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Low-Grazing Angle Scattering from Rough Surfaces
In a Duct Formed by a Linear-Square Refractive
Index Profile

Ra’'id S. AwadallahMember, IEEEand Gary S. BrownFellow, IEEE

Abstract—The problem of rough surface scattering and prop- Under the conditions of predominant forward propagation
agation over rough terrain in a ducting environment has been and scattering, i.e., when the rough surface is gently undulating
receiving considerable attention in the literature. One popular and the angles of propagation and scattering are close to
method of modeling this problem is the parabolic wave equation . th PWE imati del dtob
(PWE) method. An alternative method is the boundary integral grazing, the one-way approximaton modeil prove 0_ e
equation (BIE) method. The implementation of the BIE in inho- Very adequate [1]. An excellent account of the mathematical
mogeneous media (ducting environments) is not straightforward, derivation of the PWE along with a detailed discussion of the
however, since the _Green’s function for such a med!um Is not underlying assumptions and approximations can be found in
usually known. In this paper, a closed-form approximation of the |51 There are two levels of approximation used in the PWE
Green'’s function for a two-dimensional (2-D) ducting environment thod: th | d the wid | h Both
formed by a linear-square refractive index profile is derived using method. the narrpw-ang ean € wide-angle approaches. 5o
asymptotic techniques. This Green’s function greatly facilitates Of these formalisms neglect backscatter. The narrow-angle
the use of the BIE approach to study low-grazing angle (LGA) approximation is amenable to the very fast and efficient
rough surface scattering and propagation over rough surfaces split-step Fourier method, however, its accuracy deteriorates as
in the aforementioned ducting environment. This paper demon- ha gojytion region is moved away from the forward direction
strates how the BIE method can model the combined effects of f ti Th id | imati
surface roughness and medium inhomogeneity in a very rigorous 0 propagg ion. The W', €-ang ? approximation an more accu-
fashion. Furthermore, it illustrates its capability of accurately —rately predict propagation outside the forward region. Although
predicting scattering in all directions including backscattering. most of the available forms of the wide-angle PWE require
The boundary integral equation of interest is solved via the method finite-difference solution, the form suggested by Thomson and
of ordered multiple interactions (MOMI), which eliminates the Chapman [3] is amenable to the split-step Fourier method. A
requirements of matrix storage and inversion and, hence, allows le PWE/split-st del f tudvi | )
the application of the BIE method to very long rough surfaces. narrow-angie sp.| -Step moael Tor studying low grazing

angle (LGA) propagation over a rough surface was suggested
in [4] among others. The great advantage of the PWE methods
is that they can model most real-life nonhomogeneous environ-
ments. The drawback is the underlying paraxial approximation.
Due to this approximation, the traditional PWE methods are

. INTRODUCTION only capable of modeling continuous forward multiple interac-

URING the past several decades, researchers in the aféRs on the rough surface. By contrast, the BIE method based

D of applied electromagnetics (EMs) and underwater acod? the two-way Helmholtz wave equation rigorously models

tics have been searching for rigorous and efficient models i@l the surface field interactions. Provided the Green'’s function
mathematically describing wave propagation over rough su$-known in an appropriate domain, an integral equation can be
faces as well as the scattering of these waves by such surfa¥g§ten for the currents induced on a perfectly conducting rough
These researchers have also been interested in studying the c#fface. These currents are then used in radiation integrals
bined effect of atmospheric conditions (ducting conditions) a@volving the appropriate propagators to calculate the scattered
surface roughness on the propagation and scattering probldgld at a point above the surface. Recently, a very elegant
Two main methods for modeling this problem are available @PProach that combined the efficiency of the split-step method
the literature. These are the parabolic wave equation (PWE) &l the rigorousness of the BIE method and showed that the
the boundary integral equation (BIE) models. PWE methods have the potential to model forward/backward
interactions was proposed by Rino and Ngo [5]. Nevertheless,

the results reported in [5] are strictly forward-scattering results.
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to study high frequency acoustic propagation in shallow wate
[7]. The BIE models involved in our study are those based or
the exact Helmholtz wave equation. The applicability of the
BIE model is tied to the calculation of the Green’s function j
for the medium of interest. There is, of course, no difficulty in Ws

—

this respect for a homogeneous medium. For nonhomogeneo r——r——— r ”
media, exact closed-form integral expressions of the Green' z 5 Re(w)
function can be obtained for a small class of refractive inde» 2 A P

profiles. For general slowly varying profiles, approximate
integral expressions of the Green'’s functions can be obtaine
via the WKB method [8]. The evaluation of the integrals
involved in these Green’s functions is not tractable numerlcal'fyg L
due to rapidly oscillating integrands. In this case, asymptotic
methods of integration are the only resort. (ek2)™V3 ¢ = to + 2/H,t' = t, + 2 /H,t, = H*(?
In this paper, we use the BIE model to study the scatteridg), (’, z’) is the source pointy, z) is the field point,4;(-) is
from a rough surface in an infinite duct formed by a lineaithe Airy function of the first kind B;(-) is the Airy function of
square refractive index profile?(z) = 1—ez, wheres isacon- the second kind, ank, is the free-space wavenumber.
stant called the ducting parameter, where the Green’s functionThe exact Green’s function given by (2) is not numerically
can be written in terms of Airy functions [3]. We limit ourselvedractable since the integrals involved are difficult to evaluate
to such a medium which already gives useful insights into tien numerically due to the oscillatory nature of the integrands.
problem of scattering by a rough surface in a ducting enviroRonsequently, an approximate solution valid in the frequency
ment. The generalization of the method to more general envirdange of interest, i.e., microwave range, is obtained asymptot-
ments will be the subject of a future study. We use asymptotiglly using the methods of steepest descents and stationary
techniques to facilitate the computation of the Green’s functigiase [8], [11]. To this end, we follow Felsen and Marcuvitz
and make it numerically tractable. [8] and let
In the proposed BIE model, the surface currents are solved )
for via the method of ordered multiple interactions (MOMI). 1= kosinw ®3)
Zhls method was developed by Kapp and Brown [9] and iny and notice that for largg,, the Airy functions can be replaced
ependently by Hollidat al. [10] who gave it the name for-
by the leading term of their large argument asymptotic expan-

ward-backward. MOMI is a robust and efficient iterative tech=:

sions, and hence, the integral in (2) can be written in the form
nigue, which, as opposed to the traditional method of moments
(MoM), does not require matrix storage and, hence, facilitates .
the application of the BIE method to very long rough surfaces. G= 4 Jp dw f (w){exp[—jkoq (w)]
Thg pr.opose.d BIE/MQMI mgthod is capablg of predmtmg sca_t- + j exp[—jkoga(w)]} 4)
tering in all directions including backscattering. This method is
used to calculate the scattering from a variety of rough surfacemereP represents an appropriate contour of integration in the
including sinusoidal surfaces, surfaces with Gaussian rougibmplex domain shown in Fig. 1. In (4)
ness spectrum and surfaces with Pierson—Moskowitz roughness
spectrum, in a ducting environment. Some results are compared f (w) =
to those produced by the narrow-angle PWE/split-step method. {(1 - ez = sin® w)(1 — ez’ — sin® w)}1/4

The ducting effects on the rough surface backscatter are also in- 1 (w) = sinw(z — z') /4> [n2(2) — sin2 w dz
vestigated in this paper. 2

2t
— o ot 2 -
Il. GREEN S FUNCTION OF A LINE SOURCE IN AN INFINITE g2(w) = sinw(z — a') +/Z L VP (2) — sin® wdz

MEDIUM WITH A LINEAR-SQUARE REFRACTIVE INDEX PROFILE )

Path of integration in the complexplane.

cosw

®)

The Green’s function for the scalar Helmholtz equation in a

— ! — . ! H
medium with a linear-square refractive index profile of the forr¥1\’he_rez> . max(_z’ g )’_Z< = min(z, z ), 2 1S k_nown as the_
turning point and is defined as the point at which the equation

n(z)=1—ez (1) 1—e(zorz’)— sin® w = 0 is satisfied.
One observes that using the large argument expressions of
wheree is a constant called the ducting parameter, is given lilge Airy functions and their derivatives replaces the exact inte-
[3] (please see (2) at the bottom of the page). In 2),= grands of (2) by the WKB approximate ones given in (4). The

Gz, 2, 2,7) =

i (Y — PA (Y ) —in(z—z’) ’
g {f_m[Bz(t) GA; ()] A (e dn, z> =z o

2 A [Bi(t) — jA®)e D dy, 2 < o
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Fig. 2. Ray picture of the Green’s function.

WKB approximation is a good one for slowly varying refracAs long as the points,,, andws,,, are well isolated, the contri-
tive index profile, i.e.|dn/dz/k,n?| < 1[8]. Itis applicable bution of each of them to integral (4) can be evaluated indepen-
in the case at hand, whené =~ O(1),|dn/dz| = O(e) and the dently and the results are added to obtain the Green’s function
frequency of interest is in the microwave range. This also saysregion Il. Whenw,,, — w,,,, the contribution of each one
that our method is applicable for any slowly varying refractivef them to the integral cannot be treated independently and the
index profile where we can easily write the WKB solution. Furstationary phase procedure must be modified to accommodate
thermore, although the value = 0.0001 was chosen in this two nearby stationary points [8], [11]. It can be shown that the
work, a smaller and more realistic valuesaiakes the approx- stationary points are well isolated as long as
imations incurred in our development more accurate.

The asymptotic evaluation of the integral in (4) is carried out ‘—kg/gff‘ <6 9)
in three different regions in space [8]. These regions are delim-
ited in Fig. 2. In region |, each observation point is reachey€"®

by two eigenrays. The first ray propagates directly from the o = {(3/4) [q2 (wsy,) — g2 (ws )]}2/3 (10)
source to the observation point and is characterized by the sta- * *
tionary pointw,,, obtained by solvingdq1/dw]w:wm = 0. andé is the minimum Airy function’s argument that allows

As exhibited in Fig. 2, this ray propagates from the source tbe replacement of the Airy functiod;(6) with the leading

the observation point while undergoing continuous refractidarm of its large argument asymptotic expansion [11]. The result
and manages to reach the observation point without havinggiven by the modified stationary phase for two nearby stationary
reverse its direction under the influence of refraction. In thigoints is also valid on the caustic where the two stationary points
paper, this ray is called the direct ray. The second ray, whichagactly coalesce angdin (10) becomes exactly zero. In this case,
characterized by the stationary poin,, obtained by solving ws,, = ws,, = w. is @ second order stationary point which si-
[dg2/dw]w=w,, = 0, propagates again under continuous renultaneously satisfies the two equations

fraction, all the way to the caustic and then gets reflected toward

the observation point. This ray is called the caustic-reflected dgz(w) =0 (11)
ray. The contribution of each stationary point to the integral in dw |,

(4) is evaluated and the results are added to obtain the Green’s PP g (w) -0 (12)
function in this region. In region Il, the direct rays mentioned dw? | _,

above reach the observation points after undergoing a direction . . . . .
reversal under the influence of refraction (see Fig. 2). Thefge elimination ofw. from (11) and (12) yields the caustic
rays are called refracted rays and are characterized by the &yve
tionary pointsw,,, obtained by solvingdg> /dw}.=.., = 0. &(z,2) =0 (13)
The caustic-reflected rays continue to exist in this region and
they are characterized by the stationary pointg obtained by Which separates the regions Il and IlI.
solving [dgz/dw]w=w,,, = 0.* Regions | and Il are separated In the theory of geometrical optics, the caustic is the defined
in space by the curve [12] as the boundary between the propagation and the shadow re-
gions. In region lll, stationary points,,, andw,,, separate
, ) from each other, move into the complex plane, and form a com-
(z—a") = g(z — 2)(1 = ez). (8) plex conjugate pair. In this case we resort to the method of
steepest descents and determine the Green'’s function by ana-
Iytically continuing the Green’s function obtained on the caustic
Un region II,[dgs/dw] =, = 0 has two roots. into the complex domain [8]. Since region Il coincides with the
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Fig. 3. Problem geometry.

shadow region, we expect our Green’s function to be exponeswrface by an incident field is set up and numerically solved
tially decaying there and indeed it is so. using MOMI.

Together, Regions | and Il form the largest portion of the As exhibited in Fig. 3, we elected to work with Cartesian
propagation region. In these regions, the caustic-reflected @ordinates, where the-axis extends along the mean plane of
exists as a byproduct of the fact that the refractive index profilke rough surface and the single-valued surface height above the
under consideration is monotonically decreasing with heigihean plane is given by the function= ((z). In Fig. 3, 6;

This means that eventually, the refractive index profile will pass the angle of incidence, the poit,,, z,, = , tan(w/2 —
through zero and attain a negative value at a certain height Bgh represents the center of the initial field bealif,(x,, z,).
yond which no propagation is permitted and the field is totallyhis field is propagated toward the rough surface to obtain the
evanescent. In many physical ducting environments, the refraweident field£%(x, »). The vertical dash—dotted lines, in Fig. 3,
tive index profile decreases with height up to a certain point amelpresent the range vertical planes at which the scattered field is
eventually reaches a constant value. In such environments, tihbe calculated via the appropriate radiation integrals involving
steep rays, which in our model reach the caustic before gettitng surface currents.

bent down by refraction, escape the duct and do not contributélThe MFIE for an infinite perfectly electric conducting (PEC)
to the ducted field. The modeling of such environments via tlieugh surface has the form [13]

method presented in this paper will be the subject of a future

study. For now, the nonphysical contribution of the caustic-re- J(z) = Ji(x) +/ P(z,2")J(z') da’ (14)
flected rays to the field can be eliminated by eliminating the X

contribution of the stationary point which gives rise to it in thg,pere

Green’s function integral (4). The effect of the caustic reflec- J(z) unknown surface current:

tions will be demonstrated in one of the numerical examples inp(% ') propagator;

Section V. _ _ _ Ji(z) “Kirchhoff current” induced on the surface by
We should mention here that, as pointed out in [8], the the incident field.

major contribution to integrals like the one in (4) comes froMye domain of integratio in (14) is infinite in principle, how-
the neighborhood of the stationary (saddle) points either @y it can be made finite by using an appropriately tapered in-
large observation distances or for short wavelengths. Thisdgient field. For TE waves, i.e., when the incident electric field

to say that the normalized distanpe— i*|/A, must be large i js tangential to the surface, the quantities involved in (14)
enough for the steepest descent or stationary phase methog,fo4iven by

yield accurate results. Evidently, these methods are sufficiently

accurate for microwave frequencies especially for observation Ji(z) = 28Ei(a:, z) (15)
points located in the far-field region. = on R
OB (', 2
ll. M AGNETIC FIELD INTEGRAL EQUATION FORMULATION OF J(z') = % (16)
2-D SCATTERING PROBLEMS AND THE METHOD OF ORDERED /Z’=<(”’)
MULTIPLE INTERACTIONS Pz,z') = _2‘9GE;77“7 ) 1T+ 2. (17)
n

The BIE used to model the scattering problem in this paper is ‘
the magnetic field integral equation (MFIE). In this section, weor TM waves, i.e., when the incident magnetic fiéld is tan-
recall the principles of MFIE/MOMI as applied to the problengential to the surface, the above quantities are defined as fol-
of LGA electromagnetic wave scattering from a one-dimetews:
sional (1-D) randomly rough perfectly conducting surface lo- ‘ ‘
cated in aductformed by a linear-square refractive index profile. JH(x) = 2H" (%, 2)|.=¢(a) (18)
The MFIE governing the currentinduced on a conducting rough J(a")y = H(z', 2" )| o —¢ar) (19)
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IG(z,a") Due to the triangular nature of the matri¢ds- L) and({ — U

P(z, 2"y = 22500 AT, 20 g ¢ds- L) and(I - U),

(@, 2') an’ (@) (20) no matrix inversion is required to compute the “new Born term”
In (15)~(20),G(x, 2") is the Green’s function propagator thaP' any of the higher order iterates. Instead, forward or back sub-
was derived ,in thé previous sectid@ydn is the derivative along stitution can be used. This eliminates the necessity to store and

the surface normal at a given poit,and H are the total elec- invert the propagator matrix as required by the classical MoM.

tric and magnetic fields on the surface. The fa el As a matter of fact, it turns out that in many practical cases

results from converting the integral along the rough surface inf®/©!ving rough surface scattering, the new Born term by it-
an integral along the mean surface plane an@) is the sur- self produces accurate results and it is not necessary to go to

face slope at the point. The scattered field® for the TE case higher order iterates. The computation time necessary to calcu-
can be determined by late the new Born term goes lik§? — N and, thus, a consid-

erable savings is achieved over th& decomposition method
s/ Ry N =T, used to invert the matrix in MoM solution for which computa-
B () = /X G, 2 = (@) (@) v+ Glal) da’. tion time goes likeV3/3 + N? — 5N/6. In this paper, we are
(21) dealing with LGA rough surface scattering. As the angle of inci-
dence approaches grazing, the illuminated surface area becomes

For the TM case, the scattered figitf is given by larger, which means that the number of samp¥essed to rep-
OG(7, ', 2 = (") resent the surface current gets larger and the classical MoM
H (7)) = / — J(@")\/1+ 3(')d2’.  approach becomes prohibitive, while MOMI provides a much
X on more promising alternative.
(22)
For an arbitrary surface, the MFIE can only be solved nu- IV. THE INCIDENT FIELD
merically. To t_his end, (14) must be discretized and put in the The incident field, which appears in the MFIE, is defined
following matrix form: as the field produced by the source (antenna) that would exist
J=JisPJ (23) in the medium in the absence of the rough surface. When the

BIE/MOMI approach is used to simulate the problem of prop-

where.J is now a vector that contains the total surface curreAgation over a rough surface in a ducting medium, it is appro-
sampled at a uniform grid oN discrete points{x,,} with priate to calculate the field produced by the source—the initial
a sample spacing oAz, J¢ is another vector that, containsfi€ld—on a certain vertical plans,. The incident field on the

the Kirchhoff current sampled at the same discrete poifRuUgh surface£" inthe TE case andl” in the TM case is then
{zm}, and P is a square propagator matrix, with entrie§valuated by propagating the initial field from the vertical plane

P =  P(zn,z,)Az which accounts for interactions ©Nto the rough surface using the ducting medium propagator.
bgiﬁveen the di’}}grgm current elements on the surface. THhE use aninitial field constructed from an angular spectrum of
classical MoM solution to (23) is given by plane waves of the form [14] (see Fig. 3)
— —1 i x/2 _
J=I-P) " J. (24) (0, 20) = 1 / o l(0—0)2/(20)?)]
o ﬁAe —77/2

This requires the storage and inversion of the matfix- P)
either directly or via thd.U decomposition. This procedure be-
comes numerically prohibitive when the illuminated area on tf?ﬁ (28)
rough surface is large. This difficulty is alleviated by MOMI o

as follows. The propagator matri is split into the lower and ~ * ¢ represents the initial field€“ for the TE case ané/

X exp[—jko(zqsing — z, cos@)]db.  (28)

upper triangular matrices andU; P = L + U. It can then be for the TM case; N
shown [9] that the discretized integral equation (23) can be re- * i |s_the angle of incidence measured from the positive
cast into the following form: Z-axis,
o A8 = 2/k,gcosb;
J=I-U)yI-L)y 'V +(I-U)yYI-L)yLuJ * g is the half-beam waist;
e The center of the beam is located(at,, = z,,2,. =
(25)

tan(m — 0;) ).
wherel! is the identity matrix. The first term in (25), given by If the integration in (28) is performed in an exact manner, the
above incident field satisfies Maxwell's equations exactly. The

Jp=(I-U)"(I-L)y~"J (26)  “Kirchhoff’ current .Ji, which appears in the MFIE (14), is
. . . i b
is the so-called “new Born term.” This term can be used to |tera%leVen y
(25). It serves as the zeroth-order iterate in the solution of (25) OE (x, 2)
given by [9] J(z) = ZT”

. o la=¢@)

- — Ea as 3 May
J=S (-0 - DT LU s (@7) :4/ 9 {aG(“" T, 7 ’)} Az (29)
n=0 Sa Mg on z=((x)
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Az
Ducting Medium
X
First Sppt Second Spot
Fig. 4. Multiple bounces of the specular field in a ducting environment.
for the TE case and very low angles are going to encounter the rough surface again

and again in the form of multiple bounces. The surface current
: due to the multiple bounces of the scattered field can be calcu-
2=((z) = 4/ H(zq,24) lated through the direct application of MOMI to the entire sur-
Sa face. This is feasible but not efficient due to the reasons men-
% [w} dz, (30) tioned in the previous section. For LGAs scattering of narrow
Mg 2=((z) tapered incident fields, most of the energy propagates in the
) forward direction where the specular field dominates. Knowing
for the TM case. In (29) and (30),, = & is the normal vector the specular anglé, = 6; and the angular width of the spec-
to the vertical planes),, 7i is the normal to the rough surfaceyarly scattered bear,, allows the approximate calculation
andG is the Green'’s function derived in Section Il for a ductingf the |ocation of the second spot and its size via well-known
medium characterized by a linear-square refractive index Pisometrical optics formulas [16]. The widihé, can be in-
file. ) _ ] ferred from the single-bounce scattered field evaluated at a con-
In rough surface scattering calculations, tapered fields afgnient range. This approximation saves us considerable time
used to limitthe size of the rough surface area illuminated by the e computation of the surface current. For the case of two
incident field and hence make the numerical computations basg¢hinated spots, MOMI can be set up to calculate the surface
on MoM tractable. As the angle of incidence approach grazingrrents induced on these different spots as follows. Consider
this illuminated area grows larger and larger and as a result, EH@ situation depicted in Fig. 4. As was outlined in Section I,

size of the matrices that need to be stored and inverted to obigjg gjscretized integral equation governing the surface current
the MoM solutions becomes prohibitive. This problem is allgg given by

viated by MOMI as was mentioned earlier. However, MOMI
is still a O(N?) procedure and, hence, although it is feasible
for large illuminated areas, its efficiency deterioratesVabe- J=J' +PJ=J +(L+U)J. (31)
comes very large. For homogeneous space, Chou and Johnson
[15] proposed & (V) novel acceleration algorithm for the for-|n the case of two illuminated spots, the lower triangular matrix,
ward-backward method or MOMI. Their method is based ong contains all the forward current interactions within each il-
new expansion of source current elements via a spectral-domgiinated spot in addition to all forward interactions between
representation of the Green’s function. For the inhomogeneatg first and second illuminated spots through the refractive
environments considered in this paper, analogous methodsyf¥dium. The matri¥/, on the other hand, contains all the back-
improving the efficiency of MOMI are still under investigation.ward interactions within each illuminated spot in addition to all
Although the tapered beam widths and, hence, the surfaceghckward interactions between the second and the first illumi-
luminated spots dealt with here are relatively small and hardigted spots through the refractive medium. Since all the rough
realistic for actual antennas, they certainly serve to illustrate tBgrfaces we are dealing with have maximum excursions that
features of our method and are definitely out of the reach ofoaly deviate slightly from the = 0 mean plane, the surface
classical MoM approach. interactions within the same spot can be accounted for using the
free-space propagator. However, it is obvious from Fig. 4 that
the interspot surface interactions must be accounted for via the
ducting medium propagator. Again this is an approximation. For
the more realistic cases of wide incident beams or actual antenna
Throughout this paper, the field scattered by the currents ipatterns, this multiple spot approximation is no longer accurate
duced by the incident field are termed the “single bounce” scatnd the entire surface must be taken into consideration when
tered fields. Due to ducting, the parts of the field scattered sdlving for the surface currents.

Ji(x) = 2H (z, »)

V. SINGLE-BOUNCE VERSUSMULTIPLE-BOUNCESSCATTERED
FIELD
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Fig. 5. Magnitude (decibels) of the single-bounce field scattered by a sinusoidal surface in a ducting envirénmeds{, g = 200A,, L = 1000A,, TE
polarization).
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Fig. 6. Magnitude (decibels) of the single-bounce scattered field from a single realization of a surface with Gaussian rajgenéss (b = 0.5A,.1 =
2Xo, L = 300X,, g = 40X, 2, = —500X,, TM polarization).

VI. RESULTS AND DISCUSSION tered fields are calculated in this section. Some examples with

Having determined the Kirchhoff surface current, MOMI Caletiple field bounces on the rough surface are presented later
' Qn in this section. Also, numerical computations are carried

be used to solve for the surface current induced by the in ; o S
dent field on different types of rough surfaces. Knowing the ch-Ut for single surface re al|za_t|ons unless Oth.eI’WI.S(E indicated.
rent induced on the rough surfaces, the field scattered inside i all! the; ltwume;ncal _5|mhulat|0rls Ereefinteg_lmtrlsdpager, the
ducting medium can then be determined using the radiation REMP Intg n grviAx, |stc bosgno(?m A OH:N ;.et € duc llng
tegrals given by (21) and (22) for the TE and TM case, respe%@rame €re 1S chosen 1o be 9.UOD1. AS the Tirst example, we
tively. consider scattering from a sinusoidal surface given by

In this section, the BIE/MOMI method is applied to the
problem of scattering from different types of surfaces, namely C(x)=A+ Acosk,x (32)
sinusoidal surfaces, surfaces with a Gaussian roughness
spectrum and surfaces with a Pierson—Moskowitz roughnegsere A = (1.5/7)X, andks; = 27/50X,. In this example,
spectrum. Unless otherwise indicated, only single bounce scat- = —500),,6" = 85°,g = 200),, the surface lengtir)
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Fig. 7. Magnitude (decibels) of the single-bounce scattered field of Fig. 7 with the caustic-reflected field eliminated.
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Fig. 8. Magnitude of the surface current induced on two illuminated spots of a flat sufaces §0°,g = 40A,, 2. = —500A,,L = 12500\, TE
polarization).

is 1000, and the polarization is horizontal (TE). The surfacence between the caustic-reflected and the refracted/scattered
length L is used in calculating the initial induced currents ofields is clearly demonstrated in this figure. Fig. 7, on the other
the surface. The single-bounce field scattered by the above swand, exhibits the interference-free refracted/scattered field for
face in the ducting medium is exhibited in Fig. 5. In the secorttle same example above obtained by eliminating the caustic-re-
example, we demonstrate the effect of the caustic-reflected rdlgeted ray contribution to the Green'’s function.

by considering the scattering from a very rough surface with Next, we consider two examples illustrating the application of
a Gaussian roughness spectrum. The root mean square (rts)approximate method of treating multiple illuminated spots
height (%) of this surface i9.5X, and the correlation length outlined in Section V. The first of these is for a flat surface. The
(1) is 2),. Other parameters in this example are the followingiarameters in this example are the followif): = 80°,g =

8; = 80°,L = 300)\,, z, = —500), andg = 40,. The polar- 40),,z, = —500X, and the polarization is TE. The surface
ization in this example is vertical (TM). With the contributioncurrent on the two illuminated spots is shown in Fig. 8. We ob-
of the caustic-reflected rays to the Green'’s function taken inserve that the shape of the surface current on the second illu-
account, the single-bounce field scattered by the above surfageated spot is still Gaussian with a beam waist which is much
into the ducting environment is shown in Fig. 6. The interfetarger than that of the current on the first iluminated spot. The
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Fig. 9. Magnitude (decibels) of the scattered field due to the surface current induced on two illuminated spots of Fig. 8.
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Fig. 10. Magnitude of the surface current induced on two illuminated spots of a Gaussian séfac&0C, g = 40A,, x, = —500A,, L = 12500X,, h =
0.5X,,1 = 50A,, TE polarization).

scattered field due to both current spots is shown in Fig. 9. D&&. 11 shows the scattered field due to the surface currents on
to its narrow beamwidth localized aroudl = 80°, the inci- the two illuminated spots of the Gaussian surface in the above
dent field on the first spot results in well-defined reflected fieldexample. From this figure, it is obvious that the rough surface
The medium inhomogeneity causes this narrow beam to widencountered at the second illuminated spot gives rise to a dif-
upon scattering from the surface. Consequently, the field tHate scattered field. One observation from Figs. 9 and 11 is that
impinges on the second spot is no longer localized around tthee to the widening of the specular field under the influence of
specular direction. This means that different parts of this fietéfraction, the second and third illuminated spots are not well
impinge on the surface at different angles, which results inseparated. Hence, our approximate method of handling multiple
wide variation of specular reflection angles; the interferen@pots is not accurate beyond the second illuminated spot and the
between these reflected fields gives rise to the pattern shoemtire surface must be considered thereafter.

in Fig. 9. This same example is repeated for a slightly roughThe BIE/MOMI is capable of accurately predicting
Gaussian surface with rms height @b, and a correlation scattering in all directions including the backscattering di-
length of50),. Fig. 10 shows the surface currents induced aection. Fig. 12 shows the magnitude of the “one bounce”
the two illuminated spots of the rough surface for this examplscattered field from a Pierson—Moskowitz surface charac-
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Fig. 11. Magnitude (decibels) of the scattered field due to the surface current induced on two illuminated spots of Fig. 10.
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Fig. 12. Magnitude (decibels) of the single bounce scattered field in the near backscattering direction from a single realization of a surface with a
Pierson—Moskowitz roughness spectrum£ 85°, K. = bk,, A, = 0.23 m, L = 1000A,, , = —500A,, g = 200\, TM polarization).

terized by a wind speed of 5 m/s and a cutoff wavenumbeffect is depicted in Fig. 13, where the average backscattered

K. = b5k, in the near backscattering direction for thdield over 100 realizations of the Pierson—Moskowitz surface
TM case. Other parameters in this example are as follows:a ducting environment is compared with the same average
0, = 85°,z, = —500X,,L = 1000A,,¢ = 200\, and calculated in homogeneous space. The effect of the refractive

A, = 0.23 m. One very important aspect of Fig. 12 is that, foindex profile is more pronounced on a realization by realization
a strong refractive index profile, the backscattered incoherdyasis as shown in Fig. 13; however, this effect averages out
power calculated as a function of distance in the backscatterimgen multiple realizations are considered. From Fig. 13, one
direction and along a constant scattering angle radial does nbserves that for observation points located at small distance
have the simple inverse distance dependence, but exhibitsfram the origin, the average incoherent power is the same for
oscillatory pattern on a realization by realization basis anble homogeneous and the ducting medium. This is due to the
reaches a certain smooth pattern upon averaging over manyfaet that the refraction effects are not prominent at such short
alizations. This is attributed to the fact that under the influencanges. The variability of the backscattered incoherent average
of refraction, the fields scattered in other near-backscatteripgwer due to refraction might be of importance in inverse
directions contaminate the direct backscattered field. Thesattering applications where information about the refractive
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Fig. 13. Magnitude of the average incoherent single bounce backscattered power in a ducting environment versus that of a homogenedusmeédium £
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Fig. 14. Magnitude of the “one bounce” scattered field obtained using t 15. The scattered field of Fig. 17 witlchanged td4.142\
BIE/MOMI approach versus that obtained using the PWE/split-step approach ~ 9 9 ’ o
for a Gaussian surface. The field is evaluated at a vertical plane located at the

range ?O_inil ??;Oogé)zgloag’zfa;n?5°=g = 20040, L = 1000X..h = the magnitude of the scattered field calculated along the vertical
U T e ’ plane located at = 1000.05), from a Gaussian surface with
a rms height of).1), and a correlation length af4.72), due

index profile is inferred from the statistical parameters of th® an incident field of the form (28) which was defined on a
measured backscatter data in the ducting environment. vertical plane located at, = —500A,. Other parameters in

The next few examples present some comparisons betwdiadis example are as follow8; = 85°, g = 200, L = 1000,
the BIE/MOMI method and the narrow-angle PWE/split-stepnd the polarization is TE. The solid curve represents the
method. The surface roughness is incorporated in tBeE/MOMI result while the dashed curve represents the
PWE/split-step model via the appropriate coordinate transfd®WE/split-step result. One notes that, for such a smooth sur-
mations as in [4]. In the following examples, the horizontdhce, the agreement between the two results is good especially
stepAz in the PWE/split-step regime is chosen tobe),. In  in the forward direction. However, when the same example
Fig. 14, the single-bounce scattered field in the near forwaathove is repeated for a rougher surface whiere= 0.1},
direction from a gently undulating Gaussian rough surfa@nd! = 14.142),, the agreement between the two methods
as calculated by the BIE/MOMI method is compared to tha not as close, as exhibited in Fig. 15. In Figs. 16 and 17,
calculated by the PWE/split-step method. This figure exhibitbe field scattered by the sinusoidal surface described by (32)
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Fig. 16. Magnitude of the single-bounce scattered field obtained using the BIE/MOMI approach versus that obtained using the PWE/split-stefoapproac

sinusoidal surface. The field is evaluated at a vertical plane located at the range pofi00X,. (6; = 85°, g = 200A,, L = 1000A,, A = (1.5/7)A,, A =
50A,, TE polarization).
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Fig. 17. The scattered field of Fig. 16 with the polarization changed to vertical (TM).

and obtained via the BIE/MOMI method is compared to that Inthe examples where the fields were computed in the two-di-
obtained via the PWE/split-step method for the TE and Thkhensional (2-D) range-height plane we needed to work with
cases, respectively. The other parameters in this example maiebrter ranges than those used in radar applications, as our pur-
those of Fig. 5 and the scattered field is calculated on a vertigalse was to illustrate the proposed method in an affordable
plane located at = 2000\, (see Fig. 3). These comparison@mount of computation time. For smalkerthe same 2-D plots
again show a good agreement between the two methodscém be generated at larger ranges and heights. For example, a
the near forward direction. The agreement deteriorates as tladue of one-tenth the one used in this paper give the same field
scattering angle moves away from the forward direction. Thi®nfiguration of that exhibited in Fig. 5, which covers a range of
is probably due to the fact that a narrow-angle PWE code ha@ km at a frequency of 1 GHz, while the existing Fig. 5 covers
been used. a range of 3 km at that frequency.
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In realistic ducting environments, the value=dg very small

1473

and interest in the work. They would also like to thank Drs.

such that only the part of the field incident at angles very clog& Marchand and R. Adams for their invaluable technical as-
to grazing are trapped by the duct. As mentioned earlier, thistance with the computing facility.

asymptotic technique used to evaluate the Green’s function
becomes more accurate for smakerlnd hence the proposed
method has no difficulty in that regard. However, at these very
low grazing angle scenarios, large illuminated surface spotd1]
are inevitable and the serious problem faced by the proposed
method is numerical efficiency. Methods of accelerating MOMI 2]
analogous to those proposed in homogeneous space, which
were mentioned earlier in the text, are under investigation
for inhomogeneous space. These methods will facilitate theys
application of the proposed method to very large surfaces and,
hence, allow it to relate to the more realistic atmospheric prop-4]
agation scenarios and makes it a more meaningful benchmark

for the efficient PWE-based methods. [5]
(6]
VII. CONCLUSION AND FURTHER WORK 71

This paper documents the application of the rigorous g
BIE/MOMI method to the calculation of electromagnetic
scattering from rough surfaces and propagation over rougHgl
terrain in a simple ducting environment characterized by
a linear-square refractive index profile. Some comparison§lo]
between the results obtained using the BIE/MOMI method and
those obtained via the narrow-angle PWE/split-step methog 1
display a good agreement between the two methods in the
near-forward scattering direction when the surfaces unddt2!
consideration are gently undulating. Although the combined
effect of surface roughness and medium inhomogeneity i§3]
modeled by the BIE/MOMI method in a more rigorous fashion
than the PWE/split-step method, the former method is not
proposed as an alternative to the latter simply because it is né4]
as efficient computationally. However, within the limitations
discussed in the paper, which we hope to alleviate by applyings;
acceleration techniques to MOMI, the BIE/MOMI method is
meant to serve as a benchmark for the PWE-based methods.[hlg]
addition, it provides a means by which the ducting effects on
the scattered fields in directions not appropriately modeled or
even neglected by the traditional PWE-based techniques, such
as the backscattered field, can be investigated. One important
item on our future work agenda is the generalization of the
proposed method via the WKB method to more general refrac-
tive index profiles like the piecewise linear profiles which exis
in many physical ducting environments. Another importary
item is the acceleration of MOMI in inhomogeneous space &%

allow the proposed method to handle very low-grazing angl e
which mandates very large surface illuminated spots. A thim %

item is the application of the proposed method to nonperfec,™
conducting surfaces on which an approximate impedani'f-r
boundary condition is satisfied. ;
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