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Abstract

An approximate high-frequency analysis is presented for calculating the far-zone fields scattered by a per-
fectly-conducting, open-ended, semi-infinite circular cylinder. Inside this oversized hollow waveguide
(ko @ > 1) which is illuminated by an external electromagnetic plane wave a planar impedance boundary is
located at z = — L. The permittivity in the regions A and B is ¢, , whereas region C contains a homogeneous
dielectric ¢, . A hybrid field description using rays and modes yields new bistatic scattering matrices as a

generalization of the former monostatic theory.

1. Introduction

This paper considers the radar problem of bistatic
scattering of pfane electromagnetic waves at a semi-
infinite circular cylinder. Structures of cylindrical
shape which are used for jet air intakes and satellites
are important components for the radar analysis of
complicated bodies using the geometrical theory of
diffraction (GTD, Keller [7]). Hitherto existing ray-op-
tical investigations only dea! with the monostatic
backscattering from a cylindrical cavity (Pathak et al

9]

For oversized waveguides with large cross section
(ko @ >1) the boundary value problem can be solved
approximately with a hybrid field description. The
effects of aperture coupling and rim diffraction are
treated by a ray-optical approach, and the wave pro-
pagation inside the cylinder is Investigated using an
eigenmode expansion. The currents on the outer sur-
face of the cylinder may be neglected, since the con-
sidered source and observer directions are restricted
fo 0° < 9, 9, < 60° (see Figure 1).
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Figure 1. Bistatic scattering at a semi-infinite clr-
cular cylinder with dielectric loading. The
source S(9, @) and the observer P(r,)
are located in the far zone of the circular
edge of the aperture. The allowable
angular region for the approximate theo-
ry Is about 0° < 9, 9, < 60°.

2. Scattering-matrix description

To solve the overall scattering problem the continuitly
at both interfaces 1 and |l between the regions A-B
and B-C must be assured. The far field iz described
via the scattering matrix [S] which is defined for a

linear polarization basis E’=6;9,+E:, O, (unit vec-

tors are Indicated by a hAat) and harmonic time
dependence (e’"') :

Es(;s) = [S]

e—i ko s

—koT'E(I‘=0) . ()]

To represent the incident wave at an arbitrary point
P(r) the following ansatz is made:

El7) = (&9 FE G Yol (2)

The wave number is ko =21 [ Ao = w/j1o & . The com-
plex phasors E} and E; determine the polarization of
the incident plane wave. In the following only the azi-
muthal angle of incidence ¢, = 0° is considered; this
means no restriction since the scattering arrangement
is rotationally symmetrical around the z-axis. The
plane of incidence defined by F, and ? is thus identical
to the x-z-plane of the spherical coordinate system
(Figure 1).

Having defined appropriate reflection and trans-
mission matrices (see Figure 2) the total bistatic
scattering matrix [S] can be given (Pathak et al [8]):

[s1=[Rs]+[H] &)

with the rim-diffraction matrix [R.] and the hollow-
waveguide matrix [H]:

[#1 =7, (011 - [Mg] [RE1) ™ TMp1 1751

which contains the interior cavity effects arising from
all interactions between forward and backward trav-
eling waves.
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Figure 2. The total scattering matrix [S] is decom-
posed into reflection and transmission
matrices arising from the continuity con-
ditions at the interfaces | and |I.

It can be shown that [R,] only contains reat elements,
while [H] is generally complex. The diagonal matrix
[Ms]=[PI[RsI[P] consists of the phase-dela

matrix [P] and the interior reflection matrix [RZ{
[1] is the identity matrix. It now remains to find
explicit expressions for the matrices [R,] and [H] to
complete the calculation in Eq. (3). The edge-diffrac-
tion matrix [R.] is computed via the equivalent cur-
rent method (ECM) which is based on the geometrical
theory of diffraction (GTD). Electric and magnetic
equivalent line currents /, ¢’ and I, @' are derived
along the circular edge of the aperture of the wave-
guide. Their free-space radiation behaviour is found
via an integral representation of the field equations:

- —jkory r2n
S Sy e A V) AR
ERA(rs)"Ikoa dnr, _[0 [ZO rsx(rsX‘f’)le((P) t
A A, N ikl Ty gikols = . =
+ P %@ I(@) Je s de =[RA]‘7(;,_‘E (r =0)
s

with Zo =1/ Yo = /1o | & as the characteristic impe-
dance of the free space. Via the method of stationary
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phase (Erdélyi [4]) this bistatic diffraction integral can
approximately be reduced for k,a > 1 to integrals of
the Sommerfeld type, leading to Bessel function sol-
utions (for details see Kark [5] and [6]). The reflection
matrix [R5] Is similarly derived applying the ECM.
The transmission matrices [T.] and [T:] (Altintas
[1]) are computed using Kirchhoff s aperture integral
technique (physical optics - PO) together with the
Ufimtsev edge diffraction method (physical theory of
diffraction - PTD). The matrix {M,] simply resuits
from standard waveguide modal theory. Here, only
the special case of a metallic plate (short circuit)

located at z = — L inside the waveguide can be con-
sidered. For Im{g}— —co we simply gel
[RI] = —[1], otherwise [RL] contains the modal

reflection coefficients depending on the permittivity
£y.

An important advantage of the performed computa-
tions Is the analytica! closed-form representation of
all diffraction integrals and scattering matrices. Thus,
in contrast to purely numerical methods, the compu-
tational effort only weakly increases with the actual
waveguide dimensions, even for very large cross
sections (koa » 1). In the monostatic special case
(8, =9/, @, = ;) Pathak et al [9] made comparisons
with the exact Wiener-Hopf solution for the diffraction
at a semi-infinite circular cytinder and they found a
good agreement with their approximate solution in the
whole range of aspect angles (0° < 9, < 60°).

2.1 Polarization effects

Since the cylindrical scatterer is rotationally symmet-
rical one only needs to consider the azimuthal angle
of incidence ¢, =0° (see Figure 1) without loss of
generality. Thus a linear (V-H) polarization basis can
be buill up very simply: E, = E; and E, = E,. Slarling
from the complex far-zone scattering matrix [S]

Sgs Soy Sw Syw
S] = S = 4
Ls] <sws Sy <SHV SHH) “)
which holds for linear SV-H) poiarization vectors, the
scattering matrix [sc] for a circular (LHC-RHC)

polarization basis is obtained after two matrix multi-
plications {Cloude [3]):

[Sc] = [ulls] w1 = (sLL SLR)

Sar Srr

with the unitary matrix

(vl = 7;—(} _i>

The particular scattering coefficients are:

Si=[Sgg+ Spp +1(Sg, = S,9)1/2 (5)
Srr=[Ssg + S,p =1 (S9, = Sp9)] /2 (6)
Spr=[Sgs = Spp +i(Ssp +S,9)] 12 )
Sip =S99 = S,, —J(Ssp+S,9)]/2 . (8)

3. Scattering diagrams

To demonstrate the scattering behaviour at a semi-in-
finite circular cylinder with an interior shott circuit at
z = — L the spatial far-zone distribution of the radial
energy-flux density of the scattered field is consid-
ered:

Yo 25,2 Y, 2 2
P 2 1B = (181 +1E1%)

The radiation characteristic C is then defined:

2
. 2 |E®

CO o9 05) = lim  (kory) ,_.,lz . 9)
0ls — o0 1"}

leading to the radar cross section (normalized to A3)
oc=101gCdB

A vertically polarized incident plane wave implies
E, =0 for ¢, =0° and one obtains from Eq. (9) the
scattering characteristic C, using the Egs. (1), (2) and

(4):
2 2
Cy = |Seg| +1S,s| - (10)

In an analogous manner is E; = 0 for an incident hor-
izontally polarized plane wave and one gets:

2 2
Cu =15, +15g, | - (1)

An incident plane wave with left or right handed cir-
cular polarization yields the radiation characteristic
using the Egs. (5) to (8):

2 2
Cine = I1Su ]l + [Sp |

2 (12}
Cruc = 1Sga! + 1514l

3.1 Bistatic radar cross section

For a normalized waveguide radius kja = 11
(22 =3.54,) with an inner short circuit located at
kL =50 the following three-dimensional polar plots
show the spatial distribution of the radial energy-flux
density of the scattered field in the bistatic scattering
problem, i.e. the bistatic radar cross section ¢. A log-
arithmic scale with a dynamic range of -40 dB to 0 df*
was used. The direction of incidence of the plane
wave is indicated by ¢, = 0° and J,=0° or ), == 22°,
respectively. The scattering diagram is only displayed
in the range 0° < 9, < 60° It can be shown that

about 75% of the energy, which has entered the
oversized waveguide through the aperture, is then
re-radiated into the aforementioned 60° conical
region.

For an incident plane wave of linear or circular polar-
ization the corresponding radar cross sections ay, oy,
owe and ogyc are shown in Figure 3. Relative to the
plane of incidence (x-z-plane, for ¢, = 0°) there exist
some remarkable symmetry relations. g, and g, are
always symmetrical relative to the x-z-plane. For axial
incidence (9, = 0°) o, is obtained from o, afler a rota-
tion of 90° around the z-axis, and In the circular
polarized case a rotationally symmetrical diagram is
obtained with o, =o0aw. FOr oblique incidence
(8 > 0°) the LHC and RHC cases behave different.
The diagrams are unsymmetrical and we obtain aauc
from o, after mirroring with respect to the x-z-plane.

3.2 Monostatic radar cross section

In the monostatic case (3, = 9,, ¢, = ¢,) the radiation
characteristic does not depend on the azimuthal angle
@,, i.e. C = C(9,). For a normalized hollow-waveguide
radius k,a =21 (2a =6.6854,) with an inner short
circuit located at kL =20n Figure 4 shows the
monostatic radar cross section o for different polari-
zations (V, H, C) of the incident wave. The left and
right handed circular case (LHC, RHC) behave identi-
cal in monostatic scattering. The corresponding
results completely agree with older computations
(Altintas et al [2]) and indicate that the scatlering
contribution coming from the cavity [H] Is much
stronger than the rim-diffracted part [R,]. Only for
small apertures [R.] is expected to give a relevant
contribution to the fotal scattering matrix [S] .



i
P

a)

4

(TN
Ml )
:n' !

RHC

LHC

i
////I;I

i
/i

117,
7

(1IN}
/1

/i
//////I///IIII/

i

7

W
T

Figure 3. Bistatic radar cross sectlon oy , oy, 0. and oquc (S€e the Egs. (10) to (12) with
o = 101g C dB) for an incident linearly or circularly polarized plane wave. The diameter 2a of
the circular cylinder is 3.5 free-space wavelengths (k, 2 = 11) and a metaliic plate (short cir-
cuit) is located at kL = 50 inside the waveguide. Two different situations are displayed: a) axial
incidence (9, = 0°) and b) oblique incidence (9, = 22°).
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Figure 4. Monostatic radar cross section a, , @, and a. (see the Egs. (10) to (12) with ¢ = 10 1g C dB) for

an incident linearly or circularly polarized plane wave. The diameter 2a of the circular cylinder
is 6.685 free-space wavelengths (k, a = 21) and a metallic plate (short circuit) is located at
kL = 20 n = 62.832 inside the waveguide. A logarithmic scale with a dynamic range of -40 dB
to 0 dB was used for the rim-diffracted part [R.] (lower curves). The total backscattered sig-

nal connected with [S]

(upper curves) indicates the strongly dominant effect of the cavity

term [H], 1.e. [S]1~[H] for k,a > 1 (see Eq. (3)).

4. Concluding remarks

This paper considered the radar problem of bistatic
scattering of plane electromagnetic waves at a semi-
infinite circular cylinder. The diffraction at the circular
rim of the aperture and the interior cavity effects were
investigated. An efficient hybrid approach using ray-
optical high frequency solutions and modal expansion
methods was described. Thus, new bistatic scattering
matrices as a generalization of the former monostatic
theory could be derived. The field of application of the
computations is restricted to the angular domain
0° < 9,, < 60° Of special interest is a future inves-
tigation of the scattered field in the direct near-zone
of the aperture of the waveguide. To improve the pre-
cision of the performed approximate computations
higher oder terms can be introduced which arise from
multiply diffracted rays across the aperture,
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