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TE EXCITATION OF AN UNCLOSED CIRCULAR
CYLINDER AT THE PLANAR PENETRABLE INTERFACE

Natasha V. Veremey, Alexander |. Nosich, and
Vladimir V. Veremey

Institute of Radiophysics and Electronics

of the Academy of Sciences of Ukraine

12, Acad. Proskura str., Kharkov, 310085, Ukraine

ABSTRACT.

An analysis of two-dimensional scattering from an unclosed circular cylinder in
the vicinity of the plane penetrable interface between two semi-infinite homogeneous
half spaces of the same or of different electromagnetic properties is presented. The
perfectly conducting axially slotted cylinder is of infinite extent and the excitation
is transverse electric to the cylinder axis.

The final infinite system of linear algebraic equations for expansion coefficients
of the current density function is obtained from the dual series equations by the
method of Riemann-Hilbert Problem. The systern may be solved by truncation of
an infinite matrix with further usage of ordinary inversion methods. The cylinder is
excited by a plane wave or by a line magnetic-current source. Some data displaying
the frequency dependencies of the scattering cross-section and radiation resistance,
as well as the far-field patterns, are presented and discussed.

INTRODUCTION

An analysis of the scattering from a perfectly electrically conducting unclosed
circular cylinder (sereen}, i.e., the cylinder with a longitudinal slot, in the vicinity
of the penetrable planar interface between two half-spaces of similar of dissimilar
clectromnagnetic properties is presented, Cross-scction views of the screen, half-
spaces and a penetrable surface of interest are depicted in Fig.1.

The plane penetrable surface is characterized by complex reflection and trans-

mission coefficients R and T. The upper hali-space (y > 0) is denoted as the region
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170 N. V. VEREMEY ET AL.

S| and is characterized by €, while the lower half-space (y < —b) is denoted as the
region S, and is characterized by €. The unclosed screen may be located either
above or below the interface between the two half-spaces, not interesting with it.
The slot width and its orientation angle are taken arbitrarily. The structure is ex-
cited by a plane wave with the vector H parallel to the axis of the cylinder, or by line
magnetic current (line dipole). Thus the whole problem is a two-dimensional one.
fuwt

The excitation depends upon the time according to e™*", which term is suppressed.

\[H

‘Sf Ef

See gpopop S AP S

Fig.1 Circular unclosed cylinder located near the interface between two semi-
infinite half-space and illuminated by plane wave or by inagnetic-current source in
the upper half-space.

There exist a number of papers treating the problems of TM or TE wave
scattering by a conducting cylinder of a general cross-section located near the plane
interface, e.g., by a buried cylinder. In [1,2] some very interesting numerical results
have been obtained for circular and rectangular cylinders and strips parallel and
perpendicular to the interface between two dielectric mnedia. As for thin screens,
the analysis of free-space TM or TE excitation has been presented in {3,4]. It
has been shown that » TE-excited unclosed circular cylinder has sharp resonant
properties, even in the low-frequency range, due to the excitation of the so-called
Helinholtz natural mode of an open cavity.

The paper presented treats the case of a TE-excited unclosed screen located
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near either a plane penetrable surface or a plane boundary of two different media. In
comparison with simple scatterers treated in [1,2], such a eylinder has pronounced
resonant features. Besides, for the line current excitation, the screen may serve as
an antenna reflector. That is why the geometry considered in ihis paper models at
least two situations of practical interest: an open resonator with a penetrable plane
mirror (e.g., shortperiodic diffraction grating), and a reflector antenna near a flat
boundary (e.g., that of the Earth).

Integrals representation of the scattered ficld is obtained by using the 2-D
Green's function of the space containing a flat interface. By expansion into angular
Fourier series, the problem considered is reduced at first to dual series equation for
expansion coefficients of the current density on the screen. The system of linear al-
gebraic equations is obtained by inverting the static part of the equations operator.
This system may be solved by truncation of the infinite matrix with further usage
some of ordinary inversion methods.

The numerical treatment results in the calculation of the frequency dependen-
cies of the screen’s total scattering cross-sections of the screen radiation resistance
(for the line current excitation). Besides, the far-field patterns of the reflector an-

tenna arc presented, both for "buried” and "elevated” antenna geometries.
FORMULATION OF THE PROBLEM

Assume an incident TE-wave H°(F) to excite the screen in the presence of
the plane interface given in Fig.1. The exact form of H?(¥) depends on the type
of the source. We shall consider two cases: plane wave and line magnetic current
excitation; the corresponding explicit forinulae for the incident fields may be found
in Appendix 1.

The total fields is the sum of incident and induced ones
H(Fy= HYF)+ H*(7) (1)
The scattered field satisfies the Helmholtz equation

(A+EHH (F)=0 (2)
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where k; = ke}, k= wlec, e;( = 1,2) are the corresponding dielectric constants
of upper and lower half-spaces, ¥ € R*\(dM,y = —b), M is the cross-sectional

contour of the screen. The boundary conditions on the interface and the screen are,

respectively
BH(F) =0, (3)
y==t
and
Za| =0 (4)
dn FeaM ‘ .

where exact form of operator 8 depends on the type of the boundary. E.g., for

plane dielectric interface we have

H(z,=b+0) - H(z,~b—-0) =0

g 3]
—_ —b - b - = !
P H{z,—-b+0) e207 H(z,-6-0)=0 (3"

Besides, because of sharp edges of the screen, we have to use the so-called edge

condition ensuring that

/ (k2e|H|* + |VH|*) dF < o0 (3)
SCR?
for any compact region 5 containing the edge.

Finally, to complete the formulation of the problem, we have to introduce some
kind of condition at infinity (» — co). This is a somewhat specific point for the whole
treatinent, as the geometry of the problem contains the infinite boundary y = —b
beside the finite boundary of the scatterer M. If there are no losses {Imey 2 = 0},
then the well-known Sointnerfeld radiation condition is not always valid. Thorough
investigation of this question [5] shows that a more general radiation condition takes

place
cl'.l‘, r

Q
WWEY A~ 2 ) ——— ihgvglz]
Hi%(7) r—co v; (S")(O.ﬁi‘rrkjr)lﬂ +q§aqVq(y)c MR (6)

where Vi(y) are the natural surface (unattenuating) modes of the interface

propagating with wavenumbers by :min k; < h <max kj, v, = signdhy(k)/dk, @
] J

is the nurnber of modes, j = 1,2. For some simple types of houndaries, such as

dielectric interface and plane grating of perfectly conducting strips, there are no
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natural surface modes of the boundary. Then (6} is reduced to the Sommnerfeld

radiation condition.

DERIVATION OF BASIC EQUATIONS.

It is not difficult to show that the scattered field may be represented by

potential-type integral (a double-layer one due to the TE character of the field)

#47) = [ W) gm G P, ™
aM

where function u(r') is the density of the current induced on the screen, while
G(F,7") is the Green's function of the 2-D space with a flat penetrable boundary
specified by means of the boundary operator B. G(7,F’) has to satisfy the problem
which is very similar to the above described one but without conditions (4} and (5)

associated with the compact scatterer.
From the most general point of view, this function may be presented as the

sum of singular and regular parts
G(F, ) = g0 Hg R F = ') + G3*(F 7' (8)

where 7 € 51, 7 € 5;(; =1,2)
The secondary part of the Green’s function may be treated as a Founer-type

integral

o0 . . ¢
orm ot i e:mb R(h)elmty-f'y )’ j:l ih(z—x')
Gj (7,7 = ar / 49j {T(h)e—isn(y—y’), =2 € dh, (9)

— O

where g; = (L? — h*)/? and the quantities of (%) and T(k) are the reflection and
transmission coefficients of the plane penetrable interface.

Substituting integral (7) into boundary condition (4) we obtain the integral-
differential equation

oH"

FeomM on

i) ., @ o '
é:/p(r)%(}'(r,r ydr (10)

an

FEIM

which can be solved numerically. But this approach is noteffective.
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In our case the circular shape of the screen suggest a simple way of discretizing
the problem. Let us expand all the quantities into the Fourier series over angular

functions, namely

oy t ing'
= E 11
ur) 2nkia 7 )H"e ! ( )

BHO(F)

on

=35 fae, (12)
FEAM {n)

where the explieit form of f), coefficients depends on the type of the excitation (see
Appendix 1), while the coeflicients u, are unknowns to be sought for.
As for the Green’s function G(7,#"'), we obtain in a similar way for 7' € 5},
T e Sj,
G;C(Fa S Z Z J—n(klT')J},(kjr)ﬂ‘i,_kpeipv_""“",

(n} (m

A ,!'n+l oo Einlg} R(h)ﬂizg‘b, J =1
i = 1
=t e, 5 ) @

where

and cosvp; = hjk;, siny; = —g;/k; = —(1 - hQ/k?)]"?.
Taking into account these series, we can integrate in (10) and make a term by

terin differentiation (assuming it is valid), which results in the dual series equations

Y wa |Jai@)H (ka4 J_a(kia) Y Jplkia) e =
{n} (r}

=3 fet™t <ot <,
(n)

S Hne™ =0, o€ <8 (14)
(n)
Besides, edge condition (5) produces the following inequality in terins of current
cocflicients
> lenl?ln +1] < co (15)
(n)

Equations (14) have canonical form to be regularized by means of the Riemann-
Hilbert Problem technique (see[6] for details}). The final system of linear algebraic
equations is as follows

fm = > Amnjin+ Bm,  m=0,%1,... (16)
(n)
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where

Amn = DaTmn + in(k1a)? I (kya) > To(k12) QL , Tony
(p)

By =in(ka) Y frTmn,  Bu = Inl+ in(kya)? T (k1) HY (kra)
(n)
m~'VET (= cos8), m#0
T = (_1)m+lei[m—n)£ n—lvn:ll(_ cos 8), m=90,n#0
—In[{1 — cos)/2], m=n=0
Vil = m(Ppet Pa = Pac1 Pm)}[2(m = n)]”'

It may be shown that if the screen does not intersect the interface, then system
(16) is of the Fredholin type. Its solution exists, is unique and may be approximated
with any desired accuracy by means of solution of similar truncated equations. Be-
sides, asymptotic evaluation of matrix elements as |m| — co shows that conditions
{15) is really satisfied providing there is correct field behavior at the edges.

As for field quantities far from the origin, substitution of the series into repre-
sentations like (7) yields

. izk bsing  ; _
) = Ll a6 + {R“' e o i3 1}e—fw]
(17)

Integrating the squared absolute value of this function from 0 to 27, we may
caleulate the value of the total scattering cross-section o, of the screen near the
interface.

In the case of the line-current excitation, the scattered-far-field radiation pat-
tern 15 to be completed by the incident-field term lP?((,o) which may be obtained from
(Al.4). Integrating the square of this total-field function, we obtain the radiation

resistance of the reflector antenna near the penetrable interface.

NUMERICAL RESULTS AND DISCUSSION

The numerical investigation has been coneentrated on two scattering problems:
plane wave and line-current excitation of the screen above the penetrable surface
modeling short-periodic strip gratingand a similar problemn of the screen near the

interface between two dielectric half-spaces.
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Fig.2 a) Normalized total scattering cross-section versus ka for plane wave

incidence on a screen over the plane penetrable surface. 8 = 90°, £ = 270°, bfa = 2,

18=0° R=0; 28=0° a/l=2, D/l =0.9(R = 0.5)
3.8=0°, R=1, 4f=45" R=1

b) far-field scattering patterns (points from A to D at the plots of o,)

¢) near-fields structure (E and F points at the plots of o)
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e

10

Fig.3 a) Normalized total scattering cross-section versus ka for plane wave
incidence on a screen near the planar interface between two dielectric half-spaces.
=90° £=270°, bla=110=0° ¢, =1, €2 =2,28=0% ¢, =1, 3 =5
3/=30° e1=1,¢e2=25,48=0%6,=0, €¢2=1,58=0° ¢; =1, g2 =1.001

b} far-field scattering patterns (points from A to D at the plots of o,)

¢} near-field structure (A and F points at the plots of o,)
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Fig.4 a) Normalized radiation resistance for line magnetic-current excitation
of a screen over the plane penetrable surface, £ = 270° LR =1, §fa =1, 0 =
30°, wo = 90°, rofa =05 2R =1, bfa =1, § = 30° po = 0°, rpfa = 0.5;
IR=1,bfa=1, 8 =00° @, =0° rofa =05 4afl =24, DI = 0.9(R(0) =
0.5), bfa=1, 8 = 60°, @p =0° 7ofa = 0.5

b) far-field patterns (points from A to D)

<} near-field structure (A,E,F points on the curve 3,4)
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Let us first consider plane wave scattering. In Fig.2, the numerical results
for the total scattering cross-section of the screen above the penetrable surface are
given. A comparison with the same quantities for a free-space screen and a screen
above perfectly conducting plane cases shows that there are two different sets of
resonances of o, vs ka. The first set is associated with the screen itself (note the
low-frequency resonance due to the Helmholtz mode excitation), while the second is
caused by multiple reflection and interference of the fields due to the screen and its
"mirror image” in the plane interface. One may easily see that if the reflectivity of
the interface is decreasing, then the resonances of the first kind are shifted towards
the resonant frequencies of the {rec-space cylinder. Naturally, the maximal values
of the total cross-section are observed when both types of resonances coincide.

In the same figure both the far-field scattering patterns and the total field near-
zone structures are presented which are calculated at the frequencies pointed out
at the plots of a,.

Fig.3 demonstrates the scattered field properties of the screen near the plane
boundary between two dielectric half-spaces. The scatterer is placed in the medium
with a smaller dielectric constant. Two families of resonances of the same nature
are observed as before, including the low-frequency Helmholtz one. In just the same
manner as for other scatterers (see [1,2]), two symmetrically positioned side lobes
of the pattern appear in denser media. Their position is determined by the angle of
the total internal reflection, being the function of so-called contrast value £ = ¢ fe.
As contrast € increases, the angle mentioned is tending to 90°, thus both side lobes
are tending to normal direction for any screen width and any plane wave angle of
incidence. However, these paraineters effect the widths and amplitudes of the lobes,
and one of the lobes inay becaine much greater than the other.

Let us now discuss the results of numerical simulation of reflector antenna ra-
diation near the same boundaries as hefore. Figs.4 and 5 demonstrate the plots of
radiation resistances R™®? vs ka for the screen above the grating and the dielec-
tric interface respectively. This quantity is normalized here by the same R® one
for free-space line-current radiation. The curves display the resonant phenotnena
very similar to resonances in plane-wave scattering. However, there are not only

maximums in the resistance dependencies on frequency but also deep minimums.
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Their nature may be explained in the way analogous to free-space scattering [4].
Exciting a natural resonance of the cylinder with a narrow slot,we obtain a powerful
secondary source of radiation (or a pair of such sources, depending on the symmetry
of the resonance) placed on the cylinder surface. As the frequency is varying, the
phase of the secondary source is varying too, and when it becomes opposite to the

phase of the primary line source, the effective far-field cancellation is observed.

Rrad [
Ro

01

Fig.5 a} Normalized radiation resistance for line magnetic-current excitation of
the screen near the planar interface between two dielectric half-spaces e; = 1, g9 =

2.28, £ =270° & =90° &fa=1.25

l.pg.=90°, ro/a=0.5

2.(,9[) = 2?00, ?'u/ﬂ. = 12

b) far-field patterns at resonance points.
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ay 8)

Fig.6 Far-field patterns of the reflector antenna over the plane penetrable sur-
face. 8 =120°, ka =120, r,/a =0.52, bfa=125a) a/l =24, D/I =093, «a =0
b)afl =24, D/1 =093, «a=50"¢c)R=1, a =50°

Fig.7 Far-ficld patterns of the reflector antenna radiating through the plane
penetrable surface. 8 = 120°, ka = 20, r,fa = 0.52, bfa = 1.25a}) 1. R =0
2. afl = 24, Dfl = 0.85, (R(0} =0.3) &) 1. ¢/l = 24, D/l = 0.95, (R(0) = 0.5)
2. afl = 24, D/l = 0.9999, (R(0) = 0.7)
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7 A &,

a) 8) C)

Fig.8 Far-field patterns of the reflector antenna elevated above the planar in-
terface between two dielectric half-spaces § = 120°, ka = 20, r,/a = 0.52, b/a =

125, ey =1la)ea =4, a=0b)ea =5, a=0c)ey =4, a =40°

M

Fig.9 Far-field patterns of the "buried” reflector antenna 6§ = 120° ka =
20, rofa =052, bfa =125 ¢ =1,62=4, a) a =0, bja = 30°

The far-field calculations enable us to determine the effect of the interface on

the reflector shaping the radiation pattern. The primary line-current source has
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been placed in the plane of symmetry of the screen, rear the focal point.

The angular width of the screen (' = 7 —8 = 60°) and its dimension compared
to the wavelength (ka = 20) were taken appropriate to simulate the parabolic
reflector with good accuracy.

Il the reflector antenna is located in such a way that the main lobe is directed
outward, as in Fig.6, the penetrable planar interface does not affect the shape of
the pattern essentially, resulting in a more complicated structure of side lobes.

In contrast to this situation, if the antenna’s main lobe is radiating through
the penetrable interface (here through the shortperiodic grating), then the whole
pattern changes significantly and may be even damaged at all. Roughly speaking,
severe damage of the far-field pattern is observed for radiation through the bound-
aries with the reflection coefficients greater than 0.5. The main lobe may either
beconte less in amplitude or even be split into several separate lobes, as in Fig.7.

All the features described are typical for the reflector antenna radiation near the
dielectric boundary too. Figs.8 and 8 demonstrate the radiation of "elevated” and
"buried” reflector antennae respectively. There are again two characteristics side
lobes caused by the effect of total internal reflection, their position is determined by
the value of contrast € only. The higher the contrast, the greater the amplitudes of
these lobes, The sanie effect but for only one of these lobes is observed if the reflector

(and the main lobe’s direction) is titled off the normal to the planar interface.

APPENDIX 1: INCIDENT FIELD

Assume the plane TE-wave is incident from the upper hali-space, then

H?(T-_-)=6”cih(:cosﬂ—ysinﬁ) (7=1,2) (A1)

By using the Jacobi-Anger formula, this function can be expanded in the series over

angular functions to be used in the boundary condition on the screen

HY(7) =85 ) " Ta(kar)e™(ot®) (A1.2)
{n)

In case of the TE-line-current excitation the incident field is

HY(F) = 61/} H{P (k|7 = 7)), (A1.3)
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where 7, = (ro, @0} are the coordinates of the source location point. By using the

addition theorem for cylindrical wave functions, we obtain the series

H_?(F)Z‘-(S]j%z (Al.4)

o,
{Jn(klr)H" (ki7a), Ta >r}cin(w—fpo)
(=)

H (kyr)Ja(kira), 1> 70

convenient for substitution into the boundary condition equation.
One may easily sec that the right-hand-part expansion coefficients for plane
wave excitation are

fo =" Tn(kia)e™? (AL.5)

For line-current excitation the analogous cocflicients are
1 .
SL= ZJ;,(k,a)Hf,”(klro)e-*“W, (AL.6)

if the source is located inside the circle of the screen’s radius. These are the quan-

tities used in nurnerical simulations.

APPENDIX 2: DIELECTRIC INTERFACE AND
SHORTPERIODIC STRIP GRATING

Considering plane wave reflection and transmission.through the flat interface
between two dielectric half-spaces, one may derive the following expressions
1 — hL2 V2 _ oz Z2p2 112 1/2
R(h)=( ) (t: Eq /X
(1 — h2R2YP/2 4 (& — 2h2[Rk2 )12
2(1 - AZk2)/?
{1 — R2R2)L/2 4 (& — E2R2[E2)/2

T(h) =

Taking h = k1 cos «, we can obtain from (A2.1), (A2.2) the well- known formu-
lae for the reflection and transmission coefficicnts of the TE-polarized plane wave
incident at the angle o : cosa = hfk,.

As for the periodic gratings, the full-wave solution operates in term of an infinite
number of grating space harmonics. Thus, the Fourier transforms of the Green's
function above and below the grating are presented by series

. 1 . o a (h) J =1] . : -1
G3C o Zpioy —ihr { q 3 / elgq1y+b|+:kz,x , A2.3
1; g (Zq) bq(h), J 92 ( )
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where x = ki/2%, hgo= h + qk/r, g, = (k* - hi)l/"',q =0,%1,..., 6 =& =1
(free-space surrounding), ! is the period, 7' € §;, F € §;, (j = 1,2).

Procedure of seeking for the gratings modes harmonics a,(h) and b,(h) varies
greatly for different types of gratings [7]. E.g., for the grating of planar perfectly
conducting strips, it exploits the Riemann-Hilbert Problem technique, resulting in
the infinite matrix equations of the Fredholm type [8].

Nevertheless, if the grating is shortperiodic, it is possible to neglect all the
modes except the zero one because they are of the order of O(x?). Then for planar
grating of perfectly conducting strips, the so-called Lamb approximation is valid
{7]- Denoting ag(h) = R(k} and by(h) = T(h), we can use explicit formulae

iwQ(1 — K2 k)2 T(h) = 1
1— Q1 — h2/k2)1/2 1—inQ(1 = h2/k2)E/2

R(h) = (A2.4)

where Q = —2Incos(n D/}, D is the sirip width.
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