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Abstract

Three numerical methods, the Finite-Element method, the Method of Moments, and the Mode
Matrching method have been applied to the analysis of open-ended waveguide stuctures. The
objective of the study was to determine an aperture geometry which would minimize the
uncerainty in the non-destructive measurement of material permittivity. Four aperture
geometries were chosen for detailed study: the full aperture of the rectangular waveguide, and
three reduced apertures. The reflection coefficient of the aperture in contact with known
dielectrics was calculated in the frequency range 8.5-11.5 GHz. The theoretical results were

validated by measurements performed on an HP8410 automatic network analyzer.
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Chapter 1:

Introduction

1.1 Motivation

The increasing use of microwaves and millimeter waves in such diverse fields as
communications, radar, space technology, medicine, biology, agriculture and industrial

processes demands accurate data on the dielectric properties of materials.

In the field of medicine, microwaves have found many therapeutic and diagnostic :;pplications.
Microwave induced hyperthermia [1], when used with conventional treatments such as
ctiemotherapy and radiation therapy has increased the success rate of cancer weatments {2].
Microwave thermography [3] is often used in conjunction with hyperthermia in order to monitor
the temperature within the tissues. Knowledge of the dielectric properties of tissues is essential
in the design of the transducers and applicators used in both these methods. Furthermore,
information on the differences between the permittivities of healthy and diseased tissues is

needed in non-invasive diagnostics such as cancer detection [4].

Dielectric spectroscopy has also proven useful in the study of biochemical and biophysical
processes (3], Forexample, the dielectric relaxation of molecules provides information on their
physical structure. In biology, changes in the permeability of artificial bilayer membranes

(Liposomes) may be detected via permittivity measurements [6].



Microwaves are used in the field of agriculture for the drying of grain as well as for monitoring
their moisture content {7]. These processes depend upon the dielectric properties of the grain
as well as those of water. In industrial applications, microwaves have been used for on-line

monitoring of moisture content as well as for dielectric and induction heating processes.

Microwave dosimetry requires information on the permittivity of human tissues and organs in

order to assess possibie health hazards associated with exposure to electromagnetic fields [8].

All of these methods require a non-destructive method for measuring permittivities. In many
cases, such as in-vivo measurements, it is not possible to cut samples iicm the bulk. Coaxial
line probes [9] have satisfied these requirements at lower frequencies, however, they are not
suitable at the higher frequencies for which dielectric data is lacking. For this reason, a suitable

sensor for dielectric measurements atlow centimeter and millimeter wave frequencies is needed.

1.2 Objective

The objective of this work is to develop a sensor suitable for the non-destructive measurement
of the permittivity of biological materials at low centimeter and millimeter wave frequencies.
The proposed method uses a modified open-ended waveguide as a probe. The probe is placed
in contact with the material under test, and the ihput reflection coefficient is measured. The

permittivity of the material is then calculated from the measured quantity.

Several potential advantages of this technique over existing methods are:
1)No machining of the sample is required as is the case with infinite sample methods.

2)The sensor offers a relatively wide bandwidth as compared to resonant techniques.



3)The structure is compatible with standard measuring equipment. Network analyzers and
calibration standards are available which enable fast and accurate measurement of the
reflection coefficient.

4)Single-mode measurements are possible at much higher frequencies than with coaxial line
probes.

The method, however, is not without difficulties. In the case of waveguides, one cannot make
the static approximations used in the field analysis of TEM structures such as coaxial lines [10].
This results in complex field problems which must be solved in order to determine the
relationship between the reflection coefficient and the material properties. Furthermore, in
practice one is interested in the inverse problem. Given the value of the measured reflection,
the objective is to determine the permittivity. Analytical solutions rarely exist for these inverse

problems, and even if they do, uniqueness is always questionable.

Finally, it is apparent from previous studies [11], that the open-ended guide produces large
uncertainties when measuring materials having 2 high dielectric constant (see Fig. 1.2). Itis
postulated that this difficulty may be overcome by modifying the aperture geomerry. By
terminating the guide in a capacitive iris, the radiation from the guide can be reduced.
Simultaneously, the electrical energy storage in the vicinity of the aperture is increased. By
analogy with the work done on the modified open-ended coaxial line probes [12], an optimum

capacitance should exist which reduces the uncertainties [13].

In this thesis, the field analysis related to the determination of this optimum capacitance is

presented. Three numerical methods are applied to solve this problem.

As for the inversion of the problem, several methods have been suggested by other investigators.

Among these methods are: graphical interpolation from computed values [ 14], polynomial fittin g



to computed values [11], and computer optimization loops [14]. Ideally however, an equivalent
circuit whose elements are expressed explicitly in terms of the permittivity would allow

- analytical inversion of the solution.

1.3 Equivalent Circuit[lS]

The input impedance of the modified open-ended guide depends on two factors:

1) the amount of energy radiated into the half-space, and

2) the energy storage in the vicinity of the aperture.
These two effects are best represented by an equivalent circuit consisting of shum elements
connected across the waveguide in the plane of the aperture. This equivalent circuit is shown

in Fig. 1.1.

0

[« ]

Fig. 1.1: Generalized Equivalent of an Open-Ended Waveguide

It should be noted that this equivalent circuit applies only ‘to the dominant mode. When
measurements are made, a reference plane must be chosen far enough from the aperture to ensure
that the evanescent modes are negligible. A convenient choice for this reference plane is a
distance n?\t.,l?. from the aperture. In this plane the reflection coefficient of the propagating mode

is the same as at the aperture itself.



The elements depicted in Fig. 1.1 may be related to physical phenomena as follows: The shunt
conductance G, represents the portion of energy lost due toradiation into the half space. Although
this energy is not actuaily dissipated, it vanishes as far as the waveguide is concerned. Energy
storage in the reactive field in the vicinity of the aperture is modelled by the shunt susceptance
B,. The nature of this susceptance is determined by the evanescent modes required to satisfy
the boundary conditions in the plane of the aperture. Evanescent TE modes store predominantly
magnetic energy and are best represented by a shunt inductance. On the other hand, evanescent
TM modes store predominantly electric energy and, hence, contribute a shunt capacitance 1o
the equivalent circuit. The continuity of the tangential fields across the aperture leads one to

believe that the same type of energy is stored in the region z > 0.

When the dielectric filling the haif-space is lossy, two more elements are required in the
equivalent circuit. Power dissipated in the near field due to dielectric losses appears as a shunt
conductance G,, while radiation into a lossy dielectric produces an inductive susceptance B,

[15].

All four elements of the equivalent circuit depend upon the near field distribution. Hence, these
clements are functions of the geometry of the aperture as well as the properties of the material.
This makes it virtually impossible to write explicit expressions for the individual elements.
Once the aperture geometry is chosen, however, suitable approximations might be possible
which would allow one to write expressions for the elements, in terms of the permittivity and
some other unknown parameters. These parameters may then be determined by curve firting

to the results obtained from the field analysis.



1.4 Present State of Knowledge

A large number of papers have been published describing various studies of open-ended guides. -
Earlier works [16] considered only the far field radiation patterns in free space. In these studies,
the aperture field distribution was assurned to be that of the TE,,mode. The reflection coefficient
inside the guide was not calculated. Lewin [17] was the first to consider the in.tcrnal problem.
He derived a stationary expression for the input admittance of a rectangular guide radiating into

air. However, the higher order modes were neglected.

One of the methods used in the present study is based on the work of Mautz and Harrington
[18]. Anintegral equation, in terms of an equivalent magnetic current on the aperture, is derived
and solved by the method of moments. This analysis considers higher order modes and yields
the input admittance, the reflection coefficient, the tangential electric field in the aperture and

the radiation pattern.

Cross polarization in rectangular apertures was considered by Jamieson and Rozzi [19], while

an exact solution by the correlation matrix method was proposed by MacPhie and Zaghloul

[20].

In all these papers, the guide has been radiating into free space. When a dielectric is placed in
contact with the aperture the input admittance and radiation pattern change. Compton [21] was
the first to analyze this problem. Considering the aperture field to be composed of the TE,; and
TE,, modes, he obtained input admittance values for the case of an infinite lossy medium and

a finite lossy slab.

The advent of space-borne antennas stimulated much more work in this area. When a space

vehicle re-enters the earths atmosphere, a layer of charged particles forms over the antennas.



Among those who studied this problem are: Villeneuve [22], who used a variational method
to analyze the problem of radiation into = homogeneous, lossless plasma; Galejs [23], who
solved the more complex problem involving a stratified, lossy plasma; and Croswell [24], who

applied the method of Compton [21] to the case of an inhomogeneous, lossy plasma.

More recently, the model used by Galejs [23] has been applied in the analysis of radiation into
lossy dielectrics [25,26]. In this method, which is described in more detail in Chapter 3, the
half-space is replaced by an imaginary waveguide whose cross-sectional dimensions are very
large. When the dielectric is lossy and the dimensions of the second guide are chosen large

enough, this waveguide discontinuity problem adequately simulates the unbounded problem.

The first application of open-ended guides to permittivity measurements was proposed by
Decretoner. al.[14]. The inputreflection coefficient of the guide as a function of the permittivity
of the sample was calculated using a variational approach. Computer generated charts relating
the VSWR and phase shift to the complex permittivity were presented allowing graphical
inversion of the problem. In addition, a computer program was suggested, which used an
optimization algorithm to invert the problem. This analysis, however, was restricted to relatively

low dielectric constants. (£ < 15,e”<10)

More extensive data was presented in [11]. The method of characteristic modes was used and
a polar plot (Smith Chart) was presented showing the complex reflection coefficient in X-band
waveguide at 10 GHz, with the dielectric constant and loss factor as parameters. From this plot,
which is reproduced in Fig. 1.2, it is evident that large uncertainties in the measurement of

permittivity exist for materials having high dielectric constants.



None of the above publications considered the modified aperture problem. Although the method
usedin [18]is quite general with respect to the aperture geometry, it was used to analyse radiation

into free-space only.

Inconclusion, it has been demonstrated that the open-ended guide has the potential of providing
a fast and accurate means of making non-destructive permittivity measurements. The structure,
however, exhibits large uncertainties for materials having high dielectric constants. Until now.

no attempt has been made to reduce these uncertainties.

re Tt e,
.

Fig. 1.2: Reflection Coefficient in Open Guide at 10 GHz



Chapter 2:
Application of the Finite Element Method

to Open-Ended Waveguide Problems

2.1 Introduction

This chapter presents a novel approach to determining the input reflection coefficient of a
modified open-ended waveguide structure in contact with a lossy dielectric. The structure
consists of a rectangular waveguide, assumed to extend from z = —c to z = d, terminated in the
plane z =d by a metal screen containing one or more apertures. The half space z > d is filled
with a homogeneous, lossy dielectric. The guide is excited by the dominant TE,, mode and the

frequency of operation is low enough to ensure mono-mode operation of the guide.

An elecromagnetic boundary value problem is formulated in terms of the magnetic Hertzian
potential. Although the problemis theoretically unbounded, an approximate boundary condition
is imposed on the aperture. It has been shown [27,28] that the exact electromagnetic boundary
conditions at the surface of a lossy dielectric may be approximated by the Leontovich condition
[29]. This condition relates the tangential components of the electric and magnetic fields at the
dielectric interface through a surface impedance which is a function of the elecromagnetic

properties of the material.

The boundary condition at z =0 is obtained by assuming the field distribution in this plane to

be a sum of the incident and reflected waves of the TE,,mode. This assumption is justified by
chosing the distance d large enough to ensure that the evanescent higher order modes excited

at the aperture have decayed to amplitudes small enough to be neglected.



The Finite Element Method ( FEM ) is then used to reduce this boundary value problem to a
system of linear algebraic equations. The interior of the waveguide, 0 <z €d, is subdivided
into rectangular "brick" elemeats having 27 nodes. The potential in each element is written in
terms of the 27 node potentials via 2nd order Lagrangian interpolatory functions. Galerkin's
method of weighted residuals is then used to find an approximate solution in each region, taking
care that this solution is continuous across inter-element boundaries. The resulting solution is
the union of the solutions for each sub-region. Once the magnetic Hertzian potential is

determined, the input reflection coefficient may be calculated from the potentials atz =0.

10



2.2 Geometry and Assumptions

The geometry of the problem is shown in Fig. 2.1. An air-filled rectangular waveguide of cross
sectional dimensions a X b extends from z =— to z =d. The guide is terminated in the plane
z =d by a conducting screen which contains one or more apertures. The half space z >d is
filled with a homogeneous, linear, isotropic, dielectric having arelative permittivity €, = ¢’ — j&”.
The volume contained by the waveguide walls and the planes z = 0 and z = d is denoted R while
the boundary of this region is denoted S. The following assumptions have been made:

1) The incident wave is in the dominant TE,, mode

2) The frequency of operation is low enough and the distance d is large enough to ensure
mono-mode operation at z=0

3) All metal is perfectly conducting.
4) The dielectric fills the entire half-space z>d

5) The dielectric has a large relative permittivity. (i.e. [€,] > 1)

6) Cross polarization is negligible. (i.e. E,=0)

Fig. 2.1: Geomerry used in the Finite-Element Analysis

11 N



2.3 Mathematical Formulation

2.3.1 The Differential Equation

In the region R, where the TE,, mode is assumned incident, the discontinuity caused by the

aperture and the change in dielectric produces a reflected TE,, as well as evanescent higher
order modes. Neglecting cross polarization, these modes will be of the LSE_, ( TE* ) mode
set, having no E, component. For this reason, the problem is conveniently formulated in

terms of an x-directed magnetic Hertzian potential of the form:
0, =y(x,y,2)% @1
All components of the fields may be derived from E according to the following equations.

E=VxII 22)

H=L{v.T +&T) (2.3)

I
R
In order to satisfy Maxwell’s equations inside the guide, the magnetic Hertzian potential

must be a solution of the vector Helmheltz equation. In particular, for the potential defined

by equation (2.1), W must be a solution of,

Viy+kiy=0 (2.4)

12



23.2 Boundary Conditions

Imposing the condition of zero tangential electric field on the metallic walls of the waveguide,

leads to the following boundary conditions in terms of v,

H{:'O @x=0, x=a (2.5)
% @y=0, y=b (2.6)

where 7 denotes an outward-directed normal vector to S.

The sending end boundary condition ( z = 0 ) is obtained by neglecting the higher order
modes. Therefore, the potential at this point will be composed of the incident TE,, mode

and a reflected TE, mode. In terms of v,
1 ™
=—{1-T }sin— 2.
¥5,0 =7 {1-L} sin @7)

Here, £, is the z-component of the dominant mode propagation constant and T, is the
unknown reflection coefficient of this mode. Similarly, expanding (2.2) under the

assumption that only the dominant mode is non-zero, yields,

— . rcx_al (2.8)
Ey(x)yso) __{1 +£l} Sm?_ az

=
Combining (2.8) and (2.7), one obtains the following inhomogeneous Cauchy boundary
condition, ‘
o)
oy =fk;y(x,y.0)—2sin% @9

an ..,

13



For the other boundary, at z = d, the Leontovich condition [27], may be written as,
E,=—nH, (2.10)

with the "surface impedance” 1| being defined as,

= [ B 2.11
n \/% @.11)

In terms of Wy, (2.10) may be written as,

o jn

The boundary at z = d is in fact a composite boundary, made up of a perfectly conducting
part ( metal screen ) and a dielectric part ( apertures ). It can be seen from (2.11) that for
the meral regions N~ 0 and , hence , (2.12) goes smoothly over to the homogeneous

Neumann boundary one would expect at the surface of a perfect conductor.

2.3.3 The Finite Element Method

The finite element method used is based on Galerkin's method of weighted residuals [30].
The region R is subdivided into rectangular brick elements similar to the one shown in Fig.
2.2. Each element has 27 nodes and encloses a volume R,. The surface of this generic brick
is denoted S,. The potential everywhere in the region R, and on the surface §, is expressed

in terms of the 27 node potentials, ¢,,, via 2nd order Lagrangian interpolatory functions.

Zi .
v, =3I N0, (2.13)

iml

14
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Fig. 2.2: A Typical 27 Node Brick Element
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The interpolatory functions, also cailed shape functions, are defined as follows,

_ {L,(x)L..cy)L.(z) (x,y,2)€ Ry
Ny =

2.14
0 (x,y,2)& R, @14
where the Lagrange polynomials are given by
3 I —xk
= 2.15
Lx) al;lx{x,—x,} (2.15)
k=l
3)1Y=N
L.(y)= { } 2.16
(y) *l:[l Y= ( )
kxm
L _ﬁ{z—z,,} 2.17)
‘(z)_k-l 2,—2Z; 2.
k=a

The mapping of the 1, m, n indices to the local node index i is summarized in Table 2.1.

Table 2.1: Mapping of Coordinate Indices to Local Node Index

Local Node Index Coordinate Indices

sselth | pjw|tl—
G Jeen] DO | = WK | r— 3 —
r
G Jass ] ] ] =

W oot ot | me ] = ] = ||

N
~J
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It is more convenient at this point to express equation (2.13) in the matrix form,

y,=N,0, (2.18)
where the bar denotes a row vector and the T denotes matrix transposition. In this notation,
the potential everywhere in the region R is,

(2.19)

The finite element discretization is now complete and one may apply the method of weighted
residuals to determine the node potentials, ¢, , such that i!-is an approximate solution to the
boundary value problem at hand.
Substituting (2.19) into (2.4) yields,
Vy+ky=58x,y,2) (2.20)

The term § in (2.20) is referred to as the residual. Clearly, at the solution point the residual
must vanishand Q must satisfy the boundary conditions on S. One can obtain an approximate
solution in the following manner.
Define weighting functions,

W.=N, r=1,2,3,...,NB (2.21)

where NB represents the number of bricks.
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Next, pre-multiply (2.20) by the weighting functions and integrate over the region R.
NB

% N (VZR", E +k2N, E) dR =0 (2.22)

r=] b=l
R

In (2.22) the residual has been forced to zero. The orthogonality of the shape functions and
the linearity of the integration may be exploited to reduce (2.22) to,

NB - —
2z f N;V'N, 0, +k3N,N,§,dR =0 (2.23)
Ry

Finally, the boundary conditions may be included by applying Green’s identity to the first
term of (2.23).

oN, — — g o
R,

b=l 3,
where 7 is the outward directed normal to S;.

At the inter-element boundaries, the tangential components of the electric field must be

continuous. This condition places the following constraint on the potential at the boundary

between elements i and j,

N W o
an; _on,

Hence, the contribution of the surface integral on the inter-element boundaries will sum o0
zero, and one needs only to consider those surfaces S, which lie on the external surface S.
Furthermore, homogeneous Neumann boundaries give no contribution while Dirichlet

boundaries are forced. This leaves only the boundaries at z = 0 and on the aperture(s).

18



For bricks having a face in the z = 0 plane, one obains the following contribution,

oN,
fﬁ{a""ds ZJ.Nbsm-—dS—_,-k J.NN 9,dS (2.25)
:-0 10 =0
Where use has been made of (2.9).

Similarly, applying the boundary condition on the aperture, one obtains,

N3N, 0.dS (2.26)

Substitution of (2.26) and (2.25) into (2.24) yields the final form of the Galerkin integral,

NB —T —
1 VN, + VN, b,dR - koJ-N,N,,qab

R,
. - JTI
+ik [ WIN,Tds fNa 28, + KN, N, 845)
St-ﬂ
NB
=23 N:sinl;ids (2.27)
s

Equation (2.27) can be written in the matrix notation as,

[A] - [¢]1=[a] 2.28)

This last equation may be solved by standard methods, yielding the node potentials of the

finite element mesh,

[0] =[A] - [&] (2.29)
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23.4 Calculation of T,

The final step in the analysis is the determination of the dominant mode reflection coefficient,
This quantity is easily calculated from the node potentals in the plane z =0. In this plane
the magnetic Hertzian potential is related to the reflection coefficient by equation (2.7).
Solving this equation for I"; we obtain,

Jkdl .

Ci=l-——p (2.30)
sm-;

where any node potential in the plane z =0 may be used. However, due to the various
approximations involved as well as round-off error, the value of I', calculaied according to

(2.30) depends on the choice of node. For this reason, an average I, is calculated.

po Ll Jkg, .
L= S (231)

Where NN is the number of nodes in the plane z = 0. ( nodes at x = 0,4 excluded )

Finally, by chosing the reference plane z = Oa distance nA,/2 from the aperture, the reflection

coefficient calculated by (2.31) is the same as at the aperture itself.
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2.4 Description of the Computer Program

A three dimensional Finite-element program has been developed based on the theory presented
in this chapter. The program has been written specifically for apertures which possess axial
symmetry. This allows one to place magnetic walls at x=a/2 and y=b/2, hence, reducing the
region to be discretized four-fold. A FORTRAN listing of the program may be found in
Appendix B.

The program may be divided into three major sections: the mesh generation, the assembly of
the finite-element matrices, and the solution of the system of equations. The mesh generation
routine, GRID, is an interactive subprogram which prompts for the information necessary to
define the problem geometry. Based on this input data, the finite-element mesh is automatically
generated. A uniform grid in the z-direction and piecewise uniform grids in the x- and
y-directions are used in the discretization. Following this initialization, the finite-element
matrices are assembled and the resulting system of equations is solved, using Gaussian

elimination, by the LINPACK [31] subroutine ZGECO.

The program outputs are the nodal potentials and the corresponding nodal coordinates as well

as the computed reflection coefficient in the plane 2=0.
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2.5 Convergence of the Method

Because the Helmholtz operator is not self-adjoint, convergence of the finite-element method
is not guaranteed [32]. For this reason, a convergence study was performed. The mesh was
successively refined and the behavior of the computed reflection coefficient was observed. The

results of this study showed:

1) Increasing the number of grid lines in the y-direction beyond 5 had no effect on the
computed reflection coefficient.

2) Refinement of the mesh in the x- and z-directions lead to convergence.
3) Convergence was dominated by the number of grid lines in the x-direction

Therefore, one concludes that the total number of nodes (unknowns) is not as critical for

convergence as the placement of the nodes.
Figures 2.3 and 2.4 show the convergence of | I'| at 10 GHz for two representative cases:

transmission through the full aperture (10.16 x 22.86 mm) into water, and transmission through
a2 mm aperture (2 x 22.86 mm ) into water. There are four curves per plot, each corresponding
to a fixed number of grid lines in the x-direction. In all cases five grid lines were used in the

y-direction and the number of z-grid lines varied from 7 to 15.
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Chapter 3:
Application of the Mode Matching Method
to Open-Ended Waveguide Problems

3.1 Introduction

This chapter describes another numerical method which has been successfully applied to solve
open-ended waveguide problems, namely, the mode matching method. Several investigators
[25,26] have shown that, when the dielectric in contact with the open end of a waveguide is
lossy, the half-space region may be modeled by an oversized waveguide. If the cross sectional
dimensions of this second guide are chosen large enough and the dielectric is sufficiently lossy,
the presence of the metal walls of the second guide have a negligible effect on the dominant
mode reflection coefficient in the smallerinput guide. Using the well known technique of mode
matching to solve this discontinuity problem one can obtain the reflection coefficient of the
modified open-ended waveguide. This present case differs from those in [25,26] in that the

aperture at the junction between the two guides is modified.

3.2 Geometry and Assumptions

The geometry of the problem is shown in Fig. 3.1. The input guide and the output guide have
dimensions a; X b, and a, x b, respectively and are coaxial. The junction is located at z = 0 and
a metal screen containing a rectangular aperwre is placed in this plane. The input guide is air
t'iiled and the output guide isfilled with a homogeneous, linear, isotropic, non-magnetic dielectric

whose relative permittivity is £, =&’ - jg”



The following simplifying assumptions have been made:

(1) All mezal is considered perfectly conducting.

(2) The iris is considered to have zero thickness.

(3) The incident field in the input guide is the dominant TE,, mode.

(4) The frequency is low enough to ensure mono-mode propagation in the input guide.
(5) The output guide is matched.,

(6) Cross polarization is negligible.

(7) The edges of the apermre are parallel to the walls of the waveguide.

(8) The dielectric is lossy.

dq

Fig. 3.1: Geometry used in Mode Matching
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3.3 Mathematical Development

3.3.1 The Mo'e Matching Method

The stucture of Fig. 3.1 may be divided into three regions as shown in Fig. 3.2. These

regions are:
Region 1: input guide (or guide 1) z<0
Region 2:  aperture (guide 2) z=0
Region 3: output guide (guide 3) z>0
y
4
x
ald
ait !
b, Region 1 PagionzI b, Region 3 b,
+
ap
X 5

Fig. 3.2: The Three Regions used for Mode Matching
The transverse components, (x and y), of the electric and magnetic fields in each region are
expanded in a series of waveguide modes (eigenmodes). The transverse fields of each mode
may be written as:

(x9)

E.x,y,2)=Ae(x,y)e (3.1)

E,.-(x,y.z)=¥AE;(x,y)e(*’"] (3.2)

Where ¢, h; and v, are the transverse vector functions and propagation constant of the ith

eigenmode, respectively, and A is a complex amplitude factor. In equation (3.2) the negative

sign is chosen for waves propagating in the negative z direction and the positive sign is
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chosen for waves propagating in the positive z direction. In addition, for any closed guiding
structure with perfectly conducting walls, the transverse mode functions have the following

orthogonality property [33],
fg,.xz,.-?dmo if inj (3.3)
A

Where the integration is performed over the waveguide cross section.

Using this notation, the total transverse fields in region 1, written for z = 0, are:

E,’= 3 (a+aMe, (3.4)
Pp=

H'= 3 (af)-a})E,’ 3:5)
,P-

where g is the amplitude coefficient for the mth nzode incident on the aperture in guide
1 and

a®) is the amplitude coefficient for the mth mode propagating away from the
aperture in guide 1.
Similarly, the transverse fields in region 3, for z =0 are:

E)= 3 @+ae; (3.6)
q=

A= 5 (a8-aDE? o)
q =

where g_‘,?} is the amplitude coefficient for the nth mode incident on the aperture in guide
3and

a) is the amplitude coefficient for the nth mode propagating away from the
aperture in guide 3.
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Finally, in order to apply mode matching, it is necessary to express the fields in the aperture
as a series of vector functions. The transverse fields of the eigenmodes for a homogeneous
waveguide with the same cross sectional dimensions of the aperture may be used for this

purpose. Denoting these eigenmodes by e ,,m and h f) one may write,

E’=3b.e” (3.8)
H'=3 ¢k (39)

It should be noted that, although (3.8) and (3.9) are derived from waveguide modes they are
notrelated through a wave impedance. This fact allows a more general solution to Maxwell’s
equations in the aperture region. For example, the longitudinal component of the electric
field need not vanish at the edges of the aperture as would be the case for a true waveguide

mode,

Now, the tangential components of the fields must be continuous at the aperture. Therefore,

equations (3.4) to (3.9) may be used to obtain:

E(a“’+a(")e 5-51 b.e? (3.10)
3':‘ 2(a°’+a"-")e 3.11)
3 (@f-aDEy= 5 e B (3.12)
..%9-5?:.,@,‘ a®-aE® (3.13)



If one post multiplies equation (3.10) by E:), where P is any positive integer, and integrates

over the aperture area, A,, one obtains:

u=ml

z(aﬂ)+a°’)fe B -7ds= 3 b, [ ePxEV.Fds  P=1,2,.... (3.14)
A

However, the total transverse electric field in guide 1 must vanish on the metal screen, and

hence:
z(a‘“+a“’ f?“’xhj!’ Zds =0 (3.15)

for any P. Here the integration over the metal screen is denoted A,.

Using this fact, the integration on the left hand side of (3.14) may be extended to the entire
cross section of guide 1,
Z(am+a“’ J‘e 'xEO-Zds= S b, [eOxEV-Tds  P=1,2,..., (3.16)
u=l" A:
Due to the orthogonality property of the modes, (3.3), all of the terms of the summation
vanish except the term p=P. This simplifies (3.16) so that,

ig, emth zds

uml

1 1
(a() ())_

Ay— v P=12,.,0 (3.17)
f‘“xh}f’- zds .

A
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Finally, the denominator in (3.17) may be set to unity by properly normalizing the mode

funcdons.

Similar manipulations on equations (3.11) to (3.13) yield:

%= b, fe xED-Zds ;3 Q=12,.. (3.18)

cy= z(a‘“ “’)f?ﬁ’xh“’ Tis 3 Us=L12,.. (3.19)

co= 3 (@-a )feuxi"” s i Usll.e  (320)
g=1

In order to solve equations (3.17) to (3.20) for the unknown amplitude coefficients, one must

truncate the series using:

p; modes in input guide. (ie.P,p=12,...,p)
p,modes in aperture. (e U,u=12,...,p)
pamodes in output guide. (te.Q,q=12,...,p3)
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Following truncation, equations (3.17) to (3.20) yield the following systems of equations:

[ () a1 T

a, + a, R, R,
1 (1)

a; * 2, Ry Ry ..

(1) t})
_—'Pl + g-’ﬁ_ \-R 1l

-

R

=1p;

s,

R;.P:P:,_

- -

= |

“‘z
[ T pr ’
af + 4% R Ry R,
@) €)] 4 ’ ’
g, + ap Ra Ry ... R,
- p— 1 2 )
- ” -
3) G) 4 ’ ’
85 * 8| R Ry R o,
where: R’ J.g, XA .Zds
4y
-1 F 7 l,a
[ Sy Se Sip, ayy
1
[ Sa S» S, a) -
— E) [ ]
” .
c m
€nl |Son Sz oo Sep, ] (8,

— —'l —
where: S, = fgf)xg:)-zds

up
4
- " " o ’ .
1 L& §.n §uz §.lp,
r ’ ’
£ Sa 3% S,
- *y -
Ty
c 4 ’ ’
=Pz .'.S.-.pal ﬁp,z wer ép._pl_

[ ™
grl -

)]
a rd -

&, =

where: S’, —J-E'mx;;m zds

A
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=2

]
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(l)
_12

)

-_.'pl_

{3} ]
L)

(3)
...:2

L))
=ipy ]

(3.21)

(3.23)

(3.24)

(3.25)

(3.26)

(3.27)

(3.28)



Using matrix notation, equations (3.21) to (3.27) can be written in 2 more compact format:

(2P +[af1=[R] - (2] (329)
[aP)+[a®1 =[R - [b] (3.30)
[c]1=[S]-(a{1-1$] - [a®] (331)
(=187 - 1aP1 -8 - [a¥) (3.32)

Pre-multiplying (3.29) by [S] and substituting into (3.31) yields:
[e]=2+{8]*[aP}1-[S] - [R] - [&] (3.33)
Similarly, combining (3.30) and (3.32) gives:
[c] =[5+ [RT - [b] -2~ [§] * [aP] (3.34)

Finally, equating (3.33) and (3.34) one obtains a system of equations in terms of the unknown

electric field amplitudes in the aperture and the incident fieid amplitudes.
[SR+SR]+[b]=2-[SaP+5aM (3.35)
According to assumption (5), [a®] =[0], while assumption (2) states that

a)=0 Vp=l

=ip

so that in the case at hand the final system of equations can be simplified to:

[SR+SR]-[b]=2+[S][aM] .(3.36)
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3.3.2 Eigenmodes

Since the incident field in guide 1 ( TE,, ) has no x-component of the electric field, the
discontinuity will excite TE_, and TM_, modes such that the resultant electric field has no
x-component. This set of modes is conveniently represented by the LSE,_, modes. Hence

we will use the LSE modes as basis functions in the input and output guide [33].

In the aperture region another mode set must be used in general, depending on the cross
sectional geometry of the aperture. However, in the present case the aperture is restricted

to having a rectangular cross section, and hence, the LSE modes are suitable here as well.

The transverse mode functions of the LSE modes may be derived by solving the scalar
Helmbholtz equation for the x-directed magnetic Hertzian potential {33]. In a homogeneous
guide, having perfectly conducting walls, these modes satisfy the orthogonality condition

given in equation (3.3). Furthermore, it may be shown that,

[exE. Zas=r, (3.37)

A

Where the integration is performed over the cross section of the guide and Y ; is the z-directed

wave admittance of the ith mode, given by,

(=y-ix

=t 3.38
L= o (3.38)

In equation (3.38), £, is the relative permittivity of the material filling the guide and y, is the

propagation constant of the ith mode.
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Therefore, the normalization required to set the denominator of (3.17)-(3.20) to unity may

be obtained from (3.37) and the condition that,

The resulting normalized mode functions are,

[P
(=Y E-Z—;smk,‘-xcoskﬁy

|

|

Z;

— 2e,7;] | kiky
h,=— ink. . — xsink. .
h; 25| X sin k.xcosk,y +y Jony, T, cosk,x sink,;y

where,
kxi=EiE
a
I
k’l-='b_
Y. = ki"'k:i-ﬁr‘-:
Bl n=0
=12 n,>0

(3.39)

(3.40)

(3.41)

(3.42)

(3.43)

(3.44)

These mode functions are valid in all three regions providing the appropriate dimensions,

transformation of coordinates and permittivity are used.
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3.3.3 Calcuilation of Matrix Elements

The solution of the problem requires the assembly of four matrices. These matrices, [R],

[R’], [S] and [S’] are defined by equations (3.21) through (3.28). Examining these
definitions one realizes that,

[S1=(RY" (3.45)
(ST=[RY (3.46)
where the T denotes matrix transpositon. Hence, it is only necessary to construct the | R]

and [R’] matrices.

Figure 3.3 illustrates the coordinates used in the derivation.

R
j///////////////////j
///////////////////i

Fig. 3.3: Coordinates used in the Calculation of Matrix Elements
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Using the coordinates defined in Fig. 3.3 and the eigenmodes developed in the previous

section, the following expressions are obtained for the matrix elements.

Yu) n¥an
R, =2"\ / —e"—ef-——) f sin{k2(x -2} sin{k{(x —x,)} dx -
albxaabz_}:(z %

ntl

[ costt@ -y costtl-ytey 347

¥
Efle fsm{kﬂ’(x ~ %)} sin{kPx} dx -
a3b3a2b2 Yﬂ)

by
J' cos{k™(y — yp)} cos{k{y} dy (3.48)

»

These integrals have simple analytical solutions and two FORTRAN functions are included

in the computer progam for their evaluation.

37



3.3.4 Calculation of L

Following assembly of the various matrices in (3.36), standard methods may be employed

to solve for the amplitude coefficients of the aperture electric field.
(bl =[SR+SRT"-2-[S]-[a}] (3.49)

Substitution of these coefficients into equation (3.29) yields the amplitude coefficients of

the -z travelling modes in guide 1,

(@™ =[R]-[b]1-[aM (3.50)

from which the dominant mode reflection coefficient may be extracted.

r,=a% (3.50)

3.4 Description of the Computer Program

The theory presented in this chapter has been implemented in FORTRAN and a program listing
is provided in Appendix C. The program is written explicitly for capacitive slots symmetrical
about b/2, but the formulas are valid for any rectangular aperture whose edges are parallel to

the waveguide walls.

The program is interactive and prompts for the frequency of operation, the dimensions of the
input and output guides, the width of the aperture, the relative permittivity of the material filling
the output guide, and the number of modes to consider in each region. The matrix elements are
then evaluated and the resulting system of equations is solved by Gaussian elimination [31].

The program outputs are the modal amplitudes of the electric field in the three regions.

LX ]
(2]



3.5 Convergence of the Method

The mode matching method is potentially unstable due to a phenomenon known as “relative
convergence” [34,35]. Ithas been shown that the numerical solutions may converge to incorrect
values if an improper ratio is chosen between the number of modal terms retained in adjacent
regions. Furthermore, an optimum ratio exists which leads to the fastest convergence. This

ratio may be determined from the physical dimensions of the three regions. [36]

Once the ratio of the number of modes in each region is fixed, the total number of modes is
increased until convergence is witnessed. Table 3.1 and Table 3.2 show the dependence of the
computed reflection coefficient on the number of modes used for two aperture geometries: a
full aperture and a 2 mm slot. In both cases the input and output guides had dimensions 22.86
x 10.16 mm and 22.86 x 10.86 cm, respectively. The frequency of operation was 10 GHz and
the dielectric filling the output guide was water (€, = 60.4— Jj32.3 @ 10 GHz). Due to the

symmetry of the structures, only the LSE,, modes with n even were considered.
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Table 3.1: Convergence of Mode Matching; Full Apertﬁre

Open-ended Guide into Water at 10 GHz
- = — -

I

No. of Modes in No. of Modes in * No. of Mode in Calculated | T'|
Input Guide Aperture Qutput Guide o

5 5 500 8295

10 10 1000 .3288

15 15 1500 8286
20 20 2000 8285
25 25 2500 .8285

30 30 3000 8284

35 35 3500 8284

Table 3.2: Convergence of Mode Matching; 2 mm Aperture
2 mm Aperture into Water at 10 GHz
No. of Modes in No. of Modes in No. of Mode in Calculated | T')
Input Guide Aperture Output Guide

5 1 500 9631

10 2 1000 9610

15 3 1500 9605
20 4 2000 9603
25 5 2500 5602

30 6 3000 9601

35 7 3500 9601




Chapter 4:
Application of the Method of Moments
to Open-Ended Waveguide Problems

4.1 Introduction

This chapter presents the final method employed to solve the open-ended waveguide problem.
The method uses the equivalence principle [37] to divide the problem into two regions. The
internal region consists of the interior of the waveguide, assumed to extend fromz =—eot0z =0,

while the external region consists of the infinite half-space z > 0.

In the internal region, the aperture is modeled by a short circuit on which flows an equivalent
magnetic current E This current is proportional to the actual tangential electric field in the

aperture.

In the external region, the aperture is again replaced by a perfect electric conductor supporting
an equivalent magnetic current —M. This choice of the sign of the magnetic current ensures

that the tangential electric field of the original problem is continuous across the aperture.

Tmposing the condition of continuity of the tangential magnetic field across the aperture leads
to an integral equation, in terms of the unknown magnetic current M, which is solved via

Galerkin’s method.

Finally, once the magnetic current is known, other quantities of interest, such as the incident

mode reflection coefficient, the aperture admittance, and the radiated fields, may be determined.
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4.2 Geometry and Assumptions

The geometry considered here is shown in Fig. 4.1. An air-filled waveguide of cross-sectional
dimensions a x b is terminated in the plane z =0 by a metal screen containing one or more
rectangular apertures. The half spacé 2 >0 is filled with a homogeneous, isotropic, linear,
non-magnetic dielectric having a relative permittivity given by & =¢'— je”. In addition, the

following assumptions have been made:

1) The incident waveguide mode is the dominant TE,,.

2) Cross polarization is negligible.

3) The metal flange is large enough to be considered infinite in the transverse direction.
4) The edges of the aperture(s) are parallel to the walls of the waveguide.

5) All metal is perfectly conducting.

>‘<
>

%7////)!2%

Fig. 4.1: Geometry used in the Method of Moments



4.3 Mathematical Development

4.3.1 The Operator Equation

The equivalence principle [37] is used to divide the problem into two equivalent problems
as shown in Fig. 4.2. In the waveguide region, denoted R,, the aperture is modeled by a

short circuit on which flows the equivalent magnetic current,
M,=7,xE, @1

where 7, is the outward directed normal to R, , and E. is the actual electric field in the

aperture at z =07,
Similarly, in region 2 (R,:z > 0), the aperture is replaced by a perfect electric conductor

supporting an equivalent magnetic current,

= 71.2 X E: (4-2)

S|

where 1, is the outward directed normal to R,, and -_E: is the acrual electric field in the

aperture at z = (",
The continuity of the tangential component of the electric field across the aperture requires,

—

=M,=-M, 4.3)

I

The remaining boundary condition to be applied is the continuity of the tan gential component

of the magnetic field, E,, across the aperture,
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Fig. 4.2: Equivalent Magnetic Currents used in Mathematical Derivation



The tangential magnetic field at z =0 may be expressed in terms of E as,
H,=H,+H,(M,) @.4)
where E: is the tangential magnetic field due to the incident waveguide mode and E,’ (E,)

is the tangential magnetic field due to the magnetic current E:- Both of these fields are

computed with the aperture covered by the perfect electric conductor.

Inregion 2, the magnetic field is produced by the magnetic current Ez. In operator notation,

H =H(M,) 4.5)

This field is also computed in the presence of the perfect electric conductor and, hence,

image theory may be applied.

Finally, imposing the continuity condition, yields,
-H,(M)-H(M)=H, 4.56)
In writing (4.6) use has been made of (4.3) and the linearity of the E operator.

Equation (4.6), which is in fact an integro-differential equation in E, is solved using the

method of moments.
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4.3.2 Galerkin’s Method

Following the general method of moments, the unknown magnetic current is expressed in

terms of a set of expansion functions, -A_d'j,
— N
M=3 K_; j .7)

where the V; are unknown amplitude coefficients and N is the total number of expansion

functions used to approximate the magnetic current.

Substituting (4.7) into (4.6) and exploiting the linearity of the E, operators leads to,

N — N g —
- SVH(M)- X V,H,(M)=H, (48)

Next, define the symmerric product,

!

(4,B)= IE- ds 4.9)
Apert.

and choose as weighting functions the set of expansion functions (Galerkin’s method),

—

W.=M, i=1,2,3,..,N

Finally, taking the symmetric product of (4.8) with each of the weighting functions, one

obtains the following set of equations,

— w— ) — N — A"} S — —-"
- 3 V(0 BH)) - EVAMLEM))=(,H)  i=1,23,...8 4.10)
= .

i=t



Equation (4.10) may be cast in matrix notation as,
[Y'+Y’] - [V]=[1]
Comparing (4.11) and (4.10), one identifies the following terms:
The generalized aperture admittance matrix seen from the waveguide side,

l—_ — —:'I —_ i-_—l,z,---:N
Yi=—(M,H, (M) {,’:1,2,...,N

The generalized aperture admittance matrix seen from the half-space region,

Y3 =—(M, Ho(M))) {f.: N
The source vector,
L;=(M,H,) i=12,...,N
and the coefficient vector,
v; Jj=12,..,N

The solution of (4.11) for the coefficients V; gives E according to (4.7).

47

@.11)

4.12)

(4.13)

(4.14)



4.3.3 The Expansion functions

For this particular study the method of subsectional bases is used. The aperture is divided
into rectangular subareas of length 2Ax; in the x direction and length Ay, in the y direction.
On each subsection, the magnetic current is approximated by "tent" functions, composed of
triangles in the direction of current flow and pulses in the direction perpendicular to the
current flow. Furthermore, following assumptions (1) and (2) there is no y-component of

the magnetic current. This leads to the following definition of the expansion functions:
M;=XT(x)Py) j=12,...N (4.15)

where the T;(x) are triangle functions given by,

'x —xj_l
A, X1 SX SX; '

T{x)=1%;.1—X 4.16

J(x) szj x; <x ijﬂ ( )

where A =X, =%, =X —X; 4.17)

and the P;(y) are pulse functions given by,
1 Yia1SY Sy,

P.(y)= ! ! 4.18

i0) {0 elsewhere (4.18)

where Ay, =Yy;,— Y- 4.19)
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A typical subsection is shown in Fig. 4.3 with the various coordinates defined. This choice
of expansion functions leads to 2 piecewise linear approximation to the x-variation of the

magnetic current and a step approximation to the y-variation of the magnetic current.

Fig. 4.3: A Typical Expansion Function
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4.3.4 Calculation of [Y'] and {I]

The total transverse field { x-, and y-components) inside the guide may be written in terms

of ransverse mode functions as,

—

i (LN .
gt"'.e_le +i§l£‘*.e_ke

Here the Y, represent the modal propagation constants defined by,

ke 1—(’}‘) f>5

2k
I-Z
k, 1-(ﬂj F<f

(4.20)

4.21)

where k, is the free space wave number, f is the frequency of operation, and &, and , are

the cutoff wavenumber and the cutoff frequency of the kth mode, respectively. Similarly,

T', is the complex amplitude coefficient of the -z travelling component of the kth mode. In

particular, the index 1 refers to the incident mode, assumed to be the dominant mode with

unit amplitude.
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Due to assumptions (1) and (2), there is no x-component of the electric field present inside
the guide. For this reason a suitable mode set is the LSE,_, ( TE* ) mode set, for which the

transverse mode functions are [33],

e,=y —sin-—a——-cos—- (4.23)

_ ,28,._. .. mnx__ nmy | mnw mnx . nty
==\ 75 xY,sin 5 Cos oty JoHsaby, cos— =sin— (4.24)

The various quantities appearing in these two equations are:

(=]

The z-directed wave admittance,

=2 (4.25)
jongy,

=k

and the Neumann factor,

1 n=0
= 2
& {2 n>0 (4.26)

These mode functions are orthogonal [33] and have been normalized such that,

fE,-E.ds={1 nem 4.27)
/ 0 n#tm
guide

Where the integration is performed over the cross section of the waveguide.
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The transverse fields due to the magnetic current ﬁ,- are similar to (4.20) and (4.21), except

that the incident mode is not present. Hence, this field is,

vhere the A ; are the modal amplitudes.

Now, at z=0), equation (4.1) must hold. Therefore,

M= 3 Ay (TxE,)

Taking the symmetric product of (4.30) with (Z x &) yields,

[ ¥, Gxenas= T a, [ Gxe-Gxenas
e U e

(4.28)

(4.29)

(4.30)

(4.31)

where the integration is performed over the cross section of the guide. However, due to the

orthogonality of the mode functions, (4.27), all the terms of (4.31) vanish except for the

term I=k from which:

Ap= I A_J.j ' (;lez)ds
Apert,

(4.32)

Note that the integration over the guide cross section is replaced by an integration over the

aperture, since M ; is non-zero only on the aperture.
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Substitution of (4.29) into (4.12) gives

=54, [ Las @33
Apart.

In this last equation, only the x-component of L contributes to the integration. Furthermore,
inspection of (4.23) and (4.24) reveals the following relationship,

x-

I

=Y, X (Zxe,) (4.34)

Hence, (4.33) may be recast in terms of _g.t as,

Yy=2aux, [ M. (@xz,)as (4.35)
Apers.

Finally, the integration in (4.35) may be replaced by (4.32) to yield the more compact form,

Yy=3 4,Y,4, (436)
=]l
For computational purposes the series in (4.36) is truncated to NM modes.

Next the source vector, []] is evaluated. The incident magnetic field is given by the first

term of (4.21). When the aperture is covered by the electric conductor the guide is short
circuited. According to image theory, the tangential magnetic field at z=0 is just twice the

incident wave. i.e.

H.=2k, . (4.37)
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Using (4.37) in (4.14) leads to the following expression for the source vector

I,=2 J' M, T ds (4.38)
Apert.

The same considerations used to arTive at (4.36) may be used to rewrite this equation isn

terms of e, as,
1;=2Y, J. A_'I.i'(;le)ds
Apers. '

=2Y,A, (4.39)

54



4.3.5 Calculation of [Y?]

From (4.13),

(Mlﬁ (M ))
where E,z is the magnetic field at z=0" due to the magnetic current A_J.,- flowing in front of
the conductor. Applying image theory,
H (M) =~j@F(2M,) - Vy(2M)) (4.40)
where E is the electric vector potential and y is the magnetic scalar potential.

These quantities may be computed from the following potential integrals:

i e-JJr-"'l
F(..M) 2F(M) 2—-— 7 _.,I —ds’ (4.41)
9 -J.Jr-"l ,
H{(ZM )= ZE(M )=2— J- m; 77 ———=;-ds (4.42}

where §=e°.§, is the complex permittivity of the material filling the half space, & is the
complex wavenumber in this material, |7 —7’| is the distance between the source point
(primed coordinates) and the field point (ur.primed coordinates) and m i is the magnetic

charge density.

The equivalent magnetic charge density is refated to the magnetic current density through

the equation of continuity,

——

V. -
" e . e

L
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Substitution of (4.40) into (4.13) gives,
V=2 [ W,-(jeE,+ Yy )as
Apert,
=2j® J M,-F,ds+2 f M;-Vy ds (4.4)
Apart. Apert.

The second integral in (4.44) may be simplified as follows. A vector identity and the

divergence theorem are used to write,
f M;-Vyds= f_xy_jﬁ,.-i‘dz- f y.V-Mds (4.45)
Apart, c Apers.

where the contour C corresponds to the perimeter of the aperture. Under assumption (4)

[p. 43 ] this line integral vanishes, since

M,-n=0 on C (4.46)

_}:fj=2jc|) J.(Hgﬁj "“Vjﬂ;)ds (4.47)

The mathematical details for the evaluation of (4.47) are given in Appendix A.

The total aperture admittance matrix may now be assembled according to (4.11) and the

resulting system solved for the unknown coeficients.
[(VI=[¢'+¥"- (1) . (4.48)

Once these coefficients are found, E is obtained from equation (4.7).
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4.3.6 Calculation of _1'_‘l

The quantity of prime interest in this study is the dominant mode reflection coefficient, T.

Combining equations (4.20) and (4.1) allows one to write,

- M -
=zxe,+ X T, (zxe,) (4.49)

Multiply this equation by (?xz,) and integrate over the guide cross section. Due to the

orthogonality relationship (4.27) all the terms in the sumsmation vanish except the term 1=k,

for which
— . - 1+£| k=
[H-@Exeas={ [~ 57 (4.50)
puide -k
Next, substitute equation (4.7) into (4.50) to obtain,
N - . = 1+L, - g =y
EIL-MM,--(Z xedds=) 4.51)

Finally, (4.32) may be used to replace the integral in (4.51) yielding the expression used to

calculate the reflection coefficients.

A= - (4.52)
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4.4 Description of the Computer Program

A FORTRAN program developed to analyze the modified open-ended waveguide structure via
the method of moments is included in Appendix D. The program is interactive and may be
divided into four major sections: initialization, discretization, matrix assembly, and solution of

the system of equations.

In the first section, the various parameters defining the problem are initialized. These include

the frequency of operation, the permittivity of the haif-space, the dimensions of the guide, and

the nurnber of waveguide modes to consider.

The discretization of the aperture is performed by the subroutine GRID. The aperture geometry
is defined interactively in terms of rectangular sub-patches and the number of expansion
functions desired is entered. This approach is very versatile, allowing one to analyze a large
class of aperture geometries. Any aperture which is composed of rectangular sub-patches, such

as L-shaped, T-shaped, etc., can be treated. Multiple apertures are also possible.

The matrix assembly is performed by the subroutines YWG and YHS, which initialize the
generalized admittance matrices of the waveguide and half-space regions, respectively. The

excitation vector, [/], is also initialized in the subprogram YWG.

The resulting system of equations is solved by the LINPACK [31] subroutines ZGECO and
ZGESL, yielding the amplitude coefficients of the magnetic current. This information is then
used to calculate the modal amplitudes of the reflected waveguide modes and the aperture

admittance seen by the dominant mode.
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4.5 Convergence of the Method

Convergence of the method of moments is governed by three parameters: the number of
waveguide modes retained, the number of expansion functions used in the x-direction, and the
number of expansion functions used in the y-direction. When the aperture consists of a
symmetrical capacitive slot, the experience gained from the mode matching analysis may be
used to fix the number of modes. Twenty-ﬁve-LSE,,, modes, with n even were used. (cf. Table
3.3)

The effect of varying the number of expansion functions on the computed reflection coefficient
is illustrated in Fig. 4.4 and Fig. 4.5. These resuits are for transmission from X-band guide into
water at 10 GHz, for the case of a full aperture and 2 2 mm aperture. There are four curves per
figure, each corresponding to a fixed number of expansion functions in the x-direction. The
number of expansion functions used in the y-direction varied from 5 to 15. The total number

of unknowns was computed according to N =(n,—1)- n,.
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Table 5.1: Calculated Permittivity of Water and Methanot at 20°C

Frequency € of Water |& of Methanol
[GHZz]
8.5 64.6-j29.7 8.2-j9.2
9.0 63.2-j30.7 7.9-i8.8
9.5 61.8-j31.5 7.6-j8.4
10.0 60.4-j32.3 7.4-j8.1
10.5 59.0-i33.0 7.1-j7.8
11.0 57.6-j33.7 6.9-j7.5
115 5624343 6.8-7.3

7N
/ ™

% T 41.3cm

HOLE DIAMETER 4.3mm

Fig. 5.1: The Experimental Sensor



5.2 Experimental Arrangement

An automated network analyzer operating in the frequency range 8.5 - 11.5 GHz has been used
tor the measurement of the structure reflection coefficient. A block diagram of this system is

given in Fig. 5.2.

The analyzer consists of an HP8410B network analyzer, an HP8743A reflection/ransmission
test set, an HP8620C RF signal source, an HP8412 rectilinear display, and an HPS414 polar
display. The system also incorporates a source phase-lock subsystem, consisting of the
HP8656A synthesized signal generator and the HP8709A synchronizer, which provides
increased frequency accuracy and repeatability. All these instruments are conzolled by an IBM

PC interfaced through the IEEE-488 GPIB.

_,\ RELAY ~
ACTUATOR
= hp S2ACGA

c?:E’?:J?:a N syucHaomizen

.
180 BC N ] PP 87094

4 Y L

TEST TEST
TEST SET -— NETWORK - POLAR
PANTER 1/ ""‘,.,p..a N RFsSouAct . hD 87434 ANALYZER DISPLAY
FCTALLAIK Nm" ] Do ESNC hp 84100 - np BA14A
REF NEF
i l PHASE
me
£ ¥ PLOTTER L) synmmesizeo

GENERATOR { 1

/L..
tp 7470A \‘_ —/] hp 8GS5A

_\ AlD
COHNVERTER
—/] np52313a

1y
ua

- 5.2: Block Diagram of Measurement System



Operation in waveguide is accomplished by using a waveguide adapter. A Maury Microwave
model X209D2 APC-7-to-waveguide transition coﬁnccts a section of X-band waveguide to the
test port of the HP8743 test set. This arrangement prevents high-order mode coupling between
the aperture and the waveguide adapter. Figure 5.3 illustrates this setup and indicates the

reference plane A-A used for calibration.

Port A
X209D2 — O 8743A O

@ g Test Set Port B

<—— Section of guide 11cm long

=N

A A

Fig. 5.3: Reference Plane for Reflection Measurements

Calibration of the network analyzer for reflection measurements is the most important part of
the measurement procedure. A computer program was written which uses a three term accuracy
enhancementalgorithm toremove directivity, source match, and frequency response errors [42].
The method uses the expected and measured responses of three calibration terminations 10
quantify these systemaic errors at each frequency point. The terminations used for calibration

were an HPX%14A moving load, and two short circuits (HPX923A), one at the reference plane
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and one offset from the reference plane by 0.99 cm (), 2 @ 10GHz). During the measurement
sequence, the network analyzer is tuned back to each calibration frequency, the sensors response

is measured and an error correction computation is performed.

Three sensors were manufactured according to the specifications given is Fig. 5.1. A thin metal
foil (thickness 0.2 mm) containing the aperture was soldered to a waveguide spacer. The spacer
had the outside dimensions of a standard UG-135/U waveguide flange, the inside dimensions
of WR90 waveguide and a thickness of 0.99 cm. The four threaded holes provided a means of

attaching the sensor to the test port waveguide.

Following calibration, the sensor was attached to the test port and Saran Wrap was streched
over the aperﬁxre to prevent liquid from entering the guide. The sensor was immersed in the
dielectric, either water or methanol, and the reflection coeffiecient was measured. The
transformation from the measurement plane to the aperture plane was performed mathematically

according to the formula:

L =I,e"™ (.0

where: T is the reflection coefficient in the plane of the aperture,
T, is the measured reflection coefficient in the plane A-A,
B is the dominant mode propogation constant in the guide, and

d is the thickness of the spacer.



5.3 Results

For brevity, the results for two representative cases are presented: the full aperture, and the 2
mm slot. Figures 5.4 and 5.5 show the reflection coefficient at the plane of the aperture vs.
frequency for the full aperture radiating into water and methanol, respectively. The curves
represent the computed values while the points correspond to measured quantities. Figures 5.6
and 5.7 are similar plots for the 2 mm apermire. In all cases there is good agreement betwee;l
experiment and theory, except for the shift in the measured values for the 2mm aperture.
Estimated uncertainties in the measured reflection coefficient are 20.05 dB and +0.2° for phase.

No attempt has been made to determine the error in the computed values.

Since the objective of this work was to minimize the uncertainty in the measurement of material
properties, it is instructive to examine the change in the reflection coefficient resulting from a
change in the permittivity of the material. This may be done on Fig. 5.8, which shows the
calculated reflection coefficient of the sensor in contact with water and methanol for the full
aperture (solid lines) and the 2 mm slot (dashed lines). These curves were obtained by the

method of moments.
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Fig. 5.5: Reflection Coefficient
of Open—Ended Guide
Radiating into Methanol
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Fig. 5.6: Reflection Coefficient

of 2mm Aperture

Radiating into Water .
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Fig. 5.7: Reflection Coefficient
of 2Zmrm Aperture
Radiating into Methanol
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Fig. 3.8: Comparison of Sensitivity
of Open—Ended Guide and 2 mm Aperture
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Fig. 5.8: Comparison of Sensitivity
of Open—Ended Guide and 2 mm Aperture
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Chapter 6:
Discussion and Conclusions

6.1 Discussion

The results presented in Figures 5.4 and 5.5 for the open-ended guide show excellent agreement
between measurement and theory. In particular, the results of the mode matching technique are
within 1 percent of the measured values for both dielectrics over the entire frequency range.
The agreement between measurement and theory is not as good for the 2mm aperture, for which
thedifference approaches 5 percent. There are several possible sources for this larger difference.
In the numerical analysis, the thickness of the metal forming the aperture, and the presence of
the saran wrap were neglected. These factors could lead to small errors, however, it is feit that
the largest error was due to the measurement arrangement.  Although the uncertainty in the
measured reflection coefficient .is generally assumed to be 05 dB and .2° [13], these
uncertainties depend upon the actual value of the reflection coefficient. A qualitative expression

for the uncertainty in the measured vaiue of the reflection coefficient is [43]

AT =D +T T,| +M,| T, |? (6.1)

where I, represents the actual reflection coefficient of the device and D, T, and M; are the
residual directivity, frequency tracking and source match error, respectively, remaining after
calibration. From (6.1) itis evident that for devices having large reflections the source mismatch

terms dominates and the uncertainty increases.
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Phase uncertainty may be related o the magnitude uncertainty by:

_ ATl
AO =sin (——-—! T ] (6.2)

and, hence, also increases with increasing | I, |.

Inall cases, the moment method and the mode matching method yielded almost identical results.
From Figures 5.5 and 5.7 one notices that the results of the Finite-Element method differed by
as much as 6 percent. This may be attributed to the failure of the impedance boundary condition.
As the relative permittivity of the dielectric, | €] decreases, the approximation inherent in
equation (2.12) of Section 2.3.2 worsens. Methanol, which has | €] = 10, lies at the lower limit

of validity of this boundary conditon [28].

A comparison of the three numerical methods with respect to CPU usage is made in Table 6.1.
This data was obtained for the case of the full aperture radiating into water. All computations

were performed using double precision complex (16 byte word) arithmetic on a Digital 11/RC
VAXstation.

Table 6.1: CPU Usage of the Numerical Methods

FEM MOM MM

No. of 520 143 625
Unknowns
CPU time [sec] 1240 700 390

The major advantage of the Finite-Element method over the other methods employed is it's
simplicify. This method required the least amount of analytical pre-processing. The method is

also versatile, allowing a broad class of aperture geometries to be treated. An undesirable feature
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of the method is the impedance boundary condition used to anificialiy bound the problem. This
condition restricts the analysis to materials having large permittivities. In addition, the execution

time was long.

The mode matching method was the most efficient method in terms of executon time.
Unforwnately, the program is very specific with respect to the aperture geometry. A change in
the aperture geometry would require the development of new eigenmodes. Furthermore, the
approximation made by intoducing the over-sized waveguide restricts the analysis to lossy

dielectrics.

The most versatile technique was the method of moments. This method allowed the same
freedom in the aperture geometry as the finite-element method without restricting the analysis
to lossy dielectrics. The execution time was also more favorable than the finite-element method.

This method, however, was the most mathematically intensive.

The primary objective of this thesis was to determine an aperture geometry which would reduce
the uncertainty in the measurement of material permittivity. One factor governing the
measurement uncertainty is the sensor’s sensitivity to changes in the material permittivity. One
desires a small change in permittivity to produce a relatively large change in the reflection
coefficient. Figure 5.8 shows the refiection coefficient of the full aperture and the 2 mm aperture
in contact with water and methanol. From this figure it is evident that the full aperture provides
the greater sensitivity. In fact, of all the apertures investigated, the open-ended guide provided

the greatest sensitivity.
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6.2 Conclusions

Three numerical techniques have been applied to the analysis of a waveguide-fed aperture
radiating intoa lossy Gielectric. Theobjective of the study was todetermine an aperture geometry
which would minimize the uncertainty in the non-destructive measurement of material
permittivity. Four aperture geometries were chosen for detailed study: the full aperture, and
three reduced apertures. The reflection coefficient of the aperture in contact with water and
methanol was calculated in the frequency range 8.5-11.5 GHz. The theoretical results were
validated by measurements performed on an HP8410B automatic network analyzer.

A sample of the experimental and numerical results was given, showing good agreement between
theory and experiment. The numerical techniques were compared with the conclusion that the

method of moments was the most suitable method for this type of problem.

Of rhe apertures investigated the open-ended guide provided the best sensitivity to changes in
the material permittivity. This indicates that the analogy with TEM structures is not valid. The
increased static capacitance of the sensor is overwhelmed by the reduced aperture area which
limits the interaction of the waveguide fields with the sample. Although the primary expectation
of this study was not fulfilled, the tools have been developed that would allow further analysis.

Possible structures for further analysis are ridged waveguide and tapered waveguides.

A logical extension to this work would be to investigate other apertures and to develop an

equivalent circuit which would allow one to invert the problem.
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Appendix A:
Evaluation of [Y?]

The expression for the clements of the generalized admittance matrix for the half-space region was

derived in section 4.3.5. From equation (4.47) of that section, we have,
Yi=2jo J-(I\T‘--__F_i+yjﬂ‘-)d9 (A.1)
Apers.

where the electric vector potential, E j»and the scalar magnetic potential, W, are given by equations

(4.41) and (4.42) respectively. The testing functions M; and m; are obtained from equation (4.15)
and the equation of continuity, (4.43), by replacing the subscript j by the subscripti. Expanding
(A.1) using these definitions yields,

X% X

Y=o [ [ Enitwp oy

Yi-1 %

X a1

+2ja f fgj(x,y)P;(y){

Y1/

P“l(x)__f’i(X)}dxdy (A.2)

JwAv

The integration over the field coordinates (unprimed coordinates) in (A.2) may be approximated

by a two term triangle rule,

_lﬁ =jOACAY{F (x,, ¥.) +F {x, .1 Y0}
+ 28y W, (K 12 Y)Y (X Y} (4.3)

where the samples are taken at,
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X, =x,-——; (A.3)

Xe+1 =I;+% (A '5)
Ay;

Ye =)'.-.—'i— (A.6)

Substtuting these coordinates into (4.41) one obtains the collowing expression for F (x., y.) :

3’. SIJ.“ Jk\kr -xF+(y, -y T
Fx.y)=7 TxWP, 0 ) F—_ dx’dy’ A7)
’j_glj_; (xc —I')2+ (yc ')2 :

.Letting,
x=x"-x, (A.8)
y=y'-y. (A.9)
(A.7) becomes,
: w+—t+— n .4._...._2 N
g it J'?
(3= {ff —dedy - f f“
e =/
,...3,“.:‘! V+f:}'l+f2
2z 2 . 2 2 .
P [ee-3) [ [5 *
u+ 2 wdy-{t-=2| [ [ S=aray) (A.10)
1{ 2 v-ﬂ“-ﬂijr 2 '-ﬂ'-ﬁijr
2 2 ) 2
where,
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Ax;
=)o
u=(; —x,-)-i-%-!——z—"-

By defining the following integrals,

equation (A.10) may be written more compactly as,

.E:;(xc,yc)=-——{l (&,v)—1L(u, V)+( +—Jl (u,v)- (t——}l (t,v)

Similar manipulations on F(x, . ,, y.). V(% 41, Ye), and V(X ) yield,

F (., n¥) =ﬁ{l,(w,v)—l,(s,\?)+(s +%x‘i},(s,\*)-[w —%}'C(W.v)}

¥, 00 0= g U~ L6V
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(A.12)

(A.13)

(A.14)

(A.15)

(A.16)

(A.17)

(A.18)

(A.19)



Y X y)= ym muk{l (s,v)—1(w,v)} (A.20)
where
X Ax; Ax;
w:(xj—x.)-—7— 2" A.21)
. AX
s= (x,-—x,-)—%+7" (A.22)

Substitution of (A.17) - (A.20) into (A.3) yields the final expression for ﬁ,

= %{m V)L, v)+(u+Ax}(u v)

- (t -%},(t,v) +I (w,v)=1I(s,v)

(s +%}c(s,v) —(w —%)l‘(w, v)

szx ——U(w,v)=L(s,v)=L(t,v)+] (u,V)]} (A.23)

The integrals defined in (A.15) and (A.16) may be evaluated analytically if an approximation to

the exponential is made. For this purpose, a four term Taylor series with center
=vo? + p? (A.24)

is used to write:

~jkr =jkr, . kz 2 .k3 3' . "
e = 1= jkr —r) =% (r =+ (r=ro) (A.25)

Substituting this last equation into (A.15), one obtains:
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, {y%ffr’dxdy —%s[jkro-i-l] f f rdxdy
Ic{;k—;:-{- kro—J] ffdxdy

k kl 2
k[ jT———-+jkro+ I]J'J‘ dxdy} (A.26)

where the limits of integration are given in (A.15).

Similarly, (A.16) may be approximated by:

U%ffxr*dxdy —%s[ilcro+1] f f xrdxdy

7
kz 2
8o

kB ik X
k[—;?-T+ jkr°+1] [ [Zaxay 4.27)

Finally, the integrals appearing in (A.26) and (A.27) are evaluated analytically.
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Appendix B:

Computer Program for the Finite-Element Method

Description:

This program calculates the input reflection coefficient and Hertian
magnetic potential of a waveguide in contact with a lossy dielectric.
The waveguide is terminated in a c¢onducting screen with one or more
apertures symetrically placed about the planes x=a/2, y=b/2.

The geometry of the aperture(s) 'is defined interactively and
consists of rectangular patches which are either metal or open.

The finite element method, based on Galerkins method, is used to solve
the Helmholtz equation for the unknown magnetic Hertzian potential,
This potential is assumed to have only an x-component (LSE modes).
Rectangular "brick"™ elements are used, and 2nd order interpolatory
functions are emploved.

Variables:

pot {nnode)
lhs {(nn,nn)

the node potentials.
the coefficient matrix of problem to be solved.

rhs (nn) : the right hand side of matrix ecuation.

smat : one element of the stiffness matrix.

tmat : one element of the T matrix.

limat : contribution from surface element at z=0

1Z2mat : contribution from surface element at z=d

ko : the free space wave number. [rad/cm]

kz : the guided wave number of dominant mode. [rad/cm]

epso : dielectric constant of free space.

epsr : the relative permittivity of dielectric.

miuo : the permeability of free space.

freq : the operating frequency.

lambo : the free space wavelength [cm]

lambg : the guide wavelength. [cm]

omeg : the angular frequency.

pi : 3.14159....

a : the broad dimension of waveguide. [cm]

b : the narrow dimension of waveguide. [cm]

d ¢ the distance from z=(0 to aperture. [cm]

xa : % coordinate of lst air/metal transition in x direction [cm]
xb : x coordinate of 2nd air/metal transition in x direction (cm)
xgl : # of grid lines (<=x<=xa

xg2 : # of grid lines xa=x<=xb

xg3 : # of grid lines xb<mx<=a/2

xg : total number of grid lines in x. (xg=xgl+xg2+xg3-2)

ya : y coordinate of 1lst air/metal transition in y direction [cm]
yb : ¥y coordinate of 2nd air/metal transition in y direction [cm]
ygl : # of grid lines 0<=y<=ya.

yge : # of grid lines va<=y<=yb

vg3 : # of grid lines yb<=y<=b/2

yg : total number of grid lines in y. (yg=ygl+yg2+yg3-2)
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zg : total number of grid lines in z-direction

nnode : the total number of nodes. ( free nodes + dirichlet )
nbric : the number of brick elements

noll ¢ the number of surface elements at z=(

nol2 : the number of surface elements at z=d

ndir : the number of dirichlet nodes.

nn : the number of free nodes, i.e. number of unknowns.

x {nnode) : the % coordinates of nodes.

y{nnode) : the y coordinates of nodes.

z (nnode) : the z coordinates of nodes.
dx : the x dimension of bricks or surface patch.
dy : the y dimension of bricks or surface patch.
dz : the z dimension of bricks or surface patch.
iv(27,nbric) : the global node.numbers for each brick.

iv{i,j) = global node number of node i of brick j.
livl{9,n0ll) : the global node number of each surface element {z=0)
1iv2(9,no0l2) : the global node number of each surface element {z=d)

ic,i, k,1l,m,n,0,p,q : loop counters.
row : index of row in lhs.
col : index of column in lhs.
j : sqrt(~-1)

Common variables:

a : the broad dimension of guide [cm]
b : the narrow dimension of guide [cm]

d the length of guide from z=0 to aperture {cm)
xa,xb ¢ see above
ya,vyb : see above

243 o T - S o

f(k,n) : results of integrating product of 2 legrange polynomials.

: results of integrating derivatives of legrange polynomials.
glk,n) : integration of the product of legrange polynomial and 2nd
derivative of legrange.

u{k) : integration of single legrange poly.
s(k) : integration of product of legrange poly. and sin(pi*x/a)
Subroutines:

———— ek

grid : calclates node co-~ordinates, assigns node numbers and
initializes iv,1livl,liv2.

zgeco: solves the final linear system of equations.

sht : calculates the analytical solution for short circuit guide.

IMPLICIT none

PARAMETER pxg=9%,pyg=9,pzg=13

PARAMETER diml=pxg*pyg*pzg

PARAMETER dim2=(pxg-1)* (pyg-1) /4

PARAMETER dim3=(pxg-1) * (pyg-1) * (pzg~1)/8
PARAMETER dimi=diml-pyg*pzg

COMPLEX*16 cdsqrt,cdcos,cdsin, sht
COMPLEX*16 smat,tmat,llmat,l2mat, j, epsr, ref, sum
REAL*8 pi, epso, freq,miuo, omeg, rcond

REAL*8 kz,ko,lambo,lambg,a,b,d,xa,xb,ya,yb
REAL*8 dx,dy,dz,x1,yl

REAL*B cx1,cx3, sxl, sx3
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REAL*8 £(3,3),£4(3,3) «g(3,3),u(3),s8(3)
INTEGER*4 i,k,1l,m,n,o0,p,q,xg3,yg3
INTEGER*4 job,nrow,it,row,col,xqgl, xg2, xg, ygl, ¥yg2, vg, zg
CHARACTER*1 ans
INTEGER*4 nnode,ndir,nn,nbric,noll,nol2
COMPLEX*16 pot (diml),lhs(dim4,dim4), rhs {dimd) ,work{dim4)
REAL*8 x(diml), y{diml),z{diml)
INTEGER*4 iv{(27,dim3),1livi(9,dim2),1liv2(9,dim2),piv(dim4)
COMMON /geo/a,b,d,xa,xb,va,yb

c*********

c Constant definitions

C*********
£(1,1)=2.040/15.0d0
£(1,2)=1.040/15.040
£(1,3)==%1.0d40/30.0d40
£(2,1)=£(1,2)
£(2,2)=8.0d40/15.0d40
£{2,3)=1.040/15,0d0
f(3:1)=f(1:3)
£(3,2)=£(2,3)
£{3,3)=2.0d40/15.0d40
£4(1,1)=7.040/3.0d0
£d4(1,2)=-8.040/3.040
£d({1,3)=1.0d40/3.0d0
£fd(2,1)=£d(1,2)
£4(2,2)=16.0d40/3.0d40
fd(2,3)=-8.0d0/3.040
£d{3,1)=£d4(1,3)
£d(3,2)=£d4(2, 3)
£d(3,3)=7.040/3.0d40
g({l,1)=2.0d40/3.040
g(l,2)=-4.040/3.0d0
gi{l,3)=2.0d40/3.040
g({2,1)=8.040/3.040
g(2,2)=-16.040/3.0d90
g{2,3)=8.0d40/3.0d0
g{3,1)=2.0d40/3.0d0
g(3,2)=-4,040/3.040
g{3,3)=2.0d40/3.0d0

chkkhkkkk

c get input data
Rk kk R kkk
nrow=dimd
a=2.,286d0
b=1.016d0
write{*,’ (a$)’) ' enter d [in terms of lambg] --->’
read(*,*) d
write(*,’ (a$}’) * enter xa [cr]---=>'
read{*,*) xa
if (xa .eq. 0.0d0) then
xgl=1
élse
write(*,’{a)’) ' enter # of grid lines § < x < xa’
write(*,’ (a$)’) * MUST BE OQDD====>’
read(*,*) xgl
endif
write(*,’ (a5)') ’ enter xb [cm]--->'
read(*, *) xb
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if (xb .eqg. 0.0d40) then
xg2=1
else
write({*,’(a)’) ’ enter ¥ of grid lines xa < x < xb'
write(*,’ {(a$)’) ' MUST BE ODD-——->'
read(*, *) xg2
endif
write(*,"(a)’) * enter # of grid lines xb < x < as2’
write(*,’ (a$)’) ! MUST BE QDD-———>'
read(*, *) xg3
xg=xgl+xg2+xg3-2
write(*,’ (a$)’) ' enter ya [cm]-—->'
read(*,*) va
if (ya .eg. 0.0d40) then
ygl=1
else
write(*,’ (a)’) * enter # of grid lines 0 < y < ya’
write({*,’ (a$)’) ' MUST BE CDD--——-->/
read(*, *) ygl
endif .
write(*,’ (a$)’) ’ enter yb [cm]-==>'
read{*,*) yb
if (yb .eq. 0.040} then
yg2=1
else
write(*,"(a)’) * enter # of grid linas ya < y < yb’
write(*,’ {a§)’) * MUST BE QDD———->'
read(*,*) yg2
endif
write(*,’{a)’) * enter # of grid lines yb < y < b/2’
write{*,’ (a$§)’) ’ MUST BE ODD=-—=>'
read(*, *) yg3
Yg=yglt+yg2+yg3-2
write(*,’ (a$)’) ’ enter # of grid lines in 0 < z < 4’
write(*,’ (a,i2,a,$)’) ’ MUST BE ODD,MAXIMUM OF ’,pzg,’ =—--=->'
read(*,*) zg
noll=(xg=1) * (yg-1) /4
nbric=noll*{zg-1)/2
nnode=xg*yg*zg
ndir=zg*yg
nn=nnecde-ndir
if (nnode .gt. diml) then
write{*,’ {(a)’) * TOO MANY NODES '’
stop
endif
if{noll .gt. dim2) then
write(*,’ (a)*} ' TOO MANY SURFACES '’
stop
endif
if (nbric .gt. dim3) then
weite(*,’ (a)’) ’ TOO MANY BRICS '
stop
endif
if{nn .gt. dimd4) then
write(*,’ (a)’) * TOO MANY UNKNOWNS
stop
endif
write(*,*) ' nn = ’,nn,’ nnode = ‘,nnode,’ nbric = ‘,nbric
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ctt**tt**

c initialize variables and constants
cf!t****t
nol2=0
smat=(0.0d40,0.0d0)
tmat=(0.0d40,0.0d0)
1lmat={0.0d0,0.0a0)
12mat={0.0d0,0.040)
pi=dacos (-1.d0)
j=dcmplx (0.0d0,1.0d40)
1 continue
write(*,’ (a,$)’) ’ enter operating frequency: [Hz] *
read(*,*) freq
lamho=2.997925410/freq
if{lambo .gt. 2.d0%*a) then
write(*, %) ' waveguide below cutoff’
goto 1
endif
lambg=lambo/dsqrt {(1.d0-{lambo/2.d0/a) **2)
write(*,*) ’ guided wavelength is:’,lamhg
d=lambg*d
write(*,’ (a§}’) ’ enter eps rel (real,imag)--->'
read(*,*) epsr
omeg=2.*pi*freg
epso=1,./({35.950336d+011*pi)
miuvo=4.d-09*pi
ko=2,0d0*pi/lambo
kz=2.0d0*pi/lambg
do € i=l,nn
rhs{i)=(0.d0,0.d0)
do 6 k=l,nn
6 lhs({i,k)=(0.d0,0.d0)
do 603 i=ndir+l,nnode
603 pot(i)=(0.d0,0.d0)

oeT Ak khkR

c initalize bricks and surface elements. ( triangulate region )
CuERARR AR
call grid{nnode,ndir,nbric,noll,nol2,xgl,xg2,xq93, xg, vgl,vg2,
& yg3,vg,29,x,¥,2,iv,livl,1iv2, pot)

ctt*tti****

c Add contribution from bricks
c**********
do it=1,nbric
dx=x{iv{27,it))-x(iv(1,it))
dy=y{iv{27,it)) -y {iv(i, it))
§z;z(iv(27,it))-z(iv(l,it))
1-
do n=1,3
do m=1,3
do 1=1,3
imi+l
rowsiv (i, it)-ndir
if(iv(i,it) .gt. ndir) then
k=0
do g=1,3
do p=1,3
do o=1,3
kmk+1
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amat=dy*dz*fd(l,0) *£(m,p) *£(n,q) /dx+
& dx*dz*£(1, o) *£d(m, p) *f£ (n,q) /dy+
& dx*dy*£(1,0)*£f (m,p) *£d(n,q) /dz
tmat=ko**2*dx*dy*dz*f(l,0)*f (m,p)*£f(n,q)
if (iv(k,it) .le. ndir) then
rhs (row)=rhs (row) +pot {(iv(k, it)) * (tmat-smat)
else
col=iv(k,it)-ndir
lhs {row,col)=1hs (row,col) +smat-tmat
endif
end do
end do
end do
endif
end do
end do
end do
end do

Cckrkkkkhkkkk

c Now add contribution from surface elements (z=0)
c**********
do it=l,noll
dx=x(livl(9,it))-x(livli(1l,it))
dy=y(livl (3, it))-y(livl(l,it))
u{l)=dy/6.040
u{2)=4.0d0*u(l)
u{3)=m (1)
cx3=dcosd (180.0d40*x(1ivl {9,1it)) /fa)
cxl=dcosd (180.0d0*x(livli{1l,it)) /a)
8x3=dsind (180.040*x(1livl{9,it)) /a)
sx1=dsind (180.0d40*x(livl{},it)) /a)

s{1)=3.0d0*sx1+sx3+dx* (pi/a) *cx1+4.0d40* (a/pi) * (cx3I-cxl) /dx

s(l)={a/pi)**2*s{l) /dx
8(2) =—-sx3-3x1-2.,0d0* (a/pi) * (cx3-cxl) /dx
8({2)=4.0d0* {a/pi) **2*s(2) /dx

8(3)=3.0d0*sx3+sx1l-dx* (pi/a) *cx3+4.0d0* (a/pi) * (cx3-cxl) /dx

§(3)-(a/pi)**2*s(3)/dx
1'
do m=1,3
do 1=1,3
=i+l
row=livl (i, it)-ndir
if(livl(i,it) .gt. ndir) then
rha (row)=rhs (row) +2.0d0*s (1) *u{m)
k=(
do p=1,3
do o=1,3
k=k+1
llmat=j*kz*dx*dy*f (1, 0} *£ (m, p)
if (livli{k,it) .le. ndir) then
rhs (row) = rhs({row)-pot (livl(k,it))*1llmat
elae
col = livli(k,it)-ndir
lhs(row,col) = lhs(row,col)+llmat
endif
end do
end do
endif
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end do

end do
end do
c*ttt*ttt*i
c Now add contribution from surface elements ({(z=d)

c*ttt****tt
do it=1l,no0l2
dx=x{1iv2(9,it))-x(1iv2(1,it))
dy=y (1iv2(9,1it) ) -y(1iv2(1,ir))
i=Q
do m=1,3
do 1=1,3
imi+l
roweliv2 (i, it)-ndir
"if(liv2(i,it) .gt. ndir) then
k=0 :
do p=1,3
do o=1,3
k=k+1
12mat=j*dy*f (m, p) *{g (1, 0) /dx+dx*ko**2*£ (1,0)) /ko
12mac=12mat/cdsqrt {epsr)
if(liv2(k,it) .le. ndir) then
rhs (row) = rhs(row)-pot (liv2{k,it))*12mat
else
col = liv2(k,it)-ndir
lhs{row,co0l) = lhs{row,col)+l2mat
endif
end do
. end do
endif
end do
end do
end do

CRARAR KA R NNA

c =olve the system
c*t*******t*

call zgeco(lhs,nrow,nn,piv, mcond, work)
write(*,*) * condition # is: ’,rcond
job=0
call zgesl(lhs,nrow,nn,piv,rhs, job)
do 300 kx = 1,nn
i=ndir+k
pot (i) =chas (k)
300 continue
ctt**t****t*

c ocutput
c*ktiii*i***

open (25, file='bric.out’, status='new’)

write(25,*) ’ condition # is: 7, rcond

write (25,497) a,b,d,xa,xb,ya,yb
497 format(’ a (em]: *,1pdl0.3,’ b [em): *,1pdl10.3,

& *d [em): ’,1pdl0.3,/,*" xa [cm]: ¢,1pdl0.3,

& f xb [em]: ’,1pdl0.3,' ya [em]: ’,1pdl0.3,

& * yb [cm]: ’,1pdl0.3)

write (25,82) ndir,nnode,nbric,noll,nol2

82 format {’ ndir: ’,i4,’ nnode: ’,i4,’ nbric: ’,i4,’ noll: ', iq4,

& ' nol2’,i4,/)
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498

510

511

500

515

525

526

527

528
520

552

write(25,498) epsr

write(25,' (a,£7.3)’) * frequency (GHz] ’',freq*l.d-9

format (’ eps rel.:’,1pdl0.3,1x,1pdl10.3)

write(*,’ (a$)’) * output all potentials (y/n)? *

read(*,* (A)*) ans

if(ans .eqg. ‘y’ .or. ans .eq. "Y’) then

do 500 i=1,nnode
if(nol2 .eq. 0) then
write (25,510) i,x{i),y(i),z2(i),pot(i},sht(x(i),z(i),k2)
fomat(’ node(’,i3,’) x’,lpell.3,’ y’,lpell.3,” z’,lpell.3,

& * phi *,2{lpel2.4,1x)," ' sht ’,2(1lpel2.4,1x))

else
format (* node(’,i3,’) x’,lpell.3,’ y’,1pell.3,’ z’,lpell.3,

* phi ’,2(lpel2.4,1x))
endif
continue
endif
write(25,515)
format (//)

sum=(0.0,0.0)
do 520 i=1,noll
x1=x (1liv1(5,1))
¥l=y(1ivl(5,1))
ref=1,0d0-pot (1ivl(5,1i)) *j*kz/dsind (180.0d0*x1/a)
sur=sum+ref
write (25,525) 1livl{S5,i),x1,yl,ref,cdabs (ref) ’
format (* node(’,i3,°) x',1lpel2.4,’ y’',lpel2.4,' ref. coef.’,
2(lpel2.4),’ !ref! f,1pdl2.4)
Xl=x(1livl{6,1i))
¥Y1=y{livl (6,1i)}
ref=1, 0d0-pot (1ivl(6,1) ) *j*kz/dsind(180.0d4d0*x1l/a)
sum=sum+ref
write (25,525) livl(6,i),x1,yl,ref,cdabs{ref)
format {* node(’,i3,’) xf,1lpel2.4,’ y’,lpel2.4,* ref, coef.’,
2{lpel2.4),’ 'ref! ’,1pdl2.4)
x1=x(1livl{8,1))
yi=y(livl(8,1})
ref=].0d0~-pot {(1ivl(8,i)) *j*kz/dsind{180.0d40*x1/a)
sum=sumt+ref
write(25,525) livl(8,i),=xl,yl,ref,cdabs(ref)
format (* node(’,1i3.,’) x',1pel2.4,' y',lpell2.4,’ ref. coef.’,
2({lpel2.4),' !ref! ’,lpdl2.4)
x1=x{1iv1(9,1))
yl=y (1ivl(9,1))
ref=1.040-pot (1ivl(9,1i)) *j*kz/dsind (180.0d0*x1/a)
sum=sum+ref
write (25,525} livl(9,i),x1,¥yl, ref,cdabs(ref)
format (' node(’,i3,’) x',lpel2.4,' y’.,lpel2.4,' ref. coef.’,
2(ipel2.4),' !ref! ’7,1pdl2.4)
continue
sum=sum/noll/4.0d0
write(25,552) sum,cdabs {sum)
format (//,'average ref: ’,2(1pdl2.4),’ average !ref!: ’,1pdl2.4)
close(25) -
stop
end
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ctﬂ’tt**!*

complex*16 function sht(x,z,kz)

ctt*‘l*t***

&

complex*16 temp

real*8 a,b,d,xa,xb,va,vb,x,z,kz,pi

common /geo/a,b,d,xa,xb,ya,yb

pi=dacos (-1.040)
temp=dcmplx(0.0d0, ~dsind {180.0d40*x/a) /kz)
sht=temp* {cdexp (dcmplx{(0.0d0,-kz*z)) +

cdexp (demplx (0.0d40, kz* (z=2.0d40*d) )))
return :
end

ct**tt**t*

subroutine grid(nncde,ndi:,nbric,noll,no;Z,xgl,ng,xg3,
xqg,y¥g9l,¥92,v93,¥9, 29, X, ¥, 2, iv,1iv]l, liv2, pot)

cttﬁiﬁ****

o000 0nNn

description:

this routine generates the brick and surface elements for
a finite elements problem. the problem is a waveguide in contact
with a lossy dielectric. The waveguide has a conducting screen
with rectangular aperture(s) cut in it. The exact position of
metal/dielectric is defined in this routine.
IMPLICIT none
INTEGER*4 xgl,xg2,xg93,xq9,yqgl,vg2,yg93,v9,2ZG
INTEGER*4 nnode,ndir,nbric,noll,nol2,iv(27,*),1ivl (9, *)
INTEGER*4 liv2({9,*),patch
INTEGER*4 i, j,k,p.9,r,n,m,node(25,25,25)
COMPLEX*16 pot (nnode)
REAL*S z{nnode),x{nnode),y(nnode) ,dxl,dx2,dyl,dy2,6dz
REAL*8 a,b,d,xa,xb,va,yb,tx{25),ty{25),tz{25),pi

REAL*8 dx3,dy3

character*l resp
COMMON /geo/a,b,d,xa,xb,ya,yb
pi=dacos {-1.0d40)

CERkx kAR RN

[

calculate x coordinate of vertical grid lines.

cttti*ti*

ifixgl .eq. 1) then
dx1=0.0d0

else
dxl=xa/ (xgl-1)

end if

if{xg2 .eq. 1) then
dx2=0,0d0

else
dx2={xb-xa) / (xg2=-1)

end if

dx3={a/2.0d0-xb) / (xg3-1)
do iw=l,xgl
tx{i)=(i-1) *dxl

end do
do i=xgl,xgl+xg2-l
tx{i)=({i-xgl)*dx2+xa

end do



do i-xgl+xg2 l,xg
tx(i)= (i—xgl-xg2+1)*dx3+xb

end do
ct*t*****
c calculate the y coordinate of horizontal grid lines.
c*****!**
if{ygl .eq. 1) then
dyl=0.0d0
else
dyl=ya/ {ygl-1}
endif
if{yg2 .eq. 1) then
dy2=0.0d0
else .
dy2=(yb-ya) / (yg2-1)
endif
dy3=({b/2.0a0-yb) / (vg3-1)
do i=l,ygl
ty(i)=(i-1) *dyl
end do

do iw=ygl,ygl+yg2-1
ty(i)=(i-ygl) *dy2+ya

end do

do i=ygl+yg2-l,yg
ty(i)=(i-ygl-yg2+1l) *dy3+yb

end do
c*******
c calculate z coordinate of grid lines
c*******
do i=l,zg
tz(i)=(i-1) *d/ {zg-1)
end do
c********
c now assign node numbers and potentlals
ct*******
m=ndir+l
n=1
do k=1,zg
do j=1,vg
do i=1,xg

if(i .eq. 1) then
node({i, j, k)=n
x{n)=tx (i)
yin)=ty(3j)
z(n)=tz(k)
pot (n)=0.0d0 r
n=n+1

else
node{i, j,k)}=m
2{m)=tx (i)
y{m}=ty{j)
z(m)=tz (k)
m=m+1

endif

end do
end do
end do
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Ccrhtrwhi®

c number bricks and assign nodes.
ChRihERkR
n=1

do k=l1l,zg-2,2
do j=1,yg-2,2
do  i=1,xg=-2,2
m=0
do r=0,2
do g=0,2
do p=0,2
mem+-1
iv(m, n) =node (i+p, j+q, k+r)
end do
end do
end do
n=n+l
end do
end do
end do

ctttt***

c assign node nurbers to surface elements at z=0
cwtﬁi***
n=1
do j=1,vyg-2,2
do i=l,xg-2,2
m=0
do gm0,2
do p=0,2
m=m+1
livl {m, n)=node {i+p, j+g,1)
end deo
end do
n=n+l
end do
end do
ct******

c assign node numbers to surface elements at z=d
c***i!**
patch=0
n=1
do j=1,yg-2,2
do i=l,xg-2,2
patch=patch+l ‘
write(*,’ (a,i2,a$)’) * is patch ’,patch,’ metal (y/n)?2-->'
read(*,’ {a)’) resp .
if(rgsp .eq, 'n’ ,or. resp .eq. 'N’} then
m-
do g=0,2
do p=0,2
m=m+1
liv2 {m, n}=node (i+p, j+q, zg)
end do
end do
n=n+1
nolZ2=nol2+l



end if
end do
end do
c***ttic*

c cutput calculated values
c*******
write(*,’ (a,$)}’) ’ create map file? (y/n)-->’
read(*,’ {(a)’) resp
if (resp .eq. 'y’ .or. resp .eq. '"¥’) then
open (33, file='brick.map’, status="new’)
write{33,82) ndir,nnode,nbric,noll,nol2
82 format (’* ndir: ’,i4,’ nnode: ’,i4,’ nbric: f,i4,’ noll: *,iq,
& * nol2’,iq4,/)
write(33,83) a,b,d,xa,xb,ya,yb
83 format(* a [cm]l:’,1pd10.3,” b [em]l:’, lpdi0.3,
*d [cm]):’,1pd10.3,/,” xa [cm]:’,1pdi0.3,
f xb fem):’,1pdl0.3,° ya fcml:’,1pdl0.3,
' yvb [em]):’,1pdl0.3)
do i=1,nnode
write(33,95) i,x(i),y{i),z(i),pot (i)

[ L ]

95 format (' node(’,i3,’) =x',lpel2.4,’ y’,lpel2.4,’ z',lpel2.4,
& ¢ pot’, 2{lpel2.4,1x))
end do
do k=1, zg
i write(33,96) ’ ncdes in plane z=',tz(k)
96 format(//,a,1pel2.4,/)

de j=yg,1,~-1
write(33,98) {node(i, j,k),i=1,xqg)
98 format (’ ’,20i4)
end do
end do
do i=1,nbric
write(33,105) i, (iv{j,i),35=1,27)
105 format{* *,’ brick(’,i4,’) *,27i4)
end do
do i=l,neoll,2
write(33,115) i, (livl{(j,i),3=1,8),i+1, (1ivi(j,i+1), j=1,9)
115 format{* *,2(’ sur. ele.(7,14,') on el *,9i4))
end do
do i=l,nol2,2
write(33,116) i, {liv2{(j,1),3=1,9),i+1, {1iv2(3,i+1),3=1,9)
116 format{’ ’,2(* sur. ele.(’,1i4,’) on ¢c2 ',9i4)}
end do
close (33)
endif o
return
end
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Appendix C:
Computer Program for the Mode Matching Method

Description:

This program solves a waveguide discontinuity problem.
The problem consists of a2 junction between two rectangular
waveguides. The input guide has dimensions al X bl, and the
output guide has dimensions a2 X b2 and is filled with a lossy
dielectric. The quides are coaxial and a capacitive iris of
zero thickness is symmetrically placed at the junction. The
problem is solved via the mode matching technique. A cross
sectionnal view in the plane of the discontinuity is shown below:
(looking from input side, i.e. smaller guide)

Yy
!
!
b3! -t
! !
LA LI - input guide is the smaller.
L LI - iris is symmetric about b2/2
eta_! ! LI
o !
alpha-! es—eecw—c—cece——————— H
! !
| . -! > %
zeta a3

The fields in the three regions, ( i.e. input guide, output guide
and aperture ), are expanded in LSEnm modes, and the tangential
components are equated on the aperture. This leads to a system of
equations in terms of the unkncwn modal amplitudes. Due to symmetry
only the LSEnm modes with n odd, and m even are considered.

Global variables:
- broad dimension of input guide. (guide ) f{cm}
- narrow dimension of input guide. {cm]
- broad dimension of cutput guide. (guide 3) [cm]
b3 - narrow dimension of output guide. [cm]
- narrow dimension of aperture. {guide 2) [cm]
- number of waveguide mocdes considered in guide 1. {(max. 50)
- number of waveguide modes considered in guide 2. (max. 50)
P3 - number of waveguide modes considered in quide 3. (max. 5000)
nl(i),ml{i) the n, m indexes of mode i in input guide.
n2{rc),m2{xr) the n, m indexes of mode r in aperture.

n3(s),m3{s) - the n, m indexes of mode s in output guide.
ko - propogation constant of free space. [1l/cm)
kxl (i) - x-comp. of prop. const. of mode i (input guide) [1l/cm]
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kx2 (r)
kx3 (s)
kvl (i)
ky2(r)
ky3{s)

y-comp of prop. const. of mode
L ] ” n L] n L]

»n

" " " - " {aperture)

(aperture)

A HHOH

kzl({i),kz2(xr),kz3(s) - you guessed it !
-relative permittivity of material in output gquide.
-~complex reflection coefficient of mode i in quide 1.

~complex transmission coefficient of mode s into guide 3.
-coefficent of electric field in aperture.
-obtained by equating fields in aperture and guide 1.
~obtained by equating fields in aperturxe and quide 3.
-transpose of Rl.
~transpose of R3.

-coefficient matrix used to solve for b(r)

epsr
Arl{i)
Ar3(s)
B(r)
R1{i,r)
R3 (s,xr)
Sl(r,i)
$3(r,s)
Sys(r,r)

local variables:

eta - y—-coordinate of lower edge of aperture.
zeta - x~coordinate of left hand side of aperture.
alpha - y-coordinate of lower edge of input guide.
el,e2,e3 - number of distinct n idexes in guides 1,2,3
£1,£2,£3 - number of distinct m indexes in gquides 1,2,
nrow - size of sys(r,z). (i.e. 50)

nn - size of system to solve. (i.e. nn=p2)

work {nrow) - work area for zgeco.

rcond - matrix condition number. ({should be large)
job - flag for zgesl. ( job = 0 to solve Ax=b)
piv{nrow) - integer array used by zgeco,zgesl

pi - 3.14155.......

scale - scale factor for guide 3.

{i.e. ad=scale*al, b3=scale*bl)

freq - the frequency of operation [GHz]

omeqg - the radial frequency

sum - temporary variable used in matrix multiplication.
Functions:

Il({xl,x2,xa,xb,xc,xd) :function used in calculation of R1,
calculates the integral from xl to x2 of

sin(xa* (x=-xb)) *ain (xc* (x-xd) ) dx

I2{yl,y2,ya,yb,yc,yd) :used in calculation of R1l, R2.

Ap(i, )
BB(s, )

calculates integral from yl to y2 of

cos (ya* (y-yb})) *cos (yc* (y-yd) ) dy

:calculates the multiplying factor in R1.
tcalculates the multiplying factor in R2.

Declarations:

IMPLICIT NCNE
PARAMETER ppl=50,pp2=50,pp3=5000

REAL*8 al,a3,bl,b3,b2,pi,ko,Il,2eta,eta,alpha
REAL*8 I2, freq, omeg, rcond
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{input guide)

(output guide)
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R2.
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[(1/¢m)
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i

REAL*8 kxl1(ppl),kyl(ppl)
REAL*8 kx2 (pp2),ky2(pp2)
REAL*8 kx3 (pp3) . ky3 (pp3)
INTEGER*2 nl({ppl),ml{ppl).n2{pp2),m2{pp2).n3{pp3),m3 (pp3)
INTEGER*2 j,i,r,=,pl,p2,p3,el,e2,e3,£f1,£2,£3,scale
INTEGER*4 job,nrow,nn,piv(pp2)
COMPLEX*16 epsr,kzl(ppl),kz2(pp2),kz3{pp3),sum
COMPLEX*16 Arl{(ppl),B(pp2),Ar3(pp3)
COMPLEX*16 R1(ppl,pp2).,R3(pp3,pp2),S1{pp2,ppl),S3(pp2,pp3)
COMPLEX*16 AR, BB,sys(pp2,pp2),work({pp2),admit
common/dim/al,bl,b2,a3, b3, epsr
common/ index/nl,ml,n2,22,n3,m3,pl,p2,p3
common/k/ko, kxl, kyl, kzl, kx2,ky2,kz2, kx3,ky3,kz3
common/amp/arl,ar3,b
common/matrix/rl, r3,sl,33,3ys
open(99,file=’iris_out’, status='new’)
initialize constants
pi=dacos(-1.d40)
nrow=pp2
write(*,’ (a5§)’) * enter frequency [GHz] --->'
read(*,*) freq
write(*,’ (a$)’) ! enter permittivity (ereal,eimag}--->
read(*,*) epsr
write{*,’ (a$)’) ' enter scale factor (a3/al=b3/bl) —-—=>’
read(*,*) scale
omeg=2.0d9*pi*freq
ko=omeg/2.997325d10
al=2.286
bl=1.016
write{*,’ (a§)’) ’ enter width of aperture [cm]--->'
read({*,*} b2
a3j=scale*al
b3=scae*bl
zeta=(a3-al})/2.0d0
eta={b3-b2) /2.0d0
alpha= (b3-bl) /2.0d0
enter modes to consider:
write({*," (aS)’) ’ enter el =—-—=>7
read(*,*) el
write{*,’ (a$)’} ' enter f1 --->'
read(*,*) £l
pl=el*fl
write(*,’ (a$)’) ' enter e2 ===>7
read (¥, *) e2
write{*,’ (a$)’) ' enter £2 -—=>7
read(*,*) f2
p2=e2*£2
write(*,’ (a8)') ' enter el --=>!
read(*,*) e3
write(*,’{a$)’) ' enter £3 —-=>¢
read(*,*) £3
p3=a3*f£3
initialize nl(i),ml(i). Only n odd, m even considered
note: ni{l)=1l, ml{l}=0 ie LSE1l0 is mode 1
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10
11
15
20
21
22
25

do j=0,f1-1
nl(i+l+jrel) =2%i+l
ml (1+1+3%el) =2*]
end do
end do
initialize n2(r),m2(r)
do j=0,£2-1
do r=0,e2-1
n2 (r+l+jre2)=2*r+l
m2 (r+l+jre2) =2*j
end do
end do
initialize n3{s),m3(s)
do j=0,£3-1
do s=0,e3-1
n3 (s+l+j*el3)=2*s+l
m3 (s+1+j*el3)=2*j
end do
end do
initialize kx1(i),kyl(i),kzl{i)
do i=1,pl
kxl (i)=nl (i) *pi/al
kyl (i)=ml (i) *pi/bl
kzl{i)=cdsqgrt (demplx {kxl (i) **2+kyl (1) **2-ko**2))
end do
initialize kx2{r),ky2(r) . kz2(D)
do r=1,p2
kx2 (r)=n2 (r)*pi/al
ky2 {r)=m2 (x) *pi/b2 .
kzz(r)*cdsqrt(dcmplx(ka(r)**2+ky2(r)**2—ko**2))
end do
initialize kx3(s),ky2(s),kz2(s)
do s=1,p3
kx3(s)=n3(s)*pi/a3
ky3{s)=m3 {s) *pi/b3
kz3{s)=cdsqgrt (kx3 (s) **2+ky3 (8) **2-epsr*ko**2)
end do
output initial values: )
write(99,5) ¢ dimensions of input guide: ’,al,bl
format{’ *,a,’ a [cm]l: ’,£f6.4, b [cml: "£6.4)
write(99,10) ' frequency of operation [GHz]): ‘,freq
format({/,a,£8.5)
write{99,11) epsr
format{’ ’,’permittivity in guide 3: ’,£8.4,1x,£8.4,'3')
write(99,15) ’ dimensions of iris: ’,al,b2
format{/,a,” a [cm): ’,£6.4,' b [em]: "£6.4)
write (99,20) * # OF MODES: ’,el,fl,pl
format (/,a,//,* input: el= *,i4,’ £l=7,i4," pl= ', id)
write(99,21) e2,£2,p2
format {’ ‘,’iris: e2= 7,i4," f2= ', i4,’ p2=',i4)
write(99,22) e3,£3,p3
foermat (* ’,’output: eld= ’,i4," £3= ’,i4,’ p3=',6i4)
write(99,25) * ratios : ’,b2/bl,dble(p2)/dble(pl)
format(/,a,’ b2/bl : ’,£9.6," p2/pl : ’,£9.6)
write(*,’ (a$)’) ’ output modes ? (l=y,0Q=n)-->'
read({*,*) i
if{(i .eqg. 1) then
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write (99,7 (//,a,//}*") * MODES IN INPUT GUIDE’
do i=1,pl
write(99,30) i,nl(i),i,ml{i),i,kx1{i),i,kyl{i),i,kz1(i)
30 format{(’ n{’',i4,"): *,i4," m(’,i4,7): *,1i4,
& ! kx(’,i4,"): *,£8.4," ky(',i4,"): ’,£8.4,
& t kzif,1i4,7): *,£9.4,2x,£9.4)
end do
write (99, (//.,a,//)") "’ MCDES IN IRIS’
do r=1l,p2
write(99,35) r,n2(r),r.m2{r),r, kx2(r),r, ky2ix),x, kz2(r)
35 format({’ n{(’,i4,’}: ',32,f m(’,i4,"): *,14,
& ! kx(',i4,"): *,£8.4," ky(’,i4,"): ’,£8.4,
& f kz(',1i4,"): *,£9.4,2x,f9.4)
end do
write (99, (//,a,//)") ' MODES IN OUTPUT GUIDE’
do a=1,p3
write{99,40) s,n3(s8),s,m3(s),s, kx3(s),s,ky3(s},s,kz3(s)}
40 format{’* n{(*,i4,’): *,4i5,’ m(*,i4,"): *,15,
& ! kx{’,i4,’): *,£8.4," ky(',i4,'): ' ,£8.4,
& r kz{',i4,"): *,£9.4,2x,£9.4)
end do
end if
c initialize rl(i,r) and sl{x,i)
do i=1,pl
do r=l,p2
rl (i, r)=dcrmplx{il {zeta, zeta+al, kx2{r),zeta,kxl{i), zeta))
rl(i,r)=xrl (i, r) *demplx (i2 (eta,eta+bh2,ky2(r},eta, kyl(i),alpha))
rl{i,r)=rl{i,r)*aa({i,r)
sl(r,i)=xl (i, r)
end do
end do
C initialize r3{s,r) and s3(x,s)
do s=1,p3
do r=1l,p2
r3(s, r)=dcmplx (il {zeta, zeta+al, kx2 (r), zeta, kx3(s),0.0d0))
r3(s,r)=r3(s,r) *dcmplx{i2 (eta,eta+b2, ky2(r),eta,ky3(s),0.040))
r3(s,r)=bb(s,r)*r3{(s,r)
s3(r,s)=r3(s,r)
end do
end do
c now form matrix sys(r,r)=(sl{zr,i)*rl{i,r)+s3(r,s)*r3(s,r)
c note:; sys is a symetric matrix.
do r=1,p2
do jwr,p2
sum=(0.0d40,0.0d0)
do i=1,pl
sum=sum+sl (r, i) *rl{i, j)
end do -
sysi{r, j)=sum
end do
end do
do r=1,p2
. do j=x,p2
" sum=(0.0d40, 0.0d40)
do s=1,p3
sum=sum+s3 {r, s) *r3 (s, j}
end do _
sys{r, j)=sys{r, j)+sum
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end do
end do
do r=l1,p2
do j=r,p2
sys (j,r)=sys(z, 3j)
end do
end do

C initialize RHS of system, only dominant mode in guide 1 incident

c guide 3 is matched. (i.e. ail(1l)=1, ail{i)=0 if i>1 aild(s)=0)
do r=1,p2

bi(r)=2.0d4d0*sl{r,1)
end do

C solve the system for b(r)
nn=p2 .
call zgeco(sys,nrow,nn,piv,rcond, work)
write(*,*) ’ condition # is: *,rcond
write(99,*) ’ condition # is: /,rxcond
job=0
call zgesl(sys,nrow,nn,piv,b, job)

o] Finally, calculate reflection ccefficients
do i=1,pl

sum={0.0d0,0.0d9)
do r=1,p2
sum=sum+rl {i, r) *b{r)
end do
arl{i)=sum
end do
arl(l)=arl{l)-(1.040,0.040)
do s=1,p3
sum=(0.0d0,0.0d40)
do r=1,p2
sum=sumn+r3 (s, r) *b(r)
end do
ar3d(s)=sum
end do '

c output reflection and transmission ccefficients
write(99,’{(//,a,//)') ' REFLECTION COEFFICIENTS’
do i=1,pl

write(99,45) ’ LSE’,nl(i),ml(i),arl(i),cdabs(arl(i})),
& datan2 {dimag{arl{i)),dreallazl (i)))

45 format (* *,a,i3,i3,2x,4(2x,1pdl2.5)}
end do
write(89,7 (//,a,//)") ! APERTURE ELECTRIC FIELD’
do i=1l,p2

write{99,46) ’ LSE’,n2(i),m2{i},B{i),cdabs(b{i)),
& datan?2 (dimag(b{i)),dreal{b(i)))

46 format(’ ',a,i3,i3,2x,4(2x,1pd12.5))
end do
write(*,’ (a8)') ’ output trans. coeff. (l=y)-->'
read({*,*) s
if(s .eq. 1) then
write(99,* (//,a,//Y") ' TRANSMISSION COEFFICIENTS’
do s=1,p3

write(99,50) ’ LSE’,n3(s),m3(s),ar3(s),cdabs{ar3d(s)),
& datan2 (dimag{ar3(s)),dreal (ar3(s)))

50 format ('’ ',a,i3,1i3,2x,4(2x,1pd12.5))
end do
end if



c finally calculate normalized dominant mode admittance
admit=(1.0d0-arl1{1})/(1.0d0+arl (1)}
write (99,55) admit
55 format (* normalized admittance : 7,£9.5,2x,£9.5)
close(99)
stop
end
Function definitions
AR TN Ak ARk kikikxik

function il ({xl, x2,xa, xb, xc, xd)
AAEAAA I A AR R AR ek N

Description:
Calculates the integral from xl1 to x2 of :
sin{xa* (x—-xb) ) *sin (xc* (x-xd) ) dx

Local variables:

x1,x2 :lower and upper limits of integration in x.
Xa,xb,xc,xd: parameters for function Il,

declarations:
IMPLICIT NONE
REAL*8 il,x1,x2,xa,xb,xc,xd

aOaoOOO0OaOQOO000 00

if(xa .eq. 0.0d0 .and. xc .eq. 0.0d0) then
il=0.0d0
else
if{xa .eq. xc) then
il=({x2-x1) *dcos {xc*xd-xa*xb)}
else
il=dsin (x2* (xa~xc)~xa*xb+xc*xd} / (xa-xc)
il=jil-dsin(xl* (xa-xc)-xa*xb+xc*xd) / (xa-xc)
endif
il=il+dsin {x1* (xa+txc)-xa*xb-xc*xd) / (xa+xc)
11=il-~dsin (x2* {xa+xc) -xa*xb-xc*xd) / (xa+xc)
il=i1/2.0d0
end if
return
end
L2 2222222222 d R 22222 R 0 3 3

function i2{yl,v2,ya,yb,yc,yd)

MAEAAARRRAREAER A AR TR AR A RANET AR RNK
description:

- e e ek e e

calculates the integral from yl to y2 of:
cos (ya* (y-yb)) *cos (yc* (y-yd) ) dy

local variables:
yl,y2 :lower and upper limits of integration in y.
ya,yb,yc,yd: parameters for function I2.

coooOoaaOoaa0o0n000 O

declarations:
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implicit none
real*8 i2,vyl,y2,va,yb,yc,vd
if(ya .eq. 0.0d40 .and. vc .eq. 0.0d0) then
i2=w(y2-y1)
else
if{ya .eg. yc) then
i2={y2-y1l) *dcos {(yc*yd-ya*yb)
else
i2=dsin {y2* (ya=-yc) —va*yb+yc*yd) / (ya-yc)
i2=i2-dsin (yl* (ya-yc) -yaryb+yc*yd) / (ya-yc)
endif
i2=i2+dsin {y2* (ya+yc) ~ya*yb-yc*yd) / (ya+yc)
iZ2=i2-dsin (y1* (ya+yc) -ya*yb-yc*yd) / {ya+yc)
i2=i2/2.040
end if
return
end
AEXEXREXREXRR AR XX kRX

function aa{i,r)
Ak Akt diR

description:

calculates the multiplying term in calculation of ri(i,r).
see notes for more details.

common variables:

al :broad dimension of guide 1. (input guide) [cm]
bl :narrow dimension of guide 1. [cm]
b2 :narrow dimension of aperture. {aperture is al X b2} [cm]
kx1(i) :x-comp. of prop. const. of mede i in guide 1. [1l/cm]
kzl (i) :z-comp. of prop. const. of mode i in guide 1. (l/cm]
kx2{r) :x-comp. of prop. const. of mode r in guide 2. [1l/cm]
kz2(r) :1z-comp. of prop. const. of mode r in guide 2. [1/cm]
ko :prop. const. of free space. [1/cm]
ml (i) :m index of mode i in guide 1.
m2 (x) :m index of mode r in guide 2.
local variables:
i :mode index for input guide. (current row in rl{i,r))
r :mode index for quide 2. ({current column in rl(i,r}))

temp :temporary variable.

declarations:

IMPLICIT NONE

PARAMETER ppl=50, pp2=50,pp3=5000

REAL*8 al,bl,b2,kxl{(ppl),kx2(ppl),kyl(pp2),ky2(pp2}, ko
REAL*8 a3,b3,kx3(pp3),ky3(pp3)

INTEGER*Z nl (ppl) ,ml (Ppl) ,n2 (pp2) ,m2 (ppZ) i, x, pl, Pzn 93
INTEGER*2 n3 (pp3}),m3 (pp3)

COMPLEX*16 aa,kzl{ppl),kz2{pp2),kz3(pp3),epsrc,temp
common/dim/al,bl,b2,a3,b3,epsr
common/index/ni,ml,n2,m2,n3,m3,pl,p2,p3

common/k/ko, kx1,kyl,kzl,kx2, ky2,kz2, kx3, ky3, kz3
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remp=dcmplx{ (kxl (i) **2-ko**2) / (kx2 (r) **2-ko**2))
temp=temp/demplx(al**2*xbl*b2)
aa=2.0d0*cdsqgrt (kz2 (r} *temp/kzl(i))

if(ml(i) .gt. 0) aa=dsgrt(2.0d0) *aa

if{m2(r) .gt. 0) aa=dsqgrt{2.0d0) *aa

return

end

c Wk kRl wd

function bb(s,r) .

C khnrhkRARAAkARAAkTRERR TN

0000000000000 0000000000

description:

calculates the multiplying term in calculation of r3(s,r).
see notes for more details.

common variables:

a3 :broad dimension of gquide 3. {output guide) [cm]

b3 :rnarrow dimension of gquide 3. [cm]

b2 :narrow dimension of aperture. (aperture is al X b2) [cm]
kx3{s3) ix-comp. of prop. const. of mode s in guide 3. [1/cm)
kz3(s) :z-comp. of prop. const. of mede s in guide 3. [1/cm]
kx2 {r) ix~-comp. of prop. const. of mode r in guide 2. [1/cm]
kz2(r) :z-comp. of prop. const. of mode r in guide 2. [l/cm]
ko :prop. const. of free space. (1/cm]

m3 {s) :m index of mode s in guide 3.

m2{z) im index of mode r in guide 2.

epsrc :relative permittivity of material filling guide 3.

1
local variables:

s imode index for output guide. (current row in r3(s,r))
r :mode index for guide 2. (current column in r3{(s,r))
temp :temporary variable.

decla:atigns:

IMPLICIT NONE

PARAMETER ppl=50,pp2=50,pp3=5000

REAL*8 al,bl,b2,a3,b3,kxl{ppl),kx2 (pp2),kx3{pp3)
REAL*B kyl{ppl),ky2(pp2),ky3(pp3), ko

INTEGER*2 nl{ppl),ml (ppl),n2{pp2),m2{pp2).n3{pp3),m3 (pp3),s.
INTEGER*2 pl,p2,p3

COMPLEX*16 bb,kzl{ppl),kz2(pp2),kz3(pp3),epsr, temp
common/dim/al,hl,b2,a3,b3,epsr
common/index/nl,ml,n2,m2,n3,m3,pl,p2,p3

common/k/ko, kxl, kyl, kzl, kx2,ky2, kz2, kx3,ky3, kz3
temp=dcemplx ( {kx3 (s) **2-epsr*ko**2) / (kx2 (r) **2-ko**2) )
temp=temp/dcmplx {al*a3*b2+*b3)
bb=2.0d0*cdsqrt (kz2 (r) *temp/kz3(3))

if (m3({s) .gt. Q) bb=dsqrt(2.0d0)*bb

if (m2({r) .gt. 0) bb=dsqgrt(2.0d0)*bb

return

end
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Appendix D:
Computer Program for the Method of Moments

DESCRIPTION:

This program solves the problem of transmission of electromagnetic
waves from a rectangular waveguide into half-space through a
rectangular aperture(s). The aperture(s) may cover all or part of
the wavegquide cross section, but the sides of the aperture must be
parallel to those of the waveguide.

The solutiecn uses the method of moments applied to an integral
equation for the equivalent magnetic current in the aperture. the
incident field in the waveguide is considered to the the dominant
TE10 mode and only the LSEmn are excited at the aperture, and
hence, the equivalent magnetic current has only an x-component.

The expansion functions are triangles in the x-direction and pulses
in the y-direction. Galerkin’s method with subsectional basis is
employed. The quatities computed are the equivalent magnetic current,
the reflection coefficient and the aperture admittance seen by the
dominant mode.

Local variables:

YA(i,3j) - the generalized admittance matrix of region A ( z < 0 |
YB(i,j} - the generalized admittance matrix of region B { z > 0 }
v{3j) the generalized voltage matrix.

IAR) - the generalized current matrix. (sources in region A}
i - index/loop counter associated with testing functions.

j index/loop counter associated with expansion functions.
IV(6,NS) global node numbers of each subsection.

iv{L,j) global node number of node L of subsection j
NS - total number of subsection used.
X (NN) - x-coordinates of nodes.
Y (NN) - y-coordinates of nedes.
NN - total number of nodes.
m - mode index of x variation of LSEmn modes.
n - mode index of y variation of LSEmn modes.
M - number of m mode indexes. { LSEmn m=l,2,...,LM )
LN - number of n mode indexes. ( LSEmn n=0,1,...,LN-1l)
NM - total number of waveguide modes censidered. NM=LM*LN
k - compressed mode index. k = m+n*LM --> LSEk
YO (k) - wave admittance of waveguide mode k. ( k = m+n*LM )
AA(j,k) ~- amplitude of kth mode due to jth expansion function.
REF' (k) - reflection coefficient of kth mode.
YAP - aperture admittance seen by dominant made.
PWG - complex power flowing out of waveguide.
PHS - complex power flowing into half space.
FREQ - frequency of operation. {GHz]
PIV - array used by zgeco
RCOND - condition number of final system. (close to 1 is good)
WORK - array used by zgeco
JOB - flag for zgeco
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Cormon variables:

A - the broad dimension (x-dimension} of guide. [m]
B ~ the narrow dimension (y~dimension) of guide. ([m]
EPSO - permittivity of free space [F/m]
MIUO - permiability of free space. [H/m]
EPSR - relative permittivity of half-apace z>0
OMEG - radian frequency of operation [rad/s]
PI - 3.1415....
KO ~ the free space wave number {rad/m]
Subroutines:
GRID (NNM,NSM,NN,NS,IV,X,¥Y) - initializes the number of nodes,

number of subsections, the global node numbers
and the coordinates of each node.

YWG (NNM, NSM, NMM, LM, LN, NS, NN, IV, X, Y, AR, YO, YA, IA) ~ calculates the

admitance matrix for the waveguide, the wave impedance,
the amplitude matrix, and the current matrix,

YHS (NNM, NSM, NS, NN, IV,X,Y,¥B) - calculates the admittance matrix

for half-space.
ZGECO, 2ZGESL - solves the final system of equations.

Declarations:

IMPLICIT NONE

PARAMETER NNMAX=25(

PARAMETER NMMAX=100

PARAMETER NSMAX=200

REAL*B X {NNMAX),Y (NNMAX), AA (NSMAX, NMMAX)

REAL*8 A,B,EPSO,MIUO,FREQ, OMEG,PI,KQ, RCOND

COMPLEX*16 YA (NSMAX,NSMAX) , YB (NSMAX, NSMAX) , V(NSMAX) , IA (NSMAX)
COMPLEX*16 REF (NMMAX), YAP, YO (NMMAX) ,EPSR, WORK (NSMAX) , PHS, PWG
INTEGER*4 I,J,K,M,N, NN,NM,NS,IV{6, NSMAX), LM, LN, JOB,PIV(NSMAX)
COMMON /CONST/A,B,EPSO,MIUO,EPSR, OMEG,PI, KO

INITIALIZE CONSTANTS

PI=DACOS {(~1.0D0)

EPSO=8,8542D-12

MIUO=4,0D-7*PI

WRITE(*,' (AS)’) * ENTER BROAD DIMENSION OF GUIDE {m]-==3>'
READ(*, *) A

WRITE(*,’ (AS)') ’ ENTER NARROW DIMENSICON OF GUIDE [m]-—->'
READ(*,*) B

WRITE(*,’ (AS$)’) ’ ENTER OPERATING FREQUENCY [GHz]-->'
READ(*, *) FREQ

OMEG=2 , 03d9*PI*FREQ

KO=0OMEG*DSQRT (EPSO*MIUO)

IF(KO .LT. (PI/A)) THEN

WRITE(*,’ (A)*) ' WAVEGUIDE BELOW CUTOFF'

GOTO 1

ENDIF

WRITE(*,’ (A$)') ' ENTER NUMBER OF M INDEXES (X VARIATION)-=>'
READ{*, *) 1M
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WRITE(*,’ (AS)’} !’ ENTER NUMBER OF N INDEXES (Y VARIATION)-~>’
READ (*, *) LN

NM=LM*LN

IF(NM .GT. NMMAX) THEN

WRITE(*,” (A)‘) ‘ TOO MANY MODES’

GOTO 2

END IF

WRITE(*,' (A,A,$)’) ' ENTER RELATIVE PERMITTIVITY OF HALF-SPACE ’,
& f (EREAL, EIMAG) -——>7

READ (*,*) EPSR
GET APERTURE GEOMETRY AND INITIALIZE NODE NUMBERS AND SUBSECTIONS
CALL GRID (NNMAX, NSMAX,NN,NS, IV, X, Y)
INITIALIZE ADMITANCE MATRIX OF WAVEGUIDE AND EXCITATION MATRIX
CALL YWG (NNMAX, NSMAX,NMMAX, LM, LN,NS,NN, IV, X,Y,AR, Y0, YA, IA)
INITIALIZE ADMITANCE MATRIX OF HALF-SPACE
CALL YHS (NNMAX,NSMAX,NS,NN,IV,X,Y,YB)
ADD THE TWO ADMITTANCE MATRICES.
DC J=1,NS

DO I=1,NS

YA(I,J)=YA(I,J)+YB(I,J)

END DO
END DO
SOLVE THE SYSTEM

CALL ZGECO (YA, NSMAX,NS,PIV,RCOND, WORK)
WRITE (*,*) * CONDITION # IS: ’,RCOND
JOB=0
CALL ZGESL (YA, NSMAX,NS,PIV,IA,JOB)
DO J=1,NS

V(J)=IA{(J)
END DO

CALCULATE REFLECTION COEFFICIENTS.
DO K=1,NM

REF (K)=(0.0D0, 0.0D0)

DO J=1,NS

REF (K) =REF (K) +AA (J, K) *V(J)

END DO
END DO
REF{1}=REF{1)-1.0D0
CALCULATE APERTURE ADMITTANCE
YAP=({1.0D0-REF (1)) *Y0(1l)/(1.0DO+REF (1))
CALCULATE POWER TRANSMITTED TO HALF SPACE.

PHS={0.0D0,0.0D0)
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DO J=1,NS
DO I=1,NS

PHS=PHS+V (I) *CONJG{V(J) )} *CONIG{YB(I,J))

END DO
END DO

CALCULATE COMPLEX POWER FLOWING OUT QOF WAVEGUIDE

PHG=CONJG (YO (1)) * (1.0DO+REF (1)) *{1.0D0-CONJG{REF (1}))

DO K=2,NM

PWG=PWG-CONJG (YO (K) ) *CDABS (REF (K) ) **2

END DO

NORMALIZE V{J) TO RMS INCIDENT E FIELD OVER GUIDE CROSS SECTION

DO J=1,NS
V {J)=DSQRT {A*B) *V(J)
END DO

QUTPUT RESULTS

OPEN (20, FILE='MOM.OUT’, STATUS='NEW’)

WRITE (20,7 (R,/)}") ' OUPUT DATA’
WRITE (20,10) A

FORMAT(’ ’,’ BROAD DIMENSION OF GUIDE (m]: ’,1PD10.3)

WRITE (20,12) B

FORMAT(’ ‘,’ NARROW DIMENSION OF GUIDE [m]: ¢,1PD10.3)

WRITE (20, 14) FREQ

FORMAT({’ ’,’ FREQUENCY OF OPERATION [GHz]’,1PD1¢.3)
WRITE(20,*) * CONDITION NUMBER RCOND= ’,RCOND

WRITE (20, 16) EPSR

FORMAT(‘ ’,’ RELATIVE PERMITTIVITY OF HALF SPACE: ’,2(2¥%,1PD12.4))
WRITE{20,' (//,A,/)’) ' COEFFICIENTS V DIVIDED BY RMS E FIELD’ :
WRITE (20,17} ’'REAL IMAG

FORMAT {* *,17X,3)
DO J=1,NS

MAG PHASE'

WRITE (20,18) J,V{J),CDABS(V(J)),DATANZD (DIMAG(V(J)),DREAL{V(J)))
FORMAT(* V{(’,14,') = ’,4(2X,1PD12.4))

END DO

WRITE(20,7(//,A,/)') ' AMPLITUDE OF REFLECTED WAVEGUIDE MODES’
WRITE{20,17) 'REAL IMAG

DO N=0,LN-1,2
DO M=1,LM
K=M+N*LM

MAG PHASE'’

WRITE(20,20) ’ LSE’,M,N,REF (K),CDABS (REF(K)),
DATAN2D (DIMAG (REF (K) ) ,DREAL (REF (K) ) )
FORMAT(’ ’,A,I3,13,2X,4(2X,1PD12.5))

END DO
END DO
WRITE(20,22) YAP

FORMAT(/,’ APERTURE ADMITTANCE SEEN BY DOMINANT MODE: ’/,

2(2X,1PD12.5))
WRITE (20, 24) PWG

FORMAT(/,’ COMPLEX WAVEGUIDE POWER:

WRITE (20,26) PHS

r,2(2X,1PD12.5))

FORMAT (/,' COMPLEX HALF-SPACE POWER: ', 2(2X,1PD12.5))
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CLOSE (20)
STCOP
END
AR R AR AR A RERRRARAN RN NRN

SUBROUTINE YHS {(NNM, NSM,NS,NN, IV, X,Y,YB)
EREE KRR EERRN R XA RRARAR RN RAR RS

description:

This subroutine calculates the generalized admittance matrix of
a rectangular aperture{s) cut in perfectly conducting screen. The
screen covers the entire plane z = 0 except for the aperture(s).
The magnetic current has only an x~component and is expanded over
subsectional basis by triangle functions in the x-direction and
pulses in the y-direction.

Import parameters:

NNM - maximum number of nodes. (array dimension)

NSM - maximum number of subsection. (array dimension}
NS - total number of subsections.

NN - total number of nodes,

IV(6,NSM)~ global node numbers for each subsection.
X (NNM) ~ the x-coordinates of nocdes.
Y(NNM) - the y-coordinates of nodes.

Export parameters:

¥B (NSM,NSM) -the generalized admittance matrix of aperture.

Local variables:

X1,X2,..,X6 - temporary variables. { x limits of integration )
n o

Yl, !2 - ( Yy " " " )
U - sqrt{-1)

Ul,U2,...US - constant in calculations of YB

i -~ index associated with testing functions.

3 - index associated with expansion functions.

DXI - half the x dimension of subsection i.

DxJ - L] " " " " " j .

DYI - the y-dimension of subsection i.

DYJ - the y-dimension of subsection j.

K - wave number in dielectric.

Common variables:

A - the broad dimension (x-dimension) of guide. [m]
B - the narrow dimension (y-dimension) of guide. (m]
EPSO - permittivity of free space (F/m]

MIUO - permiability of free space, [H/m]

EPSR - relative permittivity of half-space z>0

OMEG - radian frequency of operation [rad/s]

PI - 3.1415....

KO - the free space wave number [rad/m)

Functions:

IXC{xl,xu,yl,yu, fac) integrates (k*(x-fac)*exp(-jkr)/{z7(xu-xl)) dxz dy)

107



Declarations:
Implicit none
INTEGER*4 NNM,NSM,NS,NN,IV(6,NSM),I,J
REAL*8 X(NNM), Y(NNM),DXI,DYI,DXJ,DYJ
COMPLEX*16 YB({NSM,NSM),U,Ul,02,U3,0U4,05,EPSR, K, IXC
REAL*8 X1,X2,X3,X4,X5,X6,Y¥1,¥2
REAL*8 A,B,EPS0O,MIUO,OMEG,PI,KO
COMMON /CONST/A,B,EPSO,MIUQ,EPSR,OMEG,PI, KO

on

Initialize constants

noon

U=(0.0d0,1.040)
K=CDSQRT (EPSR) *KO

ASSEMBELE YB

ooon

DO J=1,NS
DXJ=X (IV(6,J})=-X{IV{2,J))
DYJ=Y (IV(6,J))-¥{IV(2,J))
DO I=1,NS
DXI=X(IV(6,I))=X({IV(2,I))
DYI=Y{IV(6,I))-Y{(IV(2,I))
X1=wX(IV(2,J))-X(IV(2,I))+DXI/2.0D0-DXJ
X2=X14DXJ
X3mX2+DXJ
X4=X (IV{2, ) -X(IV(2,I))-DXI/2.0D0-DXJ
X5=X44+DXT
X6=XS+DXJ
Y1l=Y (IV(4,JT))-Y{IV(4,I))+DYI/2.0D0-DYJ
Y2=Y14DYJ
Ul=U*OMEG*EPSO*EPSR*DXI*DYI/ (4.0DO*PI*K)
U2=X1+2.0D0/ (K**2*DXI)
U3=X3+2.0D0/ (K**2*DXI)
U4=X4-2.0D0/ (K**2*DXI)
US=X6-2,0D0/ (K**2*DXI)
YB{I,J)=Ul*{IXC(X1,X2,¥1,¥2,U2)-IXC({X2,%X3,¥1,Y2,U3)+
& IXC(X4,X5,Y1,¥2,04)-IXC(X5,X6,Y1,Y2,US5))
END DO
END DO
RETURN
END
[ LA 2832322222222 322322322 2223223 13222222 R X 1)

COMPLEX*16 FUNCTION IXC({XL, XU, YL, YU,FAC)

P W o v e e g vk st v ok ol e T e o i i ok e ol ke ot ok ok ol s dir i it ok e vk e e e e
Description:

This program calculates the integral of:
{k* (x-fac) ) *exp (-jkr) / (r* (xu=-x1)) dx dy

where:
r=ggrt (x*A2+4+y**2)

input parameters:

XL - lower x limit of integration

NDaO0O0D0O00D0O00000
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xU - upper " " L] L]
YL -~ lower y limit of integration
FAC - the constant term in integrand.

Local variables:

U - sgrt{-1)
81,52, . . . , S84 - temporary variables.
RO

~ the center of Taylor expansion of exp(-jkr)
RUU - temporary variable, sqrt(xu**2+yu**2)
RUL - temporary variable, sgrt (xu**2+yl*=*2)
RLU - n w ¢ SQrt (x1**2+yur=2)
RLL =~ n " ¢ SQrt (x1r*24+ylai2)
K - complex wave number in dielectric
LNYUL~-
LNYLU- temporary variables
LNRUL-
LNXLU-
IR2 - the value of the integral of ( r**2 dx dy)
IR - the value of the integral of ( r dx dy )
IR1 - the value of the integral of ( 1/r dx )
IXR2 - the value of the integral of { x*r**2 dx dy)
IXR =~ the value of the integral of ( x*r dx dy)
IXR1 -~ the value of the integral of ( x/r dx dy )
IC - intermediate value., i.e, integral of (k*exp(-jkr)/(r*{xu-xl))

IX - intermediate value. i.e. integral of (k*x*exp(-jkr)/{r*{xu-xl))

Common variables:

a - the broad dimension (x-dimension) of guide. [m]

B - the narrow dimension (y-dimension) of guide. [m]

EPSO - permittivity of free space [F/m]

MIUO - permiability of free space. [H/m]

EPSR - relative permittivity of half-space z>0

OMEG - radian frequency of operation [rad/s]

PI - 3.1415....

KO - the free spacs wave number [rad/m]
Declarations:

IMPLICIT NONE

REAL*8 A,B,EPS0O,MIUC,OMEG,PI, KO0, XL, XU, YL, YU

REAL*8 LNYUL,LNYLU, LNXUL, LNXLU

REAL*8 RO, RUU, RUL, RLU, KL%, IR2, IR, IR1, IXR2, IXR, IXR1
COMPLEX*16 EPSR,U,S1,57.53,54,K,FAC, IX, IC

COMMON /CONST/A,B,EPS0,MIUQ,EPSR,OMEG,PI, KO
U=(0.0D0,1.0D0)

K=KO*CDSQRT {(EPSR)

RO=DSQRT { {XL+XU) **2+ (YL+YU) **2) /2.0D0

RUU=DSQRT {XU**2+YU**2)

RUL=DSQRT (XUX*24+YL**2)

RLU=DSQRT (XL**2+YU**2)

RLL®DSQRT (XL**2+YL**2)

S1l=U*K**4/6.0D0

S2=m-K*xx 3% (U*K*RO+1.0D0) /2.0D0

S3mKx*2% (U* (K*RO) **2/2 . 0DO+K*RO-U)

S4wK* (1.0D0+U*K*RO= (K*RO) **2/2 . 0D0-U* (K*RQ) **3/6.000)
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LNYULsDLOG { { YU+RUU) / {(YL+RUL) )

LNYLU=DLOG ( {YL+RLL) / (YU+RLU))

LNXUL=DLOG { (XU+RUU) / (XL+RLU))

LNXLU=DLOG ( (XL+RLL) / (XU+RUL) )

IXR2= {YU-YL) * {(XU**4=XL**4) /4 .0D0+ (XU**2-XL**2) * (YU**3-YL**3) /6_0D0
IXE= {XU**§ *LNYUL+XL**4*LNYLU) /8. 0D0+ (¥YL* (RLL**3=RUL**3) +YU* (RUU**3
& -RLU*#*3))/12.0D0+ (YL* (RLL*XL**2-RUL*XU**2) +YU* (RUU*XU**2-RLU*
& XL**2)) /8.0D0

IXR1= {YU* (RUU-RLU) +YL* {RLL-RUL) +XU**2*LNYUL+XL**2*LNYLU)} /2 .0D0
IX=S1*IXR2+S2* IXR+SI* (XU *L—XL**2) * (YU-YL) /2 .0D0+54*IXR1

IX=CDEXP (-U*K*R0) *IX/ (XU-XL)

IR2= (XUSYU*RUU**2+XL*YLARLL**2-XU*YL*RUL**2~-XL*YU*RLU**2) /3 .0D0
IR= (XU*YU*RUU+XL*YL*RLL-XU*YL*RUL-XL*YU*RLU) /3.0D0+
& (XU** 3*LNYUL+XL* *3*LNYLU+YU* * 3*LNXUL+YL* *3*LNXLU} /6. 0D0
IR1=XU*LNYUL+XL*LNYLU+YU*LNXUL+YL*LNXLU
IC=S1*IRZ2+S2*IR+S3* (XU-XL) * {YU-YL) +S4*IR1

IC=CDEXP {-U*K*R0) *IC/ (XU-XL)

IXC=IX-FAC*IC

RETURN

END

c IEXE22SI RS SRS SRR 222 22 222 22 22 sttt il s )]

SUBROUTINE YWG (NNM,NSM, NMM, LM, LN, NS, NN, IV, X, Y, AR, YO, YA, IA)

AR A AR AR R A AR R R AR TR P AR RARNKAARARNR AN AN LAARLRERR

Description:

This subroutine calculates the generalized admittance matrix of a
rectancular waveguide terminated in a conducting screen which

has one or more rectangular apertures cut in it. The aperture

is replaced by a perfect conductor on which flows an equivalent
magnetic current which has only an x component ( hence only

a y component of electric field ).

The magnetic current is expanded over rectangular subsections by
triangles in the x direction and pulses in the y-direction.

import parameters:

NNM - maximum number of nodes. {(array dimension)

NSM - maximum number of subsections.

NMM - maximum number of wavequide modes

M - the number of m mode indexes, LSEmn m=1,2,...,IM

LN - the number of n mode indexes used. LSEmn n=0,1,...,LN-1
NS - the number of subsections.

NN - the number of nodes.

IV({6,NSM) -the global node number of each node of subsection j.
X(NNM) <~ the x coordinates of the nodes.
Y(NNM) - the y coordinates of the nodes.

export parameters:

AR (NSM,NMM) - the "amplitude” matrix of mode k due to current j.

YO (NMM) - the wave admittance of the kth mode.
YA (NSM,NSM) - the generalized admittance matrix.
IA(NSM) - the generalized current matrix due to incident mode.

local variables:

I -index associated with testing functions.

O0O0O00000n0OON0O0a000000O000000000GO0000C0
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J -index associated with expansion functions.

M ~x index of LSEmn modes.

N -y index of LSEmn modes.

K -index associated with wave guide mode. (K=M+N*LM)
-total number of modes considered. (NM=LM=*LN)
~half the x dimension of subsection J. [m}
-half the y dimension of subsection J. [m]
-temporary variable ( x coordinate )

- " " { ¥y coordinate )

~the propogation constant of a wave guide mode.
-the cutoff wavenumber of a waveguide mode.
S$¥X1,8%2,SY1,CY1l -~ temporary real wvariabilies.

SUM - SUMMATION REGISTER

REEERE

Common variables:

A - the broad dimension (x-dimension) of guide.

B - the narrow dimension (y-dimension) of guide.

Fpen - permittivity of free space [F/m]

MIUO - permiability of free space. [(H/m]

EPSR - relative permittivity of half-space z>0

OMEG - radian frecquency of operation {[rad/s]

PI - 3.1415....

KO - the free space wave number [rad/m]
Declarations:

—— — — —— ——— — — - -

IMPLICIT NONE

INTEGER*4 NNM, NSM,NMM, I,J,M,N,K,LM, LN, NM, NN, NS, IV{6, NSM)
REAL*8 A,B,EPSO,MIUQ,OMEG,PI,KO, X (NNM),Y (NNM), AA (NSHM, NMM)
REAL*8 DXJ,DYJ,XJ,Y¥J,SX1,5X2,8Y1,CY1,KC

COMPLEX*16 YO (NMM), YA (NSM,NSM), IA(NSM),U, SUM,GAM, EPSR
COMMON /CONST/A,B,EPSO,MIUO, EFSR, OMEG,PI,KO

NM=T.M* TN

U=(0.0D0,1.0D0)

First calculate aa{j,k) and vol(k)}

DO N=0,IN-1
DO M=1,LM
KaM+N*LM
KC=PTI*DSQRT { {M/A) **2+ (N/B) **2)
IF (KC .GT. KO) THEN
GAM=DCMPLX (DSQRT (KC**2~-KO**2) )
ELSE
GAM=U*DCMPLX (DSQRT [(KO**2-KC**2) )
END IF
YO {K) = { (M*PI/A) **2-KO**2) / (U*GAM*OMEG*MIUO)
DO Jw1,NS
XI=X (IV(2,J))
YI=Y (IV(4,3))
DXJ=XJ-X{IV(1,T))
DYJ=YJ-Y{IV(1,J))
SX1=DSIN (M*PI*XJ/A)
SX2={2.0D0*A*DSIN (M*PI*DXJ/2.0D0/A) / (M*PI*DXJ) ) **2
IF(N .EQ. 0) THEN
SY1i=1.0D0
ELSE
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5Y1=2 UDO*B*DSIN(N*PI*DYJ/2.0D0/B) / (N*PI*DYJ)

END IF
CY1=DCOS (N*PI* (¥YJ-DY¥J/2.0D0) /B)

AA(J,K)=-DSQRT (4.0D0/A/B) *DXJI*DYJI*SY1*SH2*SX1*CY1

IF(N .EQ. 0) AA(J,K)=RA(J,K)/DSQRT(2.0D0)

END DO
END DO
END DO

now calculate yb(i,j) and ia(i)

[t Y]

DO J=1,NS
IA(J)=2.0D0*YO (1) *AA{J, 1)
Do I=1,NS

SUM=(0,0D0,0.0D0)
DO K=1,NM
SUM=SUM+AA (J, K) *AA (I, K) *YO(K)
END DO
YA(I,J)=5UM
END DO

END DO

RETURN

END

Ak IR ARERARERKERRIRARRRRARRRRARRK

SUBROUTINE GRID (NNM,NSM,NN,NS, IV, X, Y}

AR ARERRREEEAXARRE R T LA R R R AR LN

description:

apertures in a perfectly conducting plane. The
ap of rectangular patches. The user enters the
and the lower left and upper right coordinates
well as the number of x and y sub-divisions in
subsections/patch) . Patches may touch.

import variable:

NNM - the maximum number of nodes allowed.

export variables:

local variables:

oo oononNnoOooo0o00O0000000000000 O
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This subroutine initializes the node coordinates and node numbering
for the rectangular subsections used in the moment method solution of
the problem of electromagnetic transmission through one or more

aperture(s) are made
number of patches

of each patch as
each patch (i.e.

NSM - the maximum number of subsections allowed.

NN - the total number of nodes on aperture.

NS ~ the total number of subsections on aperture.
IV(6,NS) - the global node number of nodes for subsection NS.
X (NN) - the x coordinate of nodes.

Y {NN) - the y coordinates of nodes.

NP - number of patches forming aperture.

I - index/loop counter associated with x variations.

J - index/locp counter associated with y variations.

K - index/loop counter associated with patch wvariations.
P,Q - loop counters.
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DX = the x increment between nodes in patch K. [m]
DY - the y increment between node in patch K. [m]
{(X1,Y1l)- the lower left coordinate of patch K.
(X2,%2)- the upper right coordinate of patch K.

TX(I) -~ temporary storage of x coordinates.

TY(J) - temporary storage of y coordinates.
NODE{I,J,K) =array of global node numbers.

LNO - jindex associated with local node numbers.
NX - the number of x intervals in patch K.

NY - the number of y intervals in patch K.

Cormmon wvariables:

A - the broad dimensicon (x-dimension) of guide. ([m]
B — the narrow dimension (y-dimen=ion) of guide. [m]
EPSO - permittivity of free space [F/m]
MIGO - permiability of free space. [H/m]
EPSR - relative permittivity of half-space z>0
OMEG - radian frequency of operation [rad/s)
PI - 3.1415....
KO - the free space wave number [rad/m]
declarations:

IMPLICIT NONE

PARAMETER NPMAX=2

INTEGER*4 NNM,NSM,NN,NS,IV(6,NS5M),I,J.K,P,Q

INTEGER*4 LNO, NP, NX (NPMAX) , NY (NPMAX)

INTEGER*4 NODE (50, 50, NPMAX)

REAL*S A,B,EPSQ,MIUQ,OMEG,PI,KO

COMPLEX*16 EPSR

REAL*B X {NNMM),Y (NNM), X1 (NPMAX),X2 (NPMAX), Y1 (NPMAX)

REAL*S Y2 (NPMAX) ,DX (NPMAX),DY (NPMAX) ,TX{50},TY(50)

CHARACTER*] ANS

COMMON /CONST/A,B,EPSO,MIUQ,EPSR,OMEG,PI,KO

WRITE(*,’ (A,A,I11,A%)’) * NUMBER OF PATCHES FORMING APERTURE?’,

& ¢ (MAXIMUM OF ’,NPFMAX,* )=-—=>'

READ (*, *) NP

NN=0

NS=0

DO K=1,NP
GET PATCH GEOMETRY FOR PATCH K
WRITE{*,’ (A,I2,A$)’) ’ ENTER LOWER LEFT CORNER OF PATCH ’,K,

& * (XL,¥L) [m] --->'
READ (*,*) X1(K),Y1l(K)
WRITE(*,’ (A,I2,AS$)’) * ENTER UPPER RIGHT CORNER OF PATCH ',K,

& ! (XU, YU) [m] =e=>f

READ (*,*) X2(K),¥2(K)
WRITE{*,' (AS)’) ‘* NUMBER OF X INTERVALS BETWEEN XL AND XU 2 ~>'
RERD (*, *) NX(K)
WRITE(*,’ (A$)’) * NUMBER OF Y INTERVALS BETWEEN YL AND YU ? ->’
READ (*, *) NY(K)
NN=NN+ (NX (K) +1) * (NY (K) +1)
NS=NS+NY {K) * (NX (K) -1)
END DO
IF{NN .GT. NNM) THEN
WRITE(*,’ {(A)’) * TOO MANY NODES!'!’
STOP
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END IF
IF (NS .GT. NSM) THEN
WRITE(*,’ (A)’) ’ TOO MANY SUBSECTIONS!!/
STOP
END IF
NN=0
NS=0
DO K=1,NP
c CALCULATE X AND ¥ COORDINATES OF NODES OF PATCH K
DX (K) = (X2 {K) —=X1 (K) ) /NX (K)
DY (K) = {¥2 (K) -Y1 (K) ) /NY (K)
DO I=1,NX(K)+1
TX(I)=({I-1) *DX(K)+X1 (K)
END DO
DO J=1,NY({K)+1
TY (J) = (J=-1) *DY (K) +Y1 (K)
END DO

c NUMBER NODES OF PATCH K
DO J=1,NY (K)+1
DO I=1,NX(K)+1
NN=NN+1
NODE (I, J,K)=NN
X{NN)=TX(I)
Y (NN) =TY (J)
END DO
END DO
C FORM SUBSECTIONS AND ASSIGN GLOBAL NODE NUMBERS.
DO J=1,NY (K)
DO I=1,NX(K)-1
LNO=0
NS=NS+1
Do Q=0,1
DO P=0,2
LNO=LNO+1
IV({LNO,NS)=NQDE (I+P,J+Q,K)
END DO
END DO
END DQ
END DO
END DO
WRITE(*,’ (A$)’) ' CREATE GRIDING OUTPUT FILE? (y/n) -->'
READ(*," (A)') ANS
IF(ANS .EQ. 'Y’ .OR. ANS .EQ. 'y’} THEN
QPEN (33, FILE=' SUBSEC.MAP’ , STATUS=/ NEW’ )
WRITE(33,80) NN,NS,NP
80 FORMAT (* NUMBER OF NODES: ’,I4,’ TOTAL NUMBER QF SUBSECTIONS:
& I4,’ NUMBER OF PATCHES: ’,I4)
WRITE (33,82) ' BROAD DIMENSION QOF GUIDE [CM]:’,A*1.b2
WRITE (33,82) ' NARROW DIMENSICN OF GUIDE [CM]:!,B*1.D2
WRITE(33,82) * FREQUENCY OF OPERATION [GHz]:’, OMEG/(2.0D9*PI)
WRITE (33,88) ' RELATIVE PERMITTIVITY OF HALF SPACE:’ ,EPSR
2 FORMAT(’ ’',A,FB.4)

g8 FORMAT(* ' ,A,2(2X,1PD10.3))
DC K=1,NP
IF(K .EQ. 1) THEN
P=0
Q=0
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ELSE

P= (NX (K-1) +1) * (NY (K-1) +1) ! # OF NODES IN PATCH (K-1)
Q=NY (K-1) * (NX (K-1) -1} ! # OF SUBSECTIONS IN PATCH (K-1)
END IF

WRITE{33,"(//,A,I2,A,/)") * PATICH ’',K,"” DATA:’

WRITE(33,7(A,/)") *

NODE COORDINATES:'

DO I=P+1,P+(NX{K)+1)*(NY(K)+1) _
WRITE(33,95) I,.X(I),Y(I)
FORMAT (’ NODE(’,I3,’) X’,1PD12.4,’ Y’,1PD12.4)

END DO
WRITE(33,” (//,2,/)*}
DO J=NY(K)+1,1,-1

’ NCDE MAP’

WRITE(33,97) (NODE(I,J,K), I=1,NX(K)+1)

FORMAT (¢ 7,20X4)
END DO
WRITE({33,"(//,A,/)"}

* SUBSECTIONS MAP’

DO I=(}+1,Q+NY (K) * (NX(K)-1)
WRITE(33,99) I, (IV{J,I), J=1,6)
FORMAT{" SUBSECTION(’,I4,"): *,6I5)

END DO .,
END DO
CLOSE (33)
END IF
RETURN
END
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Index of Principal Symbols and Abbreviations

All complex quatities are underlined. An exception is the complex relative permittivity which
carriesa .

Vector quatities are denoted by an arrow above the variable.

Square brackets are used to identify matrices.

£,

the relative permittivity, §, =€ — j&”.
the relative dielctric constant, real part of the complex relative permittivity.
the loss factor, imaginary part of the complex reiative permittivity.

the transverse mode functions of the ith mode for the electric and magnetic fields,
respectively, in a rectangular guide.

the electric vector potentiai.

the Finite-Element Method

the reflection coefficient of the dominant TE,, mode.
the propagation constant of the ith mode in 2 rectangular guide.

the excitation vector in the Method of Moments.

L,(x),L,.(¥),L,(z) Lagrange polynomials.

M

the magnetic current density.
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A_rfj the set of expansion functions used in the Method of Moments to approximate the
magnetic current density.
m; the magnetic charge density.

MM the Mode Matching Method

MOM the Method of Moments

Ny the set of 2nd order interpolatory functions used in the Finite-Element analysis.

n unit external normal

En the magnetic Hertzian potential.

[\ node potentials for the Finite-Element mesh.

v the x-component of the magnetic Hertzian potential (Chapter 2) or the scalar magnetic
potential (Chapter 4)

i! approximate solution for the magnetic Hertzian potential obtained by the Finite-Element
method.

V; the amplitude coefficients of the magnetic current, solution obtained by the Method of
Moments.

w weighting function used in Galerkin’s method.(FEM and MOM)

Y, the z-directed wave admittance of the ith mode in a rectangular guide.

[Y!],[Y?] the generalized admittance matrices for the waveguide region and the half-space region,
respectively in the Method of Moments.
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