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Analysis of Electromagnetic Scattering by
Periodic Strip Grating on a
Grounded Dielectric/Magnetic Slab for
Arbitrary Plane Wave Incidence Case

Chang-Won Lee and Hyon SoMember, IEEE

Abstract—A new type of integral equation that is coupled type modes and using the equivalent network representation
with strip-electric and slot-magnetic currents is applied to the ynder the assumption that the period of the grating was
analysis of electromagnetic scattering by a periodic strip grating  gajier than a half-wavelength (2) in free-space, i.e., only
on a grounded dielectric/magnetic slab for an oblique incident . .
plane wave with arbitrary polarization. In the analysis, the ©N€ propagating order modez (= 0) was pr.esent. Th's_
electric and magnetic currents are expanded into a product of model, however, was the first-order approximation of the strip-
a series of cosine functions and a function satisfying the edge grating discontinuity because the equivalent circuit parameters
condition. Coupled linear equations for the unknown electric [13] for a free-standing strip grating were used, thus, the
and magnetic currents are obtained. From the coupled linear . - - . o
equations, explicit expressions for the reflection coefficients are theoretical pr_edlcuon W'd_ely deviated fr_om the ?),(pe”mental
derived by the use Of a s|ng|e edge_mode expansion_ The Va||d|ty I’eSU|t Analyt'cal eXpreSSIOI'IS fOI‘ I’eﬂectlon CoeffICIentS Of the
of the method is examined by numerically calculated boundary structure as artificially soft and hard surfaces were derived in
conditions. A comparison between the calculated results from the [5] and [6] by use of the variational method. In this derivation,
present method and a previous by measured ones shows that theit was assumed that the perigdwas much smaller than
accuracy of the method is excellent. Numerical calculations show h | h and that the diel ic thick |
that the method converges very rapidly with resonable accuracy. the wavelength and that the die ectrlc thicknéswias large

enough to neglect the reflected higher order mode due to the
ground plane located at = —h. So the validity of these
expressions was confined to the case of a small period and a
thick dielectric/magnetic slab.

I. INTRODUCTION The purposes of this paper are to propose a rigorous and
periodic strip grating on a grounded dielectric/magnetigomplete analysis methods without the above constraints, and
slab is used to rotate or twist the polarization of tht obtain analytical expressions for the reflection coefficients

incident plane wave after reflection in a scanned reflecttat are very useful for the small period case. Since the grating
antenna system as a twist reflector []_]_[3], and is used i@pel’iOdiC in one direction and uniform in the other direction,

reduce the cross-polarization and sidelobe level in a hdifte fields in each region (half-space and dielectric/magnetic
antenna as an artificially soft or hard surface [4]-[6]. slab) can be expressed in terms of Floquet modes. The un-

Because of the former applications in antenna engineerifgown strip-electric and slot-magnetic currents in the direction
electromagnetic scattering by a grating has been investigapgipendicular to the grating axis are expanded into a product of
by numerous researchers [1]-[13]. Many different formua series of cosine functions and a function satisfying the edge
lations have been considered in their analysis. In [4] amsndition. Boundary conditions are imposed at the interfaces,
[71-[11], however, the direction of the incident plane wave hand coupled linear equations for the unknown electric and
been assumed to be in the plane perpendicular to the gratinggnetic currents are obtained. All the expressions in the
axis and the polarization direction t§ or E polarization; coupled linear equations are given in closed form. From the
that is, actually a one-dimensional problem. Electromagnetioupled linear equations, simple closed-form expressions for
wave scattering by a free-standing strip grating in the caseth& reflection coefficients of the specular order mode are
obligue incidence and arbitrary polarization was analyzed dierived under the assumption that the period is much smaller
[12]. In this analysis, the spectral-domain method combingdan the free-space wavelength.
with the sampling theorem was applied. In [1] and [2], an The validity of the present method is examined by numeri-
analysis of this problem as a twist reflector was presentedily calculated boundary conditions and power conservation.
by decomposing the electromagnetic fields ie and H- Numerical results are compared with previous results in [1],

[2], [5], and [6], when the structure is used as a twist reflector
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HL __ YW - X —ikanz
Incident plane wave with T (J}, Y, Z) - 2 n (]})C
arbitrary polarization 0 n=—oo

+ Y(y)Xo(ac)ejk;oZHjC (4)

by decomposing the field into TEand TM, components. In
region (2) ¢h £ z < 0), the waves satisfying an appropriate

boundary condition at = —h are represented as
EP(x,y,2)= > PY(y)Xa(o)
—jk1znz _ J2k1anl jk1znz
"~ Ground plane ’ (6 ! ¢’ e’ ) (5)
~~~~ H(Q) y Y, 2) = "Y X"
Dielectric/Magnetic slab Y (-T Y 7) nzz;oo Q (U) (-T)
. (e_jklzn;‘/ + ej2k1;71}L6jk1;712) (6)
Fig. 1. Geometry of the problem. y ©o
Y
By = - S X
1 n=—oo
compared with those of the complete solution. The comparison (heykion P — Fokran @)
shows that the accuracy of the approximate expressions is good wn /{H?o 0ftenten
for the small period casep(< 0.5)). eI MenE gl oihn ) (7)

B (e y, )= D S X ()

n=—0oo

: (61‘k0/770k1znpn + kykachn)
. (e—jklmz + ej2k1mhejk1mz) (8)

Il. FORMULATION OF THE PROBLEM

A. Complete Solution

The geometry of the problem is shown in Fig. 1 where a
periodic, infinite strip grating in the—y plane is placed on a where
grounded dielectric/magnetic slab of thickndssThe strips )
of width 2w are assumed to be perfect conductors with a Y (¥) =¢**¥,  k, = ko sin 6 sin ¢
negligible thickness and are arranged along #hdirection X, (z) = ¢lhan® kyn = ko sin 6 cos ¢ + 2n7/p
at » = 0 with period p. The upper-half free-space and the 5 5 5 B 5 5 5
dielectric/magnetic slab with parameteks, 1,.) regions are kan ko — Ky = Ko, kpan = \J ki — ky — ki,
denoted by regions (1) and (2), respectively. It is assumed 52 =k2 — k§7 w =k — ki
that a linearly polarized plane wave with an arbitrary plane of I
polarization is incident on the grating as shown in Fig. 1. The FL =Wyl ot
incident wave with unit amplitude of electric field is expressed 0 =V #o/ <o- (©)
in [12]. The structure is uniform along the direction and Here R, S,, P,, andQ, are the unknown complex ampli-
periodic along ther direction. The uniformity of the grating udes or},thg,spgce harr;0n|cs to be determined ¥pk) is
structure does not affect the spatial dependence with res%ce Floguet mode due to the periodicity along thdirection.
to they direction, therefore, the tangential components of t

determine the unknown amplitude®.{, S,, P, and@,),
fields in each region are expressed in terms of a summat&?]ré boundary conditions that will be imposed at= 0 are

of Floquet modes. The fields in region (1) are expressed a3 ,m

ko = wy/eopio

marized as

ED(z, y, » Z RY () X (2)e~ %" EM (x,y, ) E® (z, y, 0) (10)
n==o0 EM (2, y, 0 Eg(f)(w Y, ) (11)

jk.oz i .

—l—Y( ) Xo(z)e! ™07 E, 1) HO (2, y, 0)~ Bz, y —Jo(z on the strip

L gy v Y 0, elsewhere

H(l) T, Y, % Z S Y ) Tkenz (12)

o PR 1 M, (z,y), on the slot

+Y(y)X0($)61k:0 Hy (2) E( ) .’L’ y7 {07 elsewhere

Y = -

B0y, = - TS e @
w5 EN(z,y,0) =0, onthe strip  (14)

. (kyka;an - 7/lokokznsn) Hggl) (‘Tv Y, 0) :HaS:Q)(‘Tv Y, 0)7 the slot

+ Y (y)Xo(z)e! =" E;, (3) (15)
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where J,(z, y) and M, (x, y) are the unknown strip electric region, we have

and slot magnetic currents, respectively, and can be expanded 00
into a product of a series of cosine functions and a function Z (kykzn Ry — nokok=nSy)F(n, p, w)
satisfying the edge condition as S ——
=2E (0, p, w). 23
To(z, 1) =Y () Xo(@) V1~ (a/w)? e (0. pr, ) (23)
> Inserting (4) and (5) into the remaining boundary con-
(@) Ay coswy(e+w),  |z|<w (16) dition (15) and multiplying both sides byXo(z)*(—j)™
v=0 V1 - [(z —ac)/a)? cos a(x — a. + a) and integrating over
M, (z, y) zy(y)Xo(a;)\/l —[(z — a.)/a]? the slot region, we obtain the following:
o o~ [ ko/nokan R + kykznSy
> () By cos ay(x — a. + a), |z —a| < a Z { o/lo 2 !
— 0
=0 n=—oo
(17) 67’k0/770k1znpn + k kann §2k1an e
_ %% Y (1+6’]2k1~ ])
wherew, = vn/2w, a; = ln/2a, a. = p/2, and A, and B, i2nmac/p g
are unknown coefficients. - F(n, m, a)e = H,F(0, m, a). (24)

Boundary conditions (10)—(13), field equations (1)—(8), cufter substituting (18)—(21) into (23) and (24) and some alge-
rent expressions (16) and (17), and the orthogonality propegyaic manipulations, the following coupled linear equations for

of the space harmonics lead to following relations betwegRe unknown coefficients of the strip electric and slot magnetic
the unknown complex amplitudes of the Floquet mode ag@rrents are obtained:

the coefficients of the electric and magnetic currents as

| = | Z Zy Ay + Z T, B =V, (25)
Ry=—Ejbn0+ - > BiF(n, 1, a)e™>" /7 (18)
Dz
=0 Z TH A, + Z YoiBy = I (26)
Po =T (R + Ei6n,0) (19) " —
i where
n —FH(kxO)Hyén,O - _{1 - FH(kacn)} oo
2p noko
o0 bk . Zw =57 D hen{l=Talkm)}
D AF(n, v, w) + y—k’”" CM (kg )= ne—oo
v=0 oo p F(n v, wF(n, p, w)
. —j2nwa./ el
> BiF(n, 1, a)e™ P (20) TE = Z Eykan {1l = knC" (kun) }
=0 n=—oo
1 . +j2nwa. /p
Q, = T };()n lka)F(n, i, w)e
You = 0 D zn) + (Erptr — 1
{HZ o0+ S+ - ZAFnl/w} (22) : n;mn%{r )+ (e )
< (kykon) 2O (kan) }F (0, 1, a)F(n, m, a)
where Vi = — prokok-o{1 — I (keo) }H} F (0, p1, w)
o kon — #opirk1ng tan kizph ko ;
r kxn _ 1vzan oMrivizn zn I —9pk. o M0 E,Z — kok eh . HZ
H( ) %%kzn ¥+ %%/Jrklznj tan klznh m pl@o{ o Y kyk OC (k 0) Y
O (kom) = A= % B pOmn
T ke + 32Ky on ] tAN kb D (kyn) =skon — s5€rk120] cOb k1anh. (27)
J1(2nmw/p 4+ vw/2) Once the unknown coefficientd, and B; are known, the
Fn, v, w) = —- dnrw]p b o2 complex amplitudes,,, P, 5,, and@,, are determined by
_ using (18)—(21). Then the fields in both regions are computed
+(—1) J1Cnrw/p — v [2) by (1)(8
nmw/p — v /2 y (1)-8).

(22) B. £ and H Polarization

6n,0 is Kronecker delta, i.ed, o =1forn =0, 6,0 =0 One finds thatp = 0°, v = 0°, and¢ = 0°, v = 90°

for n # 0, and J;(-) denotes Bessel function. Insertingcorrespond toF polarization ¢, = 0) and E polarization

the field (3) into the tangential electric field condition or{E, = 0) cases, respectively. For these cases, the coupled

the strip (14) and multiplying both sides h¥o(x)*(—j)* linear equations (25) and (26) are no longer coupled, and can
1 — (z/w)? cos w,(x + w) and integrating over the strip be expressed as the following equations by setfipg= 0,
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H} = 0 for E polarization andk, = 0, E, = 0 for H 0.20 i — .
polarization. sl
H : . o —0O—2| Number of cosine functions 7
E POIarlzatlon [T - —&— 3| for the cach strip and slot current
oo oo k T ‘g 0.16 + —a—4 -
lzn . c = 5
Z B Z {kn — ZEm ot klmh} gL -
=0 n=-—00 For g g T 7
. = 'z —¢p=y=45°
. F(TL, lv CL)F(TL, m, CL) = 2ka0E;F(07 m, a)' 38 02f i):‘bzg,pzlﬂ 7]
(28) § & p=1.08, 2w=h=0.5p
2o 01w} 4
A8
H Polarization: 2 £ onsf i
> gy IE
P 0.06 |- |
Z A, Z 2n{1 — Dy (ken) Y (0, v, w)F(n, p, w)
v=0 n=—oo P 0
i Number of space harmonic
= —k‘zo{l - FH(/{}xo)}HyF(O, M, w)
(29) Fig. 2. Convergence curve for the reflected power of the specular order
mode.

C. Approximate Solution—Single Edge-Mode Solution

When the period of the structure is much smaller than the the next section that these expressions are valid for small
free-space wavelength, i.ep, < A, it is sufficient to take periods § < 0.5)).
one expansion function for both the strip electric and slot The procedure described in this section can be applied to
magnetic currents (single edge-mode expansion). From the analysis of electromagnetic scattering by a periodic strip
coupled linear equations and field equations, the followirgrating on a dielectric/magnetic slab.
explicit expressions for reflection coefficients are derived:

Ill. NUMERICAL RESULTS AND DISCUSSION

Ro=—Ej+ -" By (30) .
2p To test the convergence of our numerical method a structure
So :FH(ka)H; _ 7r_w{1 — T (ka0)} Ao havingf = ¢ = ~ :_450, €. = 2.5, i, = 1.0, p= 1.0},
4p and 2w = h = 0.5p is analyzed for an increasing number
_i_Ceh(kmO)ﬂ yRz0 By (31) of space harmonics f':md cosine functions. Fig. 2 shows the
2p noko reflected power density of the specular-order made— 0)
where normalized by the incident power density versus the number

_ of space harmonics for different numbers of cosine functions a
V()Yoo —_ IOTOO

Ag = parameter. It is seen that 30 space harmonics for any number
ZooYoo + TJBTO_O of cosine functions gives results with excellent convergence.
ToZoo + VoTih Howgver, the converged values for the two and three cosine

By = functions are not same as those for different number of cosine

0 — 7 s =
ZooYoo +TooToo functions. Because the period of the structurepis= 1.0,

P {J1(2nmw/p)}> two or three cosine functions are not sufficient to model the
Zoo = g Z nokokn {1 — FH(kwn)}T strip electric and slot magnetic current distributions. As shown
n=-—0c0 in Fig. 2, converged values are obtained when the number of
P2k space harmonics and cosine functions are greater than 30 and
Yoo = T —{Df (ks»n) 3, respectively. This means that an88 matrix is enough to
= To» . .
n=-co analyze the structure so the analysis presented here requires
2 very small computational memory size.
+ (erpir — 1)(kykun)2C" (kun) } {J1(2m;a/p)} To be certain that the reflected power density of the
" specular-order mode converges to the correct value, we
IR oh calculate the tangential electric and magnetic fields at the
T(% - Z kykm{l = ke C** (k-’f")} interface ¢ = 0) for the same structure and plot in Fig. 3 when
e 60 space harmonics and five cosine functions are employed.
. J1(2nmw/p)J1(2nwa/p) +j2nma. /p The tangential electric fields are identical on both sides of the
n? © interface and vanish on the metal strip surface. The tangential

magnetic fields are continuous over the slot region and are
discontinuous over the strip region due to the strip surface
ko ‘ current density, as shown in the figure. Fig. 3 shows that
Iy :pkzo{— B, - kykxoceh(/%‘q;o)H;}Wa. (32) the boundary conditions at the interface are satisfied and the
"o problem is solved in the correct way.
These expressions (30), (31) are very useful when the period-ig. 4 shows the phases of the = 0 order reflection
is smaller than a half free-space wavelength. It will be showaoefficientsRRy and.Sy versus normalized period for a structure

W .
Vo = — pnokokzo{1 — FH(]%O)}T H;
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il 0=¢=45", y=nttan” (2'%)
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spherical coordinates as:

Ey = cos 8 cos ¢E 4 cos 0 sin ¢E, —sin E7

Y

cos 6 cos ke
= — M(mn PRy + sec 977050)61&—
(33)

E, = —sin ¢E, +cos ¢E
sin ¢ o
=———F——5—(—cot pRy + 010950 )e? =T
1 — sin? 6 sin? d)( cot ¢Fo + cos broSo)e
(34)

where £ = ko(sin 6 cos ¢& + sin 6 sin ¢ — cos %) and
E(@,qb,ac,y,z) is the reflected 8, ¢, =, v, ) component of the
electric field in region (1). In the derivation of (33) and (34),
we assumed that the period is smaller thgi2; that is, only
one propagating moden(= 0) exists. If the incident field
is assumed to béZ; = 1 and £/, = 0, the polarization

suppression ratioK} /E}) is given by (33). The polarization

pr = 1.0, ande, = 3.0. It is found that the result obtainedsuppression ratio given in (33) is similar to that of [1] but
by the present complete solution is almost same as that of thenot the same. From (33), we can find two conditions for
point-matching method plotted in [5]. The present approximagerfect conversion o} to E7

solution is very well matched with the complete solution up to
p = 0.5; however, the approximate expression [5] is closely
matched with our complete solution only up to a normalized
period of0.3X and not matched for a normalized period more
than 0.3 ).

Ry

7050
Iy

1050

=real

sec @
tan ¢

(35)

(36)

Using the coordinate transformation and field equatiorihe polarization suppression ratio is calculated and plotted
(1)—(8), we obtain the following electric field components ifn Fig. 5 for the structure having = 90° andp = 0.228),
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30 F

Present complete solution
------- Calculated by Hanfling
25k |- Calculated by Borkar
& Measured by Hanfling
--O- Present single edge-mode solution

80 -
70 -
60 -
50 -
40 4
30 <
20 -
10 4

=20 -

$=66°, y=90°
.15 p=0.228), 2w=0.5p, h=0.164x L]

o[deg.]

Suppression ratio[dB]

1
Suppression

ratio[dB|
]

Angle of incidence, 6[deg.]

Fig. 7. Variation of suppression ratio for an angle of incidence.

which satisfying the conditionan ¢ = sec 8, the amplitude
ratio (Ro|/|m050|) and phase difference/ Ry — Zn050) are
calculated and plotted in Fig. 6. When the incident angles
satisfy tan ¢ = sec 8, from (36) the condition for perfect
conversion of £ to EY is Ro/mSo = —1, which means
that the amplitude ratio and phase difference are 1 and,180
respectively. In Fig. 6, it is seen that these conditions are
satisfied when the incident angle i5 ~ 68°, thus, the
maximum suppression ratio is obtained at this angle.
Fig. 7 shows the cross-sectional view of suppression ratio
along A—A in Fig. 5. In Fig. 7, it is seen that the calculated
(b) result of [1] widely deviates from the measured one in [1] and
Fig. 5. (a) Contour and (b) surface graphs of the suppression ratio Féi}at of [2] is closely matched with the measured one up to
incident angles. an angle of incidence of 50but not matched for an angle
of incidence more than 50 The theoretical prediction of the
1.3 e ——————— 270 present complete solution, however, is closely matched with
the measured one for all ranges of the angle of incidence.
So this method has excellent accuracy. The polarization sup-
pression ratio obtained by using (30) and (31) is also plotted
in Fig. 7. The result of the approximate solution completely
matches that of the complete integral equation solution. So this
approximate solution is very useful for the small period case.
In Fig. 7, the peak can be predicted by the use of the above
two conditions (35), (36). The first condition is satisfied when
; the phase difference/Ry — 2.5p) is O° or 180 (in or out
— Amplitude ratio R /in,S, \\ ] of phase). As seen in Fig. 5, the maximum suppression is
- - — - Phase difference /R - /S, P N occurred aroundan ¢ = sec ¢, thus, the incident angle is
T Ly "0 6 ~ 63.56° for ¢ = 66°. Therefore, the second condition is
55 60 65 68°70 75 80 8 90 satisfied when the amplitude &% /7.5, is unity and the phase
¢[deg ] difference ¢ Ry — /Sp) is 18C. Fig. 8 shows the amplitude
Fig. 6. Amplitude ratio and phase difference for incident angles, whdtio (Hol/|n0Sol) and phase difference for various angles of
tan ¢ = sec 6. incidence. It is seen thaRg/n0So = —1 is satisfied when
the incident angle ig ~ 64°. Therefore,Ry/7050 = —1 and
tan ¢ = sec 6 conditions are satisfied for almost the same
[lgle. For this incident angle, the peak occurs as shown in
7.

1.2 | - 240
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T T
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=3

e
e
T
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When tand=seco

1
S
Phase difference[deg.]

g
o
T

e
o
T

<
=

ot
<

2w = 0.5p, h = 0.164), ande, = 2.57. In this calculation,
50 space harmonics and two cosine functions for each elec
and magnetic current are employed. In the contour graph, Re-
maximum suppression ratio is obtained arotad ¢ = sec 6

for a specified incident angle), which is similar to the result
found in [1]. In this figure, the maximum suppression ratio is The analysis of electromagnetic scattering by a periodic strip
obtained when the incident angles are~ 68° andf ~ 66° grating on a grounded dielectric slab for an oblique incident
and the value is almost43.5 dB. For the incident anglesplane waves with an arbitrary polarization is considered. The

IV. CONCLUSION
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currents that flow in the direction perpendicular to the grating
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and a function satisfying the edge condition. From the coupl
linear equations, the explicit form expressions for the reflectic
coefficients of the specular order mode are obtained under
assumption that the period is much smaller than the free-spi
wavelength. It is found that the numerical results exhibit
good convergence. The validity of the presented method , r | )
examined by examining numerically calculated boundary ¢ o g:aalytf’caa'?r; ng"f]ucr;‘gr?é‘; rggﬁj"’t‘irggs'rt‘ée;elgcst r'g}ﬁt‘g_e
ditions. The results obtained by the closed-form expressiofic radiation and scattering problems, printed antennas, periodic structures,
for the reflection coefficients are compared with those of tlaed bioelectromagnetics. o o
complete solution and it is found that the simple expres'sic.)rf£g é@i;ﬁﬁfg&i‘é&”ﬁ?j{l %32?&2?&?3 gt.\(g‘;?grssbﬂfgrjt';tuﬁs"ivird at the
are very efficient when the period of the structure satisfies
p < 0.5\. The comparison between the theoretical prediction
and experimental results shows an excellent accuracy of the
present method. The rigorous and complete analysis met
without constraints that are described in the introduction
proposed in this paper. This method can be applied to f
analysis of the structure that is used as a twist reflector or s
and hard surfaces.
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