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The scattering characteristics of the periodic surface of infinite and finite media are investigated in detail. The Fourier
expression of the scattering field of the periodic surface is obtained in terms of Huygens’s principle and Floquet’s theorem.
Using the extended boundary condition method (EBCM) and T-matrix method, the scattering amplitude factor is solved,
and the correctness of the algorithm is verified by use of the law of conservation of energy. The scattering cross section
of the periodic surface in the infinitely long region is derived by improving the scattering cross section of the finite period
surface. Furthermore, the effects of the incident wave parameters and the geometric structure parameters on the scattering
of the periodic surface are analyzed and discussed. By reasonable approximation, the scattering calculation methods of
infinite and finite long surfaces are unified. Besides, numerical results show that the dielectric constant of the periodic
dielectric surface has a significant effect on the scattering rate and transmittance. The period and amplitude of the surface
determine the number of scattering intensity peaks, and, together with the incident angle, influence the scattering intensity
distribution.

Keywords: periodic surface, Floquet’s theorem, extended boundary condition method (EBCM), scattering

cross section, energy conservation
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1. Introduction

The initial theoretical research of the periodic sur-
face scattering was delivered by Lord Rayleigh,[!"?! and the
Rayleigh approach has attracted continuous attention due to its
high efficiency. Based on this theory, the reflection of scalar
plane waves from the periodic surface is studied. Uretsky!’!
paid attention to the sinusoidal conductor surface upon which
the wave function vanished, and found that the matrix of re-
flection coefficients for an arbitrary periodic nonabsorbing sur-
face has interesting symmetry properties, which are reminis-
cent of the quantum mechanical S-matrix. In 1974, Desanto!“!
constructed the scattering field for a plane wave incident on a
sinusoidal surface, and extended exact analysis of plane wave
scattering from a sinusoidal surface to the case of an arbitrary
periodic surface.’! In 1979, Jordan!®! presented the scattering
patterns from sinusoidal surfaces. An asymptotic evaluation
was employed to obtain an exact expression for the scatter-
ing pattern as a product of the space harmonic scattering co-
efficients times the corresponding pattern functions. In 1980,
Wang!”! utilized the theory of scattering and propagation of
the periodic surface to study the effect of row structure on the
microwave emission from a bare agricultural field.

Chuang and Kong proposed a method on the basis of
Waterman’s extended boundary condition approach, and ap-
plied this theory to the study of laser light scattering from
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a metal grating: it matches the experimental data by tak-
ing into account the finite refractive index of the metal sup-
plied by measurements. [®~1%1 Liu and Hong proposed a general
method for analyzing electromagnetic wave scattering from
arbitrarily shaped two-dimensional periodic surfaces.[!!] In
2003, Nakayama and Kashihara modified a spectral formalism
to deal with transverse magnetic and transverse electric (TE)
waves scattering from a finite periodic surface.!!>~131 Com-
paring a finite periodic surface with an infinite periodic case,
they proved that the relative powers of the diffraction beam
are very similar to those in the case of the infinite periodic sur-
face. By using the Fresnel phase approximation and receiver
directivity approximations, Welton!'®! analyzed the scattering
by pressure-release sinusoidal surfaces in three dimensions.
Furthermore, Ge numerically investigated the optical trapping
properties of nanoparticles placed on a gold film with periodic
circular holes.!'”! In 2014, based on the Rayleigh hypothesis

18191 proposed a vec-

and Floquet’s theorem, Huang and Dong!
tor method for the problem of TE electromagnetic wave scat-
tering by a one-dimensional periodic conducting surface.
Generally speaking, the existing literature mainly studied
the periodic surface scattering in one aspect, but did not sys-
tematically and comprehensively explore the influence of var-
ious factors on the scattering of the periodic dielectric surface.

These factors include the frequency of the incident wave, the
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incident angle, polarization modes, the amplitude and period
of the periodic surface, permittivity, and so on.

In microwave remote sensing, especially in the detection
of a ship wake by space-borne radar, the effective calculation
of the scattering cross section of a periodic structure in a large
area is particularly important.[?->] In the previous literature,
the scattering cross section was mostly used to simulate the
scattering of the periodic surface with a finite length and small
area. However, so far, for an infinite or extremely large area,
the formula for the scattering cross section has not been re-
ferred to.

In this context, the scattering from dielectric periodic sur-
faces with several important factors is studied. Moreover, the
scattering cross section of the infinite periodic surface is de-
rived by improving the scattering cross section of the finite
length case so that the scattering problems of the infinite and
the long, finite period surfaces can be unified under a reason-
able approximation.

The structure of the paper is as follows. In Section 2,
the Fourier expression of the scattering field of the periodic
surface is obtained by Huygens’s principle and Floquet’s theo-
rem. Using the extended boundary condition method (EBCM)
and the T-matrix method, the scattering amplitude coefficient
is solved. The scattering cross section formula for the infinite
periodic dielectric surface is derived in Section 3, which is ap-
proximated reasonably from the finite periodic surface under
certain conditions. In Section 4, the correctness of the above
algorithm is verified by the energy conservation law and ex-
perimental data. Focusing on the representative sinusoidal sur-
face, numerical results of the scattering rate, transmittance, as
well as scattering intensity are presented and discussed. Fur-
thermore, the effect of the total length of the periodic surface
on scattering is analyzed. Lastly, several conclusions are given
in Section 5.

2. Scattering of the periodic surface
2.1. Formula of the scattering field

Let us consider the scattering of a plane wave by a finite

4,6

periodic surface,*%! as shown in Fig. 1. The surface corruga-

tion is written as

2= f(x) = u(x|W) fp(x), (1)

where fp(x) is the periodic function with a period P, and W is
the total length of the periodic surface. Here,

fp(x) = fp(x+P), )
and u(x|W) is a gate function with the width W

_Jo, x|>w/2,
u(xlW) = { 1, |x|<w/2. )

For convenience, kp and ky are set as

kw = — . “

Fig. 1. Scattering of a plane wave by a periodic dielectric surface.

We denote the y component of the electric field by w(x,z),
which satisfies the Helmholtz equation in the region z > f(x)
and the Dirichlet condition on the surface z = f(x):

92 2?2 5
{aszrazerk}w(m):Q 5
W(xvz)|z:f(x) =0. (6)

Here, k =2m/A is the wavenumber, and A is the wavelength.
The incident plane wave y; (x,z) is written as

Ilji ()C’Z) — e_ikixxe_iﬁo(kix>z7 kix — k - COS ei , (7)
B (kiy) = Bo(kix +mkp) = \/k* — (kix + mkp)?,
Im[ﬁm(kix)] > 07 m = Oa :l:la :|:2,L, (8)

where 0; is the incident angle, Im stands for the imaginary
part, and the electric field amplitude of the incident wave is
E = 1. Since the surface is flat for |x| > W /2, the y component
of the electric field is shown as

y(x,z) = e ikinx [o—ibolkiv)z eiﬁo(ku)z} +v(x,2), (9

which is the sum of the incident plane wave, specular reflec-
tion, and scattered wave y;(x,z) due to surface deformation.
By use of the periodic Fourier transform,?®! the scattering
field has an extended Floquet form

WS(X7Z) :/ A(S)efi(ki,c+s)x+iﬁ0(kix+s)zds (10)

Y, Wn(x,2), an
where equations (10) and (11) hold for |z| > max[f(x)]. A(s)
is the spectral amplitude. Equation (11) is the extended Flo-
quet form, where V,,(x,z) is the m-th order diffraction beam

given by[?°!

1 /P
Ynlx2) = o [ Anls)

—n/P
x e~ Hhitstmh)r o oifnlkicts)igs (12)
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Here, it is worthwhile to note that A,,(s) is related to the spec-
tral amplitude A(s) as follows:

Ap(s) = kp-A(s+mkp)u(s|kp). (13)

By substituting Eq. (13) into Eq. (11), we obtain

- ikixx e

—imkpx
kp Ze ’

o

€

WD) = Y ymlnd) =

m—=—oo

x/p -
x / A(s)e e HBnkcts)zgg  (14)
—n/P

It is worth noting that equation (14) satisfies Eq. (5) and the
radiation condition at z — oo term by term. A,,(s) is a complex
amplitude of a plane wave propagating in the direction k:

k= —(s+kix+mkp)e,+ Bn(s+kix)e;. (15)

In other words, A,,(s) is the amplitude of a plane wave scat-
tered into the O, direction, where 6; is given by

s A
cos B, = — (cos 6, + % —|—mP) . (16)

If s = 0, equation (16) degenerates the famous grating formula

cos 6, = — (cos@i—&—mi) , (17
where m stands for the diffraction order. Since m is an integer,
and because the incident angle, wavelength, and surface pe-
riod length are constant, it can be deduced that the scattering
intensity will take an extreme value at 6,,. Equation (14) is a
product of the exponential phase factor exp(—ikj,x) and a har-
monic series that is a “Fourier series” given by band-limited
Fourier integrals. When W goes to infinity and equation (1)
becomes infinitely periodic, the amplitude function turns into

An(s) =kp-Apd(s), W — oo, (18)

where A,, is a diffraction amplitude, and §(s) is Dirac’s delta
function. Hence, equation (14) degenerates into the famous
Floquet form for the periodic grating. Therefore, equation (14)
is regarded as an extension of the Floquet form and is called

the extended Floquet form (]

Y, = e K iAme*i'""Pxeiﬁm“‘v)a W — co. (19)

When W is much larger than the wavelength, however, A, (s)
is expected to be a localized function taking a large value only
at s =~ 0. This implies that y,(x,z) is a beam whose main lobe
scatters along the direction 6,, determined by Eq. (17). Thus,
Wi (x,2) is called the m-th order diffraction beam.

2.2. Scattering cross section

Physically, the diffracted waves are radiated from the cor-
rugated part of the surface, and hence they exist only at limited
regions in space. Considering the far field case, the scatter-
ing cross section can be obtained by solving the integrals in
Eq. (14) with the saddle point method.

We denote a scattering angle by 0 (see Fig. 1) in the polar

coordinate:
x=rcosB, z=rsinb;. (20)

Then, using the saddle point method, the approximated form
of Eq. (14) is

s (rcos 6, rsin 6)
ksinby [2m ... . o

~ Ts ﬁelk’ ‘”/4m;mAm(—kcos95—kix—mkp)
xu(—kcos 0 — kiy — mkp|kp). 1)

From this relation, the scattering cross section &(6s|6;) is ob-
tained and expressed as

k
c(6]6;) = 1im27'rﬁ|l[/s(rcoses,rsin65)|2

r—yoo
2n)%k &
~ (kjl‘:zv m;msinz Ouuu(—kcos 0, — kix — mkp|kp)
X |Ap (—kcos 65 — ki —mkp)|?, (22)

which is a non-dimensional quantity divided by the corruga-
tion width W. Let W = ny P, and ny is a positive integer.
When ny — oo, W tends to infinity. From Eqgs. (18) and (22),
the bistatic scattering coefficient of the periodic surface in a
large area can be obtained:

2m)%k
c(6,]6,) = %sm2 0,

x Y u(—kcos 6 — ki — mkp|kp)

m=—oco
% |8 (—kcos 8, — kiy —mkp) >, (23)

For the convenience of calculation, the Dirac function §(s) is

approximated as follows: [®]

kW sin(kWs/2)

SUWs) = S —fws/2

W — oo, 24)
As we can see in Eq. (23), the scattering field amplitude A,,
is an important factor in the formula of the scattering cross
section of the infinite periodic surface.

2.3. Calculation of scattering field amplitude coefficient
An
When W — oo, by substituting Eq. (18) in Eq. (12) and
utilizing the selectivity of the Dirac function, we can obtain

A

Vn(.2) = /n//P Am5(s)efi(k»u+5+ka)xeiﬁm(k-LYJrs)zds
—n/P

_ A e itk i), (25)
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Using Floquet’s theorem and Huygens’s principle, the scatter-
ing propagation models are derived. The scattering amplitude
A, or diffraction amplitude, is acquired by the EBCM and the
T-matrix method!(®!°!

[An]=-Qp-B' —Qy -«
[ n=—Qp B —Qy - (26)

A
B
where matrix A is upward-going field amplitudes and B is

downward-going field amplitudes. a® and 3* can be obtained

by the following matrix equations:

Q;, Q5 o’ a
— = P 27
l% an] [ﬂ“‘] M @7
an = 8,0\/k.Eo, (28)

where Qfg and Q,T, are Dirac matrices and Neumann matrices,

respectively, under different boundary conditions:

lk -r
[QD} P/dx ﬁzm (knJrnkP) )
> Ci (kix+nkP)x7

[QN mn /dSn (
k1x+nkP)

[QD] mn P/ klzm ’

+ —i etkin” i (kiy+rkp)
_ A i(kixy+nkp)x
[QNl]mn—j:?/PdSn- v, — e PX(29)

kzm = ﬁm(kiX) = /k2—

(kiermkP)z,

kizm = \/ k3 — (kix + mkp)?,
ki = k/ &kt = Rk =+ 2k (30)

When the periodic surface is a sine function,

o (3) = hsin(*2), (1)

where the amplitude is /4, and the period is P. Then the Q-
matrix can be written as

[Qﬁ} mn = (:l:l)‘m_n‘ J|’”_"‘ (kzmh) )
zm
2
+ _ (_k +kxmkxn) -\ [m—n]|
[QN}mn - im (i]) J\m—n\ (kth) s
_k2 +kixmk N\ |m—n
[0%],, = — el gyl g (Kigwh) . (32)

klszV klzm

According to the above method, we can determine Am and ob-
tain the bistatic scattering coefficient of the periodic surface
o (65]6;) from Eq. (23).

3. Scattering and transmission power of the pe-
riodic dielectric surface

When the incident wave irradiates on the surface of the
periodic medium, some parts of the energy are reflected or
scattered, and other parts are transmitted or absorbed by the
medium. Here, we call the specular reflection and the scattered
wave as the scattering wave, and call the wave transmitted into
the medium and absorbed by the medium as the transmission
wave.

When the medium in region 1 (as shown in Fig. 1) is loss-
less, the scattering power PS5, and the transmission power P! of
the TE wave in the m-th-mode (or nth-mode) are

1 ok Apl? we
“Re—"¢ [An| = — |Au|?, (33)
T2k \/1—cos?6, 2k
1. ok |B,|* wa
Pl = -Re—>"¢ e2mkiale — 211,12 (34)
"2 k3 l\/17c0s2e,; ‘ s

Supposing the amplitude of the incident wave is Ej, then the
incident wave power is

1 we
Pinc = 2 k2 EO (35)
Hence, the efficiency of scattering and transmission is
Sa :ZPyZ/Pincta :ZP;;/Pinc- (36)
m n

For the lossless medium, the power relation is satisfies the en-
ergy conservation law

Y Py/Poc+ Y Py/Prc =1, (37)
m n

where the summation is over all propagating modes. As a nec-
essary condition, equation (37) is often used to prove the ac-
curacy of the numerical results.

Roughly speaking, the total power of scattering and the
power P, are proportional to W because the scattering takes
place at the corrugated part of the surface. Thus, the relative
power P, /Py is expected to become almost independent of
W. This implies an expectation that the relative powers of
diffraction beams are very similar to the diffraction powers for

an infinite periodic surface.!?!

4. Results and discussions

In this section, the scattering and transmission power and
scattering intensity distribution of the sinusoidal, infinite di-
electric surface are simulated. By changing the frequency of
the incident wave, incident angle, periodic surface amplitude,
period length, and dielectric coefficient, numerical simulation
is carried out to explore the influence of various factors on the
scattering of the periodic surface.

4.1. Verification of the above method

The following work is a validation of the method de-
scribed in Section 2.
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4.1.1. Verification of the method by the energy con-
servation law

Figure 2 shows the variation of the scattering power and

transmission power with the incident angle under different

conditions, and the detailed parameters are shown in Table 1.

From the general trend of change, the scattering efficiency

decreases with the increase in incident angle. Conversely,

q : .
. 0.6 ! scattering power
2 ) --—-- transmission power
) 2\
~ 0.4 j
1
0.2F
L
A,
-
15
3
S
[a¥ / .
/ scattering power
0.2}, --—-- transmission power
[ e total
0 . . \ .

0 15 30 45 60 75 90
Incident angle 6;/(°)

transmittance increases with the increase in incident angle
in the range of 0° < 6; < 90°. However, the scattering ef-
ficiency varies locally at partial incident angles. For exam-
ple, in Fig. 2(d), the efficiencies of scattering and transmission
reaches their extremes when 6; = 25°, 37°, and 45°. As the
“total” curve shows, the sum of scattering and transmission is
1, which satisfies the energy conservation law.

1.0 Fereerrmemmeee e

-

0.8 e (b)

0.6+ \/ scattering power

-.—-- transmission power

Power P

0.4} !

0.2}

0 15 30 45 60 75 90
Incident angle 6;/(°)

Power P

0.4

scattering power

-.—.- transmission power

........ total

0O 15 30 45 60 75 90
Incident angle 6;/(°)

0.2f

Fig. 2. Variation of scattering power and transmission power with incident angle.

Table 1. The parameter list.

Fig. 2(a) Fig. 2(b) Fig. 2(c) Fig. 2(d)
E 1 1 1 1
hIA 0.1 0.4 0.4 0.4
PIA 2.5 2.5 2.5 10
&1 1 1 1 1
& 4 4 35 35

It is worth noting that the periodic surface will degenerate
to a plane when & = 0. The simulation data can be compared
with the consequence of the Fresnel reflection formula to fur-
ther verify the correctness of the algorithm.

The coefficients of Fresnel reflection and transmission are
expressed as

RZI_POt _ 2
1+ poi’ 1+ poi”

(38)

where py = ke /(uk;), k; and ki, are the components of the
incident and transmitted wave numbers along the normal di-
rection of the plane, respectively (see Ref. [27] for details).
The corresponding power reflectivity and power transmissiv-
ity are given as

r=IRP, t=po|T|. (39)

Equation (39) can be used to compare with the above method.
As shown in Fig. 3, where & = 4, the results of the two meth-
ods are in good agreement, and the variation of scattering (re-
flection) and transmission power still conform to the law of
energy conservation. Thus, the above algorithm is effective.

1.0 _____________________________________

o AAAAMMMMAAAA
A

0.8

ay — P, (method of this paper)
L 0.6 A& - - - P, (method of this paper)
QBJ O P; (Fresnel method)
Q? 04} A A P; (Fresnel method)
A
X
0.2 ,AI “““““““
0 ﬁ 1 1 1 1 1
0 15 30 45 60 75 90

Incident angle 6;/(°)
Fig. 3. Comparison of the method of this paper with the Fresnel method.
4.1.2. Verification of the method by comparing with
experimental data

The effect of the row structure on the microwave emission
from a bare agricultural field has been reported together with

074101-5



Chin. Phys. B

Vol. 28, No. 7 (2019) 074101

——simulation data

--- experimental data

0 15 30 45 60 75
Incident angle 6;/(°)

Fig. 4. Brightness temperature as a function of incident angle 6;.

the soil moisture contents for the measured data.!”->®! The the-
oretical results are illustrated for a sinusoidal surface in Fig. 4
at a frequency of 1.4 GHz. The periodic surface has a height
h=0.1 m and a period P = 0.95 m, and can be approximated
by a sinusoidal function. For the upper medium, let £ = & and
W = Ho. Tg is the brightness temperature, and g = T(1 — F;)
by definition. P denotes the reflection power or scattering
power.

In Fig. 4, the radiometer observation angles are perpen-
dicular to the row direction. The soil moisture content is 29%
by dry weight at the top 0 to 5 cm and becomes drier with
depth. The complex permittivity is approximately (104 i2).
We see that the simulation data of brightness temperatures 7
for the horizontal polarization are similar to the experimental
data from 0° to 60°.

Besides, we observe that the Tg curves for the periodic
surface are not smoothly varying. There are kinks appearing
at observation angles 8 near 6°, 19°, 34°, and 51°. The cor-
responding change in 7g may be as high as 10 K. Such a phe-
nomenon is caused by the redistribution of the scattered power
during the course of the disappearance and appearance of the
propagating Floquet modes.

4.2. The effect of W on periodic surface scattering

Theoretically, when using Floquet’s theory to calculate
the scattering of an infinite periodic surface, the scattering
wave propagates in discrete Floquet modes. This means that
the distribution of the scattering intensity has values just at the
angles corresponding to the Floquet mode (as shown in Ta-
ble 2). However, the distribution of scattering intensity of the
finite periodic surface is continuous.

As shown in Fig. 5, under the same incident condition, as
ny increases, the periodic surface length W increases, and the
distribution of the scattering intensity is only concentrated at
the angle corresponding to the Floquet modes. For example,
when ny = 5000, although the scattering cross section is con-
tinuous with the change in the scattering angle, the scattering
intensity is obviously concentrated at the corresponding Flo-
quet mode angles, and the scattering intensity values at other
scattering angles are so small that they can be negligible.

0 —ny\/=500
---- nw=1000
L 7”»\/:5000
m —50 /
o e
= i -
£ _100f RO
< ! \
% , 0 il
f i 3!' Tty I| (1
— 150+ fIee e g R
Ha
VR i
v !

0 30 60 90 120 150 180
Scattering angle 65/(°)

Fig. 5. Scattering cross section under different lengths of periodic sur-
face (W = ny P).

Therefore, by using the above method in practical calcu-
lation, regardless of a finite or an infinite periodic surface, rea-
sonable results can be obtained through taking the appropriate
value of W. This is also one of the points of this work.

4.3. Influencing factors of scattering power

Figure 6 presents the comparison of the relative scattering
power of the periodic surfaces under different conditions, with
incident angle.

1.0 0.11 (a)
a, 0.10
5 0.8t 0.09
g 0.08
0.07
g 0.6Ty0.06
00 30 60 90 120 150
s | ——h=0.1\ gn=1
§ 04 —o—h=02X\ go=1
% —— h=0.3\ P=2.5)\
o 0.2 —v— h =0.4\
n
0 30 60 90 120 150 180
Incident angle 6;/(°)
1.0
050 oz
A, "
= i 0.45R/
£ 0.l
o 0.40
o
) 30 60 90
é 0.6 —a—P=25\ ——P=5\ ¢1=1¢
) \ R—2—P=T7.5\ —v—P=10\ h=0.3\
=
O
0
0.4
0 30 60 90 120 150 180
Incident angle 6;/(°)
1.0
—m—c =4 (C)
a8 —A—e1 =35 go=1
o 081 —o-en=8  p=25) h=03x
g ——&n =80
g o0.6f
2
‘o 0.4r
]
3
@
S 0.2f
9]
O 1 1 1
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Fig. 6. The variation of scattering power with incident angle under dif-
ferent conditions. (a) Scattering power under different amplitudes 4. (b)
Scattering power under different periods P. (c) Scattering power under
different permittivity &;.
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Figure 6(a) compares the relative scattering power of dif-
ferent periodic surface amplitudes with the incident angle.
It can be seen that the relative scattering power at different
amplitudes & has little difference when 0° < 6; < 30° and
150° < 6; < 180°. However, the difference is obvious at the
region of 30° < 6; < 150°, that is, the larger the amplitude #4,
the smaller the scattering power at the same incident angle 6, .

Figure 6(b) compares the relative scattering power with
the incident angle under different periods P. It can be seen
that the scattering power decreases at 0° < 6; < 35° and
145° < 6; < 180° with an increase in period P. However,
when 35° < 6; < 145°, the trend is the opposite.

According to Figs. 6(a) and 6(b), the larger the amplitude
h and the smaller the period P, which means that the periodic
surface is rougher, the effect of scattering is more obvious, and
the oscillation of the relative scattering power curve is more

evident.

Figure 6(c) compares the relative scattering power of dif-
ferent relative permittivity & with the incident angle. & is
the relative permittivity of region 1. It can be seen that & has
a positive correlation with the scattering power. When other
conditions remain unchanged, the larger the permittivity, the

greater the scattering power.

4.4. Analysis of scattering cross section

Using the formulae in Section 3, the scattering field of the
dielectric periodic surface is calculated by Eq. (23). As shown
in Fig. 7, the normalized bistatic scattering cross section &
(65|6;) under different surface amplitudes is calculated, where
6, = 60°, and P = 2.5A, and h takes 0, 0.054, 0.1A, 0.24,
0.31, and 0.4, respectively.

0

(a) h=0 (b) h—=0.05\ ©) h—=0.1A
m 50} m —50f o —50f
3 g g
%—100- < —100f § —100f
g N 3
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Scattering angle 05/(°)

Scattering angle 65/(°)

Fig. 7. Scattering cross section under different amplitudes /.

When & = 0, that is, when the interface is a plane, as
shown in Fig. 1(a), the scattering intensity is concentrated only
in the direction of 6; = 120°, which means that there is no scat-
tering, only specular reflection. This is in line with the actual
situation.

Figures 7(b), 7(c), and 7(d) correspond to the cases of
h=0.0514,0.14, and 0.2, respectively. It can be seen that the
maximum peak value of the scattering cross section is still at
6; = 120°, which is the specular direction. However, the num-
ber of peaks increases sequentially: 3, 4, and 5, respectively.
This shows that as the amplitude £ of the periodic surface in-
creases, the number of peaks of the scattering cross section
increases, and the scattering is more obvious.

Besides, by comparing Figs. 7(d), 7(e), and 7(f), we can
see that the maximum scattering cross section is no longer lo-

cated in the specular direction (s = 120°) when / continues to
increase (h = 0.2, 0.3A, and 0.41), even though the numbers
of peaks are the same.

Generally, a larger amplitude % causes the surface to be
rougher, thus enhancing the scattering effect. Furthermore, the
corresponding scattering peaks and their positions (angles) are
shown in Table 2, which agree with diffraction angles calcu-
lated by the grating formula (Eq. (17)).

Table 2. The m-th modes and the corresponding angles 6.

m O
-3 45.57°
-2 72.54°
-1 95.74°

0 120°

1 154.16°
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Fig. 8. Scattering cross section under different incident angles 6;.

Figure 8 compares the normalized bistatic scattering cross
section o (6]6;) of periodic dielectric surfaces at different in-
cident angles, where P =54, h=0.4A, & =4, and Ey = 1.

It is evident from Figs. 8(a) and 8(b) that the scattering in-
tensity is mainly concentrated on the specular direction when
the incident angle 6; is small (or in the case of small grazing
angle). For example, when 6; = 15°, the maximum value of
the peak value of the scattering cross section is at the angle of
6, = 165°.

With the increase in incident angle 6;, the distribution
of scattering intensity changes significantly. As shown in
Figs. 8(c)-8(e), the number of peaks of the scattering cross
section increases obviously, and the position of the maximum
peak is no longer the specular position of the incident angle.
For example, when 6; = 45°, the position of the maximum
peak is at 6, = 155.1°, not 135°, which is in the specular di-
rection of the incident angle. When 6; = 60°, the position of
the maximum peak is at 6, = 154.1°, not 120°, which is in the
specular direction of the incident angle.

Table 3. Angular locations of scattering cross section peaks.

5° 15° 45° 60° 75° 90°
-9  36.5° 33.5°
-8 529° 50.6° 26.8°
-7  66.2° 64.3°  46.1° 25.8°
-6 78.2° 76.5° 60.5°  45.6° 19.7°
-5 89.9° 88° 73° 60° 42.2° 0.01°
—4 101.3°  99.6° 84.7°  72.5°  57.2° 36.9°
-3 113.3° 111.5°  96.1° 84.3°  170.1° 53.1°
-2 126.6° 124.5° 107.9° 95.7° 81.9° 66.4

-1 142.8°  134° 120.5° 107.5° 93.4° 78.5°
0 175° 165° 135° 120° 105° 90°

1 155.1° 1344° 117.3° 101.5°
2 154.2° 131.2° 113.6°
3 149.2°  126.9°
4 143.1°

When 6; continues to increase until it is close to the verti-
cal incidence, the intensity distribution of the scattering cross
section is stable, which means that the scattering effect on the
periodic dielectric surface is significant.

Table 3 records the scattering wave modes m and posi-
tions of peaks at different incident angles shown in Fig. 5.

5. Conclusions

In this paper, the problem of scattering from the periodic
surface is discussed in detail. With the large length of the pe-
riodic surface, the formula for the electromagnetic scattering
cross section of the finite periodic surface can be approximated
and expanded, which makes it possible to calculate the scatter-
ing cross section of infinite periodic surfaces. Moreover, the
scattering calculation methods of infinite and long, finite sur-
faces are unified by a reasonable approximation. In addition,
the correctness of the algorithm is verified by means of the
energy conservation law and experiments performed using the
brightness temperature. The effects of various factors on scat-
tering characteristics are comprehensively analyzed. These
factors include the geometry of the periodic surface (ampli-
tude and period), dielectric parameters, wavelength, and inci-
dent angle.

The simulation results indicate that the scattering rate of
the periodic surface increases with an increase in dielectric pa-
rameters; the opposite is seen for transmission. The relative
geometric parameters (P/A and h/A) of the surface together
with the incident angle significantly affect the scattering in-
tensity distribution. In general, with the increase in surface
roughness and incident angle, the number of scattering inten-
sity peaks increases, which means that the scattering effects
are more notable.
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Through the above work, we find that the dielectric peri-

odic surface has a significant effect on the scattering rate and

transmittance. The period and amplitude of the surface deter-

mine the number of scattering intensity peaks, and also influ-

ence the scattering intensity distribution with incident angle.

The work in this paper can be used for the recognition of spe-

cial targets, such as a ship wake or agricultural field, and it will

be studied further in the future.
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