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I. 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 rectangular waveguides and also

5 semi-infinite semi-circular and rectangular waveguides mounted on an

infinite ground plane, which are excited by an external electromagnetic

3 (EM) plane wave. These waveguides which model simple inlet

configurations are terminated inside by various structures such as a

I planar impedance surface, a disk, a disk-blade geometry, and also by

3 hemispherical and conical hubs on disks and disk-blade geometries as

shown in Figures 1(a) through l(g).

3 The present analysis employs a combination of high frequency

techniques such as the geometrical theory of diffraction (GTD) [1,2,31

Iand 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

3 scattering method (MSM) [81, as indicated in a previous analysis

[9,101.

I As is well known, the GTO employs rays to describe the phenomenon

i of wave radiation, propagation, scattering and diffraction at high

frequencies. Furthermore, the GTD is, in general, found to remain

3 accurate even for moderately high frequencies. In the present

analysis, the GTD together with its modification at caustics and a

3 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

I
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P PLANAR IMPEDANCE

(9rtr) BOUNDARY AT Z2 -L

Figure 1(a). EM scattering by a circular inlet with a planar impedance
termination inside.

1 1

PLANAR IMPEDANCE
p (er, (g)BOUNDARY AT z a-L

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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IFigure 1(d). EM scattering by a circular inlet with a hemispherical
huh.
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FRONT VIEW:

0

HUB WITH HUB WITH
BLADE STRUCTURE SHORT END

Figure 1(e). Different planar terminations on which the hub is
attached.

y
PLANAR IMPEDANCE(:o: TERMINATION

GROUND PLANE

Figure 1(f). EM scattering by a rectangular waveguide mounted on a
ground plane.

PLANAR IMPEDANCE, HUB,
co HUB/BLADE, DISK OR

yDISK BLADE TERMINATIONS

coI

Figure 1(g). EM scattering by a semi-circular waveguide mounted on a
ground plane.!
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Figure 2(a). EM scattering by a circular inlet with a terminationU inside.

I
I

(D
I
Iz -4 0----------

Figure 2(b). EM scattering by a rectangular inlet with a termination
i inside.
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junction scattering matrices which are required in the MSM. These

scattering matrices characterize the scattering properties of the

junctions (D and @ at z=O and z=-L, respectively, which are

indicated in Figures 2(a) and 2(b). The multiple wave interactions

between junctions 0 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) [11].

The format of this report is as follows. First, the self-

consistent MSM formulation is discussed in Section II 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 11.

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 obtain

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+jwt

time convention for the electromagnetic fields is assumed and

suppressed throughout this report.

6
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1I. SELF-CONSISTENT NSH FORNULATION

3 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 GTO and the ECM,

m as well as the PTD, together with the self-consistent MSM. In the MSM

based analysis, the basic scattering mechanisms are isolated and

3 identified as being associated with the scattering by junctions 0 and

® as in Figures 2(a) and 2(b). These junctions can likewise be

m 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

3a knowledge of the generalized scattering matrices [S11], [$12], [S2 1],

[$22], and [Sr] for the junctions 0 and @ . These generalized

m scattering matrices [9] are directly associated with the canonical

3scattering events shown in Figures 3, 4, 5 and 6 for an open-ended
semi-infinite waveguide with an impedance termination at z=-L. The

m waveguide cross-section is shown to be arbitrary in Figures 3, 4, 5 and

6; however, as stated previously, only circular and rectangular

i 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

3disk-blade structures. The concept of the scattering matrix in

microwave circuit analysis is based on the propagating modes within the

I 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
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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 0 and (D 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:

-*1 i
E = 8i E 6 (1)i

with

E = AO e (2a)

ii

E A e (2b)

where

ti = -k(sineicos0ix + sin6isin'iy + cosoiz) (3)

and

* A *

r xx + yy + zz . (4)

8
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SP SURFACE IMPEDANCE Z AT -L

l Figure 3. Multiple scattering between junctions and

I
I
I
I

I r-
I

I 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.

I
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[Sit] 
________

Figure 5. Radiation and reflection at the open end due to a waveguide
mode incident at the opening.

E-(i.E) - zn x

Figure 6. Reflection of wavegulde modes from the impedance surface

termination at zu-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 [S11] (see Figures 3

and 4). The scattering matrix [S11] relates the electric field Eso

scattered from only the open end at z=O to the field Ei which is

incident on the open end as follows:

Eso sSo so 
x xe x+ A

Eso Sso Ssoy ye y0 A (5)

Eso Sso  So
z ze z

where

2SO(P) : E5 xx + Ey + Es0zz  (6)

and

Sso SsoSO SsoxB x¢

ye y, (7)
sso sso
ze ZO

The scattering matrix [$12] converts the waveguide modal fields

incident at the open end (z=O) from the interior region (z<O) 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<O)
g

may be represented in the usual manner [13]:

11



ej onm z  +m enm znm )

[A+ ± e ] (8)
g mn nm nm nm nm znm

- 1 -

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

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

being defined with respect to z). Likewise, the anm and 6nm denote

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 eznm is the z-component of

the TMnm modal electric field; clearly, eznm for the corresponding

TE case vanishes by definition. The superscripts + and - in (8)
nm

refer to modes propagating in the +z and -z directions, respectively.
-+

It is convenient to define the magnetic field H- in the waveguideg
9 

-+

region following the representation for the electric field E- in (8);
g

thus [13],

(±h + h z)e janmz + (± )ejnmzH= ZZ[nCn m+Bm±n~

g mn nm nm znm nm' nm (9)

The A and B in (8) and (9) are the modal coefficients. If ErO(p)Th nm anBm

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 [S12]relates ro as follows:

12



Era [Sro] [Sro] +x x X I[Anml]
Era [sro] [ S r o  1 + (10)y y y I[B] I(
Era [sroa] [Sr0] I~z z z

where

Er (P) = Erxx + ErOy + Eroz (11)

and

[sras] [ Sra]Ix x

[ = [Sro] [Sr] (12)
12y y[sroI [SzO]

with

[sro' l  [s'
[Sra x [~ n (13a)

z zol z02 zil Z12 znm

and

[Sr° I - [S s ... s s ... Sxnm .. .' (13b)
yynm

z zol Z02 zil z12 znm

The scattering matrix [S21] describes the transformation or the

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

illustrated in Figure 4. It is clear that [S211 can therefore relate

- to ias

13



[A-] [S] [ S 1 A
nm nm Snm 0 (14)

nmf -Onm nm- -

where

[S I S -I
[S211 [SOnmI (15)

Onm [nm

It is noted that the problem of determining FS2 11 is related to the

problem of determining [S121 via reciprocity if P is moved to the far

zone in the reciprocal (or [S12]) problem t'c correspond to a local

plane wave incidence in the original (or [S211) prohlem. The precise

relationship between [$211 and [S12] will be discussed in Section

III-9.

The scattering matrix [S22] is a modal reflection coefficient

matrix which is associated with the inteiaction illustrated in Figure

5. In particular, the elements of [S221 describe the reflection

coefficients associated with the TE and TM modes reflected back
nm nm

from the open end (at z=O) into the waveguide region (z<O) when either

a TE or a TM mode is incident on that open end from within thepq pq

waveguide. Thus, the matrix [S221 relates E" to E+ as follows:g g

[Am] - [R;pqI [R;p ] l[A+ 16

liml1 [nmq pq](6

P, [R [eh [Re

where

14



-[ h [ he -

S 2 [Rnm;pq ] ;pq (17)
i _[eh  l ee

nm;pq1 [Rnm;pq]_

The meaning of R.he  for example, in (17) is the following. A TMInm;pq' pq

(or e type) mode with modal amplitude B+ which is incident at the open
pq

end is partly transformed (or coupled) into a reflected TE (or h

type) mode with modal amplitude Anm = Re Bnm nm;pq pq

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

coefficient type matrix which is associated with the termination at

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

II -[rAhm [ r he -[A-
= nm pq] (18)

3m] [;pq nm;pq] [Apq]
1+ =[ eh [ree p [

1_[Snml n_ m;pql n m:"_ I pq]l~
where

I[ rhhi he
[Sri = I [nm;pq] [rnm;pqi (19)

eh ee3[rnm;pq] [nm;pq]
As before, rhe relates A+ to B" via A+ = rhe B-

nm;pq nm pq nm nm;pq pq

At any given operating frequency, the waveguide region can support

a finite number of propagating modes and an infinite number of

3 evanescent (non-propagating) modes. Therefore, the matrices [S12],

[$21], [$22] and [Sr] are of infinite order to include the infinite

3 number of evanescent modes. However, even though the matrices [S121,

[S21], [S22] and [Sr ] are of infinite order in a formal sense, one

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

I 15
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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 0 contribute negligibly 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

Figure 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 neeled 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 by 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

A -

electric field [Ei] = [AO] at the open end is scattered by junction

to produce a scattered field [Eso J given by (5) as

16



m

I [Es °] = [S11][
El] (20)

where

I x[Elo = E.s (21)
y
ESOIz

3 A part of the incident field is coupled at (D into the waveguide
region; this field then becomes incident at junction @ from which it

m is subsequently reflected. The field reflected from junction @ is

m incident back at Q where it undergoes further scattering into the

exterior and interior regions, and so on, thus giving rise to multiple

3 wave interactions between junctions D and . The fields

resulting from these multiple interactions may be expressed in a

3 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 [E12] represent the total field incident at 0

from 0 after taking all the multiple interactions into account.

3 Likewise, let [E21] represent the total field incident at @ from

O after taking all the multiple interactions into consideration.

I Then, the total scattered field in the exterior region denoted by [Es]

5 consists of a superposition of [Es ] and [EmO], where [Emo] is the

field scattered into the exterior region when [E12] is incident on

m Therefore,

m
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[ES] = [Es° ] + [E'° ] (22)

where [Em °] may be expressed as

[Em0 ] = [S12] [E12] (23)

z=O

The expressions for [E12] and [E211 may be written in terms of IS2 1]

and [S22]; namely,

[E211 = (s211[Ei] + [S22]E 1211 (24)

z=O 1z=0

and

[E [P] [Sr][P][E 2 1](
121 211(25)

jz=O z0O

in which [Sr] 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 0 and @ . Eliminating [E12] between (24) and (25)

yields

([I] - [S22][P][Sr][P]) [E2 1] = [S21](Ei] (26)
z=0

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

that

[E2 1] z = ([IIIS 22]{P][Sr][P])['IS21][E
l] (27)

18
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Figure 7. Multiple interactions between junctions (D and D for

calculating the total backscattered field.
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From (25) and (27), EE121I  becomes

[E12]z:O = [PI[Sr][P]([I]'[S 221[P][Sr][P])-1[S21][E ll  . (28)

Incorporating the above result into (23) yields

[Em'] = ESI 2 ][PI[Sr][PI ( [IJ - [S2 2 ][P][Sr ]P])-I[S2 1 ][Ei] (29)

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

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

[Es ] = {[S1i]+[S1 2 ][P][Sr][P]([I]-[S 2 2 ][P][Sr][P]'Is21]}[Ei] .

(30)

The scattering matrices [S11 ], ES12], [S2 1], and [S22] 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 tn angles of incidence and scattering which are

about 600 or less from the forward axis of the inlets.

20



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.

III. ANALYSIS FOR THE ELEMENTS OF THE SCATTERING MATRICES

A. Development of [$I11

The scattering matrix [S1 11 describes the field scattered from

only the open end (at z=O) 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=O) 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

21



Figure 1; in addition, multiply edge diffracted fields (Esm, Hsm),

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 HSO 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;

22



I 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 ECM 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,

I 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

3 from regions where GTD fails. Such a switch would yield a numerically

more efficient approach for evaluating the elements of (S11] because

I 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 [S11]

I
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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 'eq and Meq 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], leq and Meq are actually deduced from GTD.

Thus, even though GTO 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. Ds(**' 8;0o' )
I (p,1Y;I 0,r) E

leq(0' \ I/sin8os0n8 I (i',) (31)

and

8o Dh(*,*'; ;oB)

eq() =-Z Vslnosin8 (i.,) 1 (32)

where

Zo = free space impedance, and

Yo = 1/zo .

One can incorporate 'eq and Meq of (31) and (32) into the radiation

integral for calculating the scattered field Eso; namely [1,6]:
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jkZo  AA e - j kR

ESO(p) , Z 4d' [Rxxl eq(Z')'+Y RxM (') -R

rim o eq R

(33)

in which

+ xdx', or + ydy', for y=(O;b), or x=(O;a)
respectively, in the case of the rectangular slit.

d' i'd '

L+'ad ' in the case of the circular inlet.

Meq

d!~ t dfd- - f -,

(a) (bM

Figure 8. Scattering from the open end and its equivalent problem.
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r = position vector from 0 to P

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

R: [r-r']

The angles *, *', so and a are associated with the soft and hard edge

diffraction coefficients Ds and Dh which are present in (31) and (32).

In particular, these edge diffraction coefficients Dsh(, *'; so, 8)

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

whi:h 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 so, 8, * and 4' with respect to the point of diffraction Q

becomes clear from Figures 9(a) and 9(b) for this wedge configuration.

Of 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 *, 4', 0o and a

is unchanged even when the wedge in Figures 9(a) and 9(b) collapses to

an edge in a screen.

Finally, the equivalent currents leq 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 [3,61;

under these conditions which are met in practice (since directions of

incidence and scattering are restricted to 600 or so from the axis of

26



the inlets), Ds and Dh for the local half planes at each point of

diffraction on the rim become [6]:

0 212iT V Is in asin

.(3 .4)

The use of (31), (32) and (34) into (33) together with Eof (1; 2(a);

2(b)) and H k xY 0E allows one to easily identify [S11  via

(5) and (7). Thus

4

C 

A

KEL.LER CONE

(a) ( b

Figure 9. Diffraction by a wedge. The angles a 'F, and 'Fwhich
occur in the edge diffraction coefficient.
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0 8kZ8 Ds(AA';o,s)
S°  -JkZ° f dX'u • [RxRx'(-Y jk  n '.0

u 4 rim(z=O) VI inaFsina I

-- 8 Dh(*,';ao,) e . e-jki.r-jkR
-Y 0R X9 Jk sin 0 sina R

(35)

and
^ ^8 oj Ds,';o),

S fkZ ° m dX 'u • [RxRxz '(-Y °  j D5 i8,f . i o i ,8 Z. 4i)

U 17 rim(z=0) 0 Ilin 0Tn

-jki.r'-jkR
8 Dh(*,p';ao e

Y Rx (k Vsina sina I , R

(36)

with

x

u y and u= y
A z

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 (i ; i), and

the near field is evaluated either for a fixed R and er with 0 < r <

27, or for a fixed R and *r with 1or, < 600. Here, the direction of

scattering is specified by the set of angles (or ;¢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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1

within the "radiating"near zone of the inlet opening. It is clear from

these figures that the "total" scattered field (Eso xEso yEO +
-x  yzzE ° ) generally contains a peak around (Qr = i and r = 7r + @i); 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.

IIn order to show the effects of multiple interactions of the rays

across the aperture, it is useful to illustrate the on-axis

backscattered 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.

IThese results as shown in Figure 16 are calculated from an asymptotic

Ihigh 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

Idiffraction. 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.

I
I
I
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B. Development of [S 2 1 ]

The scattering matrix [S21] 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 dPe which lies in the exterior but near zone

region of the inlet (waveguide) opening as shown in Figure 17. The

[S 2 1] will be developed here for the coupling of the fields of the

exterior source dPe 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 dPe is allowed to receed to infinity.

The field Ein which is coupled into the waveguide region by dPe

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

-_ -, -_ - +ja nm z

En [A enm e+ nm + B-m(e - ez)e ]m . (37)
i mn

The associated magnetic field Hin is likewise given via (9) as

., -, +J8nmZ +JnmZ

H-: = [A- (-h +h e nmZ +B-( )e nm ]

in mn nm nm znm nm nm e

(38)

The modal coupling or transmission coefficients Anm and Bnm 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=O

within an infinite waveguide (which is an extension of the
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I Figure 10. A comparison of the far zone and near zone edge diffraction
from the open end of circular inlet for a 300 cone scan.
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Figure 11. A comparison of the far zone and near zone edge diffraction
from the open end of circular Inlet forO =-0 cut.I
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Figure 13. A comparison of the far zone and near zone edge diffraction
from the open end of a rectangular inlet and also the near
zone 300 cone scan patterns for different incident angles.
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Figure 14. A comparison of the far zone and near zone edge diffraction
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(a) first-order
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(b) second-order

Figure 16. On-axis backscattered RCS (normalized to lwa2) from a
semi-infinite, hollow, perfectly-conducting circular
cylinder with various terms included in UTO calculations.
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Figure 16. (Continued).
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0 ds

(a) PART OF[IS2 1] DUE TO COUPLING OF THE
DIRECT FIELD OF d6THROUGH THE APERTURE

e

(b) PART OF [SZI] DUE TO DIFFRACTION

CORRECTION FROM THE RIM

(z =0 PLANE)

" .c E E EGO +Ed
(Z> 0) d(Z <0)

ds

(c) EQUIVALENT PROBLEM

Figure 17. Geometry associated with IS211 calculation.
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I semi-infinite inlet or waveguide for z>O). The equivalent sources at

3 z=O in Figure 17(c) generate the same fields in the waveguide region

z<O as those which exist in Figures 17(a) and (b) if the equivalent

3 sources are found exactly. Here, the equivalent sources are determined

from asymptotic high frequency techniques so that the fields coupled

into the wavguide 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,

Js GO + d (39)

* and

M S GO + Md (40)

where GO and MGO represent the unperturbed or geometrical optics (GO)
field produced by dpe within the aperture region (in the z=O plane)

but in the absence of the inlet structure. The additional

contributions to Js and M must arise from the diffraction by the edges

I of the aperture; these edge diffracted field contributions are denoted
and d in (39) and (40). It is easily seen that JGO and GOmay

by J and t ndGOa

be expressed as:

I G [1z=O (41)

M GO E i x z] (42)
S dPe z=O
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where (E ; Hdpe) are the (electric; magnetic) fields incident at the

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

fields (E i ; H dPe) represent the unperturbed fields of dPe which exist

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

jk• e-jks i

and

-jk e-jksi (44)Hp - s x aPe si

dPe 47r " e f

The expressions in (43) and (44) are valid for distances si which

correspond to dPe being in the near zone of the inlet aperture (z=O).

However, si cannot be made extremely small to where the reactive field

terms of the type 1/(si) 2 and /(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 Anm, it is convenient to decompose Anm as

follows:

A- = A GO + Ad  1(5
nm nm nm (45)

where A GO is the part of A- due to GO and MsGO; whereas, Ad is thenm nm s s ' nm

part of A which is produced by 5d and M d. It is now an easy matter
nm 5 5

tofid GO frm-GO an -GObn from iGO and MGO 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 A are given by:
nm

S I

GO f f ds[nme G nm+h znm)e nmAGn = (aperture(z=o)) s " sn"

2 ff ds z (enm x h n)
(aperture(z=O))

(46)

In a similar fashion, one may express the TM transmission (ornm

coupling) coefficients B- by
nm

S= B GO + Bd ()nm nm nm

where BGO is obtained via (A-8) as
nm

e d +ze )e-jBnmZ, 5 GO)(; -jl znmz  -GOGO f f dsl( nm+ eznm~e e nm)(M
nm (aperture(z=o)) nm

2ff ds z (enm x nm)
(aperture(z=O))

(48)

d dd dIt is not easy, in general to calculate A and Bnm from Jd and Md innm nm5 s

the aperture (z=O); however, Ad  and Bd may be calculated indirectly
nm nm

via an approach based on the ECM which employs equivalent magnetic line

and line dipole sources on the rim of the aperture (z=O). These

equivalent sources of strengths MEl' and Mtdz 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>O) 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 [S11 ] calculation via the

equivalent electric and magnetic rim currents I and M which radiateeq eq

in "free space" as shown in Figure 8(b). Also, I and M of (31) andeq eq

(32) contain Keller's GTD edge diffraction coefficients s and Dh;

whereas, for reasons which are indicated below, the equivalent rim

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

diffraction coefficients D and DU , respectively, as follows [61:

X N X N 8i h(4 j nm8

j=1 J o = ) IVsinaosininmjl (-2-- -j 1 0 mjl(49)

and

-N N 1 D s(j ;Oo93nmj) 1i. ,
M j d= - (IsdJ x zdj Asino sinnmja I( )
j-1 j 1 xa A 0 nmj

(50)

where DU and DU are given by [6]:
* h

The fields H .2' and E1 R.'J are multiplied by a factor of 1/2 in (49)

and (50) to account for the presence of the waveguide walls on which Mj

and M d are located: this aspect is discussed in [6].
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IUe 
- /4DU7

s 0'nmj 2 -k 1sinaoSinanmj1

* 9 M- Pm , - QM + j m + @

I(sec 2 - tan 2 ) 2 (sec 2 tan 2 "

I I
(51)

It is necessary to use the Ufimstev diffraction coefficients D and D ,

respectively, in (49) and (50) instead of the Keller edge diffraction

coefficients Ds and Dh due to the fact that the truncation of the 510

-GO

and M sources by the rim or boundary (end points) of the surface

integrals in (46) and (48) over the inlet aperture (z=O) gives rise to

I some contributions to the edge diffracted fields which propagate into the

waveguide. Hence, the remaining contributions to the edge diffracted

field must come from DU according to the PTO ansatz instead of fromfiel mut coe fom s,h

D s,h which yields the total first order diffracted field [6]. Clearly,

the use of Dsh instead of DU in (51) would erroneously include somes,h

diffraction effects twice when the effects of (49) and (50) are

combined with (46) and (48). In (49), (50) and (51), the incident ray

from dpe makes an azimuthal angle *' about the unit edge tangent 9' at

any point of diffraction on the rim (see Figures 9(a) and 9(b)).

Likewise, 4jnm in (49;50;51) corresponds to an azimuthal angle which the

ray diffracted from the edge along the ^dj direction into the waveguidenm

region makes about 9' at the same point of diffraction (note: anmj and

nm are like a and * in Figures 9(a) and 9(b); likewise a° and

I
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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<O), then it is only the upgoing or axially divergent (and not

axially convergent) conical modal ray system which constitutes the

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

rim edge (at z=O) to contribute to the exterior field. The nm of

(49;50) in the original problem is associated with the TEn and TMnm nm

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, *nm 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 J and Since one deals with only
s e

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 TE and TMnm case, respectively; i.e., N=1 in (49) and (50) for the i
circular inlet configuration. On the other hand, the rectangular

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

I
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I

i 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 [S211 calculation , it is of interest tonm' net asluce

associate , in the case of the rectangular inlet, to rays launched

i into the waveguide region (z<O) via edge diffraction of the field

incident from d~e (which lies in the exterior region as in Figure 9).

Thus, pnm is the azimuthal angle (about V) 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 [$21 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 M Xd of (49) and (50) into the waveguide region is

given as before via (A-8) of Appendix I. Thus, the coefficients Ad andnm

Bn of the TE and TM modes excited by MZ and MXd are explicitly givenBnm nm nm

by
zh .M dz]e 8

(dz'[h' .Z' + zh *x]e nm

d j=l(rim(z=O)) nm j znm j

nm 2 ff ds z (e

nm nm

and, (aperture (z=O)) 
(52)

N Z -ja nmZI f .d'hn M i e )

d j=l(rim(z=O)) nm jiBd :m (53)
2nm 2ff ds z • (enm x 9nm)

(aperture (z=O))

i
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C. Near Zone Coupling Matrix [S2 1]

The scattering matrix [S21] can easily be identified via (14), (15),

(45), (46), (47), (48), (52) and (53). It is noted that GO -GO M

and M.d contain information on A0 and A via Ei and H' that are present

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

the present development can also deal with a near source d~e type

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

matrix [S21] must be replaced by [$ 2 1] which is defined via the

relationship

[A IS' I]IS' I][S; dp
nm = xnm ynm znm dPex (54)

[Bnm] _xnm ] [ynm] [Sznm] dp _

where

[S I I I

[S 1 [S nI ][S y mI I 1 [55)xnm ynm] [znmT
Es21] = E!s] 1 [ynm] [Sznm]_ (55)

and

dp* e
dp - y dpe

ez zdp

z - d e

tcorresponding to a
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locally plane wave type of illumination. Also, [ [dPe] on the right

side of (54) should approach [S 21 [Eil which occurred on the right side

of (14) when d5e receedes to infinity. Clearly then,

[A n1 dp exA[a- = [S2 1i dpex - ES A , if d receedes

nm d _ _ to infinity

(56)

Some numerical results for [S21 will be indicated in terms of

[S 12 since ES121 is obtained from ES211 via reciprocity.

D. Development of [S121 Using Reciprocity

The scattering matrix [S12] describes the manner in which the

modal fields propagating within the waveguide region (z<O) radiate into

the exterior region from the open front end (at z=O) as in Figure 5.

The observation point can be in the near zone of the inlet aperture as

mentioned previously. This matrix [S12] was defined earlier in (10)

ro
and (12). Actually the problem of determining Ex,y,z of (10) in the

near zone of the inlet aperture can be seen to be related to the

problem of determining Anm and Bnm due to the source dpe at the point P

in the near zone as in Figure 17 via the reciprocity theorem for

electromagnetic fields. Thus, [$12] of (12) may be found from [S2 1] of

(55) via the reciprocity principle as illustrated below.

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

inlet aperture generate the fields (e; e ) everywheret 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<O to the inlet opening atP

z=O, and let this mode generate the total fields (Er; H ) after it

scatters from the open end. Furthermore, let (E ro; H ro) exist

everywheret with d~e absent. Now, an application of the reciprocity

theorem to the pair of fields (E ; H e) and (E ro; H ro) within the region

V bounded by the surfaces S, S and the surface E at infinity (see
o

Figure 18) yields:

ff E rox He _ Ee x Hro] . n ds = dPe * Ero(p) (57)
S+So+z

Next, employing the boundary conditions [nxEr°]s 
= , [nxEe]s = 0 on

the surface which encapsulates the waveguide walls, and also enforcing

the radiation conditions on Ero;H ro) and (Ee;H ) over the surface E at

infinity in (57) leads to

- Hr He_Mq ds + f Ee'*jeqds = d~e * Ero(p) (58)

So 
So

where M eq and 3eq constitute the field quantities associated 
with Ero

5 5

and H ro inside the waveguide. In particular

tHere, "everywhere" includes the regions which are both interior and

exterior to the inlet.
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I Figure 18(a). Geometry for an application of the reciprocity theorem

which relates [S12] and [S211.
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P

(E r ,H )

Figure 18(b). Radiation or [S12] problem.

P
(IF P MOVES( RECEDES) TO INFINITY,

ONE OBTAINS A PLANE WAVE )

Figure 18(c). Coupling or [$211 problem.
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Meql [EfOx ;%(g
Ms ] 0 (9

I s

-eq [nx Hro]S (60)

S 
0S

0

Furthermore,

E ro E + R E) A+
p q pq q p (61)

Iso

and,

ro R H) A+

pq pq q p (62)

Is
0

The fields (E+; H+) are as defined in (A-2) of Appendix I. Here

(E4 ; H ) is the pth mode incident at the open end of the waveguide as
pap

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 ij, for example, where I and j can be different

from n and m. The incident modal fields (E+; H+) generate the
p p

reflected fields (z R E- ; E R H) after scattering at the open
q qp q q qp q

end, and Rqp denotes the reflection coefficient or the amplitude of the

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 EeI and HeI

as follows:

E el = AE (63)

Iso

HI =s Z AH (64)

where the subscript t 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:

dp -  Ero(p) = _ 2Ap A- f E x Hpt • zds (65)
e pp pt pt

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

._ dPex

I Ero(p) ErO(p) Ero(P) = ([A+])T(-2[ffl x R *zds])IAi).
x y z dPey p S 0pt pt p

(66)

It is noted that E ro contains A+ since Ero (p) is produced by the
p

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

be expressed more compactly as:

56



m
m

Ero(P)

SEro(p) = 12 [A 1 (67)
y 1

zEro(p)

I and

I P [S21  d ey (68)
dPez

I where

m[A]

S--[A± - [B (69)mn,
Incorporating (67) and (68) into (66) yields:

T
+ T dp

[A] S12] dp

[A+] (-4[ff E x Hpt zdS])[S] dpeX
p pt pt 21 dpeY

_0 ez (70)

The relationship between ES121 and [ 21j] now becomes evident from (70);

namely:
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[$12 I T = (-2[fS Ep t x Hpt • zds]) [S2 1 ] (71)

0

Therefore, one can find [$12] from a knowledge of [i2 1l; [S21] 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 above 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 1q 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 11I.
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Figure 19. E radiation pattern due to a TE01 mode in an open-ended
ctrcular waveguide.
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Figure 20. E- and E radiation patterns due to a TE1 mode in an

open-ended circular waveguide.
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Figure 21. Ee radiation pattern due to a TM01 mode in an open-ended

circular waveguide.
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Figure 22. Fe and EO radiation patterns due to a TM11 mode in an

open-ended circular waveguide.
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FIXED PHR PATTERN: NEAR FIELD CASE
RRDIRTION PRTTERN FOR CIRCULAR WRVEGUIDE

(TEll MODE)
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corresponding to E6 far zone patternsE

Figure 24. The near zone radiation patterns of TEll modes.
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FIXED PHR PATTERN: NEAR FIELD CASE
RHDIATIC1N PATTERN FOR CIRCULAR URVEGUIOC

- (TM~l MODE)
(RR.PHR)== 4.00 0.00 A== 1.000
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corresponding to Eqfar zone patterns

Figure 25. The near zone radiation patterns of TM11 modes.
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FIXED PHR PATTERN: NEAR FIELD CASE
RnDIATION PATTERN FOR CIRCULAR WRVEGUIDE
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(RH.t PHR)== 4.00 0.00 A== 1.000
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Figure 26. The near zone radiation patterns of TE41 modes.
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Figure 27. The near zone radiation patterns of TE31 modes.
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FIXED PHR PAT1ERN: NEAR FIELD CASE
RADIATION PATTERN FOR CIRCULAR WRVEGUIDE
TE12 MODE
(RR.FHR)= 4.00 0.00 A== 1.OO0
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corresponding to E8 far zone patterns

Figure 28. The near zone radiation patterns of TE12 modes.
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FIXED PHR PATTERN: NER FIELD CASE
RADIATION PTTERN FOR CIRCULAR WAVEGUIDE
TM02 MDE
1R.HR= 4.00 0.00 Am= 1.000

C
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Figure 29. The near zone radiation pat #.ern of TM02 mode.
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-301

Figure 30. Near zone radiation pattern of an open-ended rectangular
waveguide. ka-12.58, aw2b, TE10 mode, or.0oo kR=62.90.
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Figure 31. Near zone radiation pattern of an open-ended rectangular
waveguide. ka=12.58, a=2b, TE10 mode, *rgo kR=62.90.
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Figure 32. Far zone radiation pattern of an open-ended rectangular
waveguide. ka=12.58, a=2b, TE10 mode, *r=0 0*
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E. Development of [S221

As indicated earlier in Section I, [$221 represents a modal

reflection coefficient matrix which is associated with the interaction

illustrated in Figures 5 and 34. In particular, [S22] is made up of

elements which correspond to the modal amplitudes (which are

proportional to the reflection coefficients) of the TE nm and TMnm modes

that are reflected back into the waveguide region (z<O) when either a

TE or a TM mode is incident on that open end from the region z<O.Pq Pq

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 [$21] 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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(o) GEOMETRY FOR THE REFLECTION COEFFICIENT

[S2 2 ] MATRIX

tq~ 0dJ q

qd)' (z<O)

(zzO PLANE)

(b) EQUIVALENT PROBLEM

Figure 34. Geometry for the reflection coefficient matrix [S2 2 1
calculation.

73



of modal rays. One may define a set of equivalent magnetic rim currents
of strengths and Mz which produce the r modal reflected fields

MRf andnth whihelodceth

(Er; H-) when a set of sth modal fields (E+; Hs) is incident at the open
r r s

end of the inlet. The fields entering hack into the waveguide as

reflected modes are produced entirely via edge diffraciton of (E ; H+)

as the ray picture reveals; hence, the equivalent magnetic line and

line dipole rim currents Mz and MZd can be expressed as in (49) anj !50)
R R beepesdain(9al b)

hut with the Ufimstev edge diffraction coefficients in those equations

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

and D , respectively, as follows:

~~~r s , (- i

N N 0 ,,h(sj J' Bsrj' (H +'
M L =Mk (-z _ 2
R j=1 j j=l I sin s sin - I

r (72)

and

Dr

N 0 ( s r) 2r''M dMd /FI V .--- ; S' B  J  S

R R. - 2
j=l i ji Is r JK I /sins. sinrI

~i 1 (73)

where 0 in the above equations are given (as in (34)) by:

s,h

Ds  ',j ,5 j; s , j -

h /- I!s in-a-s. sinar.1I I

r s r s -,j - qj ip + 9

* sec ( 2 sec(
2 2 (74)
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Following the development cf part B, the currents M- and M~d generate

the reflected modal amplitude A- associated with the reflected modal

r rf ield (E r H 
)  as in (52) and (5 

) th s

N X ~ -ja n z
(d'[h j + zh M e nmz

j1l (rim(z=O)) nm znm

nm n#

Am2 ff ds z •(nm x h-'m

(aperture (z=O)) (75)

and

N -J nmzI f" Cdz, [hnm. M j I e
. j=1 (rim(z=0))
=B -_ (76)Bnm 2 ff ds z •enm x h nm)

where

[- ] -B l (_7_)

[A+q]

pq

[A [B + (78)_ _ [Bpq l

It is clear that MR and MR  in (75) and (76) contain A+ which are the

modal amplitudes of (EH; s) via (72) and (73); hence, the elements of

the reflection coefficient matrix [S22] may be easily obtained (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 [S22] 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 [171 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 [S22]

pertaining to the circular inlet cases as shown in Figures 35 - 38. The

details of the procedure for including these multiple interactions can

he 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 [181 is shown in Figure 41 for the dominant TE10 rectangular

waveguide 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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Figure 36. Modal reflection coefficients due to an incident TE11 mode
in an open-ended circular waveguide.
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Figure 37. Modal reflection coefficients due to an incident TM01 mode

in an open-ended circular waveguide.
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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 [S r

The matrix [S r ] 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

r t h modal field (E-; H-) of the TE or TM type he incident on ther r r r

termination at z=-L in Figure 6, and let (E+; H+) denote the fields of
t 5

an sth TE5 or TM mode reflected from that termination. The matrix

[Sr] then relates the fields (E s; H ) reflected from ther termination at

z=-L to the incident fields (L; H-).Ir r

For an impedance termination, the matrix elements of [S r ] can be

trivially obtained by enforcing the impedance boundary condition (at

z=-L) on the total ,ields; namely:

[E- zz E z z x HI (79)
Sz:-L

with

E E A'+E A (80)
s

SHr A + H s A s
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in which (E-+; H+) are the reflected fields of all the "s" modes

s th
when only an r set of modal fields (E-; H-) is incident on the

r r

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

surface impedance. The elements of [Sr ] 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 [Sr ] is a diagonal matrix.

For a planar isotropic homogeneous dielectric/ferrite at Z=-L

which is characterized by the permeability PrIo and permittivity Erco,

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

For TM modes:

anm C ranm
e nm + ranm

For TE modes:

1JB -s
hh r nm nm

Sr
r r nm nm

where

5nm = r lkr-r -kc

anm = k2  2

and

85



) +(for a rectangular waveguide.

2 Pnm2 for circular waveguide
c a TM modes.

nm for circular waveguide
a TE modes.

For many materials of interest, the relative permeability Pr 1,

therefore the reflection from the termination for TE mode can be

simplified as

hh 

In 

nm
Sr -

anm nm

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 M4EASUREMENTS 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 reasonably

possible to indicate the accuracy of the mathematical expressions which

were developed to describe these scattering mechanisms; those
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expressions were derived via asymptotic high frequency techniques (such

I 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

5 asymptotic high frequency solutions are known to work reasonably

accurately almost down to frequencies where the characteristic dimen-

5 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-secticl be large enough to where at least

3 the dominant mode can be excited within the inlet waveguide region.

Also, because of the complexity of obtaining the eigenvalues in a

3 circular inlet, the computer program for obtaining numerical results for

the scattered fields can now handle a circular inlet with radius up to 5

I wavelengths, or include up to 240 modes (with the understanding that

3 there are two independent azimuthal wave functions cosn and sinn4 in

each waveguide mode). For rectangular inlets, there is no such

3 restriction, since the calculation of the eigenvalues is very simple.

However, the calculation of scattering from extremely large inlets is

I still not practical due to the fact that numerous modes have to be

3 included in the calculation. Further studies in selecting significant

modes and different useful high frequency representations of waveguide

3 modes are necessary in order to get a more efficient way to estimate the

scattering of large waveguides (19,20].

I The calculated numerical results shown in Figures 42 -48 include

3 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 ;,,pedunce being zero.

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

the neighborhood of the specular region (i.e., close to 6r = ,i

r = @i +f as is to he 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]. In the latter instance, the

distribution of the field within the inlet, which radiates out to

correspond to the field scattered hy 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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Figure 42. Contributions to the *=1800 patterns for circular inlet.
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conducting finite length circlar open at the front
end and closed (shorted) at the hack end.

Figure 49. On-axis RCS.
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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 [91

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 Laboratory r211.

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 (e) 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 hubs on a blade

structure, respectively. It is observed that the P.O. approximation for

determining the reflection from the termination seems to give a good
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I overall prediction of the patterns, except in a few cases involving

* blade terminations where the patterns may not compare sufficiently well

with measurements, especially for the horizontal polarization case which

appears to be more sensitive to parameter changes than the vertical

polarization. This suggests that due to the presence of the blades, the

I interactions between the blades themselves, which are not accounted for

in the P.O. 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

I 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. In particular, results

3 for the calculated and measured frequency scan patterns are given in

Figures 58 through 61. It is noted that the calculated backscattering

3 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,

3 allowing electromagnetic energy to pass through and this results in

lower measured backscattering returns. It is important to note that the

3 theoretical predictions show the same general trends in the variation of

RCS with frequency as those predicted by the measurements.
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An interesting observation as a consequence of using the P.O.

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 a is

converted by the conical hub termination into reflected modes which are

strong if their modal ray angles are close to n-20- or r-2cz+. 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=O) case

is as follows. A strong TE11 mode is coupled through the open end into

the circular inlet. Subsequently, it is converted by the concal hub

termination into reflected TE11 , TE1 2 and TE1 3 modes. The three modes

radiate approximately equally in the axial direction. Thus when

changing the terminal position, although the re1.tiv strength: ' 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 becomes less sensitive to the change In the
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I terminal position of the conical hub, especially in the axial direction

3 as shown in Figure 64. This is because for the case of axial incidence,

only the TE11 mode plays an important role in contributing to the

5 backscattering in contrast to the previous case of Figure 63 wherein

three modes contributed equally to the on-axis backscattering return.

I
I
I
I
I
I
I
I
I
I
I
I
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-7r -+2-

Figure 62. Incident and reflected modal rays associated with a conical
hub termination.
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~Figure 63. Comparison of the backscattering patterns for a circular

waveguide with conical hub terminations at different
l terminal positions.
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Figure 63. Continued.
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Figure 64. Comparison of the backscattering patterns for a circular
waveguide with conical hub termination at different terminal
positions.
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Figure 64. Continued.
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5 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

3 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.

I 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

5 the interior by a planar short circuit. For axial incidence, the

existence of the ground plane effectively increases the backscattering

I eturn 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

5 Figure 65. Finally, a comparison of the calculated near zone bistatic

scattering from an open-ended rectangular waveguide and another one of

5 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

5 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

3 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

m termination. On the other hand, such a cancellation of the rim
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Figure 65. Comparison of backscattering returns from an open-ended
circular waveguide (solid curve) and an open-ended
semi-circular waveguide mounted on a ground plane (broken
curve).
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Figure 66. Comparison of near zone bistatic scattering from an
open-ended rectangular waveguide (solid curve) and another
one of half the vertical dimension mounted on a ground plane
(broken curve) for observation at (r=4X,€90*).
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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

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 far 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 i 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 huh placed on a
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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U It is seen that the RCS of the above structures are quite sensitive

3 to frequency. Also, the scattering patterns of the horizontally

polarized wave are vcry sensitive to small changes in structure. The

5 calculations for the far zone EM backscattering case which have been

performed in this work are compared with corresponding measurements.

3 The overall agreement between the calculation and measurement is quite

ggood. No measurements have been performed on this contract for the case

of the near zone bistatic scattering hy such inlets. In the future, it

3 would be worthwhile to make near and far zone measurements of scattering

by somewhat more improved experimental models than those used presently.

3 Also, it would be worth extending the research effort to find ways to

analyze the more complex problem of scattering by non-uniform inlet

I geometries in a relatively efficient manner.

1
I
I

I
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I
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APPENDIX I

WAVEGUIDE EXCITATION PROBLEM

Let a source S be located inside waveguide as shown in Figure A.1.

S can be an electric current source J or a magnetic current source M,

which generates E±, H±. Thus,

E, - = H A (E, H ) (A.1)
p p p ,

are the fields generated by S in the ±z directions. In this summation

p is the compact summation index representing the double summation over

mode indices "n" and "m". It is of interest to find (E; HF). Here,

E 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:

_ + _ _ j z

Hp = Ap(±Hpt + H pz)e P (A.2a)

4. jB z

Ep ppt ± E )e Tjop (A.2b)

136



!
I
I
I

V

S+ S_

l ( z "z ) z:.z..)

Figure A.1. Waveguide geometry.

!
where for TEnm modes;

Hpt nm pz z,nm pt nm andEpz 0

I
I ~and for T ~ pz modes;~m

Hpt = hnm ; Hpz = 0 ; Ept =enm and Epz = ez,nm

Case (i):

It is of interest to find the strength of the mode Eq, Hq

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

indices "ij".)
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From the reciprocity theorem:

rj X] ds fff E J dv for S =J55+5fSf IE x H q E+q x H] • ds VI

S + S+S W  q q

+- W-fff H+ M dv for S = M
L V q

(A.3)

where + H on S+ and E, H E', H" on S_. Also, Eq x =

and Ep x n = O. q
SW

Thus, the above reciprocity relation simplifies to:

ff [E+ x H+ - E+x H+] z ds + If 1 E- x H + - E+x H- (-z)ds

S q q S q q

fffsE J dv for S = J

-fff H M dv forS=M (A.4)

Substituting E+, H+ and E', H- from Equation (A.1) and using the

orthogonality condition:

ff+[E xE H • n ds = 0 for q p (A.5)

one obtains a relationship in terms of only qth mode (i.e., p=q case)
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)j20 q z +
A+[(Eqt + Eqz ) x ("+q Hqz)e

.... - j 2 8qZ +

( qt + Eqz x (Hqt + Hqz q+] ds

mff A- [(Eqt - Eqz) x (Hqt + Hqz)

(Eqt + E )x(-H qt + Hq)] ds

@+
fff E " J dv for S J

qz q t q

-fff J+  M dv forS (A.6)

V q

3or;
l-(EtEz -jqZ _ .Iff(Eq +E e q dv for SJ

-2A fE" xH -•zds - ..- j~qz
-q Eqt H qt z t + H M ) q z dv for S=MI- -ff 'qt qz

5(A.7)

Thus,

fff (E + E J e dv for S:J
'v qt qz

A- =- . ,,_- -j qZ _ _
A q 2f( Eqt x Hqt z ds -fff (Hqt + Hqz )  M e q dv for S=M

3 (A.8)
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where A is the excitation coefficient of the mode E_ traveling to theq q
right of the source, i.e., in the region z<z- shown in Figure A.1.

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
q q

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

-- - j~z

fff (Eqt - Eqz J e q dv
1 V

A+ = - jq z
q 2ff Eq x H z ds -ff (-H + H) e qdv

S qt qt V qt qz

(A.9)

Note that ff Eqt x H qtz ds = f E X H qz ds = ff Eqt x Hqt. z ds

S_ +q  S c

where S is any cross-sectional area of the waveguide.c

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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i Figure A.2. Waveguide geometry with fields radiated to the left (z>z+)

of being of interest.
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APPENDIX II

I
I

TABLES FOR THE CIRCULAR AND RECTANGULAR

WAVEGUIDE NODE FUNCTIONS I
I
I
I
I
I
I
I
U
I
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* TABLEl1

PROPERTIES OF MODES IN CIRCULAR WAVEGUIDE

TE m Th4

z JNm a n a snn* 0

3 P2  Pnmp

z= 0 jN nm (sn
Pp a2Yn a nmsn

anm Pnm Pnmp V(~s$ onO flcf
h N-J ( sn) N - J - (csn3p nm a n a snn nm p n a in

nonm P nmp kY opnm * nm3ho = N - j ( - )-in Nn a J~r ( -aT) in

nm p n a_____ Nnm a 'n cosno
I I

kZ n P n anm 0nm PnmP
e = N a- J ( -~ snn*) N - Jn ) (C ino

nm p ncsonm p a csin

e1 =- oZoPn np (on)n. nm(on -1
Noma i noN nm p Ju nm( - in

Nr i (PkZ J(P(P

1p 2 n m'im onmen -n 2 j2( )nm o= n

nm = k (a 2a

on 2 n=O

1 n*O
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I
TABLE 2

PROPERTIES OF MODES IN RECTANGULAR WAVEGUIDE

TE, 11,

n2 +m2

hz = NnmYnm J8nm cos nax cos mby 0

2 +M 2
a b

e z = 0 -Nnm jo-nm  sin na x sin rby

h = NnYn sin nx cos m -N mb sin naXCosmbY
x nm nm a a mby Vmn x o b

hy = NnmYnm mbcos naX sin mbY N nmYn na cos n a x sin mby

e x = Nnmmb cos naX sin mby Nnm na cos naX sin rby

ey - -Nnmna sin naX cos rby Nnm mb s an nax cos mby

Y nm c Yoanm/k Yo k/0nm

o< x <a, 0 <y < b

Note that for both modes:
2 2 ]-1/2

N =4 2e e Y ab (n2+M 2)]- /
nm on om nm a b

2 2 2 1/2
nm a-mb]

n wa nw/a {2 n-O

I n*O
mb mw/b
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m APPENDIX III

EXPLICIT RADIATION COEFFICIENT

,, FOR CIRCULAR AND RECTANGULAR INLETS

As mentioned in the text, the coupling coefficient [S21] is

3 related to the radiation coefficient [S1 21 by reciprocity.

Therefore, if one is known, the other can be easily calculated

from reciprocity relationship given in Section III.D.

3 For the near zone radiation case, there is no simple closed form

analytic solution that can be obtained to calculate these coefficients;

3 whereas, in the far zone radiation case, one can find simple closed

analytic forms for the radiation coefficients and/or coupling

m coefficients.

In the following, the explicit form of the radiation coefficients

in the far zone are given for both circular and rectangular waveguide

m modes.

m A. For Circular Inlets:

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

r E -sinn ) + E (cosn )] e-jkrE (.6 EB cosn¢" 0sinn¢' r

m where Ee and E* can be separated as contributions from the Kirchhoff

3 approximation and the equivalent Ufimtsev edge currents,
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Ee = E k + EB u

E0 = E k + E u

The contribution from the Kirchhoff approximation becomes:

TE nmmodes incidence:

1+coso cos6nm

E = jnkZN n 2sine n (P J (kasine)
8k o nm2i6 nnm n

sin6, nm

E k = nkZoN P 2(cOS6cose) J(Pm ) Jn (kasine)
Ok nm nm 2(osmcs)n nm n

6nm os-1 (anm/k)

THW modes incidence:

Ek skN P n (P ) J (kasinB)
Ek = nm nm 2 (cos6nm-cosO) n nm n

E k =0

Likewise, the contribution from the equivalent Ufimtsev edge currents Is

given by:

TE modes incidence:

Eou = o Nnm nf(6,6 nm) n( nm [nm sin2Jn (kasine)

1 6 nm cos6

IkP 
sin - k-sn J (kasine)]

nm s 2 kasin n
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3 nm n n nm

n 2 0 sin 6cosO FJ (kasine) - n~ (kasine)

- nm 2 kasine -n kasineg

31 Tn modes incidence:

E j N f(6,6 ) J(P ) [na sin CL)56n J (ksie
eu nm nm n nrn nm 2 r~~w sn )

+ kPm sin - J (kasinb)]nm 2 n

Eu n- nf(6,5 ) I (P sin nmJ ,(kasine)
- nm nm n nrn nm 2 n

kP snecase Jr.n (kasine)

+ P[in-J (kasine) - ksnnm 2 kasine n ksn3 where

0 nm

cos -O coseI nm cosSnm-

B. For Rectangular Inlets:

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

I E Ek +E0 U

E E E+ E
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The contribution from the Kirchhoff approximation becomes:

E n+m kNnm ejkr ejk(a cost + b sint) sine

Eek 4w r

Y
nm

{u cost (1+ YO cose) [A+ +(-1)nA]EB+ -(-)m]

y
nm

-v sint (1+ YO cosO) [A+ -(-l)nA.i[B+ +(-l)mB]}

Ek 4n+m kNnm e-jkr eJ*Y(a cos. + b sin+) sineEtk - 47 r

nm
{-u sint (cose + Y IC A+ +(-1)nA]EB+ -(-1 )mB]

Y
nm

-v cost (cose + YO ) [A+ (-1)nA][B+ +(-l)mBIt
1

sin [-(ksne cos ±na)a]
where A_± = ksine cos€ ±-naI

1

sin [-(ksine sint ±mb)b]
B_- ksine sin ±mb b

mb for TE mode
n a  for TM mode

na for TE mode I
-mb for TM mode
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I Likewise the contribution from the equivalent Ufimtsev Edge Currents is

3 given by:

Eeu I F8\I- N nme lk(acos + bsin ) sine

I/ n8 i n~ S e ji bs n sin _ (1 )m ejlbsinesinj]

*[Du~h~h u (A+ +(_,)n A cosecos

nm
- Du *'h ~~v(A,.-(-l)n A sino]

+ i - e jkas inecoso (_,nej.Lasinecoo
/sinaovsin$ v 2 -ile2

* * t -Du (,,4 v (B+ +(-l)mB )cos6sin

nm J
+ m D (4u,,4 u (B4 -(-1) mB COWt
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E, =Y/'N e-jkr ejl(acos + bsln ) sine

{/siflooh si Tah [e-~~~ 2 ~ ln - )m e 2~nGi~

[ Du (* h u (A+ +(_,)n A sln

nm
+ O h~~ h2 ~h' ) v(A A(-A) cosecos ]

i2 e j L a i fo s t _ ( _,) nl e j ik a s in e c o s $ )
Visov s Ov 22

I D~ u~v1I v (B~ +(4l)mB) cos*

+ -v DU (1 )u (B3 -(-l)mB) cosesln ]
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where u, v, A+, B± are defined as before, and

, nm/k
Cos*h - sinoh

cos eCOS~PhOSC o s h -s in h

sinoh : [1 - (na/k)2 ]1/2

sina h = (1 - sin 2ecos 2 )1/2

, /knm

Cos*
cSv -sinsov

cos8
cosi J = -

V sin$ v

sin$ = [1 - (mb/k)2 ]/2
oVb

sina v = [1 -sin2 sin2 ]I/
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 Mt and

Med, i.e.,

R(h~p-M + hzpq.M)d.
R =qn q

pq;nm 2f pq x fp z ds
pq pq*

and

1

iffepq x Zds = 1
pq pq

So that

1 +e + +, ZdR =41( .M *d~)dt,
pq;nm h pq M hzpq

The advantage of using this form is that Rpq;nm satisfies the

reciprocity principle, i.e.,

R Rpq;nm nm;pq
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An explicit expression for the reflection coefficient from an nm

incident mode to pq reflected mode can be found from the explicit form

I of above equations, which is given by:

I A. For Circular Inlets:

mpq;nm :0 ifp*n

irkZ N N J (P')J
h h o nq nmn nq n 2nm ____s_ _s__.

R nq;nm j4a cos 6nq + COS 6nm nq nm

k a sin6 sin6n* g1
on nq m

Ip
wkY N N '(Pn (Pnm) 2

N N o nq nmJn nq ) J n 2
Re e = -[k a e sinS sinS .fI nq;nm j4a COS6nq + cOS6nm on nq nm

+n cOS6mnq cOS6 nmg

R h  e R e  h
Rnq;nm nm;nq

7rk NnqNnmnn(Pnq)jn(Pnm)

5 = TF cOS nq + cOS6 nm [cos6nq sin6 nm f

+ sin6nq COS6nm- g]
m where

m nq 6 nm AD
f = cos - cos - [1+2 (sec6 + sec6n) -1

2 2 nq ~ nm~ 1-AD

m nq 6nm AC
g - sin 2 sin 2- [1-2 (sec6 nq + sec6nm) 1-Ac]
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e-j (2ka-w/4)
A = (-1 )n 4V~-

S (JB) / +C = 1 /+--

D = 1 + Z (-jB) Vi--i-

=1

B = (-1)
n  e j2ka

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 c 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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IB. For Rectangular Inlets:

1p~ i [ +()n+p]+(_ ) m+q I N nm Npq Ynm Ypq

f a 6npD
v~ina loh sinsh h hh) Vmp o

Y Unmp q nov

+Y N * o nm W ab il pq a -

s h Y nmsifl4h on pq pq Snh - k COwh)

b6mqI

+Vsina0  sinB- D Eh(*v9*V )U U q(-MO

vv

y oa nm pa t pqqb

wher S Ynmsifl~v om pq apq v k v

-e- _4 +
D ~ /ik Lsec(-y--) T sec(-)i sn8sn

0 pq (

I eo2 n=0
on4
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sins [1-(n 1k)211/
oh a

sins h =[1-(P ak )231/

2 1/2
sins~~ =v El-(m b/k)

2 1/2
sinav [1-(q b/k)

cos~I~) =nm/

COS(*,) slfloh

pq /
COS(* h) -slflah

COS(* )v sinsov

COS(*p ) = pq /k
v sina,

na for TE nmmode

V=

nnmt Mb for TE nmmode
nnm

n a f8 or TM nmmode

1 for TE nmmode

nnm

0 for TM nmmode

N m n ,na an bare defined as In Table 2, Appendix Ill.

156



I
I

3 APPENDIX V

DEFINITIONS OF THE GENERALIZED SCATTERING MATRICES

"U FOR THE FAR-ZONE SCATTERING SITUATION

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

5 case, the scattering matrices are defined as follows [91:

I [S111 Matrix:

E Es  ES1 r
EE e-jkr

ES = [S2 r

Ir
I 157-

Ie E .

I[Sill se =

S0 S 0

S 12 Matrix:

I =[S 121 [rm

L EBnm]

U 157



-[Snmi [Senm -

= [srim] [Sonm]

And the definitions of [$21], [$221 and [Sr ] remain the same as

before. Note that in this far zone case the range (r) dependence is

brought out of [S11] and [$12], and the entry of the matrices has been

changed from x,y,z components to 6,0 components.
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APPENDIX VI

MODAL REFLECTION COEFFICIENTS FOR DISK-SLADE

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.O. approximation

is employed. Although the P.O. 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 0

variations are small, so that they are neglected in the following

discussion. Only the mutual coupling between those modes with the same

variation are included.

An explicit reflection coefficientt for a disk-blade termination

is given by

R -(Z +Z )
nq;nm = 2 nq nm on

I-ob hnqnm nhp m p p  b+d
(h h + h h )pdp + f (hnh + h h )pdp

onq bnm pnq pnm b *nq onm pnq pn$

where the integration from p=O 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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k
of the blade and a the angle extension of the air slot; Z Z for

Bnm nm = Onm LoB nm
a TEnm mode and k Zo for a TMnm mode. The model functions are those

given in Appendix 11.

For a hemispherical hub termination with radius b the reflection

coefficients are

J j( Bn+8n )'b2 -p2

Rhh it U N N fbdp e nm nq

nq;nm 4 o nm nq on 0

F I I I I II ,-I
I 2 PnmP) Pnmng n2  Pnmp.

P(8nm + 8nj)Ldn(-a -  dn( ) a2  + - Jn(-a-- 1 Jn( a _I

a aI I

jp 2  Pnm'ng I nmP Pnm '

+ r= a2  Lin a a n a

PnqP Pnq , .Pnm

n a a n a p )j

he k2 N N b J(anm+$nq) b2 'P2

Rh k2N fdp e
nq;nm 4 nm nq

n(1 + 8nm 0nq,

Pn~ nmP PngP ) n~ + P nm~ Png 2iP)a n-a Jn( a a n(-a )na )
'2 I

p 2 1 2 P_

p nm nq PnmP PngP
+ j"7 " a nq + (a2 ) n)J - dn (a
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m
b i(Onm+Onq)/" =-p "

Re e  = - fdp e

nq;nm 4 okY N * on*0
I--'PnmP , Pnq. PnmPnqI P(On + nq I J n (- - ) n( a 2

n2  nmP PnqP.

I P2 n a n a _-

~nm nqn Png P P 2~LJ ng
+ h2 p2  a2  Ia n a ( ) n a

I P anm p Pp
+ J ( n ) J n ( - - L

+a na n a

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

reflection coefficients are

d

hb (nm+Onq) - (b-p)
Rhh  -kZ N N e f dp e b
nq;nm 4 o nm nq on

p-- +,Pnm P 
mi ' Pn P n

SP(Bnm+nq) I-Jn(-a'n a a2

n2 Pnm pm + -p n -a-- J n a

,,~a~ ri ~ , Png ______

jpd PnmPnq Pnm P Pnm ,
+ b a2  _n a a n a

Ip P PnmP

a a ) an

161

I



b j((nm+On4(b-d
Rhe k2 N N f dpe l
nq;nm' 4 nm nq 0

F I I

~nml a L~ !DRP I (!m I

a n a n a _Ia

ad n n :a)
jb a2 nq + a2  nm ( a n

Ree -kV N N f dfp e lnb
nq;nm 4 o nm nq on 0

JI- I P p P p P Pn~n

P(8 8q) n a n a a2

l
2  PnmP Pn P -Ipd n m g

+p2 n( a n( a +- h a

In IPnP p pg P nm PngP Pm
a na a a n- ( a n a~---
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