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ABSTRACT

MSc THESIS

THE FDTD SOLUTION OF PLANE WAVE SCATTERING PROBLEM
FROM AN INFINITE LENGTH NONHOMOGENEOUS CYLINDER

Duygu CAKIR
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INSTITUTE OF NATURAL AND APPLIED SCIENCES
UNIVERSITY OF CUKUROVA

Supervisor : Assoc. Prof. Dr. Turgut iKiz
- Y ear 2006, Pages 66

Jury : Assoc. Prof. Dr.Dog. Dr. Turgut iKiz
Prof. Dr. Victor PROGREBNY AK
Asst. Prof. Dr. Faruk KARADAG

Scattering problem from a cylinder is a canonical problem. Scattering from
the canonical structures can be used for the modeling of scattering from much more
complex geometries. In this work, an infinite length inhomogeneous cylinder is
selected as the canonical structure and plane wave is assumed as the source. The
solution of the problem was accomplished by using a numerical method called Finite
Difference Time Domain (FDTD). After evaluating the scattered field in the space
which is designated for the selected cylindrical structure, the perfect matched layer
(PML) boundary condition was used for obtaining the field expressons outside this
space.
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HOMOJEN OLMAYAN SONSUZ UZUNLUKDAKI BIR SILINDIRDEN
DUZLEMSEL DALGANIN SACILIMININ FDTD ¢OZUMU

Duygu CAKIR
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Silindirden sagilma problemi kanonik bir problemdir. Kanonik yapilardan
sacilma daha karmasik geometrilere sahip nesnelerden sagiima problemlerinin
modellenmesinde kullanilabilir. Bu galismada kanonik yap: olarak homojen olmayan
sonsuz uzunlukta bir silindir, kaynak olarak da dizlemse dalga secilmistir.
Problemin ¢6zimu sayisal bir yontem olan Zaman Alaninda Sonlu Farklar Y ntemi
(FDTD) kullanilarak yapilmustir. Segilen silindir igin belirlenecek uzayda sagilan
alan hesaplandiktan sonra, bu uzay disinda olan ifadelerin elde edilmesi igin
mikemmel uyumlu tabaka (PML) simir kosulu olarak kullamlmugtir.

Anahtar Kelimeler: FDTD, Numerik, Silindir, Sacilma,
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1. INTRODUCTION

Due to the usage of the microwave systems become widespread, scattering
problems of high frequency electromagnetic waves have an increasing importance
day to day. Scattering from the geometrical structures are very important for the
analysis of the scatterer. When the frequency become higher and higher, scattering
from much smaller objects a so become important.

The calculation of the scattering of electromagnetic waves by the bodies
which have different shapes and physical properties has been an area of investigation
for many decades. Interest in this topic continuous due to the large number of
application of electromagnetic scattering. Some examples of the practical
applications of € ectromagnetic scattering are;

Radar

M eteorology

Biomedical

Antenna design

Radar cross section reduction

In radar, a body is illuminated by an electromagnetic wave, and the wave is
scattered and received by an antenna. The received signal is used to identify the
characteristics of the object, such asits position and motion.

The scattering of waves may be used to probe atmospheric conditions, such as
the size, density and motion of rain, fog, smog and cloud particles which gives useful
information on the environment and for weather prediction.

In biomedical applications, microwaves, optical waves, or acoustic waves are
propagated through biological media and the scattering from various portion of the
body is used to identify the objects for diagnostic purposes.

In antenna applications, the presence of the scattering body affects the
radiation pattern of the antenna. For example the radiation pattern of a direction
finding antenna of an aircraft changes due to the scattering effect of the aircraft body.

Again the support structures of a reflector antenna degrades the radiation pattern of
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the antenna. Therefore the effect of the scattering structure near the antenna must be
considered in the antenna design.

The radar cross section (RCS) of a body is a measure of the amount energy
scattered in a particular direction for a given illumination. In the case of RCS
reduction, the objective is to design the body in such a way as the minimize the
amount of energy scattered in a particular direction (stedth technology). Thus, the
calculation of radar cross section isimportant in the design of potential radar targets.

The methods used to in the solution of the scattering problems can be
classified as analytical and numerical methods. If the complexity of geometry and
physical structure of the object increases, it is hard to achieve a solution with
analytical methods for which are used in these kind of scattering problems. Therefore
numerical methods earn more popularity gradualy.

The following methods are among the commonly used in electromagnetic
wave scattering problems:

Analytical methods;

Separation of variables

Conformal mapping

Integral solution (Fourier and Laplace transform)

Perturbation method

Numerical methods :

Finite difference time domain method

Moment method

Finite element method

Transmission-line modeling

Monte-Carlo method

Method of lines

This text covers the FDTD technique. Emphasis is placed on the separate
field formalism, in which the incident field is specified analytically and only the
scattered field is determined computationally. This approach is only slightly more
complex in its basic implementation than the total field approach and more readily

allows for the absorption of scattered fields at the limits of the problem space. The
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total field can be easily obtained from the combination of the scattered and incident
fields. Though slight advantages may be found in either approach, they are very
similar in concept and capabilities. The FDTD techniques treats transients ( e.g.,
pulses) in the time domain, and it is applicable over the computational ly difficult-to-
predict resonance region in which a wavelength is comparable to the interaction
object size.

The finite difference time domain (FDTD) approach is rapidly becoming one
of the most widely used computational methods in electromagnetic. There are severa
reasons for this, including the increased interest in el ectromagnetic interactions with
complicated geometries, which include penetrable dielectric and/or magnetic
materials. Just as important perhaps is the extreme simplicity of the method. The
fundamentals of FDTD can be grasped easily by undergraduate students, more easily
than traditional frequency-domain approaches to electromagnetic. Yet FDTD is
capable of computing electromagnetic interactions for problem geometries that are
extremely difficult to analyze by other methods. It is this combination of simplicity
and power that makes FDTD such a popular method.

The FDTD technique offers many advantages as an electromagnetic
modeling, simulations, and analysis tool. Its capabilities include:

Broadband response predictions centered about the system resonances

Arbitrary three-dimensional model geometries

Interaction with an object of any conductivity from that of a perfect

conductor, to that of areal metal, to that of low zero conductivity

Freguency-dependent condtitutive parameters for modeling most materias,

lossy dielectrics, magnetic materials, unconventional materials (including

anisotropic plasmas and magnetic ferrites)

Any type of response, including far fields derived from near fields, such as

scattered fields, antenna patterns, RCS, surface response, power dengty,

penetration /interior coupling
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We can begin to develop an appreciation of the basis, technical development,
and possible future of FDTD numerical techniques for Maxwell’s equations by first
considering their history.

In 1966 Y ee described the basis of the FDTD method for solving Maxwell’ s
equations directly in time domain, using a set of finite difference egquations for the
system of partial differential equations. In this study, the obstacle is considered as a
perfectly conducting square, and the scattering of an incoming pulse is determined
for TM case at different grid space and at different time steps. This problem was a
two — dimensional problem due to the consideration of the independence of the field
components from z-coordinate. This assumption facilitate the solution, but is not
failed the generality of the method.

In 1980 Taflove used FDTD method for predicting the sinusoidal steady —
state electromagnetic fields penetrating an arbitrary dielectric or conducting body. He
introduced a small ar-dielectric loss factor to improve the lattice truncation
conditions and to accelerate the convergence of cavity interior fields to the sinusoidal
steady — state. His result was in agreement with those, obtained using classical
moment method for adielectric sphere and a cylindrical metal cavity.

In 1982 Taflove and Umashankar developed a hybrid moment method /
FDTD approach to electromagnetic coupling and aperture penetration into complex
geometries. The method was based on the determination of an equivalent short —
circuit current excitation in the aperture region of the structure using moment method
for a given externa illumination firstly. Then, the computed equivalent current
excitation over the aperture was used to excite the complex loaded interior region,
and the penetrating fields and induced current were computed by FDTD method. The
significant advantage of this hybrid method was that no Green's function need be
calculated for the interior region.

In 1983 Taflove and Umashankar determined the induced surface current and
radar cross section for the three — dimensional canonical case of a conducting metal
cube illuminated by a plane wave, using moment method and FDTD.

In 1987 Kriegsmann and Taflove developed a new approach for scattering
problems named as On — Surface Radiation Boundary Condition Approach. They
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showed that application of a suitable radiation condition directly on the surface of a
conducting scatterer, instead of the application of the radiation condition at some
distance from the scatterer, can lead to substantial simplification of the frequency —
domain integral equation.

In 1988 Sullivan et al. used the FDTD method for calculating electromagnetic
absorption rate (SAR) for the frequencies of 100 and 350 MHz for three different
cases: a homogeneous man model in free space, an in homogeneous man model in
free gpace, an inhomogeneous man model in free space and an inhomogeneous man
model standing on a ground plane. With respect to their results, the most realistic
model was the inhomogeneous man model on a ground plane.

In 1991 Katz et al. analyzed the electromagnetic wave radiation from system
containing horn antennas. This was the first application of FDTD in the systems
involving a radiating object.

In 1990 Shibata and Sano carried out the analysis of M is structure
transmission lines on doped semiconductor substrates by FDTD method. In this
study they took metal conduction loss into account and obtained the line parameters
as well as electromagnetic field distributions. This was one of the first application of
FDTD in circuits including microstrip lines.

In 1992 Beggs et al. used the surface impedance boundary conditions for the
analysis of scattering from lossy - dielectric objects, in FDTD formulation. As a
result they reduced the solution volume by ignoring the analysis in lossy dielectric
scatterer.

In 1994, Thomas et al. introduced a Norton’'s equivalent circuit for the FDTD
space lattice which permits the SPICE circuit analysis tool to implement accurate
sub-grid models of nonlinear electronic components or complete circuits embedded
within the lattice.

In 1995, Gedney and Lansing introduced the planar-generalized Yee
algorithm which permits efficient unstructured-grid FDTD modeling of microwave

and digita circuits.
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In 1998 Popovic et al. use FDTD to determine the SAR of the liquid
biologicalk media for determining the exposure <andards for wireless
communications.

In 1996 Dunn and Kortum computed the 3-dimensional light scattering from
cells contai ning multiple organelles. They found the scattering cross section of a cell
as a function of volume fraction of melanin granules and mitochondria. Mean that,
the scattering cross section can be used to identify the content of the cells for
diagnostic purposes.

In 1998 Maloney and Kedler, developed an FDTD based method to analysis
the antenna arrays. They modeled a single antenna element and used the periodic
boundary condition to represent the array geometry.

In 1999, Schneider and Wagner introduced a comprehensive analysi s of
FDTD grid dispersion based upon complex wavenumbers.

In 1999, Painter et al. used FDTD to design, construct, and successfully test
the world’ s smallest microcavity laser based upon a two-dimensional photonic
bandgap structure.

In 2001 Eleiwa and Elsherbeni, for accurate FDTD simulation of biological
tissues, a numerical technique is proposed to derive the Debye coefficients from the
measured frequency — dependent permittivity of different biological tissues, and then
a scattered field FDTD formulation is developed for such dispersive media
characterized by multi — term Debye expressions.

In 2004 Neven Simicevic and Donad T Haynie have presented a series of
results of FDTD calculations on nanopulse penetration of biological matter.
Calculations included a detailed geometrical description of the material exposed to
nanopulses, and a state-of-the-art description of the physical properties of the
material. The length of a side of the Yee cell was set at ¥4 mm, smdler than the
value required by the cut-off frequency of 100 GHz in vacuum. To minimize
computation time, the Cole-Cole parametrization of the dielectric properties of tissue
in the frequency range <100 GHz was reformulated in terms of the Debye
parametrization with no loss of accuracy of description. In two-dimensional FDTD,
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the decreased computation time enable comparison of different materials exposure
nonepulse.

In 2005 Neven Simicevic have extended our previous FDTD calculations on
nanopulse penetration into biological matter from two to three dimensions.
Calculations  included the same detailed geometrical description of the material
exposed to nanopulses, the same accurate description of the physical properties of the
material, the same spatial resolution of % mm side length of the Yee cell and same
cut-off frequency of »100 GHz in vacuum and » 15 GHz in the dielectric. To
minimize computation time, the dielectric properties of a tissue in the frequency
range < 100 GHz were formulated in terms Debye parametrization which we have
shown in a previous paper to be, for the materias studied, as accurate as the Cole-
Cole parametrization.

There are some important geometries which may be used to model a complex
structure such as half-plane, wedge, sphere, cylinder, strip and etc, which are named
as canonical structures. The solution of the canonical structures subjected to different
boundary conditions were studied by a number of researches. Scattering from a
canonical structure is a fundamental problem for the modeling of the scattering
problems from the complex structures.

In our study the scatterer object is selected as an infinite length
inhomogeneous cylinder which has three layers. And each layer is composed of lossy
dielectric with relative permittivity 4 and different conductivity. The material
property of first layer in the cylinder is selected to be amost perfect conductor
(conductivity 5 S/m) and the first cylinder has a radius of two cells. The material
property of second layer is selected to be almost free space (conductivity 0.000005
S/m) and the second cylinder has aradius of five cells. The material property of third
layer is selected to be lossy dielectric (conductivity 0.005 S/m) and the third cylinder
has a radius of eight cells. It is used FORTRAN for an FDTD computer code. The
codeis3-D.

A Gaussian pulse plane wave is incident on the cylinder. The 3 value for the

Gaussian pulse is set at 64 to compensate for the shorter wavelength inside the
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dielectric cylinder. B is the temporal width of a Gaussian pulse specified in time
steps.

The cylinder is centered in a problem space. The problem space sze is 34 by
34 by 34 cellsin the x, y, z directions. Cell size: delx = 0.058824, dely = 0.058824,
delz=0.058824 meters. Time step is 0.113283x10° seconds. And the incident
Gaussian pulse amplitude is selected 1 V/m. Decay factor alphais 0.304x10"2 .

Istlayer €, =4 s,=5Sm
2ndlayer e =4 s =5x10° 9m
3rdlayer e =4 s=5x10° Sm

Figure 1.1. The geometry of the problem
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2. FORMULATION OF THE PROBLEM
2.1. Finite Differences

Consider a function u(x, t) about a space point x,, and keeping time fixed at
t,. The Taylor's series expansion of u(x, t,) from the space point x to x + Dx
will be,

u(x; +D>()‘tn :u‘mn +D(.E

I

RGN KT TN R AT
Xy 2 TIXZ Xty 6 ﬂXS Xty 24 TIX4

(2

7.t

Where z, isa space point located somewhere in the interval (x ,x + Dx) and

the last term is the remainder or the error term.
Similarly the Taylor’s series expansion from x to X, - Dx, again keeping

timefixed at t,, will be

fu

oDl O T @ (09 g
L ﬂX

%t 2 ﬂX2 ‘ %ty 6 ﬂX3 ‘ %t 24 ﬂX4 (22)

Zyt,

U()ﬂ - D)()‘tn =u

Where z, is a space point located somewhere in the interval (x;,x - Dx)

and again the last term is named as remainder or error term.
Adding (2.1) and (2.2) we obtain;

B ﬂZu (DX)4 ﬂ4U
U0k + D)+ U0 - DXy, =20, + (D07 X Gl + o Xl (29)

Here z , a space point located somewhere in the interval (x, - Dx, X, +Dx).
Solving (2.3) in terms of the second derivative of the function u(x,t) , we can obtain

that,
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LZU — U(Xi + DX)' ZU(Xi)"'U(Xi - DX) 2
vl e ], +0lD97] (24)

Where O[(Dx)?] is a short hand notation for the remainder term, and it

approach zero as the square of the space increment. Equation (2.4) is commonly
referred to as a second order accurate, central-difference approximation to the second
partia space derivative of u(x,t) . For convenience, we can use a subscript i for the
Space position and a superscript n for the time observation point. Then (2.4) can be
expressed as

T°u u', - 2u" +u”

X2 |5 = Ww +O[(DX)°] (2.5)

Here u" denotes a field quantity calculated at the space point iDx and time
point t, =nDt.
Using the same procedure described above, the second partia time derivative

of u(x,t), keeping x, fixed is obtained asfollows:

n-1

T - +O[(D)’] (26)

t?

3 Uin+l _ 2uin +u
(DH?

Equation (2.6) is named as the second-order accurate, central-difference
approximation to the second partial time derivative of u(x,t).

2.2. Maxwell’s Equationsin Three Dimensions

Let as consider a region of space that has no electric or magnetic current
sources, but may have materials that absorb electric or magnetic field energy. Then
the time dependent Maxwell’s equations in differential and in integral forms are

given as followings:

10
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Faraday's Law:
' ror
E——NxE—M
qt
r rr r
T B dh=- aFdl- oM dh
1-“:a | a

11

2.7)

(2.8)

(2.9)

(2.10)

(2.11)

(2.12)

(2.13)

(2.14)
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where

E - electric f ield intensity vector (V/m)

D : electric flux density vector (C/m?)

H : magnetic field intensity vector (A/m)
B : magnetic flux density vector (W/m?)
a : arbitrary three-dimensional surface

da : differentid normal vector

| : closed contour that bounds the surface a
dl : differential length vector
J : electric current density vector (A/m?)

M : equivalent magnetic current density vector (V/m?)

1 1 1
For linear, isotropic and nondispersive materialswe can relate D to E and B

to H using
D=€eE= €8, E (215)

B=nmH =mmH (2.16)

e : electrical permittivity (F/m)

. relative permittivity

e, : free-space permittivity (8.854x10™2 F/m)
n : magnetic permeability (H/m)

m : relative permeability

m, : free-space permeability (4p x107 H/m)

12
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Jand M are the independent sources of electric and magnetic field. Denoting

bl

these as J and M and considering the lossy materials which attenuate E

source source !

]
and H fields viaconversion to heat energy, we can write that

J=J,,.tSE (2.17)
and

M=M_,.+s H (2.18)
where,

s :electric conductivity (S/m)
s "equivalent magnetic Loss (W /m)
Then substituting (2.11) and (2.12) into (2.7) and (2.8) we get,

r r r
T Ire- LMy, +s H) 2.19)
qt m m
and

' or r r
e ZENXH - E(Jmume +SE) (2.20)
it e e

In terms of the field components in Cartesian coordinates the following system of six

coupled equations are obtaining from (2.13) and (2.14) :

E
1TH)( :l[ﬂ Yy _ 1-[Ez_ (M

qit m 9z ﬂy source, +S ) H x)] (221)

13



2. FORMULATION OF THE PROBLEM Duygu CAKIR

™, 19E, 9E .
_19E, E, H 2.22
Tt m[ x 1z (I\/Isourcey ) y)] ( )

E
1-[Hz :l[ﬂEx _ ﬂ Yy _ (M

ftomly i woee, +S H.)] (2.23)

and

fE, 1. 94, TH

X — = z _ Y _ (1 E 2.24
e e (T +SE) 221)
€, 19H, H, -

== X _ z . E 2.25

qt e[ 1z x (‘]s;ourcey +S y)] ( )
H .

LS TR LATIN (5 S SN (2.26)

ﬂt e ﬂX ﬂy source,

This system of six coupled partial differential equations forms the basis of the
FDTD dgorithm for electromagnetic wave interactions with three dimensional

objects.

2.3. The YEE Algorithm

2.3.1. Basic Ideas

In 1966, Kane Yee originated a set of finite-difference equations fort
Maxwell’s the time-dependent curl equation system of (2.15) and (2.16) for the
lossless materialscase s "=and s =0.

1. The Yee algorithm solves for both electric and magnetic fields in time and
space using the coupled Maxwell’s curl equations rather than solving for the

electric field alone (or the magnetic field alone) with a wave equation.

14



2. FORMULATION OF THE PROBLEM Duygu CAKIR

This is analogous to the combined-field integral equation formulation

of MM, where both I'E and I—'| boundary conditions are enforced on

the surface of amaterial sructure.

Using both I'Eand I—'| information, the solution is more robust than
using either alone (i.e,, it is accurate for a wider class of structures).
Both electric and magnetic material properties can be modeled in a
straightforward manner. This is especially important when modeling

radar cross section mitigation.

Features unique to each field such as tangential H singularities near
edges and corners, azimuthal (looping) H singularities near thin
wires, and radial I'Esingularities near points, edges, and thin wires can
be individualy modeled if both eectric and magnetic fields are
available.

2. Asillustrated in Fig. 2.1, the Y ee algorithm centersits E and H components
in three-dimensional space so that every E components is surrounded by four

1
circulating E components.

;Ey
Za E R :'
L o H o 7E
(k1) | — | i
7 i H K: ’
4 X >
(LI | b
T E— 'E
(i,j,K) | &= “(i,j+1.K)

/ E, y
X

Figure 2.1. Position of the electric and magnetic field vector components about a
cubic unit cell of the Y ee space lattice.

15
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This provides a beautiful simple picture of three-dimensional space being

filled by an interlinked array of Faraday's Law and Ampere's Law contours. For
example, it is possible to identify Yee E components associated with displacement

current flux linking E loops. In effect, the Y ee agorithm simultaneousy simulates
the pointwise differential form and macroscopic integral form of Maxwell’s
equation. The latter is extremely useful in specifying field boundary conditions and
singularities.
In addition, we have the following attributes of the Y ee space lattice:
The finite-difference expressions for the space derivatives used in the
curl operators are central-difference in nature and second-order

accurate.

Continuity of tangential E and H is naturally maintained across an
interface of dissimilar materials if the interface is parallel to one of the
lattice coordinate axes. For this case, there is no need to specially
enforce field boundary conditions at the interface. At the beginning of
the problem, we simply specify the materia permittivity and
permeability at each field component location. This yields a stepped or
“staircase” approximation of the surface and internal geometry of the

structure, with a space resolution set by the size of the lattice unit cell.

The location of the E and H components in the Y ee space lattice and
the central-difference operations on these components implicitly

enforce the two Gauss Law rdation. Thus, the Y ee mesh is divergence-

free with respect to its E and H fields in the absence of free electric

and magnetic charge.
3. As illustrated in Fig. 2.2, the Yee agorithm also centers its E and
H components in time in what is termed a leapfrog arrangement. All of the
E computations in the modeled space are completed and stored in memory
for a particular time point using previoudy stored H data Then al of the

H computations in the space are completed and stored in memory using the

16
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E data just computed. The cycle beings again with the recomputation of

the E components based on the newly obtained H. This process continues

until time-stepping is concluded.

8§  Leapfrog time-stepping is fully explicit, thereby avoiding problems
involved with simultaneous equation and matrix inversion.

§  The finite-difference expressions for the time derivatives are central
difference in nature and second-order accurate.

§  The time-stepping algorithm is nondissipative. That is, numerical
wave modes propagating in the mesh do not spuriously decay due to a
nonphysical artifact of the time-stepping algorithm.

L [
—p [y
— I
— [t

¢ = 24
H H =
- - - =154
=y oy Z 2y
T T T T F =t
F= H =z
- - - ¢ = 0.5A8

e L

et [11]

—
I — by

1

o

x=0 x = My x = 2hx x

Figure 2.2. Space-time chart of the Y ee algorithm for aone-dimensional wave
propagation example showing the use of central differences for the space
derivatives and leapfrog for the time derivatives. Initial conditions for
both eectric and magnetic fields are zero everywhere in the grid.
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2.4. Finite Differ ences and Notation

Y ee introduced the notation used in section 2.1 (there, in one spatial dimension)
for space points and functions of space and time. For convenience, this notation is
repeated here and generalized to three spatial dimensions. We denote a space point in
auniform, rectangular lattice as
@, ], K = (iAx, jAy, kA2) (2.27)
Here, AX, Ay, Az are, respectively, the lattice space increments in the x, y and z
coordinate directions, and i, j and k are integers. Further, we denote any function u of
space and time evaluated at a discrete point in the grid and at a discrete point in time
as

u(iAx, jAy, kAz, nAt) = uf; (2.28)

where At is the time increment, assumed uniform over the observation interval, and n
is an integer.

Yee used centered finite difference (central difference) expressions for the
space and time derivatives that are both simply programmed and second order
accurate in the space and time increments. Consider his expression for first partial

space derivative of u in the x-direction, evaluated at the fixed time t, = nDt :

Ul - Uy, Ut
M(lDX,]Dy, kDZ, nDt):[ i+1/2,j,k i-1/2,j,k |—l/2,J,k]‘tn +O[(DX)2] (229)

ix Dx
We note the :1/2 increment in the i subscript (x-coordinate) of u, denoting a space

finite-difference over : 1/2AX.

—

Yee choose this notation because he wished to interleave his E and H
components in the space lattice at intervals of Ax/2.

Y ee' s expression for the first time partial derivative of u, evaluated at the fixed
space point (i, j, k), follows by analogy:

n+l/2 _ .n-1/2

Tu. . Uk ik 2
ﬂT(le, jDy, kDz, nDX) _[T]“n +0[(DX)?] (2.30)

18
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Now the :1/2 increment is in the n superscript (time-coordinate) of u, denoting a

time finite-difference over :1/2Ax. Y ee choose this notation because he wished to

interleave his E and H components in the time at intervals of 1/2At for purposes of

implementing aleapfrog algorithm.
2.4. Finite-Difference Expressionsfor Maxwell’s Equationsin Three Dimensions

For lossy dielectric media:

We now apply the above ideas and notation to achieve a numerica
approximation of the Maxwell’s curl equation in three dimensions given by the
system of equations of (2.21 - 2.26). We begin by considering the Ey field-

component equation (2.24), repeated here for convenience:

U
source, TS E)E (2.31)

Referring to Fig. 2.1, consider a typical substitution of centra differences for
the time and space derivatives in (2.24), for example at Ex(i, j+1/2, k+1/2, n). Here,

we have initially

n
n n

- H -H
Z‘i,j+l/2,k+l/2 Hz‘i,j,k+1l2 Yi,j+1/2,k+1 y

Dy Dz

n

I
oo

n+1/2 n-1/2
xli,j+1/ 2 k+1/2 xli,j+1r2k41/2 _ 1

i,j+1/2k| U

(2.32)

Dt € jru2ks2

J source,

@,» O D D

<o N ey en Y e

S i,j+1/2,k+1/2 Ex

i,j+1/2k+1/2 i,j+1/2,k+1/2

Note that all field quantities on the right-hand side are evaluated at time-step n,
including the electric field Ex appearing due to material conductivity s . Since Ex
values at time-step n are not assumed to be stored in the computer’s memory (only
the previous values of Ey at time-step n-1/2 are assumed to be in memory), we need
some way to estimate such terms. A very good way is as follows, usng what we call

a semi-implicit approximation:
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n+l/2 n-1/2
n X1i,j+1/2,k+1/2 X1i,j+1/2,k+1/2

E, 2k 2 ' (2.33)

Here Ex values at time-step n are assumed to be smply the arithmetic average
of the stored values of Ey at time-step n-1/2 and the yet —to-be computed new values

of Ex at time-step n+1/2. Substituting (2.33) into (2.32) after multiplying both sides
by Dt, we obtain

n

n n

- H, -H
Z‘i,j+l/2,k+l/2 HZ‘i,j,k+1l2 Yi,j+1/2,k+1 y

Dy Dz

n

I

n+1/2 n-1/2
xlij+1/2k+1/2 xli,j+1r2k41/2 _ 1

o =

i,j+1/ 2k

(2.34)

€ j+1/2k+/2

@,® D @
oo o oo o

J -S, E
source, i1/ 2k+1/2 i,j+1/2,k+1/2 =x

i,j+1/2,k+1/2

We note that the terms Ex\nﬂ/z and E,[’ Ji/;z k+1/2

2k appear on both sides of

(2.34). Collecting all terms of these two types and isolating E \” ez on the left-

j+1/2,k+1/2

hand sde yields

n+l/2 _@ Sij+l/2k+l/2Dto

$+Slj+l/2k+l/2 ‘ _
g‘ = Xli,j+1/2,k+1/2 =X

n-1/2 Dt
+
26, 41/ 24112 g 28 20102 g

i,j+1/2,k+1/2

X

€ j+1/2,k+1/2

n n

5
+(2.39)

al n n
¢ ‘ - ) ‘ j Hyl, Hyl. |
zlj, j+1,k+1/2 zli,jk+1/2 Yl j+1/2,k+1 Lit1/2k J

é Dy Dz S°“fcex‘| j+1/2k+1/2 7

ﬂ

Dividing both sides by (L+S, ..1/2x.0/2Dt/ 28, j1y/2s0/2) Yi€lds the desired

. . . H H 12
explicit time-stepping relation for Ex\i":ﬂ/z /o -
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a_ Sij+1/2ks1/2DL O 8'3‘ Dt 0
‘n+l/2 (; 26, j+1/2.k102 ‘n—l/Z Q e. j+1/2ki/2 T
1/2,k+1/2 xli, 41/ 2,k+1/ 2 -
b * 1+ | j+1/2, k+l/2Dt : hlrieke 1+ | j+1/2, k+1/2D[ +
28 ji2k1i2 g 26 ji2k1i2 g
n n -
a-| - (0] n n
C Z‘i,j+l,k+l/2 Z‘i,j,k+l/2+ M H, ok n
o ij+1/2, i+ 2k
xC Dy : Jsource N (2.36)
+ Dz i, j+1/2,k+1/2
& 5

The semi-implicit assumption of (2.33) has been found to yield numerically
stable and accurate results for values of s from zero to infinity. As we have seen

above, this assumption fortunately allows us to avoid simultaneous equations for

n+l/2

EX\ . The term of this type introduced on the right —hand side of (2.34) can be

grouped with alike term on the left-hand side and then solved explicitly.

Similarly, we can derive finite-difference expressions based on Y ee’s algorithm
for the Ey and E; field components given by Maxwell’ s equations (2.25) and (2.26).
Referring again to Fig. 2.1, we have for example the following time-stepping
expressions for the E components for the E components normal to the remaining

visible faces of the unit cell:

a_ Si vz k2Dt 9 é\e Dt 9

n+1/2 ¢ 26, 12, j+1k+1/2 ]E ‘n-1/2 C  Clyojrrkeu2 -
Viivzjsk+rz G g Dt = Xi-vzjakaz ¢ g Dt~
1+ i-1/2,j+L,k+1/2 : 1+ i-1/2,j+1,k+1/2 :

2e| U2,j+1k+lU/2 @ 2ei-1|12,j+1,k+]J2 7}

n n F

Z" 12, j+1k+1 Z" 1/2'1ko H|" ‘n
-1/2,j+1,k+ - Lk = . - o
! I ! I . Zli, j+1,k+1/2 Zlj-1,j+1,k+1/2

Dz N Dx sourcey |; 45 ivakenr2 (2.37)

2

n

DO v&‘uo%
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Eﬁ' S i-1/2,j+u2,k+1Dt 0

n+1/2 _C 2ei-ﬂ2,j+]J2,k JE n-12 C  Clyzjrzkn
9

® Dt
¢

| 1O

+1
i-v2jruzkit G g Dt Z‘i-]JZ,j+]J2,k+1 + ¢ g Dt~
§1+ i-1/2,j+1/2,k+1 = §1+ i-1/2,j+1/2,k+1 -

z

2ei-1/2,j+112,k+1 2ei-]Jz,j+]J2,k+1 ]

n n

n

0 g H
iLj+l/2k+ X‘i—l/z,j+:|,k+l- X‘i—l/z,j,k+l

Dx + Dy source i1/ 2 j+1/ 2k (2.38)

%)

i,j+1/2,k+1 y n

&H,
<
:

By analogy we can derive finite-difference equations for (2.21)-(2.23) to time-
step Hy, Hy and H,. Here s * H represents a magnetic loss term on the right-hand side
of each equation, which is estimated using a semi-implicit procedure analogous to
(2.34). Thisresults in three equations having aform similar to that of the E equations
above. Referring again to Fig. 2.1, we have for example the following time-stepping

expression for the Hy component located at the upper right corner of the unit cell:

8

S i-vzj+2kaDt O

n+l 2r.T.'-:IJZ,j+1/2,k+1 rT'-l/z,j+1,k+1

x
Cl-
_C
i-v2j+Lk+1 G
1+
g

n
Xli-1/2,j+Lk+1

ol

H

X

p : n :
S i-v2j+u2k+Dt +S i-1/2,j+1k+1Dt

1

Dt 0

+
DO O O O

Spt

2rT'-l/z,j+1/2,k+1 2r.T.'-llz,j+:|.,k+1 7]

n+l/2 n+l/2 n+U/2 n+1/2

i-1/2,j+1k+3/2 i-1j+Lk+V2 EZ‘i-l/Z,j+3/2,k+1- EZ‘i-:IJz,j+1/2,k+1 n+1/2

¢t
E Dz Dy SOUrCE [ 1/, j+1,k+1 |

y

- -0

(2.39)

SRt

Similarly, we have the following time-stepping expression for the Hy
component located at the upper front corner of the unit cell:

{'ﬁ S i j#1/2kaDt O (? Dt 0
n+1 _C 2rn,j+1/2,k+1 =, +Q Mo+

Yij#i2k+1 G Vi j+ar2k+t G

T

1+ S ij+1/2kaDh

é 2rn,j+l/2,k+l B é 2rn,j+l/2,k+l B

1_'_S i,j+1/2,k+Dt
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n+l/2 n+l/2 n+l/2 n+l/2 =
& ‘ . - ‘ . ‘ , - ‘ , netiz O
>g Zli+1/2,j+1/ 2,k+1 Zli-1,j+1/ 2,k+1 Xli,j+1/2,k+3/2 Zli,j+1/2,k+1/ 2 _ - (2 40)

Dx Dz SOUreey [ j41/ 2,k +1 =
a9

Finally we have the following time-stepping expression for the H, component
located at the right front corner of the unit cell:

* s s
S i,j+k+12Dt O & Dt 0
¢l-———- G _
‘n+l _C 2M k12 H ‘n + M ka2 +
P4 - * =zl * =
L j+Lk+/2 91+S i j+1/2keaDt o ShIrLkaL 2 91+S i,j+1k+12Dt ©
é 2m, j+Lk+l/2 g é Zm,j+1,k+1/ 2 g
n+1/2 n+1/2 n+i/2 n+i/2
¢ X‘i,j+3/2,k+1/2 ) X‘i,j+1/2,k+1/2 Vi j+sr2k1/2 Ylio1/2,j+Lk+1/2 iz =+
- -M = (241)
Dy Dx SOUNCE: |j j+1k+1/2 &
a

With the system of finite-difference of (2.36) - (2.41), the new value of an
electromagnetic field vector component at any lattice point depends only on its
previous value, the previous values of the components of the other field vector at
adjacent points, and the known electric and magnetic current sources. Therefore, a
any given time step, the computation of a field vector can proceed either one point at
atime, or, if p parallel processors are employed concurrently, p points at atime.

2.6. Radiation Boundary Condition

An outer radiation boundary condition (ORBC) may not always be necessary
when applying FDTD. If the FDTD problem space is bounded by a condition that
can be implemented directly into the finite difference equations, an ORBC is not
necessary. For example, if we are modeling electromagnetic phenomena inside a
closed waveguide system, the tangential electric field at the walls is zero, and we
implement this appropriately.

Consider that we are at the x = O limit of our FDTD computational space. We

decide that on this plane we will locate Ey and E;, field components. Using these field
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components we can evaluate the finite difference curl operations needed to update
the Hy magnetic field components at x = 0, and of course all nearest-neighbor field
components will be available for updating the field components located at x = Dx/2
and beyond ( at least to the maximum x dimension included in the problem space, at
which location we must again apply an ORBC ). However, we cannot update the E,
and E; field components at x = 0 with the usua FDTD equations because the
magnetic fields at x = -Dx/2 are not available.

We may update them, however, with the Mur expressions. L et us consider the
Ez component located at x = 0, y = jDy, and z = (k+1/2)Dz. The first order Mur

estimate of this field component is

cDt -
cDt +

E,"(0,j,k+1/2) = E,"(1,),k+1/2) + B;( (E,"(1,),k+1/2)- E,"(0,),k+1/2)) (2.42)

The second order estimate for Ez at the boundary x =0 is

CDt- DX (& mv1(g § 1t 1/2)+ B0, ,k+1/2)) +.

E,"(0,j k+1/2) = E,"}(1,j k+1/2) +
0, ) (1 ) <Dt + Dx

2 (Ezn(O,j,k+l/2)+ Ezn(l’j’k+1/2)) + D)Z((CDI)Z
G 2(0y)?(cDt + D)

(E"(0,j+1,k+1/2)-2 E"(0,j,k+1/2) + E,"(0,j-LK+1/2) +...
E"(1,j+1,k+1/2) - 2E,"(1,j+1,k+1/2) + E,"(1,j-1,k+1/2)) +

Dx(cDt)? Ny ey ——
2(Dy)(cDL+ D) (E"(0,),k+3/2) - 2E,"(0,j, k+1/2)+ E,"(0,j k

12)+... E(Ljk+3/2) — 2E(L,j k+1/2) + E."(1,j,k-1/2))

(2.43)

Considering the first order Mur approximation, we see that the current value
of ez at x = 0 is estimated from the previous and current values at x = Dx and the
same y and z positions. The second order estimate uses previous values from the
preceding two time steps, and values at the adjacent y and z positions. The eguations
needed to determine other field components at other limiting surfaces of the FDTD
space are readily determined by modification of (2.42) and (2.43).
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3. NUMERICAL CONCLUSIONS
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Figure 3.1. Electric field value versus time step in the Ex(17,18,16)
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Figure 3.2. Electric field value versus time step in the Ex(6,25,27)
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Figure 3.3. Electric field value versus time step in the Ex(17,5,5)
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33. and 87. time steps
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140. and 183. time steps

30



3. NUMERICAL CONCLUSIONS Duygu CAKIR
x10° Ex(1:34,17 5.17.5) 33 Time Step
0 : T . . ==

a— 0.2 ‘\x\ -"Jx -

£ 7

S -04r \ / .

T /

= 05 =

e Y

8 0sf -

m _Il'-r

A4 .
12 I 1 I - I 1 I
4] 5 10 15 20 25 30 35
Posilion (Call Mumber)
Ex{1:3417.5.17.5) &7 Time Step
U e R | T T T T | E———
= =005 - b 8 £ e -
E D1 N g o ]
('S W /z
2 045 -
E i \\ /,-' 3
e i |
_0'250 5 10 15 21 25 30 35

Fosition (Call Humber)

Figure 3.7. Electric field value versus position (cell number) in the
Ex(1:34,17.5,17.5) for 33. and 87. time steps

31



3. NUMERICAL CONCLUSIONS Duygu CAKIR
Ex(1-34 17.517.5) 140 Tima Step
0.15 T T T T T T
E o4 A
2 : e
o ; 2 %
2 0.05F i : - S -
o i’ ™
= 4 .
S it
B G o _
..___.-" "\-\._\_\_\__ .
T T-F--. 1 i i 1 |___
-0.03
a ] 10 15 20 25 a0 ]
Position {Cell Mumber)
Ex(1:34.17.5.17.5) 183 Time Step
ﬂ IE T T T T T T
£ 0.04f e W . i
g o i p: 2
2 o =, - e
2 o002l b ! o Mot
o _‘_/ "'-\._ i 5
5 \
L o 3 i i
o 1] N 2
\, _/
""'\-\_—"F-
_ﬂ_ﬂz 1 1 1 1 1 1
jul 3 10 15 20 25 30 35

Position {Cell Mumber)

Figure 3.8. Electric field value versus position (cell number) in the
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4. CONCLUSION

As an important canonical structure, the scattering from a nonhomogenous
cylinder by using FDTD isinvestigated .

In the study the scattering object is selected as a nonhomogenous cylinder
which hasthree layers. And each layer has different material properties.

To find the scattered field component a computer program which Karl S. Kunz
and Raymond J. Luebbers have made in 1992 is modified for our scattering object.
And numerical results are obtained.

The results obtained from this study can be used for modeling the scattering
problems which are formed by using electromagnetic waves for example in
biomedical applications. Because of selected canonical structure can be modeled as
the organs in human body it is thought that this work can be interrupted as an
application of FDTD in biotechnology and medicine.

It is desired that this results will be a new step for future studies mentioned
above which can have more complex scattering structures in more complex medium

of domain.
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PROGRAM CODE

O0000000TOO0O000000000000000000000000000000000000

PROGRAM FDTDA

PENN STATE UNIVERSITY FINITE DIFFERENCE TIME DOMAIN
ELECTROMAGNETIC ANALY SIS COMPUTER CODE--VERSION A

THIS CODE ISA SCATTERED FIELD FORMULATION
VERSION A: AUGUST 25, 1992

TO REPORT ANY CODE ERRORS OR FOR ADDITIONAL INFORMATION
CONTACT:

DR. RAYMOND J. LUEBBERS

203 EE EAST BLDG.

UNIVERSITY PARK, PA 16802

INTERNET: LU4@PSUVM.PSU.EDU, BITNET: LU4@PSUVM.BITNET

THIS VERSION INCLUDES:
1.) 1ST ORDER E FIELD OUTER RADIATION BOUNDARY CONDITION (ORBC)
2.) 2ND ORDER E FIELD OUTER RADIATION BOUNDARY CONDITION (ORBC)
3.) CAPABILITY TO SPECIFY DIRECTION AND POLARIZATION OF

INCIDENT PLANE WAVE
4.) ERROR CHECKING FOR NTYPE AND IOBS, JOBS AND KOBS FOR

NEAR ZONE FIELD SAMPLING IN SUBROUTINE DATSAV
5.) ERROR CHECKING OF IDONE, IDTWO AND IDTHRE VALUES

COMMONA.FOR:

NX, NY, NZ DETERMINE NUMBER OF CELLS IN PROBLEM SPACE
NTEST ISNUMBER OF QUANTITIES SAMPLED AND WRITTEN VS TIME
TIME VARIABLE IS NSTOP.

THE QUANTITIES TO BE SAMPLED (NEAR ZONE COMPUTATIONS) ARE
TO BE SET IN SUBROUTINE DATSAV

DEFINE OUTPUT FILES

DIAGS3D.DAT => DIAGNOSTICS OF SOME SETUP PARAMETERS
NZOUT3D.DAT => NEAR-ZONE FIELDS OR CURRENTS AS DEFINED IN

ATSAV

WARNING: PLEASE READ THE FOLLOWING COMMENTS REGARDING THE
INCLUDE STATEMENT!

INCLUDE COMMON FILE (STATEMENT APPEARS IN EVERY FUNCTION
SUBPROGRAM AND SUBROUTINE). THISINCLUDE STATEMENT IS
APPROPRIATE FOR MOST MACHINES (I.E. VAX, SILICON GRAPHICS,
386/486 PCSWITH LAHEY COMPILER). THE WATFOR (PC WATFOR)
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C VERSION OF THE INCLUDE STATEMENT ISDIFFERENT AND IS INCLUDED
C IMMEDIATELY AFTER THE NORMAL INCLUDE STATEMENT. IFUSING THE
C WATFOR COMPILER, DELETE THE NORMAL INCLUDE STATEMENTSOR
COMMENT

C THEM OUT. THE INCLUDE STATEMENT FOR IBM VS FORTRAN IS

C DIFFERENT ALSO. THE INCLUDE STATEMENT FOR AN IBM VS FORTRAN

C COMPILER MUST BE CHANGED TO: INCLUDE 'COMMONA FORTRAN A1'

C THEINCLUDE STATEMENT MUST BE CHANGED IN EVERY SUBROUTINE

AND

C FUNCTION SUBPROGRAM AND ISMOST EFFICIENTLY DONE USING A

GLOBAL

C SEARCH AND REPLACE WITH AN EDITOR. IF YOU ARE USING THE WATFOR

C COMPILER, MAKE SURE THE COMMON FILE HAS EXTENSION ".FOR'.

C

INCLUDE 'COMMONA.FOR'

C$INCLUDE COMMONA

C

C OPEN DATA FILES. THE OPEN STATEMENTS SHOWN BELOW ARE

APPROPRIATE

C FORMOST MACHINES (I.E. VAX, SILICON GRAPHICS, 386/486 PC'S).

C HOWEVER, THE IBM VERSION OF THE OPEN STATEMENTS ARE DENOTED

BY

C LINESWITH C##. UNCOMMENT APPROPRIATE LINES FOR IBM VERSION

AND

C COMMENT OUT OTHER LINES.

C

OPEN(UNIT=17,FILE='DIAGS3D.DAT',STATUS="UNKNOWN')

C###  OPEN (UNIT=17,FILE=/DIAGS3D DATA E1',STATUS='UNKNOWN')

C OPEN(UNIT=10,FILE='NZOUT3D.DAT',STATUS='UNKNOWN")

CHHt OPEN (UNIT=10,FILE=/NZOUT3D DATA E1',STATUS='UNKNOWN')
OPEN(UNIT=9,FILE='s3mline50.DAT',STATUS="UNKNOWN')
OPEN(UNIT=7,FILE='S3mlinel00.DAT',STATUS="UNKNOWN')
OPEN(UNIT=5,FILE='s3mlinel50.DAT',STATUS="UNKNOWN')
OPEN(UNIT=3,FILE='s3mline200.DAT',STATUS="UNKNOWN')

OPEN(UNIT=1,FILE='s3mline250.DAT",STATUS="UNKNOWN')

ZERO PARAMETERS, GENERATE PROBLEM SPACE, INTERACTION OBJECT,
AND EXCITATION

O000

CALL ZERO
CALL BUILD
CALL SETUP

ERR R R R R R b R R R R R b R e e b e R e R kR R e R b b e R e b

MAIN LOOP FOR FIELD COMPUTATIONS AND DATA SAVING

O00000

R R R R R R R R R R b R S e b e R e R kR R R e R kb e R e b kb

T=0.0
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OO0 O

OO0

OO0 000

C
C
C
C
C
C
C

1

DO 100 N=1,NSTOP
WRITE (*,*) N

ADVANCE SCATTERED ELECTRIC FIELD
CALL EXSFLD

CALL EYSFLD

CALL EZSFLD

APPLY RADIATION BC (SECOND ORDER)
CALL RADEYX

CALL RADEZX

CALL RADEZY

CALL RADEXY

CALL RADEXZ

CALL RADEYZ

ADVANCE TIME BY 1/2 TIME STEP
T=T+DT/2.

ADVANCE SCATTERED MAGNETIC FIELD
CALL HXSFLD

CALL HYSFLD

CALL HZSFLD

ADVANCE TIME ANOTHER 1/2 STEP
T=T+DT/2.

SAMPLE FIELDS IN SPACE AND WRITE TO DISK

CALL DATSAV

00 CONTINUE

T=NSTOP*DT
WRITE (17,200) T,NSTOP

200 FORMAT(T2,'EXIT TIME="E14.7, SECONDS, AT TIME STEP,16,/)

C
C
C

CLOSE DATA FILES

CLOSE (UNIT=10)
CLOSE (UNIT=17)
STOP

END

R R R R b ke R e R e e b bk e R b b S R

SUBROUTINE BUILD
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C
INCLUDE 'COMMONA.FOR'
C$INCLUDE COMMONA

THIS SUBROUTINE ISUSED TO DEFINE THE SCATTERING OBJECT WITHIN
THE FDTD SOLUTION SPACE. USER MUST SPECIFY IDONE, IDTWO AND
IDTHRE AT DIFFERENT CELL LOCATIONS TO DEFINE THE SCATTERING
OBJECT. SEE THE YEE PAPER (IEEE TRANS. ON AP, MAY 1966) FOR

A DESCRIPTION OF THE FDTD ALGORITHM AND THE LOCATION OF FIELD
COMPONENTS.

GEOMETRY DEFINITION

IDONE, IDTWO, AND IDTHRE ARE USED TO SPECIFY MATERIAL IN CELL

ILJK.

IDONE DETERMINES MATERIAL FOR X COMPONENTS OF E

IDTWO FOR 'Y COMPONENTS, IDTHRE FOR Z COMPONENTS

THUS ANISOTROPIC MATERIALSWITH DIAGONAL TENSORS CAN BE
ODELLED

SET IDONE,IDTWO, AND/OR IDTHRE FOR EACH I,JK CELL =
0 FORFREE SPACE
1 FORPEC
2-9 FOR LOSSY DIELECTRICS

O00000Z000000000000000

C SUBROUTINE DCUBE BUILDS A CUBE OF DIELECTRIC MATERIAL BY
SETTING

C IDONE, IDTWO, IDTHRE TO THE SAME MATERIAL TYPE. THE MATERIAL
C TYPEISSPECIFIED BY MTYPE. SPECIFY THE STARTING CELL (LOWER
C LEFT CORNER (I.E. MINIMUM |,JK VALUES) AND SPECIFY THE CELL
C WIDTH IN EACH DIRECTION (USE THE NUMBER OF CELLSIN EACH
C DIRECTION). USE NZWIDE=0 FOR A INFINITELY THIN PLATE IN THE
C XY PLANE. FOR PEC PLATEUSE MTYPE=1. ISTART, JSTART, KSTART ARE
C USED TO DEFINE THE STARTING CELL AND NXWIDE, NYWIDE AND
NZWIDE EACH
C SPECIFY THE OBJECT WIDTH IN CELLSIN THE X, Y AND Z DIRECTIONS.
C INDIVIDUAL IDONE, TWO OR THRE COMPONENTS CAN BE SET MANUALLY
C FORWIRES, ETC. DCUBE DOES NOT WORK FOR WIRES (I.E. NXWIDE=0 AND
C NYWIDE=0 FOR EXAMPLE)!
C
C Build cylinder with center at (SC,0:34,SC) and radius RA.

MTY PE=2

RA=8.2

SC=17.5

DO 100 I=1,NX

DO 200 F=1,NY
DO 300 K=1,NZ

R=SQRT((I-SC)** 2+(K-SC)**2)
IF (RLT.RA) CALL DCUBE (1,JK,1,1,1L,MTYPE)
300 CONTINUE
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200 CONTINUE
100 CONTINUE

MTYPE=5
RA=5.2
SC=175
DO 110 1=1,NX
DO 210 =1,NY
DO 310 K=1,NZ
R=SQRT((I-SC)** 2+(K-SC)**2)
IF (RLT.RA) CALL DCUBE (I,JK,1,1,1L,MTYPE)
310 CONTINUE
210 CONTINUE
110 CONTINUE

MTYPE=9
RA=2.2
SC=175
DO 120 1=1,NX
DO 220 J=1,NY
DO 320 K=1,NZ
R=SQRT((I-SC)** 2+(K-SC)**2)
IF (RLT.RA) CALL DCUBE (I,JK,1,1,1L,MTYPE)
320 CONTINUE
220 CONTINUE
120 CONTINUE

C
C THE FOLLOWING SECTION OF CODE ISUSED TO CHECK IF THE USER HAS
C SPECIFIED THE PROPER MATERIAL TYPES TO THE PROPER IDXXX ARRAYS.
C
C FORMATERIAL TYPE="?
C 0 FOR FREE SPACE USE IDONE-IDTHRE ARRAYS
C 1 FOR PEC USE IDONE-IDTHRE ARRAY S
C 2-9 FOR LOSSY DIELECTRICS USE IDONE-IDTHRE ARRAYS
C

DO 1000 K=1,NZ

DO 900 F1,NY
DO 800 I1=1,NX

IF((IDONE(I,J,K).GE.10).0R.(IDTWO(I,J,K).GE.10).0R.

$(IDTHRE(1,J,K).GE.10)) THEN

WRITE (17,*)’'ERROR OCCURED. ILLEGAL VALUE FOR'
WRITE (17,*)'DIELECTRIC TYPE (IDONE-IDTHRE) *

WRITE (17,*)'AT LOCATION:'I,';",J"," K
WRITE (17,*)’'EXECUTION HALTED.'
STOP
ENDIF
800 CONTINUE
900 CONTINUE



1000 CONTINUE
RETURN
END
C R R R b Rk e b R e e b bk S e R b b R S R e
SUBROUTINE DCUBE
(ISTART,JSTART,KSTART,NXWIDE,NYWIDE,NZWIDE,MTY PE)
C
INCLUDE 'COMMONA.FOR'
C$INCLUDE COMMONA
C
C THISSUBROUTINE SETSALL TWELVE IDXXX COMPONENTS FOR ONE CUBE
C TOTHE SAME MATERIAL TYPE SPECIFIED BY MTYPE. IF NXWIDE,
NYWIDE,
C ORNZWIDE=0, THEN ONLY 4 IDXXX ARRAY COMPONENTSWILL BE SET
C CORRESPONDING TO AN INFINITELY THIN PLATE. THE SUBROUTINE IS
MOST
C USEFUL CONSTRUCTING OBJECTS WITH MANY CELLS OF THE SAME
MATERIAL
C (l.E. CUBES, PEC PLATES, ETC.). THIS SUBROUTINE DOES NOT
C AUTOMATICALLY DO WIRES!
C
IMAX=ISTART+NXWIDE-1
IJMAX=JSTART+NYWIDE-1
KMAX=KSTART+NZWIDE-1
C
IF (NXWIDE.EQ.0) THEN
DO 20 K=KSTART,KMAX
DO 10 JFISTART,IMAX
IDTWO(ISTART,JK)=MTYPE
IDTWO(ISTART,JK+1)=MTYPE
IDTHRE(ISTART,JK)=MTYPE
IDTHRE(ISTART,}*1,K)=MTY PE
10 CONTINUE
20 CONTINUE
ELSEIF (NYWIDE.EQ.0) THEN
DO 40 K=KSTART,KMAX
DO 30 I=ISTART,IMAX
IDONE(I,JSTART ,K)=MTYPE
IDONE(l,JSTART ,K+1)=MTY PE
IDTHRE(I,JSTART,K)=MTYPE
IDTHRE(1+1,JSTART,K)=MTY PE
30 CONTINUE
40 CONTINUE
ELSEIF (NZWIDE.EQ.0) THEN
DO 60 JFISTART,JMAX
DO 50 I=ISTART,IMAX
IDONE(I,JKSTART)=MTYPE
IDONE(l,H+1,KSTART)=MTY PE
IDTWO(I,JKSTART)=MTY PE
IDTWO(I+1,J KSTART)=MTY PE
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50 CONTINUE
60 CONTINUE
ELSE
DO 90 K=KSTART,KMAX
DO 80 J=JSTART,IMAX
DO 70 I=ISTART,IMAX
IDONE(I,JK)=MTY PE
IDONE(I,JK+1)=MTY PE
IDONE(l,+1,K+1)=MTYPE
IDONE(1,3+1,K)=MTY PE
IDTWO(I,JK)=MTY PE
IDTWO(I+1,JK)=MTY PE
IDTWO(I+1,J K+1)=MTY PE
IDTWO(I,JK+1)=MTY PE
IDTHRE(I,J,K)=MTY PE
IDTHRE(1+1,J,K)=MTY PE
IDTHRE(1+1,3+1,K)=MTY PE
IDTHRE(I,3+1,K)=MTY PE
70  CONTINUE
80 CONTINUE
90 CONTINUE
ENDIF
RETURN
END
C khkkkkkhkkhhkhhkhkhkhkhhkhhhhhdhhkhdhkhhkhkhhkhhkhhhdhhkhdhkhkhkhkhhkhhkdhkdhkk,kk,kxkx*x
SUBROUTINE SETUP
C
INCLUDE 'COMMONA.FOR'
C$INCLUDE COMMONA

@

C THIS SUBROUTINE INITIALIZES THE COMPUTATIONS
C

C DEFINEPIANDC

C

C=1.0/SQRT(XMU0*EPSD)

PI=4.0*ATAN(L.0)

CALCULATE DT--THE MAXIMUM TIME STEP ALLOWED BY THE
COURANT STABILITY CONDITION

O000

DTXI=C/DELX
DTYI=C/DELY
DTZI=C/DELZ
DT=1/SQRT(DTXI**2+DTY[**2+DTZI**2)
PARAMETER ALPHA ISTHE DECAY RATE DETERMINED BY BETA.

ALPHA=(1./(BETA*DT/4.0))**2

O o000 O
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OO0 000

OO0 OO0

N

@

O000000000000000000

BETADT = BETA*DT
PERIOD = 2.0*BETADT

SET OFFSET FOR COMPUTING INCIDENT FIELDS
OFF=1.0
THE FOLLOWING LINES ARE FOR SMOOTH COSINE INCIDENT FUNCTION

W1 = 2.0*PI/PERIOD
W2=20*W1
W3=3.0rW1

FIND DIRECTION COSINES FOR INCIDENT FIELD

COSTH=COS(PI* THINC/180.)
SINTH=SIN(PI* THINC/180.)
COSPH=COS(PI* PHINC/180.)
SINPH=SIN(PI*PHINC/180.)

FIND AMPLITUDE OF INCIDENT FIELD COMPONENTS

AMPX=AMP*(ETHINC* COSTH* COSPH-EPHINC* SINPH)
AMPY=AMP*(ETHINC* COSTH* SINPH+EPHINC* COSPH)
AMPZ=AMP*(-ETHINC*SINTH)

FIND RELATIVE SPATIAL DELAY FOR X, Y, Z CELL DISPLACEMENT

XDISP=-COSPH*SINTH
YDISP=-SINPH*SINTH
ZDISP=-COSTH

DEFINE CONSTITUTIVE PARAMETERS--EPS,SIGMA

THIS CODE ASSUMES THAT THE DIELECTRIC MATERIALS ALL HAVE

A PERMEABILITY OF MUO. IF YOU NEED A MATERIAL WITH MAGNETIC
PROPERTIES, USE ANOTHER FDTD CODE SUCH ASFDTDC, FDTDD, FDTDG
OR FDTDH.

THESE CORRESPOND TO MATERIAL TYPESIN IDONE, IDTWO, AND
IDTHRE ARRAYS. SEE COMMENTSIN SUBROUTINE BUILD

VALID CASES: IDXXX(I,J,K) =0FOR FREE SPACE IN CELL I,JK
=1FORPEC
=2-9 FOR LOSSY DIELECTRICS

FOR PARTICULAR COMPONENTS OF FIELDS AS DETERMINED BY XXX

IF IDONE (10,10,10) = 3 THEN THE USER MUST SPECIFY AN EPSILON, MU
AND SIGMA FOR MATERIAL TYPE 3. THAT IS, EPS(3)=EPSILON FOR
MATERIAL TYPE 3 AND SIGMA(3)= CONDUCTIVITY FOR MATERIAL TYPE 3.
ALL PARAMETERS ARE DEFINED IN MKS UNITS.



C
DO 101=1,9
EPS()=EPS0
SIGMA(1)=0.0
10 CONTINUE
C
C DEFINE EPS AND SIGMA FOR EACH MATERIAL HERE
C
EPS(2)=4.0* EPSO
SIGMA (2)=0.000005

EPS(5)=4.0*EPS0
SIGMA(5)=0.005

EPS(9)=4.0EPS0
SIGMA(9)=5

GENERATE MULTIPLICATIVE CONSTANTS FOR FIELD UPDATE EQUATIONS

FREE SPACE

O0000

DTEDX=DT/(EPS0*DELX)
DTEDY=DT/(EPSO*DELY)
DTEDZ=DT/(EPSO* DELZ)
DTMDX=DT/(XMUOQ* DELX)
DTMDY=DT/(XMUQ*DELY)
DTMDZ=DT/(XMUO*DELZ)

LOSSY DIELECTRICS

OO0

DO 201=2,9
ESCTC(1)=EPS(1)/(EPS(1)+SIGMA(l) *DT)
EINCC(1)=SIGMA(I) *DT/(EPS()+SIGMA(l) *DT)
EDEVCN(1)=DT* (EPS(1)-EPS0)/(EPS(1)+SIGMA(l) *DT)
ECRLX(I)=DT/((EPS()+SIGMA(]) *DT)*DELX)

ECRLY (I)=DT/((EPS(1)+SIGMA(l) *DT)*DELY)
ECRLZ(1)=DT/((EPS(I)+SIGMA(l) *DT)* DELZ)
0 CONTINUE

FIND MAXIMUM SPATIAL DELAY TO MAKE SURE PULSE PROPAGATES
INTO SPACE PROPERLY.

O000N

DELAY=0.0

IF (XDISP.LT.0.) DELAY=DELAY-XDISP*NX1*DELX
IF (YDISP.LT.0.) DELAY=DELAY-YDISP*NY1*DELY
IF (ZDISP.LT.0.) DELAY=DELAY-ZDISP*NZ1*DELZ



C COMPUTE OUTER RADIATION BOUNDARY CONDITION (ORBC) CONSTANTS

CXD=(C*DT-DELX)/(C*DT+DELX)
CYD=(C*DT-DELY)/(C*DT+DELY)
CzD=(C*DT-DELZ)/(C*DT+DELZ)

CXU=CXD
CYU=CYD
CzU=CzD

COMPUTE 2ND ORDER ORBC CONSTANTS

OO0

CXX=2.*DELX/(C*DT+DELX)
CYY=2*DELY/(C*DT+DELY)
CZz=2*DELZ/(C*DT+DELZ)

CXFYD=DELX*C*DT*C*DT/(2.*DELY*DELY*(C*DT+DELX))
CXFZD=DELX*C*DT*C*DT/(2.*DELZ*DELZ*(C*DT+DELX))
CYFZD=DELY*C*DT*C*DT/(2.*DELZ*DELZ*(C*DT+DELY))
CYFXD=DELY*C*DT*C*DT/(2.*DELX*DELX*(C*DT+DELY))
CZFXD=DELZ*C*DT*C*DT/(2.*DELX*DELX*(C*DT+DELZ))
CZFYD=DELZ*C*DT*C*DT/(2.*DELY*DELY *(C*DT+DELZ))

WRITE SETUP DATA TO FILE DIAGS3D.DAT

O0o0

WRITE (17,400) NX,NY ,NZ
WRITE (17,500) DELX,DELY ,DELZ
WRITE (17,600) DT,NSTOP
WRITE (17,700) AMP,ALPHA ,BETA
WRITE (17,800) ETHINC,EPHINC
WRITE (17,900) THINC,PHINC
WRITE (17,1000) 'THE INCIDENT EX AMPLITUDE ="' AMPX,V/M'
WRITE (17,1000) 'THE INCIDENT EY AMPLITUDE ="' AMPY,V/M'
WRITE (17,1000) 'THE INCIDENT EZ AMPLITUDE = AMPZ,'V/M'
WRITE (17,1100) 'RELATIVE SPATIAL DELAY ='DELAY

C

100 FORMAT (T2,A26,))

200 FORMAT (T2,A25,))

300 FORMAT (T2,A34,))

400 FORMAT (T2, 'THE PROBLEM SPACE SIZE IS, I4,' BY',14,' BY'I4,
$ CELLSIN THE X, Y, Z DIRECTIONS)/)

500 FORMAT (T2,'CELL SIZE: DELX='F10.6, DELY='F10.6,, DELZ=,
$F10.6, ' METERS,/)

600 FORMAT (T2, TIME STEPIS',E12.6, SECONDS, MAXIMUM OF',!6,
$ TIME STEPS),/)

700 FORMAT (T2, INCIDENT GAUSSIAN PULSE AMPLITUDE='F6.0, V/M',
#,T2,DECAY FACTOR ALPHA='E12.3,/,T2'WIDTH BETA=',F6.0,))

800 FORMAT (T2, INCIDENT PLANE WAVE POLARIZATION:"/,T2,
$'RELATIVE ELECTRIC FIELD THETA COMPONENT=', F4.1,/,T2,
$'RELATIVE ELECTRIC FIELD PHI COMPONENT=', F4.1,/)



900 FORMAT (T2,'PLANE WAVE INCIDENT FROM THETA=',F8.2,' PHI=',F8.2,
$ DEGREES)))
1000 FORMAT (T2,A28,F12.5,2X,A3)
1100 FORMAT (/,T2,A25,F10.7,/)
RETURN
END
C khkkkkkhkkhhkhhkhkhkhkkhkhkhhkhhhdhhkhdhkhkhkhkhhkhhhhhdhhdhdhkhkhkhkhhkhhkdhkdhdk,kk,k*x*%x
SUBROUTINE EXSFLD
C
INCLUDE 'COMMONA.FOR'
C$INCLUDE COMMONA
C
C THIS SUBROUTINE UPDATES THE EX SCATTERED FIELD
C
DO 30 K=2,NZ1
KK =K
DO 20 J=2,NY1
=1
DO 10 1=1,NX1

DETERMINE MATERIAL TYPE

OO0

IF(IDONE(1,J,K).EQ.0) GO TO 100
IF(IDONE(1,J,K).EQ.1) GO TO 200
GO TO 300

FREE SPACE

~0O00

©“ O

EXS(1,J,K)=EXS(1,J,K)+(HZS(1,J,K)-HZS(1,J-1,K))*DTEDY
«(HY S(1,J,K)-HY S(1,J,K-1))*DTEDZ

GOTO10

PERFECT CONDUCTOR

NOOO O

00 l=I
EXS(1,J,K)=-EXI(11,3,KK)

GOTO10

LOSSY DIELECTRIC

WwOOO O

00 l=I
EXS(1,J,K)=EX(1,J,K)*ESCTC(IDONE(I,J,K))
-EINCC( IDONE(I,J,K))* EXI(I1,33,KK)
-EDEVCN(IDONE(I,J,K))*DEXI(11,J3,KK)
+(HZS(1,3,K)-HZS(1,3-1,K))* ECRLY (IDONE(I,J,K))
~(HY S(1,3,K)-HY S(1,J,K-1))* ECRLZ(IDONE(I,J K))

PP PH

10 CONTINUE
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20 CONTINUE
30 CONTINUE
C
RETURN
END
C R R R R b ek e R e R e e b bk e R b R R S R
SUBROUTINE EY SFLD
C
INCLUDE 'COMMONA.FOR'
C$INCLUDE COMMONA
C
C THISSUBROUTINE UPDATES THE EY SCATTERED FIELD COMPONENTS
C
DO 30K=2,NZ1
KK=K
DO 20 F1,NY1
=7
DO 101=2,NX1

DETERMINE MATERIAL TYPE

OO0

IF(IDTWO(I,JK).EQ.0) GO TO 100
IF(IDTWO(1,JK).EQ.1) GO TO 200
GO TO 300

FREE SPACE

~O00

©» O

EY S(1,J,K)=EY S(1,J,K)+(HX S(1,J,K)-HX (1,J,K-1))*DTEDZ
(HZS(1,3K)-HZS(1-1,3,K))*DTEDX

GOTO10

PERFECT CONDUCTOR

NOOO O

00 l=I
EYS(,JK)=-EY1(11,3,KK)

GOTO10

LOSSY DIELECTRIC

WwOOO O

00 l=I
EYS(1,JK)=EY (1,JK)*ESCTC(IDTWO(,J.K))
$ -EINCC(IDTWO(I,J,K)*EYI(I1,J3,KK)
$ -EDEVCN(IDTWO(I,JK))*DEYI(11,J3,KK)
$  +HHX(,JK)-HXS(1,J,K-1))* ECRLZ(IDTWO(I,J,K))
$  -(HZS(,dK)-HZS(I-1,JK))*ECRLX (IDTWO(I,J,K))
C
10 CONTINUE

20 CONTINUE
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30 CONTINUE
C
RETURN
END
C R R e b Rk e R b R e e b bk e R b R R R R b
SUBROUTINE EZSFLD
C
INCLUDE 'COMMONA.FOR'
C$INCLUDE COMMONA
C
C THISSUBROUTINE UPDATES THE EZ SCATTERED FIELD COMPONENTS
C
DO 30 K=1,NZ1
KK=K
DO 20 F2,NY1
=7
DO 101=2,NX1

DETERMINE MATERIAL TYPE

OO0

IF(IDTHRE(I,J,K).EQ.0) GO TO 100
IF(IDTHRE(1,J,K).EQ.1) GO TO 200
GO TO 300

FREE SPACE

~0O00

©“ O

EZS(1,3,K)=EZS(1,J,K)+(HY S(1,J,K)-HY S(I-1,J K))* DTEDX
(HXS(1,3,K)-HXS(1,-1,K))* DTEDY

GOTO10

PERFECT CONDUCTOR

nOOO O

00 =l
EZS(1,J,K)=-EZI(I1,3J,KK)

GOTO10

LOSSY DIELECTRIC

wOOO O

00 l=I
EZS(1,J,K)=EZS(1,J,K)*ESCTC(IDTHRE(I,J,K))
-EINCC( IDTHRE(I,J K))*EZI(11,J3,KK)
-EDEVCN(IDTHRE(1,J,K))*DEZI(11,J3,KK)

+(HY (1,3,K)-HY S(1-1,J,K))* ECRLX (IDTHRE(I,J,K))
-(HX (1,3, K)-HX S(1,31,K))* ECRLY (IDTHRE(I,J,K))

©“ PP PH

C

10 CONTINUE
20 CONTINUE
30 CONTINUE



C
RETURN
END
C khkkkkkhkkhkhkhhkhkhkhkkhkkhkhhkhhhdhhkhdhkhkhkhkhkhkhhkhhhdhhkhdhkhkhkhkhhkhhkdhkdhkk,kk,k*x*%x
SUBROUTINE RADEZX
C
INCLUDE 'COMMONA.FOR'
C$INCLUDE COMMONA
C
C DOEDGESWITH FIRST ORDER ORBC
C
DO 10 K=1,NZ1
J=2
EZS(1,J,K)=EZSX1(2,J,K)+CXD* (EZS(2,JK)-EZSX1(1,JK))
EZS(NX,J K)=EZSX1(3,J,K)+CXU* (EZS(NX 1,J,K)-EZSX1(4,d, K))
JENY1
EZS(1,J,K)=EZSX1(2,J,K)+CXD* (EZS(2,JK)-EZSX1(1,JK))
EZS(NX,J K)=EZSX1(3,J,K)+CXU* (EZS(NX 1,J,K)-EZSX1(4,d, K))
10 CONTINUE
C
DO 20 =3 NY1-1
K=1
EZS(1,J,K)=EZSX1(2,J,K)+CXD* (EZS(2,JK)-EZSX1(1,JK))
EZS(NX,J K)=EZSX1(3,J,K)+CXU* (EZS(NX 1,J,K)-EZSX1(4,J, K))
K=NZz1
EZS(1,J,K)=EZSX1(2,J,K)+CXD* (EZS(2,JK)-EZSX1(1,JK))
EZS(NX,J K)=EZSX1(3,J,K)+CXU* (EZS(NX 1,J,K)-EZSX1(4,d K))
20 CONTINUE
C
C NOW DO 2ND ORDER ORBC ON REMAINING PORTIONS OF FACES
C
DO 40 K=2,NZ1-1
DO 30 =3,NY1-1
EZS(1,J,K)=-EZSX2(2,J,K)+CXD*(EZS(2,J,K)+EZSX2(1,J,K))
+CXX*(EZSX1(1,J,K)+EZSX1(2,J,K))
+CXFY D*(EZSX1(1,+1,K)-2.* EZSX1(1,J K)+EZSX1(1,3- 1K)
+EZSX1(2,3+1,K)-2.*EZSX1(2,J,K)+EZSX 1(2,3-1,K))
+CXFZD*(EZSX1(1,J,K+1)-2.*EZSX1(1,J K)+EZSX1(1,J,K-1)
+EZSX1(2,J, K+1)-2.*EZSX1(2,J,K)+EZSX 1(2,J K-1))
EZS(NX,J,K)=-EZSX2(3,J,K)+CXD*(EZS(NX 1,J,K)+EZSX2(4,J,K))
+CXX*(EZSX1(4,J,K)+EZSX1(3,J,K))
+CXFY D*(EZSX1(4,+1,K)-2.* EZSX1(4,J K)+EZSX1(4,3-1,K)
+EZSX1(3,3+1,K)-2.*EZSX1(3,J,K)+EZSX 1(3,-1,K))
+CXFZD* (EZSX1(4,J,K+1)-2.* EZSX1(4,J K)+EZSX1(4,J,K-1)
+EZSX1(3,J,K+1)-2.*EZSX1(3,J,K)+EZSX 1(3,J K-1))
30 CONTINUE
40 CONTINUE
C
C NOW SAVE PAST VALUES
C
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DO 60 K=1,NZ1
DO 50 J=2,NY1
EZSX2(1,JK)=EZSX1(1,JK)
EZSX2(2,JK)=EZSX1(2,JK)
EZSX2(3,JK)=EZSX1(3,JK)
EZSX2(4,J K)=EZSX1(4,JK)
EZSX1(1,J,K)=EZS(LJ,K)
EZSX1(2,J,K)=EZS(2,J,K)
EZSX1(3,J,K)=EZS(NX1,J,K)
EZSX1(4,JK)=EZS(NX,J,K)
50 CONTINUE
60 CONTINUE
C
RETURN
END
C khkkkkkhhkkhhkhhkhkhkhkhkhkhhhhhkhhkhhkhkhkhkhkhkhhkhhhdhhkhdhkhkhkhkhhkhhkdhkdhdk,k,kkx*%x
SUBROUTINE RADEY X
C
INCLUDE 'COMMONA.FOR'
C$INCLUDE COMMONA
C
C DOEDGESWITH FIRST ORDER ORBC
C
DO 10 K=2,NZ1
k1
EYS(1,J,K)=EY SX1(2,J,K)+CXD* (EY S(2,J K)-EY SX1(1,J,K))
EYS(NX,J,K)=EY SX1(3,J,K)+CXU* (EY (NX1,J,K)-EY SX1(4,J,K))
JENY1
EYS(1,J,K)=EY SX1(2,J,K)+CXD* (EY S(2,JK)-EY SX1(1,J,K))
EYS(NX,J,K)=EY SX1(3,J,K)+CX U* (EY S(NX1,J,K)-EY SX1(4,J,K))
10 CONTINUE
C
DO 20 J=2,NY1-1
K=2
EYS(1,J,K)=EY SX1(2,J,K)+CXD* (EY S(2,JK)-EY SX1(1,J,K))
EYS(NX,J,K)=EY SX1(3,J,K)+CX U*(EY S(NX1,J,K)-EY SX1(4,J,K))
K=NZz1
EYS(1,J,K)=EY SX1(2,J,K)+CXD* (EY S(2,JK)-EY SX1(1,J,K))
EYS(NX,J,K)=EY SX1(3,J,K)+CX U* (EY S(NX1,J,K)-EY SX1(4,J,K))
20 CONTINUE
C
C NOW DO 2ND ORDER ORBC ON REMAINING PORTIONS OF FACES
C
DO 40 K=3,NZ1-1
DO 30 J=2,NY1-1
EYS(1,J,K)=-EY SX2(2,J,K)+CXD*(EY S(2,J,K)+EY SX2(1,J,K))
+CXX*(EY SX1(1,J,K)+EY SX1(2,JK))
+CXFY D*(EY SX1(1,3+1,K)-2.*EY SX1(1,J, K)+EY SX1(1,3-1,K)
+EY SX1(2,3+1,K)-2.*EY SX1(2,J K)+EY SX1(2,31,K))
+CXFZD* (EY SX1(1,J,K+1)-2.*EY SX1(1,J, K)+EY SX1(1,JK-1)
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$
$
$
$
$
$

+EY SX1(2,J,K+1)-2.*EY SX1(2,J K)+EY SX1(2,J,K-1))

EY S(NX,J,K)=-EY SX2(3,J, K)+CXD* (EY S(NX1 ,J,K)+EY SX2( 4,J,K))

+CXX*(EY SX1(4,J,K)+EY SX1(3,JK))

+CXFY D*(EY SX1(4,3+1,K)-2.*EY SX 1(4,J K)+EY SX1(4,3- 1K)
+EY SX1(3,3+1,K)-2.*EY SX1(3,J, K)+EY SX1(3,31,K))

+CXFZD* (EY SX1(4,J,K+1)-2.*EY SX1(4,J K)+EY SX1(4,J K-1)
+EY SX1(3,J,K+1)-2.*EY SX1(3,J,K)+EY SX1(3,J,K-1))

30 CONTINUE
40 CONTINUE
C
C NOW SAVE PAST VALUES
C
DO 60 K=2,NZ1
DO 50 J=1,NY1
EY SX2(1,J,K)=EY SX1(1,J,K)
EY SX2(2,J,K)=EY SX1(2,JK)
EY SX2(3,J,K)=EY SX1(3,J,K)
EY SX2(4,J,K)=EY SX1(4,JK)
EY SX1(1J,K)=EY S(L,JK)
EY SX1(2,JK)=EY S(2,JK)
EY SX1(3,J,K)=EY S(NX1,J,K)
EY SX1(4,J,K)=EY S(NX,JK)
50 CONTINUE
60 CONTINUE
C
RETURN
END
C khkkkkkhkkhkhkhhkhkhkhkhkkhkhhkhhhdhhkhdhkhkhkhkhhkhhkhhhdhhdhdhkhkhkhkhhkhhkdhkdhkk,kk,kkx*x
SUBROUTINE RADEZY
C

INCLUDE 'COMMONA.FOR'
C$INCLUDE COMMONA

C
C DOEDGESWITH FIRST ORDER ORBC
C
DO 10 K=1,NZ1
|=2
EZS(1,1,K)=EZSY1(1,2,K)+CYD* (EZS(1,2,K)-EZSY 1(I,1,K))
EZS(1,NY,K)=EZSY 1(I,3,K)+CYD*(EZS(I,NY 1,K)-EZSY 1(l4,K))
I=NX1
EZS(1,1,K)=EZSY1(1,2,K)+CY D* (EZS(1,2,K)-EZSY 1(I,1,K))
EZS(1,NY,K)=EZSY 1(I,3,K)+CY D*(EZS(I,NY 1,K)-EZSY 1(l4,K))
10 CONTINUE
C

DO 201=3,NX1-1

K=1
EZS(1,1,K)=EZSY1(1,2,K)+CY D*(EZ(1,2,K)-EZSY 1(1,1,K))
EZS(I,NY,K)=EZSY1(1,3,K)+CY D*(EZS(I,NY 1,K)-EZSY 1(l,4,K))
K=NZz1

EZS(1,1,K)=EZSY1(1,2,K)+CY D*(EZS(1,2,K)-EZSY 1(1,1,K))
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EZS(I,NY,K)=EZSY1(1,3,K)+CY D*(EZS(I,NY 1,K)-EZSY 1(1,4,K))

20 CONTINUE

C
C
C

NOW DO 2ND ORDER ORBC ON REMAINING PORTIONS OF FACES

DO 40 K=2,NZ1-1

DO 30 1=3,NX1-1
EZS(1,1,K)=-EZSY2(1,2,K)+CY D*(EZS(1,2,K)+EZSY 2(1,1,K))
+CYY*(EZSY1(I,1,K)+EZSY1(1,2,K))
+CYEXD*(EZSY1(1+1,1,K)-2.*EZSY 1(I,1,K)+EZSY1(I-1,1,K)
+EZSY1(1+1,2,K)-2*EZSY 1(1,2,K)+EZSY1(I-1,2,K))
+CYFZD*(EZSY1(1,1,K+1)-2.*EZSY 1(I,1,K)+EZSY 1(I,1,K-1)
+EZSY1(1,2,K+1)-2*EZSY1(1,2,K)+EZSY1(l,2,K-1))
EZS(I,NY ,K)=-EZSY2(I,3,K)+CY D* (EZS(I,NY 1,K)+EZSY 2(1,4,K))
+CYY*(EZSY1(1,4,K)+EZSY1(1,3,K))
+CYEXD*(EZSY 1(1+1,4,K)-2.*EZSY 1(1,4,K)+EZSY 1(1-1,4,K)
+EZSY1(1+1,3,K)-2*EZSY 1(1,3,K)+EZSY1(I-1,3,K))
+CYFZD*(EZSY 1(1,4,K+1)-2.*EZSY 1(1,4,K)+EZSY 1(1 4,K-1)
+EZSY1(1,3,K+1)-2*EZSY1(1,3,K)+EZSY1(1,3,K-1))
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30 CONTINUE
40 CONTINUE

C
C
C

NOW SAVE PAST VALUES

DO 60 K=1,NZ1
DO 50 1=2,NX1

EZSY2(1,1,K)=EZSY1(l,1K)
EZSY2(1,2,K)=EZSY1(1,2,K)
EZSY2(1,3,K)=EZSY1(1,3K)
EZSY2(1,4,K)=EZSY1(1,4,K)
EZSY1(l,1,K)=EZ(1,1,K)
EZSY1(1,2,K)=EZ(1,2,K)
EZSY1(1,3,K)=EZS(I,NY1,K)
EZSY1(1,4,K)=EZS(I,NY ,K)

50 CONTINUE
60 CONTINUE

C

C

C

RETURN
END
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SUBROUTINE RADEXY

INCLUDE 'COMMONA.FOR'

C$INCLUDE COMMONA

C
C
C

DO EDGESWITH FIRST ORDER ORBC
DO 10K=2,NZ1

1=1
EXS(1,1,K)=EXSY1(1,2,K)+CY D*(EXS(1,2,K)-EXSY 1(1,1,K))
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EXS(I,NY,K)=EXSY1(I,3,K)+CY D*(EXS(I,NY 1,K)-EXSY1(1,4,K))
I=NX1
EXS(1,1,K)=EXSY1(1,2,K)+CY D*(EXS(1,2,K)-EXSY 1(1,1,K))
EXS(I,NY,K)=EXSY1(I,3,K)+CYD*(EXS(I,NY 1,K)-EXSY1(1,4,K))
10 CONTINUE
C
DO 20 1=2,NX1-1
K=2
EXS(1,1,K)=EXSY1(1,2,K)+CY D*(EXS(1,2,K)-EXSY 1(1,1,K))
EXS(I,NY,K)=EXSY1(I,3,K)+CYD*(EXS(I,NY 1,K)-EXSY1(1,4,K))
K=NZz1
EXS(1,1,K)=EXSY1(1,2,K)+CY D*(EXS(1,2,K)-EXSY 1(1,1,K))
EXS(I,NY,K)=EXSY1(I,3,K)+CYD*(EXS(I,NY 1,K)-EXSY1(1,4,K))
20 CONTINUE
C
C NOW DO 2ND ORDER ORBC ON REMAINING PORTIONS OF FACES
C
DO 40 K=3,NZ1-1
DO 30 1=2,NX1-1
EXS(1,1,K)=-EXSY2(I,2,K)+CYD* (EXS(1,2,K)+EXSY2(1,1,K))
+CY Y*(EXSY1(I,1,K)+EXSY1(1,2,K))
+CYEXD*(EXSY1(1+1,1,K)-2.EXSY 1(1,1,K)+EXSY 1(1-1,1,K)
+EXSY1(1+1,2,K)-2*EXSY 1(1,2,K)+EXSY 1(I-1,2,K))
+CYFZD*(EXSY 1(1,1,K+1)-2.*EXSY 1(1,1,K)+EXSY1(1,1,K-1)
+EXSY1(1,2,K+1)-2*EXSY 1(1,2,K)+EXSY 1(1,2,K-1))
EXS(I,NY,K)=-EXSY2(I,3,K)+CY D* (EXS(I,NY 1,K)+EXSY2(1,4,K))
+CY Y*(EXSY1(1,4,K)+EXSY1(1,3,K))
+CYEXD*(EXSY1(1+1,4,K)-2.EXSY 1(1,4,K)+EXSY 1(1-1,4,K)
+EXSY1(1+1,3,K)-2*EXSY 1(1,3,K)+EXSY1(I-1,3,K))
+CYFZD* (EXSY 1(1,4,K+1)-2.*EXSY 1(1,4,K)+EXSY 1(1 ,4,K-1)
+EXSY1(1,3,K+1)-2*EXSY 1(1,3,K)+EXSY 1(1,3,K-1))
30 CONTINUE
40 CONTINUE
C
C NOW SAVE PAST VALUES
C
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DO 60 K=2,NZ1
DO 50 1=1,NX1
EXSY2(1,1,K)=EXSY1(1,1,K)
EXSY2(1,2,K)=EXSY1(1,2,K)
EXSY2(1,3,K)=EXSY1(1,3,K)
EXSY2(1,4,K)=EXSY1(1,4,K)
EXSY1(1,1,K)=EXS(1,1,K)
EXSY1(1,2,K)=EXS(1,2,K)
EXSY1(1,3,K)=EXS(I,NY1,K)
EXSY1(1,4,K)=EXS(I,NY,K)
50 CONTINUE
60 CONTINUE
C
RETURN
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END

C khkkkkkhhkkhhkhhkhkhkhkkhkhkhhkhhhdhhkhdhkhkhkhkhkhkhhhhhdhhdhdhkhkhkhkhhkhhkdhkdhkk,k,kkx*%x
SUBROUTINE RADEXZ
C
INCLUDE 'COMMONA.FOR'
C$INCLUDE COMMONA
C
C DOEDGESWITH FIRST ORDER ORBC
C
DO 10 J=2,NY1
1=1
EXS(1,J,1)=EXSZ1(1,J,2)+CZD* (EX(1,J,2)-EXSZ1(1,J,1))
EXS(1,JNZ)=EXSZ1(1,J,3)+CZD* (EXS(I,JNZ1)-EXSZ1(1,J4))
I=NX1
EXS(1,J,1)=EXSZ1(1,J,2)+CZD* (EX(1,J,2)-EXSZ1(1,J,1))
EXS(1,JNZ)=EXSZ1(1,J,3)+CZD* (EXS(I,JNZ1)-EXSZ1(1,J4))
10 CONTINUE
C
DO 20 1=2,NX1-1
J=2
EXS(1,J,1)=EXSZ1(1,J,2)+CZD* (EX(1,J,2)-EXSZ1(1,J,1))
EXS(1,JNZ)=EXSZ1(1,J,3)+CZD* (EXS(I,JNZ1)-EXSZ1(1,J,4))
JENY1
EXS(1,J,1)=EXSZ1(1,J,2)+CZD* (EX(1,J,2)-EXSZ1(1,J,1))
EXS(1,JNZ)=EXSZ1(1,J,3)+CZD* (EXS(I,JNZ1)-EXSZ1(1,J,4))
20 CONTINUE
C
C NOW DO 2ND ORDER ORBC ON REMAINING PORTIONS OF FACES
C
DO 40 J=3NY1-1
DO 30 1=2,NX1-1
EXS(1,d,1)=-EXSZ2(1,J,2)+CZD*(EXS(I,J.2)+EXSZ2(1,J,1))
$ +CZZ*(EXSZ1(1,J1)+EXSZ1(1,J.2))
$ +CZEXD*(EXSZ1(1+1J,1)-2.*EXSZ1(1,J,1)+EXSZ1(I-1,J,1)
$ +EXSZ1(1+1,J2)-2.*EXSZ1(1,J, 2+EXSZ1(1-1,J,2))
$ +CZFYD*(EXSZ1(l,3+1,1)-2.*EXSZ1(1,J,1)+EXSZ1(I,1,1)
$ +EXSZ1(1,+1,2)-2*EXSZ1(1,J, 2+EXS71(1,3-1,2))
EXS(1,d,NZ)=-EXSZ2(1,J,3)+CZD* (EXS(I,JNZ1)+EXSZ2(1,J,4))
$ +CZZ*(EXSZ1(1,J4)+EXSZ1(1,J.3))
$ +CZEXD*(EXSZ1(1+1,J4)-2.*EXSZ1(1,J,4)+EXSZ1(I-1,3.4)
$ +EXSZ1(1+1,33)-2.*EXSZ1(1,J,3)+EXSZ1(1-1,J,3))
$ +CZFYD*(EXSZL(l,3+1,4)-2.*EXSZ1(I,J4)+EXSZ1(I,31,4)
$ +EXSZ1(1,+1,3)-2.*EXSZ1(1,J,3)+EXS71(1,3-1,3))
30 CONTINUE
40 CONTINUE
C
C NOW SAVE PAST VALUES
C

DO 60 JF2,NY1
DO 50 I=1,NX1



EXSZz2(1,J,1)=EXSZ1(1,J,1)
EXSZ2(1,J,2)=EXSZ1(1,J.2)
EXSz2(1,J,3)=EXSZ1(1,J.3)
EXSZ2(1,J,4)=EXSZ1(1,J4)
EXSz1(1,J,1)=EXS(1,J,1)
EXSZ1(1,3,2)=EXS(1,,2)
EXSz1(1,3,3)=EXS(1,J,NZ1)
EXSZ1(1,J,4)=EXS(1,J,NZ)
50 CONTINUE
60 CONTINUE
C
RETURN
END
C khkkkkkhkkhkhkhhkhkhkhkhkhkhhkhhhdhhkhdhkhkhkhkhhkhhkhhhdhhdhdhkhkhkhkhhkhhkdhkdhkk,k,k%x*x
SUBROUTINE RADEYZ
C
INCLUDE 'COMMONA.FOR'
C$INCLUDE COMMONA
C
C DOEDGESWITH FIRST ORDER ORBC
C
DO 10 =1,NY1
|=2
EYS(1,J,1)=EY SZ1(1,J,2)+CZD*(EY (1,J,2)-EY SZ1(1,J, 1))
EYS(1,JNZ)=EY SZ1(1,J,3)+CZD*(EY (I,JNZ1)-EY SZ1(1,J,4))
I=NX1
EYS(1,J,1)=EY SZ1(1,J,2)+CZD*(EY (1,J,2)-EY SZ1(1,J,1))
EYS(1,JNZ)=EY SZ1(1,J,3)+CZD*(EY (I,JNZ1)-EY SZ1(1,J,4))
10 CONTINUE
C
DO 20 1=3,NX1-1
k1
EYS(1,J,1)=EY SZ1(1,J,2)+CZD*(EY X(1,J,2)-EY SZ1(1,J, 1))
EYS(1,JNZ)=EY SZ1(1,J,3)+CZD*(EY (I,JNZ1)-EY SZ1(1,J,4))
JENY1
EYS(1,J,1)=EY SZ1(1,J,2)+CZD*(EY (1,J,2)-EY SZ1(1,J, 1))
EYS(1,JNZ)=EY SZ1(1,J,3)+CZD*(EY (I,JNZ1)-EY SZ1(1,J,4))
20 CONTINUE
C
C NOW DO 2ND ORDER ORBC ON REMAINING PORTIONS OF FACES
C
DO 40 J=2,NY1-1
DO 30 1=3,NX1-1
EYS(1,d1)=-EY SZ2(1,J,2)+CZD*(EY S(I,J.2)+EY Sz2(1,J,1))
+CZZ*(EY SZ1(1,J1)+EY S71(1,3,2))
+CZEXD*(EY SZ1(1+1,J,1)-2.*EY SZ4(1,J, 1)+EY SZ1(I-1,J,1)
+EY SZ1(1+1,J,2)-2.*EY SZ1(1,J, 2)+EY SZ1(1-1,3,2))
+CZFYD*(EY SZ1(1,3+1,1)-2.*EY SZ1(1,J, 1)+EY SZ1(1,J-1,1)
+EY SZ1(1,3+1,2)-2.*EY SZ1(1,J, 2)+EY SZ1(1,3-1,2))
EYS(1,JNZ)=-EY Sz2(1,J,3)+CZD*(EY S(I,,NZ1)+EY SZ2(1,J 4))
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+CZZ*(EY SZ1(1,J4)+EY SZ1(1,3.3))

+CZEXD*(EY SZ1(1+1,J4)-2.*EY SZ1(1, J A)+EY SZ1(1-1,3.4)
+EY SZ1(1+1,J,3)-2.*EY SZ1(1,J,3)+EY SZ1(1-1,3,3))
+CZFYD*(EY SZ1(1,+1,4)-2.*EY SZ1(1, J 4)+EY SZ1(1,J-1,4)
+EY SZ1(1,3+1,3)-2.*EY SZ1(1,J, 3)+EY SZ1(1,3-1,3))

30 CONTINUE

40 CONTINUE

C

C NOW SAVE PAST VALUES

C

@B H P B

DO 60 =1,NY1
DO 50 1=2,NX1
EYSZz2(1,J,1)=EYSz1(1,J,1)
EYSZz2(1,J,2)=EYSZ1(1,J2)
EYSZz2(1,J,3)=EYSz1(1,J.3)
EYSZz2(1,J,4)=EYSz1(1,J4)
EYSZz1(1,J,1)=EYS(1,J,1)
EYSZ1(1,J2)=EYS(1,J,2)
EYSZz1(1,J,3)=EYS(1,J,NZ1)
EYSz1(1,J4)=EYS(1,J,NZ)
50 CONTINUE
60 CONTINUE
C
RETURN
END
C khkkkkkhkkhhkhkhkhkhkhkhkhkhhkhhhdhhkhdhkhhkhkhkhkhhkhhhdhhdhdhkhdhkhkhkhkhhkhhhdhhkhdhk khkhkhkkhkkkkkx*%x%
SUBROUTINE HXSFLD
C
INCLUDE 'COMMONA.FOR'
C$INCLUDE COMMONA
C
C THIS SUBROUTINE UPDATES THE HX SCATTERED FIELD COMPONENTS
C
DO 30 K=1,NZ1
DO 20 =1,NY1
DO 10 1=2,NX1
HX S(1,J,K)=HX (1, K)-(EZS(1,3+1,K)-EZS(1,J,K))*DTMDY
$ +(EY (I K+1)-EY (1,J,K))*DTMDZ
10  CONTINUE
20 CONTINUE
30 CONTINUE
C
RETURN
END
C khkkkkkhhkkhhkhhkhkhkhkkhhkhhkhhhdhhkhdhkhkhkhkhkhkhhhhhdhhkhdhkhkhkhkhhkhhkdhkdhdk,k,kkx*%x
SUBROUTINE HYSFLD
C
INCLUDE 'COMMONA.FOR'
C$INCLUDE COMMONA
C
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C THIS SUBROUTINE UPDATES THE HY SCATTERED FIELD COMPONENTS
C

DO 30 K=1,NZ1

DO 20 J=2,NY1
DO 10 1=1,NX1
HY S(1,,K)=HY S(1,J,K)-(EXS(1,J, K+1)-EXS(1,J,K))* DTMDZ
+(EZS(1+1,d, K)-EZ(1,J,K))*DTMDX

10  CONTINUE
20 CONTINUE
30 CONTINUE
C

RETURN

END
C khkkkkkhkkhkhkhhkhkhkhkhkhkhhkhhhdhhkhdhkhkhkhkhhkhhkhhhdhhdhdhkhkhkhkhhkhhkdhkdhkk,k,k%x*x

SUBROUTINE HZSFLD
C

INCLUDE 'COMMONA.FOR'
C$INCLUDE COMMONA
C
C THIS SUBROUTINE UPDATES THE HZ SCATTERED FIELD COMPONENTS
C

DO 30 K=2,NZ1

DO 20 =1,NY1
DO 10 1=1,NX1
HZ (1,3, K)=HZS(1,JK)-(EY S(1+1,J K)-EYS(1,J,K))*DTMDX

$ +(EXS(1,3+1,K)-EXS(1,J,K))*DTMDY
10  CONTINUE
20 CONTINUE
30 CONTINUE
C

RETURN

END
C khkkkkkhkkhhkhkhkhkhkhkhkhkhhkhhhkhhkhdhkhkhkhkhkhkhhkhhhhhdhhkhkhkhkhkhkhhkhhhdhhdhdhkhkhkhkhkkkkkk*,*%x%

SUBROUTINE DATSAV
C

INCLUDE 'COMMONA.FOR'
C$INCLUDE COMMONA

To completely specifiy a sampling point, the user must specify
4 parameters. NTYPE, IOBS, JOBS, and KOBS.
NTYPE for point L is specified by NTYPE(L).
NTY PE controls what quantities are sampled as follows:
1 = EXS (scattered x-component of electric field)
2 = EYS (scattered y-component of electric field)
3 = EZS (scattered z-component of eectric field)
4 = HXS (scattered x-component of magnetic field)
5= HY S (scattered y-component of magnetic field)
6 = HZS (scattered z-component of magnetic field)
7 = 1X (x-component of current through rectangular loop of H)

O000000000000
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8 =1Y (y-component of current through rectangular loop of H)
9 =1Z (z-component of current through rectangular loop of H)
IOBS(L), JOBS(L) AND KOBS(L) specify the |, Jand K coordinates
of the point L. Thusfor point 1, the user would specify
NTYPE(1), IOBS(1), JOBS(1) and KOBS(1). For point 2, the
user would specify NTY PE(2), IOBS(2), JOBS(2), KOBS(2).
The exact locations of a component within a cell follows that
of the Yee cdl.
As an example, the following 4 lines save EY S at the point
(33,26,22):
NTYPE(1)=2
I0BS(1)=33
JOBS(1)=26
KOBS(1)=22

To sample total field, issue a statement to add in the appropriate
incident field. These total field save statements should be added
directly after the "3000 CONTINUE" statement near the end of this
SUBPROGRAM to override any previous assignment to STORE(NPT).
Make certain to back up theincident field by 1 time step (DT)
for sampling total E fields and by 1/2 time step (DT/2.0) for
sampling total H fields. For example, to store total EX field
at sample point 3, issue the following 3 statements:

T=T-DT
STORE(3)=EXS(10BS(3),JOBS(3),KOBS(3))+
2 EXI(10BS(3),JOBS(3),KOBS(3))
T=T+DT

For the first time through (N=1), do someinitializations...

IF (N.NE.1) GO TO 10

User-defined test point cell location(s). There should be NTEST
occurences of NTY PE and [1,J,K]OBS defined. Unlesstotal fields
aredesired, thisis probably the only part of this SUBROUTINE
the user will need to change.

NTYPE(1)=1
NTYPE(2)=1
NTYPE(3)=5
NTYPE(4)=5

DEFINE NTEST TEST POINT CELL LOCATION(S) HERE

|0BS(1)=17
JOBS(1)=5

KOBS(1)=7
|0BS(2)=17
JOBS(2)=18
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ol

C
C
C
C

KOBS(2)=18
|OBS(3)=17
JOBS(3)=18
KOBS(3)=24
|OBS(4)=17
JOBS(4)=18
KOBS(4)=17

Initialize some variables.
DOS5I1I=1,NTEST
STORE (11)=0.
CONTINUE
NPTS=NTEST

Print header info and check [I,J,K]OBS to see that they are in
range. Write header to datafile and to DIAGS3D.DAT.
WRITE (10,1400) DELX,DELY ,DELZ,DT,NSTOP,NPTS

WRITE (17,1500) NPTS

1400 FORMAT (T2,E12.5,2X,E12.5,2X,E12.5,3X ,E14.7,3X,16,3X,13)

1500 FORMAT (T2,'QUANTITIES SAMPLED AND SAVED AT',14, ' LOCATIONS/)

DO 1700 NPT = 1,NPTS

WRITE (17,1800) NPT,NTY PE(NPT),IOBS(NPT),JOBS(NPT),KOBS(NPT)

IE (IOBS(NPT).GT.NX) GO TO 1600
IE (IOBS(NPT).LT.1) GO TO 1600

IF (JOBS(NPT).GT.NY) GO TO 1600
IF (JOBS(NPT).LT.1) GO TO 1600

IF (KOBS(NPT).GT.NZ) GO TO 1600
IF (KOBS(NPT).LT.1) GO TO 1600
GO TO 1700

1600 WRITE (17,*) 'ERROR IN 10BS, JOBS OR KOBS FOR SAMPLING'

WRITE (17,*) 'POINT ',NPT

WRITE (17,*) 'EXECUTION HALTED.'
CLOSE (UNIT=10)

CLOSE (UNIT=17)

CLOSE (UNIT=30)

STOP

1700 CONTINUE
1800 FORMAT (T2,SAMPLE,14;', NTYPE=I4,", SAMPLED AT CELL I=,

C

2 14, F14;, K="14,))

C Check for ERROR in NTY PE specification.

DO 20 NPT=1,NTEST

IE ((NTY PE(NPT).GE.10).0OR.(NTY PE(NPTS).LE.0)) THEN
WRITE (17,*) 'ERROR IN NY PE FOR SAMPLING POINT ',NPT
WRITE (17,*) 'EXECUTION HALTED.'
CLOSE (UNIT=10)
CLOSE (UNIT=17)
CLOSE (UNIT=30)
STOP

ENDIF
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20 CONTINUE
C Finished with initialization.
C
C Cyclethrough al NTEST samplelocations.
10 DO 3000 NPT=1,NTEST
C
C Put desired quantity for this sample location into STORE(NPT).
I=IOBS(NPT)
J=JOBS(NPT)
K=KOBS(NPT)
C Scattered fields
IF (NTYPE(NPT).EQ.1) STORE(NPT)=EX(1,J,K)
IF (NTYPE(NPT).EQ.2) STORE(NPT)=EY (1,J,K)
IF (NTYPE(NPT).EQ.3) STORE(NPT)=EZ(1,J,K)
IF (NTYPE(NPT).EQ.4) STORE(NPT)=HX(1,J,K)
IF (NTYPE(NPT).EQ.5) STORE(NPT)=HY (1,J,K)
IF (NTYPE(NPT).EQ.6) STORE(NPT)=HZ(1,J,K)
C Current loops
C X-directed current
IF (NTYPE(NPT).EQ.7) THEN
STORE(NPT)=0.
DO 711 KK=K,K+1
DO 710 JJ=J,J+1
STORE(NPT)=STORE(NPT)+(-HY $(I,JJ,KK)+HY $(1,JJ,KK-1))*DELY +
2  (HZY(1,30KK)-HZ(1,J3-1,KK))*DELZ
710 CONTINUE
711 CONTINUE
ENDIF
C Y-directed current
IF (NTYPE(NPT).EQ.8) THEN
STORE(NPT)=0.
DO 811 KK=K,K+1
DO 810 I1=1,1+1
STORE(NPT)=STORE(NPT)+(-HZS(11,J KK)+HZS(I1-1,J,KK))*DELZ+
2 (HXY(1,JKK)-HXS(I1,J,KK-1))*DELX
810 CONTINUE
811 CONTINUE
ENDIF
C Z-directed current
IF (NTYPE(NPT).EQ.9) THEN
STORE(NPT)=0.
DO 911 J=J,+1
DO 910 I1=1,1+1
STORE(NPT)=STORE(NPT)+(-HXS(I1,JJ,K)+HX (11,3 1,K))* DEL X+
2 (HYS(1,d3,K)-HY S(11-1,33,K))*DELY
910 CONTINUE
911 CONTINUE
ENDIF
C
3000 CONTINUE
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If totdl fields are desired, place total field save statements
here. Example for saving total EX field at sample point 3:
T=T-DT
STORE(3)=EXS(10BS(3),JOBS(3),KOBS(3))+

2 EXI(I0BS(3),JOBS(3),KOBS(3))

T=T+DT

Write sampled valuesto disk
WRITE (10,*) (STORE(II),II=1,NPTS)

COO0O0000O0000

a=17.5
b=17.5

IF (N.EQ.33) THEN
C do4JX1NY

do 9 1=1,NX
WRITE (9,*) EXY(I,b,a)
9 continue
Cc4 continue
ENDIF

IF (N.EQ.87) THEN
C do4JX1NY

do 7 1I=1,NX
WRITE (7,*) EXY(1,b,a)
7 continue
Cc4 continue
ENDIF

IF (N.EQ.140) THEN
C do4JXF1NY
do4 1=1,NX
WRITE (5,*) EXY(1,b,a)
4 continue

C4 continue
ENDIF

IF (N.EQ.183) THEN
C do4JX1NY

do 3 1=1,NX
WRITE (3,*) EXY(1,b,a)
3 continue
Cc4 continue
ENDIF

IF (N.EQ.250) THEN
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C

1

C4

C

C

C

do4 JF1,NY
do 1 1=1,NX
WRITE (1,*) EXS(a,b,1)
continue
continue
ENDIF

RETURN
END

R R R R e b kb e b ek R e e b i S e e R R e e bk b e b R

FUNCTION EXI(1,J,K)

INCLUDE 'COMMONA.FOR'

C$INCLUDE COMMONA

C

C
C
C

C

C

THIS FUNCTION COMPUTES THE X COMPONENT OF THE INCIDENT
ELECTRIC FIELD

DIST=((I-1)* DELX+0.5* DELX * OFF)* XDISP+((J1)* DELY)* Y DISP+

$((K-1)*DELZ)*ZDISP + DELAY

EXI = AMPX* SOURCE(DIST)
RETURN
END

ER R R R e b R R e R e R e b ek R R e kR R R b bk b e

FUNCTION EYI(I,J,K)

INCLUDE 'COMMONA.FOR'

C$INCLUDE COMMONA

C

C
C
C

C

C

THIS FUNCTION COMPUTES THE'Y COMPONENT OF THE INCIDENT
ELECTRIC FIELD

DIST=((I-1)* DELX)*XDISP+((J1)*DELY +0.5* DELY * OFF)*

$YDISP+((K-1)*DELZ)*ZDISP + DELAY

EYI = AMPY*SOURCE(DIST)
RETURN
END

ERR R R R e b bk R e b e S S e e e b R R R b b R R b kb

FUNCTION EZI(1,J,K)

INCLUDE 'COMMONA.FOR'

C$INCLUDE COMMONA

C

C
C
C

THIS FUNCTION COMPUTES THE Z COMPONENT OF THE INCIDENT
ELECTRIC FIELD

DIST=((I-1)* DELX)*XDISP+((31)* DELY)*Y DISP+((K-1)* DELZ+
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$0.5*DELZ*OFF)*ZDISP + DELAY
EZI = AMPZ* SOURCE(DIST)
RETURN
END
C khkkkkkhkkhhkhhkhkhkhkkhkhkhhkhhhdhhkhhkhkhkhkhkhkhhkhhhdhhkhdhkhkhkhkhhkhhkdhkdhkk,k,kkx*%x
FUNCTION SOURCE(DIST)
C
INCLUDE 'COMMONA.FOR'
C$INCLUDE COMMONA
C
C THISFUNCTION DEFINES THE FUNCTIONAL FORM OF THE INCIDENT
C FIELD
C
SOURCE = 0.0
C
C EXECUTE FOLLOWING FOR INCIDENT E FIELD
C
TAU=T-DIST/C

IF(TAU.LT.0.0) GOTO 10
IF (TAU.GT.PERIOD) GO TO 10

ON@)

Sinusoidal
SOURCE=EXP(-ALPHA*((TAU-BETADT)**2))
SOURCE=SOURCE* SIN(6.28* 10**9* (TAU-BETADT))

Gaussian

SOURCE=EXP(-ALPHA*((TAU-BETADT)**2))

=000 O

0 RETURN
END

C khkkkkkhkkhkhkhkhkhkhkhkkhkhkhhkhhhkhhkhdhkhkhkhkhhkhhkhhhdhhkhhkhkhkhkhhkhhhdhhdhdhk khkhkhkkhkkkkkx*%x%
FUNCTION DEXI(I,J,K)

C
INCLUDE 'COMMONA.FOR'

C$INCLUDE COMMONA

C

C TIMEDERIVATIVE OF INCIDENT EX FIELD FOR DIELECTRICS

C

DIST=((I-1)* DELX+0.5* DELX * OFF)* XDISP+((J1)* DELY)* Y DISP+

$((K-1)*DELZ)*ZDISP + DELAY

DEXI=AM PX*DSRCE(DIST)

RETURN
END
C kkhkkhkkkhkkkhkkkhhkhkhkhkkhkkhkhkhkhhkhkhkhkhkkhkhkhhhkhkhkhkhkkhkhhkhhkhkhkhkhkkhkhkkkhkkhkhkkhkkkkkk**
FUNCTION DEYI(I,J,K)
C
INCLUDE 'COMMONA.FOR'
C$INCLUDE COMMONA
C
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C TIMEDERIVATIVE OF INCIDENT EY FIELD FOR DIELECTRICS
C
DIST=((I-1)* DELX)* XDISP+((3-1)* DELY +0.5* DELY * OFF)* Y DI SP+
$((K-1)*DELZ)*ZDISP + DELAY
DEY I=AMPY *DSRCE(DIST)
RETURN
END
C khkkkkkhkkhhkhhkhkhkhkkhkhkhhkhhhdhhkhdhkhkhkhkhkhkhhhhhdhhdhdhkhkhkhkhhkhhkdhkdhkkk,kkx*%x
FUNCTION DEZI(I,J,K)
C
INCLUDE 'COMMONA.FOR'
C$INCLUDE COMMONA
C
C TIMEDERIVATIVE OF INCIDENT EZ FIELD FOR DIELECTRICS
C
DIST=((I-1)* DELX)*XDISP+((31)* DELY)*Y DISP+((K-1)* DELZ+
$0.5*DELZ*OFF)*ZDISP + DELAY
DEZI=AMPZ*DSRCE(DIST)
RETURN
END
C khkkkkkhkkhkhkhkhkhkhkhkhkhkhhhhhkhhkhhkhkhkhkhhkhhkhhhdhhkhhkhkhkhkhhkhhhhhkhdhk khkhkhkkhkkkkkx*%x%
FUNCTION DSRCE(DIST)
C
INCLUDE 'COMMONA.FOR'
C$INCLUDE COMMONA
C
C TIME DERIVATIVE OF INCIDENT FIELD FOR DIELECTRICS
C
DSRCE=0.0
C
TAU=T-DIST/C
IF(TAU.LT.0.0) GOTO 10
IF (TAU.GT.PERIOD) GO TO 10
C
DSRCE=EXP(-ALPHA*((TAU-BETADT)**2))*(-2.* ALPHA*(TAU-BETADT))
C
C
10 RETURN
END
C khkkkkkhkkhkhkhkhkhkhkhkkhkhkhhkhhhkhhkhhkhkhkhkhkhkhhkhhhdhhkhhkhkhkhkhhkhhhdhhdhdhk khkhkhkkhkkkkkx*%,%
SUBROUTINE ZERO
C
INCLUDE 'COMMONA.FOR'
C$INCLUDE COMMONA
C
C THIS SUBROUTINE INITIALIZES VARIOUS ARRAYS AND CONSTANTS TO
ZERO.
C
T=0.0
DO 30 K=1,NZ



DO 20 J=1,NY
DO 10 1=1,NX
EXS(1,J,K)=0.0
EYS(1,J,K)=0.0
EZS(1,J,K)=0.0
HXS(1,J,K)=0.0
HY (1,J,K)=0.0
HZS(1,J,K)=0.0
IDONE(I,JK)=0
IDTWO(I,J,K)=0
IDTHRE(],J,K)=0
10  CONTINUE
20 CONTINUE
30 CONTINUE
DO 60 K=1,NZ1
DO 50 =1,NY1
DO 401=1,4
EYSX1(1,JK)=0.0
EYSX2(1,JK)=0.0
EZSX1(1,J,K)=0.0
EZSX2(1,J,K)=0.0
40  CONTINUE
50 CONTINUE
60 CONTINUE
DO 90 K=1,NZ1
DO 80 k1,4
DO 70 1=1,NX1
EXSY1(1,JK)=0.0
EXSY2(1,JK)=0.0
EZSY1(1,J,K)=0.0
EZSY2(1,J,K)=0.0
70  CONTINUE
80 CONTINUE
90 CONTINUE
DO 120 K=1,4
DO 110 J=1,NY1
DO 100 1=1,NX1
EXSZ1(1,J,K)=0.0
EXSZ2(1,J,K)=0.0
EYSZ1(1,J,K)=0.0
EYSZz2(1,J,K)=0.0
100 CONTINUE
110 CONTINUE
120 CONTINUE
DO 130 L=1,9
ESCTC(L)=0.0
EINCC(L)=0.0
EDEVCN(L)=0.0
ECRLX(L)=0.0
ECRLY/(L)=0.0
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ECRLZ(L)=0.0
130 CONTINUE
RETURN
END

66



