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I Introduction

A hybrid combination of the geometrical theory of diffraction (GTD) [1]
-[4] and modal methods are employed within the framework of the gen-
eralized scattering matrix technique (GSMT) (5] to efficiently analyze the
electromagnetic scattering by an open-ended, dielectric filled rectangular
cavity in a perfectly conducting ground plane where the medium external
to the cavity is assumed to be free space. This analysis is described here for
the two dimensional (2-D) cavity of Figure 1 in free space which is excited
by either a TE, or TM, plane wave; however, the concepts involved can be
readily extended to treat three dimensional rectangular, circular or other
separable cavity configurations by augmenting the GTD with other asymp-
totic high frequency methods as shown in [6]. An analysis of the latter
three limensional (3-D) case will be reported separately. Even though the
width of the cavity is shown to be much larger tlian its depth in Figure 1,
this is not a restriction in the present analysis which can also accommodate
cavity depths that are larger than its width.

In this hybrid analysis, the elements of the generalized scattering ma-
trices associated with the junctions at the open front end and the back
termination are found in a conceptually simple manner via high frequency
techniques based on the GTD and the equivalent current method (ECM)
[7,8]. It is noted here that the ECM employs the GTD to calculate the
strengths of the equivalent currents. It is further noted that the high fre-

quency techniques can be used because each waveguide cavity mode can be




decomposed into a set of modal rays [9]. The interaction of these waveguide
modes with the discontinuitues, such as the open end, of the cavity can then
be analyzed via GTD and ECM by using the diffraction or launching of the
corresponding modal rays. The elements of the scattering matrices furnish
the complex amplitudes of the waveguide cavity modes which are reflected
and transmitted by the junctions. The multiple interactions of the modal
waves between the junctions are fully accounted for by the self-consistent
multiple scattering approach which is essentially contained in the GSMT.
It is important to note that the expressions for the scattering matrices ob-
tained via the GTD are in a relatively simple form; it is for this reason
that the present hybrid approach is very efficient. In contrast, the use of
conventional mode matching procedures to analyze this problem would be
far more cumbersome. Also, the present hybrid method of solution is also
far more efficient than a moment method solution of this problem. On the
other hand, the present analysis is approximate because GTD is an asymp-
totic method; however, it is also quite accurate as the numerical results
based on this approach are shown to agree well with those based on an in-
dependent moment method solution for this problem. At the present time,
the directions of incidence and scattering are restricted to about 10° away
from grazing with respect to the ground plane; further study to remove this
restriction will be pursued in the future.

The format of this paper is as follows. First a self-consistent formulation
of the GSMT is presented in section II. This self-consistent approach {10]

for summing the multiple wave interactions between the junctions formed




by the open front end and the back termination, respectively, is slightly
different from the Neumann series summation approach used in the original
development of the GSMT [5]; however, it leads to the same result for
the multiple interactions as in the original GSMT. The various junction
scattering matrices are also defined in section II. In section III, the GTD
and ECM are employed to calculate the elements of the junction scattering
matrices. The scattering matrices are combined in section IV according
to the expressions for the multiple wave interaction of section II to obtain
numerical results for the fields scattered by the cavity when it is illuminated
by a plane wave. Numerical results are presented for the backscattering as
well as for the bistatic scattering from the cavity shown in Figure 1. An

e’“! time convention is assumed and suppressed throughout this analysis.

II Self-Consistent Formulation of the GSMT

In the GSMT [5], the basic scattering mechanisms for the configuration in
Figure 1 can be isolated and identified as being associated with the junctions
formed at the open front end and the back termination, respectively. At
the present time the GTD edge diffraction coefficients are available for a
conducting wedge; however, the edges at the open end in Figure 1 are also
in contact with the dielectric which fills the cavity. Thus, an additional
junction is artificially introduced in the analysis so that the GTD for a
conducting wedge can be used; this artificial junction can be formed by

recessing the dielectric by a small distance § inside the cavity as shown in




Figure 2. An analysis of the problems in Figure 2 leads to a solution for
the scattered field of the problem in Figure 1 as § — 0; such a technique of
introducing a é which is then allowed to become vanishingly small has been
employed successfully in the past to analyze many scattering problems via
the GSMT [5,11]. Three junctions are now identified at the discontinuities
as shown in Figure 2; these junctions are labeled 1, II and III, respectively.

The scattering matrices associated with the junctions I, Il and III de-
scribe the isolated scattering events at these junctions as shown in Figure
3. The GSMT extends the concept of the .conventional scattering matrix
for propagating waveguide modes to include evanescent modes, and it also
includes the exterior scattering matrix. The various scattering matrices
associated with junctions I and II are shown below; it is noted that in this
special case, the effect of junction 1] is combined into the scattering matrix
characterizing junction II and is hence not treated separately.

The multiple scattering between the junctions is calculated via a self-
consistent procedure which requires a knowledge of the generalized scatter-
ing matrices [S11], [S12], [S21], [S22], and [Sr] for the junctions I and II.

Let E' denote the electric field of the incident electromagnetic plane
wave. The electric field contains only the z component for the TM; case
and it contains only the 8 component for the TE, case. Thus, one may

express E* in general as:

E' = Ei:+Ey-6) (1)




with

Ei = A,e*? (2)

E; = Aoe—’jki'ﬁ; (3)
where

k' = —ko(cos8's + sin6'g), (4)
and

p = zz+yy. (5)

It is noted that k, refers to the free space wavenumber and g is the position
vector of the observation point P. The unit vector §' is shown in Figure 1.

The matrix [S),] relates the scattered electric field E* from only the
open end at £ = 0 to the field E* which is incident at the open end. One

may then describe the scattering matrix [S1] as follows:

Br| _[sz ss][a] -
B | | sk osi || 4]
where
E* = E*; + E}°6 (7)




and the unit vector 8 is also shown in Figure 1. From (6),

30 so
Su 26

s0 20
SOz 500

[Sn] = (8)

The scattering matrix [S;,] converts the waveguide modal fields incident
at the open end (z = 0) from the interior region to the field radiated by
these modes from the open end as shown in Figure 3(b). The modal electric

o i . . . . .
field E within the waveguide portion of the cavity may be represented as

Bt =3 (Ake.i + Be,) P (9)
n=0

The terms A and B are the amplitudes of the modal fields in the
waveguide section. The & denotes the nt* modal electric field in the TE,
case for which the magnetic field had only a z-component. Likewise, e,z
denotes the n'* modal electric field which is entirely in the -direction for
the TM, case. The propagation constants 3, for the n** mode are the same
for the TE, and TM, cases. Also note that n > 0 for the TM, case. The
superscripts + and — in (9) refer to modes propagating in the +& and —2
directions, respectively. These waveguide modes are defined in detail in
Appendix A. If E™ denotes the electric field at P exterior to the cavity
due to the radiation of the modes that impinge on the open end, then the

scattering matrix [Sy;] relates E™ to E} as follows:




[E:" ___[[:zn] (515.] lA:i]}e-J*P o)
Eg° s3] [ses] 1B ] VP
where

(S12) = [ [55] {12 } ()
s3] [Ss.]

Notice that each of the submatrices in (11) separately contain the 2 and
6 components of the fields radiated by each of the TM, modes and the
TE, modes respectively. For example, each element of [S]5 | gives the
2 component of the electric field radiated by each of the TM, mode of
amplitude A}. Therefore, if the total numbers of the TM, and TE, modes
included in the calculation are Nj and N., respectively. The order of the
submatrices [S:i,,]a [S;Zn], [ :1"9“], [532’3“], [A}], and [B}] will be 1xNy,
1xN, 1xN,, 1xN,, Nyx1, and N, x1, respectively.

Similarly, the scattering matrix [S3;] describes the coupling of the inci-
dent plane wave field into the waveguide modes as shown in Figure 3(b).

Therefore, [Sy] relates E; to E* as follows:

1421 _ [ [S4.:) [Sane] | | 4 (12)
(B;] [S5..) [S5.e] | | 46
where




o=l b

Again, the order of the submatrices [Sf,"z], [Sf,",], [SCan]’ [Sf;n,], 4,1,
and {B] are Nyx1, Nyx1, N,x1, N.x1, Ny x1, and N, x1, respectively. It
is noted that the problem of determining the matrix [S;,) is related to that
of [S,1] by reciprocity. The explicit relationship is given in the next section.

The scattering matrix [S3;] is the modal reflection coefficient associated
with the interaction at the open end of the waveguide which relates the
amplitude (4] or B]) of the n** (TM, or TE,) mode which is reflected
from the open end when a ¢'* (TM, or TE.) mode of amplitude (A} or

B}) is incident at the open end. Thus,

z) | _ | [ra] [R] ] ] (4] (14)
1B;] [Rer) (R )L [Bf]
where
5l = [ [R%] LA (15)
[ret) [Re)

Also, notice that the submatrices [sz’q], [R,’:fq], [Rf,’:‘q], and [R;‘;q] are of

order Ny xNy, Ny xN,, N.xNj, and N, xN,, respectively.




The scattering matrix [Sr] is the modal reflection coefficient associated
with the termination at junction II which relates the coefficients or am-
plitudes of the waveguide modes E incident on the termination to the

coefficients of the waveguide modes E reflected from that termination.

Thus,
[z | _ | [owe] [me] || 4] (16)
(B7] [rer] o) 1L (5]
where
(Sr] = [res] () (17)
[r] [P

Again, the submatrices [I‘:f;q], [I‘ff;q] , [I‘ff;q], and [I‘ff;q] are of order Nj, x Ny,
NnxN,, N.xN,, and N, xN,, respectively.

At any given frequency, the waveguide can support a finite number of
propagating modes and an infinite number of evanescent modes. However,
due to reasons similar to those discussed in [9], only a finite number of
evanescent modes will contribute significantly to the radiation problem as
§ — 0, so that only a finite number of evanescent modes needs to be
included in practice.

It is observed from Figure 4 that one may describe the field scattered
by the cavity as consisting of two parts. The entire scattered field thus

consists of the contribution from just the open end by itself, together with




the field radiated from the open end as a result of all the interactions
between the open end and the termination that arise from the incident
field which is coupled into the waveguide cavity region. Referring to Figure
4, it is observed that the incident electric field E* at the open end is partly
scattered by junction I to produce a scattered field E*° given by (6) and
(8). The rest of the incident field is also coupled at I into the waveguide
region provided that there is no other scattering from the external part of
the cavity; this field then becomes incident at junction II from which it is
subsequently reflected. The field reflected from junction II is incident back
at I where it undergoes further scattering into the exterior and interior
regions, and so on, thus giving rise to multiple wave interactions between
junctions I and II. The fields resulting from these multiple interactions may
be expressed in a convergent Neumann series as done by Pace and Mittra
[11]; however, an alternate procedure based on a self-consistent method
[10] leads directly to the same result. The latter self-consistent MSM based
analysis will be employed here.

Let [E),) represent the total field incident at I from II after taking all
the multiple interactions into account. Likewise, let [E3;] represent the
total field incident at II from I after taking all the multiple interactions
into consideration. Then the total scattered field in the exterior region
denoted by [E?] consists of a superposition of [E£*°] and [E™7], where [E™°]
is the field scattered into the exterior region when [E;,] is incident on 1.

Therefore,

10




(E*] = [E™]+[E™] (18)

where [E™°] may be expressed as

[E™] = [S1][Eral.c0 - (19)

The expressions for [ E;2 | and [ E;; | may be written in terms of the

matrices defined above; namely,

[Enl,mo = {[SullE] + [S2][Eral}| (20)

z=0

and

[Er2)l.co = [Pl[Sr)[Pl[E21)l.—0 (21)

in which {Sr| denotes the reflection coefficient scattering matrix pertaining
to junction II as defined in (17), and [P] is a diagonal matrix accounting
for the phase path delay along the length L between junctions I and II.
Eliminating [E;,] between (20) and (21) yields .

(1] = [S22][P][St][P]) [En)l.co = [Sa][ET, (22)
where [I] is an identity matrix. Hence, it follows that

11




[En)l,o = (1) = [S22)[PY[Sr)(P]) " [Sn)[E). (23)

From (21), Ey,|,_, becomes

(Erall,=o = [PUSEIIP] (U] = [S2){P)SE][P))7" [Sa][EY). (24)

Incorporating the above result into (19) yields

(E™) = [Sl[PISt)[PI (] ~ [S2][PYSe][P) ™ [Sa] E. (25)

Finally, combining (6) and (19) according to (18) leads to the self-consistent

expression for the total scattered field [E®] as

[E*] = {[Su] + [Sual[PI[SE]IP((1) = [S22)[P)(SE)[P))™" [Sul}E). (26)

The scattering matrices [S1;],{512],[S21], and {S;;] can be found in a
relatively simple manner via the GTD and ECM as shown in the next

section.

IIT Analysis for Determining the Elements
of the Scattering Matrices

The elements of [$;1] can be found via a direct application of GTD which

provides the fields diffracted from the edges at the open end of the cavity

12




when a plane wave is incident on these edges. Using the concept of modal
rays one can also find the elements of [S},] directly using the GTD. On the
other hand, it is necessary to employ GTD based ECM to find the elements
of (S,;] and [Szs]; however, [S21] is related to [S),] via reciprocity and it can
therefore be found by invoking reciprocity once [S;,] is known.

For the dielectric loaded cavity considered in this report, the contri-
bution to the scattered field arising from the multiple wave interactions
between edges is significant outside the specular direction. Therefore, the
field doubly diffracted across the open end is also included in the [Sy,],
[S12], [S22) calculation of the scattered field.

It has also been found that when the incident angle is away from graz-
ing the ground plane, a simple formulation for the doubly diffracted field
across the open end can be calculated by the equivalent current method.
However, at and near grazing incidence, this simple formulation for the
doubly diffracted field is no longer valid. In this case, a more elaborate
formula by Tiberio and Kouyoumjian [12] (TK) as shown in Appendix B
has to be used for calculating the doubly diffracted field. The TK doubly
diffracted field properly compensates the singularity of the singly diffracted
field. However, the TK formulation is much more complicated which results
in a much longer computation time and the results are essentially the same
as those obtained from the simple formulation mentioned above when the
incident angle is away from grazing the ground plane. It is for this reason
that the doubly diffracted field in this report is given in terms of the simple

GTD formulation, and for near grazing incidence these doubly diffracted

13




fields can be replaced by the TK formulation as in Appendix B.

It is noted that with the TK formulation, the singularity in the singly
diffracted field at grazing incidence can been properly corrected. But the
singularity in the doubly diffracted field still remains. This additional sin-
gularity in the doubly diffracted field can again be corrected by including
higher order (triply, quadruply, ---) diffracted fields. But then, the com-
putation will become too cumbersome to be useful for practical purposes.
To avoid the need of including the triply and higher order diffracted fields,
a cosine factor is introduced into the doubly diffracted field in the exterior
region. This cosine factor forces the doubly diffracted fields to vanish along
the part of the ground plane where the doubly diffracted fields alone do not
satisfy the bounda.,ry conditions. Specifically, this is done as follows: Divide
the exterior free space into two quadrants. Each doubly diffracted ray will
properly pair up with the singly diffracted ray and therefore no modification
is needed in one of the quadrants that encloses the edge where the doubly
diffracted ray emanates. In the other quadrant, the doubly diffracted ray
becomes singular at grazing incidence without proper compensation and so
a cosine factor cos, 0 < 8 < 7/2, is included, where # = 0° is chosen to
be the boundary betwcen the two quadrants and the modification factor is
one at the boundary and zero in the singular direction.

In ac.ldition, it is also found that evanescent modes with a high reflection
coefficient [Sr] also contribute significantly to the scattered field outside
the specular region and therefore they must be included in the calculation.

From the cases treated here, it is found that generally only the first 5 or 6

14




evanescent modes are needed for accuracy. In order to account for the effect
of the evanescent modes by using the GTD and ECM, it has been necessary
to generalize Keller’s edge diffraction coefficient D, (see Equation (29)

below) to include complex angles of incidence and diffraction.

II1.1 Development of [S);]

The matrix [§;,] describes the field scattered only from the open end of the
cavity. The elements of [S;;] can be found via the GTD as indicated earlier.
Since there is no coupling between the 7 and 6 polarizations for the 2-D
case, the off-diagonal elements S!; and S;° in [S;] vanish. The diagonal
elements S!2 and Sj¢ can be found via GTD as follows:

The field E*° scattered from just the open end is given by

B = B+ By (27)

where E?%, are the fields diffracted from the top / bottom edge at z = +a/2.
The E?° and EJ° are given in terms of the GTD by

—e— ik

Ef, ~E(Q)-D

\/’1_,2 +E(Q1,2)'Dd \/333;

where D is the dyadic form of the 2-D version of Keller’s diffraction coeffi-

(28)

cient, which is given by

= D,(¢',6,n)i: — Du(¢',6,n)8,6,

il
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and ﬁd is the dyadic form of the 2-D version of the double diffraction coef-
ficient. For incident angle away from grazing angle of the ground plane, a
simple double diffraction coefficient based on the equivalent current method

can be applied and one finds that

Dy = D.(&,¢12,n) D) (L, 12, 6,m)25 (29)
~Dw(¢',¢12,n) D} (L, $12,6,1)8:6,
where ¢, is the angle of the singly diffracted ray incident from edge 1 to

edge 2 and DY, represent the UTD (3] diffraction coefficients. Then from

(6) it is clear that:

S:g = ejk°:('ins‘+.i"o')D,(7l’ + 0,’,71' + 0,)

—jko 2 (si i
+e jko 2(nn@.-O»su'xO.)D‘(ﬂ. - 01’37" _ 0‘)
ejkog(sina.—sin 8,)-jkoa T

n 7 Dy(m +6:, 5)DY (kea, g,w ~4,)
jks 3(sind, ~sin 8;)— jkoa
e Du(m = 6, 5)D] (ke 5, 4+ 6,) (30)
5;; — ejk,,-;(sinﬂ,-o-sino.)Dh(ﬂ+0i,ﬂ,+0’)

+e—jk°§(sin0,+sin0.)Dh(.’r _ 0',’,". _ 0.)

elko $(sin8, —sin 6,) - jkoa

Ja

ejk., g(sinﬂ,—sin 8,)-jkqa

Ja

The first two terms in Equations (30) and (31) are the fields associated

+ D;,(7r+0,-,7§r)D},r(k°a.,I,1r -4,

2

+ Dh(w—of,’—z’)D;’(koa,g,He.). (31)

with rays singly diffracted from each of the two edges at the open end:

16
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whereas, the third and fourth terms are the fields associated with rays
that are doubly diffracted from those edges. The doubly diffracted field
is produced when the singly diffracted field from one edge is incident at
the opposite edge. The D, ,(¢',¢) in (30) and (31) represent Keller’s GTD
edge diffraction coefficients [1] with n = 3/2; the D, ; are valid only outside
the shadow boundary transition regions. The foh(L,d)',qS) represent the
uniform GTD (UTD) edge diffraction coefficients [3] with n = 3/2. It is
noted that the D!, remain valid within the shadow boundary transition

regions and reduce to D, outside those regions [3].

II1.2 Development of [S);)

The radiation matrix [S),| describes the radiation of the waveguide cavity
modes from the open end into the external free space. The elements of
this matrix are found through the use of the GTD; here, the idea is to
decompose the waveguide modes incident at the open end into modal rays.
Each modal ray is tres ed as a plane wave incident on the appropriate edge
from the modal ray direction which is diffracted from the edge into the
exterior region as shown in Figure 5. The radiated electric field has only

a z-component for the TM, modes and only a é-component for the TE,

*

modes. Therefore, S

8, and S5 are zero; and the elements 574 and Sgg_

can be found to be

e = —iyfot (1) et s @D (5,7 + 6,)
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+e-jke§lin(0,)D.(6n,7r __ 0')

~jka
__1\n+1 —jko § sin(d,) E e”’ u k 7_!' -6
+( 1) e 2 D‘(én, 2) \/&, D.( 0@, 297r O)
o —Jka
+ 30D, (5, 2) o DY (koa, 3,7 + 0 )] (32)
, va
o koZo n_jko % sin(6,)
N = ST
+e -Jk°3"n(0‘)Dh(6n,7r—0 )
n ko & sin(0,) m ek
H=e TR ID, (6, 5) = D (ke 0, 5.7~ 0.)
' .. ” e-]ka bis
+ e*etonenp (g 5) 7 DY (k.a, 7Tt 0.)] (33)
where
— &l

It is noted that the effect of rays doubly diffracted from the edges is included

in the above expressions.

I11.3 Reciprocity Relationship between [S;;] and [S;)

As discussed in the previous section, the elements of the matrix [S12) can be
related to that of [S;] by reciprocity [13]. For the 2-D problem discussed

here, the relationship becomes

1

o

(S} = 5 ?g[slﬂr- (35)

1I1.4 Development of [S;;]

The elements of [S;,] are the modal reflection coefficients of the n'* mode

reflected from the open end due to a ¢'" mode incident on the open end.
P q
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These modal reflection coefficients for the open end can be found through
the help of the ECM [6] in which the strengths of the equivalent currents
are found from the GTD. In order to apply the GTD and ECM methods,
an incident waveguide mode is first decomposed into a pair of bouncing
modal rays for the parallel plate waveguide [9]. Each modal ray can be
treated as a plane wave which is incident on the edge in the direction of the
modal ray angle as in Figure 5. Only one set of modal rays is incident on
an edge to produce diffracted rays. The effect ot the field doubly diffracted
between the edges is included by treating the singly diffracted field from
one edge as being the field incident on the second edge to produce the
doubly diffracted field. The edge diffracted fields can be found in terms
of the GTD edge diffraction coeflicients D, ,; these diffracted fields can
be viewed as being produced by a pair of equivalent line currents at the
two edges. The equivalent currents can be chosen to radiate inside the
semi-infinite waveguide (and its geometric extension to form an infinite
waveguide); the amplitudes of the modal fields excited by these equivalent
currents within the original semi-iufinite portion of the waveguide then
constitute the required modal reflection coefficients as shown in [14]). For
propagating modes, nm < ka so the modal angle §, = sin™'(%*) as shown
in Figure 5 is real. For evanescent modes, nw > ka so the modal angle is
pure imaginary. As a result of the orthogonality property of the waveguide
modes, the elements R:“fq and Rf,';‘q can be shown to vanish, and the elements

R and Rt are given by [9]
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hh - "k _1\gtn
Rn;q - JQjazénoéqoﬂnﬂq {( 1) + 1]
T T g Ika
[D,(ﬁn,éq) — (~1)"D, (6., —2—)D,(—2—,6q) N ] (36)

rk
RE, = +,|— —1)7t" 41
e \172] a2 €no 6qoﬁnﬂq [( ) ]

T g~ Ika
[Dh(én,éq) + (—1)"D;,(5n,g-)Dh(§,6q) Nz ] . (37)

III.5 Development of [Sr|

The reflection coefficient [Sr] is the modal reflection coeflicient associated
with the termination. In Figure 4(a) the cross section of the waveguide
cavity is uniform and the interior termination is comprised of a planar, uni-
form dielectric layer which is normal to the waveguide axis and backed by a
short circuit. Therefore, from the orthogonality property of the waveguide
modes, there is no coupling between the different waveguide modes across
the dielectric interface, and at the short circuit. Accordingly, the matrix
[Sr] becomes diagonal for this case. The elements of [St] are trivially ob-
tained by matching the appropriate boundary conditions on the tangential
fields at the dielectric interface and the short circuit, respectively, and by

invoking the orthogonality of the modes. Thus, it can be shown that:

hh ;
Fn;n _ R},2€2]B"2L2 + R’2‘3 (38)
ec e2iftmals 4 1229

nn
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where

R]2 — (#2ﬂn1 - ﬂ'lﬂrﬂ)/(p?ﬂnl + /J'lﬂvﬂ) for Fﬁf‘n (39)

(€28n1 — €18n2)/(€28n1 + €18n2) for I'77,

23 -1 for I":‘J‘n
R® = | (40)
1 for I'sS,
and

B = \/ksewl—(%’—r)z (41)
Brz = \/kgfzﬂz—(%)'z- (42)

IV Numerical Calculations and Discussion

The accuracy of the present hybrid approach for analyzing the scattering
from the dielectric filled cavity in a ground plane is tested by comparing
the numerical results obtained using this approach with those based on
an independent numerical moment method (MM) solution of an integral
equation for the same prohlem. Several numerical results illustrating this
comparison are given in Figures 6 through 12. It is seen from these figures
that the results for the bistatic scattering from the cavity can be signifi-
cantly improved for aspects near the ground plane by including the doubly

diffracted rays which result from the interaction between the two edges at
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the open end. The latter comment applies to both types of incident polar-
ization. For near grazing angles of incidence on the cavity, the scattered
field becomes less accurate within 15 degrees or so off the ground plane.
This inaccuracy is further enhanced for aspects close to the ground plane
when the dielectric constant is made extremely large in the TM, case as
is evident from Figure 12. Although the use of the TK double diffraction
formulation generally yields better results at near grazing incidence than
those obtained with the simple GTD double diffraction formulation, it still
does not completely remove the inaccuracy problem at aspects close to the
ground plane. Possibly, the triple and other higher order multiple interac-
tions could provide an additional improvement; however, the calculations
to include these become more cumbersome and will not be attempted here.

Additional numerical results for the backscattering from the rectangular
cavity in the ground plane are also provided in Figures 13-16. The latter
calculations are performed for different widths and depths of the cavity, as
well as for different dielectric constants of the material filling the cavity.
Again, for the aforementioned reasons, the calculations in those figures
should remain accurate except to within 15 degrees or so of the ground
plane.

In conclusion, an efficient hybrid method combining the high frequency
techniques with the modal approach within the framework of the self con-
sistent multiple scattering formulation (i.e. MSM or equivalently GSMT)
has been developed to analyze the scattering by two dimensional dielectric

filled rectangular cavities in a ground plane. This approach can be extended

22




to treat the scattering by corresponding three dimensional dielectric filled
rectangular, circular or other cavity shapes for which the waveguide cav-
ity modes can be found analytically in closed forms. Furthermore, it is
also possible to extend this useful hybrid technique to include the effects
of antennas placed within such cavities by combining it with the moment

method. The latter topics are proposed as part of a future study.
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Appendix A

Waveguide Modes
€& = Te, + ye,

Bg = i’l: + ’ghu

A. Soft Case (i.e., TM, Case):

e.(z, y) = A, Sill[%(y + g_)]eijﬁnc

__Jnm nw 2\ tiBac
hl‘(x’ y) - qu'"ﬂnalAﬂ COS[ a (y + 2)]8

_ 1 . nw Q. Lipee
hy(z,y) = :tzeq'nA,, sin| - (v + 2)]e

e,(:c, y) = ey(“”y) = h'z(z, y) =0.

2kZ
A=\ e
kZ
Zcq,n = E:

Bo =k = (2.

Where
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B. Hard Case (i.e., TE, Case):

Where

ha(,y) = An cos[(y + 5 )]t (48)
a
_JZegpnm T 9 \etiBnz 4
ex(z,y) = .a Ansin[— (y + ; )le (49)
nm a ;
ey(T,y) = FZeqndn COS[T(y + E)kimnz (50)

he(z,y) = hy(z,y) = e.(z,y) = 0.

2k
=\ eaZina
lforn#0,
€ho =
2forn=20
Zegn = é’lg

k

B = fkr -y
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Appendix B

The Uniform GTD Solution for the Doubly
Diffracted Field between Two Edges

The Uniform GTD (UTD) solution for the doubly diffracted field between
two edges has been found by Tiberio and Kouyoumjian [12] recently. This
solution can properly account for the singularity of the singly diffracted
field even when the incident angle is near the grazing angle of these two
edges, the detail of this solution can be found in [12]. In this appendix, one

lists only 2-D version dyadic form of the solution which is given by

Du(@1,Q,) = 22Dy, — ¢,¢4Dan, (51)
where
Dd:,dh = Pe,m(Ql,QZ) (52)

4 4 )

Pon(Q1,Q2) ~ 33 YZX(P(%,,80) + Pu(E,, 8,)] (53)
p=1g¢=1

(=1)te aply
- P,(®,,® ~ -
(25, 2) 8mj(nyn,)? sin’i’;sinlziﬁ

F(kLa,) — F(kLa,) e
S\ELGp) T DARLA) € T (54)

a, — aq vkia

¢
Py (®,,8,) ~ ——————cot =% cot —>
W(®p, B) 41rj(n1n2)co 2n, © 2n,




a,F(kLay) — a,F(kLa,) e 7%

(55)
a, —a, k?a
e = 7+ (=106 —np¢l], p=1,4 (56)
¢, = 1r+(—1)°[¢2—17q¢;], g=1,4 (57)
a, = 2cos?[(®, — 7 ~ (=1)"2n,7N,)/2.] (58)
ag = 2cos’((®, — 7 ~ (~1)2n,7wN,)/2.] (59)
N, is the integer that most nearly equals(—1)? P
2n,mw
®
N, is the integer that most nearly equals(—1)7—2
2n,m
lfor i1 =1,2
m =
~1for ¢ =3,4.

n; for TM, case, i.e. P,
Xi =
1 for TE, case,i.e. P,

The angles ¢,, ¢}, ¢, and ¢} are defined in Figure 17.
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Figure 1: Geometry of the two dimensional cavity with a short end.
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Figure 13: The AMSM 6-Approach Calculation for the Backscatter with a
=282 L=075)¢ =249,and p, = 1.
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Figure 13:

(Continued)
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Figure 14: The AMSM §-Approach Calculation for the Backscatter with a

=42\ L =025\ ¢ =249,and g, = 1.
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Figure 14: (Continued)
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Figure 15: The AMSM §-Approach Calculation for the Backscatter with a
=28AL=025)¢ =9,and g, = 1.
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Figure 15: (Continued)
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Figure 16: The AMSM §-Approach Calculation for the Backscatter with a
=42)L=075)¢ =9,and g, = 1.
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Figure 16: (Continued)
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Figure 17: The Geometry for the Doubly Diffracted Field Between Two
Edges
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