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Abstract

This study makes use of a variation of the Finite-Difference Time-Domain (FDTD)
method as first proposed by Yee to simulate clectromagnetic field distribution and
propagation in an open waveguide structure. In order to prove thal this new method
is valid, a rellection cocfficient is calculated with simulation data and compared to
measurements. The agreement between measurement and simulation data, while not
exact, is cnough to establish the veracity of the new method. This study contains
a detailed discussion of the discrepancies which were observed. Also presented are
colour images of the simulation which give the reader an idea as to the nature and

level of detail of the information which can be obtained from the simulation.
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Chapter 1

Background

1.1 Introduction

Computer simulations of electromagnetic (EM) ficlds are becoming more widespread
wilh cach passing ycar. This trend is due primarily to the inexorable advances in
computer technologies resulting in more people having access to increasingly powerful
computers, In [2], Taflove remarked on this trend warning government agencies that
computer simulations of complex EM phenomena will no longer be the exclusive
domain of western nations and their rescarch organizations.

In the past, computer simulations of microwave structures were not {easible; com-
puters ran oo slowly and their capability for graphical presentation was extremely
limited. Today, the response of simple microwave structures can be simulated inter-
actively and displayed using colour and graphical images. Computer memory and
processing speed are still a limiting [actor; the more complicated the structure being
simulated, the more compuler “horsepower” (i.c. speed and memory) is required to
achieve results in a reasonable length of time. Simulations of open structures are
especially onerous on computers duc to the sheer size of the problem space that is
usually desired to model the free space environment.

Only the powerlul, large and expensive mainframe computers (i.e. CRAY) are
capable of making short work of simulations involving more complicated microwave
structures such as waveguide and microstrip discontinuities, junctions and open struc-

tures. Unfortunately, access to these types of machines is restricted and costly.



1.2 Literature Survey

Yee's work [1] is widely considered to be the seminal paper regarding the FIYED
method. The idea of using finite difference equations as an approximation to dif-
ferential equations is not new or restricted to clectrical engineering applications (as
noted in [3]). However, before Yee's time, non-analytic solutions to “real™ 1M prob-
lems often involved solving numerous equations over hundreds of iterations. T'his task
was too demanding for the contemporary computers and beyond the patience ol most,
humans. As a result, there was little interest in computer simulations of anything
but the simplest microwave scatters and structures (i.e. perfectly conducting spheres,
cylinders, resonant cubic cavities etc.).

Yee, in a sense, showed the EM community that computers had come ol age and
could begin to deal with Maxwell's formidabie cquations. His work involved the two-
dimensional simulation of scattering caused by a perfeetly condncting eylinder and
wedge based upon what later became known as the FITD method.

A comprehensive history of the development of the FD'T'D method is contained
in [4] and will not be repeated here. This chapter will concentrate more upon Lhe
various applications of the method by others in an effort to show its adaptability and
growing acceptance within the EM and numerical modelling comnumitics,

The eflects of Electromagnetic Pulses (EMPs) upon the human hody and metallic
structures and scatierers have always been an important arca of research. The 1"DTD
method has been used extensively in this field to predict EMP effects. Holland 5]
developed a computer program, known as THREDE, which could calendate free-field
EMP coupling and scatlering in a 30 x 30 x 30 problem space. Kunz and Lee [6] made
use of this program to model EMP cffects upon a non-operationad F-Fi1 airerafl and
then compared predicted results to actual measurements, The agrecinent belween
the two was very good.

Holland et al. {7} expanded THREDE to a 50x43x59 problem space and used
it to examine EMP scaticring by a lossy diclectric sphere. The data generated by
THREDE compared favourably to the Rayleigh-Mie spherical harmonic expansion
solution. Holland and Simpson [8] altered THREDE again so that it conld accommo-
date thin wires and struts within the problem space. The authors then went on to
investigate EMP coupling into a wire loop and dipole antennas and found their data

to be very close to the known solutions. Chen and Gandhi [9] used the FDTD method



to predict internal fields and currents induced in the human body by an EMP. Like
the others, Chen and Gandhi’s predictions agreed favorably with measured data.

The effects of EM radiation on human tissue is anather important area of research.
In the treatment of cancer patients it is desirable to restrict radiation, as much as
possible, to the aflected tissue {i.e. tumor). This entails accurate knowledge of specific
absorplion rates (SAR) for various tissues and near ficld radiation characteristics for
radio frequency (RIF) applicators. Sullivan [10] has used the FDTD method to predict
the SAR distribution produced by an applicator with a view to improving its design.
Sullivan el al, [11] employed the FDTD method to calculate [EM absorption in human
Lissue. In particnlar, the authors were concerned with determining tne local SARs at
specific points within the human body and their work confirmed the suitability of the
method for this type of research. Wang and Gandhi [12] used the method to simulate
performance of a device used for Jreatment of cancer patients: the Annular Phased
Array (APA). These authors suggested that the method was well suited for near
licld simulations of realistic RFF applicators used {or hypothermia and other medical
applications.

Microwave circuil designers have also seized upon the FDTD method as an aid to
building better circuits and transmission line structures. Moore and Ling [13] used
the method to optimize the length of a 45° miter in a 90° bend in microstrip. Wollf
and Rittweger [14] used the FDTD method to examine the responses ol an open
ended line, an impedance step, a meander line, a radial stub and a spiral inductor
all in microstrip. Their results compared favorably to measured data. Their analysis
of the spiral inductor is particularly encouraging because this component is very
complicated; it includes an air bridge above the surlace ol the substrate material.
Zhang and Mei [15] examined the characteristics of six common microstrip structures
using FDT'D and succeeded in establishing the validity of the method for obtaining
[requency domain results.

The FDTD method has also found use in the analysis of EM field scattering
and radar cross section (RCS) determination. Taflove and Umashankar {3] used the
method Lo examine simple geomelrical 2D and 3D targets. Their results compared
[avorably with measurements and MOM (Method of Moments) data. The authors
also examined two particularly complex structures: a missile seeker section and the
human body. The analysis upon these two structures demonstirates the extremely

detailed information that the method can provide and the complexily of the object



that can be simulated. Umashankar and Taflove combined their efforts again [16]
and showed how FDTD data can be combined with other procedures to yield the far
field scattering of complex objects. FD'TD was used to determine the near field ol a
scatterer. This data was Lhen transformed 1o the far-field scattering pattern hased
on EM equivalences. The RCS of the complex scatterer could then be determined.

The FDTD method proved to be well suited to all the aforementioned applications.
A common concern expressed was Lhat of memory storage and CPPU utilization Lime
(that concern will be echoed in this study as well). Although the FD'TD method has
some advantages over other methods (for example TLM as discussed in [I17, 18]), the
primary restriction is still the amount of computer resources that can he allocated to
the task.

Next to [1], the paper produced by Chen et al. [17] is of primary importance as far
as this study is concerned. Chen outlined a new FDTD schieme and showed how it was
equivalent to the symmetrical condensed T'LM node. Chen's new scheme provides
better convergence at the expense ol increased computations (i.e. more numerical
operations). In the Yee cell there are cightcen ficld components while Ghen's new
cell uses 30. More ficld components provide for hetter resolution yet Chen observed
that the time required for the computations was approximately the same for both

methods.

1.3 Motivation

In general, the purposc of this study is to further the acceptance ol the FI'T1) methad
as a valid and uselul tool for accurately simulating the performmance ol microwave
devices. In particular, this study aims Lo show the practical application of the FITD
method, as modified by Chen, to a specific waveguide strcture,

Henceforth, the terms “the FDTD method” or ®the method” will refer to the
FDTD method, originally proposed by Yee [1] but later modificd by Chew ef al [17].
In order to achieve the purpose of this study, the anthor will explain the method and
demonstrate its use on a specific waveguide structure.

The author is an officer in the Canadian Navy who las been seconded to the
University of Ottawa in order to complete a post-graduate degree. ‘The selection of
the structure for simulation in this study was based upon two considerations: I5irst, to

benefit the Navy, and secondly, to show that this method can satisfactorily deal with



non-canonical structures. The structure simulated is an element of an experimental
naval radar array known as EXPAR (Experimental Phased Array Radar).

The Navy is considering further development of EXPAR with a view to procure-
ment; therefore, it is hoped this study will aid in some way in evaluating the technical

merits of the system.



Chapter 2

Theory

2.1 Introduction

Yee's FDTD method has been examined and explained by himsell and numerons other
authors [1, 3, 15, 14, 19, 18, 10]. Chen’s modification of the IFD'TD scheme (which is
used in this study), although fully developed in [17], was not presented in its entirely
probably due to brevity constraints. This chapter will, therelore, completely develop
and present all equations required by the FD'TD method.

The equations necessary for three-dimensional simulations will be developed from
Maxwell’s two curl equations in a stationary and sourceless medinm. The boundaries
used in the FDTD problem space will then be presented lollowed by a discussion
of the stability aspects of the simulation. Finally, a simple cavily structure will be
simulated using the FDTD method and the results will he compared Lo its analytical

solution.

2.2 The FDTD Method

Maxwell’s curl equations in a stationary and sourceless medinm are:
JH

[ A

.

ok -
— = : 2.9
5 vV x H (2.2)

= —-VxE (2.1)

where

= Eyi+ By + .3

-1

e Eh

= M@+ Hyg+ .2



in Cartesian coordinales,

All vector components are functions of space (z,y,z) and time ({). I'or example,

£y = £i.(x,y,2,1). Equations 2.1 and 2.2 can be expanded as follows:

(s 08y O,
S I TR AL TR LY Th
_ [ag, g_y]z_ [813, BE:} . [8Ey 8Er]

y—

77 il i i i b el »
08, , , 0B, OB _
M I T TR L T B

ot i), | [OHe _OIL] [0, _0IL),

dy o 0z oz | Y dz oy |~

Fquating veclor components in 2.3 and 2.4 yields:

dH,  OE, L,

oo T oz T Ay
oM, _ OB, 0L,
o T dz
o, _ 9B, OE,
o T oy T o
OB, _ 9, OH,
T oy " o
9B, _ 9H, _3H,
ot Oz dz
05, _ oH, _aH,
at ox Jdy

As was done in [1] and [17], assume a three-dimensional, discretized Cartesian grid

which will henceforth be referred to as the problem space. The intersection of the

grid lines represents a point or “node” in the problem space. Any node in the space is
defined as (i, j, k) = (A=, jAy, kAz) where Ax,Ay, and Az are elemental distances

in the &,7, and 2 directions. Any funclion of space and time can be expressed as:

Flidz, jAy, kAz,nAL) =, F(i,,k)

Where 7,j,k,n are all integer variables and At is the incremental amount by which

time is advanced in the simulation.

-1



Tor this study Az = Ay = Az = A,
In [20, page 475, eq 13.2.5a], Haberman uses the Taylor series to develop an

expression {or the first derivative of a function, f(w):

df(w) _ fw+Aw) = f(w)  Awd®[(&)

dw Aw 2 dwt

The last term represents the Taylor series remainder or truncation error. A [inite dif-
ference approximation to df (w)/dw is known as the forward dillerence approximation:
df(w)  flw+ Aw) — f(w)

o
dw Aw

The forward difference approximation becomes inereasingly acenrate with decreasing

Aw. Haberman also defines a centered dillerence approximation of df{w)/dw as:

(W) _ Jle+ Aw) ~ f(w = dw) .
dw 2Aw -
II Aw = Aw/2, equation 2.11 becomes:

df(w)  Jw+ Adw/2) = [(w- Aw/f2)
dw Aw

Consider equation 2.5. Let n + L and (7,7, k) be the centre points in Lime and space
[ 2 vJy ] ]
respectively. If the centered difference approximation, as shown in equation 2.12, is

applied to the left and right hand side ol cquation 2.5, the following is oblained:

n+1f{:l:(i1j: k) _"fj-t'(i!j!k) - 31
ru At - ("“l'i)
ﬂ.;.,l_,Ey(i,j,k + %) “n'l'%Ey(i’j‘ k- %) “+%Ez(i’j + %’ k) _"""12 M:(”J - %‘ k)

Az Ay

Expressing 2.13 in terms of n41/2(i,4, k) and recalling that A = Az = Ay, the
following is obtained:

o . AL ,
n+1ffx(1,j, L) = ﬂHx(T-,J,k) + E [n_{_%[by(‘t,_’],k + ::)')— (Z.M)

. 1 v . N
n+%Ey(3,Ja k— 5) _,.+§-I'J=("-,J + 5% k) +u+% lio(i, g — EJ':)]
For the purposes of this study, let A=Imm and Al=3.3333x 107" scconds (the reason
for this choice of A and At will be discussed later). Therefore,
A 1

—_— =, =

Al loto

=3 x 10® mn/sec

7]



If both sides of 2.14 are multiplicd by Z, where Z, = /%2, then,

(4,4, k) refers

node (i, j, k). Equation

ll-{-ll'ln.'(igj, k)zo

Through similar

nirlly (4 3, k) Zo

n+l” ( :JJ“)/
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ZoAL fpe 11
A Ve copt
= [#e TR —
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_ l
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to the value of the relative permeability at the specific location or

2.14 can now bec rewritlen as:
1
(2, 7, )'».)

| L. 1 |
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(i, 4, 8) 20 + (2.15)

1
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P
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manipulations, equations 2.6 to 2.10 are transformed to the following:
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Equations 2.15 to 2.20 represent the EM field components (/., H,, 1., E,, By, ;)
at a given node (4, j, k) for the next time step in the future (i.e. time=n-1). Equations
2,15 to 2.20 are functions of two things: firstly, the ficld values at the node now (i.c.
time=n) and secondly, the ficld values A away [rom the node and hall a time step
into the future (i.e. time=n + 1). This process is the essence of how the FDTD
method calculates the future or predicted field values.

The prediction process can be more clearly understood by relerring to Figure 2.1,
In the interest of clarity, Figure 2.1 shows only the £ ficld components; the reader
must keep in mind the fact that the # ficld components are also present. in the same
number and location. The node, (i, 4, k), can be thought of as being at the centre
of a cube of dimensions A x A x A. At the start of the process, (Litme=n}, the six
field components (Hy, H,, H., By, By, E.) at the node are known; the three £ licld
components are shown in Figure 2.1(a). The object is to determine whal those six
values will be at time=n--1, the next time step or iteration. What is required is that,
at half a time step into the future, the £ and ff ficld components located A ahead
of, behind, above, below, to the lefl of, and to the right of the node be determined.
These field components can be thought of as being on the surfaces of the cube that
encloses the node as shown in Figure 2.1(b). T'here are 24 such components, twelve
E and twelve H. Figure 2.1(b) shows only the twelve £ field components.

If the 24 F and H fields components on the cube surfaces can be delermined,
then all the information required by cquations 2.15 to 2.20 will be available and the
total B and H fields at the node for the next time step can be calenlated (see Figure
2.1(c)).

Let the 24 £ and H ficld components that exist on the surfaces of the nodal
cube of Figure 2.1 be collectively known as the “hall fields™. ‘Tlis is a litling nane
because, as will be seen later, they only exist hall a time step into the future and half
way between adjacent nodes throughout the entire three dimensional problem space.
Similarly, let the six £ and # ficld components that exist at the node itself be known
as the “node fields”.

As menlioned above, to solve equations 2.15 to 2.20, the half ficlds wust be de-
termined. In {17], Chen made usc of the unitary condition of the scattering matrix
(5] for the TLM symmetrically condensed node (SCN) which is stated as follows:

[S)s1”" =1

[S]T is the transpose of [§]. The unitary condition entails that energy within the

10
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Figure 2.1: The FDTD Prediction Process



TLM SCN is conserved; encrgy is neither created nor destroyed, Fnergy which eunters
the TLM SCN at one time step leaves the same TLM SCN at the next time step.
In [17], one can multiply out [§] in terms of V" and V7 . make various substitutions
and obtain equations (29) and (30} (which appear below as equations 2.21 and 2.22).
Let these equations be known as “boundary equations” because they represent Iy and
H half fields on the surfaces of the nodal cube (see Fignre 2.1(b)) which act as a
boundary for a single node. The complete seb of these hboundary equations for the
half fields is as follows:

AU o

n+%Ex(3,] -+ '0‘, I\?) —",*,_;_‘H;(?.,j + 3, k)do = (2‘21)
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2. (i, j,A:) +o (L], k.)z,,]— lu_-_b (i, = = A)+"__H (inj - ,;.:)zo]

1
artB:(3, 7 + 70 k) ,H,lH (t,7 + A)/ = (2.24)
+3 9

- —
LB + 1,8 el 1,1)%] - ooyl o) =y 1l 4 5,10

.. 1 .. 1., " a o
n+.11Er(z$.77k + 5) +n+£—”y(z$3i k+ 5)40 = (2.20)

.. 1.,
‘)[n (2,4, )+ﬂHy(i:jsk)Zo] |:1:—'-L.‘L( N )-iu—!- (i gy ke + 3)4,]

. . 1 o }‘ r B TH
n+:l-Ez(3:J’k + §) _n-i--%-]jy("':]?k + E)Aﬂ = (J..’.’())

3
Q[nEx(i,j,k-l-l)—,,Hy(i,j,k+I)ZQ]—[,,__LL,(: ol 2y =y Iyl )zu}

..-

neiBy(d, 5, K + )— Ha(ivgo b + 3)/ (2.27)
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e . )
el 5) by el o b+ 5) 20 = (22)
e .. 3
2[!:’-"‘1/(11%}""*' l)+ﬂHx(z,],k+ 1 40] - [n—%Ey(h]’k'l"é') +n—'-][ (4,7, + )Z]

Ll
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u-i-:}bll(r' + 513’ A) _u-l-% ]‘13(1 + E‘.‘JI k)‘éo = (2.30)

. . . R
2B+ 1, k) =l 1,5, 002 = [l + 3000 =y T4 5,3,0)7)

b D
,,_*_;_E:(z + 33.71 k) “atd Hy(i + Tja.’h"’)éﬂ = (2.31)

C I 1
‘)[ ( ’J’l‘) n ['[y(zaj-rk)éu] - [ﬂ._%b:(z - :—;sJa k) _n-.;-hry("" - -s.?s'!")z:l

e L
n-l-:l,-E&'(?' + 31.7: A.) +n+;— h’y("' + ',')'7]3 k)do = (2.32)
3 3
2B+ 1,3, k) o Hy (i 1) Ze] = [y B+ 50, 8) Fomy Hy i+ 5,507

By manipulating various boundary equations, explicit expressions for the half fields
can be obtained. For example, by adding equations 2.21 and 2.22, an explicit expres-
sion for ,,HE,,(i,j + %, &) can be formulated as:

1
ne iz (i + 50 k) = (2.33)
(’1.}1 !“) nh'..(i,j, ,':)Zo +11‘E.1:(";'3j + 1) ‘l") +le{2(i!j + 1! k)Z"
1 3 3
- [ﬂ-w (5 + 2o k) oy Heli + 2,0 Z6

+,,_%Ex(i,j—é,k) S AT RS /]

-

This process is extended to all the boundary equations to form the lollowing set of

explicil expressions for the £ and H half fields:

A |
na =005 + —,k)Z = (2.34)
~n (i, 4, k) +n H (4,5, k) Zo +11E::('£’j + 1, k) +,,,f[_-_(i,j + 11k)Zo
l
5 [t Beli 4 3K o Bl + 5,07
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+u-.-L’v( ';1.]1"‘) n--Il ('__’J’I‘)/
S B
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. llE:(i1j$ ) u”y(’ .h )/ +ﬂE (? + l?Jvk) +ll]Iy(" + l!ja k)Zo
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- l _LE:('L-"E;".?,") ,._l[f (?+'._1Jsk)zo
3 -4 3 5
- S
bt = 53, K) —aoy Holi = 5.5, 1))
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ity i+ 5.5, k)%, = (2.44)

(i g, k) An Hy (0 2 8) Zo A Bl 4 L, o k) 4 1,5, K) Ze
l 3 3, ...
= 5 sl 500 Ry 0+ 505 )

Bl = é,j, B o i = 3,3,K)24)

Consider the twelve half field equations (2.33 to 2

2.44) that have alrcady been de-
veloped.

It is certain that they can be solved because in each equation, the only
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unknown is the half ficld expression with the time subscript n - 3. All the other

variables in each equation liave time subscripts # or 0 —

meaning they are present
or past values respectively. In the FI'TD simalation process, present fiekl values
arc known and past field values are stored. Therelore, evaluation of the half field
equalions and, consequently, equations 2.15 to 2.20 is a straightlorward process,

The astute reader will have noted that figure 2.1(h) showed twelve /2 half lields
(and implied twelve more £/ half ficlds) located on the surface of the nodal cube while
only twelve half field equations were developed (cquations 2,33 to 2.44). Further, the
observant reader will also have noted that all 24 of these £ and I hall lields are
required to solve cquations 2.15 to 2.20. The apparent dilemma is that twelve more
half field equations are required for a total of 21 to match the number ol half field
unknowns in equations 2.15 to 2.20.

To resolve this apparent problem, consider only equation 2,15, Equalion 2.15

requires the following half ficlds:

T I
n.{__%lby('ﬁ,j,k-}-:—

| O
o

o g !
u+%l‘l’y(?"-71k -

|
e

o gr s )
11-{'-%’"‘:("1.7 + 51"’)

T
;;+,1-,I'J:(1’J - a.’k)

Expressions for "_l__;,lfy(i,j; k+i)and %E:(i,j-l-%, k) have already been developed (sce
equations 2.39 and 2.35 respectively). But whal of ,,ﬁii’,,('i,j, fe— %) and "_,_%IL':(i,j -
3,k) 7 No expressions have yet been developed for hall fields with negative space
arguments (i.e. (i —35,7,k) or (4,7 — $.k) ete.).

Referring to figure 2.2, assume that (i, j, k) corresponds to the centre of a nodal
cube. It can be seen that ,l+%!3”(1',j, le— ) of cube 1 s also "_F%I-,',,(i,j,l.: + 5) of
cube 2 and hecause they exist at thie same point in space and time, they are equal.
Therefore, explicit expressions of hall ficlds with negative space arguments need nol
be developed; in a sense they already exist. The positive hall ficlds of one cube are
also the negative half fields of the cubes adjacent to it. For example, in Figure 2.2,

HH o * () P O l ¢ ale ) -"‘- 4 ‘u .
the positive half field for cube 2, 4 15,(2,J, ke 4+ 1), is also the negative hall field for
cube 1, ﬂ_,_%_Eh,(i,.;ﬂ', k—%). Similarly, the positive half field for cube 3, M_n_t’i',(i,j—k%, k),

2
is also the negative half field for cube 1, 1B (2,7 — 30k). As aresult, all the f2 half
2

fields for cube t are defined and equation 2.15 can be evalnated.
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Figure 2.2: Half fields with adjacent nodal cubes.
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It is important to bear in mind the nature of the £ and I half ficlds: they are
only a step in the FDTD prediction process. The node fields ave what is important
and it is this iuformation thal is sought.

This method does not use a “leap frog” type of algorithm. In the Yee 1°DYTD
scheme, £ and H ficld components were caleulated on alternating hall time steps. At
a given time step n, the method determines the half fields at » -+ l. thronghout the
problem space using equations 2.33 to 2.44. Only then can node fields be determined
for the next [ull time step, n+-1, using cquations 2.15 to 2.20. At this point, the
node fields at n and n+1 are known. The process advances to the next time step by
replacing half field values at n—{ with those al n + § and node field values at 2 with
those at n+1 throughout the problem space. The process now advances to the next
iterative step and half fields at n + § and node fields at n-+1 are again caleulated.

The difference between this method and the FDTD method initially proposed hy
Yee arises from the way in which the finite dilference lormulas are applied to equations
2.5 to 2.10. Yec used n and i + 1,5+ L or b+ 1 (as the case may be) as the centre
points whereas this method uses n + 3 and (7,7, k) as its centre points in time and

space respectively for the finite dilferencing operation.

2.3 Boundaries

All simulations of propagating waves and/or scalterers must be bounded in some
way due to the finite memories that exist with all computers, The houndaries of
the problem space must be carefully chosen so that tley simulabe, as accuridely as
possible, the structure under investigation. If the boundaries are incorrectly specified,
they may reflect an improper amount of incident energy which would ultimately
invalidate the results of any simulation.

In this study, two types of boundarics have been used: the standard clectric or I
wall boundary and the absorbing wall houndary. For the purposes of this study, all
boundaries exist exactly midway between nodes.

The E wall boundary, (henceforth referred Lo simply as an 15 wall), is assumed to
have infinite conductivity; therefore, all tangential clectric field components become
zero on its surface. A typical problem space enclosed by an I5 wall is shown in Figure
2.3. In this case, the E wall encloses the problem space in two dimensions. Assume

that the diagram extends to infinity out of the page to realize the third dimension,
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At node | in Figure 2.3, the £ half fields that are tangential to the b wall are set
to zero because of the I wall’s infinite conductivity. Specifically, the following half
ficlds will he zero:
]

vk)

n+"p (%J + 5 0!
1
2’

1|+-|-r (1 J + 3 A‘)

weyBelis b+ 3)

#3E:00 5,k + ]-)
(i, 7, k) refers to node 1 as indicted in Figure 2.3. If (7,7, &) relerred to node 2, then
only the first two field components mentioned above would be zero.

Of course, no such simplifying assumption can be made about the A half fields
that are tangential to the E wall. In fact, using the half field equations (2.33 to 2.44),
it would appear that a problem exists when evaluating ff half field expressions. As an
example of this, consider Figure 2.3 with (¢, J, &) referenced to node 1. Equation 2.34
shows how n+|H~(1 i+ 3,k)Z, is to be calculated. The problem arises when terms

with space arguments Lhat exist outside the E wall are required. In this example,

equation 2.34 requires the lollowing node and half fields that exist beyond the E wall:
wlix(i, 5 + 1, K)
nf:(d) + 1, k)2,
Bl 5.8)

1[](,]"!‘3 L)/

n-}

A boundary marks the limit of the problem space. While hall fields can exist on
its surface, nothing exists beyond it. The question then is how to solve for H half
ficlds that are tangential Lo E walls. As shown above, the regular half field equations
cannot be applied because ‘they reference nodes that exist beyond the E wall. All
is not lost; the reader may recall the tedious boundary equations (equations 2.21
to 2.32) of chapter 2.2. When (4,7, 4) telers to nodes adjacent to I walls, these
equations can be used directly to determine the tangential // hall fields. In this
case, . 1H:(i,) + 1.k)Z, is to be calculated by using equation 2.21 knowing that
niyBa(i, g + 2 k) is zero. The expression becomes:

n+~‘-[[ ( 1J + ")Z =
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Figure 2.3: Treatment of half fields tangential to E walls
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The above expression can be readily evaluated because all the node and half fields
required exist within the problem space as defined in Figure 2.3.

Suppose (1, j, k) relerred to node 3. Although Lhis node is not in the problem space,
E and H half ficlds along the y axis (which will be tangential to the E wall) will be.
As before, tangential £ hall ficlds will be zero. To determine the /f hall fields, the
houndary equations must again be used. For example, assume that ,l+%f!_.(z',j+—;-, k}Z,
is Lo be determined. In this case, equation 2.21 cannot be used because it would
require node and half ficld components that would be outside the problem space.
Equation 2.22 ought to be used instead. Setling ﬂ+%Er(1f,j + %,k) to zero, equation

2.22 becomes:
et (4, _1+ K2, =
o L. 3
2[“&(1,)-1-1,*'»‘) +u (1,7 + 1, k) Z,) — n-iE ,J+ o) L Hei ,J+ k)2,

Once again, the above expression can be evaluated because it references only node
and half ficlds that exist within the problem space.

Magnetic or M wall boundaries and their accompanying equations could also be
developed in a similar manner with the difference being that tangential f half fields
would be set to zero. This study does not make use of this type of wall so its
development will not be pursued.

In summary, when dealing with nodes thal are adjacent to E walls, there are only
two things to bear in mind: firstly, all £ half fields that are tangential to the E wall
are sel o zero and, secondly, / half fields are calculated by selecting the appropriate
boundary equation (equations 2.21 to 2.32). The choice of which boundary equation
to usc (Lhere will only be two to choosc {rom) arises [rom the location of the node
with respeet to the E wall; the node being either just oulside or inside the problem
space.

The second type of boundary used in this study is known as an absorbing wall
(AW) boundary. An AW is meant Lo absorb all incident energy without generating any
reflections. The AWs ave used to limit the problem space when simulating radiation
or propagation in a [ree space environment.

The AW used in this study is based upon Chen’s modification [21] to Saguet's ab-

sorbing boundary for three nodes [22]. Chen’s AW boundary represents an improve-



ment upon that of Saguet in that it provides some suppression of spurious modes as
well as absorbing the physical modes.

Spurious modes exist only in numerical simualtions involving a discretized node
mesh or grid, they do not occur in the physical structure. In [23], Niclsen descibes
these modes as occuring when the structure being simulated has features in the order
of several lattice (A in this case) spacings.

To better understand the workings of the AW, consider Figure 2.4 which shows a
single row of nodes, along the y axis, from a 3D problem space. The row ends in an
AW. In order to predict the E, and I half ficlds that would exist at n+ § and j- 2

(i.e. on the surface of the AW) the foliowing AW “boun(la.ry equation” |nu.~.l. be u.~.::(l.

|
".}-,:TE;:(?,] + 3”") +1I+1 i ([ J + I‘)/ﬂ = (")‘"I'rj)

2.95 [, 1 2.(0, J—‘:,A:) +"__u G, J—g,i\-)z‘,]

L -

—1.5[1_1_-31,( J—— k) + %H,(i,j—g,k)zo]
ST A T
025 - Balins = 5+ k) +ump fislid = 5, k) o)

- 4

By adding equations 2.45 and 2.21 (the approptiate boundary equation), an explicit
expression for ,:_{_%Ex(i,j + 3,&), an AW half ficld cquation, can be obtained. Simi-
larly, by subtracting equation 2.45 from 2.21, onec obtains an explicil expression for
n+;_H:(i,j + 3,k)Zs. The complete sct of AW boundary equations can he found in
appendix A. The regular hall ficld equations (2.33 to 2.44) could not have been used
to generate explicit expressions for half ficlds on the surface of AWs hecanse, as was
the case with the E wall, they referenced nodes beyond the AW, The houndary equa-
tions (2.21 to 2.32) alone could not have been resorted Lo becanse neither of the half
fields tangential to the AW could have been sel Lo zero (as was the case with the |
wall). Therefore, the development ol the AW bhoundary cquations was necessary. Of
course, this approach can be extended to AWs which are perpendicular 1o @ and 2
axes as well.

In Figure 2.4, it is assumed thal at time n, the values for the £, and I, half fields
located at j + 3 from the node indicated by (2,7, F) (i.c. on the surface of the AW),
are to be pledlcted by equations 2.45 and 2.21. In order to do Lhis, the values for
the half fields from previous nodes and times steps must be known. In Lhis specific

example, half ficlds £, and H, at locations j — %, j — %, and j — & at previous time

stepsn—Z,n— L and n — 2 respectively, must all I)c known. T hu.a, the predicted
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values for the half fields on the surface of an AW depend upon past hall lield values

at locations up to six nodes away.

2.4 Stability

The node field equations (2.15 to 2.20) combined with the hall fickd equations (2.33
to 2.44) represent a time-stepping algorithm of EM encrgy propagation through a
medium characterized by s and e. The numerical stability of the algorithu will
depend upon the values assigned to Az, Ay, Az and Af.

This study makes use of the stability criterion developed by Tallove and Brodwin
[19] as follows:

[

! l
. )
NN (2.46)

Ve 18 the maximum wave phase velocity expected in the model.

Unum:A" <

Co
Umar =
VIteEr

For the ease of calculation, the grid spacing parameiers are chosen such that A =

Az = Ay = Az, Thercfore, equation 2.46 can be rewritten as:

c 3 -3
o < 3]

JirEr = |A?
VAV 1

— J— e
Jihg A T /3 (247)

For simplicity, At and A have been selected such that £ = ¢, Consequently, “lree
space” shall be characterized by g, = ¢, = 2 in order that the inequality ol 2.47 be
respected.

The stability criterion, equation 2.46, was originally developed for nuse with the
Yee FDTD algorithm. In the appendix of [19], the authors provide the derivation of
2.46 which is independent of the manner in which the finite diflerence cquations are
applied. Therefore, the stability criterion developed by ‘Taflove and Brodwin is as
applicable to this method as it was to Yee's.

Therelore, equation 2.47 can be rewritien as:

0.5 < 0.577 (2.48)
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The choices made for ji,, ¢, A and Al, satisly the stability criterion as expressed by
the inequality 2.48. Nielson and Hoefer [28] showed that the numerical dispersion for
a symmetrically condensed node T'LM mesh did not vary significantly from the ideal
case even for koA as high as 0.9. Since this method is equivalent to the symmetrical
condensed TLM node (as established by Chen ef al. [17]}, it can be concluded that,
given the choices made for A and frequency (8-12 GHz), this method should not suffer

significantly from numerical dispersion. The worst case being,

23
koA = 2#9- = 27

Y = 0.0375 — 01070

Furthermore, the choices made are in accordance with Kim’s and Zhang and Mei’s
recommendations ([4],[15]) that one should operate near the upper limit of the stabil-

ity inequalily (2.48) to minimize the numerical dispersion and obtain high accuracy.

2.5 FDTD Example: Resonant Cavity

In order to provide the reader with some conflidence in the method, a simulation
of a resonant cavily was performed. The cavity dimensions are as shown in Figure
5. The cavily is construcled of E walls which enclose a medium characterized by
pr=1 and ¢.=2 (in the actual simulation, z,=2 and ¢,=4 so that the inequality 2.48
be satisfied). The excitation is a spatially-distributed half sinusoid (as used for TE;q
waveguide mode), time-dependent Gaussian pulse. This type of excitation is discussed
in grealer detail in chapter 3.2
The resonant lrequency for the TE,p mode (the lowest order mode for this par-

ticular structure) is given by:

frcs[TElﬁl] = ,)\/‘u—v
= 9\/‘(,—3”

5968 (' =

il

The simulation was run for 1000 iterations. The £, field component was extracted
from the node (¢,7,&) = (12,15,5) in a 23Ax28Ax 10A problem space and Fourier
transformed by an FFT algorithm (details of the algorithm will be discussed late:).

The magnitude spectrum of the £, data [rom the simulation is shown in Figure 2.6.



The resonant peak for the TE;q maode is clearly visible as predicted by the above
calculaiions. Also apparent is the peak for the TE gy mode, fr.,=12.261 GHz, Other
modes (i.e. TEyj0, TEoyp... cte.) are also present in Figure 2.6 but, due to the
location where £, dala is extracted, their peaks are not as pronounced.

Thus it may be concluded that, given the location from which data has heen
extracted, the method has accurately predicted cavity resonant frequencies. 'This
brief example should provide the skeptical reader with some measure of coufidence

that, thus far, the simulation is valid and the inethod reliable.
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Chapter 3
The FDTD Simulation

3.1 Introduction

"This chapter will discuss the specifics of the FD'TD simulation as it applies to this
study. Figure 3.1 provides an exploded view of the physical structure to be simu-
lated: the EXPAR device. EXPAR consists of three components: a length of X-band
waveguide (WRO0), a resonant iris, a diclectric covering.

The WR90 waveguide is 50 mm long and has internal dimensions of 10.16x22.86
mm and a wall thickness of 1.27 mm [24, page 289]. The resonant iris is 0.2 mm
thick and extends 2 mm into the waveguide from cach of the interior walls. The iris
is mounted in such a manuer as to provide continuous clectrical contact with the
outer walls of the waveguide. These details can be clearly seen by referring to the
cross-sectional diagrams of the EXPAR device in Figure 3.2.

The diclectric is RT'/duriod 3870 with g, = 1 and ¢, = 2.33 £.02 @ 10GHz. Its
dimensions are 10x23 mm with a thickness of 1.6 mm. As can be seen [rom Figure
3.2, it does not overlap significantly upon the walls of the waveguide.

For the purposes of simulating the EXPAR device, the lollowing three structures
were used: EXPART which consisted only of the 50 mm length of waveguide, EXPAR2
which was composed of the waveguide section plus the iris, EXPAR3 which was the
complete structure (waveguide, iris and dielectric).

In the simulation of cach structure, o1e end of the device (the reference plane) is
connccted to a 70 mm length of identical waveguide which terminates at an AW. This
section contains the plane of excitation and the region over which the standing-wave
pattern will be determined. The other end of each structure (the aperture) radiates

into a free space region bounded by AWs. The walls of the waveguide and iris are
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composed ol E walls,

In the simulation, the following approximations have been made: The waveguide
is assumed to have internal dimensions of 10x23 nun and a wall thickuess of 1 mum,
The iris has negligible thickness and the dielectric is 2w thick, Figure 3.3 shows
a cross-sectional top view ol the three structures and their simalation conligurations,
All caleulations for the reflection coeflicient (1') are with respect to the reference
plane, looking into the device. Note that the flange of the original KNPAR device
has not been modelled; the impact of this will be discussed Tater on. The dimensions
of the free space cavity arc 43 x 43 x 43 mim, The author assumes that the reader
understands that " is a function of [requency and therefore, in the interest of brevity
and clarity, he declines to write its arguement at eacl instanee excepl when stressing
this dependence.

The determination of ' for the EXPAR device was divided into Uhiree stages.
Each stage involved the comparison of simulated and measured data of ' for cach
of the three structures: EXAPRI, EXPAR2 and EXPARS. All measurements were
performed by using an HP8510B3 Network Analyzer. It was the anthor’s experience
that, once the Network Analyzer was properly calibrated, measnrement of I was a
straightforward process. The same cannot be said about the sitnulation; the numerical
analysis required to determine I’ was more involved and will be disenssed in chapter
3.3.

In cach stage of the simulation, an excitation was applicd (which started the whole
process) and allowed to run for 1000 iterations. During the simulation, data was col-
lected over a specified region and saved for later Fourier analysis. Onee data lad
been gathered and transformed to the lrequency domain, 1" could then be calenlated.
The approach taken for exciting the simulation, performing the Fonrier analysis and
caleulating T will be discussed first hefore presenting any data from either the simmn-
lation or the measurements. A discussion of the discrepancies hetween measured and

simulated data will conclude the chapter.

3.2 Excitation

As already mentioned in chapter 2.5, the excitation used with the three EXPAR
structures is a spatially-distributed half sinusoid, time-dependent Gaussian pulse.

This type of distribution excites the TEyy mode (i.c. the dominant mode) in the
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guide.

The excitation plane is at j=15 where j=1 represents the livst plane of nodes in
from the AW as can be seen from Figure 3.4 Note that j=0 represents the plane of
nodes that exist on the other side of the AW which is located midway between the
§=0 and j=1 planes. Figure 3.4 represents the excitation of any of the three EXPAR
structures of Figure 3.3. The excitation is accomplished by injecting £, and 1, half
fields into the calculation process midway between the plane of nodes at j=15 and
j=14.

Half field injection occurs ouly when the node j index is equal to 15 within the
waveguide. When the computer caleulates the values for £; and H, node fields at
nodes on the excitation plane for the next time step, it requires (amoug other things)
the values for the £, and I/, half ficlds to the left and the right of the node (i.e. on
either side of the node). The excitation is added to the halfl ficld that would already
exist on the lelt side of the node. This method of addition or injection allows an
excitation to be introduced into the problem space without allecting the natural low
or scattering of encrgy throughout the mesh as was done in {19},

By adding the excitation only to the hall ficlds on the left of the nodes of Lhe
excitation plane, most of the energy (but not all, some goes to the left) is observed
to propagate to the right. If the excitation were added only to the half ficlds on the
right, most of the energy would propagate to the left. If the excitation were added
equally to both, the energy propagation would be symmetrical: an equal amount
propagating to the left and to the right.

The amount of excilation that is added depends upon time (i.e. the iteration or
step number in the program) and location within the excitation plane. The equations

that regulate the excitalion are as follows:

i=1 n—10 ¢

ﬂ_l,%E:r('i, 15,k) = sin [E-(")T‘)] ¢ (") {(3.1)
-l =40\

/150 15,K) = sin ["—(’-—3—2—)] omtu) (3.2)

Where n=1,2,3...1000. Equations 3.1 and 3.2 introduce £ and /5% hall ficlds in a
half sinusoid along the width of the guide. The magnitude of the excitation grows
with time; at the forticth iteration it is at its peak and it declines thereafter, The
reader will recall that each iteration or time step (1) in the simulation represents

3.33333 psec. of elapsed real time. The time variation of , 1£257(7, 15, k) (equation
n+.‘ z ¥ L I

34



-

4.1) is shown in Figure 3.5 (it is identical to that of “_,_%]-I;”(i, 13, %)). The spectrum

Ml

of equation 3.1 is £7%([) and is given by:

AL 10 j0.8: -3z _'L :
b (f) = W JUBBS ;(u..b) (3.3)

In equation 3.3, f is in GHz. A graphical representation of the normalized magnitude
of equation 3.3 is provided in Figure 3.6.

In equation 3.3, the standard deviation (o) is 6.75. It is generally accepted that,
for Gaussian distributions, 68% of the values lic below o and 32% lie above it. The
TR cut-off frequency for WRI0 is 6.562 GHz. Therefore, in this case, a significant
amount of energy (aboul 32% of the frequency content of equation 3.3) will propagate
in the WRY0 waveguide. Some of the energy which exists below the cut-off frequency
propagates a short distance in evanescent T'Ejg modes. The rest is stored in the region
of the plane of excitation and, as was observed in the simulation, oscillates with a

high rate of decay.

3.3 Method for Calculating I'

The calculation of I' for the three EXPAR structures has little to do with the FDTD
simulation per se. I does, however, demonsirate one of the many ways that EM
field simulation data can be used to extract meaningful information about a specific
microwave structure.

The method {or caleulating I' is based upon determining the standing-wave pattern
over a region in the waveguide which extends from j=20 to the reference plane (j=70)
as shown in Figure 3.8. [ is determined looking into the reference plane along the y
axis in the direction of increasing j.

Counsider a plane of nodes at =20 which forms the cross-section of the problem
space in the waveguide region as shown in Figure 3.7. The E. node field (i.e. the
£, ficld compouent at the node) will be used in this procedure since it is the most
prevalent of Lhe six possible node fields due Lo the manner in which the structure was
excited. Furthermore, only the dominant mode (TE;q) will be considered. In [27,
page 458}, the Fourier transform of a time signal, f(t), is given by:

fwy= [~ fweid

Let ATE(4 1) be the time-dependent weighting coefficient for the TE,g mode. That

is to say ATE(;, 1) dictates “how much” £, node field exists exclusively in the TE)q
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mode in the cross-sectional plane j as a function of time {. In order o generate the
standing-wave pattern, the frequency content of ATEX(;, 1) must be determined. The

Fourier transform then becomes:
LI AN bl m [T1N ] -
A”’"u(j,w) =/ A]lilﬂ(j,t)c—.?wl([t (3.4)
-0

Equation 3.4 is the continuous time expression of the Fourier transform for this given
problem. In discrete time, the integral becomes a summation over all the time steps

(1000). The continuous time variable { becomes nAlL (i.e. integer multiples of the

discrete time step interval Al), di becomes Al and ATE'9(j,1) becomes ,ATEY(;).
Equation 3.4 can be re-written as follows:
oo .
AIFIO(J, ) = Z "AILIU( )e—JwrtAIAl
n=1
1000 )
AIPID(J,f) = Al Z nAJEIU(j)e—errant
n=l
woo f
= ALY ATEY() cos {QWn.A'—C-}
n=1
1000 . f
-7 3 WATEY()sin {?.m?.f_\z}] (3.5)
n=1

Recall that w = 27 f, Al = % and e~ = cos(x) — jsin(z). Note that equation 3.5
represents a complex quantity. When j appears within parentheses it is an index,
otherwise it represents the complex operator j = v/—1.

It remains to determine ,ATEY(), the weighting cocflicient for the TEjp mode
in the cross-scctional plane j at the time step n. In [27, page 172, equation (4-73)],
Harrington provides an equation lo calculate the weighting (he refers to them as

Fourier) cocllicients as follows:

TEW ) - T2 dede
ATy =y, t) = ab./ f Bz 1;_J°,-,t)sm{ - } sdx (3.6)

Where « and b are the dimensions of the waveguide’s cross-section, 23A and 10A
vespectively, and Ei(2,4 = yo,2,t) represents the time-dependent variation of the
E, ficld in a given cross-sectional plane, ¥ = y,. For discrete space and time, the
cross-scction is as shown in Figure 3.7. The integral operators of equation 3.6 become

summations and dz and dx become A. The whole equation can be re-written as
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follows:

WATER( =20) = 2 Z;i: (f,J = 20,k) sin {uﬁ} A?
23042 i=1 k=1 EATAN
9 1 10 m(i — 1) }
= ‘)3022 wfs: (1, ) = 20, A)am{ } (3.7)

Note that in equation 3.7, .E.(i,j = 20, k) represents the £, node field at cacly node
in the cross-section j=20 from all possible modes, not just T,

In chapter 2.4, it was decided that [ree space would be chavacterized by g, =
¢, = 2. This entails that, in order for EM propagation to be correetly modelled,
any dielectric material in the simulation must use an ¢, and g, twice their real value
(as was done in chapter 2.5). This artificiality nmst be corrected when considering
comparison of simulation data to physical measurements.

The magnitude of AT#19(;, [}, or more simply, |/\” (5, l)l, is formed by taking
the square root of the sum of the squares of the real and imaginary parts of ATEV(, f)
as expresse(l in equation 3.5. This, however, assumes a free space environment where
e = ¢ = 2. In order to correct |ATE"' ) | for true [ree space (e, g, = ¢, = 1),
simply multiply |A”"°(j f)l by V2 and double the [requency scale. Correc Iv:l valnes
for IATP!U(J f)| shall be denoted as |A”‘"’ s I)|

The reader will observe that, lor this method of caleulating I’y the multiplying
effect of At in equation 3.5 and /2 for corrcction to true [ree space are mullilied by
equation 3.8.

In order to generate Lhe standing-wave pattern one must first select the frequency
of interest, say fo. Then, a cross-sectional plane is chosen, say j=20. At cach Lime
step 7, evaluate ,ATE19(5 = 20) with equation 3.7. Once the simmlation is complete,
evaluate lATEm(j =20, = fo)|c (i.c. the corrected magnitude of AT#19(; =20, [ =
fo)) with equation 3.3. The result will be the first point in the standing-wave patlern.
To obtain the complete pattern one must vary j over the whole range Irom j=20 to
§=1T0 as shown in Figure 3.8. The result is the standing-wave paticern for Lhe [requency
foy other standing-wave patierns can he generated at different. frequencies by virying
f.

One can now determine the voltage standing-wave ratio (V.SW ) by noling the
maximum and minimum values in the standing-wave pattern (as can be scen in Figare



@ o
-——-%o1=y

@ 1

]

Figure 3.7: Cross-section of the waveguide at j=20

41



reference

o [
- B g
i 1ed
o
4
°__
o w3
8 I
' T '||_. CD--
| | A
| | |
[ ! New
1 —
e =
f

Figure 3.8: Standing-wave pattern along length of the waveguide

>y




3.9) of a partienlar frequency.

«

|ATE!U(J-, f)!mru' (3 S)
lA'l'HIU(j, f)lfm'u -
The magnitude of the reflection coeflicient (|I'(f)]) for a given frequency is then given

hy:

VSWR(J) =

vy VSWR(S) =1
(N = VSWR(S) + 1

I'he phase of the reflection coeflicient (phasel’(f)) al a given frequency is determined

(3.9)

by the distance from the reference plane (7=70) to the first maximum in the standing-

wave patbern (dyge).

a7 [m:uf
phase '([) = lL(\-—h- (3.10)
g
Where A, is the guided wavelength given by:
A
A, = =
- (3)
Ae = 2
¢
/\ - =
/

Ac is the cut-oll wavelength of the guide.

3.4 Measured and Simulated Values for [

Values for I* from the simulation and from measurements will be presented in this
chapter. Values for |I'] and phasel’ will be compared separately for each of the three
EXPAR structures.

Figure 3.9 compares |I| while Figure 3.10 compares phasel® from simulation and
measurements for the EXPARI structure. Similarly, Figures 3.11 and 3.12 compare
|| and phascl® respectively for the EXPAR2 structure; finally, Figures 3.13 and 3.14
show the same comparison for the EXPAR3 structure.

With the exception of some variation at the lower frequencies, the simulated values
for phascl’ agreed fairly well with the measurements for all three structures as can
be scen by Figures 3.10, 3.12 and 3.14. However, |I'| reported by the simulation was
less well behaved and showed greater variation when compared to measured values.

Since good agreement was achicved with phasel’, it need not be considered further.
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The rest of this chapter will examine sources ol crror to which the discrepancies, as
observed in Figures 3.9, 3.11 and 3.13, may be attributed.

Before discussing sources of ervor, the reader should pay particnlar attention to
Figure 3.9. In addition to |I'| data from the simulation and measurement, this figure
also shows data {rom a paper by Gardio!l [25] who conducted a similar measurement.
Gardiol measured the VS R of an open-ended X-band rectangular wavegnide (which
is exactly EXPARI in this study) and his results are presented in Fignre 3.9 (the
V SW R data is converted to |T'| by equation 3.9). Gardiol’s measurements agree with
those done by the author. 1t is hoped that, by emplasizing this agreement, the veader
will fee! greater confidence in the measurements shown in subsequent figures,

The first and most obvious possible source of error to he discussed is the inlluenee
of the waveguide fange upon |I'] measurements. The flange is used to conneet the
physical EXPAR structures {sce Figure 3.1) Lo the measnrement apparatus. Sinee
it was not modelled, it is reasonable to assmme that it may be the cause of the
discrepancies noted above.

The waveguides used in the measurements and simulations are lossless, [fis known
that, for lossless waveguides, |I'| is constant throughout the length ol the guide. 1 was
hypothesized that, for EXPARIL, if the flange was influencing the [P} measurements,
then extending the structure (i.c. putling more waveguide between the fange and
the aperture) should alter the measurements becanse the ellect of the lange would
decrease as the distance from {lange to aperture increases,

The physical EXPARI device is 5 cm long. A structure, identical in all respects
1o EXPARI except that its length was 10 cm, was built. Lel this new structure be
called EXPARL*, [T} for EXPARL* was measured and compared Lo thal for EXPARI
as shown in Figure 3.15. From this diagram no appreciable variation in |I'] for the
longer structure, EXPARL*, was observed.

It must be concluded that the flange of the three EXPAR structures is already far
enough away from the aperture so as to have no significant effect upon {I' ineasure-
ments. Therefore, the author concludes that the presence of wavegnide fange does
not account for the discrepancies observed in Figures 3.9, 3,11 and 3.13.

Another possible source of error is that which is inherent Lo all mnmerical sinm-
lations: round-off error. In order to perform the simulation, the dimensions of the
waveguide were rounded ofl from 10.16x22.86 nnu to 10x23 mun and the thickness

of the dielectric covering was assumed to be 2 1min as opposcd to 1.6 mm (for the
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EXPARS structure only). Over the frequency range of interest (8 to 12 Gilz), the
shortest wavelength is 25 mm. The amount of round off compared to this wavelength
yields the maximum round-ofl error experienced over the whole frequency range. The
errors for the waveguide dimensions are 0.64% and 3.4% for the height and width
respectively. The error for the dielectric’s thickness is 1.6%.

Bearing in mind that these are the maximum round-ofl errors, one can conclude
that the approximations made should not significantly affect the simulation resulls,
Consequently, the round-ofl errors, by themselves, cannol account. lor the diserepan-
cies observed in Figures 3.9, 3.11 and 3.13.

The relative dielectric constant (¢, ) of the covering is 2.33£.02@10 Gz as already
mentioned in chapter 3.1. I is possible that this uncertainty contributed to the
discrepancy observed between measured and simulated values for [ for the EXPARS
structure (Figure 3.14).

In order to investigate the effect of the ¢, uncertainty upon |I'[, two additional sin-
ulations were performed with EXPAR3: one with ¢,=2.35 and another with =241,
The results were then compared with the original simulation {(i.e. ¢.=2.33). It was
found that, with €.=2.35, [['| was, for the most part, 0.5% greater; with =231, |1|
was about 0.5% less.

The inescapable conclusion is that the uncertainty associated with ¢, did not con-
tribute significantly to the discrepancy observed in Figure 3.13. Since the structures
EXPARI and EXPAR2 did notl contain any dicleetric material, this analysis does not
apply to Figures 3.9 or 3.11.

Yet another possible source of error is that of unwanted reflections from the AWs in
the free space region (FSR). This arises because, perhaps, not all the energy incident
upon the AWs is absorbed, some may be reflected due to the proximity of the AWs.
One may suppose that the AWs are Loo close Lo the energy source and, as a result, do
not effectively absorb incident radiation {and hence affect, |U|). [ they were placed
farther away, they might absorb better,

In order to examine any effect the AWs may have had npon the simulation, it
was decided to alter the position of one of the AWs (and conscequently the size of the
FSR) for EXPAR3 and note any variation in [I'] data. Only the distance between the
aperture and the far AW along the y axis (i.e. the AW in the zz planc) was varied.
This course of action was cliosen for two reasons: [t is simpler to move one AW than

all six of the FSR. Selecting the far AW along the y axis is logical hecause this AW

Jt
o



receives most of the incident energy radiating from the aperture; thercelore, of all six
AWs in the FSR, it should have the greatest effect (if any) upon the simulation.

The standard EXPARS structure (i.e. Figure 3.3(¢)) has the far AW located 33
min (or 33A) from the aperture. The far AW was moved in to 24 mm and then moved
oul to 44, 54 and 74 mm. Al each position, |I'| data was compared to the standard.
For all positions, no significant change in |I'| was observed. (In fact, in most cases,
there was no change even to third decimal place!)

One must conclude that the current location of the far AW had no significant
nnpact whatsoever upon the simulation. The AWs may yel have an effect upon the
simulation; perhaps if they were [lush to the aperture. The point here is that the
above mentioned resulls suggests that their current position does not influence the
simulation; therefore, the discrepancies observed in Figures 3.9, 3.11 and 3.13 are not
due to their location .

The anthor is lefl to conclude that the manner in which {I'] is calculated is itself
the source for the discrepancies that have been observed. The method for determining
|I'| was discussed in chapter 3.3, It involves generating the standing-wave pattern for
frequencies of interest. In [29, page 425], the authors define V.SW R as the ratio
ol the maximum value to an adjecen! minimum value. This was the approach that
was used in this study and is implied by equation 3.8. However, while doing this
calculation, the author observed an irregularity: the standing-wave pattern did not
exhibil, constant maximum or minimum values. A slight variation was noted.

Figures 3.16, 3.17 and 3.18 show simulated standing-wave patierns in the EXPAR3
structure for frequencies of 8, 10 and 12 GHz respectively. The non-uniformity of the
maximins and the minimums is more apparent at higher Irequencies because there
are more cycles of the standing-wave pattern over which a variation can manifest
itsell.

Due to the variation in the standing-wave pattern, the value of || depended con-
siderably upon which maximum and adjacent minimum was selected. Theoretically,
because the structure is fossless, the maximums and minimums should all have the
same value throughout the standing-wave pattern. In [15] and [30], the authors noted
that the Fourier transform of time-domain data was very seusitive Lo numerical errors
(in the time domain) such as round-off or computer truncation error.

Since generating the standing-wave pattern is essentially a Fourier transform pro-

cess, Lhe author contends that the variation in the pattern is due to small time-domain



errors (perhaps the round-off error - mentioned earlier in this chapter - is notl as in-
nocuous as previously thought). Admittedly, the variation in the pattery is slight but
the VSWR (and ultimately |I']) is extremely sensitive to variations in maxinwm and
minimum values because it is the ratio of one to the other, This seusitivity accounts
for fluctuations in || as observed in Figures 3.9, 3,11 and 3,13, On the other hand,
phasel’ depends primarily upon the distance from the reference plane to the first
maximum (i.e. dyer in cquation 3.10) and not upon its value, This helps to account
for the better agreement of phasel” data as compared with |1

In summary, the author submits that scemingly inconscquential crrors in Lime-
domain data, when transformed into the fregquency domain, manilested themselves
as a slight variation in the standing-wave pattern. Due to the manner in which
the VSW R and |I'] arc determined, this slight variation is the souree of Lhe lack of

agreement of the simulated and measured values for |1,
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Chapter 4

Simulation Considerations

4.1 Symmetry Considerations

The EM ficlds are symmetiical about two plancs as can be seen from the photographs
in the next chapter. The symmetrical nature of the EM fields is a property tha can
be exploited to reduce the size of structure while maintaining the same perlormance.

The reader will recall that an E wall is a boundary al which all the clectrie field
is normal (i.e. the tangential E ficld components are zero) and all the magnetic field
is tangential (i.e. the normal magnetic field component is zero) to it The M wall has
the dual propertics of the E wall: all magnetic ficlds are normal and all electric fields
are tangential to it. Given the characteristics of these boundaries and photographs
of the ficld distributions in chapter 4.2, it is obvious that an 15 wall and an M wall
could have been placed, as shown in Figure 4.1, without altering ti< behavior ol the
EM fields throughout the structure. The reader is reminded that the walls of the
waveguide are E wall boundaries but do not apply to this discnssion.

Had E and M walls been used, only one quarter of Lhe original structure (be it
EXPARI, EXPAR2 or BXPARS) would have required simulation in order to obtain
tbe data necessary for |I'| calculations (i.e. the shaded region of Figure 4.1) The
question that naturally comes to a critical veader’s mind is why, given the liited
compuier resources, did the author not avail himself of the opportunity Lo reduce the
size of the structure and save valuable CPU thne?

There can be no question of the savings offered by the use of I3 and M walls.
However, the author had an important reason for eschewing their use in this case: It
was to better convince skeptical readers of the correct performance of the simulation.

Any reader can quickly look at the images of the EM ficld distribution and, by virtue



of symmetry, be confident that the algorithm which produced the data is working
correctly.

Without the Ml image (i.e. the image not truncated by the planes of symmetry),
the reader would require prior knowledge of EM field distribution in order o verify
correct simulation. This is not diflicult for a waveguide with TE;q mode propagation
but, hecomes onerous when dealing with higher order modes at discontinuities.

Even though the I5M field distribution is symmetrical, it does not guarantee ac-
curale simulation resulls; there could be other problems. Symmetry of the ficld does
, however, provide the reader with a quick check on performance and suggests that

the simulation is operaling correctly.

4.2 Information From the Simulation

‘This chapler will discuss the quantity and quality of the information that can be
obtained by the method. Photographs of the simulation at various ilerations are
provided by way of example.

The amount of data that can be extracted from the simulation is truly voluminous.
Using this method, one can theoretically obtain field data for E and H (i.e. all six
licld components Loy, I, I, H, Hy, H:) al any location (4, j, k) in the problem space
for any iteration in time (n). Computer memory however, will ultimately determine
how much data an individual user can store.

The following pages in this chapter provide an example of the detailed nature of the
information offered by the simulation, Consider the EXPARI structure of chapter 3.
For the purposes of display, let the waveguide region be shortened from 120 mm to 40
mm (the size of the free space region remains the same) and call this new structure
MINIL. In order to investigate EM field behavior in MINII, consider the viewing
planes as shown in Figure 4.2 and 4.3. 'To view MINII from the top, an ay plane culs
MINII at k=4 and £=20 in the waveguide and [ree-space regions respectively (Figure
4.2). The indices in the two regions are dissiimilar because the regions that they vefer
to are of different sizes. To view MINIL [rom the side, a yz plane cuts MINII at 1=13
and =23 in the waveguide and free space regions respectively (Figure 4.3).

The reader’s attention is directed to Figures 4.2 and 4.3 regarding the waveguide
walls that extend into the {ree-space region. The diagrams clearly show a wall thick-

ness of 1A, 1t was unnccessary to model the wall thickness in the waveguide region
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since the | walls there were also che Himits Lo the problem space.

Figures 4.5, 4.6 and 4.7 show the distribution of the E; ficld component as seen
from the top and side of the MINI structure for iterations 40, 74, 111, 150, 204 and
235. Pigore 4.4 also provides a logarithmic colour scale for the magnitude of the field
intensity. From these photographs the excitation and propagation of the energy and
its symmetrical nature can clearly be seen. Also noteworthy is the curvature of the
wave fronts in Lhe free-space region, they do not seem to be distorted suggesting good
energy absorption by the AWs,

Figure 4.5 is particularly interesting for two reasons: The photo of iteration 40
shows the excitation at its peak (recall the Caussian pulse has a mean of 40 - equations
3.1 and 3.2). The pholo of iteration 74 shows energy leaving the open end of the
wavegnide and spilling back along the walls of the guide. From the colour scale one
can determine that, for this iteration, the “backward” energy flow is in the order of
20 dB3 below that which propagates in the lorward direction. T'he salient point here is

that the simulation shows energy travelling in & direction thal one would least expect.

Figures 4.8, 4.9 and 4.10 show the distribution of the E and H fields as seen from
the top of the MINIL structure for iterations 45, 76, 92, 120,140 and 150. The H
field is maltiplied by 7, = \/§ = 377Q so0 that its magnitude would be comparabie
to that of E.

Figure 4.8 shows the B and H ficlds for iterations 45 and 76. In the photo of
iteration 45, excitation of the TEyy mode is plainly visible (i.c. sinusoidal variation
of &£, and 1., co-sinusoidal variation lor H, and no longitudinal field components
present). Lnergy can also be seen propagating in the opposite direction (also in the
TEip mode), i.e. towards the AW not the waveguide aperture as was first discussed
in chapter 3.2,

The photo of iteration 76 shows the cnergy reaching the aperture and, with energy
beginning Lo appear in £, and H, the creation of higher order modes. In subsequent
iterations, the eflect of the corners of the waveguide walls is very pronounced. These

corners act like radiators ol encrgy for the £, field component.
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Chapter 5

Conclusions

I'"he original intention of Lhe author was to validate the FIYTD method by comparing
the I obtained from measurements and simulation of a realistic microwave structure,
For reasons discussed in chapter 3.4, the agreement was not exact but, in the author’s
opinion, enough to validate the method.

In retrospect, had the region in the simulation over which the standing-wave
patiern was determined been longer, perhaps the variations in the pattern would
have shown themselves Lo be cyclical or bounded in some way. This might have
allowed one to average the values of the maximums and minimums and obtain more
accurate values for the VSWR and . Unfortunately, due to computer limitations,
it was nol practical to increase the size of the structure being simulated; in a sense,
il was alrcady Loo large for the available computers.

It could well be argued that the method for caleulating T' was not well suited to the
nature of the simulation and that, again in retrospect, another approach should have
been used. Regardless of the difficulties encountered in determining I" from simulation
data, the author is convinced that adequate agreement exists between measured and
simulated data to conclude that the method is sound and its results reliable. This
finding is further supported by the symmetrical behavior of the EM lields as can be
scen in the photos of chapter 4.2.

The single greatest hinderance and ultimate limitation that the author repeat-
cdly encountered throughout this study was the computer itsell. Numerous authors
have commented upon the numerical burden placed upon computers by Yee's FDTD
scheme. This method is slightly nore oncrous for computers, as was first mentioned
in chapter 1.2, since cach unit cell has 30 ficlds components that must be calculated

for cach iteration {6 node fields and 24 half fields - see Figure 2.1). The computer



that was used most often in this study for simulation was the IBM/RS 6000, This
machine, with no other users {(which was dishearteningly rave), vequived abont 16
hours to complete an EXPAR simulation. The author tricd to run the sinalation on
other machines in the hope of reducing the run-time but to no avail, The University
of Ottawa’s mainframe computer (at the time an AMDANL 5880) and the CRAY-
XMP computer at the University of Toronto’s Center for Large Scale Computing were
both able to compile the program which contained the simulation but nnable to run
it reporting insuflicient memory.

In [2], the author discusses the improvement upon performance that can he ob-
tained when the computer algorithm is optimized lor a given computer. This is an
important aspect of any computer simulation since a well wrilten compater progriun
which efficiently utilizes the resources of the machine can run faster than & program
written with no consideration given 1o the computer’s hardware.

The computer program (or source code) EXPARD, which is the simulation of the
EXPARS structure, is included in this study as Appendix B (the program used to
generate the standing-wave pattern is included as Appendix C). The probleny space
was discretized in a manner that would enhance the run-time: it was fonnd that
most computers could more quickly process many smaller arvays than fewer larger
ones. This was the extent of the oplimization thatl was performed becanse the author
was attempting to run the simmlation on various machines and therefore could not
focus on a single con . nter for optimization. It was not apparent until lale in the
course of this study that, of the available compuiers, only the IBM/RS G000 would
se capable of running the simulation. Purthermore, it was Telt that little conld be
accomplished by a lengthy and detailed study of 1BM/RS G000 architecture; Lhe
structure was just so large to begin with that only by making it smaller could Uhe
run-time be significantly reduced. In the EXPARY structure Lhere existed 110,484
nodes. Approximately 663,000 vector ficld components (node fields) and some 2.65M
half fields were recalculated for each iteration.

It is the author’s opinion that witly the use of colunr monitors such as Lhe DEC
station 3100, this method readily lends itsell 1o displaying radiation characteristies
of microwave devices and antennas.  Indeed, the iridescent capabilities of modern
compulers has greatly enhanced the presentability of EM field data. "This approach
has already been used to a certain degree in {31]. ‘The atthor would advocale using

field data provided by the simulation to calculate power How (e, Poynting vector
P y | Y g



accompanied by a colour scale. This type of digplay could show a user where the
nower in a microwave struclure or antenna is going and give an cstimate on relative
powes levels throughout the structure.

By way of lurther study, the anthor recommends that the variation in the standing-
wave patlern be investigated in greater detail. [t may well be that delermining the
standing-wave pattern via a numerical simulation is not appropriate and will always

he subject to this type of crror.
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Appendix A

FDTD Equations for the
Absorbing Wall (AW)

"T'his appendix contains the boundary equations for the absorbing walls that were used
in this study (i.c. the AW boundary equations). These equations, combined with the
appropriate boundary equations (cquations 2.21 to 2.32), can be easily manipulated
to form explicit expressions for £ and # hall ficlds that are tangential to the AW

houndary surface (i.c. AW half fields) as was discused in chapter 2.3,
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Appendix B
EXPAR3 Computer Simulation

"This program writien in C represents the FDTD simulation of the EXPAR structure.
‘The entire problem space is divided up into three regions: v aveguide, dielectric and
free space. In cach of these regions, arrays exists to hold node and hall field values as
well as special arrays required for the operation of the absorbing walls and excitation
functions. Each node and half field array has four dimensions: time and the three
space indices (£,7,4). In order to save memory, only the time data necessary for the
operation of the algorithm is kept. Ficld values for a future time step supercede values
for the present time step on.ce the simulation advances. In this manner, new fields
values are exchanged for previous ones and old values are discarded. The outout files,
exdisl.dat and exdis2.dat, are used to store data for the colour display program. They
have been commentied out in this listing. (A comment in C begins and ends with the
character sequences /* and */ repectively. The output file exparfit.dat contains the
. contibution to the T, mode in the cross section of the guide from j=20 to =70

for cach iterative step.

#include <stdic.h>

#include <math.h>

FILE *outputil,*output2,*outputd,*fopan{};

main()

{

fleat a,aa,er,ur,erd,urd,dunnl,dumm?;

int t¢,i,j,k,imax, jmax,kmax,tmax,n,step,imaxd, jmaxd,kmaxd;
int imaxf,jmaxt, kmaxt, NSTEP;

/* Arrays for the waveguide section #*/
static float Ex[4][25){122](12]};
static float Ey[4]([25][122][12];
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static
static
static
static
static
static
static
static

- gtatic

«atic
‘static
static
static
static
static

static
static

static
static
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/* Arrays for

static
static
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static
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static
static
static
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float
float
float
float
float
float
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float
float
float
float
float
float
float
float
float

float
float

float
float
float
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float
float
float
float
float
float

float
float
float
float
float
float
float
float
float
float
float
float

Ez (4] (28] [122] [12];

Bx[4] [25]1{122] [12];

By[4] (25] [122][12];

Bz[4] [25] [122][12];

njEx (4] [25] (1221 [12];
nkEx [4] [25] [122] (12];
niEy (4] [25] (1223 [12];
nkEy (4] [25] [122] [12];
niBz [4] (28] [122] [12];
njEz[4] [25] (1221 [12];
njBx{4] [25] [122] {12];
nkBx[4] [26] [122] [12];
niBy[41[25] [122] [12];
nkBir[4] [25] [122] [12];
niBz[4] {251 [122] [12];
njBz[4] [25] [122] [12];

njEzexcit{25][12]; /* These two arrays are for the Gaussian pulse +/

njBxexcit[26]1[12]; /* excitation

+/

njE1x[11][25][31[123; /* These next 4 arrays are used to store+/
njE1z[11]1[25] [31[12]; /* values for the absorbing wall in the +/

njBix[11] (251 (3] [12]; /* waveguide region.

njB1z[11] [283£3] [12];

the dielectric region */
Exd[4][25]1C4][12];
Eyd (4] [25] [4] [12];
Ezd[4][25] (2] [12];
Bxd[4] [25][4][12];
Byd[4] [25] [4] [12];
Bzd (4] {251 [4] [12];

njExd (4] [25) (41 [1%];
wkExd [4] [25] [4][12];
niEyd [4] [25] (4] [12];
nkEyd [4] {25] [4](12] ;
niEzd (4] [25] (4] [12];
njEzd 4] [25] [4][12];
njBxd[4][25] [4] [12];
nkBxd [4] [25] [4] {12];
niByd (4] [25] (4] [12];
nkBydfa] [25] [4] [12];
niBzd (4] [25] 4] (12]);
njBzd[4] [25] (4] [12];

/* Arrays for the free space region =/

static
static
static
static

float
float
float
float

Ext [4][45] (45] [45];
Eyf (4] [45] [45] [45];
Ezf [4][45] [45] [451;
Bxf[4][45] (45] [45];

*/



static float Byf[4][45]1[45][45];
static float Bzf{4][45]([45][45];

static float njExf[4]E45]1[46][45];

static float nkExt[4][45][45][45];

static float niEyf[4]([461[45][45];

static float nkEyt([4][45]([45][45];

static float niEzf({4][45][45][4E];

static float njEzff{4][45][45] <=7;

static float njBxf[4][46] (48] L -i;

static float nkBxzf[4]([45]145][45];

static float niByf[4][45][45][45];

static float nkByf[4][45](45][48];

static float niBzf[4][45][45][45];

static float njBzf[4](45]{45]1[45];

static float njE1xf[111[451[3]1[456]; /* These next 8 arrays are */
static float njEizf[11]1[45]1([3]1[45]; /* used to store values for */
static float njBixf[111[451[3]1[45]; /* the absorbing walls along j*/
static float njBizf[11](45][3][45];

static float njE2xz[11][45][3][45];

static float njE2zf[11][45][3]1[45];

static fleat njB2xf[11]0:51[3][45];

static float njB2zf[11](45][3][45];

static float niElyf(11J[31045]J(45]; /* These next 8 arrays are */
static float niE1zf[11][31[45][45]); /* used to store values for =/
static float niBiyf[11][3J[45]1({45); /* the absorbing walls along i*/
static float niBizf([11][3][45][45];
static float niE2yf[{11](3][45]1[45];
static float niE2zf[11][3][45][45];
static float niB2yf([11]C3][45](45];
static float niB2zf[11][3](45](45];

static float nkE1yf[11]1[45]1[453(3]; /* These next B arrays are */
static float nkE1xf[11)[45][45)[3]; /* used to store values for */
static float nkBiyf[11][45][45]1{3}; /* the absorbing walls along k+/
static float nkBixf[11][45][45][3];
static float nkE2yf[111[45]1[45]1[3];
static float nkE2xf[11][45][451[3];
static float nkB2yf[11]([45][45,:.3];
static float nkB2x[11](48][45](3];

NSTEP=1000;/+ NSTEP is the number of iterations in time. */

0r=2.0; /* "Free Space" values for the purposes of this simulation */

ur=2.0;

erd=4.66; /* These are the values for the dielectric region. In reality they */
urd=2.0; /* are ur=1 and er=2.33. Output data must be scaled appropriately.*/

A T S P Ty L T T e PP S 4
/* MNote: tmax,imax,jmax and kmax should all be */
/% one less than t,i,j,k as shown in the above */
/» declaration statements for Ex,Ey,Ez,Bx,By +/



/* and Bz. w/
/#******t*‘l*****##t**lt*t*t*******it#“t*t3**!‘*/

tmax=3;

imax=24; /* these values for the waveguide region */

jmax=121;

kmax=11;

imaxd=24; /+* these valuas for the dielectric region =/

jmaxd=3;

kmaxd=11;

imaxf=44; /* these values for the free space region */

Jmaxf=44;

kmaxf=44;

outputi=fopen(“exdisi.dat","w");

output2=fopen("exdis2.dat” ,"u");

output3=fopen(“exparfft.dat","w"};

printf("FD-TD program EXPAR3 has begun.\n\n");

n=12; /% time step for absorbing arrays */

t=1; /% this is a time indux for the simulation */

L L e Y e L Y ¥
/* Start tangential field calculations for the next hall time +/

/* step (ie at t+1) for all nodes in the eutire structure +/
P P R R e T LY Ly

for (step=1;step<=NSTEP;++step)
{
print2("%d of %d\n",step,NSTEP);
Y T e T P L R T T Y P
/* This section of code contrels the excitation of the guide */
/+ which occurs in the x-z plane at j=15. The Ez and Bx fields/
/* components are excited in a sinusiodal and Gaussian manner +/
/* in space and time respectively, This results in TE10 mode */
/* propagation. £/
P L T T e P R L R Y P ey ¥
for (k=1;k< ¥max-1;++k)
{ ftor {i=l;i<=imax-1;++i)
{ njEzexcit[i] [k]=exp{-((step-40.0}/10.0)*»{((step-40.0)/10.0))
#sin(M_PI*(i-0.5)/(imax-1));
njbxexcit[i] [k]=exp(-{(step-40.0)/10.0)+({step-40.0)/10.0})
*sin(M_PY*{i-0.5)/(imax-1)); ‘
}
}
/******‘*#*********************#*t‘t##******"*t*4#*#““**¢#4‘#/
/* First calculate all half fields tangentail to the boundariess/
/* of the waveguide region. +/
/********tt*******#******#‘**tt‘#****#**‘*#*#t*##t&*‘###########/
/* E wall boundary on the brttom =*/
k=0;
for (j=1;j<=(jmax-1);++j)
{ for (i=1;i<=(imax-1);++i)
{ nkEx[t+1][i]1{j]1[k1=0.0;
nkBy [t+11 [i] [§] [k} =(~2.0)#(Ex[t] (1] [3] (k+1]1-By[c] [i]{j] (k+1])
+{nkEx {t~-1] [i] [jI Ck+1)-nkBy [t -1 [i] (33 (k+1]);



nkEy [t+1] [11 [] [k]1=0.0;
nkBx [t+1] [i] [j] [k)=(2.0)* (Ey [e] (i3 [jI [k+1]+Bx (] [i] (3] (k+1])
-(nkEy [t-1][i1 (3] (k+1]+nkBx [t-1] (1] (3] [k+11);
1
}
/* E wall boundary on the top */
k=kmax-1;
for (j=1;j<=(jmax-1};++j)
{ for (i=1:i<=(imax-1);++i)
{ nkEx[t+1][il[j]1[x])=0.0;
nkBy [t+1] [1] (3] [K1=(2.0)*(Ex[t1[i] (5] [k]+By (t][i] (3] (k1)
~(nkEx(t-1] [1] [j] [k-11+nkBy [t-1] [i] (5] [k-11);
nkEy [t+1] [1] (] [k]1=0.0;
nkBx [t+1] [11 [j] [x)=(-2.0)+(Ey [£] (i1 [j] [k1-BxCt] (3] 31 (k1)
+(nkEy [t-1] (1] [j] [k-1]-nkBx(t-11 [i] [] {k-11);
}
}
/% E wall boundary for the back */
i=0;
for (j=1;j<=(jmax-1);++j)
{ for (k=1;k<=(kmax-1);++k)
{ niEy[t+1][i]1[j]1[x]=0.0;
niBz(t+1] [3) (3] [k1=(-2.0)«(Ey [t [i+11 [j] [k)-Bz{t] [i+1]1(j] (k1)
+(niEy [t-1]1Ci+11(j] (k) -niBz2[t-11[i+1] (51 [k1):
niEz [t+1]1 [1][j] [k]1=0.0;
niBy Ct+1] [i1 €33 [k)=(2.0)*(Ez[t] [i+1] [j] (k] +By [£] [i+1][j1 (k1)
«(niEz[t-1] [i+11[§] kI +niBy[t=~1] [i+1]1[jI[k]);
I
}
/* E wall boundary for the front */
i=imax-1;
for (j=1;j<=(jmax-1);++j)
{ for (k=1;k<=(kmax-—1);++k)
{ niBy(t+1)[i1{j][k]=0.0;
niBz[t+11 [1]1[§] [k1=(2.0)*(Ey [t] [i] [§] Ck1+Bz[t3 (i1 (5] (k])
~(niEy[t-1][i~1) (] (k]+niBz(t-1](i-11C51(k1);
niBz[t+1]1[i] (5] [k]=0.0;
niBy [t+1] [i] (53 (k) =(-2.0)*(E=z[t] [1] (§] (k] -By [e] £iD £5] EkD)
+(niEz[t-11[i~11 (51 (k) -niBy[t=1] [i-11 (1 [k1);

}
}
/* Absorbing wall boundary to the left #/
j=0;

for (i=1;i<=(imax~-1);++i)
{ tor (k=1;k<=(kmax-1);++k)

{ njEx[t+13 [11[j] (k3=Ex[e] (i) [j+1] k] +Bz[e] (i) (j+11 k]
~-0.5%(njEx[£-1) (] [j+1] (k1 +njBz[t-1] [1] [j+1] [k])
+1.125+(njE1x[n-43 (i1 (0] [k1-njB1z[n-4] [i] {0] (k1)
-0.75#(njE1x[n-8] (11 [1] [k)-njB1z(n-81 [i]1 [1] (k])

~ +0,126+(njE1x[n-12] (1) [2] [k]1-njB1z{n-12] (i1 [2] (k]);
njBz{t+1] (i1 [§] CkI=Ex [t [i1 [j+1] k]+B=[e] (1] £5+1] (k]



-0.5*(njEx{t=11[i] [j+1] [k]+njBz[t-1] [i] [j+1] [k]1)
-1.128%(njE1x[n-4] (1] (0] [k]-njBiz[n-4] [i] [0] (%]}
+0.75+(njE1x[n-8] (1] [1] [(k]1-njB1z[n-8] [i] [11[k])
~0.125%(njE1x(n-12] [i] (2] (k] -njBiz[n-12] [1] (2] [k]);
njEz[t+1] (i1 [j] [k1=Ez[t] (i) (j+1] [k]-Bx[t] i1 (j+1] (k]
-0.5%(njEz[t-1] [i] (3+1] (k] -njBx[t-1] [i] [j+1] k3>
+1.425%(njE1z[n-4] [i] [0] [Xx]+njBix[n-4] [i] [0] [k])
-0.75%(njE1z[n-8] [11 (1] [k1+njB1x[n-81 (il [1] [k]1)
+0,125%(njE1z[n-12] (i) (2] [k]+njB1x[n-12] [i} (2] [x1);
njBx[t+1] (i) [j]Ck]1=(-1.0)*#Ez (] [1] [j+1] [k1+Bx{t] [i][j+1] [k]
+0.5%(njEz[t-1] [i] [j+1] (k]-njBx[t-1] [i] [j+1][k1)
+1.1256%(njEiz [n-4][i] [0] [k1+njB1ix[n-4] [i] [0] (k1)
-0.76%(njE1z[n-8] [i] (1] [k1+njBix[n-8]{iJ [1] (k1)
+0.125%(njE12[n~12] [i] [2] (k] +njBix[n-12] [iJ £2] (k1) ;

}
}
/+ E wall at the right end of waveguide section, wall has */
/* a hole in it. This simulates a resonant iris. */
j=jmax-1;

for (i=1;i<=2;++i)
{ for {k=1;k<=(kmax-1);++k)

{

}
}

njEx [t+1] [1] (31 [x]=0.0;

njBz [t+1] (il (§] (k]=(-2.0)»(Ex[t3 i) [j1 [k]-Bz[t] (i1 3] [x1)
+(njEx[t-11 (i) [j-11 [k1-njBz[t-11[il [j-1] [k]);

njEz{t+1) [1) [j] {k]1=0.0;

njBx [t+1] [i] [§1 [k]1=(2.0)*(E=[t] [i]{j] Ex]+Bx{t] (il (31 Ck1)
-(njEz[t-23 (1] [§-1] (k] +njBx(t-11 [i1 C~1] [k1);

for (i=imax-2;i<={imax-1)};++i)
{ for (k=1;k<=(kmax-1);++k)

{

}
¥

njEx[t+1] [i] [3] [k]=0.0;

njBz [t+1] [i] (3] (k1=(-2.0)«(Ex{t1 [i1[j] (x]~Bz (] (il (31 (k1)
+(njEx[t-1] [i] [5-1] [k -njBz[t-11[il [j-1] (k]1);

njEz[t+1] [i] (j]1 [(k]=0.0;

njBx [t+1] [1] (5] [k)=(2.0)*(E=[t] [1] (] (kI +Bx[£] [1] [5] (k1)
-(njEz{t-1] (i1 [j-1] (kI +njBx[t~1] (i1 [j-1](k]);

for (i=3;i<=(imax-3);++i)
{ for (k=1;k<=2;++k)

{

}
Y

njEx[e+1] [1] (3] [k]=0.0;

njBz[t+1] [i] (] (k1=(~2.0)*(Ex[t] [i] (] (kI-Bz[t] [il [j] [k])
+(njEx[t-11[i] [j-1] [k])-njBz[t-11 [i]1 [j-1] [k]);

njEz(t+1] [i] [j1[x]=0.0;

njBx[e+1] (4] [j1 [kJ=(2.0)*(E=z[¢] [1] (3] (k] +Bx[t] (i) [j] [k])
-(njEz[t-1][i) (j=-1) {k]+njBx[t~1] [i] [j-11 [k1);

tor (i=3;i<=(imax-3);++i)
{ for {k=kmax-2;k<=kmax-1;++k}



{ njEx[t+1][i][j][k]1=0.0;
njBz[t+1] (i {51 (k1=(-2.0)»(Ex[tI [1] [§] [k1-Bz (eI [i1 (3] [k])
+(njEx[t-1] (il [3=1] [k]-njBz[t-13 (I [j-11 (K] };
njEz[t+11[i1(j1[k])=0.0;
niBx[t+1] [i) [j] (k)=(2.0)«(E=[t] [i] [j] (k1+Bx ] [i1[j] (k1)
-(njEz[t-1] [11 (j-1] [X)+njBxCt-10[iI [j-1] (k] };
}
}
/**#*********t##**t*****tttt*tt*#*tt#****tt*tw***#/
/* Now calculate half field components on the */
/% inside of the waveguide region. +/
/*********#**t*****t#***#***t**tt#i*wt#****t#tt#**/
for (k=1;k<=(kmax-1);++k)
{ for (j=i;j<=(jmax-1);++j)
{ for (i=1;i<=(imax-1);++i)
{
/* half fields on cube face to the right of i,j,k */
if (j==jmax-1) goto skipi;
njEx[t+1] (11 {33 [x]1=Ex [t [i] [j] (k)-Bz[t] (1] (j] Ck]+Ex[t] 1D (5+1] [k]
+Bz[t) [i] [j+1] [k]-(njEx [t-1] [i] [j+1] [k)+njBz[t-1] (il (j+1] (k]
+njBx [t-11 [1] [j-1] (k1 -njBz [t-13 [i] [j~1] [k1)/2;
njBz[t+1] (1] [33 (k) =(-Ex[£] [i] (3] (k1) +Bz[t] [i] (3] CkI+Ex[e] [T [j+1] k]
+Bz[t][1] [j+1] [kK)-(njEx[t-11 (i) [j+1] (k1+njBz[t-1] [i] [3+1] (k]
-njEx[t-1])[i) [j-1) [k)+njBz [t-1] (1] [j-1]1[k])/2;
njEz[t+13 {11 [§] (k3=Ez (] [1] (5] (k1 +Bx (3 (4] (5] [k]+E=[e] L] [j+1] (k]
-Bx[t][i] [j+1] [k]-(njEz(t-1] (i) [j+1] (k1-njBx[t-13 [i1[j+1] (k]
+njEz[t-11[i]1 [§-1] [K)+njBx (=11 [i] [j-1]1[k1}/2;
njBx{t+1] (3] [j] [k)=Ez (] [i] {31 (kI +BxLe] [i] [] (k] -E={e] [i] [j+1] (k]
+Bx (] [i] (+1] [k1-(-njEzCt-1] (1] [j+1] (k] +njBx Lt-1] (1] Cj+1] (k]
+njEz [£-11{i] [j-1] [k)+njBx [t-1] [i] (5-1] (k1)/2;
skipi:;
/*half fields on cube face in front of i,j,k */
if (i==imax-1) goto skip2;
niEy [t+1] (il {33 k1 =Ey [t [1] [j] (k] +Bz [+ [i] (] (k1 +Ey [¢] [1+11[3] (k]
-Bz[t] [i+13{j] (k]1-(niEy(t-1] (i+1] [j][k]-niBz[t-1] (i+1] (3] (k]
+niEy [t-11[i~1][j] [K1+niBz (t-1]1 {i-11 (31 [k1)/2;
niBz [t+11 [i1 [ (k) =Ey[+] [1] [j] (k1+Bz[t] (1] (j] (k1-Ey[t] [i+1] (3] (k]
+Bz (t] [i+1][j] (k]-(-niEy (¢ -1 "i+11 [j1[k]) +niBz(t-11 [i+1] [3 (k]
+niEy [t-1] [i-1] [j] (k) +niBz[t-1] [i-11 (31 (k1}/2;
niEz[t+1] [i1{j] [k1=E=[t] [1] [j] (k]-By [£] (il {j] [k]+Ez[t] [i+1] (5] (k]
+By [£] [i+1]1 [1 (k1 -(niEz[t-1] [i+1] (3] [k1+niBy [t-1] Ci+1](§] [k]
+niEz[t-1] [i-1](j]1 (k] -niBy [t-1] [i-1][j1(k])/2;
niBy[t+1]Ei][j][k]=(-E2[t]Ei][j][k])+By[tJ[i][j][k]+Ez[t][i+1][j][k]
+By [t] [i+1] (3] (kJ-(niEz[t-1] [i+11 (3 (k) +niBy(t-1] [i+1]E;] (k]
-niEz[t-1][1-1]1{j] (k) +niBy [t-11 (i-1][j] [k1)/2;
skip2:;
/* half fields on top of the cube, above i,j,k %/
it (k==kmax-1) goto skip3;
nkEx [t+1] [1] (3] [x)=Ex (] £33 £31 (k] +By [+] [i1 [j3 (kI+Ex[xI (i) [§] [k+1]
=By [t] (1] [5] (k+1)-(nkEx{t-1] (i] [j] [k+1]-nkBy (t-1] (1] (j] [k+1]
+nkEx [t-1] {1] [7]1 [k-1]+nkBy (t-1] [i] [j] (k-1])/2;



nkBy [t+1] (1 (5] [x1=Ex [£3 (1] [j] [k3+By {£] [13 [j1 [k1-ExCe] (1] [] (k+1]
+By [£] (1] [§] [k+1)~(~nkEx [t-1] [i] (3] [k+1]+nkBy [t~1] [i] [j] [k+1]
+nkEx[t-1] {1 [j] [k-1]+nkBy [t-1] [i] [j] [k-1])/2;

nkEy [t+1] [i] [3] (k) =Ey (€1 [] {31 (k]~Bx [£] (i1 [j] (KI+Ey Led i1 3] Dk+i]
+Bx [£] [i] (5] (k+1]-(nkEy [t-1] [1] (] [k+1]+nkBx [£-1] (1] [j] (k+1]
+nkEy [t-1] [i] [§] [k-1]-nkBx [t-1] (i1 (3] [k-11)/2;

nkBx [t+1] [i] [j] [k]=(~Ey (e [ [j] (k1) +Bx[t] (i1 [j] (k1+Ey [t (i1 (] [k+1]
+Bx [£] [1] (3] Ck+1]-(nkEy (t~1] [i] [j] [k+1]+nkBx (t-1]1 [1] (5] [k+1]
-nkEy[t-1] [i] [j] [k-11+nkBx [t-1] [i] [§] [k-11)/2;

skip3:;
}
}
}
/*# This is for fields that exist at the interface of %/
/* the wave guide and dielectric regions. */
j=jmax-1;

for (i=3;i<=(imax-3);++i)
{ tor (k=3:;k<=(kmax-3);++k)
{
njEx[t+1] [11 £3] (k) =Ex [+] (i1 (3] [k3-Bz[t] [i] (3] (k] +Exd [t] (i) (1] Ck]
+Bzd ] [1] (1] (k] ~(njExd [t-1] [i] [1] [k]
+njBzd[t-1] [i] (1] [k1+njEx[t-13[i] [j-1]1 (k]
=njBz[t-11[i] [j-1] [x]1}/2;
njBz [t+1] [1] [j] [k]=(~Ex[t] (il (31 [k1)+B=(t] [i] [j] [kI+Exd (] [i] (1] [k]
+Bzd [t [1] [1] (k] ~(njExd [t-1] [i] [1] (k]
+njRzd{t-1] [1] [2] [k)-njEx(t~13 (il [j-1] [k]
+njBz[t-1] [4]1 [j-11[k])/2;
njEz[t+1] [11 [j][k}=Ez[t] (][] (k] +BxCt] (][] [k)+E2d[t] (il (1] (k]
-Bxd[t] [1] (1] (k) -{njBzd [t-1] (1] [1] (k]
~njBxd(t-1] [1] [1] [k)+njEz[t-11[1] (=11 (k]
+njBx[t-1] [1] [§-11[k1)/2;
njBx[t+1] [i]1 [j] (k1=Ez [t [i]3 £3] [x]+Bx(t] (1] [j] [k]-Ezd ] (il (1] £k]
+Bxd (£] (13 [1] (k] -(-njEzd [t-1] [i] (1] [k]
+njBxd [t~1] [i] (1] [k]+njEz[t~1] [i] [j-1] [k]
+njBx [t-1] (i) [j-11 [K1)/2;

}
T T P T S T LY
/* Calculate the node field components for the */

/* waveguide region for the next full time step (ie t+1).%/
AR AR KK R ok
for (k=1;k<=(kmax-1);++k)
{ for (j=1;j<=(jmax-1);++j)
{ for {i=1;i<=(imax-1):++i)
{
Ex[t+21 [1][j] [k)=Ex[t] (i1 {33 [k]+(n3jBz[t+1] [1] [j] [k)-njBz [t+1] [i] [j-1] (k]
-nkBy [t+1] [1] [j] [k]+nkBy [t+1] [i] [§] [k-1])/er;
Ey [t+2] [43 [3] (k) =Ey [£] (i1 [3] (k] + (nkBx [t+1] (i (5] Ex]-nkBx [t+1] [i] (5] [k-1]
~niBz[t+1] (i1 (j] [k1+niBzCt+1] [i~1] [jI [k ) /er;
if (j==18) /» The plane of excitation =/

{

(7}
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Ez[t+2] [i1(j] [k)=Ez{t] [i][j] [k}+(niBy (t+13 (i) (j] [k)-niBy [t+1] [i-1] (5] [k]
-njBx(t+1] [11[§] (k] +njBx[t+1] [i1[j~1) (k) +njBxexcit[i] [k])/er;
Bx [£+2] (i1 [j] (k3=Bx[t] [i] (3] [k)+(nkEy [t+1] (i3 (§] (kI -nkEy (e+11 Li] (3] (k-1]
-njEz[£+1] (i) (3] (k] +njEzLt+1] (il [j-1] [kK]+njEzexcit [i] [k]) /ur:
}
else
{
Ez[t+2] {i][j] (k)=Ez[t] [i] (5] (kI +(niBy [t+1] (i) (j] [k]-niBy [t+1] [i-1] [§] [k]
~njBx[t+1] [i] [j] k] +njBxLe+1] (i1 [j~1][k])/er;
Bx[£+2] (i1 [j] [k3=Bx [t] [i] (3] [k]+(nkEy [t+1] (1] (j] [k]-nkEy [£+1] (i1 (3] (k-1]
-njEz(t+1] [i] [j] [k]+njEzLt+1] (1] [5-11 (k1) /ur;
}
By [t+2] [i] [§3 [x=By (] (1] (5] [k]+(niEz [++1] [i] [j] (kI -niEz(e+1] [i-1] [5] [k]
-nkEx [t+1] (i) (3] (k) +nkEx [t+11 [i1[j] (k-1])/ur;
Bz [t+2] [i] (] [k1=Bz[t] [i](j] [k)+(njEx[t+1] [i] (] Tk]-njEx[e+1] [i1[j-1] [k]
-niEy [t+1] (i1 [§] (k) +niEy [t+1] [i-1] (3] [k])/ur;
}

¥
}
e e e e T R PR LT LTS SR TLY
/* This section of the code calculates the field components */
/* for the dielectric slab which covers the end of the guide.*/
/**************************i**************‘#********#ﬁi#***#**/
/% tield components continuous across opening in the guide */
/* They are updated above. «/
for (i=3;i<¢=(imax-3);++i)
{ for (k=3;k<=(kmax-3);++k)
{ njExd{t+13 (i) [0] (k1=njEx[t+1] [i] (jmax-1] [k];
njBzd [t+1] (i1 [0] [k)=njBz [t+1] [i] [jmax-1] [k];
njEzd [++1] [i] [0] [k]=njEz[t+1] [i] [jmax-1] [k];
njBxd [t+1] [1] [0] [k]=njBx[t+1] [il [jmax-1] [k];
}
}

/* E wall boundary to the left for dielectric region +/
3=0;
for (i=1;i<=2;++1i)
{ for (k=1;k<=(kmaxd-1);++k)
{ njExd[t+1][i][j1(k]=0.0;
njBzd [t+1] [1] (] [k1=(2.0)*(Exd [£] [i] [j+1] (k1 +Bzd [t [i] [j+1] [k])
~(njExd(t-11[i] (3+1] (k1+njBzd (t-1] (il [5+11 k1 };
njEzd [(t+1] [i1[j] [k1=0.0;
njBxd[t+1] [1] (31 [k]1=(-2.0) #(Ezd [t] (i1 [j+1] [k]-Bxd [£][i] (j+1][k])
+(njEzd[t-11[i] [3+1] [k]-njBxa (t-1] (i1 [j+1] [k]);
}
}
for (i=imaxd-2;i<=imaxd-1;++1i)
{ for (k=1;k<=(kmaxd-1);++k)
{ njExdl[t+1][i]1([j]{k]=0.0;
njBzd [t+1]1 [1] [j] [k)=(2.0)*(Exd [£] (1] (j+1] [kI+Bzd [t] [i] {j+1]1 {k])
~(njExd[t-11[i] (j+1] (k) +njBzd [t-1] [i1 [j+1] [k]);
njEzd [t+1] [i1(j] [x]=0.0;
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njBxd [t+1] [l [j] (k1=(~2.0)*(Ezd [t] (i] (j+1] (k] -Bxd [£] [l [j+1] [k]}
+(njEzd{t-1] (i) [j+1] [k]-njBxd [t-1]1 [i] [j+11[k]);
}
}
for (i=3;i<=imaxd-3;++i)
{ ftor (k=1;k<=2;++k)
{ njExd[t+1] [id[j][k]1=0.0;
njBzd [t+1] [i] (31 (K] =(2.0) *(Exd [t] {i] [j+1] [k1+B2d [£] [1] [j+1]k])
-(njExd [t-1] [1] [j+1] [k}+njBzd [t-1] (i [j+1] [k]);
njEzd[£+11 (1] {1 [x]=0.0;
njBxd [t+1] (1] [§] [K]=(-2.0)#(E=d [¢] (il [j+1] [k]-Bxd [+ [i] [j+13 [k])
+(njEzd[t-11 (i) [j+1] (k]-njBxd [t-1] [i1 [j+11[k1);
}
}
for (i=3;i<=imaxd-3;++i)
{ for (k=kmaxd-2;k<=(kmaxd-1);++k)
{ njExd(t+1] (i) [j] [k]=0.0;
njBzd [t+1] [i] [] [k]=(2.0)*(Exd [t] [i] [j+1] [k]+B=d [£] [i] [j+1] [k])
-(njExd[t-1] (1] [j+1] [k]+njBzd [t~-1] [i1 [j+13 [k1);
njEzd [t+1] (11 (j] [k]1=0.0;
njBxd [++13 (1] [§] (kI=(-2.0)*(Ezd [£] [i] [j+1] [k]-Bxd [t] (i) £j+1] [k1)
+(njEzd [t-1] (il [j+1] (k1-njBxd [t-1] [i] [j+1] (k]);
}
}
=y
for (k=1;k<=(kmaxd-1);++k)
{ for (i=1;i<=(imaxd-1);++i)
{ njExd[t+1] [i][§] (x1=Exd[t] [i] [j] (k]-Bzd [t] (il (j] [k]+Exd [t] [il [j+1] [kl
+Bzd [t] (1] [j+1] [k]-{njExd [t-1] [i] [j+1] [k]
+njBzd[t-1] [i] £j+1] [k]+njExd (t-1] [i] {j-1] [k]
-njBzd(t-1] [i] [j-1]1[k])/2;
njBzd (t+1] [1] [§] [k1=(-Exd {t] (i) (j] [k]))+Bz2d [t] (1] [j] (k] +Exd [t] [i] [j+1] (k]
+Bzd [t] [i] [j+1] (k) ~{njExd[t-1] [i] [j+1] [k]
+njB2d [t~1] [i] [j+1] [k]-njExd [t-1] [i] [j-1] [k]
+njBzd [t-1] [i] [j-1] (k] }/2;
njEzd (t+1] [1] [] (k] =Ezd [+] [i] [j] [k1+Bxd [t] (i) [3] (k] +E=d (] [i] [j+1] [k3
-Bxd [t] [i][j+1] [k]-(njE=zd [t-13 [i] [j+1] [k]
-njBxdlt~-1] [i] {j+1] (k] +njE=zd [t=~1] [i] [j-1] (k]
+njBxd (t~1] [1] [j-1] [x1)/2;
njBxd (t+13 (1] [§] [k1=Ezd[+] (i) [j] [k]+Bxd [t] £i] [j] {kI-Ezd{t] [i] [j+1] (k]
+Bxd [t] [ [j+13 [k]-(-njEzd [t-1] [i] [j+1] (k]
+njBxd [t-1] [i] [j+1] (k] +njE2d [t~1] [1] [j-1] (k]
+njBxd [t-11 [i] [§-11 [¥]}/2;

}
j=2;
tor (k=1;k<=(kmaxd-1);++k)
{ tor (i=1;i<=(imaxd-1);++i)
{ njExd Et+1]{1] [j] [k]=Exd[t] [i] [j] [k]-Bzd [t] [1] [j] (k] +Ex$ [t] [i+10] {10] [k+16]
+Bzf [t] [i+10] [10] [k+16]-(njExf[t-1] [i+10] [10] [k+16]
+njBzf [t-1] [i+10] [10] [k+16]+njExd[t-1] [i] [§-1] (k]
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-njBzd(t-1][i] [j-1] (k1) /2;
njBzd [t+1] [1] (§] (xI=(~Exd [v] [i]1 (3] [k1)+B2d [t] [i1[j] (%] «Ext [t] [i+10] [10] [k+16]
+Bzf [t] [i+10] [10] [k+16)-(njEx£[t-1][i+10] [10] (k+16]
+njBz2[t-1] [i+10] [10]) (k+16])-njExd {t-1] [i] [j-1] (k]
+njBzd[t-1]1[il [j-11 (k1) /2;
njEzd [t+1] [i1 (§] [xJ=Bzd [£] (i) (3] (k1 +Bxd[¢] (i) [j3 (k) +E=f [£1(i+10]C 10] [k+16]
=Bxf{t] [i+10] [10] [k+16]-(njEzf[t-1] (i+10] [10] [k+16]
-njBxt[1-1] [1+10] [10] (k+16)+njEzd {t-1] [1] [j-11{k]
+njBxd[t~1] [i] [§-11 [k])/2;
njBxd [(£+1] [1] [j] [x1=Ezd(+] (i) [§] (k] +Bxd [t] (i1 (53 [k]-Ezf [t] [i+10][10] (k+18]
+Bxt [t] [1+10] [10] [k+16] - {-njEzf [t-1] [i+10] [10] [k+16]
+njBxt [t-1] [i+107 {101 [k+16]+njE=d Ce-1] [i]1 [3-1] (k]
+njBxdlt=-11 [i] [§-1] (k1) /2;
}
}
i=0;
tor (k=1;k<=(kmaxd-1);++k)
£  for (j=i;j<=(jmaxd-1);++j)
{ niByd{t+11[il[j]1[k1=Eyz(t] (10] [j+7] [k+16]+Bzf [t (101 [j+7] [k+16]
+Byd [t] [i+1] [§] [k]-Bza[t][i+1] (5] (kI-(niEyd [t-1] Ci+1] (5] {k]
~niBzd[t-1] [i+1] [§] [k} +niEyf [t-1] [9] [j+7] [k+16]
+niBzf [t-1] (9] [j+7] [k+161)/2;
niBzd [t+1] (i1 [3] (k] =Ey#[t] [10] (j+7] [k+16]+Bzf [t] [10] [j+7] [k+16]
~Eyd [t] [i+1] [§] (k] +Bzd [£] [i+1] (] Ck]1-(-niEyd[t-11Li+1][3] (k]
+niBzd[£-1] (i+1] (j] (k] +niBy# [t-11 [9]1[j+7] [k+18&]
+niBzf [t-1][9] [j+7] (k+16])/2;
niEzd [t+1] (1] [j] (k1=Ezf[t] [10] [j+7] [k+16]-Byf [£] [10] [j+7] [k+16)
+Ezd [£] [i+1] (3] [k]+Byd [¢] [i+1](j3 (k]-(niEzdfr-1] [i+1] [j] (k]
+niByd[t-1] (i+1] (j] (k1 +niEzf [t-1] (9] [j+7] [k+16]
-niByf[t-1]1[9] [j+7] [k+161)/2;
niByd(t+1]1[1) [3] [k)=(-E=z1[t] [10] [j+7] (k+16])+Byt[t] [10] £j+7] [k+16]
+Ezd [t] [i+1] [§1 (k) +Byd (t] (1+1][] [k]-(niEzd[t-1] [i+1] [j] (k]
+niByd[t-1]1 [i+1] [j] (k] -niEzf [t-1] [9] [j+7] [k+16]
+niByf[t--1] (9] (j+7] [k+181)/2;
}
}
for (k=1:k<=(kmaxd-1);++k)
{ for (j=t;j<=(jmaxd-1);++j)
{ for (i=1;i<=(imaxd-2);++i)
{ niEyd(t+11[i) (] (k)=Eyc{c] (i) (5] (k] +Bzd[t] (i (] (kI +Eyd £t] (1+1] (33 (k]
-Bzd{t] [i+1] [j] (k1 -(niEyd(t~1] [i+1][j] (k]
~niBzd(t-1] [i+1](j] (k] +niEyd [t-1] [i-1] (3] [k]
+niBzd{t-1][i-11(j] [k1}/2;
niBzd[t+1] (i) [j] (k}=Eyd [t] {11 [j] (k] +B=zd[t] (i) [j] (k] -Eyd [£] [i+1]L{;][k]
+Bzd [t [i+1] (3] (x1-(-niEyd [t-1) (i+1][j1 k]
+niBzd[t~1] [i+1]1[j] (k] +niEyd [t-1] [i~1]1 3] (k]
+niBzd[t-1] [i-11£3] [k1)/2;
niEzd (t+1] [3] [§3 [k1=Ezd{t] [i]{j] [x]-Byd[t] {i] {j] (k) +E=d (£] [i+1][J] [k]
+Byd [t] (i+11 [j] [k]-(niEzd [t-1] [i+1] (] [k]
+niByd[t~11[i+1]{j] (k] +niEzd [£-1] (i-1] (5] (%]
-niByd[t-1][1~1][j1[k1)/2;



niByd{t+11031 i3 [x]=(~E=d(t] (1] [j] (k] )+Byd [t [i] (3] [kI+E2dlt] [i+1] [3] (k]
+Byd (t] [i+1] [j] [k]-(niEzd [t-1] [i+1][j] [k]
+niByd[t-1] [i+1][j] [k)-niEzd (t~-1] [i~1] [j] [k]
+niByd(t-11[i-11[j1(k1)/2;

}

}

i=imaxd-1;

for {k=1;k<=(kmaxd~1);++k)

{ for (j=t;j<=(jmaxd~1);++j)

{ niEyd(t+1][4] [j] Tk =Eyd[t] (] (3] [kD+Bzd [£] (4] [j] [k] +Ey [+] 341 [j+7] [k+16)
-Bzf [t] [34] [j+7] [k+16] - (niEyf [t-1][34] [j+7] [k+16]
-niBzf [t-1] [34] [§+7] (k+16]+niEyd [t~1] [i-11 [j] [k]
+niBzd (t-1] (i-11 (31 (k1) /2;
niBzd {t+1] (1] [j] (k)=Eyd[t] [i] [j] [k1+Bzd [t] [1] [§] (k]-Ey? [+] [34] [j+7] [k+16]
+Bzf [t][34] [j+7] [k+16]-(-niEyf [t-11 [34] [j+7] [k+16]
+niBzf [t-1] [34] [j+7] [k+16]+niByd [t~-1] [i-1]1 [j] [k]
+niBzd [t-1] [i-1] [§] [k1)/2;
niBzd [t+1] [i] [j] [k)=Ezd (] [i} [j] [k]-Byd[t] (i) [3] [k]+Ez£ [t][34] (5+7] [k+1i6]
+By# [t] [34] [§+7] [k+18]-(niEzf [t-1] [34] [j+7] [k+1€]
+niByf [t~1] [34] (j+7] [k+16]+niE2d [t-1] [i-1]1 (51 [k]
-niByd [t-1] [i-1] [§1[k])/2;
niByd[t+1] (i) [j] (k]=(-E=2d [t] (il [j] (k1) +Byd [t] [i1[j] [k]+E=zf[t] [34] [j+7] [k+16]

+By? [t [34] [+7] [k+16] - (niEzf [t-1] (343 [j+7] [k+16]
+niByf [t-1][34] [j+7] [k+16]-niEzd [t-1] [i-1] [j] (k3]
+niByd [t-1]1 [i-11[j1(k])/2;

}
k=0;
for (i=1;i<=(imaxd-1);++1i)
{ for (j=1;ji<=(imaxd-1);++j)
{ nkExd [£+1] [] [§] [k]=Ext [t] [i+10] [j+7] [16]+Byf [t] [i+10] [j+7] [16]
+Exd [t] {11 [j] [k+1]-Byd (] £i] [j] [k+1]-(nkExd [t-1] [i] [j] [k+1]
-nkByd [(t-11 [1] [] [k+1]+nkEx£ [t-1] (i+10] [j+7] [15]
+nkByf [t-1] [i+10] £5+7] [158])/2;
nkByd [£+1] [1] [j] [kJ=Ext [t] [i+10] (j+7] [16]+By# [t] [i+10] [j+7] (16]
-Exd [+] [i1 [j] Ck+1]+ByaLt] [i] [j] Ck+11-(-nkExd[t~13[i] [j] Ck+1]
+nkByd [t-1] [i] [j] Tk+1]+nkExf {t-13 [i+10] [j+7] [15]
+nkByf [t-1] [i+10] [j+7]1 [15])/2;
nkEyd [t+1] (i1 (] [k]=Ey# [t {i+10] [j+7] [16]1-Bx£[t] [i+10] [j+7] [16]
+Eyd [¢] [i] (3§ (k+1]+Bxd [£] [i] (j] Ck+1]-(nkEyd (£-1] (i1 [§] [k+1]
+nkBxd [t-1] [i] [j] [k+1]+nkEy£ ££-1] [i+10] [j+7] [15]
-nkBxf [t-1] [i+10] [j+7] [158])/2;
nkBxd [t+1] [i] [j] (k1=(~Eyf [t] (i+10] [j+7] [16])+Bxf [t] (i+10] [j+7][16]
+Eyd [t] (i1 (5] [x+1]+Bxd [t] [i] £j] Ck+1]-(nkEyd [t-1] £i] [3] [k+1]
+nkBxd [t-1] [i] [§] [k+1]-nkEyf [t-1] [i+10] (j+7] [15]
+nkBxf[t-1] [i+101 [j+71[16])/2;
}
}
for (k=1:;k<=(kmaxd-2);++k)
{  for (j=1;j<=(jmaxd-1);++j}



{ for (i=1;i<=(imaxd-1);++i)
{ nkExd{t+11(i][j] [(x1=Exd[t] (il [j] [k]+Byd Tt [i1 [j1{k]+ExdCe] (] (5] [k+1]

-Byd [t] [i]1[j] Ck+1]-(nkExd[t-11[i] (5] [k+1]
~nkByd [t=1] [1] (5] [k+1]+nkExd [t-1] [1] (] [k-1]
+nkByd Ft~11[4] [3] Ck~11)/2;

nkByd[t+1] (1] (3] (k1=Exd [v] [il [j] [x)+Byd [£I [i] [3] (k] -Exd (&) (4] €3] [x+1]
+Byd [t] (i1 (3] [k+13=(~nkExd[t-11 (1] [j] [k+1]
+nkByd [t-1] [i] [j] [k+11+nkExd (£~1] (11 [§] (k-1]
+nkByd [t-11 [i] [j] (k-11)/2;

nkEyd(t+1] {4] [5] (kJ=Eyd (6] (i1 (3] {x]-Bxd[t1 3] [3] (k] +Eyd [e] (il [] [k+1)
+Bxd [t] [1]1 [j] [k+1]-(nkEyd [t-1] [i] [j] [k+1]
+nkBxd (t-1] [i] (] Ck+1)+nkEyd [£-11 [i] [j] (k-1]
-nkBxd[t-1] [i] [j] [k-11)/2;

nkBxd[t+1] [1][§] [k]=(-Eyd [+] [i] (5] [x])+Bxd[t] (i1 [j] (k) +Eyd[t] i) [] [k+1]
+Bxd [t] (1] (] [k+1]~(nkEyd [£-1] [13 {j] [k+1]
+nkBxd [t~1] (1] [§] (k+1]-nkEyd [t-1] [1] (] (k-1]
+nkBxd (t-11 [i] [§] [k-11)/2;

}
}
k=kmaxd-1;
for (i=i:i<=(imaxd-1);++i)
{ for (j=1;j<=(jmaxd-1);++j)
{ nkExd[t+1][i1[5] (k1=Exd[£] [i] [§] [k1+Byd [t] [i1 (5] (k] +Ex£[t] [i+10] [j+7] [27]
-Byf [t] [i+10]1 [j+7] [27]- (nkExf [t-1] [i+103 [j+7] [27]
-nkByf [t-1] [i+10] [j+7] [27])+nkExd [t-1] [i] [j] {k-1]
+nkByd [t-1] [ [§] Ck-13)/2;
nkByd [t+1] [1] [§] [k]=Exd (t] [i] [j] (k] +Byd [t [i] {31 (k] -Exf [t] [i+10] [§+7] [27]
+Byf [t] [1+10] [§+7] [27]~(~nkExz [t-1] [i+10] [§+7] [27]
+nkBy? [t-13 [i+10] [j+7] [271+nkExd (t-1] [i1 [j] [k-1]
+nkByd [t~11[i] [] [k-1]))/2;
nkEyd [t+1] [1] (5] (k) =Eyd [+] [i] (] [k]-Bxd [£] (i) (j] [k1+Eyf CtJ [i+10] (§+71[27]
+Bxf [t] [i+10] [§+7] [27]-(nkEyf [t-1] [i+10] [j+7] [27]
+nkBxf [t-1] [1+10] [j+7] (27]+nkEyd (t-1] (i1 [j] [k-1]
-nkBxd [t-1] [i] [j] [k-11)/2;
nkBxd [£+1] (i1 £j] (k]1=(-Eyd [£] [i] [j] (k] )+Bxa{t] [i] [j] (k] +Eyt[t] (i+10]0j+7] [27]
+Bxf [t [i+10] {3471 [27])-(nkEy£ [t~-1] (i+10] [j+7] [27]
+nkBxf [t-1] [i+10] [j+7] {27]-nkEyd {t-1] (i] [j] (k-1]
+nkBxd [t-1] [1] [j][k-11)/2;

}
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/* Calculate the node field components for the */
/* dielectric region for the next full time step (ie t+1)s/
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for (k=1;k<=(kmaxd~1);++k)

{ for (j=1;j<=(jmaxd-1);++j)

{ for (i=1;i<=s{(imaxd=-1);++i)
{
Exd [t+2] [1] [§] (k) =Exd[£] [1][j1 [k]+(njBzd [t+1] (1] [j] (k)-njBzd [t+1] [i] [j~1] (k]



-nkByd [t+1] [i] [§] [k]+nkByd [t+1] [i] [j] [k-11)/erd;
Eyd[£+2) (i1 €j] [k}=Eyd [t] [1] [§] (k] +(nkBxd [t+1] (il [j] (k) -nkBxd[t+13 (1] [§1[k~1]
-niBzd [t+1] (1) {j] (k) +niBzd [t+1] [i-1]1[j1 (k] )/exd;
Ezd [t+2] [i]1[j] (k]1=Ezd(t]{i] [j] (k) +(niByd [t+1] [i] (3] [k]-niByd[t+1] [1-1] (3] {k]
~njBxd [t+1] [1] [§) [k)+njBxd (t+1) (i) [j-11 [X1)/exd;
Bxd [t+2] (3] (5] [k]=Bxd {t] [1] [3] [k]+(nkZyd [t+1] [i] [j] [k]-nkEyd[t+1] [1] [j] [k-1]
-njEzd [t+1] (i) [j] (k1 +njEza {t+11 [i] [-1] [k]) /urd;
Byd [£+2] (3] (5] [k1=Byd [+] [] [§] [k]+(uiEzd [t+1] [i] [j] Ck]-niEzd [t+1] [i-1][3] (k]
-nkExd[t+1] [i] (§] [kI+nkExd [t+1] [i] [§] [k-1])/uzxd;
Bzd [t+2] [i] (3] [k]=Bzd [t]1 [i] [j] (k) +{njExd[t+1] [i]1[j] (k]~njExd[t+1] [i] [j-1] (k]
-niEyd [t+1] [1] [j] (k] +niEyd [t+1] [i-1] [j] Ek])/urd;
}
}
}
/#tt*****#t#*#**#*****##**#*****#######****t*t#*t***********/
/* This section of code deals with the free space region. */

/* The half field compcnents are first made to be */
/* continuous, then half field components on the E walls */
/* and abgorbing boundaries are determined. Finally, */
/* half fieldsthroughout the region are calulated. */
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/* Make half field components continous across the »/
/* boundary between the dielectric and free space regions/
k=26,

for (j=8;j<=9;++j)

{ for (i=11;i<=33;++i)

{ nkExf[t+11[i] (5] [kl =nkExd [t+1] [i-10][j-7] [k-16];
nkBy# Ct+1] [1] [j] (k) =nkByd (t+1] [i-10] [j-7] [k-16];
nkEyf [t+1] [i1(j] (k] =nkEyd [t+1] [i-10] [j-7] [k-161;
nkBxf [t+1] (3] £3] Ek]=nkBxd{t+1] (i-10]1 [j-7] (k~16];

}

}

k=16;

for (j=8;j<=9;++j)

{ for (i=11;i<=33;++i)

{ nkExf{t+1][i][j] Ck)=nkExd[t+1] [i~10][j-7][k-16];
nkByf [t+1] [i] [3] [k]=nkByd [t+1] [i-10] [j-7] [k-16];
nkEyf [t+1] [i] [j] [k)=nkEyd [t+1] [i-10] [j-7] [k~16];
nkBxf [t+13 [i] [§] (k) =nkBxd [t+1] [i-10] [j-7] (k~16];

}

}

i=10;

for (j=8;j<=9;++j)

{ for (k=17;k<=26;++k)

{ niEyf(t+1][i]1[j] [k]=niEyd[t+1] {i-10]1 [j-7] [k-16];
niBzf Lt+1] [i] [j] (k] =niBzd[t+1] [i-10] [j-7] [k-16];
niEzf [t+1] (1] [§3 [k)=niEzd[t+1] [i-10] [j-7] (k-16];
niByf [e+1] (i) [3] (x)=niByd[t+1] [i-10] [j-7]{k~16];

} L



1=33;
for {j=8;j<=9;++j)
{ for (k=17;k<=26;++k)

{ niEyf{t+11 (i1 (5] [Xx]=niByd[e+1][i-10][j-71{k-16];
niBzf [£+13 03] [j1 (k) =niBzd[t+1] [1-10] [j-7] [k-16];
niBzf (e+1) [1] (3] (k) =niEzd (t+1] {i-101 [3~-7] [(k-16];
niByf [t+11 [i]1[j] {x)=niByd{t+1]1[i-10] [j-7] [k-16];

}

j=9;

for (i=11;i<=33;++1i)

{ for (k=17;k<=26;++k)

{ njExf[t+1](i] [j][kI=njExd[t+1] [i-10] [j-7] [k-16];
njBxf [t+1]1 [1] [j] [k]=njBxd [t+1] [i-10] [j-7] [k-186];
njEzf[t+1]1[1] £j] [k]=njEzd [t+1] [i-10] [j-7]1 [k-16];
njBzf [t+1] (i1 [j] (k) =njBzd [t+1] [i-10]1 (j-7] (k-16];

X

/* E wall sections in free space region &/
k=27;
for (j=0;j<=T;++j)
{ for (i=10:i<=34;++i)
{ nkExf[t+1]1(i] [j][k]=0.0;
nkByf [t+1] [1] {1 (k1=(-2.0)*(Exf (t] [i] (j] [k+1)-Byf [v] [i] [j] [k+1])
+(nkExf [t-1] (1] [j1 [k+1]-nkByt Ct~1] (1] (3] [k+11);
nkEyf [t+11[i] [5] [x]=0.0;
nkBxf [t+1] [1] [§] [k1=(2.0)«(Ey£ [t] [i] [j] De+1]+Bxt [£] [i] (5] [k+1])
~(nkEyf [t-1] [1] (] (k+1)+nkBx1t [t-13 [i] (j] [k+11);
}
}
k=15;
for (j=0;j<=7;++j)
{ for (i=10:;i<=34;++i)
{ nkExf[t+1][i]([j]1[k]=0.0;
nkByf [t+11[4] (3] [k1=(2.0)*(Exf[+] [i] [j] (k1+Byf (eI Ei1 (3] (k1)
-(nkExf(t-11 (i {51 [k~11+nkByf [t~11 [i1 (5] (k-17);
nkEyf [t+13 [i] [j] [(x]=0.0;
nkBxt [t+1] [1] [§] [k)=(-2.0)#(Ey£ [t1[i] (3] (k]-BxtCt] (1] (5] [k])
+(nkEyf [t-1]1{i] [§] [k~1]-nkBxf [t-11 [i1(j][k-11);

}
i=9;
for (j=0;3j<=T;++j)
{ for (k=16;k<=27;++k)
{ niEyt[t+1][i]1[j1[k]=0.0;
niBzf [t+1] [1] (5] [k]=(2.0) *(Ey? [£] [1] (3] (k] +Baf [£] [ [§] [k])

-{niEyf [t-1] [i-1] (] (k) +niBz£ Lt-1] (i-13 (3] [k]1);
niEzf [t+1]1[1] {31 [k]=0.0;
niByI[t+1][i][j][k3=(-2.0)*(Ezf[t][i][j][k]-Byf[t][i]Ej][k])

+(niBzf [t-1] [i-1] (§] [k]-niByf [t-1] (i-1] (3] {Kk]);



}
}
i=34;
for (j=0;j<=7;++j)
{ tor (k=16;k<=27;++k)
{ nifyt[e+1]1[i] [§] [k]=0.0;
niBzf [t+1] [i] [j] [k]=(~2.0)*(Eyf {t] (i+1] (] [k]-Bzf [t][i+1][j]1[x1)
+{niByz [t-1] [i+1] [3] (k]-niBzt [t-1] [i+11 [j]1Ck1);
niEzf [t+11[i] £51[k]=0.0;
niByf [e+1] [i] [§3 (k] =(2.0)»(Ez£ [ [i+1] (] [kJ+Byf [t Ci+1] (] (k1)
-(niEz# [t-11[i+1] (3] [k1+niByf [t-1] (i+1] [jI[k]);
}
¥
/+half field expressions for the lip »/
/% ie account for thickness of guide */
i=T;
i=10;
for (k=16;k<=27;++k)
{ njExf[t+1][11[j] [x]=0.0;
njBzf [e+1] [i] [j] [kI=(2.0)#(Ex# (£] [i] [j+1] (k] +Bzf [£I (i [j+11 [ )
=(njExf[t-1] (i) [j+1] [k]+njBzf [t-1] [i] [j+11 [k]);
njEzf [e+1] [i]1[j1(k]=0.0;
njBxf [e+1] (il (5] [k]=(-2.0)*(Ez£ [t] [iJ [j+1] [kI-Bxf (t1 (1] [5+1] [k])
) +(njEzf [t-11 (i) (j+1] [kl -njBx* Cx-13 [i] [3+1] [k1};
i=7;
i=34;
for (k=16;k<=27;++k)
{ njExt[t+13[i)[jI1Ek]=0.0;
njBzf [t+1] [i1[j] [k1=(2.0)*(Exf (] (i) [j+1] (kI+Bzf [+] [i] [j+1] (k1)
~(njExf[t-1] (i) (j+1) [k +njBzf [t-1] (4] {5+1] [k1);
njEz£ft+1]Li1[j]1 [k1=0.0;
njBxf [e+1] (i1 (i1 Ck)=(~2.0)*(Ezf [v] [i] (j+1] (kI -Bx# [t] (i1 [j+1] (k1)
, +(njEzf[t=1][i] (j+1] (k) -njBxf [e~1] [i] [§+1] £x3);
3=7;
®=16;
for (i=10;i<=34;++i)
{ njExtEt+1][i105] [k)=0.0;
njBzf {e+1] [A1[jI k) =(2.0)* (Exf [+] (i1 [3+1] [kI+Bz¢ [£] [i] [j+1] [k])
=(njExf[t-1][i] [j+1] (k) +njBzf [t-1] [i] (j+1] [k3);
njEzf (t+1] [i] [ [K)=0.0;
njBxf (£+1] [i1 (3] (k)=(-2.0) #(Ezf [+] (1] [j+1] (k] -Bxf (] [i] [5+1] (k1)
) +{(njE2f[t-1] (i1 (j+1] (k) -njBxf [t-1] [i] [j+1] [k1);
i=n
k=27;
for (i=10:3i<=34;++1i)
{ njExt{t+11[i][j1[X]=0.0;
njBzf Ct+1] £i3 03] (k)=(2.0)*(Ex? (t] (] [j+1] (k] +Bz¢£ [£] (il [j+1] (k1)
-(njExt[t-1] [i] {j+1] (k) +njBzf [t-1] [i] {j+1] [k]);
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njEzf [t+11[i1(3j]1 (k3=0.0;
njBxf [e+1] (A1 [§1 Ek]=(-2.0)*(E=22 [£] (i [j+1D (k]-Bx2 (t] (i1 (3+11 k1)

}

+(njEzf[t-1] [i] [+1] (k) -njBxt Ce~1] (i3 [5+1] [k 3

/% Absorbing boundary in free space to the right */
j=jmaxf-1;

for (i=1;i<=(imaxf-1);++i)

{ for (k=1;k<=(kmaxf-1);++k)

{

1
b

njExf [£+1] (31§ (kI =Exf [£] [1] [§] (k3 -Bz£ L] [i] (5] k]

-0.5*(njExf [t-1] (1] [j-1] k] =njB=zf [t-11 (i1 [j~1] [x1)
+1,125#(njE2x¢ (n-41[i] [2] (k) +njB22f [n~-4] [1] (2] [k])
-0.75%(njE2xf [n-8] (1] (1] [kI+njB2zf [n-8] [11 (1] [k])
+0.125%(njE2xf [n-12] (1] (0] [k]+njB2z1{n-12] [i] [0] (k]);

njBzf (t+11 [iJ [j] (k) =(-1.0)*Ex? [t] {iJ [3] (k] +Bz1 [t] [i1[j] (k]
+0,5%(njExf [t-1] (41 (j-1] (k) -njBzf [t-11 [1] £i-1] (k1)
+1,125+(njE2xf [(n-4] [i] [2] (k] +njB22f [n~4] [i (2] (k1)
-0.75*{njE2xf [n-8] [i] [1] [k]+njB2zf [n-8] [i] [1] k1)
+0.126%(njE2x1f En-12] (1] (0] (k] +njB221 [n-12] (i1 [0I [k]):

njEzf [t+1] [i] [5] (k) =E=2 [¢] [i] (] (k] +Bxf [t] [i] [§] (k]
-0.5%(njEzf [t-1]3 [1] [j-1] (k) +njBxf [t-1] (i1 [j-11[k1)
+1,125%(njE2z¢ [n-4] (i1 [2] [k]-njB2xf (n-4] [i] (2] [k])
-0.75%(njE2zf (n-8] (i1 (1] [k]-njB2xf n-8] [1] (1] [k])
+0.125%(njE22£ [n-12] [i] [0] (k) -njB2xf(n-12] [1] [0] [k]);

njBxf (t+1] [i1 [j] [k]1=Ez£ [+] (i] [3] [k +Bxf (£ (i3 [§] (k]
-0.5+(njE=zf [t-1] (1] [j-1] [k]+njBxf [t-1] (i1 £5~-11 (k1D
~1.125«(njE22f [n-4] {i] (2] [k]-njB2xf [n-41[i] [2] (k1)
+0.75+(njE221 [n-81 (il (1] [k]-njB2xf [n~8] (i1 [1] [k])
-0.125+(njE22zf [n-121[i] [0] [k)~njB2xt [n-12] [i] [0] [k]1);

/% Absorbing wall boundary to the left */

3=0;

for {(i=1;i<=(imaxf-1);++i)
{ for (k=1;k<=(kmaxf-1);++k)

{

it (((i<=34)&k(i>=10))&&{(k<=27)22{k>=16))) goto skip7?;
njExt [t+1] (11 [j] (k1=Ext {t] (i) [j+1] (k] +Bzf (eI [i][j+1] (k]

-0.5%(njExf{t-1] [1] [j+1] (k] +njBzz (t-1] (i [j+1] k1)
+1.125%(njE1xf [n-4] [i] {01 [k]-njBizf [n-4] (i] [0] [k])
~0.75*(njElxs (n-8] [i] (1] [k]-njBizf[n-81 [i] (1] [k])
+0. 125+ (njE1xf [n-12] (1] [2] (k]-njB12f [n-12] [i]1 {21 [k1);

njBzf [t+1]1 (i1 (3] (k) =Exf [t (i3 [j+1] (kI +Bzf [t] (i1 L[ +1] (k]
-0.5%(njExf [t-1] [1] (j+1] (k] +njBz£ [t-1] [1] [j+1] (k1)
-1.125+{njE1xf [n-4] (i1 (01 [k]-njB1zf [n-4] [i] [0] [k3)
+0.75«(njE1xt [n-8] {i] (1] [k]-njB1=f [n-8] [i] (1] [k])
-0.125#(njE1xf [n-12] [i] (2] [k]1-njBizf [n-121 [1) (21 [k]);

njEzf [£+1] (1] (] (k)=Ez£ (t] (i) [+13 (k) -Bxf [e] [i][j+1] (k]
-0.5«(njEzf [t~1] [1] (j+1] (k)-njBxf (t-11 (1] [j+1] [k])
+1.125+(njE12f [n-4] [1] [0 [k]+njB1ix£ [n-4] (il [0] (k1)
-0.75%{njE1z¢ [n-83 [i}{1] (k]+njBixf [n-8] [1]1 [1] (k1)
+0.126%(njE1zf [n~12] [i] (2] (k] +njB1x2 [n-12] [i) (2] Ckl);

njBxt [t+11 (11 [§] [KI=(-1.0) *Ez2 [£] [i] {j+1] (k] +Bxf [t] (1] [j+1] (k]



}
}

+0.5#{njEz2 [t-1) (1] [j+1]1 (k]-njBxf{t-1][i] [j+1] [k])
+1.125«(njEtz? [n-4] [1] (0] [k)+njB1x¢ [n-4] (i] (0] (k1)
-0.75¢(njEiz¢ [n-8) [1] (1] [kJ+njBixs [n-8]1[i] {1] [k1)
+0.125+(njE1zf [n-121 (1] [2] (k] +njB1xf [n-12] [i] [2] [k]);

skip?:;

/# Absorbing boundary on top */
k=kmaxf-1;

for (i=1;i<=(imaxf-1);++i)

{  ftor (j=1;j<=({jmaxt-1);++j)

{

}
}

nkEyf [t+1] (3] [3] (k) =Eyf [t] [1] [j] [k]1-Bxz [t] (i) [j] [k]
-0, 5%{nkEy? [t-1] [i] [j] (k-1]-nkBxf [t-1] [i] [j] [x-1])
+1,125%(nkE2yf [n-4] (i] (j] [2] +nkB2xt [n-4] [i] [j]1(2])
-0.75#(nkE2yt [n-8] [i] (] [1]+nkB2x? [n-8) [1] (3] [11)
+0.126+(nkE2yf [n-123 [1] [j] (0] +nkB2xf [n-12] [i]1 [31{0]);
nkBxf [t+11 [1] [] {k1=(-1.0)}*Eyf [£] (1] [j] (k] +Bxt [x] (i1 (] (k]
+0.5%(nkEyf [t-1] [i] [] [k-1]-nkBxf [t-1] [1]1[j] [k-1])
+1.125+(nkE2yf [n-4] (1] [3] [2] +nkB2xf [n-4] [i] (3] {2])
-0.75+(nkE2yt [n-8] (i) [j] (1]+nkB2xz [n-8] [1] [jI1[1])
+0, 125+ (nkE2yf [n-121 [i] [j] (0] +nkB2xf [n~-12] (i1 {jI1[01);
nkExt [t+1] [4] [§] (k] =Ex£ [+] (1] (5] [k]+Byf {t] [il1{;j2 [k]
-0.5«(nkExf [t-1]1[1] (] (k-1)+nkByf [t-1] [i]1[j]1{x~-1]1)
+1.125+(nkE2xf [n~-41[1] [j] {2]-nkB2yt [n-41 (1] [j1 (2]}
-0.75*(nkE2x? [n-8] (1] [§] [1]-nkB2y? [n-8] [i] (31 [1])
+0.125%(nkE2x? [n-121 [i] (j] [0]-nkB2yf [n-12] [iJ [jI [01);
nkBy# (t+1] [i] [3] [k]=Ex£ [t] (1] [5] (x]+By# [£] £il [ [k]
~0.5#{nkExf [t-1] [i] [§] [k~1)+nkByf [t-1] [i] [j] [k-1])
-1.126%(nkE2xf [n-4] [i] [j] (2] -nkB2yf (n-4] (1] (5] [2])
+0.75% (nkE2x? [n-8] [i] [j] [1]-nkB2yf[n-8] (1] (j1[1])
-0.125%(nkE2x# (n-12] [1] [j1 [0] -nkB2yf [n-12] [i] [j1[0]);

/* Absorbing boundary on the bottom */

k=0;

for (i=t;i<=(imaxf-1)};++i)
{ for (j=1;j<=(jmaxf-1);++j)

{

nkEyf (t+1] [i] [§] (k) =Ey#£ [v] [i] (] [k+13+Bxf (¢ [i] (3] [k+1]
-0.5%(nkEyf [t-11[i1[j] [k+1]+nkBxf (£~1] [i] [ [k+1])
+1,125%(nkE1yf (n-4] [i] [j]1 (0] -nkBixf [n-4] [i1{j][0])
-0.75+(nkE1yf [n-8] [i]1(j] [1)-nkB1x£[n-81 (il {31 (1]
+0.125+(nkE1yf [n-12] (1] [j] [2]-nkB1xf [n-12] [1] [j]1[21);

nkBxf [t+1] (i) [§] (k) =Ey£ [t] [i] (3] [k+1]+Bx£ [v1 [1] (5] [k+1]
-0.5+%(nkEyf (t-1] [i] [j] (k+1I+nkBxz {t-1] [i] [j] [k+1])
-1,125%(nkE1y? (n-4] [i] (j] (0] ~-nkB1xf [n-4) [i][j1(0]1)
+0.75+(nkE1y? {n-8] [i} [j] [1]-nkB1xf [n-8] [i] [j] (1)
-0.125+(nkE1yf [n-12]{i] [j] [2])-nkB1ixf [n-12] [i] [jI1[2]);

nkExf (t+1] 1] (] (k) =Exf [t] (1] [j] [k+1]-Byf [t] [i] (5] [k+1]
-0.5+{nkExt [t-1] [1]1 (3] (k+1])-nkByf [t-1] [1]1[j] {k+1])
+1.125%(nkE1xf {n-41 (1] [j] (0] +nkB1yf [n-4] (i1 (3] [0])
-0.75%(nkE1xs [n-8] (i) [j] [1)+nkB1yf [n-8][11[jI1[1])



}
}

+0,125#(nkE1xf [n-121 [1] [j] (2] +nkBiyf [n-12] (i1 (31 (2]);
nkByf [t+1] (1] [3] [kd=(-1.0)»Ext [£] (i1 (3] [k+3]+Byf (eI [i3 [3] [k+1]
+0.5%(nkExf [t~1]1 141 [j] [k+1)-nkByf (t-1] [1][j] [k+1])
+1.125%(nkE1xf [n-4] (i1 [j] (0] +nkB1yf (n-4] (il [j1[0])
-0.75¢(akE1xf [n-8] [i][j] [1]+nkB1yf [n-81[i] (31 (11)
+0,125%(nkE1xf [n-121[1]1 [3]1 (2] +nkB1yf (n-12] [i1 (33 [2]);

/* Absorbing boundary in front »/
i=imaxf-1;

tor (j=1;j<=(jmaxf=-1);++j)

{ ftor (k=1:k<=(kmaxf-1);++k)

{

¥
}

niBzf [£+1] [1] [j1 (k1=Ez# [£J [i1 [j] Ck1-Byf (] (i) [3] [k]
~0,5#(niEzf [t~1] [i-1] [j] (k] -niByf [t-1] [i-1]1 (5] (k1)
+1.125#(niE22f (n-4] [2] [j] (k) +niB2yf [n-4]1 [2] [j] [k]}
-0.75%(niE2z¢ [n-8] [1] {j] (k) +niB2y2 In-8) [11[;j1 (k1)
+0,125%(niE2z% [n-12] [0] (3] (k] +niB2yf [n-12] [0] (1 [k1);
niByf (t+1] [1] [§ [k1=(-1.0)*E22 [¢] [i] (5] (kD +Byf [t] (] [3] (k]
+0.5%(niEzf [t-1] [i-1] [3] (k) -niByf [t-11 [i-1][j] (k1)
+1.125%(niE2z¢ [n-41 [2] [j] (k] +niB2yf [n-4] (2] [j1 (k1)
* -0.75%(niE2zf [n-8] [1] [j1 [k]+niB2yf [n-8] (11031 (k])
+0.125+(niE2z1f [n-12] (0] [j] [k]+niB2yf [n-12] [0] (1 (k1);
niEyf [t+1] [1] [j] [k)=By£ [t] (1] (1 (k] +B=£(t) (i1 (5] [kl
-0.5%(niEyf (t~1] [i-11[j] [kK)+niBzt (e~1] [i-1] [j1 [k])
+1.125*(niE2yf [n-4] (2] (j] (k] -niB221 [n-4] (2] (5] (k1)
-0.75*(niE2yf [n-8] (11 [j] (kK)-niB2zf [n-81 (1] []1[k])
+0. 125+ (niE2yf [n-12] [0] [j] [k]-niB2z1(n-12] (0] [j] [x1);
niBzf [t+1] [1] [3) [k)=Eyf (£] [1) (5] [k]+B21 Ce] (1] (5] [x]
-0.5*(niEyf [t-1] [1-1]1[j] (k) +niBzf [t~1] [i-11 (31 [k])
-1.125+(niE2y% [n~41 [2] [j] [k} -niB2zf [n-4] [2] [j] [k])
+0.75%(niE2yf [n-81 (1] [j] (k) -niB2zf [n~8) [1] [j] [k]}
-0,126*(niE2yf [n~12][0] [j] [k]-niB22f [n~12] (0] (3] [k]);

/#* Absorbing wall boundary in the back */

iz=0;

for (j=1;j<={(jmaxf-1);++j)
{ for (k=1;k<=(kmaxi-1);++k)

{

niEzf[t+1] [1] (j) (k}=E=% [t] [i+1] [3] (k) +Byf (] [i+1] [§] k]
~0.5+(niEzf [t-1] Ci+11 [j] (kI +niByf Le-1] (i+1] 3] (k1)
+1,126#(niE1zf [n-4][0] [j1 (k] -niB1yf [n-4] [0] [j] (k1)
-0.75%(niE12f (n-8] [11(j] [k} -niBiyf(n-81 [1] [j1[k])
+0. 125 (niE1zf [n-121 (2] [j] (k] -niB1yf n-123 [2] [j1[k]);

niBy# [t+1] [1] (51 {k1=E=zf (¢ (i+1] [j] (kI +Byf (] (i+1][j][k]
~0.5*(niEzf [t-1] [i+1) [j] (k) +niByf [t~1] (i+1] [j] (k1)
-1.125#(niE1zf [n-4] [0] [j] [k} -niB1yf {n-4] [0] [i] [k])
+0.75s(niE1z2 (n-8] [1]1 [§] [k1-niB1y?(n-83 (1] [j] (k])
-0.125+(niE1zf [n-12) [2] [j] (k] -niB1yf [n-12] [21 [j1 [k1);

niEy# [t+1] [1]1(j] fk)=Eyf (] (i+1] [j] (k-Bz1 [x] [i+1](j] (k]
-0.5#(niEyf [t-1] [i+1) (3] [kK)~niBzf [t-13 (i+1] [§] [k]}
+1,125#(niB1yf [n-4] [0] (j1 [k]+niB1zf {n~-4] (0] (] k1)
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-0.75+(niE1yf (n-8] [1]1 [j] (k) +niBizf [n~-81 [1] [j]1[k1)
+0.126%(niE1y? (n-12][2] (3] [k]+niB1z¢ [n-12] [2] (j] [k1);
niBzf [t+11 (i) [j] [k]=(-1.0)*Eyz [t] (i+11[j] [k}+B2f [t [i+1] (3] k]
+0,5¢(niEyf (t-1] [1+1] [j] [k]-niBzf Ct-1] [i+1] (3] [k])
+1.125+(niE1yf [n-4] (0] [j] [k1+niB1zf [n-4] [0] [3] (k1)
-0.75%(niEiy? [n-8] (1] [j] [k]+niB1zf[n-8] {11 [jI [k1)
+0.126#(niE1yf [n-121 (2] [j] (k1+niB12f [n-12] {2] (1 {k1);
}
}
/* Calculate half fields for next time step in free space region */
for (i=1;i<=imaxf-1;++i)
{ for (j=1;j<=jmaxf-1;++j)
{ for (k=1:k<skmaxIi-1;++k)
{
if (((k>=16)2(ke=27))&k{(i>=10)2&(i<=34))&&(j<=7}) goto skip8;
it ((Cho=17)R&(k<=26))&&((i>=11)&&{i<=33))&&({j==8) | | {j==9})) goto skip§;
it (j==jmaxf-1) goto skipB;
njExf(t+11[i] (3] Ck}=Ex£ [£] (1] (3 {x)-B=£{t] £i] (3] [k]+Exz [£] (i) [+1] (k]
+Bzf [£] [i] [j+1] (k] -(njExf [t-11[i] [j+1] [k]
+njBzf [t-1] [i] (j+1] (k] +njExf [t-1] (i) [j~1] [k]
-njBzf[t-1] [i1{j~1] (k1)/2;
njBzz [t+1] [i] [j] [k]=(-Ex£ [t] (1] (3] (k1) +Bz£ C+] [i1 (3] [kI+Exz (€] [i] (+1] (k]
+Bzf [t [i] [j+1] (k) -(njExf(t-1] [i] [j+1] [x]
+njBzf [t~1] [i] (j+1] [k]-njExs [t~1] (1] (-1] (k]
+njBzf [t-11 (i =11 [k1)/2;
njEzf [t+1] [i] (3] Ck]=Ez£ (+] [i] (] (x]+Bxf [t] (i1 (] {kI+Ez£ [£] (i1 (j+1] k]
=-Bxf [t (1] [j+1] [k]-{njEzf (t—11 [i] (j+1] [k]
-njBxf[t=1] (il [j+1] [k]+njE=£ (t-1] [i] [j~1] (k]
+njBxf[t-111i) [j-1] [k])/2;
njBx? [t+1] (i1 [j] [k]=E=z£ [t] [i] (3] [k]+Bxz [+] [i] (3] [k]-E=zf (£] (il [j+1] (k]
+Bx£ [t) [i] [j+1] [k} -(~njEzf [t-1] {i] [j+13 (k]
+njBxf [t~11[1] (j+1] (k]1+njEzf [t~1] [i] £3-1] [k]
+njBxt[t-1] [i] [j-13 [k1)/2;
skipB:;
it (((k>=16)&&(k<=27))E&((1>=9)&&(i<=34))&&(j<=7)) goto skip9;
it (((k>=17)ea(k<=26) Y22 ((i>=10)2&(i<=33))&&((j==8)||{j==9))) goto skip9;
it (i==imaxf-1) goto skip9;
niEyf [t+1] (i) [j] (k] =Eyf [+1 (il [j] Ck]+Bz£ [t [i] [j] k) +Ey< [c] (i+1] (5] [k]
-Bzf [t] [i+1] {j] (k] ~{(niEy£ (-1 [i+1]{j] [k]
-niBzf[t~-1] (i+1] (] [k]+niByf {t-1] [i-1] [§] [k]
+niBzf[t-1]1{i-1]1[§] [k1)/2;
niBzf (t+1] [1] [j] [k]=Eyf [+] [i] (3] [x]+B=£ [¢] [iJ [j] (k] -Ey% (€1 [i+1] (3] [k]
+Bzf [t] [i+1] (3] (k] -(-niEyf [t=-1] [i+1] [j] [x]
+niBzf [t-11 [i+1] (] (k] +niEyf (t-1] (i-1] [§1 [K]
+niBzf [t-1] [i-1] (3] [k])/2;
niEzf [t+1] (1] (5] (k]=E=1 (+] [i] [j] [k]-Bys [t] [i] €3] [k]+E2£ [£] [i+1] £5] [k
+Byf [t] (i+11[j] [x]-(niE=zf [e-~1] {i+1] (5] (k]
+niByf [t-1] [i+1] (] Ckl+niEzf [t-1] [i-1] [j] (k]
-niByf[t-1] (i-13 (3] [x])/2;
niByz [t+1] (1] (3] (k) =(~E=2[t] [i] (3] (k] )+By£ [t] (i1 [j] [k]1+Ez£[t] [i+11L33 [k]
+Byf [t [i+1] [j] [k]-(niEzf [t-11[i+1][5] (k]

100



+niBy?(t~1] [i+1] [§] [k]-niEzf [t-1] (i-1]{j] [k]
+niByf[c-1] [i-1] (31 [x1)/2;
skip9:;
it (((k>=15)&&(k<=27))&&((i>=10)&&(i<=34))%&(j<=7)) goto skipiD;
if (((k>=16)8&(k<=26))ea{(i>=11)2&(i<=33) )& ((j==8)11{j==9))) goto skip10;
if (k==kmaxf-1) goto skipl0;
nkExf [t+1] (i1 3] [k)=Ext [t [i1 (3] CkI+Byf (eI [i [5] [k]+Ext (eI [1} [3] [k+1]
-By2 [t (1] (3] [k+1]-(nkExf (t~1] [1] [§] (k+1]
-nkByf [(t-1] [1] (j] [k+1]+nkExt [v-11 (i1 [j] [k-1]
+nkBy£[t-1]1 (i) [j] [x-11)/2;
nkay:[t+1][1JtJ][k]-Exf[tJ[:][J]Ek3+ayf[t][1]EJJ[k] Exf (el [1] (3] (k+1]
+By? {61 [1] [3] Ck+1] - (~nkExf (=11 [i] [j] [k+1]
+nkByf [£-1] [i] [§] Ck+11+nkExf [t-1] (i1 [3] [k-1]
+nkByf [6-1] [i] [3] [k-1])/2;
nkEyf [t+13 [1] [§] (k)=Eyz [£] [1] 031 [k -Bxt Ced {13 (] [k]+Ey£ (6] (4] [5] [k+1)
+Bxf [t] [i10j] [k+1]-(nkEyf [t-11[i] [j] [k+1]
+nkBxf [t~11[1] [j] [k+1]+nkEyf (t~11[i1[j] [k-1]
—nkBxf [t-1] [i] (3] [k-11)/2;
nkBxf [t+1] [1] [ [k]=(-Ey£ [£] (id [j] [x1)+Bxf (] [ (5] k1+Eyt [t] [i] (3] [k+1]
+Bxf [+] [1] [§) [k+1)-(nkEy£ [t-1] (1] (3] [k+1]
+nkBx1 [£-1] [1] (j] [k+1]-nkEyf [x-1] [i1 [§] [k-1]
+nkBxf (t-11 [1] (] [k-11)/2;
skipiO:;

}
}
/* Calculate the node fields in the free space region +/
for (i=1;i<=imaxf-1;++i)
{ for (j=1;j<=jmaxf-1;++j)
{ for (k=1;k<skmaxf-1;++k)
{
if (((k>=16)28{k<=27))&&{(i>=10)&&(i<=34))&&(j<=7)) goto skipll;
if (((k>=17)2&(k<=26))8&((i>=11)&&(i<=33))&&((j==8) | (j==9))) goto skip1l;
Exf (t+2] [i] [51 [k1=Ex£ [£] (4] (] (k) +(njBz# (t+1] [1] (3] [k]-njBzt Ce+1] [i] [5-1] (k]
-nkBy# [t+1] [11 [3] Ck1+nkByf Ce+11 (11 [jI1[k-1])/ex;
Eyf [t+2] [1] [j] Ck)=Ey£ [t] [1] [5] [k]+(nkBxf [t+1] (] [j] k] -nkBxt [£+1] €] [5] [k-1]
-niBzf [t+1] [1) (] [k)+niBzf (t+1] [i-11 (5] [k]1}/er;
Ezf [t+2] [i] [3] [k1=Ezf [£] (i) [j] (k)+(niByf (t+1] [i1 {31 [(k]-niByf(t+1] (1-11(;j] [k]
~njBxf [t+1] [i] (3] (k) +njBxf [e+1]) (i) [j-1) (k1) /er;
Bxf [£+2] (1] (3] [k)=Bx£ [£] [4] (5] [k]+(nkEyf (t+1] (i) [ (k] -nkEys[e+1] [i] (3] [k-1]
-njEz# [t+1] [i] (3] (k) +njEzf (e+1] [1 (j-1] (k] ) /ur;
Byf [t+2] [1] [j] (k]=Byz [t] [1] [j] (k1+(niEzf [t+1] (i) [jI (k] -niBzf[c+1] (i-1]1 (5] [k]
-nkExf [t+1] [i] (] [k]+nkExf [t+1] (i1 [j] [k-11)/ur;
Bzf [t+2] [i1 [3] [x]=Bz2 [+] (i) {31 (k) +(njEx2 [e+1]1 [1] I (k] -njExt {t+11 (i [j-1] [k]
-niByf (t+1] (1] [3] (kI +niEyf [t+1] [i~1]1[3] (k) /ur;
skipil:;

b
}

/###***utmnt**ﬂt**nuﬂnuutuu#uu*nuuuuuuutuu/
/* Any output data should be taken here before the data exchange+/
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/tt#tlltti###‘#"t¢*****4###***‘t#t*#tt#t#*t***#‘#t****##**#**#**t/

/*
/*
/*
[
[

Culour output data for Ez field at k=4 and k=20 TOP VIEW »/
Note: this calculation cannot deal with field values smaller */
than 4.5399920e-05 (absolute value)} or greater than 1.0 x/
Output colours are in a log scale . */
for (j=1;j<=156;++j) COMMENTED OUT !!!!1i1N}

{ if (§<=113)
{ for (i=1;i<=10;++i)

{ a=0.0;
fprintf(outputi,"%d\n", (intda);

}

)

for (i=

1;i<=imax~1;++i)

{ aa=fabs(log((double)fabs(Ez[t](i]1[jI1{41)});

it

{aa>10.0) aa=10.0;

a=25,0%fabs(aa-10.0);

if

(a<2.0) a=2.0;

fprintf{outputl,“¥d\n", (int)a});

}

for {i=1;i<=10;++i)}
{ a=0.0;
fprintt{outputi,"¥%d\n", {int)a);

}

else

{

it (j<=

{ for
{

120)

(i=1;i<=10;4+1)
aa=fabs(Log((double)fabs(Ezf [t] [i][j-113][201)));
if (aa>10.0) aa=10.0;

a=25.0*fabs(aa~10.0);

if (a<2.0} a=2.0;

fprintf (outputl,"¥d\n",{int)a};

(i=1;i<=imax-1;++i)
aa=fabs{log({double)fabs(Ez[t] (i1 [j1[411));
if (aa>10.0) aa=10.0;

a=25.0*fabs(aa~10.0);

if (a<2.0) a=2.0;
fprintf{outputl,"¥d\n",(int)al;

(i=34;i<=imaxf-1;++i)
aa=fabs(log({double)fabs(Ez£[t] [i] [j-113]1[20])));
it (aa>»10.0) aa=10.0:

a=265.0*fabs{aa-10.0);

it (a<2.,0) a=2,0:

fprintf(outputi,"%d\n", (int)a);

it ((j==121) 11 (j==122))

{ for

(i=1;i<=10;++1i)
aa=fabs(log({double)fabs(Ezf[t] [i] [j-113][20])));
if (aa>10.0) aa=10.0;
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}

a=25.0+fabs(aa-10.0);
if (a<2.0) a=2;
sprintf(outputl,"¥d\n",{int)a);

for (i=1;i<=imaxd-1;++i)

{

}

aa=fabs(log((double)fabs{Ezd[t] [i] [j-120] [41)));
if (22>10.0) an=10.0;

a=25,.0*fabs(aa-10.0);

it {a<2.0) a=2;

fprintf (outputi,"d\n", (int)a};

for (i=34:i<=imaxf-1;++i)

{ aa=tabs(log({double)fabs(Ezf[t][i][j-113][201)));
if (aa>10.0) aa=10.0;
a=25.0%fabs(aa-10.0);
if (a<2.0) a=2;
fprintf(outputl,"¥d\n",(intla);
}
}
if (§>=123)
{ for (i=1;i<=imaxf-1;++i)
{ aa=fabs{(log((double)fabs(Ezf{t][i]1(j-113]11201)));
if (aa>10.0) aa=10.0;
a=25,0*fabs{aa-10.0);
if (a<2.0) a=2;
fprintf (outputi,"¥d\n", (intla);
}
¥
b
I/

/% Colour output data for Ez field at i=13 and i=24 SIDE VIEW */
/% Note: this calculation cannot deal with field values smaller +/
/% than 4.5399929e-05 (absolute value) or greater than 1.0 */
/* Commented out for this iteration only.
for (j=1;j<=156;++j)
{ if (j<=113)
{ for (k=1;k<=16;++k)

a=0.0;
fprintf{output?2,"¥d\n", {intla);

(k=1;k<=kmax-1;++k)
aa=fabs{log((double)fabs(Ez[t](13] [31[k])}));
it (aa>10.0) aa=10.0;

a=25.0+fabs(aa-10.0);

if (a<2.0) a=2.0;
fprintf(output2,"d\n", (int)a);

(k=1;k<=17;++k)
a=0.0;
fprintf(output2,"¥%d\n", (int)al;
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}
else
{ if (j<=120)
{ for {(k=1:k<=16;++k)
{ aa=fabs(log{{double)fabs(Ezf[t][24][j-113]1{k]}));
if (aa>10.0) aa=10.0;
=25,0+fabs(aa=10.0};
it (a<2.0) a=2.0;
fprintf(output2,"%d\n", (int)a);
}
for (k=1;k<=kmax-1;++k)
{ aa=fabs(log{(double)fabs(Ez[t][13][j1Tk1}));
if (aa>10.0) aa=10,0;
a=25.0*fabs{aa~10.0);
if (a<2.0) a=2.0;
fprintf (output?2,"¥d\n", (int)a);
}
for (k=27;k<=kmaxf-1;++k)
{ aa=fabs(log{{double)fabs(Ezf[t] [24] [j-113]1[k])));
if (2a>10.0) aa=10.0;
a=25.0*fabs{aa-10.0);
it (a<2.0) a=2.0;
fprintf{output2,"¥%d\n", (int)al;
}
}
if ((j==121)11(j==122))
{ for (k=1;k<=16;++k)
{ aa=fabs(log{(double)fabs(Ezf[t] [24](j-1131[X]1)));
if (aa>10.0) aa=10.0;
a=25.0*fabs(an-10.0):
it {a<2.0) a=2;
2printf (output2,"%d\n", (int)a);
}
for (k=1;k<=kmaxd-1;++k)
{ aa=fabs(log((double)fabs(Ezd{t][13][j-120]1[k1)));
if (aa>10.0) aa=10.0;
a=25,0+fabs(aa~10.0);
if (a<2.0) a=2;
fprintf(output?,"¥d\n", (int)a);
}
for (k=27;k<skmaxf-1;++k)
{ aa=fabs{log{{double)fabs(Ezf[t] [24][j-1131Lk])}};
if (aa>10.0) aa=10.0;
a=25,0+fabs{aa-10.0);
it (a<2.0) a=2;
fprintf(output2,"¥d\n", (int)a);
}
}
it (j»=123)
{ for (k=1;k<=kmaxf-1;++k)
{ aa=fabs(log((double)fabs(Ezf(t] [24] [j-113]1(k1)));
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it (aa>10.0) aa=10.0;
a=25.0+fabs(aa-10.0);

if (a<2.0) a=2;
fprintf(output2,"id\n", (intl}a);

}

Y=/
/*#****#***#***##**************t*‘iﬁi#***t*****t*##*#*i***t*t#*#t#t/
/* This output data is for later FFT analysis. It is the TE10 made*/
/* contribution to the Ez field in the entire cross section of the+/
/* guide, */
f********t**t***********#*tt****##**#t*‘********tttt“tl*t****0****/

for (j=20;j<=T0;++j)
{ dummi=0.0;

dumm2=0.0;

for (i=1;i<=imax-1;++i}

{ for (k=1;k<=kmax—-1;++k)

{ dummi=Ez[t] [iJ[j] [k)*sin(M_PI*(i-0.5)/(imax-1));
dumm2=dumm2+dummi ;
}
}
fprintf{output3,"¥1.8e\n", 2. O*dumm?2/(23.0+10.0));
}
P L L e L e P L LT L L L L
/* This section of code exchanges field components in time for */
/* the waveguide structure. ./
J Aok gk ok ok kKRR ROR KK R R R RO ROk Rk ok

/* This exchange is for the absorbing boundary +/
for (k=1;k<=(kmax-1);++k)
{ dfor (i=1;i<=(imax-1);++i)

{ for (j=0;j<=2;++3)

{ njE1x[n~-121[i][j3 (k)=njEix[n-11][i][j][k];
njE1z[n~12] [i]1(j] [k]=njElz[n-111[1]1 Cj] (k];
njBix[n-12] (il {j] (k] =njB1x[n-113 (i3 [§] [k];
njBiz[n-12] [1)[§] [kK)=njB1z[n-111[i1 [j1[k]1;

njE1x[n-11] (i1 {1 (x1=njE1x [n-10] il [j] [k];
njE1z[n-111[i][j] [k)=njE1z[n-10] [i] {31 [x];
njB1x[n-11] [i] [§] [(k]=njBix[n-10] (il [j] [k];
njB1zfn-11]1[i][j] (k] =njB1z[n-10] [i] [j1 [k1;

njE1x[n-10] (1] [j] [k)=njE1x[n-9] [i] (5] (k1;
njEiz[n-10] [i1 (] [k]=njE1z[n-9] [i] (5] [k];
njB1x[n-101 (i1{j] [(k1=njB1x [n-9] (i1 [j] [k];
njB1z[n-103 [i] [j] [k)=njBiz [n-9] [i] (3] (k] ;

njE1xIn-9]1 [1]1 (] (X)=njE1x(n-8] [1] [j] [k1;
njE1z[n-9] (1] [j] (k]=njE1z[n-8] [i] (5] (k] ;
njB1x[n-91{i3 (5] {kI=njB1x[n-8] [i] [j1(K];
njB1z{n-9] [1] (j] [k]=ajB1z(n-8) [1] [j] [k];



)
}

njE1x[n-81{i] [j] (kI=njE1x [n-7] [i] [] £k];
njE1z[n-83 [i] (j] [kI=njE1z[n-7] [i] [] [k];
njB1x[n-8] [i] [j] (k]I=njB1x[n-73 [i] (1 [k];
njB1z[n~8][i]1[j] [k)=njBiz[n-7] [i][j][k3;

njElxCn-71[il[§]1 (k) =njEix[n-6] [i] [j] (k] ;
njE1z{n=-7)[i] [j]1 [k)=njEiz[n-6] [1] [j] [k];
njB1x[n=7][i] [§] [k1=njBix[n-6] [i] [j] {k];
njB1zIn~7] (il [j] (k1=njBiz[n-6] [i] [j] [k];

njE1x[n-8] [i] (3 (kl=njE1x [n-5] [1] [j] [k]1;
njE1z{n-6][1] (3] (k)=njE1z[n~-5] [i1 [j] [k];
njB1x[n-6][1] (j] [kI=njBix[n-5] [i2 [3] [k];
njB1z[n-6][i] [j] [k]=njB1z[n-5] [i] [3] [k];

njEix[n=-51[i1{j] [k)=njE1x[n-4] [i] (5] [k];
njE1z[n=-51[1) [j1 [k)=njE1z[n-4] [i] [§] [k];
njB1x[n~5J (11 [j] [k]=njBix[n-4] (1] (] [k];
njB1z{n-5) (i) [j] [k]=njBiz[n-41 [1] [j1[k];

njE1xEn-4] (il [j] [k]1=njE1x [n=30 [1] [j] (k] ;
njE1zln-4] (i) [j] [k]=njE1z(n-3] [1]1 [j][k];
njBix[n-4] (i1 [j1 (k1=njB1x[n-3] [i] [j1Ck];
njB1z[n~4] (il [3] [k]1=njB1z[a~3] [i] [j] (k] ;

njE1x[n~3]1[i1(j] (k]=njE1x[n-2] [i] (] [kJ;
njEiz[n-3]1[i] [j] [k)=njE1z[n-2] [1] (5] (%];
njB1x[n-3]1[1] (] [k)=njB1x[n-2] (i1 [jILk];
njB1z[n-31[i] {1 [k)=njB1=z[n~2] (1] [ {k]1;

njE1x[n-2][1] [jI [k)=njEx[t-1] [i] [2+j+2] [k];
njE1z[n-2] (1] [j] (k)=njEz[v-1] [i] [2#j+2] [k];
njB1x[n-23 (1] [j] [k]=njBx(t-1] [i] (2+j+2] [k1;
njB12[n-2] [i] [§] (k)=njBz[t-1] [i] [2+j+2] (k] ;

/% This exchange is for the interior of the guide =/
for (k=0;k<=(kmax-1);(k=k+1))

{ for (j=0;j<=(jmax-1);(j=j+1))

for (i=0;i<=(imax-1);(i=i+1))

{

{

njEx[t-1]1 (11 {j] [(k]=njEx[t+1] [i] [ [x];
nkEx[t-1J (1] [§] (k] =nkEx[t+1] [i] (] (k] ;
njBx[t-11[i] [5] (k] =njBx[t+1] [i] (3] (k] ;
nkBx[t~1] [i] [§] [k]=nkBx[t+1] (11 (5] k] ;
niBy (=11 (i3 [§] [kI=niEy [t+1] (i) {1 [k1;
nkEyTt-13 (4] [j] (k) =nkEy[t+1] [i1 [jI [k];
niBy [t=1][i] (5] [(k]=niBy [t+1] [i] [j1 (k] ;
nkBy [t-1] [1] [jJ [k]=nkBy [t+1] [i] (3] (k] ;
niEz[t-1]1[i1 (3] [kI=niEz{t+1] (i1 (51 Ck1;
njEz(t-1] [i] [5]1 [k)=njEz[t+1] (i1 £ [k1;
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niBz[t~1] [i] [ (kJ=niBz[t+1] (il [3]1L{k];
njBz[t=1] i) [§] k) =njBz [e+1] [i]1 {31 [k];

Ex[t] [i] 01 [k)=Ex{t+2] (i1 5] (k]
Ey[t][i] (5] Ck)=Ey[t+23 Cid[5] (k] ;
Ez(t] (1] [j1 [k)=E=[t+2] [il1Cj1{kJ;
Bx{t] (il (5] (kd=Bx[£+2] [i] 3 [k ;
By [+10i3 (3] [xJ=By Ct+2] (iJ [§I [k ;
Bax(t][i] 03] (kl=B=z[t+2] {11 (5] (k] ;

}

}
/**#****#********##*##******#*t***##******ﬁt*#*tt*#***#ttv**tttt/
/* This section of code exchanges field components in time for +/
/* the dielectric structurs. w/
/et ok st s R s oo K kAR K KR R Ok kKR Rk ko /

/* This exchange is for the interior of the dielectric */

for (k=0;k<=(kmaxd-1);(k=k+1))

{ for {(j=0;j<=(jmaxd-1);(j=j+1))

{ for (i=0;i<=(imaxd-1);{i=i+1))

{ njExdlt-1]1C0i]1{3j] [kl=njExdlt+1] [i]1 (3] (k1;
nkExd[t-1JEiJ [ (k) =nkExd [t+1] [i] [j] [k];
njBxd[t~11[i]1[§] [k]=njBxd [t+13 [i1 (51 (k];
nkBxd[t-1]{i] [j] [k]}=nkBxd Ct+1] [i] [j] [k];
niEyd[t-1][i] (3] (k)=niEyd [t+1] [i] [3] [k3;
nkEyd{t-1][i] (j] [k1=nkEyd [t+1] [1][j] [k];
niByd[t-13 (1] [3] (kI =niByd [t+1] (i) {51 (k] ;
nkByd[t~1][1] [j] [k]=nkByd [t+1] (i1 [j] [k1;
niE2d[t~11[i] [j] [k]=niBzd [t+1] [i] [j][k];
njEzd[t-11{i] [j] [k]=njEzd [t+1] [i] (§] [k];
niBzdft-1][i]1[j] [kJ=niBzd{t+1] (il [j] [k1;
njBzd[t-1][i] (j] [k]=njBzd [t+1] [i] (] [k];

Exd[t] [1] [] {x]=Exd[t+2] [i] [§] k] ;
Eyd [t] [i] [3] [k]1=Eyd [t+2] (1] [j] [k];
Ezd [£] [i] [] [k1=E=zd [t+2] [1] [j] [k];
Bxd [t] [1] [j] (k]=Bxd[t+2]1[i]Fj] (k];
Byd [£] [i] (1 (k1=Byd[t+2] [i] [j1 [k];
Bzd [t] [i] [3] [k)=Bzd [t+2]1{i] (j] [k1;

}

}
P L P e e T P P PR PP E R PP L LSS LR R AP AL L S P L v
/* This section of code exchanges field components in time for +/
/* the free space region. */
P L T L T T e S S L L Y Y L LV
/* This exchange is for the absorbing walls to the left and right +/

for (k=1;k<=(kmaxft-1);++k)

{ for (i=t1;i<=(imaxf-1);++i)

{ for (j=0;j<=2;++j)
{  if (((k>=16)2&(k<=27) Ye&({i>=10)&&(i<=34))) gote skip12;
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njEtxf [n=12] [1] (§] (kl=njE1xfln-111[i] [3] [k];
njEtzf {n=121[i] [(j] (k]l=njE1zf[n~-11][i] [j] [kd;
njB1xf [n-12][i][j] [k1=njBixf{n-11][i1 [§1[k];
njBizt [n-12] [i] [j] (k]=njB1zf [n~11] [i] [j1 [k];

njE1xf[n-111[i1[j3 k) =njE1xf [n-10] [i] (5] {k];
njEiz? [n-11][1] (j] [k)=njEizf [n-10] [i1 [j1[k1;
njBix?[n~11][1] [j] [k)=njB1xf m-10] (il [j1 [k];
njBizf [n-11] (i) (3] [(k)=njB1zf [n-10] [i] [ [k1;

njE1xf (n=10] [i] {j] (k) =njE1xf [n-9] [i] [j] [k];
njE1zf (n-10] [i] [j] [k1=njElzf [n-9] [1] [jI[k];
njB1xf (n-10] [i] [j1 [kI=njBixf [n-9] [:] [jI[k];
njBizf [n=101[i] [§] [(k)=njBizf [n-9]1 [i] [j] (k] ;

njElxf [n-91 (1] [j] (k]=njE1xf[n-8] [i] [j] [k];
njEi1zt (n-9] (1] [j] (k)=njE1zf [n-8] [i] [j] (k] ;
njBixt [n-9] (i1 [j] (k]=njBixf[n~-8] [i] [j1[k];
njB1zt [n=-9]1 (i) [j] Ckl=njBizf [n-8]1 [i1 (3] (k] ;

njE1xf [n-8) [i1[j] [k]=njE1xf [n-7] [i1 [j] [k3;
njElzt (n-8] [i] [j] [kI=njE1zf [n~-7] [i] [j] (k] ;
njBixf {n-81 [i] [j] [k)=njBixf [n-7] [1][j1 (k] ;
njBizf [n~-8) [1][j] [k)=njB1zf [n-7]1 (il (] (k] ;

njE1xf [n-71 (1) [3] [k)=njE1xf [n-6] [i] [j] [k];
njE1zf (n-71[i] (] (k]1=njE1zf [n-6] [i]) [j] [k1;
njB1xf (n-7] [1] [j] (k) =njB1xf [n-6] [i] [jI (k] ;
njBizf [n-71[1] [j] [k)=njB1zf [n-61 [il (5] {k];

njEixt [n~6]1 (i3 [j] [k)=njEixf{n-8] [i][j][k];
njEizf [n-6] (i1 (j1 [k]=njE1=zf [n-5] [1] [J1[kJ;
njBilxs [n~6] [i]1[j] [kJ=njBixf [n-5] (1] [§] (k] ;
njBizt (n-6] [i] [j] (k)=njB1zf (n-51 (il (51 [k];

njElxf [n-5] [1][§] [k]=njEixf [n-4] [iJ (] [x];
njE1zf [n-5][i] (3 (kl=njE1zf [n-4] [1] [j] (k];
njBixf (n~-5][1] [j] [k]=njBixf [n-4]1[i] [§] (k] ;
njB1zz [n-5] [1]1[j] [k]=njBizf[n-4] [il [j] [k];

njE1xt n-41 (i) [j] (k]l=njE1x£[n-3] [i] [j] [k3;
njEi1zf [n~-4] (1] (j] (k]=njElzf (n-3] [i] [jI[kJ;
njBixf[n-4] (i1 (53 (k]=n;jB1xf [n-31 (i1 (51 [k1;
njB1z£[n-4] [i]1[j] (xI=njB122 [n-31[11 3] (k] ;
njElxf [n-3] [i]1[j] (k)=njE1xf [n-2] £i] (51 [k] ;
njE1zf [n-3]1 [iJ [j] (k)=njE1z1 [n-2] [iJ [j] [k} ;
njB1ixf [n-3] [i] (j] (k)=njB1xf [n-2] [i] [j] (k] ;
njB1zf [n~3] [i) {33 [k]1=njB1z£ [n-2] [i] [j] [k];

njE1xf [n=-2] [11[j] k)=njExt [t-1] [i] [2%j+2]1 [k];
njE1zf (n-21[i] [j]1 [k])=njE=f (t-1] {i] [2*j+2] [k];



njBixf [n-23 (11131 (k) =njBxf [t-1] [i] [2+j+2] [x];
njBizf In-2] [i1 (3] (kl=njBzf [t-11[i] [2%j+2] [k];
skipl2:;

(3=0;3<=2;++3)

njE2xf [n-12] (i1 [j] [k]=njE2x? [n-11] [i]1 (3] [k1;
njE2z2f [n-12] [i] [§]1 [k)=njE2zf [n-113 (1] [5] [k];
njB2xf [n-121 [1] [j] [kI=njB2xf [n-11] [i] [5] [k];
njB2zf [n-12] [i] [j] [kl =njB22f [n-113 [i] (3] {k];

njE2xf (n-11J [i] [ (kI =njE2xf [n-10] [i1 (5] (k];
njE2z£[n-11]1£i1 (3] (kI =njE22f [n-10] (i) [j] [k];
njB2xt [n-11]1[1] {j] [k]=njB2xf (n-10] [i] [j] [k];
njB2zf [n-113 (il [j] (k]=njB2zf [n-10] [i] (3] Ck];

njE2xf [n-101 [i] [j] [k]=njE2x£ [n-9] [i] [§] [k];
njE2zf [n=-10] (il [j] [k]=njE22f [n-91 (i1 (51 [k];
njB2xf [n-10] [i] [j] (kI=njB2xf [n-9] [i1 (3] (k] ;
njB2z£(n-10] [i] [j1 [k]=njB221f [n-9] [i1 (1 [k];
njE2xf [n-91 (i1 (3] (k) =njE2xf [n-81 [i] (] (k] ;
njE2zf n-9]1 (i1 [§3 (k] =njE2zf (n-81 [i] [j1 [k];
njB2xf [n-9] [i] [j]1[k])=njB2xf [n-8] [i] [j] [k];
njb2zt [n-9] [i1[j] (kJ=njB2=zf [n-8] [1]1 5] (k];
njE2xf [n-8] [i] [j] (k] =njE2xf [n-7] (i1 [j] [k1;
njE2zf [n=-8] [i1[j] (k] =njE2zf n-7] {i] [§] [k];
njB2xf(n-8] [iJ [j] [k]=njB2xf [n-7] [i] (5] (k] ;
njB22f [n-8] [1] (5] (k)=njB2=zf [n-71 [1]1[j] (k] ;

njE2xf [n-71 [i1 [j] [k]=njE2xf [n-6] (1] (5] [k];
njE2zf[n-7] (4] [j] [k)=njE2=f [n-6] [i] [§] [k];
njB2xf In-71 (i) £5] (k) =njB2xf [n-61 (il [§] [k];
njB2zf [n-7] (il [3] (k) =njB2zf n-6] [i] [§] [k];

njE2x#n-6] [i]1{j1 (k)=njE2xf [n-5] [i] [j] [k];
njE2zf [n-8] (1] [3] [k]=njE22z¢ [n-5] (i1 [§] [k];
njB2xt [n-6) {i] [§] [k]=njB2xfn-5] [1] (5] [k];
njB2zf [n-6] [1] (] [k]=njB2zf [n-5] (i) {j] [k];

njE2xt [n-5] [i] [j] [k]=njE2xf (n-4] [i][j] [k];
njE2zf [n-5] [i] [j] [k]=njE2=z£f [n-4] [1) [j] [k1;
njB2xf [n-5] [1] (] (k) =n;jB2xf [n-4] [i] [j] [k1;
njB2z2 [n-5] [i] [j] (k]=njB2=21f [n-4] [i]1 [ [k];

njE2xf [n-41[1] (] [k)=njE2xf [n-3]1 (i) (] [kJ;
njE2zf [n-4] [i] {j1 (k) =njE2zf [n-3] (i) (] (k1;
njB2xf [n-4]1[il [ (k] =njB2xf (n~33 [i] [§] Tkl ;
njB2zf [n-4] [i] (] [k)=njB2z2 (n-3] [i1 [j] [k];

njE2xf [n-3] [1] {1 (k] =njE2xf [n-2] (1] [3] [k1;

njE22%f [n-3] [1] [3] (k]=njE22f [n~-2] [i] (] (k1;
njB2x? [n-3) [i] (§] [kI=njB2xf [n-2] [i] (j3 [k];
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¥

}

X

njB2zf [n-3]1 (il [j] [k]=njB22f [n-2] (i1 (3] [k];

njE2xf [n-2] [i] [j] (k) =njExf [t-1] [i] [jmaxt-7+2%j] (k] ;
njE2zf [n-2]1 [i] [j] (k] =njEzf [t-1] [i] [jmaxf-7+2*j] [k];
njB2xf [n-21 [41[§] [k]=njBxf[t-1] (il [jmaxf-7+2+j] [k];
njB2zf {n-2] [i] (j) (kI =njBzf (t-1] [i] [jmaxf-7+2#+3j] [k];

/* Exchange for the absorbing walls on top and on the bottom
for (j=1;j<=(jmaxf-1);++j)

for (ist;i<=(imaxf-1);++i)

for (k=0;k<=2;++k)

{

{

{

nkE1xf [n-12] [13 {j3 [kI=nkEixf [n-11] (1] [j1[k];
nkE1yf [n-12] [3] (j] [kI=nkE1yf [n-113 (11 (3] (k];
nkB1ixf [n-12] [i] [j] Ck)=nkBixf [n-11] [i] [j] [k1;
nkB1yf [n-12] {i] [j] (k]=nkB1yZ [n-11] [i] (3] Tkl ;
nkE1xf [n-11] [i] [j] (k]=nkE1x? [n-10] [i] [j] [k];
nkE1yf [n-11] [i] (j] {x]=nkE1yf [n-101 [i]1[j] [k];
nkBixf [n~11][i1[j] [kI=nkBixf [n-10] [i] [j] [k];
nkB1yf (n~11] [i3 (j] [k1=nkB1yf (n-10] [i] (3] [k1;
nkE1xf {n-101[i] (j] [k]=nkEixf [n-9] [3] (31 [k1;
nkE1yf [n-103 [i] [j] (k]=nkE1yf [n-91 (1] [j] [k];
nkBixf [n-10] [i] (j] Ck]=nkBixf [n-9] [i] [j] (k];
nkB1yf [n-10] [1] [] (x)=nkB1yf [n-9] [i] [jI[k];

nkEixf [n-9] [i} [j] [k]=nkE1xf [n-8] (i) (3] k1 ;
nkE1yf [n-5] [i] [j] (k1=nkE1yf [n-8] [i] [j] [k];
nkBix# En-9] (1] {51 (k] =nkBixf [n-8] [i] [j] [k];
nkB1yf [n-8] (il [j] [(k]=nkBiyf [n-8] [i][j] [kJ;

nkE1xf [n-8] [i] [j] [k]=nkEix£ [n-7] [i] (5] (x];
nkE1yf (n-8] [i] [j] [k]=nkEiyf [n-71£i] (51 {x];
nkBixf [n-8] [i][j] [k]=nkBixf [n-7][1] [j] [k3;
nkB1yf [n-8] [i] (] [kl=nkB1yf [n-7] [1] [§] [k];

nkE1xf [n-71 (1] [j]J [k)=nkE1xf In-6] (i1 [j] [k];
nkE1yf [n=71 il [j] [k)=nkE1yf [n-6]1 [i1[j] (k];
nkBixf [n-73[i][j] (k]=nkBixf [n-6] (i1 (j] [k1;
nkBiyf [n-7] (il [j] (k)=nkBiyf [n-6] [i][j] [k];

nkE1xf [n~6] [1] [j1 [k]=nkE1xf (n-61 [i] [{] (k] ;
nkE1yf [n-6] [i] (j] [k]=nkE1yf [n-5] (il [j] [k1;
nkBixf [n-61 [i]1{j] [k]=nkBixf [n-5] [i] (3] [k];
nkBiyf [n-6] [i] [j] (k]=nkBiyf [n-51[i] [j][k];

nkE1xf [n~5] [1] [j] Ck]=nkE1xf [n-4] (i3 (3] [k];
nkE1yf {n~5] [i] (3] [k)=nkE1yf [n-4] [i] [j3 [k];
nkB1xf [n=-5] [i] [j] (k) =nkBixf [n-41 [i1[j][k];
nkB1y?f [n-5] [11 [§] (k]=nkBiyf [n-4] [1] (5] [k];
nkEixf [n-4] (i) [j] (kI =nkEixf [n-3]1 (i1 (3] {k];
nkE1yf (n-4] (1] {j] [k]=nkElyf [n-3] [i) 3] [k3;
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for

nkB1xf[n-4]1 (i1 (j] [k)=nkBixf (n-3] [i][3] (k] ;
nkB1yf[n-4] (i) [j] (k) =nkB1yf [n-3]1 (i1 (1 Ck];

nkEixf [n-3] [i][j] (kl=nkEixt [n~-2] [i] (33 [k];
nkE1y# [n-3] £i1 [§] (k] =nkB1yf [n-2] (11 (51 0k];
nkB1ixf (n~3] (1] [j] [k} =nkBixf [n-23 [i) (5] [k];
nkB1yf [n=-31 (1] (5] (k) =nkBiyf [n-21 (11 (I (k] ;

nkEixt (n=-2] [i] [j] (k]=nkExf [v-1] [il[j] [2+k+2];
nkE1yf [n-2] (i1 [j] (k] =nkEyf (t-1] [i (3] [2%k+2];
nkBixf [n-2] [i][§] (k) =nkBxf [t-1]1 (i1 {j] [2+k+2];
nkB1yf[n-23 (i (5] (k) =nkByf (t-11 [i]1[j] [2¢k+2];

(k=0;k<=2;++k)

nkE2xs [n=-12] [i] [j] (kI=nkE2xf [n-111 (il (5] (k] ;
nkE2yf [n~12] [1] [5] (k) =nkE2y£ (n-11]{i] [§] [k1;
nkB2xf [n-12] [i] [§] [k]=nkB2xf [n-11] [i] [§] [k];
nkB2yf [n-12] [i] (1 (k] =nkB2yf [n-111(i] [j] (k1 ;

nkE2xf [n-11] (1] [§] (k] =nkE2xf [n-10] [i] (] [k];
nkE2yf [n~11] [1] [j] [k)=nkE2y£ {n-10] [i] [j] [k];
nkB2xf [n-11] [i] {j] [k)=nkB2xf [n-10] [i] [j] [k];
nkB2yf [n~11] i) [§1 [k]=nkB2yf (n-10] [i] (1 Lk];

nkE2xf (r-10] [i] [j] [k]=nkE2xf [n-9] [i] (1 [k];
nkE2yf [n-10] (1] [§1 (k) =nkE2yf (n-21 [i] £5] (k]
nkB2xf [n-10] [1] £j] (k]=nkB2xf [n-9) [i] [jI1[k];
nkB2yf (n-10] [i] [§1 (kI=nkB2yf [n-9] [i] (] [k];

nkE2xf [n-9] (1] (5] [k]=nkE2xf [n-8] (il (3] (k1 ;
nkE2yf [n-9] [i] (j] [k]=nkE2yf [n~-8] [i] [j] k]
nkB2xf [n-9] [i1 [§] (k) =nkB2xf (n-81 [i] [j] [k];
nkB2yf [n-9] [1] {1 (k] =nkB2y# [n-81 [i] (I (k] ;

nkE2xf [n-8] [1] [j] (k) =nkE2xf [n-71 (i1 (] [k1;
nkE2yf [n-8] [1] [j] [k]=nkE2yz [n-73 [i] [j] [X];
nkB2xf [n-8] [i] [j] (k] =nkB2xf [n-7] [i] (j] (k]
nkB2yf [n-8] (1] [§] (k) =nkB2y2 [n-71 [i] [ (k] ;

nkE2xf {n-7] (i1 [§3 (k) =nkE2xf [n-6] {i] {31 (K] ;
nkE2yf [n-7] [1] [j] [k]=nkE2y? [n-6] [i] [j] (k] ;
nkB2xf [n-7] [1]{j] (k]=nkB2xf [n-61 [i] [j] [k];
nkB2yt [n-71 (1] [j] (k}=nkB2yf (n-6] [i] £3] (k] ;

nkE2x? [n-6] (1] [j] [k]=nkE2xf [n-5] [i] [j] [k];
nkE2y? [n-6] [i] [§] (k] =nkE2yf [n-5] {i1 (] [k1;
nkB2xf [n-6) [i] [j] [k]=nkB2xf [n-51 [1] [j1 [x];
nkB2yf [n-6] [1] (j] [k]=nkB2yf [n-5] [i] (3] [k];

nkE2xf [n-5] [i] [j] (k) =nkE2xf [n-4] [i] [j] {k];
nkE2yf [n-5] [1]1(j] [k]=nkE2yf [n-4] [i] [j] [k];
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}
}

nkB2xf (n-5] [i] (] (k] =nkB2xf [n-4] (i1 [3] [k];
nkB2yt {n-5] [i] [j] [k)=nkB2yf[n-4]{i]1[j] [k];

nkE2xf [n-4] {i] [j] [%] =nkE2xf(n-31 [i] [5] (k] ;
nkE2yf [n-4] [i] [j] [k}=nkE2y? {n~3] (i1 [j] (k1 ;
nkB2xt [n-4] (1] [j] [k)=nkB2xf [n-3] [1] [j] [k1;
nkB2yf [n-4] [i] [j]1 [k)=nkB2yf [n-3] [i] (j] [k];
nkE2xf [n-3] [1] {j] (k) =nkE2xf [n-2] [1] {1 [k];
nkE2yf (n-3] (1] [j] (k) =nkE2yf [n-2] (i) [j] (k] ;
nkB2xf [n-3] (i) [j] [k)=nkB2xf [n-2] [i] [j] [k];
nkB2yf [n-3] (1] [j] [k)=nkB2yf [n-2] (il [j] [k1;

nkE2x? [n-2] £i) [j] [k)=nkExf [t-1] {i] [j] [kmaxf-7+2*k];
nkE2yz [n-2) [1) (] [k)=nkEyf [t-1] [i] [j] [kmaxf-7+2+k];
nkB2xf [n-2] [1] [] (k) =nkBxf [t-1] [i] [j] [kmax£-7+2+k];
nkB2yf [n-2] (1] [31 [k] =nkByf (t~1] [i] [j] [kmaxf-7+2%k];

/* This exchange is for the absorbing walls in front and in the back
for (j=1;j<=(jmaxt=1});++j)
{ for (k=1;k<=(kmaxf-1);++k)

{

{

~for (i=0;i<=2;++1)

niE1zf [n-123 (i) [j] (k)=niE1zf [n-11] [i1 [j] [X];
niE1yf (n-12] [i] [j] [kI=niE1yf [n-111 [i1[j] [k];
niB1zf [n-12] [i [§] [k]=niBi=f [n-11] [i] (5] [k];
niB1yf [n-12] [i] (5] (kI=niB1yf [n-11] [11 (3] (k3 ;

niE1zf[n-11) (i1 [j] [kI=niE12f [n-10] [1] (I [k];
niE1yf [n-113 [i] [j] (k)=niE1yf (n-10]3 (i) [jI [k];
niB1zf[n-111[i] [j2 (k)=niB1zf [n-10] (iJ [j1[k];
niB1yf n-111[1] (1 (k]=niB1yf [n-10] [i] (5] [k];

niEizf [n-101 (i) [j] [kI=niE1zf [n-9] [i] (3] (kI ;
niE1yf [n-10] (i) (j] [k]=niE1yf (n-9] [i] [j] [k];
niB1zf [n-10] [11 [j] [k]=niBizf [n-9] (i1 [j] [k];
niB1yf[n-101[i][j] [k]=niB1yf [n-9] [i1 (33 (k] ;
niEizf [n-9] [i]1{j] (k]1=niE1zf[n-81 [i] [j] [k];
niE1yf n-9] [i]1[j] {k]=niEtyf (n-8] [1] (] [k];
niBizf (n-91[i]1(§] [kI=niB1zf [n-81 [i1 [j][k];
niB1yf {n-9] {3 [j] [k)=niB1yf [n-8] [i] (3] [k];

niBizf [n-81 (i1 [j] (k]=niEizf [n~-7] [i] £5] [k];
niE1yf [n-8] [i] [j] [X)=niElyf [n-7] (il [ (k] ;
niBizf [n~-81{i] [j] [k]=niB1zf [n-7] [i] (5] (k] ;
niB1yf [n-8) [1] (j1 (k)=niB1yf[n-7] (i1 [j] (k] ;

niBizf [n-7] (il [j] Ckl=niE1zf [n-6] (i1 (3] [k];
niE1y? [n-71 (i1 (j] [X]=niE1y? [n-6] (i1 [j] k] ; -
niBizf [n-73 (i1 [j] (K)=niBizf In-6] {i] [j] [k];
niB1yf[n-7] (2] {j] (k)=niB1yt [n-6] (i) [j1 [k];
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niEizf [n-83 [i] {j]1 [x)=niE1z? [n-5] [i] (3] [k];
niE1yf [n-6]1 (1] [j] {k]l=niEiyt [n-5] (i1 (3] {x];
niB1zf [n-6] (1] (j][k)=niB1zf[n-51[1i] (3] [k];
niB1yf [n-6]1 (i) [j] Ck]=niB1yf[n-53 (i) (5] (k] ;
niElzf [n=-5] [1] (] (k)1=niE1zf [n-4] [i] [3] [k];
niBlyf [n-5] [i] £3] (k] =niE1yf [n-4] (1] (5] Tk];
niB1zf [n-5] [11[j] [kI=niB1zf [n-4] [i][3] [k];
niB1yf [n-5]1 [i] (3] [k)=niB1yf [n-4] [i1 (5] (x];

niE1zf [n-41 [i] [ [kJ=niElzf [n-31 (1] (3] K] ;
niBiyf (n-41 (i1 [§] (K] =niE1yt [n-3] (i1 (5] k1;
niBizt [n-4] [11[j] (k1=niB1z2f [n-3] [i] [ [k];
niB1yf [n-4) (1) (] [k]=niB1yf (n-31 (il (1 (x];

niEizf [n=3] [i] (j] [k)=niE1z? [n-2]1 [i] (5] k] ;
niBlyf (n~-3] (11 [j] (k] =niEiyf n-23 (i1 L33 [k];
niBizf [n-31 [il [j] [k]=niB1zf [n-2] (1] (3] (k] ;
niB1yf [n-31[i]{j] Ck)=niBiys {n-2] [i) 3] [k];
niE1z# [n-2]1 (i) (1 [k]=niEzf [t-1] [2+i+2] [j] [k];
niE1yf [n-2] (il [j] (k)=niEy:f [c-1] [2+i+2]1 [j]1 k] ;
niBizf [n-2] [1] [j] (k] =niBz1f [t-1] [2*i+2] [j1[k];
niB1yf[n-2] [i](j] [k]=niByf [t-1] [2+i+2] [j1[k];

(i=0;i<=2;++i)

niE2zf [n-12] [i] [§] [k]=niE2zf [n-111[i]1 (31 [k];
niE2yf [n-12] [i] [§] (k1=niE2yf (n~11] (1] [j] [k1;
niB2zf [n-12] (1] {j]) (k) =niB2zf [n-111[i] (3] [k];
niB2yf [n-12]1[i] [j] (kx]=niB2yf (n-11][i] [j] [k];

niE2zf [n-11] [1) [j] [k)=niE2zf [n-10] (il {31 [k];
niE2yf [n-111[i] [j] (k]1=niE2yf [n-10] (i) [j] [k1;
niB2zf [n-111{i1[j] Lk]=niB22¢[n-10] (1] (jI1 (k];
niB2yf n-111[i) {j] (k1=niB2yf [n-10] [i] [j] [k];

niE2zf [n-10] [i] [j3 [kJ=niE2zf [n-9] (i1 [j1 (k] ;
niE2y? [n-101 [i] [j] [k)=niE2yf [n-9] [i] {j] [k];
niB2zf [n-10] (il (j] (k) =niB22f {n-9] [i] [j](k]1;
niB2yf (n-10] [1] (j] [kI=niB2yf [n-9] [i] (jI k] ;

niE2z# [n-9] (i) [j] [k]1=niE2zf [n~8] [i]) [ [k1;
nif2yf (n-93 [i] (j] (k) =niE2yf [n-8] [i] [§] [x]};
niB2zf [n-8] [i] [j1 [k]=niB2zf [n-8] (i1 [j] [k];
niB2yf [n~-9] [i1 (5] (k)=niB2yt (n-8] [i] [j1[k];

niE2zf [n-8] [i] [§] [k]=niE2z2%f [n-7] (i3 (3] [k];
niE2y? (n-8] [i] (3] (k)=niE2yf [n-7] [i]1[j] [k1;
niB2zf [n-8] [i]1[j] [k]1=niB2z2 [n-7] (i1 [j] Ek];
niB2yt [n-81 (il [j] (x)=niB2yf(n-7] [i] {31 (k];

niE22f [n-7] (i) [j] (k) =niE2zf [n-6] (i1 (5] [k]1;
niE2yf [(n-71 (il [j] (kI =niE2y£ [n-6] (i1 [j] (k] :
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niB2zf[n-7] [i1{j] (k) =niB2zf [n-6] (1] [3] (k1
niB2y?[(n-71 (1] [j] (k) =niB2yf (n-6] (i) [j] (k];
niE2z1 [n-6) {i] [j] (k) =niE2zf [n-5] [i] [j1(k];
niE2yf [n-6) [i] [§] [(k]=niE2yf [n-5] [1][j] Lk} ;
niB2zf [n-6] [i] [j] [k]=niB2zf [n-5] [1][j] [k];
niB2y? [n-6][i][j1 (k]=niB2yf [n-5] (1] [j][k];

niE2zt [n-51 (i1 [j] [k]=niE2zf (n-4] (1] (] [k];
niE2y? [n-5] [i] [j] [k]=niE2yf [n-4] [i)[j]1[K];
niB2zf [n~5) (il [j] (k) =niB2zf [n-4] [i) [§] (k1;
niB2yf{n-5]1[i] [3] (k)=niB2yf [n-41[i1[j](k];

nik2zf [n-4] [1] (j] [k)=niE22zf [n-3] (i1 (5] [k];
niE2yf [n-41[11{j] [X]=niE2yf [n-3] [1i] (j1 [k];
niB2zf [n-41[i][j] [k]=niB2zf [n-3] [1] [j](k];
niB2yf [n-4] [i]1[j] [k)=niB2yf [n-3] [i][j]1{k];

niE2zf [n-3) (i1 [j] [k]=niE2zf [n-2] [1] (5] [k];
niE2yf [n-3]{i] [j] (kI=niE2yf [n-2] [i] (5] [k];
niB2zf [n-3][i] [§] (k] =niB2zf [n-2] (il (] [k1;
niB2yf [n-31[i] (3] [k]=niB2yf [n-2] [i] (3] [k1;

niE2zf [n-2] [1] [j] (k) =niEzf [t-1] (imaxf-7+2%i] [j] [k];
niE2yf [n-2] [i] [§] (k) =niEyf [t-1] {imax£-7+2%i] [j1(k];
niB2zf [n-2] [i][j] [k]=niBzf [t-1] [imaxf-7+2%1] (j] [k];
niB2yf [n-21[il1{j] [k]=niByf[t-1] [imaxf-7+2*i] (jI[k1;

}
}
/% This exchange is for all field components in the free space region */
for (k=0;k<=(kmaxf-1):(k=k+1))
{ for (j=0;j<=(jmaxt-1);(j=j+1))
{ for (i=0;i<=(imaxf-1);(i=i+1))
{
if (((k>=16)&&(k<=27))2&((i>=10)&&{i<=34))&%(j<=7)) goto skipi4;
if C(C>=17) k& (k<=26) )& ((i>=11)8&(i<=33))e&((j==8)11(j==9))) goto skipil4;
Exf [v][i] (5] [k1=Ext [t+2] [i] (31 [k];
Eyf C¢] (11 [3] Ck]=Ey£(e+2] (i1 (51 [k1;
Ezf [t] (13 [j] [k)=Ezf [t+2] [i] [j1 (k] ;
Bxf [ (i1 [3] [k]=Bxs {t+2]1 [13 [j][k];
Byt [t [i] [j] [k]=Byz [t+2] [iJ [j1[k];
Bzt [t1 [i] [j] [k1=Bzf [t+23 (1] [j] (k1 ;
skipi4:;
if (((k>=16)&&(k<=26))ek((i>=10)2&(i<=33))&k(j<=8)) goto skipi5;
it (((k>=17)2&(k<=25))&&((i>=11)&&(i<=32) }&k(j==8)) goto skipi5;
njEx2(e-130i] (31 [k)=njExt [v+1] (i1 (3] [k1;
nkExf [t-1][i] [5] (k]=nkExf (e+1) {i] [j] [k1;
niBxt[t-11[i] [j] (kI=njBxf (t+1] [i1 [j] [k];
nkBxf[t-13[1] [j] [k]=nkBxf [t+1] [i] (5] (k);
niEy1f[t-1]Li] (3] [k)=niEyf [t+1] [i1 [§1 (K] ;
nkEyf[t-1][i] [j) (k)=nkEyt (t+1] (i1 [§] [k];
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niByf[t=-11 (1] [§] (k)=niByf [t+1] (4] (3] [k];

nkBy£[t-11[i] [§] [X])=nkByf [t+1] [i] (3] [k];

niEzf [t-11[i1[j] (kl=niEzf (t+1] [i]1 3] [k];

njEzf [t~1][1] {j] (k)=njEaf [t+1] (i) [j] [k];

niBzf [t-1](i] [j1 [k]=niBzf [t+1] [1] (] Ck];

njBzf [t-11[i] (3] [x]=njB=zf [x+1] (41 [3] [k ;
skipi15:;

}

}
¥ /* Now step to the next iteration in time »/
printf("All calculations completed.\n");
fclose(outputl);
fclosa{output2);
fclose(output3);
} /% Close main. %/



Appendix C

Computer Program To Determine
the Standing-Wave Pattern

‘I'his program caluculates the standing-wave patiern over a specified range of [requen-
cies from data contained in a file called exparffi.dat. It assumes that field data for
the I'Eyp mode (7, ficld component in this case) lor 50 waveguide cross sections have
been stored in the exparffl.dat file for 1000 time iterations. The FFT algorithm is
the computer coded version of equation 3.3 of chapter 3.3. The output file, raw.dat,
contains the raw data of the standing-wave pattern for various frequencies.

#include <stdio.h>

#include <math.h>

FILE *input1l,*fopen();

FILE *outputl,*fopen();

float FFT();

main()

{

static float datal1001](S1]:
static float Ez[S1][31];

float freq,delta,freqinc;

float c;

int m,j,step,NSTEP, jmax,freqnum;
inputi=fopen{"exparfft.dat","r");
outputi=topen("raw.dat", "u");

jmax=50;
NSTEP=1000;
delta=0.001;

freqine=0.2; /*freq increment in GHz %/
freqnum=21; /* number of frequency data points */
c=3.,008;

print?("Now processing FFT data for FD-TD simulation from file exparfft.dat.\n");
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printf(“(¥d iterations)\n",NSTEP);

/*read in data from file exparfft.datw/
for (step=1;step<=NSTEP;++step)
{ for (j=0;j<=jmax;++j)
{ fscanf(inputl,"%e",kdatal[step] [j1);
}
}

freq=4.0; /*start freq. in GHz is twice value shown here #*/
/* data below is corrected for er=ur=1i #»/
for {m=1;m<=freqnum;++m)
{ for (j=0;j<=jmax;++j)
{ Ez[jl[n]=FFT(j,data,freq,NSTEP,delta);
iprintf(outputl,"freq(GH2)=%1.3f\th[Zd][%d]=%1.81\n"
,2.0%freq,j,m,1.4142+«Ez[j] [m]);
}
printf("Doing FFT for freq of %1.3f GHz\n",2.0+freq);
freq=freq+{freqinc/2.0);
}

printf(“All calculations complete, raw data written to raw.dat\n");
fclosa(outputl);
fclose(inputl);
} /*end mains/

/AR A o R o a  ak K kR ke

/* The function FFT calculates the fast fourier */
/* transform of a given data array ddata for a part- */
/* icular frequency ffreq (in GHz), at jj for a ddelta #+/
/% and total number of iterations NNSTEP. */

AR o o R OB K R R R R OK K R ok ok

float FFT(jj,ddata,ffreq,NNSTEP,ddelta)

float ddatal1001][51];

float ffreq,ddelta;

int jj,NNSTEP;

{

float dumi,dum2,dum3,dumd,mag;

int sstep;

dum2=0.0;

dum4=0.0;

for (sstep=1;sstep<=NNSTEP;++sstep)

{
dumi=ddatalsstep] [jjl*(cos((double) (2+M_PI+sstepsddelta+3, 333333+ ffreq)));
dum3=ddatalsstepl [jjl*{sin((double) (2¢M_PI+sstep+ddelta+3.333333+ ffreq)));
dum2=dum2+dumi;
dum4=dumé+dumd;

}

mag=sqrt (dum2*dum2+dumd*dums) ;

return{mag);
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