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The scattering of pulsed electromagnetic radiation from an imperfectly-
conducting, infinite, periodic sea surface is studied. Such scattering influences the
performance of impulse radars operating in a sea-surface environment. The time-
domain transient response is synthesized from frequency-domain transfer functions for
the induced surface and scattered fields. The two-medium scattering problem consists
of space and sea-water regions separated by a periodic sea surface and illuminated by
a plane wave incident from the space region. It is assumed that the space region (1)
is located above sea-surface contour C, with permittivity €,=€,. The sea-water region
(2) is located below sea-surface contour C, with complex permittivity €,. Wavenum-
bers in the two regions are k;= o ‘/er. for i=1,2. Unit normal vectors to the interface
contour C are chosen as #,; 2 directed outward from the respective regions, such that
Ay=-A;=A. A coordinate system is chosen with the z-axis normal to the sea plane,
while the sea surface is uniform along y and periodic along x as z(x) = —~hcos(2nx/L)
with k the sea height and L its period.

The transverse magnetic scattering problem is of greatest interest, due to the
potential absence of specular reflections at the Brewster’s incidence angle. For the TM
polarization, all EM fields can be expressed in terms of the generating field
H= yH (x,2) =¥¥(x,2). Surface field ¢ and its normal derivative satisfy the coupled
mtegral equations (where p =#x+2z is the 2-D position vector)
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with periodic Green’s-function kernels represented in Floquet-mode series expansjons.
The incident magnetic field is y*(p) =Hye 7**e/* with B =ksin6,, g =k,cos8; where 6,
is the incidence angle. Notation PV implies evaluation of integrals in a principal-value
sense, and C, is the first period of the sea surface. The integral equations are solved
numerically by the method of moments to obtain frequency domain spectra for the
surface and scattered fields. Results are compared with those obtained from an
approximate Floquet-mode-matching analysis based upon the Rayleigh approximation,
agreement is found to be excellent within the regime of the latter approximation.

The frequency-domain spectra are used to construct the time-domain pulse
response of the sea surface using the inverse FFT. Results are found to be significantly
influenced by cutoff frequencies associated with the Floquet modes. For the
backscattered field, each such mode has a lower cutoff frequency, below which it
becomes evanescent in the z-direction, and an upper cutoff frequency, above which it
becomes forward propagating. Extensive numerical resulis are obtained.
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1. Introduction

@ Scattering of pulsed electromagnetic (EM) radiation
from imperfectly-conducting, periodic sea surface.

@ Relevant to detection and discrimination of targets
adjacent to sea-surface environment using broadband
pulsed radiation.

@ Attempt to mitigate effects of sea clutter upon target

detection by synthesis of optimal transmit-pulse
waveforms (CRTW).

® Time-domain transient response synthesized from
frequency-domain transfer functions for induced
surface and scattered fields.

@® Approximate analysis based upon Floquet-mode
expansions and Rayleigh approximation.

@® Magnetic-field integral equation (MFIE) formulation
based upon periodic Green’s function (PGF), includ-
ing numerical MoM solution.

@® Transverse magnetic (TM or E-parallel) polarization
studied due to potential importance of Brewster-angle
phenomenon.

@® Interesting cutoff phenomena associated with the
spectral scattered field are identified.




2. Geometrical Configuration of Sea Surface and Basic
Formulation of the 2-D Scattering Problem

® Two-medium scattering problem consists of space and
sea-water regions separated by periodic sea surface
(height A, period L) illuminated by plane wave inci-
dent from the space region.

2(x) = ~hcos(2mx/L)

@ Space region is region (1), located above sea-surface
contour C, with permittivity €,=¢,. Sea water is
region (2), located below sea-surface contour C, with
complex permittivity e,.

ki=w/pe, fori=12

@® Normal vectors to the interface contour C:

A, directed outward from region (1)

fi, directed outward from region (2)

A A

n,=-n,=n
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Figure 1. Configuration of periodic sea surface and incident
plane wave.




® TM polarization--all EM fields can be expressed in
terms of the generating field H (x,7).

E-= XE (x,2) +ZE (x,2)
= $H (1,0)

T

VtzHyi(xZ) +k,~2Hy,-(X,Z) = -5V xJ(xz) .. fori=12 1)

E(x2) = - 9xV,H,(x2) )
) i

V, = i—éa— + z‘ai = 2-D transverse differential operator
x Z

@® Incident plane wave field:

[3 =kISi116i > q =kICOS6i



® Boundary conditions on tangential H and E, at points
- along sea-surface interface contour, C lead to:

H,=H,
oH,, _ e, oH,, @)
on €, on



3. Floquet-Mode-Matching Formulation
with Rayleigh Approximation

® TM-polarized incident plane-wave illumination,
with total fields:

H,(x2) = H(x2) + H{(x2) 3)
Hyz(x9z) = H;(X,Z)

® Floquet-mode-series scattered field representations

2nn
with +
B,=P 7
Hixz) = Y e™f () .. for a=12 (6)

® Formulation based upon Rayleigh approximation:

E e—mnx( 7, qan] £ =0
74

(7)
Qo =k2-B; .. Im{q,}<O0
P
Jon a’.f. =0 (8)
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Rayleigh hypothesis: f, (z) = wave travelling upward in +z
direction.

f,,(2) = wave travelling downward
in -z direction.

Hi(xz) = Y B e 7’7 e 7 9)
nz—w

Hixz) = ¥ C, e’ e/er (10)
n=-o

® Implementation of boundary conditions at z=p(x):

2 3 ap |
p(x) = ~hcos| —= nx = 2-222 )1 (2R
L X ox
H+H = H; 1D
. € oH, OH,
-9 O pi g e O minpy) - -2 T2 TR | (12)
ox Ox 0z €,| Ox Ox (674




® Exploit field representations (3), (9) and (10) in
boundary conditions (11) and (12), and apply to each
the testing operator

fOL eIl ydy ..V |m|<N (13)

to implement Galerkin’s method. Truncating the

series leads to a pair of 2N+1) x 2N +1) coupled
matrix equations

N N
E 1mn n+ E 2mn n Am (14)
n= n=
N N
E len n 1 E 2mn n HODm (15)
n=-N e2 n=-N
or
len _L2mn€1/€2 B _ HODm (16)
Klmn K2mn ' Cn HOAm
where
K, = - f L piznim-mxiL , 0P g, 17)
mn 0
Ky = [ el it g (18)
0

8



m

L . ,
A = fo e2mmilL 4jgp o

and

¢))
len - Bnlmn 9ipim

I(2)
1(3)

CY)
L2mn = Bn mn anI

5 6
D, = -BI,’ -ql,’

m

1o - fL P j2nm-maiL , 4P gy
- Y0 Ox

L in -

19) = [ emstmnitg Hue gy

@ _ [Ldp ;2 3/L o 1%nP

I = fo v e mm-mAL " iy
L i i

I’Sz) _ fo gJ2m(m n)x/Le]%nde

1;5) _ fL op p2nmilL 5ap
0 ox

1€ - fOL ol2mmilL 4 jap gy

(19)

(20)
(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)



4. Magnetic-Field Integral-Equation (MFIE) Formulation

- @ Scattered fields in regions (1) and (2) can be ex-
pressed in terms of the surface values of H  and

oH /[on at points along the interface contour C.
H  ,=¥,,= fields in regions (1,2) and at points ap-

proaching interface contour C from the region (1,2)
side.

@® Desire a pair of simultaneous integral equations for
the latter surface-field quantities.

® (2-D) Green’s functions for unbounded homogeneous
media having wavenumbers k, for i=1,2.

Aperiodic Green’s function:

(V2 +k2)Gxalr'ah = -b(x-xhb(z-2) (29

G (xz|x’z’) = —;—jHéZ)(ki\/(x—x’)2+(z—z’)2) - (30)
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Periodic Green’s function:

(Vt2 * kiz)Gi (x.z|x'.2)
. (31)
= Y ePL§x-(x'+nL)]b(z-2')

n=-e

. e -JB,,(x-x’) ¢ jq;lz-2’|
G(xz|x'2)) = _jI: E (32)
qin

Bn = ﬁ + 2’275 ’ qzi =ki,2_ ﬁi’ q, = -J ﬂi—kf Im{qin}<0

@® Field in region (1). Replace region (2) by equivalent
polarization currents J e(:) =jw(e,~€,)E, immersed,

along with primary current J, in homogeneous
medium (1). Polarization currents in region (2) are
subsequently replaced by equivalent surface sources
over contour C. Applying 2-D Green’s theorem leads
to

3G, 8% ()
PR _ G g1y 2P

on on’

V(B = W@ + [ [, i’

33)
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C, is the sea-surface contour in its first period for
O<x<L.

W@ = [ [3V/<I@]GGIphasT G
Ui() = Hye7P*e/ . for remote source currents (35)

When p is a point on C, accommodating the source-
point singularity leads to

l|’12(P) _ 1(P)+PVf ll,(_,,) (P|P/)
an (36)
Y CIL W@ | g
on’

where PV indicates that the integral must be evaluat-
ed in a principal-value sense by excluding a small

neighborhood centered at field point §/=p.

@® Field in region (2). Replace region (1) with equiva-

lent polarization currents .7;(;) =jw(e;-€,) El immersed
in a homogeneous medium (2). Primary and polariza-
tion currents in region (1) are then replaced by
equivalent surface sources over interface contour C.
Applying the 2-D Green’s theorem leads, for field

points peC to
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37
® Boundary conditions (4) require
d 3]
Y=, =y, _112 =&_¢1_ =52_8_¢ 38)

along contour C, where § and dy/dn are regarded as
unknown. Implementing these boundary conditions in

Egs. (36) and (37) leads, for all p€C,, to the dual

MFIE’s
¥(@) _ 2 GBI @) o s 15n| a1’ - wics
PV @) — - E26,GIR)|dl = wip)
(39)
- a Aalo -
VB | py [ |y 20PIP) S 4@ g 5155 ar -
2 Co| on’ € on’
(40)
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@® Scattered field in region (1):

G,(3|ph|ar’ (41

. | 8G(BIB) 5
v® - [ [we) SER) v

P on on

Moment-Method Numerical Solution:

® A MoM numerical solution to MFIE’s (39) and (40)

was implemented by expanding ¢ and oJy/on in
pulse-function basis sets and subsequently testing by
point matching.

@ All spatial ihtegrals are calculated in closed form.

® Floquet-mode series for the matrix elements are
summed numerically. Series for matrix elements
corresponding to source and field points at the same
sea-surface height are very slowly convergent. The
convergence of these series was accelerated by sub-
tracting and adding the asymptotic value of the

summand for large |n| and summing the added series
analytically.

@ Subsequent to obtaining a numerical solution for the
surface fields the scattered field is calculated from Eq.
(41), leading to a Floquet-mode series for that field
which arise from similar series in the periodic Green’s
function.

14
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Figure 2. Method-of-moments segmentation scheme.
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5. Numerical Results‘

@ The Floquet-mode-matching formulation based upon
the Rayleigh approximation was implemented.

® The MoM numerical solution for unknown surface
fields was implemented.

@® Both formulations lead to Floquet-mode series for the
surface and scattered fields.

@ The distant scattered fields exhibit interesting cutoff
phenomena which dramatically influence the spectral
response of the sea surface in the frequency domain,
and ultimately its time-domain response to pulsed
radiation.

Cutoff frequency, below which n’th Floquet mode
becomes evanescent (q,, negative imaginary):

_ c|n| |
U~ T +sin@) 42

Maximal frequency, above which backward-travelling
Floquet modes with n=-|n| become forward travel-
ling:

cl|n
Lsin®,

Vmas),, =
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Existence regime for non-evanescent, backward-

travelling Floquet modes having n=-|n|:

1, <f < o),

Example: L=0.1016 m, 6,=85°

Table I Low frequency cutoff and maximal frequency of

backward Floquet modes.

n (f.), GHz (fra)n GHz
1 1.479 2.964
2 2.958 5.928
3 4.438 8.892
4 5.916 11.86
5 7.395 14.82

® Time-domain band-limited impulse responses are
calculated as IFT’s of spectral fields.

spectrum of 1.0GHz<f<7.0GHz used for most

numerical results.
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Figure 3. Comparison of surface fields calculated by Floquet
mode matching with Rayleigh approximation
(FMM/RA) and moment-method solution to
magnetic-field integral equation (MFIE/MoM).
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Figure 4. Identification of Brewster’s angle for lossless
periodic sea surface, based upon Floquet mode-
matching formulation (n=0 mode) with Rayleigh
approximation.
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Figure 5. Identification of Brewster’s angle for lossy period-
ic sea surface, based upon Floquet mode-matching
formulation (n=0 mode) with Rayleigh approxi-
mation.
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moment method solution to magnetic-field integral

equations (MFIE/MoM).
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Figure 7. Band-limited, impulsive, time-domain incident
plane-wave excitation.
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Figure 8. Frequency spectra for backscattered TM response
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Floquet mode matching with Rayleigh approxima-
tion (FMM/RA) and MoM solution to magnetic-
field integral equation (MFIE/MoM).
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Figure 9. Time-domain backscattered TM response of lossy
periodic sea surface to impulsive plane-wave
excitation; Floquet mode matching with Rayleigh
approximation (FMM/RA) and MoM solution to
MFIE’s (MFIE/MoM).
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Figure 10. Comparison of frequency spectra for total scat-
tered fields calculated by Floquet mode matching
with Rayleigh approximation (FMM/RA) and
moment-method solution to magnetic-field integral
equation (MFIE/MoM).
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Figure 11. Time-domain total TM response of imperfectly-
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mode matching with Rayleigh approximation
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Figure 12. Frequency spectrum for backscattered TM re-
‘sponse of imperfectly-conducting periodic sea

surface to plane-wave excitation; calculated using
MoM solution to coupled MFIE’s (MFIE/MoM).
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Figure 13. Time-domain backscattered TM response of
imperfectly-conducting periodic sea surface to
impulsive plane-wave excitation; calculated using
MoM solution to coupled MFIE’s (MFIE/MoM).
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