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CHAPTER I: INIRODUCTION

In this study we investigate the coupling of electromagnetic energy
into a dielectric slab waveguide on one interface of which a perfectly
electrically conducting (p.e.c.) half plane resides. The geometry is
shown in Figure 1.1. The top face of the slab lies in the y' = 0 plane,
with the p.e.c. screen residing on this face in the region x' > 0. The
slab has a thickness t' and constituitive parameters (uo',e2'), vhere
c2' may be complex. It is imbedded in a lossless medium with parameters
(uo',el'); both media are homogeneous and isotropic. A plane wave
polarized transverse magnetic (TM) to the z' direction impinges on the
top face of the slab at an angle 6 (0 < 6 < 7)., We assume there is no
variation in the z' direction, so the problem is strictly two-
dimensional.

The motivation for studying this problem is two-fold. First, this
study is a continuation and extension of the work of Coblin (1983).
Second, the geometry considered provides a canonical problem which can
be useful in modeling metal-dielectric junctions., With a solution to
this problem one is able to consider more complicated structures
embodying, for example, discontinuities in the slab.

This investigation builds on the contributions of several authors.

Heitman and van den Berg (1975) have studied the half plane in multi-

85 5 13 ¢3¢




layered media, while Coblin (1983) has solved the problem of exterior
scattering from a single, lossless slab screened by a half plane, Tamir
and Felsen (1965a) have developed the asymptotic analysis of a line
source in a slab. In addition, many authors have studied the
propagation of electromagnetic fields in dielectric waveguides (e.g.,
Harrington (1961), Hessel (1969a)).

To solve this problem, one formulates an integral equation for the
current on the p.e.c. screen by enforcing the condition that the total
tangential electric field be zero on the p.e.c. screen. This integral
equation is amenable to the Wiener-Hopf technique, which provides a
solution for the Fourier transformation of the current on the screen.
Multiplying this current by the transformed Green's function and then
taking the inverse Fourier transformation gives an expression for the
scattered electric field in the form of a spectral integral. The
solution was carried to this stage by Coblin (1983), and his analysis is
repeated here in order to establish consistent notation and to provide
completeness.

Coblin carried out an asymptotic analysis for the fields in the two
half spaces exterior to the slab but not for the fields in the sladb
itself. The purpose of this work is to complete the asymptotic analysis
and provide an asymptotic representation for the fields within the slab.

A detailed description of the electric field within the slab is
developed, and an effort is made to determine how various factors

influence this field. To this end the representation is developed in




terms of contributions from the field that would be present in the
absence of the p.e.c. screen, a collective theral wave (steepest
descent) field, a geometrical optics field, and a guided wave field.
The guided wave field is represented by a modal expansion, from which a

launching coefficient formulation is developed.




CHAPTER II: MATHEMATICAL DEVELOPMENT

2.1 Preliminary Developments

2.1.1 Definitions and Conventions

In this chapter we develop the solution to the electric field in

the slab. Before beginning this development we must first state the

conventions and definitions which are germane to the solution procedure;
every attempt is made to remain consistent with the notation of Coblin
(1983). The anaylsis is conducted for time-harmonic fields; a time

jut

convention of e is assumed and suppressed throughout. With this

convention Maxwell's equations have the fomm

Vee=-L- (2.1)
€

Vxeée=-n- ju'h (2.2)

veh=0 (2.3)

Vxhs= 3+ jue's (2.4)

where e and h are the electric and magnetic field intensities,

respectively, p is the electric charge density, ) is the electric




current density, m is the magnetic current density, and u' and €' are
the constituitive parameters of the mediunm.

The media are passive, homogeneous, isotropic, and nommagnetic, but
the slab may be lossy. Each medium can be characterized by a wavenumber

k', where

and

k' >0, k! >0,
r i=

The analysis is carried out in the Fourier transformation, or
spectral, domain, and throughout the chapter terms given in lowercase
letters denote spatial domain quantities while uppercase letters denote

spectral domain quantities. We define the Fourier transformation pair

A(kx) = Pla(x)} = % J-:(x) ejkxx dx (2.5)
o+ jc R
a0 = F Ak ) = [ AGe) &I ac (2.6)

.-eg+jc

where ¢ is a real conmstant.




2.1.2 Normalizatioq

For the sake of convenience we introduce a normalization in the
spectral domain. Throughout the context, primed quantities (e.g., x')
denote unnormalized quantities, and normalized quantities are unprimed

(e.g., kz). Defining the free space wavenumber ky = u/uoeo = 2w/k0,

k3 = k0°/FETE§'. u} = uouj. 53 = €g€in j=1,2.
Thus,

k; = ko'kJ
where

kJz'/—“j_'e—j'

In order to be dimensionally consistent we must normalize the

spatial variables to the free space wavenumber as follows:

(normalized distance) = k, * (unnormalized distance),

80

etc. For example, if the slab had a thickness of one half the free

space wavelength, the normalized thickness would be




A
2w 0
t=kt' == =1,
0 " Xo 2
This normalization ensures that k*x = k'°x', etc., and that the

normalized quantities are dimensionless.
2.2 Development of Integral Equation

2.2.1 Integral Equation for Current on Slab
Boundary conditions require that the total tangential electric
field be zero along the p.e.c. half plane. For the TM case this means
that the total z'-directed electric field component, ez(x',y'), be zero

for y'=0, x'>0. We partition ez(x'.y') into the sum of two terms,
L'y = NP, v 4 Re v o
ez(x 5") e, (x',y') + ez(x '), (2.7)

where the following definitions have been made:

{ the total field which would result
eNP(x' v = J with no p.e.c. screen—-including the
z ' } incident field and the field scat-

{ tered by the slab

the field radiated by the current

R 4 L - f
ez(x DA l on the p.e.c. screen

After applying the normalization discussed in the previous section,
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kx = klsina . a =u+ jv, (2.47)

dk = k, cosa da.
x 1

This a plane is periodic along the real axis with period 27, so we
are only interested in the interval u ¢ (-m,m). The mapping has the
effect of "unfolding" the branch cuts associated with tkl so that the
bottom sheet of the spectral plane is exposed in the one-gheeted a
plane. The integral may have singularities arising from G(kx,y)/G+(kx)
on the now-exposed bottoin sheet in the form of leaky wave poles in
addition to the geometrical optics pole associated with (kx + klcose)

and surface wave poles, also associated with G(kx,y)/G+(kx). Under the

transformation (2.47) the integral in (2.46) may be written as

' cosa G(klsina,y)e—JkIxsmol

ei(x.y) =g da . (2.48)

G+(klsinu)(sinu + cos9)
T

where we have defined the coefficient £ as

—JEOB1(k1cose)G(klcose.0)

8= 27G_(-k, cos8) ’ (2.49)

The path T is shown in Figure 2.3 for the case of a lossless slab (k2
real) to emphasize the location of I' with respect to singularities in

the a plane.
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R
Ez(kx,y) ={u0/77 J+(kx)G(kx,y)

-jEOBl(klcoae)G(klcose.O)G(kx,y)

" 7I36_(k c086)G, (k )(k_+ k cose)’

(2.45)

The radiated field is found by taking the inverse Fourier transformation

of this expression, or

o+ jc .
R = ~-1,_R 1 R —_]k %
ez(x.y) F{E (x,y)} = 73:J—m+jc E_(k ,y)e " x dk
_jEO Bl(klcose)G(klcose,O) G(k_,y)e :jkxx
T | v (2.46)

k
2 G_(~k, c0s6) o8, () (k. + K cos8) "x

where the path P is the collapsed strip of analyticity shown in Figure

2,2.
2.3 Asymptotic Evaluation of the Radiation Integral

2.3.1 Mapping into the Angular Spectral Plane

For the purpose of asymptotically evaluating the integral in
equation (2.46) via the steepest descent method, we map the spectral

plane into an angular spectral plane, the a plane, using the

trans formation




B_(k )
P(k ) = J (k)G (kD) - s, (k) =5 (k) - 5:71;7

for all k .
x

19

(2.43)

Applying the edge condition at the edge of the p.e.c. screen and

then investigating the asymptotic behavior of the functions in (2.43)

shows that P(kx)*O as Ikxl*w. Therefore, by Liouville's Lemma (Hille,

1959a),

Pk ) =0 for all k .
x X

This allows us to solve for J+(kx):

S+(kx)

G, kx)

J+(kx)

-JEOBI(klcose)G(klcoae,O)

]

uOZIG_(;klcosé)G+(kx)(kx + k,cose)

2.2,5 Radiation Integral

(2.44)

Having found expressions for the Fourier transformations of the

current on the screen and the Green's function, we can find the

. R . . .
transformation of the radiated field, E (kx.y). which is given by
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A+(kx)
E:?i;j = S+(kx) + S_(kx). ! (2.39)

The decomposition of Coblin (1983) is valid for complex k,, and can be

accomplished by inspection. The functions S+(kx) and S_(kx) are given

by
A (k) A (k)
-+ x + X
S0 =5ty G_(-k;cose)" (2.40)
A+(kx)
S+(kx) = E:?:EIZZ;ET. . (2.41)

With the decomposition in hand, we can rewrite the Wiener-Hopf
equation as

B (k)
I, (k)G (k) - 8, (k) =5_(k) - E’TEiT' 1<ty . (2.42)

Note that the left hand side is composed of functions analytic for
T > 1_ and the right hand side is composed of functions analytic for
Tt < 1, . Therefore, we can analytically continue (2.42) into the entire

spectral plane where each side of (2.42) is equal to an entire function

P(k ):
X
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avrmy/” 8 H(k.)
| == 7 _AE;"(kx.0)¢ x’, Re(k )>0
G, (k) =3 (2.34)
+ %
: - 1/2 Hlk)
=) s r Re (i, )<0
L X
6_(k) =6, (-k ), (2.35)
where
k 1
H(K) = == | Lnfre(c))} dz (2.36)
X 2 ‘o cosz[I§) + kisinz[lg)
and
. fag) ‘
§(g) = JcotL—EJ. (2.37)

The validity of the factorization has been checked numerically for
52' = (4 —jl)eo. The r.m.s. error in (G - G,G_)/G was observed to be
less than 10-5 over both the top and bottom sheets of the kx plane.

This factorization allows us to rewrite the Wiener-Hopf equation as

A k) B (k)
I,k IG (k) = G_(kx) - c;(k*T' T_< T < T, (2.38)

We must now decompose the quotient A /G_ into two functions S (k)
and S_(k ) such that S,(k ) is analytic for v > t_, S_(k ) is analytic

for 1 < 1,, and
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8y - B,de 182F (s, + 82)e+j82. )
"k 281(e1 - g% T8t (8, + 8,)%" 382" @
The first term of G(kx.O) factors by inspection into
( 172 1 12 1
%q= “%} Wi_l'_q,x{[ﬁ] ﬁj (2.33)

As lkx|*°. Bl*féx and 82°¢£x for any k,, real or complex. Since,

on the top sheet of the spectral plane, Im(BZ) <0, lle(J'th:)*<m as

Ikxl*w. Therefore,

- +ig,t
0 - (8 +8ye 2

)Ze*jBZt

F(k_ ) » 28
x 1
0—(81+82

« 1.

Theee arguments, put forth by Coblin (1983), are restricted to lossless
media and are made for kx on the top sheet only; they are unaffected if
the slab material is lossy. The leaky wave poles for the slab lie in

quadrants two and four of the bottom sheet, just as the proper surface
wave poles lie in quadrants two and four of the top sheet. Therefore,

the factorization is valid on the bottom sheet, also, and it is given by
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b_(x) = Cejklx.

Congdaring an infinitesimal amount of loss in the exterior tedium,
b_(x) must go to zero as x+—=., Using this knowledge we determine that
8_(kx) is analytic for T < Im(-kl). (See Figure 2.1.)

Since we have already shown that G(kx.O) is analytic and nonzero in
the strip In(kl) <t < Im(-kl), the Wiener-Hopf equation (2.30) exists
in the strip In(-klcose) <1< Im(-kl). When the infinitesimal loss in
the exterior medium goes to zero, this strip collapses to the real axis
as shown in Figure 2.2.

The next step in the Wiener-Hopf solution is to factor G(k, ,0) into

two functions G+(kx) and G_(kx) such that G+(kx) is analytic and nonzero

for v > _, G_(kx) is analytic and nonzero for v < 7 ,, and

+
6(k ,0) =G, (k)G _(k).

Coblin (1983) has found this factorization for a lossless slab., In
order for this factorization to be valid for a lossy slab, G(kx.O) must
be free of zeros and singularities in the strip of analyticity,

1_ <1< T, (wvhich, as we have shown, it is), and we must be able to
separate it into a product of two terms, one of which must limit to the
value 1 as |kx|*° in the strip. We can write G(kx.O) as

G(k_,0) = Tﬂ'ﬁ—-p(kx), (2.31)

nBl

where
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This allows us to rewrite (2.12) as

«©

1 .
a+(x) - b_(x) = v JJ+(xO)8(xo.x:0)uo.
= x £ @, (2.29)

The right hand side of equation (2.29) is simply the convolution of j,
and g, so after applying the Fourier transformation to both sides of the

equation we obtain the Wiener-Hopf equation

A (k) - B (k) =7 (k)Ik, 0, 1 <17, (2.30)

For this transformation to be valid the functions A, B_, J , and G must

"
be analytic in the strip 7_ < tv < 1,, and G must be nonzero in the same
strip. We have already shown that A _ is analytic for 1 > Im(—klcose).
The current j(x,0) must have the same asymptotic behavior as x*= as the
scattered field, and thus it must have the same asymptotic behavior as
the incident field in order to satisfy boundary conditions everywhere
along the screen. Thus j(x,0) has the same asymptotic behavior as x+=
as a (x), and J+(kx) must be analytic in the same region in which A+(kx)
is analytic, namely, t > Im(-klcose).

We next note that b (x) is proportional to the scattered field on
the top face of the slab (y=0) for x < 0., Along the slab, as x+-= we

expect this field to show the same behavior as a negative-traveling

plane wave, or
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(Coblin, 1983). This will be discussed after we evaluate the field
integral.
Considering a lossy slab and introducing an infinitesimal amount of
loss in the exterior medium, we see that either
Im(-kl) < Im(poles, zeros) < Im(-kz)
or
Im(kz) < Im(poles, zeros) < Im(ki).
Thus, G(kx.y) is analytic and nonzero for

Im(k) < 7 < Tm(-k,).

2.2.4 Wiener-Hopf Solution for J (k)

In the Wiener-Hopf procedure (c. f. Mittra and Lee, 1971a), we seek
the Fourier transformation of equation (2.12), In order to accomplish
this transformation, we must extend the limits of the integral in (2.12)
to include all x (i.e., x € (-»,«)), Therefore, we are forced to

introduce the functions b_(x) and j+(x) defined by

‘o0, x>0
b_(x) = (2.27)
{ unknown function, x <0,
3 (x), x>0
5,00 = ‘ : (2.28)
0, x <0 .




Te I8y, y >0
u 2
A (k_,y) = ; Yulkye Ovglkyy) ey <o (2.22)
z f!‘——‘" W
g,y -
Tde 17, y £ -t
where
Y (k,y) = e 382Y o r otIB2Y (2.23)
u X u
v GkL.y) = e 382« 7By (2.24)
d "x’ d ’
W=y My - Y g = -j28.(1 - I.T ) . (2.25)
d — u— I8, ud *
ay 3y
and Tu' Ty I‘u, and T, can be found by applying the boundary conditions.

When this is done, we find

Gk ,y) = -jqu(kx.y)

, 8y - ez)e'JBZ(’+t) - (8, + Bz)e+382(y*t)
Wor |- 82)29-_]82t

(2.26)

2 +jg.t
- +
(e1 8,)7e "2
in the slab.
The poles and zeros of G(kx.y) on the top sheet of the spectral

k., and -k -k, (Hessel, 1969b). The poles

plane lie between LR 1* 2

correspond to surface waves for a dielectric slab, and, for y = 0, the

zeros correspond to surface waves for a grounded dielectric slab
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;(x.y) =z az(x.y) (2.16)

such that

ez(x.y) = -juaz(x,y) (2.17)

ﬁ(x,y) S S 2 [Qaz(x,y)]. (2.18)

Yo
The potential az(x.y) is a solution to the equation

2 (-s(x)6(y), i=
+ k7 | a (x,y) = (2.19)
tioz 0, i

t
N

2

[
| v
L Xy

"
—

subject to the boundary conditions which require that a, and its

derivatives be continuous at y = 0 and y = -t. Application of the

Fourier transformation to this equation yields

1 .
( 2 \ ["71— s(y), 1=2
l—z’-; 2 GG kD Ay = ! T (2.20)
8y i x'j Tz x |
. 0, i=1
and the transformed Green's function is given by
= - . (2.21)
G(kx.y) Jqu(kx.y)

Using the approach outlined by Felsen and Marcuvitz (1973a), we

obtain
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also in the region in the k plane in vhich this transformation is

analytic. The transformation of a (x) is given by

1 (NP ik x
T J e, (x,0) e’ x dx

A0 = ¥la, (0} = =0 |

i J2E B, (k cos8)G(k cos8,0)
w,orZn (k_ + k,cosb)
0 x 1

[ | - lim eJ(kx + klcose)b ) (2.14)
b
The limit in (2,.14) exists and is 0 only when
T > Im(-klcose) =T, k =0+ jt. .

Thus, the analytic function A+(kx) is given by

j2E B (k cos8)G(k_cos6,0)
A (k) = 01 x X
- x uow/f? (kx + klcose) '

T > Im(-klcose). (2,15)

2.2.3 Fourier Transformation of the Green's Function

In order to solve for the current on the half plane, we must find
the Fourier transformation of the Green's function for a line source on
the top face of the slab, G(kx’y)' and find the region in the spectral
plane where G(kx.y) is analytic and nonzero. To this end, we

temporarily introduce the concept of a magnetic vector potential




<

R v 0 = t . ey !
ez(x ') “o Jo Jz(xo)g(x' %giY ) dx, . (2.11)

Application of the boundary conditions produces the integral
equation
Mt ,0) = |5 (x)a(x' ixgi0) dx (2.12)
ez X', uo io Jz xongxov 0’ D

0 < x' < w,

This equation is of a form suitable for application of the Wiener-Hopf
technique, which, when applied, will give a aolution.for the Fourier
transformation of the current on the half plane. To find this solution
we must find the Fourier transformation of the no-plane field and of the

Green's function,

NP
2.2.2 Fourier transformation of e (x,y)

To apply the Wiener-Hopf technique, we define the function

NP(x,00 , x>0
n b4

Yo
a+(x) = (2.13)
o, x < 0.

We are not only interested in the Fourier transformation of a+(x). but




the ezNP. or "no-plane," component of the field can be found by solving

the problem of a plane wave of magnitude Ey, given by

i (x,y) = E Jkl(xcose + ysin®) ) (2.8)

z o€

incident upon a dielectric slab. The no-plane component, given by

Coblin (1983), is

22 jklxcose

e (x,0) = - E B, (k cos0)G(k cose,0) e (2.9)

where we have rearranged the expression to include G(kx,y), the Fourier
transformation of the Green's function for a line source on the top face

of the glab, and

Bi(kx) =7 ki - kx , i=1,2, (2.10)

where we choose

Im(Bl) <0, or, if Im(Bl) =0, Re(Bl) > 0.

Choosing the sign of the square root in this manner ensures that the
fields satisfy a radiation condition at infinity and defines the top
sheet of the spectral plane.
. R . .
We can determine e, from the convolution of the current induced on
the half plane and the Green's function for a z'-directed line source on

the slab, i.e.,
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2.3.2 Deformation of I to the Steepest Descent Path
?

To evaluate (2.48) using the steepest descent method, we must find
the path along which the exponential in the integrand of (2.48) decays
most rapidly--the steepest descent path, or SDP, which passes through
the saddle point, a, where the derivative of the argument of the

exponential with respect to a is zero; i.e.,

oj?
1)

—jklxsina) = 0.
a
s

The saddle points in the region of interest are a ="n/2 for x > 0 and
a = -n/2 for x < 0. The SDP lies on the contour through the saddle
point characterized by the imaginary part of the argument of the

exponential in (2.48) being constant. It is given by points that

satisfy

Im(-jklxaina) = Im(-jklxsinas) = —kllxl . (2.50)
or

sinh(v) = cot(u) (2.51)
where

n/2

£ (0,n), x>0, a
-

(-7,0), x <0, a, = -n/2.

+
Thus, we will be concerned with two steepest descent paths, SDP through

@, = n/2 and SDP through a = -n/2. These paths are shown in Figure
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2.4, When the path I' is deformed to the SDP, singularities will be

. R . ‘s
| swept, thus contributing residue terms to e, (x,y) in addition to the
contribution from the evaluation of the integral along the SDP. This

R .
shows that e, (x,y) is made up of components from four contributors:

1. The result from the evaluation of (2.48) along the SDP.

2. The residue obtained from the capture of the geometrical optics
pole.

3. The residue obtained from the capture of any number of surface
wave poles.

4. The residue obtained from the capture of any number of leaky

wave poles.

Tamir and Felgsen (1965b) have found that the contribution to
ezR(x,y) from the SDP integration, eZSDP(x,y). is equivalent to a
collective lateral wave as shown in Figure 2.5. The contribution from
the geometrical optics pole, ezGO(x.y). accounts for the shadowing of
the incident field by the p.e.c. screen. The contributions from the
surface and/or leaky wave poles, ezM(x,y). can be characterized as a
series of modes propagating and/or decaying in the slab in a manner
similar to that in a dielectric waveguide. The total radiated field is

found by summing all the individual contributors:
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e:(x.y) = e:DP(x.y) + ego(x.y) + I e:(x.y). (2.52)

R . . .
Each component of e, (x,y) is considered in the following.

2,3.3 SDP Integral

sDp . :
The contribution from e, (x,y) is given by the integral
-3k, xsina

{ cosa G(klsina,y)e 1 . '
da. (2.53)

G+(k15ina)(éina + cosb)

SDP
e, (x,y) =¢
’spp
This integral can be solved in a straight-forward manner by the

steepest descent method (Felsen and Marcuvitz, 1973b, Mittra and Lee,

1971b). We note that (2.53) is of the form

(

SPPxy) = | K(any) X4 4qq (2.54)

z i spp
where

cosa G(klsina.y)
= 2.55

K(a,y) 5 G+(klsinq)(sinu 4+ cos86) ( )

and
. . <
q(a) = *jk,sina for x _ O. (2.56)

1 >
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Making the substitution
2

8 = q(as) - gq(a) (2.57)
we note that Im{q(a)} is constant along the SDP, so s is real along the
SDP. This allows us to write (2,53) as
2
- ¢ ® -
eiDP(x.y) = e JIklxI | Ms,y)e *® ds , (2.58)
J

-

M(s.y) = K(a,y) £ ) (2.59)
a on SDP

We can express this integral as an asymptotic series for large

|k x]|:

1

as Iklxl*m. (2.60)

The first term of this series is zero due to the factor cos(a), which is
zero for a = as, so the second term is the dominant one, and
itk 1/2
Itk ,_27—1’/
[A]

SDP . \. . s/,
LR 7l B B

(3 \
*Jl“% - lklle
e . Iklxl*m (2.61)

where
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_e H(Kk))
2 ‘sin(BZIy). x>0
Z/q(cose + 1)cos (821t)
) ja/k_le“(“l) can[s, ()] )
Y(y) = s (coso = 1) . ’sxn[BZI()HE-)] + (2.62)
21 COBIBZI(E)]
[8,, ()] ‘
cot =
——z—l—i~—°cos[821(y+-;-)] . x < 0,
sin[8,, ()]
212 j
and
821 = Bz(kl). (2.63)

This expression represents a collective lateral wave made up of a

finite summation of lateral waves as shown in Figure 2,5 (Tamir and

Felsen 1965). Each lateral wave in the collection propagates for a

unique distance in the exterior medium and undergoes a unique number of
reflections into the dielectric slab at the critical angle. This

critical angle is simply the angle of total internal reflection o, given

by

sin(e ) = Ve /e, .
c 1° "2
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2.3.4 Uniform SDP Result

The contribution from eZSDP(x.y) exhibits singular behavior for
incidence angles near v for x > 0 and for incidence angles near 0 for
x < 0. To correct for this behavior, the uniform SDP evaluation method
(Felsen and Marcuvitz, 1973c¢) is applied and leads to a result that has

no singular behavior at these angles. It is given by

(eSDP(x )‘ - iziffifzf—ﬁ (k,c0868)G(k,c086,y)x
l z 24 Junif w 1°71 1 24
( . /z‘ .
IZQ[/]klxl + k xcosb el" eJkGCOSO +
{
- ; 1
e Jlk1xl ‘ RS LILE eJ"/A ) _
/[klx] + kjcos8 | 2(]k1x| + klxcose)
( )
2ntk /2 -j|3—'r + |k x|
‘-[ Ul ey(yree U4 M (2.64)
0821 2vZn
where Y(y)and B, are given in (2.62) and (2.63), respectively, and
® 2
Q(y) = J e X dx. (2.65)
y
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2.3,5 Geometrical Optics Contribution

The geometrical optics field accounts for the shadowing effect of
the screen. It arises from a singularity in the integrand of (2.46),
the geometrical optics pole, at kx = -klcose. In an asymptotic solution
we would expect to encounter this field when x > 0 and not when x < 0.
This is exactly what we find; as a consequence of the Wiener-Hopf
solution procedure, the geometrical optics pole, ago =96 - n/2, always
lies below the path I' and in the interval [-7/2,7/2] on the real axis of
the a plane. Thus, it is swept by the deformation to SDP+ (i.e.,
observaton points under the half plane) and not by the deformation to

SDP . This pole is encircled in the negative (clockwise) direction,

therefore the geometrical optics contribution is given by

000y vy = i2eel(x)Re coauG(klsina.y)e_Jklxsmcl
e, (x,y) = —)2n8U{x s G, (k sina)(sina + cosd) ®go
9 .
= U(x)'::_ﬁ EOBI(klcose)G(klcose,y)eJklxcose (2.66)
where U(x) is the unit step function,
1, x>0
U(x) = (2.67)
0, x <O0.

We note that




29

eio(x,y) = -e:P(x.y)

for x > 0. This is as expected, and shows that the geometrical optics
field does indeed account for the shadowing from the screen by canceling

the no-plane field.

2.3.6 Modal Contributions

The remaining contributions to the radiated field arise from poles
of G/G+ in the integrand of (2.46). Both surface wave poles on the top
sheet and leaky wave poles on the bottom sheet may be swept in the
deformation from T to SDP+ or SDP-, each pole contributing a residue
term to ezR(x.y). Each of these residue terms can be expressed as a
product of a launching coefficient--L(e,ap). a transverse (y direction)
modal function-—@(y,ap), and a longitudinal (x direction) propagation
factor--an exponential function of x and ap, where ap denotes the value
of the pole in the a plane. With this representation we have an
efficient form to study separately the modal structure of the field, the
factors that influence the launching of a mode, and the propagation of a
mode.

For each pole of G/C+ swept in the deformation to the steepest

descent path,
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{ -- .
M cosaG(klsina,y)e Jk xsina ;
= +3 . H
ez(x.y) tj2ng Res‘ G+(k1sina)(sinu e ap (2.68)
for x : 0.

The evaluation of the residue is tedious but straightforward and the
resulting expression can be rearranged into the desired representation,
kpx

e:(x,y) = EOL(G,GP)O(y,QP)e-j X (2.69)

where kxp = klsinap. The modes that result can be segregated into
readily interpretable classes. Under the half plane, i.e., x' > 0, the
electric field must vanish at y' = 0, and all modes are governed by this
condition. For x' < O the slab is an open structure, and a mode set

manifesting both odd and even symmetry about the center of the slab

(y' = -t'/2) arise. Specifically, for x' > 0

8, (k,coss8)cot(a )82 G(k,cos® O)e—H(ki) 1/2
» [ h)
L(o,a ) = 11 p 2p 1 2»:2_" y

J

x|

G (-k,cos0)(k,cos6 + kP)sin(8 t)/ﬂ + kPt
- 1 1 X 2p 1 X

{lslpcos(ezpt) - 8 8

tsin(p, t)] +
P 2p 2p

.2 ; -1
J[BlptCOS(szt) + szsxn(szt)]} , (2.70)
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o(y.ap) = sxn(szy), (2.71)
where
Blp = Bl(klaxnup). (2.72)
sz = 82(klslnap)' (2.73)

For x' < 0 odd modes are given by

2 T -H(kP) .
Bl(klcose)cot(ap)s2p 1 ka(klcose,O)e x ‘(_2/7;‘/

x4,

L(e,ap) = w

G_(~k cos0)(k coso + ki)ainlszp(%)]

(2.74)

2 2 2 .
A= {2[(8lp + sz)cos(szt) - Blpazptsln(ﬁzpt)] +

. . 2 2 -1
Jlaelpszpsm(ezpt) + B t(Blp + 82p)cos(82pt)]} ,  (2.75)

1p

y.a) = sintezp<y+§>1 (2.76)

with Blp and sz given above, while the even modes are given by

2 7 -H(kP) X
L(oa) = Bl(klcose)cot(uP)ng 1 ka(klcose,O)e x xf_z/f;}/zXA
P G_(-k cose)(k,coso + ki)cos[sz(g)] vl
(2.77)
_ t
o(y.up) = cos[sz(y+§)] (2.78)

with Blp’ sz. and A given above.
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The reader is reminded that these are large-x asymptotic field
representations. The continuity of e, at x' = 0 is embodied in the
integral representation (2.48), which constitutes a complete expression
for the field. The changing of asymptotic representations between
x' > 0 and x' < 0 does not contradict continuity.

The remainder of this study will be devoted to an investigation of

the poles of G/G, and the modal fields which arise from them.




CHAPTER 1YI: ANALYSIS OF RESULTS

3.1 Preliminary Developments

In a uniform dielectric slab waveguide of thickness t and
permittivity €50 electromagnetic energy can propagate as guided waves in
the form of modes. These modes will propagate in the slab in the
longitudinal direction and will radiate energy into the exterior medium
in vhich the slab is imbedded. They can be separated into two types:
modes that are odd with respect to the center of the slab and modes that
are even with respect to the center of the slab. If the slab is
grounded by placing a p.e.c. plane on one surface, image theory tells us

that this must be equivalent to a dielectric slab waveguide of thickness

2t, but since each mode must individually satisfy boundary conditions
along the ground plane, only those modes that are even with respect to
the ground plane may exist (Figure 3.1). Both types of behavior should
be evident in the problem under consideration. For large Iklx( the
portion of the slab under the p.e.c. half plane (x > 0) should behave as
a grounded dielectric slab waveguide, and the portion of the slab not
under the half plane (x < 0) should behave as a slab waveguide in
uniform space. This behavior is apparent in the analysis of the poles
that produce the guided wave terms and in the analysis of the modal

expressions that result from these poles.

33
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In addition to the geometrical optics pole, two types of poles are
encountered in the evaluation of ezR(x.y). Surface wave poles (SWP's)
which lie on the top sheet of the spectral plane and leaky wave poles
(LWP's) which lie on the bottom sheet may contribute field terms. The
two types of poles give rise to two different types of waves (Hessel,
1969¢). A surface wave, produced by a SWP, behaves as a propagating
mode in a slab waveguide. It propagates in the longitudinal direction,
attenuated only by losses in the slab. As it propagates, it radiates
energy in the exterior medium. This radiation decays exponentially away
from the slab, while the transverse variation is sinusoidal inside the
slab (Figures 3.1 and 3.2.a). A LWP produces a leaky wave, which
behaves much like an evanescent mode inside the slab in that it decays
exponentially in the longitudinal direction. Therefore, it does not
make a significant contribution to the total field in an asymptotic

solution. However, since a LWP occurs on the bottom sheet of the

spectral plane, a leaky wave will not satisfy a radiation condition in
the transverse direction; it grows exponentially away from the slab
(Figure 3.2.b). The leaky wave field will satisfy a radiation
condition, though, because it only exists in a restricted portion of the
sp»tial plane (Figure 3.2.c). In Figure 3.2.c the center line of the
slab and the direction of growth of the leaky wave define an angle
but the leaky wave pole only contributes a field term inside

0growth *

the wedge defined by the center line and the angle O ontr. The angle

is always greater than © ensuring that the leaky wave

[¢]
growth contr,’
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field does satisfy a radiation condition in the region in which it

exists.

3.2 Poles of G/G+

The SWP's and LWP's are poles of the quotient G(kx,O)/G+(kx). Due
to the factorization of G(kx.y) in the Wiener-Hopf procedure, this
quotient takes two forms, one for x > 0 and one for x < 0. For x > 0,

a = n/2 and Re(klsina) > 0, so

G(k - ] 1/ 2
(k_,y) e Bk ) .|(-2./2‘n‘(/ )
G, (k) [2/27»421 N IR U
(8 - 8)e 3B | 1o 4 g etif(y+t))
I 1 2 1 2 (3.1)
_ -jB,t _ +3j8,t ’
l (Bl 82)e 2 (e1 + 82)e 2 )
while for x < 0, a = -7/2 and Re(klsina) < 0, so
( - \! 1/ 2
G+(k ) | VoL
X . vZT J
f — : Al
(8. - 8)e I8 _ (g o g yetiflyt)
1 2 1 2 (3.2)
_ 2 ~1B,t _ 2 +38,t )
,\ (el 82)e 2 (81+ 82)e 2
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The physical properties of the slab and the location of the guided wave
poles also had an effect on the launching of the modes. The large
magnitudes of the launching coefficients was unexpected, and at present
an adequate explanation is not available, Further study of this
phenomenon is warranted.

With this solution completed for the geometry considered in this
study, one is prepared to extend the work to more complicated slab
structures or to delve deeper into the physical mechanisms at work in

the scattering process.




CHAPTER IV: CONCLUSION

In this study we have investigated the scattering of an
electromagnetic plane wave by a dielectric slab shielded by a p.e.c.
half plane residing on the top face of the slab. We developed solutions
for the Green's function for a line source on the slab and for the
current on the half plane, extending the results to accomodate losses in
the slab. The total field was expressed as the sum of a no-plane field,
which accounted for the effects of the slab and the incident plane wave,
and a radiated field which accounted for the effect of the screen., This
radiated field was developed asymptotically as the sum of a collective
lateral wave contribution, a geometrical optics contribution, and
contributions from guided wave poles. The contributions from the guided
wave poles were expressed as modes giving rise to surface waves or leaky
waves. We were able to state these modes as the product of a transverse
modal function, a propagation factor, and a launching coefficient. This
launching coefficient played a similar role in the launching of these
guided waves to that of a diffraction coefficient in diffraction theory.
The launching of the guided modes was investigated in some detail, and
an effort was made to explain the physical mechanisms that affected the
launching of these guided modes. It was observed that the edge

diffraction effect played a major role in the mode-launching phenomenon.
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Another interesting effect is seen in the launching coefficients
for a slab in free sgpace with permittivity 1050 and thickness Ao/z
(Figure 3.8). For this case the launching coefficient is not zero for

=0 and 6= n, Normally Bl(klcose), which is zero for 6 = 0 and

@ = n, forces the entire launching coefficient to zero at these angles.
For these parameters, however, there is a pole of G(ikI,O) that cancels
the zero of Bl(tkl). This phenomenon will occur whenever

t/?-:_'e_l' = nn, n an integer.
When this relationship is satisfied, the electrical thickness of the

slab is such that the no-plane field is no longer zero for € = 0 or

@ = 7, and modes can be excited,
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shapes are relatively independent of the location of the poles that
produce then, This further supports the hypothesis that edge
diffraction dominates the launching of modes and also shows that the
properties of the slab influence the shape of L(e,ap) more than the
location of the poles,

The launching coefficients have only one or two local maxima over
the range of 6. The number of maxima remains the same for each pole
found for a given get of parameters, For slabs that are electrically
thin (e.g., 52' = 450, t' = O.ZAO, el' = eo), L(e,ap) has a single
maximum, and as the electrical thickness of the slab increases the
second local maximum first appears as a bend in the coefficient and then
as an extremum, One can develop a relation for the location of these
maxima by setting the © derivative of L(e,ap) equal to zero, but the
resulting equation is complicated and yields little if any physical
insight.

Even though the location of ap does not significantly affect the
shape of L(e,ap). a_ has a large effect on its magnitude. Surprisingly,
the magnitude of L(e,ap) is much larger for the higher order modes in a
given slab than for the lower order modes. For a waveguide one sees the
opposite effect--the lowest order modes in a waveguide carry the most
energy. Also, one would expect L(G,ap) to have a magnitude of order
one, when in, fact, its magnitude can be much larger, especially for the
higher order modes. At present an adequate explanation for these

effects is not available.
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expression similar to the modal launching coefficient and compare the

. . . SDP
two. This expression, which we call L (8), has three forms. These

forms, which are comparable to the three forms of L(e.ap).are

-H(k,)
L5% (o) = w(e) = e 1 . x>0, (3.8)
ZMEI(cose + 1)cos (BZIt)
H(k )
Jévﬁ—tan[ ( e
LSDP(e) = 2(0) = 21 2 . x < 0, odd, (3.9)
821(cose l)cos[B21 2 )]
& H(k, )
J&#ﬁ_cot[ﬂ =Me 1 )
LSDP(O) = 2(6)' 21 2 . x < 0, even, (3.10)
(cose - l)sln[B21 2)]
where
3
klBl(klcose)G(klcose,O)eJA"
(o) = . (3.11)

An/?lec_(-klcose)

SDP

Figure 3.7 shows L(O,ap) and L° (8 as functions of 6 for a

representative case. We note that except near the geometrical optics
pole, where LSDP(G) is singular, the two functions have the same general
shape. They differ greatly in magnitude, but this would be expected.
These results support our claim that edge diffraction dominates the
mode-launching effect.

The launching coefficients are smooth, slowly varying functions of

6. For a particular choice of slab thickness and permittivity, their
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The transverse modal functions also give the expected results. For
both surface waves and leaky waves they show ti.c odd or even behavior
described previously, If the slab is loss. 'ss the transverse variation
of a surface wave is strictly sinusoidal and remains essentially
sinusoidal for a lossy slab (Figures 3.3, 3.4, and 3.5). Leaky waves
exhibit an overall growth in magnitude in the transverse direction away
from the screen (x > 0) or away from the center of the slab (x < 0).
Examples of the transverse variation of leaky waves are given in Figures
3.3 and 3.6.

The launching coefficient contains the influence of the excitation
on a particular mode. 1In this respect it is related to diffraction
coefficients computed in the geometrical theory of diffraction. We have
computed the launching coefficients of contributing modes for several
different combinations of slab parameters. From these results we can
gain some insight into the factors that influence the launching of
guided modes in the slab by the current on the half plane.

The guided wave contributions to ezR(x.y) are part of the field
diffracted by the screen. The current induced on the half plane excites
th: slab modes even though the prirary field is a plane wave. For the
general case of diffraction by a half plane, diffraction from the edge
of the half plane has the most influence on the diffracted field. Thus,
we might expect that the edge diffraction effect plays the major role in
the launching of modes in the slab. Since ezSDP(x.y) is heavily

inflvenced by the edge diffraction effect, from it we can develop an
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zeros of an analytic function in a specified region by dividing the
region into a number of subregions and then performing a numerical
integration of the function around each subregion. Using the principle
of the argument (Hille, 1959b), the routine determined if a zero was
located in a particular subregion. If there were one or more zeros in a
subregion, the small region provided a good approximate starting place
for applying Muller's method. With these poles located it was a simple
matter to determine if they were swept in the deformation to spP’ or

- . . . R
SDP and then to compute any resulting contribution to e, (x,y).

3.3 Modal Field Components

With the contributing SWP's and LWP's located, we can compute the
launching coefficient, transverse modal function, and propagation factor
for a particular pole,

The propagation factor (in eq. 2.69) for a surface wave shows
propagation in the positive x direction for x > 0 and in the negative x
direction for x < ° This is expected since we expect energy to be
radiated away from the edge of the half plane. If the slab is lossy the
propagation factor shows some decay due to the fact that up moves off
the vertical line through +n/2 so that sinap becomes complex. For a
leaky wave, the propagation factor shows that energy is being radiated
away from the edge of the half plane, but it also incorporates a

significant amount of decay due to the imaginary part of sinap.
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C(kx) = Bzcos(th) + jBlsin(th) = 0, odd modes, x>0, (3.5)
t . .

C(kx) = 82cos[82(5)] + JBlsxn[82(§)] £ 0, odd modes, x<0, (3.6)

C(kx) = Blcoslsz(g)] + szsin[BZ(g)] = 0, even modes, x<0. (3.7)

By using top sheet values of 81, we can find the SWP's, and by using
bottom sheet values of Bl' we can find the LWP's. For a lossless slab
contributing SWP's lie on the segmuent (kl'kz) for x > 0 or on the

segment {-k —kl) for x < 0 (Coblin 1983). These segments map into the

2'
a plane as segments with u = *n/2 and v ¢ (0.vk2) or VvV ¢ (v_kz.O) for

x > 0 or x < 0, respectively, where v x is the imaginary part of the

k
mapping of kx into the a plane (Figures 2.3 and 2.4). 1If the slab is
lossy, the SWP's will still lie on or near these segments. Contributing
LWP's lie in the mapping of the fourth quadrant of the bottom sheet, B, ,
for x > 0 and in the mapping of the second quadrant of the bottom sheet,
32' for x <0 as shown in Figure 2.3. According to Barone (1956) there
are an infinite number of LWP's, but only a finite number contribute.
This is because the SDP is asymptotic to the boundary between the
mappings of the top and bottom sheets (Figure 2.4). Since neither SDP+

nor SDP_ sweeps the regions B, or By respectively, at infinity, not all

4
the LWP's are swept, and only a finite number contribute.

The SWP's and LWP's were found using a numerical search routine

developed by Singaraju, Giri, and Baum (1976). This routine found the
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Under the screen the SWP's and LWP's are zeros of

C'(k) = (8 - 8 e I Bt - (8, + Bz)e+J 62‘, x > 0. (3.3)

1 2

In this case C'(kx) is, within a factor, simply the numerator of
G(kx,O). Thus, the poles of G/G, for x > O are the same as the zeros of
G(kx.O). validating our claim that the slab shows the characteristics of
a grounded dielectric slab waveguide for x > 0. For x < 0 the SWP's and
IWP's are the zeros of

2 -jB t

(B, - 8,) e 2-(Bl+82)

2 +3B,¢t
1 2 e 2

c'(x. )
X

. t . t
[( B - ez)e'Jsz(E) - (8 + ez)e”Bz(i)]-

_ -jg, (5
’(ﬁ1 82)e 22

. t
+ (8 + 82)e+J62(§)]. x < 0. (3.4)
\ )

In this case C'(kx) is, within a factor, the denominator of G(kx,O).
Thus, the poles of G/G, for x < 0 are the same as the poles of G(kx,O).
that is, the slab shows the characteristics of a dielectric slab
waveguide in space for this region.

From the expression for C'(kx) we can develop a set of
characteristic equations for each case (i.e., modes odd with respect to
the half plane for x > 0, modes odd with respect to the center of the
slab for x < 0, and modes even with respect to the center of the slab

for x < 0). These characteristic equations can be writtzn as
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TYPICAL LATERAL

8c

COLLECTIVE LATERAL
WAVE

— ot .

=% T % /"?//"/////

Figure 2.5. Diagrams of lateral wave ray paths (after Tamir and

Felsen, 1965).
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0DD MODES

EVEN MODES

)

(c) Y

Figure 3,1. Generic field distributions for dielectric slab waveguides:

(a) odd modes for open slab, (b) even modes for open slab,

{c) "grounded-slab" mode under p.,e.c.
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———— EQUIPHASE PLANES EQUIPHASE PLANES
———— EQUIAMPLITUDE PLANES —— — EQUIAMPLITUDE PLANES

(a) (b)

Figure 3.2, Surface and leaky waves: (a) surface wave, (b) leaky wave,

(c) region of contribution for a leaky wave.
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Figure 3.7. Comparison of L and LSDP for a slab with :_ ' = 4

2 0’
t' = 0.85X0 (odd modes for x « Q).
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Figure 3.8. Representative launching coefficients for a slab

with 12' )= 10+ 0’
at o= 0" and = 180",

t' = \0/2 showing nonzero behavior
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