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CHAPTER I
INTRODUCTION

In this study, an analysis of electromagnetic backscattering from
an open ended inlet cavity is performed, and the calculations based on
this analysis are compared with experimental measurements.

The wave scattered by the inlet cavity when it is illuminated by an
external source is composed mainly of two effects. The first is due to
the diffraction from the rim at the open-end of the inlet and the second
is due to the coupling of the incident electromagnetic energy into
cavity modes which bounce around inside the cavity before radiating from
the open end. The inlet cavity considered here is assumed to have
perfectly conducting walls.

The analysis is done on an inlet model with overall dimensions of
several wavelengths; therefore, there are quite a few propagating modes
inside the cavity. The modal analysis is complemented with the high
frequency techniques such as the Geometrical Theory of Diffraction
(GTD), the Equivalent Current Method (ECM), the Aperture Integration
(AI) and a modification of the Physical Theory of Diffraction (PTD).

The edge diffraction, due to the rim of the open-end, is calculated via
the ECM in which the equivalent currents are found from GTD. The Al

together with a modified PTD approach is applied to get the modal



coupling into the interior and its subsequent radiation back into the
exterior region., Since there are many propagatiﬁg modes inside the
cavity, it is expected that only a few modes which are closely phase
matched to the direction of the incident wave are strongly excited.
This claim is tested and comparisons with measurements are also shown.
The experimental measurements are performed on a model at the
compact range facility of the ElectroScience Laboratory of the Ohio

State University.



CHAPTER II

ANALYSIS OF ELECTROMAGNETIC BACKSCATTERING
FROM AN INLET STRUCTURE

SECTION 1

o ECR 3:«\
OPEN END  sectionT

Figure 1. The geometry of the inlet model.

The inlet model of interest in this work is shown in Figure 1. It
is basically an open-ended cavity composed of two waveguide sections.
The first secfion is part of a linearly tapefed waveguide with one end
open; the other end of this section is connected to the second section
which is a uniform waveguide with a planar termination inside. The
exterior of the second section is curved at the back end to minimize the
Scattering coming from the exterior features of the structure. The axis

of the inlet coincides with the z-axis of the coordinate system, and the



~y-axis is in the vertical direction., The model is made of wood and then
made conductive using a conductive paint. The dimensions of of the
inlet are shown in Figure 2.

The side walls in each of the waveguide sections are parallel to
the y-z plane; therefore, there is no tapering effect to be included for
those walls. The first step in the analysis is finding the modal field
expressions in rectangular and linearly tapered waveguide sections.

This is done in Appendices I and II Where the expressions are given, and
the relationship between the mode sets of linearly tapered and

rectangular waveguides is shown. Therefore, the effect of tapering

4-2":[ 6.2" —9}
L—|9.7"—-L-—|2"—-l

(o) SIDE VIEW

L £ L ] T

LT

(b) TOP VIEW

e = o o .
™
=

Figure 2., Side and top view of the inlet model.



can be inciuded by modifyfng the propagation constant in the rectangular
waveguide mode expressions which are transverse to the x-direction. So,
the analysis is first done on a rectangﬁ]ar cav{ty as shown in Figure 3,
and the solution is modified subsequently to include the effect of
tapering.

The geometry of ﬁhe waveguide structure is shown in Figure 3. The
cross-sectional dimensions of the waveguide are "a" and "b" iﬁ the x and
y-coordinate directions respectively. The length of the waveguide from
the open end to the back wall is given by the dimension L. A1l of the
walls of the cavity are assumed to be perfectly conducting. The
structure is illuminated by an incident plane wave (eJ%! time convention

is assumed and suppressed) which is given by

jk(xsine1cos¢1 + ysine1cos¢1 + zcose‘) (1)

@ >

£l = (g

-iA
g * E¢¢) e

where 0 < 81 < n/2, 0 < ¢i < 2n are the elevation and aspect angles of

the incident field direction, respectively, and k is the free space

wavenumber.
y
{
, '
INCIDENTN, ™~~~ )
PLANE / L { SHORT
WAVE \ —~__ CIRCUIT
] 1
z e #——v—-——. —————— i\\
b ~ -
a
OPEN END _ PERFECTLY
« CONDUCTING
WALLS

Figure 3. Geometry of an open-ended rectangular waveguide cavity.



The scattered field is composed of two mein contributioné; one of
these is due to the field scattered from the open end by itself, and the
other is due to the field which is radiated from the open end. The

latter undergoes multiple reflections between the open end and the

termination_at the back wa]]‘after it is initja]]yrcoupled”jnto theixuw,".h

waveguide from the incident field. The fields resulting from these ~* ~
multiple interactions may be expressed as a convergent Neumann series as
done by Pace and Mittra [1]. The same result is directly obtained by an
alternative procedure based on a self-consistent method [2]. However,
from experimental measurements, these multiple interactions are
determined to be negligibly small for the inlet model being considered
here; therefore, their effect is ignored in this study. Only the first
order interaction is discussed which contains the coupling of the

incident energy into the interior waveguide modes through the open end,

and subsequent reflection of these modes from the back wall and finally,

the radiation of these reflected modes from the open end. In Appendix
III, it is shown that the mechanisms of coupling into and radiation from
the open-end are equivalent via the reciprocity principle.
For a finite cross-section, the field incident at the open end

excites a finite number of modes which propagate in the -2 direction

without attenuation, as well as an infinite number of evanescent modes
which attenuate exponentially away from the open end in the -2
direction. In this study, it will be assumed that the dimensions "a"

and ."b" are large enough to excite at least a few propagating modes and . . .



the length "L" is long enough for the effects of the evanescent modes to
be negligible.

In the third chapter of'this report the analysis of direct edge
diffraction from the rim of the open end is discussed; whereas, the
discussion of the wave interaction between the open end and back wall

is given in Chapter IV.



CHAPTER III
DIRECT SCATTERING FROM THE RIM AT THE OPEN END

In this section, the direct scattering from the rim (edge) at thg B
open end is calculated using techniques based on Geometrical Theory of
“Diffraction (GTD). According to the GTD, the scattered field is

initiated frbm some distinct points (diffraction points) on the rim edge
as well as from the corners of the rim, respectively as a result of
‘Keller's generalization of the Fermat's principle [3]. In addition to
the singly edge and corner diffracted fields, there are multiply
diffracted fields which are produced by rays that undergo multiple
diffractions across the aperture. These multiple interactions may
become important if the aperture dimensions are not sufficiently large
in terms of the wavelength.

~ The diffraction points migrate around the rim edge as the
observation point changes position. In some cases, there may be a
continuum of diffraction points contributing to the scattered field
which produces a cuastic of the diffracted rays. In the case of
 backscattering when the incident field direction is parallel to x-z (or

y-z) plane, every point contributes to edge diffraction. In order to



get a bounded result,_one can use the so-caT]ed Equivalent Current
Method (ECM) [4] based on the GTD. Away from the caustic 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. The
use of ECM also automatically, albeit approximately takes into account
the presence‘of the corners at the waveguide opening. -

In the ECM, the equivalent currents ieq and Meq of the electric and
magnetic type, reSpective]y, are located at the rim, and they radiate in
free space to give the diffracted field. The strengths of the
equivalent currents aré calculated from the GTD, but since they are
incorporated in an integral, they give bounded results in the caustic
regions of the GTD.

The strengths of equivalent electric and magnetic currents are

given by [4]

- e « E'(edge) \/@T A

qu = - ZoSinB‘i S'insd Ds(ws‘l’) Jk e ’ (2)
and

e« i'(edge) & -

eq  ~ Y sing; sing, Dplwsv') Vik e (3)

where the half-plane diffraction coefficient is given by

_e-j "/4

P i Amh. S XY

-_— 1 1
Do (w¥') = 2 /2 | ey T w l (4)
_COS 2 cos 9 |



‘which can also be written as follows:

. Tsin /2 sin ¢'/2
—e~d™/4 | _cos /2 cos ¢'/2_

D o (¥,9") = vomk cos ¢ + cos ¢’ (5)

[h]

The other parameters in Equations (2) and (3) are defined as follows:

A

e ¢ unit vector along the edge direction

Z, = Yo~! : free-space impedance, and

Bis, (Bq) : the angles between the edge and incident

: (or diffracted) field direction.,
To define the angles ¢' and y, one first projects the vectors in the
incident and diffracted field directions into a plane perpendicular to
the edge direction. Then y' is the angle between the half-plane surface
and the projected incident field direction. The angle ¢ is similarly
defined. The angles ¢' and y are measured from the inner faces of the
waveguide.

The radiated electric field is computed by

ijo , e-ij

sl _ S v n ol S o D '
B> = 77 f [RXRXqu-i-YoRXMeq] R de (6)
rim

" where R = Rﬁ is the vector pointing toward the observation point from a
source point on the rim. If the observation point is very far away from

the open end, one can make the following approximations:

Rzp-r.r' and R=r (7a;b)

10



where Ferr is the vector pointing toward the observation point from the
origin. Also, F'=x';+y'§ is the vector from the origin to the source

point. The unit vector in the observation direction is defined by
# = X sinecos¢ + §sinesin¢ + 2086 , (8)
where 6 and ¢vare the elevation and azimuth angles.
As shown in Figure 2, the edges are numbered from 1 to 4. Singly
diffracted fie]ds.from each edge are calculated separately, and total
edge diffraction from the rim is found by adding the results for each

edge.

— X

Figure 4. Numbering of the edges.
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i.) Singly-diffracted field contribution from edges 1 and 2

Edges 1 and 2 are the upper.and lower horizonta] edges as shown in
Figure 4. Their contributions are similar in the far field; therefore,
the expressions for edge 1 are given first, then the total contribution
from both 1 and 2 are found.

: According.to the above definitions, one finds that

'cosei' | cos o
cosy' = - Sn; cosy = - singg (9a;b)
SINB; = V1 sinZelcos24l SinBy = /1-sinZecos2¢ (10a;b)
[E; coseicos¢i+E1(-sin¢i)] ejk(x'sine1cos¢1+y's1‘ne1sin¢1)
- [} 1
1 (x"sy') —
eq . Z0 sing;sing,

81 A
D (w,') /3% x (11

and
- (£} coso'coss!-El(-sine’)] Jk(x'sine’coss +y'sine'sing')
- ¢ ‘ 8 ‘
Meq = - sing;sing,
. N/§37'~
Dp(wsv' )Wk x . (12)

Substituting Equations (11) and (12) into Equation (6) and adjusting the

domain of integration for edge 1, one obtains that

12



e-jkr
£sl _ Jjk ' 8n
1 " 4rr sinsisinsd Jk

A

9 (E;cose1cos¢1cosecos¢-sinelcosecos¢El) Ds(w,w')

+(-Elcose’cose'sing + Elsing'sing) D (v,9')
) ] h

+$ (-E;coseicos¢isin¢ - Elsin¢isin¢) Ds(w,w')

+(-E;coseicos¢icosecos¢ + Elsin¢icosecos¢) Dh(¢,w')

ja ejk[x'(sine1cos¢1+sinecos¢) + b(sine1sin¢1+sinesin¢)] dx’
0

(13)

This expression simplifies in the case of backscattering, namely

oi=¢ and ¢i=¢. As mentioned above, the contribution from edge 2 is

similar to Equation (13), the total contribution from edges 1 and 2 for

the backscatter case is giveh by

13



e Jkr cos(kbsine1sin¢1) sin(kasina'cos¢')

_ 1
Es]_ - — A A
12 nkr sin 81 cosvy sin91c05¢1
ka . kb

e J —§'sine1cos¢ +j 7 sine1s1'n¢1

8 (E;cosze1cosz¢1 - Elsin¢1cos¢1cose1) sin2 %L
‘+(E;)cose1cos¢1s1‘n¢1 - E;sin2¢1) cos? %L'
~ | : . . . . .lb‘
+6 (-E;cose1cos¢1sin¢1 - E;sin2¢1) sin2 5~

+(E;cosze1cosz¢1 - E;sin¢1cose1cos¢1) cos? %L' . (14)

For the backscattered field scan in the x-z plane, where ¢1=0,

v'=m, one obtains that

i ka . i .
-s1 - Jkr i sing’ Eq sin(kasin91)
E -

12 = - 9% Tkr e T

3 . (15)
sin®
Since both horizontal edges scatter always in phase in this plane,

the singly diffracted field contribution of horizontal edges is

| independent of the dimension b. For an observation scan in the x-z
plane none of the points along the horizontal edges satisfy the
Generalized Fermat's principle. Therefore; there is no edge diffraction
contribution from horizontal edges. But, since the edges are of finite

length, the corners give a scattered field in every direction. At this

14



time there is an available approximate, uniform corner diffraction
coefficient which is bart]y based on heuristic arguments [4]. If this
corner diffraction coefficient is employed, one will simply obtain the
result in Equation (15) as long as one is away from the shadow
boundaries of edge diffracted fields. However, since the latter will be
true in the present work, this ECM approach will yield the same result
as that obtained from the use of the above corner diffraction
coefficienf. It is noted that in the far zone, only the corner
diffraction effects dominate the total rim scattering; i.e, only the end
points of the rim edges dominate rather than the whole length of the
edges except in the caustic region where the entire length of the rim

contributes to the field.

ii.) Singly-diffracted field contribution from edges 3 and 4

In this case, Equations (2) and (3) take the following form:

(Eicoseisin¢i + Eicos¢i) ejk(as"”91C°S¢1 + y'Sin91sin¢1)

- 8 ¢
eq , Zosinsi sing,

. . . . . . . i S DU |
(E;c056151n¢1 _ Egcos¢1) eJk(&STnG cos¢ + y'sine sing )

eq sinsi sinsd

l 8t
D, (ws0') 3k Y
(17)

15



where Bis Bys ¥ and p' are as defined in Equations (9) and (10).

Substitution of Equations (16) and (17) into Equation (6) and

defining the parameters for edge 3 one obtains

-jkr
Esl _ Jk € ’ 8n
3 = bar sinsisinsd Jk

8 (Elcoseisin¢icose sing + Elcos¢icosesin¢) DS(¢,w')
+ (Elcoseisin¢1cos¢ - E;cos¢icos¢) Dh(w,w') l
+ $ (E;coseisin¢icos¢ + Elcos¢icos¢) Ds(w,w')

o+ (-E$cosﬁ’sin¢1cose sing + Elcoselcose sing) Dh(w,w')

jb ejk[a(sine1cos¢i+sinecos¢) + y'(sine1sin¢i+sinesin¢)] dy"

0
(18)

16



The contribution of edge 4 is similar to Equation (18). The total

contribution from edges 3 and 4 for the backscatter case is given by

-1 1 e~Jkr 2cos(kasin8'cos¢') sin(kbsine'sing')
E = ks - ‘2 - .
34 w sin 81 2cosy sine1sin¢1
ka . . kb i )
ej 2 s1'n61cos¢1 ej 2 sine1sin¢]

A _" - . I . o . - Py . lp
9 E;cosze1s1n2¢1 + Elcos¢1s1n¢1cose1)s1n2'§

-(E}pcose1cos¢1sin¢1 - Egcosz¢1) cosz'%

+ $ E;sin¢1c0561+ E;cos¢1) cos¢1sin2'%

. - . - - . . . - q)—’
+ (Elcos2a'sing' - E;cos¢1s1n¢1cose1) cos?2 7

6 (19)

. . -
For an observation scan in the x-z plane, where ¢1=0, ¢=ﬂ+61, 8:=2,
one obtains
-jkr  ka . i j 7
E;i = - : e e 2 sine cos(ka?1ne ) b &Eicos2 g— + 0 Eisin2 ;“ .
cose’ ¢ 9
(20)
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iii.) Double diffraction from vertical edges in the case of x-z

plane scan.

The singly diffracted rays from edges 3 or 4 will travel across the
aperture and diffract once more at the other end of the aperture before
going back to the receiver. Since in the x-z p]ane.scan case, there is
a continuum of doubly diffracted rays, the ECM is employed to obtain

their contributions.

Let E43, ﬁ43 be the electric and magnetic fields in §-direction

incident on the fourth edge due to the diffraction from third edge, then

one obtains

_jka+jkasine!
neJ JZ

E43 =y El (at edge 3) DS(¢'=n+61, V=7) Ja (21)
and
e-jka+jk%sinei
- N . ; u
Hyg = - ¥ Y E, (at edge 3) D (v'=m+8', =7) e . (22)

This field E43 is incident on edge 4, diffracts from edge 4 and
constitutes a part of the total doubly diffracteq field. For the
backscatter case, these doubly diffracted fields have a caustic;
therefore, one needs to utilize the ECM to obtain a bounded result.
- The equivalent electric and magnetic currents are given by

Y+ Epy 0 (v'=7, wem-0')
34 LI

qu = - Zo 5k ¥ » and (23)
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s - T i
y + Hys Dp(9'=7, ¥=u-0")
=34 _ - fBr A

(24)

the doubly diffracted fields from these equivalent sources are given by
the integral of Equation (6) such that

e-JkP

—A . » 1T “ .
y B, Dg(¥'=m+0', ¥=7) D (v'=7, y=n-0')

=52 _ Jk
E4 =4n r

e—Jka

8w
b —7§=-,/3p' (25)

The doubly diffracted fields due to diffractions at edges 4 and 3,

L

A s . 1 w i
+ 8 Ey D (p'=m+0’ ,4=7) D, (v'=7, ¢=m-9')

respectively, are given by similar expressions. The total doubly

diffracted field is found by adding these two contributions such that

) e-jkr be-jka 1 - . ei . ei_
£S2 _ y E'cos?2 5— - 8E'sin2 5 (26)
34 r /?jk %’ cos26’ ¢ 2 o I

In addition to doubly diffracted rays, there are multiply diffracted
rays at the aperture. The analysis of multiple diffractions can be done
in general by the GTD, provided that all multiply diffracted fields are
ray optical. As is well known, the‘GTD diffracted fields are not ray
optical in the transition regions [4]. In the case considered here one
vertical edge is exactly on the reflection shadow boundary of the other
edge, where it has to match the discontinuity of the GO (Geometrical

Optics) field. Since it is exactly on the shadow boundary, one can
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decompose the diffracted field into two ray-optical fields as done
previously [5]. The subsequent (double) diffration of these two ray
optical components of the singly diffracted fields can be done via
conventional application of the GTD. The evaluation of the third order

diffraction follows similarly and is given by;

i - i
_ . . - 8 o' —
-3 A ~ § cos?7 . 4 sin? 7~
ES® = - yE - ——— - efl ——
34 r 2n Ywjka ) cos26 8 cos2g!
. . |
cos(kasine1) eJkaS]ne (27)

The higher-order diffractions, beyond the third-order term, are not
considered here because they are very weak in comparison to the lower

order terms just analyzed.

iv.) Numerical results for Chapter III

To check the validity of the analysis, the calculated results are
compared with a set of measurements obtained using the Compact Range
Facility at ElectroScience Laboratory, the Ohio State University. The
measurements are done on an inlet model as shown in Figures 1 and 2. In
order to remove the interior cavity effects, the inner surface of the
 back wall of the inlet is covered with absorbing material. Two sets of
measurement results are obtained.

a.) At a fixed frequency, the aspect.ang1e (8) from the z-axis is

varied in the horizontal (or vertical) plane from 0 to 90 degrees.

20



b.) At a fixed aspect angle in the horizontal (or vertical) plane
- the frequency responsé is measured, starting from 8 GHz up to 12 GHz at
10 MHz steps. Therefore a bandlimited frequency response is obtained.
Then, this response is processed through a Kaiser-Bessel window, and its
inverse Fourier Transform is obtained using an FFT algorithm which
represents a time domain response. Since the measured spectrum is
bahdlimited, the time domain response represents the impulse response of
the target which is cohvo]ved with

Sinmbt

T I coswot' (28)

where wy=half-bandwidth (2 GHz) and w_ 1s the center frequency which is
10 GHz in this case.
The measured and calculated radar cross sections (RCS) versus the

aspect angle are shown in Figures 5 through 16 for different

polarizations and frequencies. In each figure measurements (solid line)
and calculations (dashed line) are drawn on the same scale of dB over
m2, Figures 5 through 10 correspond to a horizontal (x-z) scan;
whereas, Figures 11 through 16 correspond to a vertical (y-z) scan. In
both the horizontal and vertical scans, the radar cross section is
measured and analyzed for two polarizations (; and 5). Finally, each
case is repeated at three different frequencies, namely around 8, 10 and
12 GHz. In both the horizontal and vertical scans, a ; directed
incident electric field will not diffréct from two edges which are
parallel to the scan plane. Therefore the contribution to the radar

cross section in these cases is dominated by the diffracted fields from
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- the remaining two edges. As shown in Figures 5 through 7 and 11 through
13, the ca]cu]ations-agree reasonably well with the measurements.
However, for the other polarization (6), all four edges of the open end
contribute to the radér cross section; however the contribution from two
of these four edges reduces essentially to that from the end points (or
corners). As shown in Figures 8 through 10 and 14 throughl16, the
agreement between the measured and calculated results is not as good as
the ;-polarization case; especially the horizontal scan. The reason for
this discrepancy will become clearer after discussing the frequency
domain responses, suffice it to say for now that it is due to the
imperfections of the model.

| ana11y one notes that the rim scattering analysis performed here
is valid for aspect angles away from the shadow boundaries of the
diffracted field. For aspect angles close to the shadow boundaries of
the edges (8 close to 90 degrees) the approach described here should be
modified; this modification will not be given here.

Frequency scans are done in the horizontal (¢4=0) plane, with two
different polarizations and with the angle 6 fixed at four different
values, namely 0, 15, 30 and 45 degrees. The measured (solid line) and
calculated (dashed line) radar cross section results are plotted on the
~ same graph and given in dB over m2, The phase variation of the radar
cross section is also shown in the figufes. To be able to make a phase
comparison, the measured data has been processed so that the two results

have the same phase center. The frequency spectra are then inverse
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Fourier transformed to obtain the time domain responses. As explained
before the time domain'response is not an impulse response although it
has been denoted like that on the plot for ease in understanding.
Therefore, to make the comparison easier, the curves corresponding to
measured and calculated time domain returns are shifted by equal amount
from the center line. The scale in the time domain is dimensionless and
should be taken as a relative sta]e. Finally, due to the malfunctions
of electronic instrument during measurements, there are some glitches in
the measured data. They are kept as they appeared originally, since
their presence does not effect the overall characteristic of the curves.

As in the case of aspect angle scans, the amplitude and phase of
the measured and calculated RCS results are in good agreement especially
for a ; polarized field (Figures 17 through 20). Also, it can be seen
from the time domain plots that almost all of the measured return is
from the rim at the open end. The absorber put at the back of the line
“very effectively removed any internal cavity effects.

In the case of the horizontal (8) polarization, (Figures 21 thrbugh
24) the time domain plots show a relatively large return occuring later
in time than the return from the open end. The variation of the
positioﬁ of that return with different 8 values implies that it is
coming from the external surfaces of the inlet model. Therefore as
shown in Figures 22 through 24, the comparison between calculated and
measured radar cross section results is not good. This also explains

the discrepancy in the aspect angle scan results of Figures 8 through 10.
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"To compare the returns coming from the open end only, the unwanted
return is gated out from the measured time domain data and is indicated
Ias such in each figure. The actual measured and calculated returns are
shown with constant shifts, as before. These time domain plots were
then converted into the frequency domain and shown on the same graph.
~ As can be seen in Figures 22a, 23a, and 24a the calculated. (1ong-dashed
Tine) ahd gated-out measured (short-dashed line) results agree fairly
well since they.both correspond to the returns pertaining to the rim of
the inlet.

| As explained before, the time domain responses shown are not the
vactua] impulse responées because of the bandlimited nature of the data
in frequency domain. If one had more frequency domain information then
the time domain results would be closer to true impulse responses. To
show this, calculations corresponding to Figure 20avare repeated and
expressions of Equations (20), (26) and (27) are extended down to 10
MHz. The resulting frequency domain plot is shown in Figure 25a. Then,
this data is inverse Fourier transormed, and the time domain result is |
shown in Figure 25b. This result is closer to an actual impulse
response, and it c1ear1y shows the single, double and triple
diffractions from the vertical edges of the open end. Note that the
._doub1e order diffractions originating fﬁom both edges return to the

receiver at the same time.
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CHAPTER 1V
THE ANALYSIS OF INTERIOR CAVITY EFFECTS

As described at the beginning of this report, the coup]ing of
incideﬁt energy into the interior waveguide modes and their subsequent
radiation after undergoing multiple relfections between the back wall
termination and the open end comprise the cavity effects. The
relationship between the analysis of the problem of modal coupling into

“and radiation from the open end is given in Appendix III. The classicai
approach to determine the radiated fie]d from the open end due to a

‘} given mode involves an integration of the modal field across the

- aperture. The edge effects inherent in this procedure are not as good
as predicted by the GTD. However, the edge effects given by the

~ aperture integration method can be improved by the modified PTD'approach
as described in Appendix IV, The underlying argument in Appendix IV is
that one can improve the aperture 1ntegration by adding the Ufimtsev's
-equivalent currents at the edges.

The modal fie]d expressions in the rectangu]ar waveguide as shown
in Figuré 1 is giVeh in Appendix I (Equations Al1-Al13). Each mode is

decomposed into four p]ahe Waves, each of which is a ray optical field.

. The transverse (to 2) combonents of‘thé fields are as follows:
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- Nnm |~ -« -jn_x-jm y-jB_ 2z
E o= 43 | (sxugy) e @ TP M
modal
~ A jn X-jm y-jB V4
+ (-XU-yV) ¢ & T b7 Trnm

" A jn_x+jm y-jB__z
+ (XU=yV) e @ b7 TTnm

. A A ‘jn X+jm ,Y'js Z -
4+ (xU4yV) e @ T D7 TTAm (29)
and
- Ynm Nnm |~ ~ A -jn_x-jm y-jB 2z
o= =5 | (g e @ 700N
modal

A A jn X-jm y"jB y4

+ (XV-yU) @ & " P TTnm
a A Jn_x+jmy-jB_ z

+ (xvayy) e @ TP oM

a A -jn_x+jm y-jg .z —
+ (-xV+yu) e a b nm . (30)

The directions of propagation of these four rays are given by the
exponents.

The integration of the modal fields across the aperture provides an
~ approximate radiated field which is given by

KL, b - ' — o-JkR

B = [ | RRx aeEOda] YR x ﬁegodal — dy"dx’
? 0 o

B - (31)
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where

3 modal _ 2 _ o ‘ > . e

Jeq =2z X Hmoda] - -Nmn Ynm chosnaxs1nmby—st1nnaxcosmby
(32)

and

o modal _ ¢ . T ~ ' . N

Meq = EmOda] ¥z _ -Nmn sz1nnaxcosmby+yUcosnaxs1nmby
(33)

~ &~ = moda) > o modal _ .

RxR x Jeq + Yo RxMeq = -Nnm Ucosna x sinmy

Yom [-x(1-sin26cos2¢) + ysin2esing¢cos¢+zsinAcosecoss]

+Y, [-xcose+zsinacos¢) ' '

Y [§cose-£sinesin¢]

-NppVsinn, x cosmyy om [-xsin28sin¢cos¢+y(1-sin26sin2¢)

-zsinecosesing] . -

(34)
In the far field
RxF-F' or (35)
and
'Ynm[-acosecos¢+$sin¢]—
rubo 1 modal s umodal _ e ~ ~
RxRxJeq + YoRXMeq = -NnmUcosnaxs1nmby +Yo[-ecos¢+¢coses1n¢]

~ A ) A~

-Nansin naxcosmby {Ynm[ecosesin¢+¢cos¢+Yo[esin¢+¢cosecos¢]}

(36)
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-Substituting into Equation (31), one obtains that

KNnm ks1n
r = dnr Jkr J (acos¢+bsing)

Ynm . Yom
u ‘ -ecos¢(1+y cos8)+¢sing(cose+y)

a a
T Sinz(ksinecos¢+n,) sinz(ksinécos¢-nz)—

. .\ N
J ksinscos¢+ny + (-]) ks1n6cos ¢-ny
. b . b
T sing(ksinocos ¢p+mp) m sins(ksindcos¢-mp )~
' J ksin6cos ¢+mp - (-3) ksin6cos ¢-my,
- Yom Yom
+V -651n¢(1+y cose)+¢cos¢(cose¥—7“)
L a LA
Ton sing(ksinecos ¢+ny) n sinz(ksindcos¢-ny )~
J ksinécos¢+n, - (-3) ksTn6cos¢-ng
. b . b .
T sinz(ksinecos ¢+mp ) e sina(ksinécos ¢-mp)—
J ksin6cos ¢+mp + (-3) ksinecos ¢-mp
(37)

' , sinx
As it is seen from Equation (37), the pattern has a =} type behaviour

a N sinx
in both 8 and ¢ directions. There are four difference —x— forms, each

of which is due to the integration of a plane wave component of the mode
1nx

as  described in Equation (29). Therefore each peaks up at the
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'.n

corresponding plane wave directions. Also, as the waveguide dimensions
Qet larger, the peaks become sharper. As a result, only a few modes.
contribute strongly to the radiation around a given observation
direction.

As mentioned earlier, the edge effects given by aperture
integration are improved using a modified PTD approach as discussed in
Appendix IV. The equivalent electric and magnetic Ufimtsev edge

currents are [6] given by

- é . Ei(edge) u ' V/g;— R
Iy = = 7 sins.sing, Ds (v:¥') V& e (38)
_ 0 i d
and
- e o l---I.i (edge) \/@n— .
= u .
My = - Y sing,sing, Dy (¥s9') Y3k e (39)

where the Ufimtsev diffraction coefficients are

_jn/4 :
e - 1 ' ' [
u V-9 -y _ s P!
D's1 = - 575 |[sec (7 ) - tan (7 )] * [sec (3 ) -tan (7 )]
(40)
after simplification. it can be written as follows:
_sm/4 v sin'%‘
" 2e™J sin 7 -sin 3~ (
D_ = - : 41)
s YZ2nk cosy+cosy' COS.%
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‘Therefore, one obtains

u '
) 5— Us (00) - N o
Iy =-Y% Vik singysingy 2
T . , FImYt a1 )mT , | for edge 1
* x Ucosn x' e =x |17 | Ucosn.x' | for edge 2
- Fjngx' . LT “for edge 3
ty Vcosmby‘ e % = y E}l) _ (-v)cosmby- _for edge 4

(42)

and

u )
- V/gg“ Dy (v,9") Nom ¥ nm
My = -1 Jk sing;sing, 2]

)™ o , for edge 1 v (43)
Visinn x' for edge 2

. , for edge 3
y |l177 | Uisinmy® for edge 4

>
—
1
—
N
=3

ikz o-3KR
Ef =7 | [RxRxI +Y Rx M) TR (44)

In the far field, the above integrations for the radiated field can be

done analytically in closed form and the result is;
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: k
e-Jkr j7 sine(acos ¢+bsing)
e

. K N

Ey,im = = VBrg sing;sing, r
‘ ~ kb kb -

-7 sinésing

" , . j72 sinesing
Dg (-8cosocosd+psing)U |e +(-1)m+1e

a a
sin 5 (ksinecos¢-na) sin §‘(ksinecos¢+na)

.\N AN
(-3) ksinecos¢-na + ()

ksinecos¢+na

tka » e ¢ .ka k3 e ¢
-j~7 sinécos =% sinecos
e +(-1)n+1e

+Dg (Bcosesin¢+$COs¢)V

b b
sin §'(ksinesin¢-mb) sin 3 (ksinesin¢+mb)

(-3)" i)™

ksinesin¢-mb + @ ksinesin¢+mb

kb kb

nm “ A -j sinesin¢ m J 7 sinésing
—_ U .

+ Dby (6sing+pcosocose)V (e +(-1) e

0 — _

Y

a a
sin 7 (ksinecos¢-na) sin §'(ksinecos¢+na)

1-(-9)"

. AN
ksinecos¢-na +(3) ksinecos¢+na

,ka . ka . -
-j77 sinécos¢ , 72 sinecos¢
e +(-1) e

Ynm

+ —— DY (5cos¢+$cos§sin¢)u
Yoh

— b ) -
‘ sin 7 (ksin®sing-m,) sin 7 (ksinésing+m, ) l
m

. AN
"('J) ksindsing-m, + (3) ksinesing+m l

(45)
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‘The total radiated field is the summation of Equations (37) and (45);

namely,
r _=r =r _
Enm - Ea,nm + Eu,nm . (46)

The total radiated field is the superposition of the radiation of all

propagating modes.

Numerical Results for‘Chaptér IV

The.experimental measurements and calculations are done in two
categories as in Chapter III; namely, aspect angle and frequeny scans
and they are given in dB over m2, Since it is difficult to
experimentally isolate the open end rim scattering from the cavity
effects, the calculations include both effects for comparison purposes.

The waveguide model is large in terms of the wavelength; therefore,
a large number of propagating modes can exist inside the cavity. For
example, at the frequency of 10 GHz, there are 172 propagating modes as
well as én infinite number of evanescent modes. Since the waveguide
axial length is very Tong with respect to the wavelength, the evanescent
modes will decay very significantly such that they can be neglected.
Then the next question is whether the propagating modes have a preferred
“direction of radiation in that one can choose a few special ones rather
than all the propagating modes ahd include only those in the analysis.
It is obvious from Equation (47) that modaT radiation occur at discrete
plane wave directions for each mode. Since each mode has a discrete

radiation direction, some will. radiate close to desired direction, and
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others will not. This being the case, one can anticipate that only a
few modes are signifiéant]y excited by the incident plane wave and
radiate significantly in the backscatter direction. This claim has been
checked numerically, and the results are shown in Figure 26. An
open-ended rectangular waveguide with dimensions equal to the
experimental model used in this study is analyzed at 10 GHz. The
backscatter field is calculated in (x-z) plane by varying the aspect
angle 8. Note that only the modal effects are included and the incident
field is assumed to be %-po1arized. It is found that only the TEno
modes are excited in this plane for this poiarization. Their plane wave
directions or modal ray angles are tabulated in the figure. The
scattered field is calculated by including all modal contributions as
indicated by the solid line. For comparison purposes the contributions
of TEno (n=1,...5) modes and TEno (n=6...13) modes are shown in the

same figure. Note that the first five modes radiate strongly and almost
" replicate the solid curve in the region close to their modal ray angle
directions. The remaining seven modes are major contributors for the
large aspect angles. After observing this fact, the research focused on
finding a rulé of thumb procedure which could be used to select the
minimum number of modes needed for a given direction of incident plane
wave. From numerical results and cbmparisons with the experimental
data, it was found that in horizonfa] and vertical planes only three
modes were sufficient for the inlet under test. These three modes are
selected based on their modal radiation direction such that they are

closest to the incident plane wave direction. The aspect angle scan
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Figure 26. Importance of modes whose modal ray angles are near the
angle of incidence.
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results are shown in Figures 27 through 38. - As done in Chapter III, the
eXperimenta] measurement results are indicated by the solid line and
calculations by the dashed one. In each case a comparison is provided
for the calculations which include all modes versus three modes. In all
cases a 1 dB/bounce energy loss is assumed to model the imperfection of
the conductivity of the model used in the measurement;.

Since this new concept proved to be so valuable in the principal
plane, it is next applied to ¢=45° plane to see if it fails when the
incident plane wave direction is not aligned with the structural
symmetry. The aspect angle scan is calculated in the ¢=45° plane for
both the $ and 8 po]arizéd incident fields. The results are shown in
Figures 39 and 40. 1In this case, the 18 preselected modes are compared
with the complete 172 modes as shown in each figure. Note that more
terms are necessary in this general case as indicated by the results
shown in Figure 41 where the six mode result is compared with the 18
- mode one. Even so it is clear that one can use far fewer than the
complete set of modes.

Finally, the frequency scan results are calculated and compared
with measurements in Figures 42 through 49. -As in Chapter III, the time
domain results are deliberately shifted to better illustrate the
comparisons. Note that in each case the comparisons are exceptional.

In Figure 50, the contribution of each mode is plotted separate]y
for the geometry associated with the results of Figure 45, It is seen
that as the mode number increases the given mode undergoes more bounces

inside the waveguide, travels a longer distance and therefore its return
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is received later in time, causing a stronger modal dispersion. Also
note that the modal terms add up to form ripples in the total result
from the cavity effect. If not understood correqt]yvqne might think
this is indicating different scattering centers, which would not be
true. This shows that modal propagation should carefully be traced if

one wishes to obtain the true response for the cavity effects.
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CHAPTER V
CONCLUSIONS

The goal of this research is to understand the dominant scattering
mechanisms associqted with a jet inlet structure and to develop some
simple and accurate techniques to analyze them. Basically the
backscattered field is composed of two major mechanisms; namely, the
diffraction from the open end and radiation from the open end due to
interior reflections or cavity effects. Both mechanisms are separately
discussed, analyzed, and compared with aspect angle and frequency scan
measured results. The analysis and numerical results for the
diffraction by just the open end is presented in Chapter III. The
vresu]ts indicate that the GTD provides an accurate estimation of this
diffraction term. Chapter IV deals with the analysis of interior cavity
effects. The latter analysis is based on the expansion of the field
inside the in]gt in terms of rectangular waveguide modes. The coup]ing
of the incident field into the waveguide modes and their subsequent
radiation from the open end are obtained by an integration over tHe
aperture at the open end. In appendix IV, it is shown that this
aperture integration can be corrected in the same way as the PO is

corrected via the PTD. However, the integration process does not give
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any physical insight to the problem, and as the number of propagating
modes ihcrease with ffequency it becomes cumbersome and inefficient.
Therefore, in this research, new approaches to substantially improve the
efficienty of these aperture integrals was investigated. It was shown
that every mode can be decomposed into four ray-optical fields each of
which is propagating in a particular direction. These directions are
called the modal ray directions. It was determined that the modal
radiation is strongest in these modal ray directions. Therefore, for a
given radiation direction one can include only the radiation of those
modes whose modal ray directions are closest to the radiation direction.
Numerical results are included to indicate that the contribution of only
three mbdes with modal ray directions closest to the given observation
direction accurately approximates the contribution of all the

- propagating modes. This is an important result, because it combines
modal rad{ation with ray-optics, and therefore it can be applied to many
different and complex waveguide geometries to effectively select only
the few significant modes from the entire set of propagating modes.
Also, the same modal ray approach is useful in calculating the modal
reflection and transmission from interior inlet discontinuities.

The model studied here had a small interior discontinuity, and, as
expected, it did not seem to significantly influence the final results.
-It is proposed as a part of future research, to build and analyze a
model .with more pronounced interior discontinuities which might occur in

practice.
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APPENDIX I

MODAL FIELD EXPRESSIONS IN A RECTANGULAR WAVEGUIDE

2 -

d<\\“~\‘.\
x\ PERFECTLY
CONDUCTING WALLS

Figure Al. Rectangular waveguide geometry.

As described in [7], the modes in a rectangular waveguide as shown
in Figure A.1, can be classified into sets of transverse fields to a
coordinate direction,

The mode sets transverse to the axial (2) direction are important
~and widely used, because it applies to uniform nonrectangular
cross-section guides. However, in many.problems, mode sets transverse

to ; or y coordinate may be more suitable.
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These sets can be calculated from an axial or transverse vector

potential [7]. The TEnm and TMnm to 2 type modal field expressions are

given by:
TE Modes
Y

h 0.2 2
hZ Nnm K (na+mb) cosn_xcosmyy
e, 0

h Yo L
hx Nnm K Bpp Sinn, xcosmyy

h Yo .
hy Nnm ‘E'Bnm m, cosn_xsinm.y

Nh .
e, nm My cosn,xsinmy

-Nh n. sin_xcosm
y nm a a* bY

_1/2
h €on + Som * K
Nom Bom ¢ Yo (ng%+mp®)
e
Nom -
h

Nnm Nnm
u m,
v N,
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TE Modes
0
N e (nZ+m?) sin_xsin
nm JBam \Ma*Mp/ SINaXSINM,y
NE L .
-Nom Bom Y0 m, sinn xcosm,y
NE K .
nm Bnm Yo My COSn xsinmyy
Ne n cosﬁ i
nm a aXsSinm,y
N m sinn xcosm, y
nm b a b
1/2

(A1)

(A2)

(A3)



where the normalization factors N:m and Nﬁm are defined so as to

a b _ R

[ | exhezdxdy =1 (A9)
0o o

and
| "14fn=0
fon 2ifn%0 (A10)
nn mw
na = a ’ mb = —b- (All)
Mso, 8. = vkZ-n,Z-mpZ is the propagation constant in
- z-direction, namely;

- P -~ N — 2

modal = L8 X * e, ¥ te, z] e*iBMM (A12)
- -~ -~ A -— Z

moda1 = [ X +hy y + by 2] RO (A13)

1

Finally, YO=Z; is the free-space admittance.

116



The modal sets transverse to ;-axis can be writtén as follows:

TEx,nm Modes TMy ,nm Modes

ex 0 'Nnm 3 8mm 7Bnm cosnaxsinmby (A14)
h 24m 2YVei e (na?+mp2) ngemp :
ey “Nom (n_a iy, )S1nnaxcosmby Nem "3 Bnm TBnm Sinn,xcosmyy (A15)
 (nam?) e ()
€ Nom 3Bm Mpsinngxsinmy =N TFg o7 ngesinn xsinmgy (A16)
Yo{na2+my2)
h ‘o\a "My
hx Nom Bnm (kz_naz) -0 (A17)
sin,xcosm y
' Y (ng2+my2)
h Y e ‘\_4a . .
hy Nom KBam (na?+my?) Nom 38nm  JkYocosn xsinmy (A18)
N, *mycosn xsinm y
Y ’ (ny2+mp2) kY
h 2 o, 2 e ‘Na b 0
hZ Nom 3k (na%+mpy?) Nom 36 Bom mbcosnaxcosmby. (A19)
n,cosn xcosm,y

From Equations (A1) through (A19), one can easily conclude that

k
TEX,"m =M TEnn = ™ Bom Mim (A20)
k
TMX,nm =M Bom Enm * "2 ™Mom (A21)
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or, alternatively,

1 - k -
TEnm = T KZ N, TE o T M Bom TMx,nm (A22)
m 2
a b 8 - —
nm
_ 1 - k -
Mom = n 24m 2 k2 M Bam x,nm T "a ™Mx,nm (A23)
a "b Bnm -
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APPENDIX II

MODAL FIELD EXPRESSIONS IN A LINEARLY TAPERED WAVEGUIDE
y

Figure A2. Geometry of a linearly tapered waveguide.

In this problem, it is possible to find mode sets transverse to

Q-axis. The fields can be computed from the scalar function

32 32
ay2 " az2 *

nm

k2- ()2 p=0 - (A24)

with appropriate boundary conditions. ¢ is the x-component of the

magnetic vector potential A in the TMy case and the x-component of the

i

electric vector potential F in the TEx case [7].
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Case 1 TE, modes: These modes satisfy the relation E,=0 and can be

derived from E=;¢.

The field components are given by;

-1 3y : 1 3%y
E =0 H = TkZ, Fox (A25)
Y 1 1 3%y
T Hy = TkZ; © ¢ax (A26)
1 32 )
E, =0 H, = 3k, (3x2 + K2) ¥ (A27)

The appropriate scalar function ¢ is given by;

H(é%_ (ktp) Ingoing Wave
PERPLL mm ¢o

Yo = Sin ( 3 x) cos [¢0 ¢) (A28)

H(%% (k e) | Outgoing Wave
_ % -
where
2 2 nm
kg = K - ()2 | (A29)

The explicit expressions for the outgoing field components are given by;

o = '15%% sin (ETLX) sin (T %) Hrgz)(k o) (A30)
4o
iL¢ me o d (2
Ey = sin (37x) cos ($5%) do Hél)(ktp) (A31)
%o

120



(A32)

E. =0 |
X
Sl o nm mr, 4 (2)
H) = 3kZy (37) cos (ax) cos (5e) @5 Hmn' (ki) (A33)
)
1 1 m1r‘ nm nw UL
Hy = = TkZg o (go) (@) cos (3 %) sin (Go0) HE) (ko) (A34)
b0
: 1 2 nn mmw
H, = TRZg kg sin (3x) cos (go0) Hi2) (k,p) (A35)
o

For small % and large p, the Debye Asymptotic approximation for the

Hankel function [8]
hid

Zz v
+3 =)2-1 - 1 = _ %
3 [v VQy) veos-1 7 - ] (A36)

\Y v L
can be used. For small 7; cos-! 7 + 7, so the above relation becomes;

(1) o I
HS)Z)(Z) - /“——2—-—\/22_-\’2_ (:j)\) etJ \/22_\,2 . J g (A37)

and
e (A38)

(1) r - R
_d“(f)(Z)~\/Fﬁ—§“.TT (50)° | 33 V1-(3)2 &8 V2 e

dz

which goes to the large argument form [7] for z>>v.
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If one makes use of Equations (A37) and (A38) in the field
expressions of Equations (A30) through (A35), one obtains the following

expressions (up to a common factor) for an outgoing wave;

mm 1 L L JBymP

E = 060 VBame 51N (3 x) sin (gg9) e | (A39)

1 nw mm -jBnmp v

Ey = VBope 10 (ax) cos (gy8) (-i8,,) e (A40)

Ex =0 (Ad41)
1 nm , 1 nm mr . ~IBpP

Ho =3k (7)) (-38.,) vBame 08 (ax) cos (4q0) e (R42)
1 nr, mw 1 nw ) mr -jBn p

Hy = 3kZg (3) (oog) /Bme C0S (3 X) sin (Ggo) e ™ (A43)
1 nw 1 .nm mm "jBn P

H, = FkZg (k2-(37)2) /Bme sin (3 x) cos (G 0) e " (A44)

where
2 nw mmn
Bam = K2 - (@)% - (Geg)? (A45)

is the function determining the phase advance in p-direction. Note that
Bom is @ function of p. By comparing Equations (A39) through (A44) with
‘Equations (A14) through (A19), one can see that the expressions of
slightly tapered waveguide fields may be-approximated by TEy, TMy-type
rectangular waveguide mode sets. To do this, one has to make the

following approximations.
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pp >y

pd, > b

(A46)

(A47)

(A48)

together with Equation (A45) where p-dependence cannot be approximated

by Equation (A48), since it is the function determining the phase

advance which is more sensitive to the approximations.

Case 2 TMx modes: These modes satisfy the relation Hx=0 and can be

derived from R=;w.

The field components are given by:

1 2% 1 2y
E, = JkVy, 3pax Hy =% 3¢
£ - 1 1 3%y 3y
s = JkYy o X Hy = - 30
1 32 )
E, = 7kV, (axZ + Kk2) v H, =0

The appropriate scalar function ¢ is given by:

H(%%’ (ky0) | Ingoing Wave

nm 1.1}

mmn
¥ = cos (Fx) sin (3 ¢)

H(%% (ktp) Outgoing Wave
o
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The explicit expressions for the butgoing field components are given

by:
-1 nmo . nm mr o d 9
E, = 3kY, () sin (ax) sin (5,¢) dp Hrﬁ_n)(ktp) (A53)
%0
-1 1 nn mmo 0w mn 2
E¢ =JkV, o (a ) (¢o) sin (3 x) cos (¢0¢) Hél)(kto) ~ (A54)
%o
1 nm nw mw
E, = Tk (K2-(3)2) cos (3%) sin (go0) Mz (kyo) (AS5)
. %
-1 mm nmw mw
Hy =5 (o) cos (ax) cos (gy9) Héi)(ktp) (A56)
%o
nm L d
Hy = - cos (3 x) sin (300) Tp M2 (Kyo) (A57)
0
Hy = 0 | (A58)

Again using Debye's Asymptotic form for the Hankel function, one obtains

the following field expressions:

1 nm 1 . nm mw ) =3By P '
E = -3, (3) /Bome 1N (@X) sin (gg) (-iB) e ™ (AS9)
1 nw. mw 1 L i -JB, P
E, = - TkV5 (3 ) (35) /Bomo S1n (3 ) cos (gge) e ™ (A60)
1 nm 1 nm o . mm 'jBan
Ey = 3kVy (K2-(37)2) /Bome cos (3 x) sin (G.0) e (A61)
: mm 1 nm mr . ~JB.p
Ho = (oog) /Bame €05 (3 X) cos (goe) e (A62)
L LA
H¢ = - /Bnmp cos (a X] sin (¢O¢) ('JBnm) e (A63)
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These modal expressions under the approximations defined by
Equations (A46) through (A48) become equivalent to the TMy modes in a

rectangular waveguide,
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APPENDIX III

APPLICATION OF THE RECIPROCITY THEOREM TO FIND THE COUPLING
OF INCIDENT ENERGY INTO THE MODAL FIELD BY KNOWING THE MODAL
RADIATION FROM THE OPEN END OF A RECTANGULAR WAVEGUIDE

Figure A3. The geometry of the problem.

Figure A3 shows an open ended rectangular waveguide geometry with

- perfectly conducting walls., Let there be modal fields inside the

-

waveguide propagating in +z direction and represented by:

-jB.z
n (A64)

m
|

4 - -
=% (en+ezn) €

-jB z
n (A65)

p
]

= c; (ﬁn+ﬁzn) e
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where én (or ﬁn) is the transverse electric (or magnetic) field, and ézn
(or ﬁzn) is the longitudinal electric (dr magnetic) field. c: is the
coefficient of the nth mode.

Some of the energy carried by this modal field will be radiated into
the free space through‘the aperture, The far field radiation can be
ca]cu]ated approximately by the aperture integration of the moda] field
and the resulting radiated fields are shown by E" and T

The rest of the energy of the incident mode will reflect back to the

guide in terms of an mth mode.

e (R66)

X
i

(A67)

+
Ton S (-ﬁm+ﬁzm) e

where Tom is the complete modal reflection coefficient from the open
‘end,

First consider the geometric plane defined by z=-L inside the
semi-infinite pipe, and let So denote the area of this waveguide cross.
section at z=-L as shown in Figure A3. Then let S denote the surface
area which tightly encapsulates the complete outer (exterior) surface of
the semi-infinite waveguide, and also a portion of the inner walls of
this waveguide up to the distance z=-L within the guide. The surface S
does not include the plane at z=-L within the pipe. Let & denote the
sphere at infinity which surrounds the semi-infinite guide such that S

on the exterior or outer wall of the semi-infinite guide is connected to
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the surface T at z» -» as in Figure A3. Next, consider the following
two cases. In the first case, the semi-infinite rectangular waveguide
is excited from within by the modal fields with amplitude c: which
propagate in the +z direction. However, in the second case, the
geometry is excited by external fields, E® and ﬁe, which for convenience
is assumed to be produced by an electric test source 3e atiﬁp exterior
to and in the far zone of the semi-infinite guide.

Let the equivalent sources 55 and ﬁs be located at z=-L in the

guide,
- - - js L -jB L~
_ + n + , = m
JS =nx|[c (ﬁn+ﬁzn) e + g Ton S (-hm+ Zm) e (A68)
- R T s . . js L L -ig L~
MS =-n x| c, (en+ezn) e + ; Ton Sn (em-ezm e (A69)
where ﬁ is the unit vector pointing into the volume V, enclosed by
surfaces S+So+z. Form reciprocity one obtains:
NBEELI T (470)
I4S+S - )
0 B
However, by the boundary conditions
A -r -
n x E | = 0 , (A71)
on S
and
~ e
nxE | =0 . (A72)
on S
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Also, (E", H") and (E®, H®) satisfy the radiation condition on :.

Therefore Equation (A70) reduces to:

- éj HE o M ds + éj - ds =p, « BT (R) (A73)

(A74)

a point source in the far field.
In Equation (A74) ﬁp is the position vector from the reference point
to point P. |

Inside the waveguide the fields ES and H® will have the following

representation
- JB,z
E =3 A (6 -8 P
. o (ep ezp) e (A75)
- JjB z
e _ < (-h p
H- =2 A (-h_ +h A
2 A (CFip * Fiyp) e (A76)

Substituting Equations (A75) and (A76) into Equations (A73) one obtains:

. -ijL s |-~ 8L oA =IB LT
- é] z Ap (-ﬁp+ﬁzp) e c, | exz e + 3 rmn(emxz)e ds
oP - m -
-jB L T js.L R -j8 L~
. ~ (2 .2 p + n_ m
é] T A (ep ezp) e c, (z x ﬁn)e by rmn(zxﬁm)e ds
p m
= P
=Pe = B (R) (A77)
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Using the orthogonality properties of waveguide modes one obtains:

U & xfy - zds | (-cp A) 2= fg B (R) (A78)
- 0 —
- -r‘ -
Pe = B (R)
+ -
-2 ¢ A= " . (A79)
ey e, xh «zds
S0

A

¥n order to produce an incident field E' =6 EL + 6 EL at the opening of

thg waveguide, one can let

LY JkR

Be = - (9 EL + ¢ El) Fou Rp e P (A80)
Thus,
o s A 3 - - JjkR
i i r p
9 .
(6 Eg + ¢ E¢] E (Rp) Rp e
A, = o (A81)
"2 JJE xR .7ds Jow
S
0
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APPENDIX IV

CORRECTION FOR THE APERTURE INTEGRATION

ul 2 gikpcos(¢-¢)

PERFECTLY CONDUCTING

ﬂ. / HALF-PLANE
< === === _

Figure A4, Scattering from a perfectly-conducting half-plane.

As shown in the figure, a perfectly conducting half-plane is located
in the region y=0, x<0. The half-plane is illuminated by a plane wave
u1=ejkpcos(¢'¢l)(n/2 < ¢'<m). |

Let St’ Sb denote the top and bottom surfaces of the half plane,
respectively and Sa denote the aperture surface at x=0, y>O0.

Since the geometry is infinite in z-direction the problem can be
reduced to a scalar problem where the total field u may represent eithef

the 2-component of the electric field (EZ) or the ;-component of the
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-magnetic field (HZ). The former case'is called the soft case and the
latter is called the hard case. The analysis for both cases are véry
similar, therefore only the soft case will be considered here. In this
case, the total field E, can be written as the combination of three
contributions; namely, the incident, the reflected and the diffracted
fields. The incident and reflected fields are also called as thé
geometrical optics (GO) fields. The GO field is given by the following
expressions: |

i

g90 _ Jkocos(o+¢')_ jkecos(e+e')_ Jkyx i
z = e -e =e y a

=0 ; on Sb (A82)

2jsink y ; on St’ S

'since_Ss is in the shadow region of the half-plane. In Equation (A82),

i . i . ’
kx = kcosé and ky = ksing' | (A83a;b)

The transverse fields can be calculated using

3 ~ 3

-3KZ, H = (-y 3x + x 3y) E (A84)

Y4

Therefore, the transverse geometrical optics fields can be obtained

using Equations (A82) and (A83).

o1
. Jkox .

s go _ . 1 X i . ‘
JkZ0 HY Jky e 2coskyy (A85)

. 1

. . jkox .

_ go _ .1 X s 1
JkZo Hy = ka e 251nkyy _ (A86)
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In the physical optics (P0O) approximation, one uses the following
radiation integral to Qet the scattered field using the GO fields on the

illuminated side of the half-plane (Si).

E = Jds' [-jkZ, G, (nxH) + (nxE) x 7 6] (A87)
S .
where
. .
6, = 7 HZ) (KI3-5'1) (e8)

is the free-space Green's function in two-dimensions.
One notes that on St; nxE = 0. Therefore the PO approximation to

scattered field is given by:

PO

EZ =

J ds' [-3kZ, G, (yxH%®)] | (A89)
S 0

t
Using Equations (A85) and (A86) in Equations (A89), one obtains:

E0 = - [ [-3kzy H « 6] dx’ (A90)

z 0

The Green's function Go can also be written as:

-jk y-jk_x -jk x-jk y
i ° e Y X ik y' o e y jk.x!
GO=-7;';jdky“"|zx—"ey --I;Idkx—[;——e
‘ (A91)
where
2 2 _ .2 '
kX + ky =k (A92)
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Substituting Equations (A85) and (A91) into Equations (A90)
changing the order of integration, one obtains:

-3k x-jk y

y I IR
po -1 e j o kax + kax.
E" =357 [dk, —Fk e dx'
z LA § ky Yo
LTk
PO -J
E" =37 | : dk
z k i X
- y kx+kX
Using the transformation
kx=kc05a ky=ksina .
Equation (A94) becomes
eP0 -3 -jkpcos(a-¢) __Sine’
B, = n f e7kecos(a-¢) cosarcos¢’ do
a

where the integration path Cy is shown below:

...w/2

— Rea

2

Figure A5. The integration path Coe

134

and

(A93)

(A94)

(A95a;b)

(A96)



On the other hand, if one integrates the GO fields over Sa and Sb to

get the scattered fie]d, one obtains:

k _ . . .2 4,90 2 .90
E, = [ ds' [-3kZ G, (xxy Hy ) + (xxz EJ7) x VGo] (A97)

z
Sa

since GO field is zero on Sb‘

- Using Equations (A82), (A86) and (A91) in Equationé (A97), one

obtains:
L - 1 Mk )
c j o= -Jkyy-kax 1 1 kyKx
z - Y k! k! Ky
-y Yy Yy Y-
Using the transformations in Equation (A95), one finally obtains:
k J -jkpcos(a- sing'
EZ == 2n Cf e %P (a-9) cosa+cos¢' da (A99)
a

Equations (A96) and (A99) are exactly the same, therefore the Ufimtsev
“edge correction [6] to Equation (A96) can be used without modification

to correct for the aperture integration result of Equation (A99).
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