Progress In Electromagnetics Research, PIER 102, 227—-248, 2010

AN APPROXIMATE UTD RAY SOLUTION FOR THE
RADIATION AND SCATTERING BY ANTENNAS NEAR
A JUNCTION BETWEEN TWO DIFFERENT THIN
PLANAR MATERIAL SLAB ON GROUND PLANE

T. Lertwiriyaprapa

Department of Teacher Training in Electrical Engineering
Faculty of Technical Education

King Mongkut’s University of Technology North Bangkok
1518 Piboonsongkarm Rd., Bangsue, Bangkok 10800, Thailand

P. H. Pathak and J. L. Volakis

Electroscience Laboratory

Department of Electrical and Computer Engineering
The Ohio State University

1320 Kinnear Rd., Columbus, Ohio 43212, USA

Abstract—A new, approximate, uniform geometrical theory of
diffraction (UTD) based ray solutions are developed for describing
the high frequency electromagnetic (EM) wave radiation/coupling
mechanisms for antennas on or near a junction between two different
thin planar slabs on ground plane. The present solution is obtained
by extending the normal incidence solution in order to treat the
more general case of skew (or oblique) incidence (three-dimensional
3-D). Plane wave (for oblique or skew incidence) and spherical wave
illumination are all considered in this work. Unlike most previous
works, which analyze the plane wave scattering by such structures via
the Wiener-Hopf (W-H) or Maliuzhinets (MZ) methods, the present
development can also treat problems of the radiation by and coupling
between antennas near or on finite material coatings on large metallic
platforms. In addition, the present solution does not contain the
complicated split functions of the W-H solutions nor the complex MZ
functions. Unlike the latter methods based on approximate boundary
conditions, the present solutions, which are developed via a heuristic
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spectral synthesis approach, recover the proper local plane wave Fresnel
reflection and transmission coefficients and surface wave constants of
the material slabs. There is a very good agreement, with less than
+1dB differences when the numerical results based on the presented
UTD solution for a material junction are compared with that of the
MZ solution.

1. INTRODUCTION

A new, approximate, UTD [1, 2] based ray solutions are developed for
describing the high frequency EM wave radiation/coupling mechanisms
for antennas on or near a junction between two different thin planar
slabs on ground plane. This work is useful for analyzing the
radiation and scattering from edges on electrically large complex
platforms. Platforms involving modern naval ships often contain
material treatments over their otherwise metallic surfaces to control
their scattering. Also modern antenna platforms may be built from
composite materials. Furthermore, in many of these naval applications,
there could be several antennas mounted on the same platform for
multi-functional communication systems; thus it is important not only
to be able to predict the effects of the platform on the performance of
antennas placed thereon, but it is also important to predict the effects
of mutual coupling between such antennas on a common platform. It
is possible to control antenna mutual coupling by inserting material
treatments around antennas in order to decrease the coupling. It
is therefore clear that efficient and reliable computational tools for
analyzing and accurately predicting the performance of such antennas
which operate in the presence of material coated complex metallic
platforms are crucial to the design and the development of modern
antenna systems for naval and other applications.

It is noted that material coatings can be classified as double
positive/double negative (DPS/DNG). DPS materials are those which
exhibit positive values of electrical permittivity and permeability while
DNG materials are supposed to exhibit negative values for these
quantities [3-6]. One can also have materials with one of their electrical
parameters positive with the other being negative; all of these types of
materials are included in the UTD solutions developed in this work.

In this paper, it is of interest to extend the normal incidence
solution as discussed in [7] in order to treat the more general case
of skew (or oblique) incidence (three-dimensional 3-D). Plane wave
(for oblique or skew incidence) and spherical wave illumination are
considered here. The geometry of the problem is shown in Fig. 1(a).
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Previous works dealing with the analytical solutions via the W-
H solution to diffraction by a junction between two different thin
planar material slabs on a perfect electric conductor (PEC) ground
plane [8,9] generally replace the original coated metallic surfaces or
material slabs by approximate impedance boundary condition. The
latter approximation allows one to arrive at a rigorous analytical
solution to the resulting approximate problem configuration. These
previous works primarily address the scattering problem in which the
illumination is a uniform plane wave that is incident on the thin
material discontinuity. In contrast, the present work is expected to
be very useful not only to the analysis of scattering situations but also
to antenna problems which are equally importance from a practical
standpoint. Alternatively, the MZ is another option for solving the
configuration with the thin material discontinuities. All of these
solutions [10-15] are based on the MZ method. Unlike W-H and MZ
solutions, the solution developed in this work recover the proper local
plane wave Fresnel reflection and transmission coefficients (FRTCs),
and surface wave constants, respectively, for the actual material, and
they also allow the material to be both double positive (DPS) or double
negative (DNG). Furthermore, the present works provides solutions for
finite sources on or near such structures. In addition, it is important
to note that the expressions present in this paper are appropriately
approximated via physical reasoning so that they can be made free of
the complicated integral forms of the W-H split (or factorization) and
MZ functions.

This paper is organized as follows. Section 2 describes how one
can arrive with an ansatz for the problem of a junction between
two different thin planar material slabs on ground plane with a skew
incident plane wave. The ansatz is very useful for arriving the present
approximate UTD ray solution of the particular problem with a skew
incident plane wave excitation. The extension of the approximate UTD
solution to treat the case of spherical wave excitation is discussed in
Section 3. The solutions from Sections 2 and 3 are in the form of a
plane wave spectral (PWS) integral. One can asymptotically evaluate,
in closed form, the PWS integral by using the steepest descent method
discussed in Section 4. The total and scattered fields from canonical
problems of interest are calculated in Section 5 using the present UTD
solution and are shown to compare very well with the MZ solution
obtained from [10]. It is noted that all of the fields in this work
are assumed to have an e/“! time dependence which is suppressed
throughout the paper.
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Figure 1. Canonical of interest. (a) 3-D junction between two
different, thin, planar DPS/DNG material slabs on a PEC ground
plane illuminated by a Z-directed current moment. (b) Thin, planar
DPS/DNG material half plane on an entire PEC ground plane
illuminated by a skew incident plane wave excitation.

2. ANSATZ FOR THE OBLIQUELY INCIDENT PLANE
WAVE ILLUMINATION CASE WITH ONE FACE BEING
PEC

The solutions to corresponding 3-D problems (skew incidence) in
Fig. 1(a) can be obtained by extending the two dimensional (2-D)
solution [7] via an approach similar to that in [8]. It is known that
the normal field components £, and H, satisfy the Helmholtz scalar
equation and impedance boundary conditions independently. This
leads to a decoupled solution separately for F, and H,. Thus it is
convenient to start an ansatz, based on the simplification of a related
effective 2-D W-H solution [9] for the normal field components in the
case of a unit amplitude, plane wave at skew incidence when it is
applied to the special case in Fig. 1(b) where the n-face (z < 0, y = 0,
z) is assumed to be a PEC. In particular, the PWS integral for the
diffraction of an obliquely incident plane wave by a two part grounded
material slab is first constructed from the ansatz provided by the W-H
solution [8]. Thus, the normal components of total field for y > 0 (free
space) for the problem of interest may be expressed as

U,=0,+U; (1)
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where U'y denotes gy [nEI?I ] . Here E), represents the total electric field
oldy

for the TE case and H, represents the total magnetic field for the

TM case. Also 1, is the intrinsic impedance of free space. The U; is
S

i [nE[?[ 5} . Note that Ej (or H,)) is the g-directed electric (or magnetic)
oty )
v
4 . oty
E;, (or Hy) is the g-directed electric (or magnetic) incident field, which
is given by

scattered field. The incident uniform plane wave U?j is g { ] , where

U;’ — one(jk;x+jk;y+jk22) (2)

where U, denotes § % |. The E,, and H,, are assumed to be
y y y
NoH oy

unity for convenience. The ki, k;, and &, are given by
ki, = ksin 3, cos ¢';  kj, = ksin 8,sin¢’; k. = kcos[3, (3)

with 0 < 8/ < mand 0 < ¢ <.
Following the form of the W-H solution for the canonical two part
problem in [8], the scattered field U, can also be expressed as

U‘ys — 7230(¢’)one(jk;w*jk;yﬂ'k'zz) + Ué’ (4)
where R°(¢') is the o-face FRC, namely
so(4y — | Re(@) 0
R (aﬁ)—{ 0 RZ(W)] (5)
where Po ()
e,h
o / — s 6
e7h(¢) g7h(¢/) ( )
with
on(¢) =sing’ — 67, /sin B (7)
and
on(¢') =sing' +6¢,,/sin 3, (8)
where
80 = —jVaN cot(NTkq), 65 = jZaN tan(N7ky) 9)

with kg = kyepr, Zq4 = V prfer, Va = 1/24, N =
V1 —nsin? 3 sin®?¢ and 7 = 1/ure,. The first term on the RHS
of (4) is chosen here to correspond to the field reflected from an
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“unperturbed” surface of a thin material slab of infinite extent on a
PEC plane with the same material and thickness as that on the o-face
(x >0,y =0, z). The second term on the RHS of (4) constitutes
“perturbation” to the first term which results from the fact that the
actual problem in Fig. 1(b) contains a PEC for the n-face (z < 0,
y = 0, z). The “perturbed” field U} can be expressed in a manner
similar to that done earlier in [7] for the 2-D case. One can start to
rewrite (5) in [7]

P SR —jkpeos(a—d) (1
2(p,6) / doR pla [COS%COS (Ae (10)

where the following identity has been employed, namely:

at¢f a—¢"\ _ 4 sin /2 sin ¢’ /2
sec( 5 ):Fsec( 5 >_cosa+cosqz5’ {COSQ/QCOS¢//2} (11)

with

Re(a) = [R2(a) — R ()] 2cos a/2 cos ¢’ /2
Ru(a) = [Rf(a) — Ri ()] 2sin /2 sin ¢’ /2
and u,, is E,, (or H,,) for the TE~(or TM) case. Then the integral
in (10) can be expressed in the k, plane (rectangular coordinate
system) as
1 [ dk

u .7 .7
uP(x,y) = ——— ERen(@) | —L— | e Ikar—ikyy, 12
=g L Ry )[kﬁkg] -

in which k; = kcosa, ky, = ksina and k., = kcos¢’. The u? denotes
the perturbed field corresponding to E% (or HY) for TE (or TM) and
the u,, denotes E,, (or H,,) for TE (or TM) which is assumed to be
unity here. Next one can obtain the 2-D normal component of the
perturbed field u}, from u% in (12) by using Maxwell’s equations. One
can then employ the inverse Fourier transform and with k£ replaced
by k; = ksin§,. The 3-D PWS integral can be conjectured from 2-D

PWS integral as

7 1T dky - U I
p ~ Sha A (=jkaz—jkyy+ik’2)
UP(z,y,2) o] h R(«) [kx ) + W] e

(13)
where U} denotes § [ Hp:| The k; and k, are given by

ky = ksinf,cosa; ky = ksin 3, sina.
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The W is an unknown constant column vector which was absent in

the 2-D situation and W is ¢ g . It is necessary to introduce this

unknown constant in this 3-D situation to suppress the nonphysical
poles, which may occur in the tangential field components F, and H,
for the skew incidence case. In addition, this unknown constant W will
make the 3-D PWS integral in (13) to recover the 2-D PWS integral
when (3 — 7/2 or at normal incidence. This unknown constant W
will be determined later. It is noted that one can obtain the same
PWS integral as shown in (13) if the same ansatz as explained in [7]
is used to heuristically synthesize the PWS integral from the available
3-D W-H in [8]. The R in (13) is given by

Rl = 5 2 ) o
In the above, the reflection coefficient R} (a) = —1 and Rj(a) = 1 for
the n-face because it is PEC in this special canonical problem. It is
important to note that the U} (z,y, 2) in (13) can be recovered from
the ul)(z,y) when the plane wave is normal incident (3, = 7/2) where
cos 3 = &' - 2. From (13), one can easily obtain the vector potentials
A =gA, and F = gF, directly in terms of E} and Hj from the usual
relations between fields and potentials [16]. Thus, from (13), one can
obtain

A = — x A JRxT—JRyYTIRZZ
v 0 ) Ry [kﬁ/@; e
(15)
and
Wo€o dk, NoH oy 1 (—jkna—jhyy+jk. 2)
F = — —R. B JRaT—JRyY TR, 2
271, / k, Re(@) [k:z—kk; + Wk
(16)

where ¢, and pu, are the permittivity and permeability of free space as
usual. Next all the remaining components of the external electric and
magnetic fields can be found from these vector potentials. It follows
that the “perturbed” tangential field components EY and HY can thus
be expressed as
1 [ dky
P ~ e
—00

OHO
{kkme(a) [ k” o B}

+kzkth(a) |:k +yk‘/ + A:| } e(_JkrﬂC—]kyy-i—jkzz) (17)
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1 [ dk, noH

it e kR, oy
Moz (2,4, 2) ~ 2 ) ke (k2 k2){ ()[kx—i—k’

+ 5]

xT

—kk, Ry () [ —i—A]} (—ikez—jkyy+ik.z) (18)

kx —l—k:’

where k:; = k? — k2 and k? = k% — k. One notes that from the two
preceding equations there are two poles at k, = +jk, in (17) and (18),
whose residues introduce spurious field contributions which do not have
a physical meaning. Therefore, one needs to remove those spurious
residues. The latter can be suppressed by using the unknown constant
W, which was introduced earlier in (13), only for this purpose, namely
to suppress those spurious two poles. It follows from (17) that

. 770Hoy +
+iRE ( + B| = -Rif (a +A] 19
IRE (o) | R+ B = R (o) | (19
where the superscript £ corresponds to the residue at the pole location
ky = +jk.. One can solve for the unknown constants A and B

from (19).

It is more convenient to evaluate the integration in the angular
spectral domain; hence, one introduces a transformation, k, =
ksin 3, cos a, ky = ksin 3, sina, and k, = k cos 3,, in which the « is a
complex angular spectral variable. Also one replaces the x and y by the
cylindrical polar coordinate quantities pcos ¢ and psin ¢, respectively
with p = y/22 + y?. The expressions in (17) and (18) can be expressed
in the new a-domain as follows:

_ 1 sin 3, NoH,
EP(7) ~ —— d e —2=% __ 4B
=) 215 Jo, aA(oz) {COS oRe(@) [cosa—kcos @ * ]

. F L . _ . ,
+cos B, sin aRp, () [cos oﬂin(/:os & —|—A]}e Fhpsin fo cos(a=9) k= cos o (20)
1 sin 3,

E
oHP (7)) ~ ——— — %Y 1A
noHZ(7) 215 Jo, daA(a) { cos aRp () [cosa + cos ¢/ * ]

+o0s s aR, ()| T b b estona) bt o)

where A(a) =1 — sin? 3, sin? o and

W [ERYR™ Eoy — {cos ¢/ tan B + jC }11o Hoy |

sin 3, cos B,

A(¢')

A=

B=— [{cos ¢ tan 3, + JCHEoy + onHoy]
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_ +
with £ = #, (= %, and R* = %, in which

[Rp () — 1] sin o /2sin ¢/ /2

[Re (a(jf) + 1] cos aF /2cos ¢/ /2

with o = 7/2 + jIn((1 + cos 8,)/sin 3,) by using cos™! 2z = 7/2 +
jIn(jz + V1 — 22). On using the identity,

4 sina/2sing’ /2| a+ ¢ a—¢
cosa—|—cos¢’{cosa/2008¢'/2}_sec( 9 ):FSQC< 5 )(22)

and after some manipulations, one can have the “perturbed” field in a
compact form, namely,

U3u) ~ 50 [ dogiiag {C@T@) D0, 0)

R =

a)A(¢)
+Tu(0) - Tler,d') + Tula) - Ve, )}
. ?(qb/) . Uoze—jkpsinﬁo cos(a—d))ejkz cos 3, (23)
_ P
where C(a) = cos? 3, — sin? B, cosacos ¢, Upy, = 2 [nE;Ip} , and
— cosa  cosfysina| = | —cosa cosf,sina
T(a)= [cosﬁo sina  —cosa ] p Tula)= [cos Oosina cosa ]
= | —cosfysina coS (v
To(a) = [ Cos & cos [, sin a}
= Us 0 = Vi 0O
U(aa (Z)/) = |:0 Uh:| ; V(O[, (ZS/) = |:Oh ‘/e:|
= DS 0 - o | Eoz
D (Oé,(ﬁ/) = |: Oe D}CL:| ; Uy, =2 |:770H0Z:| )
with

U, = sin 3, cos 3,2 cos /2 cos ¢’ /2(Re + 1)
Up, = sin B, cos 3,2 sin /2 sin ¢/ /2(Ry, — 1);¢
V, = sin 3, cos 3,2 cos a/2cos ¢’ /2(Re + 1)ERTR™
V}, = sin 3, cos 3,2 sin /2 sin ¢’ /2(Ry, — 1)j€.

The dyads i ?u, ?v, U and V in the above are expressed in matrix
form for convenience. The D¢, are defined as

£ d) = 5 [R20) = R [see OG5 ) sec( S50 .
24
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with R, (a) from (6) and R, () = F1. It is noted that one can
write on in terms of U,, by employing incident vector potentials, A’
and F?, which can be obtained via inspection, namely:

. JWHo€o i JWho€o Lo
Az — 7. Fz — 7

where E! = Eoze(jk;xﬂk;yﬂklzz) and H; = Hoze(jk;w+jk;y+jklzz). The
normal field components of incident field denoted by U,, can then be
obtained from the incident vector potentials, Al and F!. The result
provides the transformation matrix 7'(¢’) given above.

Next, the (23) can be evaluated by using the SDP asymptotic
integration technique when « is large, where x = kpsin 3,. One can
rewrite (23) symbolically as

07, ~ / daF(0)ef @, 0<g<n (25)
where
- 1 Sinﬂo = e / ol 77 /
F = T onj AAG) {C(Q)T(Q) D, @) + Tule) - Ula, ¢)
+To() - Vi, ¢) } - T(¢) - Upseh oot
and f(a) = —jcos(a — ¢). It is noted that the F has poles at

o, = m— ¢, and aiye. Deforming the contour C, to the SDP contour
allows one to express (23) as

Uk, ~ —2mj[Res{F ()™ @ N U (o, — ¢)

s (F (o) U o — O+ [ daF (@) (20
SDP

where a, is the GO reflected wave pole which provides the GO reflected
field contributions, Ug{fj and U;,"g. The gy, is the SW pole, which
yields either a forward surface wave (FSW) or a backward surface
wave (BSW) field contribution, USY. The U(-) is the usual Heaviside
unit step function. Applying Cauc%y’s residue theorem, one can obtain
Upis Upiys and Uyl as follows:

pw’ T pw’
7o I = N PO AN T4
- Upuh5m o o564 bz cos Bty (g — ) (27)

U;g _ ﬁn . Uozejkpsin,@o cos(¢+¢/)ej’€2 COS/@&U(T( — ¢/ — gf)) (28)
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= Ca?,) = = =
swo __ sw T(al ). RW°(0° \.T
Upw A(agw)A(¢’) (asw) R (asw> (¢ )
_Uozejkpsinﬁo cos(af,—¢) ejkz cos ﬂgU(agw - d)) (29)

= . . = -1 0 = R3we 0
where R° is defined in (5), R"™ = ,and R = |7 °¢ swo | -
o7 =[] R R
The RZ‘;LO is defined as

P2, (a? o __ 4 o /
1080 )= oS ke (R ] o
’ 2Q¢ p(agy) 2 2
The ngh(agw) is the derivative of Q) (a) in (8) with respect to «
and evaluated at oo = a2,,. The (_];{f, and U" represents the GO fields
reflected from o and n-face, respectively. closed form evaluation of
the SDP integral in (26) via the non-uniform steepest descent method,

yields the non uniform diffracted field Ugw as

—d 1 = _ s
Upw ~ A()A(¢) sin 3, [(j(¢7 ONT(p) D (o, ') - T(d') + W} 0,. a
(31)
where D* = [DOS Z(D)C} with D¢, is defined as
h )

£1(000) = 5 [R24(0) = REW(@)] [see (252 ) e (254 .

and where R’} are defined above. The W is given by

o

e—iT/4 — T _

Tu(®)-U+Ty(o) V|- -T(¢). 33
The total field Upw can be obtained by

Oy ~ Ty + 05, (34)
The 2-directed tangential component of a uniform incident plane wave
_ Ei . .
Upy 18 2 [ P }, where Ej,, (or H,,) is the electric (or magnetic)
incident field, which is given by

(j;’w = U,,eUkzrtikyytik:z) (35)

where as before U,, denotes 2 [ EIfIZ ] The E,, and H,, are assumed
oz

to be unity here. The U;w can be found by using the same approach
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for finding the Up,, from Uj. One can then obtain the US,, as

7S 1 = /\ Do TN T ikpsin B, cos(p+¢') jkzcos B, | 77

UprmT(W—d))-R (¢')-T(¢)-U,.el*? (¢+9") oi O+U]];w'
(36)

By substituting (36) and (26) (together with (27)—(31)) into (34), one
can obtain the total 2z-directed tangential field components Up,,.

It is important to note that the solution in (31) still satisfies all
the crucial physical properties, such as the PEC boundary condition
on the n-face, the Karp-Karal lemma on the o-face despite the
approximations used to arrive at (23). Furthermore, the approximated
solution in (31) still recovers the PEC solution when the material slab
is removed. Thus, the solution in (26) (and (31)), which is based
on the approximate expression of (23), clearly retains many of the
important physical properties, thereby lending more confidence to the
heuristic approximation of (23). However, the analytical expression
for the approximate diffracted U;fw in (31) does not satisfy reciprocity,
but is expected to provide numerical results which nearly satisfy the
reciprocity principle. On the other hand, the technique shown in [7]
can be easily applied to restore the reciprocity condition into the
U;fw in (31). The desired ansatz is now established by the set of
Equations (34)—(36) and (23), respectively which allows one to obtain
a corresponding solution for the case of spherical wave incidence.

3. EXTENSION TO TREAT THE CASE OF SPHERICAL
WAVE EXCITATION WITH ONE FACE BEING PEC

A UTD solution for a thin planar material half plane on an entire
PEC ground plane illuminated by spherical wave or an elemental
current moment is developed in this section. A spherical wave with
an arbitrary field polarization transverse to the incident ray direction,
§', can be created by superimposing the fields of Z-directed electric
and magnetic current moments at the origin of the spherical wave.
The incident, 2-directed, electric field, E?, (or the magnetic field, H?)
at an observer location 7(p, ¢, z), which is produced by an electric (or
magnetic) current moment of strength dp. = Zdpe, (or dp,, = Zdpp,.)
at 7 (p/, @', 2), respectively, can be expressed as

—i_ .| E: oA | Zodper | . ~ L
ZEZ{H;} = —jkZ {%dgmz}&nQﬁoGo (k|7 —71) (37)
and
e—jksi
47 S?

G, (k|r—7]) = (38)
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St = /P> + p% = 2pp/ cos(¢ — ¢') + (= — 2)2. (39)
If one assumes that the current moment is sufficiently far from the
o face so that the incident spherical wave generates “locally” plane
at the line of discontinuity (or edge), then one may employ (34)
and (36) obtained for the skew incident plane wave case to provide the
Z components of the scattered field for the spherical wave incidence
case as:

7S . Zodpez c 2 1
U; ~ _jk{Y;dpmz}sm BOA(gb’)
—jkST

e N o gy 77 € 7

Tln ) R T(0) - U 407 (40)
where the first term on the RHS of (40) represents as before the field
scattered from the “unperturbed” structure, which is assumed to be
a thin planar material slabs of infinite extent with PEC backing that
has the same thickness and electrical parameters as the PEC backed
material pertaining to the o-face in the actual or original problem
geometry of Fig. 1(b). Also the U,, in (40) is defined in Section 2.
Under the present assumption of source far from the surface at y = 0,
one can show that the unperturbed scattered field is asymptotically
given by the first term on the RHS of (40) which is the GO reflected

field, where R° is the FRC for this unperturbed material surface with
PEC ground plane, and S" is the GO ray path corresponding to the GO
field reflected from that unperturbed surface. The R°(¢') is defined
in (5). Also,

S" = P2+ p? = 2pp cos(¢p+ ¢') + (2 — 2')2. (41)
The U? in (40) represents the “perturbation” to the first term on the
RHS of (40). By employing an inverse Fourier integral transformation,
one can find the U? for the 3-D spherical wave incidence case from
the u? for the 2-D cylindrical wave incidence case as explained in [17],
namely

_ 1 7 1 B A /
L= T o - / _]kz(z —Z)
A [ /Ca< 27”.) A, ¢')Golkis(a)]e da| dk,. (42)

The A(a, ¢') is an appropriate spectral amplitude or weight function,
and Golkts(a)] is defined as

Golks(a)] = —LH [ks(a)] (43)
with k replaced by k¢, in which k? = k? — k2. By following the steps
in [17], one can further rewrite (42) in terms of the modified cylindrical
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Bessel function of the second kind and of order zero, K,[jkis(«)], to
yield

_ 1 i} 7 ' o
where for large k;s(«)
T .
K9] = | —L—e=39(),
[] (§)] 2379(g)e
It is noted that K,(j9¥) = —ng(gQ)(ﬂ). One can next apply the
following identity
h dk, H [k —jka(2~2) = o _e~IkS(@) 15
[ dem@ e =2
n (44). This leads to
_p 1 doA . eIkS(a) o
=007 Jo, A sy (46)
with
S(a) = \/p? + p% + 2pp/ cos(a — ¢) + (z — 2/)2 (47)

It is important to note that if the current moment is not assumed to
be sufficiently far from the o and n faces, then additional contributions
(not present in (40)) must be included. Such additional contributions
arise because the current moment can in some situations strongly
excite SWs directly in the material; these SWs become incident on
the discontinuity at “0” to produce a reflected SW and a transmitted
SW, as well as a diffracted space wave. The reflected and transmitted
SWs can be deduced from the W-H solution to appropriate, simpler,
canonical two-part diffraction problems in which the excitation is
an incident SW. In the radiation problem, these SW effects are not
significant. Only the diffraction of the incident SW by the discontinuity
contributes to the radiation field; its effect is discussed in [18] for a
line source excitation. The spectral function A is proportional to the
strength of the current moment, and it may be expressed as

Ala, ¢) = —jk Zodpe: sin? B,D(cv, ¢') - Uy (48)
Yodpp-

where the unknown spectral weight D is to be determined using the

ansatz of Section 2. Let p’ = s'sinf3,, p = ssinf,, and z = —scos 3,.

Thus,

S%(a) = (s + ') {1 28 2 sin? B,[1 — cos(a — ¢)]} (49)

(s+s)
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In order to identify D, the exponential in (46) with (49) may be
approximated by the first two terms of its binomial expansion for large
kssj;, sin? 3,, which is assumed here to be the large parameter (for the
asymptotic development). Then, (46) becomes

_ 1 - e Ik(s+s") k-5 gin2 81— _
U ~ ——— | A, ¢) e ore st ellmeosla=dll g (50
z 215 Jo, (o ¢) 47S () (50)
If the current moment is allowed to receded to infinity, i.e., if s — oo,
while s is kept finite, then one obtains the scattered field U}, due to
plane wave illumination, namely,

UP ~ C,(ks"UP, (51)

where C, is the current moment factor given by

| Zyd . e~ Iks’
Co(ks") = —jk {%od}?ni} sin? 3, ire (52)
and
_ 1 - o o ,
Upw = “2m7 Jo, D(a, ¢') - U, e Ikpsinfocosla=e)gikzcosfy gy - (53)

By directly comparing (53) with the desired ansatz in (23), one can
easily identify D by inspection to be

a,¢')

—~

Dlo.d) = sajaczy {Cle)T(@) - D*

+Tu(0) - Tla, @) + To(a) - Vo, @) } - T(¢). (54)

4. ASYMPTOTIC ANALYSIS

Next one can asymptotically evaluate, in closed form, the integral
n (50) by using the steepest descent method. One can start this
evaluation by rewriting (50) symbolically as

v ~ / daF(a)e @, 0<¢<n (55)
Ca

where the k denotes ks‘jf;, sin 32, f(a) = j[1 — cos(a — ¢)] and

= _i Zodpe . 92 ,% — A )
F= 87r2j {Yodpmz}sm ﬁoA(a)A(gb’) {C(O‘)T(a) D (Oé,tﬁ)

_ _ k(s
() Tlo, @) + Tola) - V(e ¢) } - T(&) - O

S(«)
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After deforming the integral contour of (55) to the steepest descent
path (SDP) through the saddle point at o = a5 = ¢, it allows one to
express (55) for large x as

UP ~ —27jRes {?(ar)e”f(ar)} U(ar — ¢)
—QWjRes{?(agw)e“f(o‘gw)} Ul(aZ, — o)+ / daF(a)e™ (@), (56)
SDP

The reflected field U7 is given by the sum of the “unperturbed” GO
reflected field contained in the first term on the RHS of (40) together
with the residue contribution from the pole at a = ;. = 7 — ¢’ in (56),
as

_ 1 = _ _ —jkSy
07 =t Joles b sin 3 o T = ) R - T) O g
(57)
where S, is defined in (41), and
s R o+ <m
R(¢') = {Rn(¢') ot > (58)

in which R®" denotes the FRC as defined earlier. Also, U™ is given
by the residue arising from the SW pole a = a2, in (56) as

Frsw C(agw) (A0 N\ . PSWO( .0 N\ . g
Uz - A(agw)A(¢’) T(asw) R (asw) T((Z) )
e_jks(agw7¢) o
UOZW U (asw - ¢) (59)

It is assumed that the material slab is sufficiently thin so only the
lowest TM surface wave can propagate for the material slab with PEC

ground plane. Thus, the Rsweo = 8 ngo]. The SDP integral, which
yields the diffracted field U¢ symbolically is given by
- / Fla,d)e @ da. (60)
SDP

As for the normal incidence case discussed in [7], one can decompose
the spectral function F(«) in the integrand of (60) in to one contains
the GO type pole and remaining part containing the SW type pole.
The former can be conveniently evaluated by using the Pauli-Clemmow
(PC) approach while the latter can be performed by the Van der
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Waerden (VDW) approach. The expression for the UTD first order
diffracted field is then found to have the general form as

Ud = U(Qe.) - D(¢,¢')A(s, s )e 7% (61)

where D = D% + D%®. The UL(Q.) represents the incident field at
the point of diffraction Q., and A(s,s’) is a spread factor given by
S/

A(s,s') = Gre) Here s is the distance from @), to an observation

point, and the s’ is the distance from Q) to the source point. The Dyo

is based on the PC method while D" is based on the VDW method;
they are given by

NHJo — 1 NG ne N 9
D" = G sng, (6 9T0) D6, 6) T@)+ T |, (62)
and
Bsw _ 1 C (a® / ? o l:)csw 0 / ? /

= S ga@ e, (0 ) T5) - D", ¢) - T(0)]

(63)
where the D¢ = [Dog l[))"’] and DY = [DOZ“’ Dgw] with D¢, and
h h ’
Dy}, are given by
/ eI/ / /
en(®9)=F [T 1(0,8") =TT h(4,9)]

2V 2mk
[sec <¢ —¢ >FKP (kLayg,) +sec (¢ —; ¢ >FKP (kLa;O)] , (64)

2
and
sw( /. 0 ) e_jﬂ/él
Yy P 0gy) =
en(9: @ EENGET
R3O (aly,,¢)
L [l — Ficp (kLa%)] + d2%°(6, &5 a%) (65)

1 agw_¢
sn (745-2)

2500,/ 08) = o S e () (L] (o

The I'?, is an ad hoc modification so as to preserve reciprocity.
It is given by

. ¢ . ¢/ .
0 () = 2sin § sin 5 — 6¢ ;,/sin B,
67 . . / .

2sin % sin % + 02,/ sin Bo

(67)
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where 07 = —jY4N cot(N71ky) and 6}, = jZ4N tan(N7ky) with N =

\/1 — ndsin? 3, sin? % sin® %, The FKp(kLagiO) is the well-known UTD
edge transition functions defined in [1]. The I'?, = F1 because the n-
face is PEC. It is important to note that the UTD solutions for a
junction between two different planar material slabs on a PEC ground

plane at skew incidence as shown in Fig. 1(a) can be easily given in
the same form as (61)-(64) except the I'? , (¢') is now

%sin%/ — 07,/ sin B3,

() = 2sin
oh 2sin $ sin & + &7, /sin 5,

(68)

with the proper substitution of n-face electrical permittivity and
permeability, €., and p,,, respectively.

5. NUMERICAL RESULTS

Numerical results for a DPS material junction shown in Fig. 1(a)
based on the work presented in this paper referred to as UTD are
compared with the results of the MZ solution [10]. There is a very
good agreement, with less than +1dB differences. In Figs. 3 and 4,
only the UTD solutions developed in this paper are shown. It is noted

’ 410

Grounded Material Junction

150%

180°

Grounded Material Junction

um | .
MZ |

uTD :
vz |

210°

330°

270° 270°

(a) (b)

Figure 2. Comparison of scattered fields of UTD and MZ solutions
for a DPS material junction excited by a uniform skew incident plane
wave shown in Fig. 1(a) where (a) TE and (b) TM at ¢’ = 45° and
B = 65°. The fields are observed at r = 5\ on the Keller cone of
diffraction. The material is A/20 thick with (€, = 4, o = 2) and
(ﬁrn =9, Mrn = 1)



Progress In Electromagnetics Research, PIER 102, 2010 245

that the excitation for the problem in Fig. 4 is a current moment
(dpe = Zdpe, or dp,, = Zdpnm.), which produces a spherical wave,
whereas the excitation is a skew incident plane wave for Figs. 2 and 3.
It is important to note that the surface wave effects are neglected in
these plots in order to clearly test if the boundary conditions on the
first order UTD diffracted fields are properly satisfied as compared to
reference MZ solutions; otherwise the surface waves would have masked
the behavior of the diffracted fields near the boundaries. Note that it
is enough to compare the present result only with MZ solution because
the MZ and W-H solutions provide the same numerical results.

Diffracted
Field

(©)

Figure 3. Total field of UTD solution for a grounded DPS material
half plane with PEC ground plane excited by a uniform skew incident
plane wave (a) TE and (b) TM at ¢’ = 60° and 3] = 120°. The fields
are observed at r = 5\ on the Keller cone of diffraction. The material
is A/10 thick with (e,0 =4, pro = 2).
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Grounded Material Junction Grounded Material Junction

() : (b)

Diffracted
Field

W, €m

Figure 4. Total field of UTD solution for a DPS material junction
excited by (a) a z-directed electric current moment dp., and (b) a
Z-directed magnetic current moment dp,,, at ' = T\, ¢’ = 45° and
0’ = 55°. The fields are observed at » = 15\ on the Keller cone of
diffraction. The material is A\/20 thick with (e, = 12, uy, = 8) and

(frn = 17 Hrn = 4)

6. CONCLUSION

A promising approximate UTD ray solution for EM diffraction from a
junction between two different thin planar material slabs on ground
plane is presented. Unlike W-H and MZ solutions, the solution
developed in this work recovers the proper local plane wave Fresnel
reflection and transmission coefficients (FRTCs), and surface wave
constants, respectively, for the actual material, and the present solution
also allows the material to be both DPS or DNG. Furthermore, the
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present works provides solutions for finite sources on or near such
structures. In addition, it is important to note that the expressions
present in this paper are appropriately approximated via physical
reasoning so that they can be made free of the complicated integral
forms of the W-H split (or factorization) and MZ functions. This
work is useful for analyzing the radiation and scattering from edges on
electrically large complex platforms [19]. Platforms involving modern
naval ships often contain material treatments over their otherwise
metallic surfaces to control their scattering.
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