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Forward—Backward Method for
Scattering from Imperfect Conductors

Dennis Holliday, Lester L. DeRaad, Jr., and Gaetan J. St-Cyr

Abstract— The previously developed forward—backward on S in the form [3]
method for calculating scattering from perfectly conducting

azimuthally homogeneous surfaces is extended to imperfect TN +oo 1)
conductors, where the dielectric constant has a large imaginary Ly (€) = 2e 1%t ¢ 3 / dO{ Ly () YyH; (k)
part such as sea water at X-band (10 GHz). An example shows —oo
that highly accurate results at X-band are obtained for the case +idy (E’)H(l)(/vy)} (1)
of a steepened sea wave. . foo 0
1 ~ ~
Index Terms—Sea surface electromagnetic scattering. Ly(6) = wk / df/{LH(E/)\/En(E/) "YHil)(Z)
— 00
In () (2)} 2
. INTRODUCTION +iJn (F)H, (2) )

I N a previous paper [1], we proposed a new method callgghere the vectoy is y(¢, ¢) = [y(¢) — y(¢'), =(t) — ()]
forward—backward for solving the magnetic field integral,q 7 — Veékly|; the unit normal vector and unit tangent
equation (MFIE) for a perfectly conducting azimuthally hoyector to S are given bya(¢) = [—2'(¢), y'(£)] andi(¢) =
mogeneous surface under conditions where there is significgp%) 2'(¢)], respectively;: is the unit vector in the azimuthal
low-grazing angle backscatter. We now describe the extens@fuction. The phase of the incident plane waves{g) =
of the new method to scattering from imperfect conductogfsin fy(L) + cos 0 z({)], wherex is its wavenumber and is

with Qielectric co_nst_ants near Fhat of sea water, ke its incidence angle. The functiorfifll) are Hankel functions
65 + 240 at 3-cm incident radiation [2]. of the first kind of ordern.
Equations (1) and (2) can be put in a form that facilitates
their numerical solution. Define
Il. DERIVATION OF EQUATIONS

We consider an azimuthally homogeneous surfdcthat Ly (€)= Loe™ ") + Ly p(0) 3)
divides space into two regions. The vertical and horizontal
coordinates of this surface(¢) and y(¢), respectively, are Where
functions of the path length on the surface; fof > ¢, and
0 < (_, z =0, ie., the surface is flat outside a specified Lo = 2cos 9/ [COS 0+ \Ve—sin® 0. 4)
region. Region 1 is a vacuum, which has a dielectric constant
e of one and permeability: of one and containg = +oc. A function Jrro(€) is obtained by inverting
The sources of electromagnetic radiation that impingeSon
are all located in Region 1. Region 2 contains> —oo and s i +oo Cia(iY e
is a nonmagneti¢y = 1) material media characterized by doe™ "0 = ) “/ dﬁ/{LOe TOVen()
complex dielectric constant - R ) (1)

For brevity, we first consider the scattering of an H-pol SYH(Z) + o (C) Hy (Z)}
incident plane wave of unit amplitude; the equations describing (5)
the scattering of a V-pol incident plane wave of unit amplitude
will be derived from the H-pol equation by well-knownpy a standard method, which will be discussed in Appendix

substitution rules [3]. A. Next, we define/y (€) by
To apply the forward—backward method to scattering from
imperfect conductors, we will find it convenient to write the T (6) = JTro(0) + Jur(£) (6)

well-known equations relating the electric currel (¢) =
t(¢) - [n(€) x E] and magnetic currenty (¢) = z - [n({) x B]  which leads to the following equations satisfied By ()
and Jyr(6):
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TABLE |
H-PoL 10 V-PoL REPLACEMENTS

Ly(€) = Jv{8)
where Jy (£) = ¢(£) - [A(€) x B]

1 ] Lv(®)

. use the € in Eq. (2)
where Ly () = 2 - [f(€) x E]

Ju(8) > —[

Lo = Jo see next entry

Ve—sin?d = % €—sin’d

Lygr = Jvr

JHo = —[ i ] Lyo use the ¢ in Eq. (5)

Jur = —[ 1 ] Lvg use the € in Eq. (8)

Dy = Dy with other changes noted above
Es = Bg
By = —By with other changes noted above
and of the incident wave from the plane = 0 is subtracted so
. +o00 7 . .
i i (1 that By (k) represents that part of the scattering amplitude
Lur(t) ==5n /_m Cw{L”R(ﬂ)‘ﬁn(ﬁ/hHE @) that varies asl/\/r .
. 1 The above equations apply to the case where both the
+idnr() ()} -quartons apply _
AR 0 surfaceand the incident field is independent of the azimuthal
(8) coordinate. In nature, the part of the surface responsible for
the azymptotic component of the scattered field, i.e., the part
where that varies ad/\/r will have a limited azimuthal extert,.

Provided thatx¢, is large, the H-pol scattering cross section

e will be given by

Dy (f) = +% K / df'{2(Lo — 1) "*a(e")

H (57) + i Tro(€)
— (2= Lo)e a1 ()} (9)

72 -
> T k)|?
OHH . |BH( )| (13)

where By (k) is determined from (11). This approximation

The “transparency theorem” of Shaw and Dougan [4] has begipduces, for example, thg dependence of backscatter cross
used in the above derivation. section from a straight edge [5].

At large distances from S, the azimuthal component of the For V-pol, the equations have the same structure and can
scattered H-pol electric field is related to the surface currefte written down using the replacements indicated in Table I.
by the Stratton—Chu equation [3]

[ll. METHOD OF SOLUTION

. R i ei(:kr+7r/4) R
@ Bs(k) = 2 2Ky B (k) (10) The methods used to compute solutions to the above H-pol

and V-pol Fredholm integral equations involve the conversion
of each of the top-side equations [e.g., (7)] into two coupled
Volterra equations, which are then solved by stepping. We
have previously developed this method for scattering from
perfect conductors and have named it forward—backward [1],
which, for brevity, will be referred to as F/B. The bottom-side
equations [e.g., (8) and its V-pol counterpart] will be solved
by a method that involves approximating the Hankel function
integrals. We will show the development only for H-pol and
(12) then use the substitution procedure in Table | to write the final
V-pol equations.

0r being the angle of reflection so that for backscatier= 4; Since 27 - Im /¢ is large (~12), the Hankel functions
note that the component of the scattered field due to reerctiHré”(Z) and HF)(Z) are small except whe# is within a

where

~ +OO ~
Bk = [ {Un(e) = n(e) - kLw ()

e—im[y(ﬂ’) sin #r+2(¢") cos Ar]

_ [\/e — sin® 6 — cos HR}Loy/(E/)
6—7?1:,[sin A+4sin ﬁR]y(/.')} dﬁl (11)

k= (sin O, cos 0g)
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fraction of an electromagnetic wavelength éfAccordingly, and
we approximate the integral on the right-hand side of (8) by ;
. pres (6, €)= 5 ma(€) - 3H(ky) = 5 fv ()H (k7). (26)
? " " Aoy~ pr(1)
—— dl's Lygr(f 7Yy-4H, (2
2" /Oo { nr(E)Ven(t) 71y (2) Equations (21) and (23) are solved by F/B. For (21) we write

+ iJun()HV(2)} Lir(f) = Lin() + L () (27)
= A(O)Lur() + D(0)Jgr () (19 here
where "+
D e Lin(®=Du(0)+ [ (G O)Ln(e)de
Aty =3 WE/ a(l') - yH{V(Z)d (15) o
o = + [ O (28)
+o00
00 f_
for a flat surfaceA(¢) = 0 and D(¢) = (e)=("/?), + ‘ H, LB () dl (29)
’ HR :

The above approximation in (14) is more accurate than a
previously published “impedance boundary condition” approx- o _ _ _
imation [6], which further approximates the integrals in (15) Application of the F/B method begins with solving (28)

i

and (16) by taking with LB . = 0 for L, by stepping starting at = ¢,
; and proceeding to smallét With the approximate.’; , so
A(l) =———= [y ()" () — 2/ (€)y" (¢)] (17) obtained we solve (29) fol %, by stepping, starting at
2r\/€ ¢ =¢_ and proceeding to largé The resultingL? , is then
D(¢) = L (18) substituted into (28), which is then stepped to produce a new
Ve approximatelf; .. The procedure is continued until a desired
The accuracy of the approximations in (14) is discussed §¢9ree of convergence is obtained. For this report we stopped
Section V where it is shown to be good. the iterative process when the difference between successive

The values of/yz(¢) and Ly (¢) will be negligible far estimate_s of.y r is less than 10* at every point on the griq.
from the crests of the waves we will consider and a goddPPlication of the F/B method to solve (23) proceeds in a
approximation to (7) will be obtained by integratiyonly Similar manner that is straightforward to derive. _
over the interval_ < ¢ < £, , where(_ and/, are taken to Some details of the computations are discussed in the

be sufficiently far from the crest. Then, using the result Appendix. The accuracy of the method used in this section to
obtainLgr, Jur, Jvr,andLy g are discussed in Section V.

Jur(€) = fr(O)Lrr(f) (19)
where V. EXAMPLE:
1= A®0) BACKSCATTER FROM A SIMULATED SEA WAVE
fu(6) = W (20) The preceding formulation has been used to compute
Ly, Ji, Jv, Ly, and the H-pol and V-pol backscatter cross
which is implied by (8) and (14), we obtain sections at 85 incidence angle (5 grazing) for a 10-GHz
T (3-cm wavelength) plane electromagnetic wave scattered from
Lir(€) = Dy (£) + H(, ") Lyp(f)dl (21) a simulated sea wave that is similar to a paddle-generated
- wave under investigation in the large wave tank at the
where Ocean Engineering Laboratory, University of California, Santa

i " s o Barbara (UCSB). This simulated sea wave, which is in the
H( ) = 5/-671(5’) “YH (k) — §fn(€’)H0 (k7). (22) deformation phase of breaking where the forward face has
just moved past perpendicularity, is an output (Case 2.5,

The V-pol equations follow in exactly the same manner 837 = 58 4377, 7' = 0.801 s) of the LONGTANK numerical

the H-pol equations. We find wavetank developed by Wargt al. at UCSB for the study
T of wave groups, wave—wave interactions, wave deformation,
Jvr(€) = Dy (f) -I-/ V(e £)Jyvr(f)dt"  (23) wave breaking, and other nonlinear effects [7]. Surface tension
- effects are taken into account in the computation of the wave
where shape. As shown in Fig. 1 (to scale), the wave, hereinafter
called the UCSB wave, has a crest-to-trough amplitude of
Lvr == (0)Jvr(l) (24)  about 8 cm and its wavelength is about 1 m. Fig. 2 shows the

detail of the forward face of the wave.
The wave shape data provided to us by Wangl. in digital

(&)= fa(0)/e (25) form comprises the whole wave group, which includes the

with
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Fig. 3. H-pol currents.
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Fig. 2. Detail of the crest. 1.2

UCSB wave. For our example, we isolate the UCSB wave o.0
numerically by applying two “cosine-on-a-pedestal” functions
to the whole group in such a way that the surface ahead of
and behind the crest of the UCSB wave is brought smootHtig- 4. V-pol currents.
to the mean { = 0) water level as shown in Fig. 1.

Fig. 3 shows the computed values |éf; | and || from  yowever, due to the differences in backscatter produced by
£ = —10+410 cm, while Fig. 4 shows the values ¢fv | the effects of imperfect conductivity (which are complicated!),
and|Ly | over the same range; the perfectly conducting> . giffers from ¢, by a much larger amount, 15 dB. The
ico) currents|/y¢| and | Jy ¢ [—computed by F/B—are alsoyatig of g7 to oy v is +19 dB, while the ratio ob<,, to
shown. The|Ly| and|Ly | are, as expected from (20) and,¢ is +6 dB.

(24), attenuated versions ¢f| and |Jv|. |Jn| and[/rc| 1o see the importance of multiple scattering in this ex-
are similar, which is a consequence of negligible absorptlonérpnme' we note that the Kirchhoff approximation to perfect

H-pol by the sea water. However, in V-pol, there is Signiﬁca%nductivity backscatter from the UCSB wave leads to
absorption at the low-grazing angle of our example|.50|

and |Jv¢| are quite different. The backscatter amplitudes Oiren, = 2.9 M7, (34)

calculated from (11) and the corresponding V-pol expression _
with the above currents are This value is 15 dB below;,, and 9 dB belows{/, , thus

showing that multiple scattering effects are significant in both

Br (k) =27.1 exp(—i23.1°) (30) H-pol and V-pol.
and We have not been able to devise a “simple” explanation
By (i) = 3.2 exp(—i 11.5°) (31) of the scattering phenomena that lead to the results computed

above. Complicated interference phenomena, absorption by the
which, for a reference width of, = 1 m, leads to backscattersea water in V-pol, and scattering by highly curved regions of
cross sections the surface are all involved in a significant way. What we
_ 9 c 9 have done is to develop a method to compute scattering from
orH =583 M (O =982 M) (32) imperfectly conducting wave-like surfaces to a high degree of
and accuracy that can be verified.
oyy =0.82 m? (cGy =24.3 m?) (33)

the values in parentheses are those for perfect conductivity. V. ERRORS AND THEIR REACTION

The above value of gy is in the range observed for large The simplest error check is to calculate how well the F/B
sea spikes [8]. As expectedy  differs very little fromos$; ;. solutions LL; . + L% . and J{', + J, satisfy the original
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Fig. 5. J for H-pol. Fig. 6. L for V-pol.

integral equations fof.;r » and.Jy » [(21), (23)], respectively. changed cross sections are again negligibl@.02 and—0.05

Direct substitution of the F/B solutions into the appropriatgB for H-pol and V-pol, respectively.

. . . . The above discussion indicates that the original F/B solu-
equations yield estimates of the errors. The maximuay tions are highly accurate and yield highly accurate backscatter

error occurs in the vicinity of the peaky r and is about 4 ) :
2 - . . cross sections. However, the residuals can also be used for a
x 10~°. The maximum error for/y g is also located in the d o det ) A luti | deul
peak Jy » region and is very small at about 8 10-5. If procedure to determine more accurate solutions. In particular,
férJHR and Ly r are defined as in (35), then the appropriate

these errors are included in the calculation of the backscat . | i fol. 47 £ (21). (23
they lead to negligible changes of 0.01 and 0.00 dB in tH8 9" €quations foLrr and.Jvr [cf. (21), (23)] are

. . +o00 -
backscatter cross sections for H-pol and V-pol, respectively. Lir() =Dy (0) — bn / dglj(g/)Héw(m)
The above errors, of course, do not address the adequacy of oo
the fx and fy- approximations. We can consider these errors +00 ) ) )
by introducing residual fieldg(¢) and L(¢) as +/ de'H (L, ') Lr(l') (38)
Jun(0) = fu(O)Lun(6) + (0 and .
Lvr(t) = — fu(0)Jvr(€) + L(0). (35) Jvr(f) =Dy (£) + Lk / d¢ LY HS (1)
-Sj i i i +oo
The bottom-side integral equations for these residuals are +/ A0V (L, )y (). (39)
SK / e (¢ H (2) When combined with (36) and (37), the above equations
- comprise a complete set that can be solved iteratively. The

= Lur(f) + in\/E /+Oo Al L p(€)n(l') ~7H£1)(Z) iteration scheme starts with = L = 0; (38) a_md (39) are
2 —oo solved for Lgr and Jvr by F/B. These solutions are then

] tooo , o~ pr(1) used to calculatd and . by means of (36) and (37). The new
B / Al fu (C)Lur(C)Hy (Z) (36)  J andL are used in (38) and (39), which are then solved by
and - F/B for a newLyr and a new/y r. We then go back to (36)
! (1) and (37) and repeat the process. We stop the process when a
ok / AU L") Hy *(Z) criterion is met such as successive changes$ and L being

) too less than some small number.
_ _|:JVR,(£) 4 im/g/ dE’JVR(E’)ﬁ(E’)’YHf)(Z)]/€ The iterative process described above was carried out for
2 -0 the surface under consideration. Table Il lists the maximum
+ 00 . F =4 : . . :
1 , , (1) changes i/ and L as a function of iteration number starting
T ok /_Oo A fv (€) v r(E)Ho " (2). (87)  with zero (theJ = L = 0 solution discussed above). As
) . can be seen, the procedure is converging numerically. At the
Solutions for.J and L are obtained in exactly the same wayoint we stopped, we calculated the changes in the backscatter
as the solution for ;74 (¢) andLVO(Q (see Appendix). Figs. 5 amplitudes and cross sections produced by. and the altered
and 6 show the absolute values .bfand L, respectively, in Luzr and Jy . We find
the peak region-10 cm < ¢ < 10 cm. As can be seen, 5By (k) =4.7 x 10~2 exp(i72.7°)
these quantities are small compared.Jftgp and Ly and are N _ . o
concentrated in the region of the waveform that we expect to 0By (k) = 1.6 x 10 _jXp(z 168.3)
have the greatest error associated withand fi-. When the bogp =—T.7x107" dB
residual currentd and [ are used to calculate backscatter, the Soyy =—4.4 x 1072 dB. (40)
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TABLE I grid at 1/10 mm has 1310729 points. The power of two
J AnD L CONVERGENCE is required because of the technique we use to solve (5) (see
Iteration ~ - below). Most of this surface consists of flat regions both in
§J 6L front of and beyond the UCSB surface. The acthiakriable
Number is taken to be zero near the center and corresponds to the peak
of the UCSB surface. The variablés and¢_ are determined
1 4.6 x 1071 8.7x 1073 by adding 5 m of flat surface on either side of the UCSB
9 1.8 x 101 7.9 % 10-5 surface so that, — /_ = 11.7 m.
The reason we sample the surfaceMdt= ;- mm is that all
3 9.3 x 107 6.9 x 1077 integrals on the bottom side are calculated with this grid. Such
4 56 x 10~2 | Iteration stopped a fine grid is required sincHé”(Z) and Hf)(Z) vary quite
i rapidly due to./¢ having a large imaginary part. To further
b 3010 after n =3 due to capture the rapid variations, we avera@&:})(Z) andHF)(Z)
6 2.6 x 1072 | rapid convergence over a 1/10 mm interval when performing the bottom-side

integrals.

Of course, we do not want to solve;r and Jy g on
These are very small changes and again emphasize the thg-fine grid since this would require an excessive number
equacy of thefy and fiv assumption for the surface undeif calculations for an insignificant improvement in accuracy.

consideration. Instead, we downsample by a factor of eight so that the grid
for the top-side equations (28) and (29)A¢ = 0.8 mm; then
VI. SUMMARY AND CONCLUSIONS there is a total of 14623 grid points.

The method previously developed for scattering from per- The numerical implementation of the stepping procedure has
fectly conducting azimuthally homogeneous surfaces has b&§¢n discussed elsewhere [1] and will not be repeated here.
successfully applied to scattering from azimuthally homog#Ve only note that we treat the" singularity by averaging
neous surfaces that are imperfect conductors, whéraas a over the grid cell
large imaginary part. The extension involves solving simulta- WAL
neously the top-side and the bottom-side integral equations by Hé”(O) =14 — (En— -1+ "}/F'> (A.2)
methods shown to have very low errors at X-band (10 GHz), 4
even for such a highly curved surface as a sea wave in {jiere v is Euler's constant
deformation phase of breaking.

An example calculation at X-band demonstrates that the vr =0.57721---. (A.3)
new method produces highly accurate amplitudes and cross
sections for polarized backscatter from sea waves. Finally, we turn to the solution of (5). We will here consider
the H-pol equation, but the V-pol equation is solved in exactly
APPENDIX the same manner. Since we know the solution for a flat plate,
COMPUTATIONAL DETAILS we define
The wave form supplied by UCSB is a list gf z values Jro(f) = [e —sin? OLge= ") 4 87 (0) (A.4)

on a nonuniform path-length grid. For the surface used in this

report, the path-length grid spacing varied frgnmm to 2.8 so that the integral equation féi/ is

cm with the% mm spacing used in the highly curved regions of oo

the wave. To perform the underside integrals with the Hankel Lr / dﬁ’éj(ﬁ’)Hé”(Z) = LoX(0) (A.5)
functions of complex argument, we require the surface to be -

sampled on a fine uniform path length grid. Here, we have us E]

A¢ = —— mm. The procedure used to define the surface at e

scale |s as follows. We first considgrand = as functions of _ib) ¢ tooo i)

the index ¢). We then individually cubic spline interpolate X(O) =" + g /_Oo dle

andz as functions of. This yields continuous functions with ) -

continuous first and second derivatives. We then calculate the ’ {\/Eﬁ(ﬁl) "AYH?)(Z) +iVe— sin’ gHél)(Z)}

path length (A.6)

oQ

. . . 1/2
()N | [de@)) The functionX (¢) is calculated on the 0.8-mm grid where for
£(i) = di - — (A.1) . o L
0 dv dv any ¢ we restrict the/’ integration in such a way that
determine the appropriatefor « given ¢ and calculate the |¢ — ¢ <3cm (A.7)
six functions:y(¢), ¥’ (£), y"(¢), z(£), 2/ (€), z”(£). The fine
1For those readers wishing more detail in the derivation of the finafhls is reasonable since

equations, technical report LRDA-TR-2190 003-002, June 1996, is available 5 <
upon request from the authors. |Hy (Z)|y=3em = 3.46 x 107 (A.8)
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for ¢ = 65 + 740. Next, we rewrite (A.5) as Lester L. DeRaad, Jr. received the B.S. degree

in physics from the University of Minnesota, Min-
1 / N (1) ; neapolis, and the M.S. and Ph.D. degrees in physics
ok / de 6‘]“ )HO (\/EKM £|) from Harvard University, Cambridge, MA, in 1963,
1964, and 1970, respectively.
— . X0 -1 de 8T H(l) He served for several years as an Adjunct Assis-
0 ( ) 2f J( )[ u (\/E/-vy) tant Professor at the University of California, Los
Angeles, researching elementary particle physics; in
1
- H((J )(\/E"fw - £|)] (A-9) particular, source theory, quantum electrodynamics,
) ) and strong and weak interaction phenomenology.
The left-hand sideJ can be solved for by FFT technique : He joined Logicon R&D Associates (LRDA), Los
if the right-hand side is known Consequently (A 9) is SONGepgeles, CA, in 1978, where he participated in the SXTF/BACCARAT
. . . . ; N . project for DNA, developing simple plasma models for colliding wires and
by iteration by first assuming/ = 0 on the right-hand side. jccelerating foils in pulse power devices, and analyzing experimental data. He
Typically, four iterations are required to obtain a solution thdias conducted research in electromagnetic scattering, synthetic aperture radar,
changes less than 10 in 6.7 from its previously determined hydrodynamics, nuclear effects on communication systems, nuclear effects on
. . . . . radar systems, electromagnetic pulse, solid state physics, and plasma science.
values. The iteration technique is particularly powerful helig 1987 he joined the Radar Ocean Imaging Project for the Office under
because of the short range of the kernel and the fact that otrerSecretary of Defense at LRDA, investigating electromagnetic scattering
such short rangeg ~ w _ £| FinaIIy we note that the right- from random surfaces, studying hydrodynamic models of surface features of
. . I ! . interest, and analyzing and interpreting experimental data.
hand side is calculated directly on the 0.8-mm grid and then
interpolated to thel: mm grid by use of FFT's and zero
padding.

Gaetan J. St-Cyr received the B.S., M.S., and

Ph.D. degrees in electrical engineering from the
California Institute of Technology, Pasadena, in
1962, 1963, and 1969, respectively.

He joined the Hughes Aircraft Company, Culver
City, CA, where he participated in research opti-
mization techniques for infrared scanning systems,
atmospheric radiance and transmissivity, light scat-
tering by atmospheric aerosols and clouds, IR back-
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