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Backscattering of TE Waves by
Periodical Surface with Dielectric Cover

Jean-Fu KiangMember, |IEEE

Abstract—Several types of periodical surfaces are studied on Il. FORMULATION

their backscattering to a normally incident TE plane wave. The Fig. 1 sh TE ol incident fectl
surfaces are perfect conductor and are covered with dielectric ma- Ig. 1 shows a plane wave Inciaent upon a periectly

terials to make a flat surface due to aerodynamic consideration. conducting surface which is uniform in the direction and

The effects of frequency, surface profile shape, period-to-depth is periodical in thexz direction with the period ofP. The

ratio, and cover permittivity are analyzed. It is observed that periodical surface is modeled as a cascaded step function and
a sawtooth profile can be used to reduce the backscattering at \ha medium in the groove below= 0 is modeled as a layered
high frequencies and elliptical profiles can be used to reduce the di Thetth | tarts af — its width i d it
backscattering at certain low frequencies when a cover material me ”!m- . ayer starts ar =&y, Its W' '_S e, and |
is filled in the grooves. contains a medium of permittivity,. The fields in layer (0)

can be represented as a superposition of Floquet modes [8]

53]
EO _ QE {eikxm—ikzz + R eikxnm+ik0;nz}
— 0 5 n

Index Terms—Electromagnetic scattering, periodic structures.

I. INTRODUCTION oo
ERIODICAL structures have been widely studied for _ ko . . -k ) )
. ) ) — 3B z ezkzm—zkzz _ R 0zn ezk nT+ikosnz
applications such as filters and leaky wave antennas [¥fo = £, oty Z " oty
o n=—o0 o

wave transmission and reflection [2], scattering [3], diffraction
by a Fourier grating [4], scattering from conductive surfaces . ke ipomins N sbibornz
with a sinusoidal height profile [5], [6], reflection and trans- T “£o wpy - T Z Rnw—ﬂoe e
mission by conductive or dielectric gratings embedded in a 1
dielectric slab [7], etc. (1)

When a plane wave is incident upon a periodical surfaGgnere . = &, sin@ andk, = k, cosd are the wave vector
higher order (Floquet) modes other than the specularly r@ﬁmpohénts of the incident plane wave,, = k, + 2nw/P
flected mode are scattered in directions determined by taeiq , component of the wave vector of theh Floquet
periodical boundary conditions. The higher order modes cagyyqe f,. = V& = k2, with Im(k.,) > 0, and R, is
away part of the incident power, hence, reduce the speculafly, amplitude of thenth reflected Floquet mode when the
reflected power. In [5] and [6], it is observed that the profilg, igent wave has a unity amplitude. The fields in layér

depth of the surface affects the ratio between the speculgglyihe groove can be expanded in terms of the parallel plate
reflected power and the power carried by the first-order Floq%éveguide modes as [9]

modes. This property can be used to reduce the radar cross
section of moving objects of which the grooves need be fille
by dielectric materials to have an aerodynamically smooth™
surface. Thus, the effects of the dielectric cover on the by
backscattering cross section need to be considered. + Pime ]’ 1<E<N

In this paper, we develop a mode-matching method b . = . kosm iheams
which periodical surfaces of arbitrary profiles filled with f, = ek, D sinfyem (v — 20)] ( Wiz ) [ et eeme
layered dielectric can be analyzed. The mode-matching method m=t

n=—0o0

=yF, Z sin[Yem (2 — 24)] [ozhneik“m“

m=1

o0
is formulated in the next section, followed by the numerical — Byme™Femat] 4 2, Z cos[yem ( — ¢)] ( Vem >
results with the sinusoidal, sawtooth, convex elliptical, and e Wty
concave elliptical surface profiles. % [Oz/,meik“’"“ 4 @me_m,mz[]’ 1<f<N (2
where z, = z + do, Yo = mw/ay, and ke, =

Vw?peeo — i with Im(ks.,,,) > 0. To obtain a more
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o) 1‘_1;:."'::,";} 'ﬁllllllwwﬁﬁlwwﬁﬁ':'}r _ The continuity of tangential magnetic fields at= —d,
_ - i | ¥ implies

Hiyp = Hygnye, 05 @— a0 <apys (6)

QhI "’I////////’ "lI]///////I"’II////////I""I//I/////' Substitute the field expressions in (2) into (6), multiply the

resulting equation by(2/a,q1) sin[ypq 1y, (x — ze41)], then
integrate over,y1 < x < x¢41 + ar4+1 to obtain

. LT S
" QPP e (Rne—1)- G

T © = ('% . 6771:(4+1hz+1 'EO(Z-H) '6”:(["'1]7'["'1 _ I:)

4 CemiRapihit g, @)
2 ¥ ; where the(n, m)th element ofD (e is

9 To1+a3e41 .
= / de sin[Y(eq 1) (2 — o41)]

Q41 Jopgq

X Sin[Yom (2 — 2,)]. (8)

(d) plerne

From (4) and (7), a recursive formula of the reflection matrices
is obtained

= = (041 .= = = =
Rop = {C (t+1) (K R LK phen 4 T)

. (eiI:(z+1hz+1 'Eﬂ(l+1) ,eiI:(z+1hz+1 _ I:)_]
1
= _ = (1+1) = =
P K“jl ~D( +1) K, —I}
He

~{CZ(Z+1) ) (e”:(‘“h“l 'En(u-w i K eprhega —I—I:)

. (6”:([+1hz+1 'Eﬂ(l+1) ,677;:([+1hrz+1 _ I:)_]
11 =—1 =+ = =
Fig. 1. Periodical surface profiles. (a) Sinusoidal profile. (b) Sawtooth pro- L He K 041 D Ky +1 } (9)
file. (c) Concave elliptical profile. (d) Convex elliptical profile. (Hatching He
represents dielectric cover.) (e) Cascaded layers model of the periodigz?hce the tangential electric field at = —dy vanishes
surface. = = - !
we have R~y = —I. The reflection matrices at =
. .—dn_1,- -,z = —d1,z =0 can be obtained from (9) startin
amplitudes of the upward wave modes. An upward reflectlgpog 12:3’ 'z e ©) 9
matrix can be defined at = —d,_; in a similar way as ", cjr)ﬁtinuity of tangential electric fields at= 0 implies
e~ K ehs '6{ =Rus et Khs -y Whereh, =d, — d,_ .
The continuity of tangential electric fields at = —d, o=y, 0Sz—u <a (10)
implies o 0, elsewhere.
o, = Eogry, 0<x -2 <appy 3) Substitute the field expressions in (1) and (2) into (10), mul-
70, elsewhere. tiply the resulting equation byl/P)e~"#=="  then integrate

Substitute the field expressions in (2) into (3), multiply thever 0 << P toobain

resulting equation by2/a,)sin[y,, (x — z,)], then integrate R+7, =T .(eifflhl Ro .eif:flh1_|_f) emiEihi g (11)
overz; < x < z; + a; to obtain _ _ o
_ whereR = [ -+, R_y, Rg, R1,--]" is the vector consisting of

5 N7 £(041) iR o1 hest . - = -
(Rav+1)-e=C (iR otrhet all the reflection coefficient§R,}, I, = [---,0,1,0,-- " is
Reiras R b I:) the incident wave vector in which the only nonzero element
) corresponds to the incident wave and them)th element of

e e g, 4 T is
= (7 T1+a1
where the(n, m)th element oft " is T, = l/ dwe™ " en sin[yyp(x —21)]. (12)
wepry _ 2 [Tt 7
Com' = @ / dasin[yen (z — /)] The continuity of tangential magnetic fieldszat 0 implies

Tot1

Xsin[7(£+1)m,(a?—l‘g+1 )] (5) HO,’L‘ :H1,’r,‘; 0§$—I] §a1. (13)
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Substitute the field expressions in (1) and (2) into (13), 1 y - . , :
multiply the resulting equation by2/aq)sin[y,,(z — )],
then integrate over; < = < z; + a; to obtain 0.9 Do 1
- R 08} . 1
g . o (R—1,) P
“Ho 07F S 1
Ry e = e e P
_ Al . (ezthl 'Rm .ezthl —I) . e—zthl '61 (14) 061 » :: \: |
“H ~ . :
where the(n, m)th element ofS is °§ 051 , ‘ i
2 z1ta1 ) N 04L ::*‘* ‘.“ ;,: ll', 4
Spm = — desinfy,, (z — xp )] ™. (15) o T A
ay r1 03} : '.' *. ' / I. i
From (11) and (14), we have o2k i
R = {T . (eif(lhl 'éﬂl .6771:(1711 +I:) o1k
i: ) I i: ) -1 :/7_1 L 1 L L L 1 L \\\
G T VI Z—lfh % o5 1 15 2 25 3 35 a4
0
-1
~S~K0—I} P/X,
Fig. 2. Magnitude-squared @, with a sinusoidal profile) = —h + h cos
= iK1h1 B KR = (2rz/P), €5 = ea, th = 0.25),, — — = h = 0.5X,, x x x:
{T . (62 thi  p o etfahy g [) h = 0.125X,, o: [6] with A = 0.25X,.

.= = .= =, -1 /’Ll :7_1
(@R Ry e )T K

~S~K0+I}.L. (16) 0.9} i
The refelection coefficients of all the Floquet modes are 08 1
obtained by solving (16). 0.7F ]
[ll. RESULTS AND DISCUSSIONS - 06r ‘ 1
When a plane wave is normally incident upon a periodical E 0.5F q ; 1
surface, the backscattering direction is the same as that of ™ .l ;
the specular reflection. At oblique incidence, backscattering ' i
occurs only when the incident direction is opposite to that of 03l :‘
a certain Floquet mode. For moving objects with periodical ;
surfaces, the oblique incidence is of less concern because it  92F i
rarely happens. o1l ;"
In Fig. 2, we show the reflection coefficient of the ze- '
roth order mode at normal incidence to a periodical surface 0 ;
with sinusoidal profile. The results from [5] without cover 0.5 4
material match reasonably well with ours at= 0.25),. P/,

It is observed that a& either increases or decreases from

0.25),, the reflected power increases compared with that bg- 3. Magnitude-squared df, with a sinusoidal profiley = —h + £
h = 0.25),. The reflected power curve has more oscillatiorﬁsjs(jﬂfe/f)_’ _};_:_:Oe'fsio’g%. A A
with frequency as the profile height is increased from

0.125X, to 0.5, because reflections from different portions of

a deeper groove experience larger phase difference variati@t@lly reflected back to the groove due to phase matching.
as frequency changes. Surface waves are thus formed and propagate in-the

In Fig. 3, we show the effects of cover permittivity ordirections. This mechanism is similar to that of the surface
the reflected power. As the cover permittivity increases, théave modes in slab waveguides [9]. Quantitatively, with
wavelength in the cover is scaled by the squared root @f = ¢;,¢,, the surface waves start to propagate wkgn, =
the relative permittivity. As ferquency is increased such thay./¢s-- This implies that for the same periodical surface, the
|2n7/P| becomes less thaky (the wavenumber of the coverreflected power curve starts to oscillate with frequecy at lower
material), thet-nth Floquet modes are excited as propagating/ X, value if a higher permittivity cover is used. It is also
modes in the cover. At the air—dielectric interface, thesibserved that the reflected power also decreaséy &t > 2
propagating Floquet modes except the zeroth order one waiteen the cover permittivity is larger thatz,.
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Fig. 4. Magnitude-squared dt, with a sawtooth profiley = (4h/p) Fig. 5. Magnitude squared ofRy with a convex elliptical profile
wheno < & < P/2, y = (4h/P)(» — P) whenP/2 < = < P, y = —2h + 2h(1 — 4°/P?)Y/2 when —P/2 < = < P/2,

€f = €0, h = 0.25X,, — — —lcf = €0, h = 0.125X,, ———le; = de,, €5 = €0, h = 0.2500, —— —lef = €, h = 0125, ———l¢es = deo,
h = 0.25X, ——0— —l¢ep = 9o, h = 0.25X,. h = 0.25),, — 0— =€y = 9¢, h = 0.25),.
Fig. 4 shows the reflected power of a periodical surface 1
with a sawtooth profile. This profile with = 0.25, reflects
smaller amount of power in the backward direction when 0.9
P/A, > 1.5 except that a resonance peak occurs around 08k
P/X, = 4 whene; = 9¢,. The reflected power in this
frequency band is much lower than that with a sinusoidal 071
profile. However, a shallower profile with = 0.125), 06

increases the reflected power significantly at higher values
of P/),. As was mentioned, the cover material reduces the s s
frequency at which surface waves start to be guided in the—

42 directions. Thus, the reflected power is reduced at certain 041
frequencies in th@ < P/A, < 1 band in which the reflection

coefficient is unity when without cover. 03r
Fig. 5 shows the reflected power by convex elliptical pe- 0.2k
riodical surfaces. The profile witth = 0.125), gives a
much higher reflected power than that with = 0.25X,. 0.1}
The reflected power witth = 0.25), in the frequency band 0
P/A, > 2 is higher compared with that of the sinusoidal 0
profile. The reflected power can be reduced when the cover P/
permittivity is increased. Also notice that in the ran@é < °
P/A, < 1 and with ¢; = 4¢,, the reflected power is Fig. 6. Magnitude squared ofR, with a concave elliptical profile
significantly reduced compared with those of the S|nu50|dsal= —2h[1 — 4(z - P/2) /P?]'/? wheno < = <P, Lep = co
and sawtooth proflles = 0.25),, — — — lep = ,h = 0.125),, ——— ef = 4deo, h = 0.257,

——o——ZEf = 9¢,, h = 025/\
Fig. 6 shows the reflected power with a concave elliptical

profile. The variations are similar to those in Fig. 5 except that

P/x, <1
the reduction of reflected power with/,, is smoother in the | eflected power at certain low frequencies infhe 7/
band at which total reflection occurs when without cover. The
rangel < P/A, < 2.

sawtooth profile withh = 0.25X, reflects very little power at
IV. CONCLUSION P/A, > 2 with or without cover. The sawtooth, concave, and
A mode-matching method has been developed to study @#nvex elliptical profiles withh = 0.125), reflect a much
backscattering properties of periodical surface with dielectidggher power when”/A, > 1. For the sinusoidal, concave,
cover when a TE plane wave is incident upon the surfaé@d convex elliptical profiles, the addition of cover tends to
normally. The use of dielectric cover reduces the frequentgduce the backscattering power. The results obtained can be
at which surface waves start to be guided, hence, reduces abpplied to reduce radar cross section of moving objects.
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