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1. INTRODUCTION

In the present report, an efficient analysis is developed for
predicting the near zone fields scattered by perfectly-conducting,
open-ended, semi-infinite circular and rectanqular waveguides and also
semi-infinite semi-circular and rectangular waveguides mounted on an
infinite ground plane, which are excited hy an external electromagnetic
(EM) plane wave. These waveguides which model simple inlet
configurations are terminated inside by various structures such as a
planar impedance surface, a disk, a disk-blade geometry, and also by
hemispherical and conical hubs on disks and disk-blade geometries as
shown in Figures 1(a) through 1{(g).

The present analysis employs a combination of high frequency
techniques such as the geometrical theory of diffraction (GTD) [1,2,3]
and its modifications based on the equivalent current method (ECM)
[4,5,6], as well as the physical theory of diffraction (PTD) [6,7], all
of which are used in conjunction with the self-consistent multiple
scattering method (MSM) [81, as indicated in a previous analysis
r9,101.

As is well known, the GTD employs rays to describe the phenomenon
of wave radiation, propagation, scattering and diffraction at high
frequencies. Furthermore, the GTD is, in general, found to remain
accurate even for moderately high frequencies. In the present
analysis, the GTD together with its modification at caustics and a
confluence of caustics and shadow boundaries, which are based on the

ECM as well as the PTD, is employed to calculate the elements of the
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Figure 1(a). EM scattering by a circular inlet with a planar impedance
termination inside.
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Figure 1(b). EM scattering by a rectangular inlet with a planar
impedance termination inside.
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Figure 1(c). EM scattering by a circular inlet with a conical hub.
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Figure 1(d). F£M scattering by a circular inlet with a hemispherical
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Figure 1(e). Different planar terminations on which the hub is
attached.
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Figure 1(f). EM scattering by a rectangular waveguide mounted on a
ground plane.
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Figure 1(g). EM scattering by a semi-circular waveguide mounted on a
ground plane.
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junction scattering matrices which are required in the MSM. These
scattering matrices characterize the scattering properties of the
junctions (:) and (:) at z=0 and z=-L, respectively, which are
indicated in Figures 2(a) and 2(b). The multiple wave interactions

| between junctions <:> and (::) is accounted for in a self consistent
fashion in the MSM through the use of the junction scattering matrices.
It is noted that the self-consistent MSM procedure used here is
essentially the same as the generalized scattering matrix technique
(GSMT) [111.

The format of this report is as follows. First, the self-
consistent MSM formulation is discussed in Section Il where the
junction scattering matrices are defined. Next, the GTD/ECM/PTD based
analysis to determine the elements of these junction scattering
matrices in a relatively efficient manner is developed in Section III.
Some numerical results illustrating the behavior of the junction
scattering matrices are also presented in Section III. Finally, these
relatively simple expressions for the elements of the junction
scattering matrices are combined via the MSM procedure to ohtain
numerical results for the near field scattered by the circular,
semi-circular and rectangular inlet configurations of Figure 1; several
such numerical results and comparisons with measured ones are presented
in Section IV together with a discussion of these results. An e+‘j“’t
time convention for the electromagnetic fields is assumed and

suppressed throughout this report.




II. SELF-CONSISTENT MSM FORMULATION

As mentioned in Section I, the method of analysis which will be
employed here to predict the near field bistatic EM scattering by the
configurations in Figure 1 is based primarily on the GTD and the ECM,
as well as the PTD, together with the self-consistent MSM. In the MSM
based analysis, the basic scattering mechanisms are isolated and
identified as heing associated with the scattering by junctions <:) and
(::) as in Figures 2(a) and 2(b). These junctions can likewise be
identified in open-ended semi-circular and rectangular waveguides on a
ground plane. The multiple scattering between the junctions is
calculated via a self-consistent procedure. Such a procedure requires
a knowledge of the generalized scattering matrices [Sy11, [S121, [S21],
[S22], and [Sr] for the junctions @ and @ These generalized
scattering matrices [9] are directly associated with the canonical
scattering events shown in Figures 3, 4, 5 and 6 for an open-ended
semi-infinite waveguide with an impedance termination at z=-L. The
waveqguide cross-section is shown to be arbitrary in Figures 3, 4, 5 and
6; however, as stated previously, only circular and rectangular
cross-sectional waveguides are of interest in the present study.
Besides an impedance termination, other terminations studied include a
disk, a disk-blade, and hemispherical and conical hubs on disk and
disk-blade structures. The concept of the scattering matrix in
microwave circuit analysis is based on the propagating modes within the
circuit and it characterizes waveguide discontinuities or circuit
properties of a microwave network. Thus, the circuit scattering matrix
for microwave networks is restricted to interior (guided wave) regions.

7




On the other hand, the polarization scattering matrix is defined for
exterior regions [12]. The generalized scattering matrix extends the
concept of the microwave circuit scattering matrix to include
~evanescent modes as well as to include the polarization scattering
matrix for exterior scattering. Thus, the generalized scattering
matrix approach is useful for solving scattering problems which involve
a coupling between interior and exterior regions as in the problems of
Figure 1. The elements of the generalized scattering matrices
associated with the junctions (:) and (::) as in Figures 3, 4, 5, and 6
are defined next.

i
Let E denote the electric field intensity of the incident

electromagnetic plane wave. One may express E as:

3 _ o i
E'=0E5*+0¢ E¢ (1)
with
; -jkTer
Ee = Ae e : (2a)
i -jE1.F
E¢ = A¢ e (2b)
where
Ei = -k(sineicos¢i; + sine1sin¢1; + cose12) (3)
and
FExx tyy t22 . (4)
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Figure 3. Multiple scattering between junctions (:) and (::) .

(s,]
P
Figure 4. Scattering by only the rim at the open end of the inlet.

Scattering occurs both in the exterior as well as the
interior regions of the inlet.
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Figure 5. Radiation and reflection at the open end due to a waveguide

mode incident at the opening.

Figure 6. Reflection of waveguide modes from the impedance surface
termination at z=-L.
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It is noted that k refers to the free space wave number and r refers to
the position vector of an observation point at P.

One may now describe the scattering matrix [Sll] (see Figures 3
and 4). The scattering matrix [811] relates the electric field Eso
scattered from only the open end at z=0 to the field Ei which is

incident on the open end as follows:

so SO SO - -
Ex Sxe Sx¢ Ae
SO SO SO
By 1= | Sy Sye A, , (5)
] SO SO -
Ez Sze Sz¢
where
BSO(P) = E;%% + ESOy + E}C2 (6)
and
SO SO
Sxe Sx¢
sls | S0 e |- o
SO SO
Sze Sz¢

The scattering matrix [S12] converts the waveguide modal fields
incident at the open end (z=0) from the interior region (z<0) to the

fields radiated by these modes from the open end as in Figures 3
and 5. The modal electric field E; within the waveguide region (z<0)

may be represented in the usual manner [13]:

11




b4
t _ t < nm t s 5 nm
Eg ) [Anm ®om € ¥ Bnm(enm * zeznm) € ]

Here, e and énm denote the transverse (to z) electric vector mode

nm
functions for the TEnm and TMnm modes, respectively (with TE and T™

being defined with respect to z). Likewise, the 8__ and Bnm denote

nm
the propagation constants of the TEnm and TMnm modes, respectively.
Also, n and m refer to the modal indices associated with the transverse
eigenvalues (in x and y for the rectangular waveguide case, or in ¢ and
p for the circular waveguide case) associated with the waveguide
eigenfunctions or modes. It is noted that €, m is the E-component of
the TMnm modal electric field; clearly, e;nm for the corresponding

TEnm case vanishes by definition. The superscripts + and - in (8)
refer to modes propagating in the +2 and -2 directions, respectively.
It is convenient to define the magnetic field ﬁz in the waveguide
region following the representation for the electric field E; in (8);

thus [13],

'
- + - -1 . FjB 2 + ¥jB 2
nm anz] € " * B;m(tﬁnm)e " ] *

mn (9)

The A~ and Bim in (8) and (9) are the modal coefficients. If ETO(P)
denotes the electric field at P exterior to the waveguide region, which
is radiated by the modes that impinge on the open end, then the

scatering matrix [512] relates E™ to E; as follows:

12




ro_ " ro' ro- _ _
o S VT T
ro | _ ro' ro
Ey [s," 1 [s,°] | (8" ] | (10)
ro ro' ro - -
€l [s7°] [s7°)
where
=ro ro’ ro’ ro’
E(P) = E "x + Ey y + £z , (11)
and
[s;°1 [s,°]
- ro' ro
ro ro
[s70") [sF]
with
rol ] ] ) [] []
[SX ] = [Sx8} SXBE see SX}{ SX}E XX ngm .o.] . (133)
y Jo1 0% i N ynm
and
(s ] = [Sx8} sx8§ cen sxH Sx}g T I (13b)
nm
y Jo1 Y07 Ji1 15 Jnm

The scattering matrix [521] describes the transformation or the

coupling of the incident plane wave field into the waveguide modes as

i1lustrated in Figure 4, It is clear that [521] can therefore relate

~- =1
E to E as
g

13




ol | | amnl il | | % -
[Bnm] [Senm] [S¢nm] A¢
“where
oo | Bonnd B |
2 (s 5y | )

It is noted that the problem of determining [Sp17 is related to the
problem of determining [S12] via reciprocity if P is moved to the far
zone in the reciprocal (or [Sy2]) problem tc correspond to a local
plane wave incidence in the original (or [S211) problem. The precise
relationship between [S21] and [S127 will be discussed in Section
I11-R.

The scattering matrix [5221 is a modal reflection coefficient
matrix which is associated with the inteiaction illustrated in Figure
5. In particular, the elements of [522] describe the reflection
coefficients associated with the TEnm and TMnm modes reflected back
from the open end (at z=0) into the waveguide region (z<0) when either
a Tqu or a TMpq mode is incident on that open end from within the

waveqguide. Thus, the matrix [5221 relates E; to E; as follows:

Wnal ]| Coanipa) Pl ) | (8] (16)
Banl || (Ramipq! Ramipa) | | (o] |

— — — fa— — —

where

14




hh he -
[522] = [an;pq] Rom; pq] . (17)
[REN ) [REE. ]
nm;pq nm; pq
he

The meaning of R for example, in (17) is the following. A TM

nm;pq’ Pq
(or e type) mode with modal amplitude B;q which is incident at the open
end is partly transformed (or coupled) into a reflected TEnm (or h

= ghe g* |

nm;pq Ppq

The scattering matrix [Spl, like [S22], is also a reflection

type) mode with modal amplitude A

coefficient type matrix which is associated with the termination at

z=-L (see Figure 5). Thus, one may write:

— 4+ = |~ .hh he 11 =[x 1
(And | | (Fomspal (amspal | | [Apa] | (18)
[Ban] (romspal [Famipal | | [85a]
where
(5.1 | [™n on; nipal [Tn o mipal . (19)
o pq] (" om; pa’
he he -

+ - +
nm; pg relates Anm to qu via Anm = an;pq qu.

At any given operating frequency, the waveguide region can support

As before, T

a finite number of propagating modes and an infinite number of
evanescent (non-propagating) modes. Therefore, the matrices [Sy2],
[S21], [Sp2] and [Sp] are of infinite order to include the infinite
number of evanescent modes. However, even though the matrices [S12],
[S21], [S22] and [Sp] are of infinite order in a formal sense, one

needs to retain only a finite number of the elements of these

15




scattering matrices in practice, because the distance "L" shown in
Figure 1 is generally large enough to where the infinite number of
evanescent modes generated at junction (:) contribute negligibhly at
junction (::) , and vice versa. The finite number of elements of the
scattering matrices which are retained in practice thus correspond to
only the finite number of all the propagating (or non evanescent) modes
which can exist within the waveguide region. If the distance L in
Figqure 1 is small enough so that the “lower order" evanescent modes
become important, then one must include these modes but one can still
ignore the contribution from all the "higher order" evanescent modes
when the latter is negligible. In either case, one always retains a
finite number of elements in the scattering matrices which may
otherwise formally be of infinite order. The number of evanescent
modes which need to be included in the special case when L is very
small is dictated by how many of these are needed for convergence; it
has been known from experience that even when L + 0, the inclusion of
only three to five evanescent modes are sufficient for convergence.

It is observed from Figure 1 that one may describe the field
scattered hy the inlet 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 arises from the incident field which is coupled into the waveguide
region. Referring to Figure 7, it is observed that the incident
electric field [E1] = [2:] at the open end is scattered by junction (:)
to produce a scattered field [ESO] given by (5) as
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[£%°] = [5y,](E"]
where
'ksd‘
S07 _ X
[E°7] = | gso
y
SO
z

A part of the incident field is coupled at (:) into the waveguide
region; this field then becomes incident at junction (::) from which it
is subsequently reflected. The field reflected from junction (::) is
incident back at (:) where it undergoes further scattering into the
exterior and interior regions, and so on, thus giving rise to multiple
wave interactions between junctions (:) and (::) . The fields
resulting from these multiple interactions may be expressed in a
convergent Neumann series as done by Pace and Mittra [14]; however, an
alternate procedure based on a self-consistent method leads directly to
the same result. The latter self-consistent MSM based analysis will be
employed here. Let [Eqp] represent the total field incident at (:)
from (::) after taking all the multiple interactions into account.
Likewise, let [E»1] represent the total field incident at (::) from
(:) after taking all the multiple interactions into consideration.
Then, the total scattered field in the exterior region denoted by [ES]
consists of a superposition of [ESC] and [EMO], where [EMO] is the
field scattered into the exterior region when [Ejp] is incident on (:).

Therefore,
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s so mo
[€°] = [E77] + [E7] (22)
where [EMOT] may be expressed as

[E™] = [sy,] [E4,] : (23)

z=0
The expressions for [E12] and [Ep1] may be written in terms of [Sp;]

and [Sp2]; namely,

=[S, 1(e'] + [s..][€
"Lyl [221[121!230 (28)

(E,,]

and

(25)

in which [Sp] denotes the reflection coefficient scattering matrix
pertaining to junction (::) as defined in (19), and [P] is a diagonal
matrix accounting for the phase delay along the length L between
junctions (:) and (::) . Eliminating [E12] between (24) and (25)

yields

(1] - [sy,)(Pl(s,1(P]) [E,,] _0=[s21][e*1 . (26)

where [I] is an infinite order identity matrix. Hence, it follows

that

(Ep]) - ([1)-[5,,] (P1[S,JIP1) My JETT (27)
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Figure 7. Multiple interactions between junctions @ and @ for
calculating the total backscattered field.
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|
From (25) and (27), [Eq21 becomes
z=0

= [PILS,JIPICLT]-[8,, [PUIS, JIPD) (s, JIETT L (2

[Elz] z=0

Incorporating the above result intc (23) yields

-1 i
(€7 = [5,,]0PICS CPI(L1T - [5,,CPICS.ICPT) LS, JE'T . (29

Finally, combining (20) and (29) according to (22) leads to the

self-consistent expression for the total scattered field [ES] as

[E%] = {[s;,2+05,,]0PI0S, JPI(L1D-C,,I0PICS, 3CPY) ~0s, T}ETT .
(30)

The scattering matrices [Sy11], [Sy21, [S211, and [Sp2] can be found in
a relatively simple manner via asymptotic high frequency techniques
(such as GTD, UTD, ECM or PTD), as shown in the next section.

Before proceeding further with the development of the expressions
for the elements of the scattering matrices, it is important to mention
that these scattering matrices are somewhat different from the
conventional scattering matrices due to the fact that they contain
range information (because they are valid for field calculations in the
near zone of the inlet opening). Secondly, one notes that the present
analysis is restricted to angles of incidence and scattering which are

about 60° or less from the forward axis of the inlets.
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In the far zone calculations, it is more common to define the
scattering matrices so that they are independent of the range (i.e.,
the far zone distance from the origin of the coordinate system shown in
Figure 1). The alternative, more common definitions for the
generalized scattering matrices used in far zone calculations are
included in Appendix V for the sake of completeness and convenience,

It is noted that the results calculated from (30) in the limit as the
near zone point is allowed to recede to the far zone should reduce to

those obtained from the far zone scattering described in Appendix V.

ITI. ANALYSIS FOR THE ELEMENTS OF THE SCATTERING MATRICES
A. Development of [S;;]

The scattering matrix [Sq1] describes the field scattered from
only the open end (at z=0) of the geometries in Figure 1 when these
geometries are illuminated by an external source. In the present
study, the illumination is an external EM plane wave and the
observation point P is also located in the exterior region;
furthermore, P could lie either in the near zone or the far zone of the
aperture (at z=0) corresponding to the open end of the inlet
configurations in Figure 1. According to the ray picture afforded by
the GTD, the fields scattered by just the open end arise only from the
diffraction of the incident wave by the rim corners and edges (at the
inlet opening). Thus, let ESO and HSO denote the electric and magnetic

fields, respectively, which are singly diffracted by the inlets in
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Figure 1; in addition, multiply edge diffracted fields (Esm, ﬁsm)’
which are produced by rays that undergo multiple diffractions across
the aperture, also contribute to the scattered field at P. However, in
the present study, only ESO and HSO are included; whereas, ESM and HSM
are not considered. These multiple interactions may become important
if the aperture dimensions are not sufficiently large in terms of the
wavelength,

Actually, ESO (and HSO) is the sum of the fields of all the singly
diffracted rays which are initiated at various points on the rim edge
by the incident field in accordance with the law of edge diffraction,
which is a consequence of one of the basic postulates of the GTD. That
postulate deals with Keller's generalization of Fermat's principle to
include diffracted rays. In the case of the rectangular inlet opening,
the rays diffracted from the corners of the inlet rim also contribute
to the diffracted fields ESO and HSC in addition to the edge diffracted
rays. The points of edge diffraction can, in general, migrate around
the rim as a function of the observation point and incident field
direction. In the case of the circular inlet the entire rim edge or
portions of the rim can contribute to the edge diffracted field for
certain observation points; in such instances there exists a caustic of
the edge diffracted rays at or near P and the GTD fails because of the
continuum of rays that must now reach P in this case. Also, away from
the caustics of diffracted rays there can, in general, be four points
of diffraction on the circular rim which contribute to the field ESO

when it is evaluated for a certain set of oberservation points P;
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whereas, at other observation points P only two points of edge
diffraction on the circular rim contribute to ESO, Again, a direct
application of the GTD fails in the range of observation points within
which such a disappearance of four points into two points of
diffraction occurs on the rim edge. Typically, such a disappearance of
rays results when three of the four points merge together. Conversely,
one can also experience a transition from two to four rays diffracted
to P. In order to overcome some of the above problems in the GTD which
occur for a certain range of aspects, it is necessary to use the
equivalent current method (ECM). In the case of the rectangular inlet,
the use of ECY also automatically takes into account the presence of
the corners at the inlet opening. It is noted, of course, that the
effect of the corners is taken into consideration in an approximate
fashion in the ECM; such an approximation is also present if one
employs the GTD approach alone since the GTD corner diffraction
coefficient that is available at this time is based partly on heuristic
arguments [3] and is thus approximate. In regions where GTD is valid,
the ECM generally blends into the GTD solution provided the inlet
opening is sufficiently large in terms of the wavelength. Thus, one
could switch over from the ECM based solution to a GTD solution away
from regions where GTD fails. Such a switch would yield a numerically
more efficient approach for evaluating the elements of [Sy;] because
the ECM involves an integration around the rim edge (of the inlet),
whereas the GTD involves no integration. In the present work, this

kind of switching has not been used for the calculation of the [Sy;]
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matrix. The ECM method is employed at all aspects of interest in this
study.

In the ECM [3-6], equivalent currents lgq and Maq of the electric
and magnetic type, respectively, are located at the rim edge as shown
in Figure 8 for an arbitrarily shaped inlet opening. These equivalent
rim currents radiate in "free space" to produce the scattered field.

As indicated in [3,6], Ioq and Mgq are actually deduced from GTD.

Thus, even though GTD itself is not valid within diffracted ray caustic
regions, it can still indirectly provide the strengths of the
equivalent currents which radiate fields that remain valid within those

caustic regions in the ECM based approach. From [6],

8 Dg(w,9';584,8)

' = - h———————— -i.hl
Toq#") = Y|/ 3% |VsinB _sing | (ETer") (31)
and
, 8n Dh(¥s¥'580.8)  _. .
Maq(t') = -7\ 3k [/STne_sTng | (W) | (32)
where
Z, = free space impedance, and

Yo = /2y .

One can incorporate Ieq and Mgq of (31) and (32) into the radiation

integral for calculating the scattered field ESO; namely [1,6]:
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e-ij

- ikZ, - A oa .
SO - ' Lyg! tyg ! .
E>°(P) I r{m de [RxRXqu(z )2 +Y0RxMeq(z )2'] R ;
(33)
in which
+ ;dx', or + ;dy', for y=(0;b), or x=(0;a),
respectively, in the case of the rectangular slit.
de' = 2'de’ =
+$'ad¢' in the case of the circular inlet,
X
N
z
P

(a)

Figure 8. Scattering from the open end and its equivalent problem.
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i

position vector from O to P ;

r' = position vector from 0 to mid-point of the rim
element d2' (see Figure 8(b);

R = [F-r'] ;

The angles ¢, ¥', Bo and B are associated with the soft and hard edge
diffraction coefficients Dg and Dn which are present in (31) and (32).
In particular, these edge diffraction coefficients Ds,h(w, v'; Bgs B)
in (31) and (32) are defined for each point of diffraction on the rim
edge, and they are associated with an equivalent edge of a half plane
which is tangent to both the rim edge as well as the inlet surface at
each point of diffraction on the rim. Assuming that Q is any such
point of diffraction on an edge in an arbitrary curved wedge, the
meaning of By, 8, ¥ and ¥' with respect to the point of diffraction Q
becomes clear from Figures 9(a) and 9(b) for this wedge configuration.
0f course, the walls of the inlets or waveguides are assumed to be
infinitesimally thin in the present work, so the wedge geometry in
Figures 9(a) and 9(b) should be reduced to an edge in a curved or plane
screen (n=2 case in Figure 9(b)) for the circular and rectangular
inlets in the present instance; however, the meaning of v, v', B, and 8
is unchanged even when the wedge in Figures 9(a) and 9(b) collapses to
an edge in a screen.

Finally, the equivalent currents qu and Meq are valid provided
one is observing the fields of these sources in directions away from
the geometrical optics incident and reflection shadow boundaries [3,6];
under these conditions which are met in practice (since directions of

incidence and scattering are restricted to 60° or so from the axis of
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the inlets), Dg and Dp for the local half planes at each point of

diffraction on the rim become [6]:

—

/4 - ey '
D (v,0';8 ,8) = « | sec(T%) 1 sec Edfrr
R 0 2/2rk |Ysing sing | (727 = secl f)

(38)
The use of (31),;(32) and (34) into (33) together with Ei of (1; 2(a);
2(b)) and HY = &1« YOE1 allows one to easily identify [511] via
(5) and (7). Thus

L - O FACE

KELLER CONE
(a) (b)

Figure 9. Diffraction by a wedge. The angles 8y, 8, ¥' and ¥ which
occur in the edge diffraction coefficient. '
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jkzo ~ A A oa 8 Ds(¢,¢';3 oB) A as
o _ 1 —_— 0 1
= d2 d R R - 0 = = ‘e
Sus = Tn rim{z=0) u e [ReRog!( YoV 3K |/sing,sing | vee’)
-jkiert-3kR
oy 8r Dp(v,¥';84,8) A, niyg © ) )
Yo' (- 3k |/51n8_sTnd | L'ee’)] R

and

0 - IkZo [ dr'd - [Rebxa' (=Y o Ds(¥,¥'380,8) ~ -
uep  4r "oV 3k |/sing,sing | L)

rim(z=0)
-jkiertojkR
~ A' -81 Dh(w’w';BOQB) Al l\1 e J
H Rxk (- 3% |/sinBosinB [* +61)] R
(36)
with
X
ﬁ = 9 and u =1|y .

2 z

Some typical results for the fields scattered by only the open end
of circular and rectangular inlets are shown in Figures 10 - 15, The
plane wave is incident on the open end from the direction (ei;¢i), and
the near field is evaluated either for a fixed R and 6" with 0 < ¢r <
2n, or for a fixed R and ¢r with |er| < 60°, Here, the direction of
scattering is specified by the set of angles (er;¢r) and R denotes the
distance from the origin of the coordinate system (see Figure 1) to the
near zone where the scattered field is observed. Again, near zone or

near field implies that the observation (or field) point is located
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within the "radiating"near zone of the inlet opening. It is clear from

SO

these figures that the "total" scattered field (E~ = ino + yE;0 +

;E;O) generally contains a peak around (er =g’

and o7 =1 + ¢'); this
is to be expected since it is like a specular direction where the
fields diffracted from the entire rim (at the open end) contribute
almost in phase. In these figures, all the lengths are expressed in
terms of the wavelength.

In order to show the effects of multiple interactions of the rays
across the aperture, it is useful to illustrate the on-axis

hackscattered field for a circular inlet as calculated previously in

[9] which includes up to first-order, second-order, and third-order

diffractions as well as the effects of all the multiple interactions.
These results as shown in Figure 16 are calculated from an asymptotic
high frequency ECM based approach and are compared with an exact
solution based on the Wiener-Hopf technique. It is seen that for

a/x > 0.5, the backscattered field starts to settle down and approaches
(within 2 dB) the values based on including only first-order
diffraction. As the electrical dimensions of the inlet opening
increases, the results based on using only first-order diffraction will
become more and more accurate. In the computer code associated with
this report, the first-order and the second order edge diffractions are

included to show the effect of the edges.
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B. Development of [Sj]

The scattering matrix [Sp1] describes the transmission or coupling
of the incident plane wave field into the waveguide modes as
illustrated in Figure 4 and described in (14) and (15).

For later convenience, let the waveguide in Figure 4 be excited by
an electric current moment dBe which lies in the exterior but near zone
region of the inlet (waveguide) opening as shown in Figure 17. The
[S21] will be developed here for the coupling of the fields of the
exterior source dBe into the interior waveguide region via the inlet
opening as in Figure 17; this more general situation reduces to the
special case of plane wave incidence on the inlet opening as in Figure
1 if the source dBe is allowed to receed to infinity.

The field E;n which is coupled into the waveguide region by dﬁe

in Figure 17 may be expressed as in (8) by

]
- - +jB 7 - N +jB_ 2z
- - nm - _ nm
in = %2 [Anm ®m * Bnm(enm Zeznm)e ]

. (37)
The associated magnetic field ﬁ;n is likewise given via (9) as

. ' 3
-1 -1 +jB 2 +JBan

nm - (_h
+h._Je + Bnm( hnm)e

] .

(38)
The modal coupling or transmission coefficients A;m and B;m in (37) and
(38) may be found from the equivalent problem in Figure 17(c) which
illustrates an equivalent surface and line source distribution at z=0

within an infinite waveguide (which is an extension of the
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Figure 10,

A comparison of the far zone and near zone edge diffraction
from the open end of circular inlet for a 30° cone scan.
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Figure 13, (Continued).
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The 30° cone scan patterns for rectangular inlet with
comparable area or comparable dimension as that of circular

inlet in Fiqure 10.
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Figure 17.

Geometry associated with [Sp1] calculation.
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semi-infinite inlet or waveguide for z>0). The equivalent sources at
z=0 in Figure 17(c) generate the same fields in the waveguide region
z<0 as those which exist in Figures 17(a) and (b) if the equivalent
sources are found exactly. Here, the equivalent sources are determined
from asymptotic high frequency techniques so that the fields coupled
into the waveguide are approximations to the true fields therein.

These approximations are high frequency approximations which are
expected to work well even down to the lowest propagating mode in the

waveguide. According to the high frequency estimates based on the GTD,

3 3G0 34,

JS ~ JS + JS 3 (39)
and

- G0 , =d

Ms ~ MS + MS (40)

where 320 and ﬁSO represent the unperturbed or geometrical optics (GO)

field produced by dae within the aperture region (in the z=0 plane)

but in the absence of the inlet structure. The additional

contributions to 55 and ﬁs must arise from the diffraction by the edges

of the aperture; these edge diffracted field contributions are denoted
~d

by J. and ﬁg in (39) and (40). It is easily seen that 320 and ﬁgn may

be expressed as:

=G0 2 0
Jo = - [z xHy | ; (41)
d ’
s pe z2=0
M(S;O = = [E;p X Z] (42)
e z=0
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where (Ei : H ) are the (electric; magnetic) fields incident at the

dpe dpe

open end (z=0) from the external source dpe at P. These incident

fields (E;p : ﬁ;p ) represent the unperturbed fields of dp which exist
e e

in the absence of the inlet. Clearly [6,15]:

. 0
-1- JkZo ..i A.i - e‘JkS
dp. " 4n S M3 dpe s (43)
e
and
3 L .i
. -jk .. e-Jks (44)
1 —_ 1
Hdp "4 S dpe 57 .
e

The expressions in (43) and (44) are valid for distances s' which
correspond to dBe being in the near zone of the inlet aperture (z=0).
However, si cannot be made extremely small to where the reactive field
terms of the type 1/(si)2 and 1/(si)3 become significant; these higher
order range dependent terms are ignored in (43) and (44) which pertain
only to the radiation fields. Before proceeding to calculate the modal

transmission coefficients Ay, it is convenient to decompose A,, as

follows:
- _ 460 d
Aam = Aam ¥ Aam : (45)
GO | - =GO =GO, d .
where Anm is the part of Anm due to Js and MS ; whereas, Anm is the
nart of A;m which is produced by Jg and Mg. It is now an easy matter

to find Agg from 3?0 and ﬁgo by employing the results of Appendix I
which indicate the manner in which electric and magnetic current

sources excite modes inside a waveguide [13]. Thus, from (A-8) of
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Appendix I, the GO part of the TEnm transmission (or coupling)

coefficients Anm are given by:

[}
-l _jB r4 - - A | -JB -
-1 ds[(e. e ™. _(h' +zn  )e = MM (€0
Agg = (aperture(z=o0)) e N s )
A~ ) -l
2 [ J ds z+ (e xh )
(aperture(z=0)) nm-nm ’
(46)
In a similar fashion, one may express the TMnm transmission (or
coupling) coefficients B;m by
- .60, .d
Bam = Bam * Bam (47)
GO . . .
where Bnm is obtained via (A-8) as
- A -j8_z _ - =JB_z
oo -l  dslle, +ze, Je M o(3%0)(h e TAM).(HEO)]
B = (aperture(z=o)) nm znm s nm s
2/f ds z+ (5 _xh )
(aperture(z=0)) nm.nm
(48)
. . d d ~d ad
It is not easy, in general to calculate Anm and Bnm from JS and MS in

d d .
nm and Bnm may be calculated indirectly

the aperture (z=0); however, A
via an approach based on the ECM which employs equivalent magnetic line
and line dipole sources on the rim of the aperture (z=0). These
equivalent sources of strengths MEE' and Mzd; corresponding to the
magnetic line and line dipole rim currents radiate "inside the infinite
waveguide" (corresponding to the inlet and it's extension for z>0) as
in Figure 17(c). Since the equivalent rim currents must lie on the

"waveguide walls" (see Figure 17) in this case, only the equivalent
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magnetic type rim currents are thus required as any equivalent electric
type rim currents which are tangential to the waveguide walls would be

shorted out because the walls are perfectly-conducting. This situation
is in contrast to the exterior radiation or [Sll] calculation via the

equivalent electric and magnetic rim currents qu and Meq which radiate
in "free space" as shown in Figure 8(b). Also, qu and Meq of (31) and
(32) contain Keller's GTD edge diffraction coefficients DS and Dh;
whereas, for reasons which are indicated below, the equivalent rim

d

currents M and Mt are defined in terms of the Ufimstev type edge

diffraction coefficients Dg and Dg, respectively, as fol]ows* (61

J, nm -5 A
A 5 On(vy ¥'sBoBans) g
W= ] Mj =1 ('Zo EE') |¥sing sing | ( 2
J:l J=1 0 nmj (49)
and
u, .nm . - A
wed ? ptd g (W/[EET - ) Ds (V5 +¥"380sB0n;) (E1.2|)
j=1 3 j=1 jk |§ﬁi < 2‘ |/s1n8051n8nmj| 2
(50)

U U

where D and Dh are given by [6]:

- ~ - ~

*
The fields H +2' and E'*2' are multiplied by a factor of 1/2 in (49)
and (50) to account for the presence of the waveguide walls on which w?

and Mld are located: this aspect is discussed in [6].
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-jn/4
DU (lpnm lp' . B B ) - - 1 ——
. SY 3B, . /Sing sina .
s 0*"nmj venk | s1nB°s1anmJ|
nm ) nm 1 nm [ nm 1_
Vi =¥ vy - ¥ Vit o+ LA
(sec —J—“Z;"‘ - tan —g"zg“‘) F (sec L 5 - tan ‘J“z;—“) .

(51)

It is necessary to use the Ufimstev diffraction coefficients Dg and Dg,
respectively, in (49) and (50) instead of the Keller edge diffraction
coefficients DS and Dh due to the fact that the truncation of the 320
and ﬁgo sources by the rim or boundary (end points) of the surface
integrals in (46) and (48) over the inlet aperture (z=0) gives rise to
some contributions to the edge diffracted fields which propagate into the
waveguide. Hence, the remaining contributions to the edge diffracted
field must come from Dg,h according to the PTD ansatz instead of from
Ds,h which yields the total first order diffracted field [6]. Clearly,
the use of Ds,h instead of Dg,h in (51) would erroneously include some
diffraction effects twice when the effects of (49) and (50) are
combined with (46) and (48). 1In (49), (50) and (51), the incident ray
from dpe makes an azimuthal angle ¢' about the unit edge tangent 2 at
any point of diffraction on the rim (see Figures 9(a) and 9(b)).
Likewise, wgm in (49;50;51) corresponds to an azimuthal angle which the
ray diffracted from the edge along the ;2% direction into the waveguide
region makes ahout E' at the same point of diffraction (note: B8 and

nmj
wgm are like 8 and ¥ in Figures 9(a) and 9(b); likewise 8_and ¥'
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also have the same meaning as in those figures.) It is important to
also note that the direction of the ray diffracted into the waveguide
must be chosen to correspond to the "modal ray" direction [6]. The
circular waveguide modes can be asymptotically approximated in the
circular inlet case by a set of axially divergent and convergent

conical modal ray systems sufficiently far from the waveguide axis. If
one considers the reciprocal problem of the radiation into the exterior
region by the modes incident at the open end from within the waveguide
region (z<0), then it is only the upgoing or axially divergent (and 223
axially convergent) conical modal ray system which constitutes the

field "incident" on the edge; this incident field diffracts from the

rim edge (at z=0) to contribute to the exterior field. The wgm of
(49;50) in the original problem is associated with the TEnm and TMnm
conical modal rays which are launched via edge diffraction and which
exactly correspond to the axially divergent conical modal rays in the
reciprocal problem except that these rays are now reversed with respect
to those in the reciprocal problem. Alternately phrased, wgm of (49;50)
in the original problem is associated with the axially convergent conical
model rays which are launched into the waveguide region due to edge
diffraction effects contained in 32 and ﬁg. Since one deals with only
one set of conical modal rays (i.e., of the axially convergent type in
this situation) the sums in (49) and (50) reduce to a single term for
each TEnm and TMnm case, respectively; i.e., N=1 in (49) and (50) for the
circular inlet configuration. On the other hand, the rectangular

waveguide modes can be expressed as a set of four modal plane wave or ray
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\

fields everywhere inside the waveguide including the edges at the open
end. These rays also contain a pair of rays that propagate toward each
of the four edges as well as a pair of rays that propagate away from
those edges. In the present [521] calculation , it is of interest to
associate wgm, in the case of the rectangular~ inlet, to rays launched
into the waveguide region (z<0) via edge diffraction of the field
incident from dpe (which lies in the exterior region as in Figure 9),

is the azimuthal angle (about E') associated with the edge
diffracted rays which are identified with a pair of rectangular waveguide
modal rays that propagate away from the edges. Clearly, since there
exists a pair of such modal rays in this [521] calculation for the
rectangular inlet, the summing index in (49) and (50) goes from j=1 to
j=2; i.e., N=2 in (49) and (50) for the rectangular inlet case. The
radiation of M* and md of (49) and (50) into the waveguide region is

given as before via (A-8) of Appendix I. Thus, the coefficients A:m and
d

of the TE._ and TM__ modes excited by MY and M”'d are explicitly given
Bam nm nm
by
N - . A A -jB' z
N [ (de'[h Mg + zh Medz]e T M
. . nm o j znm j
q j=1(rim(z=0))
A = -
nm 2ff dsz- (5. xF )
nm nm
(aperture (z=0)) (52)
and,
N - ~  =JB_z
) [ (de'[h _oMrprle " MM
d j=1(rim(z=0)) mJ
Bom = ~ _ . (53)
2 [f ds z » (6 x fh

nm nm)
(aperture (z2=0))
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(45),

C. Near Zone Coupling Matrix [S7;]

The scattering matrix [521] can easily be identified via (14), (15),

(46), (47), (48), (52) and (53). It is noted that igo, JSO, Mg

and Mgd contain information on Ae and A¢ via E' and H' that are present

in th

the p

ese quantities (also see (1) and (2)). Recall, of course, that

resent development can also deal with a near source dpe type

illumination as indicated in (43) and (44) in which case the coupling

matri

relat

where

and

If th

X [521] must be replaced by [§21] which is defined via the

ionship

[A;m] — [anm] [Synm] [Sznm] ggex 54
0 {Snm) [Syom) (Sl | | 90E2 =)
[g ] = Eg;nm] [S;nm] [S;n;Y 55
27 71,0 (S (S0 =)

‘a - dpe
pex ° d5
gpey =]y -+ dp, .
pez - do
- - z pe

- -y -
e source dpe receedes to infinity, then Edpe+E1 corresponding to a
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locally plane wave type of illumination. Also, [§21] [dpe] on the right

side of (54) should approach [521] [Ei] which occurred on the right side

of (14) when dﬁe receedes to infinity. Clearly then,

Boml | [s.. 1 gpe" = [s,,] 29 if dp d
o | = [S,, dgey 21 o] if dp_ receedes
nm ez - - to infinity

(56)

Some numerical results for [§21] will be indicated in terms of

[512] since [512] is obtained from [521] via reciprocity.

D. Development of [S12] Using Reciprocity

The scattering matrix [Sy2] describes the manner in which the
modal fields propagating within the waveguide region (z<0) radiate into
the exterior region from the open front end (at z=0) as in Figure 5.
The observation point can be in the near zone of the inlet aperture as
mentioned previously. This matrix [Sjp] was defined earlier in (10)
and (12). Actually the problem of determining E:?y,z of (10) in the
near zone of the inlet aperture can be seen to be related to the
problem of determining A;m and B;m due to the source dﬁe at the point P
in the near zone as in Figure 17 via the reciprocity theorem for
electromagnetic fields. Thus, [Sy12] of (12) may be found from [§21] of
(55) via the reciprocity principle as illustrated below.

Let an electric current moment dﬁe at P in the near zone of the

e -e
inlet aperture generate the fields (E ; H ) everywhere! in the presence
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of the inlet structure which is asumed to be a semi-infinite hollow

waveguide as shown in Figure 18, Also let a source-free waveguide

modal field E; propagate from the region z<0 to the inlet opening at

EPO; ;{ro

z=0, and let this mode generate the total fields ( ) after it

scatters from the open end. Furthermore, let (Ero

t

; ﬁro) exist
everywhere with dpe absent. Now, an application of the reciprocity
theorem to the pair of fields (Ee; ﬁe) and (Ero; ﬁro) within the region
V bounded by the surfaces S, So and the surface £ at infinity (see
Figure 18) yields:

I/ [Erox He - E® x ﬁro] . ; ds = dpe ° EPO(P) . (57)
S+S,+Z

A -

Next, employing the boundary conditions [anm]S = 0, [aer]S =0 on
the surface which encapsulates the waveguide walls, and also enforcing
the radiation conditions on (Ero;gro) and (Ee;ﬁe) over the surface I at

infinity in (57) leads to
-Jf ﬁe-ﬁqus + [ Eeoﬁiqu = dpe « ETO(P) (58)

where ﬁgq and qu constitute the field quantities associated with ET°

and H™ inside the waveguide. In particular

THere, "everywhere" includes the regions which are both interior and
exterior to the inlet.
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Figure 18(a).

Geometry for an application of the reciprocity theorem
which relates [S12] and [Sp1].
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Figure 18(b). Radiation or [Sy5] problem.
[s2/)

(IF P MOVES ( RECEDES) TO INFINITY,
ONE OBTAINS A PLANE WAVE )

Figure 18(c). Coupling or [Sp1] problem.
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aeq - [gro, -
M) = lE el (59)
S
)
Jeq = In qro
S I L P (0)
So
Furthermore,
=ro = =oy o+ |
=(E_+)R __E°)A ,
- ( P qZ Pq q) p (61)
Iso
and,
“ro o4 - +
Y =(H + )R H)A
(% q{ pa g P - (62)
Is
0

The fields (E;; ﬁ;) are as defined in (A-2) of Appendix 1. Here

(E;; Hp) is the pt mode incident at the open end of the waveguide as

in Figure 5. The single subscript p refers to a double mode index n,m
as mentioned in Appendix I; likewise, the subscript q refers to another
pair of modal indices i1,j, for example, where i and j can be different
e ! ;; ﬁ;) generate the
reflected fields (2 qu Eq H 2 qu Hq) after scattering at the open
end, and Rqp denotes the reflection coefficient or the amplitude of the

from n and m. The incident modal fields (E

qth modal field which is reflected back into the waveguide after a pth
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mode is incident at the open end. One can also write Ee' and He
So So
as follows:
- ) -
E B i AgEz 5 (63)
Is
0
- _ -
H - E AQHQ s (64)
So

where the subscript % once again refers to a double mode index rs, for
example, as in Appendix I. Incorporating (59)-(64) into (58), and

making use of the orthogonality property of the waveguide modes gives:

n . -ro = - ¥ = E H . 5
dpe E'Y(P) ZAp Ap gf Ept x Hpt zds . (65)
0

In matrix notation, it is clear that (65) can be expressed as:

- — 1dPey
| E;o(p) E;O(P) E;O(P) dpey = ([A;])T('Z[éprt x Hpt.idS])([Aa]).
_ _ 0

dPez (66)

- + . c ;
It is noted that E™® contains Ap since EMO(P) is produced by the

radiation of A;E;. Furthermore, it is obvious that (10) and (54) can

be expressed more compactly as:
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E;°(P) L
+
EC() | = [s,] | [A]) , (67)
ro —_ —
E, (P)
and
_[A']— = [5,.] ggex (68)
L I I ’
where
I R
[A*] | = . . 69
T s )

Incorporating (67) and (68) into (66) yields:

— T
dp
+ T ex
A S d -
[ p] [ 12] dgey
- — ez
I . _Ap -
N 2[ff E H .« 2zdS])[S dpe* | .
[ p] ( [é({ pt x pt ])[ 21] dgg‘;

- - _ (70)

The relationship between [S127 and [Spy] now becomes evident from (70);

namely:
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- ~

(s,,1 = (-2l L 2ds]) [5,1 . (71)
)

Therefore, one can find [S12] from a knowledge of [5211; [ggl] was

obtained previously in part B of this section.

Typical near zone radiation patterns of open-ended rectangular and
circular waveguides which are calculated by the above procedure are
indicated in Figures 19 to 33. If the near zone field point is allowed
to recede to the far zone then the abhove procedure also furnishes the
far zone radiation patterns. Indeed, the latter are shown in Figures 19
to 23 for the open ended circular waveguide problem; these principal
plane far zone radiation pattern calculations are compared with those
obtained via the rigorous Wiener-Hopf method [161 in Figures 19 to 23;
the comparison is seen to be quite good in these figures. It is noted
that while the Wiener-Hopf method provides a useful check on our
solutions, the present procedure is far simpler than that based on the
Wiener-Hopf method. There is presently no corresponding rigorous
analytical solution available in the literature for the far zone
radiation pattern of an open-ended rectangular waveguide as there is for
the circular waveguide case; hence, the rectangular waveguide far zone
radiation patterns are shown without any comparisons. Explicit
expressions for the far zone radiation patterns for the circular and

rectangular inlets are presented for convenience in Appendix III,
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Figure 19. E, radiation pattern due to a TEy; mode in an open-ended
c?rcular waveguide.
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Figure 20. Eq and Ey radiation patterns due to a TE11 mode in an

open-ended circular waveguide.
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21. FEg radiation pattern due to a TMp1 mode in an open-ended
circular waveguide,
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Figure 22,

Fo and Es radiation patterns due to a T™11 mode in an
open-ended circular waveguide.
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Figure 23. Eg and Ey radiation patterns due to a
open-ended circular waveguide.
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Figure 24, The near zone radiation patterns of TEy1 modes.
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Figure 25. The near zone radiation patterns of TM;; modes.
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Figure 26. The near zone radiation patterns of TEs; modes.
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Figure 27. The near zone radiation patterns of TE3; modes.
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Figure 28. The near zone radiation patterns of TEi» modes.
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Figure 29, The near zone radiation patiern of TMyp mode.
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Near zone radiation pattern of an open-ended rectangular
waveguide. ka=12.58, a=2b, TEyg mode, ¢"=90°, kR=62.90,
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Far zone radfation pattern of an open-ended rectangular
waveguide. ka=12.58, a=2b, TEjy mode, ¢7=0°,
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E. Development of [Sy7]

As indicated earlier in Section I, [522] represents a modal
reflection coefficient matrix which is associated with the interaction
. illustrated in Figures 5 and 34, In particular, [522] is made up of
elements which correspond to the modal amplitudes (which are
proportional to the reflection coefficients) of the TEnm and TMnm modes
that are reflected back into the waveguide region (z<0) when either a
Tqu or a TMpq mode is incident on that open end from the region z<0.
Once again, GTD and ECM will be employed to calculate these modal
reflection coefficients. It was mentioned in part B (of this section)
dealing with the development of [821] that the modal fields inside a
circular or rectangular waveguide could be decomposed into fields which
are associated with a set of "modal rays". There exists only one set of
rays, namely the axially divergent modal rays, which are "incident" on
the circular inlet edge; these incident rays can partly diffract from
the edge to propagate back into the waveguide region as a set of axially
convergent modal rays to form the reflected modes. On the other hand,
there is a pair of such modal rays which are incident on the edge of a
rectangular inlet; again, these rays can diffract at the edge to enter
back into the waveguide as a pair of rays which exit or leave the edge
to form the reflected modes. It is noted that the pair of rays in the
rectangular inlet case contain oppositely traveling plane wave
components with respect to each edge; consequently these oppositely
traveling components flip directions upon undergoing diffraction at the

edges to convert the incident pair of modal rays into the reflected pair
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of modal rays. One may define a set of equivalent magnetic rim currents

gd? th

of strengths Mgi' and Mo~z which produce the r”" modal reflected fields

(Er; H;) when a set of sth modal fields (E;; H;) is incident at the open

end of the inlet. The fields entering back into the waveguide as
reflected modes are produced entirely via edge diffraciton of (E;; ﬁ:)
as the ray picture reveals; hence, the equivalent magnetic line and

line dipole rim currents Mé and Méd can be expressed as in (49) and /50)

but with the Ufimstev edge diffraction coefficients in those equations

replaced by the complete (Keller type) edge diffraction coefficients D

h
and Ds’ respectively, as follows:
ros. - .
N N 8 Dh(Qj’wj’ Bg.» Bp.) (H+.g')
L v ) LI J J S
N T .21 -2,V 5% ) | | 2
3= boJE /éinB sing
S. r.
j j (72)
and
D (¥, 035 B, B..) (Etep
od N od N B 1 s 73] $3 r; LEg2 )
Moo = LMo = LG ) 2
=t 3 =l Isr & |/§?ﬁas_ sinB. |
J J (73)
where Ds h in the above equations are given (as in (34)) by:
ro.s \ s !
DS (WJ’WJ;BSj’Br‘JJ =77 . :’:'-—-‘:_——“
h 2/ 2nk |/§1nss sing_
J J
- r s r, s -
‘ T Vi Y
" |sec ( ) ) ¥ sec | ? ) . (74)




Following the development cf part B, the currents Mﬁ and Méd generate
the reflected modal amplitude A; associated with the reflected modal

field (E;; ﬁ;) as in (52) and (53); thus:

N --
iro! . L 2, PO . d- j8_z
jZ1 (rim{z=o))(dz [hnm MRjz *zh, o MﬁjZ] e M)
" 2(f dsze (3 xh )
(aperture (z=0)) ™ ™ (75)
and
3 - - -j8_ z
dg ' h . M'Q' ! nm
. J=1 (rim(z=o))( [ nm ~ Rz ] e )
" 2 dsz- (8 * Enm) ’ (76)
where
R RO
el s (8" | (77)
- - nm
- -
o (A%
A =
RIS ‘ (78)
- - pq

It s clear that MR§ and MR§d in (75) and (76) contain A: which are the
=+ =+
modal amplitudes of (E; He) via (72) and (73); hence, the elements of

the reflection coefficient matrix [522] may be easily obtatined (even by
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inspection) from (16), (17), (75) and (76) together with (73), (74),
(77) and (78).

The modal reflection coefficients or the elements of [Spo] for the
circular inlet configuration, which are calculated by the equivalent
current method (ECM) described above are compared with those based on
the exact Wiener-Hopf solution in Figures 35 - 38. This comparison in
Figures 35 - 38 is also quite good. Once again, it is noted that the
exact Wiener-Hopf solution [17] is far more complicated than the present
one based on the ECM. It is noted that the effects of the multiple
diffractions of the rays across the aperture are included in the
evaluation of the equivalent currents for the ECM analysis of [Sy]
pertaining to the circular inlet cases as shown in Figures 35 - 38. The
details of the procedure for including these multiple interactions can
be found in [9]; that approach has been used here as well with the final
expression given in Appendix IV. In Figures 39 - 40, results for the
modal reflection coefficients are shown for open ended rectangular
waveguides (or inlets), and a comparison of one such calculation with
measurement [187 is shown in Figure 41 for the dominant TEjp rectangular
waveqguide mode. The comparison with measurements in Figure 41 is
reasonable; one would expect this comparison to improve as the frequency
increases. The measurements in Figure 41 were performed at a frequency
for which the waveguide dimensions are quite small in terms of the
wavelength, thereby straining the high frequency ECM solution; it is
possible that multiple interactions of waves across the aperture can

become important at such lower frequencies; on the other hand, the ECM
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solution can become more cumbersome if these multiple wave interactions
are included for the rectangular inlet case., The effect of multiple
wave interactions across the aperture is more easily calculated in the

case of the circular inlet geometry.

F. Development of [Sr]

The matrix [SF] contains elements which are the reflection
coefficients of the modes reflected from the termination at z=-L in
Figure 6 when a set of modes is incident upon this termination. Let an
rth modal field (E;; ﬁ;) of the TEr or TMr type be incident on the
termination at z=-L in Figure 6, and let (E;; ﬁ:) denote the fields of

Sth

an TEs or TMS mode reflected from that terminatiorn., The matrix

[§;] then relates the fields (ES; ﬁ;) reflected from ther termination at
.

r

z=-L to the incident fields (E;; H
For an impedance termination, the matrix elements of [SF] can be
trivially obtained by enforcing the impedance boundary condition (at

z=-L) on the total rields; namely:

(E-22+E=12 2zxH] (79
S z=-L )
with
E:E;A;+§E;A;; (80)
S
- .. . “+ o+
H-HrAr+2HSAS (81)
S
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in which I (E;; ﬁ;) are the reflected fields of all the "s" modes
s - -
when only an rth set of modal fields (E;; H;) is incident on the

impedance termination at z=-L. Here, ZS denotes the value of the

surface impedance. The elements of [Sp] as defined in (18) and (19)
can be identified by simply incorporating (80) and (81) into (79), and
by invoking the orthogonality property of the waveguide modes. It can
be easily verified that [Sp] is a diagonal matrix.

For a planar isotropic homogeneous dielectric/ferrite at Z=-L
which is characterized by the permeability upug and permittivity epeg,

the elements of the matrix [S.] can be found as follows:

For TM modes:

n
>
onN
=
-
™
-~

]
=
e X
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/ nm\ 2 mr \ 2
;—' + g“ for a rectanqular wavegquide.
p 2
k =< _nm for circular waveguide
a T™ modes.
p'
k _nn for circular waveguide
a TE modes.

For many materials of interest, the relative permeability up ~ 1,
therefore the reflection from the termination for TE mode can bhe

simplified as

The reflection coefficients for blade/disk and hub structure
terminations in circular inlets are slightly more complicated and are

presented in Appendix VI,

IV. NUMERICAL RESULTS AND COMPARISONS WITH MEASUREMENTS FOR THE
SCATTERING BY THE COMPLETE INLET CONFIGURATIONS OF FIGURE 1.

In the previous section, the various generalized scattering
matrices were developed corresponding to the canonical scattering events
depicted in Figures 3 - 6: also, numerical results illustrating the
behavior of these scattering mechanisms were included. Comparisons with
exact calculations or measurements were made whenever reasonahly
possihle to indicate the accuracy of the mathematical expressions which

were developed to describe these scattering mechanisms: those

86




expressions were derived via asymptotic high frequency techniques (such
as GTD, UTD, ECM or modified PTD). Asymptotic high frequency techniques
by their very nature are approximate; they are expected to become
increasingly more accurate with increase in frequency. However, most
asymptotic high frequency solutions are known to work reasonably
accurately almost down to frequencies where the characteristic dimen-
sions of the radiating object are not much larger than a wavelength;
this is also observed in the present study. In this development it is
necessary that the inlet cross-secticn be large enough to where at least
the dominant mode can be excited within the inlet waveguide region.

Also, because of the complexity of obtaining the eigenvalues in a
circular inlet, the computer program for obtaining numerical results for
the scattered fields can now handle a circular inlet with radius up to 5
wavelengths, or include up to 240 modes (with the understanding that
there are two independent azimuthal wave functions cosné¢ and sinné in
each waveguide mode). For rectangular inlets, there is no such
restriction, since the calculation of the eigenvalues is very simple.
However, the calculation of scattering from extremely large inlets is
still not practical due to the fact that numerous modes have to be
included in the calculation. Further studies in selecting significant
modes and different useful high frequency representations of waveguide
modes are necessary in order to get a more efficient way to estimate the
scattering of large waveguides [19,20].

The calculated numerical results shown in Figures 42 - 48 include

the effect of rim scattering (i.e., the solid line — ), the field
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scattered by the termination (i.e., the long dashed line __ __ __) and
the total scattered field from the inlet which is a vector sum of the
rim scattered field and the scattered field from the termination (i.e.,
»the short dashed line _ _ _ _). In these examples, the terminations are
a planar conducting surface and a dielectric termination. The short
circuited termination is a special case of the impedance termination
with the value of the surface iwpedunce being zero.

For the effect of rim scattering, the scattered field peaks up in

i

the neighhorhood of the specular region (i.e., close to 8" = ¢

r= ¢1+n) as is to be expected from the GTD point of view. But for the

¢
field scattered by the termination, there are no special rules as to
where the total field should peak up. The field scattered by the
termination comes from a combination of the radiation from different
modes, and the phase between the modes will change the radiation pattern
dramatically. However, if one is only interested in a specific region,
one can pick up the modes which contribute most significantly to that
region using the concepts in [19,20]., 1In the latter instance, the
distribution of the field within the inlet, which radiates out to
correspond to the field scattered by the termination is controlled by
the interaction of the propagating modes. Therefore, when the length of
the inlet termination is changed, the energy will be redistributed
within the various modes. For the case of a short circuited
termination, the scattered field from the termination is usually greater

than the field scattered from the rim except in the specular region. By

changing the impedance of the termination, from zero (short circuit
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case) to one which has a non-zero real part (corresponding to a lossy
impedance), one can drop the level of the field scattered by the
termination. Some related results which were computed previously [9]

are also included in Figure 49 for completeness.
Comparisons of calculated and measured backscattering results for

the circular inlet case are considered next. The measurements were
performed at the Ohio State University ElectroScience Lahboratory [217,
The circular inlet may be terminated inside by one of the following
structures: a planar conductor (short circuit), a planar impedance
surface, a blade-disk structure, and conical and hemispherical hubs
which may sit on a planar disk or a disk-blade structure. In Figures 50
through 57, the solid curves are the measured and the dashed curves the
calculated backscattering results. Figures 50 and 51 show the
comparison of the calculated and measured backscattering patterns for a
circular inlet with a short circuit termination at three different
frequencies for vertical (;) and horizontal (5) polarizations,
respectively. Additional horizontal polarization patterns at 10 GHz and
10.2 GHz are shown in Figure 52 which illustrates the sensitivity in the
change of horizontal polarization patterns with frequency. A comparison
of backscattering patterns for a disk-blade termination is shown in
Figure 53; likewise, they are shown in Figures 54 and 55 for the case of
conical and hemispherical hubs on a planar disk, respectively, and in
Figures 56 and 57 for conical and hemispherical huhs on a blade
structure, respectively. It is observed that the P.0. approximation for

determining the reflection from the termination seems to give a good
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overall prediction of the patterns, except in a few cases involving
hblade terminations where the patterns may not compare sufficiently well
with measurements, especially for the horizontal polarization case which
appears to he more sensitive to parameter changes than the vertica)
polarization. This suggests that due to the presence of the blades, the
interactions between the blades themselves, which are not accounted for
in the P.0. approximation, could possibly have a non-negligible
contribution to the scattering matrix Sr' Therefore, a refined analysis
could be used to improve the accuracy of the calculated patterns for
this case. In addition, the experimental model for the blades should be
more carefully made than at present.

Due to the fast varying nature of the RCS patterns with frequency,
some frequency scan patterns are also included. 1In particular, results
for the calculated and measured frequency scan patterns are given in
Figures 58 through 61, It is noted that the calculated backscattering
returns in Figure 58 and 59 generally are stronger than the measured
ones. This is due to the fact that in the measurements, the terminal
conducting plane does not completely fill up the inlet cross section,
allowing electromagnetic energy to pass through and this results in
lower measured backscattering returns. It is important to note that the
theoretical predictions show the same general trends in the variation of

RCS with frequency as those predicted by the measurements.
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polarization backscattering patterns at (a) 10 GHz,

(b) 10.2 GHz.
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An interesting observation as a consequence of using the P.0.
approximation in determining the modal reflection coefficients from a
conical hub termination in a circular inlet is depicted in Figure 62.

As shown in the figure, an incident mode with a modal ray angle 8 is
cdnverted by the conical hub termination into reflected modes which are
strong if their modal ray angles are close to m-2a-B or w-2a+B. The
ability to convert an incident mode into several reflected modes can
have a drastic effect on the backscattering return when the terminal
position is changed. An example is shown in Figure 63, which compares
calculated backscattering returns of a circular inlet with a conical hub
termination at different positions. A simple explanation for the large
change in the backscattering return for the axial incidence (6=0) case
is as follows. A strong TEj; mode is coupled through the open end into
the circular inlet. Subsequently, it is converted by the concal hub
termination into reflected TEyj, TEjp and TE13 modes. The three modes
radiate approximately equally in the axial direction. Thus when
changing the terminal position, although the relativc strengthsz of the
three modes remain virtually unchanged, their different phase
combinations can result in significant changes in the backscattering
returns as shown in Figure 63. The same argument can also be applied to
the non-axial incidence case, although the situation is more complicated
there.

If the base length (hd) of the conical hub termiation in Figure 63
is reduced, but with everything else remaining the same, the

backscattering return then hecomes less sensitive to the change in the
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terminal position of the conical hub, especially in the axial direction
as shown in Figure 64. This is because for the case of axial incidence,
only the TEy1 mode plays an important role in contributing to the
backscattering in contrast to the previous case of Figure 63 wherein

three modes contributed equally to the on-axis backscattering return.
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The method developed in the previous sections can also be applied
to evaluating fields scattered by open-ended rectangular and semi-
circular inlets mounted on a ground plane. This problem can be
simplified using image theory. Thus, this problem simply reduces to
that considered before; i.e., to evaluate the fields scattered by
open-ended rectangular and circular inlets which are illuminated by two
sources corresponding to the original one and its image.

Figure 65 illustrates a comparison of the calculated backscattering
results from an open-ended circular waveguide and an open-ended semi-
circular one mounted on a ground plane, both of which are terminated in
the interior by a planar shert circuit. For axial incidence, the
existence of the ground plane effectively increases the backscattering
return by 6 dB if the electric field is polarized perpendicular to the
ground plane, and it reduces the backscattering return to zero if the
electric field is polarized parellel to the ground plane, as shown in
Figure 65. Finally, a comparison of the calculated near zone bistatic
scattering from an open-ended rectangular waveguide and another one of
half the size mounted on a ground plane, both of which possess a short
circuit termination inside, is shown in Figure 66, It is interesting to
note that for the ; polarization case (Figure 66b), the direction of
incidence and the size of the waveguide are chosen in such a way that
the rim scattering of the incident plane wave and its image by the
rectangular waveguide mounted on the ground plane exactly cancel each
other. Thus, for this case, the entire scattering (dashed curve) is due
only to the reradiation of the field reflected back by the short circuit

termination. On the other hand, such a cancellation of the rim
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scattering by the image may not occur for the 6 polarization, because

the main contribution in that case comes from the vertical plates.

V. CONCLUSION j
. The work described in this report provides relatively efficient
solutions which are based on a combination of high frequency and modal
techniques for the problems of near and tar zone bistatic scattering of
EM plane waves incident on open ended semi-infinite, perfectly
conducting circular and rectangular inlet configurations with an
interior termination. The interior terminations could be either a
planar perfectly conducting surface nr a planar impedance (or
dielectric) surface termination. It is noted that when the impedance
vanishes then the impedance surface termination reduces to the
perfectly-conducting case.
Some additional simple interior terminations have also been
considered in this work for the case of the circular inlet geometry;
they are:
a) a conducting disk-blade termination
b) a conducting conical or hemi-spherical hub placed on a I
l
l

conducting disk, or on a conducting disk-blade structure.

Moreover, the related problems of the EM scattering by an open

ended, semi-infinite perfectly conducting semi-circular and rectangular
inlets on a perfectly conducting ground plane have been analyzed
directly via an application of image theory in combination with the
solutions which have been obtained for the circular and rectangular

inlets without the ground plane.
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It is seen that the RCS of the above structures are quite sensitive
to frequency. Also, the scattering patterns of the horizontally
polarized wave are very sensitive to small changes in structure. The
calculations for the far zone EM backscattering case which have been
performed in this work are compared with corresponding measurements.

The overall agreement between the calculation and measurement is quite
good. No measurements have been performed on this contract for the case
of the near zone bistatic scattering by such inlets. In the future, it
would be worthwhile to make near and far zone measurements of scattering
by somewhat more improved experimenta1 models than those used presently.
Als0, it would be worth extending the research effort to find ways to
analyze the more complex problem of scattering by non-uniform inlet

geometries in a relatively efficient manner.
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APPENDIX I

WAVEGUIDE EXCITATION PROBLEM

Let a source S be lTocated inside waveguide as shown in Figure A.l.
S can be an electric current source J or a magnetic current source ﬁ,

which generates EY, HE, Thus,

(E_, H) (A.1)

are the fields generated by § in the t; directions. In this summation
p is the compact summaticn index representing the double summation over
mode indices "n" and "m". It is of interest to find (Et; ﬁt). Here,
Et will be determined via an application of the reciprocity theorem as
in [13].

The modal fields can be decomposed into transverse and axial

components as follows:

HE = AS(tH , +H Je P (A.2a)

* A;(E + € Je P (A.2b)
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Figure A.,1. Waveguide geometry,
where for TE,, modes;
Hpt ) hnm ; pz ) z,nm ° Ept = Cnm and Epz =0

and for TM,, modes;

Hpt = hnm : sz =0 ; E, = enm and E_ = ¢

Case (i):

It is of interest to find the strength of the mode E;, Hq

generated by 5. (Here, q is the compact index representing the mode

indices "ij".
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From the reciprocity theorem:

~

- I [Ex ﬁ; - E; x H] « n ds
S,5_*Sy
where E, ﬁ = E+, ﬁ+ on S+ and E, H
i ~
andE X N =0o
P s
W
Thus, the above reciprocity re
St St S .
E H -E xH | » zds
+

[[fE" « Jdv for
Vv q

-f&f ﬁ; - Mdv for

Substituting E+, H* and E', H

orthogonality condition:

5 H:] « nds =0 for g

[{ £
S

x
q

one obtains a relationship in terms

) f&f Eg «Jdv forS§ =13
SfffRY e Mdv for S =M
v 9
- (A.3)
= E', H" on S . Also, E x nl =0
- q S
W

lation simplifies to:

[Py ]

(A.4)

i
=

from Equation (A.1) and using the

£p (A.5)

of only qtN mode (i.e., p=q case)
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- - -j28 z
+ (.= - q+
[ 3 gy + Bgp) x (e + e
+
- - -j2B8 2z
- - q +
- ( at + qu) x ( gt + qu ]
. E -E H H
[ 8 UEgy - Bgp)  (hgy + )

[Py |

[[fEY « Jdv forsS =
v 9

wmi
"
4]

SJff A« Mdv for
v 4

or;

qz

£
t
)
—
-
—
-
=gl }
L0
ct
+
pe ol |

Thus,

139

(A.6)

. -j8 z

) s Me 9 dv for S=M

(A.7)




where A; is the excitation coefficient of the mode E; traveling to the

right of the source, i.e., in the region z<z- shown in Figure A.1l.

Case (ii):

If E;, H; is chosen as the waveguide mode of interest as in
Figure A.2, then the coefficient A; of the mode E; traveling to the

left of the source (z>z+) is given by:

- - - - quz
. f{f (Egp = Eqg) = J e dv
R T L
Sf eq x Hqt « zds -f{f (-Hqt + qu) *Me dv

(A.9)

E, xH, ezds =[fE. xH ezds=[[E  xH_ »zds
- c
where Sc is any cross-sectional area of the waveguide.

Although Equations (A.8) and (A.9) are given for a volume source
distribution, it is very simple to modify them for a surface (or line)
source distribution. For this purpose, the volume integral on the
right hand side of Equations (A.8) or (A.9) should be replaced by a
surface (or line) integral over the extent of the surface (or line)

source distribution.
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Figure A.2.

=e =- P B
H —%\ ¢ ¢ £-
i &

Waveguide geometry with fields radiated to the left (z>z,)
of S being of interest.
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APPENDIX I1

TABLES FOR THE CIRCULAR AND RECTANGULAR
WAVEGUIDE MODE FUNCTIONS
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TABLE 1
PROPERTIES OF MODES IN CIRCULAR WAVEGUIDE

TE“- TH“-
]
2
P P o
nm nm
s s cosnd
h, = MNom 22 Yn a ) (sinn¢) , 0
2
P P o
nm nm
= ; -sinné
€, 0 > JNnm a2 Jn ( S ) ( cosn¢)
8P P o kY n P o
nm nm nm 0 nm
h =N - ( )(cgsn¢) J_( ) (cosn¢)
p nm a n a sinng’» nm o N a sinn¢
[]
ng P o kY P P o
- nm ) nm )(-sinn¢) A \ o' nm K ( nm ) (-sinn¢)
¢ nm o n a cosng’ nm a n a cosné
]
kZ n P o BamP P o
0 nm . nm*nm nm
e, =N 3, (TS N 3, (=) (Einey
p nm p n a cosng’ nm a n a cosn¢
kZ P P o ng P o
o nm nm nm nm
e, = _ N 30 () (Cosne - N 3. (=) (595n9)
$ nm a n a sinng’ » nm p n a sinné
- ' L I p v ae |
Nom = | 2 n (an)\/gizosnmeon(an'" ) ’ ‘ 2 n (an) amV™ < 0" nm°on

2 PAm ? '\/{2 52252
Bom =V K ) N a
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TABLE 2

PROPERTIES OF MODES

IN RECTANGULAR WAVEGUIDE

TE". THn.
2 2
Ny +m, |
= Nannm jBnm cos n_x cos my 0
2 2
Na +My
=0 -Nnm 38 sin n,X sin m.y
= Nannm"a sin n,X cos my 'Nannm my sin n,x cos my .
= Nannm m,cos n_x sin my Nannm n, €Os n.x sin m.y
= Nnmmb cos n x sin m.y Nnm L cos n.x sin m.y
= -Nnmna sin n,X cos my Nnm m sin n,X cos my
nm - Yanm/k Yo k/Bnm
0o<x<a, 0<y<«hb
Note that for both modes:
_ 2 2..=1/2
Nnm 4 [zeon €om Ynm ab ("a+mb)]
2 2 2.1/2
Bom = [ 'na'mb]
n. = nn/a {2 n=0
€ =
0
" Y1 mo
mbsm/b
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APPENDIX III
EXPLICIT RADIATION COEFFICIENT
FOR CIRCULAR AND RECTANGULAR INLETS

As mentioned in the text, the coupling coefficient [§21] is
related to the radiation coefficient [Syp] by reciprocity.

Therefore, if one is known, the other can be easily calculated
from reciprocity relationship given in Section III.D.

For the near zone radiation case, there is no simple closed form
analytic solution that can be obtained to calculate these coefficients;
whereas, in the far zone radiation case, one can find simple closed
analytic forms for the radiation coefficients and/or coupling
coefficients.

In the following, the explicit form of the radiation coefficients
in the far zone are given for both circular and rectangular waveguide

modes.

A. For Circular Inlets:

In this case, the far zone field can be written as

-jkr
r o ora -sinn¢ - cosn¢g
E" = 10 By ("cosng) * ¢ By (sinng)]

'\

where Eg and E4 can be separated as contributions from the Kirchhoff

approximation and the equivalent Ufimtsev edge currents,
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The contribution from the Kirchhoff approximation becomes:

TE ., modes incidence:

1+cos8 cosé
nm

_.n !
Eek = kZoNnm n 2sin6é Jn(an) Jn (kasine)
. . s1n6nm . ' .
E¢k = kZoNnm pnm 2(cosdnm-cose) Jn(an) Jn (kasing)
§ = cos'l(e /k)
nm nm

T“n. modes incidence:

sin@ .

='n
Eek J anm an 2(cos6nm-cose) Jn(an) Jn (kasin®)

E¢k =0

Likewise, the contribution from the equivalent Ufimtsev edge currents is

given by:

TE o modes incidence:
8

_ 2N ' oo
Egy = 3 2y N nf(8,8, ) 3 (P ) 8 sing J (kasine)
' 6rllﬂ coso
- kan sin 2 kasine Jn (kasine)]
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n [ ' . ‘Snm )
E¢u = j Zo Nom f(e,cnm) Jn(an) {kPnm * sin; Jn (kasing)
) 8 cose ‘ . Jn(kasine)
=N Bom ST 2 kasine I:‘]n (kasine) - kasino9 1

™ . modes incidence:

1)
_ N ' 2 . M cusB )
Egy =3 Ny (858,10 3 (P ) [n" 8 sin5~ Kasing J, (kasine)
3 e l' o
+ kan sin 3 Jn (kasine)] .
§
"N nf(e,8 ) 3 (P ) {8 sin = a' (kasino
E¢u == By M0 g nm) Bam ST 2 Y (kasing)
6 cosé . Jn(kasine)
* kP ST 5 Lasine [Jn (kasing) - kasin® i
where
0 Gnm
CoOs 7 - COS ~5—
f(e,8 ) =
nm Cossnm- coso

B. For Rectangular Inlets:

In this case, the far zone field can also be expressed as:

Eo = Eox * Eoy

E, =
¢ E¢k ¥ E¢u
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The contribution from the Kirchhoff approximation becomes:

n+m .
J anm e-Jkr

;1
erk(a cos¢ + b sing) sine

Eek = 4n r
nm n m
{u cose (1+ A cose) [A, +(-1)"A_(B, -(-1)"B_]
o -
Y
nm n m
-v sin¢ (1+ ‘;"cose) [A+ -(-1)"A_1[B_ +(-1)"8 1
o -
.n+m .
J° kN -jkr _
£ = nm e ej%k(a cos¢ + b sing) sine
ok 4n r
Y
nm n m
{-U sin¢ (cose + —Y_o ) [A+ +(-1) A_][B+ '(‘1) B_]
nm n m
-v cos¢ (cos® + KA ) [A+ -(-1) A_][B+ +(-1) B_]}
0
1
sin [Z(ksind cos¢ ny)al
. where Ai = ksin® cos¢ tna
1
sin [Z(ksiné sing +my)b]
B, = ksine sing *m,
(mb for TE mode
u =
n for TM mode
\
("a for TE mode
v =
My for TM mode
\ .
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Likewise the contribution from the equivalent Ufimtsev Edge Currents is

given by:

" e-jkr
. =.1/____ N ejlk(acoscp + bsing) sine
fu 8tj ‘nm r -2

.n
J .1 1 o .
-j-kbsinésing¢ _ ,_,\m _jikbsinbsin¢
/sTn8, sing, [e™ (-1)7 % ]

. [Dz (wh,w;) u (A+ +(-1)nA_) cos9cosd

Y
nm

- —;; Dﬂ (s ¥p,) v(A-(-1)"A_) sing)

.m
J :1 i1

____ r_-j-kasinbcos¢ _ (_qy\n.jikasinbcose

* Vsing,,sing, (e (-1)7e% ]

o [ -Dg (v, ¥,) v (B, +(-1)"8_) cosesing

IET u ' 1)M
+ v, D, (¥,» ¥,) u (B, -(-1)"8_) coss]
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e-jkr
E = LJE_ N ejlk(acos¢ + bsing) sine
du 8%j nm r 2

N
= J

/_-l—'——l-——-'
s1nBohs1th

--1 . -1 v .
[e Jzkbs1nesin¢ - (-1)" eJEkbs1nes1n¢]

- [ng (wh.w;) u (A, +(-1)"A ) sing

Ynm u ' n
“;;‘Dh (wh, wh) v(A_~(-1)"A_) cos8cos¢]

-+

.M
J
- /sinsovsinsv

[ -j%kasinecos¢ - ()" ej%kasinecos¢]

(0! (v,.4,) v (8, +(-1)"8_) coss

nmu | m
—7;.Dh (v,»¥,) u (B, -(-1)"B_) cosbsine]

+
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where u, v, A_, B, are defined as before, and

. Bpm/k
cosyy, = sing,,
cos9
cosv, = - sing,

sinB,, = [1- (na/k)z]l/2

sinsh = (1 - sin29c052¢)1/2
) Bnm/k
Cos"'v N s‘.nBov
cos9
cosy, = - _:
; s1nBv

sinB,, = f1- (mb/k)z]l/2

sinsv =1 - sinzasin‘?qﬂl/2
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APPENDIX IV

EXPLICIT MODAL REFLECTION COEFFICIENTS
AT THE OPEN END
FOR THE CIRCULAR AND RECTANGULAR INLETS

As mentioned in the text, the modal reflection coefficients at the

open end can be calculated from the equivalent magnetic currents M and

M e,

> *2 ; >
S (hpg*M" + hypqeM)de

R ~
pg;snm 2/ 8 h ez d
ffepq X pq S

and
1 . : .
-/ /e ez ds =1
2/ [2pq * Mg
So that
l > +2. > +ﬂ.d
Rogsam = 8 J (Mg + b o0

The advantage of using this form is that Ryq.nq satisfies the

reciprocity principle, i.e.,

R =R
pq;nm nm;pq
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An explicit expression for the reflection
incident mode to pg reflected mode can be found

of above equations, which is given by:

A. For Circular Inlets:

coefficient from an nm

from the explicit form

qu;nm =0 ifptn
] 1
- wkZy N N0 (0D (PY )
an;nm LY cosépg *+ cosépn Cn Cosan cosS " T

22
-kae, s1n6nq s1n6nm°g]

. wkYy N gMomdn Pag 9n P o)

ng;nm  jda coss$,

+
q COSSnm

2
-n coscnq cosdnm-g]

h e _ Re h
ng;nm nm;ng

2 ' '
Tk quNnm"Jn(an)Jn(pnm)

[cossn

= '4
J cosé . + cos§ q

q

where

6nq Som

f = cos =~ cos 5~ [1+2 (sec&nq + seccnm)

8 8
nq nm

g = sin 5 sin =~ [1-2 (secsnq + secsnm)
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[k ae
on

sing singd of
nq nm

sing of
nm

+ siné .
sin nqcossnm g]

AD

1-AD]

AC

1-AC]




c=1+ 73 (8 /o
2=1

D=1+ ) (-jB)l/ /24T
2=1
n 1 -j2ka

B=1(-1) 7e

Due to the orthogonality of the trigonometric functions, cosn¢ and
sinn¢, which appear in the model functions, the above reflection
coefficients apply only to modes with the same ¢ variation and there is
no coupling between modes with different ¢ variations. It is noted that
the effect of all the multiply interacting rays across the aperture are
included in the above expressions for the circular inlet opening; in
particular, that information is contained in the "f" and "g" terms given
above. Unfortunately it is not a simple matter to include multiple
interactions for the rectangular inlet opening which is dealt with

next.
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B. For Rectangular Inlets:

O 1 IED™PI0 ()™ Man'legYn' b
Rogsnm = 72 \2ik 4 Y,
a snp -
VSinBOhSinﬂh (wh’wh)vnmqu(l-sno)
2.2
YU Po+qy Voo _
os(wh,wh) Y sinvy (eonwpq o sing, - —— cosy,)

bé
mq

* TsTnBysing, 0 ORI 5418

2 2
. YoVm Patdy Upqb )
+D (v )T (e M sing - cosy )]
st vV Y asing, " om pq qu v k v
where
' _e-\]‘"/4 w_‘pl
Ds(w,w ) = YT [sec( 2 S1n8 sinB
h
0 p*q
%q °
1 pP=q
2 n=0
€ =
on
1 n£0
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2172
sing = [1-(na/k) 1

2.1/
sing, = [1-(Pa/k) ]

2

2 1/
sinBov = [1-(mb/k) ]

2 1/
sing, = [1-(qb/k) ]

cos (¥, )

cos (v, )

COS(w;)

cos(v, )

nm

nm

Bnm/k

sinBoh

B_/k
Pq/

sith

Bnm/k

s1n8ov

B_/k
Pq/

sinBv

na for TEnm mode

b for TMnm mode

mb for TEnm mode

£
na for TMnm mode
1 for TEnm mode
0 for TMnm mode

and m, are defined as in Table 2, Appendix III.
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APPENDIX V
DEFINITIONS OF THE GENERALIZED SCATTERING MATRICES
FOR THE FAR-ZONE SCATTERING SITUATION

When the observation point receeds to infinity, i.e., the far zone

case, the scattering matrices are defined as follows [9]:

[Sll] Matrix:

-, - - -
Eeo Ee e-jkr
ES = [511] r

$ gl
_°_ ¢ _
TS0 Sep
[511] =
S S
— ¢9 o¢ —

r [Anm]
Es nm o-ikr
ATl r
E; (B
157




[Sonm)  [Sonm]

[Senm]  [Senm)

And the definitions of [Sp1], [Spp] and [Sp] remain the same as
before. Note that in this far zone case the range (r) dependence is
brought out of [S13] and [S12], and the entry of the matrices has been

changed from x,y,z components to 6,4 components,
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APPENDIX VI

MODAL REFLECTION COEFFICIENTS FOR DISK-BLADE
AND HUB STRUCTURE TERMINATIONS IN CIRCULAR INLETS

To find the reflection coefficients from the disk, disk-blade and
hub structures in circular waveguides the method of P.0. approximation
is employed. Although the P.0. approximation does not take into account
the proper boundary conditions at the end of the structure, it certainly
picks up the dominant effect and yields good approximation to the
scattering results as compared with the measurements.

Due to the symmetry in the geometries of the terminal structures
studied here, the coupling coefficients between modes with different ¢
variations are small, so that they are neglected in the following
discussion. Only the mutual coupling hetween those modes with the same
¢ variation are included,

An explicit reflection coefficientt for a disk-blade termination

is given by

n
an:nm T2 (an ¥ an) €on
* £ (h¢nqh¢nm * hpnthnm)pdp * a+B b (h¢nqh¢nm * hpnthn¢)°dp *

— —

where the integration from p=0 to p=b is over the disk region and that

from p=b to p=b+d is over the blade structure; a is the angle extension
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of the blade and B the angle extension of the air slot; an = 7 Z0 for

Bnm

a TE  mode and Z for a TM__ mode. The model functions are those
nm k o nm

given in Appendix II.

For a hemispherical hub termination with radius b the reflection

coefficients are

hh T N N b J(B +B8 )vb2_p2
nq;nm 4 kZo Nom ng “on
P, Prap ProPr P, S
| .+ "omP v FngP Fnamng n? nmP nq?
p(8, * an)L_Qn( P e By S 2 J ()9, )

) ) '— ] ] ]
. _jo? _ PnnPnq [—q (anp) Pam .y (Pngp)
/207 a2 n'a a n " a

' ' ' ~|
Phge P v P
+J(-n—q—)—"g-an (—:—”p)_} ,

n a a

1 Jb2-02

he _ _T., fbdp eJ(Bnm+Bnq) b%-p
nqgsnm 4 nm nq 5

n(l+8 8 nq)-

[} ] ] ] [}

Pn Pnmp ¢ Prap P + Ponp P :}
q nm nq nm nm nq
+
[: a Jn( a ) Jn( a ) a Jn( a )Jn( a P)
2 1 2 ]
2 Prm Pnq Pame,  Pge

v Tttt Gzt Bag + (2 Ve By (G T
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b j(snm+3nq)'bz"pz

ee - _r .
an;nm = -1k Nnmqu Een [doe

| 7.+ PomP J' anP) PamPnq

p(Bnm ¥ Bnq) |_9n( a n' a a2

n2 Pnme | PngP _1
t o2 Jn( a )Jn( a -

PamP - P PamP Pna?
. _P nm' nq l ng .',nm ng
+] }hz_pz a2 J ( Y ( )

n a n a

p p
) g (2 )I

t a

Similarly, for a conical hub termination with base 2b and height d, the

reflection coefficients are

hh T b J(Bnm+anq) (b-p)

nginm PR Nnmqu €on i dp e

- 1 ] []
l t PamP + PngP. PamPn
) (1 24

«{p(B

nm+Bnq) |_9n( a n'a a2
P, Plo
nz . TnmP ng? ‘
* o2 Jn( a ) Jn( a ) —

1 ]
jed anpng I 3 Pame. Pam anP

) J ()

b a2 — n' a a n ' a

ana._
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d
b J((Bam*Bng)r(b=p)
Rhe = - lkz N N I do e nm "nq’y
ng;nm 4 nmnq
|_P| Pnme P. p
nq nm 1 Pnq
"(1+Bnm8nq)|_. " Jn( . 3 )
v
Pam v Prme PngP
+ = 5 (|
a n'a n‘a ’ _
2 '2 '
ed  Pom Pnq Pame, PngP
Iy ot ( a2 Bnq Y2t Bnm) Jn( a Jn( a
b §(Bom*8 )d(b )
J Lib=-p
REE =i ZKY N N e o [doe " b
ng;nm 4 "o 'am'ng “on o
(B +8_ ) |_'J‘(anp ' anP) anpnq
Peam™®ng’ 1_%n' 2 n' a a2
. ﬂi.d ,an")J (pan) 1, . ed PamPng
2 ‘nta ata I PITy T
I_a “n'a n' a ) a n'a n'a
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