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ABSTRACT phenomenon which, to the best of our knowledge, has not been

It has been observed that the monostatic RCS of parabcﬁf(,e\./io.usly detecteq. Although .the s.cattering.charaatesis)f
PEC reflectors vanishes at certain frequencies for broadsfl’ infinite parabolic reflector illuminated axially by a pan

wave incidence. It has also been noticed that hyperbo\’\ﬁa\/e are well known [2], [3], only a few works have analysed

L : - : he case of a finite paraboloid (see for instance [4], [5]).[6]
reflectors behave similarly, with very low RCS minima. Thid In the following, the broadside monostatic RCS of hyper-

behaviour is explained by using Physical Optics (PO) arE)dolic and parabolic reflectors are investigated; for theesatk

verified via a numerical full-wave analysis. Relations bedw . th -k its for the disk. th h
the physical dimensions of the reflector and the charatiteris-0Parson, the wel-known results for the disk, the sphere

values of the RCS (notch frequencies, minimum and maximu?Hd the cone are also briefly summarised.

value), as well as a comparison of different canonical reflec II. RCSOF A ROTATIONALLY SYMMETRIC PEC
tors, are given. The interest in the phenomenon described is REFLECTOR

at present essentially speculative, since, as pointednotiitei
paper, there are some significant limitations which reisitsc
practical utilization.

We start from the general case of a rotationally symmet-
ric PEC reflector illuminated from broadside direction, twit
incident magnetic field defined d%; = H, ¢7*#j, as shown
in Fig. 1. The origin of a cylindrical coordinate system is se
|. PRELIMINARY CONSIDERATIONS at the apex of the reflector with the axis being the axis

In this paper, the wide-band monostatic RCS behaviour 8f Symmetry; the reflector radius is denoted withand its
rotationally symmetric reflectors illuminated from broitis depth with h. Since the reflector is rotationally symmetric,
direction is considered. The motivation for this particula x
analysis arises from noticing the occurrence of sharp n@nim
in the monostatic RCS of some canonical reflectors.

In the case of axial incidence, the PO integral providing the
field backscattered by a rotationally symmetric reflector loa r
interpreted as the radiation from an equivalent circularape
with a particular current distribution, whereby the magdéa
of the currents is constant and the phase depends on the
reflector profile and on the frequency [1]. A reflector becomes
electrically deeper with increasing frequency. Let us atersa
reflector of monotone profile: when its depth becomes greater
than)/4, the field radiated from the inner part (the central disk
on the equivalent aperture) will start to interfere destvety g 1 Geometry for the reflector analyzed.
with the one radiated from the outer part (the outer ring)sth
resulting in lower values of the scattered field and hence of L . .
the RCS. The maximum negative interference occurs when %Eseequatlon is given as = f(p). Calcuﬁyng the equivalent
reflector depth equals/2; as the frequency increases furthelj,3

O currents on the reflector surface .43 = 2n x f_IZ and
a new constructively interacting area appears at the cer}?@a”ng in mind that for monostatic broadside RCS only the
of the aperture and the RCS increases again. Although tfji

rcomponent of the magnetic vector potential contributes to
process has a periodic nature, it does not necessarily dead 1€ Scattered electric far-

field, we obtain

frequency-periodic RCS curve, since the level of interiese = . e kR /T 2k f(p) 5
) . . . E,. = H J Plodp . 1
between fields radiated from the different rings depends on (jeon Ho) o € pap® (1)
the reflector profile. The RCSo is then calculated as
It will be seen that the RCS minima equal O for the case —2
of a parabolic reflector, revealing an interesting invigipi o= lim 47R2 ‘ESCL ) @)
R—o0 =
| Eil
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As can be seen from the previous formulas, the key point The minimum and the maximum RCS in the high-frequency
obtaining the broadside monostatic RCS of a given reflectagion are given as
is the evaluation of the integrdl in (3).

min __ 7T_b4 h2
hyp — 4
I11. CANONICAL SHAPES a
The defining equationf(p) for different reflectors is re- maz bt 90t )2 5
ported in Table I, along with the corresponding values/ of Thyp = ﬁ( a+h)”, ®)

ando. In the table,c:cot_(9/2_), whered is_ the_ cone nose yhjle the RCS minima occur fof = nco/2h, Wheren is
angle,a andb are the semi-major and semi-major axis of thg positive integer, that is, when the depth of the reflector
hyperbola, and; is the focal length of the parabolic reflectorequa|m>\/2_ Thus, the solution can be regarded as frequency-

] ] periodic, except in the low-frequency region, where the BO i
A. Flat-Plate, Conical and Spherical Reflectors not applicable anyway.

The PO solutions for the RCS of flat-plate, conical and

spherical reflectors, shown in Table |, are well-known. We 5[4
nevertheless present them here to prepare the groundseforth o, | .. .
discussion that follows. Their comparison is shown in Fig. 2 O
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! Fig. 3. Comparison of wideband broadside monostatic RCS foereeric
parabolic and hyperbolic reflector having the same raditend the same
o £ f depthh, calculated with PO.

Fig. 2. Comparison of PO-calculated wideband monostatic RGBdadside ; ; i~i ;
direction for a flat circular plate, a sphere, and two condh different nose It is worth noting that, althoth not epr|C|tIy stated in

angles. All the reflectors have the same radius the above equation, the maximum RCS value of a hyperbolic
reflector of fixed radius: and depthh is independent of the

rameters of its defining hyperbola. In other words, for any

ir of values of the semi-major and semi-minor afisb)

hich satisfy the condition that the reflector of radiugs

We notice that the expressions for the RCS of the cone §
the semi-sphere in Table | are basically the same. Indeed, f

90°-cone the constant equals 1 and the two solutions matcfheeph the maximum RCS will have the same value. which

exactly. On the other hand,_ in the Iim_iting case whe 0, equalstr?/h?. The minimum RCS value, on the other hand,
and fork > 1, the cone solution simplifies to the one of a ﬂataoes not exhibit such a property.
plate. Thus, one can consider the RCS of the flat-plate and
the sphere as limiting cases of the RCS of cones (with no&e Parabolic Reflector
angle greater than 9 Strictly speaking, the PO solution is™" ,

not valid in the presence of a discontinuity such as the coneBearing in mind that/— for a parabolic reflector actually
tip, but the solution is shown to agree reasonably well witenotes its depth (Fig. 1), the solution from Table | simplifies
the exact solution for the case of broadside monostatic RGS

[1]. Opar = 16mds? sin? (kh). (6)

The most interesting property that comes from (6) is the fact
_ _ _ that the RCS completely vanishes at certain frequenciesras
The RCS curve of a generic hyperbolic reflector is showse seen in Fig. 3. The equation also reveals that the maximum

in Fig. 3 and compared with the corresponding curve of RCS of a parabolic reflector does not depend on its dimensions
parabolic reflector. One can notice that the first two terms But merely on its focal length:

the expression of as reported in Table | tend to dominate

B. Hyperbolic Reflector

maxr __ 2
over the last one with increasing frequency; the last term ca Tpar = 167dy (")
be neglected foif >> 5%, co being the speed of light in free and that also in this case the RCS minima occurkfor= n,
space. In this case, the expression simplifies to with n integer.

4 , Furthermore, it is observed that in this case the RCS is
b —j2kh |2 . N . U
Thyp = "1 [((a+h) —ae )| (4)  strictly periodic with frequency. Although this is rigorsiy



TABLE |
BROADSIDE MONOSTATIC RCSOF DIFFERENT CANONICAL SHAPESCALCULATED WITH PO

reflector sketch flp) I=[7el2kiPpdp o
flat-plate o <+ 0 Jo pdp ak2r4
cone {D <t —cp Jo e <Ppdp w’{ﬁ [<_T + 2jT) erIer - ﬁ} })2

2k

<(a+h) —aqe—i2kh _ w>

2k

_ L 12
semi-sphere (D | TR | emi2r [T i VI pdp ﬂ‘{% {(_T_,_ QJ_k) ei2kr _ L]H

2

at

p2_ . o G2k \/1 22 bt
hyperbola Q] <t a\/l +or—a | —j2ka I SR It pdp
2

p 'Qki 2 2 ( kr?
parabola d] < E f()rej 5 dp 167ds< sin (@)

true only for the parabolic reflector, an almost periodic bgrarabolic reflector. One may think that this is brought about
haviour is found for most of the reflectors analysed. Thisewi by the inaccuracy of the PO approximation. On the contrary, i
from the fact that for all reflectors the asymptotically daamit is shown in this section that this phenomenon remains eviden
term is proportional td — e72*"; as a consequence, for eveneven when using a full-wave analysis.

frequency at which the reflector depth equals/2 there is

a local minimum of RCS. The flatter the reflector, the fartheg Comparison between PO and MoM

apart the minima will be. This is best seen for the two conesA deul ¢ bolic reflector has b imulated
discussed in the previous section, shown in Fig. 2. particuiar case o a parabolic refiector has been simu'ate

by the Method of Moments (MoM) with a commercially
available software (FEKO); the results have been compared
i with those provided by the PO analysis (Fig. 5) for a reldgive

A small reflector 8r < X\ at the lowest frequency). The two
N solutions match very well, confirming the validity of the PO
© ERTAY A approach. The difference between the curves is due mainly
2 Sy B . . . .
@ &5y to the effect of creeping waves induced by the diffraction
& § on the reflector edge, which is not taken into account in the

PO analysis. It is worth noting, however, that the full-wave

Imaginary part of the integrand in (1)

P analysis predicts a very deep minimumjfat cq/2h.
0.5
-10
Fig. 4. The imaginary part of the integrand in (1), At= co/2h: flat- s
plate reflector (thin line), parabolic reflector (thick l)ndyperbolic reflector 20
(dashed line) and conical reflector (dotted line). The stiadgions have the MoM

same area (parabolic reflector). 25
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As anticipated in Sec. |, the minima in the RCS occur

due to the interference between fields scattered from difter 3
parts (rings) of the reflector surface. This interaction can e S I R e e R
be understood better if one looks into the behaviour of the Frequency [GHz]

integrand in (1), whose imaginary part is shown in Fig. 4. The

situation depicted there OCCU_I’S at a resonance frequemx Fig. 5. Comparison of wideband broadside monostatic RCS farabplic
for f = ¢o/2h, where there is a minimum of the RCS. It iseflector withr = 42.53mm, d; = 60mm. The PO result agrees well with
seen that for the parabolic reflector (shaded) the inner alfig MoM |I’esulthev¢dn at the lowest frequency, where the refteéstless than
outer part contributions cancel each-other out perfeatlyje  °" Wavelength wide.

in the other reflectors cases one part dominates and the RCS

has a non-zero value.

B. Paraxial lllumination

In order to investigate the spatial selectivity of the iiwvis
The most unexpected of the properties illustrated in preyviobility phenomenon described, we consider the case of a plane
sections is definitely the periodic vanishing of the RCS of wave impinging on the reflector from an anglavith respect

IV. AN INVISIBLE PARABOLA?



to the z-axis (Fig. 1). We calculate the monostatic RCS again t
using the PO approximation. In this case, boththend thez
component of the equivalent currents have to be included for
rigorous analysis and the RCS can no longer be expressed in a
simple form. Because of the oblique incidence, the intégmat
in ¢ gives rise to Bessel functions, which, in turn, can be
represented via a Taylor expansion to yield a closed form
solution. s . ;
The results obtained with this approach, shown in Fig. 6, o
were validated by comparison with those obtained via numer- L
ical integration and the ones provided by a MoM simulation. ; v
One sees that the value of the RCS fat= ¢y /2h rapidly m 5 - = = ” >
increases as the incidence direction moves away from tlse axi Frequency [Ghz]
this means that the phenomenon described in the previous _ _ _ _ ,
Section exhibits a significant spatial selectivity, as orighn "% 1727_E\]N;?‘Zbr‘?ﬂg’;;Ojd;%emrpnopoofé?#grgnfigg:tjrg’:ﬁbtﬂffem;j(‘;Vr'_thThe

have expected. mismatched feeder is modelled as a flat rectangular PEC diskeofuapS; .
Results are compared to the RCS of a circular disk of the sanesréthshed
line) and the parabolic reflector alone (dash-dotted line).

S=3.85cm’
S=1.93cm’
S=0.96cm’

N increasing
feeder size .~

RCS [dBsm]

A
o [dB]

approximation, a closed form expression for the monostatic

RCS has been obtained; in particular, it has been observed

that this expression predicts the existence of deep minima a

certain frequencies for some canonical reflectors. In garti

ular, in the case of a paraboloid, the RCS vanishes at the
> frequencies where the reflector depth is an integer multple
J1GHz] half-wavelength. This behaviour has been verified through a
Fig. 6. Comparison of wideband broadside monostatic RCS ofrabphc full wave anal_ySIS' It is flna”y_ O_bserveq that, this invisityi
reflector withr = 42.53 mm, d; = 60 mm for different angles of incidence phenomenon is hard to exploit in practice, since the value of
of the impinging plane wave. the RCS increases rapidly with the angle of incidence of the
illuminating plane wave and/or in presence of a mismatched
feeder.

4 6 8 10 12 14 16 18 20 22 24 26 28 30

C. Effect of the Presence of Feeder

In most cases, a parabolic reflector is used in a reflector o ) . < Jc b §
; _ . T. Ruck, D. E. Barrick, W. D. Stuart, and C. K. KrichbaurRadar
antenna system. In this case, the presence of a feeder &t thélt Cross Section Handbookol. 1. Plenum, New York. 1970,

flector's focus may significantly perturbate the scatteretllfi 2] c. E. Schensted, “Electromagnetic and acoustical siagtdy a semi-

this effect being most visible in the directions where theSRC  infinite bO%y of revolutiﬁn,”JhAppl- Phys.vol. 26, r;p- 30:;3:108, 1955.
; : : S. Roy and P. L. E. Uslenghi, “Exact scattering for axiatidence on
has a null. In the results shown in Fig. 7, a mismatched feb% an isorefractive paraboloid,JEEE Trans. Antennas and Propagatol.

located at the focus was represented by a flat metallic plate 45, no. 10, pp. 1563, Oct. 1997.

of the same dimensions. The results presented are obtaiféds. Mt?r[isdar;d T.S. M.”Maclc_egn, “On-axis fields of symmetm’ifceivimild
: ; paraboloid for normally incident wave,”IEEE Trans. Antennas an
via a MoM analysis (FEKO). The RCS curve of the whole Propagat, vol. AP-25, no. 5. pp. 716-718, Sept. 1977,

SyStem no maore ShOWS the Stealth behaViOUr. Moreover, W!g]] M. S. Narasimhan, P. Ramanujam’ and K. Raghavan, “GTD MS
the increasing size of the feeder the RCS approaches that ofnear-field and far-field patterns of a parabolic subrefleitaminated by
the disk of the same radius. This is due to the fact that the ; pp'ggi_"z’a"g‘ée"}'jﬁ'zlggns' Antennas and Propagaol. AP-29, no. 4,
reflected rays are focused on the feeder surface, then esflegg) 5. E. Fletcher D. C. Jenn and A. Prata, “Radar cross seotib
back from the focus to the reflector at the same angle and symmetric parabolic reflectors with cavity-backed dipoledfg® IEEE
re-reflected back in the broadside direction again as ghrall 2" Antennas and Propagatol. 41, no. 7, pp. 992-994, July 1993.
rays. However, it is also worth noting that at the operating

frequency of the antenna one can assume that the feeder-is non

scattering, thus absorbing the singly reflected rays; #ssilts

in a significant decrease of the RCS level. (This phenomenon

is however not accounted for in the simulated model.)
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V. CONCLUSION

The far field back scattering from some finite rotationally
symmetric reflectors illuminated by a normally incidentrma
wave has been investigated. By applying the Physical Optics



