizes a criterion function q9'&) is given by [4]

o(+1 = o(k _ (0)-' V(ot o=o( ,, (3)

where V(O)=a0p(O)/D0 is the gradient; B(6)=a 2(p(O)/DarOT is the matrix of second
derivatives and ýt is the step constant.
Thus, the recurrent algorithm (3) makes it possible to define more precisely the DOA
estimates obtained with the help of eigenstructure-based algorithms.

SIMULATION RESULTS

In order to demonstrate the performance of the proposed recurrent ML algorithm we compare
it to the Cramer-Rao bound (CRB) and to the quasi-optimal MUSIC and Min-Norm
algorithms in several simulated experiments. In all experiments to follow, a uniform linear
array of N=10 omnidirectional sensors with half-wavelength spacing and two uncorrelated
Gaussian sources (q=2) with equal power have been assumed. The number of statistically
independent snapshots in each simulation runs was L=l00. A total of 100 independent
simulation runs were performed to obtain each simulated point. The signal scenario O=1O0,
02=15° was considered in experiments. The comparison of performances is given in terms of
DOA estimation root-mean square error (RMSE). The sample RMSE's of the obtained
estimates are plotted on Fig. 1.
The results confirm the theoretical prediction that is the recurrent ML technique achieves
better performances than the MUSIC-like algorithms.
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It is important toý note that in the
100 _1 case of MUSIC-like algorithms it

-........--RB is not possible to resolve
1-impinging signals due to false10 • ML

""-) MUSIC estimates having significant
ID anomalous errors [5]. Substitutiono• • -x---MinS-Norm

1 of false estimates to the initial
S.vector & lead to that of recurrent
U) process (3) will converge to the

rv 0,1 -local maximum. To avoid thissituation we propose to use the
approach [5], which makes it

0,01 , , , , possible to detect false estimates.

-5 0 5 10 15 Instead of mentioned ones the

SNR, dB estimates close to the true ones
must be chosen as initial value of

Fig.]. Experimental RMSE's of DOA estimation vector 0.

versus the SNR. Computer simulations have been
carried out to compare the
computational cost of proposed

recurrent ML estimator to that of eigenstructure-based algorithms. The simulation result
shows that when the number of sensors N= 10 and the number of observation point K=900 the
calculation time of the recurrent ML estimator is in 7 times less than that of search ML
algorithm (2) and in 2 times less than that of MUSIC one. At that calculation time does not
grow when N and K increase.

CONCLUSION

The simulation verified dramatic improvements of threshold performance as compared with
conventional eigenstructure-based algorithms. The computational cost of proposed ML
technique is much lower than that of the traditional ML estimators.
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ABSTRACT
Compression of signals in spectral domain consists in rejection of related transform
coefficients and reconstruction of signals by inverse transform. There exist two basic methods
used to select coefficients to be transmitted: Threshold Selection and Zonal Selection. In
threshold selection the reconstruction is made with a subset of coefficients that are larger than
a specified threshold. In zonal method the reconstruction is made with a subset of coefficients
lying in predetermined zone. Only those coefficients are selected for further processing, the
remaining coefficients are set to zero.
In this paper, zonal compression technique performed on chosen signals using different
transforms are investigated. The mean square error (MSE) is used as a measure of signal
reconstruction quality. Plots of the MSE versus compression percentage are included for
comparison of methods.

INTRODUCTION
The fundamental goal of the digital signal compression is to reduce the bit rate for
transmission and storage, while maintaining an acceptable signal reconstruction quality. One
of the techniques for achieving signal compression is Transform Coding. In this method, the
aim is to transform original signal to a new space where most of the energy would be
concentrated in only few spectrum coefficients. Thus compression can be achieved by coding
only those coefficients that have substantial energy.
Transform coding is considered as one of the most efficient methods for signal processing. A
number of transforms have been investigated by many researchers for different types of
signals, including Fourier, Hartley, cosine, sine, as well as Walsh, Haar and piecewise
transforms. Computation complexity and compression ability are the two important factors in
evaluating a transform. During the last few years, the application of wavelet transforms has
emerged as an efficient compression tool.
Compression of signals in spectral domain consists in rejection of related transform
coefficients and reconstruction of signals by inverse transform. In this paper, zonal
compression technique performed on chosen signals using different transforms are
investigated. The optimal spectral zone selection ensures achieving a minimum mean-square
error of reconstruction.

TRANSFORM DESCRIPTION
A new class of transforms based on the integration of Walsh and Haar functions has been
considered for zonal compression. This class is called Piecewise - Linear Transforms and
includes WPL (Walsh Piecewise - Linear), PWL (Periodic Walsh Piecewise - Linear) and
HPL (Haar Piecewise - Linear) transforms [1]. In this paper the HPL transform has been
investigated. The set of periodic Haar piecewise-linear functions is determined by:
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F= 1, for tc=[O,T] p~ 1
HPL(O,t)= orws [ ]L(i+1,t)= f--har(i,v)dr (1)

0, otherwise 0

where: i = 0, 1, 2,...,log 2 N, k = 0, 1, 2,...,log 2 N,
k - index of group of HPL functions.

har(i, -) - Haar function.

The factor (2k/7) is applied to normalise the maximum amplitude of the HPL functions.
The next class of new transforms is wavelet transforms that become one of the most powerful
tools in compression applications. The general idea of wavelet transform is to analyse signal
according to its local frequency content. Detailed description can be found in chosen
references [2,3,4]. As it is well known wavelet transform allows multi-rate digital signal
processing because its coefficients are grouped in dyads of different length corresponding to
different processing rates. Each dyad's coefficients are the signal expansion coefficients
calculated in appropriate subspace to another.

COMPRESSION PROCEDURE
In zonal compression the coefficients outside a specified zone are set to zero. Then the inverse
transformation has the same dimension as the forward transform. In another version of zonal
compression all coefficients outside a selected zone are discarded completely (no zeros are
replaced), and the inverse transform has a dimension equal to that of the selected zone. Thus
the number of computations needed for the inverse transformation is reduced, and a zooming
step is required to obtain the previous dimension of the reconstructed signal.
Selected zones usually depend on the structure of the energy distribution of the transform

coefficients. In order to determine optimal spectral zone for chosen transform it is necessary
to obtain the estimates of spectra on a given class of input signals. This problem has been
considered in [6] and an upper bond on a wide class of signals has been determined.
Following transforms have been investigated in this paper: HPL, PWL, Walsh, Coiflet and
Daubechies.

COMPRESSION RESULTS
To investigate compression ability the zonal compression method was applied to
a random speech signal. The spectrum of the signal is compressed using one of selected
transforms with zonal method.
Fig. 1. shows the original and reconstructed signals obtained by HPL transform for
compression percentage equal to 50% corresponding to compression ratio 2:1.

4 4

a) b)
2 2

0

-2 -2

-4 -4

Fig. 1. a) original speech signal b) reconstructed signal
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For the purpose of comparison the transform ability different transforms have been used for
this investigation, and the results of compression have been compared using MSE criterion.
The percentage of rejected coefficients was varied and the corresponding mean square error
between the original and reconstructed signals has been calculated in each case. Plots of the
MSE against the percentages of rejected coefficients are illustrated in Fig.2.

MSE [3

13.7

0-.6' Coiflet

0.6 '_ -' Daubechies

03.

'---'Walsh
0 .3

• - HPL
0.2

03.1 'o-o-' PWL
13.

0 [%]
S1 0 20 30 40 50 60 70 13 9 100 %

Fig. 2. MSE versus percentages of rejected coefficients.

CONCLUSION
Based on the simulation results obtained by using different transforms and zonal compression
method, the following comparison remarks are worth mentioning. The zonal compression
method allows reducing the number of spectrum coefficients up to compression ratio equal to
60%, without significant distortion, for all investigated transforms. It can be seen from plots
of the MSE against the compression ratio that wavelet transforms give better results, in terms
of the mean square error of the reconstructed signals, than the HPL and PWL transforms. It is
the result of a multi-rate approximation, which takes place when we use bases functions from
the spaces of different resolutions. Also the MSE plot obtained for the Walsh transform is
close to that of wavelets. So these transforms are more suitable for representing considered
shape signals in zonal compression method.
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ABSTRACT
The possibility of radiating target height determination in the HF band is investigated in this
paper. The distinguishing features for the height estimation are statistical characteristics of the
useful signals that can be found by means of computational electromagnetics.

As known, communicating devices of the HF band are used now in aircraft. That is why
every radiating aircraft can be detected at the great distances by means of the passive radar.
But the latter usually determines only the azimuth of the incoming wave radiated by the
airborne transmitter. The range of the target is estimated by several passive radars but the
target height remains unknown. We confine attention here to determination of a target height
and use for that the statistical features of the signals transmitted by an airborne
communicating device.

Ionosphere

SR
S. .Fit. I

The radiating target is an element of the radar channel that consists of this target, ionosphere
and the passive radar (Fig. 1). As a rule, the airborne antenna has a wide pattern in the HF
band and the waves propagate to the terminal point (point R in Fig.1) by the paths TPR and
TG1R, where G; is the i-th mirror point on the rough earth surface. As it has been shown in
[1], the number of mirror points n is approximately equal to number of the correlation
distance p of the heights earth roughnesses placing along the length of irradiated region. In
the presence of great surface irregularities the mirror points number can be reduced owing to
shading of any part of the reflecting surface by another one. Figs. 2,a,b show the number of
total n (dashed lines) and unshading n, (solid lines) mirror points as functions of the target
height for earth rough surfaces with various statistical characteristics. The curves 1 were
calculated for p = 200m, a- = 3m and the curves 2 - for p = 2500m, 0- = 3m, where a-2 is
variance of earth roughness heights scintillations. As it follows from these plots the signals
forming conditions depend on the target height. The direct wave field of vertical or horizontal
polarization is determined as

•li F6 0 -Pvh F,,, (O~e j((p-k.,.,Ev,=1j,,, (1)
r,

where P Gvh are the radiating power and maximum antenna gain on the vertical (v) or

horizontal (h) polarization; q is the initial wave phase; k is wave number; F1,,v is the value of
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normalized airborne antenna pattern in the vertical plane into the direction of the pathwave
that comes to the observation point R; r, is the path length between the points T and R.

" 90

89O0 -_---7 1

_ --- --- ' -- - _. ._ x - --

L. 60 / / •I

50= 40 / -

Eý 20
C 10

0 1 2 3 4 5 6 7 8 9
target height, km

Fig. 2

The ground reflected field at the observation point
SR (19.)j(o ,-k,E2vh = J 60P Kvi F2 (I!""i )e'" +2,-kr2, ) , (2)

i=1 r2i

where F2vh6(9i)is the value of normalized airborne transmitting antenna pattern into direction

of the i-th mirror point in the vertical plane, R,,h(9)is complex coefficient of radiowave

reflection from the earth surface, (pi is a random phase shift caused by small-scale earth
irregularities height of that is h and therefore V, = 2kh sin 8,. The roughness coefficient in

formula (2) K,, = exp(-2(kh. sin 19,)2), r2i is path length between the i-th mirror point and
the observation point R. The formulas (1),(2) do not take into account the ionosphere
influence and multiple reradiation between earth irregularities. We determine the result field

1 1 1
at the point R as a sum of direct and scattering fields if - z -I & -, i. e.

r, r2i r

E(t) =j 6�PGj, e J((p-krl)!(t) (3)
r

where B3(t) is modulating factor that can be easily found from the formulas (1)..(3)
n,

B(t) = Flv, (O) + Zv,, ( ,)KiF 2,h,(gi9)e kAr, (4)
i=l

where Ar• = r,- r2.. It depends on time accidentally as the parameters characterizing

conditions of waves reflection from the earth surface are changed owing to aircraft
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moving. Therefore the statistic simulation of modulating factor is realized for the h(t)
analysis.

7

6
i \S
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4/ -
__ _ _ . _/ __
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0 1 2 3 4 5 6 7 8 9 10 11

target height, km

Fig. 3

Fig. 3 shows the graphs of dependence of the modulating factor correlation interval rzcor from
the target height flight h for vertical polarization of waves. The results have been received for
hilly areas when p = 2000m and u = 10 m. The dash line illustrates the dependence or, (h)
for one accidental realization of earth rough surface and solid line is dependence averaged by
10 accidental realizations. In general one can mark out some height ranges within that the
correlation intervals of modulating factor differ considerably. For our example there are two
ranges: range of small and great heights. The ionosphere influences can be taken into account
when the earth passive radar receives simultaneously the signal of airborne transmitter and
signal of oblique-incidence ionosphere sounding. The frequencies of these signals and their
paths propagation must differ slightly. Similar experiments have been carried out at the
beginning of 1990s [2]. The statistical characteristics of the above mentioned signals at the
great heights were alike in these experiments. It confirms the main conclusions of the
mathematical simulation.
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ABSTRACT
Iterative algorithm to obtain undetermined coefficients of local quasi-interpolants is proposed.
The question of the iterative scheme convergence is investigated, and optimal value of the
iterative parameter is obtained.

INTRODUCTION
In the practice of digital signal processing we usually deal with a discrete set of function's
values defined on finite intervals. To restore the whole function it is necessary to approximate
it in arbitrary way. One of the most traditional approaches is to interpolate this function by
means of algebraic polynomial P(x). But this way has some drawbacks connected with non-
compactness of polynomial support. At present, compactly supported functions (B-splines,
atomic functions, etc.) are widely used as convenient mathematical tool for the approximation
of local functions. This work is devoted to the numerical method of local quasi-interpolation
of periodic differentiable functions defined at a discrete set of equally spaced knots. Our
technique does not require analytical solving of the system of linear equations and is based on
Jacobi iterative procedure and finite-difference theory.

SETTING OF A PROBLEM

Let f(t) V W/[-7r;7r] be periodic function with continuous derivations. Define the regular

mesh AN :ti = ih, h = ;T/N, i = - N,N and suppose thatf(t) is determined at the points

1"k = rk,r =(4k -I+ (-I)")r 1(4N).

Due to periodicity of f(t), the sets {ti}, {rk}. can be expanded to real line beyond the limits of
interval [-7r; /7] with the mesh width h. In this work we shall approximatef(t) with the help of
elements of UPNr where the latter is a space of translations and dilatations of atomic function
up(x) [1-3]:

Y d upX+/ f k2-r

The space UPN, . has a basis consisted of translations and dilatations of compactly supported

function fupr(X); supp fup,.(x) r + 2 r + 2]. Therefore atomic interpolation for f(t) of2 ' 21

order r is realized by means of the following expression:
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N+M
'PN, r(f;t)= ECk(Or,k(t), 0)N,r(f;_Cj)= f(1_j), M =[(r+1)/2],

k=-N-M

t+_ h k) hr+2
where (r,k W fUp-r(1- (-1) ( for i-tk - r +2 h. Functions2 (rk(t) always

can be normalized in a natural way:
S(Plr,k (t) -1

k

Using the interpolation conditions
N+M

ON, r(f; j)= ICk(f)(Pr,k(vj) f(rj),
k=-N-M

and taking into account properties of (,;k(t) and periodicity of f(t) we obtain the following
linear system of equations with respect to unknown coefficients { cj }:

CNj =CN-j, j=0,...,[r/2],

M

Y bjklCj+k = fj j =-N,-N + 1..., N, (1)
k=-M

CN+j =CN+j, j=l ..... [r/2].

where Cj =-cj(f), f j = f(rj), bk =Pr,o(kh).

QUASI-INTERPOLATION ALGORITHM
By analogy with the case of B-splines [4-5] construct the local atomic quasi-interpolant:

N+M(P (P) (. It) ck(p)(f"r)(0"

k=-N-M

The coefficients c(p) (f) are defined by values of f(ri) not on the whole mesh but only at the

points close to rk. Present (1) in matrix form:
BC=F.

The Jacobi scheme [6] to obtain unknown components of vector C has the form:

C(k+l) - C(k) +BC(k) =F, k=0,1.... (2)

0
Here dk) are sequential approximations; 0 _< 2 is iterative parameter; initial approximation
Ce°)=F. The more k is, the more high order of approximation we have. The problem is to find
the value 0 providing the best convergence of sequential approximations to exact solution of
the system (1). By analogy with (2) let us write expressions for error Z(k)=Cek) -C and residual
R(k) =BCk)- F:

Z -+Bz (k) = 0, k=0,1 .... R -R +BR (k)=o0, k =0,1,....
0 0

Theorem 1. The scheme (2) provides the following rate of convergence in Euclidean
metrics: z(k+l) < (0) z(k) ; R(k+l) < p(O) R(k) L Here p(O) =j1- 2 0oaBa

where cIB and a are the minimal eigenvalues of matrices B and E-OB/2 respectively,

min p(O) = p(l) = /2(1-b 0 ).
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It can be shown that

cj =Z(-1)j aiA2j fj j = -N,-N + I...N,
s=0 \i=1

where A" is a central finite difference of order n, and coefficients {aj} are defined by
recurrent expressions

S
aM =bM, aMs =bMs +Z(-1) i+1 Ci( aMs+. s=1,2,...,M.= ~~ - +C2(M -s+i)a sis=,2...M

i=I

According to the scheme (2) with 0=1 and c() = fj, sequential approximations to the

components of exact solution c(k) will take the form:J

_(k) f aiA2i fj, j = -N,-N + 1...N. (3)
s=0 ki=l

Denote the quasi-interpolant corresponding to coefficients (3) by 0 f(k) .
M

Theorem 2. Suppose bo -2-bi =q>O and f(x)ECm(2 k±2 ). Then we have the
i=1

following estimation: N(,r (f' t) - ON,," (f; t) C[-7r;Z= O(h 2k+2).

Finally, optimize (3) so that (PN(r (f; t) will be exact for polynomial of order r:
M

MM
Cj()Z( )S F aipi A if j. (4)

s=0 {pi i=1

Here the set of indexes {pi} must satisfy the following conditions:
M M
ZPi = s, Zipi <_M.
i=1 i=1

CONCLUSION
The main advantage of the novel quasi-interpolation algorithm is that it does not depend on
regularity of the mesh, and is applicable for the case of nonregular one in the space R".
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ABSTRACT

To improve detection of anthropogenic and natural UWB signals against the background of
noise, the wavelet analysis has been applied.

INTRODUCTION

Recently ultra-wideband (UWB) signals (an example is given in Fig. la) have found a wide
variety of applications in solving different engineering and science problems. Such signals
convey more information than ordinary narrow- and wide-band signals by a factor of
ýt / [, >> 1 (here .t is the UWB signal index, and ýt, the narrow-band signal index). The en-

gineering tradeoffs in the design of any UWB system involve the development of new tech-
niques for signal generation, reception, and processing. Therefore it is important to apply new
methods for the detection of anthropogenic and natural UWB signals against background
noise.

WAVELET ANALYSIS APPLICATION

Each wavelet is a UWB signal by definition. Therefore the wavelet spectrum of any UWB
signal turns out to be more narrow than its Fourier spectrum because of the similarity between
the signals and the basic wavelet transform functions. Such a wavelet spectrum of the UWB
signal in Fig. I a was obtained using the Dobecci basic wavelet, and it is shown in Fig. 2b. In
that figure W is a wavelet amplitude spectrum, a is the scale factor and b is the translation
factor. In Fig. 2, it can be seen that UWB signal and noise wavelet spectra are widely sepa-
rated when the additive interference is weakly correlated (i.e. its correlation interval is much
less than the characteristic scale of UWB signal changes). In the time space, the signal, noise
and their mixture are represented in Fig. la-ic, and the results of the wavelet filtering with
different scale factors a are shown in Fig. id-In. The amplitude signal-to-noise ratio is equal
to 1/5. It has been shown that there is an optimum number of terms in the inverse discrete
wavelet transform. This number depends, on one hand, on a sufficiently good reconstruction
of the signal form, and, on the other hand, on noise minimization. The optimum number of
terms for signal reconstruction and detection has been determined as a function of the signal-
to-noise ratio.
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Fig. 1. The UWB signal model (a), the noise model (b), the additive mixture of that signal
and noise with the amplitude signal-to-noise relation, which is equal to 1/5 (c), and they
after wavelet filtration with different values of wavelet spectrum parameter a (d-n).

Kharkov, Ukraine, VIII-th International Conference on Mathematical Methods in Electromagnetic Theomy



MMET*2000 Proceedings 235

b

wI I

b • .............. ...... . ..... . .......

wj a

0I; f:i

)a E)

21- ......
b ..................

0 1 b

aa

c) ••F) 
D

11b 2 - ..............

b

Fig. 2. A and D are the noise wavelet spectra, b and E are UWB signal wavelet spectra, C
and F are the wavelet spectra for additive mixture of that signal and noise. W is the spectrum
amplitude, a and b are the wavelet spectrum parameters.

Kharkov, Ukraine, VIII-th International Conference on Mathematical Methods in Electromagnetic Theory



236 MMET*2000 Proceedings

2D MATRIX FILTERING OF GROUND PENETRATING RADAR DATA

V. Kovalenko, and S.A. Masalov
Usikov Institute of Radio Physics and Electronics of NAS of Ukraine

12, Ak. Proskury str., Kharkov, 61085, Ukraine
E-mail: smith@ire.kharkov.ua

Specially designed 2D matrix filters can provide a flexible tutorial for the processing of
ground penetrating radar data. Brief overview of such filters application and design of the two
filters is presented. The first adaptive filter is well suited for separation of large non-contrast
objects, layered subsurface structures, etc. The second one provides migration of GPR data
sets and increases the horizontal resolution of images.
Key words: ground penetrating radar, 2D matrix filtering.

Ground penetrating radars (GPR) constitute a saturated with various problems but quickly de-
veloping direction in the applied radio physics [1]. A successful use of the GPR demands in-
volving of various computer aided mathematical algorithms for the obtained data treatment.
The common methods of GPR data processing can be divided in three heterogeneous groups:

* Electro magnetic based approaches, which are aimed on obtaining the approximate
solution of the video pulse inverse diffraction problem. The typical algorithms of this
class are synthetic aperture method [2,3], complex natural resonance expansion method
[4], etc.
* Adaptations of the geo acoustic techniques, such as predictive deconvolution, migra-
tion and similar methods [5].
* Image processing algorithms, which are disengaged from the data genesis.

The 2-D matrix filtration algorithms are in wide use in various images processing application
and their construction may not be based on the specific data origin. Here we demonstrate re-
sults of the common filtering [1] of the GPR data and introduce the adaptive algorithm for the
two-dimensional edge-detective matrix filter.
On the other hand, it is possible to construct the matrix filters for the optimal data processing
taking into account the specific character of the data formation. We discuss the design of the
filter, which can be used for spatial data convolution in order to increase the horizontal reso-
lution of the GPR image. The filter design is based on the specific geometry relation between
the parts of the GPR and the subsurface object under the investigation in the bistatic sounding
formation.

FORMATION OF A GPR IMAGE
The subsurface scanning routing consists of serial illuminations of the probing pulses and re-
cording of the electromagnetic signals reflected by the media (echo-returns) in several points
on the surface. Usually the GPR data are stored as a set of the electromagnetic echoes re-
corded in N points along the route of the scanning. The resulting matrix of M x N is called
the echo-profile or the scan and represents the diffraction image of the subsurface section
[x0 , I x [zo =0, z, ] , where M represents the quantity of the time points in each return,

[x0,x,] is the length of the scan and z, is defined by the recording time of echo-returns, the

GPR sensitivity, medium properties, etc. Then the scan can be represented as a brightness
picture (see Fig. I a).
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COMMON MATRIX FILTERING OF THE GPR DATA
The basic matrix filtration methods involve the convolution of the matrix S, which repre-

sents the scan, with a specially formed matrix F [1] of mx m (m is odd). It means that the
elements S.i of the filtered image are derived from the scan S and the sliding matrix F, as

follows:
l kI S-. mm n

k=1 1=1 12 --- k,2 + -(1)

-SaI8= {Sa• 3,if O < a < M and O </M (2)Oa8 , otherwise(2

An example of the common matrix filter is the horizontal edge detector. This filter is con-
stricted with the following sliding matrix F,:

'-1 -1 .. .. -1'

2 m m ... m m2m 2 -m

-41 -1 (3)

Increasing of m leads to amplifying of the filtering effect. Now let us construct the filter to
detect slope edges. It can be easily seen that the sliding matrix

m -1 .. -1•

-l m
F NF (4)

SNm

where NF = Z F,,k, , will produce the filter, which detects the slopes in the directions from
kJl

the left-upper to the right-lower angle of the scan (Fig. lb). Changing the angle of the matrix
diagonal filled with m's, one can construct the edge detectors F.,i that amplify images of vari-

ous inclined brinks. Let us define the set P = {F,,n' II of the matrixes with all-possible angles
of m-diagonals. Now we can construct an adaptive filter for the slopes detecting taking the
elements of the filtered scan in the form:

inl ni=max { n"+ }n 5Si, = max[ .JFk•'Si+',,,l m+1el (5)

k=1 1=1 2 2

The filter designed by (5) defines the maximum slope in each point of S and amplifies the di-
rection chosen. This results in the optimum detecting of large non-contrast objects, such as
seam inclinations, etc. (Fig. 1c).

DESIGN OF A DECONVOLVING MATRIX FILTER
It is possible to construct matrix filters taking into account the origin of the data. Let us con-
struct the filter, which deconvolves traces from subsurface objects, in the case of the bistatic
sounding scheme use [3] (Fig. 2 a). It is easy to see that the variation of the path length
Stop between the receiving and transmitting antennas via the point (x*,z *) on the subsurface
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object leads to forming of the hyperbola-like trace in the scan (Fig.2 b). Denoting the trian-
gulation scheme from the Fig. 2a one obtains:

stop = V(x - x*) 2 +z, 2 + (x+A-x*,)2 +z, 2  (6)

Smin - JA 2 +4z * 2  (7)

Then, we form the F sliding m x n matrix in the following form:
"0 ... 0 0 1 1 1 0 0 ... 0"

0 ... 0 1 -1 -1 -1 1 0 0

F,,,, = -- (8)
NF 0 0 1 -1 0 ... 0 -1 1 0 0

0 1 -1 0 0 ... 0 0 -1 1 0

1 -1 0 0 0 ... 0 0 0 -1 1

where entries of 1 and -I are placed in the hyperbola-like form. If this hyperbola is congruent
to the one defined by (2) and (3), the use of the filter based on this sliding matrix focuses the
data image, transforming the object traces into spots (see Fig. 2c). As seen from the figures,
such a filter significantly increases the horizontal resolution in the data set.

b Csooo50 5 00 ::••

1i50 150 ....
20020

i:250 250 u 250
100 200 300 400 100 200 300 400 100 200 300 400:-

Fig.1 a - The scan of a lake in Kharkiv; b - the diagonal vertex outlined scan; c - adaptively filtered scan.

Fig.2 a- The triangulation scheme; b - image of the GSSITNSIR-IITMI scan; c - previous image filtered.
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ANTENNAS FOR NEAR-FIELD RADIOTHERMOMETRY'
Yurasova N.V., Gaikovich K.P., Reznik A.N., and Vaks V.L.
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ABSTRACT
The application of electrically-small antennas in the area of subsurface radiometry make pos-
sible measurements of the quasi-stationary field of a thermal emission (evanescent modes at
interface) [1]. New one-wavelength methods of non-invasive temperature sounding of ab-
sorbing media, such as water and living tissue, can be developed using such measurements.
The quasi-stationary field component is formed in media in another way in comparison with
the ordinary used wave (propagating) component. Our theoretical analysis shows that the ef-
fective depth of the formation of quasi-stationary component depends on the height of antenna
above the surface of a medium and on the antenna size. At the surface this skin-depth could be
very small (for small antennas); it increases with the antenna height, and at the height compa-
rable to wavelength in the medium it converges to skin-depth for the wave component of
thermal emission.

THEORETICAL ANALYSIS
The main technical problem of these measurements is to achieve a good matching and high
efficiency of electrically-small antenna in the near-field region above absorbing media taking
into account the strong influence of the media on antenna parameters. The measured antenna
temperature Ta can be expressed for contact measurements as

T, = (I - R) [r7/T7:f + (I - r7) T(0)] + R T,., (1)

where R is the reflectivity from antenna, h is the efficiency, Tns is the temperature of radi-
ometer noise at the antenna, T(0) is the temperature of antenna at the medium surface. The
good matching minimizes the reflectivity R. At R -+ 0 and 77 -- 1 one has Ta=Teff. The effi-
ciency of electrically-small dipole antennas falls proportionally to the factor (i/X) 4. Our analy-
sis shows that the antenna efficiency is much higher in vicinity of a lossy medium in compari-
son with the antenna in free-space. The efficiency depends also on antenna material. In Fig. 1-
2 the results of theoretical analysis are shown for achievable efficiency of the simple dipole
antennas with the matching resonant circuit (made using the ordinary copper (Cu) at two dif-
ferent temperatures and using high-T, superconductor film (YBaCuO)) as a function of the
size and the height above the medium surface. It is possible to see that the minimum achiev-
able size of antenna at wavelength X = 30 cm could be about 1 mm. It is also difficult to ob-
tain a high enough efficiency without the superconductor technology at the antenna heights
above 1 cm. But it is clear that just now it is possible to have a good efficiency at contact
measurements using the ordinary copper antennas in the wide region of antenna sizes. The ef-
ficiency can also be enhanced by means of the more sophisticated antenna design. The results
of our first attempts to build such antennas form the main contents of this paper.

This work is supported by Russian Science Ministry State contract No. 107-3(00-P).
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Fig.l. Calculated antenna efficiency as a function of Fig.2. Calculated efficiensy of 1-cm dipole antenna as

the size-wavelength relation: I -superconductor, 2 - a function of the antenna size at X. = 30 cm.
copper at 77 K, 3 - copper at 290 K. Solid lines -
contact measurements (h=0), dashed - free-space.

ANTENNA DESIGN AND TESTING
We have developed antennas with high enough efficiency. These copper antennas include two
stripline planar dipoles and the resonant circuit to achieve the antenna-medium matching. The
antenna schema is shown in Fig.3. Effective sizes of antennas are about 1 cm, the operating
frequency is 950±100 MHz (frequency band of the radiometer). The reflection coefficient, ef-

S32 em -ficiency, and sensitivity of antennas
e2xternal have been studied in dependence on

ll O0,035 dielectric plate the frequency and the dielectric pa-
rameters of the measured medium
(see in Fig.4,5). The water was cho-

I \sen as a medium the dielectric pa-
electrically rameters of which have the strong
short dipoles dependence on the temperature and

mutching i the salinity. Thus, the temperature
resonator and salinity dependence of antenna

parameters was investigated. An-

stripline tenna in the contact with the living
to coaxial tissue also has been investigated. In
connector Fig.6,7 one can see the reflection

coefficient R, efficiency 1I and sen-
sitivity dTb of radiometer (all the
parameters averaged over the radi-
ometer band). These parameters are

11 nun practically independent on the tem-
perature and the salinity of water.

Fig.3. Near-field antenna design.
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Fig.6. The height dependence of antenna reflectivity in Fig.7. The height dependence of antenna efficiency and
the radiometer frequency band. radiometer sensitivity in the radiometer band.

All the parameters are very suitable for contact measurements at h = 0 (on the water surface)
but they fall drastically with the increasing of the antenna height up to 1 mm. Of course, it is
possible to improve these parameters on the base of antennas with a tunable resonant circuit to
match them at each height independently. For the further matching improvement, the possi-
bilities of antennas based on high-temperature superconductor technology [2] should be used.
But the achieved antenna parameters permit to solve the main problem - to detect near-field
effects at large temperature gradients in the temperature-stratified water.
It is worth noting that the reflectivity has strong enough dependence on the dielectric parame-
ters outside the radiometer frequency band (see Fig.4, 5), so it is possible to use this depend-
ence for media parameters diagnostics.
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ABSTRACT

Results of the ground based radiometric observations, indicating the presence of significant
polarization differences in thermal microwave radiation of the cloudy winter-spring
atmosphere are reported. Interpretation of the observational data is carried out on the basis of
polarized radiative transfer modeling in mix-phase clouds, containing ice crystals and
supercooled water drops.

APPARATUS AND MEASUREMENT PROCEDURE

The study of the thermal microwave radiation of the cloudy atmosphere was carried out by a
94 GHz modulation radiometer, receiving atmospheric radiation simultaneously on the two
orthogonal linear polarizations - vertical and horizontal. Radiometer has cone-shaped horn
antenna with half-power beam width 40. Fluctuational sensitivity for both channels was 0.2 K
for integration time 1 sec. Decoupling between the two polarization channels was not worse
then 15 dB. Total transmission coefficients for both channels from antenna toPC were
equalized with accuracy not worse then 0.5% and controlled by the two unpolarizedsources -
clear atmosphere and black body, placed to the far zone of antenna pattern- perpendicular to
the electric axis of the horn. Black body was kept at an ambient air temperature. The same
sources were used as standards to calibrate radiometer channels in both radio brightness and
polarization difference scales. Atmosphere brightness temperature measurements were carried
out on fixed zenith angles equal to 400, 600, and 700. Absolute precision of the measured
brightness temperature on both polarizations was-2 K. Polarization difference measurement
precision was estimated as 0.4 K.

RESULTS AND INTERPRETATION OF EXPERIMENT

Ground based polarimetric observations of the cloudy atmosphere microwave rqdiation were
carried out during January-July period of 1999 in Nizhny Novgorod, Russia, at 94 GHz. The
observations showed significant polarization of the winter-spring clouds thermal radiation. An
example of the registered brightness temperature on both polarizations (curves v and h) and
corresponding polarization differences(curve v-h) at zenith angle 700 is illustrated in fig. 1. The
beginning and the end of each time realization curve corresponds to the unpolarized clear sky
radiation, i.e. to the zero level of the polarization difference. For winter-spring atmosphere the
polarization difference of -1 K at 700 was detected in more then 80% of realizations for
ambient air temperature <+7 °C. The ambient air temperature through all the period of
observations varied from -16 °C up to +29 °C. The polarization difference value had irregular
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character, chaotically changing its sign. Its absolute value was decreased as zenith angle
decreased. The maximum absolute value of the polarization difference observed was as much
as 9 K. Polarization differences were not correlated with cloud liquid water content, which
was determined simultaneously from the brightness temperature estimations at 94 GHz,
depending mainly upon integrated water content.

TB, K 28.02.99 v

ATB, K v-h
7-

-7
15:20 15:56 16:32 17:08 17:44 18:20 18:56 19:32 20:08 20:44 21:20

Time, LT

Fig. 1

THEORY AND COMPUTER SIMULATION

The interpretation of the observational data was carried out on the basis of the vector radiative
transfer equation (VRTE) in a plane-parallel layer, containing sparsely distributed spheroids,
having statistically azimuthally symmetric space orientation [1,2]. The elements of the
extinction and phase matrices, entirely expressed in terms of the scattering function
amplitudes, averaged over size and azimuth q0 orientation of the particles, were calculated by
DDSCAT code [3], slightly modified to fit VRTE computations. Solution of the system of
radiative transfer equations was found numerically by using discrete ordinate eigenanalysis
method [2].

Fig.2 shows polarization differences ATB = TB', - TB7h at 94GHz versus azimuth angle for

mix-phase cloud, containing ice spheres and supercooled water drops. Fig.3 illustrates ATB
angular dependency for mix-phase clouds, containing horizontally oriented ice plates.
Thickness of the cloud layer was set equal to 2 km in both cases, cloud bottom height - 1 km.
The surface boundary throughout all calculations was treated as black body emitter to attribute
all polarization characteristics entirely to cloud particles. Maximum size of ice particles in
distribution was taken to be 2 mm, corresponding maximum size for water drops-100 ,u m.
The total amount of specific water content inside cloud was kept constant at Q = 0.2 gm/m 3,
while the proportion between water and ice phases was varied. Thick solid curves in Figs.2
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and 3 exhibits ATB for purely crystalline cloud, dashed curves correspond to specific water

content Q,,. =0.05 gm/m 3, dotted curves - to Q,, =I gm/m 3, thin solid - Q, 0.15
gm/rn 3.
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Mode diameter for spheres and plates in modified gamma-type particle size distribution was

set to be DM = 500,u m. The studies show the sign of the polarization difference depends on

the shape of the crystals and specific water drops content and may change with viewing zenith
angle. It is interesting to note, that in the case of spherical ice particles polarization difference

ATB for clouds, containing moderate water fraction amount (see dashed curves in Fig.2)

prevails over that for purely crystalline cloud in a wide range of zenith angles. Nevertheless,

as the water drops content in the cloud is becoming more and more pronounced, the

polarization difference ATB reduces its value as it should be. The picture for plates (Fig.3) is

somewhat different. In this case the polarization difference is gradually depressed as water

drops content in the cloud are becoming predominant practically at all viewing angles except

for those, where ATB changes its sign. The largest absolute values of ATB in this case are

characteristic for purely crystalline clouds. Fig.3 also demonstrates how cloud water drops
content influences the sign of the polarization differences: the more water portion inside cloud

the less zenith angle at which ATB changes its sign.

The work was supported by the Russian Foundation for Basic Research Fund, grant No.
00-02-16037.
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ABSTRACT
Obtaining information about the state of the sea surface using HF radars has been the subject
of intensive studies over the last several decades. In most of the theoretical investigations a
plane wave with a definite wave vector is taken as an incident wave. In real conditions, how-
ever, a wave beam of a finite width is incident on the scattering sea surface, which should be
taken into account when investigating the form of the spectrum and processing it to derive
information about the sea surface.
This paper investigates the scattering of electromagnetic waves from the sea surface with due
regard for the finiteness of the beam of the receive and transmit antennas; a numerical simu-
lation is used to investigate the of these beams on the spectrum structure of the received sig-
nal. In addition, a study is made of the influence of the finiteness of the coherent integration
time and the spectral width of the sounding signal on the form of the received spectrum.

In HF location, information about the sea surface is derived from the spectrum of the received
signal envelope. In the case of the scattering of a plane harmonic wave, of the entire continu-
ous spectrum of sea waves, only one component scatters, which has a frequency approxi-
mately equal to the double frequency of the sounding signal, and the received spectrum con-
sists of two lines spaced from the carrier frequency by a certain frequency [1]. The amount of
shift depends on the sounding signal frequency, and the line width is determined by the re-
solving p6wer of the spectrum analyzer at the receiving end, associated with the coherent in-
tegration time. The presence of just two lines is explained by the fact that all waves on the sea
surface are customarily divided into two waves: those traveling from the receiver, and those
arriving at the receiver.
In real conditions, with a finite width of the beam of the transmit antenna, the wave beam of a
finite width is incident on the scattering sea surface. In addition it is necessary to take into ac-
count the finiteness of the spectral width of the sounding signal. Let us consider the influence
of these factors on the structure of the received spectrum.
For the vertical polarization of a separate scattered spectral component with a frequency f,
using perturbation theory it is possible to obtain the following expression

()(f)( + -'EOZ(f 'jX" dx'dy' ,  (1)Z _( a x' a~y' cay ) q-=0

where opz is Green's function, ;'(x',y',t) is the inhomogeneous sea surface, Eoz (f,x', y')

is the vertically polarized incident wave, and is the area of the scattering surface.
An inverse Fourier transform of the expression (1), taking into account the signal's and re-
ceiver's frequency characteristic and the antenna beams, gives the form of the received signal.
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The envelope of the received signal, by virtue of the variability of the sea surface ý; (x',y',t),
will also change with the time, which is described by the time correlation function. A Fourier-
transform of this correlation function, in view of the finiteness of the integration time, gives
the desired spectrum.
For the sake of simplicity in calculations, we assume that the time window of coherent inte-
gration and the envelope of the sounding signal have the Gaussian forms, and the beams of
the receive and transmit antennas decompose into two Gaussian components, one of which
depends on the azimuth angle, and the other depends on the elevation, with the receiver in-
cluding a matched filter. With these assumptions, some of the integrals can be integrated
analytically, with the result that only the integral over elevation remains.
As a result, we obtain the following expression for the received spectral density

S(F)= f dOsin OCOS4 O1A(O f W(2kcosO)x
0

2 2

ex l ex[2(2;TAf ( o sinO ) 2 (2rF - [2kg cosO j (2)

where A(O is the product of the receive and transmit beams in the vertical plane, W(X) is

the spatial spectrum of irregularities of the sea surface, Af is the spectral width of the
sounding pulse that is inversely proportional to the pulse duration for the AM signal and equal
to the deviation of the frequency for the chirp-signal with a large bandwidth-duration product,
Z0 is the altitude of the antenna above sea level, D is the distance of the antenna to the scat-

tering area, c is the velocity of light, oT is the width of the coherent integration time win-

dow, g is the gravitational constant, and k = 2#i~ 01c is the wave number for the carrying

frequency f0.
The resulting expression (2) was used in a numerical simulation. Simulation results were
plotted in decibels relative to a maximum value of the received signal spectrum. The plots
represented only one-half of the received signal. Some of the results are exemplified in Fig. 1.
The spectrum consists of peaks whose maxims are shifted on both sides of the carrier fre-
quency by an amount approximately coinciding with the shift of the "Bragg lines" in the
scattering spectrum of the plane wave. Widths of the peaks depend on the vertical beam
width, the width of the coherent integration window, and on the emitted signal spectrum.
To elucidate the effect of each of the above-mentioned three factors on the form of the spec-
trum requires that any two factors do not suppress the action of the third one. To accomplish
this, we selected a broad (in elevation) beam, a narrow window or a narrow spectrum of the
emitted spectrum, and the remaining factor was varied.
In addition to the obvious narrowing of the spectrum with an increase in the width of the co-
herent integration time window, there is an influence of the beam, the emission spectral
width, and of the radar altitude on the width of the received spectrum. This is explained by the
fact that, with a decrease in the beam width, we send a narrower wave beam (in the limit of
one plane wave), the scattering occurs in a smaller area, and there is a decrease in the widths
of peaks (in the limit of the delta function). On the other hand, the narrowing of the received
signal spectrum with an increase in the width of the emitted signal spectrum is explainable by
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the fact that a decrease in the pulse duration is accompanied by a decrease in the area of the
illuminated region. Effectively, this means that we narrow the beam, thus narrowing the width
of peaks. Starting from the width of the emitted signal spectrum of several kilohertz with a
further increase of the emitted spectral width, under other equal conditions, modifies received
spectrum S(F) only slightly. It was also ascertained that with an increase in elevation above

sea level of the antenna, the spectrum broadens, which is associated with an increase of the
dependence of the "Bragg line" on the angle of incidence of an individual component of the
wave beam.
Thus the form of the spectrum at the sounding of the sea surface depends not only on the co-
herent integration time but also on the spatial-time spectrum of the sounding signal.
This work was done with support from the Russian Foundation for Basic Research under
grants Nos. 00-02-17780 and 00-15-98509.
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INTRODUCTION

Atmosphere double frequency radio acoustic sounding (DF RAS) is considered as the method
of indirect non-contact remote determination of radio physical properties of the low tropo-
sphere. As compared with the other non-contact methods, such as, for example, the laser and
radiometric ones, this one stands out because of the high vertical resolution of tens of meters.

THEORETICAL BACKGROUND

In our work on air humidity measurement in the atmosphere with the RAS system (RASS),
we started from the known dependence of the sound molecular attenuation on its frequency,
the air humidity and temperature. When carrying out RAS at two frequencies and measuring a
ratio of RF echoes powers P, and P2 appropriate to these frequencies, the value of sound
absorption factors difference as a function of height R can be obtained as follows:

AI,2 (R)= Pi2 (R) d [P,(R)] (1)
P1(R) dR L P2 (R)]

The finding of humidity is reduced to solving the inverse task, which consists in subsequent
comparison of obtained values of Aa1,2 (for temperature T measured with RAS at a time)

with the ones computed from the known theoretical dependence of Aa,.2 on humidity, given

in [I]. The root-mean-square error of air relative humidity (F) definition 17F (with no regard of
error CTT of radioacoustic temperature definition due to its smallness), according to the
equation (1), is:

a F 
1 1 2) 2 1[CF +_ ,' 1? ,(2)

a9Aal 2  P212 R 2 R 1  P1

0" where:
"07P1P, is the measurement error of echoes power

L: ratio; R, and R2 are heights of measurement layer
, •borders; P11, P 12 and P21, P22 are values of echo

power received from borders of the layer under
0. .investigation for the first and second frequencies.

N$4 Fig. 1 shows the absolute errors body for
""• R=100 m and sound frequencies 3,4 and 6,8 kHz. It

Fig.]. The absolute errors body of can be seen that the humidity measurement accuracy
hunidity measurement with DF RASS increases with the temperature increase and the

humidity decrease.
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- - MAIN FEATURES OF DF RASS
'a 0,0- Strong, light DF RASS is a coherent double-frequency Doppler radar of"u I/ atmospheric
U) turbulence continuous radiation [2] with the built-in pulse sodar

-. -O channel, used both as a source of sound radiation with
0 central frequencies of 3,4 and 6,8kHz for DF RAS [3] and

as a sodar radiator, which jointly with an acoustic receiving
44 antenna is applied for the atmosphere turbulent structure

- ,/,gh.4monitoring (see Fig. 2). The double-frequency radio-• •" /Height -4mI
E - Space - 36m transmitter contains a nonlinear element and a band-pass

.45 55 65 75 85 95 filter at the output, in order to eliminate the influence of the
Humidity according to the mast data, % mutual instability of output power levels in frequency

Fig 3. Results of channels of 1,5 and 3,0 GHz. The filter selects the first and
comparison measurements the second harmonics of the RF power amplifier output

signal.

TECHNIQUE OF AIR HUMIDITY DETERMINATION
Double-frequency acoustic sounding pulses are radiated to the atmosphere in the alternate
radiation mode and irradiated with appropriate double-frequency microwaves. Measurements
of parameters of radio echoes reflected by acoustical atmospheric inhomogeneities are carried

out for given height levels during
20 to 30 minutes. The results are

RFscreening feReceiving RF antenna averaged. A number of levels and a
T i adistance between them are chosen

SLongitudinsi truss in view of a full picture of the

Ac. receiving antenna atmosphere meteorological
Mobile trolley parameters vertical distribution to

" _I - -- be mapped. For every height level,
Ta sversa truss

echo-signals parameters
Hrwr measurement is preceded by

SThe rotary basis operations on the compensation of
the influence of the sound wind

Fig. 2. General view of the instrument complex refraction on their characteristics

(by displace-ment of the acoustic source along the transversal truss with respect to its initial
position, and rotation of the entire antenna system windward). Besides, the system is tuned for
the Bragg condition to be met.

RESULTS
The measurements of the air humidity with DF RASS were carried out at the Odessa
hydrometeorological institute (OHMI) testing ground arranged nearby the coastal line. The
obtained results were compared with the ones received through the 50-meter mast-mounted
humidity sensors. The results of comparison measurements under different atmospheric
conditions are shown in Fig.3. One can see the well noticeable negative influence of the
turbulence on the measurement accuracy of air humidity with DF RASS: the correlation
coefficients for the major part of data are at a level of 0.75, whereas the data obtained under
light turbulence conditions are close to 0.86.
Fig. 4 shows an example of complex (with DF RASS and sodar) atmosphere sounding under
day and night typical conditions. There are given profiles of temperature T, humidity F, wind
V obtained with RASS, rawinsond and mast-mounted sensors, and turbulence factor K
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obtained with sodar. To the right of K, the behavior of the first and second frequency echo-
signals amplitudes under light turbulence is shown.

It is clearly seen from Fig.4, that under daytime conditions, when the values of
turbulence factor (K) consi-derably exceed the night ones, the confidence interval of RAS
data in the average three times exceeds the night-time one, being well correlated with that of
wind data. It can be concluded from this that under strong turbulence, when operating in the
alternate radiation mode, radioacoustic soundings of the first and the second frequency take
place in different turbulent situations, what deteriorates DF RASS results.

In order to weaken the influence of turbulence on the DF RASS results, the authors
propose for the DF RAS hardware to be reconstructed for operation in the double-frequency
synchronous radiation mode. Accordingly, the technique of the air humidity determination
should be improved. In this case, the humidity and with it the air refractivity at radio
frequencies can be defined with the accuracy as high as the radiosonde one.

CONCLUSIONS
The atmospheric turbulence is a main error source of air humidity measurement with DF
RASS. The improvement of DF RAS equipment and technique of air humidity determination
can give one the power instrument of defining the air refractivity at radio frequencies.

2501 1
I I I I I I • I io I I- -•

-[ Rawinsonld H - 4 / Double-
____°_ " •--I frequency

200 ----- 4 RASS
Mas

E 15 SODAR1
.c:AR~ :F .4-0 f'q1
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1

Fig. 4. Example of complex sounding under night and daytime conditions
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ABSTRACT
Lidars are applied in many geophysics, meteorology and atmospheric optics research.
However, the problem of the lidar data interpretation is not solve yet. It is necessary to take
into consideration the multiply scattering (MS) when laser radiation propagates in optical
dense aerosol formations.
The paper discusses the problem of numerical simulations of the lidar returns that account for
contributions from single and double scattering from dense aerosol formations. We have
analyzed the lidar equation that was obtained earlier [1] for an inhomogeneous atmosphere
with the account for single and double scattering. It is shown in the paper that double
scattering "forward-backward" and "backward-backward" photon trajectories equally
contribute to the backscattering intensity. This significantly simplifies the lidar equation, if
the sounding pulse penetrates the cloud to the depth that is small as compared with the
diameter scattering volume at the cloud top.

INTRODUCTION
While studying the propagation of laser radiation through the optically dense aerosol
formations, one should take into account the effects of multiple light scattering (MS). A
thorough description of MS is possible by the radiation transfer equation. Unfortunately, no
analytical solution of this equation has been so far derived in a general form. The approximate
methods of solving this equation developed up to now such as the Monte-Carlo method and
small-angle approximation, that are most widely used, enable obtaining quite good results in
solving the so-called direct problem, i.e. in calculating the backscattering signals. However,
these approaches are unable to analyze the effects of lidar performance parameters and optical
properties of the medium sounded on the return signal structure and on the intensity of
different orders of multiple scattering as well.
In the general form, the lidar return can be presented as a sum of return signals due to
different orders of multiple scattering

P(r) = p(') (r) + P(2)(r) + ... + P(') (r). (1)

The single scattering return power is described by the lidar equation that is applicable at small
optical thickness of the media sounded

P( O rr2 X(t, r)a(r)e-2 (r)2)

where, P'l)(r) is the single scattering return power that comes back to the receiving optics of a
lidar from a scattering volume at the range r; P0 is the power of sounding radiation; A is the
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area if the lidar receiving optics; c is the speed of light in air; "to is the sounding pulse
duration; X(7t,r) is the backscattering phase function; o(r) is the volume backscattering
coefficient at the distance r;

r
t(r) = Jcx(z)dz is the optical thickness of the sounding path interval from 0 to r; a(z) is the

0
volume extinction coefficient that is determined by the scattering coefficient o(z) and the
absorption coefficient ,(z), a(z)= o(z)+ ,(z).
In sounding clouds, one ought to take into account higher orders of multiple scattering.
However, calculating the higher orders of multiple scattering (i>2) faces some problems in
physical statement of the problem and in calculating the contributions coming into the total
signal from different orders of multiple scattering. Besides, as the experience shows, it is
sufficient to consider only double scattering under condition that 't<3.

DOUBLE SCATTERING SIGNAL FROM AEROSOL FORMATION
The general expression for p(2)(r) has been derived earlier [I] in the following form

p(2)(r) = 6 e-2(r)[II + 12] (3)

7/2 cr(z)y(z,))
where I, = f r X(z,y)X(z1,lt-7)sinydydz,

0,, H R(z,y,r)
S= f (z)(z) X(z,7)X(z,,7t - y)sin ydydz,

./2 ,,(y) R(z,y,r)

R(z,7,r)= r2 cos 2 -7I + (r 2Z) tanJ2 -),

zi = rZ+(r-z) , ZH(y) r_ý rrHcot2 I

r - zsin 2 2

SPECIFIC FEATURES IN THE FORMATION OF THE DOUBLE SCATTERING
FLUX FROM REMOTE AEROSOL FORMATION

In sounding dense aerosol media, the depth of a laser pulse penetration into a medium is small
as compared with the distance H to the nearest boundary of the medium:

r-H r-H «<<1 (4)
r H

In this case the scattering volume is bounded by the plane z=H, from the lidar side. If we deal
with an airborne or a space-based lidar, this plane in determined by the cloud top, for
example. If the condition (6) holds and

r _ H < H. tan 0 ° 2  (5)

then the expression for P(2)(r) can be essentially simplified.
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Thus at [(r-z)/r]<< I we can take zj, in Eq.(5) to be approximately equal to

r(1 -rZtan2 2 N ow we can make the following substitution in Eq.(3)

r-z

H. tan 0o2

and then changing new variables once more

U = . 1g 2 , /2' =r-'y.

After these substitutions the integrals entering the expressions (5) for I'(ý,y) and 12(U,3)
become identical. Therefore, expressions (5) can be written in the following form.

p() PoAcrpHtar(O0) 2j~ )n24p(2) (r) = 4 2  e-2 (r) x J f(4)a(4)X'(,7)X(1,n-.y)tan ddy, (6)
0cr 0 2

It was taken into account, while writing this formula, that 0•< _< 1 and

4 , = 4 .tan2 _0 = r-H
2 ~~H.taI{O0I

If (r-H)>H.tan(00/2), the cross size of the scattering volume for the second order of scattering
will be determined both by the medium boundary and by the receiver field-of-view angle.
The general expression for the lidar return in the double scattering approximation has the
following form

c a(ý,)a(T()X(4,,y) X(4 ,7t - y) ta{~

0 0 H2 tan2(0d2dy +

P0AcrpHta4 0/120) 1+ r 2 tan2 (-(7)
p( 2) (r) = 4c 2  e-2(r) x 2

4itr2  ,,1,,(y) a(4)r(, )X(,,)X(, - y) taý2j)

fi d~dyy, 0 H2 tan2(j0o2 J]d
1+2 H r2  

tan2 ij)

where

r. tan0oý2y 1 = 2arctan - 2 -
r-H

As is seen from the expression obtained, the return signal due to double scattering, at (r-H)
> H.tan(Oo/2), depends on both the depth at which sounding pulse penetrates into the cloud
and on the cross size of the scattering volume at the range r from a lidar.
We also have simplified Eq. (6) and Eq. (7) in special cases of atmospheric stratification.
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ABSTRACT
The characteristics of' reflection and transmission of' multi-layered douhle-periodic structures With C - shaped

inclusions in cells are considered. The case with turning of each second layer of the system on 90 degrecs is re-
searched. It loosens the dependence of reflection and transmission operators on the polarization of an incident
wave.

INTRODUCTION
In recent years, much attention has been given to so-called photonic band-gap materials in mi-
crowaves. The one type of this structure is double-periodic array with the metal patches of dif-
ferent shapes contained in cells. Locating such arrays on dielectric substrates one for the an-
other and agglomerate their in three-dimensional structures is possible to obtain broad of
transmission and reflection in the microwave range.
The dependence of the operators of reflection and transmission on the polarization of incident
wave was observed under identical orientation of metallic elements on all layers of system.
This dependence can be attenuated by turning each second lay on 90 degrees. Absolute values
of the reflection and transmission coefficients in one propagated wave regime at the polariza-
tion of incident wave along axis of array periodic do not differ at this case. The values of coef-

ficients are approximately equal to such in any other polarization.

MATRIX OF REFLECTION AND TRANSMISSION OF ONE LAYER
The array periodic in two directions with complex inclusions in cells is considered. Period of
array is equal in two direction and designate d,. Plane electromagnetic wave is incident on

layer: k =,exp(-ikiF), where P is the vector of polarization, P=I; k' is the wave vector

of an incident wave, k' = k, k = co4e-10 . The time dependence e1 "1 is supposed. If the peri-

ods of an array are less than a wavelength K=d., /2< 1, both in reflected and in transmitted
fields, only the main one is propagated on a normal to array space harmonic:
E" = R exp(- ikz), k = 1'exp(ikz).

The vectors R and Tare interlinked to a vector of polarization of incident wave:
1= P P, T= iP, where P, t are operators of reflection and transmission [1]. If non propa-

gating space harmonics are not taken into account, the matrices of operators are the following:

S= '2. t = t, , where r t, and r, tr,, are coefficients of reflection and, r,, •, tin. til,." -

transmission of an incident electromagnetic wave, polarized along an axis Ox and Oy, respec-
tively. The elements r.,, r,, t.,y t>. determine the transformation of polarization (appearance
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crosspolarization) after reflection and transmission of an array. They can be calculated
through a method described in [2].

OPERATORS OF REFLECTION AND TRANSMISSION FOR THE SYSTEM OF
DOUBLE-PERIODIC ARRAY WITH TURNING LAYERS
We consider the arrays of C-shaped strips with following geometrical sizes: radius of a inclu-
sion is a=1.25 mm, angular size of a rupture is 2(p=20 degrees, width of strip is 2w=0.1 mm.
It allows to arrange a long strip in cell which is smaller than 2 and to get resonance on low
frequencies. This strip has a form with symmetric layout (see Fig. la), the non-diagonal ele-
ments of matrices of reflection and transmission are equal to zero. There is no turn of polari-
zation plane at transmitting wave through an array.

y ly The arrays are located on a dielectric substrate in

C C C !C C -)Q. practice. It complicates the calculations, as it is
(C i-7 -i-- necessary to consider two cases of incidence of an

c e t)_ electromagnetic wave: on the side of array and onc i c .c Ulu ------ the substrate. A method of solution of a diffraction
crcciO - Ou.) problem in this case is the same as in [2].

Fig. la Fig. l b The system of two arrays one of which is turned on
90 degrees is considered. In Fig. la layer without

turn of inclusions, in Fig. lb - with turn is shown. For the first array the matrix of reflection

and transmission are following: r±- = ,1 tJ- K j. For observance of the one-( r+,.)') t,= toP.
wave mode only it is not allowed to bring together arrays on very close distances (in our case
distance between arrays L=2.5 mm Fig. 2). The plus-sign means incidence of wave on the side
of array, minus - on a substrate. For the second array the operators r2±,2 -±±

SA differ from first one by the

A T .q changing of diagonal elements.
Tq A We can find solution for opera-

i L Rnq 0 h( (n-1)L tors of reflection and transmis-
R,q L B sion for the system of two arrays

B ( using a operator method

r r, n-1 pair Ji r, + t,--er2ekl-rie e) t-
Fig. 2 Fig. 3 trt-+

(1)

where e is propagator operator e -e & 0 A=L-h. If we construct from such pairs of ar-

rays the complex structure, see Fig.3 we can get recursion relations, similar (1)
e= I+ -),<e(I- eke),_,7-,e)-' '-, (2)

Absolute values of elements of matrices of reflection and transmission for two-layer structures
are shown in Fig. 4a. The same characteristics for four-layer structures are shown in Fig. 4b.
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Fig. 4b Fig. 5 Fig. 6
Graphics of reflection and transmission for the system consists of two and four layers without
turning ( Fig. 5 and 6). These results coincide with those of [31.
CONCLUSION
Rather wide zones of reflection and the transmission of incident electromagnetic wave have
been obtained both for the case with and without turn layers. These zones appear at first due to
the frequency-selection property of each single array and secondly due to a wave interference
between layers in the system of arrays. The coefficients of reflection and transmission in a
case of incidence of an electromagnetic wave on the side of array and on the substrate differ
only by phases.
Comparing results obtained at research of structures without turning layers with results ob-
tained at usage of turning layers, we can see that in the second case there is no difference in
values of elements of matrix of reflection and transmission with polarization of an incident
wave along one axis of periodicity from values of the same units of operators with polariza-
tion of an incident wave along other axis. Similar results are expected to be obtained also by
an arbitrary polarization of incident radiation.
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ABSTRACT

In this presentation we consider artificial (photonic) crystals formed by dielectric or metallic
inclusions arranged in the nodes of a regular three-dimensional lattice with parallelepipedal
elementary cell of the general kind. The background medium is an isotropic dielectric.
Oblique propagation of plane electromagnetic waves in such a structure is under
consideration. A simple analytical theory of plane-wave propagation which takes into account
full-wave electromagnetic interactions of all inclusions is developed.

INTRODUCTION

In the literature, this problem has been treated using numerical techniques. Available
analytical models are restricted to either low-frequency or resonant regimes. Our goal is to
develop an analytical approach valid in a wide frequency range. A simple analytical theory of
plane-wave propagation [1] which takes into account full-wave electromagnetic interactions
of all inclusions is developed. The dipole model of interactions and the local-field approach
are used. The main restriction of our theory is the requirement of rather small size of the
inclusion compared to the wavelength, which is self-consistent with the dipole assumption of
the electromagnetic interaction of the lattice. However, our interaction model takes into
account the phase shift of the wave not only over a cell but also over the scatterer volume
(using high-frequency polarizability). Hence, our theory must describe properly the dispersion
at the low-frequency band.

BASIC DISPERSION THEORY

The dispersion equation is obtained from Oseen's cancellation theorem and the condition of

polarization periodicity. The spatial dependence of polarization in the region placed rather far

from the crystal boundary is described by wave vector k (k.,ky,k)_in the form P = 0oe"k 7

(the eigenwaves without the incident wave contribution) and the following equation holds:

-v - (1)Po = J(co)" Z-G(w°,&,,).,)e1 •''' P 1

(m,n,/):*(0,0,0)

Here fP0 is the dipole moment of reference inclusion, iT is polarizability dyadic, G is known

dyadic describing electric field produced by a dipole, &,,,j = (am, bn, cl) T and co is frequency.

For calculation of 3D lattice sums specific method based on Poisson summation formula [4] is
used. The layer-layer interactions are considered using the Floquet representation of the field
produced by periodically polarized layers, as in [2], including evanescent modes in the model
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of interactions of adjacent layers. Electromagnetic interactions of inclusions inside one
reference layer considered as in [3,5]. The result of such calculation is:

ZG(w;, - .i ,_,

(m~nI)•(O,0,0)

rC(k,k, ,k-;a,b,c) D(ky,ky,k:;a,b,c) D(k,,k-,k,.;a,c,b)" (2)
=D(.,., k., k:;a, b,c) Qk, k, k:,k;b, c, a) D(k, k-,k,.;b, c, a)

Ck.,, k.,, k-; a, b, c)=

+ 2  2 icV, _p,_-c,,,p2 7: e
K~ P~q ei e<

2abec° 2 2=-• K 2 
- - 1p_ - e 2,,- q2+k 1 -k:

+2a80 Z Z(K2 P/)? K0 (,F,, - K2I1bnJ)+ (3)
+ 2,racc0 (K2-p,)<0 nO0

+ (K 2 2 y.![ id bq

27rabcco(K2-p2,,)o K2 -p,_-q2 2n + K2  2 _q

+b Inb K 2 p + + i 2 + ia3e 0 E IMa132)4)7- 2a-3~ ,,,mo /.I 3 M2

D(k.,k, ,k:;a,b,c) =

+i 2 +1,pq,-,-2 +k: +eý 1q- +

2abee° "n-----K 2 - P, -q,: e i(: +-) 1 e; K2 -p, ]
+ 1 1 Z P,,P, ,,-K2K, (/P,2,- K2 bn).'sin(kbn)- (4)

7ra-8o (K2-p,)< ro

q0 _ _ _ _ +_ _ q-12ab880o(K---,2 , >_o •K 2 . ..p,,-q~o n-i L K2 p,:,q,: K ,, 2,

2m•2 2r

Here K = -1rco /CI, Pm=1 k. +2un q =k+ k, +
a b

This theory gives an analytical model for the effective propagation constant, which can be
universally applied in a very wide frequency range from the quasi-static regime to the Bragg
reflection region.

NUMERICAL CALCULATIONS

Numerical calculations was made and dispersion curves for structure under consideration are

obtained. Dispersion curves for crystal formed by spherical inclusions with a/a 3 = 0.2 are
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shown in Fig. 1. (dependance of normalized frequency on wave vector - points F, M, K of first
Brillouin zone have coordinates (0,0,0); (0,1,0); (0,1,1), respectively). For comparison with
the above result we illustrate the band-gap structure of the extremely dense lattice by Fig. 2.
(a/a 3 = 1 ). This case has no practical meaning since even for touching dielectric spheres so
big polarizability is not reachable. However, if we would have got the lattice from resonant
inclusions (our theory is available for arbitrary dipole scatterers) this value of polarizability
would be possible. In this case one could obtain the complete bandgap even for a simple cubic
lattice (which does not possess the bandgaps being prepared from simple inclusions such as
ellipsoids, cubes, etc.). This observation looks like rather important since the photonic crystals
with the same frequency properties as complex lattices provide (such as the diamond or
yablonovite lattices) could be obtained, probably, from the simplest lattices of complex-shape
inclusions.

10 10

66

44

r K M r K M F

Fig. 1. Dispersion curves for ala 3 = 0.2 Fig. 2. Dispersion curves for a/a 3 = 1

CONCLUSION

The new approach for simple and prompt numerical calculating the dispersion curves of the
photonic crystals prepared from the smooth dielectric or metallic inclusions with sufficiently
simple shape and small wave size is presented. It is also shown that the primitive cubic lattice
of the dipole scatterers with high polarizability can possess a complete photonic bandgap.

REFERENCES

[1]. P.A. Belov, C.R. Simovski, Oblique propagation of electromagnetic waves in regular 3D
lattices of scatterers (dipole approximation), Proc. of SPIE, Vol. 4073, 2000.
[2]. C.R. Simovski, P.A. Belov, M.S. Kondratjev, Electromagnetic interaction of chiral
particles in three dimensional arrays, J. Electrom. Waves Applic., Vol. 13, pp. 189-203, 1999.
[3]. C.R. Simovski, M.S. Kondratjev, P.A. Belov, S.A. Tretyakov, Interaction effects in two-
dimensional bianisotropic arrays, IEEE Trans. Ant. Prop.,Vol. 47, No. 9, pp. 1429-1439, 1999.
[4]. Collin R.E., Field Theory of Guided Waves, IEEE Press, NY, Philad., USA, 1991.
[5]. P.A. Belov, C.R. Simovski, M.S. Kondratjev, Problem of the local field for plane grids
with bianisotropic particles, Proc. SPIE, Vol. 3039, pp.680-691, 1997.

Kharkov, Ukraine, VIII-th International Conference on Mathematical Methods in Electromagnetic Theory



262 MMET*2000 Proceedings

TRANSIENT RADIO WAVE SCATTERING BY AERATION
ZONES

Sergey A. Masalov and Olexander 0. Puzanov

Usykov Institute for Radiophysics and Electronics of NASU
12 Proscura St., Kharkiv, 61085 Ukraine,

e-mail: masalov@ire.kharkov.ua, puzanov@ire.kharkov.ua

It was shown that the availability of water can be detected only by a reflection from capillary fringe situated in the re-
gion contiguous with water. One has to take into account this result to more exact determination of the water depth in a
ground. It has been established the observed pulse acquires a duration above a source pulse. The calculation results
have shown that measurement errors of frequency dependencies of permittivities and specific conductivities that are
used as initial data manifests during calculation of diffraction fields for structures of large depth (that are more than 2-3
meters). This is the result of small amplitudes of pulses reflected firom discontinuities lied deep. In fact these errors
bring into occurring of a "false reflection" preceding before reflections from capillary fringe and water. This effect
betokens a violation of the causativity law and is a consequence of the disturbed in some measure connection of real
and imaginary parts of complex permittivity. As it is known, this connection is determined after the Kramers-Kronig'
relations. On this basis the conclusion is made about the necessity of refinement of source experimental data whereby
this relations in parallel instances.

This paper is devoted to the problem of simulation of nonsinusoidal radiowaves interaction
with a ground. We take into account that humidity is distributed in the ground depth according to
the continuous law. This law, dependent on the influence of atmospheric precipitates and ground
water is ordinary complex and influences essentially on outcomes of radar sounding of the earth
surface. Frequency dependencies of the ground electrical parameters obtained as a result of full-
scale measurements are used as input data. Below we show the influence of humidity in the active
moisture exchange subhorizon and in the capillary fringe area on the reflected field character. We
ascertain also how measurement errors of the input data influence on calculation results.

The ground areas from the surface down to the groundwater level are referred to as aeration
zones (AZ). Their depth can be different depending on local conditions, however the depth deter-
mines typical laws of humidity distribution [1,2]. Clearing up of features of videopulses scattering
in AZ in the context of interpretation of data of earth surface sounding is our main purpose.

The method used by us [3,4] consists of finding the solution in the frequency domain using
normal impedances of partial areas (the source structure is divided into slabs with sufficiently
small thickness) and it consists also of subsequent transition to the time domain by numerical
taking of the inverse Fourier transformation. We analyze the considered below transients on the
base of the results obtained earlier for more simple cases [4].

1. At first we consider differences in the reflected field character at two different humidity
states of AZ, formed by slabs of sand (1 m in thickness), clay (0.5 m) and water. Suppose that the
single polar Gaussian pulse of thel0 ns duration is incident on this ground structure. Let us ana-
lyze two cases. In the first case we neglect humidity variation, typical for the area of capillary
fringe situated in the near-level subhorizon. At that, suspect that the humidity W of sand and clay
is constant down to the boundary of water and is equal to 2.5 %. In the second case assume that
the area of capillary fringe is bounded completely by the slab of clay, humidity of which increases
gradually from the value W=2.5 % up to the limiting one W= 7 % [5] as approaching the bound-
ary of water (Fig. 1).

Time dependences of the reflected field are showed in Fig.2. The dashed line corresponds to
the case of the constant value of humidity, and the continuous line - to the case of continuous
humidity variation. The first observable pulse (Fig. 2a)) is reflected from the upper boundary of
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sand. It is quite obvious that its form and amplitude is identical in
both cases. The differences start to appear under reflection from
the boundary of sand and clay (Point 1 indicated in Fig. 2a) with
arrow). One can clearly see the beginning of reflection from wa- Sand

ter, (Point 2), if humidity of clay is constant. If the humidity in-
creases gradually, then the precise boundary, designated by the -

break on the time dependence in the previous case, flattens. It is ' Clay

concerned with the fact the increase of clay conductivity reduces
to a noticeable increase of its contribution into the reflected field. Water

But this contribution is still smaller than the contribution of water 0 5 I 15

in the first case. Besides radiation reaches water now and returns Humidity W. "7

being attenuated notably. As a consequence of both called rea- Fig. 1. The law of humidity

sons, the amplitude of the reflected pulse diminishes, and owing variation in depth for the two-

to reflection the pulse obtains a superior duration in the all ex- layer aeration zone

tended area of capillary fringe.
It is possible to draw a conclusion that the availability of wa- 0.

ter can be detected only by an outgoing pulse reflection from the 0 `

capillary fringe area. The moment of the reflection beginning co- "' ii
incides obviously with the reflection from the capillary fringe. It is .3

important to consider the indicated circumstance for more precise 6 t.0

determination of water depth in soil. 0 ,4,, 60 90 IN)

In both cases at the moment of leaving the ground, the pulse n.0. a)

reflected from water is reflected back partially without change of .. ,'
its negative polarity. But, as it is possible to see from Fig. 2, hav- 0.0.

ing got to water, the pulse is reflected from it in twice and changes .o,01
the polarity for positive. With a constant value of clay humidity ,002
one can see breaks on the trailing edge of the main (first) reflec- 1 .0 6. 70 o .0 11. .110 120 130

tion from water, which testify the presence of multiple reflections- b)

over between sand-clay and clay-water boundaries (points 3 and 4 Fp

in Fig. 2a), see also Fig. 2b)). At the same time the trailing edge diffraction fields for the single-

asperities smooth away granting the continuous increase of clay polar Gaussian videopulse of the

humidity 0). This is the consequence of larger losses in the envi- 1l0ns duration for the aeration

ronment, zone with a depth of 1.5 m,
2. The representative depth of AZ can be 5-6 meters. Let us formed by the slab of sand (1 m)

analyze features of videopulse interaction with a such zone, as- and clay (0.5 m): the solid line -
suming that the subhorizon of active moisture exchange has the at humidity distribution in depth
power of 0.5 meters, the subhorizon of variable humidifying - 4 according to Fig.], the dashed
meters and the near-level subhorizon - 1 meter (such depth of line - at the fixed humidity
the latter is characteristic of clays and loams). Assume that the ab- W=2.5 % of both slabs
solute humidity of the first subhorizon varies within the limits of
5-2.5 %, humidity of the second one - within the limits of 2.5-3.5 % and of the third one -

within the limits of 2.5-17 %. Consider two cases. Let all AZ be formed by chestnut loam in the
first case, and let the near-level horizon be represented by clay in the second case. The law of hu-
midity variation showed in Fig.3 remains identical in the both cases.

The results of calculations are adduced in Fig.4. It is possible to see that the increase of hu-
midity at a depth of 0.5 m under transition from the active moisture exchange subhorizon to the
variable humidifying subhorizon results in the emergence of a negative pulse, following immedi-
ately the one reflected from the upper AZ boundary. In both cases these initial parts of the curves,
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coincide. Differences are

possible to observe for the

reflections from the capillary E Chesnt ..an) -02

levitation area and from wa-
ter, which are also merged -. 4

with each other, as well as in uocy0 20 40 60 120

previous cases. The solid 6 ..........; ', a)
line corresponds to the case 0 .U ,,di,•' .',,

of loam in the near-level Fig. 3. Laws of humidity dis-
subhorizon, and the dotted tribution in depth for a two- "(
line - to the case of clay. layer/single-layer AZ of the .03

The value of permittivity of 5.5 m depth considering the "
chestnut loam is more than presence of three representa- -)04 4)) 6, 6, (,) 20

the one of clay, and the ab- tive subhorizons: the active ....
sorption is less than the clay moisture exchange one, the b)
one in the outgoing pulse variable humidifying one and Fig. 4. Time dependences of the dif-
spectrum. Therefore the the capillary levitation one fraction fields for the single-polar
pulse reflected from water incident videopulse of the 10 ns du-
has a major time delay, minor duration and a major amplitude ration for the AZ with a depth of5.5
in case of loam. m. The law of humidity distribution

In the latter case, which differs from the previous one in in depth corresponds to Fig. 3: the
considerably large depth of the ground structure, the errors of solid line - the all AZ, including the
full-scale measurements of frequency dependences of permit- area of capillary fringe, is formed by
tivity and specific conductivity, used by us, were showed. loam, the dashed line - if there is
Actually in Fig. 4. it is possible to see the physically unstipu- clay in the capillaryfringe area
lated pulse of approximately three times smaller amplitude,
which precedes reflections from the capillary fringe boundary or water. Thus, the errors of full-
scale measurements have resulted in violation of causality law what was the consequence of con-
nection disturbance in real and imaginary parts of complex permittivity. This connection, as it is
known, is given by Kramers-Kronig' relations and is based upon the causality principle. The same
thing appears when calculation of a field, reflected from a homogeneous structure with a constant
value of humidity and frequency-dependent data. But calculations for dielectric parameters inde-
pendent on frequency (at the local connection in time between vectors of electric displacement
and of the electric field strength) do not bring into such effect. So it is necessary to refine source
data on the basis of Kramers-Kronig' relations for more correct simulation of non-stationary proc-
esses for structures with large slabs depths. This correction should be actualized by the part of the
permittivity complex function, which is measured with the least error.
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ABSTRACT

Two reflector antenna systems with non symmetric reflecting surfaces under GO approximation are

investigated. It is shown, that the problem of forming desired far field pattern leades to solving the

system of partial differential equations with respect to mapping functions between wave fronts. One of

these equations is non linear and expresses energy conversation law. It is shown that this equation can

be solved separetly in the class of non smooth functions which has a discontinuty of first kind along a

given curve.

INTRODUCTION

Consider two reflector shaped antenna system. Assume that the ray with coordinates (0, q)eminated

from the point source, placed in the origin after two reflections from mirrors transforms to the ray with

coordinates (x, y). Such a way given system generates a mapping functions x=x(O, o),

y = y(O, (p) between initial spherical and outgoing plane wave fronts (Fig. 1). It can be shown that [1]

these functions satisfy a single quasi linear partial differential equation of the form

a 2 T ax a 2T ax a 2 T ay a 2T _y

aqa+oxq ±-0 (1)ao0x aO a0ax a(p a0•y aO ao00y a(o

where T = In M,

M = (1+cosO) mcoso- xtanoJ + msinO- ytany0j

and m is the total optical length from source to aperture. Relationship between amplitude distrubations,
whish governors the shape of the far field pattern, by means of mapping functions

x = x(O, (,) , y = y(O, qp) can be written as

ax Oy y ax -A 2 ( , ) (2)

ao a(9  aoc9 (p A' (x, y)
where A, (o, p)/ sin 0 and A2 (x,Iy) are the corresponding amplitude distrubations over initial and

outgoing wave fronts, respectively. Sign "+" corresponds to classical Cassegren system and sign "-" to
Gregory system ([2]). Equation (2) is a relationship of geometrical nature and can be investigated
separetly.
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FINDING MAPPING FUNCTIONS

Let F and G be bounded and covex regions in (0, V) and (x, y) planes with boundary curves

(O(t),yp(t)) and (x(t ), y(t, )), respectively. t, =t, (t) is transformation of parameter. 0(t), (p(t),

x(t,), y(t,) are differentiable functions, 0• t • T, 0•<t t]TI,0(0)=O(T),

,(O) = (p(T), x(0) = x(T7), y(O)= y(T, ). Let x0(0,(p) be a smooth function defined on the region

F and satisfying conditions

a) x0 (0(, P(t)) = x(t, (W))

b) x 0-± + #0 for(0, () F
b) 00 a 0(

c) from each point of F passes one and only one curve of the family x0 (0, V) = const

Ox 0 y ay Ox 0  A,2(0,_0
00 Dy 0O D9y AZ(x 0 (0,yV),y) (3)

Substituting x0 (0, (9) into equation (2) we have

For simplicity we shall assume that function A2(x,y) do not contain y implicitly. (3) is a linear

partial differential equation of first order with respect to y(O,)) and can be solved by well known
characteristic method. In this case characteristics are the solutions of the system of ordinary
differential equations

dO _Ox°

- a(4)
dr a (p

d - Ox0  (5)
dr C90

dy = + A (O, (,)/a)((xO,(0, y)) (6)
dz-

(4) and (5) form a Hamilton system with hamiltonian x0 = x0 (0, ). For this reason projections of

solution of (4) - (6) (0(c), (y(r), y(r)) onto (0, y) plane (i.e. the curves (0(t), P(t))) coincide with the

family x0 (0, (o)--- const in this plane. Now let

ý(t, v) = (O(t, v), yP(t, r), y(t, r)) (7)

be a solution of (4)-(6) corresponding to initial curve (O(t),y(t), y(t)). In general case it can not be

guaranteed that ý(tr) can be projected one to one onto the plane (0,y) i.e. be represented in the

form y. Y0 (0 , yp), but it can be shown that each point in F has at least two image on the (7). Thus

(7) is 2 - fold surface over the F. If both folders coincide then we get a solution of the form

Yo = Y0 (0,y)), which together with x0 = X0(0,(p) gives the solution of the problem, i.e.
transforms F to G and boundary of F to boundary of G. If these folders do not coincide then using
them we may construct one valued function over F which satisfies the boundary condition and has a
discontinuity of first kind along certain curve laynig in F . Indeed, let C be any curve transversally

(i.e. without tangency) intersecting all curves of the family x0 (0, y) = const. Curve C divides

region F into two subregions F, and F2 such that F, rF2 =0, F, u F2 = F Over each these
subregions (7) has two folders. One of these folders is formed from the characteristics outgoing from
those part of the curve (0(t),y((t), y(t)), which lies in this subregion. Combining parts with such
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properties for each subregions of F we obtain an one valued function y0 = yo (0, ) over F having

discontinuity along the curve C and satisfying y0 (0(t),¢p(t))= y(t1(t)). Illustrate described

procedure on example. Let F = {(O,¢(),02 +(±92 1} and G = {(x,y),x2 + y2 < 1/2}. Assume that

A 2(x, y) =1 and A1 (0,€() = (1+02 + V,2 )2 . Let x0 (0, ¢) be a family of hyperbolas, once covering

region F:

x0 (0, ¢) 20 const (8)/1±02±+¢

Substituting into equation (3) yields

Y (9)00 x/~1 "'-02±--92

Characteristic system is
dO= 0(, d + 1+¢2 (10)
dr dv

dy = 1 (11)
d- 1 + 02 2

After integrating this system , we obtain a conjugate to (8) family of hyperbolas, again once

covering F:

y°0(0,(p)- ( -const•1±02 +92

which together (8) yields solution of the given problem.

Y

Figure 1
x

REFERENCES

[1] Gasanov E.E. (Hasanov E.E.), Kinber B.Ye. "On the Transformation of the non - Homocentrical
Waves After Two Reflection ,"Soviet Journal of Communication Tech. And Electronics, 34 (1989)
No. 1, 67 - 72..
[2] Hasanov E.E. Polat B. On the realization of Optical Mappings and Transformation of Amplitudes
by means of an Aspherical "Thick" Lens. Inter. Journal of Electron. And Communications (AEU) 54
(2000) No.2, 109-113.

Kharkov, Ukraine, VIII-th International Conference on Mathematical Methods in Electromagnetic Theory



270 MMET*2000 Proceedings

FOCUSING SYSTEMS BASED ON MICROSTRIP REFLECTARRAYS

A.O. Kasyanov

Taganrog State University of Radio Engineering
44 Nekrasovsky street, GSP-17A, Taganrog, Russia, 347928,

Phone (86344) 61733, E-mail: airpu@ tsure.ru

ABSTRACT
Focusing systems constructions and mathematical model are considered. These systems allow
realizing a focussing of antenna feed field by a microstrip reflectarray. The mathematical
model is obtained by integral equation method. Besides microstrip reflectarray properties are
investigated by waveguide simulation experimental method. Seven variants of focusing re-
flector are investigated in the given paper. The reflector antenna with a flat focussing system
experimental model is designed. The measured and calculated patterns of this antenna are
given. These researches can be used to develop antennas with optimum parameters.

INTRODUCTION

The optical feed circuit application for radiators excitation is a way of reducing the antenna
array cost. Usually these antenna arrays are supplied with such circuits for a radiator feed,
which are applied for reflector and lens antennas excitation. Such antenna arrays have little bit
lower values of efficiency in comparison to the prototypes, namely, reflector antennas. But
these antennas allow realizing electronic scanning and they can be made in the form of con-
formal-type antennas.

THEORY

In this paper, the application of periodic microstrip antenna array for designing a flat reflector
is considered. Such reflectors can be used as a component of onboard radio engineering sys-
tems. Besides they can be used for stationary telecommunication systems, satellite television,
etc. Similar principal function of flat reflector is to ensure feed spherical or cylindrical wave
transformation to a plane wave. To achieve this effect it is necessary to realize a feed electro-
magnetic wave phase correction. The phase correction is achieved by creation of an additional
phase delay in radiators of antenna array. The phase delay magnitude should be increased
from the marginal elements to central radiators. The usually required phase delay magnitude is
determined by account, that is based on the geometric optics method [I].
If the microstrip elements are used as antenna array radiators, it will allow solving the prob-
lem of designing a cheap flat reflector in the most convenient way. This way is based on a
choice of radiator geometry and its constructive sizes. The mathematical model of a flat infi-
nite microstrip reflectarray is developed in the paper [2]. This model allows selecting the re-
flectarray radiator parameters on the basis of computing experiment results. The numerical
analysis bases on the following initial parameters: radiator topology, substrate permittivity and
permeability, as well as sizes of an array unit cell. The method based on an integral equation
system solution was selected as the analysis method. The magnetic field integral equations
were formulated concerning magnetic currents surface density distributions on the antenna
array aperture. This antenna array is excited by the incident plane wave. The numerical analy-
sis results are scattering fields and reflection factor of the reflectarray.
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NUMERICAL RESULTS

First of all we investigate a possibility of a necessary phase delay realization with a reflection
from a reflectarray of the non-loaded radiators. To solve the formulated problem, we shall
change topology and sizes of the strip elements and to define a copolarization reflection factor
phase. The principal problem of these numerical experiments is selecting such variants, that
ensure the needed phase delay. Therefore calculations were carried out in a case, when the ar-
ray-exciting plane wave is incident along the normal direction. However, the flat reflector de-
sign requires that the incident wave angle variation is taken into account. An each reflectarray
radiator and its feed mutual location determine this angle. We analyze the application possi-
bility of several reflectarray types as a flat focusing reflector. These arrays differ by the type of
the used radiator. First we shall analyze the reflectarray, whose radiators have the simple
shape microstrip elements.
The microstrip vibrators have the simplest shape. We have calculated and measured such ar-
rays reflection factors. The relation between the phase delays and vibrators relative length was
defined in these researches. The calculation [1] and experimental results allowed making a
conclusion, that printed strip dipole arrays are suitable for a flat focusing reflector design. The
reflection factor phase variation velocity is greatest by a resonant length of the vibrator. Be-
sides, in this case phase varies in significant limits. However, high phase characteristic steep-
ness can reduce to the unstable numerical solution. This circumstance complicates the de-
signing of such reflector because of the high requirements to its performance accuracy. Even-
tually, in this case reflector bandwidth will be the narrowest.
The similar calculations in a case, when the microstrip radiators have the square shape, are
given in [2]. The phase delay variation range in this case is also rather great. In this case, the
relation between phase delay and square element relative size was close to linear. Such rela-
tion can be obtained only if the reflectarray dielectric substrate is rather thick. This case corre-
sponds to the reduced Q-factor value of reflectarray microstrip resonator. The reflector design
problem requires a compromise between a steepness value and possible reflection factor phase
variation range. This compromise is achieved by a choice of a substrate thickness, because in
this case we can control the phase characteristic steepness.
We investigated a shape phase characteristic control possibility by additional reflectarray mi-
crostrip element complication. This complication is directed on introducing auxiliary fre-
quency-dependent elements. The auxiliary elements change the reflectarray resonance and
frequency properties. Let such auxiliary element be a tail. First of all we shall connect a tail to
a microstrip vibrator. However, the numerical experiments have shown that the vibrator sup-
plied by one or several tails does not allow receiving required parameters.
The phase performance shape comes nearer to a desirable form if the tail is connected to the
microstrip element, which has the rectangular or square shape [3]. The reflectarray phase

characteristics are given in Fig. 1. The reflectarray parameters are: dx = 11,7 mm; d, = 16

are steps of array; a = 9,9 mm; b = 7,2 mm - microstrip patch sizes. The " of the sub-
strate used is 2,2, and its thickness is 16mm. The microstrip line segment is a tail. This seg-
ment width is 0,9 mm. The tail connection place is the middle of that microstrip patch edge,
which has a greater size. The free tail edge is left breaked. The relationship between the phase
shift of the field re-radiated from an infinite reflectarray and the length of the connected tail is
investigated. This is shown by a solid line in Fig.1. It is shown that in this case we manage to
ensure reflection factor phase regulation over a wide range and to save a phase characteristic
linearity. The phase growth rate appears quite acceptable. Eventually such radiators practically
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do not change a crosspolarization level. Thus, they can be recommended for such focusing
reflector construction, which will work on linear polarization.
It is known [4] that the flat reflector can be made as a printed ring reflectarray. We have done
a numerical analysis of such arrays phase characteristics. The relationship between the phase
shift of the field re-radiated from an array and the excited plane wave incident angle was in-
vestigated. The numerical analysis has shown that the reflection factor phase varies rather
slowly and smoothly. Actually, we shall consider a reflectarray, which is described in [4]. Let
the excited field have a frequency of 8,5 GHz. If the incident angle varies from 0 up to 45 de-
grees, then the phase shift variation will be less than 20 degrees.

Arg(Spp), Deg360:: I ............ - _...................................... 1 ........... - !:: ... -- i~:' -::• -: -"' Ai: ....... .....
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Fig.1 dl

The calculation results for a square shape microstrip
loops reflectarray are given in [5]. The relationship
between the phase shift of the field re-radiated from an infinite reflectarray and the microstrip
loop radius was investigated. It is shown that in this case we can control reflection factor
phase over a wide phase shifts range. The compromise between a phase characteristic steep-
ness value and possible variation range of reflection factor phase is achieved by a choice of
the reflectarray steps values. Besides the microstrip re-radiators shape allows to expand such
reflectarrays application region. In fact, the microstrip loop is a circular polarization re-
radiator. Therefore, in this case a field phase correction is achieved as good as at linear or cir-
cular polarization.
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MEASUREMENTS

First of all we have selected the design of reflectarray which has the best relationship between
a phase shift and parameters of a reflectarray radiator. This variant was applied for a flat re-
flector design. The parabolic antenna is the prototype of such flat reflectarray. The way of feed
wavefront correction is the key feature of such antenna. This feature distinguishes our antenna
from a parabolic antenna. The correction of wavefront in a parabolic antenna is carried out,
due to the special profile of a reflector. The correction of wavefront in our reflectarray is car-
ried out, due to a special choice of a radiator construction. The radiator of an array provides
the required phase shift value of a scattering wave. A flat reflector operating at 9.4 GHz has
been designed and fabricated using the screen printing technique. It has a diameter of 25 cm
and 0.46 F/D ratio. The substrate is 6 mm thick and permittivity of 2.05. A backfire antenna
was used as the feed. This antenna contains active vibrator and wire reflector. These two vi-
brators are excited by rectangular waveguide. The whole system is shown in Fig. 2.

0 dB

X• 3.2 cm h=0.2X.

-10 Rcu3a6• .

-30 l ... • measurem ent....

S-30 -1. 1,5 O ,De~g

Fig. 2

The antenna was measured at the 3.2 cm wavelength. Fig. 2 shows the E-plane radiation pat-

tern of the antenna. The pattern has been shown by solid line. It is obtained by scattering field
superposition of single radiators. We have used the "element by element" technique. The rela-
tion between the current distribution into radiator and incident angle of its exciting plane wave
was also taken into account.
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ABSTRACT

A method of analysis of spiral antenna input impedance is presented. It is based on the
generalized transmission line theory (TLT) that accounts for the wave nature of
electromagnetic field. Application of the iterative analysis method of equivalent transmission
line is discussed for the adopted model. Numerical modeling and experimental results for the
flat Archimedean spiral antenna input impedance are presented.

INTRODUCTION

The input impedance computation of spiral antennas is a difficult electromagnetic problem
because of lack of a suitable coordinate system, in which the curved wire surface coincides
with one of the coordinate surfaces. In this case, it is impossible to separate the variables in
the electromagnetic field equations [1]. Therefore, empirical data [2] or simplification and
approximation in the formulation of analyzed problem are used in the estimation and analysis
of spiral antenna input impedance.
Empirical data application is essentially limited because of various antenna design
peculiarities, namely spiral antennas. Therefore, we use the generalized TLT for the analysis
of the spiral antenna input impedance in this paper. Here, Kirchgchoff's equations [3] are
explained instead of the Maxwell's equations of the rigorous electromagnetic field theory [1].

INPUT IMPEDANCE MODEL OF SPIRAL ANTENNAS

On the basis of TLT, Kirchgchoff s equations subject to radiation losses are:
dU/ds=I.Z; dI/ds=U. Y, ()

where Z, Y are distributed impedance and conductance, respectively.
Taking into account, that solution of (1) can be represented in the form of travelling-wave
series in terms of exp(± y s) [3] and boundary conditions the input impedance for a spiral

antenna with a given configuration can be determine with account to the wire length as:

Z = W.[(Z+ W.1hy s)/(W+ Z.thy s)]. (2)
where s is the running coordinate on the equivalent line wire axis having the origin at the
output, W and y are the wave impedance and the electromagnetic-wave propagation
constant along the equivalent line:

W= ,Z. Y, y = Z4.Y.(3)

Taking into account the vector potential method [1], E = -gradV-(j k/ ). A4.

To find the equivalent line parameters, it is necessary to satisfy the current continuity low and
the electromagnetic boundary conditions, namely the tangential component of the electric
field vector is zero at the wire surface, provided that the skin-effect is neglected. Then, we
have (4) and if it suppose that the current flows in the direction of the wire axis if the wire
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cross-section is small in comparison with the wavelength and is constant along the axis.
Therefore, the deferential operators in (4) can be written as (5)

gradV=-j(k/l4vp) - A; divJ =-j(k/1,[-). p. (4)

gradV = -o .(dU/ds); divJ = dI/ds. (5)
where So is the unit vector directed along the wire axis and related to the observation point.
Transforming (4) to the Kirchgchoffs equation form (1) we can obtain the equivalent line
parameters on the basis of expressions (5):

W = u6Vo = (-o ,p(- jJs ) ds f G(R) .exp(- jsj ). ds, (6)

yo = j7yj(fG(R)"(Ro,si)" exp(- jys,), ds,_/f G(R). exp(- jys,) ds,) , (7)
s S

where G(R) = exp(- jkR)iR is the scalar Green's function of the free space, R is the distance
between the observation and integration points, the indices of "0" and "1" denote the
observation and integration points, respectively.
In general, the equations (6) and (7) are not fully defined because of the presence of y
characterizing the propagation of the current travelling wave. By using the iterative analysis
method, we can eliminate this uncertainty. In particular, we can use the free-space
electromagnetic-wave propagation constant as the first approximation. On the basis of the
obtained equation (7), the propagation constant can be recalculated. Such an iterative process
can be continued until the computed values stop changing within a needed accuracy.
The dependences of wave impedance and propagation constant are nonlinear because of the
radiator inhomogeneity and a usage of infinitely narrow exciting gap model leading to fringe
peaks. Let us average the calculated parameters along the wire in order to eliminate the
nonlinearity. That is to say:

W S-'f WJ(s) (O).dso; y* = J *(s) -ds,
S S

where the symbol "'" denotes the first approximation.

ANALYSIS OF THE INPUT IMPEDANCE OF A SPIRAL ANTENNA

A flat two-arm Archimedean spiral is chosen for the analysis. This antenna can form required
directional and polarization characteristics in a wide band [4].
The antenna arm is parametrized by the following equations in the Cartesian coordinate
system: x = a a cos(a), y = a. a sin(a), where a is the spiral constant, a is the winding
angle, 0 < a < 2mn, n is the antenna turn number.
The Green's function G(R) in (6), (7) and scalar product of the tangential unit vector with the
current element dc can be determined for a two-arm spiral antenna as follows:

G(R)=[exp(- jkRo,)/R, 1 ]-[exp(- jkR.02 )/R0 2]; (o-,)=-(-go ) )=cos(fl) (8)

where /• 1 =a C-B. R02 = a,-C +B, C= a 2 + (l ,

B=ia, cos(a- )osa co_8=act sin aS) +cs cosa sin a,, ' lr is thewire radiu cs. a - ,) (=a cg cos ao - ao sin ao - cos a, - al sin a---- I

wire radius.
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The parameters R()1, Ro2 and 86 are shown in Fig. 1.
The results of numerical modeling are shown in Fig. 2, namely, the frequency

dependences of A,,p,,, and Xi,,,,,, are presented for the following antenna parameters:

a = 0,0222 20 /rad; 0,06 rad • a <_ 12,56 rad; r/a = 0,01. For a comparison, there are the
experimental (x x x) and theoretical results (o o o) computed by the moment method [5] are

also presented for the antenna input impedance.
Experimental and theoretical results are in agreement. This is a good evidence that we

have achieved the needed calculation accuracy of the spiral antenna input impedance even in
the first approximation (6), (7).

The input impedance in the studied frequency range is nearly constant. This confirms
that the suggested current model is justified in the flat-spiral antenna research [4].

It is necessary to note that the presented analysis method has some advantages before
the other similar methods: first of all, the antenna excitation problem solved by means of
differentiation and integration is simpler; besides, one can determine the antenna input
impedance by iterations with any accuracy.

Ay Zipt' I I
Oh,, ,

100 .. . perinient
o00 0 i theoryi(Mol)

R- -theory (TIT) Input

Figure I Geometry of spiral antenna Figure 2 The input impedance
of spiral antenna
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ABSTRACT
Results of consideration of new two-frequency wire antennas for the base stations of mobile
systems of radio communication are presented. It is shown that not for all ratios of the two
operating frequency values the acceptable pattern at the upper one of the combining
frequencies is provided. The results of study obtained by the methods of integral equation and
equivalent transmission line are given.

For widening the base station bandwidth in mobile radio communications, in a
number of cases two-stub and multi-stub wire antennas are applied [1]. However, their
characteristics are not well studied that is the reason of research on similar antennas by
rigorous methods.

A system of two closely located parallel wire antennas (the distance is d << A), which
have finite thickness (2r, ) and different lengths (2L1 and 2L 2 ), is considered. Here, a set of
two integral equations (IEs) is written:

f 1 (z')'6 11(z' )dz' + f1 2(z')' 12 (z1z')dz' = F1(z), (-L, • z < L,),
-L, .(l)

f , Z' -62 (" ')Z' f'2(-') 62(Z'Z'dZ'= F2 (Z), (.-L 2 • z •! L2 ,

where G(z,z') is the Green's function and F(z) is the excitation function.
For the solution of this system, complex currents in each of wires are presented as
polynomials of the N-th power [2] :

Ni N2

I,(z)= EIn(1- z/LIY2; i2(Z)= I2n(1- /L) (2)
n=l n=1

Then, by the method of collocations, the system of IEs (1) is reduced to a set of algebraic
equations. After the solution of the latter by computer we determine resulting complex input
impedance (Z, ) of the system of two symmetric wires 2L, and 2L2 , connected in parallel in
the center (z = 0 ) and excited by the generator with a voltage V:

21 ln +l N I Z'2n '2 (3)
n=V ~n=l 3

The graphic dependences of the voltage standing wave coefficient, VSWR (Ks),
obtained from (3) for electrical length L, two-stub of asymmetrical wire antenna (curve 1),
loaded on a feeder having the wave resistance of 50 Ohms is given in Fig.1. It shows that
unlike a usual one-stub asymmetrical wire antenna (curve 2), two-stub one (curve 1) provides
at the ratio of the frequencies 1:2 good input parameters (K, <2). The first consecutive
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resonance in this antenna arises at L, 20.242, and the additional second resonance at
L,= 2L 2 ý 0.52, where 2 is the wavelength. It arises extremely due to presence of the vibrator
L2 close L1 .

60

sog

2 1n (I 2-L-1 I
1-2 21n 51 d L22 .

1

0.1 0.2 0.3 0.4 0.•5 0.6 0.7 L1,0.8

Fig 1. VSWR versus electrical length L1 (L2 ) for a two-stub antenna (curve 1) and a one-stub
antenna (curve 2).

Consider the current distributions on the both stubs of the two-stub antenna that were obtained
by solving with computer the set of IEs (1) for the antennas with various the ratios of
frequencies and the stub lengths (Fig.2).
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AconsdrdntoFg2 the current ditrbuiosinthdes bothe stbfrqecf2o the tw-tbatnathatnwere obtpained

bymslvingde withcmue the setunc f of s()foth antenna L.Fo hs ifolwithvar iou the raiost ofs

frequenchies and t stub l ngths (Fig.2). --
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Fig 2. The current distributions along a two-stub antenna: a) 12 2 f,; b) f2 = 3fi.

According to Fig.2, the current amplitudes at the frequency f2 on the standing out parts
(LI - L 2 ) of antenna L, are equal, respectively, to -10% and -50% against the current
amplitudes at the frequency 12 of antenna L 2 . From this it follows that in the first case

(Fig.2a) a standing out part (LI - L 2 ) is almost not excited by the current with the frequency

f2, and this current is cut-off in the plane X-X (Fig. 1). Here, at both frequencies f, and f2,
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antenna has the patterns similar to the ones of a quarter-wave wire. Thus the requirements of
the mobile radio communication antennas are satisfied. In the second case (Fig.2b), the
standing out part (L1 - L 2 ) is excited intensively by the current with the frequency f2, and

the antenna pattern at the frequency f2 has zeroes in the directions of probable
correspondents of mobile radio communication that is extremely undesirable. This negative
phenomenon in similar antennas for the frequencies with ratios 1:3, 1:5 and the like has not
been mentioned in any literature sources.

This effect can be explained by the absence of potential difference between the stubs
L1 and L2 in the plane X-X (fig. 1). The potential difference is proposed to be provided by

including into standing out part (L 1 -L 2 ) a reactive load, for example, of inductance type
[3]. Here, it is necessary to provide two conditions: 1) close to zero or minimum of potential
on the stub L1 at the frequency f2 in the plane X-X, and 2) creating a regime of consecutive

current resonance at frequency f1 in the antenna.
These conditions are formulated in following transcendental equation:

L -EL {ctg[2;T (LI L) gý'

W2 ctg 2g (Ll -hL) -tg[27c (hL - L 2 )]}, (4)

where L is the inductance value, W1,W2 are the wave resistances of the stubs Ll and

(L 1 - L2 ), hL is the coordinate of the inclusion of inductance L, ý is the coefficient of wave
shortening.
The equation (4) can be easily solved for L and hL by the method of iterations or by the
graphical method.
For determination of the place of including the load L and its value, and form and value of the
current distribution in antenna, a set of IEs is proposed:

L, L,

-f , (z')k,, (zz') dz'+ i2 (z,')K, 2 (z,z') dz'+ icoel (hL)ZL, for ýz hL)=
-L1 , -L 2

= iwoVJ, (-L, < z•< LI), (5)

f 1,(z-)k 21(z,"z') dz'+ f '2 (z')k 22 (z,z') dz'+ icoI, (hL )ZL, for izI _ hL):
-L, -L,

=icoeV2, (-L 2 _< z <_ L 2),

where Ki G Jr'-2
we e,= --- G(z,,z') k fGu(ý,z')d,

ZL = iwL is the reactance of the load L, V is the voltage of exciting generator.
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ABSTRACT

This report describes the analysis of infinite arrays of printed dipoles. A rigorous and
efficient moment method procedure is used to calculate the array impedance versus scan
angle. The scan blindness phenomenon is observed and discussed. The analysis uses an
equivalent circuit representation at the feed point location in the unit cell, which is derived
from the moment method solution of the periodic problem. It is therefore applicable to all
scan angles, arbitrary shaped structures, arbitrarily placed feed points, lossy conductors, and
dielectric substrates. This rigorous theory capable of predicting the occurrence of blind
spots. Measurements from a waveguide simulator of a scan blindness condition confirm the
theory.

INTRODUCTION

This report presents a rigorous but efficient solution to the problem of an infinite planar

array of printed dipole antennas on a grounded dielectric substrate. The model of an infinite

planar array is used because microstrip phased arrays can contain hundreds to thousands of

elements. Such arrays can operate at microwave or millimeter wave frequencies on

dielectric substrates, where surface wave coupling can lead to scan blindness, where no

effective power is transmitted or received by the array. Another point of interest to the array

designer is the variation of antenna impedance with scan angle, which is important for

impedance matching.

Usually a microstrip antenna is excited either by a microstrip feed or a coaxial feed. The

dipoles are assumed to be centerfed, so feed lines are not explicitly considered, although for

thin substrates the effect of a balanced feed line through the substrate should be small. It can

be assumed that the patch is excited by a linearly polarized plane wave [1]. This model

gives result which are valid for most of practical microstrip antennas. It is shown that we

can define the input impedance of microstrip dipole by using this model.
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THEORY

The solution process begins by creating Thevenin's equivalent circuit at the feed point

location [2]. To solve for the open-circuit voltage of the equivalent circuit, the problem is

first solved with the feed removed. This is done by solving the moment method integral

equation for the unknown surface density of aperture magnetic current. This current is

approximated by <<rooftop>> function expansion. For an x-directed printed dipole, the open-

circuit voltage V, is then found by integrating the total electric field over the length of the

feed gap Ax. Replacing the feed gap by a perfectly conducting patch gives the short-circuit

current IL,. This involves solving integral equation with the feed gap replaced by a perfectly

conducting patch. From the open-circuit voltage and the short-circuit current, the Thevenin

circuit impedance of the microstrip phased array can be calculated

z-oc
I,,-

It should be noted that for both open-circuit voltage and short-circuit current calculations,

the microstrip phased arrays consist only of conducting patches supported by dielectric

substrate. Then it is assumed, that Z,,, is input impedance of phased array microstrip dipole

4. By using 4, we can determine [3]

4, (0, 0) - 4n (0,0)
R(4,)+) )

where R is reflection coefficient in feed line connected with microstrip dipole, 0 and q9 is

the phased array scan angles. If R(ObI,(h) = 1, then Ob and (ob! are the microstrip phased

array blindness angles. This rigorous theory is capable of predicting the occurrence of blind

spots.

NUMERICAL RESULTS

This section presents some typical results, in the form of reflection coefficient versus scan

angle and similar relationships of an array element polarizing scattering matrix. An infinite

planar array contains of identical dipoles printed on a grounded dielectric slab. The printed

dipoles parameters are depicted as L and w, where L is the dipole length, w is the dipole

width. The dielectric substrate has the following parameters: 6r is related permittivity, h is
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thickness. The dipole array periodicity is d, in E-plane and d 2 in H-plane. Fig. 1 shows

the reflection coefficient magnitude gA (curve 1) and phase arg(R) (curve 2) in E-plane of

scan for c,=2,55, L = 0,392, w = 0,02A, h =0,192, d, xd 2 =0,51552x0,50002. Note

the presence of a unity reflection coefficient magnitude at 0 = 480, where E is the scan

angle. Therefore, in this case the scan blindness angle ®bI is equal 480. Other feature of

relationship 14(0) is Wood's anomaly at 0 = 690. The presence of the last feature is

confirmed by Fig.2 that shows the array elements polarizing scattering matrix SP variation

in scan angle sector. If an incident wave polarization is vertical then index p is equal I

(curves I is magnitude and 2 is phase). The case of a horizontal polarization is shown by

curves: 3 is magnitude and 4 is phase.

JRI, -arg(R), Is arg(S~)
dB Deg PPI "' `2 -3 g(PP),

1 2 240 0,9 2270
-1 08180. 4 I 180

-15 -i 120 ,1
I '- 7 I 90

-20 60"0,7

_ _ _ _0,6 -0
10 30 50 70 0, Deg 45 53 61 69 77 EDeg

Fig. 1 Fig. 2

It is shown that presented theory is capable of predicting the occurrence of blind spots
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ABSTRACT
The problem of the excitation of the infinite perfect conducting bicone with azimuth imped-
ance slots on the surface by the arbitrary external sources is considered. The special case of
the excitation by the homogeneous on azimuth magnetic current loop is investigated compre-
hensively. The eigen and complementary conductivities of impedance slots versus slots loca-
tion are shown. Transition to the finite bicone radiator problem is considered. The calculated
antenna patterns for several cases are depicted.

INTRODUCTION
The investigation of the bicone surface electromagnetic properties is of a great interest [1],
because it can serve as a basis for designing wideband antennas. To obtain necessary charac-
teristics, surface slots with dielectric filling are often used. Although the problem for the cone
antenna with azimuth impedance slots is solved in [2], there are still no results for the bicone
surface. Here the excitation problem of the infinite perfect conducting cone of arbitrary cone
angles with azimuth impedance slots on the surface by arbitrary external sources distribution
at one frequency is solved in general form.

THE PROBLEM STATEMENT
In the infinite homogeneous isotropic linear space of known parameters 8 a, P9a there is the
infinite perfect conducting bicone of known arbitrary cone angles Y1, Y 2 (Fig. 1). On the bi-

cone surface there are several azimuth slots at distance R(f) from the bicone apex, where
Sf

f = 1,2 is the surface number, s1 = 1,..., M1 , s2 = 1,..., M2 , M1,2 are slots count on the each

surface. The width of the slots AR is small relative to the wave length. On the surface of the
slots impedance boundary conditions are fulfilled. The surface impedances of the slots are

denoted as Zsf. The boundary condition for the perfect conducting
Sf

AZ surface are met on the other bicone surface. Arbitrary external elec-

tric je,p(p) and magnetic jm,p(p) currents distribution of one fre-
AR, quency co is given in the volume Vi. The radiation condition are

Rmet at infinity. The problem is to find the electric field intensity and
R\.) Rifiiy, 

pobe
p(R,O,,p) the magnetic field strength in the surrounding space.

am). 0 'y ANALYSIS

.•x The solution of the problem is based on the integral relation for the
R2 . R. magnetic field strength H(p) [3]. For the auxiliary field Em (q;p),AR( 2).1 

\ 
(2)

H m (q;p) we take the field of the magnetic dipole of direction b

with the moment ImL = 1 located in the point p in presence of the
Fig. 1
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infinite perfect conducting bicone without slots. Using the boundary conditions for the auxil-

iary field we have Em = i0 Ej (0 = 71 or 72 ) on the bicone surface. Out of the slots the sur-

face magnetic current is absent. On the slots surface due to their small width we can write

,lm =,iJm Dividing the slots surface into C sectors of the same angular size Aqp = 27t / C

and assuming the surface magnetic current density on the each sector to be constant we have:
M, C M2 C mmnl (2) (2)l)bH(p):f (p) + Im q O sl~c (1i~');p)+ - •J(q•cs" 5(q)

(2 s2,c

S1 =1 c=1 S2 =c=1

where
f () = - f [ je'p(q)Emr(q;p)- jm'p (q)H m (q;p)] dVq (2)

V.

sf +AR/2Sf(())"

sqsf ;p) = sin7f f f (R'm , " ';p)R'dR'chp', (3)
Sf ,C f f ,

R(f) -AR/2 cAcp
Sf

q(,f) is the point on one of the sectors. To obtain the required magnetic field strength H(p)Sf 'c

we must find unknown surface magnetic current densities on all the sectors. Choosing b = i(P

and using the impedance boundary conditions we have H(, = jn, / Z. Putting the observation

point p on the surface of the arbitrary sector we obtain from (1):
M1I C M2(C)TM (2) (2) ;P) ! m

Z ( ;m p) + 1(2) )s(;- (p)= (p), (4)
s1=1 c=1 

s2 =ic=l)

(f) S"(f) •f
where function p(qs(,); p) = sqsf ; p) when points qsf) and p are the same, it is the ei-

gen conductivity of the sector, and in the case the points are different it is the complementary
conductivity of the sectors. Sequentially putting observation point on each of the sectors we
get a linear set of algebraic equations on unknown surface magnetic current densities. The
solution of the system and the statement (3) gives us the required magnetic field strength. The
electric field intensity can be then found from the Maxwell's equations directly.

MAGNETIC CURRENT LOOP EXCITATION
Consider the antenna excitation by the magnetic current loop with the homogeneous on azi-
muth linear magnetic current density. In this case the required magnetic field density has only
azimuth component and does not depend on qp coordinate. The auxiliary field can be found by
the vector eigen functions method [4] as it was done in [5]. Numerical calculations of the own
and complementary conductivity versus slots locations were carried out for two slots (one per

surface) on equal distance from the bicone apex (R01) = R(2)) and following parameters val-

ues: 7 1 = 60', 72 = 1200, AR = 0.01k. Obtained results are shown in Fig. 2. Case (a) corre-
sponds to the own conductivity, case (b) - to the complementary one. In both figures solid
line is used for resistance (real part), and dashed line for susceptance (image part) of the con-
ductivity.
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TRANSITION TO THE CASE OF A FINITE BICONE
To consider the finite bicone radiator problem we used the following condition for the re-
quired magnetic field strength H(R, y 1,2, P) = 0 when R - co (in the far zone). In such case
the bicone can be shortened and we can obtain the model of the finite bicone radiator. To sat-
isfy this condition one can, for example, choose complex surface impedance of two slots
while fixing their locations on the bicone. Other slots parameters help us to obtain necessary
antenna pattern. Using this techniques sample antenna patterns (solid line in Fig. 3), as well as
partial patterns of the external source (dashed line) and the slots (dotted line) was calculated.
The excitation was made by the magnetic current loop of radius R0 = 0.012, and 00 = 90'.

Slots location was R•1) R R2) = 1.75k, for the case (a) and R1) R 2) = 2.60X for the

case (b).

P11 10 3____ ____

0005

0.1 V lvi-0.05 ll___l___

0.0 -0.10 _
0 1 2 3 4 R1,2 /X 0 1 2 3 4 R1, /X1

a b
Fig. 2. Eigen and complementary slot conductivities

H,p(O) H,,(O) - .

A/m A/m
3e-5 .," 3e-5 "".

2e-5 " 2e-5

le-5 *. ..

0 0 __ __ ___
60 70 80 90 100 110 0,° 60 70 80 90 100 110 0,0

a b
Fig. 3. Antenna patterns

CONCLUSION
The solution of the excitation of the infinite perfect conducting bicone presented here is new
and has certain scientific importance. The obtained results can be used for designing and ana-
lysing new radiators based on the bicone surface.
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ABSTRACT
Compact adaptive volume-resonant antennas with beam-steering capability can be employed
in wireless applications. The described antennas can radiate the energy in desired direction
within certain range of angles by changing the amplitudes and phases of feeding currents of
the dipoles printed on the dielectric substrate with a conductive back surface. The improved
efficiency entails a lower RF exposure of the user for equal power emitted compared to
conventional cellular phone antennas. The 3-D Method of Integrated Auxiliary Sources
(MAS) is employed to study the performance of the presented antenna.

INTRODUCTION
The majority of the existing antennas for portable mobile communication devices do not
satisfy the requirements of high efficiency. The main reason is that their pattern is omni-
directional whereas the radiation of RF energy just in the direction of a base station is enough
for the reliable communication. The variability of the radiation characteristics of the antenna
located in close proximity to the user body is also a significant drawback and worsens the
efficiency of antenna because substantial portion of the total emitted energy is absorbed by
the user in this case. Improvement of the efficiency of antenna increases the lifetime of
rechargeable batteries [I].

MODEL
A 3-D structure is taken as the model of the antenna (Fig. 1). The dielectric medium with
permittivity E and permeability pu inside the antenna is used to increase the electrical sizes
of the antenna for the beam steering. A thin perfectly conducting layer covers the backside to
reduce back radiation. The printed dipoles of variable length, width and a gap in their center
will be used as radiating elements and are fed with different amplitudes and phase shift. This
gives a beam-steering capability to redirect the RF radiation in desirable direction and reduce
the total radiated energy. The number of such dipoles, distances between them, phase shifts of
feeding currents, permittivity and permeability of the substrate material as well as the sizes of
the antenna and the area shielded by the conducting layer are the optimization parameters of
the antenna.

METHOD
The problem is solved using the MAS [2]. According to the general algorithm of the MAS the
fields inside and outside the body are represented by auxiliary sources located on the auxiliary
surfaces outside and inside the body, respectively. The currents on auxiliary surfaces
(auxiliary sources) are expanded in terms of sub-domain base functions which on the each
sub-area of the auxiliary surface are piece-wise linear along the direction of the current and
piecewise constant in the perpendicular direction. The fields radiated by these auxiliary
currents inside and outside the antenna must satisfy the appropriate boundary conditions on
the surface. Particularly the tangential components of the total electric and magnetic fields
must be continuos on the dielectric surface of the body and the tangential component of the
total electric field must vanish on the metal parts of the body.
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It is known that the MAS gives fast convergence in comparison with singular Integral
Equations and this effect becomes apparent if the all Scattered Field Singularities (SFS) [1-3]
are taken into account. That is the case when the auxiliary surface encloses all SFS. In the
present antenna structure the main SFS are the edge singularities of the printed dipoles and
backside reflector, that due to geometry of the antenna are located directly on the real surface,
so that they appear outside the auxiliary surfaces. To overcome the problem with the edge
singularities and fulfil the condition on the edge by the Method of Auxiliary Sources it is
sufficient to place some of the auxiliary sources of appropriate type close to the mentioned
SFS [1-3].
The antenna surface is split into rectangular patches. As an auxiliary source a pair of neighbor
patches is taken. On such pairs an elementary current is defined, flowing perpendicularly to
the common boundary of the patches. Its magnitude decreases linearly from the common edge
to the ends, where it turns to zero.

RESULTS
Using the described Method the following results in case of rectangular antenna excited in the
middle of the spattered metal vibrator were obtained.

Geometrical sizes of the
antenna are as follows:
length 5cm, width 5cm,

zI height 0.6cm, rounding radius
for the edges of substrate 0.2

Scm. Vibrator length 3.6cm,
'_width 0. 1cm, excitation

applied at the center of gap 0.9
mm. Permittivity of antenna
loading is 8, the excitation
frequency 2GHz.

x ,--In Fig 2-4 patterns of the
antenna are shown. The next

Fig 1. Antenna geometry Fig 2. Radiation pattern figures 5a and 6a present the
near field distribution of an

90 90
120. 60 120 60

159, 0-30 15

1800 FSO

2160 . - ' "330 21 330

240 . 300 240 300
270 270

Fig. 3 Radiation pattern in YOZ plane Fig. 4 Radiation pattern in XOY plane
Maximum of radiation: 20.83 mV/m at 90 deg Maximum of radiation: 0.75 mV/m at 216 deg
Half-power beamwidth: 60.00 deg. at 100 m; Half-power beamwidth: 38.00 deg. at 100 m;
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a) b)
Fig. 5

Ex field distribution in YOZ plane

a) b)
Fig. 6

Ex field distribution in XOZ plane

antenna. Figs. 5b and 6b represent the fields with cut high magnitude levels.
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ABSTRACT
Galerkin's method combined with the method of analytical regularization in the Hankel-
transform domain is used to analyze a circular-disk metallic microstrip antenna excited by a
horizontal magnetic dipole. This method has a controlled accuracy in the resonant range, and
a much smaller matrix size in comparison to solutions obtained by direct applications of the
Method of Moments.

INTRODUCTION
When microstrip structures are considered, many numerical techniques such as FDTD yield
very large systems of linear equations. The known numerical solutions and commercial CAD
packages based on the integral equations and the conventional method-of-moments (MOM)
also require significant CPU time and memory resources [1]. Besides, near the sharp
resonances both MOM and FDTD have a well known loss of accuracy [2]. Our method
enables one to reduce noticeably the memory size and the computational time due to a much
smaller truncated matrix size needed for a practical accuracy, and few numerical integrations
for filling the matrix.

PROBLEM FORMULATION
Consider the geometrical configuration shown in

Figure 1: a metallic circular disk of zero thickness,
separated from the ground plane by a dielectric x
substrate of thickness h and permittivity -. We shall 0
assume that this structure is excited by a horizontal
magnetic dipole (HMD) located on the ground plane
in the origin of the cylindrical coordinates {p, qP, z} of
the axis z. Such a source simulates a slot feed. The Figure 1 Geometry of the problem
disk and the ground plane are assumed to be perfectly
electric conducting (PEC), the lossless substrate and the ground plane being infinite. All
geometrical and wavelength parameters are dimensionless and normalized by the disk radius
a.
The total electromagnetic field {E, H} must satisfy the Maxwell equations in the layered
medium, the tangential-components continuity at the dielectric surface, the PEC boundary
conditions on the disk and the ground plane, a modified radiation condition, which takes into
account the presence of the surface waves, and the edge condition on the disk rim. We shall
assume the time dependence in the form e"';.

METHOD OF REGULARIZATION
The total electromagnetic field components in the free half-space and in the substrate satisfy
the Helmholtz-type equations whose general solution in cylindrical coordinates is the
following Hankel transform:
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J J, (Kr-)[Fjo-~ -- je~ dK()

0 YoEC

where Kc, y"0 and y, are the radial and vertical components in the free half-space and in the
=C2 1 +(. 2 ; ` are th

substrate, respectively, of the wavenumber: k', t) eo •/J +y=.V FO.; are the
unknown functions. Further, after satisfying the PEC and continuity boundary conditions and
combining some of the terms we obtain a set of coupled dual integral equations (DIE), as it
has been done in [3]:

J, (Kr)a (ic)dKc =0, r > 1
0 (2)

J±. (Kr)]±,/J(() [[, (K) -a1 (K)]}dK =H, r •1 (2

SJ (XT)a 2 (K)dK = 0, r > 1
0 (3)

f JJ2 (Kr){2 )(KC)[ao (K)a 2 (K)]-+fi- (K)[ao (K)- a2 (K)3}dK - 71, r: I(

where o+ = 2 ,, sinh(y0h) - =/0 sinh(y~h)

kaoD,, (K) D, (K)

D,, (K-)=y• sinh(ryh)+ Eyo cosh(y~h), D.(Kc)=ycosh(yh)+ ysinh(yh).

Real zeros of the denominators D,,, and De determine propagation constants of the TM and
TE surface wave modes of the lossless substrate that can propagate in the structure considered
due to the excitation. Functions ri 0(K) and lIT2(x-) are determined by excitation and depend

on material and electrical parameters of antenna.
In (2)-(3) we introduced the unknown Hankel-transfom of the current densities on the disk
a0 (K) and a 2 (M). The next step is to transform DIE (2)-(3) into a block infinite matrix
equation of the Fredholm second kind that guarantees convergence of numerical solution.
Therefore we discretize DIE by using a Galerkin's projection scheme (GPS) with two sets of
judiciously chosen basis functions that satisfy the edge condition on the disk rim in the image
domain and provide the analytical Hankel transform:

,7"(K-) = /4n + 2m + 3J,,,,,+ (c)K -2(4)

where m is the order of the Bessel function in DIE. The functions (4) are proportional to the
spherical Bessel functions and are orthogonal on the interval K E (0, oo). We expand the
unknown functions ao,2 (0) in terms of these bases:

ao0= aS,() a-(K= III
= It la (K), (5)

where a, and a2 are unknown expansion coefficients. Further, we extract the free-space disk

static (singular) parts of each of DIE by introducing the function Q(K), such that

,-0+ (K)'= - ' 1 { Q(1C)}, Q(1C) + E) Y"Y'.sinh(y'h) (6)

(hIea l Codn E (K)

Khiarkov, Ukrainie, VIII International Confierence on Mathematical Methods in Electromagnetic Theory



MMET*2000 Proceedings 291

Here, if k - 0, and h/a -- o, f2(KC)= 1 + O(C"-2) as K ->c . Due to both this extraction and

the expansion in terms of functions (4), we can invert analytically and diagonalize the second
equations of each DIE (2)-(3). Here we use the analytical transform, the property of
orthogonality of the Bessel functions and obtain a block-type infinite matrix equation in the
transform domain: 0oo 2 2AO2

ka° 1 k-1ki + EaAk, +a_ -Ja, A =;Bk

a2 + -' 2 2 2  2 2-' 2 A O2  (7)
II +2an,,,A,, + ak+1- a,, Ak, k-B

where A 8- K)-(K)- Q(K) dKc Ak2in f k /tK

B,, =J K b(kd, Bc =Jc(+ b 2 (kt, m zk,' (1±s), + I¢ to
0 0

1I F '0 ~(1-8)K sinh(y~h)] b 1 (1-,e)K 3 sinh(78 h)

It can be shown that Z Ak,, 2 <CX) [3]. Hence, (7) is the second-kind Fredhoim equation in a
k.n=0

space of square-summable number sequences 1 2. The solution of (7) is similar to the cases of

the vertical electrical dipole excitation and dielectric disk printed antenna considered in [3,4].
Both computer time and memory recourses have been decreased approximately in hundred
times without a loss of calculation accuracy.

CONCLUSIONS
The method of analytical regularization combined with the Galerkin method has been developed to
determine the fundamental antenna effects of a circular metallic patch antenna on a dielectric substrate

backed by a PEG ground plane and excited by a centered horizontal magnetic dipole. Due to analytical
inversion of the free-space static-part operator, the dual integral equations in transform domain proved
possible to be converted into the infinite matrix equation of the Fredholm second kind. This matrix
equation has been solved by means of the efficient numerical procedure. It is stable in the resonant
region and enables one to reduce significantly the machine-time and memory resources.
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ABSTRACT

In this paper, the microstrip reflective antenna arrays (RAA) are considered. The possible RAA
application area is discussed and it is shown that RAA are the very attractive type for smart cover
designing at microwaves. Computer simulation is made using mathematical model based on peri-
odical structures theory and integral equation system solution. Some numerical results presented
prove the possibility of RAA application as smart cover microwave modules.

INTRODUCTION

Reflective type antenna arrays have a series of remarkable properties in comparison with other
types of antennas. Having practically all possibilities, which are peculiar to antenna arrays of so
called transfer type, RAA differ by a greater simplicity and reduced cost. To their number first of
all it is possible to refer the antenna arrays (including scanning ones) constructed with the use of
optical type beamforming systems and various types of diffraction gratings. RAA can be fed by a
field of an incident plane wave or concentrated source connected with the array port through Y-
circulator. The radiators of a reflective array can be loaded by uncoupled loads possessing gener-
ally a complex character of an impedance, or by multiport network of a complicated structure - so-
called beamforming networks.
An angular, polarizing and frequency filters, slowing down systems, etc. can be constructed on the
base of RAA. The microstrip technology is the most perspective one of their manufacturing. In this
case RAA not only have minimum possible mass and dimensions, but also can be designed as con-
formal arrays. It is also possible to make the multiport network as a microstrip printed circuit and
place it on the second layer in immediate proximity from the elements of the array. Array elements
control system can be made as another printed circuit board arranged at the next layer. There may
be other layer(s) with some auxiliary elements and circuits. Such RAA packaging are irreplaceable
as onboard antenna systems.
The potential microstrip reflective array application area is extremely wide: radar, telemetry, com-
munication systems, systems of targets identification, ecological monitoring systems, etc. However,
in last years the completely new direction, which is capable to join and even to integrate the above
listed variants of RAA applications, is a very timely topic among the specilaists. That is so-called
smart covers ("clever covers", "intellectual covers", "smart materials", "smart structures") [1,2].
Such covers are supposed to integrate different functions of many devices and to solve a lot number
of problems. They are: creation of flexible rebuilt beamforming antenna systems; systems of sen-
sors operating at various frequency bands, signal (pre)processing systems; scattering fields control
systems, adaptive antenna arrays and adaptive antiradar covers, etc. In USA the problem of devel-
oping smart covers was announced as a priority scientific and engineering problem. Under the
judgment of the foreign experts its successful solution will allow in XXI century to ensure the
military superiority in the world.
The reflective microstrip RAA are the most convenient variants of smart covers designing at mi-
crowaves. Several possible application of microstrip RAA are considered as the elements of smart
covers for antenna arrays creation, electronically tuned frequency (or angular) selective surfaces,
polarization filters, radants, decoupling structures for EM compatibility systems, etc. The numeri-
cal simulation was made using simple physical model of RAA re-radiating element (Fig.]). It is

Kharkov, Ukraine, VIIl-th International Conference on Mathematical Methods in Electromagnetic Theory



MMET*2000 Proceedings 293

shown that the model is Floquet channel, where I is the microstrip re-radiating element, 2 is the
ground plane, 3 and 4 are controllable loads. The dielectric substrate has thickness of h and the
volume V2 . Other RAA parameters d, and d2 are steps of array.

It is shown that RAA re-radiating element consists of
"----------------------- conducting plate of arbitrary shape with several
I Floquet channel" shunts which connect the patches both element by

element (Fig.3) and with the screen (Fig.4). Those
, •,y V shunts may be short circuits. But some of them may

Z // .Y V 1 , represent diode switches for fields control. In that
- -- - case their impedance distribution functions Z,(z)

d ------------- .are none zero ones.
S..The diodes (Fig.3) are 2D-type controllable elements.

I• The diodes in Fig.4 are 3D-type controllable ele-
ments.

F 3The purpose of the present work is to construct a
controllable RAA mathematical model, and then to

off I T'ii analyze possibilities of scattering fields control by

V 4 d, X such smart cover.
Assume that plane electromagnetic wave excites this

1 2 structure. Now it is possible to construct a model of a
lattice.

MATHEMATICAL MODEL

Microstrip RAA being used as a smart microwave cover has a large number of re-radiating ele-
ments. Thus, RAA mathematical model is founded on the concept of periodical structures. The ba-
sis of a model is the system of integral equations concerning distribution of surface magnetic cur-

rents J, ,(x, y) in one period aperture of array and electric currents I7(z) on the shunts. The inte-

gral equations system is:

sJ{'(q)[f¾2"(qp) + (F2 1)q,p) + J (q)[F}2 l,(q,p) + F "' (q,p)]}dsq

N 0

+ ' J , (z')-,,(x,,y,,z'1x, y,O)dz - H/. (p),
/=! -d

"J{.' (q) [r,2 x(q, p) + ]F 2 -(q, p)] I± J2'(q) [F2'(q p) v f 2 (q, P)}dsq +
S.I

N 0 (2)

+ • J 7I' (z')FI),%(x1 , y,,z /x, y,O)dz'= -Hy" (p),
/1 -d

f j q) r,2 x+j.,, qr,2),
2 {J'(q)Fl•(q /x,, y1,z) 2- (q)F1i(q x,, y,,z)}dsq, +

N 0 (3)
+ I fI, .Z, r2:-

(:= )Fi(x/, y, z') / x, y,, z)dz'= 2I a. Z, (z)IL (z).
/1-d

Where SA is the unit cell aperture, N is the number of shunts, a is the shunt radius, HX,(P) is

incident plane wave field, F ,)2v,(q /p) are the tensor Green function components. For exterior
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(superscript 1) and interior (index 2) areas of the array they are determined from a solution of the
appropriate auxiliary problems. Above mentioned currents obtained from system (1) - (3) solution
allows to determine all main performances of RAA.

NUMERICAL RESULTS

The mathematical model allows to analyze numerically the microstrip RAA as functional modules
for several types of device designing. Integral equation set was solved by the moment method using
the "rooftop" function currents expansion [3].

Some numerical results of investigating the

Yt d 2  microstrip RAA properties have been

..... ......... ............. ....... .. . .... . . .. 1 shown in [3]. The above mentioned out-

comes concern arrays, in whose structure
there are controllable loads of a 3D-type.

2 Now we shall consider scattering perform-
ances of RAA with 2D-type controllable

...... ..... loads. The model of these loads is shown in

0 d X Fig. 2, where I is the microstrip vibrator, 2

Fig.2 1 is the dielectric substrate, and 3 is the re-
sistive inclusion. The resistive inclusion is

2D-type controllable load model. The resistive inclusion has a surface resistance R (Ohm/m). The
X-component of an electrical current distribution in a microstrip vibrator with a 2D-type controlla-
ble load is shown in Fig. 3. The light strip in Fig.3 is a 2D-type controllable load. Such RAA ele-
ment of a polarizing scattering matrix frequency relationships are shown in Fig. 4. The value of a
surface resistance R is a parameter in these relationships.

04. 0 ,4-.-.. .

'• •.. •q ~ ~R=:10+10M/M" ' ...

0.4 R=10 OMIM
- d1 = d2, d -=lCM

x 0
4 12 20 28 36 f,rrL,

Fig. 3 Fig. 4
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ABSTRACT
In this work, electromagnetic analysis of a novel photonic bandgap (PBG) substrate
microstrip line circuit is presented and its applications in integrated antenna amplifier
transmitter front end are discussed. Method-of-Moments based Sonnet Suite has been used for
full-wave 3D electromagnetic simulation of the microstrip on high-density substrate having
rectangular air blocks. It is shown that a single row of air blocks consisting of only 3-5
elements of an optimized dimensions produce very steep and wide (up to 10 GHz) bandgap
for microstrip mode. The results obtained demonstrate that such a structure has high potential
for designing novel low-pass and bandpass filters and integrated amplifier tuning elements.
Transmission-line-circuit method has been applied in obtaining analytical conditions of
stopband and passband for the circuit considered. The proposed structure can be mass-
produced by micro drilling in a conventional high-density substrate.

INTRODUCTION
During the last decade, increasing attention has been focused on the development and
applications of photonic bandgap configurations in RF/microwave integrated devices. Their
applications include increasing the gain and bandwidth improvement in patch antenna design
[1], broad band power amplifier [2], and microwave bandpass filter design [3]. Currently,
compact layout and efficient performance are important factors for the development of the
next-generation communications wireless handsets. In integrated transmitter front ends, the
design of an amplifier output circuit becomes a major issue, as it has to provide both matching
and tuning functions into the active element-antenna configuration. Accurate simulation of the
periodic circuit used is required as it provides deep insight into the propagation and scattering
properties as well as geometry optimization for the better practical performance. In this paper,
we present the EM simulation of PBG-like high-density substrate microstrip circuit and
discuss its potential for harmonic tuning in a MMIC integrated power amplifier and
transmitter front end design.

ANALYSIS AND DESIGN
The geometry of the structure considered is depicted in Fig. 1. Microstrip PBG circuit is
formed by periodic array of material blocks in the substrate. Generally, it is possible to assign
any value of dielectric constant to the blocks, both higher and lower of that of the substrate. In
the present study, we consider rectangular air blocks introduced in alumina substrate

(Er = 10.5 ) for enabling the effects of high/low characteristic impedance distribution along

the circuit as well as local scattering and diffraction within the host dielectric layer.
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Method-of Moments based Sonnet simulation suite has been used for the detailed numerical
analysis of scattering and propagation properties of microstrip line on the PBG-like periodic
substrate because it explicitly incorporates 3-D material blocks in planar dielectric layers of
the circuit. Simulation data show that, because of microstrip mode field confinement, S-
parameters of one-row PBG substrate microstrip are practically identical to those of three-row
structure of the same geometry. Hence, the size of air blocks used would define the transverse
dimension of the proposed circuit making it of the order of 2-3 mm.

La

Fig. I. Geometry of a periodic PBG substrate microstrip line.

The example of a 5-element PBG circuit S-parameters is presented in Fig. 2. Deep and wide
stopband from 7.9 to 17.9 GHz is produced. In this case, if an active device fundamental
frequency is set at 4 GHz, both second and third harmonics are placed within the circuit
stopband and don't reach the antenna integrated with amplifier. Moreover, the phase
characteristics of the reflected signals have to be taken into account for achieving high
efficiency of amplifier considered. Simulation results show that the circuit with S-parameters
presented in Fig. 2 is perfectly short for the second harmonic and very close to open circuit
for the third harmonic. This example demonstrates that an ideal case of amplifier class-F
operation characterized by high efficiency can be provided by an output PBG circuit. It should
be noted that the passband and stopband frequencies as well as phase characteristics depend
on the period and the size of substrate's air holes and are therefore scalable in a wide
frequency range.

The initial circuit design can be based on the Bragg condition, which together with evaluation
of phase constant of microstrip mode for two-layer substrate by spectral-domain approach
yields the following approximate formula for the central stopband frequency

c
f, = -- (1)

4L

It should be noted that (2) can be used only to evaluate the single stopband frequency for the
given period L, however the other important design parameters of a PBG substrate microstrip
structure, such as stopband width and passband frequencies, would be obtained from EM
simulation of an actual periodic configuration. According to transmission matrix approach, the
total voltage-current transmission matrix of a periodic circuit is defined as

[F7 ]= [F]N, (2)

where [F] is the matrix of one period and N is the number of elements. Defining [F] as a matrix
product of microstrip over air block and that on the conventional substrate with length ]=L-a and
expressing F -matrix of a two-port circuit in terms of line impedance and phase length yields
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F (cos0, cos0 0 -Csin0 1 sin 00) jZ 0 (cos0j sin 00 +Csin 01 cos0 0 )(
[F]=jZol(cosO, sin 00 +C-' sin 0, cos0 0 ) (cos0 1 cos0 0 -C-' sin 0, sin 00) (

where 01 = 27ca?-', 00 = 27tlXK,1  C = Z Zo1 and Z1, Z0 are the characteristic impedance of
the line over air block and substrate, respectively. Substituting (3) into (2) and using relations
between S-parameters and A,B,C,D parameters of matrix (2), one can obtain the conditions of
passband IS1,1 = 0 and stopband IS,11= 1.

...... ........... .• .......

0,8- 'v• -;- -- -- -- - - '

0,6 -

E

S0,4,

0,2 -

0 - v vl >--I v
0 4 8 12 16 20

Frequency, (GHz)

Fig. 2. S-parameters of 5-element PBG substrate microstrip circuit with a=6.Omm, b=2.5mm,
L=9.5mm. Parameters h and w correspond to 50 Ohm microstrip line.

The formulas and simulation results reveal the fact that the number of passbands on the
frequency axis between origin and the stopband equals the number of elements forming the
periodic structure while the PBG circuit consisting of the very few blocks of the optimized
geometry produces deep and wide stopband. Calculated distribution of current density along
the microstrip line shows that within the stopband the current from an input port penetrates
only one period of PBG circuit, which makes it possible to substantially reduce the length of
the filter considered.

CONCLUSIONS
EM simulation of microstrip PBG high-density substrate circuit has been presented. The
results obtained demonstrate high potential of the proposed structure for the design of
integrated antenna power amplifier tuning circuits and compact microwave filters.
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ABSTRACT

An analysis is made of the overall representation of the HF field as a series of normal modes
at wave zone ranges of an arbitrary emitter, based on using Poisson's approximation
summation formula, as a result of which the series of normal modes is transformed to the

integral. Inside the Earth-ionosphere waveguide, the integral is evaluated by the stationary
phase method, and the field is determined by characteristics of two normal modes. At the
ground, the integral is brought to Fock's diffraction formula, which calculates the field in the
regions of geometrical shadow and semi-shadow. The computational formulas make it
possible to use algorithms and programs of the normal mode approach that were developed
for long-range radio paths.

INTRODUCTION

Historically, the normal mode approach was developed in regard to the long-distance
communication problem [1,2]. It is along long-range radio paths where the signal field is
formed by a small number of normal modes. The method affords high versatility and speed in
numerical calculations of HF field characteristics within large regions of the Earth-ionosphere
waveguide at ranges from one hop to radio echo with many-second-long delays. The main
problem when using the method at shorter ranges implied the need for summation of a series

of -10 5 normal modes. In [3], authors proposed method of calculation based on transforming
a series of normal modes using Poisson's formula. This offers a way of investigating the
effectiveness of the method in calculations at wave zone ranges of the antenna field.

ANALYZING THE HF RADIATION FIELD

Consider the spherical Earth-ionosphere waveguide in the geocentric frame of reference with
the polar axis passing through the emitter center. In the selected waveguide model, an
arbitrary j-th component of the electric field represents a series in terms of normal modes:

Ej(r) = pjR,, (y)D,(I, J R,, (o,,),)e (1)

Here r = (r, 0, o) is the radius-vector of the observation point, y = r/a, a is the Earth radius,

Yo = I + h/a, h is the antenna altitude, pj is the polarization factor, D, corresponds to

coefficients characterizing the degree of excitation of normal modes by the antenna with a

given distribution of current I, and R, and v,, are eigenfunctions and values of the radial

boundary-value problem:
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R,, (y) =C,, [u(x,, )coK4-ln'V,, v(x,,) sinf -In,}j

(2)
v,, = kay, + i v'2n,

2

where x, 2 KkaJ l rY2 dy X11 =XXl(y=0), V,, VK is the reflectance of

the normal mode from the Earth spherical surface, C,, is a normalization factor, and

co,. 2 (x,,)=u(x,)±iv(x,,) is the first and second Airy functions. The number of the waves

combined is -105.
First we consider the situation where the observation point lies high above the ground. In this
case it is appropriate to use asymptotic representations of the Airy functions at large negative
values of the argument. Radial functions and their derivatives take the form of a WKB
solution, which are representable as the sum of two exponentials. In (1), four terms appear
under the summation sign. We transform (1) using Poisson's formula into a series in terms of
integrals. The field in the wave zone of the antenna describes the zeros term of the series:

Ej(r) = -0 (3)
I =l

Explicit expressions for the amplitudes Wqq and phases Y'q are readily obtained, and are not

given here. Because of the factor ka-10 5 involved in the phases, it is possible to evaluate the
integrals by the stationary phase method. Equations defining stationary points have the next
form:

d Vfq /dn = 0 (4)

Only two equations of four have strict solutions. Let n, and n2 be the solutions to equations

(4). Upon integration in (3), we get:
E j(P = o 2- Fq pei(kayq-,'/2)(5E1 (r) = -- .__- i 5

C q=1 Gq

We do not reproduce here the explicit expressions of the quantities involved in (5), but note
the following. By comparing equations (6) with trajectory equations of rays in the wave zone
of the antenna in geometrical optics, we obtain the well-known relations between the spectral
parameter of the central normal mode of the wave train that forms the geometrical ray and the
angular characteristic of this ray:

Yq = Yb cosAbq = ycosAq = cosA,. (6)
These relations can be used to obtain a geometrical-optics interpretation of the quantities
involved in (5). An analogue of F is the antenna beam, G is the factor of spherical
divergence, and V is Fresnel's reflectance.

ANALYZING THE FIELD AT THE GROUND

We are coming now to the question of the field near the ground. In this case the domain of
values of spectral parameters of the normal wave group, describing the field, is defined by the
inequality:
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l-,,T < 4m/ka, m=(ka/2)1 /3  (7)

In this case it is possible to expand: x,, z x1,, -kh/m.

Upon the transformation of the series (1) by Poisson's formula in (3), we integrate with

respect to Xlz. We consider the two terms in which in the case of an excess of the altitude of

the observation point y an asymptotic expansion of the Airy functions leads to the above-

mentioned WKB solutions describing the field inside the waveguide. Upon factoring the
slowly-varying amplitude terms outside the integral sign, and after straightforward
manipulations, we get:

F,,p j r nJ_•,a dmx,,, - 8
Ej - 2ac1  si,, fo0(x,)(0)2 (X,,)- VJ oI(x,,))e dx,,. (8)

~' 2ac 7sn
The resulting integral representation for calculating the field at the ground is within the factors
associated with the selection of the system of units, and the directional patterns are consistent
with the diffraction formulas obtained by V.A.Fock [4]. These formulas are obtained by
investigating the field of dipole, which elevated over the Earth's spherical surface. The
integral represents the attenuation factor.

CONCLUSIONS

In the overall representation of the HF field as a series of several tens of thousands of normal
modes, we have included such factors as the Earth sphericity, the antenna characteristics, the
displacement of the waves as they are reflected from the ground, and the characteristics in the
regions of shadow and semi-shadow. At the range of direct visibility, the field is determined
by characteristics of two normal modes. Computational formulas are straightforward, and
each quantity has its interpretation known in the geometrical optics method or in the
diffraction theory.

This work was done with support from the RFBR, a grant for leading schools of the Russian
federation No. 00-15-98509.
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ABSTRACT
In this work, the task of calculation of a field of the linear antenna arbitrary separated from
feed points is solved. The received results are used for calculation of mutual resistance be-
tween vibrators depending on distance between them.

Let us consider a task of calculating the mutual resistance of vibrators of arbitrary length in
the following statement. Assume a symmetric vibrator of length L1=211 is located in free
space. Here 11 is the length of the vibrator shoulder as shown in Fig.1. We assume, that the

thickness of the vibrator it is much more less than
working wavelength, and the current in the vibrator is

Z distributed by the sine wave law

d where Ip is the peak value of a current on the vibra-

tor.; 3=2Tv; 2. is the working wavelength.
"X For short vibrators it can not be achieved in any points

R pq of the vibrator.
An expression for calculating the component of a com-

.1 plete field formed by vibrator 1 on the surface of vi-
brator 2 must be found. Vibrators 1 and 2 are parallel.

The centre of the second vibrator will defend from points of a feed of the first vibrator on
distance d. On the basis of the received expressions, the mutual resistance of system of two
parallel vibrators must be calculated.

To solve this taks, we shall choose the local system of coordinates. Its beginning is
compatible with points of a feed of the first vibrator, and the axis z is directed along a shoul-
der of the vibrator. Then, the longitudinal component of a vector of intensity of an electrical
field will be defined by the following equation

ikWI9,i1 ii -ikRpq

S4 sink(1 - z1 )ie q [1+ U/k 2 ]dz1 , (2)"~ 4 itl Rpq

Where Rpq= Vd2 + z2- 2zZ 2  2 ,d is the distance between the centers of vibra-

tors;
161icm is the complex amplitude of a current in the vibrator 1;

z, is the coordinate of an integration point on the surface of the first vibrator;
z2 is the coordinate of a supervision point of a field on the surface of the second vi-
brator,
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3 ý - i/pq-+ 3 R }/Rpq,

pq 7pq pq
The expressions for a component of a intensity vector of the magnetic field can be derived
similarly.
Using the given expression, the following formula for calculation of mutual resistance of vi-
brators with numbers n and m was obtained:

ik W /1 l1
Zn71=7 17 ) ) sink(I1n - xn,]) I sink(l1,, - xlI

4 lr s lk (3)

e- ikRpq

R pq

Note, that this expression can be used for calculating the pattern of vertical vibrators arrays
[1].
The chosen current approximation allows with sufficient accuracy to predict mutual resistance
of thin vibrators. But for vibrators of final thickness this approximation can result in signifi-
cant errors even in a case, when length of the vibrator is equal to half of length of a wave of a
raised field. It occurs because, for vibrators of final thickness, the current distribution along
the vibrator can differ considerably from the specified one. To increase the accuracy of cal-
culations, the current on the vibrator can be represented as decomposition to a series of sys-
tem of orthogonal functions. Then, the expression for a current has the form [2]

N
I(x) a,, Z II, cos[(2n - 1)ux/ L] , (4)

n--1

where ca,, is the proportionality factor, dependent on the distance between vibrators,
I,, is the amplitudes of basic functions, determined from the integrated equation,
N is the maximal number of basic functions.

In this case, factors of proportionality should be found from the equation set, into which the
mutual resistance between vibrators will be entered. In this case, the iterative methods must
be used. First, we find the current distribution on the single vibrator of final thickness. Sec-
ond, by formula (3) we find mutual resistance of vibrators. The third step consist in calculat-
ing the correction factors by using the obtained value of mutual resistance. Then we repeate
the second and third steps and obtain the desirable accuracy. The practice shows that 3 - 5 re-
currences are enough to obtain a stable value of the correction factors and mutual resistance.
The offered method is much easier than a direct solution of a set of integrated equations for
several vibrators.
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A mathematical model of the radiation from an open-ended circular waveguide excited by the
symmetrical modes TM01 and TE0O has been developed. Easy to use and reliable
approximation expressions, which allow calculating power radiation pattern both for TM01
and TE0O waveguide excitation on the whole observation space, have been obtained. The
mathematical model is based on the accurate solution developed by Weinstein. It has been
shown that the approximation absolute error does not exceed 0.6 dB and 1.5 dB till the level -
30 dB for TM01 and TE01 modes respectively.

FORMULATION OF THE PROBLEM
At present, the problem concerned with increasing the accuracy of antenna system
calculations is an important and urgent one for modern microwave engineering.
Unfortunately, not so many antenna systems have accurate solution of the radiation problem.
One of these is a problem of the radiation from an open-ended circular waveguide. For the
first time, it was solved by L.A.Weinstein [1]. The radiation characteristics from an open-
ended circular waveguide calculated by Weinstein method are well correlated with
experimental data. It should be noted that this technique seems to be the only possibility to
extend the range of the radiation theoretical investigation for such an antenna. The well-
known aperture methods [2] do not allow to calculate the radiation characteristics for a
multimode waveguide, but also give the results different from the experimental ones. In
practice, the aperture Kirchhoff technique is often used for obtaining the radiation
characteristics. However, this method produces accurate results only for the main lobe of the
power pattern. It causes essential errors in the description of the side-lobe and backward
radiation. In addition, this method does not allow to obtain phase pattern and to analyze the
radiation from a multimode waveguide.
It is important to note that characteristics obtained by means of the accurate solution clearly
interpret the physical processes of diffraction on the open-ended waveguide, namely:
I. This method takes into account the reflection of the mode excited in waveguide and the

appearance of the higher-order modes transformed from the forward-propagating mode in
some frequency bands. In particular, the TM01 mode can be transformed into TM0 n modes
This fact allows investigating the effect of higher-order modes on the radiation
characteristics.

2. The accurate theory allows calculating the higher-order mode reflection, caused by
diffraction on the open-ended waveguide.

However, in spite of all obvious advantages of the accurate theory, its practical utilization
faces some difficulties. The final analytical expression given in [1] can not be used for
obtaining the algorithm and the computation program. The difficulties are connected with the
complex variable function theory and the factorization method used for the boundary problem
solution. The analytical expressions both for power pattern and for phase one have many
singularities, which should be carefully investigated. At last, the expressions for the phase
pattern include infinite sums, which can be evaluated by means of hypergeometric digamma
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and tetragamma functions. These difficulties concerned with the cumbersome and
complicated final calculation expressions can be overcome if the computations once carried
out would be approximated by simple functions with some beforehand assumed accuracy.
The purpose of the present paper is to obtain a simple mathematical model of the radiation
from open-ended circular waveguide exited by symmetrical TM01 and TE0O modes.

APPROXIMATE MODEL

Based on the Weinstein accurate solution, an algorithm and a program for calculation of the
amplitude and phase pattern have been developed. Using the computed results of the radiation
characteristics from the open-ended circular waveguide, the mathematical model has been
obtained. This model allows the exact calculation of the power pattern for symmetrical TM01
and TE01 waveguide excitation both for one-mode and multimode waveguide on the whole
observation-space. The approximation functions of two variables, where the first one is
connected with the directivity of a radiator (0 angle) and the second one is connected with the
waveguide diameter (x=27raIA is the undimensional wave number, a is the waveguide radius,
k• is the wavelength), have been derived.
The approximation expressions for the power pattern, normalized to the power at the major
radiation maximum, have been derived for TE0O and TM01 modes as follows:

2

0 -0 h N h xcos -h 8)M
P E - csl Cos In 1-_ -- Y H cos(j - 1)0 " (1)

apr 1 - cosO 2 n = 2

0-Te Nco e" xc hJ M
pTM tg(012) 00 Ne xcos0cos j

r Cos l Y-_n E cos(j- 1)0 (2)

apr tg(0 /2) 2 _ jIx J ' e
inn

where n - h = x2 _ 2 Ne , N1, is the number of higher-order modes,
n 2' n ý P

which can propagate in the waveguide for fixed parameter x for TMo0 and TEO, excitation
respectively ; v, is the n-th root of zero order Bessel's function, P-n is the n-th root of first
order Bessel's function. Oe, are the angles of major maximum power direction for TE01

and TM01 modes respectively. The approximate expressions for Oe, Oe have been obtained as
follows:

0,e =99.55/x+10.99-0.568x, x<v2; M= 78.78/x+17.84-0.904x, x<p-2:

On=142.08/x-0.48+0.0l8x, v2<x<v6 ; III= 147.98/x+1.64-0.0485x, [-t2< x<p.9. (3)
The approximate expressions for coefficients EiandH1 for one mode range have been

determined.
For TM0 I mode: For TE01 mode:

VI<X<V2; ME=3 Vt1<x<la2; MH=4
El= 1.0454/x+0.392-0.0455x; H1= 1.4933/x+0.3792-0.0367x;
EB= -0.2436/x+0.8436-0.0519x; H 2= -1.742/x+I1.0065-0.0451 x;
E3= -0.2571/x+0.2119+0.0317x; H3= 0.1 153/x+0.1296+0.0248x;
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E4= 0.2286/x-0. 1438+0.0488x; H4= 0.0217/x-0. 1192+0.0347x;
E5= 0.2046/x-0. 1842+0.0522x-0.0028x 2; H5 = 0.12995/x-0.0409+0.0103x;
E 6= 0.1343/x-0.0782+0.0185x-0.00 1 x2; H 6= 0.006/x-0.0371 +0.0063x;
E 7= -0.0793/x+0.0697-0.0208x+0.0023x 2; H 7= 0.1 3476/x-0.0361 +0.0038x;
E8= -0.048/x+0.0583-0.0182x+0.0018x2. H8= 0.01 633/x-0.0 136+0.00179x.

Since the expressions (1), (2) approximate the normalized pattern, the approximation relations
between the power in the main maximum and the excited mode power have been found.
These expressions allow computing the non-normalize power pattern.

pO = (-5.0849/x 2+5.5051 /x-2.1425+0.3057x)x/(x-2), x<V2,

p = (-I 1.6569/x 2+8.2601/x-2/2897+0.2426x)x/(x-3.75), x<ht2, (4)

The power radiation characteristics for TEO, and TM01 modes have been computed using
Weinstein's method and the developed mathematical model. The non-normalized power
patterns calculated by means of the approximate expressions (1), (2) and (4) for TM0 ] mode
for three values of x parameter (x=2.5, 5.5, 8.5) are presented in Fig. 1. The solid line is the
characteristics computed by Weinstein theory; the lines with marker are the patterns obtained
by the developed mathematical model. One can see that the calculations made in terms of the
approximate model exactly describe the radiation sidelobes as well as the main lobe of the
pattern. The absolute error of the approximation does not exceed 0.6 dB and 1.5 dB till the
level -30 dB for TE0O and TM01 modes, respectively.

5 CONCLUSION
A mathematical model of the radiation from

0 - B an open-ended circular waveguide excited

-5- -A 2.5 by symmetrical TEO, and TM01 modes has
-o-A 5.5 been developed in a wide frequency

-10 -A 8.5 bandwidth. The model takes into account
five modes, which arise due to the

-1diffraction on an open-ended waveguide.

" -20 Recently the mathematical model for the
a. -radiation from an open-ended circular

-25 waveguide excited by the dominant mode

-30 TE11 has been derived [3]. The model for
TE11 mode and the proposed in this paper

-35 mathematical model can be used to derive
-4_0 and calculate the radiation characteristics for

0 30 60 90 120 150 180 a waveguide, operating on TMoI+TE0 ],

0, g ra d TE1 I+TM01 or TEB I+TE01 modes.

Fig. 1.
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ABSTRACT
In this paper, a problem of radiation of longitudinal and transversal slot antennas placed on
the circular perfectly conducting cylinder with magnetodielectric coating in a plane
waveguide is considered. The calculation reduces to solution of the Helmgolz equations for
the electric and magnetic vector potentials. The solution of the problem is obtained in an ap-
proximation of a thin antenna (in relation to the wavelength) and given distribution of electric
field intensity along the slot. Expressions for the electromagnetic field intensity, radiation
power, and conductivity of the longitudinal and transversal slot antennas are obtained. They
are presented in a form of double series over the eigenfunctions of the perfect plane
waveguide and the azimuth eigenfunctions of the cylinder. Such a representation is very con-
venient for numerical calculations. Using the expressions obtained the numerical calculations
of real and imaginary parts of the radiation conductivity and impedance are performed. An
influence of the magnetodielectric coating and geometrical parameters of the problem on an-
tenna characteristics is analysed.

Slot antennas hold a special position in the antenna theory and engineering. They are widely
used as airborne transmitting antenna. Although the study of their characteristics is carried out
beginning with 4 0th years [1], the development of exact and approximate calculation methods
is subject of much current interest [2, 3]. Considerable recent attention has been focussed on
radiation peculiarities for the slot dielectric-coated antennas [3]. In the paper we study an in-
fluence of magnetodielectric coating on characteristics of longitudinal and transversal slot
antennas placed on the surface of a circular perfectly conducting cylinder in a plane
waveguide with perfectly conducting walls.
The problem geometry is shown in Fig. I for a case of longitudinal slot antenna. Here a is the
radius of the cylinder, b is the radius of magnetodielectric cylindrical coating, L is the dis-
tance between the perfectly conducting walls of the plane waveguide, d and I are the sizes of
the slot with a coordinate of its center z0 . It is assumed that coating of the antenna has the
ralative dielectric permittivity c, and the ralative magnetic permeability pu,, and the
waveguide is filled with a medium determing by the constants 62 and ,u2 . It is suggested that
the electric field intensities along the slot for the longitudinal and transversal slot antennas are
respectively

E ,(z)= E , cos( (1)

E,, (q') = E0 cosff /Ta j. (2)

Here E0 is the amplitude of the electric field.
The problem is decided using the Helmgolz equations for the electric and magnetic vector
potentials with the Lorenz calibration:
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AA, +kA =0, (3)

AFJ +k FJ =0, (4)

where kj = co / 0~1 .0o.t is the wavenumber in coating (j = 1) and in the waveguide

( j = 2 ), co is the circular frequency, co and /u is electric and magnetic constant of the vac-

uum.
Z The following boundary conditions are

used:
(i) at r=ad_-,- E 0l) =0 , E •l) = - '

z (- (

(for the longitudinal slot antenna)
62 e E, =0, E = -Es
P 2  P~I I L (p ' Z

(for the transversal slot antenna);
(ii) at r=b

E•l)= E (2), E(l)= E2)
•0 •0 Z Z

Hl) H 1(2), Hl() = H(2)

2 a 9) ' Z Z2aE 5 adE
4 Here Es and E' is given by the expres-

2 b sions (1) and (2). Solutions of the equation
(3) and (4) are sought in the form of double

Fig. I series over the eigenfunctions of the plane
waveguide with perfectly conducting walls and the azimuth eigenfunctions of the cylinder.
Using the expressions obtained for the potentials it can be found electromagnetic fields, ra-
diation power and conductivity of the longitudinal and transversal slot antenna.
To cite the final formula for the radiation conductivity of the longitudinal slot antenna:

Gk16i () 2  2

7C"3•71 kL ka /8 ,,,

where we use the denotations:

oQ > H 1(>2(jý,,kla){1 dl.} i = ' '
H17 1  a ... t= -ld(2) ul duo,,, (Wl,,,kla)

A, A1 fC( 2) k ( a)t)(2) (Wk 2b)H (2, k b)A H_2)(12nklb

d1 2n [ 1 K l AL' Is II 211 11 2 n k2 b) 51A5  b
L C~ K 1 2  A H171(W 1211k1b) ]A 3 HnI (W1 1kla)

Ae I 1 A 4 K 2 n, 6 i HS)(W2nk 2b) A = 1 A2 K'2n I/ 1 H( )(iC 2 k 2b)

A 1 '1n 2 I•2)(K'2 nk 2 b)' A 3 In P-2 ft1 (w2n1 k 2 b)'

H(2J(/1 k b f2()) kb) A2 = A° 1In1 ) m \ In 1 2) * AV0ln A t, A }. [ f.• (2 ) ( W"]-2,
- /-7! )(•,) 2) (W)k b) A-3 jA (koL) 2 n2

( 2

AO==nmff H(2)(W 2k b~ -2 _2d 2  n, /7-flT
22 11, 1 P, I -2 . koL)

Kk ain, V III•h In•tnaibo (Cinf eka)-n H ')(Mt i,,cka)H o i(ti,,khb),
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A,=f~( 1 kbfl~Q 1 ka Wl(W,,1ka)f4 (2)(WI " k b),
A 3 1= HV ) •,k"•bI(2)H,)'' k ak)- f)(W,, k, a)H (2)(Wk kjb),

Nueia acltos ftera ato raditio co'nductivit (G')l 1•G] frth'oniu
A 4' =\'() W, k •lWInk a ') l (W, k, ia \ (2) ( Iý,,,j

A5 =H 0 "(2)(2
5 -Hm(Wkkl a)Hm (/k,,k' )- HP')(Wl,, kl~l)SH)(Wlkj),

Numerical calculations of the real part of radiation conductivity (GO• =9 G) for the longitu-

dinal slot antenna as a function of the parameter koL (see Fig.2) have been performed using

formula (5) for the following values of the electrical and geometrical parameters: c, = 5

(solid line), c, = 3 (dotted line), e, I (dash-dot line), 6,= I, a / L = 0.5, b /L = 0.51,

IIL=O.5, d/a=0.O1, zo/L=0.5.

55

6 -.. .. .. . t 3

4

3 -

2

0

2 4 6 8 10 12 14 16 18 20

k,,L

Fig. 2.

Basing on these data the following conclusions can be formulated. Firstly, at frequencies
lower than the first critical frequency of the waveguide (koL < ;r) the radiation of the longitu-

dinal slot antenna is unavailable. Secondly, even thin magnetodielectrical coating of the slot
antenna has a noticeable influence on its characteristics. In particular, an increase in the an-
tenna radiation power is observed with growing c,.
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The statistical analysis of disturbed patterns for waveguide slot apodized multielement
antennas is performed. Both spatially independent and correlated phase errors with variances
typical for practice are considered. The numerical simulation results are obtained for classical
amplitude distributions and apodization functions earlier proposed by authors. It is shown that
the mean maximal side lobe level of disturbed patterns gradually increase in comparison to
potential level due to error influence. However, in the sense of statistical characteristics of the
main lobe width and maximal side lobe level for disturbed patterns the proposed apodization
functions provide appropriate results.

INTRODUCTION

For waveguide slot multielement antennas the required pattern characteristics are usually
provided by means of proper selection of an apodization function (AF), i.e. amplitude
distribution of irradiated field on antenna aperture. In practice, not all known AFs can be
realized in waveguide slot antennas because of constructive and technological restrictions [1]
imposed by the fact that the slots placed in the waveguide wide wall should have some
minimal distance between them. That is why only few known AFs can be implemented,
besides, in our paper [1] we have proposed several new AFs that are potentially able to ensure
the maximal side lobe level (MSLL) of antenna pattern within the limits from -30 to -40 dB.
In practice, the desired amplitude-phase distribution can be realized with some errors, they
occur due to slot intercoupling, random shifts of their phase centers with respect to ideal
positions and other reasons [2]. This inevitably leads to difference between theoretical and
practically obtained characteristics of antenna pattern. And the latter ones (for disturbed
patterns) are usually worse than potentially reachable. That is why often a question arises how
stable are the proposed solutions with respect to degrading factor (noise, errors) influence.
Statistical analysis of disturbed patterns [2] can give an answer and provide data necessary for
analysis and practical recommendations.

APPROACH TO DISTURBED PATTERN STATISTICAL ANALYSIS

The influence of errors results in degradation of the majority of the basic characteristics of
antenna pattern. In particular, the pattern main lobe width (MLW) can increase [2], [3]. But
usually this increase is not too large and it does not exceed 1 ... 2% (this dependence is
confirmed by numerical simulation results presented below). The pattern side lobes are
commonly more severely affected by errors and the pattern MSLL can increase by few or even
tens dB in comparison to the case of pattern for ideal amplitude phase distribution.
Below we consider only the phase errors as a factor supposed to be the dominant for
waveguide slot antennas. Two different cases are exploited: the spatially independent errors
(correspond to the value y = 2 in Table) and the spatially correlated phase errors (y = 0.1). An
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exponential model [2], [3] of spatial correlation function is used. As it is shown in [2], [3] the
influence of these types of errors on disturbed pattern statistical characteristics can be rather
different. Besides, in opposite to [2] it was decided to evaluate not the parameters of the mean
disturbed pattern but the mean parameters of disturbed patterns. Two values of the phase error

variance o92 0.005 and 0.01 (expressed in rad2) have been analyzed. They are rather typical

for practical applications. It should be noted that this level of phase errors can be considered
as relatively large distortions [3] since the disturbed pattern has practically random behavior
of the side lobes and the mean MSLL is mainly determined by the error variance and the used
AF.
The statistical characteristics of disturbed patterns have been analyzed for five AFs: the
Dolph-Chebyshev AF that potentially provides the MSLL=-40dB (it can not be implemented
in waveguide slot antennas but serves for comparison purposes), the Gauss AF (ac,=2 .2 )
which is one among the best known AFs that can be implemented, the Kaiser-Bessel AF on
pedestal, the AF Cos2 on pedestal 0.1 with optimal parameters, the AF Riss on pedestal [1].
The latter three AFs have been proposed by us and their parameters were optimized. The
potential MSLL and MLW values for the corresponding patterns are given in Table (See rows
with notation "potential"). In simulations we considered the case of equidistant antennas with
element spacing equal to half wavelength and the number of elements N=80. The mean values
and variances have been estimated for MSLL and MLW of disturbed patterns. They are
presented in Table.

ANALYSIS OF NUMERICAL SIMULATION DATA

Numerical simulation data prove that the phase errors (at least, for the analysed variances of
errors) do not lead to considerable expanding of the pattern main lobe width. It is smaller than
0. 1% and the root mean square of this parameter is also much smaller than its mean. That is
why it is possible to state that the pattern MLW is very stable with respect to error influence.
Of course, the larger the error variance the larger the variance of the MLW. Spatially
correlated errors usually result in larger variations of the disturbed pattern MLW than the
spatially independent errors.
On the contrary, the disturbed pattern MSLL is much more affected by the phase errors. It is
well seen that the mean MSLL can differ from potential one by about 3... 12 dB. The mean

2
MSLL depends upon phase error variance and it increases by 1.5... 2.5 dB when a,, changes

from 0.005 to 0.01. The MSLL mean value also considerably depends upon are the phase error
spatially correlated or independent. The spatially correlated errors result in larger MSLL mean
and variance than spatially independent ones.
The most interesting aspect is that all the considered AFs provide the mean MSLLs (for equal

2 and y) that do not differ too much from each other. Only for the AF "Riss on pedestal"

the results are noticeably worse. However, all the other apodization functions produce
practically the same results as the Dolph-Chebyshev AF. At the same time the functions "Cos2

on pedestal" and "Gauss, a(-;=2.2" lose to the Dolph-Chebyshev pattern only by 2% in the
mean MLW. Taking into account the fact that they both can be realized in waveguide slot
multielement antennas, it is possible to state that the proposed apodization functions provide
very good characteristics of disturbed patterns which are stable enough with respect to phase
error influence and it is worth using them in practice.
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Table. Numerical simulation results

MSLL MLW
and 2 Mean (X× Variance (x10 7 ) Mean (×10-) Variance (X10-7)

yand 0-2MenIVainc e

Dol ph-Chebyshev
Potential 0. 1000 (-40.00 dB) 0 3.15612 (1.810) 0

2.0, 0.01 1.1865 (-29.26 dB) 0.99475 3.15809 1.18529
2.0, 0.005 0.7856 (-31.50 dB) 0.25965 3.15862 1.17243
0.1, 0.01 1.6913 (-27.72 dB) 10.7710 3.15778 1.04698
0.1, 0.005 1.0110 (-29.95 dB) 3.61643 3.15674 1.08382

Kaiser-Bessel (with initial. MSLL = -40dB) on pedestal 0.1

Potential 0.2387 (-36.21dB) 0 3.64904 (2.09°) 0

2.0, 0.01 0.9459 (-30.24 dB) 1.24052 3.65023 0.75185
2.0, 0.005 0.5429 (-32.65 dB) 0.50699 3.64992 0.38234
0.1, 0.01 1.4163 (-28.48 dB) 14.8791 3.65391 5.16944
0.1, 0.005 0.8691(-30.60 dB) 4.10893 3.65053 2.86942

Cos 2 on pedestal 0.1.
Potential 0.1038 (-39.84 dB) 0 3.28959 (1.890) 0

2.0, 0.01 1.0026 (-29.99 dB) 1.17269 3.29190) 1.21100
2.0, 0.005 0.5693 (-32.45 dB) 0.32444 3.29065 1.06600
0.1, 0.01 1.4327 (-28.44 dB) 8.97947 3.29104 1.10510
0.1, 0.005 0.8150 (-30.89 dB) 2.71024 3.29156 1.19549

Riss on pedestal 0.17.

Potential 0.3135 (-35.04 dB) 0 3.22166 (1.850) 0
2.0, 0.01 1.8132 (-27.42 dB) 2.89361 3.22161 0.53533
2.0, 0.005 1.4485 (-28.39 dB) 1.30831 3.22171 0.28151
0.1, 0.01 2.3560 (-26.29 dB) 15.2454 3.22595 4.18791
0.1, 0.005 1.7493 (-27.57 dB) 4.81943 3.22237 2.01905

Gauss, aG= 2 .2

Potential 0.3488 (-34.57dB) 0 3.22864 (1.85') 0
2.0, 0.01 1.1363 (-29.45 dB) 1.45071 3.22700 1.77002
2.0, 0.005 0.7667 (-31.15 dB) 0.61537 3.22826 1.15377
0.1, 0.01 1.7354 (-27.61 dB) 9.77945 3.23172 2.49530
0.1, 0.005 1.1224 (-29.50 dB) 3.02311 3.23196 2.63400
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The multivariable optimization technique for the shaped feed system of the dual-reflector
antennas with the given circularly symmetric main reflector is described. The optimization
criterion is the gaining of the maximum overall aperture efficiency 27,. Parameters for the

optimum search are the mutual layout of the antenna elements, features of output energy
distribution at the aperture and the subreflector profile. On the basis of the carried out analysis
of the dual-shaped reflector antennas the technique of the optimum feed system search was
developed for different shapes of the given main reflector. The program application of the
algorithms for the dual-shaped antenna synthesis and algorithms of the optimization is
realized on the C ++.
The problem of the shaped feed system design with the high aperture efficiency q,, in all

working frequencies band is very important for the multiband dual-reflector antennas with the
large electrical aperture sizes ratio (fH /fL = 2-+ 3) and the given circularly symmetric main
reflector. In the present work the minimization of amplitude and phase deviations in the main
reflector aperture is analyzed.

X

X max

So Sr

P3max

rin 1 Ssr

0 Z

Fig. 1. Shaped feed system for the

reflector antenna

The examined technique of the Cassegrain antennas optimization is based on the replacement
of its feed system with the feed system from the dual shaped antenna under the condition of
the insignificant deviation of main and shaped reflector profiles (Fig. 1) [1]. In this case the
aperture power density does not change. The only phase error distribution in the antenna
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aperture is reason of the aperture efficiency reduction. For the circularly symmetric reflector
antenna the aperture efficiency varies as

fnI.-nx exp( j 2 % A(D(x,p)ýdx

q. = x,,,,,(1)
X hil.,

2 fI(x)xdx
X.in

where I(x) is the aperture power density, AID(x,p) is the aperture phase distribution, 2I is the

wavelength. The vector p defines the feed system optimized parameters. The technique

described in [1] assumed the feed system optimization only on the irradiation corner of the

main reflector j6max when the uniform amplitude distribution I(x)= const in the aperture is

given. The efficiency of such antenna optimization ceases to be essential to the reflector

diameters D > (200 + 300)A and the relation % = (0,05 ÷0,1).

In the present work, the influence of the amplitude distribution function and the mutual layout
of the synthesized elements of the shaped system on the aperture phase errors and the
resulting aperture efficiency is analyzed. In general, the vector of optimized parameters is a

function of the amplitude distribution function I(x), the irradiation angle of the main reflector

edge flmax and the relative displacement of elements

P =P(I (X),f8max5Az. , AZ.r)

Azf = - z Az,, = - Zsr, (2)

where z , z,, are the element positions for the shaped feed system, z', z' are their positions

after optimization.
For the analysis of influence of the decaying amplitude distribution on the resulting aperture
efficiency with the shaped feed system the distribution is used

I(x): = 1- ,.. 2 (3)

where a = 1- exp(ln(A) 0< a< 1, p N c = {0,1,2,...}, A is the power level at the

aperture edge.
The numerical results show that for the antenna with diameters D / 2> 300 the shaped
amplitude distribution becomes more effective than the uniform distribution. The use of the
shaped feed system with such type of distribution is most efficient at designing of multiband
systems with the large ratio of the high and lower frequencies. If the amplitude distribution is
uniform, the aperture efficiency quickly decreases with the frequency increase. Shaping for
the aperture distribution decreases the phase errors in the aperture and makes the antenna
design less critical to the growth of the working frequency (Fig. 2).
It is shown that the insignificant change of the feed and subreflector mutual layout from
originally calculated by the dual-shaped antenna synthesis algorithm allows the minimization
of the phase aperture distribution errors of the designed antenna as well. This type of the
optimum feed system can be used for the designing antennas with the main reflector diameter
up to 200+300 wavelengths and the uniform aperture distribution.
Aperture efficiency dependencies for shaped feed systems of different types are shown in Fig.
3.
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Fig. 2. Frequency dependences of the Fig. 3. Dependence of aperture efficiency on
aperture efficiency parameters of the optimization

On the basis of the carried out analysis of the dual-shaped reflector antennas, the technique of
the optimum feed system search was developed for different shapes of the given main
reflector.
In the program application of shaped feed systems, the algorithms of one- and multiparameter
search are realized for the optimization of the different feed systems by the criterion of a

maximum overall aperture efficiency. As the derivative of the function 1la determining the
optimization criterion can not be defined analytically, the optimization algorithms can not be
implemented on the gradient method basis. For the one-dimensional optimization (for
example, the optimization of the feed system by the angle of the energy transform) the square-

law approximate algorithm for the function 77a with the subsequent linear optimization is
implemented. For feed systems with the optimum output energy distribution and angle of the
energy transform the program implementations of algorithms coordinated of descent is
designed on the basis of one-parameter algorithm of linear search. The algorithm of random
search with adaptation is used for feed systems optimizing the mutual layout of the units of
the antenna [3].
In case of feed systems inverting the field of the primary feed, the additional optimum search
algorithm is implemented at the dual-shaped antenna synthesis with inverse boundary
conditions.
The program application of the algorithms for the dual-shaped antenna synthesis and
algorithms of the optimization is realized on the C ++.
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COMPLEX MEDIA,

BEAMS AND PLSMAS

Kharkov, Ukraine, VIII-th International Conference on Mathematical Methods in Electromagnetic Theory



316 MMET*2000 Proceedings

Kharkov, Ukraine, VIII-th International Conference on Mathematical Methods in Electromagnetic Theory



MMET*2000 Proceedings 317

DENSITY OF THE SPATIAL WEIGHT DISTRIBUTION IN THE MULTI-
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The density of photon spatial weight distribution for the optically turbid highly scattering
homogeneous medium is considered. It turned out that boundary of the half-infinite non-absorbing
multiple scattering medium divided the escaped photons into two roughly mirror symmetrical groups.
This allows to include the partial photon reflection and refraction on the boundaries of medium or
medium layers in the calculation of spatial photon density distribution for the complex optically turbid
highly scattering multi-layered media.

INTRODUCTION
The propagation of light in complex inhomogeneous multi-layered highly scattering optically turbid
media is of interest to a wide range of disciplines. In the last decade, it was widely simulated as photon
migration by Monte Carlo technique for many diagnostic purposes in biomedicine [1-3]. However, in
case when a medium contains hidden boundaries between the internal layers with different refractive
indices the direct simulation of a photon tracing by all possible trajectories is prohibitive, as they
exponentially increase in their number. A more reasonable method of solving this problem [1-3] is
based on the comparison of a uniformly distributed random number ý, generated each time a photon
packet crosses a boundary, to the Fresnel's reflection coefficient R(ai) [4]. But, this approach of
simulation disrespects the numerous parts of the photon packets, produced on the layers boundaries. In
this work we consider the density of the photon spatial weight distribution on the surface of the
optically turbid highly scattering non-absorbing homogeneous semi-infinite medium. Describing the
influence of the medium boundary on the photon spatial weight distribution at the medium boundary,
we calculate the spatial photon density distribution in a medium, taking into account the processes of
photon reflection and refraction on the layer boundaries in a complex multi-layered medium.

MODEL OF LIGHT PENETRATION IN THE MEDIUM
Let us consider a highly scattering multi-layered (5 layers) homogeneous medium filling the half-
space (z>0), where the scattering coefficients p,, of the layers are 100, 60, 40, 50, 30 mm-1, absorption
coefficients A, - 0.1, 0.015, 0.05, 0.075, 0.015 mm-', anisotropy factors g - 0.85, 0.8, 0.9, 0.95, 0.75,
the refractive indices n 1.5, 1.34, 1.4, 1.37, 1.4, and thickness of the layers are 20, 100, 150, 80, 7500
pin. The photon packet propagation is simulated in respect to standard Monte Carlo technique [1-3],
but in framework of our simulation the changes of statistical weight W of photon packets according to
the formulas occurs on the medium boundary only, i.e.:

M-2

W = Wo(1 - R 10o(ai))] Rmnq,k, (ai). (1)
q=l

Here, Wo=Win(1-Rol(ai)) is the initial weight of a photon packet in a medium, W is the detected weight
of a photon packet, ai is the angle of incidence, M is the total number of photon packet-boundary
interaction events, mq and k,1 indicate the number of layers and direction of the q-th photon packet
boundary crossing. It is easy to define the total weight of a photon packet on the detector area as a
sum:

N pl,

W =Z(I + W2 +•W ) j, (2)
j='
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where W, = Wo (I - R,1 0 (a)), W2 = Wo (I - R1,0 (a ))R1,0 (a1 ), and

M,

W3 = W0(l - R.0o(a,))I Rk,, f, (ai), N1,1, is the total number of detected photon packets. As the angle
q=1

distributions of the photon packets on the medium boundary are the same for the photon packets which

are once partially reflected on the boundary only PI (a,) and for the photons once refracted and

reflected while escaping the medium P2 (a,) (FIG.1), we can express sum of W, and W 2 as:

(W42 ) g (WI )(Rl10 (at)) (3)

where K...) denotes an average over all photon packets paths.
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FIGURE 1. FIGURE 2.
Fig. 1.The surface photon escaping angle distribution finction P(a,): (-x-) - for the photon packets once

partially refracted on the boundary while escaping the nedium"; (-0-) - for the photon packets once partially
reflected and then refracted on the boundary while escaping the medium.
Fig. 2. The density of spatial photon. weight distribution W(r) on the boundary of the medium. (+) indicates the
density of spatial photon weight distribution for photon packets which experienced only two acts of the

interaction on the mnediumn boundary (entering and escaping the medium); (x) shows the density of spatial
photon weight distribution for photon packets, experienced three acts of the interaction with the boundary
(partially internal reflection on the sumface of the mnediuni, initial and final refraction); ( -) presents the
distribution W(r) for all other photon packets, experienced more than three acts of the interaction with the
boundary.
Moreover, the density of photon spatial weights distribution on the medium boundary (i.e. <W]> and

<W.,>, respectively) are roughly mirror symmetrical about ý-" o(l -(R 1.0o(a,))) or approximately 0.46
2

in current simulation (FIG.2).

In other words, the boundary of the medium works as a semi-transparent mirror, and multiplier

R1,0 (ai) in the second summand W2 of (3) can be considered as the operator responsible for the

symmetry of the parts I and 2 (see FIG.2). But, as the weight of high order boundary interacted photon

packets W3 in (3) is negligible small (see FIG.2), partially reflected on the medium boundary photon

packets might be taken into account with ease:
WT(,,(,l, (r) =< W, (r) > (I+ < R,,o (ai ) >) . (4)

Thus, the total spatial photon weight distribution for a complex multi layered medium is:
L

W(r) = ,W (r)(0 + k R k.k+. + XkRkk,), (5)

k=1

where k - , Wk(r!) is the amount of the photon weight in the top point r1 of the k-th layer on
Wk (r,)

the OZ, Wk(r2) is the amount of the photon weight in the last point in the k-th layer on the OZ.

Kharkov, Ukraine, VIII-th International Conference on Mathematical Methods in Electromagnetic Theory



MMET*2000 Proceedings 319

The absorption of the medium layers is included regarding the modified Beer-Lambert law as:
W= Wo(1-R 1,o(a ))-IR,4k (ai) exp- I. aqlq (6)

Ij=l q=l

Here, N, is the number of scattering events for a v-th photon packet, 1q is a random pathlength that
photon packets move in step q, I,,q is the absorption coefficient on the q-th layer of the medium. The
spatial photon density distribution in a complex multi-layered highly scattering inhomogeneous
medium is simulated as [5]:

Q(r) = 0 ln|=,nUi -(r) (7)Q cr -9p,, I0 ap, (r) .Nph i=1'

W is the weight of the i-th detected photon packet, U is a function: U=I if the i-th photon packet has
scattered in a point r of the medium, and U=O for all other cases.

RESULTS AND CONCLUSIONS
Fig.3-a presents the results of the simulation of the spatial photon density distribution in a complex
multi-layered highly scattering inhomogeneous medium including the refraction and reflection
processes as it defined above. Fig.3-b shows same results calculated by the typical Monte Carlo
algorithm [1-3].

FIG.3. The contour of the
n spatial detector depth

800 sensitivity [5]: (a)
-4- Mcalculated by the typical

Aýo •algorithm [1-3]; (b) -

calculated as it described
S400 above. The source-detector

Ilk spacing - 300 pim; diameter of
200 the source and detector 100
100 and 50 Jpm, numerical

100 200 300 400 50000 0 800 S 9 100 ti, 100 200 300 400 500 600 100 800 900 ,wrn aperture - 0.2.

01 02 03 04 05 0U 01 02 03 04 0 u 06

In conclusion, we studied the spatial photon density distribution in a complex multi-layered highly
scattering inhomogeneous medium. We found that boundary of the medium divides the spatial photon
weight distribution in two roughly symmetrical parts. This allows to propose a new simple technique
of calculation of the spatial photon density distribution in complex optically turbid multi-layered
highly scattering media, taking into account all possible photon trajectories, including the partial
photon reflection and refraction on the internal boundaries of the layers of the medium. These
approach could be used for the approximate solutions in wave theory propagation and in imaging
reconstruction fields.
We acknowledge EPSRC support under grant GR/L89433.
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MULTIPLE LIGHT SCATTERING BY RANDOM AND
DETERMINISTIC STRUCTURES.

Irina L. Maksimova
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Russian Academy of Science

38 Zelenaya st., Saratov, 410019, Russia
E-mail: MaksimovaIL@info.sgu.ru

ABSTRACT
A numerical study of two-dimensional photonic structures of finite set of parallel cylinders is
presented. A rigorous theory in which each cylinder is characterized by its scattering matrix,
which links the diffracted field to the incoming one, is used.

The effects of multiple scattering play a substantial role in light propagation in dense disperse
systems. The mutual interactions of the scatterers complicate the light scattering. A rigorous
theory of multiple scattering has certain disadvantages if compared to the method of
describing the radiation propagation in media containing correlated discrete densely packed
scatterers. This theory has been intensively developed in late decades because the problems
that are expected to be solved are of interest for a wide range of scientific disciplines.
This paper deals with the problem of calculating the spatial characteristics of laser radiation
scattered by layers formed by circular cylinders. To reveal the aspects only due to the spatial
order degree we advantageously restrict ourselves by considering particle systems of high-
symmetrical types. We consider light scattering induced by array of L parallel infinite
cylinders with precisely specified coordinates immersed in a homogeneous background. The
plane incident wave is normal to the axes of cylinders. The problem is two-dimensional: The
cylinders are infinite in the Z direction and the incident field is also Z invariant.

Z

y

4'/j

kk

The theory is based on a self-consistent approach that identifies incident and scattered fields
around each cylinder. The electromagnetic field that is incident upon the surface of the j-th
cylinder consists of two parts: the original incident waves Ei,,,.(j) and the scattered fields of

all the other cylinreds EL, (1,j), which can be written as:
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L

E,(j) = Eic (j) + Z E (l, j) (1)

The total incident field Ei (, scattered field Es. 0 and internal field E, 0can be expanded as

n=--o0 /=--Oo n=--oo

where Nj is the vector cylindrical functions, En = (-i)Eo. The interactive scattering
k

coefficients are given by bi = bp where b, are exactly the Mie coefficients for isolated j-
th cylinder.
From the Graf's addition theorem for Bessel Functions, the, scattering problem is reduced to
the solution of a linear system.

_ L Qo

p, =ne"k' -V L'bA'(J (3)
I•j v=--O

Using the asymptotic iteration method we solved this system.
The total scattered field in the far field asymptotic can be written as

L

Es°a (o) = ( E/ (. -E° r2 eikr-hr L4oo,0a Z' E E 1,, Ie-i'7,S Zbi e-n'° (4)
j~lj-1 n=-w

where 0 is the angle between k10, and k,.

30

0 0 0o0
0 0

0 0
kO 20 :-M. 0 00°o o

0 0
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Intensity in 0 -direction is

Kak, IU llt I01 r n 2  (5)
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The method enables us to give an accurate description of all the characteristics of the
electromagnetic field scattered by a finite set of parallel cylinders and to study the influence
of defects on optical properties of photonic crystals (1). Spectral dependences of the
transmittance of crystal consisting of finite number of cylinders with different spatial
structure are investigated. Special attention is paid to the crystal with defect when some
cylinders have been removed from ideal lattice.
Spatial characteristics of the scattering intensity from the set of cylinders with fractal
dimension are computed. For random structures the dispersion relations are analyzed in quasi-
crystalline approximation. The phenomenon of non-linear dependence of effective
propagation constant on the number density of scatterers is investgated numerically. The
model of layers formed by closely-packed systems of long cylinders is used to calculate the
degree of circular dichroism of the eye cornea (2).

REFERENCES

[I] G. Tayeb, D. Maystre Rigorous theoretical study of finite-size two-dimensional photonic
crystals doped by microcavities. J. Opt. Soc. Am. A, 1997, v.14, No.12, p.3 3 2 3 -3 3 3 2

[2] V.F. Izotova, I.L. Maksimova, I.S. Nefedov, S.V.Romanov Investigation of Mueller
matrices of anisotropic nonhomogenous layers in application to optical model of cornea.
Appl. Opt., 1997, v.36, NO.1, p. 164 - 16 9

Kharkov, Ukraine, VIII-th International Conference on Mathematical Methods in Electromagnetic Theory



MMET*2000 Proceedings 323

QUASILINEAR THEORY OF INTERACTION BETWEEN SURFACE
PLASMONS AND AN ELECTRON BEAM MOVING PARALLEL

TO A PLASMA SURFACE IN VACUUM

Y.O. Averkov, and V.M. Yakovenko
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12 Acad. Proskura Street, 61085 Kharkov, Ukraine. E-mail: averkov@online.kharkiv.net

QUASI-LINEAR EQUATIONS
Let us consider the homogeneous semiconductor plasma, which is placed into the half-space
(y < 0) in the absence of external magnetic field. The nonmonoenergetic electron beam
moves along the axis (ox) in the half-space (y > 0) (vacuum) at the velocity of vo. The beam

density nb is assumed to be much less than the semiconductor plasma density n p Besides we

will assume that there are a lot of surface plasma waves which have various wave-vectors 4
and various phases and propagate simultaneously on the boundary (y=0) along the axis (ox).
From statement of the problem it follows that the excitation of surface plasmons occurs only
due to movements of the beam electrons along the axis (ox). That is why we will consider the
one-dimensional problem and will describe statistics of the beam electrons by the
"background" distribution function F(kj) that satisfies to the following normalization condi-
tion:

fF(k X) k n'b'rFk dk• (1)
S2n

where -fb = nbS is the linear density of the beam electrons, S is the cross-sectional area of the
electron beam. Henceforward at numerical evaluations we will suppose that S cc q- 2 . Taking
into account one-dimensionality of our problem we will hide the index "x" at k x ,qx. The
initial system of kinetic equations for the averaged distribution function of resonant electrons
of the beam Fk and for the distribution function of plasmons Nq (in the case of Nq >> 1 ) is:

"aFk -Y Nq[Wk+q,q(Fk+q -Fk)J(Ek+q -Ek -- h ()q)--Wk,k-q(Fk -Fkq)8 (Ek -Ekl - •h .q)({ (2)
aNq NqE Wk+qj(Fk+q - Fk) 8 (Ek+q - Ek - h ()q

at k

where (, = o/ 0 + 1 is the frequency of the slow surface plasmon (c -- o, here c is the

light velocity in vacuum), co = (47re2np/m*)l is the frequency of Langmuir oscillations of

plasma, m* is the effective mass of plasma electrons, so is the dielectric constant of the semi-
conductor lattice, Wkq is defined by the following expression [4]:

2 71 12 eh(k -k )_ 2 -- k '
W k,q = - I , W , W kq = ,o-• -- k2 s 0 +l))J'o ,

h~ ~ k moq Ly 2S(F +i1)]'

where kl, k2 are the wave vectors of electrons "before" and "after" scattering, Wkq is the ma-

trix element of Hamiltonian of interactions between an electron beam and an electromagnetic
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wave, Ly is the dimension of the system along the axis (oy). Note that EO is equal to its bulk

value for homogeneous isotropic plasma. We assume that the electrons are reflected specu-
larly from the boundary.
The transition from Eq.(2) to quasi-linear equations [1-3] for Fk and for the spectrum density
of surface plasmons energy eq is carried out on the following assumptions:

Iq/k« << 1, Nq =[6q /IhcOq1 (3)

Actually, this means the transition to the case of diluted plasma in which the relative change
of the momentum of the beam electron at excitation (or absorption) of the plasmon is negligi-
ble.
Expanding the right-hand side of Eq.(2) with respect to q/k and turning from summations
over q and k to appropriate integrals, we obtain the following system of quasi-linear equa-
tions:

at

(4)

OF a (D FJ,
at = v ( -v)

where the wave numbers q and the velocities of the electrons v satisfy the following expres-
sion coq = qv, which allows to consider the values Fk and eq as the functions of the velocity

v. Thanks to this fact we can hide the indexes "q" and "k" at these values in Eq. (4),

7te2v OF D _2_e2_"

60+ )LY SOv (Dqm 2
O(F0 + I)LYS

Let at initial moment of time the functions co(v) and Fo(v) are:

60o(v)=Tp, F_ = F27-nh bexp (V- V o) 2  (5)

where TP is the temperature of semiconductor plasma in energy units, vT, = T -/m0 is the

thermal velocity of the beam electrons, T h is the temperature of the beam electrons in energy

units. The boundaries of the plateau VlV 2 of the distribution function F.,(v) in quasi-
equilibrium state are defined by the following continuity conditions:

Fo(vO) = F.(v 1 ), Fo(v 2) = Fo(v 2), (6)
where F,, (v) is found from the condition of conservation of resonant electrons.
It is clearly that in the case of neglecting of distribution function of plasma electrons the left
boundary of the plateau is v1 = 0. The right boundary v2 and F,, (v) are:

V2 =Vo+ 4 2 v Tlnn2 v° F =7chn. I ~n" v + + ]D. (9)
.v/-vT ,F v2mo IL ,21VT vJ LTJVT jJ

The energy of oscillations in quasi-equilibrium state -. (v) is:

HaV, U=raeV= ) -t+ 0flh IV3{te[ai{ona Jo o+n va tRaicaMetods] i } (10)

Kharkov, Ukraine, VIII-th International Conference on Mathematical Methods in Electromagnetic Theory



MMET*2000 Proceedings 325

The dependencies of the spectral density of surface plasmons on their phase velocity (in terms
of c) e.(v)-eo(v) are shown in Fig.1 at the scale of 1/S for v 0 = 0.05c (solid line) and

vo =0.1c (dash line), Tb = 5000 K.

100- The density of the beam electrons
E ; and the plasmon frequency are:

0 80- 1 5b _ 1014 M-3, (, q ;z 5".1012 C-1.
803

Fig. 1. shows that at the boundariesCD) 60 /
i.60 of the plateaus the conditions

0 7 40 (0) =o, -_0 (v 2 ) 60 take place
2•0 and maximums of the spectral den-
,20- sity of plasmons are shifted to ini-
0ooo o •b..-tial velocity of the beam vo . It

0,00 0,02 0,04 0,06 0,08 0,io 0,12 should be noted that with decreas-
V/C ing the beam temperature the

maximum of the plasmon spectrum
Fig.1. shifts to the initial velocity of the

beam v0 . Besides let us note that
the spectrum of the surface plasmons qualitatively corresponds to the spectrum in the case of
homogeneous bulk plasma [5]. The energy loses of the electron beam for the whole relaxation
time is (V0 >> V2 Ž 1):

Ae_ =nbMo (D)(V )-3-1(V2 +0 (11)
5o LD (T 4 vo,

CONCLUSION
Thus, in the present work the quasi-linear theory of interaction between surface plasmons and
nonmonoenergetic electron beam moving parallel to the semiconductor boundary is devel-
oped. For the quasi-equilibrium state the distribution function of the beam electrons, the
spectrum of the surface plasmons and the value of the power losses of the electron beam for
the whole relaxation time are derived.
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INTRODUCTION
Various chiral media both isotropic and anisotropic present an increased interest for theoreti-
cal and experimental investigation. Isotropic media have been described in detail in [1,2].
Theory of chiral-ferrite media have been presented in [3]. Plane wave propagation within bi-
anisotropic media has been considered in [4,5]. However, theory of bianisotropic media when
nondiagonal terms in chirality tensor and permittivity tensor are not equal to zero has not been
presented early.

STATEMENT OF THE PROBLEM
The homogeneous lossless bianisotropic media described by the constitutive relations

T (1)

H=j4 E+t/o'h,

where
- ~~.6~ 0 __~0

C-- Y . 0 . -=- .., ... 0 (2)
0 0 C. 0 0 4:

are considered in this paper. It is assumed that the plane harmonic wave with frequency co
propagates along arbitrary direction within considered media.
Our purpose is investigation of the wave behavior within these media. At first it is necessary
to obtain and study the analytical expressions of the wavenumbers for arbitrary direction of
wave propagation. Then it is interesting to consider two particular cases: 1) the wave propa-
gation along the bianisotropy axis, 2) the wave propagation normally to the bianisotropy axis.
Wavenumbers of the eigenwaves. The wavenumbers are obtained starting from the compar-
tibility condition of Maxwell's equations, which can be written in following form

a4k 4 +a 3k 3 +a 2k2 +atk +a, =0, (3)
where
a4 = A (2,•.:. - .- 4 )cos' a + [ ,. + 6: + . + X - 2.• 4 2 .cos2 a + e,), +

a 3 =j2o/p0 e.,, (_:. - .,.) cos a sin 2 a;
2 [,2 2_ +P 2 E ,. P 2_. "2

a 2 = o 0  [(o ,. + .+ .+ o , + 2 poý,...e•x..,. + oý::,.,.-
4p0 .,.e.2 _ E.:)cos2 a - .. +2 6, + e+ p 4,e. + Po ., + . .

a , = j 4 a o 0 ,.)e.. , .s c o s a ; a 0  = o 0  .. .... 2 2 + 6 . .

This four order algebraic equation can be solved analytically, although it cannot be reduced to
square equations. Here we write wavenumbers in analytical form

k+ a 43a2 (-4a20aa4+a'a,+8ata 3 W2_ a 3  (
1 2a4 16a2 32a4N 4a4  (4)

a + 3a3 2 __+ __2__3__ 3_____

=00 +2 3 2aa aa a a 3  (5)
"2a 4  16a4 32a4 #o 4a 4
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were fl, is an arbitrary root of the third order equation
P3 +8aa4 - 3a' + ((8a 2a4 -3a )2

8a4 - 256a4

-64aa 3a4 + 256a0 a 4+16a 2a~a 4 -3a4 (-4a2a3a4 +a3 + 8aza42
256a 4- -6 64a -0

which can be solved analytically by Kardano-Ferrary's method.
Note that there are four different wavenumbers and consequently there are four different ei-
genwaves.
The expressions of the electromagnetic field components can be obtained directly from Max-
well's equations in analytically form, but they are unwieldy and that is why they are not writ-
ten here. However it should be noted that in general case the eigenwaves are plane, non-
transversal waves, and the ones include all six components of the electromagnetic field.
Wave propagation along bianisotropy axis. If a harmonic wave propagates along the bian-
isotropy axis then all four wavenumbers are different and four different eigenwaves are within
the media: two of these are right-circular-polarization waves and other two of these are left-
circular-polarization waves. Resulting right-polarization wave is a pulsation as Ik ,1-1k,1 <((1.
Analogously, resulting left-polarization wave is a pulsation as Ik, I -1 k 3 1((1. Resulting elec-

tric field is periodic function of space coordinate z.
Wave propagation normal two bianisotropy axis. In this case two plane non-transversal
wave propagate within bianithotropic media as the equation (3) is bi-square. The expressions
of the field component are obtained directly from Maxwell's equations, but they are not rep-
resented here as the ones are very unwieldy. Each of these wave is elliptic polarizated and in-
cludes all six field components.

NUMERICAL EXAMPLE
For example, infinite homogeneous medium with uniaxial bianisotropy is considered. The
terms in (2) are e,, =.1.14c,, e.,,= jO.5e0, e.. =1.20c 0, , . =2.54c010-16, ., =jao10-17 ,

:_ = 2.55o1 0-6. Fig.1 shows the dependence of the wavenumbers on the angle between
bianisotropy axis and propagation direction on frequancy 2GHz. It is interesting that two of
four wavenumbers are smaller then the wavenumber of a wave in vacuum on given frequency.
Now consider the plane harmonic wave propagating along the bianisotropy axis within con-
sidered media. Fig.2 demonstrates the dependence of x- and y-component of the resulting
wave electric field on space coordinate z. The wave frequency is 2GHz. Analyzing these re-
sults we can see that the x- and y-components are non-harmonic periodic functions of coordi-
nate z. The amplitude of the resulting electric field is the periodic function of the space coor-
dinate z and the resulting electric field is elliptic polarized. Analogously, it is possible to show
that resulting magnetic field is elliptic polarized and its amplitude is periodic function of z.
Let us consider wave propagation normally to the bianisotropy axis. In this case each elliptic
polarized eigenwave includes all six field components. Moreover, one of these waves has a
right-elliptic-polarization, the other have left-elliptic-polarization. The ellipses described by
the vectors of the electric field strength are shown in Fig.4. It is important that the wavenum-
ber of the right-elliptic-polarized wave is greater than the wavenumber in vacuum and the
wavenumber of the left-elliptic-polarized wave is smaller than the wavenumber in vacuum.
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ABSTRACT
This report is devoted to the research of the dispersion properties, damping rates and radial
wave field structure for electromagnetic azimuth-symmetric high-frequency surface wave
(SW) in radial inhomogeneous cylindrical waveguide structure with given plasma density
radial profile. The dependence of plasma density axial profile in the discharges sustained by
the considered SW in diffusion controlled regime from the plasma heterogeneity was also
studied. External steady magnetic field is directed along the axis of the waveguide system.
Plasma is considered in hydrodynamic approximation as cold and weakly collisional medium
with constant value of effective electron-neutral collision frequency for momentum transfer.
Axial structure of SW sustained gas discharge was studied for the case when SW
characteristics and axial electron density vary slightly along the discharge length.

THEORETICAL FORMULATION
The intensive theoretical and experimental research of gas discharges sustained by high-
frequency travelling SW are stipulated by their wide practical using in numerous technological
applications. SW, that sustains the discharge, is the eigen wave of discharge structure. This is
the characteristic feature of such discharges and leads to the strong influence of the SW
properties on the axial distribution of discharge parameters. Up to now, the SW properties and
gas discharge axial structure were mainly studied for the waveguide structures with uniform
plasma filling. However, in real discharge systems plasma density is always inhomogeneous
in radial direction and the conditions of upper hybrid resonance may take place at the
periphery of plasma column [ 1 ]. The efficiency of energy transfer from SW into gas discharge
plasma can be increased substantially in such regions, where electromagnetic waves transform
into plasma waves [2]. This process can affect greatly the plasma density axial structure in
SW sustained gas discharges. The main aim of this report is to determine the influence of
plasma density radial profile on the SW properties and on the plasma density axial structure in
the discharges sustained by the symmetric SW in diffusion controlled regime.
SW considered propagates in magnetized waveguide structure that consists of radial
inhomogeneous plasma column with radius RP and the metal waveguide wall with radius Rm

(RP < R,,). External steady magnetic field ho is directed along the axis of the waveguide

structure. Plasma is considered in hydrodynamic approximation as cold and slightly absorbing
medium with constant effective electron - neutral collision frequency v in the discharge
volume. This frequency is much less than SW generator frequency W. Plasma density radial
profile n(r) was chosen in Bessel-like form given by n(r) = n(O) J0 o r Rp'). Heterogeneity

parameter /u varies from pu = 0 (radial homogeneous case) to /. = 2.4 (perfect ambipolar
diffusion profile). The SW propagation is governed by the system of Maxwell equations. This
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wave possesses all six components of electromagnetic field. In the case of inhomogeneous
plasma density radial distribution this system, for arbitrary discharge parameters (plasma
density radial profile, external magnetic field value, geometrical parameters of discharge
structure), can be solved only with the help of numerical methods. In the case considered,
when plasma density, SW wavelength and its amplitude vary slightly along the discharge
column at the distances of wave length order, the solution of the system of Maxwell equations
in cylindrical coordinate system (r,'p,z) for SW field components E, can be found in
WKB form:

E I(r, q, z,t) E, (r)exp i k3(z')dz'+mqp-ct , (I)

where k 3 and m are axial and azimuth wavenumbers, respectively.

Applying expression (1) to the system considered one can reduce it into the system of four
ordinary differential equations for the tangential SW components [2]. General solution of the
system reduced can be written as the linear combination of two linearly independent vectors
of solutions (E1' 2 , E' , H" , H 12 ), that satisfy the boundary conditions at the axis of
waveguide system [2]. If r = 0, the tangential components of SW electric and magnetic fields
turn to zero. The fulfillment of boundary conditions at the waveguide metal wall (vanishing of
SW electric field tangential components) leads to a set of two linear equations. The existence
conditions of this set yield a local dispersion equation in the form:

E, (R,, ) E2 (R, )-E E2 (R,, ) E' (R,, O . (2)

Due to the SW symmetry properties, one can choose such vectors (1,0,0,0) and (0,0,1,0), as
linear independent vectors of solutions [2]. In spite of the low value of collision frequency
(v << co) it is necessary to keep imaginary addends in the expressions of the permittivity
tensor of magnetized plasma. These imaginary addends enable one to do numerical integration
of the set of ordinary differential equations in the region when upper hybrid resonance occurs.
Therefore, the complex local dispersion equation (2) is obtained, the real part of its complex
solution for wavenumber gives wavelength, and imaginary part gives SW damping rate.
To solve the dispersion equation (2) one must first solve the system of ordinary differential
equations with the help of Gear method under the fixed values of k3 and W. Then, with the

help of Muller method, one can find the eigen value of k3 or co. To improve the ortogonal
properties of the solution vectors one must use the Godunov ortogonalize procedure on the
whole integration path [3].
In the case considered it is possible to obtain axial electron density variation as an intricate
function of attenuation coefficient. The axial profile of dimensionless density N = 02-2 can

be theoretically determined from the energy balance equation of gas discharge stationary state
in diffusion controlled regime [4]. If assume power that maintains an electron in the discharge
0 and electron effective collision frequency for momentum transferj v are constant in
discharge volume, one can obtain equation that governs plasma density axial distribution in
the form:

d N 2Na (3)
d- vc-' (1-(da/dN)Na)' (3

where a = Im(k 3RP) is the dimensionless damping rate and =vz(coR)-' is the
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dimensionless axial coordinate [4].

DISCUSSION
Unlike the usual dispersion equation connecting wave frequency and wave length under the
fixed value of plasma density, the local dispersion equation in this considered case connects
local value of plasma density and wavelength under the fixed value of generator frequency Co.
The dispersion properties of SW considered are represented in Figs. 1,2. Numbers 1-7 in the
figures correspond to the u value 0.0, 1.0, 1.5, 2.0, 2.2, 2.3 and 2.405,

0,40-
0,.0 )- 103-.m(k,R,)

0,5- 0,30. 3

0,4 0.25 •

0,20 4
0.3-5 0.15.

0.2 010.

0.A 0,05-

0.0 0e00. Rc(k,R)S. . ... . . 0,05

0.5 1.0 1.5 2,'0 0'.5 3.0 3.5 4.0 4.5 0,5 1.0 1.5 2,0 2.5 3,0 3.5 4,0 4,5

Figure 1 Figure 2

respectively. It was shown that SW dispersion characteristics essentially depend on the
heterogeneity parameter p. The increasing of the u value leads to the decreasing of SW
phase velocity (Fig.1). Damping rate the SW essentially increases with the increasing of
parameter p value (Fig.2). SW damping rate grows sharply in the case when the condition of
upper hybrid resonance is fulfilled at the periphery of plasma column (curve 7 in Fig.2).

The results of numerical investigation of plasma
45 column axial structure sustained by symmetric
40-N SW are presented in Fig.3. Gradual increasing
35- of heterogeneity parameter p leads to growth of
25. maximum possible plasma density and to the
20- decreasing of discharge length. When upper
15. hybrid resonance takes place, the maximum

4o: possible plasma density sharply grows "and
5- "-3 2 discharge length greatly decreases due to

0 . 2 3 4 5 6 7 8 effective energy transfer from SW to plasma

Figure 3 electrons.
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ABSTRACT

The purpose of this article is to present a calculation of high harmonic generation by a
classical anharmonic oscillator using counter-propagating light. We use the model of quartic
anharmonic Duffing oscillator as one of the simplest centrosymmetric system for analysis.

ANHARMONIC OSCILLATOR MODEL DESCRIPTION

The potential of our anharmonic oscillator can be written as

2 X4

V (x )=. o--°x2 ±+ fix (1)
2 4

and correspond to the sum of harmonic oscillator potential, of frequency coo and anharmonic
quartic term. Consequently the equation of motion is

x e E t)-fix3, (2)
me

where 8i parametrizes the anharmonicity; e, me are the electron charge and mass,

respectively. We have considered here E(t) to be the resulting field applied to an atom. The
resulting polarization is assumed to be P = enex, where ne is the electron density.

The characteristic frequency coo is considered to be 10ow corresponding to the typical ratio
between the ionization potential of a noble gas and photon energy of a, low-frequency laser.
According to [2] the anharmonicity parameter ,8 is resonable to choose around 2 x 10" (As)-2

to correspond to the measurements of the third harmonic emission, i.e. the third harmonic
amplitude of the Fourier spectrum.

NUMERICAL CALCULATION

Following the scheme suggested in [3], we use two counter-propagating pulses of different
duration r. They were chosen to be of the Gaussian shape
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E, 2 (t)= Eo cos(co, t)exp - 21n t - cut , (3)

where superscript (1) corresponds to the first (shorter) pulse, and (2) correspons to the longer
one, w being the carrier frequency. The parameters of the pulses are:

T=2"= 2.5fs, r,=2Ofs, T2 = 160fs, I, =1.6xl014 W 12 =4.51,, cut 3.2,
)o Sm 2 '

where 41,2 is the peak intensity of the pulses. We study the influence of gas slab length on the
harmonic efficiency. For this matter we have performed calculation for a fine grid of lengths.
It was found that the efficiency versus gas slab length (the efficiency means the ration of
harmonic amplitude in the presence of counter pulse to that in the absence) can be raised by
two orders of magnitude.
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ABSTRACT
This paper presents the methods of generation a random field of dielectric permittivity with a
given correlation function. Results are derived from performing a simulation modeling of the
mean intensity and a spatial correlation function of the wave field, the dispersion of angles of
arrival, and spatial correlation functions of the amplitude and phase of the wave that has
propagated through the layer with random inhomogeneities of dielectric permittivity. A
comparison is made of the results of calculations of fluctuation characteristics of the radio
wave by approximate formulas obtained with the perturbation method with results of a
simulation modeling.

Theoretical investigations into fluctuations of parameters of the radio wave that has
propagated through the layer of a randomly-inhomogeneous medium have important
applications in a number of practical problems, such as space radio communications, radio
navigation, remote sensing of terrestrial covers from space, etc. Considerable advances made
in geometrical optics calculations of fluctuations of radio wave characteristics have been
achieved mainly owing to perturbation theory. As is known, however, the perturbation
method has a limited field of application [1]. Therefore, recent trends are toward increased
use of the simulation modeling techniques where the model of a randomly-inhomogeneous
medium is specified in the form of a random set of localized inhomogeneities of dielectric
permittivity of different scales, and a calculation of fluctuations of radio wave characteristics
is performed by rigorous geometrical optics formulas.
This paper presents the results of a numerical simulation of statistical characteristics of the
radio wave that has propagated through a randomly-inhomogeneous layer. Calculations were
carried out to the geometrical optics approximation. To generate a random field of dielectric
7 permittivity we used a model in the form of the sum of

Gaussian irregularities that is characterized by a Gaussian
correlation function [2].
Fig. I exemplifies one of the realizations of the random field
of irregularities. In such a model, we calculated numerically
(NC) and using the method of small disturbances (MSD)
the standard ray deviation ox, the standard angle deviation

U-p, the dispersions of the eikonal, and of the amplitude,

and the correlation function of the field, eikonal, amplitude

J. of the radio wave at the reception point.
Fig. 1. The realization of the
random field of irregularities.
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0,,km. As an example, Fig. 2 presents the
4,5 - dependence of ax on the parameter=t he Lparamete

L2.
3,5 L=100km. v=a "-, where C is the

2,53 dispersion of dielectric permittivity,
25 L=JO0 km. is the thickness of the layer2

1,5 - with irregularities, and 1=3 km. is the
1 --- MSDNC irregularity scale. Fig. 3 is a plot of

0.5 Uop in degrees versus parameter v. It
0 , is evident from the figures that the
0,03 0,09 0,19 0,33 0,47 V =z S MSD describes reasonably accurately

Fig.2. The dependece of standard ray deviation the behavior of ax up to the values of

on the parameter Y. v ; 0.33 and up up to the values of

v z 0.19, respectively. Furthermore,
the oUp dependencies calculated using

0cp the MSD and numerically when
3 V > 0.19 behave differently.

2,5 L=100 km. According to the MSD, up continues

1 =3km to increase, while the numerically
2 inferred Up8 reaches the saturation

1,5 level. This seems to be due to the fact

1 that the trajectory of rays, while
" NC passing through the layer with random

0,5 . MSD irregularities, depait rather strongly

0 , , , . from the undisturbed trajectory.
0,03 0,09 0,19 0,33 0,47 - Therefore, the probability that such

rays arrive at the reception points, is
Fig.3. The dependece of standard angle very low. Besides, it is apparent from

deviation on the parameter Y. Figs. 2 and 3 that a saturation of oUp

sets in when cx becomes of order 1.
Fig. 4 illustrates the results of a numerical and asymptotic calculation of the spatial
correlation function of the eikonal on the parameter V = 0.09. Fig. 5 illustrates the results of
a numerical and asymptotic calculation of the standard eikonal deviation of on the parameter
V.
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Fig.4. The spatial correlation finc- 0,03 0,09 0,19 0,33 0,47 Y'

tion of the eikonal for v =0.09 Fig.5. The dependence of standard
eikonal deviation on the parameter 7.
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INTERACTION OF NATURAL OSCILLATIONS OF AN OPEN
RESONATOR WITH AZIMUTHAL SURFACE WAVES OF PLASMA
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ABSTRACT
A mathematically rigorous solution was found for a 2D problem about the natural oscillations
of an open resonator in the form of a metal column with a longitudinal slot containing a
circular plasma column inside. The dependences of the decrement of azimuth surface wave
(ASW) attenuation on the effective wave number were obtained on the basis of the numerical
implementation, and the interaction between the natural oscillations of the slot cylinder and
the azimuth surface oscillations of the plasma column was analyzed.

SOLUTION OF THE SPECTRAL PROBLEM
Consider an open resonator (OR) in the form of a column with the radius a having a
longitudinal slot of 20. In the middle of OR, a plasma column with the radius ap1 is located

that has the following parameters: kp, = T, k, = , and ý = v, where cop and coc are the
C C C

plasmatic and electron cyclotron frequencies, respectively, and v is the frequency of plasma
electron collisions. The statements and the solution of the spectral problem are similar to
those described in [1]. As a result, we derive an uniform set of linear algebraic equations of

the second order in the unknowns (x P) p =1,2.
J= ,f=-oo =122 ao

x, I YA"i(• p, j =1,2(1

j=l "I=-m

where the matrix elements (k p, j = 1,2 were determined in [I]. It was proven

that the elements of the diagonal matrix Am1 (k) , i = 1,2 at Imf,jnj --> o tend to zero, the same
2, - 1221 (k) determine in the domain l2the

as O(m2, 2 ), and the matrices A, 2,, (k) and A, d mo 12t

nuclear, finitely meromorphic in Rk operator-functions. Then, A(k) = AP' 2 is the nuclear
p,j=l

operator-function that depends finitely-meromorphically on k e Rk. Hence, the spectrum of
the complex natural frequencies of the structure under consideration is discrete and finitely
multiple, and k0 is a characteristic number of the operator-function I - A(k) if and only if

k0 satisfies the equation

det(I - A(ko)) = 0, (2)

where det(I - A(k0 )) is the infinitely characteristic determinant of the operator-function

I-A(k).
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THE NUMERICAL RESULTS
Fig. 1 demonstrates the dependences of the frequency (Fig. 1,a) and the decrement of ASW

m
attenuation (Fig.l,b) on the effective wave vector k0 = -•, where m is the number of the

kp

azimuth harmonics, kp is the plasma frequency, and a is the radius of the metal column.

These data were obtained in the numerical solution of Eq. (2).
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k,=0.1 m, 4
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Figure 1. a) b)
The comparison with the results obtained in [2] shows that the behavior of the natural
frequency, described by using an approximate model, qualitatively coincides with the results
obtained by a rigorous method for all values of m = 2, 3, 4, 5. The quantitative values of the
frequencies and the decrement of the ASW attenuation, as well as the behavior of the
decrement of the ASW attenuation with even and odd numbers, were substantially different.
Consider the long wave part ka, < 1. Here, it is characteristic that the plasma column itself
has a surface natural oscillation, whose real part of the natural frequency is approximately

k,
equal to the so-called ultimate frequency of surface wave [3], k = L-. On the other hand, in

the case of H-polarized electromagnetic oscillations, a single cylinder with a longitudinal slot
also has an natural oscillation in the long wave part, whose natural frequency is determined by

the formula k = 1(-2In sin '92 . In this view, it may be interesting to analyze the

behavior of these natural frequencies in the OR with a plasma insert by varying the
parameters of the latter.

a. a=. 2a

IX ac=O02a ______ ______jH e=.1O0
0,5 e=10 i H, ______ k=0.8

0.0 k~t=0.8

0.70

0.4 -H Hoc

0.2 0

0.0 1.2 IO 3.0 0.2 1,2 1.0 2.0
k, k,

Figure 2. a) b)

Kharkov, Ukraine, Vlll-th International Conference on Mathematical Methods in Electromagnetic Theory



MMET*2000 Proceedings 339

Fig.2 illustrates the dependences of the real parts Re(ka) of these natural frequencies and the
decimal logarithms of Q-factors Log(Q), and the corresponding natural oscillations on the
plasma frequency, Proceeding from the behavior both of Re(ka) and Log(Q), it is obvious
that, according to [4], the natural oscillations of the open resonator have an inter-mode
coupling with the natural oscillations of the plasma column.

mod(Hj mod(H.)1,0 7 !.

0.5 0.5 7.

2 SA2

0,0 0 .2

-0.5 -0,5

-1,0 .0,5 0,0 0,5 1,0 -1.0 -0,5 0,0 0,5 1"0

X x
kp=O.5, Re(ka)=O.12898 kp ~1.,Re(k@)=O.38653

aH) b)

Figure 3.
It can be clearly seen in Fig.3 showing the curves of the equal values of the module (IH,1)of
the full magnetic field H., that is excited in the resonator by an H-polarized plane
electromagnetic wave at the real parts of natural frequencies for a plasma column. Here, the
values of the plane wave frequency used for forming fields are shown by a dashed line in
Fig.2,a).
As seen, by k, 0.5, up to the coincidence point [4], the field excited in OR is an natural

field of ASW Hf'. By k,= 1, near the coincidence point, the field is hybrid and has

components of the ASW field HfI" and the natural field of OR H0 0 By k, = 2, after the

coincidence, the field in OR corresponds to the H00 oscillation mode of an OR without
cylinder. Such behavior of natural frequencies and fields, as it was shown in [4], is
characteristic of the inter-mode oscillation coupling.
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ABSTRACT

The nonlinear interaction of a DC current flowing in a thin metal film with an external AC
electromagnetic field is studied theoretically. The nonlinearity is due to the influence of the
DC magnetic field and the magnetic field of the wave on the form of the electron trajectories.
This magnetodynamic mechanism of nonlinearity is typical for pure metals at low tempera-
tures. We find that such an interaction causes sharp kinks in the temporal dependence of the
AC electric field at the surface of a sample. The phenomenon of amplification of the electro-
magnetic signal at the metal surface is also predicted.

INTRODUCTION

It is already known that metals possess quite peculiar nonlinear electrodynamical properties.
In metals because of the high concentration of electrons it is rather hard to deviate the system
significantly from the equilibrium position. Thus in metals all the mechanisms of nonlinearity
typical for plasma or semiconductors are inefficient. The only effective mechanism in metals
is associated with the influence of the self magnetic field of a current or an electromagnetic
wave on the trajectories of the charge carriers. This mechanism (which is called the magneto-
dynamic mechanism) does not imply a significant departure of the electron subsystem from
the equilibrium.
In the present work we investigate a novel manifestation of the magnetodynamical nonline-
arity - the interaction of an external electromagnetic wave with a strong transport DC current,
flowing in a thin metal film. We assume that the thickness d of the sample is much less than
the electron mean free path 1. It is known (see [1]) that in the static case (when the external
AC field is absent) the peculiarities in the nonlinear response of the film are due to the pres-
ence of the plane at which the magnetic field changes sign within the sample. The spatially
sign-alternating antisymmetrical field of current entraps a portion of electrons into a potential
well. The trajectories of such particles are almost flat curves wound around the plane of the
sign alternation. At the same time there exist electrons that do collide with the boundaries of
the metal (fly-trough electrons) with the ratio of the conductivities of fly-through and trapped

electrons being c = (dR)"12 /l, where RocIc is the characteristic radius of curvature of the

electron trajectories in the magnetic field of the current'.

SYet there exists another group of electrons - the surface electrons -that collide only with one of the boundaries
of the film (see Fig. 1). In the diffuse-reflection case considered here, their influence on the nonlinear conductiv-
ity of metal is negligible and therefore they are disregarded henceforth.
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In our problem the external AC magnetic field parallel to the self-field of the current shifts the
plane at which the magnetic field changes sign towards one of the faces of the film. That in
turn leads to the significant diminution in the conductivity of the trapped carriers. In this
situation the conductivity of metal depends substantially on time and, consequently, strong
nonlinear effects in the response of the sample should arise.

FORMULATION AND GEOMETRY OF THE PROBLEM

We consider a metallic film of thickness d along which a DC current I is flowing. The sample
is symmetrically illuminated from both sides by a monochromatic electromagnetic wave
whose vector is collinear with the vector of the self-magnetic field of the current. We intro-
duce a coordinate system with the x axis directed along the normal to the faces of the film.
The plane x=O corresponds to the center of the sample. The y axis is chosen along the current,
and z axis is parallel to the vector of the magnetic field Htot(xt) which is the sum of the
magnetic field of the current H(xt) and the magnetic field of the wave h(x, t):

Htot(x,t) = {O,O,H(x,t) + h(x,t)}. (1)
We assume that the electron scattering at the boundaries of the sample is diffuse.
In this geometry Maxwell's equations have the form

aH, ot(X, t) = 4,r _Ext) _ tot (X,t)a ( = j(x,t), aE(xt) - ajt , (2)ax C ax at '

where j(x,t) and E(x,t) are the y components of the current density and the electric field. The
boundary conditions on Eqs. (2) are

Htot (±d / 2, t) = hm cos cot T H. (3)
The symbol H denotes the absolute value of the magnetic field of the current at the surface of
the metal, and h,, is the amplitude of the wave. The field H is determined by the total current I
via the relation: H = 2roilcD. The relation between H and hn is arbitrary.
We consider the quasistatic situation, when the wave frequency 0o is much lower then the re-
laxation frequency v of the charge carriers. Here we assume that the magnetic field of the
wave inside the sample is quasiuniform and practically the same as its value at the surface:
h(x, t) = hn coswot. In other words, the characteristic scale 3(co) for variations of the alter-
nating magnetic field of the wave in metal is much larger than the film thickness d.

NONANALYTIC TIME DEPENDENCE OF THE ELECTRIC FIELD OF THE WAVE
AT THE SURFACE OF THE FILM.

The current density j(x,t) is determined by solving Boltzman's transport equation. The trans-
port equation is linearized with respect to the electric field E(xt), which is a sum of the uni-
form potential field Eo(x, t) and the solenoidal wave field Eso, (x, t):

E(x, t) = Eo + Eso, (x, t). (4)
In our problem the nonlinearity is due entirely to the total magnetic field Htot(xt) in the
Lorentz force. While calculating the current density we restrict our consideration to the lead-
ing approximation in the small parameter d/6(co). In such a case as we have said, the magnetic
field of the wave, h(x,t), is spatially uniform and is equal to the value at the boundaries of the
film, h(x,t)= h,, coscot. The electric field E(xt) in this approximation is also independent of
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the coordinates and is equal to the potential field Eo(t). For uniform electric and external mag-
netic fields the current density of the particles was obtained in Ref.[I].

Inserting this current density (in a

10 E/AE slightly modified form) into Max-
well's equations Eq.(2) and appen-
"ding boundary conditions Eq.(3) we
arrive at a certain boundary problem.

- 2 . 4 6 t One is not able to obtain solution in
0 an explicit form and numerical calcu-

2 Nlations should be involved. In thev ! ,present paper we were interested in
the difference

". AE(x, t)=E(,,,(d/2, t) - E.,1 (- d/2,t),
-10 the quantity being proportional to the

rate of change of the magnetic flux
Fig 1 The difference A E in the values of the electric r a of secof the m a mple

field of the wave at the boundaries of the film as a func- through a cross section of the sample

tion of time at a fixed value of the current (H=300H*) perpendicular to the vector of the
and the different amplitudes h./H*. The ratio of the total field H1,,(x.t). Figure 1 shows the
mean free path I to the film thickness d equals 30. function AE(t) over a wide range of

values of the wave amplitude h, at a
large value of the magnetic field H of the current, when the condition H>>H* holds, with H*
being the value of the magnetic field at which the characteristic arc of the electron trajectory
(Rd)1/ 2 is equal in order of magnitude to the mean free path 1, i.e. when the inequality 6<<I is
fulfilled. The value AE is normalized to the amplitude of the corresponding quantity in the
absence of the transport current AE,. We see that the ratio of the oscillation amplitude AE, to
the linear value AEL does not depend on h,,, One has the following expression for AF,,,:

AE .. _0.83( H 1 (H 12  c 1. (7)

AEL H*- ln(R/d)' H *

The ratio AE,,/AEI, is determined by the value of the magnetic field H of the current and can
be much greater then unity. In other words, there is an amplification of the electric signal at
the surface of the film. At small wave amplitudes (curve 1, h. =H//300 ) the signal is quasi-

harmonic. As h... increases, however, kinks appear on theý function AE(t). Curve 2
(h7 = 2H1/3 ) has kinks at the extrema, i.e., at the time when the magnetic field of the wave

h, coscot goes to zero. These features are due to the considerable contribution of the trapped

electrons into the nonlinear conductivity. Curve 3 corresponds to the case hm = 5H/3, where

there are no trapped electrons during a part of the wave period. In that case the function AE(t)
contains additional kinks arising at the times of the appearance and disappearance of the plane
x = x0 (t) at which the total magnetic field changes sign.
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ABSTRACT
The paper deals with the theoretical investigation of surface polaritons (SP) in finite superlattice (SL). The SL
are considered to be formed of the finite number of parallel two-dimensional electron systems (2DES) which are
placed into the external quantizing magnetic field. The external magnetic field is supposed to be directed
perpendicularly to 2DES. It is found that when the dissipation in 2DES is taken into account the new mode of SP
- an additional surface polariton (ASP) appears in the spectrum of SP. The properties of ASP depend strongly
upon the value of momentum relaxation frequency v of electrons in 2DES. It is shown that at small values of v
with the increasing of 2DES number in the SL the character of ASP dispersion curve changes. In the case of high
values of v the effect of separating of ASP's dispersion curve from the usual SP with the increasing of 2DES
amount is predicted.

INTRODUCTION
SP in semiconductors with SL are the object of great interest of physicists. The theoretical
investigation of SP in SL, consisting of finite number of layers, are of great interest from the
experimental and practical points of view [1-4]. For the finite SL, formed of a finite number
of 2DES, SP were theoretically investigated both in the absence [1] and in the presence of
external classical [2] and quantizing [3,4] magnetic field. It was shown that in nondissipative
case the amount of modes of SP spectrum is equal to the number of 2DES in finite SL. But
when the dissipation is taken into account [4] the SP spectrum contains an ASP, which
properties depends strongly upon the value of momentum relaxation frequency v of electrons
in 2DES. However in paper [4] the dependence of the ASP properties upon the number of
2DES in finite SL has not been investigated.
In this paper we consider SL consisting of a finite number M of infinitely extended 2DES,
arranged at the equal distance d from each other in planes z = 0, d,..., (M- 1)d. The constant

quantizing magnetic field B is directed perpendicularly to the 2DES along the axis z (the axis
of SL). We suppose that 2DES are imbedded into the uniform dielectric medium with
dielectric constant F. We admit that the Landau-level filling factor N is equal in all 2DES
(N = cn, = (ch/eB) 2 is the magnetic length and n is the electron density in 2DES).

DISPERSION RELATION
To obtain a dispersion relation, we used solutions of Maxwell's equations for TE- and TM-

waves in media md<z<(m+ 1)d (m= 0,1,..., M- 2), z< 0 and z>(M - 1)d with standard

boundary conditions. The tangential components of the electric field Ex,EY were considered

to be continuous across the interface and the tangential components of the magnetic field
Hx, Hy were considered to be discontinuous across the interface. The values of discontinuity

4n" 4  fffE\
are equal to Hx 2 - Hxl = = and

C C
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Hy2-/H 4T _ 4' (aE + oýwEy) We obtained the dispersion relation in the

form like in papers [3,4]. Since all effects, we are interested in, take place under condition
kd << 1, the spatial dispersion of 2DES conductivity tensor, obtained in [5], can be neglected
and nonzero components of 2DES conductivity tensor take the form:

2e 2 N7 2e 2
h 1+ua2, =- = h 1+22

y=(v-ico)/Q,n=eB/m*cis the cyclotron frequency, m* is the effective mass of

electrons.

NUMERICAL RESULTS
As a model of 2DES we used a heterostructure GaAs/AlGalxAs with parameters:
m*=0.068m0 , P=12. When the dissipation is taken into account, we consider that the SP
wavenumber k is a real value, but the SP frequency co = co' + ico" is a complex value. Fig.
la,b presents spectrum co'(k) (solid curves) and damping oY"(k) (dashed curves) when N=5,
M=5, 5 = Qd/c = 0.1 in the cases: (a) F = v/Q = 0.02; (b) F=0. 1. As it can be seen from

Fig. ], at small values of. v the SP spectrum contains ASP (dispersion curve 6). Properties of
usual SP (dispersion curves 1-5), which exist in SL also in nondissipative case, have been
described in paper [3]. It should be noticed that at small v the dispersion curve of ASP exists

on the left from the light line co'= kvd (here vd,= c/1- is the velocity of light in the
dielectric surrounding 2DES) and has the end-point of the spectrum, defined by the condition
Rep = 0. In this case the ASP dispersion curve does not cross usual SP dispersion curves.

Besides that, with the increasing of k the damping of ASP gradually decreases and vanishes at
the end-point of the spectrum. At high values of v the properties of ASP changes entirely. So,
in that case the fastest mode of usual SP (dispersion curve I on Fig.la) is split into two
branches. One of them (curve I on Fig.lb) almost coincides with the light line and has the
end-point of the spectrum Rep = 0. The second branch in the vicinity of light line is blended
with the ASP and the resulting dispersion curve 6 has minimum near the light line. With
further increasing of v the end-point of dispersion curve I shifts into the lower-frequency
region and the minimum on dispersion curve 6 becomes smoother.
Fig.2a,b presents dispersion curves of ASP for different values of M. The parameters of the
SL are the same as in previous case: (a) F=0.02; (b) F=0.1. As one can see from Fig.2a, at
small values of v and at small values of M the dispersion curve of ASP possesses such
properties. When the value of k increases, the ASP frequency decreases (except small region
near end-point of spectrum). With the increasing of M the ASP dispersion curve becomes
more slanting. After exceeding some critical value of M the ASP character changes: with
increasing of k ASP frequency also increases. At higher values of M the ASP dispersion curve
becomes steeper. Notice, that there exists another critical value of M, at which ASP is
characterized by minimum damping. At high values of v, as one can see from Fig.2b, with the
increasing of M the ASP dispersion curve separates from the fastest mode of usual SP.
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CONCLUSIONS
We have calculated spectrum and damping of SP in finite SL with dissipation. We predicted
an effect of changing of ASP properties and a phenomenon of the separating of ASP
dispersion curve from the usual SP mode with an increasing amount of 2DES in SL.
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The nonlinear interaction of the waves in layered-periodic semiconductor-dielectric superlat-
tice located in a magnetic field is examined in the paper. For the theoretical investigations of
nonlinear processes we use the procedure of "three-wave interaction".

Let us consider the structure, that was derived by a periodic recurring of a semiconductor
layer of a thickness d, and of a dielectric layer with a thickness d2 . Let us direct an axis Z

perpendicularly to boundaries of stratums. The external magnetic field is supposed to
have applied in a direction of an axis OY. Let us examine the distribution of magneto-
plasma waves in a plane XOZ, that is perpendicularly to the magnetic field. Then, in
consequence of homogeneity of a medium in a direction OY, it is supposed, that /' = 0.

The result is that the Maxwell's equations disintegrate on the equations for two polari-
zations. Let us consider the polarization with the components of the fields Ex, Ez, H dis-

tinct from zero. From the Maxwell's equations with allowance of continuity of a tan-
gential components of electromagnetic field on the boundaries of a structure with the
help of Floquet's theorem we shall receive a dispersion relation

22

coskd= coskzldl cosk 2 d 2 -kf 7 1 k2  (kz + 2k.•z Jz d 2kzlkz f;1 + 2 7 - k IXlF l

sin kzldI sinkz2d 2 , (1)

k=K| k2 1', kz 2 = ! '2 - k12 , 2f1 =2I1l+(0 2
2~~ -( H 2 01 = -E2O

kis the wave number describing the periodicity (so-called Bloch's wave number); kz7 , kz2

is the wave numbers in a direction Z ; ef is the Voigt's permeability; O0 H, cOp are the cyclo-

tron and plasma frequencies. The influence of the magnetic field in the superlattice is exhib-
ited in the area between the frequencies oO01 and wo02, where
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((02(001,02 ±2 + 4+ (Ops ,

raps is the frequency of surface plasmon on the semiconductor-dielectric boundary.

We carried out a numerical solution of the equation (1) for a structure with the parameters: the
first layer is the semiconductor of a type InSb ( F0I= 17.8 ), second layer is the dielectric

(E 2 = 2 ), d, =le-2cm, d2 =1.5e-2cm, Ho = 1000oersted.
We obtain the coupling equation [1] with the help of the procedure explained in detail in the
work [2], in which the common method of the analysis of three-waves processes in periodic
mediums was offered. The procedure is founded on the Green's formula:

b

f [r(L,f) - (L, f)*f]dv= ffj,
aa

Sis the linear differential operator, L is the transposed operator, f and f are the eigenfunc-
tions of the operators.
If the resonant conditions (conditions of synchronism)

(O' + o" - (0 = 0

kx +k - kx = 0 (2)
'tL

k' +k"-k+2-d = 0,

L=O, + 1 ... is realize, the equation for the amplitude of the wave k Ck (z) is:
dCk
dz - Wkk'kk"Ck'Ck". (3)

The equations for two others waves are found by the permutation of the indexes. In the rela-
tion (3) Wk,k,,k" is the matrix coefficient. The expression for the coefficient is unwieldy and

can't be shown here. The matrix element is the sum of the four addendum of a shape:
cosksd1 - 1 + i. sinksd1

ks

where ks is the one of the combinations kzl + kzj + kz , kzl - kz - kzl, kzl + kzl -kzl

kzl - kzl + kzl , fs is a coefficient defined with the help of the amplitudes of fields of inter-

acting waves.
The conditions of interaction of the first and second harmonics with the frequencies O = 0'
and 2W' are analyzed in the paper. In this case the conditions of synchronism are:
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co = 20o'

k, = 2k . (5)
- - 7tL

k=2k'+2--
d

The conditions (2) and (5) in the superlattice differ from the homogeneous nonlinear medium
by the presence of the specific law for the Bloch's numbers. The result is the new type of an
interaction:

k=k'-k' =0. (5a)
It is possible to observe two types of interaction: 1) the first and second harmonics are located
in the different allowed bands in an interval of frequencies COO1 - o02; 2) the first harmonic
lays in an interval co01 - (002 and the second one lays higher then the 0)02.
In the periodic medium Wk,k',k" is a complex magnitude (in homogeneous one Wk,k',k,, is

an imaginary number [3]). The result is the peculiarities in the dynamics of a process of inter-
action. Let us mark that Wk,k',k" can be much more (modulo) in periodic medium than in

homogeneous one. In the work is shown that it is connected with the resonance on the period
of a structure. Such value of a resonance is in the forbidden band, where the laws of the syn-
chronism don't take place. That is why the maximum of Wk,k,,k" is on the boundary of a

zone. The second factor influencing on the magnitude of Wkk',kk is the equality to zero of

one of k. magnitudes (see (4)). This condition can be considered as a nonlinear resonance.
The dependence W2k',k, on frequency is shown in a Fig.1. The numerical solution of equation

(3) is presented in a Fig.2.
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Fig. I Fig.2
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ABSTRACT

In this report we present a theoretical investigation of two types of plane structures. One of
them represents a chiral slab restricted by perfectly conducting screen on its bottom (grounded
chiral substrate). Another one is a plane system of isolated line wires located on the grounded
chiral substrate. The influence of wire system on waveguide properties of a grounded chiral
substrate and radiation field of source is investigated.

INTRODUCTION

Chiral structures with different properties continue to attract attention of researchers. Since
90-s, the International Conferences on chiral problems take place every year [1, 2]. The
interest of the researchers concerns the investigation of wire system on a chiral substrate [3,
4]. In the present report, the influence of line wire system on waveguide properties of a
grounded chiral substrate and radiation field of source is investigated.

STATEMENT OF THE PROBLEM

If edge effects are neglected then for the solution of described above problems we can use the
model that is a flat unbounded chiral slab placed on a screen. One of the possible formulation
of the model problems can be follows: chiral slab ix,yj_ oo, -d •_ z <•0 with parameters
E2, /I2 ,I (region 2) is located in Cartesian coordinate system x, y, z. Half-space above slab
z > 0 presents homogenous media with parameters el, Pt l, where sources are located
(fig. 1). We take line source as the traveling wave current distribution along the y axis

je= Ieei'D3(X-Xo)9(z- zo), (1)

1= klfi, kj = co •P 1 1, 8= c/V , V - phase velocity of current wave, c - light velocity. The

wave processes are assumed to be stationary with time dependence e-"'.
The boundary conditions for given structures are four conditions of continuity for the

components of full field on the boundary of media and two homogeneous condition on the
screen.
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~7.
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Figure 1. Geometry of the model problems

Both problems were solved by means of presentation of fields through potentials of
circularly polarized waves U±(x,y,z) and using the integral Fourier transformation in

complex plane. Potentials of secondary field in regions I and 2 have the form

U I±(x1 yZ) = e i'll"! A,±(z'r7)e"Zt"-"°'+i"1':,, z> O;

-2 (2)

Uf (x,y,z)l= ehI {A (zX, q)e-lq± + A3 (z, r)e'ql: }l'e "d, -d <z <0,

where q, = _ - 2 _ X2 q± = , _ = k±=k,.( 1 w,.), k, = coV/,2

w, = , = _2 + { =2 . Unknown functions 42..3(Zr q) are determined from

boundary conditions and have complex form.

RESULTS

Analysis of solution has shown that there are excited both continuous and eigenvalue wave
spectra in the considered structures. The propagation constants of continuous wave spectrum
connect with the branch points of integrand q, = 0, q± = 0. Asymptotically evaluated in the
far field integrals at z > 0 define characteristics of radiation the under investigation structures,
which were calculated for different parameters of problems. Discrete spectrum of waves is
defined by residues in poles of integrand. Dispersion curves of discrete spectrum waves are
presented in the manner of Brilliouin diagrams (fig.2). In particular cases obtained results
coincide with known ones.

Fulfiled calculations allow to do following physical conclusions:
9 unlike homogeneous dielectric slab on a screen in chiral slab occurs the transformation
of waves of discrete spectrum in hybrid, but beside wave of main type disappears cut-off
on frequency;
e chirality increases deceleration of waves of discrete spectrum;
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* in the radiation field appears crosspolarized component, at nonphased excitation
asymmetry of diagrams are observed.

Located over chiral slab the line wire system in discrete spectrum
* is reason of presence of slow wave, which without the line wire system does not exist;
* serves by the reason of excitation quick waves in slab;
* the wave with the most deceleration can result in unidirectional transform of energy at
nonphase excitement;
* intensifies an asymmetry of radiation diagrams;
* results in absence of radiation in the plane of structure;
* results in narrowing the radiation diagrams and reducing a number of lobes.

10 -1

tw*. 4

4- 4-

0=0

0 2 4 6 10 -.• .4 .2 * 2 4 . 8 10

Id %d

Figure 2. Brilliouin diagrams for guided modes in a grounded chiral slubstrate on a screen
(left)

and one with wire system (right)
(a=1.0,- 2 =2.0, A =Au=1.0O,wo 12Oir Ohm; 1-q =0, 3-q,.=0, 4 -q-=0)

Considered problems are referred to the quasithree dimensional class. However their
deciding by means of simple integration on q can be dedicated on three-dimensional case.
Line wire system in combination with chiral slab can be perspective at the development at
microwave, for instance, broadband antennas, modulators, valve devices in strip performance.
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Abstract. Results of mathematical simulation of a spherical firactal emitter for the first time
represented. The application of fractional calculation for mathematical model generation is
justified. The a -characteristic of the magnetic field component of a symmetric spherical
emitter and current distribution on a surface is retrieved. The properties of a spherical fractal
emitter are defined. The outputs are confirmed by matching of the obtained formulas and
graphs with known data.

Introduction
Rise of interest to designing different devices of UHF of a range with fractal structure (see,
e.g., [1],) boosted application of fractional calculation (see, e.g., [2]) in the electromagnetic
theory [3,4]. Results on learning physical and geometrical properties of fractal fields now are
obtained [5,6], in particular, in the radiation theory [7,8].
In [6] is shown, that the a -characteristics of a field, which are generated a -dimensional by a
Hausdorff's measure of the fractal object, can be constructed with the application of fractional
integration a - I measure (or fractional derivation of a + I measure). The enumeration of
outcomes of simulation of a spherical emitter further represented.

Formulation
The attempts of measurement of a usual current with density j(P) on a fractal surface unit

dS• inevitably reduce in necessity of input of the fractal cx-characteristic dcJ(P) on a unit
dS. Thus,

da J(r)daS = j(1r)l-a p(cx)dS = ja(r)dS

(1)
whee ~~a)= 1(a 2itc /2

where ý) = 7(a)2,a/2 is defined by sort of a coating unit; F(.) - Euler's gamma-function.

Let us consider an emitter as a sphere. Let its surface has fractal properties. A fractal current

we set as a thin spherical stratum with radius a. The surface current density jQ( r,O)does
not depend on a lateral angle. Dependence of a current density on a meridional

corner 0 we set by the a 0 -characteristic DWO 0(0), and dependence on radius by the a)' -

characteristic Dc" R( r):

t (rO) = Dar R( r )DcO0( 0).
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At such symmetry the electromagnetic field will have three components, equal to zero, E ý,

H0 and Hr. On an emitter surface a current density is j 0( a, 0) Ho( a, 0 ), and complete

current is J° 0( a,O)= 27tasinO ja ( a,O ).

For determination of a current density j 0 ( r, 0 ) from Maxwell equations, in view of the

indicated symmetry, we obtain the a -characteristic of the magnetic component
T)1 c• •.a a Ro'(kr)- --=r Cn H(2) oDE°®•(O)_

DcpH=aDOrR (kr)OD6®°(0), aI rRnH (kr), D (=Pn(cos0)

(here: Cn - harmonics amplitude; H(2) (kr)- half-integer order Hankel's function;n+'

Pn(cOs )- Legendre polynomials.

According to designed model, the electromagnetic field (2) spherical fractal emitters, as well
as in case of a classical emitter, represents a space n-order harmonic of an electrical wave. At
n=O the field is identically equal to zero. It means, that for the indicated model the emitter is
impossible to create which isotropicly radiates on all directions.
The field of an emitter with a space first order harmonic comes nearer to the field diagram of
a linear dipole fractal emitter with length equal to radius of an orb [7, 8].
In the total, density of a fractal current looks like

00 C (2,)kr ))oI0 -dOPn (cos0jo'(r,O)= CnOIkrr( H+((0)

n=1 2

RESULTS AND DISCUSSION

In Fig. 1 the radial part Ro'(kr) is shown, and in Fig. 2 - meridional part®No(0), which
determine a current density on a surface of an ideal spherical emitter (dashed line) and on a
surface of an emitter with fractal properties (solid line).

We score the following: 1) offset of maximas of a( 0 )curves in the side of major corners 0,
that reduces in rotational displacement of a polar pattern (it depends on the value of a scaling
metric a); 2) considerable increase of wattless currents, and it reduces in decrease of an
efficiency and emitter passband; 3) power reallocation of 2a-poles in emitters petals with

Re R (?cy) hn R (k Y)

0 3185 1  ... ..... .. ....................

S- • n=2

0.25 12

-0.13 -_-__5.5

-0.5 kr - 1 kr
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Fig. I
a higher order space harmonic in comparison with classical multipoles; 4) confirmation of
known experimental datas about offset of the characteristics of an actual emitter, that is
stipulated by existence 2' -poles in actual physical systems.

90 90
120 6,-. o0 120 6

0,35
ED (0)

ISO 0 180 0

270 270

Fig. 2
CONCLUSION
The discussion of calculations results on designed radiation model of a sphere with fractal
structure of surface currents allocation points presence of known properties of a classical
emitter (alternation of phase-al tern ati ng currents; values fissile and wattles currents). There
are also new effects (rotational displacement of a polar pattern, power reallocation a 2' -poles
etc.). The obtained results allow explaining influence of 2' -poles to the form of a polar
pattern, on the value of an antenna factor, and also possibility of designing pencil-beam and
isotropic emitter.
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ABSTRACT

One of the most important problems in the design of modern photo-voltaic cells is increasing
their efficiency. The solution of this problem is connected with an investigation of new types
of solar cells as well as optimization of the output characteristics of present devices. In this
paper, formulation of the problem and one-dimensional (1D) simulation technique developed
for computer modelling and optimization of the high-efficiency silicon solar cells is
discussed.

INTRODUCTION

The development of the high-efficiency silicon solar cells has currently been in the center of
attention [1,2]. It is necessary to note that computer modeling of physical effects in
semiconductor structures used to design solar cells is one promising approach in order to
carry out a complete theoretical analysis [3,4]. Among the questions which have to be solved
in order to raise the efficiency of the silicon solar cells, it is necessary to mention the ones
connected with optimization of n+-p junction depth, decrease of leakage currents, etc. In this
paper, the problem of optimization of an n' - p junction depth in the silicon solar cells is
considered.

SILICON SOLAR CELLS MODEL

Schematic drawing of basic structure of a mono-crystal silicon solar cell is shown in Fig. 1. It
is known that the efficiency of the silicon solar cells depends on n+-p junction depth. There is
an optimal value of this parameter where solar cell operates most efficiently. This is caused,
on the one hand, by a specificity of photon processes taking place in the materials which
are contained in the solar cells, and on the other hand, by the features of their designs.
For optimization of a solar cell we used its mathematical model possessing an abrupt n+-p
junction as well as the constant levels of doping on each side of the n+-p junction. As a
result, we can suppose that electric field outside of depletion layer of the n+-p junction is
equal to zero (Fig. 1).
A parameter that we selected in order to optimize of n+-p junction depth is the total photo-
current which is generated by all spectrum of solar radiation. In this case, the n+-p junction
depth will be optimal at a point on the axis x where the total photo-current has maximum.
For the incident light of the wavelength 2 and intensity or flux F(2), electron-hole pairs are
generated at the distance x from the surface at a rate

G(x)= f c•(k)F(z)[l - R(k)]exp[- ca(kQ)x] dA (1)
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where a (2) is the local absorption coefficient; R(2) is the surface reflectivity; F(A) is the
density of photons.

1

C 3

4

V 5

x

I - collector contact; 2 - antireflection coating; 3 - n'- layer; 4 - p - silicon;
5 - back continuous collector contact

Fig. 1 Basic structure of solar cell

Under low injection conditions ID stationary equations are written as [1]:

np 1ldJn

Gn - nP° + 0 (2)
Tn e dx

Gp P- -- n ~ 0 (3)Tn e dx

Here, expressions for the photo-current contributions in the p- and n-region, J,, and Jp , are
therefore given by the diffusive currents

Jn (X) =qD dn(x) (4)dx

dp(x) (5)
dx

where q is the electron charge; D,,,p is diffusion factor.
For n÷-p region we can obtain integro-differentual equation which describes distribution of
holes in n-layer

D d 2 pn Pn - NO + f - (X)F(X)[1 - R(X)] x exp[- c(X)x]d = 0 (6)P d x 2 T p ? ,
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where rp the hole lifetime.

A similar integro-differentual equation for the electron distribution in the p-layer can be
written as

D n P P n PO + f a(X)F(X)[1 - R(k)] x exp[- a(X)x]dX =0 (7)
dx2  x 7

Taking into account that equations (6) and (7) have no analytical solution we used the
numerical methods with the following initial conditions:

d(pndxPo) Sp (pn - po ) at x=O. (8)

d(np - npo)
Dn dx =Sn (np - npo ) at x=H (9)

P, "-PnO = 0 and np--npo = 0 at x=xi. (10)

The total photo-current as a function of wavelength is then given by the sum of diffusion
currents in the p-, n- regions and depletion region [1]:

JL = Jp + Jn + Jd1 11

where Idl = qFoT- exp(- ajxP - x,, #)xp(- axP - x, ) (12)

By using the results of numerical solution of equations (6) and (7) in view of (8)-(10),
and (12) and substituting their values in (11), we determine the total photo-current of a silicon
solar cell.
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ABSTRACT
In the last few years the development of efficient crossed-field tubes is connected with a creation of
new non-traditional designs. In this paper a mathematical model of new combined magnetron and the
features of modes of its operation are discussed.

INTRODUCTION
An application of new technologies is a promising approach to the problem of development of
advanced crossed-field tubes. The development of non-traditional crossed-field tubes is a good
example of usage of this approach [1]. Among the possible advantages of non-traditional designs in
comparison with the classical designs of tubes (for instant, magnetron), we can mention a suppression
of interpulsing spurious oscillations in re-entrant beam, self-modulated CFAs, providing their stable
operation in frequency band and the creation of cold cathode, self-modulated, re-entrant beam
amplifier [2]. Besides, a considerable advance has been made in studying of new designs of the
magnetron oscillators and, in particularly, combined magnetron [3]. However, there is a number of
unclear questions concerning non-linear interaction of two electronic beams with electromagnetic
wave of the resonant delay line. Their solution cannot be made a priory without theoretical
investigations of given interaction mechanism by using self-consistent mathematical models of the
tube. The choice of such a mathematical model is determined by a compromise between the list of
problems, which have to be solved, and possibilities of a hardware. The application of full-scale
simulation allows not only to calculate basic parameters of tubes, and to evaluate their limiting values
as well as to explain the possible anomalous physical effects and to point out the ways of their
elimination.
In this paper, the features of a mathematical model of combined magnetron are discussed.
Mathematical modelling of the electron-wave processes is considered in three-dimensional
approximation on one wavelength with usage of the conditions of a quasi-periodicity (quasi -periodical
model [4]).The emphasis is on the study of physical regularities governing the electron-wave
interaction in the tube and on determination of the optimum performance of its operation.

THEORY
Fig. 1 shows schematically the full classification of crossed field tubes with the azimuthal symmetry.
The classical crossed-field tubes with azimuthal symmetry can be considered as electron-wave
systems, in which a re-entrant electron beam interacts with a (synchronous) slow electromagnetic
wave («<the re-entrant electron beam + RF wave»> systems). As it has been shown in [I1], non-traditional
crossed-field tubes are the examples of future advanced technologies, which are connected with the
creation of a new design of the tubes. These tubes are defined as electron-wave systems, in which a re-
entrant electron beam interacts with two synchronous electromagnetic waves («<re-entrant electron
beam + two RF waves»> systems), or two re-entrant electron beams interact with a synchronous
electromagnetic wave («two re-entrant electron beams + RE wave»> systems).

Kharkov, Ukraine, VIII-th International Conference on Mathemzatical Methods in Electromiagnetic Theory



MMET*2000 Proceedings 359

The angular domain of the
CROSSED FIELD interaction space corresponding

DEVICES one wavelength in the combined
I. Imagnetron, schematically, is

CLASSICAL SYSTEMS] NON-TRADITIONAL shown in Fig. 2. There is an
"ELECTRON BEAM + SYSTEMS interaction of the inner and outer

HFWAVE" electronic beams with electro-
I_ Imagnetic field of the resonant

SYSTEMS "TWO SYSTEMS delay line. A special feature of
ELECTRON BEAMS "ELECTRON BEAM+TWO this interaction is that electron

MICROWAVE" MICROWAVES" beams have an opposite sense of
___ rotation, i.e. inner beam rotates

CASE OF STRONG CASE OF WEAK around internal cathode clockwise
COUPLING BETWEEN COUPLING BETWEEN and outer one rotates around

MICROWAVES MICROWAVES external cathode anti-clockwise.

The average drift velocities of
Fig. I inner (i) and outer

(o) b ar V AoBo I ' , where Ua is the anode voltage;

2r'o is magnetic field: is the distance

between cathode and anode. Indices (i) and (o)
in the expressions above correspond to the inner

S..... . , and outer interaction spaces of the tube,
,..- respectively. It is known that the condition of its

-"~. " •" •efficient operation will be the following:"'• j\/, 7 / i +,

resonant....... JeVe e fV - (synchronism condition),
resonant i•• i• .................. f+ -

delay line s• c on t where f is the phase velocity of

synchronous spatial harmonic, and indices (+)
"and (-) are associated with its rotation clockwise

, and anti-clockwise. There are two operating
intera.cahode ........... .. / \ external cathode modes in the combined magnetron to satisfy the

synchronism condition. In the first case, we have

UI U 0 two power supplies ) and

B =B = const The second case
Fig. 2. 0)

(when UJa =-Ua and o •#Bo ) is preferable as it enables one to use a single (in common)

power supply. The possible distribution of the magnetic field in this case can be easily realized using a
standard magnet. An example of such distribution is described in [3].
The particle-in-cell (PIC) method was chosen as a basis for computer modelling of the non-linear
interaction in combined magnetron. The simulation was carried out in one-wave approximation by
using three-dimensional mathematical model. It was suggested that the distribution of electromagnetic
field both in the internal and external interaction spaces of the tube corresponded to the 7t -mode
oscillation of the resonant delay line. In this case the resonant electromagnetic field can be presented
as a superposition of two traveling waves having equal amplitudes. Total electromagnetic field (both
its rotational and potential components) in the inner and outer interaction spaces can be written in the
form [5]:
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-io (ý.t) Z (C+rFE +r + C-rE-r) - grad (D (1)
r

where C+r 2 - 1 N J +dV
2(co - cor Nr f, (2)

C~r J •e'rE r dg.v3

2(W WrNr dV (3)S2(c) + 09r) Nr v

The expressions (2) and (3) are the equations of excitation. Their solution allows to find the rotational
component of electromagnetic field and to determine the change in time of the amplitudes and phases
of electromagnetic waves propagating in the opposite directions. For the calculation of the space-
charge field (potential component of electromagnetic field), it is necessary to solve a Poisson equation
in the inner and outer regions of the interaction space.

1•r i,o l~0  + a 2  io 0 2-i,o C9 a2 (g 0 i, 0

K a (92 + aZ 2  
0 (4)r ar ar r a3 (' z.0

Solution of equations (2), (3) and (4) enable us to calculate a total electromagnetic field in the
interaction spaces of the tube. The final stage of computer modelling of the physical processes in
combined magnetron is a solution of equations of motion for two (inner and outer) electron beams

dt -7 j(Ei'° (F,t) + + o [ o i

dt0 0 (5)

Thus, in this work we have considered a self-consistent system of integro-differential equations,
which can be used in a non-linear analysis of the physical processes in combined magnetron. Besides,
we have analyzed the features of magnetron operation.
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ABSTRACT

The macroscopic electromagnetic (EM) response of a strongly fluctuating statistically layered
bianisotropic medium is obtained by using renormalization approach of the strong fluctuation
theory. Extending the existing works for anisotropic media, this paper treats the effective
constitutive parameters for a statistically layered bianisotropic medium with random
permittivity and permeability dyads and random tensors of magneto-electric coupling.

INTRODUCTION

The principal element of multiple-scattering theory for an EM field in random media is a
calculation of effective constitutive parameters (ECP) of a random medium. The ECP
describe the properties of a fluctuating medium with respect to a statistically mean field, i.e.
the field averaged over fluctuations. Once the ECP are known, one can investigate the
propagation of the mean field within a random medium using the methods developed for
deterministic media. In this paper we determine ECP of a strongly fluctuating statistically
layered bianisotropic medium in terms of deterministic background medium and the
correlation functions of random perturbations using renormalized version [1 ] of the random-
medium theory. This work can be thought as an extension of the strong-fluctuation theory of
disordered anisotropic media [2] to a more general class of bianisotropic random media.

THEORY

Bianisotropic media represent a wide class of complex linear media with internal magneto-
electric coupling between electric and magnetic fields. In a random bianisotropic medium,
constitutive relations that connect random time-harmonic: exp(- icot), electric and magnetic

inductions )r (),r h ) and EM field intensities r (),/Hr R)W have the form

= Z rrr rrr+ý l,, h ý -k '-Rr (1)
where the ,r (W)and fr (R?) are the random permittivity and permeability tensors,

respectively, while ýr(R) andc,(,) are the random tensors of magneto-electric

coupling, R=(x,y,z). Statistical geometry of the random medium filling the whole
space-oc <x, y,z < oo is described by statistical moments of all orders for the tensorial

complex-valued random fields[rl)(/)], rI=,, We will consider the fundamental

case, where the mean profile i is independent of r, and may depend on z, while

for any n =2,3,4,... and arbitrary admissible choice of indices j ,kl,j2,k 2,... the n-th
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statistical moment (1ljkl (Rt)lnj 2k2 (f2 )1. Tj, k, should depend on ZIz 2,Z 3 ... ,z,, and the

differences r, - r2 ,, r2 - r3 only , 7 = (x, y,O).

The following investigation will be performed using convenient six-vector formalism [3],
which have been extensively applied in studying EM phenomena in bianisotropic media. In
the six-vector notation (1) can be rewritten in compact form

dr =Mr .er (2)

Here, the 6-vectors d, ,e,. and the 6-dyad Mr are determined as

B , Hr= ", M

The 6-dyad Mof the ECP is defined by the conventional identity [1,2]

In line with the renormalization approach of the strong-fluctuation theory, introduce a
deterministic background bianisotropic medium with constitutive parameters

Z,(Z), ý(Zý t(Zýz) which form the 6-dyad M. The 6-vector EM field e,, (h) created in such

medium by impressed 6-vector sources j(/R)can be represented in terms of the 6-dyadic

Green's function of the background medium G(R, R')

4n f G i(R,/R')- j (/')t' (4)
C

The key detail of the theory is a regularized representation of the Green's 6-dyadic

G(R, Rf')= (I/iko )G(V) 6(R - fi')+ G('9) (RR') (5)
that was established in [4]. In (5), the first term corresponds to the singular part of the Green
dyadic, G(")is a constant 6-dyadic, and the second term is the regular part of the Green
dyadic. The thorough discussion of regularization procedure a reader can found in [4].
Treating the random medium as a perturbation of the background medium one can establish
an equivalence between the original excitation problem for stochastic EM field and the
integral equation [I, 2]

with respect to a new 6-vector field variable f

and random 6-dyad perturbation

K = (Mr- M). [I+ G('). (•/rM-)]-' (8)

where I is the identity 6-dyad. Introduce an auxiliary 6-dyad K, by the identity
(K.f) -= K1. (f) (9)

From (7), (8) and (9) one can obtain the relation between K, and the ECP 6-dyad Me

M,- M = K,+ K, .G".(M -M) (10)

Using the solution of (6) f = [I+ ikoG ('9). K]' .eb, in (9), G('9) fJdR'G(',)(,RF).. is the

integral operator with the 6-dyad kernel G("')(/,/'), we obtain the solution for K,
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Ke = T.- 1( ikoG(rg).)- 1 (11

in terms of the so-called transition operator [5]

T=(K. (1± ik0, G(rg). K)Y) (12)

Unfortunately, the exact expression (11) does not bring the final result because of practical
impossibility to invert the relevant operators in (11) and (12) both rigorously and in closed
form. A feasible representation for K e can be obtained via expanding the right-hand side of

(11) in powers of K

Ke = (K)+ (k0 )2[(K).G(r).<(K)-- (K.G(rg).K)] +... (13)

To assure the fastest rate of convergence of this series, a requirement (K) 0 must be

imposed. This provides also elimination of secular terms, i.e. terms, including at least one
mean value (K) as a multiplier. Condition (K) 0 specifies the constitutive parameters of

the background medium that remain unspecified yet. Indeed, due to (8)

((Mr - M)-[1+ G('). (Mr - M)]1)ý 0 (14)

holds. Equation (14) can be easily solved via straightforward manipulations. Reconsidering
expansion (13) we may write it in compact form

00

K e - ZK(') (15)
n=2 e

(V n-1. K)~ (V)K(n/' , n =4,5,6,..., V =-ik0 K. G(g)
,=2

Due to relation (10) analogous expressions arise for the ECP

Me =M+ M- (16)
n= 2

.n-2
M (23) -Ke (2,3) M(") = Ke - Km) G(+)" im'-. G n = 4,5,6,...

m=2

Representation (16) constitutes the product of our study. It is clear from the analysis that
local component of the ECP coincides with the constitutive parameters of the background
medium while arising due to perturbations non-local components of the ECP are given by

the 6-dyad M.
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ABSTRACT
For the control of laser beam characteristics by means of electrical method, the gyromagnetic
films fixed on a dielectric substrate can be used. The beam scattering on such a structure is
considered. The spatial distribution of the reflected field in the cross-section is obtained by
means of the Fourier analysis.

BASIC PART
Wave beams are the eigenwaves of laser sources and other optoelectronic devices. In such
systems, a gyromagnetic film fixed on a dielectric layer can be used as a control eOlement.
With the aid of magnetic field applied to the gyromagnetic sample it is possible to modify the
parameters of reflected and transmitted beams: the shape of the beam, its curvature and
amplitude, direction of the axis of propagation, the magnitude of lateral displacement, etc.

Yr

Xi Xr , /

Yi

0I

MfNETODIELETI

d2

47Y

Fig. 1. The wave beam scattering on the two-layer structure

A two-dimensional problem of the scattering of electromagnetic field of the realistic apertures
in the form of a wave beam on a gyromagnetic ferrite film fixed on a magneto-dielectric layer
(fig. 1) is solved. It is formulated for the equation

(A + c 2p1 )E =0, (1)
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a 2  AT -iza 0
where /L =PT -- , for ferrite i•= Pa T 0.

PT 0 0 AL

As the incident fields, the wave beams with Gaussian (2) and cosine (3) field distributions in
the cross-section are chosen:

ize -e(Xi /w) 2  ' Ix:w/2
EwXi (2) E Z ,O c(9) = 0 I, Ixil>w/2 (3)

The EZ- polarization of the initial field is considered, as the case of the HZ- polarization does
not lead to new phenomena. The solution of the problem is carried out by means of the
spectral method with the application of the Fourier analysis. The spectral method enables one
to simplify the problem. The field of the incident wave beam is represented as a superposition
of partial plane monochromatic waves with varying amplitudes that are incident on the
studied structure under different angles, and thus the original problem is reduced to the
problem of scattering of a partial plane electromagnetic wave with specific amplitude on the
considered structure. Expression for the reflection coefficient of a plane electromagnetic wave
from a multilayer magneto-dielectric structure is known [3]. The presence of gyrotropy in one
of the layers (gyromagnetic film) results in significant modification of the expression for the
plane wave reflection coefficient and, as a result, in changing the transmitted and scattered
fields characteristics. An analytical expression for the reflection coefficient of a plane wave
from the studied structure is found and, with the aid of the Fourier analysis, the spatial
distribution of the scattered field for two types of the incident field is obtained. In the
scattering of the fields of realistic apertures, a number of phenomena is observed, namely:
deformation of the field with the distance, lateral and angular displacement of the beam axis,
etc. These phenomena, as the analysis shows, are mainly connected to the angular dependence
of the phase and amplitude of the reflection (transmission) coefficient.

3.5

3

2 .5 -J F z

2

1.5

0.5

0
45 0

Fig.2. The form of the initial gaussian field spatial distribution and the absolute value of the reflection coefficient

The presence of gyrotropy essentially changes the spatial structure of the fields. As an
example, two kinds of initial field distribution are considered and the main features of their
form change during the reflection from a gyromagnetic film with a magneto-dielectric
substrate are established. In Figs. 4a and 4b, the spatial distributions of the field in the cross-
section of the reflected wave beam for different parameters of magnetization c are shown
(parameter a depends on the value of the magnetization field). As the figlires demonstrate, at
the increasing of the magnetizing field value the magnitude of the angular displacement of the
beam axis is increased, that is connected to the much stronger angular phase change of the
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Fig.3. Spatial field distribution in the cross-section for the cosine field distribution for
0=55°,O.=0.3,Ltv= 1.9,FF=5, 1 =64=!Lt I=p~4= 1,E3=3.6,/a3=5,d/•.=3/20,d2=] 0•, a) w=52,., b) w=3k..

scattered on the ferrite film field as compared to the magneto-dielectric substrate. Sometimes
(Fig. 4a), the splitting of the beam on several beams can be observed. Depending on the ratio
between the wavelength and the width of the laser beam, the oscillations of the field envelope
can be observed (Figs. 3a, 3b), their amplitude and form varying with the propagation of the
field from the structure. Thus, by changing parameters of a gyrotropic film, namely, adjusting
the magnitude of the magnetization field, it is possible to change the amplitude and the phase
of reflection (transmission) coefficient of the plane wave. This can be used for efficient beam
control in the laser and optoelectronic devices.

1 55

5 x

00255 0501

Fig.4. Spatial field distribution in the cross-section of the gaussian beam for
(0=490, T= 1. 9,l F=5.F, Is1= 4=1 =4= l 4=,1 ,F 653,=3.6,d3=Oda) =/20,d2=10,b ,w=3X )

a) c=0. 1, b) cc=1.1

REFERENCES
[s] R.P. Riesz and R. Simon, "Reflection of a gaussian beam from a dielectric slab", J. Opt. Soc.

Am. Vol.2, No.l 11, (1985)
[2] T. Tamir and H.L. Bertoni, "Lateral displacement of optical beams at multilayered and
periodic structures", J. Opt. Soc. Am. 61, 1397-1413, (1971)
[3t L.M. Brekhovskikh, Waves in Layered Media, Moscow: AN SSSR Publ., 1957 (in Russian).

Kharkov, Ukraine, Vlas -th anternational Conference on Mathesatical Methods in Electro.agnetic Theory

2.hI 0-E



MMET*2000 Proceedings 367

AUTHORS LIST

Afanasiev N.T. 334 Chen W.-T. 598
Aksoy A. 61 Chernish L.I. 676
Alexeev G.A. 586 Chernoblavskiy A.A. 406
Alpatova A.V. 459 Chernogor L.F. 233,652
Alpatova O.V. 193 Chiu C.-C. 598
Andrenko A.S. 295 Chtchekaturov V. 137
Andriychuk M.I. 604 Chumachenko V.P. 41,512
Antonova V.A. 355 Churmakov D. 332
Arai H. 163 Churyumov G.I. 355,358
Averkov Y.O. 323
Ayzatsky M.I. 506
Azarenkov N.A. 329

Daniel J.-P. 203
I• Daniele V. 432, 441,673

Dautov R. 396
Bakunov M.I. 134 Demidtchik V. 709
Balachonova N.A. 572 Denisenko P.F. 630
Baran R. 218,224 Derevyanko S.A. 340
Basarab M.A. 230, 682, 700 Di Fausto M. 68
Batrakov D.O. 621 Dikmen F. 202
Bekker E.V. 27, 403 Dobrovol'sky S.N. 114
Beletskiy N.N. 343 Donchenko V.A. 661
Beletsky A.A. 283 Dotsenko 0. 435
Belov P.A. 259 Drobakhin 0. 215
Benson T.M. 27, 412, 541 Dumin A.N. 125
Bijamov A. 286 Dziech W. 218,224
Bit-Babik G. 286, 679 Dzyubanov D.A. 633
Blinova N. 485
Bliznyuk N.Y. 289
Bludov Y.V. 343
Bondarenko N.V. 685
Boriskin A.V. 397 Engheta N. 34
Boriskina S.V. 397, 541 Eren San S. 172
Borulko V.F. 550 Ermakov G.V. 120, 143
Brovenko A.V. 196
Bryukhanova V.V. 253
Buharov S.V. 583
Bulgakov A.A. 346

Fedorenko A.I. 447
Fedotov F. 111
Filippov Y.F. 547
Fisch W. 137

Kharkov, Ukraine, VIII International Conference on Mathematical Methods in Electromagnetic Theory



368 MMET*2000 Proceedings

Floreani M.G. 441 Idemen M. 77
Florio I. 68 Ignatenko M.V. 247
Freilikher V.D. 131 Ikeda Yukio 295
Frich R. 409 Ilinski A.S. 423,456
Frolova T.I. 358 Ilyashenko L. 429
Fujimoto M. 393 Ishida 0. 295

Ivanilov V.E. 550
Ivanov S.A. 153
Ivanov V.B. 635

Gaikovich K.P. 241,592, 601
Galuza A.A. 140
Gandel Y.V. 578
Gavrilov S. 61 Jordan V.I. 688
Georgiev G.N. 670
Georgieva-Grosse M.N. 670
Gevorkyan E.A. 150
Gildenburg V.B. 134
Gilli M. 673 Kabanov A.V. 309
Gilman M. 184 Kalaida V.T. 661
Girka V. 509 Kalinchenko G. 209
Gokov A.M. 655 Kamyshan O.P. 524
Gorelyshev S.A. 94 Kamyshan V.V. 524
Gorobets N.N. 303 Kapustin Y.U. 169
Goryushko D.N. 364 Karchevskii Y. 396, 536
Goshin G.G. 349 Karlov D.V. 227
Gousenkova A.A. 438 Karlov V.A. 518
Greedy S. 412 Kasyanov A. 270
Grigorenko Y.I. 633 Kasyanov A.0. 280, 292
Grivet S. 673 Kasyanyuk Y.V. 181
Gromozdin V.V. 274 Katrich V.A. 125
Guseva L.G. 595 Kats A.V. 572, 706

Kazakova N.A. 650
Kazanskiy V.B. 497
Khakinov V.V. 298
Khardikov V.V. 497, 515

Haider S. 468 Khizhnyak A.N. 206
Hanson G.W. 54 Khizhnyak N.A. 703
Harmuth H.F. 117 Khoroshun V.V. 578
Hasanov E. 267 Kim 0. 500
Hashimov A.B. 178 Kinoshita M. 557
Hinata T. 569 Kirilenko A. 21,482, 503
Hosomo T. 569 Kisel N.N. 459

Kisel V.N. 447,459
Klimov K.N. 128, 153
Kobayashi K. 189, 694
Kokody D. 256

Ichige K. 163 Kolesnik A.G. 650

Kharkov, Ukraine, VIII International Conference on Mathematical Methods in Electromagnetic Theory



MMET*2000 Proceedings 369

Kolesnik S.N. 334 Melnikov L. 403
Komarov S.A. 491,613 Mikheev A. 184
Korotkaya V.G. 215 Minakova L. 479
Koshikawa S. 189, 694 Mironov V.L. 613
Kostrov L.S. 652 Mori K. 294
Kovalenko V. 236 Mospan L. 503
Kovtun S.A. 227 Muzychenko A.V. 615
Kramarenko K.Y. 703
Kravchenko V.F. 230, 682
Kuleshov G.I. 630
Kulik D. 482
Kuryliak D.B. 694 Naidenko V.I. 595
Kusaykin A.P. 586 Nazarchuk Z.T. 563,694

Nechitaylo S.V. 453
Nerukh A.G. 111,146,158
Nickolaenko A.P. 638, 641
Nikolaev N.E. 610

Lazorenko O.V. 233 Nosich A.I. 203,429, 541
Lerer A. 209 Nozdrin Y.N. 601
Lobanova L.S. 697
Lugina N.E. 349
Lukin K. 117
Lukin V.V. 309
Lyakhovsky A. 521 Obukhovets V.A 280, 292
Lyakhovsky A. 521 Oguzer T. 465
Lysak V.V. 406 Okuno Y. 393,557
Lysenko V.N.7 633,658 Olefir V.P. 329

O'Neill K. 468
Onufrienko V.M. 352, 420
Orechov S.V. 453
Orlova L.V. 303

Maher A. 426 Osharin A.M. 244
Makarov A.I. 544 Oveharenko E.V. 661
Maksimova I.L. 320 Ovsyanikov V.V. 277
Maksimova N.G. 250 Ovsyannikov 0.1. 181,563
Maly S.V. 175
Malyshkin P.A. 538
Malyuskin A.V. 361
Marciniak M. 102, 403
Martynenko S.I. 627,655 Panin S.B. 575
Martynyuk S. 166 Paulsen K.D. 468
Masalov S.A. 236, 262 Pavlenko I. 509
Matcher S.J. 317 Perepechai M.P. 361
Matsuda T. 393,557 Perov A.O. 123
Matsushima A. 488 Petrusenko I.V. 676
Mazmanishvili A.S. 140 Pilipchuk V.N. 560
Meglinsky I.V. 317 Piven S.V. 292
Melezhik P.N. 196, 337 Pivnenko S.N. 125

Kharkov, Ukraine, VIII International Conference on Mathematical Methods in Electromagnetic Theory



370 MMET*2000 Proceedings

Pleshchinskii N.B. 199, 426 Senyk T.D. 563
Podlozny V.V. 515 Seredov V.M. 1534
Poedinchuk A.Y. 196, 575, 586 Sestroretsky B.V. 128
Polyarus A.V. 227 Sestroretsky B.V. 153
Popov V.N. 644 SewelliP. 27,412,541
Pralat A. 607 Shatrov A.D. 538
Pramanick P. 21 Shepilko A.Y. 474
Prigoda A. 409 Shepilko Y.V. 474
Prokopenko Y.V. 547 Shevchenko V.V. 610
Prosvirnin S. 256 Shinkevich B.M. 650
Protsenko M.B. 274 Shiozawa T. 86
Puzanov A.0. 262 Shishkova A. 303
Puzirkov S. 509 Shmat'ko A.A. 364

Shorochova E.A. 306
Shramnkov A.Y. 450
Shramnkova 0.V. 346
Shubitidze F. 468

Rabinowicz L. 641 Shul'ga N.F. 114, 685
Radchenko V.V. 203 Shulga S.N. 361
Raguin J.-Y 533 Shvets A.V. 589
Raskina 0.A. 400 Sidorchuk N.y. 566
Razdorkin D.Y. 312 Skazik AlI. 630
Reznik A.N. 241, 592, 601 Sliusarova T.I. 420
Robert B. 68 Soldatov S.V. 128
Rosa A. 68 Sorokin S.N. 301
Romanenko M.V. 312 Sorokin V.K. 697
Romanova E.A. 27, 403 Speidel J. 409
Rozumnenko V.T. 652, 655 Spevak I.S. 572
Rud L. 21,479 Sporov A.E. 329
Rusakova 0. S. 306 Stadnik A.M. 143
Russer P. 137 Stoyanov T.I. 670

Sukharevsky 0.1. 94, 712
Sukhoivanov l.A. 406, 409
Sukovatov Y.A. 613
Sun K. 468

Sadov S. 184
Sakamoto H. 488
Sakhnenko N. II1
Salman A.0. 61
Saltykov D.Y. 215 Tanaka K. 47
Samokhin A.B. 169 Tanaka M. 47
Samokhvalov I.V. 253 Tan'kov I.V. 274
Samolchev P.A. 420 Taran V.I. 633
Savelyeev V.V. 301 Tarapov S.I. 202
Savenko P.O. 604, 618 Tarasov M.M. 621
Sazonov A.Z. 94 Tarasov R.P. 423
Scherbinin V.V. 491 Tarasov Y.V. 131
Schuenemann K. 533 Tavzarashvili K. 286, 679

Kharkov, Ukraine, VIII International Conference on Mathematical Methods in Electromagnetic Theory



MMET*2 000 Proceedings 371

Thumnvongskul T. 86
Tinin M.V. 247, 334
Tkachenko V. 21 Wiraszka D. 218,224
Tkachev G.B. 340
Tkachuk K.I1. 453
Tokarsky P.L. 444
Tolstikov M.V. 635
Tretyakov O.A. 125,527 Yachin V.V. 566
Trifonov Y. 536 Yakovenko V.M. 323
Troitsky A.V. 244 Yakovlev A.V. 54
Tuchkin Y.A. 202 Yamasaki T. 569
Tumakov D.N. 199, 400 Yampolskii V.A. 340
Turbin P.V. 533 Yan M. 47
Tiiretken B. 172, 667 Yashina N.P. 149
Turk'AS. 512 Yashnov V.'A. 306
Tyrnov O.F. 655 Yatsuk L. 485, 521
Tyzhnenko A.G. 417 Yatzuk K.P. 553

Yemnelyanov K.M. 158
Yoshida T. 47
Yukhanov A.Y. 471
Yukhanov Y.V. 462, 471

Uchimura Y. 163 Yurasova N.V. 241
Ulyanov Y.N. 250 Yushchenko A. 494
Urazgildiyev I.R. 221
Ustyantsev M.A. 355
Utku C. 667

-- Zaginaylov G.J. 533
Zagorodnov l.A. 423
Zalevsky G,S. 712

Vaks V.L. 241, 592 Zaridze R. 286, 679
Van't Klooster K. 68 Zdunek R. 607
Vashtalov S. 435 Zharova N.A. 134
Vasilets V.A. 94 Zheng Yu 527
Vavriv D.M. 93 Zhilin A.V. 601
Veliev E.I. 189, 352 Zhironkina A. 485
Velychko L.G. 123 Zhivolup T.G. 647
Vertiy A. 61 Zhukov S.N. 134
Vietzorreck L. 137 Zich R.E. 441
Vinogradov S.S. 203
Volkova S.A. 560
Vorgul 1. 691
Voynovskiy 1. 61
Vytovtov K.A. 326

Kharkov, Ukraine, VIII International Conference on Mathematical Methods in Electromagnetic Theory



Signed for print 11.08.2000.
Format 60x84/8. Edition 100 copies. Volume 1.

Order no. M-2-250700.

Prepared and printed by the KONTRAST Publishing Center
Prospekt Lenina 38, room 5, Kharkov, 61166, Ukraine

t./f. +380-572-194913, t. +380-572-304391



AD NUMBER DDTIC ACCESSION
"NOTICE

1. REPORT IDENTIFYING INFORMATION

A. ORIGINATING AGENCYS.../ .1 .- L( . ' \ 2;C, . . ... • ,,•&:-.

B. REPORT TITLE AND/OR NUMBER 3. A
S.. .... - {i V : / ;•3

C. MONITOR REPORT NUMBER 4 L

0. PREPARED UNDER CONTRACT NUMBER

2. DISTRIBUTION STATEMENT

FIPPAOVEU FOR PUBLIC RELEASE
2.)

DISTRIBUTION UNLIMITED

PROCEEDINGS

DTIC rlONS ARE OBSOLETE
uJi wo


